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Chemoreceptors are at the beginnings of chemosensory signaling cascades that mediate chemotaxis. Most bacterial chemorecep-
tors are functionally unannotated and are characterized by a diversity in the structure of their ligand binding domains (LBDs).
The data available indicate that there are two major chemoreceptor families at the functional level, namely, those that respond to
amino acids or to Krebs cycle intermediates. Since pseudomonads show chemotaxis to many different compounds and possess
different types of chemoreceptors, they are model organisms to establish relationships between chemoreceptor structure and
function. Here, we identify PP2861 (termed McpP) of Pseudomonas putida KT2440 as a chemoreceptor with a novel ligand pro-
file. We show that the recombinant McpP LBD recognizes acetate, pyruvate, propionate, and L-lactate, with K, (equilibrium dis-
sociation constant) values ranging from 34 to 107 pM. Deletion of the mcpP gene resulted in a dramatic reduction in chemotaxis
toward these ligands, and complementation restored a native-like phenotype, indicating that McpP is the major chemoreceptor
for these compounds. McpP has a CACHE-type LBD, and we present data indicating that CACHE-containing chemoreceptors of

other species also mediate taxis to C, and C; carboxylic acids. In addition, the LBD of NbaY of Pseudomonas fluorescens, an
McpP homologue mediating chemotaxis to 2-nitrobenzoate, bound neither nitrobenzoates nor the McpP ligands. This work
provides further insight into receptor structure-function relationships and will be helpful to annotate chemoreceptors of other

bacteria.

M any microorganisms have developed chemotactic mecha-
nisms that allow them to rapidly respond to environmental
changes by actively moving toward more favorable environments.
Data suggest that the access to compounds that are required for
growth is a major reason for chemotaxis, and chemotactic move-
ment was observed, for instance, toward sugars, amino acids, or-
ganic acids, or inorganic phosphate (1-5). In addition, che-
motaxis has been observed for other classes of compounds, such as
neurotransmitters, plant hormones, or quorum-sensing signals
(6-10). The specificity of a chemotactic response is determined by
the chemoreceptor that is at the beginning of the chemosensory
signaling cascade.

Chemoreceptors are typically composed of a cytosolic methyl-
accepting signaling domain and a ligand binding domain (LBD)
that is frequently located in the extracytoplasmic space. Ligand
recognition at the LBD generates a molecular stimulus that is
transmitted to the other extension of the chemoreceptor, where it
modulates CheA autokinase activity. Phosphoryl groups are then
transferred to the CheY response regulator, which in turn permits
its interaction with the flagellar motor to ultimately mediate che-
motaxis (1).

In contrast to the conserved methyl-accepting signaling do-
main, chemoreceptor LBDs show a high degree of diversity. The
very large majority of chemoreceptor LBDs are unannotated in
the SMART database (11). However, LBDs can be classified ac-
cording to their size into cluster I domains (120 to 210 amino
acids) and cluster II domains (220 to 300 amino acids) (11). Clus-
ter I domains include the 4-helix bundle, GAF, PAS, CHASE, and
CACHE domains (12-16). So far, two cluster II domain types have
been identified, which are the helical bimodular (HBM) (17) and
the double PDC (PhoQ/DcuS/CitA) domains (18, 19).

Pseudomonads are ubiquitously present in different ecological
niches, and many strains are characterized by a metabolic diver-
sity, as evidenced by the fact that some Pseudomonas putida strains
can use more than 100 different compounds for growth (20). This
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metabolic versatility appears to be reflected in a chemotactic ver-
satility, and so far 140 compounds have been identified to induce
chemotaxis in Pseudomonas strains (21), including organic acids,
amino acids, differently substituted aromatic hydrocarbons, bi-
phenols, nucleotide bases, sugars, inorganic phosphate, metal
ions, or peptides. P. putida KT2440, the model organism of this
study, has 27 chemoreceptors that differ in their topologies and
LBD types (Fig. 1). So far only the McpS, McpQ, McpR, and
McpG receptors have been annotated with a function, and they
mediate chemotaxis toward different organic and amino acids (3,
10, 19, 22). The diversity in the type of chemoreceptors and che-
moattractants makes pseudomonads ideal model organisms to
address a central question in the field (2), namely, to establish
chemoreceptor structure-function relationships.

