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Abstract

The Yersiniae are a group of Gram-negative coccobacilli inhabiting a wide range of habitats. The
genus harbours three recognised human pathogens: Y. enterocolitica and Y. pseudotuberculosis,
which both cause gastrointestinal disease, and Y. pestis, the causative agent of plague. These three
organisms have served as models for a number of aspects of infection biology, including adhesion,
immune evasion, evolution of pathogenic traits, and retracing the course of ancient pandemics. The
virulence of the pathogenic Yersiniae is heavily dependent on a number of adhesin molecules. Some
of these, such as the Yersinia adhesin A and invasin of the enteropathogenic species, and the pH 6
antigen of Y. pestis, have been extensively studied. However, genomic sequencing has uncovered a
host of other adhesins present in these organisms, the functions of which are only starting to be
investigated. Here, we review the current state of knowledge on the adhesin molecules present in

the Yersiniae, their functions and putative roles in the infection process.
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1. Introduction

The Yersiniae are a large group of Gram-negative bacteria comprising 18 recognised species [1,2].
Among these, two species, Y. enterocolitica and Y. pseudotuberculosis, are causes of gastrointestinal
disease in humans. A third species of medical relevance is Y. pestis, the causative agent of plague,
which has been a scourge of humanity for at least 5000 years [3]. The virulence of all three species is
reliant on adhesive properties of the bacteria, and the adhesin molecules mediating adherence to
host tissues have been a focus of research for several decades. Important adhesins of Yersiniae were
identified in the 1980s, with the Yersinia adhesin A (YadA) and Invasin (InvA) being the first ones [4-6],
followed by others soon after. More recently, the availability of whole bacterial genome sequences
have uncovered a number of potential adhesin-encoding genes. In addition, the production of
adhesin fragments by recombinant methods combined with structural biology have been utilised to
gain significant insights into the molecular mechanisms of bacterial adhesion. Adhesins fall into
several different classes based on their structures, assembly pathways and surface export
mechanisms, and most of these classes are represented in Yersiniae. Below, we review the current
state of knowledge on the different types of adhesin molecules present in the human pathogenic

Yersiniae, their functions and putative roles in the infection process.
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2. Autotransporter adhesins

Autotransporters (ATs), or type V secretion systems, constitute the largest group of secreted proteins
in Gram-negative bacteria. There are five recognised classes of ATs, type Va through Ve [7]. The
pathogenic Yersiniae contain adhesins belonging to types Va, Vc and Ve (Table 1). Type Va-secreted
proteins are classical ATs consisting of an N-terminal signal peptide, an extracellular passenger and C-
terminal membrane anchor domain. The signal peptide mediates transport of the protein to the
periplasm, where chaperones such as Skp, SurA and DegP protect the protein against proteases and
keep them in an unfolded state until they are inserted into the outer membrane by the B-barrel
assembly machinery [7]. The C-terminal B-barrel transmembrane domain forms the transport
channel through which the passenger is secreted across the outer membrane. Type Vc systems or
trimeric autotransporter adhesins (TAAs) are similar in architecture to classical autotransporters, but
are obligate homotrimers [8]. The passengers of TAAs typically consist of a globular head domain
followed by a coiled coil stalk (Figure 1). Type Ve ATs or “inverse autotransporters” have a similar
overall architecture to classical ATs, but their domain order is reversed, i.e. the B-barrel translocator

domain is N-terminal to the passenger [9].

2.1 Type Va adhesins in Yersinia

A number of classical ATs have been discovered in Y. pestis and Y. pseudotuberculosis, collectively
known as Yersinia AT proteins or Yaps (Table 1). In Y. pestis, 13 loci code for presumably functional
ATs. Among these genes, yapK, yapJ and yapV are close paralogues; the latter gene is present in Y.
pestis KIM but lacking in CO92 [10]. In addition, Y. pseudotuberculosis encodes an AT paralogous to
yapKJV designated yapX, but this is a pseudogene in all Y. pestis strains [11].

yapB is another probable pseudogene in Y. pestis due to truncation of the translocator domain;
however, Y. pseudotuberculosis has two intact, chromosomally adjacent yapB paralogues [12]. yapA

might be nonfuctional in Y. pestis biovar Orientalis strains due to a point mutation in the signal
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sequence [12], but it is expressed in KIM strains [13]. yapE is the only yap also found in Y.
enterocolitica [12].

The transcription profile of the yaps shows that they are expressed at low levels during in vitro
growth conditions but are upregulated in a mammalian infection model [12]. A part of the
passengers of YapA, YapE and YapG is cleaved by plasminogen activator (Pla; see section 3.2) and
released into the culture medium; the rest of the Yaps remain intact and associated with the outer
membrane [12,14]. The other Yaps are surface-localized in Y. pestis as shown by protease
accessibility and immunofluorescence microscopy [13].

YapC plays a role in mediating autoaggregation, binding to macrophages, binding to human-derived
epithelial cell lines, and biofilm formation [15]. YapG does not play a role in virulence in bubonic or
pneumonic plague, and its function remains to be deciphered [16]. YapJ) and YapK are upregulated
during bubonic and pneumonic infections [12], though their exact functions are not yet clear [17].
YapV, a paralogue of YapJ and YapK, is similar to the Shigella autotransporter IcsA and, like IcsA, YapV
is able to interact with N-WASP, which is involved in actin polymerization [10]. YapV, YapJ and YapK
bind to a variety of extracellular matrix (ECM) molecules, and in addition YapV and, to a lesser extent,
YapK interact with alveolar epithelial cells [11]. Deletion of yapE from Y. pestis effects the
colonization of tissues during bubonic plague and plays a role in binding of bacteria to host cells and
autoaggregation [18]. However, Y. enterocolitica YapE lacks the autoaggregation activity and is not

proteolytically processed [14].

2.2 Type Vc adhesins in Yersinia

2.2.1YadA

YadA is the prototypical TAA, present in all the three human pathogenic species of Yersinia. However,
in Y. pestis, yadA is a pseudogene due to a single base pair deletion causing a frame shift [19,20].
YadA is an essential virulence factor of Y. enterocolitica and its absence renders the bacteria avirulent

in a mouse model [21]. yadA mutants are able to penetrate the mouse intestinal mucosa but are not
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able to persist for more than two days [22]. In contrast, YadA is not essential for virulence in Y.
pseudotuberculosis. Introduction of a functional copy of yadA into Y. pestis causes a modest
reduction in virulence [19]. This is particularly interesting because the same protein can cause
different effects in different species of Yersinia.

YadA is encoded on the 70-kb virulence plasmid, pYV, and is induced upon a shift of temperature to
37 °C [23]. The expression of yadA is regulated by the temperature-sensitive IcrF gene [24]. lcrF is
transcribed at comparable levels at both 26 °C and 37 °C in Y. pestis and E.coli, but translation is
efficient only at 37 °C and not at 26 °C [25]. The activator of the plasmid-encoded virulence genes,
including yadA, in Y. enterocolitica is known as VirF, which is a homologue of LcrF [26]. VirF is
synthesized at high temperatures but its artificial expression at 30 °C does not lead to expression of
virulence factors [27], which indicates that factors other than VirF are also required. YmoA is a
chromosomally encoded histone-like protein which thermoregulates the induction of virulence genes
in Y. enterocolitica. The deletion of this gene allows expression of the virulence factors below 30 °C
[28]. Intergenic RNA thermosensors are also involved in regulating lcrF/virF translation. Combined
action of both YmoA and RNA thermosensors seems to effectively regulate the infection efficiency of
Yersinia [29]. A recent study showed that yadA expression is also modulated by the transcriptional
regulator OmpR, which represses YadA by directly binding to the yadA promoter. OmpR-mediated
control of yadA expression is independent from the thermoregulatory mechanism mentioned above
[30].

YadA varies in size from strain to stain and ranges from 422 to 455 residues. It has a lollipop-like
appearance and covers the entire surface of the bacteria [31] (Figure 1). A trimeric B-barrel domain
anchors the protein to the outer membrane [32]. The passenger consists of three chains, which pass
through the pore of the barrel and form an a-helical coiled-coil stalk followed by a sticky globular
head at the N-terminus (Figure 1). YadA is a multifunctional protein that binds to host ECM
components like fibrillar collagens such as types |, Il, lll, the network-forming collagen type IV,

fibronectin and laminin [33-35]. The triple-helical conformation of collagen is required for YadA
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binding, though a specific sequence is not necessary for its recognition [36]. Nonetheless, YadA binds
more tightly to regions of collagen rich in 4-hydroxyproline with a low net charge [37]. Y.
enterocolitica YadA shows higher affinity towards collagen and laminin compared to Y.
pseudotuberculosis YadA, which in turn binds very efficiently to fibronectin [38]. YadA of Y.
pseudotuberculosis mediates more efficient entry of bacteria into epithelial cells. This difference in
function has been attributed to the additional 31 residues present at the N-temini of the head
domain of Y. pseudotuberculosis YadA [38].

YadA mediates adherence to various cell types, including epithelial cells, neutrophils and
macrophages [39]. Yersinia infection involves tight contact of the bacteria with the host cells, which
is mediated by InvA (see section 2.3.1) and YadA by binding to B, integrins. In the case of YadA, this is
assumed to occur through a bridging ECM molecule [40]. Type Il effector proteins (Yersinia outer
proteins or Yops) are then injected into the host cells to disrupt the cytoskeleton and prevent
phagocytosis [41,42]. YadA has co-evolved to match the length of the injectisome needle of the type
lll secretion system, and altering the length of either without simultaneously changing the other
prevents Yop injection into host cells [43].

