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Simple Summary: Soil-borne plant pathogens generally navigate their way to hosts through recogni-
tion of the root exudates by chemoreceptors. However, there is still a lack of appropriate identification
of chemoreceptors and their ligands in the typical soil-borne plant pathogen Agrobacterium. Here, we
characterize Atu0526 as a Cache-type chemoreceptor from Agrobacterium fabrum C58, identify the
potential ligands interacting with Atu0526 and analyze the possible signal transduction mechanism
after ligand binding. We confirm Atu0526 to be the receptor of the broad antibacterial agent formic
acid. The deletion of af110526 completely abolished the chemotaxis of A. fabrum toward formic acid.
Further experiments showed that the residue Arg 115 plays an essential role in the chemotactic
function. Molecular modelling suggests that Arg 115 provides “an anchorage” for formic acid to
pull the minor loop, thereby forming a conformational change that may be essential for signal
transduction. Identifying the first chemoreceptor of antimicrobial agent formic acid in Agrobacterium
will provide new perspectives on bacteria navigating their way to the hosts, and the discovered key
arginine site can significantly improve our understanding of the signal transduction mechanism of
single-Cache-type chemoreceptors.

Abstract: Soil-born plant pathogens, especially Agrobacterium, generally navigate their way to hosts
through recognition of the root exudates by chemoreceptors. However, there is still a lack of
appropriate identification of chemoreceptors and their ligands in Agrobacterium. Here, Atu0526,
a sCache-type chemoreceptor from Agrobacterium fabrum C58, was confirmed as the receptor of a
broad antibacterial agent, formic acid. The binding of formic acid to Atu0526 was screened using
a thermo shift assay and verified using isothermal titration calorimetry. Inconsistent with the
previously reported antimicrobial properties, formic acid was confirmed to be a chemoattractant
to A. fabrum and could promote its growth. The chemotaxis of A. fabrum C58 toward formic acid
was completely lost with the knock-out of atu0526, and regained with the complementation of the
gene, indicating that Atu0526 is the only chemoreceptor for formic acid in A. fabrum C58. The affinity
of formic acid to Atu0526"P significantly increased after the arginine at position 115 was replaced
by alanine. However, in vivo experiments showed that the R115A mutation fully abolished the
chemotaxis of A. fabrum toward formic acid. Molecular docking based on a predicted 3D structure
of Atu0526 suggested that the arginine may provide “an anchorage” for formic acid to pull the
minor loop, thereby forming a conformational change that generates the ligand-binding signal.
Collectively, our findings will promote an understanding of sCache-type chemoreceptors and their

signal transduction mechanism.

Keywords: methyl-accepting chemotaxis protein; Agrobacterium fabrum; chemotaxis; formic acid
chemoreceptor; protein ligand
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1. Introduction

Agrobacterium fabrum is a soil-borne Gram-negative bacterium that infects a variety
of dicotyledonous plants. Plants secrete organic acids and other compounds near the
rhizosphere, thus forming an acidic environment [1-3]. Sensing rhizospheric secretions
through chemotaxis is the first step for A. fabrum to navigate its way to the host plant [4-6].
Chemotaxis permits bacteria to perceive their external surroundings (chemicals, pH, redox
potential, temperature, etc.) and to swim toward a favorable environment [7-9]. Chemore-
ceptors and the histidine kinase play essential roles in chemotactic signaling [10,11]. Methyl-
accepting chemotaxis proteins (MCPs) are the most common chemoreceptors of various
ligands (attractants and repellents) [12]. Ligand binding induces conformational changes
in MCP molecules, shifting the ON-OFF equilibration of CheA auto-phosphorylation activ-
ity [13]. CheY is thereby phosphorylated, subsequently triggering a rotation adjustment of
the flagellar [14]. The signal transduction also requires a coupling protein, CheW. CheW
couples CheA to the MCP dimers to form a ternary core complex [15-17]. This interaction
between CheWs and MCPs is necessary for chemotactic signaling [16].

MCPs, widely existing in bacteria, normally contain three functional elements, in-
cluding a ligand-binding domain (LBD), an intervening HAMP domain and a cytoplasmic
methyl-accepting (MA) signaling domain [12]. For the MCP with periplasmic LBD, its
LBD is linked to the intervening HAMP domain via transmembrane domains. The ligand-
binding signal is generated by the LBD and transmitted through HAMP to the MA signaling
domain [13]. In general, the HAMP domain and the MA signaling domain are evolution-
arily conserved, while LBDs display complicated diversity for the perception of various
ligands and signals [18].

Agrobacterium LBDs are distributed among six different types, including single 4HB
(four-helix bundle), double 4HB, single Cache (single calcium channels and chemotaxis,
sCache), double Cache (dCache), PAS (Per/Arnt/Sim) and protoglobin [19]. Cache-type
MCPs account for the largest proportion of chemoreceptors in Agrobacterium [19]. The
Cache domain was initially considered to be an extracellular PAS-like domain until more in-
depth analysis and detailed classification appeared [20]. A dCache domain is composed of
two subdomains, each homologous to the PAS domain, and a long N-terminal «-helix [21],
whereas a sCache domain has only one “PAS-like” domain and a relatively short N-terminal
o-helix. sCache is further divided into sCache_2, sCache_3_1, sCache_3_2 and sCache_3_3.
The known ligands of all four sCache subfamilies are mainly organic acids [20]. In A.
fabrum C58, there are seven MCP candidates belonging to the Cache superfamily, including
Atu0373, Atu0526, Atu0646, Atul912, Atu2173, Atu2223 and Atu3725 [19]. Little research
has been devoted to these proteins.

Generally, the ligand-binding signal is generated by a conformational change of the
LBD. The Apo- and ligand-bound 4HB-type LBD structures showed a certain degree of
conformational changes [22-24]. Several 4HB-type LBDs undergo an approximately 1 A
piston-like shift of the final helix (H4) when ligands bind [25,26]. It is proposed that the
ligand binding to Cache domains may also trigger conformational changes, likely by piston
displacement, although the structures of Cache-type LBDs are distinct from 4HB-type
LBDs [27]. The structural analysis of Tlp3, a dCache-type MCP from Campylobacter jejuni,
suggested that the binding of an attractant to the distal subdomain locks it in a closed
form, altering the proximal subdomain into an open form, which results in a 4 A piston
displacement of the C-terminal helix [28]. For the sCache-type MCP, there is still a lack of
more convincing evidence to reveal the related signal generation mechanism.

Formic acid has been used widely and long-term as a poultry feed additive to in-
hibit the growth of foodborne pathogens [29]. The treatment of E. coli with formic acid
significantly reduced the synthesis rate of its DNA, RNA, protein, phospholipids and cell
wall [30]. Since formic acid is considered to be an antibacterial agent, evolutionarily, it
is likely to act as a chemorepellent for bacteria. However, some studies contradict this
hypothesis. For instance, formic acid was confirmed to be a chemoattractant for C. concisus
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and C. jejuni [31,32]. To date, no studies have been conducted on the chemotactic response
of A. fabrum to formic acid.

Currently, the studies of chemoreceptors for formic acid are still limited. Two adja-
cent genes, ¢j0952c and ¢j0951c, from C. jejuni isolate B2, have been found to affect the
chemotactic behavior of the strain toward formic acid [33]. However, there is no evidence
that the proteins encoded by these two genes are the chemoreceptor for formic acid. Thus
far, the only confirmed chemoreceptor that binds formic acid is McpV from Sinorhizobium
meliloti [34]. However, the dissociation constant (K;) of McpVFR (the LBD of McpV) bind-
ing formic acid is much higher than the K; of McpV®R binding some other short-chain
carboxylates. The optimal concentration of formic acid causing the chemotactic response of
S. meliloti is 100 mM, which is much higher than the concentration of formic acid occurring
in natural conditions [34]. These data indicate that formic acid interacts weakly with McpV
and is an inefficient chemoattractant to S. meliloti [34].

Here, we characterized the first formic acid specific chemoreceptor and analyzed its
possible signal transduction mechanism.

