
 

Molecular Microbiology (2005) 

 

57

 

(3), 774–785 doi:10.1111/j.1365-2958.2005.04728.x

© 2005 Blackwell Publishing Ltd

 

Blackwell Science, LtdOxford, UKMMIMolecular Microbiology0950-382XBlackwell Publishing Ltd, 2005

 

? 2005

 

57

 

3774785

 

Original Article

 

MCP lattice disruption at high attractant concentrationA. C. Lamanna, G. W. Ordal and L. L. Kiessling

 

Accepted 24 April, 2005. *For correspondence. E-mail
kiessling@chem.wisc.edu; Tel. (

 

+

 

1) 608 262 0541; Fax (

 

+

 

1) 608
265 0764.

 

Large increases in attractant concentration disrupt the 
polar localization of bacterial chemoreceptors

 

Allison C. Lamanna,

 

1

 

 George W. Ordal

 

2

 

 and 
Laura L. Kiessling

 

1,3

 

*

 

1

 

Department of Biochemistry, University of Wisconsin at 
Madison, Madison, WI 53706, USA.

 

2

 

Department of Biochemistry, Colleges of Medicine and 
Liberal Arts and Sciences, University of Illinois at Urbana-
Champaign, Urbana, IL 61801, USA.

 

3

 

Department of Chemistry, University of Wisconsin at 
Madison, Madison, WI 53706, USA.

 

Summary

In bacterial chemotaxis, the chemoreceptors [methyl-
accepting chemotaxis proteins (MCPs)] transduce
chemotactic signals through the two-component his-
tidine kinase CheA. At low but not high attractant
concentrations, chemotactic signals must be ampli-
fied. The MCPs are organized into a polar lattice, and
this organization has been proposed to be critical for
signal amplification. Although evidence in support of
this model has emerged, an understanding of how
signals are amplified and modulated is lacking. We
probed the role of MCP localization under conditions
wherein signal amplification must be inhibited. We
tested whether a large increase in attractant concen-
tration (a change that should alter receptor occu-
pancy from 

 

c

 

. 0% to 

  

>>>>

 

 95%) would elicit changes in
the chemoreceptor localization. We treated 

 

Escheri-
chia coli

 

 or 

 

Bacillus subtilis

 

 with a high level of
attractant, exposed cells to the cross-linking agent
paraformaldehyde and visualized chemoreceptor
location with an anti-MCP antibody. A marked
increase in the percentage of cells displaying a dif-
fuse staining pattern was obtained. In contrast, no
increase in diffuse MCP staining is observed when
cells are treated with a repellent or a low concentra-
tion of attractant. For 

 

B. subtilis

 

 mutants that do not
undergo chemotaxis, the addition of a high concen-
tration of attractant has no effect on MCP localization.
Our data suggest that interactions between chemore-
ceptors are decreased when signal amplification is
unnecessary.

Introduction

 

The chemotaxis system of bacteria has been used as a
model for elucidating the molecular details of signal trans-
duction in general and two-component signalling specifi-
cally (Bourret 

 

et al

 

., 1991; Parkinson, 1993; West and
Stock, 2001). Chemotactic signals are initiated by the
binding of molecules in the environment to transmem-
brane chemoreceptors. A two-component signalling sys-
tem transforms information on attractant and repellent
concentrations into a behavioural response (Gegner 

 

et al

 

.,
1992). Changes in receptor occupancy influence the
phosphorylation of the histidine kinase CheA, which is
linked to the chemoreceptors via the scaffolding protein
CheW (Schuster 

 

et al

 

., 1993) and CheV in 

 

Bacillus subtilis

 

(Karatan 

 

et al

 

., 2001). The response regulator CheY is a
substrate of CheA, and the concentration of phospho-
CheY is influenced by external conditions (Wylie 

 

et al

 

.,
1988). Phospho-CheY can interact with the flagellar
motor, thereby modulating flagellar rotation between the
clockwise (CW) and counterclockwise (CCW) directions
(Barak and Eisenbach, 1992). Bacteria ‘run’ in the pres-
ence of attractants, as the resulting bias towards CCW
flagellar rotation propels them in the direction of the high-
est attractant concentration. A bias towards CW rotation
results in a ‘tumbling’ movement, allowing the bacteria to
move away from repellents and sample the surrounding
area for attractants.

Bacteria return to their pre-stimulus state through adap-
tation. Adaptation, which is regulated by methylation of the
chemoreceptors, allows cells to respond to changing
levels of chemoeffectors. The methyltransferase CheR
catalyses the methylation of glutamate residues in the
cytoplasmic domain of the chemoreceptors (Springer and
Koshland, 1977; Burgess-Cassler 

 

et al

 

., 1982; Zimmer

 

et al

 

., 2000). CheB, another target of CheA phosphoryla-
tion, attenuates methylation through the hydrolysis of
methyl esters generated by CheR (Stock and Koshland,
1978; Thoelke 

 

et al

 

., 1989; Bunn and Ordal, 2004).
Because of the role of methylation in adaptation, the
chemoreceptors are termed methyl-accepting chemotaxis
proteins (MCPs).

