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Abstract 20 

Chemotaxis allows bacteria to detect specific compounds and move accordingly. This pathway 21 

involves signal detection by chemoreceptors (MCPs). Attributing a chemoreceptor to a ligand is 22 

difficult because there is a lot of redundancy in the MCPs that recognize a single ligand. We propose 23 

a methodology to define which chemoreceptors bind a given ligand. First, an MCP is overproduced to 24 

increase sensitivity to the ligand(s) it recognizes, thus promoting accumulation of cells around an 25 

agarose plug containing a low attractant concentration. Second, the ligand-binding domain (LBD) of 26 

the chemoreceptor is fused to maltose-binding protein (MBP), which facilitates purification and 27 

provides a control for a thermal shift assay (TSA). An increase in the melting temperature of the LBD 28 

in the presence of the ligand indicates that the chemoreceptor directly binds it. We showed that 29 

overexpression of two Shewanella oneidensis chemoreceptors (SO_0987 and SO_1056) promoted 30 

swimming toward an agarose plug containing a low concentration of chromate. The LBD of each of 31 

the two chemoreceptors was fused to MBP. A TSA revealed that only the LBD from SO_1056 had its 32 

melting temperature increased by chromate. In conclusion, we describe an efficient approach to define 33 

chemoreceptor-ligand pairs before undertaking more-sophisticated biochemical and structural studies. 34 

 35 

Keywords: Bacterial chemotaxis; Signal detection; Methyl-accepting Chemotaxis Protein; Thermal 36 

Shift Assay; Agarose-in-plug bridge assay; MBP chimeric proteins. 37 

  38 
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1. Introduction 39 

Bacteria encounter changing environments to which they adapt via a variety of mechanisms. In 40 

addition to adaptation through the regulation of gene expression, bacteria also control their movement 41 

within their environment using a mechanism called chemotaxis [1,2]. Upon detection of signal 42 

molecules called chemoeffectors, cells modulate their swimming behavior to move toward attractants 43 

or away from repellents. Chemotaxis is governed by a complex regulatory system composed of various 44 

Che proteins [3]. The well-conserved CheA-CheY histidine-kinase/response-regulator pair, which 45 

engage in a phosphorylation cascade, directly controls the rotational direction of the flagellum, which 46 

propels the bacterium. The first step in chemotaxis is the detection of chemoeffectors by specific 47 

chemoreceptor proteins called MCPs (Methyl-accepting Chemotaxis Proteins) [2,4]. The binding of 48 

chemoeffectors to MCPs then affects the phosphorylation cascade involving CheA-CheY, and 49 

consequently, bacterial movement.  50 

Bacterial genomic analysis has revealed a large number of MCP-encoding genes, with some bacteria 51 

containing more than 80 [5]. Chemoreceptors are characterized by the presence of a highly conserved 52 

signaling domain within their cytoplasmic region. However, they also contain additional domains. 53 

Chemoreceptors can be classified according to the number of helical heptads that are contained within 54 

their signaling domain [5,6]. They can also be classified based on their topologies and the type of 55 

ligand-binding domain (LBD) they contain [4,7]. Cache, 4HB and PAS-containing domains are among 56 

the most common types of LBDs. The first described Cache domains were involved in small-molecule 57 

recognition [8]. Today, a large superfamily of different types of single and double Cache domains has 58 

been documented, and some ligands, such as amino acids, polyamines, carboxylic acids, sugars and 59 

hydrocarbons have been identified [9–11]. The 4HB (four-helix bundle) domain, which is widespread 60 

in signal transduction systems, has been shown to bind ligands such as amino, aromatic and carboxylic 61 

acids directly [10,12]. PAS domains, which are exclusively present in the cytoplasm, allow signal 62 

detection via direct binding to small molecules, including divalent cations or carboxylic acids. PAS-63 

domain interactions can also be mediated by the presence of cofactors (heme b or c, FAD, FMN) for 64 

detection of signals such as oxygen or redox potential [13].  65 

Escherichia coli, which has been a model for bacterial chemotaxis for many years, possesses only five 66 

chemoreceptors, all of which have been well characterized [14]. Four E. coli chemoreceptors contain 67 

