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ABSTRACT 

The two-component system (TCS) PhoP/PhoQ promotes Salmonella 

typhimurium adaptation to the changing environments encountered during infection. It 

is crucial for the regulation of virulence genes that are activated within acidified 

macrophage phagosomes. PhoQ is activated by antimicrobial peptides (AMP) and 

repressed by high concentrations of divalent cations such as Mg2+, Ca2+ and Mn2+. 

Acidification of the environment was shown to directly activate the S. 

typhimurium PhoQ, with maximal activity at pH 5.5. We demonstrated that 

reconstituting PhoQ in proteoliposomes in the presence of the AMPs at acidic pH has 

an additive effect on the activation of PhoQ. Since AMPs and acidic pH are 

encountered during infection they are likely physiological ligands that activate the 

PhoPQ in the intracellular environment. NMR spectroscopy indicates that at low pH 

the PhoQ periplasmic domain (PhoQPcrD adopts a specific conformation. We 

investigated the effect of pH acidification on the intrinsic tryptophan fluorescence of 

PhoQPeri and determined that the fluorescent spectrum undergoes fluorescence 

quenching and blue-shifting. These characteristics were attributed to an-stacking 

interaction between residues H120-Wl13. Mutational analysis indicates that the PhoQ 

kinase activity is optimal when aromatic residues are present at positions 113 and 120. 

All the data taken together argue for a pH-dependent dynamic n-stacking interaction 

between WI13 and H120. 

The Citrobacter rodentium genome sequence contains a phoPQ operon 

homologous (~79% identity) to that of S. typhimurium. We report that C. rodentium 

PhoQ senses fluctuations in Mg2+ concentrations and acidic pH. Surprisingly, PhoQ 

was not activated by the presence of AMPs. However, activation by AMPs is observed 

when C. rodentium PhoP/PhoQ was expressed in as. typhimurium background. We 

identified an outer membrane protease of the omptin family that was responsible for 

inhibiting PhoQ activation by AMPs. In stark contrast to S. typhimurium, which relies 

on LPS modifications to resist AMPs, our results suggest that C. rodentium promotes 

resistance through a PhoP/PhoQ-dependent OM protease to inhibit disruption of the 

outer membrane by AMPs . 
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RÉSUMÉ 

Le système à deux composantes PhoP/PhoQ est utilisé par la bactérie 

Salmonella typhimurium pour répondre aux changements environnementaux qui ont 

lieu durant une infection. Ce système orchestre la virulence et permet la survie de la 

bactérie à l'intérieur des macrophages de l'hôte. La protéine senseur PhoQ est activée 

par des signaux spécifiques tels que les peptides antimicrobiens (P AM) et réprimée 

par des fortes concentrations en Mg2+, Ca2+ and Mn2+. 

PhoQ est directement activé par une acidification du milieu avec une activité 

maximale à pH 5.5. Nous avons démontré par reconstitution de PhoQ dans des 

liposomes que la présence de PAMs a un effet additif sur l'activation de PhoQ par un 

pH acide. Au cours d'une infection, S. typhimurium est en contact avec les PAMs et 

un pH acide qui sont probablement les ligands physiologiques de PhoQ. La 

spectroscopie par RMN a montré que le domaine periplasmique de PhoQ (PhoQperD 

adopte une conformation spécifique en présence d'un pH acide. Nous avons examiné 

l'effet du pH acide sur la fluorescence intrinsèque des résidus tryptophane de la 

protéine PhOQperi et déterminé que le spectre de fluorescence subit un «quenching» et 

un «bleu-shifting». Ces caractéristiques ont été attribuées à une interaction dite «Jt­

stacking» des résidus H120 et W113. Une analyse par mutagenèse de ces résidus 

indique qu'une activité optimale de la kinase PhoQ est obtenue lorsque les résidus 113 

et 120 présentent un cycle aromatique. Ces résultats semblent indiquer que 

l'interaction dynamique «Jt-stacking» entre les résidus 113 et 120 dépend du pH 

environnant. 

La séquence du génome de Citrobacter rodentium présente un opéron phoPQ 

(~79% identité) homologue à celui de S. typhimurium. Nous avons déterminé que 

PhoQ de C. rodentium perçoit les variations de pH et en Mg2+ du milieu environnant. 

De manière surprenante, les PAMs ne causent aucune augmentation d'activité de 

PhoQ. Néeanmoins, lorsque le système PhoP/PhoQ de C. rodentium est exprimé chez 

S. typhimurium les PAMs activent PhoQ. Nous avons identifié une protéine de la 

membrane externe appartenant à la famille des omptin qui est responsable de 

l'inactivité de PhoQ en présence des P AMs. Ces résultats suggèrent que le mécanisme 

de résistance aux PAMs de C. rodentium serait régulé par le système PhoP/PhoQ et 
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• une protéase qui empêcherait la destruction de la membrane externe par les P AMs. Ce 

mécanisme de défense est différent de celui du système PhoP/PhoQ de S. typhimurium 

qui repose essentiellement sur des modification du LPS . 
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PREFACE TO CHAPTER 1 

This thesis explores the PhoP/PhoQ two-component system in two pathogenic 

bacteria: Salmonella enterica serovar Typhimurium and Citrobacter rodentium. This 

literature review provides the necessary background for understanding this topic and is 

comprised of 7 main sections. Part I - "Two-component signal transduction" describes 

the structure and function of these systems, concentrating on the novel 

crystallographic data that have produced a model for sensor kinase signal transduction. 

This leads directly to Part 2 - "The PhoPlPhoQ two-component system", which details 

the ligands of the PhoQ sensor kinase and the regulon that is controlled by the PhoP 

response regulator. Part 3 - "The molecular basis of Salmonella typhimurium 

virulence" describes the organism and the virulence factors that determine intestinal 

epithelium invasion and survival within submucosal macrophages. Part 4 ­

"Regulation of Salmonella pathogenesis" expands on the previous section to discuss 

the regulation of Salmonella virulence, with emphasis on genetic and environmental 

regulators. The balance that determines health or disease of an individual is described 

in Part 5 - "Host innate defense and Salmonella resistance", which details host 

mechanisms to defend against the invading organism and elaborates on Salmonella 

evasion countermeasures. Part 6 - "Citrobacter rodentium pathogenesis" reviews the 

organism, the environmental niche and virulence factors of this pathogen. The final 

setion, Part 7 - "Introduction to the thesis" describes the rationale and objectives of the 

research . 
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CHAPTER! 

Literature review, rationale and objectives of the thesis 
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• PART 1 - TWO-COMPONENT SIGNAL TRANSDUCTION 


Bacteria live in unpredictable environments where nutrient levels, temperature, 


• 


acidity, osmolarity and many other conditions are ever changing. Bacterial survival 

requires continuous monitoring of external conditions so as to adapt themselves 

accordingly. Consequently, bacteria have developed sophisticated signaling systems to 

rapidly adjust their structure, physiology or behavior in response to environmental 

changes (Stock et al., 2000; Goudreau & Stock, 1998). These systems are comprised 

of signaling proteins, which are built from input or output domains and transmitter or 

receiver modules that can be integrated into a wide variety of cellular signaling 

circuits. The simplest circuit, called the two-component system (TCS) (Figure 1), 

consists of two proteins: a membrane-bound sensor kinase (SK) and a cytoplasmic 

response regulator (RR). Typically, the genes that code for cognate pairs of SKs and 

RRs are found together in a single operon, indicating a functional relationship between 

the two partners. The SK monitors a given environmental parameter through its N­

terminal input domain. Once the stimulus is detected, the C-terminal transmitter 

module communicates the signal to the N-terminal receiver module of the RR. The RR 

is then activated and triggers the C-terminal output domain to down- or up-regulate the 

transcription of genes involved in chemotaxis, quorum sensing, nutrient uptake, 

nitrogen fixation, osmoregulation, sporulation and pathogenic host invasion. 

TCS communication requires specific recognition between the cognate SK and 

RR to transfer information through phosphorylation and dephosphorylation reactions. 

TCS phosphotransfer pathways utilize histidine (His) and aspartic acid (Asp) residues 

as opposed to eukaryotic organisms that take advantage of serine, threonine and 

tyrosine phosphoester bonds. The modular nature of the TCS has the advantage of 

expanding a basic phosphotransfer pathway to a more complex phosphorelay pathway 

(Appleby et a!., 1996). A phosphorelay pathway has multiple His- and Asp-containing 

domains where the first domain is phosphorylated by a hybrid SK and relays its 

phosphoryl group to a second phosphotransfcr domain that serves as the primary 

phosphoryl group donor for the RR (Figure 2). The arrangement of these modules may 

• differ as the first three components may be on separate proteins, for example the 
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SENSOR KINASE RESPONSE REGULATOR 

Stimulus 

t DHp CA Receiver Effector

Cl Sensor I] HAMP H~H NG1FG2 

~ P~TP
TM 

ResponseADP 

Figure 1. Schematic diagram of the classical two-component system. 

The sensor kinase is typically a dimeric transmembrane (TM) protein with a conserved 

phosphodonor histidine (H) in the DHp (gimerization and histidine Qhosphotransfer) 

domain. Receipt of a stimulus activates autophosphorylation of the SK by the fatalytic 

and ATP-binding (CA) domain. The phosphyl group is donated to the response

• regulator receiver domain, which carries the phosphoacceptor aspartate (D). Once 

active the response regulator effector domain binds DNA to modulate gene 

transcription . 

• 
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• Stimulus 

Receiver 
Hybrid 
Sensor 
Kinase 

HPt 
protein 

Receiver Effector 
Response 
Regulator 

• Response 

Figure 2. Schematic representation of a mUlti-component phosphorelay. 

A hybrid sensor kinase autophosphorylates upon recognition of a specific stimulus. 

The phosphoryl group is transferred intramoleculariy to a C-terminal receiver domain. 

A histidine phosphotransfer (HPt) protein will shuttle the phosphoryl group from the 

sensor kinase to the cognate response regulator that mediates the cellular response. 

Adapted from West & Stock, 2001 . 
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sporulation control system of Bacillus subtilis (Hoch, 1993) or combined as a multi­

domain protein, as in the Bordetella pertussis SK, BvgS (Uhl & Miller, 1994). 

Genome sequence analysis indicates that TCSs are rare in eukaryotes but 

abound in bacteria, where they constitute the majority of signaling pathways (Stock et 

al., 2000). The number of TCSs varies widely across bacterial species depending on 

the size of the genome and the complexity of its environmental niche (Galperin, 2005; 

Ulrich & Zhulin, 2007). Although, some bacteria such as Mycoplasma have no TCSs, 

most contain several dozen (Escherichia coli and Bacillus anthracis) while relatively 

few contain over 100 TCSs, these include Myxococcus xanthus and Cyanobacteria 

(Gao et al., 2007). 

• 

The modular design of bacterial TCSs allows for versatility and adaptability 

but their absence from animals and involvement in essential bacterial processes makes 

them an ideal therapeutic target. To date, a small number of inhibitors have been 

designed to interfere with the autophosphorylation of SKs (Matsushita & Janda, 

2002). Structure-based drug design has been used to screen for potential inhibitors of 

YycG, a SK from Staphylococcus epidermidis (Qin et aI., 2006). One inhibitor 

displays significant S. epidermidis killing but more importantly has a bactericidal 

effect on the bacteria within mature biofilms (Qin et al., 2007). A screen of small 

organic molecules identified an inhibitor (LED209) of the enterohemorrhagic 

Escherichia coli SK QseC (Rasko et aI., 2008). QseC activates virulence genes upon 

recognition of host-derived adrenergic signals and bacterial autoinducer-3 (Hughes & 

Sperandio, 2008; Sperandio et al., 2003). LED209 inhibits binding of specific signals 

to QseC, thus halting virulence gene activation without affecting bacterial growth 

(Rasko et al., 2008). Targeting drugs to inhibit virulence instead of growth is a novel 

strategy that provides less selective pressure for the generation of microbial resistance 

(Hung et aI., 2005; Cegelski et al., 2008; Hughes & Sperandio, 2008). Additionally, 

homologues of QseC are present in at least 25 other plant and human pathogens 

including Salmonella enterica (Bearson & Bearson, 2008) and Francisella tularensis 

(Weiss et aI., 2007). Administering LED209 to mice infected with either S. enterica or 

• F. tularensis increased the longevity of these mice as compared to the untreated 

controls (Rasko et al., 2008). As an alternative to inhibitors that block SKs, it is hoped 
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• that a targeted approach to specific RRs will also prove to be a new avenue of drug 

research (Gao et al., 2007). 

SENSOR KINASES 

The SK superfamily is characterized by a highly conserved and uniquely 

folded kinase core that is necessary for ATP binding and catalyzes the 

phosphorylation of a His side chain. Preceding this sequence is a highly divergent 

sensing domain that provides the SK with a specific regulatory function. Typically 

SKs are membrane-bound homodimers that regulate the two-component pathway 

through strict control of the RR's phosphorylated state. 

• 

Activity of the SK is dependent on detection of an external signal through the 

sensor domain. Recognition of the specific ligand leads to a conformational change 

that is propagated downward through the transmembrane (TM) helices and tinker 

domain to align the catalytic domain with the conserved His residues. 

Autophosphorylation of the SK dimer occurs in trans with one SK monomer 

catalyzing the addition of a phosphoryl group from ATP to the His residue in the 

second monomer (Yang & Inouye, 1991). The second reaction in the pathway 

transfers the phosphoryl group from the SK-His residue to a conserved Asp residue in 

the RR. Lastly, the phosphatase activity of the SK towards its cognate RR hydrolyzes 

the phosphoester bond of the phosphoryl group (Aiba et al., 1989). The conserved His 

residue plays a critical role in both kinase and phosphatase activities for example, 

mutation of this amino acid in the osmosensing SK, EnvZ, abrogates both catalytic 

activities (Zhu et al., 2000). It is clear that the kinase and phosphatase activities are 

not independent of each other but share the same active site containing the conserved 

His of the SK (Zhu et al., 2000). 

• 

Net phosphorylation of the RR is the result of a balance between the kinase 

and phosphatase activities of the SK (Russo & Silhavy, 1991; Yang & Inouye, 1991). 

The phosphorylated form of the RR dominates when the SK kinase activity is "on" 

whereas an active SK phosphatase activity results in the dephosphorylated fonn of the 

RR to dominate the cell. The two SK activities are antagonistic and tightly regulated 

by ligand recognition (Russo & Silhavy, 1993). For example, binding of the signal 
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transduction protein PH to the E. coli nitrogen regulator NRII (or NtrB) inhibits the 

kinase activity while increasing the phosphatase activity of the SK (Jiang & Ninfa, 

1999; Jiang et al., 2000). Stimulation of the phosphatase activity is not simply the 

result of dampening the kinase activity but results from PH binding causing a 

conformational change that is transmitted to the catalytic domain that assumes a 

phosphatase dominant conformation (Jiang et al., 2000). 

A mechanistic understanding of how a membrane-embedded SK converts 

recognition of specific signal(s) to regulation of catalytic activities is currently limited. 

The crystallization of individual domains has provided much structural information; 

however, without a full-length three-dimensional SK structure the mechanism of 

signal propagation remains elusive. 

The extracellular sensor domain 

• 
SKs can detect a variety of chemical and physical stimuli that is reflected by 

the extensive structural diversity of their sensing domains. Concurrently, the 

periplasmic domain structures of Klebsiella pneumoniae CitA and E. coli DcuS were 

solved (Reinelt et aI., 2003; Pappalardo et al., 2003). Both of these SKs were shown to 

have a Per-Ant-Sim (PAS) domain fold that before then had only been described in 

cytoplasmic proteins, such as the oxygen sensor FixL (Gong et al., 1998). Thus far, 

more than 1100 proteins have been found to have a PAS domain, which transforms an 

input signal into a conformational change that ultimately results in a global subunit­

subunit interaction (Taylor & Zhulin, 1999). The PAS family has a very low sequence 

identity but members share a conserved central f3-sheet structure and a length of ~130 

residues (Gilles-Gonzalez & Gonzalez, 2004). The mechanism of signal input and 

transmission by PAS domains is of great interest but remains poorly defined. 

• 

Structural studies of the E. coli phosphodiesterase DOS and the LOV2 (light­

Qxygen-yoltage) domain from a light-activated plant kinase (phototropin) provide 

insight into mechanisms of PAS domain mediated signal propagation. Comparing the 

crystal structures of the inactive (Fe3+) and active (Fe2+) DOS homodimer indicates a 

change in the relative orientation of the two sub units (Kurokawa et aI., 2004). In the 

inactive state, the heme iron is ligated to a His residue, its subsequent reduction causes 
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Inactive Active 

cAMP ~ AMP cAMP -~,. AMP 

Figure 3. Proposed model for the regulation of the phosphodiesterase (PDE) activity 

of the Esherichia coli DOS. 

• 	 Redox-induced scissor-type motion of the E. coli DOS homodimer alters the relative 

position of the PDE domain to switch the catalytic activity on and off. 

Figure from Kurokawa et al., 2004 . 
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• 
Figure 4. Schematic representation of a membrane-embedded sensor kinase 

homodimer. The transmembrane helices form a 4-helix bundle and play an important 

role in transduction of signal from the extracellular domain to the catalytic domain. 

• 
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• the heme to be transferred to a methionine residue in the FG loop. The flexible FG 

loop becomes rigid and the subunits rotate relative to each other in a "scissor-type" 

• 


motion that controls downstream signaling and activation of the phosphodiesterase 

activity (Figure 3). In contrast, the LOV2 domain undergoes light-induced structural 

changes whereby two strands (HB and IB) within the PAS core will displace the Ja 

helix (Harper et aI., 2003). In the dark (inactive) the Ja helix associates with the core 

but upon light emission the helix is destabilized activating the kinase activity. These 

activation mechanisms probably extend into other PAS domains despite the diversity 

of known cofactors and signals (Khorchid & Ikura, 2006). 

The transmembrane domain 

Soluble extracellular ligands are perceived by the extracellular domain that is 

frequently flanked on either side by two TM segments (TM 1 and TM2) (Hoch, 2000). 

In the SK dimer, each monomer contributes two TMs (TMl, TM2, TM1' and TM2') 

(Figure 4). Current information on the mechanism of TM signaling has been provided 

by studies of the aspartate receptor (Tar) and the ribose and galactose receptor (Trg). 

This has been accomplished through the use of site-directed cysteine (Cys) 

replacement and sulfhydryl chemistry. In vitro studies of Tar reveal that signaling is 

blocked when TMI-TM2 (Chervitz & Falke, 1995) but not TMI-TMl' (Chervitz et 

aI., 1995) are immobilized by engineered disulfide bridges. The induction of disulfide 

linkages formation between the TM helices of Trg in the presence and absence of 

ligand results in the formation of the same 19 TM Cys pairs spanning the neighboring 

helices (Hughson & Hazelbauer, 1996). Identical cross-linking in the absence and 

presence of ligand indicates a very small movement between the TM helices. 

Interestingly, the rate of disulfide bond formation clearly demonstrates that ligand 

occupancy alters the rate of cross-linking solely between the TMI-TM2 pair (Hughson 

& Hazelbauer, 1996). Together these results show that a subtle conformational change 

of TM2 occurs relative to TMl while a stable interaction is maintained across the 

interface between the homologous helices in the TM domain (TM 1-TM I') (Khorchid 

& Ikura, 2006). • 
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• A. 

AF1503 

B. 

Knobs-to-knobs Knobs-to-holes 
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 C. 


Figure 5. The AflS03 HAMP domain as a model for SK HAMP domains. 

A. Crystal structure of the Archaeoglobus fulgidus Af1S03 HAMP domain. B. The 

knobs-to-knobs packing state of the Af1S03 HAMP domain is converted to a knobs­

to-holes by a 26° rotation of the helices. C. Proposed direction of rotation of 

interlocking helices in the AflS03 HAMP domain 

Figure from Hulko et al., 2006. 

• 
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A. 

N 

B. 

• 
A B 

Figure 6. The structure of the sensor kinase catalytic core. 

A. Crystal structure of the intact catalytic core from the Thermotoga maritima sensor 

kinase TM0853. B. Schematic representation of the proposed mechanism of SK 

autophosphorylation (A~B). The N- and C-termini, ATP and the conserved His 

residue are indicated on the SK dimer (orange and green). The phosphoryl group is 

indicated by a yellow asterisk. 

Figures from Marina et al., 2005 . 
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• Several mechanisms have been proposed for signal transmission by the TM 

helices. The planarity of the membrane limits the motion to include rotation, piston­

like displacement or pivot movement (Moukhametzianov et aI., 2006; Scott & 

Stoddard, 1994). Regardless of the specific motion, the movement is presumed to be 

subtle with a 1-2 A piston displacement (Hughson & Hazelbauer, 1996; Bass & Falke, 

1999) or a ~ 4° rotation of the TM2 signaling helix (Cochran & Kim, 1996; Kwon et 

al., 2003). 

The HAMP domain 

• 

The SK linker domain connects TM2 and the cytoplasmic domain and is 

known to play an important role in signal transduction. However, the linker domain is 

capable of responding to environmental cues, such as osmotic stress. A classic 

example is the E. coli osmosensing SK EnvZ, which is membrane-bound and contains 

a periplasmic domain. Removal of the EnvZ periplasmic domain results in a SK that 

maintains its response to osmotic stress (Leonardo & F orst, 1996). Osmosensing is 

abrogated by mutation of the EnvZ linker domain and when the protein is not 

integrated into a membrane, which serves to fix the linker in place (Park & Inouye, 

1997). Secondary structural analysis of different signal-transducing proteins reveals a 

highly conserved helix-tum-helix fold although the amino acid sequence has low 

homology. The motif is called HAMP for the proteins that carry the domain: histidine 

kinases, ~denylylcyclases, methyl-accepting chemotaxis proteins and 12hosphatases 

(Aravind & Ponting, 1999). 

• 

Although the Smart database identifies HAMP domains in 30% of all SKs, 

direct structural analysis remains elusive. It has been proposed that lack of a stable 

crystal structure indicates frailty of the HAMP domain, which might be important for 

signal transduction (Kishii et aI., 2007). Exchanging HAMP domains between 

receptors, for example, between the SKs CpxA and NarX and between the SK EnvZ 

and the chemoreceptor Tar (Appleman & Stewart, 2003; Utsumi et aI., 1989) 

maintains the same activity as the native form. This indicates that HAMP domains 

have a similar mode of action, even though they have divergent amino acid sequences . 
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• 

Hulko et al., published the first structure of a HAMP domain from the 

hyperthem10philic archeaon, Achaeoglobus fulgidus protein Af1S03, a putative TM 

receptor. Although not a SK, this structure provides information on the conformational 

change that leads to signal transduction. The HAMP domain is a dim er, where each 

monomer contributes two helices to form a parallel four-helix coiled-coil, a structure 

that is traditionally characterized by knobs-into-holes packing (Figure SA). 

Interestingly, Af1S03 exhibited a knobs-to-knobs packing state (Figure SB). The 

proposed mechanism of signal transduction occurs through a 26° rotation of the 

individual helices that changes the packing state from a knobs-to-knobs into a knobs­

to-holes (Figure SC). Structural and functional studies show that equilibrium between 

these two packing states is dependent on the side chain of residue 291. Mutation 

A291 V will bias the conformation towards a knobs-to-holes state (Hulko et al., 2006). 

A chimera created from the E. coli Tar receptor and the Af1S03 HAMP domain results 

in active Tar-mediated signaling, whereas replacement with the Af1S03 A291 V 

mutant results in an inactive Tar receptor. Corroborating evidence from true SKs, 

EnvZ and NarX indicate that mutation of the residue corresponding to A291 V favor 

the kinase activity (Appleman & Stewart, 2003; Tokishita et al., 1992). 

