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During infection, Yersinia, a facultative intracellular bacterial species, exhibits the ability to first invade host cells and then counteract phagocytosis by the host cells. During these two distinct stages, invasion or antiphagocytic factors assist bacteria in manipulating host cells to accomplish each of these functions; however, the mechanism through which Yersinia regulates these functions during each step remains unclear. Here, we discuss those factors that seem to function reversely and give some hypothesis about how bacteria switch between the two distinct status.
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INTRODUCTION

Three Yersinia species are known to be pathogenic to humans: Yersinia enterocolitis, Y. pseudotuberculosis, and Y. pestis. Y. enterocolitis and Y. pseudotuberculosis are enteropathogenic bacteria causing enteritis, ileitis, and mesenteric lymphadenitis, whereas Y. pestis is the causative agent of bubonic plague, among the most deadly human infectious disease in history. All three species harbor a virulence plasmid, which encodes a type III secretion system (T3SS) for secreting Yop protein substrates, to establish a successful infection. Six Yops, including YopE, YopH, YopM, YopO/YpkA, YopP/J, and YopT, are delivered by T3SS into host cells and these then inhibit phagocytosis and block pro-inflammatory signals (Shao, 2008). In cases involving infection with enteropathogenic Yersinia species other than Y. pestis, two adhesins, invasin and YadA, have been shown to be important for mediating contact with host cells (Isberg et al., 1987; Paerregaard et al., 1991). However, although both adhesins are inactive in Y. pestis due to an IS1541 element insertion within inv and a frameshift mutation in yadA (Parkhill et al., 2001; Song et al., 2004; Chain et al., 2006), Y. pestis maintains the ability to attach to and enter into host cells (Davis et al., 1996; Perry and Fetherston, 1997; Cowan et al., 2000), indicating that these adhesins are not necessary for the virulence of Y. pestis and that other adhesins and invasins are required for mediating the association with host cells. Y. pestis is also known for its ability to survive in macrophages during its early invasion process. After arming itself in the macrophage, Y. pestis becomes resistant to phagocytosis and is then capable of surviving outside the cell, which is critical for its pathogenesis. In this review, we will summarize what is known regarding the mechanisms through which Y. pestis survives in a host, inside or outside the cell.

LIFE CYCLE OF Y. PESTIS DURING INFECTION

Y. pestis is a facultative intracellular gram-negative bacterium. During the early stages of infection, Y. pestis can enter both macrophages and neutrophils through mechanisms of active or passive entry (Lukaszewski et al., 2005). However, Y. pestis is typically killed in neutrophils, whereas in macrophages, it can survive and acquire antiphagocytic capabilities, which enables its extracellular survival in vivo (Lukaszewski et al., 2005). Interestingly, Y. pestis can also enter into non-professional phagocytes, such as epithelial cells (Cowan et al., 2000; Leigh et al., 2005), which indicates that Y. pestis can not only be passively phagocytized by the professional phagocytes, but can also evolve a mechanism allowing it to invade host cells that generally do not possess phagocytic ability. The invasion of Y. pestis into host cells, including phagocytes and non-professional phagocytes, may be mediated by binding of adhesive factors present on their surface, including Ail, Pla, and Psa, to receptors on the membranes of host cells (Lahteenmaki et al., 2001; Miller et al., 2001; Benedek et al., 2004; Liu et al., 2006; Galvan et al., 2007; Felek et al., 2010).

After arming itself inside the macrophages, Y. pestis escapes from the cell and develops resistance to phagocytosis by both macrophages and neutrophils. Therefore, during the late stage of infection, phagocytes cannot ingest Y. pestis, and the bacteria exists mainly in an extracellular environment, which has been confirmed through autopsies of human pneumonic plague victims, wherein the samples examined exhibited abundant extracellular bacteria but little evidence of phagocytosis. The mechanism of release from macrophages is largely unknown but may be associated with apoptosis or necrosis observed through in vitro cell models. Although the mechanism through which Y. pestis relocates from an intracellular compartment to an extracellular environment is unclear, the antiphagocytic ability of Yersinia has been attributed to Caf1, F1 antigen, and Yops (e.g., YopH, YpkA, YopE, and YopT) (Figure 1). Many in vitro studies have demonstrated that these virulence factors act synergistically to promote evasion or inhibit ingestion by host cells, including professional phagocytes and some non-professional phagocytes.


[image: image]

FIGURE 1. Both invasive and antiphagocytic factors are involved in Y. pestis pathogenesis. During the initial encounter with macrophages during infection, Y. pestis enters the macrophage through binding of its surface proteins, such as Pla, Ail, YadBC, and OmpX, to undetermined receptors present on the macrophage surface. However, following release from the macrophage through another undefined mechanism, Y. pestis expresses several virulence factors, including F1 antigen, Psa, and four Yops (YopT, YopH, YopE, and YpkA) which are employed to resist phagocytosis by the surrounding professional phagocytes. An additional mechanism subsequently arms Y. pestis against host phagocytes of the innate immune system, thereby allowing it to invade more tissues and organs and cause more severe impairment.



Y. pestis carries both invasive factors, which promote contact with and entry into host cells, and antiphagocytic factors that inhibit uptake by host cells. The mechanism through which this bacterium balances these contradictory factors and utilizes them in the different stages of infection to manipulate host cells remains an interesting topic. Here, we have discussed all of the known factors used by Y. pestis to enter into or escape from host cells.

