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of the cell poles, no correlation exists between the location of
the cluster and the direction of swimming (3).
The CheA dimer plays a central role in relaying the chemotactic signal from the membrane-bound MCPs to the flagellar
switch (reviewed in reference 20). Enteric bacteria synthesize
two forms of this histidine kinase, CheAL (78 kDa) and CheAS
(69 kDa) (23), that are translated in frame from two different
initiation sites [start(L) and start(S), respectively] (14, 33).
Both CheA variants are organized into distinct functional domains (reviewed in reference 29). The N-terminal P1 domain,
present in CheAL but not in CheAS, contains the site of autophosphorylation (His 48) (12). This phosphate is then transferred either to CheY to enhance clockwise signal generation
or to CheB to facilitate adaptation (13). The CheA P2 domain
assists in the interaction between the phosphodonor site in P1
and CheY (12, 24). The C-terminal domain, MC, appears to
play an important role in receiving sensory information from
the MCPs (4, 7, 29). Finally, the centrally located transmitter
(T) domain contains four highly conserved regions (N, G1, F,
and G2) that play a role in the binding and hydrolysis of ATP
(4, 29, 34).
Whereas CheAL supports chemotaxis in the absence of
CheAS (30), CheAS cannot support chemotaxis on its own.
Although CheAS can act as a kinase in trans (41), it lacks the
N-terminal 97 amino acids that include the site of autophosphorylation (12). Despite this, however, most if not all motile
enteric bacteria coexpress CheAL, CheAS and CheZ (23).
CheZ interacts directly with CheAS, and this interaction enhances the ability of CheZ to aid in dephosphorylating phospho-CheY (21, 22, 37, 38). Thus, it seems likely that CheAS
plays some important role in chemotaxis distinct from that of
CheAL.
In this study, we investigated the ability of wild-type and
mutant CheA variants to mediate chemoreceptor aggregation
in E. coli. Here we show that (i) some polar clustering of the

Bacterial cells sense chemical gradients and modify their
swimming behavior accordingly. This behavior, called chemotaxis, depends upon the ability of membrane-bound chemoreceptors (called methyl-accepting chemotaxis proteins [MCPs]
or transducers) to communicate with the switch components of
flagellar motors to modulate swimming behavior in response to
the chemical environment of the cells. In Escherichia coli, this
communication requires the cooperative effort of the cytoplasmic protein products of six signal transduction genes, cheA,
cheW, cheR, cheB, cheY, and cheZ (reviewed in reference 20).
MCPs and the cytoplasmic signaling proteins CheA and
CheW interact in a chemosensory ternary complex (5, 6, 10,
25) that, in vitro, forms higher-order structures (17). In vivo,
groups of these complexes cluster predominantly at the cell
poles (18, 19). Since polar clustering of each protein component requires the presence of the other two (19), this aggregation presumably requires the formation of the ternary
complex. Although the methyltransferase (CheR) or methylesterase (CheB) interacts with the ternary complex, their activities are not required for clustering (18). Since receptor
complexes also form in Caulobacter crescentus (1) and
Rhodobacter sphaeroides (11), clustering of the ternary complexes is thought to play an essential role in chemotaxis signaling, possibly by facilitating signal amplification (8, 19). Although many wild-type cells contain such clusters at only one
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Bacterial chemotaxis requires a phosphorelay system initiated by the interaction of a ligand with its
chemoreceptor and culminating in a change in the directional bias of flagellar rotation. Chemoreceptor-CheACheW ternary complexes mediate transduction of the chemotactic signal. In vivo, these complexes cluster
predominantly in large groups at the cell poles. The function of chemoreceptor clustering is currently unknown.
To gain insight into the relationship between signaling and chemoreceptor clustering, we examined these
properties in several Escherichia coli mutant strains that produce CheA variants altered in their ability to
mediate chemotaxis, autophosphorylate, or bind ATP. We show here that polar clustering of chemoreceptor
complexes does not require functional CheA protein, although maximal clustering occurred only in chemotactically competent cells. Surprisingly, in cells containing a minimum of 13 gold particles at the cell pole, a
significant level of clustering was observed in the absence of CheA, demonstrating that CheA is not absolutely
essential for chemoreceptor clustering. Nonchemotactic cells expressing only CheAS, a C-terminal CheA
deletion, or CheA bearing a mutation in the ATP-binding site mediated slightly less than maximal chemoreceptor clustering. Cells expressing only full-length CheA (CheAL) from either a chromosomal or a plasmidencoded allele displayed a methyl-accepting chemotaxis protein localization pattern indistinguishable from
that of strains carrying both CheAL and CheAS, demonstrating that CheAL alone can mediate polar clustering.
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TABLE 1. Bacterial strains used in this study
Relevant genotype