The HAMP domain is responsible for converting an upstream motion of the 

TM helices into a downstream rotation. Considering the vast number of HAMP 

domains, it is likely that they are adapted to process a variety of different signals. 

The catalytic core 

• 

The cytoplasmic portion of the SK is highly conserved in sequence and 

structure among family members. The catalytic core contains two functionally distinct 

domains being the N-terminal gimerization and histidine 12hosphotransfer (DHp) 

domain and the s::.atalytic and ATP-binding (CA) domain at the C-terminus. 

Autophosphorylation occurs in the H box of the dimeric DHp domain and is mediated 

by the CA domain in the presence of ATP (Tomomori et al., 1999). The CA domain is 

monomeric and encompasses the highly conserved sequence motifs N, G1, F and G2 

(Parkinson & Kofoid, 1992). X-ray crystallography of the CA domains from 

Thermotoga maritima CheA, and E. coli PhoQ and NtrB (Bilwcs et al., 1999; Marina 
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et at., 2001; Song et af., 2004) indicate a mixed a/j3 sandwich fold that is structurally 

related to the ATP-binding domains of GyraseB, Hsp90 and Mut1 (GHL) ATPase 

family (Dutta & Inouye, 2000). 

• 

In 2005, the first intact SK cytoplasmic domain was crystallized (Figure 6A) 

and provided the first picture of the interdomain interactions between the DHp and CA 

domains (Marina et al., 2005). According to the structure the His residue and the ATP 

nucleotide are at a distance of 25 A and at an angle that makes the phosphotransfer 

reaction impossible (Marina et al., 2005). Figure 6 illustrates the proposed model of 

the SK autokinase activity. In the unphosphorylated state, the CA domain is loaded 

with ATP, awaiting sensor domain activation, at which point the CA domain swings 

into the DHp domain via the a2 helix, which acts as a flexible hinge. This 

conformational change brings the A TP and His residue into close proximity and 

enables the phosphostransfer. Once phosphorylated, the conformation of the kinase 

core relaxes and the CA domain vacates its position to allow the RR access to the 

phosphorylated His residue (Figure 6B) . 

• 

RESPONSE REGULATORS 

A search of approximately 400 bacterial and archaeal genome sequences 

provides a list of over 9000 RRs (Ulrich & Zhulin, 2007; Galperin, 2006). Most RRs 

have two domains: the N-terminal receiver domain and the C-terminal effector 

domain. RRs are classified based on the sequence similarity of their effector domain. 

Sixty percent of all RRs fall into the DNA-binding subfamily while the other RR 

subfamilies are characterized as having enzymatic, protein-protein interaction or 

RNA-binding domains (Galperin, 2006). Crystallization of a full-length RR has been 

hampered by the flexible linker and consequently there is only one structure available 

(Buckler et 01., 2002). RR activation occurs when the cognate SK phosphorylates the 

receiver domain. However, the mechanism by which phosphorylation activates the RR 

remains unclear and appears to vary between individual RRs. The phosphorylation­

induced conformational change appears to result in the release of the inhibitory 

closed-conformation and/or dimerization of the RR. Full-length E. coli PhoP in 
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• solution appears as a monomer in the inactive state and as a dimer in the active state 

(Bachhawat & Stock, 2007). 

• 


The receiver domain is structurally conserved and consists of a five stranded 

parallel I3-sheet surrounded by five amphipathic helices. The highly conserved 

residues cluster in and around the active-site cleft (Robinson et al., 2000). The 

chemotaxis protein, CheY, serves as a representative model for RR receiver domains 

(Stock et al., 1990; Volz, 1993). The phosphoaccepting AspS7 residue is surrounded 

by Asp 12 and Asp 13 which participate in the phosphotransfer reaction by binding the 

necessary Mg2+ ion. The receiver domain actively participates in the phosphotransfer 

reaction as demonstrated in vitro by the fact that the small molecule, acetyl phosphate, 

can act as a phosphodonor for CheY (Lukat et al., 1992). Even though small 

molecules are capable of phosphorylating RRs the reaction occurs more rapidly in the 

presence of the cognate SK (Zapf et al., 1996; Mayover et al., 1999). In addition, RRs 

possess an autophosphatase activity that limits the lifetime of the phosphorylated RR 

from seconds to hours, depending on the RR's physiological function (West & Stock, 

2001). 

The variable DNA-binding effector domains are further subdivided into three 

major families based on their structural homology: the OmpR/PhoB winged-helix 

domains, the NarLlFixl four-helix domains and the NtrC ATPase-coupled 

transcription factors (Stock et at., 1989). Members of the OmpRlPhoB subfamily are 

the most abundant RRs and their DNA-binding domains consist of a winged helix­

turn-helix (wHTH) domain (Kenney, 2002). The wHTH domain interacts with the 

major groove of DNA through the recognition helix that is flanked by two loops or 

"wings", which interact with the minor grooves. Regardless of the structural similarity 

between this subfamily different mechanisms of action will alter gene expression. For 

example, OmpR initiates transcriptional activation by interacting with the a-subunit of 

the RNA polymerase (Garrett & Silhavy, 1987; Matsuyama & Mizushima, 1987) 

while PhoB interacts with 0 70 (Makino et aI., 1993; Kumar et aI., 1994). 

• 
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• PART 2 - THE PHOP/PHOQ TCS 

Pathogenic bacteria necessitate the use of TCSs to coordinate the expression 

• 

of virulence factors in a precise and timely fashion. The PhoPlPhoQ TCS was first 

identified through a screen for mutants with elevated nonspecific phosphatase activity 

(Kier et al., 1979). PhoP/PhoQ is a prototypical TCS composed of a transmembrane 

SK, PhoQ and a soluble RR, PhoP that modulates gene transcription. PhoPlPhoQ 

TCSs have been identified in many pathogenic Enterobacteria including mammalian 

pathogens such as Salmonella enterica (Miller et al., 1989), Escherichia coli 

(Kasahara et al., 1992), Yersina pestis (Oyston et a!., 2000), Yersinia 

pseudotuberculosis (Flamez et al., 2007), Pseudomonas aeruginosa (Emst et al., 

1999), Providencia stuartii (Rather et al., 1998), and Shigella jlexneri (Moss et al., 

2000), the insect pathogen Photorhabdus luminescens (Derzelle et al., 2004), and the 

plant pathogens Erwinia caratova (Flego et a!., 2000) and Erwinia chrysanthemi 

(Llama-Palacios et al., 2003). PhoP/PhoQ is a signal transduction pathway that is 

central to the virulence of most of these pathogens, since deletion of the phoP and/or 

phoQ genes usually results in attenuation of virulence in their respective hosts. 

The most extensively studied PhoP/PhoQ system is in Salmonella enterica 

serovar Typhimurium (hence referred to as S. typhimurium) where it has been directly 

associated with the virulence of this bacterium (Groisman et al., 1992). S. 

typhimurium PhoPlPhoQ actively regulates gene transcription within host macrophage 

phagosomes (Alpuche Aranda et a!., 1992), the mouse intestinal lumen and tissue 

(Merighi et al., 2005), indicating that PhoQ recognizes signal(s) within these 

environments. 

The sensor kinase PhoQ 

• 

S. typhimurium PhoQ is 487 amino acids in length and contains a periplasmic 

domain of 146 residues that senses environmental changes (Miller et aI., 1989). The 

structure of the periplasmic domain contains an unusual PAS fold that is characterized 

by two novel a-helices (a4/a5) instead of a small molecule binding cleft (Cho et aI., 

2006). The helices contribute negatively charged residues to an acidic cluster of amino 

acids (EDDDDAE), which are involved in ligand binding (Figure 7). The periplasmic 
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Figure 7. Crystal structure of the dimeric PhoQ periplasmic domain. 


The PhoQ dimer forms a flat surface that comes into close contact with the membrane. 


The inset shows a highly negatively charged cluster of amino acids that participate in 


the biding of divalent cations. Antimicrobial peptides compete with divalent cations 


for binding to PhoQ. The location of the acidic cluster suggests that PhoQ contacts the 


membrane through a series of divalent-cation bridges. 


Figure form Bader et al., 2005 . 


• 
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• domain is essential for signal recognition smce truncated mutants are unable to 

respond to PhoQ ligands, Mg2+ and antimicrobial peptides (AMP) (Castelli et al., 

2000; Montagne et al., 2001; Bader et af., 2005). 

PhoQ ligand - Divalent cations 

• 

PhoQ specifically senses Mg2+, Ca2+ and Mn2+ but not other divalent cations, 

such as Ni2+, Cu2+, C02+ and Ba2+ (Garcia Vescovi et af., 1996). Divalent cation­

depleted media results in an upregulation of PhoP-activated gene expression (Garcia 

Vescovi et al., 1996). In contrast, the presence of millimolar concentrations of Mg2+, 

Ca2+ or Mn2+ represses the expression of PhoP-activated genes (Garcia Vescovi et aI., 

1996). In vitro, Mg2+ has been shown to bind the PhoQ periplasmic domain 

(Waldburger & Sauer, 1996; Vescovi et a/. , 1997). PhoQ binding Mg2+ causes 

elevated levels of unphosphorylated PhoP, which is the direct result of an increase in 

PhoQ phosphatase activity (Castelli et al., 2000; Montagne et al., 2001). In vivo 

experiments suggest that Ca2+ binds differently to the PhoQ periplasmic domain as 

Ca2+ does not effectively repress PhoP-activated genes as well as Mg2+ (Vescovi et aI., 

1997). 

The PhoQ periplasmic domain was crystallized in the presence of Ca2+ ions 

and provides information on the repressed state structure of the SK (Cho et aI., 2006). 

Based on the positioning of the N- and C-termini the acidic cluster of amino acids is 

predicted to face the negatively charge phospholipid membrane (Figure 7). 

Consequently, the charge repulsion pushes the PhoQ periplasmic domain away from 

the membrane. In the presence of Ca21 , the charge repulsion is alleviated because the 

ions form bridges between the PhoQ acidic cluster and the phospholipid membrane. 

NMR analysis in the absence of divalent cations produces a spectrum with a degree of 

flexibility whereas the presence of Mg2+ or Ca2+ stabilizes the conformation (Cho et 

al., 2006). The wealth of structural and biochemical data has produced a model for 

Mg2+ repression of PhoQ (Prost & Miller, 2008). Helices a4/a5 are repulsed away 

• 
from the membrane in the absence of divalent cations. This action leads to a structural 

flexibility of the PhoQ periplasmic domain that is translated downwards to the 

cytoplasmic domain to induce autophosphorylation. 
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• Originally, Mg2+ was believed to be the prImary signal that mediates 

PhoP/PhoQ activation within the macrophage phagosome because S. typhimurium 

phoPQ mutants are unable to grow under Mg2+ -depleted conditions and PhoP 

upregulates the expression of inducible Mg2+ transporters (Soncini et aI., 1996). 

Additionally, the concentration of Mg2+ in phagosomes was assumed to be in the 

micromolar range. In 2006, it was demonstrated that within 30 minutes of S. 

typhimurium being engulfed within the phagosome the concentration of Mg2+ 

stabilizes at 1 mM (Martin-Orozco et al., 2006). This divalent cation concentration 

represses the activity of PhoQ so it seems unlikely that Mg21 is the activating signal 

within the phagosome. Ca2+ can also be eliminated as a physiological ligand because 

the concentration increases as the phagosome acidifies and finally settles between 0.5­

1 mM (Christensen et al., 2002). 

• 
PhoQ ligand - Antimicrobial peptides 

To this end, more physiologically relevant ligands present during a S. 

typhimurium infection have, been examined as possible activators of PhoQ. 

• 

Macrophage phagosomes contain AMPs that play an important role in controlling S. 

typhimurium replication in vivo (Rosenberger et aI., 2004). In the presence of low 

millimolar concentrations of Mg21, subinhibitory concentrations of cationic AMPs 

activate PhoQ (Bader et al., 2003; Bader et al., 2005). AMPs cause bacterial 

membrane damage, which activates gene transcription by RpoS whereas, PhoQ 

activation is the direct result of AMP binding to the periplasmic domain. 

Reconstituting the PhoP/PhoQ system in liposomes in the presence of AMPs results in 

an increase in PhoP phosphorylation by PhoQ, even in the presence of 1 mM Mg2+ 

(Bader et al., 2005). Cationic AMPs are positively charged and attracted to the acidic 

amino acid cluster of PhoQ. Interestingly, high millimolar concentrations of Mg2+ are 

able to compete with AMPs for binding to the PhoQ periplasmic domain suggesting 

that they both share the same binding site. This data is consistent with the proposed 

model of PhoQ activation that AMPs will force apart PhoQ and the membrane similar 

to the charge repulsion by virtue of it binding to the acidic face and larger than 

divalent cations (Prost & Miller, 2008). 
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It is unclear whether or not PhoQ from other pathogenic species sense the same 

signal(s) since direct ligand aCtivation has not been studied. It has been suggested that 

other PhoPQ systems are able to respond to the presence of AMPs (Prost & Miller, 

2008) as E. chrysanthemi, S. jlexneri and P. luminsecens phoPQ mutants are more 

susceptible to the presence of cationic AMPs, as compared to wild-type (Llama­

Palacios et al., 2003; Derzelle et al., 2004; Moss et al., 2000). The PhoQ periplasmic 

domain amino acid sequences of these three pathogens align with S. typhimurium and 

include the a4/aS helices. 

In contrast to these eukaryotic-associated bacteria the opportunistic pathogen 

P. aeruginosa typically inhabits soil and water. Alignment of the S. typhimurium and 

• 

P. aeruginosa PhoQ amino acid sequences reveal a high degree of divergence in the 

periplasmic domain, which suggests different mechanisms of signal detection (Lesley 

& Waldburger, 2001). P. aeruginosa PhoQ lacks the a4/aS helices and even though 

PhoQ is repressed by divalent cations, it is not activated by AMPs (Prost et al., 2008; 

Bader et aI., 2005). Although soil dwelling organisms encounter AMPs (Polymyxin B) 

produced by other microorganisms (Bacillus polymyxa) the diversity is less extensive 

than in plant and animal hosts. Evolution of the PhoQ acidic face coincided with those 

bacteria having to sense and respond to multiple signals within a complex eukaryotic 

environment (Prost & Miller, 2008). The competition between divalent cations and 

AMPs may serve to determine the subcellular environment of the invading microbe 

during the infection cycle (Zwir et aI., 200S). 

The response regulator PhoP 

• 

PhoP is categorized as a member of the OmpRlPhoB subfamily (Volz, 1993) 

with 3S% identity and 76% similarity to PhoB. PhoP is a 26.2 kDa protein containing 

an N-terminal regulatory domain and C-terminal DNA-binding domain tethered 

together by a flexible linker. Transcriptional regulation of many PhoP genes is 

complex and involves several regulatory circuits (Navarre et aI., 200S; Barchiesi et al., 

2008; Kong et aI., 2008) Many PhoP-regulated genes harbor the so-called PhoP box 

(Soncini et aI., 1995). Two direct repeats, T/GGTTTA, separated by as-nucleotide 

spacer make up the PhoP box (Kato et aI., 1999) to which the PhoP dimer binds. The 
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PhoP box is usually found within the -35 region of a promoter, for example the mgtA 

promoter. However, PhoP boxes have also been identified in the opposite orientation 

and at various distances from the RNA polymerase binding site (Zwir et aI., 2005). 

The PhoP/PhoQ reglllon 

In 1990, two-dimensional SDS-PAGE analysis determined the PhoP/PhoQ 

regulon to comprise 40 genes (Miller & Mekalanos, 1990), presently with the advance 

of microarray analysis the estimate is over 200 genes (Monsieurs et aI., 2005). The 

PhoP/PhoQ is a master regulator of virulence that governs a regulon of genes that 

includes those necessary for: magnesium transport, LPS modification and survival 

within macrophages (Fields et al., 1989; Behlau & Miller, 1993; Soncini et al., 1996; 

Guo et aI., 1997; Bearson et aI., 1998; Adams et aI., 2001). 

2+Mg transport 

PhoPQ controls the expreSSIon of genes required for the growth in Mg2+_ 

deficient environments (Soncini et al., 1996). S. typhimurium encodes three Mg2+ 

transporters, corA, mgtA and mgtB (Smith & Maguire, 1998), the latter two are PhoP­

regulated. MgtA and MgtB are P-type ATPases that independently take up Mg2+ (Tao 

et af., 1995). Salmonella requires both MgtA and MgtB for growth in low Mg2+ liquid 

media (Soncini et al., 1996). 

LPS Modification 

PhoP/PhoQ governs the transcription of genes that modify LPS, specifically 

the lipid A component, these include pagP, /pxO and pagL (Figure 8). The outer 

membrane protein, PagP adds palmitate to lipid A. Interestingly, PagP homologues 

have been identified in Yersinia and Bordetella species, and E. coli and although 

Pseudomonas can add palmitate it lacks a PagP homologue (Bishop et af., 2000). 

LpxO catalyzes the incorporation of a hydroxyl group into lipid A (Gibbons et a!., 

2000). Finally, it has been shown that lipid A deacylase activity is the result of PagL 

• 
(Trent et a!., 2001) . 
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A subset of LPS modification genes are regulated by another TCS, 

PmrA/PmrB (Roland et al., 1993). PmrA is the RR and PmrB is the SK that responds 

to extracellular ferric iron (Fe3+) and acidic pH (Wosten et al., 2000; Perez & 

Groisman, 2007). PmrA/PmrB mediates the addition of ethanolamine and 

aminoarabinose (L-Ara4N) to lipid A through the upregulation ofpmrC, pbgP and ugd 

(Gunn et al., 1998; Guo et aI., 1997). The first step of the L-Ara4N modification 

requires the ugd gene product, a UDP-glucose dehydrogenase to synthesize the L­

Ara4N precursor. The addition of L-Ara4N to lipid A is performed by the enzymes, 

which are encoded within the pbgP operon (pmrHFIJKLM) (Figure 8 and 9). These 

modifications of the lipid A part of LPS are indirectly regulated by the PhoPQ TCS 

(Figure 9). PhoP/PhoQ regulates the expression of the connector protein, PmrD that 

binds and stabilizes phosphorylated PmrA so the RR will continue to transcribe PmrA­

regulated in the presence of PhoP/PhoQ-activating signals (Kato & Groisman, 2004; 

Kox et a!., 2000). 

Survival within macrophages 

LPS modifications contribute to Salmonella survival within the macrophage 

phagosome by increasing resistance to AMPs (Fields et al., 1989). In vitro and in vivo 

intramacrophage survival also requires the PhoP-regulated gene mgtC (Blanc-Potard 

& Groisman, 1997). An mgtC mutant is unable to grow in a Mg2+-depleted 

environment so is predicted to function in Mg2+ acquisition (Blanc-Potard & 

Groisman, 1997). 

Interestingly, the intacellular pathogen Mycobacterium tuberculosis has a 

MgtC homologue that is required for growth in low Mg2+ environments and within the 

macrophage (Buchmeier et a!., 2000). However, the phylogenetically closely related 

E. coli lacks the mgtC gene and is unable to grow in low Mg2+ concentrations (Blanc­

Potard & Groisman, 1997). This suggests that the acquisition of mgtC aided in 

promoting the development of Salmonella as an intracellular pathogen (Groisman, 

2001) . 

• 


• 
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Figure 8. PhoPQ-mediated modifications of LPS in Salmonella typhimurium. 

The PhoPQ-mediated (red) and the PmrAB-mediated (blue) structural modifications of 

the lipid A component of LPS are shown. Structural changes include the addition of 

• aminoarabinose (L-Ara4N) by the proteins encoded by the pmrHFIJKLM operon and 

phosphoethanolamine (PEtN) by the pmrC gene product. The pagP gene mediates the 

addition of palmitate (CI6). Deacylation of the 3 position 3-hydroxymyristate (3-0H 

C14) is carried out by the pagL gene product. Finally, the IpxO gene product 

hydroxylates the fatty acid at position 3' of lipid A. 

Figure adapted from Prost et al. , 2007. 
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• Figure 9. Diagram of the PhoP/PhoQ regulatory cascade in Salmonella typhimurium. 

Low Mg2+, AMPs and acidic pH activate the PhoQ/PhoP system, which promotes the 

expression of pmrD and LPS modification genes (pagP, IpxO and pagL). Fe3+ and 

acidic pH can directly activate the PmrAlPmrB system to upregulate the transcription 

of genes that add phosphoethanolamine (PEtN) and aminoarabinose (L-Ara4N) to 

lipid A. PmrA/PmrB can be indirectly activated by PhoP/PhoQ through the connector 

protein PmrD that binds and stabilizes phosphorylated PmrA. The LPS modifications 

(Figure 7) mediated by both two-component systems promote survival 

Adapted from Groisman, 2001. 
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• PART 3 - THE MOLECULAR BASIS OF SALMONELLA TYPHIMURIUM 

VIRULENCE 

Salmonellae are Gram-negative microorganisms that are capable of infecting a 

wide variety of animals (Pegues et al., 2005). In humans, they cause a range of 

conditions known as salmonellosis, which includes gastroenteritis, enteric fever and 

bacteremia (Ohl & Miller, 2001). The Salmonella genus is comprised of only two 

species: Salmonella enterica and Salmonella bongori. S. enterica is further divided 

into subspecies and serovars, including the etiological agent of typhoid fever S. 

enterica serovar Typhi (hereto referred to as S. typhi) and S. typhmurium that afflicts 

humans with gastroenteritis and mice with a systemic typhoid-like disease (Groisman 

& Saier, 1990). The bacteria are transmitted through contaminated food and water. In 

humans, a S. typhimurium infection is characterized by gastroenteritis, associated with 

intestinal inflammation and diarrhea. This disease is usually self-limiting and confined 

to the intestine, however immunologically compromised patients can fall victim to a 

systemic infection. In industrialized countries, non-typhoidal salmonellosis is the most 

• common food-borne bacterial disease (Schlundt et al., 2004). In the United States, 

there are nearly 1.4 million food-borne infections annually (Mead et al., 1999), 

although the illness is self-limiting this converts into an estimated cost of $1.4 

billion/year in lost wages, recall expenses and medical bills (Roberts et al., 1989). 

As a species Salmonellae can be exquisitely host-adapted or have a broad host 

range producing a variety of diseases in different hosts. The genome sequences from 

several Salmonella strains (McClelland et al., 2001; Parkhill et al., 2001) along with a 

growing number of available knock-out mice make Salmonella a model organism for 

the study of host-pathogen interactions. 

Salmonella typhimurium virulence determinants 

• 

Pathogenic bacteria have evolved through the acquisition of virulence 

determinants via lateral gene transfer (Ochman et al., 2000; Schmidt & Hensel, 2004). 

Pathogenicity islands (PAl) are chromosomal regions, which contain virulence genes 

that are absent from non-pathogenic strains. Although PAIs have divergent functions 

they are all characterized by a G+C content that differs from the rest of the genome 
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• and frequently encode remnants of mobile elements (Schmidt & Hensel, 2004; Gal­

Mor & Finlay, 2006). PAIs are heavily regulated to avoid the genes that they encode 

compromising bacterial fitness upon acquisition. The histone-like protein H-NS 

prevents the uncontrolled expression of PAl genes by binding to A +T -rich genes and 

repressing transcription. If the PAl is beneficial, a counteracting regulatory 

mechanism evolves to regulate its temporal expression (Lucchini et al., 2006; Navarre 

et al., 2006; Oshima et al., 2006). 