As shown in Fig. 1, most chemoreceptors of P. putida KT2440
form paralogous groups. One of the exceptions is the receptor
encoded by the open reading frame PP2861, which is predicted to
have a CACHE-type LBD. CACHE domains are ubiquitously
present in bacterial signal transduction systems and also form
parts of one- and two-component systems (23). PP2861 is paralo-
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FIG 1 Predicted topologies and ligand binding domains of P. putida KT2440 chemoreceptors. Annotation is based on the fold recognition by the Phyre?
algorithm (46) and consensus secondary structure predictions (47). Topologies are based on the prediction of transmembrane regions using the DAS algorithm
(48). MA, methyl-accepting domain; 4-HB, 4-helix bundle domain; HBM, helical bimodular domain; double PDC, repeat of PhoQ/DcuS/CitA domain (18);
double PDC+, double PDC domain containing a 40- to 50-amino-acid insert into double PDC domains. Functionally annotated receptors are underlined.
HAMP domains have been omitted, and classification is based on receptor topology and LBD type.

gous (58% sequence identity) to the CACHE domain-containing
NbaY receptor from Pseudomonas fluorescens, which was shown to
mediate chemotaxis toward 2-nitrobenzoate (24). Since P. putida
shows chemotaxis to benzoate (25, 26) and substituted benzoates,
including nitro derivatives (27), we hypothesized that PP2861
may be the corresponding chemoreceptor. Here we report the
functional annotation of PP2861, which we term McpP. We show
that it recognizes and responds specifically to some C, and C;
carboxylic acids, thus representing a novel chemoreceptor type.

MATERIALS AND METHODS

Strains and plasmids. The strains and plasmids used are listed in Table 1.
Construction of expression plasmids for McpP LBD and NbaY LBD.
The DNA fragment of mcpP encoding amino acids Arg> to Ser'* was
amplified with the primers 5'-TGCATATGCGGCAGATCCATGG-3'
and 5"-TACGGATCCCTACGAAGCGTCG-3' using genomic DNA of P.
putida KT2440R. Similarly, the DNA fragment of nbaY encoding amino
acids Met’! to Ala'®? was amplified using the primers 5'-GGAATTCCAT
ATGATGCTCAACCAAATCCGCAACGAT-3" and 5'-AAGAATTCTCA
CGCACTGATAACTTTTTCGCGGAACT-3" using genomic DNA of
Pseudomonas fluorescens KU-7 as the template. Both sets of primers con-
tained restriction sites for Ndel and BamHI. The resulting PCR products
were digested with these enzymes and then cloned into the expression
plasmid pET28b(+) linearized with the same enzymes. The resulting
plasmids, termed pET28-McpP-LBD and pET28-NbaY-LBD, were veri-
fied by DNA sequencing of the insert and flanking regions.
Overexpression and purification of McpP LBD and NbaY LBD.
Escherichia coli BL21(DE3) containing pET28-McpP-LBD was grown in
2-liter Erlenmeyer flasks containing 500 ml LB medium supplemented
with 50 pg/ml kanamycin at 30°C to an optical density at 660 nm (ODyg)
of 0.6. At this point, protein production was induced by adding 0.1 mM
isopropyl-thiogalactopyranoside (IPTG), and the cultures were shifted to
18°C. After overnight incubation, cells were harvested by centrifugation at
10,000 X g for 30 min. Cell pellets were resuspended in buffer A (30 mM
Tris-HCI, 300 mM NaCl, 10 mM imidazole and 5% [vol/vol] glycerol, pH
8.0) and broken with a French press at 1,000 Ib/in. After centrifugation at
20,000 X g for 1 h, the supernatant was loaded onto a 5-ml HisTrap
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column (Amersham Bioscience), washed with five column volumes of
buffer A, and eluted with an imidazole gradient of 45 to 500 mM in
buffer A.

A slightly modified protocol was used to purify the NbaY LBD. E. coli
BL21(DE3) containing pET28b-NbaY-LBD was grown in 2-liter Erlen-
meyer flasks containing 400 ml of 2X YT medium supplemented with 50
pg/ml kanamycin at 30°C to an ODgg, of 0.6, at which time protein ex-
pression was induced by adding 0.1 mM IPTG. Growth was continued at
18°C overnight before cells were harvested by centrifugation at 6,000 X g
for 30 min. Cell pellets were resuspended in buffer B (20 mM Tris-HCI,
500 mM NaCl, 10 mM imidazole, 0.1 mM EDTA, 5% [vol/vol] glycerol,
pH 7.8) and broken with a French press at 1,000 Ib/in®. After centrifuga-
tion at 20 000 X gfor 1 h, the supernatant was loaded onto a 5-ml HisTrap
column (Amersham Bioscience), washed with five column volumes of
buffer B, and eluted with an imidazole gradient of 45 to 500 mM in
buffer B.