AJW430
AJW484
AJW530
AJW536
AJW688
AJW689
AJW768
AJW774
AJW776
AJW916
AJW917
AJW970
AJW1071
CP366

cheAK616(Am) recA::cml
CP366 ⌬cheA::Km
AJW430 ⫹ pAR1.cheAS
AJW484 cheARVM98L(S⫺) polA⫹ rha⫹
AJW1071 ⫹ pAR1.cheAS
AJW1071 ⫹ pAR1.cheA
AJW1071 ⫹ pAR1.cheARV
AJW1071 ⫹ pAR1.cheARV98ML(S⫹)
AJW1071 ⫹ pAR1.cheARV98ML(S⫺)
AJW536 ⫹ pAR1
AJW536 ⫹ pAR1.cheAS
AJW1071 ⫹ pAR1.cheAG422A
⌬cheA1643 recA::cml
zig::Tn10 polA(Ts) rha thr(Am)1 leuB6
his-4 metF(Am)159 eda-50 rpsL136
tsr⌬7021 (tar-tap)⌬5201 trg⌬100
polA⫹ rha⫹ thr(Am)1 leuB6 his-4
metF(Am)159 eda-50 rpsL136

KO607
RP437

Source or
reference

41
This
This
This
This
This
This
This
This
This
This
This
41
27

study
study
study
study
study
study
study
study
study
study
study

26
28

chemoreceptors occurs in the absence of CheA in cell sections
containing sufficient immunogold signal; (ii) CheAL, in the
absence of CheAS, mediates optimal chemoreceptor polarity
and clustering; (iii) CheAS, in the absence of CheAL, supports
significant polarity and clustering, although at slightly lower
levels than those mediated by CheAL and CheAS together; and
(iv) CheA variants unable to support chemotaxis in vivo or to
bind ATP or autophosphorylate in vitro still retain the ability
to mediate MCP polarity and clustering. Thus, CheA need not
possess all of its domains or all of its functions to promote
efficient MCP polarity and clustering.
MATERIALS AND METHODS
Bacterial strains, cheA alleles, and plasmids. All strains used in this study are
derivatives of E. coli K-12 and are listed in Table 1. Strain AJW484 (⌬cheA::Km),
used as a recipient for allele replacements, was constructed as follows. The cheA
gene on a 2.1-kb BamHI fragment from plasmid pAR1.cheA (40) was subcloned
into the BamHI site of pUC19. A 1-kb EcoRV-NruI fragment was excised from
this cheA gene and replaced with the HincII fragment from pUC4K (Pharmacia
Biotech, Piscataway, N.J.), which confers kanamycin resistance. The resultant
allele, cheA::Km, was introduced into the chromosome by homologous recombination in the polA(Ts) strain CP366 (27). One recombinant was selected on the
basis of its inability to perform chemotaxis in a swarm assay. It was subsequently
demonstrated by Southern hybridization to lack the appropriate cheA fragment
and possess the kanamycin cassette.
Alleles cheARV, cheARVM98L(S⫹), and cheARVM98L(S⫺) express both wildtype CheAL and wild-type CheAS, both CheALM98L and wild-type CheAS, and
only CheALM98L, respectively (see Fig. 1). All three alleles carry a translationally silent change in their nucleotide sequence that introduces an EcoRV restriction site between the Shine-Dalgarno sequence and the AUG of start(S) that was
used to track these alleles during various in vitro and genetic manipulations.
Alleles cheARVM98L(S⫹) and cheARVM98L(S⫺) were constructed by changing
the AUG codon of start(S) to UUG and CUC, respectively. All mutations were
generated using standard oligonucleotide-directed mutagenesis procedures (15)
and were confirmed by dideoxy-chain termination sequencing (31).
Allele cheARVM98L(S⫺) was introduced into the chromosome by homologous recombination in the allele replacement strain AJW484 (⌬cheA) to produce
AJW536. Because E. coli cells that express CheAL but not CheAS perform
chemotaxis in motility assays (30), we used this assay to screen for chemotactic
recombinants. To avoid phenotypic complications that might arise from the
presence of the temperature-sensitive PolA protein, we used the generalized
transducing phage P1kc (32) to cotransduce the linked zig::Tn10 polA12(Ts) rha
markers to their respective wild-type alleles, using the chemotaxis wild-type
strain RP437 (28) as the source of donor DNA. Transductants were selected on
the basis of their ability to use rhamnose as a sole carbon source, their sensitivity
to tetracycline, and their ability to maintain a ColE1-derived plasmid at 42°C, a
phenotype indicative of the wild-type polA allele. The chromosome-encoded
cheA allele was verified by both direct-cycle sequencing (16) across the start(S)
region and immunoblot analysis.

