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ABSTRACT The chemosensory system in Sinorhizobium meliloti has several impor-
tant deviations from the widely studied enterobacterial paradigm. To better under-
stand the differences between the two systems and how they are optimally tuned,
we determined the cellular stoichiometry of the methyl-accepting chemotaxis pro-
teins (MCPs) and the histidine kinase CheA in S. meliloti. Quantitative immunoblot-
ting was used to determine the total amount of MCPs and CheA per cell in S. meli-
loti. The MCPs are present in the cell in high abundance (McpV), low abundance
(IcpA, McpU, McpX, and McpW), and very low abundance (McpY and McpZ),
whereas McpT was below the detection limit. The approximate cellular ratio of these
three receptor groups is 300:30:1. The chemoreceptor-to-CheA ratio is 23.5:1, highly
similar to that seen in Bacillus subtilis (23:1) and about 10 times higher than that in
Escherichia coli (3.4:1). Different from E. coli, the high-abundance receptors in S. meli-
loti are lacking the carboxy-terminal NWETF pentapeptide that binds the CheR meth-
yltransferase and CheB methylesterase. Using transcriptional lacZ fusions, we showed
that chemoreceptors are positively controlled by the master regulators of motility,
VisNR and Rem. In addition, FIbT, a class IlA transcriptional regulator of flagellins,
also positively regulates the expression of most chemoreceptors except for McpT
and McpY, identifying chemoreceptors as class Il genes. Taken together, these re-
sults demonstrate that the chemosensory complex and the adaptation system in S.
meliloti deviates significantly from the established enterobacterial paradigm but
shares some similarities with B. subtilis.

IMPORTANCE The symbiotic soil bacterium Sinorhizobium meliloti is of great agricul-
tural importance because of its nitrogen-fixing properties, which enhances growth of its
plant symbiont, alfalfa. Chemotaxis provides a competitive advantage for bacteria to
sense their environment and interact with their eukaryotic hosts. For a better under-
standing of the role of chemotaxis in these processes, detailed knowledge on the regu-
lation and composition of the chemosensory machinery is essential. Here, we show that
chemoreceptor gene expression in S. meliloti is controlled through the main transcrip-
tional regulators of motility. Chemoreceptor abundance is much lower in S. meliloti than
in Escherichia coli and Bacillus subtilis. Moreover, the chemoreceptor-to-kinase CheA ratio
is different from that of E. coli but similar to that of B. subtilis.

KEYWORDS alfalfa, chemoreceptors, flagellar motor, plant symbiosis, transcriptional
control

hemotaxis is a mechanism by which bacteria rapidly respond to their immediate
environment, ultimately moving toward favorable niches and away from repellents
(1-3). It has been implicated in various bacterial processes, like pathogenicity, nodu-
lation, and biofilm production (4, 5). Chemotaxis has been most widely studied in the
enterobacterium Escherichia coli, which swims in series of runs and tumbles through the
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rotation of peritrichous flagella. During runs, flagella rotate counterclockwise (CCW),
leading to the formation of a flagellar bundle with synchronized rotation. In E. coli,
tumbles are achieved by reverting the rotation of one or more flagella in the clockwise
(CW) direction, which causes the flagellar bundle to splay apart and randomly reorients
the cell in three-dimensional space (6). However, the flagellar motors of certain bacte-
rial species exhibit only unidirectional rotation. In the case of Rhodobacter sphaeroides,
pausing rotation of the single polar flagellum causes the cell to tumble, while resuming
flagellar rotation results in a straight run (7). In Sinorhizobium meliloti, the asynchrony
caused by the slowing down of one or more of the strictly CW rotating flagella results
in a tumble (8-11).

Bacterial chemotaxis is accomplished through the sensing of environmental signals
by chemoreceptors called methyl-accepting chemotaxis proteins (MCPs). E. coli has four
transmembrane MCPs: Tap, Tar, Trg, and Tsr. While Tap senses dipeptides, Tar mediates
taxis toward aspartate and maltose, Trg recognizes ribose and galactose, and Tsr
responds to serine and 3,4-dihydroxymandelic acid, a catabolite of norepinephrine
(12-14). A fifth receptor, Aer, which is anchored to the inside the cytoplasmic mem-
brane, acts as an oxygen sensor (13, 14). The number of different chemoreceptors varies
within species. While Mesorhizobium loti has only one putative chemoreceptor gene,
Vibrio cholerae has 45 (15). Chemoreceptors form stable homodimers that are in turn
arranged in trimers. These trimers of dimers, along with other cytoplasmic chemotaxis
proteins, are packaged in large hexagonal arrays called chemoreceptor clusters. MCPs
typically consist of a periplasmic ligand-binding domain, two membrane-spanning
helices, and a cytoplasmic signaling domain. Binding of ligand to the periplasmic
domain causes a piston-like movement through the transmembrane domains to the
cytoplasmic domain, where it acts as a signal to the cytosolic chemotaxis proteins (14,
16). While the periplasmic domains of MCPs are vastly diverse to accommodate various
ligands, the cytoplasmic signaling domains are highly conserved, even among different
species (3). A two-component system using the histidine-aspartate phosphorelay me-
diates the chemotactic signal transduction from the chemoreceptor cluster to the
flagellar motors. The first component, CheA, is the histidine kinase that binds to the
cytoplasmic domain of the MCPs via a coupling protein, CheW. The second component,
CheY, is the response regulator that interacts with the flagellar motor complex, thereby
controlling its rotation. Binding of an attractant to the periplasmic domain of an MCP
induces a conformational change in the cytoplasmic domain that inhibits the auto-
phosphorylation of CheA. In E. coli, when CheA is inactive and no signal is being passed
to the flagellar motors, continued CCW rotation results in a run. In the absence of a
bound attractant or presence of a repellent, ATP-dependent CheA autophosphorylation
is stimulated. Phosphorylated CheA (CheA-P) transfers the phosphate group to a
conserved aspartate residue in CheY (2, 3). CheY-P interacts with FliM of the flagellar
motor complex and signals the motor to switch to the CW direction, subsequently
resulting in a tumble (17, 18). In E. coli, CheZ is a phosphatase which increases the
dephosphorylation rate of CheY-P and thereby allows for signal termination (19-21). An
adaptation system involving CheR and CheB is employed for increased sensitivity and
real-time modulation of chemotactic activity based on the local environment. CheR is
a methyltransferase that constitutively adds methyl groups to conserved sites on the
cytoplasmic signaling domain of MCPs. CheB acts as a methylesterase and is activated
through its phosphorylation by CheA-P (3, 15). In E. coli, only the highly abundant MCPs
Tar and Tsr have a conserved pentapeptide, NWETF, at their carboxy termini, which
serves as the site for CheR and CheB docking (22). The concerted addition and removal
of methyl groups by CheR and CheB, respectively, brings about the conformational
changes in MCPs required for the resetting and adaptation of the chemotaxis system
(23, 24).

