A aecan  Microbiology and Molecular REVIEW

SOCIETY FOR

MICROBIOLOGY BIO'Ogy ReVieWS®
Check for

updates

Pseudomonas aeruginosa as a Model To Study Chemosensory
Pathway Signaling

Miguel A. Matilla,? I~ David Martin-Mora,® (©) Jose A. Gavira,? {*' Tino Krell?

aDepartment of Environmental Protection, Estacion Experimental del Zaidin, Consejo Superior de Investigaciones Cientificas, Granada, Spain

bLaboratory of Crystallographic Studies, Instituto Andaluz de Ciencias de la Tierra, Consejo Superior de Investigaciones Cientificas, Armilla, Spain

SUMMARY ...ttt ettt ettt et e e e e e e e e 1
INTRODUCTION ...ttt ettt e et e et et e e eeeaaaeeens
ASSIGNING CHEMORECEPTORS TO CHEMOSENSORY PATHWAYS
DIVERSITY OF P. AERUGINOSA CHEMORECEPTORS
SIGNALING THROUGH THE F6 (Che) PATHWAY ..........
Mode of P. aeruginosa Chemotaxis ............cccoeeiuuuuuunnnnn...
Molecular Mechanisms and Chemoreceptors for Chemotaxis .....
AMINO ACIAS ...ttt
INorganic Phosphate ..........uuitii ittt
L L L P
Histamine and polyamines
OrganiC aCids .......coiiittiiiitiie ettt
Other chemoreceptors predicted to stimulate the F6 pathway
(1) AR (TIPQ) vttt ettt ettt et e e et
(i) McpS and BdIA
LT I o A
(IV) PA25 73 ittt
SIGNALING THROUGH THE F7 (Che2) PATHWAY
MCPB/AEI2 CheMOIECEPTOL ..ttt ettt ettt e et e e e e e e e e e e e e e
Evolution of F7 Pathways .........uuuuiiiiiiit e
McpB/Aer2 and Pathway Homologs in Other Species ..
SIGNALING THROUGH THE ACF (Wsp) PATHWAY ... ....oiiiiittiiiieiiiieeaiiieeenns
ChemOoreCePtOr WSPA ...ttt ettt ettt e e e e et e e e e e ae e e e as
Response Regulator WspR ....................
Physiological Relevance of Wsp Pathway
SIGNALING THROUGH THE TFP (Chp) PATHWAY ........
PilJ Chemoreceptor .........ccoeuuuuiiiiiinnneeeeeeennnn.
Two Response Regulators: PilG and PilH
ChpA: a Very Complex AULOKINASE .......coiiiiiiiiiiiiieee ettt etitiiiiaaeeaans
INVOLVEMENT OF Wsp AND Chp PATHWAYS IN SURFACE SENSING AND BIOFILM
FORMATION . ...ttt ettt ettt et e ettt e e e e e aeees
REGULATION OF CHEMOSENSORY SIGNALING PATHWAYS .......
Transcriptional Regulators and Signal Molecules .............ccoovviiiiiieei...
Transcriptional Regulation during Biofilm Formation and Virulence
Posttranscriptional Regulation of Chemosensory Systems .....................
c-di-GMP-Dependent Regulation of F6 Pathway Signaling ........
CONCLUSIONS AND OUTLOOK
ACKNOWLEDGMENTS ............cccovvivinnn..
REFERENCES ..............ccooiiiiiiiiiiiinnan,
AUTHORBIOS ...ttt e eaees

Citation Matilla MA, Martin-Mora D, Gavira JA,
SUMMARY Bacteria have evolved a variety of signal transduction mechanisms that Krell T. 2021. Pseudomonas aeruginosa as a
iff . . . model to study chemosensory pathway
generate different outputs in response to external stimuli. Chemosensory pathways signaling. Microbiol Mol Biol Rev 85:¢00151-20.
are widespread in bacteria and are among the most complex signaling mechanisms, https://doi.org/10.1128/MMBR.00151-20.
requiring the participation of at least six proteins. These pathways mediate flagellar Copyright © 2021 American Society for

P e . . . Microbiology. All Rights Reserved.
chemotaxis, in addition to controlling alternative functions such as second messen- _
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ger levels or twitching motility. The human pathogen Pseudomonas aeruginosa has imelidleazeicas,
four different chemosensory pathways that carry out different functions and are stimu- Published 13 January 2021

lated by signal binding to 26 chemoreceptors. Recent research employing a diverse
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range of experimental approaches has advanced enormously our knowledge on these
four pathways, establishing P. aeruginosa as a primary model organism in this field. In the
first part of this article, we review data on the function and physiological relevance of che-
mosensory pathways as well as their involvement in virulence, whereas the different tran-
scriptional and posttranscriptional regulatory mechanisms that govern pathway function
are summarized in the second part. The information presented will be of help to advance
the understanding of pathway function in other organisms.

KEYWORDS signaling, Pseudomonas aeruginosa, chemosensory pathway, chemotaxis

INTRODUCTION

hemosensory pathways represent a major mechanism in bacterial signal transduction

and the corresponding genes have been identified in more than half of the sequenced
bacterial genomes (1). The key element of a chemosensory pathway is the ternary complex
between chemoreceptors, the CheA autokinase and the CheW coupling protein. Stimulus
detection by the chemoreceptor initiates conformational changes that modulate CheA ac-
tivity, in turn regulating the flux of phosphoryl groups to the CheY response regulator. The
intracellular level of CheY-P controls the response output. In addition, the control of the
chemoreceptor methylation state by the opposing activities of the CheR methyltransferase
and the CheB methylesterase was identified as an essential mechanism to adapt pathway
sensitivity to temporal changes in chemoeffector concentration (2, 3).

Much of what we know in this field is due to the study of Escherichia coli, a bacte-
rium that has a single pathway, stimulated by five chemoreceptors that mediate che-
motaxis (2-5). However, genome analyses of other bacteria revealed that chemorecep-
tor-based signaling is often more complex. First, the number of chemoreceptors is
frequently higher than that in E. coli, reaching in some cases up to 80 (6). Second, apart
from the core pathway signaling proteins mentioned above, there is a significant
mechanistic diversity, as shown by additional signaling proteins present in only some
pathways (1). Third, many bacteria possess more than one copy of chemosensory sig-
naling genes, which is indicative for multiple pathways (1, 6, 7). Importantly, not all
pathways mediate chemotaxis but can carry out other functions (8, 9). In fact, chemo-
sensory pathways have been classified based on their evolutionary history into 19 dif-
ferent classes, 17 of which (classes F1 to F17) are associated with flagellar motility,
whereas the remaining two classes are either associated with type four pilus-based
motility (class TFP) or comprise systems with alternative cellular functions such as the
control of second messenger levels (class ACF) (1).

Pseudomonas aeruginosa PAO1 is the main reference strain for research on this
opportunistic human pathogen. This strain possesses five gene clusters encoding pro-
teins that assemble into four chemosensory pathways that each belong to a different
class and carry out a distinct function (Fig. 1). Proteins encoded by gene clusters | and
V form an F6 pathway (Che) for chemotaxis, cluster Il encodes an F7-type pathway
(Che2) of unknown function, cluster Ill encodes an ACF-type pathway (Wsp [wrinkly
spreader phenotype]) that modulates bis-(3'-5")-cyclic dimeric guanosine monophosphate
(c-di-GMP) levels, whereas cluster IV (Chp [chemosensory pili]) is a member of the TFP class
and is associated with twitching motility (Fig. 2).

The input into these four pathways is mediated by the recognition of different stim-
uli at 26 chemoreceptors (Fig. 3 and Table 1). However, and as detailed in this review,
P. aeruginosa also employs additional proteins that participate and modulate pathway
function. Research conducted mainly over the last 10 years combining microbiological
work with approaches in the fields of biophysics, bioinformatics, structural biology,
cryo-electron tomography, omics, or single cell studies, among others, have enor-
mously advanced our knowledge of these four pathways. Due to these advances, P.
aeruginosa is now a central model organism to study the complexity of chemosensory
pathway signaling. In this article, we review the current knowledge on the molecu-
lar mechanisms that control pathway function and their physiological relevance.
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FIG 1 Chemosensory pathways of P. aeruginosa PAO1. A schematic representation shows the five gene clusters
that encode chemosensory signaling proteins. Genes are annotated according to UniProt. Indicated are the
gene clusters and the classification of chemosensory pathways as previously described (1). Che, chemotaxis;
Wsp, wrinkly spreader phenotype; Chp, chemosensory pili. The F7 pathway is of unknown function. Scale bars,
0.5 kbp.

We also review data on the regulatory mechanisms that govern pathway expression
and function.

ASSIGNING CHEMORECEPTORS TO CHEMOSENSORY PATHWAYS

In strain PAO1, only four of the chemoreceptor genes (mcpA, mcpB/aer2, wspA, and
pilJ) are clustered together with signaling genes (Fig. 1), whereas the remaining che-
moreceptor genes are scattered over the genome. A central question in the study of
complex chemosensory systems is to identify which chemoreceptor feeds into which
pathway. This aspect involves analyzing whether one particular receptor is specific for
a given pathway or whether it can stimulate various pathways. A bioinformatic study
has advanced our understanding of this issue (10). In this work, clusters of orthologous
groups (COGs) of chemoreceptors were generated from completed Pseudomonadales
genomes and sequence conservation of the CheA/CheW binding sites in chemorecep-
tor COGs was investigated. This analysis resulted in a single pattern for 23 chemorecep-
tors, whereas a different profile was obtained for each of McpB/Aer2, WspA, and PilJ—
three chemoreceptors encoded within gene clusters II, Ill, and IV, respectively (Fig. 1).
Based on the observation that CheR methyltransferases appear to be pathway specific
(11, 12), the authors investigated the conservation of chemoreceptor methylation sites,
and the results agreed with the sequence analysis of the CheA/CheW binding sites
(10). This study resulted in a model in which the F7, Wsp, and Chp pathways are each
stimulated by a single chemoreceptor, McpB/Aer2, WspA, and PilJ, respectively, which
correspond to the chemoreceptors encoded in the gene cluster of their cognate path-
way (Fig. 1 and 3). The remaining 23 chemoreceptors (22 encoded by genes scattered
over the genome and mcpA as part of cluster Il) are predicted to feed into the F6 path-
way that mediates chemotaxis. This model agrees with a large amount of experimental
evidence (11, 13-19) and suggests that the primary physiological role of chemosensory
signaling in P. aeruginosa is chemotaxis.