FIG. 1. Immunoblot analysis of strains that carry various cheA alleles. Cells
were grown in TB at 30°C to an optical density at 600 nm of approximately 0.7.
CheA levels were detected using anti-CheA antibodies. (A) Lanes: 1, RP437
(cheA⫹); 2, KO607 (cheA⫹ ⌬MCP); 3, AJW1071 (⌬cheA); 4, AJW689 (⌬cheA
pAR1.cheA, uninduced); 5, AJW688 (⌬cheA pAR1.cheAS, 50 M IPTG). (B)
Lanes: 1, RP437; 2, AJW768 (⌬cheA pAR1.cheARV, uninduced); 3, AJW776
[⌬cheA pAR1.cheARVM98L(S⫺), uninduced]; 4, AJW916 [cheARVM98L(S⫺),
pAR1, 10 M IPTG]; 5, AJW774 [⌬cheA pAR1.cheARVM98L(S⫹), 10 M
IPTG]; 6, AJW917 [cheARVM98L(S⫺) pAR1.cheAS, 10 M IPTG]; 7, AJW430
[cheAK616(Am)]; 8, AJW530 [cheAK616(Am) pAR1.cheAS, 10 M IPTG].

Plasmids designed to express various forms of CheA by means of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible promoter were generated as described previously (41).
Media and growth conditions. Cells were grown in tryptone broth (TB) (1%
[wt/vol] tryptone, 0.5% [wt/vol] sodium chloride) or Luria broth (TB, 0.5%
[wt/vol] yeast extract) at 30°C with aeration. Cell density was monitored spectrophotometrically at 600 nm. Transcription of plasmid-borne cheA variants was
induced at 10 M IPTG unless otherwise indicated.
Motility assays. Aliquots (5 l) of mid-log-phase cells grown in TB supplemented with 50 g of ampicillin per ml and various concentrations of IPTG were
spotted onto motility plates (TB, 0.3% agar) in a 30°C humidity chamber, as
described previously (39). The diameters of four swarms after 7 h of growth were
measured for each strain.
Immunoelectron microscopy. A 1/50 dilution of an overnight culture was
grown at 30°C for 4 h prior to induction with IPTG. Cells were induced for 1 h
at IPTG concentrations that result in about wild-type levels of CheA expression
as assayed by immunoblot analysis (11). Cells were fixed and embedded as
described previously (11, 18, 19). The antibody was preadsorbed on ice for 15
min with acetone powders prepared from an E. coli strain lacking the four major
chemoreceptors (KO607) (26). The primary antibody (anti-Tsr) (2) was diluted
1:500 in phosphate-buffered saline–Tween (PBST) plus 2% bovine serum albumin and grids incubated for 1 h in a humidity chamber. The grids were washed
three times in PBST and incubated with a 1:30 dilution (in PBST plus bovine
serum albumin) of goat anti-rabbit immunoglobulin G coupled with 12-nmdiameter colloidal gold particles (Jackson Immunoresearch). After being washed
in water, the grids were poststained with 1% uranyl acetate.
The positions of colloidal gold particles on longitudinal cell sections were
quantified on a Philips CM10 electron microscope at 60kV, as described previously (19). All antibody reactions were performed simultaneously for any given
set of data. Cultures were prepared for immunoelectron microscopy, and the
localization of MCPs was determined at least twice. Samples were also examined
by two different investigators to ensure that the scoring of gold particles was
independent of both investigator and sample preparation. Chi-square analysis
was performed to analyze differences between data sets. Comparisons reported
as either equivalent or different met a probability of P ⱕ 0.05.