The importance of bacterial chemotaxis in establishing symbiosis with plant hosts
has been well documented for members of the Rhizobiaceae family, including S. meliloti
(25-28). Recent studies of S. meliloti motility and chemotaxis have uncovered marked
deviations from the enterobacterial paradigm (9, 29). Unlike E. coli, S. meliloti not only
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has six transmembrane chemoreceptors (McpT to McpX and McpZ) but also has two
soluble cytosolic receptors (McpY and IcpA). The size of the ligand-binding domains of
S. meliloti chemoreceptors varies greatly between 160 and 390 amino acid (aa) residues
(30). Our group has shown that McpU and McpX play a role in host interaction by
sensing plant-derived amino acids and quaternary ammonium compounds, respec-
tively (31-34). However, the function of the remaining six chemoreceptors is not
known. Furthermore, S. meliloti does not utilize a CheZ phosphatase but employs an
indirect phosphate sink mechanism for signal termination. Here, phosphate groups
from the response regulator CheY2 are shuttled back via CheA to an additional
response regulator protein, CheY1 (35). S. meliloti involves three additional proteins in
chemotaxis not seen with E. coli, namely, CheD, CheS, and CheT (36). A CheD analog in
Bacillus subtilis serves as an MCP deamidase and thus plays a role in adaptation (37).
However, it is unclear whether S. meliloti CheD exerts a similar function. CheS and CheT
have no homologs in enteric bacteria but display homology to some unassigned
proteins in other alphaproteobacteria, like Caulobacter crescentus and Rhizobium legu-
minosarum. CheS enhances the phosphate flow from CheA-P to CheY1 by increasing
the affinity between CheA-P and CheY1 by 100-fold (38). The one kinase-two response
regulator system and presence of an auxiliary protein allows the implementation of a
tunable switch-like signal processing (39). The function of CheT in chemotaxis is
currently unknown.

Until now, two studies had investigated the cellular quantities of bacterial che-
motaxis proteins, one in E. coli and one in B. subtilis (40, 41). While total protein amounts
may change depending on growth conditions and nutrient availability, cellular ratios of
chemotaxis proteins were fairly robust. Both studies also revealed that ratios between
certain proteins, such as CheA and CheW, remained constant, while the ratio of others,
such as CheA and the MCPs, differed greatly between species (40, 41). To gain a better
understanding of deviations evolved in the S. meliloti chemotaxis system and to
understand how the system is tuned for optimum performance and sensitivity, we
determined the cellular amounts and ratios of CheA and all eight chemoreceptors in S.
meliloti using quantitative immunoblotting. Furthermore, we explored the regulation of
chemoreceptor gene expression within the flagellar gene hierarchy. Ultimately, com-
putational models can be used to simulate the interactions of all chemotaxis proteins
and to evaluate the chemotaxis system holistically under various physiologically rele-
vant conditions (42).

RESULTS

The mcp genes are part of the flagellar regulon and transcribed as class Il
genes. Previously, we have shown that all genes in the flagellar gene cluster are
organized in a four-class hierarchy (43, 44). The LuxR-type VisNR and the OmpR-like
Rem act as class IA and IB transcriptional regulators, respectively. They control the
expression of class Il (comprising flagellar assembly and motility genes) and class I
(comprising flagellin and chemotaxis genes), which requires class IIA for expression (43).
FIbT is a class lIA positive flagellar regulator (45). While icpA is the first gene of the che
operon and therefore classified as a class lll gene, the regulation of the remaining seven
chemoreceptor genes is unknown. With the exception of mcpW, which is cotranscribed
with a putative chel, all other mcp genes are monocistronic and scattered throughout
the genome (30, 46). To answer whether expression of mcp genes follows the same
control mechanisms, we transferred vectors with translational fusions of six of the mcp
promoters and of the promoter of the che operon as a control (30) to RU11/001 (WT),
RU11/814 (AvisNR), RU11/555 (Arem), and RU13/110 (AfibT) strains and assayed for
R-galactosidase activity as listed in Table 1. We found that all three genes were required
for the transcription of chemoreceptor genes. Only two of the genes with weaker
promoters, namely, mepT and mcpY, exhibited some residual transcriptional activity in
AvisNR and Arem strains and about 80% activity in the AfIbT strain compared to those
measured in the wild type. In conclusion, mcp genes are part of the flagellar regulon

March 2018 Volume 200 Issue 6 €00614-17

Journal of Bacteriology

jb.asm.org 3


http://jb.asm.org

Zatakia et al. Journal of Bacteriology

TABLE 1 In vivo mcp promoter activities in WT and AvisN/R, Arem, and AflbT mutant

strains

B-Galactosidase activity® (Miller units) for strain:
Plasmid® (lacZ RU11/001¢ RU11/814 RU11/555 RU13/110
fusion) (WT) (AvisNR) (Arem) (AfIbT)
pRU2728 (mcpT) 42 7 7 35
pRU2283 (mcpU) 235 0 0 4
pRU2784 (mcpW) 127 2 0 6
PRU2994 (mcpX) 417 0 0 6
PRU2898 (mcpY) 29 13 12 23
pRU2787 (mcp2) 154 0 0 17
PRU2250 (icpA = che) 156 0 0 25

aTranscription from nine chemoreceptor promoters was assessed with plasmid-borne lacZ fusions in wild-
type (RU11/001), AvisN/R (RU11/814), Arem (RU11/555), and DfibT (RU13/110) strains during exponential
growth. Cells diluted in RB were layered on Bromfield agar plates and grown to an ODgqq of 0.15 to 0.25.
The che operon (che) is composed of the genes icpA, orf2, cheY1, cheA, cheW, cheR, cheB, cheY2, cheD, and
orf10.

bB-Galactosidase activities (47) of three to five independent experiments were averaged. Standard deviations
were between 0.5 and 6%.