PHAGOCYTIC RECEPTORS OF HOST CELLS AND INVASIVE LIGANDS OF BACTERIA

The process of bacterial entry into host cells can be divided into two types. The first type, bacterial invasion, involves active bacterial entry, during which bacteria are not welcomed and grudgingly accepted by the host cells. Many bacteria initially depend more on their own invasive factors to enter into the host cells in order to escape the harsh extracellular environment conditions, including low pH and shear stress, and host defensive mechanisms, such as recognition and killing by macrophages and cytotoxic T cells, thereby allowing them to survive in the relatively mild intracellular milieu. The second type, phagocytosis of bacteria, involves passive entry during which bacteria are resistant to internalization and are initially ingested by the host cells through a surface mechanism. Phagocytosis plays important roles in reducing the threat from bacterial pathogens; therefore, it is used by host cells to degrade and clear hazardous exogenous material, avoid disruption of normal functions by bacteria, and present signals for activation of the innate and adaptive immune systems. In some cases, these two types of entry are indistinguishable, as both modes of entry involve initial binding of bacterial ligands to phagocytic receptors (Greenberg, 1999). Although these two types of entry mechanisms are very popular in most bacterial pathogens and are easy to differentiate, some bacterial pathogens, such as Mycobacteria and Coxiella, utilize phagocytic signaling pathways to enter into the host cells, which may be hard to define their types of entry (Méresse et al., 1999; Friedrich et al., 2012).

Phagocytosis, classically defined as the cellular engulfment of particles larger than 0.5 μm in diameter (Jaumouille and Grinstein, 2011), is a highly conserved process that has evolved to counteract the threat of altered “self” molecular or “non-self” molecular. Phagocytosis encompasses an orchestrated cascade of events that involves particle recognition, signal transduction, cytoskeleton rearrangement, membrane remodeling, and phagosome maturation (Groves et al., 2008). In higher organisms, phagocytosis is mainly performed by professional phagocytes, such as macrophages, neutrophils, and dendritic cells (DCs), but several other cell types, including epithelial cells, endothelial cells, and fibroblasts, collectively identified as non-professional phagocytes, can also perform phagocytosis under certain conditions (Cannon and Swanson, 1992; Lowry et al., 1998; Sousa et al., 2005; Kim et al., 2010). Although non-professional phagocytes do not express FcRs and CRs, which are unique feature of professional phagocytes, the downstream molecular pathways of phagocytic receptors are generally expressed and once surface receptors are acquired, they can initiate the same phagocytic signaling pathway as professional phagocytes (Ezekowitz et al., 1991; Odin et al., 1991; van Zon et al., 2009).

The phagocytosis process begins with binding of a phagocytic receptor, directly or indirectly through opsonins, to their ligands on the surface of pathogens, which mediates the adherence of bacteria to the host cells (Pizarro-Cerda and Cossart, 2006; Huang et al., 2011). The best characterized phagocytic receptors are immunoglobulin receptors (FcRs) and complement receptors (CRs), which bind to bacteria, opsonized by antibody and complement respectively, and which activate downstream signaling pathways in a similar manner (May and Machesky, 2001; Groves et al., 2008; Nimmerjahn and Ravetch, 2008). A growing number of other cell surface receptors mediating phagocytic uptake of particles have been identified, such as scavenger receptors (e.g., SR-A, MARCO, CD36, and SR-B) and C-type lectins (e.g., mannose receptor, DC-SIGN, and dectin-1) (East and Isacke, 2002; Peiser et al., 2002; Cambi and Figdor, 2003; McGreal et al., 2005; Pluddemann et al., 2006; Vachon et al., 2006; Areschoug and Gordon, 2009). Additionally, members of the integrin family, excluding CR3, which belongs to the β2 subfamily, can also mediate entry of bacteria into host cells (Cambi and Figdor, 2003; Schraven and Reth, 2007). In particular, some receptors such as CD14 participate in the uptake of bacteria, but act only to tether the particles and cannot initiate phagocytic signaling alone, as this requires accessory receptors to deliver the phagocytic signal and co-start the phagocytic process (Wright et al., 1990).

A number of bacterial components, specifically ligands presented on their surface, are engaged during entry into host cells. Various components found on the plasma membrane of most gram-positive and gram-negative bacteria are likely involved in entry into host cells, including lipopolysaccharides, peptidoglycans, lipoteichoic acid, capsules, pili, and even CpG DNA (Pluddemann et al., 2006). In the past few years, a number of bacterial surface proteins have been shown to bind to the extracellular or surface receptors of the host cells or to be delivered into the cytosol of host cells, where they then assist in the invasive progress (Pluddemann et al., 2006; Areschoug and Gordon, 2008). The active entry of bacteria can be classified into two different mechanisms: “zippering” and “triggering” (Swanson and Baer, 1995; Cossart and Sansonetti, 2004). Zippering means that bacteria present ligands on their surface allowing them to bind to host cells and initiate the entry process (Cossart and Sansonetti, 2004). This zippering mechanism is exemplified by FcR- and CR3-mediated phagocytosis, which is characterized by the formation of inclusion shaped by the bacteria they ingest. Triggering is a mechanism through which bacteria inject effectors into host cells via T3SS to regulate phagocytosis (Swanson and Baer, 1995; Cossart and Sansonetti, 2004). The triggering mechanism enables host cells to internalize bacteria and fluids together (i.e., macropinocytosis) (Cossart and Sansonetti, 2004). For Yersinia, the zippering mechanism is the primary mode of entry since surface molecules of Yersinia mediate contact with, and adhesion of, host cells (Cossart and Sansonetti, 2004).

