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The methyl-accepting chemotaxis proteins (MCPs) are concentrated at the cell poles in an evolutionarily
diverse panel of bacteria and an archeon. In elongated cells, the MCPs are located both at the poles and at
regions along the length of the cells. Together, these results suggest that MCP location is evolutionarily

conserved.

Prokaryotic processes, such as cell division and chemotaxis,
often depend on the asymmetric or nonuniform distribution of
proteins to subcellular locations (for a recent review on this
subject, see reference 31). The methyl-accepting chemotaxis
proteins (MCPs) are components of the chemotactic response
system in Bacteria and Archaea (1, 12, 16, 35). The subcellular
location of MCPs has been determined for four prokaryotes:
Caulobacter crescentus (2), Escherichia coli (23, 24), Bacillus
subtilis (17), and Rhodobacter sphaeroides (14). In these spe-
cies, the MCPs are concentrated primarily at the cell poles.
The location of the MCPs may be involved in the regulation of
E. coli chemotaxis (4, 8, 20), as MCP clustering has been
implicated in regulating ligand binding and signaling in this
bacterium (7, 10, 19, 21, 22, 34). An understanding of MCP
localization in a wide range of other bacteria and archaea
could illuminate the relationship between MCP location and
regulation of chemotaxis.

Previous microscopy studies that have explored the subcel-
lular location of MCPs have utilized anti-MCP antibodies
raised against the MCP of the organism being studied (2, 17,
23, 24). Hazelbauer and coworkers have reported that antibod-
ies raised against Trg, an E. coli MCP, can be used in Western
blottings to identify proteins antigenically related to the E. coli
MCPs from a number of different organisms (1, 26, 27). These
results suggest that anti-Trg antibodies could be used in fluo-
rescence microscopy experiments as convenient reagents to
visualize the subcellular location of MCPs in a variety of or-
ganisms.

To explore the conservation of MCP location, we selected a
representative panel of bacterial species and an archaeon. The
species were chosen to represent chemotactically active strains

* Corresponding author. Mailing address for Julius Adler: Depart-
ment of Biochemistry, University of Wisconsin-Madison, Madison, WI
53706. Phone: (608) 262-3693. Fax: (608) 262-3453. E-mail: adler
(@biochem.wisc.edu. Mailing address for Laura L. Kiessling: Depart-
ment of Biochemistry, University of Wisconsin-Madison, Madison, W1
53706. Phone: (608) 262-0541. Fax: (608) 265-0764. E-mail: kiessling
(@chem.wisc.edu.

6499

that, relative to E. coli, are either evolutionarily (5, 18) similar
(e.g., Vibrio furnissii [36]), divergent (e.g., Spirochaeta aurantia
[11]), or highly divergent (e.g., Halobacterium salinarium
[29, 33)).

Cells were grown in the following liquid media supple-
mented with 10 mM p-galactose: E. coli, Luria broth (LB) (1%
tryptone, 0.5% yeast extract, 0.5% NaCl); V. furnissii, high-salt
LB (1% tryptone, 0.5% yeast extract, 2% NaCl); S. aurantia,
GTY (10 mM b-glucose, 4% tryptone, 2% yeast extract, 10
mM phosphate buffer [pH 7.0]); H. salinarium, complex me-
dium (27 mM KCl, 166 mM MgSO,, 10 mM sodium citrate, 4.3
M NaCl, 1% peptone, 2 mM CaCl,). We used anti-Trg anti-
bodies to determine the location of MCPs by fluorescence
microscopy (23, 24).

As has been seen in investigations of C. crescentus (2), E. coli
(10, 23, 24), B. subtilis (16), and R. sphaeroides (14), fluores-
cence is observed primarily at the poles of both V. furnissii and
S. aurantia (Fig. 1), which suggests that the MCPs are localized
to the cell poles in these bacteria. Similar results were obtained
with an anti-Tsr antibody (data not shown). Interestingly, a
polarly localized fluorescence pattern also is observed with the
archaeal species H. salinarium (Fig. 1), despite the divergence
between this organism and E. coli (5, 18). Thus, in each of the
organisms studied, proteins that are antigenically related to the
E. coli MCPs are localized. The predominant sites of concen-
tration are the cell poles.