RESULTS
The induction of CheA protein from the strains carrying
related plasmids used in this study varied significantly. To
eliminate variations in CheA abundance that might bias the
data interpretation, we first assayed the CheA protein levels
produced at different IPTG induction levels by immunoblot
analysis. Cells that displayed approximately wild-type levels of
CheA protein (Fig. 1) were embedded. The slight variation in
the MCP level (as revealed by the relative number of gold
particles [see Tables 2 and 3]) also was observed by immunoblot analysis (data not shown).
MCPs can cluster independently of CheA. We reported previously that the level of polarity and clustering of MCPs was
significantly reduced in the absence of CheA relative to that
observed in wild-type cells (from 60 to 80% and from 21 to
81%, respectively) (19). Removal of CheW further diminished
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TABLE 2. Spatial distribution of chemoreceptorsa
Membrane particlesb
Strain

AJW689
AJW688
AJW1071

Plasmid-encoded
CheA

CheAL and CheAS
CheAS
None

Total
no. of
particles

2,158
1,483
1,957

Polar
particlesc

No. of
particles in
cytoplasm

104
143
137

Lateral
particles

%

% in
clusters

%

% in
clusters

95
85
74

85
68
45

5
15
26

24
21
3

No. of
membrane
particles/
section

10.3
6.7
9.1

No. of
polar
clusters

Size of
polar
clustersd

131 12.7 ⫾ 0.9
76 10.2 ⫾ 0.6
86 7.0 ⫾ 0.3

No. of
lateral
clusters

Size of
lateral
clustersd

5
7
3

4.8 ⫾ 0.4
5.7 ⫾ 0.6
4.3 ⫾ 0.3

polar clustering (50% polar gold particles, of which 13% were
clustered). To further investigate the requirement for CheA in
MCP clustering, we reexamined the localization of the MCPs
in AJW1071, a cheA deletion strain, and in an AJW1071 transformant that expresses CheAL and CheAS from a plasmid
(strain AJW689). In cells that synthesized both CheAL and
CheAS, the majority of the membrane-associated gold particles
clustered at the poles, as observed previously with E. coli cells
that synthesized CheAL and CheAS from a chromosomal copy
of the wild-type cheA allele (strain RP437) (18, 19). The percentage of particles localized to the poles was approximately
95%, and the percentage of those particles in clusters was
approximately 85%. Smaller, lateral clusters of gold particles
also occurred. In the absence of CheA, the number of polar
gold particles decreased to 74% and the clustering percentage
reduced to 45% (Table 2). In addition, the average size of the
polar clusters decreased from 12.7 gold particles in cells that
expressed CheA to 7 gold particles in those that did not (Table
2).
We next examined only cell sections that contained a sufficient number of polar gold particles to generate a potential
cluster (by our definition, at least four gold particles) to carefully assess whether the reduction in MCP clustering observed
in ⌬cheA cells was biased by the smaller total number of gold
particles observed in these cells. For cells that expressed both
CheAL and CheAS from a plasmid (strain AJW689), 65% of
the cell poles that contained four to six gold particles displayed
polar clusters and more than 90% of the poles that contained
at least seven particles exhibited one or more clusters (Fig. 2).
The mean size of the clusters increased as the number of gold
particles per pole increased. Cells that expressed both forms of
CheA from a chromosomal copy of cheA (strain RP437)
yielded similar results (data not shown). In contrast, for cells
that expressed neither form of CheA (strain AJW1071), the
percentage of gold particles in clusters was significantly reduced, even when those poles contained ⱖ13 gold particles.
Again, the mean cluster size increased as the total number of
particles increased; however, many of these poles contained
multiple small clusters, resulting in a significantly reduced
mean cluster size (8.7 gold particles for strain AJW1071 versus
14.1 for AJW689). These data demonstrate that high levels of
clustering occur only in the presence of CheA, even in cells
that contain sufficient gold particles at one pole to generate a
cluster.
CheAS alone can mediate polar clustering of the MCPs. To
determine whether CheAS mediates clustering of chemoreceptor complexes, we examined the immunolocalization patterns
of the membrane-bound MCPs in a ⌬cheA strain that ex-