INVASION FACTORS

Bacterial pathogens can utilize many kinds of receptors present on the host cell surface, including the following, to facilitate invasion into host cells: FcγR; CR3; β1, β3, and β5 integrins; Toll-like receptors; mannose receptor; galactose receptor; and scavenger receptors (Taylor et al., 2005; Pluddemann et al., 2006). In addition to common strategies used by many other bacterial pathogens, Yersinia also employs several kinds of specific molecules on its outer membrane through which it can bind to and invade various host cells, including epithelial cells, endothelial cells, and fibroblasts, in addition to professional phagocytes. Indeed, Y. pestis has three identified adhesins: Ail (attachment-invasion locus), Pla, and Psa, in which Ail and Pla acts as invasive factors, but results of mediating adherence by Psa to host cells is not invasion, but prevention of invasion(as discussed below).

AIL

Ail in Y. pestis is a 17.5 kDa outer membrane protein, encoded chromosomally, which is predicted to have eight transmembrane domains and four short extracellular loops extending from the surface of the bacterial outer membrane (Miller et al., 1990; Beer and Miller, 1992). Ail from all three species demonstrates cell adhesion and serum-resistance activities (Miller and Falkow, 1988; Miller et al., 2001; Kolodziejek et al., 2007; Bartra et al., 2008; Felek and Krukonis, 2009; Kolodziejek et al., 2010). In a mouse model of infection, Ail mutant Y. pestis exhibited a >3000-fold increase in the 50% lethal dose and a lower rate of colonization to the host tissue than the wild type (Felek and Krukonis, 2009).

In in vitro cell cultures, Ail-deficient strains have demonstrated reduced epithelial cell association and internalization, that is, at approximately 90 and 98%, respectively (Kolodziejek et al., 2007). Escherichia coli carrying Ail is highly invasive to CHO cells (Peiser et al., 2002) and moderately invasive to Hep-2 cells (Groves et al., 2008). Similar to YadA, Ail was also recently found to bind to fibronectin (Tsang et al., 2010), an extracellular matrix component. Additionally, treatment of cultivated cells with antifibronectin antibody decreased Ail-mediated adherence and inhibited KIM5-mediated cytotoxicity of host cells in an Ail-dependent manner (Tsang et al., 2010). Therefore, fibronectin, which has many integrin-binding sites, may act as a bridging molecular to engage host cells with this pathogen (Tsang et al., 2010). Moreover, because biochemical data and genetic analysis suggest that the C-terminal half of extracellular loop 2 of Ail mediates interaction with host cell surface components (Kirjavainen et al., 2008), it is possible that this domain interacts with fibronectin and is subsequently involved in attachment and entry into host cells.

Interestingly, despite sharing 100% homology with Y. pestis, Ail from Y. pseudotuberculosis fails to confer the same adhesion and invasion functions, which may be due to two amino acid substitutions in extracellular loop 3 (Yang et al., 1996; Miller et al., 2001; Tsang et al., 2010). However, Ail from Y. enterocolitis exhibits the same activity as that from Y. pestis, although they share only 70% sequence identity (Miller et al., 2001). These data provide strong evidence that some other factors contribute to Ail-mediated phagocytosis.

PLASMINOGEN ACTIVATOR

Plasminogen activator (Pla), encoded by the Y. pestis-specific plasmid pPCP1, is a membrane protein of the omptin family of bacterial outer membrane proteases (Kukkonen and Korhonen, 2004). Pla exhibits different phenotypes in inducing plague. In comparison with the wild type, Y. pestis lacking Pla has been reported to have greatly reduced virulence and was found to be one of the highly expressed genes when inoculated subcutaneously, but produced equivalent or nearly equivalent virulence when introduced by aerosols or directly into the blood stream (Sodeinde et al., 1992; Welkos et al., 1997). In models of pneumonic plague, dissemination of Pla-deficient Y. pestis to the circulation system was found to be unaffected, but restricted outgrowth was observed in lungs (Sebbane et al., 2006; Lathem et al., 2007). However, Y. pestis lacking Pla in mouse models of bubonic plague was observed to grow normally at the subcutaneous sites of inoculation but was not disseminated to the lymphatic system and deeper tissues (Sebbane et al., 2006; Lathem et al., 2007).