Critical components of the chemotaxis machinery are
conserved from 

 

Escherichia coli

 

 to 

 

B. subtilis

 

, including
CheW (Hanlon 

 

et al

 

., 1992a), CheA (Fuhrer and Ordal,
1991) and CheY (Bischoff and Ordal, 1991). Additionally,
the sequences of the cytoplasmic domains of the MCPs
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are similar (Moual and Koshland, 1996). Accordingly, anti-
bodies raised to the cytoplasmic domain of one species
cross-react with the MCPs of other species (Alam and
Hazelbauer, 1991; Morgan 

 

et al

 

., 1993). Chemoreceptors
are composed largely of 

 

a

 

-helical regions; they exist as
stable homodimers (Milligan and Koshland, 1988), and
their cytoplasmic ends associate to form a four-helix bun-
dle (Kim 

 

et al

 

., 1999). Moreover, the MCP cytoplasmic
domains can oligomerize into trimers of dimers (Kim 

 

et al

 

.,
1999; Studdert and Parkinson, 2004), and these oligo-
mers have been implicated in signalling (Ames 

 

et al

 

.,
2002; Levit 

 

et al

 

., 2002; Bunn and Ordal, 2003). Higher-
order complexes of signalling components may also
occur, as chemoreceptors have been observed to concen-
trate at the cell poles in an evolutionarily diverse group of
bacteria and an archaeon (Maddock and Shapiro, 1993;
Harrison 

 

et al

 

., 1999; Gestwicki 

 

et al

 

., 2000; Kirby 

 

et al

 

.,
2000). Thus, it appears that the structural features of the
MCPs and their ability to localize within the cell are con-
served throughout bacteria.

Protein components of the chemotaxis systems of
many prokaryotic species are similar, yet there are differ-
ences (Bischoff and Ordal, 1992; Armitage and Schmitt,
1997). Some bacteria, including 

 

B. subtilis

 

, express CheV,
a CheW homologue with an additional response regulator
(CheY-like) domain (Fredrick and Helmann, 1994; Rosario

 

et al

 

., 1994; Pittman 

 

et al

 

., 2001). In 

 

E. coli

 

, methanol
release (demethylation) occurs only in response to repel-
lents (negative stimuli) (Stock and Koshland, 1978),
whereas methanol is released from 

 

B. subtilis

 

 in response
to all stimuli (Goldman 

 

et al

 

., 1982; Hanlon 

 

et al

 

., 1992b;
Zimmer 

 

et al

 

., 2000). In 

 

E. coli

 

, attractant binding leads to
a decrease in CheA phosphorylation, a decrease in CheY
phosphorylation, and a subsequent running response.
Conversely, in 

 

B. subtilis

 

, attractants elicit an increase in
CheA phosphorylation, an increase in CheY phosphory-
lation and a corresponding running response (Garrity and
Ordal, 1997). Despite these differences, similarities are
preserved in the structures of the signalling pathway com-
ponents, the cellular organization of the chemoreceptors
and the mechanism by which signals are transduced.

It has been hypothesized that MCP–MCP interactions
are important in the signalling process that leads to
chemotaxis (Bray 

 

et al

 

., 1998; Kim 

 

et al

 

., 2002; Mello and
Tu, 2003). Bacteria have the ability to sense and respond
to very small changes (

 

~

 

5%) in chemoattractant over con-
centration ranges that span five to six orders of magnitude
(Mesibov 

 

et al

 

., 1973; Segall 

 

et al

 

., 1986; Jasuja 

 

et al

 

.,
1999; Kim 

 

et al

 

., 2001). Amplification of the signal is
needed to afford behavioural changes in response to small
changes in attractant concentration (Jasuja 

 

et al

 

., 1999;
Stock, 1999; Sourjik and Berg, 2002). Conversely, no
amplification is required if the changes in attractant con-
centration are large. Signal magnification has been pro-

posed to occur through a lattice-type network of MCPs
(Bray 

 

et al

 

., 1998; Shi and Duke, 1998; Duke and Bray,
1999). Recent theoretical (Mello and Tu, 2003; Albert

 

et al

 

., 2004) and experimental (Lybarger and Maddock,
2000; Ames 

 

et al

 

., 2002; Gestwicki and Kiessling, 2002;
Lamanna 

 

et al

 

., 2002; Sourjik and Berg, 2002; 2004; Zim-
mer 

 

et al

 

., 2002; Homma 

 

et al

 

., 2004) results provide sup-
port for this model in both 

 

E. coli

 

 and 

 

B. subtilis

 

. We
demonstrated that stabilizing interactions between sugar-
sensing MCPs can alter the signal output of serine-
sensing MCPs, in both 

 

E. coli

 

 (Gestwicki and Kiessling,
2002) and 

 

B. subtilis

 

 (Lamanna 

 

et al

 

., 2002). Still, a molec-
ular-level understanding of how signals are amplified at
low yet not at high attractant concentrations is lacking.

In models for signal amplification via a lattice, proposals
that the extent of inter-receptor communication depends
on ligand concentration have been advanced (Bray 

 

et al

 

.,
1998; Duke and Bray, 1999; Bray, 2002; Albert 

 

et al

 

.,
2004). A change in the extent of chemoreceptor–
chemoreceptor interactions might contribute to the ability
of bacteria to respond to chemoeffectors over a large
dynamic range. To test whether attractants elicit changes
in MCP localization, we visualized changes in the polar
localization of MCPs in cells treated with a high concen-
tration of attractant. In either 

 

E. coli

 

 or 

 

B. subtilis

 

, we
observed a disruption of the MCP polar lattice when the
change in attractant concentration is large. Moreover, we
found that unresponsive mutants or those with strongly
impaired chemotactic responses do not give rise to
changes in MCP localization under these conditions.

 

Results

 

Effects of chemoattractants on the labelling patterns of 
chemoreceptors

 

Chemoreceptor cross-linking via disulphide formation or
cysteine- or lysine-reactive agents has been used to study
the structure and localization of MCPs (Falke and
Koshland, 1987; Milligan and Koshland, 1988; Lee 

 

et al

 

.,
1995; Hughson and Hazelbauer, 1996; Ames 

 

et al

 

., 2002;
Bunn and Ordal, 2003; Homma 

 

et al

 

., 2004; Studdert and
Parkinson, 2004). We employed paraformaldehyde as a
cross-linking agent. Given the small size of the reactive
species (formaldehyde), covalent links will occur only
between  closely  associated  proteins  (Leong,  1994).
We compared MCP localization in wild-type, mutant,
chemoeffector-stimulated and adapted bacteria using
paraformaldehyde fixation. To visualize chemoreceptor
localization, we treated fixed cells with an antibody that
reacts with the cytoplasmic portion of the MCPs (Alam
and Hazelbauer, 1991; Kirby 

 

et al

 

., 2000) and a fluorescent
secondary antibody. Bacteria give rise to either a staining
pattern indicative of polar chemoreceptor clusters (Mad-
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dock and Shapiro, 1993) or a staining pattern in which no
polar clusters were observed (Fig. S1). We labelled this
latter staining pattern ‘diffuse’. We scored the pattern of
fluorescence using two separate methods: visual inspec-
tion using approaches similar to those described previ-
ously (Ames 

 

et al

 

., 2002), and line scan analysis of the
deviation in fluorescence intensity across the longitudinal
axis of the cell. Both methods afforded similar results.