pressed from a plasmid only CheAS (AJW688). These cells
mediated a level of chemoreceptor clustering intermediate between those of wild-type and ⌬cheA cells (Table 2). At wildtype CheAS protein levels (induction with 50 M IPTG [Fig.
1]), the vast majority of the gold particles (85%) localized to
the cell poles, although the percentage aggregated into clusters
(68%) and the average size of the clusters (10 particles) were
somewhat reduced compared to wild-type levels (Table 2). The
number of clusters in cell poles containing more than four gold
particles was also intermediate between those of cells containing no CheA and those of cells containing both CheAL and
CheAS (Fig. 2). Thus, the nonphosphorylatable CheAS protein, which cannot support chemotaxis in vivo, enhances polar
localization and polar clustering of MCPs relative to cells without any CheA protein.
CheAL can mediate polar clustering of the MCPs. Determination of whether CheAL alone can mediate polar clustering
required a pair of strains that differed only in their ability to
synthesize CheAS. Because cells translate CheAL and CheAS
in frame, the AUG that encodes start(S) also encodes the
amino acid Met 98 within the sequence of CheAL. Alleles
cheARVM98L(S⫹) (strain AJW776) and cheARVM98L(S⫺)
(strain AJW774) were constructed by changing the AUG
(Met) codon of start(S) to UUG (Leu) and CUC (Leu), respectively. In E. coli, both codons are used with approximately
the same frequency; however, the UUG codon can initiate
translation of CheAS whereas the codon CUC cannot.
When uninduced, cells carrying the plasmid-borne wild-type
cheARV allele (strain AJW768) synthesized CheAL and CheAS
at levels similar to those produced by isogenic cells carrying the
plasmid-borne wild-type cheA (strain AJW689) and slightly
higher than those produced by cells of the wild-type E. coli
strain RP437 (Fig. 1). When uninduced, cells carrying the
plasmid-borne cheARVM98L(S⫺) synthesized CheALM98L at
levels similar to those produced by cells carrying cheARV, but
they produced no detectable CheAS. When exposed to 10 M
IPTG, cells containing cheARVM98L(S⫹) synthesized CheAS
at levels similar to those produced by cells carrying cheARV but
somewhat lower levels of CheALM98L (Fig. 1).
Prior to this study, a CheALM98I mutant had been generated by changing the start(S) codon in a manner analagous to
our M98L change (30). Because cells bearing the CheALM98I
allele were impaired in chemotactic ability, we tested cells
carrying the CheALM98L allele for their ability to perform
chemotaxis. Cells carrying the wild-type allele cheA, the control allele cheARV, or the mutant allele cheARVM98L(S⫺)
exhibited maximal chemotactic behavior when uninduced; this
behavior diminished with increasing IPTG levels (Fig. 3). In
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a
The numbers and positions of gold particles detected by immunomicroscopy from 200 thin sections of cells are shown. The numbers and sizes of gold particle
clusters located in either the polar or lateral membrane were determined. The relative size of the clusters ⫾ 1 standard error of the mean is presented. CheA expression
was uninduced in strains AJW689 and AJW1071 and induced with 50 M IPTG in strain AJW688.
b
The percentages of gold particles at the poles or along the lateral edges and the percentage of polar or lateral gold particles that are clustered are shown.
c
All pairwise combinations are significantly different (P ⱕ 0.05).
d
Numbers of particles per cluster.

