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MINIREVIEW

How Signals Are Heard during Bacterial Chemotaxis:
Protein-Protein Interactions in Sensory Signal Propagation

ANAT BREN anp MICHAEL EISENBACH*
Department of Biological Chemistry, The Weizmann Institute of Science, 76100 Rehovot, Israel

Chemotaxis is a mechanism by which bacteria efficiently
and rapidly respond to changes in the chemical composition
of their environment, approaching chemically favorable en-
vironments and avoiding unfavorable ones. This behavior is
achieved by integrating signals received from receptors that
sense the environment and modulating the direction of flagel-
lar rotation accordingly (for reviews, see references 39, 43, and
100). Early studies in the modern era, initiated some 4 decades
ago (1), uncovered the behavioral response of cells to changes
in the chemical composition of their environment and the
correlation between flagellar rotation and the swimming mode
of the cells. They also identified most of the gene products
involved in chemotaxis (for reviews, see references 50 and 56).
The mode of signal transduction began to be understood only
in the mid-1980s, when the possibilities of electrical signaling
and a direct interaction between the receptors and flagella
were eliminated (for a review, see reference 41). The possibil-
ity of indirect interaction between the receptors and flagella via
a protein that is activated by the receptors and inactivated as it
diffuses through the cytoplasm was then raised (96). Subse-
quently, sequential transient phosphorylation of chemotaxis
proteins was found to be a key process in signal transduction
(for a review, see reference 25). During the last decade, it was
established that the signal in bacteria such as Escherichia coli
and Salmonella enterica serovar Typhimurium is transduced via
protein-protein interactions. These interactions have been ex-
tensively studied, contributing greatly to the elucidation of the
chemotaxis-signaling cascade.

The chemotactic response in bacteria such as E. coli and
Salmonella serovar Typhimurium is accomplished by signal
transmission between two supramolecular complexes—the re-
ceptor complexes, located mainly at the pole(s) of the cell, and
the flagellar-motor complexes (usually 5 to 10 complexes per
cell), randomly distributed around the cell and embedded
within the cell membrane. A messenger protein, CheY, shut-
tles back and forth between the complexes and transduces the
signal from the receptors to the flagella (Fig. 1). The interac-
tion of this messenger protein with the flagellar-motor su-
pramolecular complex increases the probability of shifting the
direction of flagellar rotation from the default direction, coun-
terclockwise (CCW), to clockwise (CW) (for a review see ref-
erence 38). The consequence of CW rotation is an abrupt
turning motion (tumbling), after which (when the default di-
rection resumes) the cell swims in a new direction. Here we
review the protein-protein interactions involved in chemotactic
signaling, including interactions within the supramolecular
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complexes, interactions between the complexes and the mes-
senger protein CheY, and interactions between CheY and the
proteins that regulate its signaling state. Interactions involved
in the signaling pathway leading to adaptation will also be
reviewed. We will mainly focus on functional aspects of the
interactions. The reader is referred to references 13, 35, 43, 54,
and 81 for more-detailed structural aspects. Because this is a
minireview, the reference list is incomplete. Whenever possi-
ble, reference is made to reviews or papers that provide access
to the original literature.

INTERACTIONS WITHIN THE RECEPTOR
SUPRAMOLECULAR COMPLEX

In bacteria such as E. coli and S. enterica serovar Typhi-
murium, two kinds of receptors monitor the chemical com-
position of the environment: chemotaxis-specific receptors
(named MCPs for methyl-accepting chemotaxis proteins), and
dual-function receptors involved in both chemotaxis and trans-
port of the ligand (for reviews, see references 37 and 39). Here
we will deal with the chemotaxis-specific receptors. There are
five chemotaxis-specific, transmembrane receptors mediating
responses to specific attractant and repellent stimuli. Four of
these receptors are common to both E. coli and Salmonella
serovar Typhimurium: Tar, Tsr, Trg, and Aer. One receptor is
unique to each species: Tap in E. coli and Tcp in Salmonella
serovar Typhimurium. The abundance of the chemotaxis-spe-
cific receptors varies, with Tsr and Tar being highly abundant
and Tap, Trg, and Aer being less prevalent (12, 43, 50, 89).

