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ABSTRACT Sinorhizobium meliloti is a soil-dwelling endosymbiont of alfalfa that has
eight chemoreceptors to sense environmental stimuli during its free-living state. The
functions of two receptors have been characterized, with McpU and McpX serving as
general amino acid and quaternary ammonium compound sensors, respectively.
Both receptors use a dual Cache (calcium channels and chemotaxis receptors) do-
main for ligand binding. We identified that the ligand-binding periplasmic region
(PR) of McpV contains a single Cache domain. Homology modeling revealed that
McpVPR is structurally similar to a sensor domain of a chemoreceptor with unknown
function from Anaeromyxobacter dehalogenans, which crystallized with acetate in its
binding pocket. We therefore assayed McpV for carboxylate binding and S. meliloti
for carboxylate sensing. Differential scanning fluorimetry identified 10 potential li-
gands for McpVPR. Nine of these are monocarboxylates with chain lengths between
two and four carbons. We selected seven compounds for capillary assay analysis,
which established positive chemotaxis of the S. meliloti wild type, with concentra-
tions of peak attraction at 1T mM for acetate, propionate, pyruvate, and glycolate,
and at 100 mM for formate and acetoacetate. Deletion of mcpV or mutation of resi-
dues essential for ligand coordination abolished positive chemotaxis to carboxylates.
Using microcalorimetry, we determined that dissociation constants of the seven li-
gands with McpVPR were in the micromolar range. An McpVPR variant with a muta-
tion in the ligand coordination site displayed no binding to isobutyrate or propi-
onate. Of all the carboxylates tested as attractants, only glycolate was detected in
alfalfa seed exudates. This work examines the relevance of carboxylates and their
sensor to the rhizobium-legume interaction.

IMPORTANCE Legumes share a unique association with certain soil-dwelling bacte-
ria known broadly as rhizobia. Through concerted interorganismal communication, a
legume allows intracellular infection by its cognate rhizobial species. The plant then
forms an organ, the root nodule, dedicated to housing and supplying fixed carbon
and nutrients to the bacteria. In return, the engulfed rhizobia, differentiated into
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(MCP). Ligand binding typically occurs in the periplasmic region (PR) of the chemore-
ceptor, initiating a molecular stimulus that is transferred through the cytoplasmic
membrane. Upon attractant binding, autophosphorylation of the histidine kinase CheA
is inhibited. Consequently, the corresponding response regulator, CheY, remains un-
phosphorylated and inactive, leading to unaltered flagellar motor rotation and a
smooth swimming path of the cell. In the absence of ligand binding, CheA phospho-
rylates and activates CheY, which will bind to the flagellar motor and induce a tumble
behavior. During tumbles, the bacterium can randomly reorient to a new direction. This
behavior, called a biased random walk, allows the bacterium to swim toward attractants
and away from repellents (1-4).

The genomes of bacteria are expected to contain various numbers and types of
chemoreceptors that reflect their niche and lifestyle requirements. Denizens of static
environments and simple niches are found to have few to no chemoreceptors, while
those that share a complex interplay with other organisms or have diverse metabolic
capabilities encode far more chemoreceptors in their genomes (4-6). The Alphaproteo-
bacteria typify the latter case, with organisms such as Azospirillum lipoferum, Bradyrhi-
zobium sp. strain BTAi1, and Rhizobium phaseoli containing 63, 60, and 29 predicted
chemoreceptors, respectively (7). These organisms colonize the roots of plants and
promote plant growth by fixing atmospheric nitrogen and outcompeting plant patho-
gens. Within the Alphaproteobacteria is the Rhizobiaceae, a bacterial family that forms
a species-specific endosymbiosis with members of the Fabaceae plant family. The
rhizobium and plant host communicate and undergo highly specific developmental
changes that ultimately lead to the formation of a root organ called a nodule. Within
these nodules, differentiated bacteroids occupy membranous organelles inside host
cells, and the plant provides metabolizable carbon sources to the bacteroids to fuel the
fixation of nitrogen gas to ammonium (8-12).

Sinorhizobium (Ensifer) meliloti is the cognate symbiont for alfalfa (Medicago sativa
L.), an important forage crop of which the United States produced over 58 million tons
in 2016 (13). Alfalfa and other legumes capable of nitrogen-fixing symbiosis can be
grown largely free of costly and environmentally deleterious nitrogenous fertilizers that
may leach into neighboring ecosystems (14). Plants recruit S. meliloti and other soil
microorganisms to the rhizosphere with the plethora of chemicals exuded from the
roots. These compounds include amino acids, quaternary ammonium compounds,
sugars, and organic acids, to name a few. While not directly involved in the symbiotic
process, chemotaxis is critical to competition for root nodule occupancy (7, 15-22).

Nine putative chemoreceptors, namely, McpS through McpZ, and the internal
chemoreceptor IcpA are encoded in the genomes of most S. meliloti strains. Previous
studies have demonstrated that mcpS was not expressed when cells were motile and
chemotactically active. Therefore, it was concluded that McpS is utilized in cellular
processes other than chemotaxis (23, 24). The functions of two of the eight chemore-
ceptors involved in S. meliloti chemotaxis have been elucidated. McpU is a general
amino acid receptor, sensing all nonacidic proteogenic amino acids, as well as several
nonproteogenic amino acids (16, 25). McpX senses quaternary ammonium com-
pounds (QACs), such as glycine betaine, trigonelline, and choline, through direct
binding, and it is the first QAC chemoreceptor described in bacteria (17). Amino
acids and QACs are exuded by germinating alfalfa seeds in chemotactically relevant
concentrations (15, 17). The PR of McpU and McpX both contain a dCache_1 (dual
calcium channels and chemotaxis receptors) domain. The interaction of Cache
domains with small molecules is well described. A major fraction of extracellular
sensors in prokaryotes employ Cache domains (16, 17, 26-31). Besides McpU and
McpX, S. meliloti possesses a third Cache domain containing the chemoreceptor
McpV, which has an sCache_2 (single Cache) domain in its PR.