Previous reports indicate that 85% of 

 

E. coli

 

 cells exhibit
polar MCP localization (Ames 

 

et al

 

., 2002). Using an anti-
MCP antibody, we assessed MCP localization in unstim-
ulated 

 

E. coli

 

 cells. Our data indicate that the chemore-
ceptors are localized at the poles for most of the
population, but 16% of the bacteria exhibit a diffuse stain-
ing pattern (Fig. 1). Thus, our results are consistent with
data in the literature (Ames 

 

et al

 

., 2002). To test whether
attractants elicit changes in MCP localization, we exposed

 

E. coli

 

 to a concentration of attractant that should result
in greater than 95% occupation of the relevant chemore-
ceptor (Mesibov and Adler, 1972; Adler 

 

et al

 

., 1973;
Mesibov 

 

et al

 

., 1973; Biemann and Koshland, 1994). Spe-
cifically, we treated 

 

E. coli

 

 with 1 mM attractant (glucose,
serine or aspartate), fixed the cells immediately with
paraformaldehyde and visualized MCP localization. At the
high level of receptor occupation expected at this concen-
tration (

 

>

 

 95% of the target receptor), signal amplification
is not required. With 1 mM attractant, 50–60% of the cells
exhibit diffuse staining. Thus, the MCPs in at least half of
these cells are not localized at the poles.

Bacteria adapt to a constant concentration of a stimu-
lant over time. We hypothesized that the polar lattice of
chemoreceptors would be restored in bacteria that had
undergone adaptation after exposure to a chemoattrac-
tant. To test this hypothesis, cells were exposed to high
concentrations of chemoattractant (1 mM) over a time

period sufficient to allow for adaptation before subsequent
treatment with attractant (1 mM) and paraformaldehyde to
induce cross-linking. The percentage of cells exhibiting
diffuse staining under these conditions was similar to that
of untreated cells (20–25%) (Fig. 1).

The MCP lattice includes receptors that are present in
relatively high and low (5- to 10-fold less) abundance
(Hazelbauer and Engström, 1981; Slocum and Parkinson,
1983; Li and Hazelbauer, 2004). We sought to assess the
effects of chemoattractants that initiate signalling through
high- and low-abundance receptors. A large increase in
the concentration of an attractant (Asp or Ser) that acts
through a high-abundance receptor (e.g. Tar or Tsr
respectively) or one (glucose) that acts through a low-
abundance receptor (Trg) afforded a similar increases in
cells exhibiting diffuse MCP staining (Fig. 1). Thus, the
observed changes in chemoreceptor proximity can be trig-
gered by signals initiated through either high- or low-
abundance MCPs.

Our initial results in 

 

E. coli

 

 prompted us to conduct
comparable experiments with 

 

B. subtilis

 

. We envisioned
that these latter experiments would reveal whether the
attractant-promoted changes in chemoreceptor localiza-
tion were conserved across bacterial species. As when 

 

E.
coli

 

 were treated with a high attractant concentration, we
found the proportion of treated 

 

B. subtilis

 

 cells displaying
diffuse staining rose; an increase from 16% to 38% was
observed (Fig. 1). Upon adaptation, the number of cells
exhibiting diffuse staining returned to pre-stimulus levels.
Thus, similar decreases in MCP proximity are elicited by
a large increase in attractant concentration in either 

 

B.
subtilis

 

 or 

 

E. coli

 

 cells. These data suggest that a large
increase in attractant concentration disrupts chemorecep-
tor localization.

Substantial signal amplification is required under con-
ditions in which less than 2% of the receptors are occu-
pied by attractant. We would expect that MCP–MCP
interactions would be required to amplify the signal under
these circumstances (Lybarger and Maddock, 2000;
Ames 

 

et al

 

., 2002; Gestwicki and Kiessling, 2002;
Lamanna 

 

et al

 

., 2002; Sourjik and Berg, 2002; Zimmer

 

et al

 

., 2002). If disrupting chemoreceptor localization is
important for decreasing the sensitivity of the cell to high
concentrations of attractants, we would predict that
chemoreceptor localization would be maintained at low
attractant concentrations. To test this hypothesis, we
treated 

 

E. coli

 

 and 

 

B. subtilis

 

 with a low concentration of
attractant (1 

 

m

 

M Asn or 0.01 

 

m

 

M Asp) and visualized MCP
localization subsequent to paraformaldehyde-mediated
cross-linking. In either 

 

E. coli

 

 or 

 

B. subtilis

 

, no changes in
MCP localization were detected relative to untreated cells
(Fig. 2).

Repellents induce bacteria to tumble, as they elicit CW
flagellar rotation. We tested whether repellents, like attrac-

 

Fig. 1.

 

Percentages of 

 

E. coli

 

 or 

 

B. subtilis

 

 cells exhibiting diffuse 
staining when treated with chemoattractants at high concentration 
(1 mM). This concentration is estimated to correspond to 95% recep-
tor occupancy. Adapted cells were pre-treated with 1 mM stimuli.
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tants, would alter MCP localization. The addition of repel-
lents did not increase the percentage of cells exhibiting
diffuse staining patterns in 

 

E. coli

 

 (Fig. 2). In 

 

E. coli

 

, repel-
lents may subtly increase the polar localization of the
MCPs; this observation suggests that repellents have the
inverse effect of attractants on chemoreceptor localiza-
tion. The effect of repellents on polar staining was modest,
however, and definitive conclusions cannot be drawn.