Composition of the receptor supramolecular complex. The
chemotaxis-specific receptors are stable homodimers, con-
nected via a linker protein, CheW, to a histidine kinase, CheA,
generating stable ternary complexes (Fig. 1) (for a review, see
reference 43). The paradigm for many years was that each
ternary complex is built from one receptor dimer, two CheW
molecules, and one CheA dimer. Accumulated evidence sug-
gests, however, that the actual structure of the receptor com-
plex is more elaborate. Thus, immunoelectron microscopical
studies indicated that, in the presence of CheA and CheW, the
receptors form large clusters, located mainly at one (primarily)
or both poles of the cell (74). Furthermore, formation of active
supramolecular complexes, consisting of about seven recep-
tors, two or four CheW molecules, and one CheA dimer (Fig.
1), was demonstrated in vitro with purified proteins (65). The
recently resolved crystal structure of the cytoplasmic domain of
the Tsr receptor has revealed that the tails of three dimer
receptors come together and form a trimeric structure (54).
Considering this structure, Shimizu et al. (97) elegantly exam-
ined plastic models of the proteins involved in the receptor
supramolecular complexes. The models, generated by three-
dimensional technology, predicted that these supramolecular
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FIG. 1. Simplified scheme of protein-protein interactions during chemotactic signal transduction in bacteria. The black arrows represent regulated interactions. The

receptor shown is an MCP. The scheme is not drawn to scale.

complexes form a two-dimensional hexagonal lattice, built
from trigonal units. Each unit is composed of three MCP
dimers, three molecules of CheW, and three monomers of
CheA, joined to CheA monomers of another unit at their
dimerization domain. One might wonder what is the cause of
the different MCP-CheA-CheW stoichiometries in the seven-
dimer model (65) and the lattice model (97). This could, per-
haps, be attributed to the leucine zipper dimerization domain
fused, in the experiments that lead to the former model, with
the N terminus of the cytoplasmic receptor fragment.

The finding that there are two forms of CheA in the cell—
full length (CheA; [L for long]) and short (CheAg)—intro-
duced further complications to elucidating the composition of
the receptor supramolecular complex. CheAg is generated by
translation of cheA from an alternative start site and is 97
residues shorter than CheA; (55). Under optimal motility con-
ditions, the CheAgy/CheA,; ratio in the cell is 1:1 (110). How-
ever, the relative amounts of CheAg and CheA; within the
receptor supramolecular complexes are not known.

While it is believed that the high-order structure of the
receptor supramolecular complex has a role in chemotactic
signaling (see below), the composition and stoichiometry of the
five different MCPs within these receptor supramolecular com-
plexes are not known. If each supramolecular complex con-
tains only seven receptor dimers (65), the supramolecular com-
plexes must differ from each other with respect to their MCP
composition. This is because the low-abundance receptors can-
not be fully functional (58, 62) and cannot be clustered (71)
unless they interact with the high-abundance receptors. Thus,
if the MCP composition in all the receptor supramolecular
complexes were the same, each complex would be composed of
at least 19 or 20 receptor dimers according to the known
stoichiometry between the different types of MCPs (10 or 11
Tsr, 6 Tar, and 1 Aer, Tap and Trg [39]). If, on the other hand,
the receptor supramolecular complex is indeed arranged as a
lattice (97), any MCP combination may be possible. We favor
the possibility of a lattice because of the flexibility that it
provides to the system.