DIVERSITY OF P. AERUGINOSA CHEMORECEPTORS

The prototypal chemoreceptor is composed of a conserved cytosolic signaling do-
main and an extracytoplasmic ligand-binding domain (LBD) that is flanked by two
transmembrane regions (4). Typically, chemoreceptors are activated by the direct bind-
ing of signal molecules or signal-loaded ligand-binding proteins to the LBD. Genome
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FIG 2 The protein interaction network of the four chemosensory pathways of P. aeruginosa. The pathway output is highlighted

by boxes. The color code

of signaling proteins corresponds to that of Fig. 1. CheA/WspE/ChpA, histidine kinase; CheR/WspC/PilK,

methyltransferase; CheB/WspF/ChpB, methylesterase; CheW/WspB/WspD/Pill/ChpC, CheW-type coupling protein; CheV, CheV-type

coupling protein; CheY/WspR/PilG/PilH, CheY-type response regulator.

analyses revealed that bacterial chemoreceptors employ more than 80 different types
of LBDs and the topological diversity includes membrane-bound receptors with cyto-
solic LBDs, receptors with a C-terminal LBDs, or cytosolic receptors (20). As illustrated
in Fig. 3, this diversity is well reflected in the 26 P. aeruginosa PAO1 chemoreceptors.
The majority of chemoreceptors are transmembrane receptors with a periplasmic LBD,
whereas others possess a cytosolic sensor domain. Conversely, the transmembrane re-
ceptor McpA does not have an LBD, and three other receptors (BdIA, McpS, and McpB/
Aer2) lack transmembrane regions and are likely to be soluble receptors present in the
cytosol (Fig. 3). From the structural point of view, LBDs can be classified into domains
composed of parallel helices (e.g., 4HB [four-helix bundle], HBM [helical bimodular],
PilJ [N-terminal domain of type IV pilus chemoreceptor], and NIT [nitrate and nitrite
sensing]) or domains that show an «/B-fold (e.g., sCache, dCache, and PAS) (Fig. 4).
Almost half of the PAO1 chemoreceptors possess 4HB and dCache LBDs that are the
most abundant sensor domains in bacterial chemoreceptors (20, 21). Knowledge of the
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FIG 3 Chemoreceptor repertoire of P. aeruginosa PAO1. Ligand-binding domains with parallel helix or o/
folds are shown in blue and orange, respectively. HAMP (histidine kinases, adenyl cyclases, methyl-accepting
proteins, and phosphatases) and signaling domains are represented as green cylinders, whereas transmembrane
regions and signaling domains are shown in blue. No HAMP domains were identified in Aer, BdIA, McpA, McpS,
and PA4290. McpB/Aer2 is the only chemoreceptor that carries a C-terminal pentapeptide (in red) that acts as an
additional CheR binding site (11). 4HB, four helix bundle; Cache, calcium channels and chemotaxis receptors; HBM,
helical bimodular; PilJ, N-terminal domain of type IV pilus chemoreceptor; NIT, nitrate and nitrite sensing; PAS, Per-
Arnt-Sim. Chemoreceptors are present in higher oligomeric states in vivo but are shown as monomers for simplicity.
The assignment of P. aeruginosa PAO1 chemoreceptors to their respective chemosensory pathways was reported by
Ortega et al. (10).

function and signal(s) recognized by P. aeruginosa chemoreceptors is summarized in
Table 1.

SIGNALING THROUGH THE F6 (Che) PATHWAY
Mode of P. aeruginosa Chemotaxis

Chemotaxis in P. aeruginosa is mediated by an F6 pathway, which contrasts with
the chemosensory pathway of E. coli that belongs to class F7 (1). The origin of this
divergence is discussed further below. In addition, the mechanism of chemotaxis is
also different in both organisms. E. coli has several flagella, and chemotaxis is based on
the ligand-mediated alteration of the ratio between clockwise (CW) and counterclock-
wise (CCW) flagellar rotation, causing cell tumbling and running, respectively, which
enable bacterial reorientation in chemical gradients (3). In contrast, P. aeruginosa has a
single flagellum, and CW rotation does not induce tumbling but straight backward
movements, corresponding to a change in swimming direction by 180° (22). This “run-
reverse-turn” mechanism of P. aeruginosa is thus different to the “run-and-tumble”
mode of E. coli (23). In addition, a pause phase has been observed in the P. aeruginosa
motor. Since pause duration was shown to correlate with turn angle sizes, it was con-
cluded that a central element in mediating a chemotactic response in P. aeruginosa is
the modulation of pause frequency and duration. In contrast to E. coli, the CW/CCW
bias in the absence and presence of a chemoeffector stays constant in P. aeruginosa.
As a result, chemotaxis is achieved by increasing the durations of both CW and CCW
rotations when swimming up a chemoattractant gradient and decreasing rotation
durations when swimming down the gradient, regardless of whether such movement
is a forward or backward run (22).

Molecular Mechanisms and Chemoreceptors for Chemotaxis

Early studies reported that P. aeruginosa is attracted by different amino acids, or-
ganic acids, aromatic compounds, sugars, oligopeptides, phytohormones, or inorganic
compounds (24-31) and repelled by other compounds, including chloroform and
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TABLE 1 Chemoreceptors for which information is available on function and/or signal sensed

Locus tag Name LBD type Effector(s) (binding mode) Function/comment Reference(s)
PA0176 Aer2/McpB PAS 0,, NO, CO, cyanide (direct) Stimulates the Che2 pathway; 66, 67,82, 88, 89
involved in virulence

PA0180 CttP/McpA none Chloroethylenes (unknown) Chemotaxis 76

PA0O411 PilJ 2xPilJ Phosphatidylethanolamine?, PilA? Stimulates the Chp pathway 129

PA1423 BdIA 2xPAS Unknown Involved in biofilm dispersion 70-72

PA1561 Aer/TIpC PAS O, (unknown) Aerotaxis 66, 67

PA1930 McpS 2xPAS Unknown Modulates chemotaxis and 69

chemoreceptor clustering

PA2561 CtpH 4HB Inorganic phosphate (direct) Chemotaxis 45

PA2573 - 4HB Unknown Involved in virulence 77

PA2652 CtpM sCache Malate, citramalate, methylsuccinate, Chemotaxis 63,64
bromosuccinate, citraconate (direct)

PA2654 TIpQ dCache Histamine, putrescine, cadaverine, Chemotaxis 30, 39
spermidine, agmatine, ethylenediamine
(direct), ethylene (unknown)

PA2788 McpN PilJ Nitrate (direct) Chemotaxis 46

PA3708 WspA 4HB Growth on solid surfaces (unknown), ethanol Stimulates the Wsp pathway 15,101
(unknown)

PA4307 PctC dCache yAminobutyrate, histidine, proline (direct), Chemotaxis 33-36,38,39,178
histamine (unknown)

PA4309 PctA dCache Seventeen amino acids (direct), histamine Chemotaxis 33-36, 38,39
(unknown), chloroethylenes, chloroform
(unknown)

PA4310 PctB dCache Five amino acids (direct) Chemotaxis 33-36, 38

PA4844 CtpL HBM Inorganic phosphate (indirect, via PstS), Chemotaxis 45,52
chloroaniline, catechol (unknown)

PA5072 McpK HBM a-Ketoglutarate (direct) Chemotaxis 60

thiocyanic esters (32, 33). More recent work has brought insight into the molecular
mechanisms involved and has led to the identification of many of the corresponding
chemoreceptors (Table 1).

Amino acids. P. aeruginosa is attracted to all proteinogenic amino acids by the con-
certed action of three paralogous chemoreceptors, PctA, PctB, and PctC (34, 35), and
chemoreceptor activation occurs by direct ligand binding to the dCache-type LBDs of
these three receptors (36) (Fig. 4). Whereas PctA is a broad ligand range receptor that
responds to the majority of proteinogenic amino acids, PctB and PctC have a ligand
preference for .-Gln and y-aminobutyrate (GABA), respectively (35, 36). Chimeric recep-
tors generated by replacing the E. coli Tar-LBD with either the PctA- or PctB-LBD were
introduced into E. coli, and fluorescence resonance energy transfer (FRET) experiments
were conducted to determine the 50% effective concentration (EC,; i.e., chemoeffec-
tor concentration at which signal response is half-maximal) for each of the ligands rec-
ognized. Interestingly, for both proteins the signal input, represented by the dissocia-
tion constant (K,) of the ligands for the purified PctA/PctB-LBDs, was found to
correlate with the ECs, values representing the signaling output (37), indicating that
ligand affinity determines the onset of chemotaxis. In a more recent study, the evolu-
tionary history of the three Pct receptors was established. A sequence alignment of Pct
homologs showed a significant sequence diversion between the LBDs, whereas the
signaling domains were almost identical, suggesting a particularly rapid evolution of
the LBDs (38). Using phylogenetic profiling and protein sequence analyses, it was
shown that pctC and pctB originated through two independent pctA gene duplications
from a common ancestor of P. aeruginosa (38). Many bacteria possess paralogous chemo-
receptors (38) that may have similar and overlapping ligand profiles, but further studies
are necessary to verify whether the evolution of narrow ligand range receptors from broad
range chemoreceptors is a more general mechanism. The three-dimensional (3D) struc-
tures of the three Pct LBDs in complex with amino acids (Fig. 4) revealed changes at
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FIG 4 Diversity of P. aeruginosa chemoreceptor LBDs. 3D structures of LBDs from PctA (PDB ID 5T7M), PctB
(5LTO), PctC (5LTV) (38), TIpQ (6FU4) (39), McpN (6GCV) (46), and McpB/Aer2 (4HI4) (88) are shown (all P.
aeruginosa). For the remaining protein families (Fig. 3), the structures of homologous domains from other
species are shown, namely, P. putida McpS (HBM domain, 2YFB) (59), Klebsiella oxytoca NasR (NIT domain,
4AKK) (196), P. syringae PscD (sCache domain, 5G4Z) (197), and Salmonella enterica serovar Typhimurium Tar
(4HB domain, 2LIG) (198). Bound ligands are shown in stick mode, and the LBD type is shown in orange. The
monomers of LBD dimers are shown in different shades of green.

multiple positions in the ligand binding sites, suggesting that the evolution of chemo-
receptors with novel ligand profiles is highly complicated (38).