a 4HB domain (Tar, Tsr, Trg and Tap), while one possesses a FAD-containing PAS domain (Aer). E. 68 

coli is able to respond chemotactically to various signals, including amino acids, sugars, dipeptides, 69 

quorum-sensing signals, pH and redox potential. Some signals are directly detected by the 70 

chemoreceptors, while the detection of others requires auxiliary proteins. For example, the Tar 71 
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chemoreceptor detects aspartate by direct binding to the Tar LBD and recognizes maltose via the 72 

maltose-binding protein (MBP).  73 

Many bacteria have far more chemoreceptors than E. coli, especially bacteria that typically encounter 74 

changing environmental conditions [15]. For example, several species of the Pseudomonas genus 75 

contain more than 20 chemoreceptors. Aside from classical ligands (amino acids, carboxylic acids, 76 

sugars), some Pseudomonads use specific chemoreceptors to detect atypical molecules such as toluene, 77 

aromatic hydrocarbons and naphthalene [16]. Shewanella oneidensis, an aquatic bacterium, possesses 78 

27 chemoreceptors. It is chemotactically attracted to various respiratory substrates (oxygen, nitrate, 79 

fumarate, TMAO), but, more surprisingly, it is also attracted to chromate, a toxic compound [17–19]. 80 

While five chemoreceptors have been shown to be involved in responses to respiratory substrates [18], 81 

the chemoreceptor(s) responsible for detecting chromate remain(s) unknown.  82 

Despite the fact that the number of characterized LBDs has increased over last few years, it remains 83 

challenging to assign a ligand to a chemoreceptor, and vice versa. This is especially true because MCPs 84 

containing LBDs of the same type may detect many different ligands. Additionally, the same ligand 85 

may be detected by MCPs with different types of LBD. One strategy corresponds to the 86 

characterization of chemoreceptors one by one, testing their capacity to bind molecules from various 87 

libraries in vitro [20,21]. This strategy allows the identification of one or several compounds capable 88 

of binding a chemoreceptor. However, compounds identified in this way are not necessarily 89 

chemoeffectors, since the method does not assess their capacity to elicit a chemotactic response. 90 

Nevertheless, this strategy can be helpful when no chemoeffector has been identified within the 91 

organism studied, since the identification of chemoreceptor ligands has the potential to inform about 92 

the nature of compounds to which an organism may respond. However, a chemoeffector detected by a 93 

specific chemoreceptor can be missed using this strategy, because many chemoreceptors detect signals 94 

indirectly, for instance via interactions with periplasmic ligand-binding proteins. 95 

Use of a different strategy based on gene deletions is possible when compounds are known to elicit 96 

chemotactic behavior for a given bacterium since, in this scenario, one must determine which 97 

chemoreceptor(s) is involved in the detection of a specific compound [22]. As mentioned above, this 98 

too may be complicated by the fact that bacteria usually possess many chemoreceptors and more than 99 

one chemoreceptor is often capable of detecting the same ligand. Here, we propose an easy and 100 

inexpensive strategy combining optimized versions of in vivo and in vitro experiments to determine 101 

which chemoreceptor(s) is/are involved in the direct recognition of a ligand via their LBD. 102 

 103 
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2. Materials and Methods 104 

2.1 Strains.  105 

The wild-type S. oneidensis strain used in this study was MR1-R [23]. All strains were routinely grown 106 

at 28°C (S. oneidensis strains) or 37°C (E. coli strains) in lysogeny broth (LB) medium. When 107 

necessary, chloramphenicol (25 µg/ml), rifampicin (10 µg/ml) or ampicillin (50 µg/ml) was added. 108 

The concentration of arabinose used for inducing expression of plasmid-borne genes was 0.2%.  109 

 110 

2.2 Construction of double-deletion mutant.  111 

The ΔSO0987ΔSO1056 mutant strain was constructed by sequential deletion of the so_0987 and 112 

so_1056 genes from the genome of the wild-type strain. This deletion mutant was constructed by 113 

homologous recombination as described previously [18]. Briefly, 500 bp flanking regions downstream 114 

and upstream of the gene to be deleted were cloned into the suicide vector pKNG101. The resulting 115 

plasmid was introduced into the E. coli strain CC118λpir [24] and transferred into the appropriate S. 116 

oneidensis strain by conjugation using the E. coli helper strain 1047/pRK2013 [25]. The plasmid was 117 

integrated into the chromosome by a first recombination event and removed by a second recombination 118 

event in the presence of 6% sucrose. Deletions were confirmed using PCR and appropriate primers.  119 