“Values for the wild type were taken from the work of Meier et al. (30).

and positively regulated by its master transcriptional regulators with a certain degree
of decoupling for mepT and mcpY.

Quantification of transmembrane chemoreceptors. To quantify the six trans-
membrane chemoreceptors (McpT to McpX and McpZ), we purified and raised poly-
clonal antibodies against the periplasmic ligand-binding region of each MCP. This way,
we avoided generating antibodies targeting the highly conserved cytosolic domains
and obviate cross-reactivity with other chemoreceptors in the cell extracts. An impor-
tant factor for attaining consistent results during quantitative immunoblot analysis is
the choice of the appropriate growth phase for cell harvest. In S. meliloti, expression of
flagellar and chemotaxis genes (including the che operon) is under tight transcriptional
control through the activity of a class IB regulator, Rem (43). Furthermore, it has been
shown previously that chemoreceptors in S. meliloti follow the expression pattern of
Rem and are maximally expressed at mid-exponential phase (48). Thus, an ODg, of 0.25
was selected for harvesting cells for immunoblotting (30). Standard curves were
established by adding various amounts of the purified periplasmic regions of each MCP
to cell extracts of corresponding deletion strains. Signals from immunoblots were
detected using X-ray films with different exposures, and band intensities were deter-
mined with ImagelJ.

A representative blot for McpV (65.34 kDa) showed a distinct band below the 75-kDa
marker in lanes 2 to 4, containing wild-type cell extracts, which is markedly absent from
lane 1, containing the mcpV deletion cell extract (Fig. 1A). McpV-LBD (20.23 kDa), which
was used to create a standard curve, can be seen below the 25-kDa marker in the lanes
containing mcpV deletion cell extracts and purified McpV-LBD in decreasing amounts.
A similar blot is seen for McpZ (90.15 kDa), with various amounts of McpZ-LBD (45.97
kDa) added to extracts from the mcpZ deletion strain (Fig. 1B).

Purified McpU-LBD (27.66 kDa) and McpX-LBD (32.55 kDa) were used to quantify the
corresponding proteins (McpU, 74.38 kDa; McpX, 83.73 kDa) in S. meliloti wild-type cell
extracts. Although the proteins were separated under denaturing conditions and a
reducing agent was added to the loading buffer, both proteins existed in monomeric
and dimeric forms (Fig. 1C and D). The McpU-LBD standard curve showed that the ratio
of monomer to dimer was approximately 80:20. In contrast, McpX-LBD mainly existed
as a dimer, with the ratio of monomer to dimer being approximately 20:80. Thus, the
intensities of both bands, monomer and dimer, were added for the quantification of
McpU and McpX.

For immunoblots probed with anti-McpW antibodies, McpW-LBD (15.96 kDa) was
used as a standard. We observed that the McpW (72.50 kDa) band in wild-type cell
extracts overlapped with a cross-reacting band of similar size, as indicated in Fig. 1E.
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FIG 1 Representative immunoblots used to quantify transmembrane chemoreceptors. (A) McpV. Lane 1 (AmcpV) contains RU11/830 (mcpV deletion strain) cell
lysate from 1 ml culture at an ODg, of 0.25. Lanes 2 to 4 contain RU11/001 (WT) cell lysates from 1 ml of culture at an OD,, of 0.25. AmcpV + McpV-LBD lanes
contain purified McpV-LBD (7.5, 5.0, 4.0, 3.0, 2.0, and 1.0 ng) mixed with RU11/830 cell lysates. Representative immunoblots were used to quantify
transmembrane chemoreceptors. (B) McpZ. Lanes 1 to 3 contain RUT1/001 (WT) cell lysates from 1 ml of culture at an ODy,, of 0.25. Lane 4 (AmcpZ) contains
RU11/818 (mcpZ deletion strain) cell lysate from 1 ml culture at an ODg, of 0.25. AmcpZ + McpZ-LBD lanes contain purified McpZ-LBD (2.6, 1.3, 0.78, 0.52, and
0.26 ng) mixed with RU11/830 cell lysates. (C) McpU. Lanes 1 to 3 contain RUT1/001 (WT) cell lysates from 1 ml of culture at an ODy,, of 0.25. Lane 4 (AmcpU)
contains RU11/828 (mcpU deletion strain) cell lysate from 1 ml culture at an ODg,, of 0.25. AmcpU + McpU-LBD lanes contain purified McpU-LBD (2.0, 1.0, 0.5,
0.1, and 0.05 ng) mixed with RU11/828 cell lysates. McpU-LBD exists in monomeric and dimeric forms, as indicated. (D) McpX. Lanes 1 to 3 contain RU11/001
(WT) cell lysates from 1 ml of culture at an ODg, of 0.25. Lane 4 (AmcpX) contains RU11/805 (mcpX deletion strain) cell lysate from 1 ml culture at an ODg,,
of 0.25. AmcpX + McpX-LBD lanes contain purified McpX-LBD (1.0, 0.75, 0.5, and 0.25 ng) mixed with RU11/805 cell lysates. McpX-LBD exists in monomeric and
dimeric forms, as indicated. (E) McpW. Lanes 1 and 3 contain RU13/143 (mcpW-egfp) cell lysates from 1 ml of culture at an ODg,, of 0.25. Lane 2 contains
RU11/001 (WT) cell lysates from 1 ml of culture at an OD, of 0.25. Lane 4 (AmcpW) contains RU11/803 (mcpW deletion strain) cell lysate from 1 ml culture
at an ODy,, of 0.25. AmcpW + McpW-LBD lanes contain purified McpW-LBD (0.5, 0.25, 0.1, 0.075, and 0.05 ng) mixed with RU11/803 cell lysates. The intensity
of the McpW-GFP band in lanes 1 and 3 (arrows) is equal to the difference in intensities between the band in lane 2 (asterisk) and its corresponding nonspecific
band in lane 4.