Pla is a 10-strand antiparallel β-barrel with four short periplasmic turns and has five surface-exposed loops where catalytic residues are located (Kukkonen and Korhonen, 2004). A striking feature of Pla is its ability to activate plasminogen to plasmin, which then dissolves fibrin clots and digests laminin that further impairs tissue barriers (Degen et al., 2007). In addition to proteolytic functions, Pla also plays a role in adhesion and invasion to epithelial cells, probably by binding to extracellular matrix components such as laminin and reconstituted basement membrane (Lobo, 2006). Escherichia coli expressing Pla is capable of invading HUVECs (Kukkonen et al., 2004), ECV304 (Lahteenmaki et al., 2001; Kukkonen et al., 2004), HeLa cells (Benedek et al., 2004), and macrophages (Zhang et al., 2008), and this process appears to be independent of residues S99 and D206, which are required for proteolytic activity of Plas (Lahteenmaki et al., 2001), thus providing evidence that the adhesion activity of Pla is independent of its protease activity. Pla-mediating internalization of bacteria by HeLa cells can be inhibited by phagocytic signaling inhibitors, such as wortmannin, staurosprin, genistein, C3 exoenzymes, and NDGA, and actin polymerization inhibitors, such as cytochalasin D, although bacterial association was not affected (Benedek et al., 2004). Additionally, the adhesion of Pla in Y. pestis is more efficient than that of its counterparts in other bacteria, such as PgtE of Samonella, OmpT of Escherichia coli, and Epo of Erwinia (Kukkonen et al., 2004).

Recently, Zhang et al. found that Pla is a ligand for a macrophage and DC surface receptor DEC-205, which is usually thought to be related to antigen presentation (Zhang et al., 2008). Using alveolar macrophage and CHO cells stably expressing DEC-205, the authors determined that Pla interacted with DEC-205 and that this interaction mediated adherence of Y. pestis to host cells and promoted early Yersinia dissemination from lungs to spleens during pneumonic plague (Zhang et al., 2008). These results suggested a new target of Pla activity, which may help elucidate the rapid progression of primary pneumonic plague.

OTHER

YadBC, representing two surface proteins, is thought to be able to help bacteria to invade into WI-26 type1 pneumocytes and HeLa epithelioid cells (Forman et al., 2008). Although the YadBC double mutant of Y. pestis exhibited similar attachment to host cells, the invasion defect was small but significant (Forman et al., 2008).

ANTIPHAGOCYTIC FACTOR

PSA

Psa, a homopolymer macromolecular complex known as an adhesion pilus, is assembled into a molecular mass of 15 kDa subunits, forming a capsule-like structure on the surface of Y. pestis (Lindler et al., 1990; Lindler and Tall, 1993). It is ideally expressed in an environment where the temperature remains at 37°C and pH ranges from 5.8 to 6.0 (Bichowsky-Slomnicki and Ben-Efraim, 1963). The expression of Psa is positively regulated by a global transcription regulator, RovA (Cathelyn et al., 2006) and is negatively regulated by Fur (Zhou et al., 2006). Mutated Psa is slightly attenuated by the intravenous mode of infection but exhibits a significant dissemination defect (Lathem et al., 2007). Recent studies have reported that the virulence of Y. pestis KIM5 lacking Psa was either unaffected or only slightly affected during subcutaneous challenge of Swiss Webster mice (Bearden et al., 1997) and was unaltered in native or immunized BALB/C mice (Anisimov et al., 2009).

Psa is known to bind to β1-linked galactosyl residues in glycosphingolipids (Payne et al., 1998) and apoB-containing LDL in human plasma (Makoveichuk et al., 2003), and these interactions could prevent binding of purified Psa to macrophages or fibroblasts (Payne et al., 1998; Makoveichuk et al., 2003). Indeed, Psa acts as a antiphagocytic factor independent of Yops (Huang and Lindler, 2004). Although Psa mediates the association of Y. pestis with human epithelial cells or mouse macrophages, it cannot resist uptake by host cells (Huang and Lindler, 2004; Liu et al., 2006; Grabenstein et al., 2006). In contrast to wild-type strains, Psa-mutated Y. pestis binding to human respiratory tract epithelial cells has been found to be significant, although the number of internalized bacteria was equivalent for both (Grabenstein et al., 2006). Additionally, Psa-modified Escherichia coli or polystyrene beads were observed to bind to host cells to a greater extent than either the control bacteria or beads, respectively, and their internalization by host cells was similarly poor (Huang and Lindler, 2004; Liu et al., 2006). These results indicated that Psa confers adhesive but not invasive activity to bacteria. Psa-mediating inhibition of phagocytosis may be caused by binding to lipoprotein, which could prevent recognition of bacterial pathogens by host cells.

F1

Another fimbrial structure expressed by Y. pestis is fraction 1 (F1) antigen, which is composed of linear fibers of the Caf1 subunit (Zavialov et al., 2003). F1 is produced at high yields at 35–37°C to cover the bacterial surface. After the initial intracellular stage during infection, Y. pestis is released from macrophages and expresses large amounts of F1 (Du et al., 2002). Together with other anti-phagocytic factors, F1 efficiently limits phagocytosis of Y. pestis by host cells and contributes to the extracellular survival of Y. pestis in vivo, although F1-negative strains exhibit similar virulence as the wild type (Du et al., 2002).

A recent study provided direct evidence of the inhibiting effect of F1 on phagocytosis by epithelial cells (Liu et al., 2006). Using human respiratory tract epithelial cells as models, binding of F1-coated latex beads to A549 cells was reduced when compared with that to BSA-coated latex beads (Benedek et al., 2004). Y. pestis deficient in Caf1 was better internalized by host cells, and complementing this strain with Caf-containing plasmid significantly reduced internalization by host cells, confirming the F1-mediated inhibition of uptake of Y. pestis by respiratory tract epithelial cells (Benedek et al., 2004). Additionally, the authors of this study reported that the Caf-Psa double mutant was internalized more efficiently than the single mutant, thereby indicating that both F1 and Psa contribute to inhibition of phagocytosis (Benedek et al., 2004).