2. Materials and Methods
2.1. Strains and Their Growth Conditions

The strains and plasmids used in this study are listed in Supplementary Materials
Table S1. E. coli was cultured at 37 °C in Luria Broth (LB) medium with or without 1.5%
agar [35]. A. fabrum was cultured at 28 °C in MG/L (0.5% w/v tryptone, 0.25% w/v yeast
extract, 90 mM NaCl, 55 mM D-mannitol, 12.4 mM sodium glutamate, 3.7 mM KH,POy,
0.8 mM MgSOy, 8 nM D-biotin, pH 7) or AB-sucrose (0.5% w/v sucrose, 18.7 mM NH,4Cl,
17.2 mM Ko;HPOy, 9.6 mM NaH;POy, 2 mM KCl, 1.2 mM MgSOy, 90 uM CaCly, pH 7)
medium with or without 1.5% agar [36,37]. For E. coli transformed with antibiotic resistance,
100 pg/mL ampicillin or 50 pg/mL kanamycin was used, while for A. fabrum, 100 pg/mL
kanamycin or 100 pg/mL carbenicillin was used.

2.2. Gene Manipulation, Construction of Mutants and Complementary Strains

Genomic DNA of A. fabrum was prepared according to a previous study [37]. Plasmids
were extracted and purified with TTANprep Mini Plasmids Kit (Tiangen Biotech Corpora-
tion, Beijing, China). The primers used in this study are listed in Supplementary Materials
Table S2. DNA fragments were purified from agarose gels using a TaKaRa MiniBEST
Agarose Gel DNA Extraction Kit (TaKaRa Corporation, Dalian, China). Plasmids were
transformed into E. coli competent cells through heat-shocking at 42 °C. Plasmids were
transformed into A. fabrum through electroporation [38].

The entire at110526 gene was knocked out using the method described previously [39].
PEX18Km, which carries a kanamycin resistant gene for a positive selection and a suicide
gene, sacB, for counter-selection, was used for constructing a gene-knockout mutant [40].
The fragments of atu0526 upstream (500 bp fragment upstream of start codon) and down-
stream (500 bp fragment downstream of stop codon) were fused and inserted into pEX18Km
though restriction sites Hind III and BamH 1. After this construct was transformed into A.
fabrum, two rounds of selections were performed using kanamycin and sucrose to obtain
knockout candidate colonies. The colonies were further screened using a PCR and verified
using DNA sequencing.

A complementary strain was obtained by introducing the plasmid carrying atu0526
with its promoter into the knockout strain. In brief, the DNA fragment of atu0526 with
its promoter was amplified using the primers atu0526C-F and atu0526C-R listed in Sup-
plementary Materials Table S2. The fragment was then inserted into the independently
replicating plasmid pCB301 with a low copy number though restriction sites Hind III and
BamH 1. The construct was subsequently transformed into the atu0526-knockout strain.
The complementary colonies were selected by kanamycin and verified using PCR and
DNA sequencing.
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The single-residue mutation was carried out as described previously [41]. In brief, a
pair of single-residue mutation primers (R115A-F and R115A-R) were designed around the
position of 115 (amino acid number of Atu0526). The atu0526 complementary plasmid was
amplified with single-residue mutation primers using a PCR. The template plasmid was
digested for removal using Dpn 1. Then, the product was purified and transformed into
E. coli DH5« competent cells. The constructed plasmid was extracted from the positive
transformants, and the mutation was verified using DNA sequencing. The verified plasmid
was then transformed into the afu0526-knockout strain by electroporation. The resulted
colonies were screened by kanamycin and verified using PCR.

2.3. Capillary Assay

The capillary assay was carried out as described previously [42]. A. fabrum in log-
arithmic growth phase was harvested by centrifugation at 4000x g for 2 min at room
temperature and then suspended in chemotaxis buffer (0.1 mM EDTA and 10 mM KH, POy,
pH 7.0) to an ODggonm of 0.1. Every aliquot of 300 uL of suspension was used to make
1 bacterial pond. The capillary tube with one end sealed was filled with chemotaxis buffer
containing 500 uM neutralized formic acid or no formic acid. The open end of the capillary
tube was put into the bacterial pond and incubated for 1 h at room temperature. The
resulting solution in the capillary tube was completely transferred into 1 mL of AB-sucrose
medium. An amount of 10 pL of diluted solution was plated on MG/L plates and incubated
for 2 days at 28 °C. The colonies on the plates were finally counted and analyzed.

2.4. Protein Expression and Purification

The periplasmic domain of Atu0526 (from 36 th residue to 197 th residue) was ex-
pressed using pET30a. The corresponding gene fragment was inserted into pET30a and
then transformed into E. coli BL21 (DE3) competent cells. An empty pET30a was also
transformed into BL21 to express a control protein since the empty pET30a can also ex-
press a 7.7 kDa His-tagged peptide. Positive transformants were grown to approximately
5 x 108 cell/mL in LB medium at 37 °C. Then, 0.5 mM isopropylthio-B-D-galactoside was
added to the cultures. After a 5-h cultivation at 100 rpm and 25 °C, cells were harvested
by centrifugation of 8000 g for 10 min, and then washed twice with PBS buffer (10 mM
phosphate, pH 7.4). Cell suspension was subsequently sonicated until it was nearly clear,
and cell debris was removed by centrifugation (12,000 x g for 30 min). The supernatant was
slowly mixed with 1.5 mLof Proteinlos Ni-IDA Resins (Transgen Biotech, Beijing, China).
His-tagged proteins were eluted from the Ni-IDA Resins with elution buffer (150 mM NaCl,
200 mM imidazole, 50 mM Tris-HCl pH 7.4). The imidazole was removed by ultrafiltration.

2.5. Pull-Down Assay and Bacterial Two-Hybrid Assay

The pull-down assay was carried out as described previously [42]. His-tagged Atu0526
was expressed as described above. Another His-tag fused protein, SalT, a NaCl induced
protein encoded by atu0661, which is unrelated to the chemotaxis, was used as the negative
control [42]. The E. coli BL21 crude lysates containing the His-tagged Atu0526 or SalT were
incubated with cell crude extract from 100 mL of Aatu0526 cell culture. After overnight
incubation at 4 °C with gentle shaking, the resins were washed with 10 resin volumes of
PBS buffer containing series concentrations of imidazole (10-50 mM) to remove the non-
specific binding proteins. Target proteins were eluted with 500 puL of PBS buffer containing
200 mM imidazole. Equal volumes (10 uL) of elutions were loaded for SDS-PAGE. Proteins
in the gel were transferred to polyvinylidene difluoride membranes (Merck Millipore,
Darmstadt, Germany) and were detected with the BCIP/NBT alkaline phosphatase color
development kit (Beyotime Biotechnology Corp, Shanghai, China) according to the proce-
dure provided by the company. Antibodies against two CheWs were used as the primary
antibodies for detection [42]. Two polyclonal rabbit antibodies against CheW1 and CheW2
were provided by GenScript Corporation (Nanjing, China). Peptides from the variable
region of two CheWs (142-155 amino acid residues of CheW1, 146159 amino acid residues
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of CheW?2) were artificially synthesized as the antigens to generate antibodies against
CheW1 or CheW?2 in New Zealand rabbits. The specificities of the antibodies against each
CheW had already been verified by the heterogeneously produced individual CheW using
Western blot in a previous study [42].

The bacterial two-hybrid assay was conducted as previously described [43]. atu0526
was inserted into the bait plasmid pBT to express Acl-Atu0526 fusion protein. The entire
cheW genes were inserted into the target plasmid pTRG to express CheW-RNAP fusion
proteins. The combinations of the bait and the target were then transformed into XL1-
Blue MR competent cells. Transformed cells were spread on LB-CTCK plates (LB with
0.2 mg/mL carbenicillin, 15 ug/mL tetracycline, 34 ug/mL chloramphenicol and 50 ug/mL
kanamycin). Positive colonies were spotted on LB-CTCK plates with 80 ug/mL X-GAL
and incubated in darkness for 17 h at 37 °C. The interaction between Atu0526 and CheWs
would carry Acl and RNAP together, thereby inducing the expression of 3-galactosidase.
The bacterial colonies would be blue when grown on plates containing 80 pug/mL X-GAL.

2.6. Thermo Shift Assay

Thermo shift assay was carried out as described previously [44,45]. In brief, each
purified protein was mixed with or without 500 uM formic acid in the presence of SYPRO
Orange (Thermo Fisher Scientific, Waltham, MA, USA), which was buffered by 50 mM
Tris-HCl (pH 7.4). Mixtures were then heated from 25 to 95 °C at a scan rate of 0.5 °C
per 30 s using a Real Time PCR instrument (BioRad, Hercules, CA, USA). Unfolding
curves of proteins were monitored by detecting changes of fluorescent intensity. Melting
temperatures were determined from the derivative values of fluorescence data using
BioRad CFX Manager 3.1 software.