PctA and PctC also appear to mediate chemotaxis to compounds other than amino
acids. The complementation of a P. aeruginosa mutant deficient in histamine chemo-
taxis with plasmids harboring either pctA or pctC conferred histamine chemotaxis (see
below) (39). However, binding studies did not provide any evidence for direct hista-
mine binding, suggesting that these receptors may be stimulated instead by binding a
histamine-loaded binding protein (39). The notion that PctA, PctB, and PctC mediate
responses to multiple chemoeffectors is also consistent with the observation that
mutation of their corresponding genes led to abolished repellent responses to tri-
chloroethylenes and chloroform (33).

Several studies suggest that the Pct receptors are related to virulence. Whereas
PctA and PctC show a wide phylogenetic distribution among pseudomonads, PctB is
exclusively found in P. aeruginosa (38). It was hypothesized that PctB-mediated gluta-
mine chemotaxis, the most abundant amino acid in human plasma (40), may be
related to virulence and the birth of this chemoreceptor might have been especially
beneficial for efficient host colonization by P. aeruginosa (38). Another study reported
that a triple mutant ApctABC was less efficient in immobilizing along wounds of human
cystic fibrosis (CF) airway epithelial cells (41), thus revealing the potential importance
of amino acid sensing chemoreceptors for host infection. PctA and PctB protein levels
were downregulated in P. aeruginosa isolated from the sputum of CF patients, suggest-
ing that these receptors are important during the initial stages of infection (42).
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Inorganic phosphate. Inorganic phosphate (P;) is a central signal molecule control-
ling P. aeruginosa virulence, and the reduction in the P; concentration increased the
transcript levels of many virulence factor genes (43). In addition, P; starvation was
found to shift P. aeruginosa toward the expression of a lethal phenotype against
Caenorhabditis elegans (44). Remarkably, P. aeruginosa exhibits strong chemoattraction
to P, and two receptors, CtpL and CtpH, mediate this response (45). Whereas CtpL
mediated responses to low P; concentrations, CtpH responded to high P, concentra-
tions (45). Interestingly, P, chemotaxis was only observed under P;-limiting conditions,
which is due to the fact that P, downregulates the expression of both ctpL and ctpH
(43, 45). In this respect, close parallels exist to the mechanism of nitrate chemotaxis
(see below), a behavior that was only observed under nitrate limiting conditions since
nitrate was shown to reduce transcript levels of mcpN encoding the nitrate chemore-
ceptor (46).

CtpH and CtpL differ in structure and function. Whereas CtpH has a 4HB-type LBD,
CtpL has an HBM LBD, a domain that is composed of two structural modules and sig-
nificantly larger than the 4HB domain (Fig. 4) (47). Significantly, only CtpH recognizes
P, directly, whereas CtpL is stimulated by the binding of the P-loaded ligand binding
protein PstS (48). This periplasmic protein forms part of the P, uptake system and binds
to the PstABC transporter providing the substrate to be transported (49). Further
research indicated that PstS binding to the PstABC transporter generates a molecular
stimulus that is transmitted to the PhoR/PhoB two-component system causing tran-
scriptional control in response to P, (49). This pivotal role of PstS is further illustrated
by the fact that it is the most abundant protein in P. aeruginosa when grown under P;-
limiting conditions (48, 50) and that pstS transcript levels showed very large increases
when exposed to P; starvation (43). PstS thus serves as a model illustrating the coordi-
nation of chemotaxis, transport, and transcriptional regulation by a periplasmic ligand-
binding protein (Fig. 5).

For the large majority of so far characterized chemoreceptors, a direct signal bind-
ing mechanism has been established (20). CtpL is currently the only P. aeruginosa che-
moreceptor that has been shown to be stimulated by a ligand-binding protein.
However, indirect stimulation mechanisms may be much more abundant as the scarce-
ness of experimental data may rather be due to the technical complexity of identifying
indirect binding. An import issue to take into account for experiments to identify indi-
rect binding is the frequently strict control of ligand-binding protein expression. For
example, the pull-down experiments leading to the identification of PstS as a CtpL
ligand were only successful with protein extracts of P. aeruginosa grown under severe
P, limitation (48). The notion that indirect chemoreceptor stimulation is more frequent
than what current experimental data would indicate is also consistent with the high
abundance of periplasmic ligand binding proteins, namely, 98 in the case of P. aerugi-
nosa (51). It is thus likely that the model established for P; responses also applies to
other signals such as histamine, as discussed below. On the other hand, by analogy to
the PctABC chemoreceptors, CtpL also carries out an alternative function since a ctpl
mutant failed to respond chemotactically to 4-chloroaniline and catechol (52).

Nitrate. P. aeruginosa, when grown under nitrate-limiting conditions, shows strong
chemotaxis to nitrate, a molecule that serves as a nitrogen source for growth and sup-
ports anaerobic respiration. P. aeruginosa has a single chemoreceptor, PA4520, with an
NIT-type LBD (Fig. 3 and 4) (20), a domain family that was predicted to bind nitrate
(53). However, PA4520 does not bind nitrate, nor does the deletion of its gene alter ni-
trate chemotaxis (46). Instead, nitrate chemotaxis is mediated by the McpN chemore-
ceptor that binds specifically nitrate at its periplasmic PilJ-type LBD. The 3D structure
of the McpN-LBD (Fig. 4) can be closely superimposed onto that of Tar-LBD that
belongs to a different protein family (4HB). Although the structure of both domains is
conserved, they employ a different ligand-binding mode: whereas Tar-LBD binds two
molecules of aspartate at two binding sites in the dimer interface (54), McpN-LBD rec-
ognizes a single nitrate molecule at a single site at the dimer symmetry axis (Fig. 4)
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Chemotaxis to low Chemotaxis to high Pho regulon
P, concentrations P, concentrations repression

P, uptake

FIG 5 Model of the interwoven signaling processes that mediate phosphate chemotaxis, transport, and
transcriptional regulation. Chemoreceptors and PhoR form oligomeric assemblies in vivo but are shown as
monomers for simplicity. HAMP domains are shown as green cylinders. (Based on data from references 48

and 49.)

(46). The LBD of the McpN chemoreceptor is very similar to that of the nitrate respon-
sive sensor kinases NarX and NarQ (55), indicating that the mechanism of nitrate sens-
ing in chemoreceptors and sensor kinases is similar.

Histamine and polyamines. P. aeruginosa is attracted by the plant hormone ethyl-
ene. This response was abolished in a mutant of the TlpQ chemoreceptor (30), but bind-
ing studies with the purified TIpQ-LBD did not provide any evidence for direct ethylene
recognition (39). Instead, high-throughput ligand screening approaches revealed that
the TIpQ-LBD recognizes specifically five polyamines and histamine (39). Remarkably,
TIpQ shows very high ligand-binding affinity with a K, value of 56 nM for spermidine
(39) corresponding to the highest affinity ever measured for a chemoreceptor ligand.
Three other ligands—putrescine, cadaverine, and agmatine—showed affinities between
134 and 150nM, whereas histamine and ethylenediamine had K, values of 640 and
1,700 nM, respectively. Due to these high binding affinities, significant chemotactic
responses were noted at low ligand concentrations such as 500 nM histamine (39).
Dissociation constants in the nanomolar range are frequently observed for dCache
domains (56), and it appears plausible that the capacity to sense multiple ligands with
high affinity may be a cause for the high abundance of dCache domains in bacterial sig-
nal transduction systems (21). In contrast, responses to high histamine concentrations,
such as 50mM, were mediated by the dCache-containing receptors PctA and PctC.
However, histamine did not bind to the LBDs of either receptor, indicating that binding
may occur in an indirect manner involving histamine-binding proteins (39). Histamine is
a central signal molecule in animals that coordinates local immune responses and con-
trols the activity of immune cells. P. aeruginosa PAO1 infection was found to greatly
increase neutrophil histamine content and secretion (57), and bacterial migration to
infection sites increases cell density that, in turn, may modulate quorum- sensing-medi-
ated gene expression (39).

Organic acids. Organic acids are preferred C sources for P. aeruginosa (58) and, so
far, two receptors have been identified that mediate taxis to these compounds. Mcp$S
of P. putida KT2440 was the first receptor identified with an HBM-type LBD and
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responded to a number of different Krebs cycle intermediates (59). Ligand screening of
its homolog in P. aeruginosa, McpK, revealed that it binds specifically a-ketoglutarate
(60). Interestingly, McpK-LBD bound its ligand with positive cooperativity, in contrast
to the well-established sensing mechanism of Tar that binds aspartate with very strong
negative cooperativity (61, 62).

Initial studies at the Harwood laboratory showed that deletion of the gene encod-
ing the chemoreceptor CtpM resulted in a loss of malate chemotaxis (63). Subsequent
biochemical studies showed that malate is recognized directly by the sCache-type LBD
of CtpM (64). High-throughput screening experiments led to the identification of four
additional ligands that are similar to malate, namely, citramalic, bromosuccinic, methyl-
succinic, and citraconic acids (64). Surprisingly, whereas the first two compounds trig-
gered a chemotactic response, the latter two compounds failed to do so. Chemotaxis
competition assays revealed that methylsuccinic and citraconic acids reduced malate
chemotaxis in a dose-dependent manner (64). These compounds were thus termed
antagonists since, although they bind to the same site at the CtpM-LBD (64), they fail
to trigger downstream signaling. Similar observations have been made for the Tar che-
moreceptor (65), and the existence of signal antagonists offers the possibility to specifi-
cally interfere with chemotactic signaling.

Other chemoreceptors predicted to stimulate the F6 pathway. (i) Aer (TIpC). This
receptor shows the same topology and domain arrangement as E. coli Aer (Fig. 3) and
was found to mediate aerotaxis (66, 67). P. aeruginosa strains adapt their gene expres-
sion to hypoxia conditions during pulmonary infections (68), and Aer protein levels
were downregulated in strains isolated from CF patients compared to the laboratory
strain PAO1 (42).