 

Effects of mutations in signalling components on MCP 
proximity

 

We sought to determine whether the observed changes
in chemoreceptor localization relate to signal output. To
this end, we examined MCP localization in 

 

B. subtilis

 

strains in which chemotaxis proteins have been modified
or deleted. We probed strains that had severe defects in
chemotaxis as well as those whose deficiencies were
more modest.

To explore the importance of MCP–MCP interactions,
we examined 

 

B. subtilis mutants that produce McpB but
not heterologous MCPs. These cells have a low CCW bias
(Zimmer et al., 2002); they tend to tumble more in the
absence of attractant yet respond normally to the addition
of attractant. They also adapt normally, although the
removal of attractant returns the bacteria to a hyper-tum-
bly state (Zimmer et al., 2002). In our studies, these bac-
teria often appeared elongated, and, although polar
staining was not apparent, the ‘diffuse’ pattern exhibited
by 60% of cells (Fig. 3) was more punctuate than the
diffuse staining displayed by other mutants. Although the
MCP-depleted cell did not have consistent polar arrays,
smaller clusters appeared to be spread throughout.

We investigated the importance of the MCP lattice by

using cells deficient in key scaffolding proteins. In B. sub-
tilis, deletion of both CheW and its homologue CheV
results in cells that have lost chemotactic ability (Rosario
et al., 1994). When MCP localization was examined in the
mutant cells, approximately 50% display diffuse staining
(Fig. 4). Upon attractant addition, no change in MCP prox-
imity can be detected. Thus, in these mutants that are
unable to undergo chemotaxis, no decrease in MCP local-
ization in response to a high attractant concentration is
observed.

We also tested mutant strains with less severe defects
in chemotaxis that encode defective CheW or CheV pro-
teins (Fig. 4). The B. subtilis strain that lacks CheW shows
a small change in CCW bias in response to attractants.
In comparison with wild-type cells, a higher percentage of
cells of this strain exhibit diffuse staining. When subjected

Fig. 2. Percentages of E. coli or B. subtilis cells exhibiting diffuse 
staining when treated with a high concentration of repellent (leucine) 
or a low concentration of attractant (predicted receptor occupancy of 
less than 2%). The stimulant concentrations were: 1 mM leucine, 
10 nM aspartate and 1 mM asparagine. Adapted cells were pre-
treated with stimuli at the same concentrations.
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to a large increase in the concentration of Asn attractant
(1 mM), only a subtle increase in the percentage of mutant
cells exhibiting a diffuse staining pattern is detected. Sim-
ilarly, we assessed mutants that encode defective CheV
variants. CheV has one domain homologous to CheW and
a second domain similar to CheY; the latter can be phos-
phorylated at aspartate 235 (Karatan et al., 2001). Cells
that cannot produce phospho-CheV, either because they
possess a CheV variant in which the domain homologous
to CheY is deleted (OI3159) or because an Ala residue
replaces the critical Asp (OI3447), exhibit defects in adap-
tation (Rosario et al., 1994; Karatan et al., 2001). Their
return to pre-stimulus behaviour after exposure to an
attractant is partial and occurs after a longer time period.
As is seen with wild-type bacteria, however, an increase
in the proportion of mutant bacteria exhibiting diffuse
staining is elicited by a large boost in stimulant concen-
tration (Fig. 4). As expected for cells that do not properly
adapt, the level of polar MCP localization following adap-
tation does not correspond to that of wild-type cells. The
degree of adaptation in the DcheWcheVtrun is similar to
that in the DcheWDcheV strain; the degree of adaptation
in the DcheWcheV D235A mutant is greater, although it
does not adapt as effectively as wild type. Accordingly, the
phenotype of the DcheWcheVtrun strain is more severe
(i.e. it undergoes less adaptation) than of the DcheWcheV
D235A mutant strain (Karatan et al., 2001). Thus, for
mutant strains that possess minor defects in chemotaxis,
the percentage of unstimulated cells exhibiting diffuse
staining is increased relative to wild-type cells. As with
wild-type cells, however, a large increase in attractant
concentration elicits a further increase in the percentage
of cells that manifest diffuse staining.

The results obtained for the mutants encoding CheV
variants led us to further explore the influence of muta-
tions in the genes critical for adaptation. For example,
changes in the methylation state of the chemoreceptor
McpB are important for B. subtilis adaptation to the
chemoattractant asparagine, and the glutamate residue at
position 630 has been shown to play a role (Zimmer et al.,
2000). A mutant that encodes an McpB E630K variant
(OI3860) exhibits continuous running behaviour, even in
the absence attractant (M. Zimmer and G. Ordal, unpub-
lished results). We postulated that a consistently higher
percentage of this mutant would display diffuse staining.
The McpB E630K cells exhibited the greatest percentage
of diffuse staining. No change was observed upon the
addition of chemoattractant (Fig. 5).

We also examined chemoreceptor localization in
mutants that show other phenotypes indicative of defects
in adaptation. Strains with glutamate-to-aspartate substi-
tutions at key residues for adaptation (McpB E630D and
McpB E637D) retain chemotactic ability; however, their
ability to adapt is compromised relative to wild-type cells

(Zimmer et al., 2000). Specifically, the mutant harbouring
McpB E630D (OI3598) does not adapt to Asn removal,
and the mutant possessing McpB E637D (OI3599) does
not adapt to Asn addition. As with the E630K variant, we
detected a higher percentage of unstimulated mutant cells
with diffuse staining. When an attractant was added at
high concentration to these responsive mutant strains,
decreases in polar MCP localization resulted. Thus,
attractant-induced decreases in the percentage of mutant
cells with MCPs localized at the poles are observed for
strains that are capable of chemotaxis. The magnitude of
the decrease correlates with the mutant’s ability to
respond properly to attractant.