Further activities of YadA include autoaggregation of bacterial cells [44]. Electron micrographs show
the formation of a zipper-like structure between YadA-expressing cells [31]. YadA promotes serum
resistance by eluding the complement system of the host, which is the first line of defense against
micro-organisms. The complement system is activated by three different pathways: the classical,
lectin and alternative pathways [45]. All the three pathways lead to formation of opsonin C3b which
deposits on the bacterial surface and is recognized by phagocytes. YadA plays a major role in
promoting serum resistance [46]. YadA binds to Factor H (FH), a negative regulator of the alternative
complement pathway [47]. YadA also plays a role in the interaction of Yersinia with complement
component 4-binding protein (C4bp), which is a negative regulator of both the classical and lectin
pathways [48]. A recent study showed that YadA recruits C3b and iC3b (the cleavage product of C3b)

to the bacterial surface, which causes further recruitment of FH. FH acts as a cofactor in mediating
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the cleavage of C3b to iC3b, which prevents the formation of the membrane attack complex that
leads to bacterial lysis [49]. Conversely, YadA makes Yersinia more susceptible to killing by neutrophil
extracellular traps (NETs). NETs are extracellular fibres formed by protein (including collagen)
granules and chromatin released from neutrophils. YadA mediates binding of Yersinia to NETs and
thereby exposes the bacteria to antimicrobial peptides present in the traps [50].

2.2.2 YabB and YadC

YadB and YadC are TAAs present in Y. pestis and Y. pseudotuberculosis [51].These proteins have an
architecture similar to that of YadA. YadB (35 kDa per monomer) has a small head region (only 62
residues long), whereas YadC is larger (61.6 KDa) and its head region does not show any sequence
similarity to YadA [51].

Neither protein is very strongly expressed in Y. pestis [51]. Unlike YadA, they do not seem to play a
role in adherence to epithelial cells. Deletion of yadBC led to a slight reduction (60% compared to the
wild-type) in invasion of epithelial cells [51]. Additionally, YadBC increase the uptake of bacteria by
phagocytes by 60%, confirming their role in invasion [52].

YadBC appear not to be involved in eliciting pneumonic plague, and their role in bubonic plague is
very subtle [51]. However, yadBC are highly expressed in fleas [53] but do not seem to play a role in
flea colonization [52]. Nonetheless, absence of these genes leads to two- to four-fold less recovery of
Y. pestis from infected skin, indicating a role in promoting bacterial survival during the initial stages
of infection [52]. Furthermore, these proteins reduce the levels of the chemoattractant CXCL-1,
which is produced by macrophages, neutrophils and epithelial cells and attracts polymorphonuclear
cells [52]. Thus, YadBC might help the bacteria survive during the transition from a flea to a human

host.
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2.3 Type Ve adhesins in Yersiniae

2.3.1Invasin

InvA, in addition to YadA, is the major adhesin required for establishing the initial bacterial infection.
InvA is important in the first phase of infection, allowing bacterial cells to adhere and invade
microfold (M) cells. The invA gene encoding the surface-exposed outer membrane protein,
homologous to intimin found in enterohemorrhagic Escherichia coli, is located on the chromosome
[54,54].

Adhesion to and internalization of enteropathogenic Yersiniae into Peyer’s patches is mediated by
InvA, which binds to B; integrins, specifically asB; 04B; asp;, agB;and ayp; integrins, found on the
apical surface of M cells [55]. This process leads to cytoskeletal rearrangements, where focal
adhesion complexes are formed. This is followed by internalization of the bacterium by a zipper
mechanism, which triggers the production various pro-inflammatory cytokines such as interleukin-8,
monocyte chemotactic protein-1, tumor necrosis factor-a, granulocyte-macrophage colony
stimulating factor, and others [56]. Though InvA plays a major role in binding and invasion of M cells
[57], YadA can substitute for these functions, though the process is slow [58]. A recent study showed
that InvA, in addition to YadA, induces production of NETs in a B; integrin-dependent manner [59].
invA encodes a 92-kDa (835-residue) and 103-kDa (986-residue) protein in Y. enterocolitica and Y.
pseudotuberculosis, respectively. InvA is anchored in the outer membrane with its transmembrane 3-
barrel domain [60]. The extracellular C-terminal region consists of up to five domains (Figure 1).
Domains D1-D4 resemble immunoglobulin superfamily domains, whereas the C-terminal D5 domain
has a C-type lectin-like fold [61]. InvA from Y. pseudotuberculosis is composed of five extracellular
domains, while Y. enterocolitica InvA lacks the D2 domain [62]. This domain promotes self-
association, resulting in InvA multimerization and a higher avidity for host cells. Lack of the D2
domain decreases the efficiency of bacterial uptake [63]. The D4-D5 domains play a critical role in

integrin binding. Interestingly, InvA binds to integrins with an affinity 100-fold times higher than the
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natural ligand, fibronectin [64]. Surprisingly, the production of InvA by Y. pestis is abrogated due to
the insertion of an 1S200 element in the invA gene [65].

Regulation of InvA expression depends on various factors, among which temperature and the
transcriptional regulator, RovA, play a major role [66]. invA is maximally expressed at environmental
temperature (25 °C), whereas only low amounts of InvA are detectable at 37 °C [4]. Recently, invA
expression was shown to be up-regulated during persistent infection [67]. However, invA expression
also depends on the strain in question. In particular, InvA production is inhibited at 37 °C in V.
enterocolitica serotype 0:8 due to rapid degradation of the temperature-sensitive RovA and silencing
of invA transcription by H-NS (the histone-like nucleoid structuring protein) [68,69]. H-NS binds to
regions within the rovA promoter and forms a regulatory complex with YmoA, which prevents RNA
polymerase from binding to the invA promoter [70]. Likewise, the amount of InvA synthesis is
reduced at 37 °C in Y. enterocolitica serotype 0:9 [71]. In contrast, InvA is efficiently produced by Y.
enterocolitica 0:3 even at 37 °C. In this serotype, RovA is only weakly temperature-dependent due to
a single proline to serine (P98S) substitution [72]. In addition, insertion of an IS1667 element at the
invA promoter in Y. enterocolitica O:3 leads to constitutive production of InvA [72].

2.3.2 Other inverse autotransporter adhesins in Yersiniae

Recent genome analyses show that there are several others invasin-like autotransporters among the
Yersiniae that mediate adhesion to host cells and promote colonization of different host tissues. Y.
pseudotuberculosis encodes three additional inverse ATs: Ifp (InvB), InvC and InvD [73]. The Y. pestis
orthologue of InvC is referred to as llp (intimin/invasin-like protein) [74]. These proteins have a
similar structural organization to InvA. The protein called Ifp (intimin family protein) is presentin all Y.
pseudotuberculosis strains [75]. Interestingly, in Y. pestis, the predicted Ifp sequence is disrupted by
an 1S285 insertion element, with the exception of strain 91001, where it is altered by a point
mutation. ifp is maximally expressed at 37 °C in the late exponential phase or early stationary phase
[75]. Invasion and adhesion assays confirmed that Ifp and InvC are able to bind and mediate invasion

of human, murine and porcine epithelial cells. In addition, the loss of Ifp and InvC leads to the

10
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recruitment of a higher number of immune cells to Peyer’s patches [73,75]. In Y. pestis, llp-deficient
mutants showed reduced adhesion to and internalization by HEp-2 cells. Furthermore, mice
challenged with ilp mutants demonstrated a significant delay in time to death and reduced bacterial
dissemination to the liver, kidney and lungs [74].

Environmental representatives of the Yersiniae, such as Y. frederiksenii, Y. intermedia, Y. kristensenii,
and Y. ruckeri also possess one or more inverse AT genes in their genome [76,77]. However, these
proteins and their roles in infection processes (e.g. of fish in the case of Y. ruckeri) have not been

investigated.

3. Small B-barrel proteins

3.1 Ail

The Ail (Attachment and Invasion locus) adhesin belongs to a family of outer membrane proteins
distributed in organisms such as the pathogenic Yersiniae, Salmonella enterica (PagC and Rck) or
Escherichia coli (OmpX) [78]. This small, chromosomally encoded protein is an important Yersinia
virulence factor. The crystal structure of Y. pestis Ail revealed an eight-stranded transmembrane B-
barrel with four extracellular loops [79] (Figure 1). Many of its functions, including serum resistance,
cell adhesion, cell invasion, and promotion of Yop delivery into host cells have been well
characterized [80-84,84].

Ail plays a role in serum resistance in all three human pathogens, especially in Y. pestis, where
deletion of ail leads to almost complete serum sensitivity [85,86]. Ail can recruit the complement-
regulatory proteins FH and C4bp, which confers significant protection against killing by complement
[46,48]. However, the activity of Ail, due to its small size, is usually masked by the lipopolysaccharide
(LPS) outer core oligosaccharide and O-antigen in Y. enterocolitica 0:3 [47] or O-antigen in Y.
pseudotuberculosis YPIII [87]. Thus, Ail only displays full biological activity in strains with rough LPS,

such as Y. pestis; however, as the expression of O-antigen and outer core in Yersinia is temperature-
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regulated, it is plausible that in vivo the O-antigen and/or outer core expression is repressed, thus
unmasking Ail.

In Y. enterocolitica and Y. pestis, Ail mediates binding to various epithelial cell lines and ECM proteins,
including laminin, fibronectin, vitronectin and heparan sulfate proteoglycans [4,79,81,86,88,89].
Binding to laminin and fibronectin facilitates close contact with host cells and thus promotes
injection of Yops [79]. The binding site for Ail in fibronectin has been mapped to the ninth FNIII
repeat [90]. In contrast to Y. pestis and Y. enterocolitica, Ail from Y. pseudotuberculosis has been
reported to lack adhesion and invasion capacity [87,91]. Interestingly, the sequence of Ail from Y.
pestis is almost identical to that of Y. pseudotuberculosis, differing at only two positions located in
extracellular loops, suggesting these residues might play a significant role in binding to cell
components such as fibronectin [87]. Furthermore, Ail mediates autoaggregation of Y. pestis [86].

ail is highly expressed at 37°C under reduced oxygen levels in Y. enterocolitica, but not at lower
temperatures [84,92]. In contrast, ail is also expressed at 26 °C in Y. pestis, albeit at lower levels than
at 37 °C, probably as an adaptation to the different infection route of this organism [85,86]. In
addition, the expression levels of ail are much higher in Y. pestis than in Y. pseudotuberculosis; in the
former, 20-30 % of the outer membrane proteome consists of Ail at 37 °C [85,93]. Y. pestis and Y.
pseudotuberculosis contain three additional ail paralogues, y1682 (OmpX), y2304 and y2446, but

these do not contribute to serum resistance [85].