Isothermal titration calorimetry (ITC). Experiments were conducted
on a VP microcalorimeter (Microcal, Amherst, MA) at 20°C. Proteins
were dialyzed overnight against polybuffer [5 mM Tris-HCl, 5 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES), 5 mM morpho-
lineethanesulfonic acid (MES), 10% (vol/vol) glycerol, 150 mM NaCl, pH
8.0] and placed into the sample cell. Typically, 10 M protein was intro-
duced into the sample cell and titrated with 0.5 to 5 mM ligand solutions
that were prepared in dialysis buffer immediately before use. The mean
enthalpies measured from the injection of ligands into the buffer were
subtracted from raw titration data prior to data analysis with the MicroCal
version of ORIGIN. Data were fitted with the “one binding site model” of
ORIGIN.

CD spectroscopy. Circular dichroism (CD) experiments were per-
formed using a Jasco J-715 (Tokyo, Japan) spectropolarimeter equipped
with a thermostatically controlled cell holder. Far-UV CD spectra were
recorded with a 1-mm-path-length quartz cuvette using a bandwidth of 2
nm, a scan rate of 100 nm/min, a response time of 4 s, and an average of 5
scans. The NbaY LBD was at 16.4 uM in 5 mM Tris-HCI-5 mM PIPES-5
mM MES, pH 8.0. Spectra were corrected for buffer contributions to the
signal. Analyses were performed at 25°C, 50°C, and 85°C.

Intrinsic tryptophan fluorescence spectroscopy. Fluorescence mea-
surements were performed on a PTI spectrofluorimeter (Photon Tech-
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TABLE 1 Bacterial strains and plasmids used

Chemoreceptor for C, and C; Carboxylic Acids

Strain or plasmid Relevant genotype and/or description

Source or reference

Escherichia coli

BL21(DE3) F~ ompl hsdSB (ry~ my~ ) gal dam met 49
DH5«a F~ endAl glnV44 thi-1 recAl relAl gyrA96 deoR nupG &b80dlacZAM15 A(lacZYA-argF) U169 50
hsdR17 (1~ mg ") phoA supE44 X~ ; host for DNA manipulations

TK1132 Ap'; E. coli DH5a derivative carrying plasmid pJRG1 This work

CC118 Npir Rif'; A(ara-leu) araD AlacX74 galE galK phoA20 thi-1 rpsE rpoB argE(Am) recAl Tn7 Npir 51

TK1133 Rif" Sm'; E. coli CC118 Npir derivative carrying pJRG2 This work

HB101 Sm’; K-12/B hybrid; recA thi pro leu hsdRM with pRK600 53, 54
Pseudomonas putida

KT2440R Rif" derivative of P. putida KT2440, wild type 52

TK1134 Rif" Ap'; P. putida KT2440R App2861 This work
P. fluorescens KU-7 Wild type, grows on 2-nitrobenzoate, chemotactic to 2-nitrobenzoate 55
Plasmids

pGEMT Ap’; cloning vector Promega

pUCI18Notl Ap'; similar to pUC18 but with NotI sites flanking the multiple-cloning site 51

pJRG1 pUCI18Notl derivative containing a 1-kb HindIII-EcoRI fragment from the P. putida KT2440R This work

genome (containing upstream and downstream regions of pp2861)

pRK600 Cm'; ori of ColE1; RK2-mob™* RK2-tra™*; conjugational helper plasmid 54

pKNG101 Sm’; suicide vector; mob sac 56

pJRG2 Sm'; pKNG101 derivative containing a 1.1-kb NotI fragment from pJRG1 cloned into pKNG101 This work

pET28b Km'; protein expression plasmid Novagen

pET28b-McpP-LBD Km'; pET28b containing McpP LBD This work

pET28b-NbaY-LBD Km"; pET28b containing NbaY LBD This work

pBBRIMCS2_START Km'; 0riRK2 mobRK2 57

pPMAMV240 Km'; a 2.1-kb PCR fragment containing the mcpP gene and its promoter region was cloned into This work

the HindIII/Xbal sites of pPBBRIMCS2-START

“ Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Rif, rifampin; Sm, streptomycin.

nology International) equipped with the photomultiplier detection sys-
tem 814. The NbaY LBD was dialyzed into 5 mM Tris-HCl-5 mM
PIPES-5mM MES (pH 8.0), adjusted to 4 uM, loaded into a 3-mm quartz
cuvette, and placed into the cell holder thermostated at 25°C. An excita-
tion wavelength of 290 nm was used, and emission spectra were recorded
between 300 and 500 nm in 2-nm steps. Slit widths of 4 nm were used for
both excitation and emission.