This produced a more intense band, as marked by an asterisk, compared to lane 4,
containing the mcpW deletion strain extract. To confirm that the additional band
intensity was caused by McpW, we loaded extracts of strain RU13/143 expressing
McpW-enhanced green fluorescent protein (eGFP) from its native chromosomal locus in
lanes 1 and 3. McpW-eGFP (104.84 kDa) appeared above the 100-kDa marker band, and
the band intensity of the 75-kDa band was decreased to that of the mcpW deletion
strain (Fig. 1E, lane 4). We next subtracted the 75-kDa band appearing in the mcpW
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TABLE 2 Cellular content of chemoreceptors and CheA chemotaxis protein contents in S.
meliloti strain RU11/001

Protein No. of molecules/cell®
McpT BDL
McpU 47+ 6
McpV 299 £ 55
McpW 17+4
McpX 39+7
McpY 1x1
McpZ 3+1
IcpA 17*+6
Receptor total 423 + 56
CheA 18*5

aMeans * standard deviations are reported. Values were obtained from six independent immunoblots. BDL,
below detection limit.

deletion strain extract from the 75-kDa band of the wild-type extract to quantify McpW.
Additionally, we quantified the band intensity of McpW-eGFP. Both quantification
methods yielded the same amount of McpW.

To quantify the number of MCP molecules per cell, we determined the number of
S. meliloti cells in 2 ml of cell culture grown in minimal medium at an optical density
at 600 nm (ODy,,) of 0.25. Using serial dilutions and spread plating, we determined that
1 ml cell culture of S. meliloti at an ODgq, of 0.25 contained 2.56 X 108 = 0.31 X 108
cells. For the six transmembrane chemoreceptors, the numbers ranged from a few
molecules to several hundred per cell (Table 2). However, we were unable to quantify
McpT. Neither crude serum nor affinity-purified antibodies raised against McpT-LBD
allowed detection of a band corresponding to purified McpT-LBD or McpT in wild-type
cell extracts. As an alternative strategy for quantifying McpT, extracts of a strain
expressing McpT-eGFP from its native chromosomal locus (RU13/142) were probed
using anti-eGFP antibodies. We were able to detect purified eGFP at amounts as small
as 5 pg. No corresponding bands were detected in extracts of the McpT-eGFP strain. In
conclusion, of the five transmembrane receptors quantified, McpV was the most
abundant chemoreceptor, being present in more than 6-fold higher numbers than the
next most abundant receptor, McpU (Table 2). The other receptors followed the order
McpU > McpX > McpW > McpZ.

Quantification of cytosolic chemoreceptors. For the two cytosolic chemorecep-
tors, IcpA (57.54 kDa) and McpY (64.30 kDa), full-length proteins were used to serve as
controls for a standard curve, because antibodies raised against these proteins have
been generated previously (30). While the IcpA antibodies had few cross-reactivities
with other proteins in the cell lysates, the McpY antibody reacted nonspecifically with
a number of proteins in the lysates (Fig. 2A and B). IcpA was present at levels
comparable to those of McpW. The amounts of McpY were the smallest of any
chemoreceptor that could be quantified (Table 2).

Quantification of CheA. To determine the stoichiometry of chemoreceptors to the
kinase CheA and to compare our data with those from the E. coli and B. subtilis studies
(40, 41), we quantified the cellular amounts of CheA. Purified full-length CheA (81.12
kDa) and existing polyclonal antibodies were used for quantification (35). A typical blot
(Fig. 2C) exhibited a band above the 75-kDa marker in WT cell lysates, which was absent
from the lane containing AcheA cell lysates. As before, a standard curve was
established by adding increasing amounts of the purified full-length CheA protein.
CheA was found to be present in low abundance and at levels similar to those of
McpW and IcpA (Table 2).

Fluorescence microscopy of eGFP-expressing strains. The small amounts of
chemoreceptor proteins detected in immunoblots raised the question of whether only
a subpopulation of cells displayed expression. We chose four representative proteins to
assess their expression in individual cells via C-terminal eGFP fusions (48), namely, two
transmembrane receptors (McpU and McpV), a cytosolic receptor (IcpA), and the
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FIG 2 Representative immunoblot used to quantify cytosolic receptors and CheA. (A) McpY. Lanes 1 to
3 contain RU11/001 (WT) cell lysates from 1 ml of culture at an OD,, of 0.25. Lane 4 (AmcpY) contains
RU11/804 (mcpY deletion strain) cell lysate from 1 ml culture at an ODg,, of 0.25. AmcpY + McpY lanes
contain purified McpY (0.1, 0.05, 0.01, and 0.005 ng) mixed with RU11/804 cell lysates. The arrow
indicates the McpY protein in the WT cell lysates. (B) IcpA. Lanes 1 to 3 contain RU11/001 (WT) cell lysates
from 1 ml of culture at an ODg, of 0.25. Lane 9 (AicpA) contains RU11/815 (icpA deletion) cell lysate from
1 ml culture at an ODy, of 0.25. AicpA + IcpA lanes contain purified IcpA (1.28, 0.96, 0.64, 0.32, and 0.16
ng) mixed with RU11/815 cell lysates. (C) CheA. Lane 1 (AcheA) contains RU11/310 (cheA deletion strain)
cell lysate from 1 ml culture at an ODg,, of 0.25. Lanes 2 to 4 contain RU11/001 (WT) cell lysates from 1
ml of culture at an ODg,, of 0.25. AcheA + CheA lanes contain purified CheA (1.0, 0.8, 0.6, 0.4, and 0.2
ng) mixed with RU11/310 cell lysates.

autokinase CheA. We showed previously that all four fusion proteins localize to one or
both cell poles (48). Cultures were grown as described for quantitative immunoblots,
and cells from three biological replicates per strain were analyzed by fluorescence
microscopy in conjunction with computerized image analysis to determine their fluo-
rescent patterns (Table 3). For the four strains, between 24 and 45% of the cells
displayed fluorescent foci predominantly at one cell pole. Representative images for
each strain are depicted in Fig. 3. Thus, between one-half and three-quarters of cells in
a population do not express the chemosensory cluster.