3.2 Plasminogen activator

Pla has proteolytic and adhesive activity critical for the progression of bubonic and pneumonic
plague [94]. It is a member of the omptin family of B-barrel proteins [95]. Pla is encoded by the pla
gene located on the small plasmid pPCP1 (also called pPla or pPst) exclusive to Y. pestis [96]. pla was
detected in ancient DNA samples from the Bronze Age, showing that pPCP1 was an early acquisition
in Y. pestis [3]. Pla consists of 10 antiparallel transmembrane B-strands with five extracellular loops;

the catalytic residues are located at the top of the B- barrel [97,98] (Figure 1).
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The main pathogenic function of Pla is cleavage of plasminogen into its active form, plasmin [99,100].
Plasmin is a serine protease that degrades fibrin clots. The degradation of these clots enhances the
dissemination of Y. pestis into host tissue as well as an inhibition of immune cell recruitment [100]. In
addition, plasmin cleaves ECM components such as laminin and fibronectin and activates pro-matrix
metalloproteinase, which also enhances faster bacterial dissemination [100]. Pla was shown to
facilitate bacterial dissemination from the primary site of infection to the lymph nodes in bubonic
plague; during pneumonic plague, it is required for bacterial outgrowth in airways [100,101]. Pla
mediates adhesion to and invasion of macrophages via the DEC-205 receptor, which leads to
dissemination of Y. pestis in a murine infection model [102]. However, in contrast to these reports, a
recent study showed that Pla neither promotes dissemination to the lymph nodes nor causes organ
destruction, but it does promote bacterial multiplication and helps to protect Y. pestis cells against
host defence [103].

Recent studies have shown the protective role of Fas ligand (FasL), degraded by Pla, in the induction
of host immunity during Y. pestis lung infections [104]. FasL is a membrane protein required for host
cell death and it acts as a protective molecule during bacterial pneumonia. Mice challenged with
wild-type Y. pestis showed a decreased level of FasL, in contrast to pla mutants, demonstrating that
the degradation of FasL changes host inflammatory responses and facilitates Y. pestis outgrowth in
the lungs [104]. The activity of Pla may also play a role in complement evasion by inactivating the
complement factor C3, which results in inhibition of opsonophagocytosis [100].

Pla is also an adhesin that contributes to Yop delivery and cell invasion, with the strongest effect
demonstrated at 28 °C and 37 °C at neutral pH [105,106]. Pla is present at both temperatures, but is
twice as abundant at 37 °C, and Pla is also more active at this temperature [93,107,108]. Pla
mediates attachment to (and even lead to invasion of) eukaryotic cells and binds ECM components
such as collagen type IV, laminin and heparan sulfate proteoglycan [109-111]. Moreover, the

presence of rough LPS is critical for the proteolytic and adhesive activity of plasminogen [107,112].
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4. Fimbrial adhesins

4.1 Chaperone-usher fimbriae

Fimbriae and pili are long, linear appendages protruding from the cell surface formed of multiple
subunits. These structures may be involved in several cellular processes, including adhesion and
biofilm formation, DNA uptake by naturally competent bacteria, some forms of motility, and
conjugation. Many fimbrial structures, particularly those involved in adhesion, are assembled by the
chaperone-usher (C-U) pathway [113]. Y. pestis produces two well-characterised C-U -assembled
adhesin structures, the pH 6 antigen (Psa) and the cluster fraction 1 antigen (F1 antigen or Caf)
[114,115]. In contrast to type | and P pili, Psa and Caf do not form distinct fimbriae but rather thin
filaments or a capsule-like mesh on the cell surface, respectively. Furthermore, Psa does not have a
single adhesive subunit at its tip, but rather all pilin subunits have adhesive activity, thus making the
Psa filaments polyvalent adhesins [116].

Caf is encoded by a plasmid specific to Y. pestis, pFra. Though not an adhesin as such, Caf is an
important virulence factor that aids in resisting phagocytosis and evading the innate immune system
by binding to the proinflammatory cytokine interleukin-1B during early stages of infection [117,118].
Caf is expressed at mammalian body temperature; however, Caf may also play a role in transmission
through flea bites to the mammalian host [119].

In contrast to Caf, Psa is chromosomally encoded, and orthologous loci are found in both Y.
pseudotuberculosis and Y. enterocolitica [91,120]. In the latter, Psa is referred to as mucoid factor
(Myf). In Y. pestis, Psa is an important adhesin mediating attachment to host cells via B1-linked
galactosyl residues in glycosphingolipids [121] and can promote Yop delivery [105,122]. Phosphatidyl
choline was identified as another receptor for Psa on alveolar epithelial cells [123] , and Psa binds to
low-density lipoprotein by interacting with the lipid component [124]. The Y. pestis PsaA pilin
contains distinct but adjacent binding sites for both galactose and choline [125] (Figure 1). The
choline-binding motif in Myf is disrupted, which could explain why it does not agglutinate

erythrocytes; Psa-mediated hemagglutination is dependent on phosphocholine binding in Y. pestis

14



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

[125]. Psa also aids in immune evasion by binding to the Fc portion of IgG, possibly through
interactions with the carbohydrate moiety of Fc [126,127]. Furthermore, Psa promotes biofilm
formation [128]. As its common name suggests, psa is expressed at low pH (<6) and high
temperature (37 °C) [129], though more recent data point to psa also being expressed at 28°C in
minimal medium [128]. Interestingly, psa is expressed and Psa is present at higher levels in Y. pestis
than in Y. pseudotuberculosis [130]. Y. pestis coexpresses psa and caf, with the adhesive properties of
the former dominating the phenotype [131]. Interestingly, both Psa and Caf appear to inhibit
invasion of epithelial cells by Y. pestis [131].

Genome sequencing has uncovered eight additional chromosomal loci encoding putative C-U fimbrial
systems. However, two of these have disrupted usher genes, and so are unlikely to be functional
[132]. The six intact loci (Table 1) all produced pilus-like structures when heterologously expressed in
E. coli, though only one, encoded by the y0561-0563 locus, promoted adhesion to epithelial cells and
significantly promoted biofilm formation at 28 °C [128]. However, deletion of this locus had no
appreciable effect on the adhesion of Y. pestis. Deletion of another fimbrial locus, y1858-1862,
displayed a modest reduction in Y. pestis virulence in mice when introduced intravenously and
resulted in somewhat reduced adhesion to a macrophage cell line, suggesting this fimbria might have
arole in immune evasion [128]. A later study found that also y0348-0352 and y1869-1873 had similar
effects in an intranasal infection model [132].

A C-U fimbria widespread among Y. enterocolitica strains is the mannose-resistant haemagglutinin
(MRHA). MRHA fimbriae are channelled structures approximately 8 nm in diameter that mediate
agglutination of erythrocytes from several animal species at environmental temperatures [133,134].
The major pilin subunit, MrpA, is homologous to the pilin of the mannose-resistant fimbriae of
Proteus mirabilis [135]. Recently, a MRHA orthologue in Y. intermedia was found to be

downregulated under anaerobiosis [136].
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4.2. Type IV pili

Another class of fimbrial adhesins are type IV pili, which are retractable surface appendages that
confer twitching motility on a number of bacterial species [137]. In contrast to C-U systems, type IV
pili are assembled by a protein complex spanning both the inner and the outer membrane, related to
type |l secretion systems [138]. Many strains of Y. pseudotuberculosis harbour a genetic locus (pil)
encoding a type IV pilus system that forms polar bundles when heterologously expressed in E. coli
[139]. This is located on a pathogenicity island, YAPI, present in Y. enterocolitica and Y.
pseudotuberculosis, but missing in Y. pestis [140]. pil expression is upregulated under high
temperature and osmolarity conditions, and deletion of the pil locus results in reduced virulence in a
mouse model [139].

A second type IV pilus locus is tad (for Tight Adhesion), encoding the fimbiral low-molecular-weight
protein (Flp) pilus [141]. The tad locus is widespread in Gram-negative bacteria, and the locus is
present in all pathogenic Yersiniae [142]. However, in Y. pestis, it is most likely inactive due to a
deletion of the major pilin gene flp and a frameshift mutation in another gene encoding a putative
secretin [143]. In Y. enterocolitica, Flp pili are detectable only in a subset of the population, but they
appear to be involved in microcolony formation at 26 °C [142]. The tadD gene of the fish pathogen Y.
ruckeri is expressed in the host during infection; Flp may thus play a role in the virulence of this

organism [144].

5. Other adhesins

A constitutively expressed outer membrane protein of Vibrio parahaemolyticus, multivalent adhesion
molecule 7 (MAM7), was identified as mediating initial attachment to host cells [145]. This protein
consists of seven repeated mammalian cell entry domains, and is widespread in Gram-negative
bacteria; an orthologous gene is present in all three pathogenic Yersinia species (Table 1). V.
parahaemolyticus MAM7 binds to fibronectin and phosphatidic acid, with significantly higher affinity

for the latter [145,146]. MAM7-negative Y. pseudotuberculosis adhered significantly less to
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fibroblasts and was less cytotoxic than the wild-type and complemented mutant strain [146]
Furthermore, E. coli expressing MAM7 from Y. pseudotuberculosis was able to adhere to Hela cells
and could compete with Y. pseudotuberculosis for binding. These results suggest MAM7 plays a role
in Y. pseudotuberculosis virulence.

An important stage in the life cycle of Y. pestis is infection of the flea proventriculus and formation of
an occluding biofilm [147]. This is dependent on the hemin storage locus, the operon hmsHFRS,
which is active at 26 °C but not at 37 °C [148]. This operon produces and exports an extracellular
polysaccharide, poly-6-1,6-N-acetyl-D-glucosamine (PGA), which forms the matrix of the biofilm
[149]. Biofilm production is enhanced in Y. pestis due to a frameshift arising from an internal
duplication in the rscA gene, a negative regulator of biofilm production in Y. pseudotuberculosis [150].
In addition, LPS itself can act as an adhesin. The core oligosaccharide of Y. pestis LPS can interact with
a lectin expressed by antigen-presenting cells called DC-SIGN (dendritic cell-specific intercellular
adhesion molecule-grabbing non-integrin) [151]. This interaction may allow Y. pestis to invade
antigen-presenting cells such as dendritic cells and macrophages, which Y. pestis could use as a

pathway to disseminate to lymph nodes from the primary site of infection.

