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Bacteria possess a large number of signal transduction systems that sense and respond to different environmental
cues. Most frequently these are transcriptional regulators, two-component systems and chemosensory pathways. A

major bottleneck in the field of signal transduction is the lack of information on signal molecules that modulate the
activity of the large majority of these systems.

bacterial signal transduction systems chemotaxis transcriptional regulators chemoreceptors

sensor kinases

| 1. Introduction

Bacteria have evolved an array of different signal transduction mechanisms that are able to sense and respond to
a wide range of environmental cues and signal molecules. These systems are generally transcriptional regulators,

two-component systems (TCS) and chemosensory pathways 2B (Figure 1).
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Figure 1. Major bacterial signal transduction systems. LBD: ligand binding domain; HTH: helix-turn-helix motif
containing DNA binding domain; LBP: ligand binding protein; REC: receiver domain. The core proteins of
chemosensory pathways, present in most pathways, are shaded in yellow, whereas auxiliary proteins, present only
in some pathways, are shown in grey. red and green dots: signal molecules; red arrows represent
phosphorylation/dephosphorylation events, blue arrows represent methylation/demethylation/deamidation of amino
acids; black arrows indicate the pathway output, the green arrow and red T-bar indicate transcriptional activation or

inhibition, respectively.

Typically, the capacity of transcriptional regulators to regulate promoter activity is modulated by the recognition of
signal molecules. Alternatively, TCS function is based on the signal mediated modulation of the sensor kinase
activity that in turn modulates transphosphorylation kinetics to the response regulator. As in the case of
transcriptional regulators, the majority of bacterial TCSs appear to be involved in transcriptional regulation 45,
Chemosensory pathways can be understood as sophisticated versions of TCSs where the stimulus is received by
chemoreceptors that in turn modulate the activity of the CheA histidine kinase leading to alterations in CheY
phosphorylation. The majority of chemosensory pathways mediate chemotaxis, whereas others carry out

alternative cellular functions or are associated with type IV pili based motility 2],

There is an enormous diversity in the domain organization and topology of signal transduction systems LIESIEIZIE],
This diversity is also reflected in a variety of different mechanisms that regulate receptor activity, such as stimulus
mediated alterations in the transmembrane regions of sensor kinases and chemoreceptors 229, signal sensing by
the cytoplasmic autokinase domain of histidine kinases 14, chemoreceptor activation by proteolysis 12 or via the

phosphotransferase system 131,

However, the canonical mode of their activation consists in the binding of signal molecules to the ligand binding
domains (LBD) that are present in all three major signal transduction systems (Eigure 1). Thus, signal binding to
many transcriptional regulators modulates their affinity for promoter regions 241, In contrast, ligand binding to the
LBD of sensor kinases 12l and chemoreceptors 18 was shown to cause piston-like movements of transmembrane
regions that ultimately cause changes in autokinase activity. This appears to be a general mechanism that applies
to sensor kinases and chemoreceptors, since, firstly, chimeric receptors comprising different types of
chemoreceptor LBDs with the cytosolic fragment of the Tar chemoreceptor were functional L1418 and, secondly, a

number of functional chemoreceptor/sensor kinase chimeras were produced 1229

The majority of bacterial sensor proteins are of unknown function. For other systems, a function has been identified
mainly through the phenotypic characterization of mutant strains. However, in a significant number of cases
information on the stimulus that modulates the activity of a given system is lacking. This lack of knowledge on
signals recognized by sensor proteins represents a major bottleneck in signal transduction research (2. This can
be best illustrated by the three sensor kinases GacS, LadS and RetS. Although these proteins play a central role in
the virulence of the human pathogen Pseudomonas aeruginosa 22, the signals that stimulate these three proteins

have so far not been identified.
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Sensor protein function is closely related to the signals recognized by the corresponding LBD. However, LBDs
show important sequence diversity and, as a result, the ligand specificity of a given LBD is frequently not reflected
in overall LBD sequence homology 23, which in turn hampers functional annotation by extrapolation from
homologous systems. This limitation makes experimental approaches for the functional annotation of bacterial
sensor proteins essential. In this article we will discuss progress made over mainly the last 10 years in
experimental approaches that resulted in the functional annotation of a significant number of bacterial sensor

proteins.