 120 

2.3 Construction of plasmids.  121 

All plasmids used in this study are listed in Table 1. To construct pSO0987, pSO1056, pSO2240, 122 

pSO3282, pSO4053, pSO4454 and pSO4557, the coding sequences of the respective genes were 123 

amplified by PCR using S. oneidensis DNA as a template and primers containing appropriate 124 

restriction sites and an optimized Shine Dalgarno sequence. After digestion, PCR products were 125 

inserted into the pBAD33 vector. To construct pMAL-LBD-0987 and pMal-LBD-1056, the sequences 126 

encoding the LBD of SO_0987 (Y30 to S200) and SO_1056 (S29 to M278) were amplified by PCR 127 

using S. oneidensis DNA as a template and primers containing appropriate restriction sites. After 128 

digestion, PCR products were inserted into the pMAL-c2X vector. The sequences of all constructs 129 

were confirmed via DNA sequencing using appropriate primers.  130 

 131 

 132 
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Table 1 133 

Plasmids used in this study 134 

Plasmids Descriptions References 

pBAD33 Vector containing pBAD promoter with 

the p15A origin of replication, CmR 

[26] 

pSO0987 so_0987 sequence cloned into pBAD33 This work 

pSO1056 so_1056 sequence cloned into pBAD33 This work 

pSO2240 so_2240 sequence cloned into pBAD33 This work 

pSO3282 so_3282 sequence cloned into pBAD33 This work 

pSO4053 so_4053 sequence cloned into pBAD33 This work 

pSO4454 so_4454 sequence cloned into pBAD33 This work 

pSO4557 so_4557 sequence cloned into pBAD33 This work 

pMAL-c2X Vector containing ptac promoter and the 

coding sequence of MBP, AmpR 

New England Biolabs 

pMAL-LBD-0987 Sequence coding for the ligand-binding 

domain of SO_0987 (Y30 to S200) 

cloned into pMAL-c2X 

This work 

pMAL-LBD-1056 Sequence coding for the ligand-binding 

domain of SO_1056 (S29 to M278) 

cloned into pMAL-c2X 

This work 

pKNG101 R6K-derived suicide plasmid containing 

StrR and sacB  

[24] 

pRK2013  RK2-Tra1 RK2-Mob1 KanR ori ColE1  [25] 

 135 

 136 

 137 
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2.4 Agarose-in-plug bridge assays.  138 

2.4.1 Construction of bridge slide. Microscope bridge slides were constructed as described previously 139 

[27]. Briefly, two square coverslips were placed on each side of a PETG slide. Four to eight agarose 140 

plugs per slide were made by pipetting 5μl preheated 2% low-melting agarose that contained the 141 

chemical to be tested onto the slide. Within a few seconds, a glass coverslip (24 mm × 60 mm) was 142 

placed over the slide. The bridge structure is maintained using a cyanoacrylate adhesive.  143 

 144 

2.4.2 Cell preparation and microscopic observation. Cells were prepared as described in Armitano et 145 

al. [27], with slight modifications. Briefly, cells were grown overnight in LB medium under shaking 146 

conditions at 28°C. Cells were subsequently diluted in fresh LB medium at an OD600 value of 0.05 and 147 

grown under shaking conditions until an OD600 value of 0.7-0.8 was reached. Cells were then harvested 148 

by centrifugation (10 min at 3,500 rpm) and gently resuspended in LM medium (0.2 g/l yeast extract, 149 

0.1 g/l peptone, 10 mM HEPES (pH 7.4) and 10 mM NaHCO3) containing 20 mM lactate and 0.1% 150 

Tween-20 to produce an OD600 of 0.2. After 30 min of static incubation at room temperature, 150 µL 151 

of cell suspension was introduced within the microscope slide bridge. Photographs were taken at the 152 

edges of the plugs after 30 min with a 4X phase contrast objective. Strains containing pBAD33, 153 

pSO0987, pSO1056, pSO2240, pSO3282, pSO4053, pSO4454 or pSO4557 were grown overnight in 154 

the presence of chloramphenicol, and arabinose was subsequently added to induce gene expression.  155 