6. Conclusions and future perspectives

The Yersiniae comprise a medically important, environmentally ubiquitous and biologically
fascinating genus of bacteria. They have been used extensively as model organisms for extracellular
infection, type Ill secretion system effector delivery, immune evasion, and adhesion. For a long time,
the major adhesion phenotype of the enteropathogenic Yersiniae was believed to be solely due to
YadA, InvA and, to a lesser extent, Ail. Though these are still unquestionably the major adhesins in
these organisms, recent studies have highlighted the role played by other autotransporters, fimbriae
and other types of adhesins in the virulence of these organisms. Y. pestis, which produces neither

YadA nor InvA, has been long known to contain alternative adhesins such as Psa, but even in this
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bacterium, numerous adhesins and potential adhesins have recently been uncovered by genome
sequencing.

A remarkable feature of the virulence phenotype in Y. enterocolitica is the dominance of YadA. In
most other bacterial pathogens, including Y. pseudotuberculosis and Y. pestis, no single adhesin has
such a profound effect on not only the adhesive properties of the bacteria, but also on serum and
phagocytosis resistance. In many cases, the effects of a single adhesin are difficult to establish due to
functional redundancy among adhesion molecules, as exemplified by Salmonella, where a multitude
of adhesins have been described, but none of such central importance for virulence have been
identified [152]. YadA in Y. enterocolitica is thus quite exceptional.

A major regulator of Yersinia virulence traits is temperature. It is now clear that, at different
temperatures, Yersiniae elaborate very different surfaces (Figure 2). This applies not only to the
assortment of adhesins expressed, but also to other surface molecules such as the Ysa and Ysc type
Il secretion systems, flagella and LPS [27,153-156]. Though some proteins appear to dominate the
adhesive phenotype at certain temperatures (specifically InvA at environmental temperatures and
YadA at mammalian body temperature in the enteropathogenic Yersiniae), several adhesins are
expressed concomitantly at any given temperature, and there even seems to be some overlap among
differentially expressed adhesins. However, only a few studies have addressed the interplay of
adhesins in adherence functions or immune evasion [e.g.47,131,157-161]. Though more challenging,
these kinds of studies are needed to fully delineate the in vivo roles of the adhesins, which — despite
a great deal of experimental data on individual adhesins — remain elusive.

Additionally, different adhesins may have differing roles in different host organisms, as exemplified
by the importance of InvA in swine, a notable reservoir for Y. enterocolitica O:3 [162]. Thus, to gain a
full understanding of the functions of individual adhesins or adhesins acting in concert, it is not
sufficient to study just one host organism. Y. enterocolitica and Y. pseudotuberculosis are both
capable of infecting not only various mammals, but also insects and nematodes, and can additionally

be found free-living in the environment [153,163-166]. For Y. pestis, colonising the flea is a major
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stage in the infectious cycle, and studying this interaction has provided much data on the factors
required for survival in the flea, biofilm formation and transmission to mammalian hosts [167].

To further complicate matters, it has become clear that even closely related adhesins from different
strains can have significantly different functions [38,62,87]. Thus, not all results from a single adhesin
orthologue may be applicable to the same adhesin from other strains, not to mention other species.
Therefore, we urge future studies to include a comparative element to assess the generality of novel
findings. It might be particularly fruitful to compare species that are not pathogenic to humans or
mammals, such as Y. ruckeri (a fish pathogen) and Y. entomophaga (an insect pathogen), with the
classical human pathogenic Yersiniae. This could potentially shed light on the pathogenesis of both

groups of organisms, and provide insight into the mechanisms of virulence in different hosts.

19



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

Acknowledgements
We wish to thank Prof. Dirk Linke (University of Oslo) for support and helpful comments on the
manuscript. This work was funded by a grant from VISTA, a basic research program funded by Statoil

in collaboration with the Norwegian Academy of Science and Letters, to J.C.L.

References

[1] Savin, C., Martin, L., Bouchier, C., Filali, S., et al., The Yersinia pseudotuberculosis complex:
characterization and delineation of a new species, Yersinia wautersii. Int J Med Microbiol 2014, 304,
452-463.

[2] Reuter, S., Connor, T.R., Barquist, L., Walker, D., et al.,, Parallel independent evolution of
pathogenicity within the genus Yersinia. Proc Natl Acad Sci U S A 2014, 111, 6768-6773.

[3] Rasmussen, S., Allentoft, M.E., Nielsen, K., Orlando, L., et al., Early Divergent Strains of Yersinia
pestis in Eurasia 5,000 Years Ago. Cell 2015, 163, 571-582.

[4] Isberg, R.R., Swain, A., Falkow, S., Analysis of expression and thermoregulation of the Yersinia
pseudotuberculosis inv gene with hybrid proteins. Infect Immun 1988, 56, 2133—2138.

[5] Skurnik, M., Lack of correlation between the presence of plasmids and fimbriae in Yersinia
enterocolitica and Yersinia pseudotuberculosis. ] Appl Bacteriol 1984, 56, 355-63.

[6] Kapperud, G., Namork, E., Skurnik, M., Nesbakken, T., Plasmid-mediated surface fibrillae of
Yersinia pseudotuberculosis and Yersinia enterocolitica: relationship to the outer membrane protein
YOP1 and possible importance for pathogenesis. Infect Imnmun 1987, 55, 2247-54-2254.

[7] Leo, J.C., Grin, I., Linke, D., Type V secretion: mechanism(s) of autotransport through the bacterial
outer membrane. Philos Trans R Soc Lond, B, Biol Sci 2012, 367, 1088-1101.

[8] Linke, D., Riess, T., Autenrieth, I.B., Lupas, A., Kempf, V.A., Trimeric autotransporter adhesins:
variable structure, common function. Trends Microbiol 2006, 14, 264-70.

[9] Leo, J.C., Oberhettinger, P., Schiitz, M., Linke, D., The inverse autotransporter family: intimin,

invasin and related proteins. Int J Med Microbiol 2015, 305, 276-82.

20



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

[10] Besingi, R.N., Chaney, J.L., Clark, P.L., An alternative outer membrane secretion mechanism for
an autotransporter protein lacking a C-terminal stable core. Mol Microbiol 2013, 90, 1028-45.

[11] Nair, M.K.M., De Masi, L., Yue, M., Galvadn, E.M., et al., Adhesive properties of YapV and
paralogous autotransporter proteins of Yersinia pestis. Infect Imnmun 2015, 83, 1809-1819.

[12] Lengz, J.D., Lawrenz, M.B., Cotter, D.G., Lane, M.C,, et al., Expression during host infection and
localization of Yersinia pestis autotransporter proteins. J Bacteriol 2011, 193, 5936—-49.

[13] Yen, Y.T., Karkal, A., Bhattacharya, M., Fernandez, R.C., Stathopoulos, C., Identification and
characterization of autotransporter proteins of Yersinia pestis KIM. Mol Membr Biol 2007, 24, 28-40.
[14] Lawrenz, M.B., Pennington, J., Miller, V.L., Acquisition of omptin reveals cryptic virulence
function of autotransporter YapE in Yersinia pestis. Mol Microbiol 2013, 89, 276-287.

[15] Felek, S., Lawrenz, M.B., Krukonis, E.S., The Yersinia pestis autotransporter YapC mediates host
cell binding, autoaggregation and biofilm formation. Microbiology 2008, 154, 1802—-12.

[16] Lane, M.C., Lenz, J.D., Miller, V.L.,, Proteolytic processing of the VYersinia pestis YapG
autotransporter by the omptin protease Pla and the contribution of YapG to murine plague
pathogenesis. J Med Microbiol 2013, 62, 1124-34.

[17] Lenz, J.D., Temple, B.R.S., Miller, V.L.,, Evolution and virulence contributions of the
autotransporter proteins Yap) and YapK of Yersinia pestis CO92 and their homologs in Y.
pseudotuberculosis IP32953. Infect Immun 2012, 80, 3693—705.

[18] Lawrenz, M.B., Lenz, J.D., Miller, V.L., A novel autotransporter adhesin is required for efficient
colonization during bubonic plague. Infect Immun 2009, 77, 317-26.

[19] Rosqvist, R., Skurnik, M., Wolf-Watz, H., Increased virulence of Yersinia pseudotuberculosis by
two independent mutations. Nature 1988, 334, 522-4.

[20] Skurnik, M., Wolf-Watz, H., Analysis of the yopA gene encoding the Yop1 virulence determinants

of Yersinia spp. Mol Microbiol 1989, 3, 517-29.

21



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

[21] Tamm, A., Tarkkanen, A.M., Korhonen, T.K., Kuusela, P., et al., Hydrophobic domains affect the
collagen-binding specificity and surface polymerization as well as the virulence potential of the YadA
protein of Yersinia enterocolitica. Mol Microbiol 1993, 10, 995-1011.

[22] Pepe, J.C., Wachtel, M.R., Wagar, E., Miller, V.L., Pathogenesis of defined invasion mutants of
Yersinia enterocolitica in a BALB/c mouse model of infection. Infect Immun 1995, 63, 4837-4848.

[23] Bolin, I., Norlander, L., Wolf-Watz, H., Temperature-inducible outer membrane protein of
Yersinia pseudotuberculosis and Yersinia enterocolitica is associated with the virulence plasmid. Infect
Immun 1982, 37, 506-512.

[24] Skurnik, M., Toivanen, P., LcrF is the temperature-regulated activator of the yadA gene of
Yersinia enterocolitica and Yersinia pseudotuberculosis. J Bacteriol 1992, 174, 2047-2051.

[25] Hoe, N.P., Goguen, J.D., Temperature sensing in Yersinia pestis: translation of the LcrF activator
protein is thermally regulated. J Bacteriol 1993, 175, 7901-7909.

[26] Michiels, T., Vanooteghem, J.C., de Rouvroit, C.L., China, B., et al., Analysis of virC, an operon
involved in the secretion of Yop proteins by Yersinia enterocolitica. J Bacteriol 1991, 173, 4994-5009.
[27] de Rouvroit, C.L., Sluiters, C., Cornelis, G.R., Role of the transcriptional activator, VirF, and
temperature in the expression of the pYV plasmid genes of Yersinia enterocolitica. Mol Microbiol
1992, 6, 395-409.