S. typhimurium encode an arsenal of virulence genes involved in adhesion, 

biofilm formation, iron acquisition and acid resistance as well as a number of large 

PAIs, referred to as SPI (!ialmone/la 12athogenicity island) where, SPI-l and SPI-2, 

have been characterized extensively. SPI-l and SPI-2 each encode a Type III secretion 

system (T3SS) that injects effector proteins into eukaryotic cells to promote bacterial 

colonization and survival. T3SS are structurally akin to a molecular syringe and 

evolutionarily related to flagella. T3SS are assembled from more than 20 structural 

proteins to form a supramolecular needle complex that spans the bacterial inner and 

• outer membranes and the host cell membrane. The SPI-l T3SS mediates invasion into 

host cells and translocates bacterial proteins across the plasma membrane while the 

SPI-2 T3SS is important for intracellular survival by transporting effectors across the 

macrophage phagosomal membrane. Temporal and spatial regulation of these 

virulence factors through networks of regulators is key to a successful infection. 

Salmonella invasion 

• 

Adherence to host cells is a precursor of invasion and initial contact with 

epithelial cells is mediated by fimbriae (Baumler et al., 1996). Salmonella species 

primarily invade enterocytes by directing their own uptake through the induction of 

membrane ruffles on the surface of host cells (Francis et aI., 1993). Efficient invasion 

is dependent on the SPI-l T3SS (T3SS-1) as mutants deficient in secretion are 10- to 

100- fold more attenuated in the mouse model of systemic infection (Galan & Curtiss, 

1989; lones et aI., 1994). Contact with the intestinal epithelium triggers T3SS-1 

assembly and subsequent injection of at least five effector proteins that orchestrate 

efficient Salmonella invasion (Figure 10). The three bacterial effectors, SopE, SopE2 
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• and SopB mediate actin cytoskeletal reorganization, membrane ruffling and bacterial 

internalization by macropinocytosis. SopE and SopE2 are highly related guanine 

nucleotide exchange factors (GEFs) that stimulate the host Rho family GTPases: 

• 


RhoG, Racl and Cdc42 (Hardt et al., 1998; Bakshi et al., 2000; Stender et al., 2000; 

Friebel et al., 2001). The phosphoinositide phosphatase SopB stimulates an 

endogenous exchange factor to indirectly activate RhoG (Patel & Galan, 2006). 

Activation of Rho GTPases ultimately results in stimulation of actin polymerization at 

the site of membrane ruffling through a cascade of N -WASP and Arp2/3 recruitment 

(Criss & Casanova, 2003; Unsworth et al., 2004; Shi et aI., 2005). The bacterial 

effectors SipA and SipC bind actin directly to modulate the spacial localization of 

actin beneath the invading bacteria thus promoting efficient uptake (Hayward & 

Koronakis, 1999; Zhou et aI., 1999). After bacterial internalization, the process is 

reversed by SptP, a GTPase-activating protein (GAP) for member of the Rho family, 

which rebuilds the host actin cytoskeleton to its basal state (Fu & Galan, 1999). 

In addition to invasion, T3 SS-l has been implicated in the induction of 

gastroenteritis and intestinal disease. Several MAPK pathways are triggered by the 

stimulation of Cdc42 by the Salmonella effectors, SopE, SopE2 and SopB (Hobbie et 

aI., 1997; Chen et aI., 1996). This leads to the activation of transcription factors (AP-l 

and NF-KB) that increase the production of pro-inflammatory cytokines, such as IL-8 

to cause intestinal inflammation and polymorphonuclear leukocytes (PMN) migration. 

SopB promotes intestinal disease by increasing a compound (D-myo-inositol 1,4,5,6­

tetrakisphosphate) that increases chloride secretion and fluid flux (Zhou et al., 2001; 

Norris et al., 1998). 

Salmonella survival 

Intracellular proliferation of S. typhimurium occurs primarily within 

macrophages but has been observed in non-phagocytic cells, such as enterocytes 

(Salcedo et aI., 2001; Richter-Dahlfors et aI., 1997). Salmonella strains deficient in 

their ability to survive and replicate within macrophages are avirulent in murine 

• 
models of infection (Fields et aI., 1986). Once intracellular, Salmonella resides within 
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Figure 10. Invasion of host cells by Salmonella. 

Interaction with the intestinal epithelium causes the SPI-I T3SS to assemble and 

translocate the effector proteins (yellow circles) into the host cell. SopE, SopE2 and 

SopB activate Rho GTPases, which results in actin cytoskeleton rearrangements and 

destabilization of tight junctions. In addition , MAPK signaling is activated and results 

in a nuclear response leading to production of cytokines and migration of 

polymorphonuclear leukocytes (PMN). Membrane ruffles are further promoted by 

SipA and SipC to complete bacterial uptake. SopA further promotes the 

transmigration of PMN, while SopB stimulates cr secretion. SptP restores the 

integrity of the intestinal cell by reversing the action of Rho GTPases. 

Figure from Haraga et al. , 2008 . 

• 
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Figure 11. Model for Salmonella-containing vacuole formation. 

Once inside the macrophage, Salmonella is housed in a spacious phagosome, which is 

modified into a Salmonella-containing vacuole (SCV). SCVs are characterized by an 

acidic pH and the presence of the late endosomal marker LAMP-l (purple). The SPI-2 

T3SS is stimulated and translocates effector proteins (yellow circles) across the 

phagosomal membrane. SifA and PipB2 cause the formation of Salmonella-induced 

filaments (Sit) along microtubules (green) and regulate the accumulation of 

microtubule-motor proteins (yellow stars). SseF and SseG recruit Golgi-derived 

vesicle to the SCV by redirecting their traffic and also cause microtubule bundling. 

The effectors SspH2, SpvB and SseI are believed to have an important role in the 

accumulation of actin around the SCV, while the deacylase SseJ helps to maintain the 

integrity of the SCV membrane. 

Figure from Haraga et al., 2008 . 

• 
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• a modified phagosome known as the Salmonella-fontaining yacuole (SCV) (Figure 

11). The bacterium regulates SCV biogenesis by limiting the interactions with the 

endocytic system. Early endosome· markers such as EEA 1, Rab5 and transferrin 

receptor characterize the initial SCV membrane. These first markers are rapidly 

replaced within an hour with late endosome markers, LAMPs and vacuolar ATPase 

(Steele-Mortimer et al., 1999; Smith et al., 2005). Finally, Salmonella prevents the 

SCV-Iysosome fusion however some studies indicate that lysosomes ultimately fuse 

with the SCV over many hours (Oh et aI., 1996; Drecktrah et al., 2007). Although it 

has been suggested that this delay in lysosome recruitment is a mechanism of 

resistance against the phagolysosomal environment (Hashim et al., 2000; Hang et al., 

2006). The sequential membrane exchange is accompanied by a decrease in SCV pH 

to 5.5 (Alpuche Aranda et al., 1992; Rathman et al., 1996). 

• 
In vivo, SPI-2 null mutants are severely attenuated for virulence (Hensel et al., 

1995; Shea et al., 1996). T3SS-2 effectors are involved in various aspects of endocytic 

trafficking, including delaying lysosome fusion to SCV s (Uchiya et al., 1999), 

blocking NADPH oxidase-dependent killing by macrophages (Vazquez-Torres et al. 

2000; Gallois et al., 2001) and interfering with the localization of inducible nitric 

oxide synthase (iNOS) to the SCV (Chakravortty et al., 2002). Thus far, 20 T3SS-2 

effector proteins have been identified although the majority has not been associated 

with a specific role in promoting replication or modifying vesicular movement 

(Haraga et al., 2008). This can be attributed to the redundancy in function of each 

individual effector so that single deletion mutants usually have no phenotype either in 

vivo or in vitro (Steele-Mortimer, 2008). Mutation in genes coding for SifA, SseJ, 

SseF, SseG, SopD2 and PipB2 cause a virulence defect in mice (Beuzon et al., 2000; 

Jiang et al., 2004; Ruiz-Albert et al., 2002; Freeman et al., 2003; Knodler et al., 2003; 

Deiwick et al., 2006). Five of these effectors are involved, to different extents, in the 

fonnation of long filamentous membrane structures called Salmonella-induced 

filaments (Sifs). While SseJ has a negative regulatory effect since an sseJ deletion 

mutant has increased Sif fomlation (Birmingham et al., 2005). Sifs may function to 

increase the size of the SCV to accommodate bacterial replication and/or redirect 

• nutrient-rich organelles to the SCV (Haraga et al., 2008). 
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• Once Salmonella is internalized the T3SS-1 IS downregulated and the 

upregulation of SPI-2 genes promotes intracellular survival. This picture of 

Salmonella interacting with host cells has become more complex as it is now apparent 

that T3SS-1 effectors are translocated across the vacuolar membrane for some time 

after invasion (Giacomodonato et al., 2007). Four T3SS-1 effectors, SopA, SipA, 

SopB and SopD are directly involved in SCV biogenesis. After invasion, the 

translocation of SopA across the SCV is associated with an increase in Salmonella 

escape from the SCV (Zhang et al., 2005). Hours after invasion, SipA and SopB play a 

role in the redistribution of late endosomes and aid in the accumulation of 

phosphatidylinositol-3-phosphate (PI3P), respectively (Brawn et al., 2007; Dukes et 

aI., 2006). SopD is expressed following invasion but its role in SCV biogenesis 

remains unclear (Brumell et aI., 2003). 

PART 4 - REGULATION OF SALMONELLA PATHOGENESIS 

• 
Many genetic regulators and environmental stimuli control the complex 

process of invasion and intracellular replication. The regulators allow for the 

expression of virulence genes in the correct anatomical location and at the appropriate 

time during infection in response to environmental signals. 

Regulation ofSPI-1 

SPI-I controls invasion through transcriptional regulators encoded within the 

PAl, including HilA, HilD, HilC and InvF (Altier, 2005; Jones, 2005) and outside it, 

including RtsA and RtsB (Ellermeier & Slauch, 2003). Systems outside of SPI-I 

positively and negatively modulate the expression of these regulators, including the 

TCSs BarA/SirA, PhoP/PhoQ, OmpRlEnvZ and the csr post-transcriptional control 

system. 

The levels of HilA are maximal under conditions of low oxygen, high 

osmolarity, exponential growth phase and slightly alkaline pH (Bajaj et af., 1995). 

HilA is the central regulator of SPI-1 and is known to bind directly to promoters and 

• 
activate genes necessary for the T3SS-1 (Lee et aI., 1992). A hilA deletion mutant is 

phenotypically equivalent to a deletion of the entire SPI-l locus in the BALB/c mice 
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• infection model (Ellermeier et al., 2005). HiIC, HilD and RtsA are AraC-like 

transcriptional activators that bind to the hilA promoter to control its gene expression 

• 


(Schechter & Lee, 2001; Olekhnovich & Kadner, 2002; Ellermeier & Slauch, 2003). 

Many environmental signals feed into the SPI-l system through EnvZ/OmpR, 

BarA/SirA and Fur. These three regulatory systems require the presence of HilD to 

impact on the expression of the hilA gene product (Ellermeier et al., 2005). HilE is the 

major negative regulator of SPI-l that binds and inhibits HilD (Baxter et ai., 2003). 

Interestingly, PhoP/PhoQ, PhoRlPhoB and the regulators, FirnZ and FimY are 

negative regulators of SPI-l and affect the regulation of hilE (Ellermeier & Slauch, 

2007). 

Regulation ofSPI-2 

The complex regulatory cascade that modulates the expression of SPI-2 genes 

is not completely understood. The SsrB/SsrA TCS is encoded within the SPI-2 PAl 

and is considered to be the master regulator of SPI-2 gene induction (Worley et al., 

2000). The RR SsrB binds DNA to upregulate the expression of SPI-2 genes but the 

specific signals that activate the SK SsrA are unknown. The OmpRlEnvZ TCS 

regulates ssrBA expression by binding to its promoter (Lee et ai., 2000). SPI-2 genes 

are known to be actively expressed intracellularly by S. typhimurium (Valdivia & 

Falkow, 1997; Cirillo et al., 1998; Deiwick et ai., 1999). Independently exposing S. 

typhimurium to acidic pH or inorganic phosphate limitation leads to activation of SPI­

2 gene expression with different kinetics (Lober et al., 2006). 

Contradictory evidence has been presented for the involvement of PhoP/PhoQ 

in modulating the expression of ssrAB. PhoP/PhoQ regulates the expression of three 

SsrB-dependent effectors encoded outside the SPI-2 PAl (Worley et al., 2000). In 

addition to activating effectors, the T3SS-2 is upregulated under Mg2+ or Ca2+_ 

deprivation conditions (Deiwick et al., 1999; Garmendia et al., 20(3), which are 

known PhoP/PhoQ-activating conditions (Garcia Vescovi et al., 1996). SseK 1 and 

SseK2 are T3SS-2 effectors that require SsrB/SsrA and PhoP/PhoQ in order to 

• 
accumulate in vitro (Kujat Choy et al., 20(4). PhoP/PhoQ is necessary for 

transcription of spiC, a T3SS-2 secreted effector, through the direct binding to the 
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promoter of ssrB (Bijlsma & Groisman, 2005). However, other investigators have 

concluded that PhoP/PhoQ is not directly involved in SPJ-2 activation (Miao et aI., 

2002; Kim & Falkow, 2004). 

The virulence-associated transcriptional regulator Sly A contributes to the 

regulation of SPJ-2 genes, in a partially overlapping manner with OmpR and 

dependent on SsrA (Linehan et al., 2005). A slyA mutant is similar to an ompR mutant 

as both mutants lack Sif formation and exhibit reduced expression of the SsrA­

dependent SPJ-2 gene, s(fA (Linehan et aI., 2005; Garmendia et aI., 2003). The ssrA 

promoter in S. typhimurium contains a SlyA box analogous to the one found in the 

SlyA-dependent ugtL gene (Shi et al., 2004). It seems that the SsrB/SsrA TCS requires 

input from a number of different regulatory systems over time to convey specific 

signals to modulate the expression of the T3SS and its effectors (Bijlsma & Groisman, 

2005). 

Recent work has suggested that the distinct roles of SPJ-l and SPJ-2 are not as 

independent and location restricted as first thought. SPJ-2 genes are not solely 

expressed after the bacterium is internalized into host cells. Recent studies have shown 

that SPJ-2 genes can be expressed in the intestinal lumen (Merighi et aI., 2005; Brown 

et al., 2005). Cross-talk between SPJ-l and SPJ-2 occurs through the SPJ-I encoded 

regulator HilD in a growth phase-dependent manner in Luria-Bertani (LB) broth 

(Bustamante et al., 2008). The SPI-I-encoded regulator Hi ID has been shown to 

counteract H-NS repression and bind directly to the promoter of ssrBA (Bustamante et 

al., 2008). The sophisticated level of regulation evident in Salmonella is an example of 

a complex regulatory network that integrates ancestral and recently acquired 

regulatory elements to efficiently coordinate virulence factors during infection. 

PART 5 - HOST INNATE DEFENSE AND SALMONELLA RESISTANCE 

Prior to establishing a successful infection, S. typhimurium must first overcome 

several obstacles. Firstly, the pathogen needs to survive passage through the acidic 

environment of the stomach before reaching the gastrointestinal (G I) tract. Once there, 

the physical barrier of the epithelial cells, the presence of AMPs (defensins and 

• 
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cathelicidins) and innate immune components of the blood such as macrophages 

protect the host GI tract from infection. 

Antimicrobialpeptides - Defensins 

Of the two major families of AMPs in mammalian epithelia defensins 

predominate in the small intestine (Dann & Eckmann, 2007). Defensins are small 

cationic AMPs and characteristically contain three disulfide bonds and a (3-sheet 

structure. Defensins are divided into three groups a-, (3- and 8-defensins based on the 

arrangement of their disulfide bonds (Figure 12). 

• 

Paneth cells and neutrophils produce a-defensins that kill a broad range of 

microbes in vitro (Eckmann, 2005). a-defensins are encoded as tripartite 

prepropeptide sequences, in which a 90-100 amino acid precursor contains an N­

terminal signal sequence (~1 0 amino acids), an anionic propiece (~45 amino acids) 

and a C-terminal mature cationic defensin (~30 amino acids) (Ganz, 2003). Human 

have six known a-defensins while mice express over 20 a-defensins, termed 

cryptdins. Of these human HD-5 and HD-6, and the cryptdins are stored as inactive 

propeptides (Cunliffe, 2003). Consequently, maturation requires posttranslational 

proteolysis of the human defensins by trypsin (Ghosh et al., 2002), while the cryptdins 

are activated by the metalloproteinase matrilysin (Weeks et al., 2006). Mice unable to 

process a-defensins have a greater sensitivity to oral infection by S. typhimurium 

(Wilson et af., 1999), while transgenic mice carrying an additional human a-defensin 

(HD-5) are highly resistant to Salmonella infections (Salzman et al., 2003). 

• 

(3-defensins have a simpler structure that contains a signal sequence, a short or 

absent propiece and the mature peptide at the C-terminus (Ganz, 2003). Humans have 

at least 10 and as many as 40 (3-defensin genes. These are secreted mainly by 

epithelial surfaces of the lungs, skin, kidney, testis and intestine (Pazgier et aI., 2006). 

Produced by epithelial cells, human f3-defensin-1 (hBD-I) is constitutively expressed 

but can be upregulated further by the presence of albumin and amino acids (Sherman 

et af., 2(06). In contrast, the expression of hBO-2 is strongly inducible by infection 

with enteric pathogens or prointlammatory mediators (O'Neil et af., 1999). Decreased 

mucosal hBD-2 expression has recently been associated with a higher risk of 
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Figure 12. Structure of human antimicrobial peptides. 


a- and p-defensins differ in length and the pairing pattern of their disulfide bonds. The 


positively (black) and negatively (gray) amino acids are indicated. 


Figure from Muller et aI., 2005 . 
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• developing Crohn's disease (Fellermann et aI., 2006). Furthermore, the inducible 13­

defensins hBD-3 and hBD-4 have a markedly decreased or absent expression in 

epithelial cells of Crohn's disease patients (Fahlgren et aI., 2004). The physiological 

role of j3-defensins is poorly defined but they are known to kill a wide variety of 

microbes in vitro (Dann & Eckmann, 2007). Under optimal conditions of low ionic 

strength and low divalent cation concentrations, j3-defensins are active at 

concentrations as low as 1-10 [lM (Ganz, 2003). Defensins also have 

immunomodulatory activities, such as mobilizing monocytes, mast cells, immature 

dendritic cells and lymphocytes. In addition they enhance production of cytokines and 

chemokines, cause mast cells degranulation and interact with complement components 

(Lehrer, 2004). 

Antimicrobial peptides - Cathelicidins 

• 
The second major family of AMPs consists of a group of a-helical cationic 

peptides called cathelicidins. Cathelicidins are characterized by the presence of a 

conserved pro-peptide sequence, termed cathelin, which is linked to a C-terminal 

cationic peptide (Eckmann, 2005). These AMPs have a broad spectrum of action 

• 

against Gram-positive and Gram-negative bacteria, fungi, parasites and enveloped 

viruses and have been identified in several mammalian species (Bals & Wilson, 2003). 

A single cathelicidin has been identified in both humans and mice, being LL­

37 (Figure 12) and the cathelin-related antimicrobial peptide (CRAMP), respectively 

(Larrick et aI., 1995; Gallo et at., 1997). N eutrophils, epithelial and mast cells 

constitutively expressed hCAP-I8, which undergoes proteolytic processing to become 

the mature form, LL-37 (Eckmann, 2005). The postsecretory maturation of LL­

37/hCAP-18 modulates antimicrobial activity and tissue specificity. Further induction 

of LL-37 expression occurs in the colon under conditions of inflammation associated 

ulcerative colitis but not Crohn's disease (Wehkamp et aI., 2007; Schauber et a!., 

2006). LL-37 can be found on unstimulated mucosal surfaces at concentrations of ~2 

[lg/mL and at concentrations exceeding 50 ~tg/mL in inflamed epithelium (Bals et a!., 

1998). The mechanism of killing by LL-37 is poorly defined. The current model 

suggests that LL-37 covers the bacterial membrane to form a pore, which causes 
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• leakage of cytoplasmic contents (Henzler Wildman et aI., 2003). The optimal killing 

capacity of LL-37 is achieved in conjunction with other antimicrobial components 

• 


such as B-defensin 2 (Ong et al., 2002), lysozyme and lactoferrin (Bals et aI., 1998). 

Cathelicidins have a a-helical structure, including LL-37 and CRAMP. Other 

examples of a-helical peptides include magainin 2 and CI8G, which are derived from 

frog skin and platelet factor IV, respectively. The last 13 amino acids of the C­

terminus of platelet Factor IV, peptide C13, were found to be antibacterial in human 

serum against bacteria exposed to the cephalosporin antibiotibic, cefepime (Darveau et 

al., 1992). Peptide analogs were optimized for a more potent antimicrobial activity. 

C 18G was shown to have a 80-fold increase in antimicrobial activity as compared to 

C 13. C 18G is often used as the prototypical a-helical peptide because it is easier to 

synthesize. 

Ma croph ages 

Macrophages are phagocytic cells that engulf and digest microorganisms. They 

are found in many areas, principally the lymph nodes and are a key component of the 

innate immune system. Macrophage deficiencies in phagocyte oxidase (phox) and 

inducible nitric oxide synthase (NOS2) result in Salmonella survival (Shiloh et al., 

1999). The production of inflammatory cytokines, such as IFNy by macrophages plays 

an important role in the host response to Salmonella infection (Hess el aI., 1996). The 

divalent cation transporter Nramp 1 (natural resistance-associated macrophage protcin) 

is exclusively expressed by immune cells and localizes to the phagosomal membrane 

after phagocytosis (Cellier et a!., 1995). Recruitment of Nrampl to the SCV removes 

Fe2+ and Mn2+ to create an environment that impairs bacterial replication and 

abrogates the ability of S. typhimurium to block late endocytic compartments fusion 

with the SCV (Cuellar-Mata et al., 2002). 

Mammalian macrophages are activated by lipid A of lipopolysaccharide (LPS), 

which is recognized by the TLR -4 receptor and triggers the expression of cytokines 

and proteins including AMPs (Janeway & Medzhitov, 2002). Bacterial membranes are 

• negatively charged while mammalian membranes are composed of lipids having no 

net charge. Cationic AMPs are preferentially attracted to the bacterial phospholipids as 
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a consequence of the charge interaction. Although, the microbicidal activity of 

cathelicidins is principally directed towards the membrane to cause damage by 

forming ion channels or aqueous pores, some AMPs have as yet unidentified 

intracellular targets (Hale & Hancock, 2007). In murine macrophages, the expression 

of CRAMP increases to impair S. typhimrium growth (Rosenberger et al., 2004). 

CRAMP is critical in controlling intracellular Salmonella since peptide-sensitive 

mutants have enhanced survival in macrophages derived from CRAMP-deficient 

mIce. 

Salmonella resistance to host defenses 

Studies have shown that Salmonella is able to resist innate immune factors, 

namely acidic pH, Nrampl, AMPs, nitric oxide (Shiloh & Nathan, 2000) and oxygen 

radicals (Fang et aI., 1999). 

Most Enterobacteria are able to mount a resistance mechanism to low acidity 

known as the acid tolerance response (ATR), S. typhimurium is no exception (Garcia­

del Portillo et al., 1993). Expression of more than 50 acid shock proteins are 

upregulated upon A TR triggering, through specific signaling pathways, including 

PhoPQ, which coordinates resistance to inorganic acid stress (Bearson et al., 1998). 

To counteract the effects of Nramp 1 Salmonella has two divalent cation transporters, 

MntH to import Mn2+ and SitABCD for Fe2+ and Mn2+ (Kehres et aI., 2000; Kehres et 

aI., 2002). Both mntH and sUA are essential for Salmonella virulence and shown to be 

upregulated upon bacterial internalization by Nramp 1 producing macrophages 

(Zaharik et al., 2004). 