 156 

2.5 Expression and purification of MBP-LBD chimeric proteins.  157 

Recombinant MBP-tagged proteins, MBP-LBD0987 and MBP-LBD1056, were produced from the E. coli 158 

C600 strain [28] that contained a pMAL-LBD-0987 or pMAL-LBD-1056 plasmid, respectively. The 159 

strains were grown aerobically at 37°C in LB medium. At OD600 = 0.5, overproduction of proteins was 160 

induced with 0.3 mM isopropyl β-D-thiogalactopyranoside (IPTG). After 3 h at 37°C, cells were 161 

collected by centrifugation and resuspended in 20 mM Tris-HCl (pH 7.4), 200 mM NaCl, and 1 mM 162 

EDTA. Thereafter, they were lysed using a French press and centrifuged at 11,000 rpm for 20 min at 163 

4°C. After an ultracentrifugation step at 45,000 rpm for 1 h at 4°C, the supernatant was loaded onto an 164 

amylose high-flow resin (New England Biolabs), and proteins were purified according to the 165 

manufacturer’s protocol. Purified proteins were loaded onto a PD-10 desalting column (GE 166 

Healthcare) and recovered in 20 mM Tris-HCl (pH 7.4) containing 100 mM NaCl. Protein 167 
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concentrations were determined using a Bradford assay (Bio-Rad). Purified proteins were store at 168 

- 80°C in 20 mM Tris-HCl (pH 7.4), 100 mM NaCl and 10% glycerol.  169 

 170 

2.6 Thermal shift assays.  171 

TSAs were carried out using purified proteins in 20 mM Tris-HCl (pH 7.4), 100 mM NaCl and 10 % 172 

glycerol in a total volume of 20 µL, as described previously [29]. Briefly, either MBP-LBD0987 (11.2 173 

µM) or MBP-LBD1056 (7.8 µM) was incubated in the presence of 10X SYPRO Orange (Sigma Life 174 

Science) with or without potassium chromate (1 mM and 10 mM) and maltose (10 mM). Samples were 175 

then heated from 10 to 90°C at a scan rate of 0.5°C per 30 s using a BioRad CFX96 Touch Real Time 176 

PCR instrument. Protein unfolding curves were monitored by detecting changes in SYPRO Orange 177 

fluorescence. Melting temperatures were determined from first derivative values of raw fluorescence 178 

data using BioRad CFX Manager 3.1 software.  179 

 180 

3. Results and Discussion 181 

3.1 Scientific rationale of the experimental strategy.  182 

Various techniques have been described to test the chemotactic abilities of bacteria. Among these, the 183 

agarose-in-plug bridge assay has been successfully used to study the behavior of different bacterial 184 

species [16,27,30–34]. Using this approach, the chemical to be tested is included in an agarose drop 185 

and placed on a microscope slide. A bacterial suspension is then injected in the area surrounding the 186 

agarose. If the chemical is an attractant, its diffusion into the bacterial suspension will cause cells to 187 

move toward the plug, which produces a microscopically observable bright ring of cells. One can then 188 

compare the behavior of a wild-type strain to that of mutants that harbor an MCP-deletion.  189 

However, because signal-detection redundancy occurs, in which several MCPs bind the same ligand, 190 

the behavior of a single MCP-deletion mutant may not be distinguishable from that of its wild-type 191 

counterpart. Moreover, a gene-deletion analysis is not an easy task for bacteria that contain many 192 

chemoreceptor-encoding genes. To overcome this pitfall, we propose the use of a reverse 193 

methodology. Using this experimental rationale, instead of deleting an MCP-encoding gene in order 194 

to observe a reduced chemotactic response after exposure to a specific ligand, we propose cloning and 195 

overexpressing MCP-encoding genes in a wild-type strain. As the relative expression level of a 196 

chemoreceptor defines the sensitivity of response it mediates [35], the capacity of the resulting strains 197 