2.7. Isothermal Titration Calorimetry

Isothermal titration calorimetry was conducted on a VP microcalorimeter (Malvern
Panalytical, Malvern, UK) at 20 °C. Purified proteins, including control protein expressed
from empty pET30a, were concentrated to 30 uM in sample buffer (150 mM NaCl, 50 mM
Tris-HCl pH 7.4) and injected into the sample cell. The proteins were titrated with sample
buffer containing 0.6 mM formic acid. The mean enthalpies measured from the injection of
the ligand into the sample cell were subtracted from the data of control protein titration
prior to data analysis. Data points were fitted with the “one binding site model” of ORIGIN
to calculate K; and other values.

2.8. Fluorescence Observation and Analysis

For microscopy observation, the Agrobacterium cells in the middle logarithmic
growth period were collected by centrifugation at 4000 x g for 3 min and then suspended
in PBS buffer. The bacterial solutions were added onto the center of the slides. Cells
were visualized through a x100 oil immersion objective of a fluorescent microscope
(Mshot Corp., Guangzhou, China). Fluorescence was observed using an Ar laser with a
488-nanometer excitation wavelength and 500~550-nanometer emission wavelength.

2.9. Analysis of Biofilm Formation

C58, Aatu0526, Aatu0526-C and ACheA (since Aatu0526-C contains the plasmid
pCB301::atu0526 carrying a kanamycin resistant gene, we introduced the empty vector
pCB301 into C58, Aatu0526 and ACheA) were grown in liquid MG/L with 100 pg/mL
kanamycin at 28 °C, 200 rpm for 14 h. After washing twice with AB-sucrose liquid medium,
the concentration of cells was adjusted to ODggy = 1.0. Then the resuspensions were diluted
100 times with AB-sucrose liquid medium. The resulting solutions were incubated in a
28 °C for 4 days. At the junction of the liquid surface and the air, there was a layer of film.
The suspended matter was gently washed with distilled water, and 0.1% crystal violet
was added for dyeing for 30 min. The floating color was washed out by distilled water.
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Ethanol (95%) was then used to dissolve the stained film, and the absorbance at ODsy, was
measured by spectrophotometer (Yidian Analysis Instrument Co., Ltd., Shanghai, China).

2.10. Bioinformatic Analysis

To obtain the information of domains and domain architectures, the protein se-
quence of Atu0526 was uploaded to the SMART server (http://smart.embl-heidelber.de,
accessed on 10 April 2021). The server would conduct the sequence alignments and provide
information on the protein domains. To predict its 3D structure, the protein sequence was
uploaded to the PHYRE? server (www.sbg.bio.ic.ac.uk/phyre2, accessed on 14 April 2021).
The server calculated and output the 3D structure of the protein.

The molecular docking was performed using AutoDock as previous described by
Morris et al. [46]. The 3D structural coordinate of formic acid was downloaded from
pubchem compound (https://pubchem.ncbi.nlm.nih.gov, accessed on 15 April 2021).
Formic acid was docked on the pocket site using the optimized grid box to generate ten
docking poses. The docking pose with the highest score was adopted in this study.

2.11. Statistical Analysis

Data were statistically analyzed through Microsoft Office Excel data analysis tool. An
unpaired Student’s ¢ test was performed to assess the statistical difference between the
measurements. A value of p < 0.05 was considered statistically significant. Significant
differences are indicated by * (p < 0.05) or ** (p < 0.01).

3. Results
3.1. Atu0526 Is a Conserved sCache-Type MCP in Agrobacterium

Atu0526 is a protein from A. fabrum C58 encoded by the gene annotated as mclA. It is an
HAMP domain-containing protein as described in the National Center for Biotechnology
Information (NCBI) Gene database (https://www.ncbinlm.nih.gov/gene accessed on
6 July 2021). The domain architecture of Atu0526 is shown in Figure 1A. Atu0526 has two
transmembrane helices, a sCache_3_2 domain, an HAMP domain and a methyl-accepting
signaling domain (Figure 1A). It is not difficult to conclude that Atu0526 is likely to be a
typical sCache MCP with the LBD located in the periplasm.
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Figure 1. The analysis of Atu0526. (A) Domains of Atu0526 predicted by SMART server. The
full-length sequence of Atu0526 was input into the SMART server for prediction, and the resulted
domains were presented in the linear structure of Atu0526 as rectangles with different colors. The
numbers represent the starting and ending positions of each domain. (B) sCache domain of Atu0526
was aligned with homologous proteins including Ach5_04520 from A. radiobacter, A8L48_17305 from
A. rhizogenes, AGRIA_Cc210166 from A. slinitolerans and AGR7C_Cc260167 from A. deltaense. The
color above the sequences represents the degree of protein conservation. The green background
indicates the identical residues.
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The sCache domain of Atu0526 was also aligned with those of five homologous MCPs
from A. radiobacter, A. rhizogenes, A. salinitolerans and A. deltaense. The alignment showed a
high similarity among these sequences, suggesting that the proteins are highly conserved
in Agrobacterium species (Figure 1B). The high degree of conservation may indicate the
basic role of the protein in Agrobacterium.

3.2. Atu0526 Interacts with both CheW1 and CheW2

The interaction with the CheW proteins, as a basic characteristic of the functional
MCP, was also tested through bacterial two-hybrid and pull-down experiments. A. fabrum
C58 has two CheW proteins, CheW1 and CheW?2. The bacterial two-hybrid and pull-down
experiments confirmed the interaction between Atu0526 and CheW1, and Atu0526 and
CheW?2 (Figure 2A,B).

A B pulled down by
@
j
& @«
S 3
3 3 = =
.2 £ F S
25 —
2 5 a-CheW1 H q =
A
o . o 0-Che\yp - —
A AN AN
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Figure 2. The interaction between Atu0526 and CheWs. (A) Bacterial two-hybrid for testing the
interactions between Atu0526 and CheWs. The bacterial cells harboring positive control proteins
or different combinations of Atu0526 and CheWs were spotted on LB-CTCK plates with X-GAL.
Bacterial cells can grow on the plate and appear blue, indicating an interaction between proteins.
(B) Pull-down assay for testing the interactions between Atu0526 and CheWs. The 6 xHis-tagged
Atu0526 and SalT were incubated with the crude extraction of A. fabrum C58 and then pulled down by
Ni-IDA Resins. The eluted solutions were subsequently immunoblotted with the antibodies against
two CheWs [42] Original blot images in Supplementary Figures S1 and S2.

3.3. LBD of Atu0526 Binds Formic Acid

Since organic acids are the major known ligands for sCache receptors [20], nine organic
acids were tested as candidates of Atu0526 ligands using a thermo shift assay. As the results
showed, the melting temperature (T,) showed different shift amplitudes in the presence
of different ligands (Figure 3A). Generally, a Ty, shift of more than 2 °C induced by a
ligand is considered significant [44]. The Ty, of Atu0526"BP was 33.40 4+ 0.62 °C while
the T of Atu0526"BP with formic acid added reached 42.42 & 0.41 °C (Figure 3B). This
significant Tp, shift means that the addition of formic acid greatly enhanced the stability of
Atu0526BP, indicating a strong binding of formic acid to the protein. Meanwhile, other
organic acids showed no significant Ty, shift, suggesting a specificity of Atu0526 in binding
to formic acid.

In order to obtain direct evidence of the binding between formic acid and Atu0526-5P,
isothermal titration calorimetry (ITC) was applied. The results confirmed the binding,
resulting in an exothermic reaction with a K; of 172 £ 53.62 uM (Figure 3C). The enthalpy
change (AH) for the reaction was (—9.383 & 1.591) x10° cal/mol, and the entropy change
(AS) for the reaction was —3.13 x 103 cal/mol/deg (Figure 3C). According to Gibbs free
energy calculations (AG = AH — TAS), the reaction was spontaneous. Moreover, the values
of AH and AS were all negative, suggesting that hydrogen bond could be the main driving
force in this binding reaction.
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Figure 3. The binding of formic acid to Atu0526"BP. (A) Thermo shift assay of different organic acids. The column values
represent the Tr, of Atu0526MBP with the corresponding ligands minus the T, without ligand. Column values are the

means of three biological replicates with the SD. (B) The binding analysis of formic acid to Atu0526M8P

using a thermo
shift assay. The data are presented in the form of changes in the derivative of fluorescence intensity with temperature. The
temperature corresponding to the red and blue dashed lines are the Tm values of Atu0526 with and without formic acid,
respectively. (C) Isothermal titration calorimetry of Atu0526"BP with formic acid. The upper panel depicts the raw titration
data. The lower panel is the isotherm derived by integrating peaks from the raw data and the calculated values of K;, AH

and AS. Data points were fitted with the “one binding site model” of ORIGIN.