(ii) McpS and BdIA. McpS is a cytosolic receptor containing two tandem PAS-type
LBDs (Fig. 3). Its overexpression resulted in a dominant-negative effect on chemotaxis
and caused a loss of polar chemoreceptor clustering (69). The chemoreceptor BdIA
(biofilm dispersion locus A) has the same domain arrangement as McpS, and initial
experiments showed that a bdIA mutant was deficient in biofilm dispersion, a pheno-
type that is most likely caused by the increased c-di-GMP levels of the mutant (70). The
N-terminal PAS domain of BdIA was found to contain bound heme, suggesting gas
sensing, and removal of this domain abolished the capacity to disperse biofilm (71).
Data were presented suggesting that BdIA may employ an unorthodox signaling
mechanism. The full-length protein is inactive, but phosphorylation of a tyrosine resi-
due at the segment which links both PAS domains with the signaling domain was
identified as a signal required for proteolytic cleavage of the N-terminal PAS domain,
leading to protein activation (72). Furthermore, the cleaved N-terminal PAS domain
was found to be required for correct signaling (72). Cytosolic receptors with double
PAS domains are relatively frequent (73), but no evidence has been obtained so far to
suggest that other receptors may employ the BdIA mechanism. The inactivation of bdlA,
resulting in the inability to disperse biofilms, correlated with a reduced pathogenicity in
acute virulence models but, on the other hand, rendered P. ageruginosa more resistant
upon chronic infection of the murine lung (74). BdIA has been predicted to feed into the
F6 pathway (chemotaxis) (10) but was shown to modulate c-di-GMP levels (70). A study of
Comamonas testosteroni revealed cross talk between chemosensory pathways mediating
chemotaxis and biofilm formation (75), which may also occur in this case. The signals rec-
ognized by BdIA and McpS are unknown, but BdIA-dependent biofilm dispersion was
induced by specific nutrients in the medium (70, 71).

(iii) McpA. This atypical receptor lacks an LBD (Fig. 3) and was found to mediate
chemoattraction to trichloroethylene (76). Although the mcpA gene forms part of the
gene cluster encoding the F7 pathway (Fig. 1), the receptor was proposed to feed into
the F6 pathway (10), a notion that is supported by McpA colocalization with F6 pathway
signaling complexes (14). Furthermore, transcriptomic studies revealed that the expression
patterns of mecpB/aer2 and cluster Il genes (Fig. 1) were generally similar but different than
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TABLE 2 Transcriptional regulation of chemoreceptor and pathways genes in P. aeruginosa by different regulatory systems

Fold change(s)*

Two-component
Transcriptional regulators (reference) systems (reference) Sigma factors (referencel[s])

WT/AampR®  AbswR/WT¢  AfleQ/WT?  ApilR/WT¢  AfleR/WT'  AfliA/WT ArpoS/WT ArpoN/WT  AsigX/WT

Gene cluster/ORF (182) (183) (156) (181) (156) (156, 184) (184, 185) (156, 184) (184)
Gene cluster | (F6)9 -2.3/-3.0* 3.0/4.2* -2.3/-2.9*%

Gene cluster Il (F7)9 -5.2/-73.9* -5.5/-28.4*t -2.5/-2.8*

Gene cluster Ill (Wsp)? -1.8/-3.3*t -2.4/-2.7*
Gene cluster IV (Chp)¢ -1.9/-2.4* -2.7/-2.8*
Gene cluster V (F6) -2.7 -2.3/-3.3* -3.1 -2.5
PA0176 (McpB) -5.2 -8.8/-15.61

PA0180 (McpA) -5.5/-8.6t1

PA0411 (Pil)) -2.7
PA1251 23 28.7
PA1423 (BdIA) -6.5 -55.1

PA1561 (Aer) -2.8 -29 -8.8 -4.4
PA1608 -23 -14.2 -33
PA1646 2.0 -4.2 5.4
PA1930 (McpS) 3.9 -16.3/-20.5t% -8.6
PA2561 (CtpH) -2.0 -4.2

PA2573 -8.4/-12.11

PA2652 (CtpM) -2.7 -2.3 -10.7

PA2654 (TIpQ) -4.3 -3.7 -57.9

PA2788 (McpN) -12.4 -6.8 -21.3

PA2867 -34 -4.1 -3.4 -5.7 -14.4 -2.1
PA2920 -2.6

PA3708 (WspA) -2.3 -2.3
PA4290 3.0
PA4307 (PctC) -12.0 -4.2 -6.8/-15.01 -6.5 -4.5
PA4309 (PctA) -2.1 -2.6 -8.4 -20.5

PA4310 (PctB) -80.6 -3.2 -325 -21.1/-83.71 -45.7 -39
PA4520 -2.8 -4.0

PA4633 -2.9 -4.5/-6.0t -11.8

PA4844 (CtpL)

PA4915 -12.7 -6.6/-11.01

PA5072 (McpK) -5.9

a*, Both the lowest and the highest fold changes among the differentially expressed genes per cluster are listed; 1, values for two different studies are listed. WT, wild type.
bSignal: cell wall muropeptides (179).

<Signal: unknown.

dSignal: c-di-GMP (180, 199).

eSignal: PilA (181). Current data support that PilA acts as an intramembrane inhibitory signal through its interactions with the sensor kinase PilS.

fSignal: unknown.

9At least two genes per gene cluster have to be altered for listing.

those of mcpA (Tables 2 to 4), indicating that the latter gene is not subject to the regula-
tory processes controlling the F7 pathway.

(iv) PA2573. A mutant in this chemoreceptor showed highly reduced virulence in a
greater wax moth (Galleria mellonella) larva model, where a significant reduction in
swimming and swarming behaviors as well as impaired pyocyanin production was
observed (77). Importantly, the transcript levels of many genes, including virulence
and antibiotic resistance genes, were significantly altered in a pa2573-deficient mutant
(77), suggesting a possible cross talk between chemotaxis receptors and transcriptional
regulation. The signal(s) recognized by PA2573 are unknown, but proteomic analysis
revealed that this protein was not present in anaerobic cultures (78).

SIGNALING THROUGH THE F7 (Che2) PATHWAY

Initial information on the F7 pathway which is encoded by genes of cluster Il (Fig. 1)
was reported by Ferrdndez et al. (79). It was shown that cheB, could complement a mu-
tant in cheB,, which is part of the F6 pathway. Overexpression of CheA,, CheB,, and
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TABLE 3 Transcriptional regulation of chemoreceptor and pathways genes in P. aeruginosa by different signal molecules

Microbiology and Molecular Biology Reviews

Fold change(s)

Signal molecules and second messengers (referencels])

Quorum-sensing signaling (reference)

P,

c-di-GMP cAMP ppPGpp

Acyl-homoserine lactones

WT (0.2 mM P))/  AwspF pelA psIBCD?/

WT (1 mM P) ApelA psIBCD AwspF°/WT  AcyaAB®/WT  ArelA AspoT/WT  WT/AlasR ArhIR  Alasl Arhll + AHLY/
Gene cluster/ORF (43) (8,111) (186) (158) (187) Alasl Arhll (188)
Gene cluster | (F6)¢ 1.6/2.2f
Gene cluster Il (F7)¢ 4.0/15.4" 1.5/2.7f 3.7/4.6 1.99
Gene cluster lll (Wsp)©
Gene cluster IV (Chp)¢ -1.6/-1.9° -2.6/-4.6 1.6/3.3 1.5/1.7
Gene cluster V (F6) 2.4/2.8f
PA0176 (McpB) 154 3.9
PA0180 (McpA)
PA0411 (PilJ) 3.1 33 1.5
PA1251
PA1423 (BdIA) 2.7 2.1 5.2
PA1561 (Aer) 2.2 2.7
PA1608 2.0 4.2 2.2
PA1646 4.7
PA1930 (McpS) 3.0 3.9 3.8
PA2561 (CtpH) 2.8
PA2573 5.0 3.9 2.7
PA2652 (CtpM) 2.1
PA2654 (TIpQ) 24 2.8
PA2788 (McpN) 2.2
PA2867 25 23 1.6
PA2920 2.2 3.7
PA3708 (WspA)
PA4290 3.0
PA4307 (PctC) 6.2/7.2" 3.5 24
PA4309 (PctA) 2.1 1.6
PA4310 (PctB) 1.7
PA4520 2.6 2.1
PA4633 23 3.5
PA4844 (CtpL) 7.1
PA4915 2.1 2.2
PA5072 (McpK) 2.2

9Increased c-di-GMP levels.

bReduced cAMP levels.

ppGpp-deficient mutant.

91 wM 30C12-HSL and 2 uM C4-HSL were added.

eAt least two genes per gene cluster have to be altered for listing.

The lowest and highest fold changes among differentially expressed genes per cluster are listed.
9A single fold change value was given for the entire F7 gene cluster.

hValues for two different studies are listed.

CheW, in E. coli disrupted chemotaxis indicating that these proteins interact with com-
ponents of the E. coli system (79). Cluster Il encodes two chemoreceptors, McpA and
McpB/Aer2, but initial findings showing that cheB, and mcpB/aer2 mutants were defi-
cient in chemotaxis could not be reproduced in a later study which employed in-frame
deletion mutants (14). Since Guvener et al. were unable to identify a general role for F7
pathway proteins in chemotaxis, these authors proposed that these proteins either
respond to an attractant that has not been tested yet, that the F7 system somehow
talks to the F6 system, or that the system mediates an output unrelated to chemotaxis
(14). Remarkably, it was demonstrated that proteins of the F6 and F7 pathways form
distinct clusters in which McpB/Aer2 is associated with the F7 protein complex and
McpA is associated with the F6 complex (14). Subsequent studies using cryo-micros-
copy revealed that the F6 and F7 pathways form two spatially separated arrays, sup-
porting the notion that McpA and McpB/Aer2 signal through different pathways (73).
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TABLE 5 Posttranscriptional regulation of P. aeruginosa chemoreceptors and pathways

Fold change(s) (reference[s])

Ahfg/WT Ahfg/WT

ArsmA/WT (anaerobic biofilm) (liquid cultures) Acrc/WT
Gene cluster/ORF (169) (194) (166, 195) (166, 170)
Gene cluster Il (F7)° 8.1/16.7°
PA0176 (McpB) 13.3
PA1251 -8.3
PA1561 (Aer) -9.5
PA1608 -2.7
PA2654 (TIpQ) -2.1
PA2788 (McpN) -2.2
PA2867 -6.4
PA4290 -6.0/-23.9¢
PA4307 (PctC) -3.5 5.93
PA4310 (PctB) -33
PA4520 7.3

aAt least two genes per gene cluster have to be altered for listing.
bThe lowest and highest fold change values among the differentially expressed genes per cluster are listed.
The values of two different studies are listed.