| 2. Functional Annotation Using Genetic Approaches

Insight into the function of genes and proteins can be gained by the phenotypic analysis of bacterial chemoreceptor
mutants. Using this approach the function of many chemoreceptors has been identified. As representative
examples we would like to cite here the identification of chemoreceptors for naphthalene 241, cyclic carboxylic acids
(23] cytosine [28], inorganic phosphate 27 or boric acid 28, However, this strategy has several limitations that we

illustrate here.

2.1. Multiple Receptors

Chemotactic bacteria possess on average 14 chemoreceptor genes 22 and in some case up to 80 genes were
detected Y. There are a number of reports showing that some species possess multiple receptors that respond to
the same ligand. In these cases the loss of activity caused by the mutation of a single chemoreceptor gene may be
compensated by additional receptors and the analysis of chemoreceptor single mutants may not lead to a
functional annotation. For example, wild type Comamonas testosteroni and a mutant defective in the
chemoreceptor Mcp2983 had indistinguishable chemotaxis to a series of organic acids and organic compounds.
However, the complementation of a chemotaxis free mutant, in which all 22 chemoreceptor genes were deleted,
with the mcp2983 gene resulted in the recovery of wild-type like chemotaxis to a number of chemoeffectors B4,
The authors conclude that the genome of C. testosteroni encodes additional chemoreceptors that compensate the
deletion of the mcp2983 gene. Another example is Ralstonia pseudosolanaceum that was identified to contain at
least two chemoreceptors for citrate. In analogy to the above study, single mutants in each of the two receptors did
not alter citrate chemotaxis and a reduction was only observed in the double mutant 2. Another recent study
revealed that chemotaxis to histamine in P. aeruginosa is mediated by the combined action of three
chemoreceptors, TIpQ, PctA and PctC. TlpQ binds histamine with very high affinity and a mutant in tijpQ was only
defective in histamine chemotaxis at low concentrations of the chemoattractant 23l Also, the recent analysis of the
chemoreceptor repertoire of Bacillus amyloliquefaciens identified multiple receptors that responded to a same
amino acid, sugar or organic acid B4, Further examples are multiple amino acid receptors in P. aeruginosa 23
381 p fluorescens 211 and Sinorhizobium meliloti 8139 as well as several chemoreceptors in P. fluorescens Pf0-1
or P. putida KT2440 that respond to Krebs cycle intermediates 4(41142]43]

2.2. Chemotaxis Is Induced or Repressed by the Cognate Ligands
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There is also evidence that some chemoeffectors either induce 22 or repress 2444 the chemotaxis phenotype. For
example, P. aeruginosa does not show any chemotaxis towards inorganic phosphate (Pi) under standard culture
conditions in which cells are grown in media containing significant amounts of Pi 2144 However, very strong Pi
chemotaxis was observed under Pi limiting conditions, which is due to the fact that Pi represses the expression of

its cognate chemoreceptors (271431,

2.3. Energy Taxis May Mask Chemotaxis

Tactic movements can be due to chemotaxis, typically characterised by the recognition of the chemoeffector by a
chemoreceptor in the extracytosolic space, or energy taxis, which is based on sensing molecular consequences
that occur as a result of chemoeffector metabolization 8. However, in a number of cases chemo- and energy taxis
to a given compound occur simultaneously 2248l For example, malate energy taxis in P. aeruginosa was found to
dominate and mask malate chemotaxis to an extent that chemotaxis became only visible in a mutant defective in
the energy taxis chemoreceptor 8. Therefore, as concluded before, the phenotypic characterization of

chemoreceptor single mutants may not result in identifying the function of these receptors.