Transmembrane signal transduction. A common mecha-
nism for receptor signaling in many signal transduction systems
involves receptor dimerization. Since the chemotaxis receptors
are stable homodimers and since it was demonstrated that
intersubunit cross-linking of engineered cysteine residues does
not affect the signaling properties of the receptors, dimeriza-
tion does not seem to be involved in chemotactic signaling (for
reviews, see references 43 and 59). Furthermore, studies of
changes in receptor structure, induced by ligand binding,
revealed only subtle conformational changes (43, 59, 85).
Therefore, an important, yet unsolved question is how the
chemotaxis receptors transduce the sensory signal across the
membrane.

Two main models for transmembrane signaling have been
suggested. According to one model, which is based on the
analysis of crystallographic data of the ligand-free and ligand-
bound sensing domain of Tar (reference 117 and references
cited therein) and is supported by subsequent crystallographic
data (31), transmembrane signaling is performed by intersub-
unit rotation of the receptor monomers within the receptor
dimer (117). According to the other model, which is based on
a different analysis of the same crystallographic data, on '°F
nuclear magnetic resonance (NMR) studies of the sensing
domain of Tar, and on electron paramagnetic resonance stud-
ies of a spin-labeled Tar receptor, transmembrane signaling is
performed by conformational changes within a single subunit
of the receptor dimer (reference 85 and references cited there-
in). This model suggests that the signal is transduced within a
receptor monomer across the membrane by a piston-like dis-
placement of one transmembrane segment relative to the
other. The ability of a Tar receptor with a single cytoplasmic
domain per dimer to transduce chemotactic signals is in line
with this model (45, 102). The question of how the subtle
conformational changes result in large signals within the cyto-
plasm may be answered by assuming that the receptor-coupled
enzymes can detect small changes in the receptor conforma-
tion (85) or that lateral signaling within the supramolecular
complex is involved (59, 61). In line with the latter possibility,
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it was found in vitro that subsaturating concentrations of at-
tractant accelerate formation of active supramolecular com-
plexes (61). This implies that not only existing interactions but
also the assembly or disassembly of the complexes may con-
tribute to signal regulation (61). (See references 37 and 41 for
elimination of older potential possibilities of transmembrane
signaling.)

Intracomplex signal propagation. Some years ago, Ames
and Parkinson isolated fsr mutants locked in either CW or
CCW rotation (3). The finding of such mutants raised the
possibility that each receptor exists in one of two active signal-
ing states, CW or CCW, and that the receptor output is con-
trolled by modulating the ratio between these states (3, 4).
However, without some additional mechanism, such a situation
cannot explain how signals from a small fraction of receptors
(e.g., signals generated by low-abundance receptors or by low-
occupied high-abundance receptors) can be heard on top of
much stronger, conflicting signals from nonstimulated recep-
tors.

Such an additional mechanism may be provided by modula-
tion of the interreceptor interactions within the supramolecu-
lar complexes. Indirect supportive evidence for changes in the
aggregation state at different signaling states of the receptors
was provided by Long and Weis (67), who studied locked
mutants of the Tar receptor. They found a correlation between
the swimming phenotype of far mutants and the oligomeriza-
tion properties of the receptor cytoplasmic fragment. Most of
the cytoplasmic fragments studied, which were derived from
mutants locked in the CCW state, formed oligomers at neutral
pH. In contrast, cytoplasmic fragments derived from mutants
locked in the CW state or from the wild-type strain did not
exhibit any significant oligomer formation. Accordingly, Long
and Weis suggested that subunit interactions within the cyto-
plasmic region are stronger in the attractant-bound form of the
receptor than in the attractant-free form. Cooperativity of the
kinase activity of CheA with respect to the stimulus concen-
tration (22, 61) is also in line with the possibility of transmem-
brane signaling mechanism involving receptor aggregates and
stimulus-induced changes in the aggregation states of the re-
ceptors.