9 
 

to detect and respond to a concentration below that to which a control strain containing an empty vector 198 

is able to respond will be checked (Fig. 1A and B).  199 

The chemoreceptor(s) identified by this approach will be tested in vitro using a simple thermal shift 200 

assay (TSA) to determine whether or not the detection of chemoattractant occurs via direct binding of 201 

the ligand to the chemoreceptor(s). Since the heterologous expression of entire chemoreceptors or of 202 

their LBDs in Escherichia coli could result in the formation of insoluble proteins that form inclusion 203 

bodies [36], we suggest that LBDs should be produced as chimeric proteins fused to MBP. Fusion to 204 

MBP has previously been shown to facilitate the solubilization of proteins that otherwise formed 205 

inclusion bodies (Fig. 1C) [37,38]. This strategy is an alternative to the recovery of proteins from 206 

inclusion bodies, which requires subsequently refolding and purification [36]. Interaction between a 207 

chimeric protein and ligand can then be assessed using a TSA [39]. This rapid and inexpensive 208 

technique is easy to set up and requires only a thermocycler, which is commonly found in microbiology 209 

laboratories. Moreover, it requires only low concentrations of proteins and can be performed in 96-210 

well microplates, unlike isothermal titration calorimetry (ITC), which is a direct binding test 211 

commonly used to confirm ligand-protein interactions.  212 

TSA requires proteins to be subjected to thermal denaturation in the presence of a dye (SYPRO 213 

Orange), which is fluorescently active when bound to hydrophobic domains of proteins exposed by 214 

thermal unfolding. Usually, ligand binding to a protein increases its thermal stability, which produces 215 

a detectable shift to a higher melting temperature (Fig. 1D). Moreover, TSA was previously proved to 216 

be a suitable technique for ligand-chemoreceptor interaction screening [20,21,40,41]. Adding MBP to 217 

form a chimeric protein provides an additional advantage, since MBP is able to function as an internal 218 

control whose denaturation profile should only be affected by maltose, its natural ligand. Below, we 219 

describe how this combined strategy was used to characterize chemoreceptor(s) involved in the 220 

detection of chromate, an attractant peculiar to S. oneidensis.  221 

 222 
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 223 

Figure 1. A scheme outlining the strategy used to identify chemoreceptors (MCPs) involved in specific ligand 224 

recognition. A) Each gene encoding an MCP to be tested was overexpressed in a wild-type background. B) Agarose-in 225 

plug assays were used to test the chemotactic behavior of each MCP-overexpressing strain toward ligand X. MCPs whose 226 

overproduction enhances the chemotactic sensitivity of the wild-type strain, as indicated by a bright ring of cells around a 227 

plug containing a low concentration of ligand X, are selected as candidates for ligand X recognition. C) The ligand-binding 228 

domains (LBD) of the selected MCPs are fused to maltose-binding protein (MBP). The resulting MBP-LBD fusions are 229 

overproduced and purified, taking advantage of the ability of MBP to bind to amylose. D) Interactions between MBP-LBD 230 
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fusions and ligand X are tested using TSA. Curves of the first derivative of fluorescence emission with respect to 231 

temperature should contain two negative peaks that corresponded either to the MBP or LBD moiety of each chimeric 232 

protein. Maltose is used to identify the peak that corresponds to MBP. The two peaks allow us to determine the melting 233 

temperature (Tm) of each moiety of the chimeric protein in the absence and presence of ligand X. When the addition of 234 

ligand X does not modify the Tm of the LBD, ligand X probably does not bind directly to the LBD. A Tm shift for the LBD 235 

in the presence of ligand X (Δ Tm ⩾ 2°C) indicates that the LBD binds ligand X directly. The LBD-ligand X interaction 236 

can then be further characterized with other methods.  237 

 238 

3.2 Combining the overexpression of chemoreceptor-encoding genes with an agarose-in-plug 239 

bridge assay enabled the identification of two chemoreceptors involved in the chemotactic 240 

response to chromate.  241 

S. oneidensis is attracted to chromate, a toxic metal to which it is resistant [19]. To the best of our 242 

knowledge, this is the only example of bacterial chemotaxis toward chromate. Therefore, no specific 243 

motif for chromate binding has been previously described. Recently, we described an efflux pump, 244 