YOPH

YopH, a 468-amino-acid protein secreted by T3SS, exhibits the most potent activity of all PTPase(Protein Tyrosine Phosphatase) enzymes isolated to date (Zhang et al., 1992). The crystal structure of YopH indicates that its N- and C-terminal domains are linked by a proline-rich sequence. The N-terminal domain contains a type III secretion signal, a chaperon-binding region and a substrate-binding domain (Khandelwal et al., 2002), while the C-terminal domain includes a PTPase catalytic domain and an additional substrate-binding domain (Phan et al., 2003; Bahta and Burke, 2012). These two substrate recognition domains cooperate to reinforce binding of YopH to its substrate and enhance its activity and virulence.

The main function of YopH is anti-phagocytosis, which is executed by dephosphorylating its substrates, including p130Cas, FAk, and paxillin in epithelial cells and p130Cas, SKAP-HOM and Fyb in macrophages (Hamid et al., 1999; Deleuil et al., 2003; Aepfelbacher, 2004). These form the so-called focal adhesion complexes, which play pivotal roles in β1 integrin-mediating phagocytosis. By targeting and dephosphorylating these proteins, YopH may antagonize β1 integrin-mediated uptake of bacteria by host cells at an early stage. Antiphagocytosis activity is essential for the virulence of Yersinia since strains lacking YopH are efficiently ingested by host cell phagocytosis (Kerschen et al., 2004).

YOPE

YopE is a 219-amino-acid protein that exhibits eukaryotic GAP activity (Rosqvist et al., 1990; Black and Bliska, 2002; Pawel-Rammingen et al., 2002). YopE is comprised of three domains: an N terminal type III secretion signal followed by an intracellular membrane targeting domain and a C terminal Rho GAP domain (Black and Bliska, 2002; Pawel-Rammingen et al., 2002). In infected cells, translocated YopE has been found to cause cell rounding up and detachment through its ability to disrupt actin microfilaments (Black and Bliska, 2002; Pawel-Rammingen et al., 2002).

YopE inactivates small RhoA-like G proteins by inducing their GDPase activity, which results in conversion of the active GTP-bound state to an inactive GDP-bound state, and blocking of downstream signaling cascades (Aili et al., 2006). Given the importance of Rho GTPase in regulating actin polymerization, which is an important event in phagocytosis, YopE can antagonize phagocytosis of Yersinia by host cells (Viboud et al., 2006). Indeed, research has shown that YopE-deficient mutants can be efficiently internalized by macrophages and neutrophils (Songsungthong et al., 2010).

A recent study also demonstrated that YopE from Y. enterocolitis could bind to and inactivate RhoG, an upstream regulator of Rac1 and other Rho GTPases, both in vivo and in vitro (Roppenser et al., 2009). YopE colocalized with RhoG in the ER and Golgi, and this localization determined its substrate specificity and activity (Roppenser et al., 2009). As RhoG can be activated by the β1 integrin-mediating pathway of host cells when challenged by bacteria, inhibition of RhoG by YopE may contribute to the overall antiphagocytic activity in a new manner (Mohammadi and Isberg, 2009; Roppenser et al., 2009).

YOPT

YopT (322 amino acids) was identified as the second Yop, in addition to YopE, that can disrupt the actin cytoskeleton (Iriarte and Cornelis, 1998). YopT is similar to YopE in that its N-terminal region includes a type III secretion signal and a chaperon-binding domain (Sorg et al., 2003), although its C-terminus comprises a novel cysteine protease belonging to clan CE (Shao et al., 2003). YopT is expressed in Y. pestis, but in more than 50% cases, Y. pseudotuberculosis does not carry a functional YopT due to deletions in the region of the yopT gene (Schmidt, 2011).
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Adenine
Guanosine-5-monophosphate
LMGL02070004%
GPEn(16:0/0:0)

Guanine

Mannose

Xylose

Flavin adenine dinucleotide (FAD)
LMGL02070005%

Hippuric acid

Xylitol

LMGP02030001%

Tyrosine

LMGP03010004*
1-Methyladenosine

Citric acid

Threitol

Tagatose

Pantetheine
LMGL03011893*

*LIPID MAPS ID according to the LIPID MAPS Structure Database (http:// www.lipidmaps.org/data/structure/index.html).