Growth experiments. Overnight cultures were grown in M9 minimal
medium (28) supplemented with 10 mM glucose, which was then used to
inoculate 20 ml of fresh M9 minimal medium supplemented with the
appropriate carbon source to an initial ODg,, of 0.05. The cultures were
then put into an orbital platform at 200 rpm and allowed to grow at 30°C.
ODy,, readings were taken every 30 min using a Lambda 20 UV-visible
spectrophotometer (Perkin-Elmer). Cultures were maintained in the ex-
ponential phase by periodic dilutions with fresh prewarmed M9 medium
supplemented with different carbon sources.

Construction of the P. putida pp2861 (incpP) mutant KT2440R.
Two 0.5-kb DNA fragments containing the upstream and downstream
sequences of the pp2861 gene were amplified using the primer pairs 5'-A
TAAAGCTTAATCTTGCTGCGAAACTCCC-3" and 5'-CTAGTCTAGA
CTAGCCATCAGCTCCCGCATTGTT-3" for the upstream region and
5'-CTAGTCTAGACTAGTGTTGCGGCAGTTCCGGGT-3" and 5'-AA
GAATTCTGGGCGTGGCAGACGGGAG-3' for the downstream region.
Primers contained sequences that introduced HindIII and Xbal as well as
Xbal and EcoRI restriction sites (underlined) into the upstream and
downstream fragments, respectively. Both fragments were cloned into
pUCI18Notl and transformed into E. coli DH5a, giving rise to strain
TK1132. The Notl fragment containing the upstream and downstream
sequences was excised from pJRG1 and cloned into pKNG101 to produce
pJRG2. The resulting plasmid, pJRG2, was transformed into E. coli
CC118\pir to generate E. coli TK1133 (Table 1). Plasmid pJRG2 was mo-
bilized from E. coli TK1133 into P. putida KT2440R by triparental mating
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using E. coli HB101(pRK600) as the helper strain. In contrast to E. coli, P.
putida KT2440R is able to grow on benzoate. Therefore, the selection of
plasmid cointegrates of P. putida KT2440R was accomplished using M9
minimal medium (28) supplemented with 10 mM benzoate and 100
pg/ml streptomycin. The Sm" colonies were unable to grow on LB me-
dium containing 5% (wt/vol) sucrose, confirming that the plasmid pJRG2
with its sacB gene had integrated into these strains. The transconjugant
was grown overnight in streptomycin-free LB medium, diluted 1,000-
fold, and, following incubation for 12 h, serially diluted and plated on LB
medium plates with or without 15% (wt/vol) sucrose. PCR analysis of one
of the Suc’ Sm® clones confirmed that gene deletion had occurred.

Motility and chemotaxis assays. (i) Swim plate motility assays. Bac-
teria from single colonies were grown overnight on LB medium supple-
mented with 10 pg/ml of rifampin. Two-microliter aliquots of bacterial
suspension were transferred to the centers of swim agar plates (10% LB,
0.25% [wt/vol] agar). Plates were incubated at 30°C overnight and motil-
ity monitored the following day.