S. typhimurium promotes remodeling of its outer membrane to increase 

resistance to AMPs and dampen host recognition of LPS. The expression levels of E­

selectin from human endothelial cells and TNF-a from human monocyte-derived 

macrophages are higher for LPS from a pho? null mutant as compared to the LPS 

from a constitutive PhoP mutant, which has all the LPS modifications (Guo et al., 

1997). 

• 
Export of AMPs from the bacterium through energy-dependent transporters is 

a mechanism of AMP resistance used by S. typhimurium. ATP-binding cassette (AB C) 
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• transporters, such as the yejABEF and sapABCDF operons, have been implicated in 

AMP resistance (Groisman et al., 1992; Eswarappa et al., 2008). 

• 

Proteolytic enzymes that digest or inactivate AMPs are another mechanism of 

bacterial resistance to innate host defense. An outer membrane protease, PgtE, was 

recently identified in S. typhimurium and promotes resistance to a-helical AMPs 

(Guina et aI., 2000). PgtE is a member of the omptin family of proteases, which are 

present in many Gram-negative pathogenic Enterobacteria, including Yersinia pestis 

(PIa), Shigella jlexneri (SopA) and E. coli (OmpT and OmpP) (Kukkonen & 

Korhonen, 2004; Hritonenko & Stathopoulos, 2007). S. typhimurium PgtE is post­

transcriptionally regulated by PhoP/PhoQ and cleaves AMPs such as C l8G in vitro, 

but its in vivo contribution to AMP resistance appears marginal when expressed from a 

single chromosomal copy (Guina et al., 2000). In vivo, Y pestis PIa activity is 

essential for tissue invasion (Sodeinde et aI., 1992; Lathem et al., 2007). PIa promotes 

degradation of fibrin clots by activating plasminogen into plasmin through inactivation 

of the a2-antiplasmin inhibitor (Kukkonen et aI., 2001). A recent study reveals that PIa 

is also able to inactivate AMPs like LL-37 and CRAMP (Galvan et a!., 2008). 

Furthermore, E. coli OmpT efficiently degrades the AMP protamine in vitro (Stumpe 

et aI., 1998). It is clear that omptins play a role in AMP resistance in vitro. However, 

in vivo the relationship between omptins and bacterial pathogenesis is tenuous. 

PART 6 - ClTROBACTER RODENTlUM PATHOGENESIS 

In the 1960s and 1970s, Citrobacter rodelltium was described m scientific 

literature as an atypical C. Jreulldii strain responsible for enterocolitis in mice. Up until 

1993, only C. Jreulldii, C. koseri and C. amalonalicus were officially recognized 

species of Citrobacter. Once DNA-DNA hybridization was used to reclassify the 

taxon (Brenner et al., 1993) all the atypical C. Jreulldii strains were renamed C. 

rodelltium. 

• 
C. rodentium IS a non-InvasIve pathogen and the etiological agent of 

transmissible murine colonic hyperplasia (Schauer et aI., 1995). The disease is 

characterized by epithelial cell hyperproliferation in the descending colon and is host­

adapted to infect mice. The hyperplastic state can be a precursor for colon 
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• tumorigenesis (Barthold et aI., 1977) and is thought to be akin to humans having an 

increased risk of colorectal cancer when suffering from ulcerative colitis (Lipkin, 

1975). C rodentium adheres to colonic epithelial cells and subverts the host 

cytoskeleton to produce attaching and effacing (AlE) lesions beneath the adherent 

bacteria (Knutton et aI., 1987). This histopathology is associated with local destruction 

of the brush border microvilli. These changes in ultrastructure are identical to those 

produced by the human pathogens enteropathogenic E. coli (EPEC) and 

enterohaemorrhagic E. coli (EHEC) (Rothbaum et al., 1983; Donnenberg et aI., 1993). 

In the developing world, EPEC is a major cause of infantile diarrhoea while EHEC 

causes food-borne bloody diarrhoea in developed countries. EPEC and EHEC have a 

strict host specificity for humans so C rodentium is a convenient in vivo model to 

study these human pathogens. The genome has recently been sequenced and is 

approximately 5,346,659 bp in length. C rodentium contains three cryptic plasmids: 

pCRPl (65 kb), pCRP2 (60 kb) and pCRP3 (3 kb) (Deng et al., 2001). 

• Citrobacter niche 

Environmental conditions within the intestinal lumen are characterized by high 

osmolarity, a neutral pH (except in the stomach and duodenum) and the presence of 

bicarbonate and AMPs. The concentration of free divalent cations has not been 

precisely measured. The concentration of total Mg2+ was approximated at over 20 

mM, although the concentration of free Mg2+ is probably closer to 0.8 mM, which is 

the same as plasma (Jittakhot et aI., 2004; Laires et aI., 2004). 

In the murine intestine, CRAMP mRNA is constitutively expressed and 

immunostaining for CRAMP indicates that it is largely restricted to the surface colon 

epithelial cells (Iimura et aI., 2005). This colonic distribution mirrors that of the 

human cathelicidin LL-37 (Hase et aI., 2002). CRAMP is a functionally important 

non-redundant component of the innate immune system in the colon. Synthetic 

CRAMP and CRAMP present in colonic epithelial cells extracts exert an antimicrobial 

activity against C rodentium. However, CRAMP is only important during the first 

• 
week of C rodentium colonization as CRAMP-deficient mice are more susceptible to 
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• infection and have significantly higher bacterial counts as compared to wild-type mice 

(Iimura et al., 2005). 

• 


Citrobacter pathogenesis 

EPEC, EHEC and C. rodentium possess a PAl called locus of enterocyte 

effacement (LEE) (Figure 13) that causes the AlE pathology. The LEE location of 

integration suggests that although the three pathogens acquired the PAl by horizontal 

gene transfer C. rodentium did so much later than EPEC and EHEC (Deng et aI., 

2001). Transplanting the LEE from a strain of EPEC that causes diarrhea in rabbits 

into the innocuous E. coli K12 strain confers the ability to generate AlE lesions in this 

model (KaraoIis et al., 1997; McDaniel & Kaper, 1997). Five operons encoding 41 

genes reside within the LEE of each AlE pathogen, and can be classified into three 

groups based on function. The first region encodes a T3SS. Several of these genes 

have homology to other pathogenic bacteria including Yersinia, Shigella and 

Salmonella. The middle region contains the eae and tir genes, which encode the 

adhesin intimin and its transmembrane intimin receptor (Tir), respectively. The last 

region comprises effector proteins secreted by the T3SS (Garmendia et al., 2005). 

C. rodentium is transmitted through the fecal-oral route and requires a high 

oral infectious dose of 109 bacteria. It is interesting to note that the C. rodentium shed 

from the stool of infected mice has an infectious dose that is WOO-fold lower and 

suggests a hyper-infectious host-adapted state (Wiles et al., 2005; Bishop et aI., 2007). 

In the colon, AlE pathogens typically use adhesins to mediate primary attachment to 

the host epithelial cells (Johnson & Barthold, 1979). The T3SS assembles in a timely 

fashion with EspA units polymerizing to form the shaft of the needle and together 

EspB/D constitute the translocation pore in the host cell plasma membrane. Tir is 

secreted and localizes to the host cell plasma membrane (Deibel et al., 1998; Kenny et 

al., 1997). lntimin is an integral bacterial outer membrane protein that binds Tir to 

form a very tight interaction (Frankel et al., 2001; Liu et aI., 1999). AlE pedestals 

form underneath adherent bacteria as a consequence of other effectors triggering actin 

• 
polymerization. The function of these pedestals is unclear but may prevent the bacteria 

from being washed away with the flow of diarrhea. 
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~lerlregulator teae/adhesin intimin § IS or IS remnants ~ sep 

,~escltype III secretion ~ tir/intimin receptor () orfs with unknown function v 

~ esp/secreted proteins ~ceslchaperones [i LEE flanking region 

Figure 13. C. rodentium LEE genetic organization. 

The direction of each arrow indicates the orientation of the gene. The major operons 

encoded by the LEE (LEE1, -2, -3 and -4, Tir, RIIR2) are shown along with their 

transcriptional directions. 

Adapted from Deng et al., 2001 

• 

• 
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Regulation of the LEE operons is a complex process that is dependent on 

environmental factors, quorum sensing and several regulators. Most LEE genes are 

positively regulated by Ler (LEE-encoded regulator), which is encoded within the 

LEE. Ler activates transcription by alleviating the repression enforced by the DNA­

binding protein H-NS (Bustamante et al., 2001; Umanski et al., 2002). 

Two-component ~ystems o/Citrobacter rodentium 

Integration of virulence genes into a regulatory network is necessary for 

pathogenesis. To date, no TCS has been characterized in C. rodentium. However, 

genomic analysis of the phylogenetically related E. coli K12 revealed the presence of 

29 SKs, 32 RRs and a single HPt (Mizuno, 1997). E. coli possesses a PhoP/PhoQ TCS 

that is homologous to S. typhimurium but part of a different signal transduction 

network (Eguchi et al., 2004). The E. coli EvgS/EvgA TCS modulates the expression 

of PhoP-regulated genes through a small inner membrane protein, B 1500 (Eguchi et 

al., 2007). Expresssion of the b1500 gene is upregulated by EvgS/EvgA so that the 

gene product can interact with the PhoQ SK to activate the PhoP/PhoQ system 

(Eguchi et al., 2007). 

PART 7 - INTRODUCTION TO THE THESIS 

Our laboratory's focus is on the PhoP/PhoQ two-component system, which 

senses and responds to specific environmental cues. PhoP/PhoQ is essential for 

virulence in a number of Gram-negative plant and animal pathogens. This thesis 

focuses on the TCS PhoP/PhoQ in the extensively characterized S. typhimurium and 

C. rodentium, which is a model system for the study of EHEC and EPEC. 

It has been proposed that Mg2+ is the physiological signal controlling 

PhoP/PhoQ and that detection of extracellular Mg2+ should allow Salmonella to 

distinguish between extracellular and intracellular environments (Garcia Vescovi et 

al., 1996). It is clear that PhoQ is activated by the presence of AMPs found within the 

macrophage phagosome (Bader et al., 2005). One of our research goals is to 

demonstrate that acidification of the macrophage phagosome is directly sensed by the 

• S. typhimllrium PhoQ SK, which has long been proposed as an activating ligand of 
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• PhoQ. The second objective of this research was to decipher the mechanism of signal 

transduction in response to acidic pH. More specifically, to identify the amino acid(s) 

involved in the pH-dependent activation of PhoQ and to characterize the associated 

conformational change using fluorescence spectroscopy. 

PhoP/PhoQ plays a pivotal role in the survival and prolifereation of the 

intracellular pathogen S. typhimurium by sensing and adapting to the AMPs and acidic 

pH within the macrophage phagosome. Since AMPs are secreted in the lumen of the 

small intestine and colon of mammals, the PhoP/PhoQ systems of other enteric 

extracellular pathogens such as EPEC, EHEC and C. rodentium should sense AMPs in 

order to promote resistance. The availability of the C. rodentium genome sequence 

enabled the identification of a phoPQ operon, which is highly homologous to the TCS 

in S. typhimurium. The final objective was to characterize the ligands of C. rodentium 

PhoQ and to determine the role in virulence of the PhoP/PhoQ TCS in C. rodentium . 

• 


• 

46 




• REFERENCES 


Adams, P., R. Fowler, N. Kinsella, G. Howell, M. Farris, P. Coote & c. D. O'Connor, 

(2001) Proteomic detection of PhoPQ- and acid-mediated repression of 
Salmonella motility. Proteomics 1: 597-607. 

Aiba, H., F. Nakasai, S. Mizushima & T. Mizuno, (1989) Phosphorylation of a 
bacterial activator protein, OmpR, by a protein kinase, EnvZ, results 111 

stimulation of its DNA-binding ability. Journal ofBiochemistry 106: 5-7. 

Alpuche Aranda, C. M., 1. A. Swans on, W. P. Loomis & S. I. Miller, (1992) 
Salmonella typhimurium activates virulence gene transcription within acidified 
macrophage phagosomes. Proceedings ofthe National Academy ofSciences of 
the United States ofAmerica 89: 10079-10083. 

Altier, c., (2005) Genetic and environmental control of Salmonella invasion. Journal 
of Microbiology 43 Spec No: 85-92. 

Appleby, J. L., 1. S. Parkinson & R. B. Bourret, (1996) Signal transduction via the 
multi-step phosphorelay: not necessarily a road less traveled. Cell 86: 845-848. 

Appleman, J. A. & V. Stewart, (2003) Mutational analysis of a conserved signal­
transducing element: the HAMP linker of the Escherichia coli nitrate sensor 

• 	 NarX. Journal ofBacteriology 185: 89-97. 

Aravind, L. & C. P. Ponting, (1999) The cytoplasmic helical linker domain of receptor 
histidine kinase and methyl-accepting proteins is common to many prokaryotic 
signalling proteins. PEMSMicrobiology Letters 176: 111-116. 

Bachhawat, P. & A. M. Stock, (2007) Crystal structures of the receiver domain of the 
response regulator PhoP from Escherichia coli in the absence and presence of 
the phosphoryl analog beryllofluoride. Journal of Bacteriology 189: 5987­
5995. 

Bader, M. W., W. W. Navarre, W. Shiau, H. Nikaido, J. G. Frye, M. McClelland, F. C. 
Fang & S. I. Miller, (2003) Regulation of Salmonella typhimurium virulence 
gene expression by cationic antimicrobial peptides. Molecular Microbiology 
50: 219-230. 

Bader, 	M. W., S. Sanowar, M. E. Daley, A. R. Schneider, U. Cho, W. Xu, R. E. 
Klevit, H. Le Moual & S. 1. Miller, (2005) Recognition of antimicrobial 
peptides by a bacterial sensor kinase. Cell 122: 461-472. 

• 
Bajaj, V., C. Hwang & c. A. Lee, (1995) hilA is a novel ompRltoxR family member 

that activates the expression of Salmonella typhimurium invasion genes. 
Molecular Microbiology 18: 715-727 . 

47 




Bakshi, C. S., v. P. Singh, M. W. Wood, P. W. lones, T. S. Wallis & E. E. Galyov, 
(2000) Identification of SopE2, a Salmonella secreted protein which is highly 
homologous to SopE and involved in bacterial invasion of epithelial cells. 
Journal ofBacteriology 182: 2341-2344. 

Bals, R., X. Wang, M. Zasloff & J. M. Wilson, (1998) The peptide antibiotic LL­
37/hCAP-18 is expressed in epithelia of the human lung where it has broad 
antimicrobial activity at the airway surface. Proceedings of the National 
Academy ofSciences ofthe United States ofAmerica 95: 9541-9546. 

Ba1s, R. & J. M. Wilson, (2003) Cathelicidins--a family of multifunctional 
antimicrobial peptides. Cellular & Molecular Life Sciences 60: 711-720. 

Barchiesi, J., M. E. Castelli, F. C. Soncini & E. G. Vescovi, (2008) mgtA Expression is 
induced by rob overexpression and mediates a Salmonella enterica resistance 
phenotype. Journal ofBacteriology 190: 4951-4958. 

Barthold, S. W., G. W. Osbaldiston & A. M. Jonas, (1977) Dietary, bacterial, and host 
genetic interactions in the pathogenesis of transmissible murine colonic 
hyperplasia. Laboratory Animal Science 27: 938-945. 

• 
Bass, R. B. & 1. J. Fa1ke, (1999) The aspartate receptor cytoplasmic domain: in situ 

chemical analysis of structure, mechanism and dynamics. Structure 7: 829­
840. 

Baumler, A. 1., R. M. Tsolis & F. Heffron, (1996) Contribution offimbrial operons to 
attachment to and invasion of epithelial cell lines by Salmonella typhimurium. 
Infection & Immunity 64: 1862-1865. 

Baxter, M. A., T. F. Fah1en, R. L. Wilson & B. D. lones, (2003) HilE interacts with 
Hi1D and negatively regulates hilA transcription and expression of the 
Salmonella enterica serovar Typhimurium invasive phenotype. Infection & 
Immunity 71: 1295-1305. 

Bearson, B. L. & S. M. Bearson, (2008) The role of the QseC quorum-sensing sensor 
kinase in colonization and norepinephrine-enhanced motility of Salmonella 
enterica serovar Typhimurium. Microbial Pathogenesis 44: 271-278. 

Bearson, B. L., L. Wilson & J. W. Foster, (1998) A low pH-inducible, PhoPQ­
dependent acid tolerance response protects Salmonella typhimurium against 
inorganic acid stress. Journal ofBacteriology 180: 2409-2417. 

Behlau, 1. & S. 1. Miller, (1993) A PhoP-repressed gene promotes Salmonella 
typhimurillm invasion of epithelial cells. Journal of Bacteriology 175: 4475­

• 
4484 . 

48 




• 


Beuzon, C. R., S. Meresse, K. E. Unsworth, 1. Ruiz-Albert, S. Garvis, S. R. 
Waterman, T. A. Ryder, E. Boucrot & D. W. Holden, (2000) Salmonella 
maintains the integrity of its intracellular vacuole through the action of SifA. 
EMBO Journal 19: 3235-3249. 

Bijlsma, 1. 1. & E. A. Groisman, (2005) The PhoP/PhoQ system controls the 
intramacrophage type three secretion system of Salmonella enterica. 
Molecular Microbiology 57: 85-96. 

Bilwes, A. M., L. A. Alex, B. R. Crane & M. I. Simon, (1999) Structure of CheA, a 
signal-transducing histidine kinase. Cell 96: 131-141. 

Birmingham, C. L., X. liang, M. B. Ohlson, S. I. Miller & 1. H. Brumell, (2005) 
Salmonella-induced filament formation is a dynamic phenotype induced by 
rapidly replicating Salmonella enterica serovar typhimurium in epithelial cells. 
Infection & Immunity 73: 1204-1208. 

Bishop, A. L., S. Wiles, G. Dougan & G. Frankel, (2007) Cell attachment properties 
and infectivity of host-adapted and environmentally adapted Citrobacter 
rodentium. Microbes & Infection 9: 1316-1324. 

Bishop, R. E., H. S. Gibbons, T. Guina, M. S. Trent, S. 1. Miller & C. R. Raetz, (2000) 
Transfer of palmitate from phospholipids to lipid A in outer membranes of 
gram-negative bacteria. EMBO Journal 19: 5071-5080. 

Blanc-Potard, A. B. & E. A. Groisman, (1997) The Salmonella selC locus contains a 
pathogenicity island mediating intramacrophage survival. EMBO Journal 16: 
5376-5385. 

Brawn, L. c., R. D. Hayward & V. Koronakis, (2007) Salmonella SPll effector SipA 
persists after entry and cooperates with a SPl2 effector to regulate phagosome 
maturation and intracellular replication. Cell Host & Microbe 1: 63-75. 

Brenner, D. l., P. A. Grimont, A. G. Steigerwalt, G. R. Fanning, E. Ageron & C. F. 
Riddle, (1993) Classification of Citrobacteria by DNA hybridization: 
designation of Citrobacter farmeri sp. nov., Citrobacter youngae sp. nov., 
Citrobacter braakii sp. nov., Citrobacter werkmanii sp. nov., Citrobacter 
sedlakii sp. nov., and three unnamed Citrobacter genomospecies.International 
Journal afSystematic Bacteriology 43: 645-658. 

Brown, N. F., B. A. Valiance, B. K. Coombes, Y. Valdez, B. A. Cobum & B. B. 
Finlay, (2005) Salmonella pathogenicity island 2 is expressed prior to 
penetrating the intestine. PLoS Pathogens 1: e32. 

• Brumell, 1. H., S. Kujat-Choy, N. F. Brown, B. A. Vallance, L. A. Knodler & B. B. 
Finlay, (2003) SopD2 is a novel type III secreted effector of Salmonella 

49 




• typhimurium that targets late endocytic compartments upon delivery into host 
cells. Traffic 4: 36-48. 

• 


Buchmeier, N., A. B1anc-Potard, S. Ehrt, D. Piddington, L. Ri1ey & E. A. Groisman, 
(2000) A parallel intraphagosomal survival strategy shared by Mycobacterium 
tuberculosis and Salmonella enterica. Molecular Microbiology 35: 1375-1382. 

Buckler, D. R., Y. Zhou & A. M. Stock, (2002) Evidence of intradomain and 
interdomain flexibility in an OmpR/PhoB homolog from Thermotoga 
maritima. Structure 10: 153-164. 

Bustamante, V. H., L. C. Martinez, F. 1. Santana, L. A. Knodler, O. Steele-Mortimer 
& 1. L. Puente, (2008) HilD-mediated transcriptional cross-talk between SPI-l 
and SPI-2. Proceedings of the National Academy of Sciences of the United 
States ofAmerica 105: 14591-14596. 

Bustamante, V. H., F. 1. Santana, E. Calva & 1. L. Puente, (2001) Transcriptional 
regulation of type III secretion genes in enteropathogenic Escherichia coli: Ler 
antagonizes H-NS-dependent repression. Molecular Microbiology 39: 664­
678. 

Castelli, M. E., E. Garcia Vescovi & F. C. Soncini, (2000) The phosphatase activity is 
the target for Mg2+ regulation of the sensor protein PhoQ in Salmonella . 
Journal ofBiological Chemistry 275: 22948-22954. 

Cegelski, L., G. R. Marshall, G. R. Eldridge & S. 1. Hultgren, (2008) The biology and 
future prospects of antivirulence therapies. Nature Reviews. Microbiology 6: 
17-27. 

Cellier, M., G. Prive, A. Belouchi, T. Kwan, V. Rodrigues, W. Chia & P. Gros, (1995) 
Nramp defines a family of membrane proteins. Proceedings of the National 
Academy ofSciences ofthe United States ofAmerica 92: 10089-10093. 

Chakravortty, D., 1. Hansen-Wester & M. Hensel, (2002) Salmonella pathogenicity 
island 2 mediates protection of intracellular Salmonella from reactive nitrogen 
intermediates. Journal ofExperimental Medicine 195: 1155-1166. 

Chen, L. M., S. Hobbie & J. E. Galan, (1996) Requirement of CDC42 for Salmonella­
induced cytoskeletal and nuclear responses. Science 274: 2115-2118. 

Chervitz, S. A. & 1. 1. Falke, (1995) Lock on/off disulfides identify the 
transmembrane signa ling helix of the aspartate receptor. Journal ofBiological 
Chemistry 270: 24043-24053 . 

• 

50 




• Chervitz, S. A., C. M. Lin & J. J. Falke, (1995) Transmembrane signaling by the 
aspartate receptor: engineered disulfides reveal static regions of the subunit 
interface. Biochemistry 34: 9722-9733. 

• 


Cho, U. S., M. W. Bader, M. F. Amaya, M. E. Daley, R. E. Klevit, S. 1. Miller & W. 
Xu, (2006) Metal bridges between the PhoQ sensor domain and the membrane 
regulate transmembrane signaling. Journal of Molecular Biology 356: 1193­
1206. 

Christensen, K. A., J. T. Myers & J. A. Swanson, (2002) pH-dependent regulation of 
lysosomal calcium in macrophages. Journal ofCell Science 115: 599-607. 

Cirillo, D. M., R. H. Valdivia, D. M. Monack & S. Falkow, (1998) Macrophage­
dependent induction of the Salmonella pathogenicity island 2 type III secretion 
system and its role in intracellular survival. Molecular Microbiology 30: 175­
188. 

Cochran, A. G. & P. S. Kim, (1996) Imitation of Escherichia coli aspartate receptor 
signaling in engineered dimers of the cytoplasmic domain. Science 271: 1113­
1116. 