3.4. Formic Acid Is a Chemoattractant of A. fabrum C58

To identify the possible effect of formic acid on A. fabrum, we first tested the growth
of A. fabrum C58 in the presence of different concentrations of formic acid. Contrary
to the situation in some other bacteria, the growth of A. fabrum C58 was significantly
(p < 0.05) promoted in the presence of formic acid (Figure 4A), implying that formic acid
is beneficial to A. fabrum growth and may be a potential chemoattractant of A. fabrum.
To verify whether A. fabrum could be attracted by formic acid, we tested the chemotactic
response of A. fabrum to different concentrations of formic acid by using a capillary assay.
Our results confirmed that A. fabrum C58 was significantly (p < 0.01) chemoattracted by
formic acid. The bacterial population chemoattracted in the capillary tube containing
0.5 mM formic acid was 7.6 times that in the capillary tube without formic acid (Figure 4B).

3.5. Atu0526 Is the Only Chemotactic Receptor of A. fabrum C58 to Recognize Formic Acid

Now it has been confirmed that A. fabrum C58 is chemoattracted by formic acid
and Atu0526BP can bind formic acid, we needed to confirm whether Atu0526 was the
chemoreceptor regulating the chemotaxis of A. fabrum toward formic acid. To demonstrate
the role of Atu0526 in regulating A. fabrum chemotaxis, we constructed two A. fabrum
derivatives, atu0526-deficient mutant (Aatu0526) and the complementary strain of Aatu0526
(Aatu0526-C). The Capillary assay showed that the chemotaxis of A. fabrum C58 toward
formic acid was completely abolished after atu0526 was knocked out (Figure 5), suggesting



Biology 2021, 10, 1345

9of 17

that Atu0526 is the only chemoreceptor for formic acid in A. fabrum C58. Additionally, the
complementary strain Aatu0526-C showed the same chemotactic phenotype for formic
acid as the wild type strain (Figure 5). Combined with the previous results of the in vitro
binding experiments, it can be concluded that Atu05256 is a specific chemoreceptor for
formic acid.

C1Cos EC58 + 0.1 mM FA EC58 + 0.5 mMFA B C58 + 5.0 MM FA

Oh

*%

x B 120

*% *%

w
o

* ﬂ.l. ; {

*k

(%]
o

Cells in capillary ( x 10%)
8

8h  12h 16h  20h 24h

Figure 4. Formic acid can promote the growth of A. fabrum C58 and act as its chemoattractant. (A) Formic acid promoted
the growth of A. fabrum C58. To the initial bacterial culture with ODggg = 0.03, 0, 0.1 mM, 0.5 mM or 5 mM formic acid were
added. ODg of each culture was measured after incubation for 8, 12, 16, 20 and 24 h. (B) Capillary assay of A. fabrum C58
for formic acid. In the capillary assay, 0, 0.1 mM, 0.5 mM and 5 mM formic acid were applied. Data are the means of three
biological replicates with the SD in (A) and ten biological replicates with the SD in (B). Significant difference (p < 0.05) is
indicated by * and significant difference (p < 0.01) is indicated by ** in (A,B).
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Figure 5. The effect of atu0526 on the chemotaxis of A. fabrum toward formic acid. A. fabrum C58,
Aatu0526, Aatu0526-C were tested in a capillary assay with 500 uM formic acid. + Represents 500 M
formic acid was applied, while—represents the case without formic acid. Data are the means of ten
biological replicates with the SD. Significant differences (p < 0.01) are indicated by **.

3.6. Replacement of R115 by Alanine Significantly Increases the Stability of Atu0526"BP
and the Affinity to Formic Acid

To identify the amino acid residues that are directly involved in the binding of
Atu0526BP to formic acid, the Atu0526 sCache_3_2 domain was aligned with the corre-
sponding domains of the two typical sCache-type receptors, CitA from Klebsiella pneumoniae
and DcuS from E. coli (Figure 6A). Both CitA and DcuS$ are transmembrane sensors con-
taining a sCache_3_2 domain like Atu0526. The structures of CitA and DcuS LBD domains
with ligands have all been resolved [47,48]. The important residues of CitA and DcuS at
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the interface between proteins and ligands were compared with those of Atu0526. It was
noted that the residues of CitA and DcuS that bind ligands are relatively conserved in
certain regions (Figure 6A,C). Among these residues, only the arginine at position 115 of
Atu0526 was identical to the corresponding residues of CitA and DcuS, suggesting that
this residue may play an essential role in the binding. To further scrutinize the residues
related to ligand binding, the 3D structure of Atu0526"BP was predicted by the PHYRE2
server, and this protein structure was then interrogated for a possible interaction with
formic acid using molecular dynamics modeling. As shown in the docking model, formic
acid might form hydrogen bonds with R115, F156 (phenylalanine at position 156) and G157
(glycine at position 157) (Figure 6D). These residues are in the same ligands binding regions
as CitA and DcuS (Figure 6A), and it once again hinted that R115 may be important for
ligand binding. However, it should be pointed out that there may be other binding-related
residues that could not be identified in the predicted model due to the lack of resolved
crystal structure.

For R115, the atom predicted to form a hydrogen bond with formic acid is provided
by the side group of R115 (Figure 6D). Therefore, we replaced this arginine with alanine to
remove the potential force. This single-residue mutated Atu0526BP variant was designated
as Atu0526"BPR115A. For F156 and G157, the atoms predicted to form hydrogen bonds
with formic acid are provided by the peptide bonds of F156 and G157, not by the side
groups. A single-residue mutation to F156 or G157 has no potential significance for the
binding analysis. Thus, our study focused on R115. The purified Atu0526-BPR115A was
then tested in thermo shift assay. The Tp, of Atu0526'8PR115A was 42.19 + 0.39 °C which
was much higher than that of Atu0526'BP (Figures 3B and 6E), indicating that the single-
residue mutation increased the protein stability. However, the T, of Atu0526"BPR115A
only rose by 0.24 °C to 42.43 £ 0.32 °C after adding formic acid (Figure 6E). That was to say,
the addition of formic acid did not change the stability of Atu0526'BPR115A significantly.

Since adding formic acid did not change the stability of Atu0526'BPR115A, did this
mean that formic acid would not bind to Atu0526'BPR115A? With this question in mind,
we conducted an isothermal titration calorimetry to test the binding of formic acid to
Atu0526-BPR115A. As the results showed, formic acid could bind to Atu0526"BPR115A
with a K; of 22.9 £ 5.36 uM (Figure 6F). The K; was significantly (p < 0.01) lower than
that of formic acid binding to Atu05265P, which means Atu0526'BPR115A has a stronger
affinity with formic acid than Atu0526M8P. Although we did not initially expect that
Atu0526"BPR115A would bind to formic acid, the binding of formic acid to Atu05268P
had indeed been changed due to the mutation.

3.7. Replacement of R115 by Alanine Completely Destroys the Function of Atu0526 in Regulating
Chemotaxis, but Not the Cellular Localization

In order to study whether the binding of formic acid to Atu0526"BPR115A can correctly
trigger a chemotactic response, we introduced the R115A mutation into Aatu0526-C and
conducted a capillary assay to assess the chemotactic motility toward formic acid. The
results showed that the strain with R11544,052¢ replaced by alanine (Atu0526R115A_C)
was no longer chemotactic toward 500 pM formic acid (Figure 7A). The phenotype of
Atu0526R15A-C was consistent with Aatu0526 (Figure 7A). That means that although formic
acid can bind to Atu0526"BPR115A, this binding does not result an effective chemotactic
response at a formic acid concentration of 500 uM.