(ii) Plate gradient assays. Bacteria were grown overnight in minimal
saline (MS) medium (29) supplemented with 10 mM succinate and di-
luted to an ODy, of 0.8 to 1 with fresh MS medium. Cells were then
washed twice with MS medium by consecutive resuspension and centrif-
ugation at 3,750 X g for 3 min. Square petri dishes were filled with 80 ml
MS agar (0.25% agar, wt/vol) medium containing 25 mM glycerol. Plates
were cooled to room temperature for at least 30 min. Along the vertical
central line of the plate, 10-pl aliquots of a 10 mM chemoattractant solu-
tion, dissolved in MS medium, were placed at regular distances. Plates
were incubated at 4°C for 12 to 16 h to allow the formation of the che-
moattractant gradient. Two-microliter aliquots of bacterial suspension
were then placed horizontally to each of the chemoattractant deposits
with a distance of 2.5 cm to the vertical line. Plates were incubated at 30°C
for 16 to 20 h prior to the inspection of chemotaxis.
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(iii) Quantitative capillary chemotaxis assay. A modified version of
the capillary assay was used (30). MS medium supplemented with 10 mM
succinate was inoculated with P. putida KT2440R or KT2440R App2861
and grown to early logarithmic phase. Cultures were then centrifuged at
1,667 X g at 4°C for 5 min and washed twice with 50 mM potassium
phosphate-20 pM EDTA-0.05% (wt/vol) glycerol, pH 7.0. Cells were
resuspended in the same buffer to an ODy, of 0.08 to 0.1, and 230-p.l
aliquots of bacterial suspension were then placed into the wells of a 96-
well plate. Capillaries (Microcaps; Drummond Scientific) were heat sealed
at one end and warmed over fire, and the open end was inserted into the
chemoattractant solution for filling. The pH of the chemoattractant solu-
tion had been adjusted to that of the bacterial suspension. MS medium
lacking chemoattractants was used as a control. After immersion of the
open ends of the capillaries in the bacterial suspension (for 30 min), cap-
illaries were removed and the open ends rinsed and placed into a micro-
centrifuge tube containing 1 ml MS medium. The sealed end was broken,
and the content was emptied into the tube by a short centrifugation. One
hundred microliters of the resulting cell suspension was plated out and
incubated at 30°C. Colonies were counted after growth on M9 medium
supplemented with 10 mM succinate at 30°C for 24 h.

Construction of an mcpP-containing plasmid for complementa-
tion. Primers 5'-ATAAAGCTTAATCTTGCTGCGAAACTCCC-3" and
5'-CTAGTCTAGACTAGTCAGACCCGGAACTGCCGCAACA-3" were
used to amplify the mcpP gene and its promoter region. The resulting
2.1-kb PCR fragment was cloned into the HindIII and Xbal sites of
pBBRIMCS2-START. The insert was confirmed by PCR and sequencing.
The resulting plasmid, pMAMV240, was transformed into P. putida
TK1134 by electroporation.

RESULTS

The PP2861 LBD recognizes C, and C; carboxylic acids. The
DNA sequence encoding the fragment flanked by the two trans-
membrane regions of PP2861, harboring the LBD, was cloned into
an expression vector, and the protein was expressed as a His tag
fusion protein in E. coli and purified from the soluble fraction of
the cell lysate. The purified protein was subjected to microcalori-
metric binding studies (31) to identify its cognate ligands. Based
on our hypothesis that this NbaY homologue may be involved in
recognizing benzoates, the McpP LBD was titrated with benzoate
and a number of its derivatives, including 2-nitrobenzoate (listed
in Table S1 in the supplemental material). However, none of these
compounds was found to bind.

Since the only other characterized chemoreceptor with a
CACHE domain is the malate-specific PA2652 of P. aeruginosa
(32), we continued microcalorimetric ligand screening by titra-
tions with malate and other dicarboxylates (see Table S1 in the
supplemental material), which, however, did not bind. We there-
fore extended the ligand screen to different monocarboxylic acids.
Whereas glyoxylate did not bind, acetate was identified as a
PP2681-LBD ligand (Fig. 2), and data analysis revealed a K, (equi-
librium dissociation constant) of 34 = 5 WM (Table 2). Interest-
ingly, the C; carboxylic acid propionate bound with the same
affinity, but the C, acid butyrate failed to bind (Fig. 2; Table 2).
Further experiments showed that C; acids pyruvate and L-lactate
bound to the PP2861 LBD with affinities of 39 * 3 and 107 = 11
M, respectively (Fig. 2; Table 2). In contrast, D-lactate and phos-
phoenolpyruvate were unable to bind. In order to continue the
assessment of the PP2861 LBD ligand spectrum, we tested differ-
ent compounds, such as propanol, acetone, or amino acids (see
Table S1 in the supplemental material), which, however, did not
bind. We can therefore conclude that the PP2861 LBD binds ace-
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FIG 2 Microcalorimetric titration of McpP-LBD with different C, and C;
carboxylic acids. Upper panel, raw data for the titration of 10 wM protein with
2 mM ligand solutions. In all cases the first injection was of 1.6 pl, followed by
a series of 9.6-pl injections. Lower panel, dilution-corrected and concentra-
tion-normalized integrated peak areas of the raw data. Fitting was done using
the “one binding site model” of the MicroCal version of ORIGIN. Shown are
results of representative experiments, and thermodynamic data (presented in
Table 2) are means and standard deviations from three independent experi-
ments.

tate, pyruvate, L-lactate, and propionate and renamed the receptor
McpP.