[28] Rohde, J.R., Fox, J.M., Minnich, S.A., Thermoregulation in Yersinia enterocolitica is coincident
with changes in DNA supercoiling. Mol Microbiol 1994, 12, 187-99.

[29] B6hme, K., Steinmann, R., Kortmann, J., Seekircher, S., et al., Concerted actions of a thermo-
labile regulator and a unique intergenic RNA thermosensor control Yersinia virulence. PLoS Pathog
2012, 8, e1002518.

[30] Nieckarz, M., Raczkowska, A., Debski, J., Kistowski, M., et al., Impact of OmpR on the membrane
proteome of Yersinia enterocolitica in different environments: repression of major adhesin YadA and

heme receptor HemR. Environ Microbiol 2015, n/a.

22



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

[31] Hoiczyk, E., Roggenkamp, A., Reichenbecher, M., Lupas, A., Heesemann, J., Structure and
sequence analysis of Yersinia YadA and Moraxella UspAs reveal a novel class of adhesins. EMBO J
2000, 19, 5989-99.

[32] Shahid, S.A., Bardiaux, B., Franks, W.T., Krabben, L., et al., Membrane-protein structure
determination by solid-state NMR spectroscopy of microcrystals. Nature methods 2012, 9, 1212-7.
[33] Flugel, A., Schulze-Koops, H., Heesemann, J., Kiihn, K., et al., Interaction of enteropathogenic
Yersinia enterocolitica with complex basement membranes and the extracellular matrix proteins
collagen type IV, laminin-1 and -2, and nidogen/entactin. J Biol Chem 1994, 269, 29732-8.

[34] Tertti, R., Skurnik, M., Vartio, T., Kuusela, P., Adhesion protein YadA of Yersinia species mediates
binding of bacteria to fibronectin. Infect Immun 1992, 60, 3021-4.

[35] Schulze-Koops, H., Burkhardt, H., Heesemann, J., Kirsch, T., et al., Outer membrane protein YadA
of enteropathogenic Yersiniae mediates specific binding to cellular but not plasma fibronectin. Infect
Immun 1993, 61, 2513-9.

[36] Leo, J.C., Elovaara, H., Brodsky, B., Skurnik, M., Goldman, A., The Yersinia adhesin YadA binds to
a collagenous triple-helical conformation but without sequence specificity. Protein Eng Des Sel 2008,
21,475-484.

[37] Leo, J.C., Elovaara, H., Bihan, D., Pugh, N., et al., First analysis of a bacterial collagen-binding
protein with collagen Toolkits: promiscuous binding of YadA to collagens may explain how YadA
interferes with host processes. Infect Inmun 2010, 78, 3226-3236.

[38] Heise, T., Dersch, P., Identification of a domain in Yersinia virulence factor YadA that is crucial for
extracellular matrix-specific cell adhesion and uptake. Proc Nat/ Acad Sci U S A 2006, 103, 3375-80.
[39] Tahir, el, Y., Skurnik, M., YadA, the multifaceted Yersinia adhesin. Int J Med Microbiol 2001, 291,
209-18.

[40] Eitel, J., Dersch, P., The YadA protein of Yersinia pseudotuberculosis mediates high-efficiency
uptake into human cells under environmental conditions in which invasin is repressed. Infect Immun

2002, 70, 4880-91.

23



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

[41] Plano, G.V., Schesser, K., The Yersinia pestis type lll secretion system: expression, assembly and
role in the evasion of host defenses. Immunol Res 2013, 57, 237-45.

[42] Matsumoto, H., Young, G.M., Translocated effectors of Yersinia. Curr Opin Microbiol 2009, 12,
94-100.

[43] Mota, L.J., Journet, L., Sorg, I., Agrain, C., Cornelis, G.R., Bacterial injectisomes: needle length
does matter. Science 2005, 307, 1278.

[44] Balligand, G., Laroche, Y., Cornelis, G., Genetic analysis of virulence plasmid from a serogroup 9
Yersinia enterocolitica strain: role of outer membrane protein P1 in resistance to human serum and
autoagglutination. Infect Imnmun 1985, 48, 782—786.

[45] Bajic, G., Degn, S.E., Thiel, S., Andersen, G.R., Complement activation, regulation, and molecular
basis for complement-related diseases. EMBO J 2015.

[46] Biedzka-Sarek, M., Venho, R., Skurnik, M., Role of YadA, Ail, and lipopolysaccharide in serum
resistance of Yersinia enterocolitica serotype O: 3. Infect Immun 2005, 73, 2232-2244.

[47] Biedzka-Sarek, M., Salmenlinna, S., Gruber, M., Lupas, A.N., et al., Functional mapping of YadA-
and Ail-mediated binding of human factor H to Yersinia enterocolitica serotype O:3. Infect Immun
2008, 76, 5016-27.

[48] Kirjavainen, V., Jarva, H., Biedzka-Sarek, M., Blom, A.M., et al., Yersinia enterocolitica serum
resistance proteins YadA and Ail bind the complement regulator C4b-binding protein. PLoS Pathog
2008, 4, €1000140.

[49] Schindler, M.K., Schiitz, M.S., Mihlenkamp, M.C., Rooijakkers, S.H., et al., Yersinia enterocolitica
YadA mediates complement evasion by recruitment and inactivation of C3 products. J Immunol 2012,
189, 4900-8.

[50] Casutt-Meyer, S., Renzi, F., Schmaler, M., Jann, N.J., et al., Oligomeric coiled-coil adhesin YadA is
a double-edged sword. PLoS ONE 2010, 5, e15159.

[51] Forman, S., Wulff, C.R., Myers-Morales, T., Cowan, C., et al., yadBC of Yersinia pestis, a new

virulence determinant for bubonic plague. Infect Immun 2008, 76, 578-87.

24



577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

[52] Uittenbogaard, A.M., Myers-Morales, T., Gorman, A.A., Welsh, E., et al., Temperature-
dependence of yadBC phenotypes in Yersinia pestis. Microbiology 2014, 160, 396—405.

[53] Vadyvaloo, V., Jarrett, C., Sturdevant, D.E., Sebbane, F., Hinnebusch, B.J., Transit through the flea
vector induces a pretransmission innate immunity resistance phenotype in Yersinia pestis. PLoS
Pathog 2010, 6, e1000783.

[54] Isberg, R.R., Voorhis, D.L., Falkow, S., Identification of invasin: a protein that allows enteric
bacteria to penetrate cultured mammalian cells. Cell 1987, 50, 769-78.

[55] Isberg, R.R., Leong, J.M., Multiple B, chain integrins are receptors for invasin, a protein that
promotes bacterial penetration into mammalian cells. Cell 1990, 60, 861-71.

[56] Palumbo, R.N., Wang, C., Bacterial invasin: structure, function, and implication for targeted oral
gene delivery. Curr Drug Deliv 2006, 3, 47-53.

[57] Clark, M.A., Hirst, B.H., Jepson, M.A., M-cell surface B, integrin expression and invasin-mediated
targeting of Yersinia pseudotuberculosis to mouse Peyer's patch M cells. Infect Immun 1998, 66,
1237-43.

[58] Yang, Y., Isberg, R.R., Cellular internalization in the absence of invasin expression is promoted by
the Yersinia pseudotuberculosis yadA product. Infect Immun 1993, 61, 3907—-3913.

[59] Gillenius, E., Urban, C.F., The adhesive protein invasin of Yersinia pseudotuberculosis induces
neutrophil extracellular traps via B1 integrins. Microbes Infect 2015, 17, 327-36.

[60] Fairman, J.W., Dautin, N., Wojtowicz, D., Liu, W., et al., Crystal structures of the outer membrane
domain of intimin and invasin from enterohemorrhagic E. coli and enteropathogenic Y.
pseudotuberculosis. Structure 2012, 20, 1233-43.

[61] Hamburger, Z.A., Brown, M.S., Isberg, R.R., Bjorkman, P.J., Crystal structure of invasin: a bacterial
integrin-binding protein. Science 1999, 286, 291-5.

[62] Dersch, P., Isberg, R.R., An immunoglobulin superfamily-like domain unique to the Yersinia
pseudotuberculosis invasin protein is required for stimulation of bacterial uptake via integrin

receptors. Infect Immun 2000, 68, 2930-8.

25



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

[63] Dersch, P., Isberg, R.R., A region of the Yersinia pseudotuberculosis invasin protein enhances
integrin-mediated uptake into mammalian cells and promotes self-association. EMBO J 1999, 18,
1199-213.

[64] van Nhieu, G.T., Isberg, R.R., The Yersinia pseudotuberculosis invasin protein and human
fibronectin bind to mutually exclusive sites on the asB; integrin receptor. J Biol Chem 1991, 266,
24367-75.

[65] Simonet, M., Riot, B., Fortineau, N., Berche, P., Invasin production by Yersinia pestis is abolished
by insertion of an 1S200-like element within the inv gene. Infect Immun 1996, 64, 375-9.

[66] Nagel, G., Lahrz, A., Dersch, P., Environmental control of invasin expression in Yersinia
pseudotuberculosis is mediated by regulation of RovA, a transcriptional activator of the SlyA/Hor
family. Mol Microbiol 2001, 41, 1249-69.

[67] Avican, K., Fahlgren, A., Huss, M., Heroven, A.K.,, et al., Reprogramming of Yersinia from virulent
to persistent mode revealed by complex in vivo RNA-seq analysis. PLoS Pathog 2015, 11, e1004600.
[68] Heroven, A.K., Nagel, G., Tran, H.J., Parr, S., Dersch, P., RovA is autoregulated and antagonizes H-
NS-mediated silencing of invasin and rovA expression in Yersinia pseudotuberculosis. Mol Microbiol
2004, 53, 871-88.

[69] Quade, N., Mendonca, C., Herbst, K., Heroven, A.K., et al., Structural basis for intrinsic
thermosensing by the master virulence regulator RovA of Yersinia. J Biol Chem 2012, 287, 35796—803.
[70] Ellison, D.W., Lawrenz, M.B., Miller, V.L., Invasin and beyond: regulation of Yersinia virulence by
RovA. Trends Microbiol 2004, 12, 296-300.

[71] Trcek, J., Fuchs, T.M., Triilzsch, K., Analysis of Yersinia enterocolitica invasin expression in vitro
and in vivo using a novel luxCDABE reporter system. Microbiology 2010, 156, 2734—-45.