Cells with defective adaptation responses can also
arise from mutations that encode variants of the methyl-
transferase CheB and the methylesterase CheR. A dom-
inant negative mutation in the gene encoding the
methylesterase CheB (OI1130) disrupts the ability of
CheA to phosphorylate CheY (Ordal et al., 1985); cells
with this mutation do not undergo chemotaxis (Ordal
et al., 1985). Accordingly, we reasoned that signals impor-
tant for eliciting chemotaxis would be disrupted. The levels
of phospho-CheY in these cells should be low, but inter-
actions between the MCPs should be preserved. The
percentage of unstimulated mutant OI1130 cells exhibiting
diffuse staining was only slightly higher than wild-type
cells. As predicted, wild-type-like changes in the percent-
age of cells exhibiting diffuse MCP localization in
response to stimulation and adaptation were observed
(Fig. 3).

We also tested whether chemoreceptor localization
would be altered in mutants harbouring higher concentra-
tions of phospho-CheY. CheC is a protein that is important
for chemotaxis as it acts to promote the hydrolysis of
phospho-CheY (Szurmant et al., 2004a). A mutant pos-
sessing a deletion in cheC does not adapt properly to

Fig. 5. Percentages of cells exhibiting diffuse staining in B. subtilis 
McpB adaptation mutant strains. Bacteria were treated with 1 mM 
asparagine. Adapted cells were pre-treated with 1 mM asparagine.
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attractant and shows an increase in post-stimulus CCW
bias (Rosario et al., 1995). When MCP localization was
visualized in this mutant, staining patterns similar to those
observed for wild-type B. subtilis were obtained (Fig. 3).
Thus, changes in the intracellular concentration of the
diffusible response regulator CheY result in defective
chemotaxis without altering chemoreceptor localization.

Discussion

There is increasing evidence that inter-chemoreceptor
interactions are important for signal amplification (Lyba-
rger and Maddock, 2000; Ames et al., 2002; Gestwicki
and Kiessling, 2002; Lamanna et al., 2002; Sourjik and
Berg, 2002; 2004; Zimmer et al., 2002; Homma et al.,
2004). Recent reports suggest that different chemorecep-
tors can signal collaboratively in both E. coli and B. sub-
tilis, and ligands that can pre-cluster small groups of
receptors potentiate subsequent signals through other
receptors (Ames et al., 2002; Gestwicki and Kiessling,
2002; Lamanna et al., 2002; Studdert and Parkinson,
2004). At low attractant levels, increased association
between chemoreceptors, that is, stabilization of the MCP
lattice, promotes amplification of chemotactic signalling.
Conversely, when cells encounter a large increase in
attractant concentration, a decrease in the associations in
the stability of the MCP array could minimize signal ampli-
fication. This scenario provides a means for cells to
respond appropriately; signals are amplified only when it
is necessary.

We assessed the effect of different stimulants on MCP
localization using the lysine-reactive cross-linking agent
paraformaldehyde. Using a method such as monitoring
the polar localization of green fluorescent protein (GFP)-
labelled MCPs, only large and persistent changes in
chemoreceptor localization can be detected. Indeed, no
changes in MCP localization could be discerned upon the
addition of high attractant concentrations to live cells pro-
ducing GFP–MCP fusion proteins (Homma et al., 2004).
In contrast, cross-links formed via the reaction of
paraformaldehyde occur only between closely associated
proteins, and such covalent linkages are relatively stable.
Thus, using this reagent, transient changes in receptor
proximity can be preserved in the cell for further process-
ing and visualization (Leong, 1994). We reasoned this
type of covalent cross-linking reaction would be exquis-
itely sensitive to changes in receptor proximity.

To determine whether MCP localization is altered under
conditions  in  which  signal  amplification  is  not  required,
we treated E. coli or B. subtilis cells with high concentra-
tions of attractant (> 95% receptor occupancy), added
paraformaldehyde and visualized MCP localization. Upon
exposure to this high level of attractant, an increase in the
percentage of cells exhibiting diffuse MCP staining was

observed for both B. subtilis and E. coli. We postulate that
changes in the fraction of cells exhibiting diffuse staining
pattern can be interpreted as a qualitative measure of the
stability of the MCP lattice. This diffuse staining might
reflect either large changes in MCP localization or subtle
alterations in MCP–MCP interactions within the lattice; the
latter could be magnified during the processing of sam-
ples for visualization. In both cases, we postulate that the
change in MCP proximity results from a decrease in the
stability of the lattice.

We tested whether changes in MCP localization could
be effected by other conditions. When cells were exposed
to low attractant concentrations (c. 2% receptor occu-
pancy), no change in chemoreceptor proximity could be
detected. To further investigate changes in chemoreceptor
clustering, we explored the effects of repellents. E. coli
typically respond more sensitively to attractants than the
repellents. Accordingly, the addition of a repellent does
not result in measurable changes in the MCP array. When
we used high attractant concentrations but performed our
experiments after a period of time that would allow for
adaptation, the MCPs were localized as in untreated cells.
Thus, the chemoreceptors are localized at attractant lev-
els requiring signal amplification, and chemoreceptor
localization occurs upon adaptation to reset the system.
However, when signal amplification is dispensable, the
data indicate that interactions between chemoreceptors
are weakened.

Previous theoretical models also have suggested that
ligand binding decreases the interactions between MCPs
(Bray et al., 1998; Albert et al., 2004). A recent report
(Homma et al., 2004) describes data consistent with these
models and our results. These studies employed E. coli
producing engineered Tar variants that possess cysteine
residues that can form cross-links via disulphide bond
formation. In the presence of a high aspartate concentra-
tion (1 mM), the extent of cross-linking between the recep-
tor periplasmic domains decreased and the amount of
cross-linked oligomers was reduced. Our data support
these predictions: MCP localization is decreased in the
presence of a high attractant concentration, a situation in
which signal amplification is not required.