In this work, we screened the ligand profile of the purified McpV periplasmic region
(McpVPR) and characterized ligand interaction in direct binding studies. Chemotaxis of
S. meliloti wild-type but not mcpV mutant strains to various carboxylates was estab-
lished with traditional capillary assays, confirming the role of McpV as a carboxylate
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FIG 1 Homology model of McpVP® using Adeh_3718 (PDB entry 4K08) as a template. Sequence identity
over the modeled range is 54%, and the global model quality estimation (GMQE) value is 0.75. (A)
Whole-model view. C, C terminus; N, N terminus. (B) Closeup view of the binding pocket, displaying
acetate coordination. Residues in close proximity to the ligand are drawn with yellow carbon chains, red
oxygen atoms, and blue nitrogen atoms. The dotted lines indicate possible ligand-coordinating bonds to
Y90 and H103, which are closest to the upper half of the carboxylate, while K156 and Y143 are closer to
the lower half of the carboxylate.

sensor. We hypothesized that carboxylate exudation by alfalfa recruits its symbiont to
the rhizosphere, which was tested by quantifying these compounds in germinating
alfalfa seed exudates. The knowledge accrued from this study establishes short-chain
carboxylates as another facet of the legume-rhizobium interplay and will inform future
research on improving legume symbiosis for the benefit of agriculture.

RESULTS

A structure-based homology search suggests interaction of McpV with acetate.
The periplasmic region of McpV (McpVPR) encompasses a conserved sCache (single
calcium channels and chemotaxis receptors) signaling domain (27) (amino acid residues
35 to 177; see references 23 and 24). A homology search in the SWISS-MODEL
repository revealed that McpVPR shares sequence identity (53.6%) with the sensor
domain of Adeh_3718, an uncharacterized chemoreceptor from Anaeromyxobacter
dehalogenans. (32). SWISS-MODEL generated a structural model of McpVPR using the PR
of Adeh_3718 (PDB entry 4K08 [32]). The global mean quality estimate is 0.75, indicat-
ing a high-quality model. The PR of Adeh_3718 was crystallized in complex with
acetate, suggesting that McpVPR might also bind acetate. In the Adeh_3718 structure,
the carboxylate group of acetate forms salt bridges to the side chains of His107 and
Lys160, and hydrogen bonds are found with the side chains of Tyr94 and Tyr147. In the
homology model of McpVPR, these four ligand-coordinating residues are conserved
with the corresponding residues in McpV being identified as His103, Lys156, Tyr90, and
Tyr143 (Fig. 1).

A high-throughput differential scanning fluorimetry assay screens the putative
ligand profile of McpV. The discovery of acetate in the binding pocket of the
homology model suggests carboxylates as possible ligands for McpV. To investigate
this possibility, a high-throughput in vitro differential scanning fluorimetry (DSF) assay
was used to screen the ligand profile of recombinantly expressed and purified McpVPR.
A Biolog PM1 plate was used for this screen because it contains a range of carbon
sources, such as sugars, carboxylates, nucleotides, detergents, and amino acids (16, 33).
The melting temperature (T,,,) of the McpVPR in the presence of most compounds was
within 2°C of the water control (57°C), and therefore an interaction was defined asa T,,
shift greater than 3°C. The screen identified 10 compounds that interacted with McpVPR
in monophasic melting reactions (Fig. 2; Table 1). With the exception of methyl
pyruvate, all of these compounds are monocarboxylates with chain lengths between
two and four carbons. With a AT,, of 12.3°C, acetate and propionate elicited the
greatest thermal shifts. Pyruvate caused the third greatest shift (11.8°C), while glycolate
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FIG 2 High-throughput DSF screen with Biolog PM1 plate. The AT, is the change in thermal stability of
recombinant McpVP® in the presence of a compound. The hatched box represents the threshold for a
positive interaction. Values above the threshold indicate possible ligand interaction with the protein.
Asterisks indicate that no T, could be deduced from the melting curves. Values are the means and
standard deviations from three technical replicates.

and L-lactate shifted the T,, by 9.3 and 8.2°C, respectively. Acetoacetate, a four-carbon
carboxylate, produced the next greatest shift (6.0°C), followed by glyoxylate and methyl
pyruvate, the latter being the only ester that caused a significant shift. Finally,
a-hydroxybutyrate and a-ketobutyrate elicited the two lowest shifts, 4.0 and 3.8°C,
respectively.