Technique

Lc
GC
Lc
c
c
Lc
Lc
Lc
Lc
Lc
Lc
GC
Lc
GC
Lc
Lc
Lc
[
GC
Lc
Lc
Lc
GC
Lc
GC
Lc
Lc
GC
GC
GC
Lc
Lc

Fold change

ns
8.0
7.1
65
5.0
42
36
31
3.0
28
27
23
21
21
2.0
19
18
17
17
14
-4
-15
-16
-16
-20
-24
-25
-27
-3.1
-36
-76
-77

Metabolic classification

Lipid transport and metabolism
Amino acid metabolism

Lipid transport and metabolism
Lipid transport and metabolism
Lipid transport and metabolism
Nucleic acid metabolism

Lipid transport and metabolism
Lipid transport and metabolism
Nucleic acid metabolism
Amino acid metabolism

Lipid transport and metabolism
Amino acid metabolism
Nucleic acid metabolism
Nucleic acid metabolism

Lipid transport and metabolism
Lipid transport and metabolism
Nucleic acid metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Co-factor metabolism

Lipid transport and metabolism
Amino acid metabolism
Carbohydrate metabolism
Lipid transport and metabolism
Amino acid metabolism

Lipid transport and metabolism
Nucleic acid metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Co-factor metabolism

Lipid transport and metabolism
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Strain designation in this study

CLINICALLY DERIVED STRAIN PAIRS
wr

jsev

nwr

nsev

T

ysev

wrsers

cSCVeT

Description

Clinical wild-type (strain 1549])

Clinical SCV; heme auxotroph (strain 15491ll)
Clinical wild-type (strain F2418ll)

Clinical SCV; thymidine auxotroph (strain F2418)
Clinical wild-type (strain 22616/1)

Clinical SCV; menadione auxotroph (strain 22616/3)
Clinical wild-type (strain 38781)

Clinical SCV (strain3878ll)

STABLE /N VITRO GENERATED MUTANTS

1w

jiscY

o

VSOV

vInT

vIseY
AhemB*78
KMET8

REVESTS
e

Wild type (strain 8325-4)

AhemB SCV (strain 8325-4)

Wild type (strain SH1000)

AthyA SCV (strain SH1000)

Wild type (strain 6850)

Menadione auxotroph SCV (strain JB1; generated from strain 6850)
Site directed hemB mutant SCV (generated from wild-type strain 38781)
Complementation of AhemB%78 with pCX19 hemB

Spontaneous revertant strain of cSCV#78

Gentamicin -induced SCV of WT%78 (menadione auxotroph)

Source

This study
This study

Chatterjee et al., 2008
Chatterjee et al., 2008
Lannergard et al., 2008
Lannergard et al., 2008

Kriegeskorte et al
Kriegeskorte et al.

O'Neill, 2010
This study
O'Neill, 2010
Kriegeskorte et al.

2011
2011

2012

Fraunholz et al., 2013

Balwit et al., 1994
Kriegeskorte et al

Kriegeskorte et al.,

Kriegeskorte et al
Kriegeskorte et al

201
201
201
201
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Compound

Caminoside

Aurodox

Guadinomines

INP0O10 /
ME0052

INPO031 /
ME00S5

INPO341

INP0400

INP0402

INP0403 /
ME0053

INP0406

Structure

Me

Cl

Source

Marine sponge
(Caminus
‘sphaeroconia)

Streptomyces
sp. extract

Streptomyces
sp.extract

Synthetic
compound
library
(ChemBridge)

Synthetic
compound
library
(ChemBridge)

Synthetic
compound
library
(ChemBridge)

Synthetic
compound
library
(ChemBridge)

Synthetic
compound
library
(ChemBridge)

Synthetic
compound
library
(ChemBridge)

Synthetic
compound
library
(ChemBridge)

Phenotype
tested

Effector protein
secretion (EspB)

Effector protein

secretion (EspB)
T3SS- mediated
haemolysis

T35S induced
haemolysis

Effector protein
secretion (Yop,
EspB)

Effector protein
secretion (EspB,
Tin)

Intracellular
invasion assay

Effector protein
secretion (Yop,
EspB),
Intracellular
invasion assay

Intracellular
invasion assay

Effector protein

secretion (EspB),

Spi1 expression

Intracellular
invasion assay

Effective 1Cs0

against

EPEC 5.1pgmi-!

EPEC 18uM

C. rodentium

EPEC <0.011g
mi-t

Yersinia 25uM

Salmonella

EHEC

EHEC 25uM

Chlamyaia <50pM

Yersinia 25uM

Chlamydia

Salmonella

Shigella

Shigella

Salmonella 25uM

EHEC

Chlamyaia

References

Linington et al,
2002

Kimura etal.,
201

Iwatsuki et al.,
2008

Nordfelth et al.,
2005

Hudson etal.,
2007

Slepenkin etal.,
2007

Muschiol et al.,
2006; Negrea
etal, 2007;
Slepenkin etal.,
2007;
Veenendaal
etal., 2009

Veenendaal
etal., 2009

Tree et al., 2009;
Layton etal.,
2010; Wang
etal., 201

Slepenkin etal.,
2007
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METABOLIC DEFENSE, NO
NO (murine host) — lipoamide dehyciogenase
(Salmonela) reduced activity

NO (murine host) —» redluction of aerobic energy by
nitrosylating terminal quinol cytochrome oxidases.