Criss, A. K. & 1. E. Casanova, (2003) Coordinate regulation of Salmonella enterica 
serovar Typhimurium invasion of epithelial cells by the Arp2/3 complex and 
Rho GTPases.Infection & Immunity 71: 2885-2891. 

Cuellar-Mata, P., N. Jabado, J. Liu, W. Furuya, B. B. Finlay, P. Gros & S. Grinstein, 
(2002) Nramp 1 modifies the fusion of Salmonella typhimurium-containing 
vacuoles with cellular endomembranes in macrophages. Journal ofBiological 
Chemistry 277: 2258-2265. 

Cunliffe, R. N., (2003) Alpha-defensins III the gastrointestinal tract. Molecular 
Immunology 40: 463-467. 

Dann, S. M. & L. Eckmann, (2007) Innate immune defenses in the intestinal tract. 
Current Opinion in Gastroenterology 23: 115-120. 

Darveau, R. P., J. Blake, C. L. Seachord, W. L. Cosand, M. D. Cunningham, L. 
Cassiano-Clough & G. Maloney, (1992) Peptides related to the carboxyl 
terminus of human platelet factor IV with antibacterial activity. Journa/ (~l 

Chniea/lnvestigation 90: 447-455. 

Deibel, c., S. Kramer, T. Chakraborty & F. Ebel, (1998) EspE, a novel secreted 
protein of attaching and effacing bacteria, is directly translocated into infected 
host cells, where it appears as a tyrosine-phosphorylated 90 kDa protein. 

• Mo/ecu/ar Microbi%gy 28: 463-474. 

51 




Deiwick, J., T. Nikolaus, S. Erdogan & M. Hensel, (1999) Environmental regulation 
of Salmonella pathogenicity island 2 gene expression. Molecular Microbiology 
31: 1759-1773. 

Deiwick, J., S. P. Sa1cedo, E. Boucrot, S. M. Gilliland, T. Henry, N. Petermann, S. R. 
Waterman,1. P. Gorvel, D. W. Holden & S. Meresse, (2006) The translocated 
Salmonella effector proteins SseF and SseG interact and are required to 
establish an intracellular replication niche. Infection & Immunity 74: 6965­
6972. 

Deng, W., Y. Li, B. A. ValIance & B. B. Finlay, (2001) Locus of enterocyte 
effacement from Citrobacter rodentium: sequence analysis and evidence for 
horizontal transfer among attaching and effacing pathogens. Infection & 
Immunity 69: 6323-6335. 

Derzelle, S., E. Turlin, E. Duchaud, S. Pages, F. Kunst, A. Givaudan & A. Danchin, 
(2004) The PhoP-PhoQ two-component regulatory system of Photorhabdus 
luminescens is essential for virulence in insects. Journal ofBacteriology 186: 
1270-1279. 

• 
Donnenberg, M. S., S. Tzipori, M. L. McKee, A. D. O'Brien, 1. Alroy & J. B. Kaper, 

(1993) The role of the eae gene of enterohemorrhagic Escherichia coli in 
intimate attachment in vitro and in a porcine model. Journal of Clinical 
Investigation 92: 1418-1424. 

Drecktrah, D., L. A. Knodler, D. Howe & O. Steele-Mortimer, (2007) Salmonella 
trafficking is defined by continuous dynamic interactions with the 
endolysosomal system. Traffic 8: 212-225. 

Dukes, 1. D., H. Lee, R. Hagen, B. J. Reaves, A. N. Lay ton, E. E. Galyov & P. 
Whitley, (2006) The secreted Salmonella dublin phosphoinositide phosphatase, 
SopB, localizes to Ptdlns(3)P-containing endosomes and perturbs normal 
endosome to lysosome trafficking. Biochemical Journal 395: 239-247. 

Dutta, R. & M. Inouye, (2000) GHKL, an emergent ATPase/kinase superfamily. 
Trends in Biochemical Sciences 25: 24-28. 

Eckmann, L., (2005) Defence molecules in intestinal innate immunity against bacterial 
infections. Current Opinion in Gastroenterology 21: 147-151. 

• 

Eguchi, Y., 1. Itou, M. Yamane, R. Demizu, F. Yamato, A. Okada, H. Mori, A. Kato 


& R. Utsumi, (2007) B 1500, a small membrane protein, connects the two­

component systems EvgS/EvgA and PhoQ/PhoP in Escherichia coli. 

Proceedings of the National Academy of Sciences of the United Stales of 

America 104: 18712-18717 . 


52 




Eguchi, Y., T. Okada, S. Minagawa, T. Oshima, H. Mori, K. Yamamoto, A. Ishihama 
& R. Utsumi, (2004) Signal transduction cascade between EvgAlEvgS and 
PhoP/PhoQ two-component systems of Escherichia coli. Journal of 
Bacteriology 186: 3006-3014. 

Ellermeier, C. D., J. R. Ellermeier & J. M. Slauch, (2005) HilD, HilC and RtsA 
constitute a feed forward loop that controls expression of the SPIl type three 
secretion system regulator hilA in Salmonella enterica serovar Typhimurium. 
Molecular Microbiology 57: 691-705. 

Ellermeier, C. D. & J. M. Slauch, (2003) RtsA and RtsB coordinately regulate 
expression of the invasion and flagellar genes in Salmonella enterica serovar 
Typhimurium. Journal ofBacteriology 185: 5096-5108. 

Ellermeier, J. R. & J. M. Slauch, (2007) Adaptation to the host environment: 
regulation of the spn type III secretion system in Salmonella enterica serovar 
Typhimurium. Current Opinion in Microbiology 10: 24-29. 

Ernst, R. K., E. C. Yi, L. Guo, K. B. Lim, J. L. Burns, M. Hackett & S. 1. Miller, 
(1999) Specific lipopolysaccharide found in cystic fibrosis airway 
Pseudomonas aeruginosa. Science 286: 1561-1565. 

• Eswarappa, S. M., K. K. Panguluri, M. Hensel & D. Chakravortty, (2008) The 
yejABEF operon of Salmonella confers resistance to antimicrobial peptides and 
contributes to its virulence. Microbiology 154: 666-678. 

Fahlgren, A., S. Hammarstrom, A. Danielsson & M. L. Hammarstrom, (2004) beta­
Defensin-3 and -4 in intestinal epithelial cells display increased mRNA 
expreSSIOn in ulcerative colitis. Clinical & Experimental Immunolo&YJl 137: 
379-385. 

Fang, F. c., M. A. DeGroote, J. W. Foster, A. J. Baumler, U. Ochsner, T. Testerman, 
S. Bearson, 1. C. Giard, Y. Xu, G. Campbell & T. Laessig, (1999) Virulent 
Salmonella typhimuriZlm has two periplasmic eu, Zn-superoxide dismutases. 
Proceedings of the National Academy of Sciences of the United States of 
America 96: 7502-7507. 

Fellermann, K., D. E. Stange, E. Schaeffeler, H. Schmalzl, 1. Wehkamp, C. L. Bevins, 
w. Reinisch, A. Teml, M. Schwab, P. Lichter, B. Radlwimmer & E. F. Stange, 
(2006) A chromosome 8 gene-cluster polymorphism with low human beta­
defensin 2 gene copy number predisposes to Crohn disease of the colon. 
American Journal olHuman Genetics 79: 439-448. 

• 
Fields, P. 1., E. A. Groisman & F. Heffron, (1989) A Salmonella locus that controls 

resistance to microbicidal proteins from phagocytic cells. Science 243: 1059­
1062. 

53 




• Fields, P. I., R. V. Swanson, C. G. Haidaris & F. Heffron, (1986) Mutants of 
Salmonella typhimurium that cannot survive within the macrophage are 
avirulent. Proceedings of the National Academy of Sciences of the United 
States ofAmerica 83: 5189-5193. 

Flamez, c., I. Ricard, S. Arafah, M. Simonet & M. Marceau, (2007) Two-component 
system regulon plasticity in bacteria: a concept emerging from phenotypic 
analysis of Yersinia pseudotuberculosis response regulator mutants. Advances 
in Experimental Medicine & Biology 603: 145-155. 

Flego, D., R. Marits, A. R. Eriksson, V. Koiv, M. B. Karlsson, R. Heikinheimo & E. 
T. Palva, (2000) A two-component regulatory system, pehR-pehS, controls 
endopolygalacturonase production and virulence in the plant pathogen Erwinia 
carotovora subsp. carotovora. Molecular Plant-Microbe Interactions 13: 447­
455. 

Francis, C. L., T. A. Ryan, B. D. Jones, S. J. Smith & S. Falkow, (1993) Ruffles 
induced by Salmonella and other stimuli direct macropinocytosis of bacteria. 
Nature 364: 639-642. 

• 
Frankel, G., A. D. Phillips, L. R. Trabulsi, S. Knutton, G. Dougan & S. Matthews, 

(2001) Intimin and the host cell--is it bound to end in Tir(s)? Trends in 
Microbiology 9: 214-218. 

Freeman, J. A., M. E. Ohl & S. I. Miller, (2003) The Salmonella enterica serovar 
typhimurium translocated effectors SseJ and SifB are targeted to the 
Salmonella-containing vacuole. Infection & Immunity 71: 418-427. 

Friebel, A., H. Ilchmann, M. Aepfelbacher, K. Ehrbar, W. Machleidt & W. D. Hardt, 
(2001) SopE and SopE2 from Salmonella typhimurium activate different sets 
of RhoGTPases of the host cell. Journal of Biological Chemistry 276: 34035­
34040. 

Fu, Y. 	& J. E. Galan, (1999) A salmonella protein antagonizes Rac-l and Cdc42 to 
mediate host-cell recovery after bacterial invasion. Nature 401: 293-297. 

Gal-Mor, O. & B. B. Finlay, (2006) Pathogenicity islands: a molecular toolbox for 
bacterial virulence. Cellular Microbiology 8: 1707-1719. 

Galan, 1. E. & R. Curtiss, 3rd, (1989) Virulence and vaccine potential ofphoP mutants 
of Salmonella typhimurium. Microbial Pathogenesis 6: 433-443. 

• 
Gallo, R. L., K. 1. Kim, M. Bemfield, C. A. Kozak, M. Zanetti, L. Merluzzi & R. 

Gennaro, (1997) Identification of CRAMP, a cathelin-related antimicrobial 

54 




• peptide expressed in the embryonic and adult mouse. Journal of Biological 
Chemistry 272: 13088-13093. 

Gallois, A., J. R. Klein, L. A. Allen, B. D. Jones & W. M. Nauseef, (2001) Salmonella 
pathogenicity island 2-encoded type III secretion system mediates exclusion of 
NADPH oxidase assembly from the phagosomal membrane. Journal of 
Immunology 166: 5741-5748. 

Galperin, M. Y., (2005) A census of membrane-bound and intracellular signal 
transduction proteins in bacteria: bacterial IQ, extroverts and introverts. BMC 
Microbiology 5: 35. 

Galperin, M. Y., (2006) Structural classification of bacterial response regulators: 
diversity of output domains and domain combinations. Journal ofBacteriology 
188: 4169-4182. 

Galvan, E. M., M. A. Lasaro & D. M. Schifferli, (2008) Capsular antigen fraction 1 
and PIa modulate the susceptibility of Yersinia pestis to pulmonary 
antimicrobial peptides such as cathelicidin. Infection & Immunity 76: 1456­
1464. 

Ganz, 	 T., (2003) Defensins: antimicrobial peptides of innate immunity. Nature 
Reviews. Immunology 3: 710-720. 

Gao, R., T. R. Mack & A. M. Stock, (2007) Bacterial response regulators: versatile 
regulatory strategies from common domains. Trends in Biochemical Sciences 
32: 225-234. 

Garcia Vescovi, E., F. C. Soncini & E. A. Groisman, (1996) Mg2+ as an extracellular 
signal: environmental regulation of Salmonella virulence. Cell 84: 165-174. 

Garcia-del Portillo, F., J. W. Foster & B. B. Finlay, (1993) Role of acid tolerance 
response genes in Salmonella typhimurium virulence. Infection & Immunity 61: 
4489-4492. 

Garmendia, 1., C. R. Beuzon, J. Ruiz-Albert & D. W. Holden, (2003) The roles of 
SsrA-SsrB and OmpR-EnvZ in the regulation of genes encoding the 
Salmonella typhimurium SPI-2 type III secretion system. Microbiology 149: 
2385-2396. 

Garmendia, 1., G. Frankel & V. F. Crepin, (2005) Enteropathogenic and 
enterohemorrhagic Escherichia coli infections: translocation, translocation, 
translocation. Infection & Immunity 73: 2573-2585. 

• Garrett, S. & T. J. Silhavy, (1987) Isolation of mutations in the alpha operon of 
Escherichia coli that suppress the transcriptional defect conferred by a 

55 




• mutation in the porin regulatory gene envZ. Journal ofBacteriology 169: 1379­
1385. 

• 


Ghosh, D., E. Porter, B. Shen, S. K. Lee, D. Wilk, J. Drazba, S. P. Yadav, J. W. 
Crabb, T. Ganz & C. L. Bevins, (2002) Paneth cell trypsin is the processing 
enzyme for human defensin-5. Nature Immunology 3: 583-590. 

Giacomodonato, M. N., S. Uzzau, D. Bacciu, R. Caccuri, S. H. Samacki, S. Rubino & 
M. C. Cerquetti, (2007) SipA, SopA, SopB, SopD and SopE2 effector proteins 
of Salmonella enterica serovar Typhimurium are synthesized at late stages of 
infection in mice. Microbiology 153: 1221-1228. 

Gibbons, H. S., S. Lin, R. J. Cotter & c. R. Raetz, (2000) Oxygen requirement for the 
biosynthesis of the S-2-hydroxymyristate moiety in Salmonella typhimurium 
lipid A. Function of LpxO, A new Fe2+/alpha-ketoglutarate-dependent 
dioxygenase homologue. Journal ofBiological Chemistry 275: 32940-32949. 

Gilles-Gonzalez, M. A. & G. Gonzalez, (2004) Signal transduction by heme­
containing PAS-domain proteins. Journal ofApplied Physiology 96: 774-783. 

Gong, W., B. Hao, S. S. Mansy, G. Gonzalez, M. A. Gilles-Gonzalez & M. K. Chan, 
(1998) Structure of a biological oxygen sensor: a new mechanism for heme­
driven signal transduction. Proceedings ofthe National Academy ofSciences of 
the United States ofAmerica 95: 15177-15182. 

Goudreau, P. N. & A. M. Stock, (1998) Signal transduction in bacteria: molecular 
mechanisms of stimulus-response coupling. Curr Opin Microbioll: 160-169. 

Groisman, E. A., (2001) The pleiotropic two-component regulatory system PhoP­
PhoQ. Journal ofBacteriology 183: 1835-1842. 

Groisman, E. A., C. Parra-Lopez, M. Salcedo, C. J. Lipps & F. Heffron, (1992) 
Resistance to host antimicrobial peptides is necessary for Salmonella 
virulence. Proceedings of the National Academy of Sciences of the United 
States ofAmerica 89: 11939-11943. 

Groisman, E. A. & M. H. Saier, Jr., (1990) Salmonella virulence: new clues to 
intramacrophage survival. Trends in Biochemical Sciences 15: 30-33. 

Guina, T., E. C. Yi, H. Wang, M. Hackett & S. I. Miller, (2000) A PhoP-regulated 
outer membrane protease of Salmonella enterica serovar typhimurium 
promotes resistance to alpha-helical antimicrobial peptides. Journal of 
Bacteriology 182: 4077-4086. 

• Gunn, 1. S., K. B. Lim, 1. Krueger, K. Kim, L. Guo, M. Hackett & S. I. Miller, (1998) 
PmrA-PmrB-regulated genes necessary for 4-aminoarabinose lipid A 

56 




• modification and polymyxin resistance. Molecular Microbiology 27: 1171­
1182. 

Guo, L., K. B. Lim, J. S. Gunn, B. Bainbridge, R. P. Darveau, M. Hackett & S. 1. 
Miller, (1997) Regulation of lipid A modifications by Salmonella typhimurium 
virulence genes phoP-phoQ. Science 276: 250-253. 

Hale, J. D. & R. E. Hancock, (2007) Alternative mechanisms of action of cationic 
antimicrobial peptides on bacteria. Expert Review ofAntiinfective Therapy 5: 
951-959. 

Hang, H. C., J. Loureiro, E. Spooner, A. W. van der Velden, Y. M. Kim, A. M. 
Pollington, R. Maehr, M. N. Starnbach & H. L. Ploegh, (2006) Mechanism­
based probe for the analysis of cathepsin cysteine proteases in living cells. ACS 
Chemical Biology 1: 713-723. 

Haraga, A., M. B. Ohlson & S. 1. Miller, (2008) Salmonellae interplay with host cells. 
Nature Reviews. Microbiology 6: 53-66. 

• 
Hardt, W. D., L. M. Chen, K. E. Schuebel, X. R. Bustelo & J. E. Galan, (1998) S. 

typhimurium encodes an activator of Rho GTPases that induces membrane 
ruffling and nuclear responses in host cells. Cell 93: 815-826 . 

Harper, S. M., L. C. Neil & K. H. Gardner, (2003) Structural basis of a phototropin 
light switch. Science 301: 1541-1544. 

Hase, K., L. Eckmann, J. D. Leopard, N. Varki & M. F. Kagnoff, (2002) Cell 
differentiation is a key determinant of cathelicidin LL-37/human cationic 
antimicrobial protein 18 expression by human colon epithelium. Infection & 
Immunity 70: 953-963. 

Hashim, S., K. Mukherjee, M. Raje, S. K. Basu & A. Mukhopadhyay, (2000) Live 
Salmonella modulate expression of Rab proteins to persist in a specialized 
compartment and escape transport to lysosomes. Journal of Biological 
Chemistry 275: 16281-16288. 

Hayward, R. D. & V. Koronakis, (1999) Direct nucleation and bundling of actin by the 
SipC protein of invasive Salmonella. EMBO Journal 18: 4926-4934. 

Hensel, M., 1. E. Shea, C. Gleeson, M. D. Jones, E. Dalton & D. W. Holden, (1995) 
Simultaneous identification of bacterial virulence genes by negative selection. 
Science 269: 400-403. 

• 
Henzler Wildman, K. A., D. K. Lee & A. Ramamoorthy, (2003) Mechanism of lipid 

bilayer disruption by the human antimicrobial peptide, LL-37. Biochemistry 
42: 6545-6558. 

57 




• Ress, l., C. Ladel, D. Miko & S. R. Kaufmann, (1996) Salmonella typhimurium aroA­
infection in gene-targeted immunodeficient mice: major role of CD4+ TCR­

• 


alpha beta cells and IFN-gamma in bacterial clearance independent of 
intracellular location. Journal ofImmunology 156: 3321-3326. 

Robbie, S., L. M. Chen, R. 1. Davis & 1. E. Galan, (1997) Involvement of mitogen­
activated protein kinase pathways in the nuclear responses and cytokine 
production induced by Salmonella typhimurium in cultured intestinal epithelial 
cells. Journal ofImmunology 159: 5550-5559. 

Hoch, 1. A., (1993) Regulation of the phosphorelay and the initiation of sporulation in 
Bacillus subtilis. Annual Review ofMicrobiology 47: 441-465. 

Hoch, 1. A., (2000) Two-component and phosphorelay signal transduction. Current 
Opinion in Microbiology 3: 165-170. 

Rritonenko, V. & c. Stathopoulos, (2007) Omptin proteins: an expanding family of 
outer membrane proteases in Gram-negative Enterobacteriaceae. Mol Membr 
BioI 24: 395-406. 

Hughes, D. T. & V. Sperandio, (2008) Inter-kingdom signalling: communication 
between bacteria and their hosts. Nature Reviews. Microbiology 6: 111-120 . 

Hughson, A. G. & G. L. Hazelbauer, (1996) Detecting the conformational change of 
transmembrane signaling in a bacterial chemoreceptor by measuring effects on 
disulfide cross-linking in vivo. Proceedings of the National Academy of 
Sciences ofthe United States ofAmerica 93: 11546-11551. 

Hulko, M., F. Berndt, M. Gruber, 1. U. Linder, V. Truffault, A. Schultz, J. Martin, 1. 
E. Schultz, A. N. Lupas & M. Coles, (2006) The RAMP domain structure 
implies helix rotation in transmembrane signaling. Cell 126: 929-940. 

Hung, D. T., E. A. Shakhnovich, E. Pierson & J. J. Mekalanos, (2005) Small-molecule 
inhibitor of Vibrio cholerae virulence and intestinal colonization. Science 310: 
670-674. 

Iimura, M., R. L. Gallo, K. Rase, Y. Miyamoto, L. Eckmann & M. F. Kagnoff, (2005) 
Cathelicidin mediates innate intestinal defense against colonization with 
epithelial adherent bacterial pathogens. Journal of Immunology 174: 4901­
4907. 

laneway, C. A., Jr. & R. Medzhitov, (2002) Innate Immune recognition. Annual 
Review ofImmunology 20: 197-216 . 

• 

58 




• Jiang, P., M. R. Atkinson, C. Srisawat, Q. Sun & A. J. Ninfa, (2000) Functional 
dissection of the dimerization and enzymatic activities of Escherichia coli 
nitrogen regulator II and their regulation by the PII protein. Biochemistry 39: 
13433-13449. 

• 


Jiang, P. & A. J. Ninfa, (1999) Regulation of autophosphorylation of Escherichia coli 
nitrogen regulator II by the PI! signal transduction protein. Journal of 
Bacteriology 181: 1906-191l. 

Jiang, X., O. W. Rossanese, N. F. Brown, S. Kujat-Choy, J. E. Galan, B. B. Finlay & 
J. H. Brumell, (2004) The related effector proteins SopD and SopD2 from 
Salmonella enterica serovar Typhimurium contribute to virulence during 
systemic infection of mice. Molecular Microbiolof,ry 54: 1186-1198. 

Jittakhot, S., 1. T. Schonewille, H. Wouterse, C. Yuangklang & A. C. Beynen, (2004) 
Apparent magnesium absorption in dry cows fed at 3 levels of potassium and 2 
levels of magnesium intake. Journal ofDairy Science 87: 379-385. 

Johnson, E. & S. W. Barthold, (1979) The ultrastructure of transmissible munne 
colonic hyperplasia. American Journal ofPathology 97: 291-313. 

Jones, B. D., (2005) Salmonella invasion gene regulation: a story of environmental 
awareness. Journal ofMicrobiology 43 Spec No: 110-117 . 

Jones, B. D., N. Ghori & S. Falkow, (1994) Salmonella typhimurium initiates murine 
infection by penetrating and destroying the specialized epithelial M cells of the 
Peyer's patches. Journal ofExperimental Medicine 180: 15-23. 

Karaolis, D. K., T. K. McDaniel, J. B. Kaper & E. C. Boedeker, (1997) Cloning of the 
RDEC-l locus of enterocyte effacement (LEE) and functional analysis of the 
phenotype on HEp-2 cells. Advances in Experimental Medicine & Biology 412: 
241-245. 

Kasahara, M., A. Nakata & H. Shinagawa, (1992) Molecular analysis of the 
Escherichia coli phoP-phoQ operon. J Bacteriol174: 492-498. 

Kato, A. & E. A. Groisman, (2004) Connecting two-component regulatory systems by 
a protein that protects a response regulator from dephosphorylation by its 
cognate sensor. Genes & Development 18: 2302-2313. 

Kato, A., H. Tanabe & R. Utsumi, (1999) Molecular characterization of the PhoP­
PhoQ two-component system in Escherichia coli K-12: identification of 
extracellular Mg2f -responsive promoters. Journal of' Bacteriology 181: 5516­
5520 . 