Data from mutants implicate a role for MCP localization
in controlling output responses. For example, Maddock
and co-workers found that high-abundance chemorecep-
tors, when expressed alone, formed clusters; and E. coli
producing only a single high-abundance chemoreceptor
can perform chemotaxis (Lybarger and Maddock, 2000).
In contrast, no clustering was observed in cells producing
a single low-abundance MCP. Despite differences in the
clustering, both high- and low-abundance receptors were
localized at the poles. Still, mutant cells lacking high-
abundance MCPs do not exhibit chemotaxis. Using B.
subtilis mutants that produce McpB but not heterologous



780 A. C. Lamanna, G. W. Ordal and L. L. Kiessling

© 2005 Blackwell Publishing Ltd, Molecular Microbiology, 57, 774–785

MCPs, we obtained results that also support the impor-
tance of chemoreceptor localization. These mutant cells,
which respond to attractants but tend to be hypertumbly
in the unstimulated state, afforded a punctuate MCP-
staining pattern. Thus, the chemoreceptors appear to be
localized, although not at the cell poles. Together, these
results provide further support for the conclusion that
increased chemotactic ability is observed in cells exhibit-
ing higher levels of MCP clustering.

To investigate further the role of receptor clustering in
signal amplification, we used a panel of B. subtilis mutants
that produce variants of key signalling proteins important
for chemotactic responses. These defects ranged from
dramatic (e.g. mutants that did not respond to chemoat-
tractants) to subtle (e.g. mutants with altered biases in the
unstimulated state). For example, we examined mutants
with defects in proteins critical for assembling the MCP
lattice. In E. coli CheW serves as a scaffolding protein that
is critical for polar localization of the chemoreceptors;
diffuse staining of MCPs is observed for E. coli cells in
which CheW is non-functional (Maddock and Shapiro,
1993). Moreover, these mutants do not exhibit chemot-
axis. B. subtilis produce CheW and CheV. Because the
latter has an N-terminal CheW-like domain, CheW and
CheV are likely to have overlapping functional roles in the
assembly of the MCP lattice (Rosario et al., 1994; Karatan
et al., 2001). Consistent with this view, the cheV or cheW
null mutants are capable of chemotaxis but the cheVcheW
null mutant is not. Accordingly, we probed MCP localiza-
tion in a B. subtilis cheVcheW null mutant. In comparison
with wild-type cells, a greater percentage of the mutant
cells (c. 50%) exhibit diffuse chemoreceptor staining pat-
terns. Interestingly, no change in MCP proximity upon
attractant stimulation is observed. This result further impli-
cates a role for receptor proximity in chemotactic signal
processing.

The chemotactic responses of B. subtilis mutants lack-
ing functional CheW are more nuanced; thus, we exam-
ined MCP localization in this background. B. subtilis
mutants lacking CheW respond to attractants but
decreases in chemotactic activity relative to wild-type cells
are observed (Rosario et al., 1994; Karatan et al., 2001).
Moreover, a higher percentage of these mutant cells
exhibit diffuse MCP staining patterns. Still, we did observe
an increase in the percentage of cells displaying diffuse
staining upon exposure to a high concentration of attrac-
tant, although the changes were subtler than those in wild-
type cells. The mutant, which retains its ability to respond
to attractants, also exhibits decreases in MCP localization
upon stimulation with a high attractant concentration.

Changes in protein phosphorylation are critical for
proper chemotactic signal processing within the cell;
therefore, we examined B. subtilis mutants lacking a phos-
phorylated response regulator, phospho-CheV. In addition

to its N-terminal CheW-like domain, CheV has a C-
terminal response regulator domain, and Asp235 of CheV
can undergo phosphorylation (Karatan et al., 2001). Cells
that encode a CheV variant in which the C-terminal
domain has been deleted or cells that encode a CheV
variant that cannot undergo phosphorylation (D235A) do
respond to attractants but cannot adapt properly (Karatan
et al., 2001). From our studies of MCP localization in wild-
type B. subtilis, we predicted that the percentage of
mutant cells that exhibit diffuse MCP staining would
increase after exposure to high concentrations of attrac-
tant. As expected for cells capable of responding to attrac-
tants, this result, which is similar to that seen for wild-type
cells, was obtained. In contrast to the data obtained with
wild-type cells, an increase in cells with localized MCP
staining after time periods sufficient for adaptation was not
observed for the mutant. These data reinforce our findings
that reformation of a localized MCP lattice occurs upon
adaptation.

To probe further the relationship between MCP local-
ization and adaptation, we used mutant cells encoding
chemoreceptors possessing side-chain substitutions at
key methylation sites. The most dramatic effects were
observed with a mutant encoding an McpB E630K variant
that exhibits continual running behaviour. In these cells,
the MCP lattice appears to be destabilized dramatically
even in the absence of high attractant concentrations. No
change in MCP localization is observed upon attractant
addition. It is interesting that diffuse chemoreceptor stain-
ing patterns are observed for this as well as for the cheV-
cheW null mutant, as neither strain is capable of
chemotaxis.

The hypothesis that the MCP lattice is destabilized at
high attractant levels in B. subtilis is supported by recent
data reported by Bunn and Ordal (2003; 2004). They
found that, upon stimulation of the receptors by high con-
centrations of attractant, the chemoreceptors are more
susceptible to CheB methylesterase activity for a short
period. A brief destabilization of the MCP lattice upon
stimulation could allow CheB to access more readily the
cytoplasmic domains of the MCPs. Controlling the acces-
sibility of the chemoreceptors to the methylesterase is
another potential role for inter-chemoreceptor communi-
cation in modulating chemotactic signalling.

