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The bottleneck:

The ability to adapt to changing environmental conditions is essential for bacterial 

survival. Bacteria have evolved a wide array of signal transduction systems that sense 

signals and generate cellular responses. Major families of signal transduction proteins 

include transcriptional regulators, sensor histidine kinases, chemoreceptors, (di)nucleotide 

cyclases, cyclic (di)nucleotide phosphodiesterases, extracytoplasmic function sigma factors, 

Ser/Thr/Tyr protein kinases and phosphoprotein phosphatases (Galperin, 2018; Gumerov et 
al., 2020). The regulatory outputs of these systems are diverse and include regulation of gene 

expression, chemotaxis, and modulation of second messenger levels.

Although signal transduction systems differ in their composition and molecular mechanisms, 

in the canonical activation pathway a signal (for example, a small molecule) interacts 

with a sensor domain of the receptor protein, which leads to modulation of the activity 

of enzymatic domains such as the autokinase domain of sensor kinases or the GGDEF 

and EAL domains of diguanylate cyclases and phosphodiesterases, respectively. Hundreds 

of different sensor domains have evolved (Ortega et al., 2017; Matilla et al., 2022a) and 

novel domains are discovered regularly (Elgamoudi et al., 2021; Martin-Rodriguez et 
al., 2022). Majority of sensor domains are ligand-binding modules that contain all the 

determinants necessary for ligand recognition, as demonstrated in studies showing that the 

ligand affinities to full-length receptors and the individual sensor domains are comparable 

(Foster et al., 1985; Milligan and Koshland, 1993). The same type of sensor domain is 

frequently found in different signal transduction systems (Ulrich et al., 2005), indicating that 

these modules have been exchanged and recombined with different sensor proteins during 

evolution.

The phenotypic analysis of bacterial mutants of signal transduction proteins provides 

valuable information on the function of the corresponding regulatory circuits. However, 

these systems are frequently expressed and activated in the presence of specific 

environmental stimuli, which often hinders the phenotypic characterisation of mutants as 
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for the vast majority of signal transduction systems the signal molecule(s) is unknown. 

Therefore, knowledge about the signals detected by receptors is indispensable for 

understanding the physiological significance of regulatory circuits and development of 

anti-infective approaches aimed at reducing bacterial virulence by interfering with signal 

transduction cascades (Krell and Matilla, 2022).

There are several problems that hamper the identification of signal molecules, including: i) 

ligand screening is frequently highly labour intensive, ligand libraries are costly and may not 

contain the relevant compounds; ii) sensor domains of the same family often show a high 

degree of sequence divergence, impeding an extrapolation of the ligand recognized from 

characterized systems; iii) there are a number of non-canonical sensing mechanisms that are 

not based on a direct ligand interaction with sensor domains.

The question:

Can signals recognized by sensor domains be predicted from their protein sequences?

The answers

1) Analysing the overall sequence similarities and sensor domain types

There are millions of sensor domain sequences available in public databases. In the first 

approach, we wanted to establish to what degree ligand specificity correlates with individual 

sensor domain types. We compiled a catalogue of signal molecules that were demonstrated 

to directly bind to sensor domains of transcriptional regulators, chemoreceptors and sensor 

kinases (Matilla et al., 2022a). These domains were subsequently classified according 

to their Pfam families (Mistry et al., 2021). Whereas canonical transcriptional regulators 

recognize their cognate signals in the cytosol, chemoreceptors and sensor kinases possess 

frequently extracytosolic sensor domains. As for the extracytosolic sensor domains, no clear 

pattern emerged relating a given signal type with a sensor domain family (Matilla et al., 
2022a). This may be exemplified by the two most abundant extracytosolic sensor domain 

families, dCache and the four-helix bundle domains (Ulrich and Zhulin, 2005; Upadhyay 

et al., 2016; Sanchis-Lopez et al., 2021). dCache domains were shown to bind a wide 

range of structurally different signal molecules including amino acids, polyamines, purines, 

quaternary amines, organic acids, sugars or metal oxanions (Matilla et al., 2022a). Similar 

observations were made for the four-helix bundle domains that recognize different amino 

and organic acids, aromatic hydrocarbons, benzoate derivatives or borate (Matilla et al., 
2022a). No such relationships were observed for the remaining, less abundant extracytosolic 

sensor domains analysed (Matilla et al., 2022a).