• 

59 




• Kehres, D. G., A. Janakiraman, 1. M. Slauch & M. E. Maguire, (2002) SitABCD is the 
alkaline Mn(2+) transporter of Salmonella enterica serovar Typhimurium. 
Journal ofBacteriology 184: 3159-3166. 

• 


Kehres, D. G., M. L. Zaharik, B. B. Finlay & M. E. Maguire, (2000) The NRAMP 
proteins of Salmonella typhimurium and Escherichia coli are selective 
manganese transporters involved in the response to reactive oxygen. Molecular 
Microbiology 36: 1085-1100. 

Kenney, L. J., (2002) Structure/function relationships in OmpR and other winged­
helix transcription factors. Current Opinion in Microbiology 5: 135-141. 

Kenny, B., R. DeVinney, M. Stein, D. J. Reinscheid, E. A. Frey & B. B. Finlay, 
(1997) Enteropathogenic E. coli (EPEC) transfers its receptor for intimate 
adherence into mammalian cells. Cell 91 : 511-520. 

Khorchid, A. & M. Ikura, (2006) Bacterial histidine kinase as signal sensor and 
transducer. International Journal ofBiochemistry & Cell Biology 38: 307-312. 

Kier, L. D., R. M. Weppelman & B. N. Ames, (1979) Regulation of nonspecific acid 
phosphatase in Salmonella: phoN and pl10P genes. Journal of Bacteriology 
138: 155-161. 

Kim, C. C. & S. Falkow, (2004) Delineation of upstream signaling events in the 
Salmonella pathogenicity island 2 transcriptional activation pathway. Journal 
ofBacteriology 186: 4694-4704. 

Kishii, 	K, L. Falzon, T. Yoshida, H. Kobayashi & M. Inouye, (2007) Structural and 
functional studies of the HAMP domain of EnvZ, an osmosensing 
transmembrane histidine kinase in Escherichia coli. Journal of Biological 
Chemistry 282: 26401-26408. 

Knodler, L. A., B. A. ValIance, M. Hensel, D. Jackel, B. B. Finlay & O. Steele­
Mortimer, (2003) Salmonella type III effectors PipB and PipB2 are targeted to 
detergent-resistant microdomains on internal host cell membranes. Molecular 
Microbiology 49: 685-704. 

Knutton, S., D. R. Lloyd & A. S. McNeish, (1987) Adhesion of enteropathogenic 
Escherichia coli to human intestinal enterocytes and cultured human intestinal 
mucosa. Infection & Immunity 55: 69-77. 

Kong, W., N. Weatherspoon & Y. Shi, (2008) Molecular mechanism for establishment 
of signal-dependent regulation in the PhoP/PhoQ system. Journal ofBiological 
Chemistry 283: 16612-16621. 

• 

60 




• Kox, L. F., M. M. Wosten & E. A. Groisman, (2000) A small protein that mediates the 
activation of a two-component system by another two-component system. 
EMBOJourna119: 1861-1872. 

• 


Kujat Choy, S. L., E. C. Boyle, O. Gal-Mor, D. L. Goode, Y. Valdez, B. A. Vallance 
& B. B. Finlay, (2004) SseKl and SseK2 are novel translocated proteins of 
Salmonella enterica serovar Typhimurium. Infection & Immunity 72: 5115­
5125. 

Kukkonen, M. & T. K. Korhonen, (2004) The omptin family of enterobacterial surface 
proteases/adhesins: from housekeeping in Escherichia coli to systemic spread 
of Yersinia pestis.1jmm International Journal ofMedical Microbiology 294: 7­
14. 

Kukkonen, M., K. Lahteenmaki, M. Suomalainen, N. Kalkkinen, L. Emody, H. Lang 
& T. K. Korhonen, (2001) Protein regions important for plasminogen 
activation and inactivation of alpha2-antiplasmin in the surface protease PIa of 
Yersinia pestis. Molecular Microbiol06IJl 40: 1097-1111. 

Kumar, A., B. Grimes, N. Fujita, K. Makino, R. A. Malloch, R. S. Hayward & A. 
Ishihama, (1994) Role of the sigma 70 subunit of Escherichia coli RNA 
polymerase in transcription activation. Journal ofMolecular Biology 235: 405­
413 . 

Kurokawa, H., D. S. Lee, M. Watanabe, I. Sagami, B. Mikami, C. S. Raman & T. 
Shimizu, (2004) A redox-controlled molecular switch revealed by the crystal 
structure of a bacterial heme PAS sensor. Journal ofBiological Chemistry 279: 
20186-20193. 

Kwon, 	0., D. Georgellis & E. C. Lin, (2003) Rotational on-off switching of a hybrid 
membrane sensor kinase Tar-ArcB in Escherichia coli. Journal of Biological 
Chemistry 278: 13192-13195. 

Laires, M. J., C. P. Monteiro & M. Bicho, (2004) Role of cellular magnesium in health 
and human disease. Frontiers in Bioscience 9: 262-276. 

Larrick, 1. W., M. Hirata, R. F. Balint, 1. Lee, 1. Zhong & S. C. Wright, (1995) Human 
CAPI8: a novel antimicrobial lipopolysaccharide-binding protein. Infection & 
lmmuni~y 63: 1291-1297. 

Lathem, W. W., P. A. Price, V. L. Miller & W. E. Goldman, (2007) A plasminogen­
activating protease specifically controls the development of primary 
pneumonic plague. Science 315: 509-513 . 

• 

61 




• Lee, A. K., C. S. Detweiler & S. Falkow, (2000) OmpR regulates the two-component 
system SsrA-SsrB in Salmonella pathogenicity island 2. Journal of 
Bacteriology 182: 771-781. 

• 


Lee, C. A., B. D. lones & S. Falkow, (1992) Identification of a Salmonella 
typhimurium invasion locus by selection for hyperinvasive mutants. 
Proceedings of the National Academy of Sciences of the United States of 
America 89: 1847-1851. 

Lehrer, R. 1., (2004) Primate defensins. Nature Reviews. Microbiology 2: 727-738. 

Leonardo, M. R. & S. Forst, (1996) Re-examination of the role of the periplasmic 
domain of EnvZ in sensing of osmolarity signals in Escherichia coli. 
Molecular Microbiology 22: 405-413. 

Lesley, J. A. & C. D. Waldburger, (2001) Comparison of the Pseudomonas 
aeruginosa and Escherichia coli PhoQ sensor domains: evidence for distinct 
mechanisms of signal detection. Journal ofBiological Chemistry 276: 30827­
30833. 

Linehan, S. A., A. Rytkonen, X. 1. Yu, M. Liu & D. W. Holden, (2005) SlyA regulates 
function of Salmonella pathogenicity island 2 (SPI-2) and expression of SPI-2­
associated genes. Infection & Immunity 73: 4354-4362 . 

Lipkin, M., (1975) Biology of large bowel cancer. Present status and research 
frontiers. Cancer 36: 2319-2324. 

Liu, H., L. Magoun, S. Luperchio, D. B. Schauer & l. M. Leong, (1999) The Tir­
binding region of enterohaemorrhagic Escherichia coli intimin is sufficient to 
trigger actin condensation after bacterial-induced host cell signalling. 
Molecular Microbiology 34: 67-81. 

Llama-Palacios, A., E. Lopez-Solanilla, C. Poza-Carrion, F. Garcia-Olmedo & P. 
Rodriguez-Palenzuela, (2003) The Erwinia chrysanthemi phoP-phoQ operon 
plays an important role in growth at low pH, virulence and bacterial survival in 
plant tissue. Molecular Microbiology 49: 347-357. 

Lober, S., D. Jackel, N. Kaiser & M. Hensel, (2006) Regulation of Salmonella 
pathogenicity island 2 genes by independent environmental signals. 1jmm 
International Journal ofMedical Microbiology 296: 435-447. 

Lucchini, S., G. Rowley, M. D. Goldberg, D. Hurd, M. Harrison & J. C. Hinton, 
(2006) H-NS mediates the silencing of laterally acquired genes in bacteria. 
PLoS Pathogens 2: e81. 

• 

62 




• Lukat, G. S., W. R. McCleary, A. M. Stock & 1. B. Stock, (1992) Phosphorylation of 
bacterial response regulator proteins by low molecular weight phospho-donors. 
Proceedings of the National Academy of Sciences of the United States of 
America 89: 718-722. 

Makino, K., M. Amemura, S. K. Kim, A. Nakata & H. Shinagawa, (1993) Role of the 
sigma 70 subunit of RNA polymerase in transcriptional activation by activator 
protein PhoB in Escherichia coli. Genes & Development 7: 149-160. 

Marina, A., C. Mott, A. Auyzenberg, W. A. Hendrickson & c. D. Waldburger, (2001) 
Structural and mutational analysis of the PhoQ histidine kinase catalytic 
domain. Insight into the reaction mechanism. Journal ofBiological Chemistry 
276: 41182-41190. 

Marina, A., C. D. Waldburger & W. A. Hendrickson, (2005) Structure of the entire 
cytoplasmic portion of a sensor histidine-kinase protein. EMBO Journal 24: 
4247-4259. 

• 
Martin-Orozco, N., N. Touret, M. L. Zaharik, E. Park, R. Kopelman, S. Miller, B. B. 

Finlay, P. Gros & S. Grinstein, (2006) Visualization of vacuolar acidification­
induced transcription of genes of pathogens inside macrophages. Molecular 
Biology ofthe Cell 17: 498-510. 

Matsushita, M. & K. D. Janda, (2002) Histidine kinases as targets for new 
antimicrobial agents. Bioorganic & Medicinal Chemistry 10: 855-867. 

Matsuyama, S. & S. Mizushima, (1987) Novel rpoA mutation that interferes with the 
function of OmpR and EnvZ, positive regulators of the ompF and ompC genes 
that code for outer-membrane proteins in Escherichia coli KI2. Journal of 
Molecular Biology 195: 847-853. 

Mayover, T. L., C. J. Halkides & R. C. Stewart, (1999) Kinetic characterization of 
CheY phosphorylation reactions: comparison of P-CheA and small-molecule 
phosphodonors. Biochemistry 38: 2259-2271. 

McClelland, M., K. E. Sanderson, J. Spieth, S. W. Clifton, P. Latreille, L. Courtney, S. 
Porwollik, J. Ali, M. Dante, F. Du, S. Hou, D. Layman, S. Leonard, C. 
Nguyen, K. Scott, A. Holmes, N. Grewal, E. Mulvaney, E. Ryan, H. Sun, L. 
Florea, W. Miller, T. Stoneking, M. Nhan, R. Waterston & R. K. Wilson, 
(2001) Complete genome sequence of Salmonella enterica serovar 
Typhimurium LT2. Nature 413: 852-856. 

• 
McDaniel, T. K. & J. B. Kaper, (1997) A cloned pathogenicity island from 

enteropathogenic Escherichia coli confers the attaching and effacing 
phenotype on E. coli K-12. Molecular Microbiology 23: 399-407. 

63 




• Mead, P. S., L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresee, C. Shapiro, P. M . 
Griffin & R. V. Tauxe, (1999) Food-related illness and death in the United 
States. Emerging Infectious Diseases 5: 607-625. 

Merighi, M., C. D. Ellenneier, 1. M. Slauch & J. S. Gunn, (2005) Resolvase-in vivo 
expression technology analysis of the Salmonella enterica serovar 
Typhimurium PhoP and PmrA regulons in BALB/c mice. Journal of 
Bacteriology 187: 7407-7416. 

Miao, E. A., J. A. Freeman & S. I. Miller, (2002) Transcription of the SsrAB regulon 
is repressed by alkaline pH and is independent of PhoPQ and magnesium 
concentration. Journal ofBacteriology 184: 1493-1497. 

Miller, S. I., A. M. Kukral & J. 1. Mekalanos, (1989) A two-component regulatory 
system (phoP phoQ) controls Salmonella typhimurium virulence. Proceedings 
ofthe National Academy ofSciences ofthe United States ofAmerica 86: 5054­
5058. 

Miller, 	S. 1. & 1. 1. Mekalanos, (1990) Constitutive expression of the phoP regulon 
attenuates Salmonella virulence and survival within macrophages. Journal of 
Bacteriology 172: 2485-2490. 

• Mizuno, T., (1997) Compilation of all genes encoding two-component 
phosphotransfer signal transducers in the genome of Escherichia coli. DNA 
Research 4: 161-168. 

Monsieurs, P., S. De Keersmaecker, W. W. Navarre, M. W. Bader, F. De Smet, M. 
McClelland, F. C. Fang, B. De Moor, 1. Vanderleyden & K. Marchal, (2005) 
Comparison of the PhoPQ regulon in Escherichia coli and Salmonella 
typhimurium. Journal ofMolecular Evolution 60: 462-474. 

Montagne, M., A. Martel & H. Le Moual, (2001) Characterization of the catalytic 
activities of the PhoQ histidine protein kinase of Salmonella enterica serovar 
Typhimurium. Journal ofBacteriology 183: 1787-1791. 

Moss, 1. E., P. E. Fisher, B. Vick, E. A. Groisman & A. Zychlinsky, (2000) The 
regulatory protein PhoP controls susceptibility to the host inflammatory 
response in Shigellaflexneri. Cellular Microbiology 2: 443-452. 

Moukhametzianov, R., J. P. Klare, R. Efremov, C. Baeken, A. Goppner, J. Labahn, M. 
Engelhard, G. Buldt & V. I. Gordeliy, (2006) Development of the signal in 
sensory rhodopsin and its transfer to the cognate transducer. Nature 440: 115­
119. 

Navarre, W. W., T. A. Halsey, D. Walthers, J. Frye, M. McClelland, 1. L. Potter, L. J. 
• 	 Kenney, 1. S. Gunn, F. C. Fang & S. 1. Libby, (2005) Co-regulation of 

64 




• Salmonella enterica genes required for virulence and resistance to 
antimicrobial peptides by SlyA and PhoP/PhoQ. Molecular Microbiology 56: 
492-508. 

• 


Navarre, W. W., S. Porwollik, Y Wang, M. McClelland, H. Rosen, S. l. Libby & F. 
C. Fang, (2006) Selective silencing of foreign DNA with low GC content by 
the H-NS protein in Salmonella. Science 313: 236-238. 

Norris, F. A., M. P. Wilson, T. S. Wallis, E. E. Galyov & P. W. Majerus, (1998) 
SopB, a protein required for virulence of Salmonella dublin, is an inositol 
phosphate phosphatase. Proceedings of the National Academy of Sciences of 
the United States ofAmerica 95: 14057-14059. 

O'Neil, D. A., E. M. Porter, D. Elewaut, G. M. Anderson, L. Eckrnann, T. Ganz & M. 
F. Kagnoff, (1999) Expression and regulation of the human beta-defensins 
hBD-l and hBD-2 in intestinal epithelium. Journal ofImmunology 163: 6718­
6724. 

Ochman, H., l. G. Lawrence & E. A. Groisman, (2000) Lateral gene transfer and the 
nature of bacterial innovation. Nature 405: 299-304. 

Oh, Y. K., C. Alpuche-Aranda, E. Berthiaume, T. links, S. I. Miller & l. A. Swanson, 
(1996) Rapid and complete fusion of macrophage Iysosomes with phagosomes 
containing Salmonella typhimurium. Infection & Immunity 64: 3877-3883. 

Ohl, M. E. & S. I. Miller, (2001) Salmonella: a model for bacterial pathogenesis. 
Annual Review ofMedicine 52: 259-274. 

Olekhnovich, 1. N. & R. l. Kadner, (2002) DNA-binding activities of the RilC and 
HiID virulence regulatory proteins of Salmonella enterica serovar 
Typhimurium. Journal ofBacteriology 184: 4148-4160. 

Ong, P. Y, T. Ohtake, C. Brandt, 1. Strickland, M. Boguniewicz, T. Ganz, R. L. Gallo 
& D. Y Leung, (2002) Endogenous antimicrobial peptides and skin infections 
in atopic dermatitis. New England Journal o.lMedicine 347: 1151-1160. 

Oshima, T., S. lshikawa, K. Kurokawa, H. Aiba & N. Ogasawara, (2006) Escherichia 
coli histone-like protein H-NS preferentially binds to horizontally acquired 
DNA in association with RNA polymerase. DNA Research 13: 141-153. 

Oyston, P. C., N. Dorrell, K. Williams, S. R. Li, M. Green, R. W. Titball & B. W. 
Wren, (2000) The response regulator PhoP is important for survival under 
conditions of macrophage-induced stress and virulence in Yersinia pestis. 
Infection & Immunity 68: 3419-3425 . 

• 

65 




• Pappalardo, L., 1. G. Janausch, V. Vijayan, E. Zientz, J. Junker, W. Peti, M . 
Zweckstetter, G. Unden & C. Griesinger, (2003) The NMR structure of the 
sensory domain of the membranous two-component fumarate sensor (histidine 

• 


protein kinase) DcuS of Escherichia coli. Journal ofBiological Chemistry 278: 
39185-39188. 

Park, H. & M. Inouye, (1997) Mutational analysis of the linker region of EnvZ, an 
osmosensor in Escherichia coli. Journal ofBacteriology 179: 4382-4390. 

Parkhill, 1., G. Dougan, K. D. James, N. R. Thomson, D. Pickard, J. Wain, C. 
Churcher, K. L. Mungall, S. D. Bentley, M. T. Holden, M. Sebaihia, S. Baker, 
D. Basham, K. Brooks, T. Chillingworth, P. Connerton, A. Cronin, P. Davis, 
R. M. Davies, L. Dowd, N. White, J. Farrar, T. Feltwell, N. Hamlin, A. Haque, 
T. T. Hien, S. Holroyd, K. Jagels, A. Krogh, T. S. Larsen, S. Leather, S. 
Moule, P. O'Gaora, C. Parry, M. Quail, K. Rutherford, M. Simmonds, J. 
Skelton, K. Stevens, S. Whitehead & B. G. Barrell, (2001) Complete genome 
sequence of a multiple drug resistant Salmonella enterica serovar Typhi CT18. 
Nature 413: 848-852. 

Parkinson, J. S. & E. C. Kofoid, (1992) Communication modules in bacterial signaling 
proteins. Annual Review ofGenetics 26: 71-112. 

Patel, J. C. & 1. E. Galan, (2006) Differential activation and function of Rho GTPases 
during Salmonella-host cell interactions. Journal ofCell Biology 175: 453-463. 

Pazgier, M., D. M. Hoover, D. Yang, W. Lu & J. Lubkowski, (2006) Human beta­
defensins. Cellular & Molecular Life Sciences 63: 1294-1313. 

Perez, J. C. & E. A. Groisman, (2007) Acid pH activation of the PmrA/PmrB two­
component regulatory system of Salmonella enterica. Molecular Microbiology 
63: 283-293. 

Prost, L. R., M. E. Daley, M. W. Bader, R. E. Klevit & S. 1. Miller, (2008) The PhoQ 
histidine kinascs of Salmonella and Pseudomonas spp. are structurally and 
functionally different: evidence that pH and antimicrobial peptide sensing 
contribute to mammalian pathogcnesis. Molecular Microbiology 69: 503-519. 

Prost, L. R. & S. 1. Miller, (2008) The Salmonellae PhoQ sensor: mechanisms of 
detection of phagosome signals. Cellular Microbiology 10: 576-582. 

Prost, L. R., S. Sanowar & S. 1. Miller, (2007) Salmonella sensing of anti-microbial 
mechanisms to promote survival within macrophages. Immunological Reviews 
219: 55-65. 

Qin, Z., B. Lee, L. Yang, J. Zhang, X. Yang, D. Qu, H. Jiang & S. Molin, (2007) 
• Antimicrobial activities of YycG histidine kinase inhibitors against 

66 



• Staphylococcus epidermidis biofilms. FEMS Microbiology Letters 273: 149­
156. 

Qin, Z., 1. Zhang, B. Xu, L. Chen, Y. Wu, X. Yang, X. Shen, S. Molin, A. Danchin, H. 
Jiang & D. Qu, (2006) Structure-based discovery of inhibitors of the YycG 
histidine kinase: new chemical leads to combat Staphylococcus epidermidis 
infections. BMC Microbiology 6: 96. 

Rasko, D. A., C. G. Moreira, R. Li de, N. C. Reading, 1. M. Ritchie, M. K. Waldor, N. 
Williams, R. Taussig, S. Wei, M. Roth, D. T. Hughes, 1. F. Huntley, M. W. 
Fina, J. R. Falck & V. Sperandio, (2008) Targeting QseC signaling and 
virulence for antibiotic development. Science 321: 1078-1080. 

Rather, P. N., M. R. Paradise, M. M. Parojcic & S. Patel, (1998) A regulatory cascade 
involving AarG, a putative sensor kinase, controls the expression of the 2'-N­
acetyltransferase and an intrinsic multiple antibiotic resistance (Mar) response 
in Providencia stuartii. Molecular Microbiology 28: 1345-1353. 

Rathman, M., M. D. Sjaastad & S. Falkow, (1996) Acidification of phagosomes 
containing Salmonella typhimurium in murine macrophages. Infection & 
Immunity 64: 2765-2773. 

• Reinelt, S., E. Hofmann, T. Gerharz, M. Bott & D. R. Madden, (2003) The structure of 
the periplasmic ligand-binding domain of the sensor kinase CitA reveals the 
first extracellular PAS domain. Journal ol Biological Chemistry 278: 39189­
39196. 

Richter-Dahlfors, A., A. M. Buchan & B. B. Finlay, (1997) Murine salmonellosis 
studied by confocal microscopy: Salmonella typhimurium resides 
intracellularly inside macrophages and exerts a cytotoxic effect on phagocytes 
in vivo. Journal ofExperimental Medicine 186: 569-580. 

Roberts, 1. A., P. N. Sockett & O. N. Gill, (1989) Economic impact of a nationwide 
outbreak of salmonellosis: cost-benefit of early intervention. BMJ 298: 1227­
1230. 

Robinson, V. L., D. R. Buckler & A. M. Stock, (2000) A talc of two components: a 
novel kinase and a regulatory switch. Nature Structural Biology 7: 626-633. 

Roland, K. L., L. E. Martin, C. R. Esther & 1. K. Spitznagel, (1993) Spontaneous 
pmrA mutants of Salmonella typhimurium L T2 define a new two-component 
regulatory system with a possible role in virulence. Journal of' Bacteriolob')! 

175: 4154-4164. 

Rosenberger, C. M., R. L. Gallo & B. B. Finlay, (2004) Interplay between 
• antibacterial effectors: a macrophage antimicrobial peptide ImpaIrs 

67 



• intracellular Salmonella replication. Proceedings of the National Academy of 
Sciences ofthe United States ofAmerica 101: 2422-2427. 

Rothbaum, R. J., J. C. Partin, K. Saalfield & A. 1. McAdams, (1983) An ultrastructural 
study of enteropathogenic Escherichia coli infection in human infants. 
Ultrastructural Pathology 4: 291-304. 

Ruiz-Albert, J., X. J. Yu, C. R. Beuzon, A. N. Blakey, E. E. Galyov & D. W. Holden, 
(2002) Complementary activities of SseJ and SifA regulate dynamics of the 
Salmonella typhimurium vacuolar membrane. Molecular Microbiology 44: 
645-661. 

Russo, F. D. & T. J. Silhavy, (1991) EnvZ controls the concentration of 
phosphorylated OmpR to mediate osmoregulation of the porin genes. Journal 
ofMolecular Biology 222: 567-580. 

Russo, F. D. & T. J. Silhavy, (1993) The essential tension: opposed reactions in 
bacterial two-component regulatory systems. Trends in Microbiology 1: 306­
310. 

• 
Salcedo, S. P., M. Noursadeghi, J. Cohen & D. W. Holden, (200 I) Intracellular 

replication of Salmonella typhimurium strains in specific subsets of splenic 
macrophages in vivo. Cellular Microbiology 3: 587-597 . 