The McpP ligands and nitrobenzoates do not bind to NbaY
LBD. Since McpP and NbaY are paralogous, we were also inter-
ested in identifying the compounds that are recognized by NbaY.
To this end, we followed a similar strategy and subjected the pu-
rified NbaY LBD to microcalorimetric titrations with different
nitrobenzoates. Since no binding was observed, ITC experiments
with the four McpP ligands and further compounds (see Table S1
in the supplemental material) were carried out. However, none of
these compounds bound to the NbaY LBD.

Circular dichroism and intrinsic fluorescence spectroscopy ex-
periments were conducted to determine whether the NbaY LBD
corresponded to folded protein. As shown in Fig. SIA in the sup-
plemental material, the maximum of the intrinsic tryptophan flu-
orescence emission spectrum was at 330 nm. This is consistent
with a significant protection of the Trp residues from the solvent,
which is a typical feature of proteins in its folded state (33). As a
control, the spectrum was recorded in the presence of the chao-
tropic agent guanidine hydrochloride (GdnHCI) (see Fig. S1A in
the supplemental material), which causes protein unfolding and
exposure of Trp residues to the solvent. Under these conditions,
the maximum was shifted to 344 nM, indicting that the presence
of GAnHCl had induced protein unfolding. Figure S1B in the sup-
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TABLE 2 Thermodynamic parameters of ligand binding derived from the microcalorimetric titration of the McpP LBD with different ligands®

Ligand K,(M™") Ky (M) AH (kcal/mol) n®

Acetate (2.9 £ 0.4) X 10* 34 +5 —5.11 £ 3.1 0.77 £ 0.4
Propionate (2.9 +0.3) X 10* 34 =4 —5.35* 33 1.37 £ 0.6
Pyruvate (2.6 £0.2) X 10* 39+3 —9.94 + 2.6 0.89 = 0.2
L-Lactate 93*x1)X 10° 107 £ 11 —5.20 + 4.1 1.26 £ 0.8

@ Data are means and standard deviations from three experiments.
b Stoichiometry of binding of ligands to the McpP LBD.

plemental material shows a far-UV circular dichroism spectrum
of the NbaY LBD, from which a-helical and B-strand contents of
18% and 30%, respectively, were calculated using the procedure
described by Bohm et al. (34). Figure S1B in the supplemental
material also shows that the exposure of the protein to heat caused
loss of the CD signal, indicative of protein unfolding. The fact that
both high concentrations of GAnHCI and heat treatment caused
protein unfolding suggests that the NbaY LBD was present as a
folded protein.

The four McpP ligands support growth of P. putida
KT24440. Many chemoattractants serve as carbon sources for
growth (21). To verify whether P. putida KT2440 can use the iden-
tified McpP ligands as sole carbon sources, growth experiments
were conducted in minimal medium supplemented with the indi-
vidual compounds at 10 mM. As shown in Fig. S2 in the supple-
mental material, all four McpP ligands supported growth of P.
putida KT2440R. In contrast to the case for L-lactate, acetate, and
pyruvate, a lag phase of more than 4 h was observed for propi-
onate.

Mutation of the mcpP gene largely reduces chemotaxis to
McpP ligands. It has been shown that chemoreceptors feed into
signaling pathways that either mediate chemotaxis or carry out
alternative cellular functions such as controlling the levels of sec-
ond messengers (35). In subsequent experiments, we wanted to
establish whether McpP is involved in chemotaxis and, if so, de-
termine its contribution to the taxis of P. putida toward the four
ligands identified. To this end, we constructed an mcpP deletion
mutant by homologous recombination. To assess any potential
effect of this mutation on bacterial motility, the wild type (wt) and
the mutant strain were analyzed by swim plate assays. As shown in
Fig. 3A, the motilities of the wt and mcpP mutant strain are com-
parable.

We then assessed the contribution of McpP to chemotaxis to-
ward the four ligands identified using plate gradient assays. In this
assay, a 10 mM ligand solution is immobilized on agar plates,
which are then left overnight for gradient formation. At identical
distances from the immobilized compounds, aliquots of the wt or
mutant strain are placed. Using pyruvate and propionate as che-
moattractants (Fig. 3B), an acentric spread of bacteria toward the
immobilized compound was observed for the wt strain. The cor-
responding chemotaxis indices, as calculated according to Pham
and Parkinson (36), were 0.70 = 0.05 (n = 8) for pyruvate and
0.60 = 0.02 (n = 8) for propionate, indicative of chemotaxis. The
mcpP mutant cells showed a minor spread that was only slightly
acentric, and chemotaxis indices of 0.54 * 0.02 (n = 8) for pyru-
vate and 0.53 = 0.05 (n = 8) for propionate were obtained. Both
values are close to 0.5 (observed in the absence of taxis) and are
indicative of some residual chemotaxis toward these compounds.