[72] Uliczka, F., Pisano, F., Schaake, J., Stolz, T., et al., Unique cell adhesion and invasion properties of
Yersinia enterocolitica 0:3, the most frequent cause of human Yersiniosis. PLoS Pathog 2011, 7,

e1002117.

26



628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

[73] Pisano, F., Kochut, A., Uliczka, F., Geyer, R., et al., In vivo-induced InvA-like autotransporters Ifp
and InvC of Yersinia pseudotuberculosis promote interactions with intestinal epithelial cells and
contribute to virulence. Infect Immun 2012, 80, 1050-64.

[74] Seo, K.S., Kim, J.W., Park, J.Y., Viall, A.K., et al., Role of a new intimin/invasin-like protein in
Yersinia pestis virulence. Infect Immun 2012, 80, 3559—69.

[75] Strong, P., Hinchliffe, S., Patrick, H., Atkinson, S., et al., Identification and characterisation of a
novel adhesin Ifp in Yersinia pseudotuberculosis. BMC Microbiol 2011, 11, 85.

[76] Tsai, J.C., Yen, M.-R,, Castillo, R., Leyton, D.L., et al., The bacterial intimins and invasins: a large
and novel family of secreted proteins. PLoS ONE 2010, 5, e14403-14.

[77] Leo, J.C., Oberhettinger, P., Chaubey, M., Schiitz, M., et al., The Intimin periplasmic domain
mediates dimerisation and binding to peptidoglycan. Mol Microbiol 2015, 95, 80-100.

[78] Kolodziejek, A.M., Hovde, C.J., Minnich, S.A., Yersinia pestis Ail: multiple roles of a single protein.
Front Cell Infect Microbiol 2012, 2, 103.

[79] Yamashita, S., Lukacik, P., Barnard, T., Noinaj, N., et al., Structural insights into Ail-mediated
adhesion in Yersinia pestis. Structure 2011, 19, 1672-82.

[80] Pierson, D.E., Mutations affecting lipopolysaccharide enhance ail-mediated entry of Yersinia
enterocolitica into mammalian cells. J Bacteriol 1994, 176, 4043—-4051.

[81] Miller, V.L., Falkow, S., Evidence for two genetic loci in Yersinia enterocolitica that can promote
invasion of epithelial cells. Infect Immun 1988, 56, 1242—-1248.

[82] Bliska, J.B., Falkow, S., Bacterial resistance to complement killing mediated by the Ail protein of
Yersinia enterocolitica. Proc Natl Acad Sci USA 1992, 89, 3561-5.

[83] Felek, S., Krukonis, E.S., The Yersinia pestis Ail protein mediates binding and Yop delivery to host
cells required for plague virulence. Infect Immun 2008, 77, 825—-36.

[84] Pierson, D.E., Falkow, S., The ail gene of Yersinia enterocolitica has a role in the ability of the

organism to survive serum killing. Infect Immun 1993, 61, 1846—1852.

27



653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

[85] Bartra, S.S., Styer, K.L.,, O'Bryant, D.M., Nilles, M.L., et al., Resistance of Yersinia pestis to
complement-dependent killing is mediated by the Ail outer membrane protein. Infect Immun 2007,
76, 612-22.

[86] Kolodziejek, A.M., Sinclair, D.J., Seo, K.S., Schnider, D.R., et al., Phenotypic characterization of
OmpX, an Ail homologue of Yersinia pestis KIM. Microbiology 2007, 153, 2941-51.

[87] Tsang, T.M., Wiese, J.S., Felek, S., Kronshage, M., Krukonis, E.S., Ail proteins of Yersinia pestis
and Y. pseudotuberculosis have different cell binding and invasion activities. PLoS ONE 2013, 8,
e83621.

[88] Tsang, T.M., Felek, S., Krukonis, E.S., Ail binding to fibronectin facilitates Yersinia pestis binding
to host cells and Yop delivery. Infect Imnmun 2010, 78, 3358-68.

[89] Bartra, S.S., Ding, Y., Fujimoto, L.M., Ring, J.G., et al., Yersinia pestis uses the Ail outer membrane
protein to recruit vitronectin. Microbiology 2015, 161, 2174-2183.

[90] Tsang, T.M., Annis, D.S., Kronshage, M., Fenno, J.T., et al., Ail protein binds ninth type Il
fibronectin repeat (9FNIII) within central 120-kDa region of fibronectin to facilitate cell binding by
Yersinia pestis. J Biol Chem 2012, 287, 16759—-67.

[91] Yang, Y., Merriam, J.J., Mueller, J.P., Isberg, R.R.,, The psa locus is responsible for
thermoinducible binding of Yersinia pseudotuberculosis to cultured cells. Infect Immun 1996, 64,
2483-2489.

[92] Bliska, J.B., Falkow, S., Bacterial resistance to complement killing mediated by the Ail protein of
Yersinia enterocolitica. Proc Natl Acad Sci USA 1992, 89, 3561-5.

[93] Pieper, R., Huang, S.-T., Robinson, J.M., Clark, D.., et al., Temperature and growth phase
influence the outer-membrane proteome and the expression of a type VI secretion system in Yersinia
pestis. Microbiology 2009, 155, 498-512.

[94] Sebbane, F., Jarrett, C.0., Gardner, D., Long, D., Hinnebusch, B.J., Role of the Yersinia pestis
plasminogen activator in the incidence of distinct septicemic and bubonic forms of flea-borne plague.

Proc Natl Acad Sci USA 2006, 103, 5526-30.

28



679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

[95] Haiko, J., Suomalainen, M., Ojala, T., Lahteenmaki, K., Korhonen, T.K., Breaking barriers--attack
on innate immune defences by omptin surface proteases of enterobacterial pathogens. Innate
Immun 2009, 15, 67-80.

[96] Sodeinde, O.A., Goguen, J.D., Genetic analysis of the 9.5-kilobase virulence plasmid of Yersinia
pestis. Infect Immun 1988, 56, 2743-2748.

[97] Eren, E., Murphy, M., Goguen, J., van den Berg, B., An active site water network in the
plasminogen activator Pla from Yersinia pestis. Structure 2010, 18, 809-18.

[98] Eren, E., van den Berg, B., Structural basis for activation of an integral membrane protease by
lipopolysaccharide. J Biol Chem 2012, 287, 23971-6.

[99] Kukkonen, M., Lahteenmdki, K., Suomalainen, M., Kalkkinen, N., et al., Protein regions important
for plasminogen activation and inactivation of a,-antiplasmin in the surface protease Pla of Yersinia
pestis. Mol Microbiol 2001, 40, 1097-111.

[100] Sodeinde, O.A., Subrahmanyam, Y.V., Stark, K., Quan, T., et al., A surface protease and the
invasive character of plague. Science 1992, 258, 1004—7.

[101] Lathem, W.W., Price, P.A., Miller, V.L., Goldman, W.E., A plasminogen-activating protease
specifically controls the development of primary pneumonic plague. Science 2007, 315, 509-13.

[102] Zhang, S.-S., Park, C.G., Zhang, P., Bartra, S.S., et al., Plasminogen activator Pla of Yersinia pestis
utilizes murine DEC-205 (CD205) as a receptor to promote dissemination. J Biol Chem 2008, 283,
31511-31521.

[103] Guinet, F., Avé, P, Filali, S., Huon, C., et al., Dissociation of tissue destruction and bacterial
expansion during bubonic plague. PLoS Pathog 2015, 11, e1005222.

[104] Caulfield, A.)., Walker, M.E., Gielda, L.M., Lathem, W.W., The Pla protease of Yersinia pestis
degrades Fas ligand to manipulate host cell death and inflammation. Cell Host Microbe 2014, 15,
424-34,

[105] Felek, S., Tsang, T.M., Krukonis, E.S., Three Yersinia pestis adhesins facilitate Yop delivery to

eukaryotic cells and contribute to plague virulence. Infect Immun 2010, 78, 4134-50.

29



705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

[106] Cowan, C., Jones, H.A., Kaya, Y.H., Perry, R.D., Straley, S.C., Invasion of epithelial cells by
Yersinia pestis: evidence for a Y. pestis-specific invasin. Infect Immun 2000, 68, 4523-30.

[107] Suomalainen, M., Lobo, L.A., Brandenburg, K., Lindner, B., et al., Temperature-induced changes
in the lipopolysaccharide of Yersinia pestis affect plasminogen activation by the Pla surface protease.
Infect Immun 2010, 78, 2644-52.

[108] Chromy, B.A., Choi, M.W., Murphy, G.A., Gonzales, A.D., et al., Proteomic characterization of
Yersinia pestis virulence. J Bacteriol 2005, 187, 8172-80.

[109] Lahteenmaki, K., Kukkonen, M., Korhonen, T.K., The Pla surface protease/adhesin of Yersinia
pestis mediates bacterial invasion into human endothelial cells. FEBS Lett 2001, 504, 69—72.

[110] Kienle, Z., Emody, L., Svanborg, C., O'Toole, P.W., Adhesive properties conferred by the
plasminogen activator of Yersinia pestis. J Gen Microbiol 1992, 138 Pt 8, 1679-1687.

[111] Lahteenmaki, K., Virkola, R., Sarén, A., Emddy, L., Korhonen, T.K., Expression of plasminogen
activator pla of Yersinia pestis enhances bacterial attachment to the mammalian extracellular matrix.
Infect Immun 1998, 66, 5755-5762.

[112] Kukkonen, M., Suomalainen, M., Kyllénen, P., Lahteenmaki, K., et al., Lack of O-antigen is
essential for plasminogen activation by Yersinia pestis and Salmonella enterica. Mol Microbiol 2003,
51, 215-25.

[113] Busch, A., Waksman, G., Chaperone-usher pathways: diversity and pilus assembly mechanism.
Philos Trans R Soc Lond, B, Biol Sci 2012, 367, 1112-22.

[114] Galyov, E.E., OYu, S., Karlishev, A.V., Volkovoy, K.I., et al., Nucleotide sequence of the Yersinia
pestis gene encoding F1 antigen and the primary structure of the protein. Putative T and B cell
epitopes. FEBS Lett 1990, 277, 230-2.