Since Tyr143 is one of the four key residues presumably involved in ligand coordi-
nation, we screened the purified McpVY'#3APR variant for its interaction with small
molecules using a Biolog PM1 plate. The most drastic change was the reduction of the
melting temperature in the absence of a putative ligand from 57 to 42.5°C. The overall
ranking of molecules by AT,, was somewhat maintained (Table 1). Acetate, propionate,
and pyruvate induced the three greatest AT,, of 9.0, 9.0, and 9.5°C, respectively,
compared to the approximate 12.0°C shift for each with the wild-type protein. The shift
caused by glycolate also decreased from 9.3 to 6.0°C. The shift produced by acetoac-
etate was 6°C for both the variant and wild-type proteins. The shift elicited by L-lactate
was severely reduced from 11.8°C with the wild-type protein to 2.0°C with the variant
protein. Glyoxylate and methyl pyruvate caused shifts of 4.5 and 4.0°C, respectively,
reduced from approximately 6.0°C compared to that of the wild-type protein. The only
carboxylate to cause a greater shift in the substitution variant than in the wild-type
protein was a-ketobutyrate, which increased from 3.8°C in the wild-type protein to
4.5°C in the mutant variant. Lastly, a-hydroxybutyrate produced an insignificant shift of
1.5°C with the mutant variant compared to 4°C with the wild-type protein (Table 1).

In conclusion, carboxylates with two to four carbons interact with McpVPR, with the
two- and three-carbon carboxylates causing a larger temperature shift than the four-
carbon carboxylates. When Tyr143 is substituted for alanine, the stabilizing effect of
many of the compounds tested was greatly reduced, implicating this residue in
small-molecule interaction.

Chemotaxis of the S. meliloti wild type to carboxylates. The ultimate reaction
that results from ligand-chemoreceptor interaction is the translocation of the bacterium
to the source of attractants or away from repellents. The traditional capillary assay
allows for chemotactic responses to be quantified and classified (34). Formate, acetate,
propionate, and butyrate were all tested to compare the simplest carboxylates of each
chain length. Pyruvate, glycolate, and acetoacetate are of physiological relevance and
were tested to compare the effects of their different functional groups. Each compound
elicited a dose-dependent reaction curve from the S. meliloti wild-type strain (RU11/
001) that peaked and subsequently declined, as is characteristic of an attractant
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TABLE 1 Compounds that caused the greatest shifts in melting temperature of McpVPR in
the thermal denaturation assay“

McpVPR AT,, McpVY143A-PR AT

Compound (°Q) (°Q) Structure No. of carbons
0
a-Ketobutyrate 38 45 /%0 4
0
0
a-Hydroxybutyrate 4 1.5 /\)‘\ 0 4
OH
0]
o
Methyl pyruvate 5.8 4 3
0
o
Glyoxylate 5.8 45 m)ko 2
0
0 Q
Acetoacetate 6 6 /U\/U\O 4
o
L-Lactate 8.2 2 ﬁ)}\o 3
HO
0
Glycolate 9.3 6 ’)J\O 2
HO
0
Pyruvate 11.8 95 \n)ko 3
0
0
Acetate 123 9 )J\O 2
0
Propionate 123 9 \)Lo 3

aThe structure and length of the carbon chain are provided for comparison. Compounds are sorted
according to ascending T,, values of the wild-type protein.

chemotactic behavior (Fig. 3). S. meliloti was attracted to acetate, propionate, pyruvate,
and glycolate, with a peak attraction at 1 mM and with glycolate also recruiting nearly
as many bacteria at 10 mM. The response curve to butyrate formed a broad plateau
between 0.1 and 10 mM. Attraction to formate peaked at 100 mM but dropped to near
zero at the two flanking concentrations tested. Attraction to acetoacetate was also
highest at 100 mM, but its curve shared the profile of acetate and pyruvate rather than
that of formate. When comparing accumulation of cells, acetate, propionate, and
acetoacetate were the most potent attractants, drawing around 110,000 cells to the
capillary. Pyruvate and glycolate followed, with 85,000 and 74,000 cells, respectively.
Formate and butyrate ranked last, accumulating only 35,000 to 36,000 cells per capillary
on average (Fig. 3). To attribute the observed accumulation of bacteria to chemotaxis,
a strain lacking all nine chemoreceptors, RU13/149, was tested in the chemotaxis assay
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FIG 3 S. meliloti wild-type chemotaxis responses to carboxylates in the capillary assay. (A) Dose-response curves for acetate (blue), glycolate (violet),
acetoacetate (green), and formate (brown). The last data point of the acetoacetate curve corresponds to a concentration of 250 mM. (B) Dose-response curves
for propionate (red), pyruvate (orange), and butyrate (green). The numbers of bacteria accumulated in control capillaries are subtracted from those in the test
capillaries to account for random movement of bacteria into capillaries. Values are the means and standard deviations from three biological replicates.

at concentrations of peak attraction for four representative compounds, namely, for-
mate, acetate, propionate, and butyrate (Fig. 4). As predicted, chemotaxis to each of the
four compounds tested was completely abolished (Fig. 4). Together, these data dem-
onstrate that one- to four-carbon carboxylates are chemoattractants for S. meliloti.
McpV mediates carboxylate chemotaxis in S. meliloti. The DSF analysis identified
McpV as a potential chemoreceptor for carboxylates. To assess the impact of mcpV on
carboxylate chemotaxis, a strain lacking mcpV, RU11/830, was tested at concentrations
of peak attraction for all seven carboxylates (Fig. 5A). In the absence of mcpV, che-
motaxis to carboxylates was not detected. We next verified that the deletion of mcpV
had no negative impact on chemotaxis in general. When proline chemotaxis was
compared for the wild type and mcpV deletion strains, no reduction of proline attrac-
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FIG 4 Chemotaxis responses of S. meliloti wild type (black) and a strain lacking all nine chemoreceptors
(che; gray) to carboxylates in the capillary assay at peak concentrations of attraction. Chemotaxis data of
the wild-type response are taken from Fig. 3. Values are the means and standard deviations from three
biological replicates.
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FIG 5 Chemotaxis responses of S. meliloti wild type (black) and a strain lacking mcpV (gray) in the capillary assay. (A) Chemotaxis responses of the wild type
and AmcpV to the peak concentration of acetate, propionate, butyrate, formate, pyruvate, glycolate, and acetoacetate. Chemotaxis data of the wild-type
response is taken from Fig. 3. (B) Chemotaxis responses of the wild type and AmcpV to 10 mM proline. Note the difference in scale between panels A and B.