Assessment of the concentration dependence of McpP-medi-
ated taxis. We have then conducted quantitative capillary che-
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motaxis assays to determine the concentration dependence of the
response. Prior to the study of McpP ligands, a number of control
experiments were conducted. As a positive control, we studied the
chemotaxis to Casamino Acids, which is mediated by a different
chemoreceptor. As shown in Fig. 4A, the responses of the wt and
mcpP mutant strains were similar, confirming that the mcpP mu-
tation did not alter motility in a nonspecific manner. Since the
McpP ligands used were sodium salts, we also measured the re-
sponse of the wt strain to sodium chloride (Fig. 4B). Very minor
repellent responses toward NaCl were measured, which allowed
the use of sodium salts for further experiments.

Quantitative capillary assays with the four McpP ligands were
conducted over a ligand concentration range of 5 nM to 50 mM.
Significant responses were observed only in the concentration

AmcpP =
V. \
\ / \

B immobilized
pyruvate

AmcpP

.

immobilized
propionate

FIG 3 Mutation of the mcpP gene does not alter motility but reduces che-
motaxis to pyruvate and propionate. (A) Swim plate assays of P. putida
KT2440R and its mcpP-deficient mutant. Shown are representative images. (B)
Plate gradient chemotaxis assays in which 10 mM pyruvate or propionate were
deposited along a vertical line on MS agar plates. After overnight incubation
for gradient formation, suspensions of wt or mcpP mutant strains were depos-
ited at either side. Plates were inspected the following day for chemotaxis. This
assay was repeated 3 times, and representative images are shown. To visualize
the acentric spread, thin vertical lines that go through the center of bacterial
deposition are shown.
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L-lactate (D), sodium pyruvate (E), and sodium propionate (F). Data were corrected with the number of cells that migrated into buffer-containing capillaries.
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range between 50 M and 5 mM, and replicate measurements at
this range were carried out to determine the responses precisely.
The wt strain showed, for all four ligands, optimal responses at a
concentration of 0.5 mM (Fig. 4C to F). At this concentration, the
magnitude of response toward pyruvate and propionate was
around twice that toward acetate and L-lactate. In all cases, che-
motaxis responses at 50 WM and 5 mM were inferior to that at 0.5
mM. For all four ligands, the mutation of mcpP reduced taxis to
very low levels. For complementation assays, we cloned the mcpP
gene and its promoter region into the vector pBBRIMCS2 and
introduced the resulting plasmid (pMAMV240) into the mcpP
mutant. As a control, pPBBRMCS2 was introduced into the wt and
mcpP mutant strains. Assays of chemotaxis of the resulting three
strains toward 0.5 mM solutions of the four McpP ligands were
conducted (see Fig. S3 in the supplemental material). Statistical
analysis of the resulting data revealed that the response of the
complemented mutant was similar to that of the wt for three li-
gands, whereas chemotaxis of the complemented mutant to L-lac-
tate was superior to that of the wt strain. Taken together, these
data show that McpP is the primary chemoreceptor of P. putida
KT2440 for acetate, L-lactate, pyruvate, and propionate.

DISCUSSION

A significant number of chemoreceptors that mediate chemotaxis
toward organic acids of the Krebs cycle have been identified, such
as McpS of P. putida KT2440 (3, 37), its three homologues in P.
putida F1 (22), Mcp2201 of Comamonas testosteroni (38), the cit-
rate-specific Tcp of Salmonella enterica serovar Typhimurium (39,
40), or the malate-specific PA2652 of P. aeruginosa (32). Although
chemotaxis to non-Krebs cycle organic acids has been reported for
different species (25, 41-44), little information is available on the
corresponding chemoreceptors. Here we report that McpP specif-
ically responds to C, and C; carboxylic acids, which corresponds
to anovel chemoreceptor ligand profile. Within P. putida KT2440,
the receptors for Krebs cycle and non-Krebs cycle organic acids
belong to different families. Whereas McpS is a cluster II receptor
with a helical bimodular (HBM) LBD (17, 19), McpP forms part of
cluster I and has a CACHE domain for ligand recognition. Pseu-
domonads are model organisms for the study of chemotaxis, and
a recent review contains a list of all known chemoeffectors of this
genus (21). So far there are no reports on the chemotaxis to pyru-
vate, propionate, and L-lactate, and our data thus expand the list of
known chemoattractants for pseudomonads.