ChrASO, involved in S. oneidensis chromate resistance [42]. A gene (so_0987) encoding a 245 

chemoreceptor was identified immediately downstream and in the same orientation as the chrASO 246 

(so_0986) gene. Apart from its location, the so_0987 gene drew our attention because it encodes a 247 

chemoreceptor with a Cache domain in its LBD. Since Cache domains are capable of binding small 248 

molecules, we decided to test not only SO_0987 but also other Cache-containing chemoreceptors for 249 

their ability to detect chromate [8]. The S. oneidensis genome is predicted to encode the following 250 

Cache-domain containing chemoreceptors: SO_0987 and SO_2240 (sCache2); SO_1056, SO_1278, 251 

SO_4454, SO_4557 and SO_4466 (dCache1); SO_4053 (dCache3) and SO_3282 (Cache3-Cache2) 252 

[5]. Except for SO_1278 and SO_4466, which were associated with lowest Cache domain prediction 253 

E-values, all genes encoding Cache-containing chemoreceptors were independently cloned under the 254 

control of an arabinose-inducible promoter. The resulting plasmids were introduced into the wild-type 255 

S. oneidensis reference strain (MR1-R), and chemotactic behaviors of the strains were tested via the 256 

agarose-in-plug bridge assay.  257 

As shown in Figure 2A, the wild-type strain that contained an empty vector was attracted to nitrate 258 

(used as a control) and also to chromate when it was present at 10 mM in the plug, as indicated by the 259 

presence of a bright ring of cells close to the plug. However, when only 1 mM chromate was added to 260 

the plug, it did not attract wild-type bacteria. Among the seven chemoreceptor genes tested, the 261 

overexpression of only two (so_0987 and so_1056) resulted in a bright ring of cells around the plug 262 

containing 1 mM chromate; attraction to nitrate remained unchanged (Fig. 2A). These results indicate 263 
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that the cells overexpressing either so_0987 or so_1056 are attracted to chromate with a higher 264 

sensitivity than the control strain.  265 

In addition to these two chemoreceptors, likely others are also involved in the detection of chromate, 266 

as a strain containing deletions of so_0987 and so_1056 was still attracted to chromate (Fig. 2B).  267 

 268 

Figure 2. Agarose-in-plug bridge assays to identify dedicated chemoreceptors. A) Agarose-in-plug bridge assays of a 269 

wild-type (WT) S. oneidensis strain containing either an empty vector (p) or one of the seven plasmids bearing Cache-270 
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containing MCP-encoding genes (pSO0987, pSO1056, pSO2240, pSO3282, pSO4053, pSO4454 or pSO4557) are shown. 271 

B) Agarose-in-plug bridge assays of wild-type (WT) and ΔSO0987ΔSO1056 strains are shown. Cells were grown in LB 272 

containing 0.2% arabinose under shaking conditions until an OD600 of 0.7-0.8 was reached. Cells were then harvested by 273 

centrifugation and resuspended in LM medium containing lactate and Tween-20. The chemotactic behaviors of the strains 274 

toward a plug that contained either water (negative control), 50 mM sodium nitrate (positive control), or 1 mM or 10 mM 275 

potassium chromate were tested using an agarose-in-plug bridge assay. Photographs were taken at the edges of the plug 276 

after 30 min of incubation (4× magnification). White arrows indicate the accumulation of cells around a plug containing a 277 

low concentration of potassium chromate (A). All pictures are representative of three independent experiments.  278 

 279 

3.3 The LBD of one of the two identified chemoreceptors directly binds chromate.  280 

To test whether the detection of chromate by the two chemoreceptors is direct, we performed TSAs 281 

using purified proteins. The SO_0987 and SO_1056 proteins are predicted to share a similar topology, 282 

with two transmembrane segments delimiting the LBD. Each LBD is predicted to be periplasmic and 283 

contains a Cache domain. Therefore, we cloned the region encoding the LBD of each chemoreceptor 284 

in frame with an MBP-encoding gene. The gene fusions were placed under the control of the IPTG-285 

inducible ptac promoter, which allowed their overexpression. The two chimeric MBP-LBD proteins 286 

proved to be soluble when overproduced. Overproduction of the corresponding Strep-tagged LBDs 287 