Values are the means and standard deviations from three biological replicates.

tion was observed. It should be noted that chemotaxis to 10 mM proline was improved
by 1.5-fold in the absence of mcpV. For comparison to carboxylate taxis, chemotaxis of
S. meliloti wild type to 10 mM L-proline drew about 460,000 bacteria to the capillary,
which was more than four times that of any of the carboxylates (Fig. 5B). Therefore,
carboxylates are less effective as attractants than proline.

The homology model of McpVPR revealed several conserved residues that appear to
play a role in ligand binding. To test the role of two of these residues, S. meliloti strains
harboring a Y143A (BS232) or H103E (BS234) substitution in McpV were constructed
and tested in the capillary assay. Neither mutant strain exhibited any chemotaxis to 1
mM propionate, establishing a role of mcpV in carboxylate chemotaxis in S. meliloti (Fig.
6). In addition, residues Tyr143 and His103 are essential components of the McpV
ligand-binding pocket.

- =y -
o] o N »
1 1 1 1 1 )
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N
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o
] "

2 T T T
RU11/001 BS232 BS234
FIG 6 S. meliloti wild-type, BS232 (McpV¥434), and BS234 (McpVH103E) chemotaxis responses to 1 mM

propionate in the capillary assay. Chemotaxis data of the wild-type response is taken from Fig. 3. Values
of the mutant responses are the means and standard deviations from two biological replicates.
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Isothermal titration calorimetry demonstrates direct binding of carboxylates
to McpVPR. To validate that carboxylate chemotaxis in S. meliloti is mediated through
direct binding to McpV and to determine binding parameters, we performed isothermal
titration calorimetry (ITC) at 25°C (except for acetoacetate, which was titrated at 28°C).
All compounds displayed binding through the generation of exothermic binding
reactions. Data were fitted using the “one-binding-site” model, and dissociation con-
stants (K,) were calculated. Propionate and acetate exhibited the tightest binding, with
K, values of 3.4 and 9.1 uM, respectively (Fig. 7B and C). The next tightest binding
occurred for glycolate and pyruvate, with K, values of 27 and 33 uM each, followed by
acetoacetate, with a K, of 280 uM (Fig. 7E to G). Lastly, formate had the lowest affinity,
with a K, of approximately 8.7 mM (Fig. 7A). Butyrate and isobutyrate titrations resulted
in an exothermic isotherm that quickly transitioned into endothermic reactions (Fig. 7D
and H). For isobutyrate, this pattern of interaction occurred at 28, 25, and 15°C.
Dissociation constants were not determined for these two compounds because the
shape of the curve could not be fitted appropriately with the one-binding-site model.
To confirm the capillary assay results obtained for strains with mutations in the McpV
binding pocket, purified McpVY'43A-PR at a concentration of 75 wM was titrated against
15 mM propionate. The dissociation constant for propionate was approximately 2.5
mM, 1,000-fold lower than that of the wild type (Fig. 7C and 8). Together, the ITC data
validated results gained from DSF experiments, established direct binding of carboxy-
lates to McpVPR, and enabled ranking of the compounds by affinity. Furthermore, the
data support the homology model based on the Adeh_3718 structure and the involve-
ment of residue Tyr143 in ligand coordination.

Glycolate is present in alfalfa seed exudates. The discovery that carboxylates
are sensed by McpV led us to question if they are exuded by germinating alfalfa
seeds. We first used a global metabolite profiling platform (ultraperformance liquid
chromatography-quadrupole time of flight mass spectrometry [UPLC-QTOF MS]) to
determine if the carboxylates acetate, propionate, pyruvate, butyrate, glycolate,
acetoacetate, and/or isobutyrate were present in the seed exudate. This analysis
identified glycolate as the only carboxylate of interest detectable in the seed exudate,
and we proceeded to quantify the amount of glycolate in the seed exudate. Our
resulting UPLC-MS analysis showed that alfalfa seed exudates contain 290 = 94
pmol/seed. With an average seed volume of 2.17 ul, the concentration of glycolate at
the surface of the seed is calculated to be 132 = 42 uM (15). This concentration of
glycolate on the seed surface is relevant for chemotaxis (Fig. 3A).

DISCUSSION

Chemotaxis has been thoroughly established as a critical facet of nodule occupancy
and competition in symbiotic rhizobacteria (15-25, 35). Plants exude a plethora of
compounds, such as amino acids, sugars, organic acids, flavonoids, lipids, and ions (20,
21, 36-38). The sensory repertoire of a bacterium as mediated by MCPs encompasses
the range of compounds that are important to its lifestyle. Logically, the sensing profiles
of root-associated organisms should evolve around the exudation profiles of their
respective hosts.