Thus, whereas deletion of mcpA had no effect on the F7 array, the mutation of mcpB/
aer2 abolished F7 array formation (73). It can therefore be concluded that the function
of the F7 pathway depends on just one chemoreceptor, McpB/Aer2; this finding is
consistent with the bioinformatic prediction (10). However, since mcpA and mcpB/
aer2 are frequently vicinal in genomes, there is evidence that these genes may have
coevolved, suggesting that some functional link may exist between them (73, 80).
The phylogenetic trees of McpA and McpB/Aer2 from different gammaproteobacte-
ria were similar and congruent with the phylogeny based on CheA, CheB, and CheR
(73). Initial evidence for potential mutual interactions has been obtained in P. pseu-
doalcaligenes that contains McpA and McpB/Aer2 homologs. Whereas the mcpA,
mcpB, and aer single mutants, as well as the mcpA mcpB double mutant, had no
effect on energy taxis, a significant reduction was observed in both mcpA aer and
mcpB aer double mutants (80).

Work conducted with clinical isolates of P. aeruginosa revealed that the F7 pathway
plays an important role in virulence (81). Thus, a high-throughput mutant screening for
virulence defects in C. elegans demonstrated that the cheB, mutant showed highly
reduced virulence, a finding that was confirmed by experimentation with mice. The
authors of that study also found that a cheB; mutant, severely impaired in chemotaxis,
had no virulence defect in C. elegans, suggesting that the F6 and F7 pathways carry
out different functions (81). The notion that the F7 pathway is involved in virulence is
also supported by the fact that its expression is regulated by different virulence-related
mechanisms such as those mediated by inorganic phosphate, quorum-sensing mole-
cules, or RpoS, as well as being strongly downregulated during biofilm formation and
infection (Tables 2 to 5). Of note is that the deletion of the mcpB/aer2 gene reduced vir-
ulence in a number of animal models (82).

McpB/Aer2 Chemoreceptor

The chemoreceptor McpB/Aer2 lacks transmembrane regions and the full-length
protein is soluble in the absence of detergent (11). The unusual architecture of McpB/
Aer2 consists of three consecutive HAMP (histidine kinases, adenylyl cyclases, methyl-
binding proteins, and phosphatases) domains (HAMPs 1 to 3 in Fig. 3) that are followed
by a heme-containing PAS domain and two additional HAMP domains (HAMPs 4 and 5
in Fig. 3). McpB/Aer2 is the only P. aeruginosa chemoreceptor that contains a C-termi-
nal pentapeptide (GWEEF) tethered through a flexible linker to its C-terminal end (Fig.
3) (11). In the Tar receptor, C-terminal pentapeptides form additional CheR and CheB
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binding sites (83), and their removal prevented efficient methylation and demethyla-
tion in vitro and abolished chemotaxis in vivo (84).

It was shown that only CheR, but none of the remaining 3 CheR paralogs bound to
the GWEEF pentapeptide of McpB/Aer2 (11), and its removal abolished CheR, binding
and methylation of McpB/Aer2. Sequence alignments of pentapeptide dependent and
independent CheR proteins identified a small, 3-amino-acid insertion that is only pres-
ent in pentapeptide-dependent CheRs, and removal of this sequence in CheR, pre-
vented pentapeptide binding (11). McpB/Aer2 and CheR, are encoded in cluster Il and
form part of the same pathway (Fig. 1). The specific recognition of the McpB/Aer2 pen-
tapeptide by CheR, is thus a mechanism that enables the targeting of a particular re-
ceptor by a specific CheR paralog (11).

As indicated above, the initial observation that McpB/Aer2 is involved in aerotaxis
(66) could not be confirmed in subsequent studies (14, 85). However, when McpB/Aer2
is expressed in a chemoreceptor-free E. coli, it mediates a repellent response to differ-
ent gases (85), and subsequent studies indicated that oxygen is likely to be the physio-
logically relevant ligand (86). These data, combined with 3D structures of the HAMPs 1
to 3 (87) and PAS domains (88, 89), have permitted a model to be proposed. In this
model, signaling is initiated by oxygen recognition at the heme-containing PAS do-
main. This binding causes a conformational state that is stabilized by the HAMP 2 and
3 domains (HAMP 1 and HAMPs 2 and 3 are separated by a helical extension, suggest-
ing that HAMP 1 is not required for McpB/Aer2 function). This conformational change
regulates the ability of HAMPs 4 and 5 to inhibit the kinase control module (85). Cryo-
microscopy data show that the F7 array is attached to the membrane via the N-termi-
nal part of McpB/Aer2 (73). This study also determined a distance of ~40 nm from the
CheA/CheW-containing baseplate to the inner membrane, which confirms the linear
topology of McpB/Aer2, as proposed in an earlier study (90).

Evolution of F7 Pathways

Chemotaxis in E. coli is mediated by an F7 pathway, whereas in P. geruginosa the
chemotaxis pathway belongs to class F6. In contrast, the biological function of the F7
pathway in P. aeruginosa remains unknown. A recent study of the evolutionary history
of F7 pathways has identified five different stages during their evolution (73). Gene
clusters of stages 1 and 2 contain genes encoding McpA and McpB/Aer2 homologs and
the chemoreceptor deamidase CheD. The P. ageruginosa F7 pathway corresponds to stage
2. Interestingly, all species that contain F7 pathways of stages 1 and 2, also harbor an F6
pathway. Gene clusters of stage 3 are characterized by the loss of the McpA and McpB/
Aer2 chemoreceptor encoding genes and the incorporation of a Tar-like chemoreceptor
gene. Frequently, species with an F7 system at stage 3 also encode F6 systems that lack
CheA, CheR, and CheB, indicative of nonfunctional pathways. In stage 4, the cheY and cheZ
genes derived from the F6 pathway are incorporated into F7 systems, giving rise to gene
clusters with two cheY genes. Lastly, in stage 5, as observed in enteric Proteobacteria such
as E. coli, cheD and the F7 cheY were lost, whereas the tar-like gene was duplicated. None
of the stage 5 genomes retained genes of the F6 system. Taken together, current data indi-
cate that F6 and F7 systems existed contemporaneously, with the F7 pathways taking over
genes of the F6 system, a pathway that was subsequently lost.

McpB/Aer2 and Pathway Homologs in Other Species

McpB/Aer2 homologs have been identified in a number of species such as Vibrio
cholerae, Shewanella oneidensis, or Methylomicrobium alcaliphilum (73, 91). Notably, like
the P. aeruginosa receptor, the homolog in V. cholerae was found to bind oxygen with sim-
ilar affinity (91). Although the output of any pathway that contains McpB/Aer2 homologs
remains unknown, it is likely to be mediated by the cognate CheY response regulator. For
example, V. cholerae encodes five CheY homologs and contains three chemosensory path-
ways that belong to the F6, F7 (stage 1), and F9 classes (73, 92, 93). The stage 1 F7 pathway
is of unknown function and is encoded by gene cluster lll harboring cheY, and the mcpB/
aer2-like gene (73, 94). Studies in which cheY homologs were overexpressed revealed that
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only F6 CheY; appeared to be involved in modulating swimming behavior (94), which was
subsequently verified by pulldown experiments showing that activated CheY; but not
CheY, bound to immobilized FliM, the CheY target at the flagellar motor (95). Modeling
and molecular dynamics simulation studies of the CheY homologs identified the structural
reasons that may be responsible for the specific capacity of CheY; to bind to FliM (96). It
was thus concluded that only one of the five CheYs, CheY;, directly switches flagellar rota-
tion (94). Altogether, current data suggest that CheYs of stages 1 and 2 F7 chemosensory
pathways do not bind to the flagellar motor but may interact with an as-yet-unidentified
target protein to generate the pathway output.

SIGNALING THROUGH THE ACF (Wsp) PATHWAY

Typically, the 17 classes of chemosensory pathways involved in flagellar motility
contain a response regulator composed solely of a receiver (REC) domain that binds
to the flagellar motor (1). In contrast, the response regulator of ACF pathways is fre-
quently a fusion of a REC domain and other domains through which the pathway
output is realized (1). Such additional domains can be classified into those related to
two-component signaling (e.g., histidine kinase, histidine phosphotransfer, HTH DNA
binding, AAA-ATPase and PP2C phosphatase, and additional REC domains), stimulus
sensing (e.g., PAS and GAF domains), or control of c-di-GMP levels (e.g., GGDEF and
EAL domains) (1). Frequently, ACF response regulators possess combinations of these
domains, suggesting sophisticated regulatory mechanisms (1). In addition, the CheR
of ACF pathways is frequently fused to a tetratricopeptide repeat (TPR) domain (97).
The primary function of TPR domains resides in binding other proteins (98), but
potential binding partners for TPR domains of CheRs remain to be identified.

The Wsp (wrinkly spreader phenotype) pathway is the best characterized ACF path-
way (8). The corresponding gene cluster lll encodes a chemoreceptor, WspA, as well as
all the remaining core proteins, namely, two CheW-type adaptor proteins (WspB and
WspD), a REC domain-containing histidine kinase (WspE), a methyltransferase (WspC), a
methylesterase (WspF), and a response regulator (WspR) (Fig. 2). The regulator WspR is
a REC domain fusion with a GGDEF diguanylate cyclase domain (Fig. 6), and phospho-
rylation of this REC domain enhances diguanylate cyclase activity (8). Initial studies
showed that a mutant defective in wspF caused elevated c-di-GMP levels leading to a
wrinkly colony phenotype and enhanced biofilm formation (8). It was suggested that
in the absence of the methylesterase WspF, the pathway locks into an active state,
where it constantly phosphorylates WspR, causing enhanced c-di-GMP synthesis (8).
Remarkably, overexpression of WspR was shown to increase c-di-GMP levels, indicative
of basal protein activity (99).