How can such modulation of the interreceptor interactions
make signals from a small fraction of receptors be heard on top
of conflicting signals from the nonstimulated receptors? Two
possibilities have been proposed—a shut off mechanism and an
amplification mechanism. According to the first possibility, a
change in the packing of the receptors within the cluster, stim-
ulated by occupying a small fraction of the receptors, might act
as a shutoff mechanism for other receptors in the cluster,
resulting in modulation of the kinase activity according to the
signal from the stimulated receptor (Y. Blat, personal commu-
nication). According to the other possibility, changes in inter-
receptor interactions are involved in amplification of the sig-
nals from the stimulated receptors. Thus, Bray et al. (27)
calculated that a mechanism by which ligand binding changes
the activity of a receptor, which then propagates to neighbor-
ing receptors in the cluster, can account quantitatively for the
high sensitivity and response range of E. coli. Levit et al. (59)
suggested that ligand binding changes the packing of the re-
ceptors and CheA within the cluster and, consequently, CheA
acquires an active or inactive conformation, depending on the
signal. These suggestions call for direct experimental evidence.

The information sensed by the receptors is transmitted
within the receptor supramolecular complex to regulate the
kinase activity of CheA. It has been shown in vitro that the
kinase activity is inhibited by attractants (21, 82). (No reports
regarding the in vitro effect of repellents on modulation of the
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kinase activity are available.) It is therefore generally assumed
that, in vivo, receptor-occupied attractants and repellents in-
hibit and activate the kinase, respectively. The signal from the
receptors is received by the receptor-binding domain of CheA.
Then, from the phosphotransfer domain of CheA, which con-
tains the phosphorylation site His48, it is transmitted to the
downstream proteins (CheY and CheB) (43, 100).

INTERACTIONS BETWEEN THE MESSENGER
PROTEIN AND THE SUPRAMOLECULAR COMPLEXES

Signals generated by the receptor supramolecular complex
are transmitted to the flagellar-motor supramolecular complex
by the messenger protein, CheY. This protein—a response
regulator in the superfamily of two-component regulatory sys-
tems (for a review, see reference 86)—is a small (14-kDa),
single-domain molecule which, despite its small size, is multi-
functional.

Interaction of CheY with the receptor supramolecular com-
plex. Once CheA is autophosphorylated, it rapidly transfers
the phosphate group to Asp57 of CheY (23). Studies of the
crystal structure of the complex between CheY and a fragment,
which contains the CheY-binding domain of CheA and which
is 75 or 134 residues long (reference 80 or 111, respectively),
indicated that the binding triggers conformational changes in
CheY, propagating from its CheA-binding surface to its active
site (80, 111). Presumably these conformational changes are
necessary for CheY phosphorylation. An outcome of the phos-
phorylation is a reduced affinity of CheY to CheA. Conse-
quently, the phosphorylated form of CheY (CheY~P) is re-
leased from the receptor supramolecular complex (63, 95).

It should be noted that CheY can also be phosphorylated by
small phosphodonors such as acetyl phosphate (69). Although
acetyl phosphate is present within the cell and its level varies
with the growth phase and conditions (78, 87), the rate at
which it phosphorylates CheY is much lower than that of
CheA-mediated phosphorylation (77). Therefore, while the
role of acetyl phosphate-mediated phosphorylation of CheY in
vivo is questionable, it is a useful tool for in vitro phosphory-
lation of CheY. This CheA-independent phosphorylation in-
dicates that CheY, like other response regulators, can catalyze
its own phosphorylation.