As with wild-type B. subtilis, Bunn and Ordal (2004)
found that the brief period of increased receptor suscep-
tibility towards the methylesterase occurs in the
cheWcheV null mutant. The methylesterase activity in the
wild-type and mutant bacteria returns to background lev-
els after a similar time period. Disulphide cross-linking
experiments indicate that the conformation of the recep-
tors after stimulation, in both wild type and the cheWcheV
null mutant, differs from that before stimulation (Szurmant
et al., 2004b). The modest decrease in the percentage of
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cells exhibiting diffuse chemoreceptor staining in the
cheWcheV null mutant (Fig. 4) is consistent with data from
the cross-linking experiments.

Our finding that high attractant doses elicit similar
changes in receptor proximity in B. subtilis and E. coli
indicates that this response is fundamental and conserved
in evolution. Although attractant binding leads to
increased CheA phosphorylation in B. subtilis and
decreased CheA phosphorylation in E. coli, decreased
MCP localization is observed upon treatment with high
levels of attractant in both species. Thus, the observed
changes in MCP localization do not depend on the phos-
phorylation state of CheA. This interpretation is supported
by observations that the polar localization of the MCPs is
independent of CheA phosphorylation (Skidmore et al.,
2000) and our data from B. subtilis mutants indicating that
MCP localization is decoupled from CheY phosphoryla-
tion state. Together, the data suggest that there is more
flexibility in the mechanism by which the kinase CheA
transmits the consequences of receptor occupation than
in the effects of attractants on the receptors. Our results
suggest that the changes in chemoreceptor conformation
and interactions that occur upon attractant binding are
conserved in evolution.

A model for understanding the data presented herein
builds on previous theoretical constructs that suggest that
ligand binding decreases the interactions between MCPs
(Bray et al., 1998; Albert et al., 2004). We propose that
attractant-occupied receptors have a higher affinity for
unoccupied receptors than for other occupied receptors.
Our data are consistent with a scenario in which receptors
bound to attractant interact weakly or not at all with other
bound receptors. Accordingly, ligand binding could disrupt
either a trimer of dimeric MCPs or a higher-order assem-
bly (vide infra). We hypothesize that, when unoccupied,
receptors associate to form small oligomers that can
assemble into an extended array. When chemoattractant
binds, the MCP complexes shift to a more open assembly
in which the interactions between MCP oligomers in the
lattice are destabilized. When high concentrations of
attractant are added and signal does not need to be
amplified, many contacts between MCPs could be desta-
bilized. This high level of receptor occupation would there-
fore afford a fluid or loosely associated collection of
receptors. This model is supported by our observation that
MCP localization decreases after treatment with high
attractant concentrations. At low attractant concentrations
when signal needs to be greatly amplified, bound MCPs
should be rare and therefore less likely to be in proximity
to one another. Under these circumstances, we envision
that unoccupied receptors would remain associated with
occupied receptors to allow for magnification of signal.
Methylation and adaptation could reset the system such
that the lattice is restored to a ‘closed’ assembly.

In our model, MCP oligomers (perhaps trimers of
dimers or other oligomers) exist in an extended lattice.
Upon chemoattractant binding, proportional destabiliza-
tion of the lattice would occur; MCP oligomers, perhaps
with only one occupied receptor, would dissociate into
islands whose size could be related to the extent of signal
amplification required (Fig. 6). Larger islands would result
in larger signal amplification. Upon adaptation, the MCP
oligomers would coalesce and reform the stable array.

One analogy for such a model of signal amplification is
found in eukaryotic signalling processes that involve
detergent-resistant lipid microdomains. Lipid micro-
domains can fluctuate in size and change their composi-
tion in response to the initiation of signalling pathways
(Edidin, 1997). Signalling from the B cell and T cell antigen
receptors and the immunoglobulin E receptor, for exam-
ple, is suggested to occur in dynamic lipid microdomains
(Field et al., 1997; Cheng et al., 1999; Giurisato et al.,
2003). In these signalling pathways, there is evidence that
antigen binding influences the associations between
receptor complexes. In B and T cell receptor signalling, it
has been proposed that ligand binding shifts the oligo-
meric receptor complex from a ‘closed’ to a more ‘open’
formation (Reth et al., 2000; Reth, 2001). Our data sug-
gest that oligomeric MCP complexes may function in a
similar way within the chemoreceptor lattice.

There is growing support for the importance of MCP–
MCP interactions in chemotactic signal amplification. We
have shown that the addition of a high concentration of
chemoattractant elicits a decrease in MCP localization in
both E. coli and B. subtilis. The data suggest that high
attractant concentrations destabilize the chemoreceptor

Fig. 6. Model for stimuli-induced changes in lattice organization. 
Amplification of a chemotactic signal has been described as propa-
gating through a lattice (top). Black circles represent bound ligand, 
and the signal emitted from an MCP is represented by the intensity 
of shading of the circle. Our results suggest that the lattice stability 
changes with respect to ligand concentration. Specifically, we pro-
pose that stimuli trigger the dissociation of receptors into ‘islands’ 
[bottom; similar to what Parkinson and co-workers (Ames et al., 2002) 
referred to as teams or squads]. The size of the ‘islands’ is likely 
proportional to both ligand concentration and signal output.

Lattice model

Lattice with "islands"
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lattice and that this destabilization corresponds to
decreased chemotactic signalling. The evidence pre-
sented is consistent with a model in which MCPs exist in
oligomers that dynamically dissociate and re-associate.
Our data suggest further parallels in the mode of signal
modulation in bacteria and eukaryotes.

Experimental procedures

Strains and growth media

Bacillus subtilis strains are listed with references in Table 1.
E. coli (AW405, J. Adler) were grown in Luria–Bertani
medium (1% Tryptone, 0.5% yeast extract, 0.5% NaCl). B.
subtilis were grown in 1% Tryptone, 0.5% NaCl, 0.2 mM
MgCl2, 0.01 mM MnCl2, 10 mM glucose and 0.5% glycerol.
All chemicals were reagent grade and obtained from Sigma
(St. Louis, MO) unless otherwise noted.