The traditional capillary assay is a robust method of quantifying and comparing
chemotaxis responses to different attractants (34). Using this technique, we identified
and compared seven new attractants of S. meliloti (Fig. 3). It should be noted that,
because of diffusion, the bacteria in the pond are sensing a concentration that is always
less than that loaded into the capillary (39). Acetate and propionate recruited the
largest number of cells, caused the greatest shift in T,,, of McpVPR in the DSF assay, and
had the tightest interactions each, as determined by ITC with a K, in the micromolar
range (Fig. 2 and 7B and C and Table 1). Glycolate and pyruvate drew slightly fewer cells
to the capillary. The T,, of McpVPR in the presence of pyruvate was closer to that of
acetate and propionate, while that of glycolate was slightly lower than the previous
three (Fig. 2 and Table 1). The K values of glycolate and pyruvate were similar, in the
10 uM range (Fig. 7E and F). Acetoacetate recruited bacteria in quantities similar to
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FIG 7 Isothermal titration calorimetry of 75 uM recombinant McpVPR with carboxylates. The top panels depict the raw titration data and
the K. The lower panels are the isotherms derived by integrating peaks from the raw data and the chemical structure of the titrant. (A)
Ten millimolar formate; (B) 2 mM acetate; (C) 2 mM propionate; (D) 5 mM butyrate; (E) 2 mM glycolate; (F) 2 mM pyruvate; (G) 5 mM
acetoacetate; (H) 5 mM isobutyrate. N/D, not determined. Titrations of ligand into buffer without protein were performed to subtract
heats of dilution. Dissociation constants were reported from curves generated using the MicroCal version of Origin 7.0 software using
the one-binding-site model (Origin Lab, Northampton, MA).
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FIG 8 Isothermal titration calorimetry of 75 wM recombinant McpVY'43APR with 15 mM propionate. The
top panel depicts the raw titration data and the K,. The lower panel depicts the isotherm derived by
integrating peaks from the raw data and the chemical structure of the titrant. Titrations of ligand into
buffer without protein were performed to subtract heats of dilution. Dissociation constants were
reported from curves generated using the MicroCal version of Origin 7.0 software using the one-binding-
site model (Origin Lab, Northampton, MA).

acetate and propionate. The concentration eliciting peak chemotaxis, however, was 100
times greater than that for acetate and propionate (100 mM versus 1 mM) (Fig. 3). The
AT,,, of McpVPR in the presence of acetoacetate was 2-fold lower than those in the
presence of acetate and propionate. Correspondingly, the K, of acetoacetate was
the second highest among the six that were determined, in the 100 uM range (Fig. 2A
and 7G). Formate drew relatively few cells at its peak concentration of attraction, which
is likely a result of its comparatively weak K, of about 8.7 mM (Fig. 2A and 7A) It should
be noted that ITC is unfit to monitor interactions with affinities higher than 10 mM (40).
Butyrate also elicited one of the lowest attractant responses (Fig. 2B). The affinity of this
molecule and its isomer, isobutyrate, to McpV could not be determined because of
apparent conflicting interactions detected in the ITC experiments. It is possible that the
protein construct interacts with those molecules by a mechanism that is not physio-
logically relevant, in addition to an association in the canonical binding pocket (Fig. 7D
and H). Interestingly, a titration with 10 mM trichloroacetate also produced a similar
multiphasic isotherm (data not shown). When comparing the behavioral and in vitro
binding data, attractant strength does not necessarily correlate with K. Instead, it
appears that K, matches more closely with peak concentration of attraction. Similarly,
when the PR of a Pseudomonas aeruginosa chemoreceptor was fused to the signaling
domain of the Tar chemoreceptor to create a chimera in E. coli, correlations were found
between ligand affinity and signal output or attractant utilization using a fluorescence
resonance energy transfer (FRET) assay (41). However, this pattern does not hold for all
systems, such as the Pseudomonas putida chemoreceptors for TCA intermediates
(McpS) and cyclic carboxylates (PcaY_PP) that do not show a distinct difference in
ligand-binding affinity for differently utilized attractants (42, 43). In conclusion, small
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carboxylates are a new class of attractants for S. meliloti that are directly sensed by
McpV.

Combining DSF with Biolog PM plates is an effective and facile method for screening
the ligand profile of a chemoreceptor (30, 33). While not as robust as ITC, this technique
has the advantage of being high throughput and does not require large amounts of
protein or ligand. A significant AT,, was determined to be 3°C because it was clearly
larger than the AT, of McpVPR in the presence of most other compounds (Fig. 2). This
boundary does not appear to define whether or not a compound serves as a ligand.
When screening a single-point variant of McpVPR, significant T,, shifts were still iden-
tified, while ITC data showed that the variant protein bound to propionate with a
1,000-fold lower affinity, but did not interact with isobutyrate (Fig. 7C and 8 and Table
1; data not shown). Studies of protein-ligand interactions in vitro suggest that the
minimum requirement for binding to McpV is a carboxylate group. In summary, DSF is
an excellent first screen for the putative ligands of proteins, but it requires validation
through other in vitro studies.

Formate, butyrate, and isobutyrate had weak or unorthodox interactions with
McpVPR, which is supported by data showing that chemotaxis to the former two
required a copy of mcpV (Fig. 5A and 7A, D, and H). Both four-carbon carboxylates are
likely too large to properly fit into the binding pocket of McpV. Formate interacts
weakly with McpV, while butyrate and isobutyrate may interact with McpV in a more
complicated manner. Together, these data indicate that formate and butyrate are very
ineffective attractants.