DISCUSSION

Chemotaxis is a complex process, which ultimately aids in the survival of bacteria in
a rapidly changing environment. Since it consumes considerable amounts of the cell’s
energy, tight regulation of the expression of all components of the chemotaxis ma-
chinery is required (49). Our group has shown previously that motility and chemotaxis
genes in the S. meliloti flagellar regulon are expressed in a transcriptional hierarchy (43).
Our current studies expand the previously established scheme by including the mcp

TABLE 3 Proportion of S. meliloti cells with fluorescent polar foci expressing eGFP fusions
from native chromosomal gene loci

% of cells with fluorescent

Strain Protein fusion polar foci?
RU13/212 McpV-eGFP 24+ 4
RU13/243 CheA-eGFP 44 5
RU13/301 McpU-eGFP 28+ 3
RU13/303 IcpA-eGFP 42 1

9Results are means =+ standard deviations. Values were obtained from 5,000 to 6,400 cells in three
independent experiments. Wild-type cells had no detectable fluorescent signal.
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FIG 3 Localization of McpU, McpV, IcpA, and CheA fused to eGFP in S. meliloti cells by fluorescence
microscopy. (A) McpU-eGFP; (B) McpV-eGFP; (C) IcpA-eGFP; (D) CheA-eGFP.

genes as class Il genes and FIbT (class IIA) as a positive regulator for class Ill genes (with
mcpT and mcpY as exceptions). Similar to the coordinated regulation in enterobacteria
(50), class Il gene expression is dependent on the completion of basal body structure
and flagellar export. This suggests that a control mechanism comparable to the one
operating in enterobacteria exists in S. meliloti. Expression of chemotaxis and motility
genes not only is dependent on growth phase and temperature but also can vary based
on the richness of the medium. While enterobacteria are typically motile in rich media
(51), S. meliloti exerts higher motility under nutrient-poor conditions (52). Furthermore,
it remains to be seen whether expression of chemoreceptors is induced by their
respective chemoeffector, as shown for certain C and N sources in Pseudomonas putida
(53).

A number of different chemotaxis proteins have to interact to bring about the
desired changes in motility. The cellular amounts of these proteins must be at the exact
levels tuned for optimal performance. We set out to quantify the amounts of chemo-
receptors and the histidine kinase CheA in an S. meliloti cell. The total molecule amount
of all eight chemoreceptors in an S. meliloti cell is 423 + 56 (Table 2). This is extremely
small compared to 59,960 = 5,960 in B. subtilis and 26,000 = 1,800 in E. coli (40, 41).
From the viable cell counts and dry weight analyses, it is evident that an S. meliloti cell
is about half the size of an E. coli cell (18). The smaller size may enable the S. meliloti
cell to function efficiently with a smaller total amount of chemoreceptors. Additionally,
not all cells expressed detectable quantities of eGFP fusion proteins under these culture
conditions (Table 3). Therefore, it is possible that amounts for those cells expressing
chemotaxis proteins are actually two to four times larger. We also estimated the
percentage of motile cells in the population and found that about 30% of the cells are
motile (data not shown), which correlates with the percentage of cells with fluorescent
foci. However, this observation does not have an effect on the determined protein
ratios.

In E. coli, the chemoreceptors are present in high (Tsr and Tar) and low (Trg, Tap, and
Aer) abundances (22, 40). In S. meliloti, one chemoreceptor, McpV, is present at high
levels, four are present in small amounts (McpU, McpW, McpX, and IcpA), two are
present at extremely low abundance (McpY and McpZ), and one was not detectable
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Chemoreceptor  Length of protein (aa) Carboxy-terminal sequence

E.c. Tar 553 QRLRIAEQDPINWETF
E.c. Tsr 551 RKMAV ADS EENWETF
S.m. McpT 665 GNGSAAVARDDWEEFR]
S.m. McpU 707 TQAASY QAT S SRRRAA
S.m. McpV 604 RLE ERGA QPAYGRAA
S.m. McpW 689 STPS VTASGE|INWEEF
S.m. McpX 788 TS GANALAQDINWEEF
S.m. McpY 593 TS GANALAQDDWENFEF
S.m. McpZ 841 RLEPVAAADHSYRAA
S.m. IepA 533 FGE VT SERHLA GWRR

FIG 4 Sequence comparison of the 15 C-terminal amino acid residues in the NWETF motif-containing E.
coli (E.c.) receptors Tar and Tsr and all eight S. meliloti (S.m.) chemoreceptors. The conserved pentapep-
tide sequence is marked in gray.

(McpT). The approximate ratios of receptors are 1 (McpY and McpZ) to 15 (McpU,
McpW, McpX, and IcpA) to 150 (McpV). The high abundance of McpV correlates with its
CheA- and CheW-independent localization in S. meliloti (48). It can be hypothesized that
the abundance of McpV enables its localization at the pole independently of other
chemotaxis proteins and, in fact, that it may act as a scaffold receptor to recruit other
receptors to localize at the poles. Interestingly, when observing the localization of
McpV-eGFP through cell division, new clusters are formed in the midcell near the
septum of the new daughter cells (54). A similar behavior has been described for E. coli
chemoreceptors, which localize to future division sites (55). The function of McpV in
sensing environmental cues is not known and is the subject of current investigations.
However, we identified the low-abundance receptors McpU and McpX as general
amino acid and quaternary ammonium compound sensors, respectively (31-33). In B.
subtilis, the major receptors for taxis toward all amino acids and sugars, McpB and
McpC, are also present in relatively low cellular abundance (41). This feature might be
commonplace in soil bacteria, as it is not seen in E. coli, where the high-abundance
receptor Tsr mediates taxis toward serine and Tar mediates taxis toward aspartate and
maltose (22).

Finally, two of the three receptors that are present in very low numbers (McpT and
McpY) appear to be regulated differently from the other receptors. Although their
expression is partially dependent on VisNR and Rem, the transcription of their genes is
not controlled by the class IlA regulator FIbT. Furthermore, we have preliminary data
showing that both of their genes exhibit 30 to 40% residual expression in alfalfa root
nodules while all other chemoreceptors are not expressed (data not shown). Due to
these differences, we speculate that McpT and McpY play a role in planta, which could
explain their extremely low expression levels under our assay conditions.