Since Atu0526"BPR115A has a stronger affinity with formic acid, we reduced the
formic acid concentration by one and two orders of magnitude in the capillary assay
to test if Atu0526R!15A could sense a lower concentration of formic acid. The results
showed that neither 5 nor 50 pM formic acid could trigger the chemotactic response of
Atu0526R115A-C (Figure 7B), suggesting that the R115 mutation does not make a more
sensitive chemoreceptor, but just a non-functional chemoreceptor for formic acid.
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Figure 6. The analysis of R115 on the binding of formic acid to Atu0526BP . (A) Sequence alignment of sCache_3_2 domains
of Atu0526, CitA and DcusS. * refers to identical residues. The residues shown in blue are residues of CitA and DcuS ligand
binding. The residues shown in green were predicted to bind formic acid. The red rectangle indicates R115. (B) The
predicted 3D structure of sCache_3_2 domain of Atu0526. (C) The 3D structures of sCache domains from CitA (magenta,
1P0Z) and DcusS (green, 3BY8). The important residues that ligands bind to are shown in stick form. (D) The docking of
formic acid with Atu0526"BP. The right part is an enlarged presentation of the content in the dashed box. The hydrogen
bonds between the ligand and the protein are represented by yellow dashed lines. The R115 is in the stick diagram. (E) The
binding analysis of formic acid to Atu0526"BPR115A using a thermo shift assay. The data are presented in the form of
changes in the derivative of fluorescence intensity with temperature. The temperatures corresponding to the red and blue
dashed lines are the Tr, values of Atu0526"BPR115A with and without formic acid, respectively. (F) Isothermal titration
calorimetry of Atu0526"BPR115A with formic acid. The upper panel depicts the raw titration data. The lower panel is the
isotherm derived by integrating peaks from the raw data and the calculated values of K;, AH and AS. Data points were
fitted with the “one binding site model” of ORIGIN.
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Figure 7. The effect of R115 on the chemotaxis of A. fabrum C58 toward formic acid. (A,B) Capillary assay of strains for
formic acid. In (A), Aatu0526, Aatu0526-C and Atu0526RM15A-C were tested in capillary assay with 500 uM formic acid. In
(B), A. fabrum C58 and Atu0526R11%A_C were tested with 5 uM and 50 uM formic acid. + Represents 5, 50, or 500 uM formic
acid was applied, while — represents the case without formic acid. Data in (A,B) are the means of ten biological replicates
with the SD. Significant differences (p < 0.01) are indicated by **.

In order to check the possibility that the R115 mutation affects the protein localization,
thereby affecting the chemotaxis toward formic acid, we fused green fluorescent protein
(GFP) with Atu0526 and Atu0526R11%4, and expressed the GFP fused proteins in Aatu0526.
As shown in the pictures, Atu0526-GFP and Atu0526R15A_GFP showed similar localization
(Supplementary Materials Figure S3), indicating that R115 does not affect the localization
of Atu0526.

3.8. A Hypothetical Signal Transduction Model of Atu0526

Formic acid can bind to Atu0526811°4 but cannot trigger a chemotactic response of
Atu0526R115A-C, and the localization of Atu0526 is not altered by the residue substitution.
Therefore, we suspect that R115 plays a role in the signal transduction of Atu0526. Although
the studies of the signal transduction mechanism of sCache-type MCPs are limited, the
studies of the non-MCP sCache-type receptors allow to formulate a working hypothesis.
The resolved structures of citrate-free and citrate-bound CitA indicate a presence of signal
generating mechanism [49]. In CitA, a minor loop has a maximum displacement of 13.54 A
due to the binding of citrate, and the displacement drives the adjacent 3-sheet to curl toward
the center, thus generating the signal (Supplementary Materials Figure S4) [49]. Several
other sCache-type receptors and the molecular dynamic modeling predicted Atu0526 also
conform to this mechanism [48,50]. In our molecular dynamic modeling, formic acid binds
to the R115, F156 and G157 of Atu0526 (Figure 6D). R115 is in the major loop (the loop
connecting the first and second B-sheets of Atu0526"BP), while F156 and G157 are in the
minor loop (the loop connecting the second and third B-sheets of Atu05265P). The minor
loop is generally flexible in the sCache_3_2 domain [47-49]. Therefore, we conjecture that
formic acid binds to R115, and then F156 and G157 binds to the formic acid, pulling the
minor loop toward the major loop. Such a speculative way of ligand-binding would cause
the conformational change of Atu0526"BP to generate the signal.

To make this clear, a hypothetical model showing the signal transduction of Atu0526
was prepared. In this model, when there is no ligand binding to the Atu0526, the minor loop
is in a free stretch state, and the C-terminus of the LBD will not form enough movement
to induce the MA signaling (Figure 8). When a ligand binds to the LBD correctly, the
ligand-binding residues (such as R115) in the major loop act as anchorages that will
pull the minor loop closer through the ligand and drive the Atu0526"BP into a closed
conformation. This conformational change will cause an upward displacement of the LBD
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C-terminus, thereby activating the cytoplasmic MA signaling (Figure 8). If there are not
enough anchorage residues in the chemoreceptor (Atu0526R154), the ligand may still bind
to the LBD. However, such a binding is not able to form a closed conformation and induce
MA signaling (Figure 8). This model may explain why Atu0526R1154 can bind formic acid
but cannot cause a chemotactic response to formic acid.

Ligand-free Ligand-bound Ligand-bound
o—Major loop = ~—
{_J—pLigand
Periplasm e
pMinor loop
ﬁﬁ? \ ?ﬁmﬁﬁ@ WWWW‘ \
Cytoplasm

Figure 8. A hypothetical signal transduction model of Atu0526. The formic acid anchors to the
anchorage residues (such as R115) and pulls the minor loop upward to realize chemotactic signal
transduction. When the anchorage residues are not enough, the ligand may be able to bind to
Atu0526, but it is not sufficient to induce a conformational change for chemotactic signal transduction.
The red dot above refers to anchorage residue(s), and the two red dots below refer to the C-terminal
residues of the fourth (3-sheet and the nearby minor loop residues. The force between ligand and
Atu0526 or between two residues is indicated by yellow dashed lines.

4. Discussion

Although formic acid is broadly used to inhibit bacterial growth, it is experimentally
confirmed to be the chemoattractant of A. fabrum C58. The ligand concentration used
may be a reasonable explanation for this contradiction. The concentration of formic acid
used to inhibit bacterial growth generally exceeds 10 mM. Such a concentration is hard to
find in natural conditions; therefore, it has little to do with the evolution of the bacterial
chemotactic response to formic acid. For A. fabrum C58, 500 uM formic acid can promote
bacterial growth. Additionally, 5 mM formic acid can also promote the growth of A. fabrum
C58, but to a lower degree than that of 500 uM formic acid (Figure 4A). It is believed that
as the concentration increases, formic acid may still inhibit the growth of A. fabrum C58.

It is reported that some chemoreceptors affect the biofilm formation [51-55]. There
has also been report of cross-talks between chemotactic systems and biofilm formation,
in which CheA may be a common regulator of the two systems [56]. Therefore, we tried
to detect the biofilm formation of C58, Aatu0526, Aatu0526-C and AcheA (cheA mutant in
which the entire cheA was knocked out). As results showed, with the mutation of atu0526,
the formation of biofilm was significantly (p < 0.01) enhanced, while the mutation of cheA
reduced the formation of biofilm (Supplementary Materials Figure S5). At present, we
still do not know how Atu0526 affect the formation of biofilm, but it is clear that Atu0526
is a negative regulator in the process of biofilm formation. Biofilm formation is usually
associated with infection of pathogens [57,58]. Therefore, Atu0526 may affect the infection
of A. fabrum C58 by affecting biofilm formation. In addition, formic acid is one of the
root exudates. Atu0526 as a chemoreceptor of formic acid may also affect the interaction
between A. fabrum C58 and the hosts by affecting the recognition of the host exudates.

The results of ITC showed that formic acid could bind to Atu0526"BPR115A with a
higher affinity than that of Atu0526"8P (Figures 3C and 6F). Arginine is an amino acid
whose side group can be dissociated, while alanine is an uncharged hydrophobic amino
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acid. The exchange of these two residues may cause changes of hydrophilicity and ionic
environment in the ligand-binding pocket. Such changes are likely to affect the affinity
between ligands and receptors [59,60]. Therefore, the higher affinity may be due to the
changes in the ligand-binding pocket environment.