We next investigated the location of MCPs in elongated
cells. Bacterial cell elongation occurs after treatment with
B-lactam antibiotics, such as cephalexin (13, 24, 28, 30), from
mutations in the cell division gene lonS (32), or upon differ-
entiation to swarmer cells (3, 6, 9, 15, 25). We have previously
reported that the MCPs of cephalexin-treated E. coli cells are
localized not only to the cell poles but also at intervals along
the length of the elongated cell (24). Treatment of E. coli with
cephalexin, therefore, results in deviation from the primarily
polar MCP localization observed in the normal-sized cells. To
investigate the MCP pattern in elongated cells generated by
means other than cephalexin treatment, we conducted fluores-
cence microscopy experiments in a lonS mutant of Vibrio para-
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FIG. 1. Schematic representation of relative evolutionary relationships (5, 18) and fluorescence patterns for cells treated with anti-Trg antibody (1:400)
followed by a fluorescein-labeled anti-rabbit immunoglobulin G secondary antibody (1:200). Duplicate figures on the right display outlines of the cells. The result
with E. coli AW405 confirms our previous results (23). Images such as those presented were obtained in >70% of the cells observed in at least three independent

experiments. Bars, 2 pm. Branch lengths are not based on phylogenetic distances.

haemolyticus LM1017 (32) and swarmer cells of V. parahae-
molyticus BB22, Proteus mirabilis BB2000, and E. coli ATCC
25922.

The MCPs of the normal-sized cells from which the elon-
gated cells were generated were located at the cell poles in
each case (Fig. 2A, C, E, and G). The fluorescence patterns of
V. parahaemolyticus LM4420, an elongated mutant deficient in
LonS (32), revealed that the MCPs are localized not only at the
poles but also at intervals along the cell (Fig. 2B). Similar
results were observed in the wild-type naturally occurring
swarmer cells of V. parahaemolyticus; the MCPs are concen-
trated both at the cell poles and at intervals (Fig. 2D). In
contrast, the fluorescence intensity at the poles of swarmer
cells of P. mirabilis (Fig. 2F) and E. coli (Fig. 2H) is more
pronounced than it is at intervals along the cells. This suggests
that the concentration of MCPs at the poles is higher than that
along the length of these cells. This pattern of MCP local-
ization may be related to the observation that E. coli swarm-
er cells run essentially all the time (R. Harshey, unpublished
data); the probability that the transient phosphorylated CheY
(which causes tumbling) can migrate from the site where it is
generated (MCPs) to the site where it acts (the flagella) is low.

In contrast, E. coli cephalexin-produced filaments have MCP
clusters throughout, and both running and stopping (the equiv-
alent of tumbling in filamentous bacteria) are observed com-
monly (24).

The regulation of E. coli chemotaxis may be modulated by
proximity of the MCPs (4, 8, 20). Here we report that the
MCPs are polarly localized in a panel of bacteria that are
evolutionarily similar (Vibrio sp. and P. mirabilis) and divergent
(S. aurantia) from E. coli. The MCPs also are localized at the
poles in a more distantly related archaeon (H. salinarium).
Additionally, the MCPs of all of the elongated cells that we
studied are located at the poles and at intervals along the cell,
although the distribution of MCPs varies (Fig. 2). Moreover, in
both normal-sized and elongated cells, the MCPs typically are
localized and not distributed randomly. These data suggest
that, as with C. crescentus, E. coli, B. subtilis, and R. sphaeroides
chemotaxis, MCP clustering may be involved, here also, in the
regulation of chemotaxis. Investigations of MCP localization in
organisms such as E. coli, therefore, may lead to a greater
understanding of the regulation of chemotactic responses in
other bacteria and in archaea.
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FIG. 2. Comparison of the MCP fluorescence patterns in normal-sized and elongated cells. (A) Normal-sized V. parahaemolyticus LM1017. (B) V. parahaemolyticus
lonS mutant LM4420 derived from LM1017. (C) Normal-sized V. parahaemolyticus BB22. (D) Elongated swarmer cells of V. parahaemolyticus BB22 taken from 2%
agar high-salt LB plates at 30°C. (E) Normal-sized P. mirabilis. (F) P. mirabilis swarmer cells from 1.5% agar LB plates at 37°C. (G) Normal-sized E. coli ATCC 25922.
(H) E. coli ATCC 25922 swarmer cells from 0.55% agar LB plates supplemented with 0.5% glucose at 30°C. Duplicate figures on the right display drawn outlines of
the cells. Images such as those presented were obtained in >90% of the cells observed in three independent experiments. Bars, 2 pm.
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