Interaction of CheY with the flagellar-motor supramolecu-
lar complex. Phosphorylation of CheY not only reduces the
affinity of the protein to CheA; it also elevates the affinity of
CheY to the protein FliM (79, 112), which is a component of
the flagellar-motor supramolecular complex. Consequently,
when CheY~P is released from the receptor supramolecular
complex, it diffuses in the cytoplasm and interacts, via FliM,
with the flagellar-motor complex. Genetic studies suggested
that the N terminus of FliM is involved in CheY binding (104).
Biochemical studies localized the Che'Y-binding domain to the
16 N-terminal residues of FIiM (28). However, the possibility
that these residues do not form the whole CheY-binding site
cannot be eliminated (76). The end result of this phosphory-
lation-dependent interaction is an increased probability of
flagellar rotation in the CW direction (8). Gradual production
of CheY under intracellular phosphorylating conditions (2, 33,
57) or intracellular production of an active Che'Y mutant pro-
tein (92) revealed that this probability increases sigmoidally.
Studies of the correlation between CW rotation and the intra-
cellular level of CheY~P in individual cells demonstrated that
the increase in CW rotation is very steep (33), suggesting high
cooperativity of CheY~P binding or of processes within the
flagellar-motor supramolecular complex subsequent to the
binding.
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TABLE 1. Properties of some CheY mutant proteins and analogs

FliM-binding activity of:
CheY protein

Orientation of the side

CW rotation-generating activity chain of residue 106

CheY CheY~P
WT* Low (112) High (112) Active when phosphorylated (8) Inward and outward (106)
CheY87TI Like WT (121) Inapplicable” Nonactive (6, 121) Outward (44)
CheY13DK Like WT (94, 113) Inapplicable® Active without being phosphorylated Outward (52)
(2, 24, 26)
CheY106YW Like WT (120) Like WT (120) Hyperactive when phosphorylated Inward (121)
(120)
CheY13DK/106YW  Like CheY~Py (47, 91, 94)  Inapplicable® Active without being phosphorylated Outward (P. Matsumura,
(92) personal communication)
CheY87TI/106YW Like WT (121) Inapplicable” Nonactive (121) Outward (121)
CheY951V Higher than WT (93, 94) Higher than WT  Hyperactive when phosphorylated Outward (94)
(93, 94) (93, 94)
Phosphono-CheY Like CheY~Pyr (47, 48) Inapplicable Not determined Inward (47)
BeFxCheY Like CheY~Pyr (116) Inapplicable Not determined Inward (32)
“WT, wild type.

? The mutant protein is not phosphorylated by acetyl phosphate (121).
¢ The mutant protein is not phosphorylated.

In a recent study aimed at determining how many FliM
molecules within a single flagellar-motor supramolecular com-
plex should be occupied by CheY~P to generate CW rotation,
wild-type FliM (FliMy,1) and a mutant FliM protein that is
almost locked in CW rotation (FliM ) were coexpressed in a
gutted strain that lacks, among other chemotaxis proteins,
CheY (A. Bren and M. Eisenbach, submitted for publication).
Surprisingly, a probability of 50% of CW rotation was achieved
only when ~90% of the FliM molecules at the flagellar-motor
supramolecular complex were FliM, molecules. Around this
fraction of FliMy, molecules within the complex, the gain of
CW rotation with the increased fraction of FliM,y, was very
steep. This steepness suggests that if FliM .y, correctly reflects
FliMy+ occupied by CheY~P, the high cooperativity, dis-
cussed in the preceding paragraph, is primarily a reflection of
cooperativity of a postbinding step.

Regulation of CheY activity. The phosphorylation level of
CheY, which controls its CW rotation-generating activity, is
determined by the rates of CheY phosphorylation (by CheA)
and dephosphorylation (either spontaneously or, in enhanced
manner, by CheZ). As described below, both enzyme-mediated
processes are regulated, each by a different mechanism.