Chemoreceptor WspA

The mutation of wspA in a wspF-deficient strain reversed the colony morphology
from wrinkly to smooth, indicating that the WspA chemoreceptor stimulates this path-
way (100); a finding that is consistent with bioinformatic predictions (Fig. 3) (10). A flu-
orescence-tagged WspA was found to form dynamic clusters at both polar and lateral
subcellular locations. This localization differs from the mainly polar localization of che-
moreceptors involved in chemotaxis (15, 100), indicating that WspA incorporates into
separate signaling complexes. The WspA signaling domain was found to determine
the subcellular localization, since its replacement with that of the PctA chemoreceptor
caused polar localization, whereas, vice versa, the replacement of the PctA signaling
domain with that of WspA caused a more disperse localization (15). Wsp pathway acti-
vation occurs by growth on surfaces (15), but the nature of the stimulus recognized by
WspA is unknown. The involvement of the Wsp pathway in surface sensing is discussed
further below. WspA is a transmembrane receptor containing a 4HB LBD that in other
chemoreceptors binds chemoeffectors directly or via ligand binding proteins (4). Like
the chemotaxis receptors PctA, PctB, PctC, or CtpM, WspA has a signaling domain com-
posed of 40 heptad repeats. Replacement of the WspA 4HB domain with the LBDs of
the former four receptors maintained the capacity of the pathway to respond to
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signaling. (B) Schematic view of chemosensory pathway-associated signaling by c-di-GMP. The Wsp and Chp
pathways are involved in the synthesis of c-di-GMP that, in turn, reduces chemotaxis through the action of the
FleQ and MapZ regulatory proteins.

surface growth, suggesting that WspA stimulation may occur through an alternative
mechanism that does not involve the 4HB domain (15).

A subsequent study has shown that ethanol increases c-di-GMP levels but not in a
wspR mutant, indicating that the Wsp pathway is primarily responsible for this pheno-
type (101). In addition, this phenotype depended on WspA, suggesting that this che-
moreceptor may respond to ethanol (101). Insight into the sensing of ethanol and other al-
iphatic alcohols by chemoreceptors has been gained using Ralstonia pseudosolanacearum,
a plant-pathogenic bacterium that shows negative chemotaxis to these compounds (102).
Surprisingly, since many chemoreceptors with different LBD types were found to partici-
pate in R. pseudosolanacearum ethanol taxis, this behavior is likely to be mediated by the
modulation of common parts of these receptors, namely, the transmembrane regions and
the signaling domain (102). The hypothesis that alterations in WspA transmembrane
regions may cause receptor stimulation is also supported by a study showing that muta-
tions in the pathway that determines the length of fatty acids, altering, in turn, membrane
characteristics, causes constitutive c-di-GMP production by the Wsp pathway (103).
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The methyltransferase WspC is subject to product feedback inhibition since it rec-
ognizes the product of the methylation reaction, S-adenosylhomocysteine, with 13-
fold-higher affinity than the methylation substrate S-adenosylmethionine (SAM) (11).
Consequently, an increase in SAM concentration would result in a stimulation of the
methylation reaction. Data have been presented showing that an increase in the cellu-
lar SAM concentration caused c-di-GMP-mediated phenotypes and that these pheno-
types depended on the Wsp signaling system (104). This research suggests that the
increase in SAM concentration enhances WspA methylation, thus driving WspR activity
to raise c-di-GMP levels. However, it remains to be established whether the ethanol-
mediated modulation of WspA activity (101) may potentially be related to ethanol-
mediated changes in cellular SAM levels.

Response Regulator WspR

The response regulator WspR consists of a phosphorylatable REC domain that is
fused via a long stalk helix to the diguanylate cyclase GGDEF output domain (Fig. 6A)
(105). The typical functional paradigm of response regulators is that REC domain phos-
phorylation by either a sensor kinase or by small molecule phosphodonors alters the
activity/property of the output domain (106). This mechanism has also been observed
for WspR since REC domain phosphorylation was shown to increase diguanylate cy-
clase activity of the regulator (8, 16). Furthermore, REC domain phosphorylation was
found to induce WspR subcellular clustering, which in turn potentiated diguanylate cy-
clase activity (16). In addition, there is evidence for an alternative mechanism that
modulates WspR activity. In the 3D structure of WspR, c-di-GMP binds to the inhibitory
site of WspR (Fig. 6A), and c-di-GMP-mediated inhibition represents a product feedback
regulatory mechanism (105). As a result, mutation of a key amino acid in this inhibitory
site rendered the protein highly active (105). Whereas c-di-GMP free protein is present
in a monomer-compact dimer-tetramer equilibrium, c-di-GMP binding to the inhibitory
site of WspR shifted the protein oligomeric state to the tetramer (105, 107). This tetra-
meric state is active but forms the platform for the formation of elongated dimers that,
in contrast to the compact dimers, are inactive (105). In addition, WspR activity was
found to depend on the protein concentration (16, 105). Another study suggested that
WspR activation is due to the disruption of the interface between the REC and GGDEF
domains, leading to the release and activation of the GGDEF domain (108).

Interestingly, mutants defective in wspR and in the autokinase gene, wspE, had very
different phenotypes, which is unexpected since the corresponding gene products
form part of the same pathway. Whereas the wspE mutant showed significant increased
cytotoxicity in human bronchial epithelial cells, the cytotoxicity of the wspR mutant was
only about 15% of that of the parental strain, which led Gellatly et al. (109) to question
whether both proteins form a two-component system. However, these data showing that
WspR activity can be modulated through alternative mechanisms that do not involve
phosphorylation, such as c¢-di-GMP binding or the protein concentration dependence of
WspR activity, may explain the differences in the wspE and wspR mutant phenotypes.

Physiological Relevance of Wsp Pathway

Several studies demonstrate that the Wsp pathway modulates virulence in P. aerugi-
nosa. Rugose small-colony variants (RSCVs) are characterized by their high fitness in
biofilms and for their persistence and are therefore of interest to study chronic infec-
tions (110). As described earlier, the mutation of wspF caused the constitutive activa-
tion of WspR resulting in elevated c-di-GMP levels and the RSCV phenotype. Interestingly,
CF airway infections frequently produce RSCV variants and this phenotype could be
reverted to the smooth colony morphology in most of the rugose variants by the in trans
expression of wspF, indicating that spontaneous mutations of wspF are a very frequent
mechanism for the generation of RSCV morphotypes in vivo (111). Nevertheless, mutations
in other wsp genes also occurred during P. aeruginosa evolution in CF patients (112, 113).
In addition, RSCVs with a hyperbiofilm phenotype were isolated from burn wounds
infected with P. aeruginosa PA14 and found to have mutations exclusively in wspF and
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wspA (114). Taken together, these data suggest that the Wsp pathway may have been pos-
itively selected to confer the hyperbiofilm phenotype during different types of infection.

Another example that documents the physiological relevance of the Wsp system
comes from single cell studies. Armbruster et al. (115) observed that the Wsp pathway
generates heterogeneity in surface-attached P. aeruginosa cells at early stages of bio-
film formation. Thus, two physiologically different subpopulations that differ in their c-
di-GMP content were identified, namely, one with high c-di-GMP levels that produce
the biofilm matrix, and a second subpopulation that has low c-di-GMP levels that per-
mit bacteria to keep exploring the surface (Fig. 7) (115). These authors argue that both
subpopulations carry out complementary functions that, when conducted in parallel,
are beneficial for successful surface colonization. In another series of experiments, P.
aeruginosa was coevolved with Staphylococcus aureus and, surprisingly, a large number
of wsp mutants were identified, primarily in wspA and wspF genes. These mutants were
characterized by a RSCV morphology and showed increased killing toward S. aureus
(116), a strategy that may allow P. aeruginosa to efficiently outcompete bacterial com-
petitors during host infection. Subsequent metabolomic approaches allowed the corre-
lation of the enhanced antibacterial activity of the wspF mutant with an increased pro-
duction of alkyl quinoline N-oxides, rhamnolipids, and hydrogen cyanide, as well as of
the siderophores pyoverdin and pyochelin (117).

The discovery of the Wsp pathway in P. aeruginosa (8) motivated a number of stud-
ies that demonstrate or suggest the existence of functional Wsp pathways in other spe-
cies such as P. putida (12, 118-120), P. fluorescens (121-123), Halomonas spp. (124), or
Burkholderia cenocepacia (125). In addition, the analysis of the response regulator archi-
tecture of ACF-type pathways revealed REC-GGDEF fusions in a diverse range of bacte-
rial genera such as Ralstonia, Clostridium, Mesorhizobium, Bordetella, or Janthinobacterium,
suggesting a broad phylogenetic distribution of Wsp-like pathways and thus an important
physiological role (1).

SIGNALING THROUGH THE TFP (Chp) PATHWAY

Type IV pili (TFP) are among the most common bacterial surface structures and are
involved in adherence, motility, competence for DNA uptake, and pathogenesis (126).
Motility based on TFP involves cycles of pilus extension, surface adhesion, and retrac-
tion (127). The chemosensory pilus (Chp) pathway has been associated with TFP-based
motility (17, 128) and directed twitching in gradients of the phospholipid phosphatidy-
lethanolamine (PEA) (129). Directed twitching required the extracellular phospholipase
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PlcB (130) and pathways that degrade the resulting long-chain fatty acids (131). Since
complete metabolism of PEA-derived fatty acids was required for directed twitching,
this type of motility was classified as energy taxis (131). Subsequent studies revealed
that the Chp pathway also controls 3’,5’-cyclic adenosine monophosphate (cAMP) lev-
els by modulating the activity of the primary adenylate cyclase, CyaB (18). In fact, the
Chp pathway was shown to play a central role in regulating cAMP synthesis since
screening of a mutant library for reduced cAMP levels resulted primarily in the identifi-
cation of mutants in the chp gene cluster (18). Remarkably, cCAMP signaling is closely
interwoven with twitching motility since this second messenger controls TFP synthesis
via its interaction with Vfr, a transcription factor that also regulates the expression of
different virulence genes (Fig. 2) (18, 132, 133). In contrast to the gene cluster encoding
the F6 pathway, the Chp system lacks the CheZ phosphatase and encodes a chemore-
ceptor (Pil)), two CheYs (PilG and PilH), and two CheWs (Pill and ChpC), as well as
ChpD and ChpE, two proteins annotated in the Pfam database as an AraC-type tran-
scriptional regulator and a LysE-type translocator, respectively (Fig. 1 and 2).

PilJ Chemoreceptor

For the PilJ chemoreceptor, a pilJ-deficient mutant was devoid of twitching motility,
showed reduced cAMP levels (18, 129) and impedes the assembly and extension of TFP
(18, 19). Interestingly, the deletion of the periplasmic LBD of Pil) reduced cAMP levels to a
lower degree than observed for a pilJ deletion mutant (134), suggesting that the cytosolic
part of PilJ is important (probably by modulating the activity of the CyaB adenylate cy-
clase) and that this role may by potentiated by the binding of ligands to its LBD. The PilJ-
LBD has ~200 amino acids and comprises two PilJ domains (Fig. 3 and 4).