However, the conclusions drawn from the analysis of 87 families of sensor domains present 

in transcriptional regulators and 16 families of single-domain transcriptional regulators 

were somewhat different (Matilla et al., 2022a). In analogy to the extracytosolic sensor 

domains, most domain families of these regulators respond to diverse types of signals. For 

example, the sensor domain of the highly abundant LysR type transcriptional regulators 

was shown to bind structurally very diverse compounds, including amino and organic 

acids, sugar phosphates, flavonoids, aromatic compounds, peptides, NADPH, ATP, c-di-
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GMP, ppGpp, HOCl, H2O2 or fatty acid CoA indicating the absence of a signal type 

– domain type relationship (Matilla et al., 2022a). However, some other sensor domains 

or single-domain regulators were found to be highly specific for a given signal type 

(Fig. 1). Next to a significant number of domains/proteins that recognized specifically 

metal ions and sugars (or sugar derivatives), there were three well populated families, 

namely AsnC_trans_reg (25 characterised proteins), CodY (14 characterised proteins) 

and Arg_repressor_C (11 characterised proteins), that showed very strong preference for 

amino acids. Furthermore, the sensor domains Aminotran_1_2 and Autoind_bind appear 

to have evolved to specifically recognize pyridoxal-5’-phosphate and acyl homoserine 

lactones, respectively. The information shown in Fig. 1, detailing the signal domain-signal 

type relationships, provides valuable information for the design of experiments aimed at 

establishing the signals recognized by a given signal transduction system.

2) Defining ligand binding amino acid motifs

As mentioned above, the signal type recognized by extracytosolic sensor domains is 

not reflected in overall sequence similarity. However, recent advances in structural and 

computational biology have permitted the prediction of ligands that are recognised by sensor 

domains, regardless of their overall sequence identity with the characterised domains. In a 

previous study we reported the 3D structures of the dCache_1 domains of the Pseudomonas 
aeruginosa chemoreceptors, PctA, PctB and PctC, that bind different amino acids (Gavira et 
al., 2020). The comparison of the amino acid residues involved in ligand binding enabled 

the identification of a conserved sequence motif in these three dCache_1 domains (Gavira et 
al., 2020). In a subsequent study (Gumerov et al., 2022), we showed that this motif was also 

present in a number of other amino acid responsive dCache domains from phylogenetically 

diverse species such as chemoreceptors Mlp24 and MLP37 of Vibrio cholerae (Takahashi 

et al., 2020), Tlp3 of Campylobacter jejuni (Liu et al., 2015), McpU of Sinorhizobium 
meliloti (Webb et al., 2017) or McpC and McpB of Bacillus subtilis (Glekas et al., 2010; 

Glekas et al., 2012). In marked contrast, this motif could not be detected in dCache domains 

that bind compounds other than amino acids, including the quaternary amine receptors 

McpX (Shrestha et al., 2018) and PctD (Matilla et al., 2022b), the polyamine responsive 

chemoreceptors McpU (Gavira et al., 2018) and TlpQ (Corral-Lugo et al., 2018), the purine 

chemoreceptor McpH (Fernandez et al., 2016) and the organic acid binding KinD (Wu et al., 
2013), DctB (Cheung and Hendrickson, 2008) and Htc1 (Gasperotti et al., 2020).

Thus, the study demonstrated the existence of a sequence motif specific for amino acid 

responsive dCache_1 domains. This motif consists of three amino acids, Y121, R126 and 

W128 (PctA numbering), that interact with the carboxylic moiety of the bound amino 

acid, whereas Y144 and D173 coordinate the amino group of the ligand (Fig. 2A, B) 

(Gumerov et al., 2022). Replacement of these amino acids with alanine resulted in either no 

or strongly reduced amino acid binding (Fig. 2C). Sequence database searches of dCache_1 

domains containing this sequence motif resulted in the identification of more than 10 000 

bacterial and archaeal proteins (Gumerov et al., 2022). Interestingly, sensor domains with 

this sequence motif were also detected in eukaryotes. Although the Pfam profile Hidden 

Markov models did not recognize these domain in eukaryotic proteins as member of the 
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dCache family, structural analysis and computational modelling clearly indicated that they 

have the typical dCache_1 fold (Gumerov et al., 2022).