3. Three-Dimensional Structural Information Provides Clues
on Ligands Recognized by Homologous Sensor Proteins

Ligand binding domains are characterized by a high degree of sequence divergence and frequently the overall
sequence similarity between homologous proteins is not reflected in a similarity of ligands recognized [23l.
However, three-dimensional structural information is now an invaluable tool to get initial information on ligands
recognized. We would like to illustrate this issue on the example of CACHE domains that exist either in a mono-
modular (SCACHE) or bi-modular (dCACHE) configuration 42, CACHE domains are the most abundant sensor

domains in both, histidine kinases 2% and chemoreceptors .

As significant number of structures deposited in the Protein Data Bank (pdb) are the result of structural genomics
initiatives and represent a source of information on the function of homologous proteins. In the framework of
structural genomic projects on Anaeromyxobacter dehalogenans and Vibrio parahaemolyticus, structures of
SCACHE domains have been deposited at pdb (pdb ID 4K08 and 4EXO, respectively). In both cases, their binding
pocket was occupied by a ligand, namely acetate in 4K08 and pyruvate in 4EXO. In the case of the 4K08 structure,
acetate was a component of the crystallization buffer. Since pyruvate was absent from the crystallization buffer of
the 4EXO structure, the ligand must have been co-purified with the protein. P. putida KT2440 has a single
chemoreceptor with a sCACHE domain (PP_2861), which shares only 22% sequence identity with the 4EXO
protein. The above observations have directed our research and we have tested whether the LBD of PP_2861 also
bound acetate and pyruvate. We were able to show that this was the case and have identified with propionate and
L-lactate two additional ligands. The corresponding chemoreceptor was renamed McpP and was found to mediate

chemoattraction to these four ligands (11,
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Similarly, structural information was also useful to study dCACHE domain. The first structure of a dCACHE domain
deposited into pdb was entry with ID 3C8C; solved in a structural genomics project of Vibrio cholerae. In analogy to
the case above, the binding pocket of this structure was occupied with a ligand, I-Ala, and since I-Ala was not
present in the crystallization buffer, it must have been co-purified with the protein suggesting that it is a
physiological ligand. This information has been useful to identify other amino acid sensing chemoreceptors and it
was established that dCACHE containing chemoreceptors form the primary family of amino acid responsive
chemoreceptors 18],

There are different sub-families within dCACHE domains, namely those that bind C4-dicarboxylic acids like
succinate and malate 221531 or those that bind different amines such as amino acids, GABA, polyamines, taurine,
purines or quaternary [23133I36139B4I5IB6ITIEEII Stryctural information has now provided the molecular detail of
C4-dicarboxylic acid 5233l and amine recognition at different dCACHE domains B3EZB8IEI (Figure 2). In all cases

the ligand is bound to the membrane distal module. The comparison of amine recognition patterns in structures

from different species (P. aeruginosa, P. putida, V. cholerae, Campylobacter jejuni), and in complex with different
ligands (putrescine, histamine, taurine, amino acids) identifies the consensus motif Y-x-d-x(n)-d that coordinates
the amino group of ligands through a hydrogen bonding network. Therefore, the sequence analysis of dCACHE

domains of unknown function for the presence of this motif can provide first clues on the ligand recognized.
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Figure 2. Three-dimensional structure and mode of ligand recognition at dCACHE domains. (A) Ribbon diagram of
the LBD of the TIpQ chemoreceptor of P. aeruginosa (orange) in complex with histamine (green, pdb ID 6fu4) and
LBD of the DctB sensor kinase of V. cholerae (blue) in complex with succinate (yellow, pdb ID 3by9). (B) Amino
acids involved in ligand recognition. The sequence motif involved in amine recognition is shown in red above the
histamine plot. Figure generated using Ligplot 69,
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