[115] Lindler, L.E., Tall, B.D., Yersinia pestis pH 6 antigen forms fimbriae and is induced by

intracellular association with macrophages. Mol Microbiol 1993, 8, 311-24-324.

30



729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

[116] Zavialov, A., Zav'yalova, G., Korpela, T., Zav'yalov, V., FGL chaperone-assembled fimbrial
polyadhesins: anti-immune armament of Gram-negative bacterial pathogens. FEMS Microbiol Rev
2007, 31, 478-514.

[117] Du, Y., Rosqvist, R., Forsberg, A., Role of fraction 1 antigen of Yersinia pestis in inhibition of
phagocytosis. Infect Immun 2002, 70, 1453-1460.

[118] Zav'yalov, V.P., Chernovskaya, T.V., Navolotskaya, E.V., Karlyshev, A.V., et al., Specific high
affinity binding of human interleukin 1B by Caf1A usher protein of Yersinia pestis. FEBS Lett 1995, 371,
65-8.

[119] Sebbane, F., Jarrett, C., Gardner, D., Long, D., Hinnebusch, B.J., The Yersinia pestis cafiIM1A1
fimbrial capsule operon promotes transmission by flea bite in a mouse model of bubonic plague.
Infect Immun 2008, 77, 1222-1229.

[120] Iriarte, M., Vanooteghem, J.C., Delor, |, Diaz, R., et al., The Myf fibrillae of Yersinia
enterocolitica. Mol Microbiol 1993, 9, 507-520.

[121] Payne, D., Tatham, D., Williamson, E.D., Titball, R.W., The pH 6 antigen of Yersinia pestis binds
to B1-linked galactosyl residues in glycosphingolipids. Infect Immun 1998, 66, 4545—-4548.

[122] Huang, X.-Z., Lindler, L.E., The pH 6 antigen is an antiphagocytic factor produced by Yersinia
pestis independent of Yersinia outer proteins and capsule antigen. Infect Immun 2004, 72, 7212—-
7219.

[123] Galvan, E.M., Chen, H., Schifferli, D.M., The Psa fimbriae of Yersinia pestis interact with
phosphatidylcholine on alveolar epithelial cells and pulmonary surfactant. Infect Immun 2006, 75,
1272-1279.

[124] Makoveichuk, E., Cherepanov, P., Lundberg, S., Forsberg, A., Olivecrona, G., pH6 antigen of
Yersinia pestis interacts with plasma lipoproteins and cell membranes. J Lipid Res 2002, 44, 320-330.
[125] Bao, R., Nair, M.K.M., Tang, W.-K., Esser, L., et al., Structural basis for the specific recognition of
dual receptors by the homopolymeric pH 6 antigen (Psa) fimbriae of Yersinia pestis. Proc Natl Acad

Sci USA 2012, 110, 1065-1070.

31



755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

[126] Zav'yalov, V.P., Abramov, V.M., Cherepanov, P.G., Spirina, G.V., et al., pH 6 antigen (PsaA
protein) of Yersinia pestis, a novel bacterial Fc-receptor. FEMS Immunol Med Microbiol 1996, 14, 53—
57.

[127] Zav'yalov, V., Zavialov, A., Zav'yalova, G., Korpela, T., Adhesive organelles of Gram-negative
pathogens assembled with the classical chaperone/usher machinery: structure and function from a
clinical standpoint. FEMS Microbiol Rev 2009, 34, 317-78.

[128] Felek, S., Jeong, J.J., Runco, L.M., Murray, S., et al., Contributions of chaperone/usher systems
to cell binding, biofilm formation and Yersinia pestis virulence. Microbiology 2011, 157, 805-18.

[129] Price, S.B., Freeman, M.D., Yeh, K.S., Transcriptional analysis of the Yersinia pestis pH 6 antigen
gene. J Bacteriol 1995, 177, 5997-6000.

[130] Ansong, C., Schrimpe-Rutledge, A.C., Mitchell, H.D., Chauhan, S., et al., A multi-omic systems
approach to elucidating Yersinia virulence mechanisms. Mol Biosyst 2012, 9, 44-54.

[131] Liu, F., Chen, H., Galvdn, E.M., Lasaro, M.A., Schifferli, D.M., Effects of Psa and F1 on the
adhesive and invasive interactions of Yersinia pestis with human respiratory tract epithelial cells.
Infect Immun 2006, 74, 5636-5644.

[132] Hatkoff, M., Runco, L.M., Pujol, C., Jayatilaka, I., et al., Roles of chaperone/usher pathways of
Yersinia pestis in a murine model of plague and adhesion to host cells. Infect Immun 2012, 80, 3490—
3500.

[133] Old, D.C., Adegbola, R.A., Relationships among broad-spectrum and narrow-spectrum
mannose-resistant fimbrial hemagglutinins in different Yersinia species. Microbiol Immunol 1984, 28,
1303-1311.

[134] Maclagan, R.M., Old, D.C., Haemagglutinins and fimbriae in different serotypes and biotypes of
Yersinia enterocolitica. J Appl Bacteriol 1980, 49, 353—360.

[135] Bahrani, F.K., Mobley, H.L., Proteus mirabilis MR/P fimbrial operon: genetic organization,

nucleotide sequence, and conditions for expression. J Bacteriol 1994, 176, 3412—-3419.

32



780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

[136] Babujee, L., Balakrishnan, V., Kiley, P.J., Glasner, J.D., Perna, N.T., Transcriptome changes
associated with anaerobic growth in Yersinia intermedia (ATCC29909). PLoS ONE 2013, 8, e76567.
[137] Berry, J.-L., Pelicic, V., Exceptionally widespread nanomachines composed of type IV pilins: the
prokaryotic Swiss Army knives. FEMS Microbiol Rev 2014, 39, 134-54.

[138] Nivaskumar, M., Francetic, O., Type Il secretion system: A magic beanstalk or a protein
escalator. Biochim Biophys Acta 2014, 1-10.

[139] Collyn, F., Léty, M.-A., Nair, S., Escuyer, V., et al., Yersinia pseudotuberculosis harbors a type IV
pilus gene cluster that contributes to pathogenicity. Infect Immun 2002, 70, 6196—205.

[140] Collyn, F., Billault, A., Mullet, C., Simonet, M., Marceau, M., YAPI, a new Yersinia
pseudotuberculosis pathogenicity island. Infect Immun 2004, 72, 4784-4790.

[141] Tomich, M., Planet, P.J., Figurski, D.H., The tad locus: postcards from the widespread
colonization island. Nat Rev Microbiol 2007, 5, 363-75.

[142] Schilling, J., Wagner, K., Seekircher, S., Greune, L., et al., Transcriptional activation of the tad
type IVb pilus operon by PypB in Yersinia enterocolitica. J Bacteriol 2010, 192, 3809-3821.

[143] Thomson, N.R., Howard, S., Wren, B.W., Holden, M.T.G,, et al., The complete genome sequence
and comparative genome analysis of the high pathogenicity Yersinia enterocolitica strain 8081. PLoS
Genet 2006, 2, e206.

[144] Fernandez, L., Marquez, |., Guijarro, J.A., Identification of specific in vivo-induced (ivi) genes in
Yersinia ruckeri and analysis of ruckerbactin, a catecholate siderophore iron acquisition system. App/
Environ Microbiol 2004, 70, 5199-207.

[145] Krachler, A.M., Orth, K., Functional characterization of the interaction between bacterial
adhesin multivalent adhesion molecule 7 (MAM7) protein and its host cell ligands. J Biol Chem 2011,
286, 38939-47.

[146] Krachler, A.M., Ham, H., Orth, K., Outer membrane adhesion factor multivalent adhesion
molecule 7 initiates host cell binding during infection by Gram-negative pathogens. Proc Natl Acad

Sci US A 2011, 108, 11614-9.

33



806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

[147] Hinnebusch, B.J., Erickson, D.L., Yersinia pestis biofilm in the flea vector and its role in the
transmission of plague. Curr Top Microbiol Immunol 2008, 322, 229-48.

[148] Perry, R.D., Pendrak, M.L., Schuetze, P., Identification and cloning of a hemin storage locus
involved in the pigmentation phenotype of Yersinia pestis. J Bacteriol 1990, 172, 5929-5937.

[149] Bobrov, A.G., Kirillina, O., Forman, S., Mack, D., Perry, R.D., Insights into Yersinia pestis biofilm
development: topology and co-interaction of Hms inner membrane proteins involved in
exopolysaccharide production. Environ Microbiol 2008, 10, 1419-32.

[150] Sun, Y.-C., Hinnebusch, B.J., Darby, C., Experimental evidence for negative selection in the
evolution of a Yersinia pestis pseudogene. Proc Natl Acad Sci USA 2008, 105, 8097—-8101.

[151] Zhang, P., Skurnik, M., Zhang, S.-S., Schwartz, O., et al., Human dendritic cell-specific
intercellular adhesion molecule-grabbing nonintegrin (CD209) is a receptor for Yersinia pestis that
promotes phagocytosis by dendritic cells. Infect Immun 2008, 76, 2070-2079.

[152] Wagner, C., Hensel, M., Adhesive mechanisms of Salmonella enterica. Adv Exp Med Biol 2011,
715, 17-34.

[153] Walker, K.A., Maltez, V.1., Hall, J.D., Vitko, N.P., Miller, V.L., A phenotype at last: essential role
for the Yersinia enterocolitica Ysa type lll secretion system in a Drosophila melanogaster S2 cell
model. Infect Immun 2013, 81, 2478-87.

[154] Skurnik, M., Bengoechea, J.A., The biosynthesis and biological role of lipopolysaccharide O-
antigens of pathogenic Yersiniae. Carbohydr Res 2003, 338, 2521-9.

[155] Kapatral, V., Minnich, S.A., Co-ordinate, temperature-sensitive regulation of the three Yersinia
enterocolitica flagellin genes. Mol Microbiol 1995, 17, 49-56.

[156] Rebeil, R., Ernst, R.K., Gowen, B.B., Miller, S.I., Hinnebusch, B.J., Variation in lipid A structure in
the pathogenic Yersiniae. Mol Microbiol 2004, 52, 1363—73.