NO (murine host) — decrease in NADH dehydrogenase
activity — NADH high in cytoplasm hydrogen peroxide
protection

Condition

CARBOHYDRATE METABOLISM

Carbohydrate metabolism adaptations of Salmonella
during infection

S. Typhimurium TCA cycle mutations (gitA, mdh,
sAhCDAB, sucAB, and sucCD

Influence

Result

— Methionine and lysine precursor succinate low —
transporters (e.g., for succinate) important under nitrosative
stress

> Diminishes energy-dependent aminoglycoside uptake —
protects antibiotic challenges during host itric oxide
generation

— Direct detoxification of NO by the NADH dehydrogenase
(RNS defense by acidinduced regulator Fur regulates
NADH dehydrogenase)

Result

> Aconitase isoenzymes: acoA for oxidative stress
— Repair of oxidized aconitase by bacterial frataxin
ortholog proteins CyaY and YggX

> Incomplete TCA helps survival and replication in resting
and activated murine macrophages compared to wt

> Epithelial cell infection: AsucCD and AgltA replicate less
than wt

— S. Typhimurium AsucAB and AsucCD attenuated in
murine infection

Result

THE BROAD INFLUENCE OF AMINO ACIDS ON METABOLIC ADAPTATION DURING INFECTION

Amino acid decarboxylase systems consume protons,
raise cytosolic pH

Arginine has no decarboxylase, but key immune
modulator from Saimonella

Feature

— Salmonella decarboxylases for lysine (CadA), arginine
(AdiA), and omnithine (SpeF), not glutamate — acid
tolerance but not essential for virulence in mice

- Substrate competition Salmonella arginase Il and iNOS
of the host

— Salmonella up-regulates arginase Il activity in RAW264.7
macrophages — down regulates host iNOS — by this in
intestinal lumen beneficial increase of electron acceptor
nitrate

Result

THE INTERPLAY OF SALMONELLA PATHOGENICITY ISLANDS AND METABOLISM

lacP downstream of sipA for effector protein within
sPit

The transferase is a link between bacterial fatty acid
metabolism and SPI1 virulence (Hung et al., 2013)

Virulence — high iNOS, and NO levels — radical chain
reaction, isomeri-zation — nitrate increase

In SCV nitrate respiration tries to avoid host cell
damage

polyamines required for replication in epithelial cells
Welsbak et al., 2012)

Glycerol and glucose — major carbon sources in
systemic infections (Eisenreich et al,, 2013)

Amino acid starvation in host — xenophagy, autophagy
dependent tergeting and degradation of intracelluler
bacteria

— Facilitates Salmonella invasion to HeLa cells by secretion
of SPI1 effectors SopA, SopB, and SopD

— lacP activated by 4'phosphopantetheine transferase
AcpS

— Propionyl-CoA represses AcpS, HilD, Salmonella invasion
> Low SopB secretion
— May be priming of fatty acid metabolism inside the SCV.

— Growth advantages for nitrate respiring strains such as
L1344

> NapA respiration instead of NarG pathway (Rowley
etal, 2012)

Aspe polyamine synthesis mutant — no polyamines —
decreased invasion ability (hilA lower — invF and sipB
virulence factor down)

— Atpi triose phosphate isomerase mutant attenuated in
mouse infection — AglpE mutant strain, 100

- Requires host mTOR pathway triggered by
autophagy-related gene (ATG) protein 13

Author, weblink

Richardson et al., 2011
PMID: 21767810

Husain et al., 2008

PMID: 18198179
McCollster et al., 2011
doi: 10.1128/AAC.01203-10
Husain et al., 2008

PMID: 18198179

Husain et al., 2014

PMID: 24166960

Author, weblink

Baothman et al., 2013
PMID: 23637460
Velayudhan et al., 2014
PMID: 24421039
Bowden etal., 2010
doi: 10.1371/jour-
nal.pone.0013871

Author, weblink

Alvarez-Ordéiez et al., 2010
PMID: 19864032

Viala et al., 2011

PMID: 21799843

Das etal., 2010

doi: 10.1371/journal.
pone.0015466

Lahiri et al., 2008
PMID: 18625332
Humphreys et al., 2012
PMID: 22341462

Author, weblink

Kaniga et al, 1995
PMCID: PMC177584
Kim et al,, 2011
PMID: 21263021
Viala et al,, 2013
PMID: 23893113
Hung etal., 2013
PMID: 23289537
Viala et al,, 2013
PMID: 23893113
Lopez etal. 2012
PMID: 22691391
Rowley et al,, 2012
PMID: 22039967

Jelsbak et al., 2012
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Species

S. suis

. gordonii

S. pneumoniae

S. uberis

S. pyogenes

. equi sub. zooepidemicus
Enterococcus faecium
Vibrio parahaemolyticus
Escherichia. coli
Pseudomonas aeruginosa

Protein name

AreD

ArcD

Arginine-omithine antiporter

C-dicarboxylate anaerobic carrier protein
Arginine-omithine antiporter

ArcD

C-dicarboxylate anaerobic carrier, arginine transporter
Arginine-omithine antiporter

ArcD

ArcD

3Based on ArcD of S. suis (accession number: AAY78938).
b prediction, as evaluated by TMHMM,

Identities®

71
68
64
64
63
57
44
44
25

Transmembranal
helices®

13
12
12
12
13
13
12
10
13
13

Accession number

AAY78938
ABV10292
ACA36359
CAR42879
AAT87428
ACG91640
EEI60191
EED27648
YP_001816563
AAA25719
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Species

Yersinia

Pseudomonas

Salmonella

Aeromonas
E. coli (EPEC)

E. coli (EHEC)

T3SS component

LerQ/YseM
lerG

pCD1

lerG
sycO-ypkA-yopJ

T38S
T38S
ExoS
T38S

T3SS-1(SPI-1) and SPI-2
SopE (T38S-1)

hilA (SPI-1)

T3SS-1 (SPI-1)