In E. coli, the presence of the carboxy-terminal pentapeptide, representing the CheR
and CheB binding site, correlates with receptor abundance (56, 57). Despite the
absence of this binding motif from low-abundance receptors of E. coli, receptor
methylation and demethylation occur efficiently due to assistance by high-abundance
receptors within chemoreceptor clusters (58). In S. meliloti, the most abundant receptor,
McpV, is lacking the motif. Instead, only McpT, McpW, McpX, and McpY, which are low-
or extremely-low-abundance chemoreceptors, possess the conserved carboxy-terminal
pentapeptide (Fig. 4) (30). The adaptation process in S. meliloti has not been investi-
gated, and the composition of chemoreceptor arrays is unknown. Therefore, the reason
for the opposite correlation of receptor abundance and presence of the CheR/CheB
binding motif remains to be elucidated.

The ratio of chemoreceptors to CheA in S. meliloti is approximately 23.5:1. This ratio
is lower in E. coli (3.4:1) but is at the same level in B. subtilis (23:1) (40, 41). Presumably,
this difference in chemoreceptor-to-CheA ratio reflects the more variable biotopes of
soil bacteria (bulk soil versus rhizosphere) compared to those of gut bacteria. It remains
to be investigated whether the structure of the CheA-CheW receptor complex is
different in S. meliloti from the one described for E. coli (59). Apparently, ratios of
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TABLE 4 Bacterial strains and plasmids

Journal of Bacteriology

Reference
Strain/plasmid Relevant characteristic or source
Strains
E. coli
BL21(DE3) F~ ompT hsdSg(rg~ mg~) gal dcm A (DE3) Novagen
ER2566 lon ompT lacZ:T7 NEB
S17-1 recA endA thi hsdR RP4-2 Tc:Mu:Tn7 Tpr Sm* 60
S. meliloti
RU11/001 Smr, spontaneously streptomycin-resistant wild-type strain 52
RU11/310 Smr AcheA 61
RU11/555 Sm" Arem 43
RU11/803 Sm" AmcpW 30
RU11/804 Sm" AmcpY 30
RU11/805 Sm" AmcpX 30
RU11/814 Smr AvisNR 44
RU11/815 Sm" AicpA 30
RU11/818 Sm" AmepZ 30
RU11/828 Sm" AmcpU 30
RU11/830 Smr AmcpV 30
RU11/838 Sm" AmcpT 30
RU13/142 Sm" mcpT-egfp 48
RU13/143 Sm" mcpW-egfp 48
RU13/243 Smr cheA-egfp 48
RU13/301 Sm" mcpU-egfp 48
RU13/303 Smr icpA-egfp 48
RU13/310 Smr AfibT This study
Plasmids
pHT28 Ap', expression vector for E. coli fliM 62
pK18mobsacB Kmr lacZ mob sacB 63
pKLD66 Ap', expression vector 64
pTYB1 Ap', expression vector NEB
pTYB11 Ap', expression vector NEB
pBS352 Ap', 858-bp Ndel/Sapl PCR fragment containing periplasmic domain of mcpX cloned into pTYB1 This study
pBS353 Ap’, 741-bp Ndel/Sapl PCR fragment containing periplasmic domain of mcpU cloned into pTYB1 This study
pBS409 Ap', 474-bp Sapl/Pstl PCR fragment containing periplasmic domain of mcpV cloned into pTYB11 This study
pBS426 Ap’, 1,218-bp Sapl/Spel PCR fragment containing periplasmic domain of mcpZ cloned into pTYB11 This study
pBS487 Ap’, 1,602-bp Kpnl/Hindlll PCR fragment containing icpA cloned into pKLD66 This study
pBS1030 Ap", 444-bp Ndel/Pstl PCR fragment containing periplasmic domain of mcpT cloned into pTYB1 This study
pBS1031 Ap", 423-bp Ndel/Pstl PCR fragment containing periplasmic domain of mcpW cloned into pTYB1 This study
pRU2250 Tcr, icpA (1,974 bp)-lacZ (che) fusion cloned into pPHU236 30
pRU2782 Tcr, mepT (320 bp)-lacZ fusion cloned into pPHU235 30
pRU2783 Tc", mepU (456 bp)-lacZ fusion cloned into pPHU236 30
pRU2784 Tc", mepW (303 bp)-lacZ fusion cloned into pPHU236 30
pRU2787 Tc', mepZ (409 bp)-lacZ fusion cloned into pPHU236 30
pRU2790 Ap", 1,779-bp Kpnl/Pstl PCR fragment containing mcpY replacing E. coli fliM in pHT28 30
pRU2898 Tc', mepY (786 bp)-lacZ fusion cloned into pPHU236 30
pRU2994 Tc", mepX (590 bp)-lacZ fusion cloned into pPHU236 30

chemotaxis proteins across genera are adapted and optimized according to their
lifestyles. Our ongoing efforts to determine the amounts of cytosolic chemotaxis
proteins would provide us with a snapshot of chemotaxis protein stoichiometry in S.
meliloti. This in turn would shed more light on the various deviations of the S. meliloti
chemosensory system from the enterobacterial paradigm and their corresponding
benefits to the different (free-living versus symbiotic) life styles of S. meliloti.

MATERIALS AND METHODS

Bacterial strains and plasmids. Derivatives of E. coli K-12 and S. meliloti MV 1I-1 and the plasmids
used are listed in Table 4. RU11/001 is a spontaneous streptomycin-resistant derivative of MVII-1 (65).