Fluorescence microscopy

Bacteria were prepared as described previously (Gestwicki
et al., 2000; Lamanna et al., 2002). Briefly, bacteria were
harvested and washed in phosphate-buffered saline, fixed
with 2% paraformaldehyde and allowed to adhere to poly
lysine-treated coverslips. E. coli were stained with an anti-
body (1:667) raised to the cytoplasmic portion of Trg (G.
Hazelbauer), and B. subtilis were stained with an antibody
(1:667) raised to McpB (G. Ordal). These antibodies have
been shown to label MCPs specifically in E. coli (Gestwicki
et al., 2000; Lamanna et al., 2002) and B. subtilis (Kirby
et al., 2000). MCPs were visualized with a goat anti-rabbit
secondary antibody labelled with fluorescein (Molecular
Probes, Eugene, OR) using a Nikon microscope with the 60¥
oil-immersion objective and MetaMorph Imaging System
software (Universal Imaging Corporation, Downingtown, PA).

The localization of the MCPs in each bacterium was deter-
mined by two independent methods. Using the first strategy,
bacteria were scored as having polar or diffuse localization
of MCPs (Fig. 7) and counted separately by two researchers.
Bacteria were assessed in a blinded manner, as experiments
were only numbered and those counting the bacteria did not
know which number corresponded to which experiment. MCP
localization was deduced by comparing the intensity of stain-

ing at the poles to that along the lateral edges of the bacte-
rium. Three random fields were counted for each experiment,
and each experiment was compared with a wild-type control
to ascertain any day-to-day variability. Samples were not
normalized because the wild-type controls were consistent in
each experiment. A sample data field is provided in Fig. S1
in Supplementary material. Each data set was derived from
at least three independent experiments. The total number of
cells counted ranged from 300 to 700 for each condition.
Standard error is reported. In the second method, bacteria
were analysed by measuring the fluorescence intensity along
a longitudinal cross-section using the ImageJ version 1.32
software package (National Institutes of Health, Bethesda,
MD) (Fig. S2). The variation in intensity across the bacterium
was measured by calculating the standard deviation from the
average of the intensities between, and including, the poles
of the bacterium. This standard deviation was scaled to the
maximum fluorescence intensity for each bacterium to deter-
mine a per cent deviation. Bacteria with a scaled standard
deviation greater than 11% were considered to have polar
MCP localization. Each method resulted in similar values that
were within error (2–3%). Examples are included in Figs S1
and S2 in Supplementary material.

Stimulation and adaptation conditions

Stimulants (asparagine, aspartate, serine, glucose or leu-
cine) were added immediately before fixation. Stimuli were
used at 1 mM for high concentration experiments. For low
concentrations, asparagine was used at 1 mM and aspartate

Table 1. Bacillus subtilis strains and counterclockwise (CCW) biases at high attractant concentration.

Strain Characteristic
Pre-stimulus 
CCW bias

Post-stimulus  
CCW bias Ratio References

OI1085 Wild type 56 57 0.99 Rosario et al. (1994); Karatan et al. (2001)
OI2737 DcheW 67 64 1.04 Rosario et al. (1994); Karatan et al. (2001)
HB4007 DcheW/DcheV 10 10 – Rosario et al. (1994)
OI3159 DcheW/cheV1-168 65 90 0.72 Rosario et al. (1994); Karatan et al. (2001)
OI3447 DcheW/cheVD235A 60 78 0.77 Karatan et al. (2001)
OI3598 mcpBE630D 40 57 0.70 Zimmer et al. (2000)
OI3599 mcpBE637D 67 89 0.75 Zimmer et al. (2000)
OI3860 mcpBE630K 90 90 – M. Zimmer and G. Ordal (unpublished)
OI3605 Dmcps, mcpB 20 60 0.33 Zimmer et al. (2002)
OI1130 DcheB (dom neg) 0 0 – Ordal et al. (1985)
OI3135 DcheC 60 78 0.77 Rosario et al. (1995)

Fig. 7. Example of polar (A) and diffuse (B) staining patterns of B. 
subtilis MCPs. Cells were treated with paraformaldehyde to cross-link 
proteins then stained with an antibody to the cytoplasmic portion of 
McpB and a fluorescein-labelled secondary antibody. The bar repre-
sents 1 mm.

A

B
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at 10 nM. For experiments in which adaptation to stimuli was
performed, the same concentration of ligand was added to
the wash buffer, and bacteria were allowed to adapt to the
stimulant for 5 min before paraformaldehyde treatment.

‘High’ concentrations represent receptor occupancies of
95% or greater, while ‘low’ concentrations correspond to a
receptor occupancy of less than 2%. Receptor occupancy
(RO)  for  each  ligand  (L)  was  calculated  as  follows  based
on reported dissociation constants (Kd):%RO = (100%)[L]/
(Kd + [L]) (Mesibov et al., 1973). For example, the Kd for Asn
in B. subtilis is 56 mM (Ordal et al., 1977; Kirby et al., 2000),
which yields 95% RO at 1 mM. In E. coli, the reported disso-
ciation constants for aspartate, glucose and serine are
1.2 mM, 0.6 mM and approximately 50 mM respectively (Mesi-
bov and Adler, 1972; Adler et al., 1973; Mesibov et al., 1973;
Biemann and Koshland, 1994).
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Fig. S1. Raw data (one field) of CheW/CheV-deleted B. sub-
tilis (HB4007) stained with anti-McpB antibody and a fluo-
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cross-linking.
Fig. S2. A. Line scan analysis of a bacterium displaying
polar MCP staining.
B. A similar analysis for a bacterium displaying diffuse MCP
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