970

SKIDMORE ET AL.

J. BACTERIOL.

contrast, cells carrying the mutant allele cheARVM98L(S⫹)
exhibited maximum chemotactic behavior when induced by 50
M IPTG.
Cells that synthesized both wild-type CheAL and CheAS or

FIG. 3. Chemotactic ability of strains that express various cheA alleles. Cells
(5 l) were spotted onto semisolid agar, and colony diameters were measured
after 7 h of growth at 30°C. Grey bars indicate AJW689 (⌬cheA pAR1.cheA),
white bars indicate AJW768 (⌬cheA pAR1.cheARV), black bars indicate AJW776
[⌬cheA pAR1.cheARVM98L(S⫺)], and striped bars indicate AJW774 [⌬cheA
pAR1.cheARVM98L(S⫹)]. The mean diameter and standard error of the mean
for quadruplicate samples are shown.

just CheALM98L alone clustered most of the membrane-associated gold particles at the cell poles (Table 3): 94 and 91%
localized to the pole, and 87 and 83% of those polar particles
clustered, with mean cluster sizes of 12 and 10 gold particles,
respectively. Surprisingly, cells that synthesized CheALM98L
and CheAS (strain AJW774) yielded lower values (74%, 63%,
and 8, respectively) than did cells that synthesized only CheAL
(strain AJW776 [Table 3]). To explore this observation further,
we examined MCP immunolocalization in cells that expressed
CheALM98L from a chromosomal location with or without
expression of a plasmid-encoded CheAS (strains AJW917 and
AJW916, respectively). When induced with 10 M IPTG, a
concentration that results in CheA levels that approximate
those exhibited by strain AJW774 (Fig. 1), the vast majority of
the chemoreceptors clustered at the poles in both strains.
Thus, expression of CheAS in trans exerted little or no effect
(89 versus 88% of particles localized to the pole; 87 versus 87%
of those polar particles clustered, 10 versus 11 gold particles
per cluster [Table 3]). Thus, polar clustering of the chemoreceptor complex does not require CheAS. Furthermore, under
these conditions, moderate levels of CheAS apparently neither
increase nor decrease the polarity or clustering of the MCPs.
The carboxyl terminus of CheA is not absolutely required
for chemoreceptor clustering. The C-terminal MC domain of
CheA plays a critical role in receiving sensory information
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FIG. 2. Clustering potential of CheA variants. The distribution of gold particles in cell sections with at least four gold particles at one cell pole was examined. A
minimum of 15 cell poles were included for each category (x axis). AJW689 (⌬cheA pAR1.cheA, uninduced), AJW1071 (⌬cheA), AJW688 (⌬cheA pAR1.cheAS, 50 M
IPTG), and AJW776 [⌬cheA pAR1.cheARVM98L(S⫺), uninduced] were used. Grey bars indicate the percentage of gold particles clustered at each cell pole. Black
diamonds indicate the mean size of the polar clusters.
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TABLE 3. Spatial distribution of chemoreceptors in cells expressing different CheA variantsa
Membrane particlesb
Strain