Media and growth conditions. E. coli strains were grown in lysogeny broth (LB) (66) at the indicated
temperatures. S. meliloti strains were grown in TYC (0.5% tryptone, 0.3% yeast extract, 0.13% CaCl, - 6H,0
[pH 7.0]) (67) or SMM (Sinorhizobium motility medium; RB [6.1 mM K,HPO,, 3.9 mM KH,PO,, 1 mM MgSO,,
1 mM (NH,),SO,, 0.1 mM CacCl,, 0.1 mM NacCl, 0.01 mM Na,MoO,, 0.001 mM FeSO,, 2 ng/liter biotin] [68],
0.2% mannitol, 2% TY) (43). Motile cells for immunoblotting and fluorescence microscopy were grown in
SMM for 2 days, diluted to an OD, of 0.02, and incubated at 30°C to an ODy,, of 0.25. The following
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antibiotics were used in their final concentrations: for E. coli, ampicillin at 100 wg/ml, kanamycin at 50
rg/ml, and tetracycline at 10 wg/ml; for S. meliloti, neomycin at 120 ug/ml, streptomycin at 600 wg/ml,
and tetracycline at 10 png/ml.

Genetic and DNA manipulations. S. meliloti DNA was isolated and purified as described previ-
ously (61). Plasmid DNA, DNA fragments, or PCR products were purified according to the manufac-
turers’ instructions, and PCR amplification of chromosomal DNA was carried out according to
published protocols (61). The fIbT strain was generated in vitro by overlap extension PCR as
described previously (69). Constructs containing the mutations were cloned into the mobilizable
suicide vector pK18mobsacB, used to transform E. coli S17-1, and conjugally transferred to S. meliloti
by filter mating (60, 70). Allelic replacement was achieved by sequential selections on neomycin and
10 or 15% sucrose as described previously (61). Confirmation of allelic replacement and elimination
of the vector was obtained by gene-specific primer PCR and DNA sequencing. Derivatives of the
broad-host-range plasmids pPHU235 and pPHU236 were used to transform E. coli S17-1 and
conjugally transferred to S. meliloti by streptomycin-tetracycline double selection as described
above (71).

B-Galactosidase assays. Cultures of S. meliloti containing lacZ fusions grown on overlayered
Bromfield agar plates were sampled, diluted 1:1 in Z buffer (47), permeabilized with 1 drop of toluene,
and assayed for B-galactosidase activity by the method of Miller (47) as previously described (30).

Purification of recombinant proteins. McpT-LBD (ligand-binding domain) (aa 30 to 178) was
expressed from pBS1030, McpU-LBD (aa 40 to 287) from pBS353, McpV-LBD (aa 31 to 189) from pBS0409,
McpW-LBD (aa 39 to 180) from pBS1031, McpX-LBD (aa 34 to 320) from pBS352, McpZ-LBD (aa 39 to 445)
from pBS426, and CheA from pBS57 in E. coli ER2566 (Table 4), as described by Riepl et al. (72). Briefly,
cells were grown to an ODg,, of 0.6 to 0.8 at 37°C in LB, and expression was induced by 0.3 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) at 16°C for 16 h. Cells were harvested, suspended in IMPACT
buffer (500 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 20 mM Tris-HCl, pH 8.0),
and lysed by three passages through a French pressure cell at 20,000 Ib/in? (SLM Aminco, Silver Spring,
MD). A modified IMPACT buffer (2 M NaCl, 1 mM EDTA, 1 mM PMSF, 20 mM Tris-HCl, pH 8.0) along with
Halt protease inhibitor cocktail (Life Technologies) was used for CheA purification. The soluble fraction
was loaded on a chitin-agarose (New England Biolabs [NEB], Beverly, MA) column (6 cm by 5 cm), and
intein-mediated cleavage was induced by equilibration of the column with IMPACT buffer containing 50
mM dithiothreitol (DTT) and incubation at 4°C for 2 to 3 days. Proteins were eluted with IMPACT buffer,
and pooled fractions of each protein were further purified by fast-performance liquid chromatography
(FPLC; Aktaprime plus; GE Healthcare) gel filtration on HiPrep 26/60 Sephacryl S-200 HR (GE Healthcare).
The column was equilibrated and developed using 100 mM NaCl, 5% (vol/vol) glycerol, 80 mM Na,HPO,,
20 mM NaH,PO,, pH 7.5, at 0.5 ml/min, and protein-containing fractions were combined.

McpY protein was overproduced in inclusion bodies from plasmid pRU2790 in E. coli BL21(DE3) (Table
4). Cells were grown at 37°C in LB at 300 rpm to an ODg,, of 0.6 to 0.8, and expression was induced by
1 mM IPTG. Cells were harvested after 4 h of incubation at 37°C and suspended in 20 ml 0.5 mM EDTA,
20 mM Tris-HCl, pH 7.5, and cell lysates were prepared as described before. The lysate was centrifuged
at 55,000 X g and 4°C for 20 min, the soluble fraction was discarded, and the pellet was washed twice
with 1% (vol/vol) Triton X-100, 1 mM EDTA, 20 mM Tris-HCl, pH 7.5. Inclusion bodies were suspended in
10 ml denaturation buffer (8 M urea, 5 mM DTT, 50 mM Tris-HCI, pH 8.0) and centrifuged, and the
supernatant was filtered through a 0.2-um cellulose acetate syringe filter. Ten-milliliter samples were
subjected to FPLC (Aktaprime plus; GE Healthcare) gel filtration on HiPrep 26/60 Sephacryl S-200 HR (GE
Healthcare). The column was equilibrated and developed in denaturation buffer at 0.5 ml/min, and
protein-containing fractions were combined. The protein was then refolded by dialysis against a 30-fold
volume of 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 20% (vol/vol) glycerol, 50 mM Tris-HCl, pH 8.0, for 24
h at 4°C. Subsequently, dialysis was performed with 100 mM NacCl, 1 mM EDTA, 1 mM DTT, 10% (vol/vol)
glycerol, 50 mM Tris-HCl, pH 8.0, for 24 h at 4°C. Lastly, the protein was dialyzed in phosphate-buffered
saline (PBS; 100 mM NaCl, 80 mM Na,HPO,, 20 mM NaH,PO,, pH 7.5) for 24 h at 4°C and stored in 5%
glycerol at —80°C.