We sought to determine whether CACHE domain-containing
chemoreceptors in other species may also respond to C, and C,
carboxylic acids. To this end we conducted a BLAST search in the
Protein Data Bank using the McpP LBD sequence. The domains
with highest sequence similarity were CACHE-type LBDs of
chemoreceptors from Anaeromyxobacter dehalogenans (PDB
4K08) and of Vibrio parahaemolyticus (accession no. Q87T87,
PDB 4EXO). These chemoreceptors are uncharacterized and the
LBD structures unpublished. As shown in Fig. 5, both structures
are similar to the homology model of the McpP LBD. Most inter-
estingly, these structures contain in the ligand binding pocket of
the CACHE domain either bound acetate (4K08) or pyruvate
(4EXO), suggesting that they may be chemoattractants of the cor-
responding receptors (Fig. 5). Acetate was part of the crystalliza-
tion buffer of the 4K08 structure, whereas pyruvate must have
been copurified with the protein of structure 4EXO.

Bacterial LDBs are characterized by a high degree of sequence
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FIG 5 CACHE domains of chemoreceptors that recognize pyruvate and ace-
tate. (A) Structure of a CACHE-type LBD of an uncharacterized chemorecep-
tor from Vibrio parahaemolyticus (PDB 4EXO) in complex with pyruvate. (B)
Structure of a CACHE-type LBD of an uncharacterized chemoreceptor from
Anaeromyxobacter dehalogenans in complex with acetate (PDB 4K08). (C) Ho-
mology model of the McpP LBD. The model was generated using Phyre” (46).
Ninety-one percent of the McpP LBD residues were modeled at >90%
confidence.

divergence (12, 13, 45), which hampers a functional annotation
based on sequence similarities. Although the McpP LBD and 4EX0
bind the same ligand, these domains show only 22% sequence
identity. The inspection of the 4EXO structure shows that pyru-
vate binding is accomplished by nine amino acids, of which four
establish hydrogen bonds (see Fig. S4A in the supplemental ma-
terial). Interestingly, eight of the nine amino acids involved in
pyruvate recognition are conserved (5 identical and 3 with strong
similarity) in the alignment of the McpP LBD and 4EXOB se-
quences (see Fig. S4B in the supplemental material), suggesting
that pyruvate recognition at the McpP LBD occurs in a manner
similar to that in 4EXOB. Taken together, the data suggest that
CACHE LBD-containing chemoreceptors function as C, and C;
carboxylic acid chemoreceptors in different bacterial species.

An interesting feature of the McpP-mediated chemotaxis is
that optimal responses for all four ligands are observed at a con-
centration of 500 wM (Fig. 4). As mentioned above, the McpS
chemoreceptor of P. putida KT2440 mediates chemotaxis toward
Krebs cycle organic acids and, using quantitative capillary che-
motaxis assays, we have previously reported the McpS dose-re-
sponse ratios (3). For the three primary McpS ligands, malate,
succinate, and fumarate, strong responses were obtained at a con-
centration of 1 WM, a concentration at which no significant re-
sponses were measured for McpP ligands. These data indicate a
higher sensitivity of the bacterium to Krebs cycle intermediates
compared to the C, and C; carboxylic acids.

The NbaY chemoreceptor of P. fluorescens was shown to me-
diate chemotaxis to 2-nitrobenzoate (24). This function is also
supported by the fact that the nbaY gene is located next to a gene
cluster encoding the proteins for 2-nitrobenzoate degradation.
The NbaY LBD could be produced in large amounts as a highly
soluble protein, and its analysis by CD and intrinsic fluorescence
spectroscopy indicates that the protein is folded. As shown in the
Fig. S5 in the supplemental material, the homology model of the
NbaY LBD is similar to the structures/models of the other CACHE
domains displayed in Fig. 5. However, microcalorimetric titra-
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tions of this protein with different benzoate derivatives and the
McpP ligands did not reveal any binding. The data thus suggest
that ligand recognition at NbaY may not occur directly but may
require previous binding to a periplasmic ligand binding protein.

Given the diversity of bacterial chemoreceptors, their func-
tional annotation is a major research need in the field. Here we
report a chemoreceptor with a novel ligand spectrum and present
data suggesting that CACHE domain-containing chemoreceptors
of diverse species may be involved in the chemotaxis to C, and C;
carboxylic acids, a finding that may facilitate the functional anno-
tation of chemoreceptors.
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