Chromosomeencoded CheA

Plasmid-encoded
CheA

Total
No. of
no. of particles in
particles cytoplasm

Polar
particlesc
%

Lateral
particles

% in
% in
%
clusters
clusters

No. of
No. of
membrane
polar
particles/
clusters
section

Size of
polar
clustersd

No. of
lateral
clusters

Size of
lateral
clustersd

1,901

104

94

87

6

21

9.0

121

12.2 ⫾ 0.8

4

5.5 ⫾ 1.3

AJW776
AJW774
AJW916
AJW917
AJW430

2,070
2,284
1,609
1,818
1,116

144
286
121
118
113

91
74*
89
88
81*

83
63*
87
87
77*

9
26
11
12
19

23
18
21
51
30

9.6
10.0
7.4
8.5
5.0

143
113
115
118
68

10.1 ⫾ 0.5
8.3 ⫾ 0.4
10.0 ⫾ 0.5
11.0 ⫾ 0.5
9.2 ⫾ 0.7

6
14
5
15
10

6.7 ⫾ 0.9
6.8 ⫾ 1.1
7.2 ⫾ 1.2
7.1 ⫾ 0.6
5.7 ⫾ 0.6

1,188

119

88

82*

14

9

5.3

73

10.5 ⫾ 0.7

3

4.0

2,015

101

87

68*

12

27

9.6

128

8.8 ⫾ 0.5

11

6.2 ⫾ 1.2

AJW530
AJW970

CheAL
CheAS
None
CheALM98L(S⫺)
None
CheALM98L(S⫹)
CheALM98L
None
CheALM98L
CheAS
CheALK616(Am) None
CheASK616(Am)
CheALK616(Am) CheAS
CheASK616(Am)
None
CheALG422A
CheASG422A

a
The numbers and positions of gold particles detected by immunomicroscopy from 200 thin sections of cells are shown. The numbers and sizes of gold particle
clusters located in either the polar or lateral membrane were determined. The relative size of the clusters ⫾ 1 standard error of the mean is presented. CheA expression
was uninduced in AJW768, AJW776, and AJW430 and induced at 10 M IPTG in all other strains.
b
The percentages of gold particles at the poles or along the lateral edges and the percentage of polar or lateral gold particles that are clustered are shown.
c
Strains that are significantly different (P ⱕ 0.05) from AJW768 are marked with an asterisk.
d
Numbers of particles per cluster.

from chemoreceptors (7, 28). To investigate whether clustering
of chemoreceptors requires the C-terminal 39 amino acids of
CheA, we examined MCP immunolocalization in strain
AJW430 [cheAK616(Am)] (40). We observed an approximately twofold reduction in the level of chemoreceptor protein
in this nonchemotactic strain (Table 3 and data not shown).
Despite this reduction in MCP levels, the gold particles clustered moderately at the cell pole (81% polar, 77% of which
formed clusters containing a mean of nine gold particles [Table
3]). The addition of wild-type CheAS (strain AJW530; 10 M
IPTG) restored chemotactic ability (Fig. 3), presumably due to
the formation of functional CheA heterodimers (35, 41), but
did not enhance the clustering of the MCPs significantly (Table
3).
The G1 domain of CheA is not required for chemoreceptor
clustering. The allele cheAG422A encodes a single-amino-acid
substitution within the highly conserved glycine-rich G1 region
of CheA, resulting in a mutant protein that does not support
chemotaxis. In vitro, the CheALG422A protein binds ATP
poorly and does not autophosphorylate (9, 34). However, cells
that synthesized CheALG422A and CheASG422A (strain
AJW970) exhibited an enhanced polar clustering of chemoreceptors relative to the cheA deletion strain (AJW1071). The
majority of the gold particles were polar (87%) and were
moderately clustered (68% of the polar particles were clustered, with a mean cluster size of nine particles [Table 3]).
Thus, a single-amino-acid change that interferes with nucleotide binding, autophosphorylation, and chemotaxis only
slightly reduces the ability of the chemoreceptors to cluster at
the poles.
DISCUSSION
To gain insight into the relationship between chemotactic
signaling and clustering of MCP-CheA-CheW ternary complexes, we examined the ability of wild-type and mutant CheA
variants to promote chemoreceptor polarity and clustering. We
used immunolocalization techniques to determine the cellular
location of MCPs in cells that synthesize approximately equal
amounts of wild-type or mutant CheA proteins. We found that