A number of sensor kinases and chemoreceptors that contain a single periplasmic
Pil) domain have been characterized and were shown to bind nitrate (46, 55).
However, the amino acids involved in nitrate binding are not conserved in any of the
Pil) domains of the PilJ receptor, and a microcalorimetric titration of the periplasmic
part of PilJ with nitrate did not show binding (46). Interestingly, surface contact indu-
ces expression from the cAMP-dependent promoter that controls the expression of
PaQa, an operon that encodes homologous components of the type Il secretion sys-
tem in P. aeruginosa (135). Since this induction was not observed in mutants defective
in the genes encoding the PilJ receptor or the ChpA autokinase, it was hypothesized
that a mechanical signal, i.e., surface contact, stimulates PilJ and induces downstream
signaling (135). This hypothesis was supported by studies of the major component of
TFP, the PilA protein. TFP extension and retraction is primarily due to the polymeriza-
tion and depolymerization of PilA, and bacterial two-hybrid system studies suggest
that PilA and PilJ interact (135). Since PilJ has a periplasmic LBD, Persat et al. propose
that the PilA and PilJ interaction occurs in the periplasm. TFPs are present in either a
relaxed or tense form, and current data indicate that tension generated in the TFP is
the mechanical signal that is conveyed via PilA to PilJ, inducing downstream signaling.
The outputs of this signaling cascade are increases in TFP extension and retraction fre-
quencies, as well as the induction of cAMP production (Fig. 2) (135).

Additional research has shown that PilJ interacts with FimS, a transmembrane sen-
sor kinase that forms a two-component system with AlgR (136), which ultimately con-
trols the expression of genes involved in c-di-GMP synthesis (Fig. 2) (137). An earlier
study already demonstrated that the AIgR/FimS regulatory system is required for
twitching (138) and a physical interaction between PilJ and FimS may enable cross talk
so that signals recognized by PilJ modulate FimS activity and vice versa. Altogether,
currently available data indicate that Chp pathway-mediated signaling causes altera-
tion in cAMP and c-di-GMP levels that, in turn, control motility, virulence, and biofilm
formation (Fig. 2, 6B, and 7).

Two Response Regulators: PilG and PilH

The two CheY proteins encoded in the Chp cluster, PilG and PilH (Fig. 1 and 2),
share only 29% sequence identity and mutants defective in pilG and pilH showed
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reduced twitching motility and piliation (18, 139). However, the molecular mechanisms
giving rise to these phenotypes are different since increased cAMP and pilin levels
were observed in the pilH mutant, whereas both levels were highly reduced in the pilG
mutant (18, 139). PilG was found to interact via the FimL protein with FimV, the activa-
tor protein of the CyaB adenylate cyclase, thereby causing changes in cAMP levels (Fig.
2) (18, 139). In contrast, PilH was proposed to act as a phosphate sink, similar to the
CheY, of Sinorhizobium meliloti (140), a hypothesis that is based on the preferential
phosphorylation of PilH by the ChpA autokinase (141).

ChpA: a Very Complex Autokinase

The complexity of Chp pathway signaling may be related to the complexity of its
ChpA autokinase. The ChpA protein is three times larger than the CheA, of the F6 path-
way (Fig. 1 and 8). Insertional mutants of chpA showed highly impaired twitching mo-
tility phenotypes (17, 142). The N-terminal segment of ChpA shares significant
sequence similarities with the accessory protein FimL (143) (Fig. 8A), and it was pro-
posed that FimL acts as a scaffolding protein that permits the colocalization of the
Chp pathway with the TFP apparatus to coordinate cAMP-dependent signaling upon
surface contact stimulation (144, 145). However, the functional relevance of the part
of ChpA that is homologous to FimL remains to be explored.

In addition to the FimL-like domain, ChpA contains nine different domains that
were predicted to contain phosphorylatable amino acids, namely, six histidine (Hpt)-,
one serine (Spt)-, and one threonine (Tpt)-containing phosphotransfer domains, as well
as a C-terminal REC domain containing an aspartate as a phosphoryl group accepting
residue (Fig. 8A). Twitching motility was either abolished or highly reduced in mutants
in which the phosphoryl group accepting residues in the REC and Hpt2/Hpt3 domains,
respectively, were mutated. In contrast, replacement of the phosphorylatable amino
acids in the remaining domains caused only a minor reduction in twitching (142). The
capacity of all eight Hpt, Spt, and Tpt domains to receive a phosphoryl group has been
assessed (141). It was shown that the ChpA HATPase domain was able to phosphoryl-
ate Hpt 4 to Hpt 6, but none of the remaining domains. Transphosphorylation assays
then showed that Hpt 5 and 6 can transfer the phosphoryl group to all three receiver
domains of the TFP (Chp) pathway, namely, the PilG and PilH response regulators, as
well as to the individual ChpA REC domain (ChpArec). However, significant differences
were observed in the transphosphorylation kinetics. Whereas phosphorylation to the
ChpArec domain occurred within seconds, typical for autokinase-response regulator
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pairs (141), transphosphorylation to PilH and particularly to PilG was significantly
slower. The order of transphosphorylation rates also correlated with the rates of auto-
dephosphorylation of the three REC domains. In subsequent studies the authors showed
rapid transphosphorylation from ChpArec to the Hpt domains 2 and 3, which in turn
were found to transphosphorylate primarily PilG and PilH, respectively (141). Thus, in this
phosphorelay, the ChpA HATPase domain phosphorylates Hpt domains 4 to 6, followed
by a rapid phosphotransfer to ChpArec, which subsequently transphosphorylates Hpt 2
and Hpt 3, domains that ultimately phosphorylate the PilH and PilG response regulators
(Fig. 8B).

Phosphorelays have been observed for a number of different unorthodox two-com-
ponent systems such as ArcBA (146) or TodST (147). These phosphorelays are charac-
terized by a consecutive phosphotransfer between His1, Asp1, His2, and Asp2.
Although the molecular architecture of ChpA is much more complex than that of the
sensor kinases ArcB and TodS, the mechanism reported for ChpA obeys the general
His1-Asp1-His2-Asp2 phosphorylation sequence observed for characterized phosphor-
elay systems (Fig. 8B). However, the physiological relevance of the complexity of ChpA
remains to be established.

INVOLVEMENT OF Wsp AND Chp PATHWAYS IN SURFACE SENSING AND BIOFILM
FORMATION

During the initiation of biofilm formation, surface sensing by P. aeruginosa leads to
the production of exopolysaccharides and the suppression of surface motility, proc-
esses that ultimately promote an irreversible attachment and biofilm formation (115,
148-150). As detailed above, both the Wsp and the Chp pathways are able to respond
to surfaces and are important during early stages of biofilm formation through the
alteration of second messenger levels. Thus, a surface signal is recognized by the WspA
chemoreceptor leading to increases in the c-di-GMP concentration that triggers biofilm
formation (Fig. 2 and 7) (15, 100). In addition, the PilJ receptor and TFP also sense surfa-
ces that, in turn, stimulate a signaling cascade that first results in cCAMP synthesis and
subsequently in increased c-di-GMP levels (Fig. 2 and 7), promoting, as in the case of
Wsp-mediated sensing, cell attachment and biofilm formation (135, 136). However, the
contribution of Wsp- and Chp-mediated sensing to the initial stages of biofilm varies
between P. aeruginosa strains, as described below. TFP-mediated surface sensing and
signaling via c-di-GMP has also been observed in other bacteria and may represent a
more general feature (151).

A single cell study using P. aeruginosa PA14 as model revealed that the surface pop-
ulation behavior of planktonic cells that have previously been exposed to surfaces is
different from that of surface nonsensitized planktonic cells. Data show that previously
surface-exposed bacteria possess a memory that propagated across multiple genera-
tions and which manifests itself in correlated oscillations of cAMP levels and TFP activ-
ity. This behavior was observed to a lesser degree in mutants defective in pilA and pilJ,
indicative of the involvement of the Chp pathway (152).

A comparative study revealed important differences in the reversible attachment of
P. aeruginosa strains PAO1 and PA14 (148). PAO1 cells committed quickly to surfaces
compared to PA14, resulting in a steadily progressive increase of irreversibly attached
PAOT1 cells. This behavior is likely due to Wsp-based surface sensing that causes c-di-
GMP-mediated increases in exopolysaccharides, facilitating thus the attachment of
neighboring cells. In contrast, PA14 lineages exhibit high rates of cell detachment
from surfaces during the reversible attachment stage. In this strain, surface sensing is
primarily mediated by the Chp pathway, causing alteration in cAMP levels that, as
mentioned above, allows progeny cells to retain a memory of the surface. As a result,
PA14 lineages form planktonic cells that are primed for improved surface attachment
that then leads to irreversible attachment and biofilm formation (Fig. 7). Whereas the
surface colonization strategy of PAO1T is aimed at recruiting neighbor cells, PA14
primes progenitor cells to optimize attachment in future generations (148).
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Another layer of complexity was added by a study showing that surface attachment
of P. aeruginosa PA14 increases sensitivity to quorum sensing, a process that was due
to the upregulation of lasR which encodes the quorum-sensing master regulator. The
corresponding mechanism appeared to be independent of PilA but dependent on the
TFP retraction motors and minor pilins. Data thus suggest that there are multiple
mechanisms by which TFP sense surfaces (153). In addition, a wspF-deficient mutant of
P. aeruginosa PA14 showed decreased and increased levels of Las and Rhl quorum-
sensing molecules, respectively, but the molecular mechanism behind these alterations
remains to be elucidated (117). As discussed below, quorum-sensing mechanisms reg-
ulate the transcript levels of a number of chemoreceptor and signaling genes, includ-
ing those of gene cluster IV and pilJ.

REGULATION OF CHEMOSENSORY SIGNALING PATHWAYS

Bacteria invest a considerable amount of genetic and energetic resources to synthe-
size and assemble the flagellar apparatus and to perform chemotaxis. Thus, some bac-
teria devote up to 6% of their genomes to chemotaxis and motility (154), and E. coli
requires almost 3% of the total cellular protein to efficiently perform these processes
(155). In order to optimize resources, the expression of chemoreceptor and signaling
genes needs to be strictly regulated, and there is a wealth of transcriptomic and pro-
teomic data available for P. aeruginosa. To get a clear picture of the transcriptional and
posttranscriptional mechanisms that regulate chemosensory pathways, this informa-
tion has been compiled in Tables 2 to 5.