A number of experiments were conducted to verify whether the identified domains 

indeed bind amino acids (Gumerov et al., 2022). As for the eukaryotic proteins, the site-

directed mutagenesis of the residues of this conserved motif in one of the proteins, the 

α2δ−1-subunit of voltage-gated calcium channels, resulted in a significant reduction in 

biological activity. A different strategy was used to study ligand binding to prokaryotic 

and archaeal amino acid binding dCache_1 containing proteins. The predicted amino-

acid responsive dCache_1 sensor domains were generated as individual, purified proteins 

that were then subjected to differential scanning fluorimetry based thermal shift assays 

followed by isothermal titration calorimetry ligand binding studies (Fernandez et al., 
2018; Matilla et al., 2020). As shown in Fig. 3, proteins from phylogenetically diverse 

microorganisms, including bacteria belonging to different phyla (e.g. γ-Proteobacteria, 

Spirochaeta, Desulfobacterota, Myxococcota and Planctomycetota) and Archaea, were 

selected as potential targets. These proteins were also selected to cover the major families 

of bacterial transmembrane receptors (Galperin, 2018), namely chemoreceptors, sensor 

histidine kinases, c-di-GMP cyclases and phosphodiesterases, serine/threonine kinases and 

phosphatases as well as guanylate/adenylate cyclases (Fig. 3). Importantly, amino acid 

binding was detected for all of the selected proteins (Gumerov et al., 2022). Ligand 

screening showed that in most cases these domains recognize proteinogenic amino acids, 

whereas some domains bound alternative amino acids such as D-Val, D-Asp, and D,L-

homoserine. For most of the proteins analysed, amino acids showed tight binding, with 

dissociation constants in the nanomolar or lower micromolar range (Gumerov et al., 2022), 

indicating that the corresponding receptors mediate high-sensitivity responses to amino 

acids. Thus, we showed that amino acid responsive dCache domains are found throughout 

the Tree of life. The primary physiological relevance of chemotaxis consists in accessing 

nutrients (Colin et al., 2021) and the observation that there are many amino acid binding 

chemoreceptors, permitting chemoattraction to amino acids, may highlight the nutritional 

values of these ligands. However, the fact that amino acid-binding sensor domains are also 

found in many other types of transmembrane receptors supports the notion that amino acids 

are key signal molecules that provide the bacterium with important information about their 

environment.

Conclusions and future outlook

The Pfam database (Mistry et al., 2021) contains hundreds of different sensor domain 

families. Particularly over the last decade, there has been a significant increase in the 

number of deposited three-dimensional structures of sensor domains in complex with 

their respective ligands, permitting the identification of key residues involved in signal 

recognition. Such information forms the basis for analogous studies to computationally 

predict and experimentally verify ligands recognized by sensor domains of unknown 

function. The determination of three-dimensional structures remains labour-intensive and 

challenging for certain proteins, but the recent development of computational approaches for 

highly accurate protein structure prediction (Jumper et al., 2021) and deep neural networks 

to predict protein functions (Sanderson et al., 2022) are alternative approaches to identify 
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amino acids involved in signal binding. Scarcity of information on the signals that stimulate 

bacterial receptors is currently a major bottleneck that limits our understanding of many 

regulatory circuits, but novel in vivo, in vitro and in silico approaches have a significant 

potential to advance our knowledge of bacterial and archaeal signal transduction.
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Fig. 1). Sensor domains that preferentially recognize a single molecule or families of closely 
related molecules.
Reproduced with permission from (Matilla et al., 2022a).
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Fig. 2). Conserved sequence motif in the ligand binding pocket of amino acid-binding dCache 
domains.
A) The consensus motif. Numbers above the motif correspond to positions in the P. 
aeruginosa PctA chemoreceptor. B) Zoom at the binding pocket of the sensor domain of 

the PctA chemoreceptor in complex with bound L-Trp. The amino acids that interact with 

L-Trp are shown in the same colour mode as in panel A. C) Isothermal titration calorimetry 

study of L-Ala binding to the PctA sensor domain and mutants in individual amino acids of 

the motif. Upper panel: raw titration data. Lower panel: Best fit of binding data for the wild 

type protein. Modified figure reproduced with permission from (Gumerov et al., 2022).
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Fig. 3). Experimental verification of ligand binding to sensor domains predicted to recognize 
amino acids.
Isothermal titration calorimetry studies of individual sensor domains with different amino 

acids. The receptor family and corresponding bacterial species are indicated. Modified figure 

reproduced with permission from (Gumerov et al., 2022).
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