the CheAL and CheAS proteins synthesized from a plasmidborne wild-type cheA allele mediate polar clustering of MCPs
approximately as well as reported previously for the same
proteins synthesized from the chromosomal locus (19). We
also observed that CheALM98L, a functional variant of
CheAL, suffices to mediate wild-type levels of clustering in the
absence of CheAS and that CheAS alone mediates clustering,
albeit at reduced levels.
Cells that synthesized only CheALM98L from the plasmidborne cheARVM98L(S⫺) allele produced steady-state CheAL
levels, exhibited chemotactic behavior, and yielded MCP localization patterns indistinguishable from those of cells that synthesized both wild-type CheAL and CheAS. In contrast, cells
that synthesized CheALM98L and CheAS from the plasmidborne cheARVM98L(S⫹) migrated at about one-third the rate
of cells that synthesized only CheALM98L. Moreover, they
exhibited reduced polar localization and clustering of MCPs.
However, the reduction in chemotactic ability and MCP clustering in this strain does not appear to be caused specifically by
the presence of CheAS. Cells that synthesized CheALM98L
from a chromosomal copy of cheARVM98L(S⫺) exhibited chemotactic behavior and yielded MCP localization patterns to
identical levels regardless of whether CheAS (from a plasmid)
was expressed. Thus, although CheAS can constitute up to 50%
of the total CheA synthesized by wild-type cells (37), it does
not seem to be required for either chemotaxis or polar aggregation of MCPs, nor does it seem to interfere with CheAL
M98L-mediated clustering of these chemoreceptor complexes.
All of the CheA variants examined in this study increased
the level of MCP polar clustering over that seen in cells lacking
any CheA. However, in all cases, the polar clustering of the
MCPs was reduced in comparison to cells that possessed a
wild-type CheAL. Because CheAS lacks most of the P1 domain
that contains the site of histidinyl phosphorylation, the enhanced aggregation of MCPs cannot require CheA autophosphorylation. In fact, enhanced MCP clustering seems not to
require kinase activity at all. A single-amino-acid G422A substitution in CheAL and CheAS did not eliminate either polar
localization or clustering of MCPs, although these mutant proteins exhibit little or no detectable kinase activity (reference 41
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and unpublished data). Because these mutant proteins display
a considerably reduced capacity to bind ATP and related nucleotides (34), the enhanced MCP aggregation apparently also
does not require nucleotide binding by CheA.
The CheA-mediated polar aggregation of the MCPs is also
partially independent of the C-terminal 39 amino acids of
CheA. The truncated CheALK616(Am) and CheASK616(Am)
proteins expressed together also mediated both polar localization and intermediate clustering of MCPs. In vitro, these proteins retain kinase activity, but in vivo, they do not support
chemotaxis, presumably because they do not interact properly
with MCPs, CheW, or both (7). Thus, it seems likely that the
slight reduction in polar aggregation in this mutant results
from the diminished capacity of these truncated proteins to
form either ternary complexes or a higher-order complex.
At the resolution of immunoelectron microscopy, several
CheA variants that are defective in chemotactic signaling
clearly support significant levels of chemoreceptor complex
clustering. This observation strongly supports the hypothesis
that clustering is an integral part of signaling, i.e., that clustering of chemoreceptor complexes occurs prior to rather than in
response to signaling. Thus, signaling must occur in the context
of these preformed clusters. Although no one has defined the
function of MCP clustering, it is reasonable to suppose that
aggregation of chemoreceptor complexes contributes to amplification of the chemotactic signal (8, 19). Clearly, additional
studies must be performed to clarify the relationship between
chemoreceptor complexes and signal amplification.
Finally, it is clear that CheA-independent and therefore
ternary-complex-independent aggregation of the MCPs can
occur. The lack of maximal clustering in the absence of CheA
is not simply due to a reduction in the number of polar gold
particles, since ⌬cheA cells with comparable numbers of polar
gold particles were reduced in their cluster number and size
compared to wild-type cells. However, the observation that
some CheA-independent MCP clustering occurs and that clustering is enhanced by CheA raises the possibility that either (i)
the clustering potential of all of the chemoreceptors is greatly
enhanced in the presence of CheA or (ii) there are differences
in the requirement for CheA in the clustering of the four
different chemoreceptors. Methods to detect the individual
chemoreceptors must be generated in order to examine these
possibilities.
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