[157] Deuschle, E., Keller, B., Siegfried, A., Manncke, B., et al., Role of B, integrins and bacterial
adhesins for Yop injection into leukocytes in Yersinia enterocolitica systemic mouse infection. Int J

Med Microbiol 2015.

34



832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

[158] Keller, B., Mihlenkamp, M., Deuschle, E., Siegfried, A., et al., Yersinia enterocolitica exploits
different pathways to accomplish adhesion and toxin injection into host cells. Cell Microbiol 2015, 17,
1179-1204.

[159] Weening, E.H., Cathelyn, J.S., Kaufman, G., Lawrenz, M.B., et al., The dependence of the
Yersinia pestis capsule on pathogenesis is influenced by the mouse background. Infect Immun 2010,
79, 644-652.

[160] Paczosa, M.K., Fisher, M.L., Maldonado-Arocho, F.J., Mecsas, J., Yersinia pseudotuberculosis
uses Ail and YadA to circumvent neutrophils by directing Yop translocation during lung infection. Cell
Microbiol 2013, 16, 247-268.

[161] Maldonado-Arocho, F.J., Green, C., Fisher, M.L., Paczosa, M.K., Mecsas, J., Adhesins and host
serum factors drive Yop translocation by Yersinia into professional phagocytes during animal
infection. PLoS Pathog 2013, 9, e1003415.

[162] Schaake, J., Drees, A., Griining, P., Uliczka, F., et al., Essential role of invasin for colonization and
persistence of Yersinia enterocolitica in its natural reservoir host, the pig. Infect Immun 2013, 82,
960-9.

[163] Joshua, G.W.P., Atkinson, S., Goldstone, R.J., Patrick, H.L., et al., Genome-wide evaluation of
the interplay between Caenorhabditis elegans and Yersinia pseudotuberculosis during in vivo biofilm
formation. Infect Immun 2014, 83, 17-27.

[164] Erickson, D.L., Waterfield, N.R., Vadyvaloo, V., Long, D., et al., Acute oral toxicity of Yersinia
pseudotuberculosis to fleas: implications for the evolution of vector-borne transmission of plague.
Cell Microbiol 2007, 9, 2658—66.

[165] Champion, O.L., Cooper, I.A.M., James, S.L., Ford, D., et al., Galleria mellonella as an alternative
infection model for Yersinia pseudotuberculosis. Microbiology 2009, 155, 1516-22.

[166] Spanier, B., Starke, M., Higel, F., Scherer, S., Fuchs, T.M., Yersinia enterocolitica infection and

tcaA-dependent killing of Caenorhabditis elegans. Appl Environ Microbiol 2010, 76, 6277-85.

35



857

858

859

860

861

862

863

864

865

866

[167] Chouikha, I., Hinnebusch, B.J., Yersinia--flea interactions and the evolution of the arthropod-
borne transmission route of plague. Curr Opin Microbiol 2012, 15, 239-46.

[168] Mihlenkamp, M., Oberhettinger, P., Leo, J.C., Linke, D., Yersinia adhesin A (YadA) - Beauty &
beast. Int J Med Microbiol 2015, 305, 252-8.

[169] Caulfield, A.J., Lathem, W.W., Substrates of the plasminogen activator protease of Yersinia
pestis. Adv Exp Med Biol 2012, 954, 253-60.

[170] Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., Basic local alignment search tool. J
Mol Biol 1990, 215, 403-10.

[171] Grin, 1., Linke, D., GCView: the genomic context viewer for protein homology searches. Nucleic

Acids Res 2011, 39, W353-6.

36



867  Table 1. Adhesins of human pathogenic Yersiniae

Adhesin Class Adhesin Function(s) Presence in species® Ref.
Y. Y. pseudo- Y. pestis
enterocolitica | tuberculosis
Autotransporter
adhesins
Type Va YapA Not known - X + [12]
(Q66722) (Q9F292)
YapB1 Not known - X o [12]
(Q66720)
YabB2 Not known - X - [12]
(Q66721)
YapC Autoagglutination, binding to epithelial cells and macrophages, - X + [15]
biofilm formation. (Q66DI5) (Q9F290)
YapE Binding to eukaryotic cells, autoaggregation X X + [18]
(A1)JSQ7) (Q664E) (Q9F288)
YapF Not known - X + [12]
(Q665R2) (Q9F287)
YapG Not known - X + [16]
(Q665P5) (Q9F286)
YapH Not known - X + [12]
(Q666F5) (Q9F285)
Yapl Not known - - + [12]
(QOWGA9)
YapK Not known - X + [12]
(Q66FH2) (QOWJZ8)
YaplL Not known - X + [12]
(Q668J2) (Q7CIH7)
YapM Not known - X + [12]
(Q667C1) (QOWIL1)
YapN Not known - X + [12]
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(AOAOQU1QUE | (QOWID7)
7)
YapV Interacts with actin-polymerizing factor N-WASP - X + [10]
(Q666H3) (Q8CZT5)
YapX Not known - X o [11]
(Q666H2)
Type Vc YadA Binding to ECM components, epithelial cells, macrophages and + + o [168]
neutrophils, mediates serum resistance and autoagglutination (P31489) (K7ZVF1)
YadB Promotes survival in skin after flea bite - + + [52]
(Q66CJ1) (Q7CHI4)
YadC Promotes survival in skin after flea bite - + + [52]
(Q7CHI5) (Q7CHI5)
Type Ve InvA Adhesion to and invasion of epithelial cells via B, integrins + + o [56]
(ALIT35) (P11922)
Ifp/InvB Adhesion to and invasion of epithelial cells X + o [75]
(AOAOH3NUI2) (Q66C38)
InvC/llp Adhesion to and invasion of host cells - + + [73]
(AOAOH3AYF | (Q7CFY4)
9)
InvD Not known - X - [73]
(AOAOH3B1G
5)
Fimbrial adhesins
C-U fimbriae Psa/Myf Binding to galactose and phosphocholine, biofilm formation + + + [115]
(P33408) (Q56983) (P31527)
Caf Protection from phagocytosis, binding to interleukin-1 - - + [114]
(P26949)
y0348-0352 Ahdesion to macrophages - X + [132]
(Q66G26) (Q7CKZ7)
y0561-0563 Biofilm formation (?) - X + [128]
(Q66FH7) (Q7CKQO)
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y1858-1862 Adhesion to macrophages X X + [128]
(A1JMO00) (Q669U8) (Q7CIw9)
y1869-1873 Adhesion to macrophages - X + [132]
(Q669W0) (Q7CIwW3)
y2388-2392 Not known X X + [128]
(ALJTK2) (Q66B61) (Q9zC30)
y3478-3480 Not known - X + [128]
(Q66526) (Q7CGJ4)
MRHA Mannose-resistant hemagglutination + - - [134]
(A1JJU6)
Type IV pili Pil Not known + + - [139]
Flp Microcolony formation + X o [142]
(ALIQP1) (Q66571)
Small B-barrels
OmpX family Ail Adhesion to and invasion of epithelial cells, promotes serum + + + [78]
resistance (P16454) (Q56957) (Qowcz9)
OmpX Not known X X + [85]
(A1JU26) (Q669E5) (Q8D0S1)
y2304 Not known - X X [85]
(Q66AY4) (Q7C197)
y2446 Not known - X X [85]
(Q66BPO) (Q7CI12)
Omptin family Pla Plasminogen activation, complement inactivation, adhesion to - - + [169]
and invasion of epithelial cells (E5GAD2)
Other adhesins
MAM?7 Binding to fibronectin and phosphatidic acid X + X [146]
(A1IM37) (AOAOH3B2K | (Q8DON9)
4)
PGA Biofilm formation; produced by the hmsHRSF locus X + + [149]
(A1JSA3) (Q66B31) (Q56939)
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868
869
870
871
872

873

874

LPS core Binding to DC-SIGN on antigen-presenting cells + + + [151]
oligosaccharide

®+ = gene present and expressed; x = gene present (expression status unknown); o = pseudogene; - = not present. Where information on the presence of a
particular adhesin gene is not available in the literature, we used bioinformatics tools (e.g. BLAST [170] and GCview [171]) to determine whether a gene is
present in one or more genomes from the species in question. For intact genes, we have included a UniProt accession code for a representative sequence

(in parentheses). In the case of fimbrial adhesins, the accession code is for the usher protein. For type IV pili, the accession code is for the major pilin subunit.
For PGA, the accession code is for the HmsH protein, and for LPS we have not included an accession code.
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Figure 1. Experimental structures of Yersinia adhesins. The structures depicted for YadA (from Y.
enterocolitica) are the collagen-binding head domain (PDB ID 1P9H), a segment of the stalk (3H7X),
and the C-terminal membrane anchor (2LME). In these structures, the three chains are coloured
differently. For InvA from Y. pseudotuberculosis, the structures of the N-terminal membrane anchor
domain (4E1T) and the passenger (1CWV) are shown; the domains D1-D5 of the passenger are
indicated. The structures of the small B-barrel proteins Ail (3QRA) and Pla (4DCB) are both from Y.
pestis. Pla (in blue) is shown in complex with the activation loop peptide of human plasminogen (in

yellow). The pilin subunit PsaA (4F8N, in green) of pH 6 antigen from Y. pestis is shown in complex
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884  with galactose (blue) and phosphocholine (yellow). A minifibre of two Cafl subunits (1P5U) from Y.
885  pestis is shown with one subunit in dark blue and one in light blue, with a the light blue subunit
886 complemented with the donor strand from the dark blue subunit. The structures are shown to
887 approximate scale.

888
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Figure 2. Effect of temperature shifts between 26 °C and 37 °C on the adhesins displayed on the

surface of Yersiniae. The major adhesins present at these temperatures are displayed. In Y.
pseudotuberculosis and most Y. enterocolitica strains, the major adhesin at 26 °C is InvA, but this is
repressed at 37 °C. In contrast, in Y. enterocolitica serotype O:3, InvA is also expressed efficiently at
37 °C [72]. YadA is expressed by both species at 37 °C. Y. pestis lacks both InvA and YadA, but
expresses several other adhesins in a temperature-dependent manner, including Ail, Caf and Psa at
37 °C. The biofilm-promoting exopolysaccharide PGA is expressed at 26 °C. Pla is present at both

temperatures, but more abundant at 37 °C.

43