(i) Mechanism of CheY activation. The changes, which oc-
cur in CheY upon phosphorylation and prompt its ability to
bind to FliM and generate CW rotation, are not fully under-
stood. NMR studies of CheY at a steady-state level of phos-
phorylation indicated that, upon phosphorylation, CheY un-
dergoes conformational changes that are not restricted to the
vicinity of the phosphorylation site but rather propagate along
most of the protein (36, 68). The amino acid residues, the
electronic environment of which changes in response to phos-
phorylation, were identified. However, the extent of these con-
formational changes is not yet clear because there is no direct
correlation between the perturbation in a given NMR’s chem-
ical shift and the extent of the related conformational change
(35). Accurate information about the extent of the conforma-
tional changes could be obtained from X-ray crystallography of
the phosphorylated and nonphosphorylated forms of CheY.
However, due to the short life span of the phosphorylated state
(half-life of 20 s [29, 51]), it is very difficult to crystallize
CheY~P. To circumvent this difficulty, two main approaches
have been taken. In one approach, analogs of CheY~P in
which the phosphate group was stabilized or replaced by an
analogous group were prepared (48, 116). In the other ap-
proach, mutant CheY proteins with different functions, includ-

ing nonactive and phosphorylation-independent active pro-
teins, were isolated. Some analogs and mutant proteins are
listed in Table 1. The X-ray structures of several of these
proteins were resolved, aiming at finding a correlation between
their function and structure (44, 47, 52, 94, 121). Unlike the
large NMR shifts observed between the phosphorylated and
nonphosphorylated forms of CheY, no major conformational
differences which extend beyond the vicinity of the phosphor-
ylation site could be detected between the crystal structures of
the various studied forms of CheY (44, 47, 52, 94, 121). The
reason for the apparent difference between the X-ray and
NMR results is not known. One possibility is that subtle struc-
tural changes might result in relatively large perturbations in
the NMR’s chemical shifts. Another possibility is that the pro-
tein might be in a number of dynamic states, most of which
might not be represented by its crystal structure. Whatever the
extent of the conformational changes that occur in CheY upon
phosphorylation, they (rather than the phosphate group per
se) appear to be sufficient for activating CheY. This is evident
from the observations that the mutant protein CheY13DK/
106YW, which is active without phosphorylation (92), binds
FliM in vitro (91) and generates CW rotation in vivo (92).

A prominent difference between the various studied forms
of CheY, as revealed from their X-ray structures, is the orien-
tation of the side chain of Tyr106, located on the face of the
molecule. This side chain appears in wild-type CheY as a
mixture of inward and outward conformations, whereas in all
the other studied mutant proteins and analogs, the side chain
is found in only one orientation (Table 1). It was proposed that
phosphorylation of Asp57 initiates conversion of Tyr106 from
a solvent-exposed orientation to a more internal position, pos-
sibly as a consequence of repositioning residues Thr87 (which
appears to form a hydrogen bond with Asp57 [32]) and Lys109
(which may form a hydrogen bond with the oxygen atoms of
the phosphate group) (47). This notion is supported by the
observations that (i) in the analogs phosphono-CheY (47) and
BeFy - CheY (32), the side chain of residue 106 is oriented
inwardly, and (ii) in the response regulators FixJ (14) and
Spo0A (60) (whose structures were resolved in both the phos-
phorylated and nonphosphorylated forms), the side chains of
the residues that are homologous to Tyr106 of CheY appear to
be shifted, upon phosphorylation, from a solvent-exposed ori-
entation to an interior position. The finding that the side chain
of Tyr106 is oriented outwardly in the complex between CheY
and the CheY-binding domain of CheA (80, 111) further sug-
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gests that repositioning of Tyr106 might be involved in the
release of CheY from CheA and in its subsequent binding to
FliM. It thus seems that the rotameric state of Tyr106 may be
important for determining the activity of CheY (32, 47, 121).
However, there appears to be inconsistency in the Tyr106 ori-
entation in the available structures of CheY, for which reason
the situation still seems to be somewhat ambiguous. For ex-
ample, in the phosphorylation-independent active mutants
CheY13DK (52) and CheY13DK/106YW (P. Matsumura, per-
sonal communication), the side chain of residue 106 is in a
solvent-exposed position rather than inwardly oriented (Table
1). Apparently, more experiments are required to deduce the
mechanism of CheY activation and resolve the involvement of
Tyr106 in this activation.