Homologues of McpV have been characterized in two separate species of Pseu-
domonas (29, 30). McpP of Pseudomonas putida KT2440 was reported to mediate taxis
to and directly bind L-lactate, acetate, propionate, and pyruvate. Propionate and
pyruvate elicited the highest magnitude of chemotaxis. In ITC studies propionate,
pyruvate and acetate all bound to McpP with very similar K, values between 30 and 40
M (29). In Pseudomonas syringae pv. actinidae, PscD was characterized as a small-
carboxylate chemoreceptor using capillary assays, ITC, and protein crystallography. The
dissociation constants for glycolate, acetate, propionate, and pyruvate were 23, 31, 101,
and 356 uM, respectively. Glycolate had the highest attractant response in this study,
while the other three attractants examined were found to draw similar numbers of
bacteria. Neither study tested acetoacetate chemotaxis or binding of the Pseudomonas
chemoreceptors to acetoacetate. Therefore, the homologue in S. meliloti is the only
known acetoacetate chemoreceptor. The sensor domain of PscD was crystallized in the
presence of propionate, defining the ligand-binding pocket and coordination sites (30).
Both Pseudomonas sensors contain the conserved residues involved in ligand binding,
as identified for McpV in Fig. 1B. The comparison of these three homologues begs the
question of why homologous sensors in the respective organisms have different
preferences. Another interesting avenue to investigate is the structural basis for the
differences in chemotactic potency of an attractant and in vitro ligand affinity.

Navigation to the root is a key first step in the interaction between S. meliloti and its
host, alfalfa (44, 45). Only glycolate, and none of the other carboxylate attractants
tested, was detected in the exudate of alfalfa seeds. We predict that pyruvate and
acetoacetate are either not exuded or were not detected because of their instability.
UPLC-MS revealed that the concentration of glycolate at the surface of a germinating
alfalfa seed is within the sensing range of S. meliloti (Fig. 3A). We previously reported
that alfalfa seedlings also exude proline and choline in sufficient quantities to be
effectively sensed by McpU and McpX, the respective sensors in S. meliloti (16, 17).
Taking into account the exudation profile of alfalfa seedlings, it appears that short-
chain carboxylates are not a major avenue of host seed sensing. The exudation of the
small carboxylates sensed by McpV in different spatiotemporal contexts should not be
ruled out. Acetate, formate, and lactate were detected in the root exudates of two
species of the legume genus Lupinus during both flowering and fruiting periods (46).

McpV is clearly a critical chemoreceptor because we recently determined that it is
the most abundant chemoreceptor in S. meliloti, accounting for 70% of the total pool
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Species, strain, or Reference
plasmid Characteristics? or source
E. coli
DH5a recAl endAl 76
M15/pREP4 Kmr expression strain, lac mtl Qiagen
S17-1 recA endA thi hsdR RP4-2 Tc:Mu:Tn7 Tp" Smr 68
S. meliloti
RU11/001 Sm', spontaneously streptomycin-resistant wild-type strain 77
RU11/830 Sm" AmcpV 23
RU13/149 Sm" AmcpS AmcpT AmcpU AmcpV AmcpW AmcpX AmcpY AmcpZ AicpA 23
BS232 Sm" mcpV-Y143A This work
BS234 Sm" mcpV-H103D This work
Plasmid
pK18mobsacB Km" lacZ mob sacB 78
pQE60 Ap', expression vector Qiagen
pBS377 Ap’, pQE60 with mcpV bp 33-471 Ncol/BamHI PCR fragment containing mcpV bp 96-567 (aa 33-189) This work
pBS1151 Ap’, pQE60 with mcpV bp 33-471 Ncol/BamHI PCR fragment containing mcpV bp 96-567 (aa 33-189) This work

with Y143A substitution

daa, amino acid.

of chemoreceptors (47). Perhaps this explains the 1.5-fold increase in chemotaxis to
proline in the AmcpV strain. The elimination of McpV from the chemoreceptor array
could result in an overrepresentation of the remaining chemoreceptors and their
respective signals. Most of the McpV ligands analyzed are not exuded by alfalfa seeds,
so their purpose in S. meliloti may not be limited to host-microbe interaction. We
hypothesize that taxis to these carbon sources is critical to the survival of the bacterium
in the bulk soil, which contains many different organic acids (48-50). Acetate, aceto-
acetate, and propionate have been identified as carbon sources utilizable by S. meliloti
(51-53). Interestingly, formate acts as an electron donor during the chemoautotrophic
growth of S. meliloti on carbonate (54). The genomes of S. meliloti 1021 and RU11/001
have a putative glcDEF operon, which may allow the use of glycolate in the glyoxylate
shunt (55-58).

The characterization of McpV adds a new class of compounds to the known sensory
repertoire of S. meliloti. Currently, this includes proteogenic and nonproteogenic amino
acids, quaternary ammonium compounds, and two- to four-carbon carboxylates. The
function of the remaining five receptors remains to be elucidated. McpY exhibits
similarity to receptors involved in energy taxis—the phenomenon where bacteria
accumulate in regions rich in compounds that can act as electron donors—and IcpA is
annotated to contain a HemAT domain, which is involved in sensing oxygen (5, 23, 59,
60). The periplasmic regions of McpT, McpW, and McpZ remain to be annotated, and
the receptors have yet to be characterized. The range of compounds sensed by an
individual chemoreceptor can be expanded through indirect sensing via interaction
with periplasmic binding proteins. In E. coli, maltose-bound maltose binding protein
interacts with Tar, which permits maltose taxis. Bacillus subtilis senses multiple amino
acids via indirect and direct binding to McpC (61-63). The elucidation of chemoreceptor
function in attractant sensing will increase our knowledge of plant-microbe interactions
and bacterial lifestyles. Root exudates are a major avenue for plants and microbes to
exchange nutrients and information. Understanding the establishment and mainte-
nance of microbial communities in the rhizosphere is a critical objective of improving
modern agriculture.