Transcriptional Regulators and Signal Molecules

Table 2 summarizes the major regulatory systems that participate in the transcrip-
tional regulation of chemosensory genes. Data show that transcriptional regulators
such as AmpR, BswR, and FleQ and two-component systems, including PilSR and FleSR,
as well as different sigma factors, act either as activators or as repressors of the tran-
scription of chemoreceptor and chemosensory pathway genes. Table 3 illustrates that
this strict regulation also involves central signal molecules such as P, c-di-GMP, cAMP,
ppGpp, or acyl-homoserine lactones.

As shown in Tables 2 and 3, there is a considerable overlap between the receptor
genes differentially expressed under high c-di-GMP levels (8, 111) and those of the
FleQ regulon (156), suggesting that the observed differences may be mediated by the
c-di-GMP-binding regulator FleQ. It is also noteworthy that the transcription initiation
of chemosensory genes is tightly controlled by different sets of sigma factors. Thus, in
this regulatory process, RpoN, SigX, FliA, and RpoS play major roles by controlling the
expression of 14, 11, 8, and 7 chemoreceptor genes, respectively (Table 2). As men-
tioned above, P, starvation is a major signal that induces P. aeruginosa virulence (44).
Studies showed that P, starvation specifically induces the expression of cluster Il (43), a
pathway shown to be involved in virulence, as well as the expression of mcpB/aer2,
which encodes the only receptor proposed to stimulate the F7 pathway, as discussed
above (Table 3) (43). In addition, the stringent stress response signaling pathway plays
an important role in the virulence capabilities of P. aeruginosa (157). This pathway is
controlled by the second messenger ppGpp and transcriptional profiling of a stringent
response-deficient mutant of a P. aeruginosa hypervirulent CF isolate revealed that
ppGpp is involved in the regulation of 10 chemoreceptor genes and most of the che-
mosensory pathways (Table 3) (158). This complexity in regulation is also reflected, for
example, in the fact that multiple regulators modulate the expression of the genes
encoding the Aer, PctA, PctB, PctC, and PA2867 chemoreceptors. Of note is the magni-
tude and diversity of regulatory proteins, namely, FleQ, two-component systems and
sigma factors that control transcript levels of the pctB chemoreceptor gene (Table 2).
In contrast to the paralogous pctA and pctC genes that show a wider phylogenetic dis-
tribution, pctB is exclusively found in strains of P. aeruginosa (38). As mentioned above,
PctB binds preferentially .-Gln, an amino acid that is very abundant in humans, and in
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this context it was proposed that PctB may contribute to virulence (38). A summary of
the major regulatory events is shown in Fig. 9.

Transcriptional Regulation during Biofilm Formation and Virulence

Transcriptional analyses conducted during biofilm formation on abiotic surfaces
also highlight the complex regulation exerted on the expression of chemoreceptor
genes and chemosensory pathways (Table 4). In general, a preferential downregulation
in the expression of chemosensory genes was observed during biofilm formation with
respect to planktonic cells. Furthermore, increased expression of chemoreceptor genes
was observed in bacteria dispersed from biofilms with respect to biofilm-forming cells
(Table 4), indicating that these cells are in a transition stage toward a planktonic life-
style (159). The genes encoding the Aer aerotaxis receptor, McpB/Aer2 and PA2573,
are heavily regulated during biofilm formation and dispersion. The latter receptor is of
unknown function but was found to be involved in virulence (77). Of all five gene clus-
ters, cluster Il was the most heavily regulated during biofilm formation and dispersal,
and biofilm formation caused a significant downregulation in the expression of this
cluster. Gene cluster Il harbors the mcpB/aer2 and mcpA genes, with the latter being
the first gene of the cluster (Fig. 1). Transcriptomic data (Tables 2 to 4) revealed coregu-
lation between cluster Il and mcpB, but not with mcpA, indicating that mcpA is regu-
lated differently. This finding is consistent with the notion that McpA feeds into the F6
but not the F7 pathway (10, 14).

Using different human and animal infection models, transcriptomic approaches
revealed that P. aeruginosa adaptation to its hosts causes a global response that ulti-
mately results in the repression of chemosensory genes (Table 4). Remarkably, among
the most heavily regulated genes during infection are also those encoding the McpB/
Aer2 receptor and the F7 pathway. A strong repression of cluster Il genes was observed
in all models cited in Table 4, including human or animal lung, as well as burn wound
infections. Other chemoreceptors that are generally downregulated during virulence
include the nitrate-responsive McpN and the amino acid chemoreceptors PctA and
PctB (Table 4). It has thus been suggested that chemotaxis is important for the early
stages of biofilm formation and infection (160), whereas host adaptation in P. aerugi-
nosa induces a nonmotile and nonchemotactic state (161, 162). The importance of mo-
tility and chemotaxis in virulence is also associated with the fact that the loss of flagel-
lar motility, in a process independent of flagellum expression, confers phagocytosis
resistance due to a reduced activation of the inflammasome (163).
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Posttranscriptional Regulation of Chemosensory Systems

The global regulators Hfg, Crc, and RsmA are RNA binding proteins that are central
to controlling gene expression at the posttranscriptional level. Whereas RsmA modu-
lates translation and RNA stability by binding to the 5’-untranslated regions of target
mRNAs (164), the chaperone Hfq regulates mRNA stability and translation by facilitat-
ing pairing between sRNAs and their target mRNAs (165, 166). Interestingly, binding of
the catabolite repression control protein Crc to its target mRNA requires Hfg in an
sRNA-independent manner. Remarkably, hfg, crc, and rsmA mutants were shown to be
deficient in swimming (167-169), suggesting that these regulators play a role in modu-
lating chemotaxis. However, their implication in the posttranscriptional control of che-
mosensory genes in P. aeruginosa has not been a focus of attention, mainly due to the
diversity of metabolic and physiological processes that are regulated by these regula-
tory proteins (164-166, 170). In addition, there are a number of studies of other model
bacteria that correlate Hfq with the expression of chemotaxis genes (171, 172). To ana-
lyze the role of Hfq, Crc, and RsmA in posttranscriptional regulation, we have compiled
transcriptomic analyses in Table 5. These studies revealed that RsmA and Crc act as
positive regulators of the expression of five and two chemoreceptor genes, respec-
tively, including mepN, tipQ, pctB, and pctC (Table 5). Alternatively, the RNA chaperone
Hfq acts either as a positive or as a negative regulator of the expression of five chemo-
receptors and gene cluster Il. Remarkably, Hfg-mediated regulatory activities on che-
mosensory gene expression differed between biofilm and planktonic cells (Table 5).
Taken together, these data suggest an involvement of the posttranscriptional regula-
tors RsmA, Crc, and Hfq in the control of chemotaxis toward compounds such as ni-
trate, histamine, and amino acids.

c-di-GMP-Dependent Regulation of F6 Pathway Signaling

c-di-GMP plays a key role in regulating chemosensory pathways not only at the
transcriptional level (Tables 1 and 2) but also by exerting a posttranslational control
(Fig. 6). As discussed above, binding of c-di-GMP to the inhibitory site of WspR
modaulates its diguanylate cyclase activity, representing a product-feedback inhibi-
tion mechanism (105). However, c-di-GMP also regulates the activity of the F6 path-
way by modulating chemoreceptor methylation (173). This mechanism is based on
the interaction of the c-di-GMP-loaded methyltransferase-associated PilZ domain of
MapZ (PA4608) with CheR;, leading to a reduction in chemoreceptor methylation
and chemotaxis. The 3D structure of the CheR,/MapZ/c-di-GMP ternary complex
showed that bound MapZ occupies the binding site for SAM in CheR,, impeding
the binding of the methylation substrate (174, 175) (Fig. 6). Interestingly, the c-di-
GMP phosphodiesterases DipA, NbdA, and RbdA were found to participate in this
regulatory system by modulating c-di-GMP levels and therefore inhibiting flagellar
motor switching (176). MapZ only interacts with CheR, but none of the remaining
three CheR paralogues (174). It remains to be established whether the activity of
these paralogues is also regulated by similar mechanisms involving potential MapZ
homologs. CheR; was found to methylate eight chemoreceptors, namely, Aer, CtpH,
CtpM, PctA, PctB, PA1251, PA1608, and PA2867, and this modification was effi-
ciently inhibited by c-di-GMP-bound MapZ, whereas MapZ itself was unable to in-
hibit CheR, activity (177). All CheR,-dependent chemoreceptors were predicted to
feed into the F6 pathway (Fig. 3), whereas receptors predicted to feed into the
remaining three pathways were not affected. Chemoeffectors are known for some
of the methylated chemoreceptors (e.g., PctA, PctB, CtpH, and CtpM), and Sheng et
al. showed that MapZ overexpression suppressed chemotaxis to their cognate
ligands, as well as virulence in mouse models (177).

CONCLUSIONS AND OUTLOOK
P. aeruginosa senses different physical and chemical stimuli through four che-
mosensory pathways. These pathways carry out a different function, which makes
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P. aeruginosa an ideal model to investigate a variety of aspects of chemosensory
signaling. However, further research needs to be performed in order to (i) identify
the nature of the signal(s) and molecular mechanism(s) by which the WspA and PilJ
chemoreceptors are activated, (ii) determine the output of the F7 pathway, (iii)
identify the signals recognized by uncharacterized chemoreceptors, (iv) establish
the role of periplasmic ligand binding proteins in receptor activation, (v) assess
potential cross talk between different chemosensory pathways following up on evi-
dence showing that chemotactic signaling alters transcription, (vi) unravel the mo-
lecular complexity of the Chp pathway and decipher its physiological relevance,
and (vii) delve into the transcriptional, posttranscriptional, and posttranslational
regulatory mechanisms that control chemosensory pathways. Furthermore, insight
needs to be gained into the evolutionary reasons which underlie the existence of
these sophisticated chemosensory pathways. For example, the output of the Wsp
pathway is to alter c-di-GMP levels, but a number of simpler regulatory mechanisms
based on single proteins or two-component systems exist that generate the same
output. In this context, the reasons for the evolution of sophisticated chemosensory
pathways remain to be established. There is no doubt that the extensive knowledge
available on the P. aeruginosa pathways will facilitate the understanding of similar
signaling and regulatory mechanisms in other bacteria.
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