IcpA was overproduced as a fusion protein with 6-histidine-tagged maltose-binding protein (MBP)
from pBS487 in E. coli BL21(DE3) (Table 4). Cells were grown to an OD, of 0.6 to 0.8 at 37°C in LB, and
expression was induced by 0.3 mM IPTG. Cells were harvested after 4 h of incubation at 25°C and then
suspended in nickel-nitrilotriacetic acid (Ni-NTA) column buffer (500 mM NaCl, 25 mM imidazole, 1 mM
PMSF, 20 mM NaPO,, pH 7.4). Cells were lysed by three passages through a French pressure cell at 20,000
Ib/in? (SLM Aminco, Silver Spring, MD). The soluble fraction was loaded onto a 5-ml NTA column (GE
Healthcare Life Sciences) charged with Ni?*. Protein was eluted from the column using a linear gradient
in Ni-NTA column buffer and elution buffer (500 mM NacCl, 350 mM imidazole, 1 mM PMSF, 20 mM NaPO,,
pH 7.0). Fusion protein-containing fractions were pooled, and tobacco etch virus nuclear-inclusion-a
endopeptidase (TEV protease) was added to a final concentration of 0.2 mg/ml. After incubation at room
temperature for 24 h, the solution was centrifuged at 55,000 X g and 4°C for 30 min. Precipitated IcpA
in the pellet fraction was solubilized at room temperature for 25 min in Ni-NTA column buffer containing
50 mM sodium cholate and filtered through a 0.22-um cellulose acetate syringe filter. To remove any
remaining MBP, the filtrate was loaded onto a 5 ml Ni-NTA column, and the IcpA-containing flowthrough
fractions were pooled, concentrated, dialyzed against 300 mM NaCl, 50 mM sodium cholate, 5% glycerol,
40 mM Tris-HCl, pH 7.4, and stored at —80°C.

Immunoblotting. Polyclonal antibodies raised against purified ligand-binding domains of McpT-
McpX and McpZ were purified as described previously (67). Briefly, 1 mg of purified protein was
separated on a 12.5% acrylamide gel and transferred to a nitrocellulose membrane (Amersham Protran
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0.45 NGC; GE Healthcare). Proteins were stained on the membrane using 1% Ponceau S, and the
protein-containing membrane was cut into pieces (1 cm by 0.5 cm). Membrane pieces then were
incubated for 16 h at 4°C with 2 ml of crude serum. The blots were washed three times with PBS-0.1%
bovine serum albumin (BSA), twice with PBS-0.1% BSA-0.1% Nonidet P-40, and three times with
PBS-0.1% BSA for 5 min per wash step. The specific antibodies were eluted from the membrane by
incubating with 750 ul of 0.2 M glycine-HCl, pH 2.5, for 1 min, followed by neutralization with 375 ul of
prechilled 1 M potassium phosphate, pH 9.0. The elution was repeated once, and the combined eluates
were dialyzed three times against PBS and stored at —80°C.

Samples for immunoblots were prepared as follows. For whole-cell extracts, 1 ml cell culture of
RU11/001 at an ODg,, of 0.250 + 0.002 was pelleted and suspended in 15 ul of supernatant and 15 ul
of Laemmli buffer (4.5% SDS, 18.75 mM Tris-HCl, pH 6.5, 43.5% glycerin, 0.0125% bromophenol blue, and
5% B-mercaptoethanol). Samples then were boiled at 100°C for 10 min and stored at —30°C. Control
samples comprised cell extracts from appropriate deletion strains treated identically. Standard curves
were made by adding defined quantities of protein to appropriate deletion strain lysates. Immunoblot
analyses were carried out as described previously (44). Briefly, proteins from cell extracts were separated
on 12.5% acrylamide gels and then transferred to a 0.45-um nitrocellulose membrane. The membrane
was blocked overnight with 5% nonfat dry milk solution made in PBS-0.1% Tween 20. The blots were
probed with a 1:200 dilution of purified antibodies or 1:5,000 dilution of crude serum. Mouse monoclonal
anti-GFP was used at a 1:5,000 dilution to detect McpW-eGFP fusion protein. Blots were washed three
times with PBS-0.1% Tween 20 and then probed with a 1:5,000 dilution of donkey anti-rabbit horse-
radish peroxidase-linked whole antibody. The blots were washed three times with PBS-0.1% Tween 20.
Detection was performed by chemiluminescence (Amersham ECL Western blotting detection kit or
SuperSignal West Femto maximum-sensitivity substrate for McpY) using Hyperfilm ECL (GE Healthcare).
Images were captured by using an Epson Perfection 1640SU scanner, and intensities were quantified
using ImageJ. Variations caused by improper blotting of proteins and manual error were minimized by
only using those blots for quantification that had a standard curve with an R? value of >0.95.

Protein concentrations were initially determined by the standard Bradford assay using quick-start
Bradford 1X dye reagent (Bio-Rad) and a bovine serum albumin standard curve in accordance with the
manufacturer’s protocol. Amounts of proteins stated in the figure legends were calculated using this
method. Accurate protein concentrations were obtained by quantitative amino acid analyses after total
acid hydrolysis performed at the Protein Chemistry Laboratory, Texas A&M University.

Fluorescence microscopy. Motile cells were pelleted and suspended in 15 ul of PBS. Five microliters
was placed on a slide coated with poly-L-lysine, a coverslip was placed on top of the cell suspension
droplet, and the edges were sealed with acrylic polymer to prevent drying. Images were taken with an
Olympus IX71 microscope using a 100X, 1.4-numeric-aperture UPlanSApo objective lens equipped with
a charge-coupled-device camera (Photometrics CoolSNAP HQ2CCD) and processed using SoftWorx
software (Applied Precision). Fluorescence images of eGFP (excitation, 470 nm) were detected using a
fluorescein isothiocyanate (525 nm) filter. Images were analyzed with MicrobeTracker, a MATLAB
(MathWorks)-based software package (73).

Determination of dry weight. Dry weight was determined as previously described (18). Five 25-ml
samples were harvested by centrifugation, resuspended in 77 mM ammonium acetate, pH 7.0, trans-
ferred to tared Sarstedt tubes, centrifuged, washed in the same buffer, and lyophilized for 3 days.
Medium and buffer were prefiltered (0.2 um). A value of 0.053 *= 0.008 mg/ml of culture (means *
standard deviations [SD] for five determinations) was obtained. The cytoplasmic volume/milligram of dry
weight of 1.4 ul was taken from Stock et al. (74).
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