MATERIALS AND METHODS

Strains and plasmids. S. meliloti strains are highly motile MVII-1 derivatives and are listed in Table 2.
Derivatives of E. coli K-12 strains and plasmids used for molecular techniques are also listed in Table 2.

Media and growth conditions. E. coli was grown using lysogeny broth (LB) at 37°C (64). TYC medium
was used to grow S. meliloti at 30°C and contained 0.5% tryptone, 0.3% yeast extract (BD, Sparks, MD),
and 6 mM CaCl, (Fisher, Fairlawn, NJ) with 600 png/ml streptomycin. Minimal medium used for S. meliloti

December 2018 Volume 200 Issue 23 e00519-18

1sanb AQ 8102 ‘Sl J8qwaAoN uo /610 wse ql//:diy woly papeojumoq

jb.asm.org 12


https://jb.asm.org
http://jb.asm.org/

McpV Is a Sensor for Small Carboxylates

was Rhizobium basal medium (RB) and contained 0.1 mM Nacl, 0.01 Na,MoO,, 6.1 mM K,HPO,, 3.9 mM
KH,PO,, T mM (NH,),SO,, T uM FeSO,, 1 mM MgSO,, 0.1 mM CaCl,, 20 ng/liter p-biotin, and 10 ug/liter
thiamine (65). Low-nutrient Bromfield plates were prepared according to Sourjik and Schmitt (66).
Ampicillin and kanamycin concentrations used were 100 pwg/ml and 25 ug/ml, respectively. Authentic
organic acid standards were purchased from Supelco (Bellefonte, PA), except for lithium acetoacetate
and glycolic acid, which were supplied from TCI (Tokyo, Japan).

Preparation of seed exudates. M. sativa Guardsman Il variety seeds (0.1 g) were rinsed four times
with sterile water and then soaked in 3% H,O, for 12 min. The seeds were rinsed four more times with
sterile water and placed into a 125-ml Erlenmeyer flask with 3 ml of sterile water. Seeds were examined
by eye, and exudates were viewed under a microscope for contamination. Exudate (200 ul) was plated
onto TYC to check for contamination. Samples that appeared visually clear were flash frozen in liquid
nitrogen and stored at —80°C. If no growth was observed on the TYC plates the following day, samples
were thawed on ice, sonicated for 10 min in 30- to 40-s pulses, and centrifuged at 5,000 X g for 10 min,
and supernatants were withdrawn to yield seed exudates.

Quantification of organic acids in seed exudate. Global metabolite profiling to determine if
carboxylates were present in the seed exudate was performed on a I-class Acquity UPLC interfaced with
a Synapt G2-S mass spectrometer operated in high resolution mode (Waters Corp., Milford, MA). The
UPLC was fitted with a Waters BEH C, 4 column (1.7 um, 2.1 by 50 mm). Mobile phase A consisted of water
plus 0.1% formic acid and mobile phase B consisted of acetonitrile plus 0.1% formic acid. The flow rate
was 0.2 ml/min, and the 10-min gradient was initially 2 min at 0.5% B, followed by 6 min at 10% B, 8.5
min at 90% B, and 9 to 10 min of reequilibration at 0.5% B. Mass spectrometer data collection was
performed in both positive and negative modes with an m/z range of 50 to 1,800, capillary voltage of 2.2
kV, cone voltage of 10 V, desolvation gas flow of 450 liters/h, and cone gas flow of 45 liters/h. Presence
and absence of the carboxylates was determined by extracting the ion mass of the carboxylate from the
total ion chromatogram ([M-H]~ glycolate, m/z 75.0088; pyruvate, m/z 87.0088; butyrate and isobutyrate,
m/z 87.0452; acetate, m/z 61.0284; propionate, m/z 73.0295; and [M+H]* acetoacetate, m/z 103.0390).

Glycolic acid quantification was performed using a Waters H-class Acquity UPLC interfaced with a
Xevo-MS mass spectrometer (Waters Corp., Milford, MA). The UPLC was equipped with a Rezex ROA
organic acid column maintained at 55°C with a mobile phase of water with 0.5% formic acid at a flow
rate of 0.25 ml/min for 10 min. The mass spectrometer was operated in selected ion recording (SIR) mode
with unit resolution set to detect at 75.0 m/z, cone voltage of 24 V, and dwell time of 1.15 s. A glycolic
acid standard was purchased from Supelco (Bellefonte, PA) and used to establish a calibration curve from
0.25 to 2.5 pg/ml.

Mutant construction and genetic manipulation. Single point mutations in mcpV were made in
vitro using overlap extension PCR (67). Allelic exchange mutagenesis was used to construct markerless
mutants according to previous protocols (68, 69). DNA isolation and cleanup were performed with
Wizard kits from Promega according to the manufacturer’s instructions.