In the sCache_3_2 domain, ligand-binding residues are relatively conserved, especially
the residue at the corresponding position of R115 (Figure 6A). The docking results suggest
that R115 acts as the ligand-binding residue. Our results confirmed the vital role of R115 in
the chemotaxis of A. fabrum toward formic acid. However, Atu05256®PR115A can still bind
to formic acid. Two reasons may explain these results. First, as shown in our hypothetic
model, R115 is an anchorage residue. Formic acid can still bind to Atu0526R115A byt cannot
induce the conformational change by pulling the minor loop. Second, the replacement of
R115 with alanine directly caused the Ty, of Atu0526"BP to increase (Figures 3B and 6E),
which means an increase in protein rigidity. The increased protein rigidity due to R115
mutation might make it difficult to produce a conformational change. The entropy change
in the ITC experiments can also reflect the conformational stability of Atu0526"BPR115A.
The AS of formic acid binding to Atu0526"BP is —3.13 x 103 cal/mol/deg (Figure 3C).
The negative value means that the disorder in the system was reduced after the ligand
binding. The reduced disorder indicates a stable state of the ligand-bound protein. On
the other hand, the entropy just increased slightly (13.7 cal/mol/deg) after the binding
of formic acid to Atu0526"BPR115A (Figure 6F). That is to say, the binding did not play
a role in reducing the disorder of the system and might not stabilize the conformation
of the protein. The conformational stabilization of proteins induced by ligand binding is
the principle behind the thermo shift assay [61]. The insignificant Tm shift in the thermal
shift assay (Figure 6E) also implies that formic acid might not induce the conformational
change of Atu0526"BPR115A. Generally, the conformational change of LBD generates a
signal. Therefore, R115 may affect signal generation by affecting the conformational change
of Atu0526.

The signal transduction mechanism of sCache-type MCPs is still not fully understood.
For some 4HB-type MCPs, the final helix is supposed to form a piston-like movement
toward the cell membrane after the ligand binding [27]. Crystallographic studies of the
non-MCP sCache-type receptor CitA also suggest a piston-like movement after the ligand
binding [49]. Based on our molecular dynamic modeling, Atu0526 seems to adopt a similar
signal generation mechanism as CitA. Although the sCache domain of CitA and 4HB do-
main are suggested to form piston-like movement, they move in opposite directions [27,49].
A previous study reported that the chimeric receptor in which sCache-type LBD was fused
to the cytosolic fragment of the 4HB-type chemoreceptor could also mediate the response to
chemoeffectors [62]. If Atu0526 forms a movement similar to CitA, there will be a problem
worthy of further study, that is, how to unify the movement in different directions into the
same signal output.

5. Conclusions

The broad antibacterial agent formic acid is a chemoattractant of A. fabrum C58.
Atu0526, a conserved sCache-type chemoreceptor from A. fabrum C58, is the only chemore-
ceptor in A. fabrum C58 that regulates chemoattraction toward formic acid. R115 of Atu0526
affects the binding of formic acid to Atu0526 and plays an essential role in Atu0526 regulat-
ing the chemotactic response of A. fabrum C58 toward formic acid. Our hypothetical model
suggests that R115 acts as an anchorage residue to pull the minor loop to the major loop
through formic acid. Such a ligand-binding way might cause the conformational change of
Atu0526 to generate the signal.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biology10121345/s1, Table S1: Bacterial strains and plasmids used in this study, Table S2:
Primers used in this study, Figure S1: Western blotting of the pull-down proteins using CheW1
antibody, Figure S2: Western blotting of the pull-down proteins using CheW2 antibody, Figure S3:
Localization of Atu0526-GFP and Atu0526RM15A-GFP, Figure S4: The structures of periplasmic do-
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main of CitA with and without ligand, Figure S5: Biofilm formation of C58, Aat10526, Aatu0526-C
and AcheA.

Author Contributions: Conceptualization, M.G. and H.W.; methodology, M.Z., Y.X. and R.Z.; soft-
ware, H.W,; validation, M.Z., Y.X. and H.W,; formal analysis, N.X.; investigation, M.Z.; resources, H.W.
and Y.X; visualization, data curation and writing—original draft preparation, H.W.; writing—review
and editing, M.G.; supervision, project administration and funding acquisition, M.G. All authors
have read and agreed to the published version of the manuscript.

Funding: Funding: This work was funded by the National Natural Science Foundation of China
(Grant No0.31870118, 21808196, 31170073).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Anni Cao (College of Bioscience and Biotechnology, Yangzhou University)
for suggestions and assistance in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Walker, T.S,; Bais, H.P.; Grotewold, E.; Vivanco, ]. M. Root exudation and rhizosphere biology. Plant Physiol. 2003, 132, 44-51.
[CrossRef]

2. Bais, H.P; Prithiviraj, B.; Jha, A.K.; Ausubel, EM.; Vivanco, ].M. Mediation of pathogen resistance by exudation of antimicrobials
from roots. Nature 2005, 10, 217-221. [CrossRef]

3. Badri, D.V,; Vivanco, ].M. Regulation and function of root exudates. Plant Cell Environ. 2009, 32, 666-681. [CrossRef]

4. Winans, S.C. Two-way chemical signaling in Agrobacterium-plant interactions. Microbiol. Rev. 1992, 56, 12-31. [CrossRef]

5. Guo, M,; Bian, X.; Wu, X.; Wu, M. Agrobacterium mediated genetic transformation: History and progress. In Genetic Transformation;
Alvarez, M.A., Ed.; InTech Europe: Rijeka, Croatia, 2011; pp. 1-28.

6. Feng, H.; Fu, R; Hou, X;; Lv, Y;; Zhang, N.; Liu, Y,; Xu, Z.; Miao, Y; Krell, T; Shen, Q.; et al. Chemotaxis of Beneficial Rhizobacteria
to Root Exudates: The First Step towards Root-Microbe Rhizosphere Interactions. Int. . Mol. Sci. 2021, 22, 6655. [CrossRef]

7. Koshland, D.E.; Sanders, D.A.; Weis, R.M. Roles of methylation and phosphorylation in the bacterial sensing system. Cold Spring
Harb. Symp. Quant. Biol. 1988, 53, 11-17. [CrossRef]

8.  Fukuoka, H.; Inoue, Y.; Ishijima, A. Coordinated regulation of multiple flagellar motors by the Escherichia coli chemotaxis system.
Biophysics 2012, 3, 59-66. [CrossRef]

9.  Bi, S.; Sourjik, V. Stimulus sensing and signal processing in bacterial chemotaxis. Curr. Opin. Microbiol. 2018, 45, 22-29. [CrossRef]

10. Ames, P; Parkinson, ]J.S. Transmembrane signaling by bacterial chemoreceptors: E. coli transducers with locked signal output.
Cell 1988, 2, 817-826. [CrossRef]

11. Mo, G.; Zhou, H.; Kawamura, T.; Dahlquist, EW. Solution structure of a complex of the histidine autokinase CheA with its
substrate CheY. Biochemistry 2012, 8, 3786-3798. [CrossRef]

12.  Salah Ud-Din, A.LM.; Roujeinikova, A. Methyl-accepting chemotaxis proteins: A core sensing element in prokaryotes and archaea.
Cell Mol. Life Sci. 2017, 74, 3293-3303. [CrossRef]

13. Parkinson, J.S.; Hazelbauer, G.L.; Falke, J.J. Signaling and sensory adaptation in Escherichia coli chemoreceptors: 2015 update.
Trends Microbiol. 2015, 23, 257-266. [CrossRef]

14. Barak, R.; Eisenbach, M. Correlation between phosphorylation of the chemotaxis protein CheY and its activity at the flagellar
motor. Biochemistry 1992, 18, 1821-1826. [CrossRef]

15.  Gegner, J.A.; Dahlquist, EW. Signal transduction in bacteria: CheW forms a reversible complex with the protein kinase CheA.
Proc. Natl. Acad. Sci. USA 1991, 1, 750-754. [CrossRef]

16. Huang, Z.; Pan, X.; Xu, N.; Guo, M. Bacterial chemotaxis coupling protein: Structure, function and diversity. Microbiol. Res.
2019, 219, 40—48. [CrossRef]

17. Huang, C.B.; Alimova, Y.; Myers, T.M.; Ebersole, J.L. Short- and medium-chain fatty acids exhibit antimicrobial activity for oral
microorganisms. Arch. Oral Biol. 2011, 56, 650—-654. [CrossRef]

18. Krell, T,; Lacal, J.; Mufioz-Martinez, F.; Reyes-Darias, J.A.; Cadirci, B.H.; Garcia-Fontana, C.; Ramos, J.L. Diversity at its best:
Bacterial taxis. Environ. Microbiol. 2011, 13, 1115-1124. [CrossRef]

19. Xu, N,; Wang, M,; Yang, X.; Xu, Y.; Guo, M. In silico analysis of the chemotactic system of Agrobacterium tumefaciens. Microb.