Salzman, N. H., D. Ghosh, K. M. Huttner, Y. Paterson & C. L. Bevins, (2003) 
Protection against enteric salmonellosis in transgenic mice expressing a human 
intestinal defensin. Nature 422: 522-526. 

Schauber, J., D. Rieger, F. Weiler, J. Wehkamp, M. Eck, K. Fellermann, W. 
Scheppach, R. L. Gallo & E. F. Stange, (2006) Heterogeneous expression of 
human cathelicidin hCAPI8/LL-37 in inflammatory bowel diseases. European 
Journal ofGastroenterology & Hepatology 18: 615-621. 

Schauer, D. B., B. A. Zabel, 1. F. Pedraza, C. M. O'Hara, A. G. Steigerwalt & D. J. 
Brenner, (1995) Genetic and biochemical characterization of Citrobacter 
rodentium sp. novo Journal o[Clinical Microbiology 33: 2064-2068. 

Schechter, L. M. & c. A. Lee, (2001) AraC/XylS family members, HilC and HiID, 
directly bind and derepress the Salmonella typhimurium hilA promoter. 
Molecular Microbiolof.:,>Y 40: 1289-1299. 

Schlundt, J., H. Toyofuku, J. Jansen & S. A. Herbst, (2004) Emerging food-borne 
zoonoses. Revue Scientifique et Technique 23: 513-533. 

Schmidt, H. & M. Hensel, (2004) Pathogenicity islands in bacterial pathogenesis. 
• Clinical Microbiology Reviews 17: 14-56. 

68 



• 


Scott, W. G. & B. L. Stoddard, (1994) Transmembrane signalling and the aspartate 
receptor. Structure 2: 877-887. 

Shea, J. E., M. Hensel, C. Gleeson & D. W. Holden, (1996) Identification of a 
virulence locus encoding a second type In secretion system in Salmonella 
typhimurium. Proceedings of the National Academy ofSciences of the United 
States ofAmerica 93: 2593-2597. 

Sherman, H., N. Chapnik & O. Froy, (2006) Albumin and amino acids upregulate the 
expression of human beta-defensin 1. Molecular Immunology 43: 1617-1623. 

Shi, 1., G. Scita & J. E. Casanova, (2005) WAVE2 signaling mediates invasion of 
polarized epithelial cells by Salmonella typhimurium. Journal of Biological 
Chemistry 280: 29849-29855. 

Shi, Y., T. Latifi, M. J. Cromie & E. A. Groisman, (2004) Transcriptional control of 
the antimicrobial peptide resistance ugtL gene by the Salmonella PhoP and 
SlyA regulatory proteins. Journal ofBiological Chemistry 279: 38618-38625. 

Shiloh, M. u., J. D. MacMicking, S. Nicholson, J. E. Brause, S. Potter, M. Marino, F. 
Fang, M. Dinauer & C. Nathan, (1999) Phenotype of mice and macrophages 
deficient in both phagocyte oxidase and inducible nitric oxide synthase . 
Immunity 10: 29-38. 

Shiloh, M. U. & C. F. Nathan, (2000) Reactive nitrogen intermediates and the 
pathogenesis of Salmonella and Mycobacteria. Current Opinion In 

Microbiology 3: 35-42. 

Smith, A. C., J. T. Cirulis, J. E. Casanova, M. A. Scidmore & J. H. Brumell, (2005) 
Interaction of the Salmonella-containing vacuole with the endocytic recycling 
system. Journal ofBiological Chemistry 280: 24634-24641. 

Smith, R. L. & M. E. Maguire, (1998) Microbial magnesium transport: unusual 
transporters searching for identity. Molecular Microbiology 28: 217-226. 

Sodeinde, O. A., Y. V. Subrahmanyam, K. Stark, T. Quan, Y. Bao & J. D. Goguen, 
(1992) A surface protease and the invasive character of plague. Science 258: 
1004-1007. 

Soncini, F. c., E. Garcia Vescovi, F. Solomon & E. A. Groisman, (1996) Molecular 
basis of the magnesium deprivation response in Salmonella typhimurium: 
identification of PhoP-regulated genes. Journal of Bacteriology 178: 5092­
5099 . 

• 

69 




• 


Soncini, F. C., E. G. Vescovi & E. A. Groisman, (1995) Transcriptional autoregulation 
of the Salmonella typhimurium phoPQ operon. Journal of Bacteriology 177: 
4364-4371. 

Song, Y., D. Peisach, A. A. Pioszak, Z. Xu & A. J. Ninfa, (2004) Crystal structure of 
the C-terminal domain of the two-component system transmitter protein 
nitrogen regulator II (NRII; NtrB) , regulator of nitrogen assimilation in 
Escherichia coli. Biochemistry 43: 6670-6678. 

Sperandio, V., A. G. Torres, B. Jarvis, J. P. Nataro & J. B. Kaper, (2003) Bacteria-host 
communication: the language of hormones. Proceedings of the National 
Academy ofSciences ofthe United States ofAmerica 100: 8951-8956. 

Steele-Mortimer, 0., (2008) The Salmonella-containing vacuole: moving with the 
times. Current Opinion in Microbiology 11: 38-45. 

Steele-Mortimer, 0., S. Meresse, J. P. Gorvel, B. H. Toh & B. B. Finlay, (1999) 
Biogenesis of Salmonella typhimurium-containing vacuoles in epithelial cells 
involves interactions with the early endocytic pathway. Cellular Microbiology 
1: 33-49. 

Stender, S., A. Friebel, S. Linder, M. Rohde, S. Mirold & W. D. Hardt, (2000) 
Identification of SopE2 from Salmonella typhimurium, a conserved guanine 
nucleotide exchange factor for Cdc42 of the host cell. Molecular Microbiology 
36: 1206-1221. 

Stock, A. M., V. L. Robinson & P. N. Goudreau, (2000) Two-component signal 
transduction. Annu Rev Biochem 69: 183-215. 

Stock, J. B., A. J. Ninfa & A. M. Stock, (1989) Protein phosphorylation and regulation 
of adaptive responses in bacteria. Microbiological Reviews 53: 450-490. 

Stock, J. B., A. M. Stock & J. M. Mottonen, (1990) Signal transduction in bacteria. 
Nature 344: 395-400. 

Stumpe, S., R. Schmid, D. L. Stephens, G. Georgiou & E. P. Bakker, (1998) 
Identification of OmpT as the protease that hydrolyzes the antimicrobial 
peptide protamine before it enters growing cells of Escherichia coli. Journal of 
Bacteri% b,)! 180: 4002-4006. 

Tao, T., M. D. Snavely, S. G. FaIT & M. E. Maguire, (1995) Magnesium transport in 
Salrnonella ~vphimurium: mgtA encodes a P-type ATPase and is regulated by 
Mg21 in a manner similar to that of the mgtB P-type ATPase. Journal 0(" 
Bacteriology 177: 2654-2662 . 

• 

70 




Taylor, B. L. & 1. B. Zhulin, (1999) PAS domains: internal sensors of oxygen, redox 
potential, and light. Microbiology & Molecular Biology Reviews 63: 479-506. 

Tokishita, S., A. Kojima & T. Mizuno, (1992) Transmembrane signal transduction and 
osmoregulation in Escherichia coli: functional importance of the 
transmembrane regions of membrane-located protein kinase, EnvZ. Journal oJ 
BiochemistlY 111: 707-713. 

Tomomori, C., T. Tanaka, R. Dutta, H. Park, S. K. Saha, Y. Zhu, R. Ishima, D. Liu, K. 
1. Tong, H. Kurokawa, H. Qian, M. Inouye & M. Ikura, (1999) Solution 
structure of the homodimeric core domain of Escherichia coli histidine kinase 
EnvZ. Nature Structural Biologv 6: 729-734. 

Trent, M. S., W. Pabich, C. R. Raetz & S. 1. Miller, (2001) A PhoP/PhoQ-induced 
Lipase (PagL) that catalyzes 3-0-deacylation of lipid A precursors in 
membranes of Salmonella typhimurium. Journal oJBiological Chemistry 276: 
9083-9092. 

Uchiya, K., M. A. Barbieri, K. Funato, A. H. Shah, P. D. Stahl & E. A. Groisman, 
(1999) A Salmonella virulence protein that inhibits cellular trafficking. EMBO 
10urna/18: 3924-3933. 

Uhl, M. A. & 1. F. Miller, (1994) Autophosphorylation and phosphotransfer in the 
Bordetella pertussis BvgAS signal transduction cascade. Proceedings oJ the 
National Academy oJSciences oJthe United States oJAmerica 91: 1163-1167. 

Ulrich, L. E. & I. B. Zhulin, (2007) MiST: a microbial signal transduction database. 
Nucleic AcidS" Research 35: 0386-390. 

Umanski, T., I. Rosenshine & D. Friedberg, (2002) Thermoregulated expression of 
virulence genes in enteropathogenic Escherichia coli. Microbiology 148: 2735­
2744. 

Unsworth, K. E., M. Way, M. McNiven, L. Machesky & D. W. Holden, (2004) 
Analysis of the mechanisms of Salmonella-induced actin assembly during 
invasion of host cells and intracellular replication. Cellular Microbiology 6: 
104\-\ 055. 

Utsumi, R., R. E. Brissette, A. Rampersaud, S. A. Forst, K. Oosawa & M. Inouye, 
(1989) Activation of bacterial porin gene expression by a chimeric signal 
transducer in response to aspartate. Science 245: 1246-1249. 

Valdivia, R. H. & S. F alkow, (1997) Probing bacterial gene expression within host 
cells. Trend" in Microhi% 6'Y 5: 360-363 . 

• 

71 




• Vazquez-Torres, A., Y. Xu, 1. Jones-Carson, D. W. Holden, S. M. Lucia, M. C . 
Dinauer, P. Mastroeni & F. C. Fang, (2000) Salmonella pathogenicity island 2­
dependent evasion of the phagocyte NADPH oxidase. Science 287: 1655-1658. 

Vescovi, E. G., Y. M. Ayala, E. Di Cera & E. A. Groisman, (1997) Characterization of 
the bacterial sensor protein PhoQ. Evidence for distinct binding sites for Mg2+ 
and Ca2+. Journal ofBiological Chemistry 272: 1440-1443. 

Volz, K., (1993) Structural conservation in the Che Y superfamily. Biochemistry 32: 
11741-11753. 

Waldburger, C. D. & R. T. Sauer, (1996) Signal detection by the PhoQ sensor­
transmitter. Characterization of the sensor domain and a response-impaired 
mutant that identifies ligand-binding determinants. Journal of Biological 
Chemistry 271: 26630-26636. 

Weeks, C. S., H. Tanabe, J. E. Cummings, S. P. Crampton, T. Sheynis, R. Jelinek, T. 
K. Vanderlick, M. J. Cocco & A. 1. Ouellette, (2006) Matrix 
metalloproteinase-7 activation of mouse paneth cell pro-alpha-defensins: 
SER43 down arrow ILE44 proteolysis enables membrane-disruptive activity. 
Journal ofBiological Chemistry 281: 28932-28942. 

• Wehkamp, J., J. Schauber & E. F. Stange, (2007) Defensins and cathelicidins III 

gastrointestinal infections. Current Opinion in Gastroenterology 23: 32-38. 

Weiss, D. S., A. Brotcke, T. Henry, J. 1. Margolis, K. Chan & D. M. Monack, (2007) 
In vivo negative selection screen identifies genes required for Francisella 
virulence. Proceedings of the National Academy of Sciences of the United 
States ofAmerica 104: 6037-6042. 

West, A. H. & A. M. Stock, (2001) Histidine kinases and response regulator proteins 
in two-component signaling systems. Trend') in Biochemical Sciences 26: 369­
376. 

Wiles, S., G. Dougan & G. Frankel, (2005) Emergence of a 'hyperinfectious' bacterial 
state after passage of Citrobacter rodentium through the host gastrointestinal 
tract. Cellular Microbiology 7: 1163-1172. 

Wilson, C. L., A. J. Ouellette, D. P. Satchell, T. Ayabe, Y. S. Lopez-Boado, J. L. 
Stratman, S. 1. Hultgren, L. M. Matrisian & W. C. Parks, (1999) Regulation of 
intestinal alpha-defensin activation by the metalloproteinase matrilysin in 
innate host defense. Science 286: 1 13-117. 

Worley, M. J., K. H. Ching & F. Heffron, (2000) Salmonella SsrB activates a global 

• 
regulon of horizontally acquired genes. Molecular Microbiology 36: 749-761. 

72 




Wosten, M. M., L. F. Kox, S. Chamnongpol, F. C. Soncini & E. A. Groisman, (2000) 
A signal transduction system that responds to extracellular iron. Cell 103: 113­
125. 

Yang, 	 Y. & M. Inouye, (1991) Intermolecular complementation between two 
defective mutant signal-transducing receptors of Escherichia coli. Proceedings 
of the National Academy of Sciences of the United States of America 88: 
11057-11061. 

Zaharik, M. L., V. L. Cullen, A. M. Fung, S. 1. Libby, S. L. Kujat Choy, B. Cobum, 
D. G. Kehres, M. E. Maguire, F. C. Fang & B. B. Finlay, (2004) The 
Salmonella enterica serovar Typhimurium divalent cation transport systems 
MntH and SitABCD are essential for virulence in an Nramp 1 G 169 murine 
typhoid model. Infection & Immunity 72: 5522-5525. 

Zapf,1. W., J. A. Hoch & 1. M. Whiteley, (1996) A phosphotransferase activity of the 
Bacillus subtilis sporulation protein SpoOF that employs phosphoramidate 
substrates. Biochemistry 35: 2926-2933. 

Zhang, Y., W. Higashide, S. Dai, D. M. Sherman & D. Zhou, (2005) Recognition and 
ubiquitination of Salmonella type III effector SopA by a ubiquitin E3 ligase, 
HsRMA 1. Journal ofBiological Chemistry 280: 38682-38688. 

Zhou, D., L. M. Chen, L. Hernandez, S. B. Shears & J. E. Galan, (2001) A Salmonella 
inositol polyphosphatase acts in conjunction with other bacterial effectors to 
promote host cell actin cytoskeleton re arrangements and bacterial 
internalization. Molecular Microbiology 39: 248-259. 

Zhou, D., M. S. Mooseker & J. E. Galan, (1999) Role of the S. typhimurium actin­
binding protein SipA in bacterial internalization. Science 283: 2092-2095. 

Zhu, Y., L. Qin, T. Yoshida & M. lnouye, (2000) Phosphatase activity of histidine 
kinase EnvZ without kinase catalytic domain. Proceedings of the National 
Academy ofSciences ofthe United States ofAmerica 97: 7808-7813. 

Zwir, 1., D. Shin, A. Kato, K. Nishino, T. Latifi, F. Solomon, 1. M. Hare, H. Huang & 
E. A. Groisman, (2005) Dissecting the PhoP regulatory network of Escherichia 
coli and Salmonella enterica. Proceedings of the National Academy of 
Sciences ofthe United States ofAmerica 102: 2862-2867 . 

• 

73 




PREFACE TO CHAPTER 2 

The notion that divalent-cation depletion within the macrophage phagosome is 

the activating signal of Salmonella typhimurium PhoQ has existed for some time. 

However, recent studies have measured the concentration of Mg2+ within the 

phagosome and determined it to be in the low millimolar range. These concentrations 

are known to repress the activation of PhoQ. Because mild acid pH promotes the 

transcription of certain PhoP-activated genes, it has long been speculated that 

Salmonella PhoQ senses pH. 

Chapter 2 is a published manuscript that describes the characterization of 

acidic pH as a physiologically relevant activating signal of PhoQ in the macrophage 

phagosome. In vivo transcription assays and reconstitution of PhoQ In 

proteoliposomes demonstrate that acidic pH directly activates PhoQ in the presence of 

millimolar concentrations of Mg2+. This Chapter also describes NMR analysis that 

illustrates that the PhoQ periplasmic domain undergoes conformational changes in the 

presence of acidic conditions. Taken together, these data have allowed us to form a 

model for PhoQ-mediated activation by acidic pH . • 
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ABSTRACT 

The Salmonellae PhoQ sensor kinase senses the mammalian phagosome 

environment to activate a transcriptional program essential for virulence. The PhoQ 

periplasmic domain binds divalent cations, forming bridges with inner membrane 

phospholipids to maintain PhoQ repression. PhoQ also binds and is activated by 

cationic antimicrobial peptides. In this work, PhoQ is directly activated by exposure of 

the sensor domain to pH 5.5. NMR spectroscopy indicates that at acidic pH, the PhoQ 

periplasmic domain adopts a conformation different from that in the presence of 

divalent cations or antimicrobial peptides. The conformation is partially simulated by 

mutation of histidine 157, which is part of an interaction network that distinguishes the 

repressed conformation. The effects of antimicrobial peptides and pH on PhoQ 

activity are additive. We propose a model of activation by antimicrobial peptides via 

disruption of the cation bridges and/or by acidification of the periplasm through 

destabilization of the interaction network . 
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• INTRODUCTION 

Salmonella species infect a range of hosts and are causative agents of the 

human diseases typhoid fever and gastroenteritis (Pegues et al., 2005). During 

• 


systemic infection, S. typhimurium survives phagocytosis by host macrophages to 

promote disease (Fields et aI., 1986; Leung & Finlay, 1991). Within the phagosome 

the bacteria are exposed to a variety of antimicrobial factors including toxic oxygen 

and nitrogen species, antimicrobial peptides, proteases, and acidic pH. Salmonella 

sense the phagosome environment through specific sensing mechanisms and avoid 

killing by using these sensors to change gene expression. One such sensing system 

important for Salmonella pathogenesis is the two-component system PhoPQ, which 

controls various potential virulence mechanisms including resistance to antimicrobial 

peptides (Fields et al., 1989; Miller et al., 1990; Gunn & Miller, 1996), small 

molecule transporters, and survival in acidic pH environments (Foster & Hall, 1990). 

PhoQ is a membrane-bound sensor kinase that is activated by the intracellular 

environment (Miller et al., 1989). Activation leads to autophosphorylation of PhoQ, 

followed by phosphorylation of the response regulator protein PhoP, which controls 

transcription of a large group of genes (Miller et aI., 1989; Belden & Miller, 1994; 

Soncini et al., 1996; Gunn & Miller, 1996). 

PhoQ is an inner membrane protein with two transmembrane regIOns, a 

periplasmic sensor domain, and a cytosolic kinase domain (see Figure 3A) which 

autophosphorylates through an intramolecular interaction to promote phosphorylation 

of the transcriptional activator PhoP. PhoQ is repressed in growth medium with 

divalent cation (Mg2+, Mn2f, or Ca2+) concentrations of 5 mM or greater (Garcia 

Vescovi et al., 1996). Bacterial cells grown in low micromolar concentrations of these 

three divalent cations, an environment that results in significant growth inhibition, 

have increased PhoQ-mediated gene expression. However, because the concentration 

of Mg2+ inside Salmonella-containing vacuoles has been estimated at I mM (Martin­

Orozco et al., 2006), it is unclear whether the results using medium limited for 

divalent cations, which destabilizes the bacterial outer membrane, are directly relevant 

• 
to intracellular activation. At 1 mM Mg2 t- or Ca2", PhoQ can be activated by host 

antimicrobial peptides (Bader et al., 2005). In the crystal structure of PhoQ in its 
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• repressed state, Ca2+ ions bind aspartic and glutamic acid residues in an acidic patch of 

PhoQ that putatively faces the membrane. These Ca2+ ions are hypothesized to form 

bridges between the protein surface and the inner membrane (Cho et al., 2006). NMR 

• 


experiments demonstrate that Mg2+ and Ca2+ bind to identical sites in the periplasmic 

domain and that 20 mM concentrations of either divalent cation produces the same 

structural (repressed) state (Cho et al., 2006). A variety of experimental data indicate 

that PhoQ can be activated by displacement of divalent cations from this acidic region 

by antimicrobial peptides (Bader et al., 2005). 

PhoQ-mediated gene expression can also be activated in medium of Iow pH 

(Alpuche Aranda et al., 1992; Bearson et al., 1998; Martin-Orozco et al., 2006). It 

would be reasonable for PhoQ to sense this change, as it encounters acidic pH (~5.5) 

in the macrophage phagosome. It is plausible that such a change could destabilize the 

divalent cation bridges that function to maintain repression of the system. In further 

support of this idea, PhoP-mediated gene expression is part of the adaptive acid 

tolerance response (Foster & Hall, 1990; Bearson et al., 1998). Furthermore, PhoQ­

dependent gene expression in vivo after phagocytosis by macrophages requires 

acidification of the Salmonellae-containing phagosomes (Alpuche Aranda et al., 1992; 

Martin-Orozco et al., 2006). Because many of these effects could be a result of 

indirect effects on the bacteria or the phagosome, we examined whether acidic pH is a 

direct activating signal for PhoQ . 

• 

78 




RESULTS 

PhoQ Is Activated in Acidic Growth Medium with Millimolar Concentrations of• 

• 


Divalent Cations 

Though previous studies have suggested that PhoP-dependent genes can be 

activated in growth medium at acidic pH, the use of growth medium with defined 

divalent cation and hydrogen ion concentrations has not been reported. A bacterial 

strain expressing a reporter protein fusion to the PhoP-controlled gene encoding acid 

phosphatase (PhoN) was grown in culture medium buffered so that pH was subject to 

only minor fluctuations over the course of an experiment. These media allow 

activation at incremental pH changes to be measured reliably. Figure lA shows that 

PhoPQ-dependent gene expression increases with decreasing pH independent of 

divalent cation concentration. pH-dependent activation was observed at 1 mM MgCh, 

where PhoN expression increased 3-fold by lowering the pH from 7.5 to 5.5. 

Interestingly, activation was maximal at pH 5.5 and decreased at pH 5.0--4.5. Notably, 

at pH 5.5, activation reached the same level as with divalent cation limitation at pH 

7.5. Culture growth was severely inhibited in medium containing 10 mM Mg2+ at 

acidic pH. Despite this growth limitation, we did not observe increased reporter gene 

expression at low divalent cation concentration with acidification (data not shown). 

The Mg2+ concentration inside Salmonella-containing phagosomes is estimated to be 1 

mM (Martin-Orozco et al., 2006), suggesting that the observed pH response may be 

relevant to infection. Activation was observed even in the presence of 10 mM MgCh, 

a concentration that strongly represses PhoQ at neutral pH. Despite this repression at 

pH 7.5 in the presence of a high concentration of MgCh, we observed a 5.5-fold 

increase in PhoN expression by lowering the pH from 7.5 to 5.5. Activation by acidic 

pH in the presence of divalent cations was not observed in a PhoQ null mutant and 

was restored when the mutation was complemented with PhoQ expressed from a 

plasmid (Figure I B), confirming that PhoQ is required for the observed pH response. 

PhoQ Is Directly Activated by Exposure ofthe Periplasmic Domain to Acidic pH 

• 
To demonstrate direct activation of PhoP by PhoQ upon exposure to acidic pH, 

we used a reconstituted in vitro system described previously (Bader et al., 2005; 
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• Sanowar & Le Moual, 2005). Full-length PhoQ was purified from membranes and 

reconstituted into vesicles. PhoQ inserts in a unidirectional orientation with the 

periplasmic domain facing the lumen of the vesicles. This allowed us to lower the pH 

inside the vesicles, while keeping a constant pH of 7.5 outside the vesicles for optimal 

PhoQ kinase activity (measured as the amount of phosphorylated PhoP generated). As 

shown in Figure IC, increased phospho-PhoP was observed at acidic pH in the 

absence of MgCb. Similar results were obtained when MgCb at a concentration of I 

mM was present inside the vesicles (data not shown). Lowering intralumenal pH from 

7.5 to 5.5 resulted in a 3.5-fold increase of PhoP phosphorylation. As observed in the 

in vivo experiments, activation was maximal at pH 5.5 and decreased at pH 5.0-4.5. 