Capillary assay. Capillary assays were performed as originally described by Adler (34), with minor
modifications for S. meliloti (17). Motile S. meliloti cells were obtained by diluting stationary-phase TYC
cultures into 10 ml of RB overlain onto Bromfield agar plates and then incubating at 30°C for 15 h. Cells
were harvested between an optical density at 600 nm (ODg,,) of 0.16 and 0.18 and sedimented by
centrifugation at 3,000 X g for 5 min before being suspended to a final ODy,, of 0.15. A culture amount
of 375 ul was placed into a pond formed from a U-shaped glass tube between two glass plates. Microcap
glass capillaries (1 ul; Drummond Scientific, Broomall, PA) were sealed at one end over a flame and
placed into a ligand solution in a vacuum chamber. A vacuum was created in the chamber to allow the
solution to fill the capillary after the air was removed and the vacuum was released. Capillaries were
placed into the bacterial ponds and left to incubate at room temperature for 2 h. The capillaries were
then removed, broken at the sealed tip, and their contents expelled into RB. Serial dilutions were plated
in duplicates onto TYC plates containing streptomycin, and colonies were counted after 3 days of growth.
The counts of a control capillary were subtracted from all test capillaries to account for accumulation due
to random movement of bacteria into the capillary. Three technical replicates were performed for each
of three biological replicates.

Homology modeling. To construct the model of McpV-PR, the amino acid sequence of McpV
between GIn33 and GIn189 was uploaded to the SWISS-MODEL server (Swiss Institute of Bioinformatics)
(70-74). The template used was PDB entry 4K08, a crystallized product of recombinant Adeh_3718, from
the soil bacterium Anaeromyxobacter dehalogenans (32).

Overexpression and purification of McpVPR. E. coli M15/pREP4 was transformed with pBS377, and
expression cultures were grown to an ODg,, between 0.7 and 0.9 before induction with 0.6 mM
isopropyl-thiogalactopyranoside. Cultures were further incubated either for 4 h at 25°C or for 16 h at
16°C. Cells were harvested by centrifugation at 9,500 X g for 9 min at 4°C. Cell pellets were suspended
in a binding buffer consisting of 0.5 M NaCl, 20 mM imidazole, 1 mM phenylmethane sulfonyl fluoride,
and 20 mM sodium phosphate (pH 7.4). The cells were lysed by two to three passages through a French
pressure cell at 16,000 Ib/in? (SLM Aminco, Silver Spring, MD). Lysates were centrifuged at 56,000 X g for
50 min at 4°C, followed by filter sterilization. The clarified lysate was then applied to a nickel-
nitrilotriacetic acid (NTA) affinity column (GE Healthcare), and the column was washed with binding
buffer. To elute the protein, an elution buffer composed of 0.5 M NaCl, 20 mM sodium phosphate, 0.5
M imidazole, and a pH of 7.4 was applied to the column in an increasing linear gradient. Protein elution
was monitored by UV absorbance and confirmed by SDS-PAGE. Pooled fractions containing protein were
further purified by size exclusion chromatography using a HiPrep 26/60 Sephacryl S-300 HR column (GE
Healthcare) in 100 mM NaCl and 25 mM HEPES (pH 7.0) for DSF experiments, or 0.4 M NaCl and 25 mM

December 2018 Volume 200 Issue 23 e00519-18

Journal of Bacteriology

jb.asm.org 13

1sanb AQ 8102 ‘Sl J8qwaAoN uo /610 wse ql//:diy woly papeojumoq


https://www.rcsb.org/pdb/explore/explore.do?structureId=4K08
https://jb.asm.org
http://jb.asm.org/

Compton et al.

Journal of Bacteriology

HEPES (pH 8.0) for ITC experiments. When appropriate, the protein was concentrated using an Amicon
ultrafiltration system and regenerated cellulose membranes (Millipore, Billerica, MA). Protein concentra-
tion was determined using UV spectrometry, and a theoretical extinction coefficient of 37,930 M~ -cm~"'
was obtained from the ExPASy online ProtParam tool (75).

Differential scanning fluorimetry. Compounds in a PM1 microplate (Biolog, Hayward, CA) were

dissolved in a master mix of 10 uM McpVPR and 1.4X Sypro Orange in the same size exclusion buffer
used to purify the protein. According to the manufacturer, each well contains 0.5 to 1 wmol of
compound, making the final concentrations between 7 and 15 mM. A volume of 30 ul from each well
was transferred to a 96-well plate reader for use in an ABI 7300 real-time PCR system. The temperature
gradient began at 10°C and increased in 0.5°C steps every 30 s to 90°C. The melting temperature (T,,,) of
the protein in each well was defined as the peak of the first derivative of the fluorescence curve. The
melting temperature shift (AT,,) was determined by subtracting the T, of the control well containing no
ligand from the T,, of each test well. The screen was performed in triplicate using three Biolog plates. For
the mutant protein, the screen was performed once.

Isothermal titration calorimetry. Direct binding studies were performed with a MicroCal VP-ITC

microcalorimeter (Malvern, Westborough, MA). McpVPR was used at 75 uM and titrated against 2 to 15
mM each carboxylate. The experiment was performed at 25°C for all compounds except acetoacetate, for
which it was performed at 28°C. Prior to experiments, both protein and ligand solution were degassed
at a temperature 2 to 3°C above the experimental temperature. All ligand solutions were made with the
same batch of 0.4 M NaCl and 25 mM HEPES (pH 8.0) used for the final protein purification step. For
baseline titrations, the ligand was titrated into the buffer without protein, which was used a reference
subtraction for the respective titrations with protein. Association constants were reported from curves
generated using the MicroCal version of Origin 7.0 software using the one-binding-site model (Origin
Lab, Northampton, MA).
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