Genomics 2020, 6, mgen000460. [CrossRef]


http://doi.org/10.1104/pp.102.019661
http://doi.org/10.1038/nature03356
http://doi.org/10.1111/j.1365-3040.2009.01926.x
http://doi.org/10.1128/mr.56.1.12-31.1992
http://doi.org/10.3390/ijms22136655
http://doi.org/10.1101/SQB.1988.053.01.004
http://doi.org/10.2142/biophysics.8.59
http://doi.org/10.1016/j.mib.2018.02.002
http://doi.org/10.1016/0092-8674(88)90137-7
http://doi.org/10.1021/bi300147m
http://doi.org/10.1007/s00018-017-2514-0
http://doi.org/10.1016/j.tim.2015.03.003
http://doi.org/10.1021/bi00121a034
http://doi.org/10.1073/pnas.88.3.750
http://doi.org/10.1016/j.micres.2018.11.001
http://doi.org/10.1016/j.archoralbio.2011.01.011
http://doi.org/10.1111/j.1462-2920.2010.02383.x
http://doi.org/10.1099/mgen.0.000460

Biology 2021, 10, 1345 16 of 17

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

Upadhyay, A.A.; Fleetwood, A.D.; Adebali, O.; Finn, R.D.; Zhulin, I.B. Cache Domains That are Homologous to, but Different from
PAS Domains Comprise the Largest Superfamily of Extracellular Sensors in Prokaryotes. PLoS Comput. Biol. 2016, 6, €1004862.
[CrossRef]

Ortega, A.; Zhulin, LB.; Krell, T. Sensory Repertoire of Bacterial Chemoreceptors. Microbiol. Mol. Biol. Rev. 2017, 25, e00033-17.
[CrossRef]

Milburn, M.V;; Privé, G.G.; Milligan, D.L.; Scott, W.G.; Yeh, ].; Jancarik, J.; Koshland, D.E.; Kim, S.H. Three-dimensional structures
of the ligand-binding domain of the bacterial aspartate receptor with and without a ligand. Science 1991, 29, 1342-1347. [CrossRef]
Yeh, ].I; Biemann, H.P.,; Pandit, J.; Koshland, D.E.; Kim, S.H. The three-dimensional structure of the ligand-binding domain of
a wild-type bacterial chemotaxis receptor. Structural comparison to the cross-linked mutant forms and conformational changes
upon ligand binding. J. Biol. Chem. 1993, 5, 9787-9792. [CrossRef]

Yeh, ].I; Biemann, H.P; Privé, G.G.; Pandit, ].; Koshland, D.E.; Kim, S.H. High-resolution structures of the ligand binding domain
of the wild-type bacterial aspartate receptor. J. Mol. Biol. 1996, 20, 186—201. [CrossRef]

Chervitz, S.A.; Falke, ].J. Molecular mechanism of transmembrane signaling by the aspartate receptor: A model. Proc. Natl. Acad.
Sci. USA 1996, 19, 2545-2550. [CrossRef]

Mise, T. Structural Analysis of the Ligand-Binding Domain of the Aspartate Receptor Tar from Escherichia coli. Biochemistry
2016, 5, 3708-3713. [CrossRef]

Mascher, T.; Helmann, J.D.; Unden, G. Stimulus perception in bacterial signal-transducing histidine kinases. Microbiol. Mol. Biol.
Rev. 2006, 70, 910-938. [CrossRef]

Liu, Y.C.; Machuca, M.A.; Beckham, S.A.; Gunzburg, M.].; Roujeinikova, A. Structural basis for amino-acid recognition and
transmembrane signalling by tandem Per-Arnt-Sim (tandem PAS) chemoreceptor sensory domains. Acta Crystallogr. D Biol.
Crystallogr. 2015, 71, 2127-2136. [CrossRef]

Ricke, S.C.; Dittoe, D.K.; Richardson, K.E. Formic Acid as an Antimicrobial for Poultry Production: A Review. Front. Vet. Sci.
2020, 3, 563. [CrossRef]

Cherrington, C.A.; Hinton, M.; Chopra, I. Effect of short-chain organic acids on macromolecular synthesis in Escherichia coli.
J. Appl. Bacteriol. 1990, 68, 69-74. [CrossRef]

Paster, B.].; Gibbons, R.J. Chemotactic response to formate by Campylobacter concisus and its potential role in gingival colonization.
Infect. Immun. 1986, 52, 378-383. [CrossRef]

Vegge, C.S.; Brondsted, L.; Li, Y.P.,; Bang, D.D.; Ingmer, H. Energy taxis drives Campylobacter jejuni toward the most favorable
conditions for growth. Appl. Environ. Microbiol. 2009, 75, 5308-5314. [CrossRef]

Tareen, A.M.; Dasti, ].I.; Zautner, A.E.; Gro83, U.; Lugert, R. Campylobacter jejuni proteins Cj0952c and Cj0951c affect chemotactic
behaviour towards formic acid and are important for invasion of host cells. Microbiology 2010, 156, 3123-3135. [CrossRef]
[PubMed]

Compton, K.K,; Hildreth, S.B.; Helm, R.E; Scharf, B.E. Sinorhizobium meliloti Chemoreceptor McpV Senses Short-Chain Carboxy-
lates via Direct Binding. J. Bacteriol. 2018, 6, €00519-18. [CrossRef]

Sambrook, J.E; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory Press:
Cold Spring Harbor, NY, USA, 1989.

Cangelosi, G.A.; Best, E.A.; Martinetti, G.; Nester, E.W. Genetic analysis of Agrobacterium. Methods Enzymol. 1991, 204, 384-397.
[CrossRef]

Gelvin, S.B. Agrobacterium virulence gene induction. Methods Mol. Biol. 2006, 343, 77-84. [CrossRef]

Charles, T.C.; Nester, EEW. A chromosomally encoded two-component sensory transduction system is required for virulence of
Agrobacterium tumefaciens. ]. Bacteriol. 1993, 175, 6614—6625. [CrossRef]

Guo, M.; Hou, Q.; Hew, C.L.; Pan, S.Q. Agrobacterium VirD2-binding protein is involved in tumorigenesis and redundantly
encoded in conjugative transfer gene clusters. Mol. Plant Microbe Interact. 2007, 20, 1201-1212. [CrossRef]

Gao, D.; Zong, R.; Huang, Z.; Ye, J.; Wang, H.; Xu, N.; Guo, M. The Divergent Key Residues of Two Agrobacterium fabrum
(tumefaciens) CheY Paralogs Play a Key Role in Distinguishing Their Functions. Microorganisms 2021, 24, 1134. [CrossRef]
[PubMed]

Wang, H.; Zhang, L.; Tao, Y.; Wang, Z.; Shen, D.; Dong, H. Transmembrane Helices 2 and 3 Determine the Localization of Plasma
Membrane Intrinsic Proteins in Eukaryotic Cells. Front. Plant Sci. 2020, 10, 1671. [CrossRef] [PubMed]

Huang, Z.; Zhou, Q.; Sun, P; Yang, J.; Guo, M. Two Agrobacterium tumefaciens CheW Proteins Are Incorporated into One
Chemosensory Pathway with Different Efficiencies. Mol. Plant Microbe Interact. 2018, 31, 460-470. [CrossRef]

Ye, J.; Gao, M.; Zhou, Q.; Wang, H.; Xu, N.; Guo, M. The Only Chemoreceptor Encoded by che Operon Affects the Chemotactic
Response of Agrobacterium to Various Chemoeffectors. Microorganisms 2021, 10, 1923. [CrossRef]

Fernandez, M.; Ortega, A Rico-Jiménez, M.; Martin-Mora, D.; Daddaoua, A.; Matilla, M.A ; Krell, T. High-Throughput Screening
to Identify Chemoreceptor Ligands. Methods Mol. Biol. 2018, 1729, 291-301. [CrossRef] [PubMed]