T3SS-1 (SPI-1)

T38S-2 (SPI-2)

aexT, aopN
T3s$

T38S

Gene/Pathway

PPCIPEP carboxylase
aspAlaspartase

p-oxidation, glyoxylate shunt
aceA, aceB]glyoxylate shunt
CAMP-CRP

aceABlpyruvate dehydrogenase
cyaA, cyaBIcAMPVir
huthistidine utiization
kynAftryptophan metabolism

tirftetrathionate respiration

NO, nitrate respiration
(PlpPGpp

adhE, pfiBlpyruvate metabolism
Short-chain fatty acids

crr/PTS component ENIAC®

aceAlpyruvate dehydrogenase
Secretion of glycolytic enzyme GAPDH

adhE/pyruvate metabolism
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http://gsc.jevi.org/projects/msc/salmonellafindex.shtm

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032673/

GSE32995

http://patricbre.org/portal/portal/patric/GenomeList?cType=taxon&
cld=5908dataSource=8&displayMode=genome

Salmonella—Cbcb—umiacs
https://wiki_umiacs.umd.edu/cbb/index.php/Salmonella

http://www.poultryhub.org/production/food-safety/salmonella/
http://microbes.ucsc.edu/cgi-bin/hgGateway ?hgsid=555757&
clade=eukaryota-protistaorg=Salmonella-+typhimurium-+LT2&db=0

http://webelu.bio.wzw.tum.defoinfo/proj/proamp/Target_organisms/
target_organisms.html

http://mww.about-salmonella.com/

Genomic sequencing center for infectious disease (. Craig Venter institute)
Salmonella genome project
(many serovar genome sequences, good resource)

Salmonella community effort metabolic model (Thiele et al., 2011)
(down load model)

GEO genome array data sets, examples:

GSE27703 Analysis of the host microRNA response to Salmonella uncovers
the control of major cytokines by the let-7 family (Schulte et al., 2011)
Transcriptional profiling of four growth phases S. Typhimurium comparing
immobilized growth with planktonic growth

Pathosystems Resource Integration Center (PATRIC) Saimonella genomes
and large collection of sequences

wiki on Salmonella genome reads
Poultry Hub
{professional resource on Salmonella infections in veterinary medicine)

Complete browsable genome viewer and genome sequence of Saimonella
enterica serovar Typhimurium LT2 at UC Southern California

Integral membrane protein analysis of Salmonella (and other bacteria) at TU
Munich

Salmonella food poisoning and outbreaks
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Model

Insight

TECHNIQUES TO STUDY METABOLIC ADAPTATION IN SALMONELLA

S. Typhimurium metabolite profiling for different (nutrient
poor, virulence induced) environments and genome-scale
metabolite model

Metabolic model and microbiology, metabolite
measurements; for survivel (unrelated to growth):
“maintenance requirements” and “costs” (to resist host)
are calculated as ATP expenditure.

Model
METABOLIC MODELING TECHNIQUES
Hypothesis of nutrient-limitation during infection

Deletion effects, e.g., calculations for Appc

Model

—Central carbon metabolism strongly altered (depletion in
glycerol catabolism (glycerol, glycerol 3-phosphate,
dihydroxyacetone phosphate, and pyruvate), increased
glucose. Synthesis and uptake of polyamines (may protect
Salmonella against osmotic stress inside host cells)

— Accumulation of metabolites in the infected gut (lactose,
galactinol, melibiose, and raffinose) Salmonella and murine
host lack necessary enzymes — used by Bacteroidetes and
other commensals (glycosidases).

— Model predicted hundreds of virulence phenotypes with
90% accuracy.

— Costs become very high under excess nutrient
availability

Result
— Inactivation of Salmonella enzyme — metabolic

bottleneck — overexpression of another enzyme.
— No compensatory flux via the glyoxylate shunt.

Result

MODELING REGULATION OF SALMONELLA METABOLISM

Boolean modeling of genes in SPI1, SPI2, and T6SS
Integrated: osmolarity, glucose, iron, calcium and
magnesium concentrations, growth phase-dependent
stationary phase factors.

Spatiotemporal distribution of ROS in neutrophils,
macrophages carrying Salmonella and in vivo expression
of ROS defense enzymes (KatG, SodAB, and host NADPH
oxidase).

— Description of pathogenicity island cross-talk (e.g.,
SPI2-secreted proteins low — activation of T6SS). —
Antagonistic cross-talk (e.g., SsrAB to SciS; MviA to ResB).

> (a) Neutrophils: lethal concentrations of hydrogen
peroxide

— (b) Macrophages: only sub-lethal ROS concentration
during infection

Author, weblink

Kim etal., 2013
doi: 10.1039/C3MB25598K

Deatherage Kaiser et al., 2013
PMID: 22168414

Author, weblink

Steeb et al., 2013
PMID: 23633950
Fong et al., 2013
PMID: 23432746

Author, weblink

Das etal. (2013)
doi: 10.1186/1757-4749-5-28

Burton et al. (2014)
PMID: 24439899
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Exogenous pyruvate and anaerobic toxin production in S. aureus MN8 grown in
tryptic soy broth for 18 under anaerobic conditions, and supernatants collected
for TSST-1 measurements. TSST1 was measured by an ELISA as proviously
described (McNamara et al., 2009).
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