Together, these results suggest that PhoQ is capable of activating PhoP directly upon 

exposure to acidic pH in millimolar concentrations of divalent cation. 

Antimicrobial Peptides and Acidic pH Activate PhoQ Additively 

• 
Two signals have now been shown to directly activate PhoQ in the presence of 

millimolar concentrations of divalent cations, subinhibitory (micromolar) 

concentrations of antimicrobial peptides and acidic pH. To determine whether these 

• 

signals could have additive effects, we grew the PhoN reporter strain in media at pH 

7.5, 6.5, or 5.5; with or without antimicrobial peptide; and with I mM (physiological 

concentration) or 10 mM (repressing concentration) Mg2+. The synthetic antimicrobial 

peptide C 18G was used as a prototypical a-helical, cationic peptide to mimic one that 

might be encountered in vivo. This peptide has similar activation of the PhoQ system 

to the natural mouse and human antimicrobial peptides CRAMP and LL-37 but is 

cheaper and easier to synthesize. As seen in Figure 2A, the two signals act additively 

to activate PhoP-dependent gene expression. With 1 mM Mg2+ in the absence of 

peptide, activation increases with decreasing pH, as observed above. When peptide is 

present under these conditions, the activation at each pH was even greater. The same 

trend is observed in 10 mM Mg2+; namely, addition of peptide increases the pH 

activation. However, the activation at 10 mM Mg2+ is not as strong, indicating that 

while pH and peptide can overcome strong divalent cation repression, divalent cations 
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Figure 1. PhoP-Dependent Gene Activation by Acidic pH Is Mediated Directly by 

PhoQ. 

(A) PhoP-dependent gene activation increases in acidified media. A reporter fusion 

between PhoP-dependent acid phosphatase (Ph oN) and E. coli PhoA was used to 

measure activation. Cultures were grown in N-minimal medium buffered with MES 

and containing 1 or 10 mM MgCh, as indicated. 

(B) The PhoP-dependent pH response requires PhoQ. Activities were measured in the 

PhoQ wild-type strain CS 120 and MB 101 , which carries a phoQ:: tet allele. The 

response could be complemented in MB 106, which has a plasmid carrying PhoQ 

under the control of the arabinose promoter (pBAD24-phoQ). Cultures were grown in 

N-minimal medium buffered with MES at pH 7.5 (black bars) and 5.5 (gray bars), and 

containing 10 mM MgCh. 

(C) PhoQ-mediated phosphorylation of PhoP depends on the acidification of 

intralumenal pH. The vesicles were formed in the presence of sodium phosphate 

(black bars) or citrate phosphate (gray bars) adjusted to the appropriate pH. Vesicles 

were incubated in the presence of [y_32p ]ATP and an 8-fold molar excess of PhoP for 

20 min at 22°C. The amounts of e2p]phospho-PhoP were determined with a 

phosphoimager. All graphed values are mean ± standard deviation . 

• 
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Figure 2. Peptides and pH Have an Additive Effect on PhoPQ Activation. 

(A) PhoP-dependent gene activation relies on Mg2+, peptide, and pH. Cultures were 

grown in N-minimal medium buffered with MES and containing 1 mM or 10 mM 

MgCb. C 18G was added to 5 mg/ml where indicated. (B) The presence of peptide 

further increases PhoP phosphorylation at all pH values. Vesicles were formed in the 

presence of sodium phosphate (black bars) or citrate phosphate buffer (gray bars) 

supplemented or not with 1 mg/ml C 18G. Phosphorylation of PhoP was determined as 

• described in Figure 1 C. All graphed values are mean ± standard deviation. 
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still exert some repressing effect at all pH values. This may be in part because the 

divalent cations will compete with peptide for binding to lipopolysaccharide (LPS) as 

well as PhoQ and penetration through the outer membrane is required for activation of 

inner membrane PhoQ. 

To determine whether the additive nature of peptide and pH on PhoPQ 

activation is a direct result of sensing the two signals by PhoQ, we examined the 

combined effect of pH and peptide on phosphorylation of PhoP using the in vitro 

reconstituted system. As shown in Figure 2B, PhoP phosphorylation was enhanced 2­

to 3-fold in the presence of peptide at each pH tested. This demonstrates that the 

additive effect of pH and peptide on PhoP activation is mediated by PhoQ and 

suggests that PhoQ is able to sense both signals directly. 

Conformation ofthe PhoQ Sensor Domain Is Sensitive to pH Changes 

Based on the above data with purified PhoQ reconstituted into membrane 

vesicles, we hypothesized that a change in external pH could alter the conformation of 

the PhoQ periplasmic sensor domain as part of environmental sensing. Therefore, we 

used NMR spectroscopy to monitor conformational changes in the purified PhoQ 

periplasmic domain (Figure 3A). Chemical shift perturbations of backbone amide 

NMR resonances, as observed in IH_15N HSQC spectra, are sensitive indicators of 

alterations in chemical environment. I H _15N HSQC spectra of a 15N-labeled protein 

can be acquired under varying conditions, allowing changes that occur in the protein 

to be monitored at the amino acid residue level. Such NMR experiments on the 

isolated periplasmic sensor domain of PhoQ have previously demonstrated changes in 

peak intensity associated with the binding of divalent cations. These results are 

consistent with stabilization of a region of PhoQ that is intrinsically flexible in the 

absence of ligand (Cho et al., 2006). 

The TROSY-HSQC spectrum of Mg2+-bound PhoQ sensor domain at pH 6.5 

contains - 120 peaks (Figure 3B, black spectrum). Acidification of the protein sample 

by - 0.5 pH unit at a time leads to significant shifts in the positions of a subset of 

resonances throughout the spectrum. Several such shifts are highlighted in the inset 

boxes of Figure 3B. As the protein reaches pH 5.5- 5.0 in the titration (the point of• 
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HN• Figure 3. The PhoQ Sensor Domain Is Sensitive to Acidification. 

(A) A schematic of the domain organization of PhoQ shows it consists of two 

transmembrane regions, a periplasmic sensor domain, and a cytosolic domain that 

contains the catalytic ATP-binding domain and the phosphotransfer domain. 

(B) Selected points of the titration of the PhoQ sensor domain in the presence of 20 

mM Mg2+. Superimposed two-dimensional HSQC spectra are shown at pH 6.5 

(black), 4.9 (green), and 3.5 (red). The insets highlight two regions of the spectrum 

that are subject to large shifts upon acidification . 
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maximal pH activation), the spectrum undergoes a general loss of peak intensity and • some peaks broaden beyond detection (Figure 3B, green spectrum). Peak broadening 

of this type arises when the chemical groups involved exist in multiple states and 

exchange among them. Peak intensity is recovered as the pH decreases below 5.0, 

indicating stabilization of a "low pH" conformation (Figure 3B, red spectrum). 

Remarkably, the PhoQ sensor domain is extremely stable and remains folded at pH 

3.5, where many proteins would be expected to unfold. 

• 

NMR was also used to monitor a pH titration performed in the absence of 

divalent cations (data not shown). As previously reported (Cho et al., 2006), the 

starting spectrum at pH 6.5 contained about 20 fewer peaks than observed in the 

presence of 20 mM Mg2+; however, below pH 4.9 the missing peaks grew in intensity 

and appeared at the same shifted position as in the Mg2+-containing titration. Although 

pH 3.5 is not a physiologically relevant state, we note that the PhoQ sensor domain 

spectrum at this pH is identical in the presence and absence of Mg2+, likely indicating 

that the protein adopts a stably folded structure that does not bind Mg2+. The pH 5.5 

spectrum is different from that of the sensor domain in the absence of divalent cations 

at neutral pH, perhaps indicating that activation can be achieved via different 

conformational states. 

The PhoQ Sensor Domain Still Binds Mi+ at pH 5.5 

Aspartic acid and glutamic acid side chains serve as the ligands for cation 

binding to PhoQ (Cho et al., 2006). As pH decreases, the carboxylate groups may 

become protonated, thereby dissociating the divalent cations. To examine the 

possibility that acidic pH activation of PhoPQ is simply due to the loss of Mg2" 

binding to the periplasmic sensor domain, we collected NMR spectra at pH 5.5, the 

point of maximal PhoQ kinase activity and PhoQ-dependent gene expression. As 

mentioned above, at pH 5.5 a subset of peaks in the spectrum experience significant 

line broadening due to exchange among multiple states, suggesting increased 

flexibility. This is particularly apparent in the spectrum of apo-PhoQ (Figure 4, black 

spectrum), in which many peaks are broadened beyond detection. Many of the missing 

• peaks regain intensity upon addition of20 mM Mg2+ (Figure 4, red spectrum), 
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Figure 4. PhoQ Still Binds to Mg2+ and PMNP at pH 5.5. 

• 	 Superimposed HSQC spectra of the PhoQ sensor domain at pH 5.5 in the absence 

(black) and presence of 4 mM PMNP (green) or 20 mM Mg2+ (red) . 
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• indicating that the sensor domain still binds Mg2+ at pH 5.5. Therefore hydrogen ions 

are not directly competing for binding to divalent cation-binding sites even in the 

absence of the increased stability of the inner membrane phospholipids. However, 

• 


peaks grow in at shifted positions relative to the pH 6.5 spectrum, indicating a pH­

specific conformational change as described above which is different from that related 

to the presence of divalent cations. The peaks already present in the apo-PhoQ 

spectrum are not perturbed by the addition of Mg2t-, suggesting that the core of the 

protein is stably structured and does not undergo a global conformational change. The 

new peaks that appear upon addition of Mg2 t are dispersed throughout the spectrum, 

indicating that binding stabilizes additional folded structure in regions that were 

previously flexible. These NMR data provide strong evidence that the specific PhoQ 

periplasmic domain conformation observed at pH 5.5 is not caused solely by the loss 

ofMg2+-binding sites in PhoQ. 

We have previously shown that polymyxin has the ability to activate PhoQ­

mediated signaling in vivo and that polymyxin nonapeptide (PMNP) is a suitable 

antimicrobial peptide for NMR analysis, binding the sensor domain directly at pH 6.5 

(Bader et aI., 2005). The spectrum of PhoQ in the presence of peptide at pH 5.5 is 

shown in Figure 4 (green spectrum). Many of the peaks that appear in the presence of 

peptide are coincident with a subset of those peaks that appear when Mg2+ is added to 

PhoQ (compare green and red spectra). Binding of either divalent cations or 

antimicrobial peptides causes changes in the intensity of the peaks. However, as 

shown in Figure 4, at pH 5.5 all of the peaks are overlapped and are in a shifted 

position relative to the pH 6.S spectrum (refer to Figure 3B, black spectrum). Taken 

together, these data strongly support the likelihood that loss of divalent cation binding 

is not responsible for PhoQ-mediated gene expression at pH 5.5 and that in the 

presence of divalent cations or antimicrobial peptide the sensor domain still responds 

to environmental pH . 

• 
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Figure 5. Mutations in HIS7 Result in Divalent Cation Derepression. 

Strain MB106, which carries a PhoQ null allele and the plasmid pBAD24-PhoQ, was 

used as the wild-type strain. The indicated mutations were made in pBAD24-PhoQ 

using QuikChange mutagenesis. Cultures were grown in N-minimal media buffered 

with MES and supplemented with I or IOmM MgCb, as indicated. All graphed values 

are mean ± standard deviation . 

• 
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• PhoQ Histidine 157 Is Important for Repression of PhoQ-Mediated Gene 

Expression 

PhoQ activation by pH is maximal at around pH 5.5, close to the pH value at 

which histidine residues can become protonated. These observations led us to the 

hypothesis that protonation of a histidine in a critical region of the protein might cause 

the conformational switch associated with activation. In a previous genetic screen, we 

identified a histidine to arginine (R) mutation at amino acid 157 (HI57) which resulted 

in derepression in the presence of 10 mM divalent cation (Cho et al., 2006). In the 

repressed state conformation, the H 157 side chain is buried in the structural core of the 

sensor domain and participates in an interaction network that is in part comprised of 

hydrogen bonds (Cho et al., 2006). Introduction of a charged side chain, either by 

mutation or by protonation, into the buried network might destabilize it and thereby 

destabilize the repressed conformation. To investigate the possibility that protonation 

of HI57 is responsible for pH-mediated gene expression, we also mutated this residue 

to alanine (A) and asparagine (N) and tested all three mutant proteins for PhoP­

• dependent reporter activity. As shown in Figure 5, all HI57 mutations tested are 

derepressed at pH 7.5 compared to wild-type in the presence of 10 mM Mg2+. 

Therefore, it is not the introduction of a positive charge that destabilizes the repressed 

state, but specifically the loss of the imidazole side chain at position 157. In addition, 

the mutants are still pH responsive and are also derepressed compared to wild-type at 

pH 6.5 and 5.5 (data not shown). Thus, the presence of a histidine at position 157 is 

required to maintain wild-type repression of PhoQ, but protonation of this histidine is 

not a specific requirement for activation. Only the H 157N mutant is derepressed 

compared to wild-type in the presence of 1 mM Mg2+; the H157R and HI57A mutants 

only show derepression at 10 mM Mg2+. The asparagine side-chain mutant, but not 

arginine or alanine, retains hydrogen-bonding properties similar to the wild-type 

histidine, suggesting that though this function is important to maintain repression in 

the presence of divalent cations, additional properties of the histidine side chain are 

essential and specific for maintaining repression at ImM divalent cation concentration. 

Taken together these data indicate that activation by acidic pH is not simply a result of 

• protonation of histidine 157. 
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Figure 6. The H157N Mutation in the Sensor Domain Partly Mimics the Low pH 

Conformation. 

The wild-type pH 6.5 (black) and pH 3.5 (red) spectra are compared to the spectra of 

H157N in the presence of 20 mM Mg2+ at pH 6.5 (dark blue) and pH 3.5 (light blue). 

The regions shown are the same as the insets shown in Figure 3B. The region in (A) 

shows peaks that appear in the low pH conformation in the H 157N mutant at neutral 

pH, indicating the region around H157 as one pH-sensitive region. In (B) it is clear 

that there are other regions of the protein that are unaffected by the mutation at H 157 

yet are still titrated by low pH . 

• 


• 
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Mutation of Histidine 157 Promotes the Low pH Activated Conformation of the• Sensor Domain at Neutral pH 

Our in vivo experiments indicate that substitution of HI57 with argmme, 

alanine, or asparagine favors the derepressed state. To obtain structural insight into 

this state, we used NMR spectroscopy to examine conformational changes associated 

with mutation of H 157. We hypothesized that destabilization of the interaction 

network involving H 157 could be important for pH activation because it was unlikely 

to be explained by divalent cation displacement from PhoQ-membrane bridges. To 

investigate the role of HI 57 in PhoQ's response to changes in Mg2+ concentration, the 

residue was substituted with either an arginine or an asparagine in the context of the 

sensor domain for NMR studies. Each of these mutations results in a well-folded 

protein with a similar conformation (see Figure S I in the Supplemental Data). At pH 

6.5 the spectrum of the H 157R PhoQ sensor domain is nearly identical in the absence 

and presence of Mg2+, consistent with the original mutant's phenotype of not 

responding to changes in Mg21 concentration and with the lack of effect of Mg2+ 

• concentration observed in the reporter assay (Figure 5). In contrast, the spectrum of 

Hl57N is sensitive to Mg2+ at pH 6.5, again recapitulating the Mg21 sensitivity 

exhibited by full-length HI57N PhoQ in the reporter assay (Figure 5). A subset of 

peaks grow in intensity in the presence of 20 mM Mg2+, similar to the behavior 

previously reported for the wild-type sensor domain (Cho et al., 2006). The 

remarkable correspondence between behaviors observed in the PhoN reporter strain 

and those observed for purified PhoQ sensor domain by NMR indicate that the 

conformational information provided by the NMR experiments is directly relevant to 

the mechanism of activation. 

Numerous peaks in the H157N spectrum at pH 6.5 have shifted to new 

positions compared to the wild-type spectrum (Figure S2). Some peak shifting is 

expected as mutation of a residue affects the environment of residues surrounding it 

and thus their corresponding peaks in the spectrum. In this case, the derepressing 

H 157N mutation gives rise to a considerably different spectrum in which a subset of 

the shifted peak positions closely correspond to those of the acidic pH conformation of 

• wild-type PhoQ (Figure 6A, compare red and blue peaks). Of the ~30 peaks in the 
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• wild-type spectrum whose shifts can be followed through the pH titration (Figure 3B), 

about one-third have the peak position of the H 157N mutant spectrum at pH 6.S close 

to the wild-type pH 3.5 position. Some of these resonances can be titrated even further 

in the H157N spectra upon lowering the pH to 3.5 (i.e., Figure 6A, compare blue to 

cyan peaks). However, the mutation does not completely reflect the pH-sensitive 

confoffi1ational change of the PhoQ periplasmic domain, because there is a second set 

of resonances in the wild-type spectra (roughly 20 peaks by the above count), which 

are insensitive to the mutation of H 157 but are still undergoing chemical shifts 

induced by acidic pH (Figure 6B). Therefore these data indicate that destabilization of 

the hydrogen bonding interaction network in part simulates a conformational change 

induced by pH and identifies this network of interactions involving HI57 as part of the 

mechanism of pH sensing . 

• 


• 
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DISCUSSION 

PhoQ Is a Direct Sensor for Acidic pH 

• 

In the present study, we demonstrate that the Salmonella bacterial sensor 

kinase PhoQ can be directly activated by acidic pH. As Salmonellae encounter a pH of 

~5.5 within the host cell phagosome, this is likely a physiologically relevant signal for 

activation of PhoQ. Incremental decreases in pH led to increases in PhoP-dependent 

gene activation as well as phosphorylation of PhoP. Furthermore, the sensor domain 

changes conformation upon acidification. NMR experiments at pH 5.5 in the presence 

or absence of Mg2+ demonstrate PhoQ's divalent cation-binding ability and rule out 

the trivial solution that activation at acidic pH is due to loss of Mg2+ binding. Taken 

together, our data provide strong evidence that the periplasmic domain of PhoQ adopts 

a pH-specific conformation as part of environmental sensing, ultimately leading to 

events catalyzed by its cytoplasmic domain, including intermolecular phosphorylation 

of another PhoQ in its dimer, phosphorylation of PhoP, and activation of PhoP­

dependent gene transcription . 

The Mechanism ofPhoQ Acidic pH-Mediated Activation 

• 

A central finding of our study is that the direct response of PhoQ to 

acidification is mediated by a conformational change of the periplasmic domain, as 

demonstrated by NMR. In particular, the NMR spectrum of the derepressed mutant 

H157N appears to identify a pH-sensitive region of the protein, as this mutation 

partially mimics the activated acidic pH-induced conformation of wild-type PhoQ. In 

vivo PhoP-dependent gene expression data indicate that H 157 mutants are unable to be 

fully repressed by divalent cations, consistent with results from the initial screen from 

which H 157R was identified (Cho et al., 2006). Although the original mutant 

substitutes a large and positively charged arginine for the histidine, removal of any 

functionality at residue 157 by replacement with alanine yields a protein with 

indistinguishable behavior to H 157R. Both mutants are repressed to about the level of 

the wild-type protein at 1 mM Mg2+, and both mutants have lost their ability to be 

repressed by higher concentrations of Mg2+. These results also show unequivocally 

that the imidazole of H 157 is required for cation-dependent repression of PhoQ. We 
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designed the H157N mutation to maintain the hydrogen-bonding capability of the 

wild-type residue. Remarkably, this mutant does retain the ability to respond to 

changes in Mg2+ concentration, consistent with the idea that the interaction network 

that includes H 157 is required for the ability of the sensor domain to take on a 

repressed conformation in the presence of a high concentration of Mg2+. 

H 157 is located on the central b sheet of the periplasmic PAS domain of PhoQ. 

The side chain takes part in a network of interactions that provide links to both the C­

terminal end of the domain and the a4/a5 helix-turn-helix motif (see Figure 7). The 

two helices (shown in red in Figure 7) contain the acidic patch where cation binding is 

observed in the crystal structure (Cho et al., 2006). As the crystals were grown in the 

presence of high divalent cation concentration, and cations are observed in the crystal 

structure, it is likely that this structure represents the repressed conformation. Our data 

demonstrate that the network of interaction that includes H 157 is essential for divalent 

cation-mediated repression and is also associated with pH-mediated activation. 

An important conclusion from the correlation of the NMR and in vivo data is 

that the divalent cation, antimicrobial peptide, and pH responses are separable, though 

partially overlapping, phenomena. Gene expression data from mutants H157R and 

H 157 A clearly show loss of divalent cation repression while they maintain the ability 

to respond to pH, indicating that the two functions can be separated. In addition, NMR 

data indicate that two different types of conformational change can occur in the PhoQ 

sensor domain-with changing divalent cation or antimicrobial peptide concentration 

peaks only change in intensity, whereas with changing pH, peaks shift and change 

intensity. Furthermore, the H157N mutation partially mimics the acidic pH-activated 

state. This suggests separate but overlapping mechanisms for activation of PhoQ, 

depending on the environmental signal being sensed. 

Promotion of a more flexible state of the periplasmic domain may be 

responsible for a subtle conformational change that is transmitted through the 

membrane to the kinase domain, resulting in signal transduction. NMR peak 

broadening indicative of a system sampling multiple conformational states is observed 

• 
in response both to loss of divalent cations or at pH 5.5, suggesting that induced 

flexibility of the interaction network or another region of the protein may be the 
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overlapping component of conformational activation. A model for stimulus-induced 

destabilization of N - or C-terminal helices has been proposed as a molecular 

mechanism of activation in photoactivatable PAS domains (Lee et al., 2001; Harper et 

al., 2003). Our NMR data suggest that PhoQ sensor domain dynamics are maximal at 

pH 5.5: the pH where PhoQ appears to be most activated. The results may indicate that 

a signal induced destabilization mechanism may extend to the PhoQ PAS domain 

sensing the very different stimuli of pH and antimicrobial peptides. 

• 

We suggest a model for PhoQ sensor domain activation as shown 

schematically in Figure 7. Many NMR peaks are not affected under any condition, 

indicating a stable core of the domain that does not undergo dramatic change, 

represented in blue on the structure. Helices a4 and as, shown in red, are involved in 

divalent cation binding and are hypothesized to form bridges with the membrane. The 

HIS7 interaction network, shown in green, is required for maintaining divalent cation 

repression, presumably via structural rigidity that holds the a helices down against the 

membrane, because despite the divalent cation bridges, the two acidic surfaces of 

PhoQ and the membrane likely experience electrostatic repulsion. When this rigidity is 

disrupted by either binding of antimicrobial peptide to the acidic region or by 

acidification of the periplasm, the interaction network is destabilized and electrostatic 

repulsion causes the a4/a5 helices to move away from the membrane. This interaction 

network provides links among the core of the protein, the acidic cluster, and the C 

terminus of the domain, where the signal is transduced through the membrane to the 

cytoplasmic domain. 

Activation ofPhoPQ in Host Macrophages 

• 

A functional PhoPQ system is required for Salmonella virulence for mice and 

survival within macrophages. For PhoPQ to upregulate transcription of the genes 

involved in intracellular survival, PhoQ must receive an activating signal from within 

the macrophage phagosome. The identity of this signal has been a topic of much 

debate. Based on the data presented in this article, we propose that acidic pH and 

antimicrobial peptides work together as activating signals of PhoQ in vivo. It has been 

shown previously that PhoQ is also a direct sensor for antimicrobial peptides (Bader et 
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