Boyeldieu, A.; Ali Chaouche, A.; Méjean, V.; Jourlin-Castelli, C. Combining two optimized and affordable methods to assign
chemoreceptors to a specific signal. Anal. Biochem. 2021, 1, 114139. [CrossRef] [PubMed]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. . Comput. Chem. 2009, 30, 2785-2791. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pcbi.1004862
http://doi.org/10.1128/MMBR.00033-17
http://doi.org/10.1126/science.1660187
http://doi.org/10.1016/S0021-9258(18)98416-4
http://doi.org/10.1006/jmbi.1996.0507
http://doi.org/10.1073/pnas.93.6.2545
http://doi.org/10.1021/acs.biochem.6b00160
http://doi.org/10.1128/MMBR.00020-06
http://doi.org/10.1107/S139900471501384X
http://doi.org/10.3389/fvets.2020.00563
http://doi.org/10.1111/j.1365-2672.1990.tb02550.x
http://doi.org/10.1128/iai.52.2.378-383.1986
http://doi.org/10.1128/AEM.00287-09
http://doi.org/10.1099/mic.0.039438-0
http://www.ncbi.nlm.nih.gov/pubmed/20656782
http://doi.org/10.1128/JB.00519-18
http://doi.org/10.1016/0076-6879(91)04020-o
http://doi.org/10.1385/1-59745-130-4:77
http://doi.org/10.1128/jb.175.20.6614-6625.1993
http://doi.org/10.1094/MPMI-20-10-1201
http://doi.org/10.3390/microorganisms9061134
http://www.ncbi.nlm.nih.gov/pubmed/34074050
http://doi.org/10.3389/fpls.2019.01671
http://www.ncbi.nlm.nih.gov/pubmed/31998350
http://doi.org/10.1094/MPMI-10-17-0255-R
http://doi.org/10.3390/microorganisms9091923
http://doi.org/10.1007/978-1-4939-7577-8_23
http://www.ncbi.nlm.nih.gov/pubmed/29429099
http://doi.org/10.1016/j.ab.2021.114139
http://www.ncbi.nlm.nih.gov/pubmed/33621526
http://doi.org/10.1002/jcc.21256
http://www.ncbi.nlm.nih.gov/pubmed/19399780

Biology 2021, 10, 1345 17 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Reinelt, S.; Hofmann, E.; Gerharz, T.; Bott, M.; Madden, D.R. The structure of the periplasmic ligand-binding domain of the
sensor kinase CitA reveals the first extracellular PAS domain. J. Biol. Chem. 2003, 3, 39189-39196. [CrossRef]

Cheung, J.; Hendrickson, W.A. Crystal structures of C4-dicarboxylate ligand complexes with sensor domains of histidine kinases
DcuS and DctB. J. Biol. Chem. 2008, 31, 30256-30265. [CrossRef]

Sevvana, M.; Vijayan, V.; Zweckstetter, M.; Reinelt, S.; Madden, D.R.; Herbst-Irmer, R.; Sheldrick, G.M.; Bott, M.; Griesinger, C.;
Becker, S. A ligand-induced switch in the periplasmic domain of sensor histidine kinase CitA. J. Mol. Biol. 2008, 21, 512-523.
[CrossRef]

Sweeney, E.; Henderson, ].N.; Goers, J.; Wreden, C.; Hicks, K.G.; Foster, ] K.; Parthasarathy, R.; Remington, S.J.; Guillemin, K.
Structure and proposed mechanism for the pH-sensing Helicobacter pylori chemoreceptor TlpB. Structure 2012, |3, 1177-1188.
[CrossRef]

O’Toole, G.A; Kolter, R. Flagellar and twitching motility are necessary for Pseudomonas aeruginosa biofilm development. Mol.
Microbiol. 1998, 30, 295-304. [CrossRef]

Pratt, L.A.; Kolter, R. Genetic analysis of Escherichia coli biofilm formation: Roles of flagella, motility, chemotaxis and type I pili.
Mol. Microbiol. 1998, 30, 285-293. [CrossRef]

Watnick, P.I; Kolter, R. Steps in the development of a Vibrio cholerae El Tor biofilm. Mol. Microbiol. 1999, 34, 586-595. [CrossRef]
Corral-Lugo, A.; De la Torre, J.; Matilla, M.A.; Fernandez, M.; Morel, B.; Espinosa-Urgel, M.; Krell, T. Assessment of the
contribution of chemoreceptor-based signalling to biofilm formation. Environ. Microbiol. 2016, 18, 3355-3372. [CrossRef]
[PubMed]

Jani, S.; Seely, A.L.; Peabody, V.G.L.; Jayaraman, A.; Manson, M.D. Chemotaxis to self-generated AI-2 promotes biofilm formation
in Escherichia coli. Microbiology 2017, 163, 1778-1790. [CrossRef] [PubMed]

Huang, Z.; Wang, Y.H.; Zhu, H.Z.; Andrianova, E.P; Jiang, C.Y,; Li, D.; Ma, L.; Feng, J.; Liu, Z.P.; Xiang, H.; et al. Cross Talk
between Chemosensory Pathways That Modulate Chemotaxis and Biofilm Formation. mBio 2019, 26, e02876-18. [CrossRef]
[PubMed]

Lewis, K. Riddle of biofilm resistance. Antimicrob. Agents Chemother. 2001, 45, 999-1007. [CrossRef] [PubMed]

Karmakar, R. State of the art of bacterial chemotaxis. J. Basic Microbiol. 2021, 61, 366-379. [CrossRef] [PubMed]

Geschwindner, S.; Ulander, J.; Johansson, P. Ligand Binding Thermodynamics in Drug Discovery: Still a Hot Tip? |. Med. Chem.
2015, 27, 6321-6335. [CrossRef] [PubMed]

Chen, D.; Oezguen, N.; Urvil, P.; Ferguson, C.; Dann, S.M.; Savidge, T.C. Regulation of protein-ligand binding affinity by
hydrogen bond pairing. Sci. Adv. 2016, 25, €1501240. [CrossRef]

Pantoliano, M.W.; Petrella, E.C.; Kwasnoski, ].D.; Lobanov, VS.; Myslik, J.; Graf, E.; Carver, T,; Asel, E.; Springer, B.A.; Lane, P; et al.
High-density miniaturized thermal shift assays as a general strategy for drug discovery. J. Biomol. Screen. 2001, 6, 429-440.
[CrossRef]

Bi, S.; Pollard, A.M.; Yang, Y.; Jin, E; Sourjik, V. Engineering Hybrid Chemotaxis Receptors in Bacteria. ACS Synth. Biol. 2016, 16,
989-1001. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.M305864200
http://doi.org/10.1074/jbc.M805253200
http://doi.org/10.1016/j.jmb.2008.01.024
http://doi.org/10.1016/j.str.2012.04.021
http://doi.org/10.1046/j.1365-2958.1998.01062.x
http://doi.org/10.1046/j.1365-2958.1998.01061.x
http://doi.org/10.1046/j.1365-2958.1999.01624.x
http://doi.org/10.1111/1462-2920.13170
http://www.ncbi.nlm.nih.gov/pubmed/26662997
http://doi.org/10.1099/mic.0.000567
http://www.ncbi.nlm.nih.gov/pubmed/29125461
http://doi.org/10.1128/mBio.02876-18
http://www.ncbi.nlm.nih.gov/pubmed/30808696
http://doi.org/10.1128/AAC.45.4.999-1007.2001
http://www.ncbi.nlm.nih.gov/pubmed/11257008
http://doi.org/10.1002/jobm.202000661
http://www.ncbi.nlm.nih.gov/pubmed/33687766
http://doi.org/10.1021/jm501511f
http://www.ncbi.nlm.nih.gov/pubmed/25915439
http://doi.org/10.1126/sciadv.1501240
http://doi.org/10.1177/108705710100600609
http://doi.org/10.1021/acssynbio.6b00053
http://www.ncbi.nlm.nih.gov/pubmed/27285081

	Introduction 
	Materials and Methods 
	Strains and Their Growth Conditions 
	Gene Manipulation, Construction of Mutants and Complementary Strains 
	Capillary Assay 
	Protein Expression and Purification 
	Pull-Down Assay and Bacterial Two-Hybrid Assay 
	Thermo Shift Assay 
	Isothermal Titration Calorimetry 
	Fluorescence Observation and Analysis 
	Analysis of Biofilm Formation 
	Bioinformatic Analysis 
	Statistical Analysis 

	Results 
	Atu0526 Is a Conserved sCache-Type MCP in Agrobacterium 
	Atu0526 Interacts with both CheW1 and CheW2 
	LBD of Atu0526 Binds Formic Acid 
	Formic Acid Is a Chemoattractant of A. fabrum C58 
	Atu0526 Is the Only Chemotactic Receptor of A. fabrum C58 to Recognize Formic Acid 
	Replacement of R115 by Alanine Significantly Increases the Stability of Atu0526LBD and the Affinity to Formic Acid 
	Replacement of R115 by Alanine Completely Destroys the Function of Atu0526 in Regulating Chemotaxis, but Not the Cellular Localization 
	A Hypothetical Signal Transduction Model of Atu0526 

	Discussion 
	Conclusions 
	References