resulted in insoluble proteins that were found in inclusion bodies.  288 

The two chimeric MBP-LBD proteins were subsequently purified using an amylose resin column. The 289 

two purified proteins were then submitted to thermal denaturation in the presence of SYPRO Orange 290 

fluorescent dye. To determine the melting temperature (Tm), the first derivatives of melt curves are 291 

shown (Fig. 3). Similar curves displaying two peaks were observed for each chimeric protein in the 292 

absence of ligand (Fig. 3A and B; black curves). We assumed that each moiety of the chimeric protein 293 

is capable of folding independently, and thus reacts differently to thermal denaturation.  294 

To assign each peak to a specific moiety of the chimeric protein, we submitted the MBP-LBD0987 295 

protein to thermal denaturation in the presence of maltose, the ligand of MBP. Only the second peak 296 

of the melt curve of the chimeric protein shifted in response to the presence of maltose, indicating that 297 

this peak corresponded to the MBP moiety (Fig. 3A, blue curve). This strongly suggested that the first 298 

peak was associated with the LBD moiety of the chimeric protein. 299 
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 300 

 301 

Figure 3. Thermal shift assays with MBP-LBD0987 and MBP-LBD1056 in the absence and presence of potassium 302 

chromate and maltose. A) Thermal shift assays with MBP-LBD0987 in the absence or in the presence of 1 or 10 mM 303 

potassium chromate, or 10 mM maltose, are shown. B) Thermal shift assays with MBP-LBD1056 in the absence or in 304 

presence of 1mM or 10 mM potassium chromate are shown. Graphs represent the first derivative of the fluorescence 305 

emission (-d(RFU)/dT, RFU: Raw Fluorescence Unit) as a function of temperature. The melting temperatures (Tm) of each 306 

peak are listed in the tables to the right of each graph. Each graph is colored according to the tested ligand, as indicated. 307 

All graphs represent the results of three independent experiments.  308 

 309 

We then performed TSAs to test chromate binding to both chimeric proteins. For MBP-LBD0987, 310 

neither 1 mM nor 10 mM chromate shifted the melt curve, and the Tm calculated for each moiety was 311 

not significantly modified (Fig. 3A). In contrast, for MBP-LBD1056, chromate modified its melting 312 

curve. Only the peak assigned to the LBD1056 moiety was altered, whereas the peak corresponding to 313 

MBP remained unaffected (Fig. 3B), signifying that the Tm associated with the MBP moiety remained 314 
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unchanged by chromate. The Tm that corresponded to the LBD1056 moiety increased significantly (2°C 315 

and 6.5°C in the presence of 1 mM and 10 mM chromate, respectively). A Tm shift of 2°C or more is 316 

considered significant and is a strong indicator of ligand binding [11,21,40,41].  317 

Of the two chemoreceptors we identified as being involved in the chemotactic response to chromate, 318 

TSA indicated that one (SO_1056) directly binds chromate via its Cache-containing LBD. For the 319 

second chemoreceptor (SO_0987), no evidence of direct binding of chromate to the LBD was obtained. 320 

This finding indicates that either the chemoreceptor binds chromate via a different region of the 321 

protein, that chromate detection is indirect and requires an additional protein, or that for some unknown 322 

reason chromate binding to the LBD does not cause a significant shift in the melting temperature.  323 

 324 

4. Conclusion  325 

We previously developed a high-throughput technique to identify novel molecules that elicit a 326 

chemotactic response in bacteria [19]. Here, we propose a combination of efficient and simple 327 

protocols that can be used to assign chemotaxis-promoting compounds to chemoreceptors that bind 328 

their ligands directly. This approach can easily be scaled-up to perform high-throughput screening of 329 

chemoreceptors for a given ligand. As this is only a first step towards understanding signal detection, 330 

further characterization of the identified chemoreceptors must later be performed using more thorough 331 

biochemical techniques such as microscale thermophoresis, isothermal titration calorimetry, and 332 

structural analysis. The same approach could be used to identify the precise ligand-binding region after 333 

random mutagenesis of an LBD. Finally, these combined methods should be useful for biotechnology 334 

engineering, for example to design tools to detect pollutants. 335 
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