Phosphorylation is not the only chemical modification that
CheY undergoes and not the only one that activates the pro-
tein. CheY also undergoes lysine acetylation (10), primarily at
residues 92 and 109 (88). This acetylation increases, to a large
extent, the CW rotation-causing activity of CheY both in vitro
(in cytoplasm-free envelopes) (10) and in vivo (7, 88). How-
ever, unlike CheY phosphorylation, the acetylation does not
affect the binding of CheY to FliM, suggesting that it is in-
volved in a post-FliM binding step (88). Although it was re-
cently demonstrated that this chemical modification is involved
in chemotaxis (R. Barak and M. Eisenbach, unpublished data),
its role is still an open question.

(ii) Mechanism of CheY deactivation. A major player in the
mechanism of CheY deactivation and CW termination is the
phosphatase CheZ, which effectively accelerates CheY~P de-
phosphorylation (51). (The term phosphatase is used here in
the broader sense and does not imply the mechanism of CheZ
action.) Biochemical studies revealed that, similar to FliM,
CheZ binds CheY in a phosphorylation-dependent manner
(15). The CheY-binding domain is located at the C terminus of
CheZ (16). Following binding to CheY~P and a subsequent
50- to 100-ms delay, CheZ is turned on and CheY~P is de-
phosphorylated (19). The delay might ensure that the phos-
phatase activity of CheZ is modulated only after a chemotactic
response is established, so that the gain of the response is not
reduced. (The response to a negative stimulus is completed
within ~50 ms [53].) The activation of the phosphatase de-
pends, with positive cooperativity, on CheY~P concentration,
and it appears to involve oligomerization of CheZ which, oth-
erwise, is in a dimeric form (17-19, 91). While bound to FliM
of the flagellar-motor supramolecular complex, CheY~P is
protected from dephosphorylation by CheZ (29). This suggests
that, as part of the mechanism of CW termination, CheZ
dephosphorylates free CheY~P and causes dissociation of
CheY~P from the flagellar-motor complex by shifting the
equilibrium between bound and free CheY~P (29).

Under reducing conditions, CheZ also interacts with CheAg
and forms a CheZ-CheAg complex at a ratio of 5:1. The con-
sequence of this interaction is an increase in the phosphatase
activity of CheZ (109). In addition, by analyzing cells express-
ing a functional, full-length CheZ fused with green or yellow
fluorescent protein, it was recently found that at least some of
the CheZ molecules are localized in clusters at the cell’s poles
(98; M. Manson, personal communication). This observation
suggests that CheZ, like all the other cytoplasmic chemotaxis
proteins, can be attached to the receptor supramolecular com-
plex. This attachment might position CheZ in close proximity
to CheAg. In view of this observation, it might be tempting to
speculate that CheZ-CheAq interaction at the receptor su-
pramolecular complex may play a role in the rapid CheY~P
dephosphorylation that presumably occurs during an attractant
response. According to this speculation, CheZ at the receptor
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supramolecular complex is involved in CCW rotation genera-
tion in response to attractants, whereas free CheZ is involved,
after a delay, in CW rotation termination following a repellent
response. Such a possibility raises a number of intriguing ques-
tions, a few of which follow. (i) It was found that mutants which
do not express CheAg are unimpaired in their ability to re-
spond to attractants under standard assay conditions (90). If a
CheZ-CheAg interaction is indeed involved in CCW rotation
generation, how does the absence of CheAg have no effect on
the response to attractants? (ii) If CheZ and CheAg are in
constant interaction with each other within the receptor su-
pramolecular complex (because the cytoplasm is a reducing
environment [109]), how is the activity of CheZ modulated by
attractants rather than being constitutively active? (iii) If CheZ
and CheAg interact only when a ligand is bound to the receptor
supramolecular complex, how is the activation of CheZ suffi-
ciently fast and not delayed by its oligomerization?

(iii) Regulation of the interactions of CheY with its targets.
Even though CheY can bind to three proteins—CheA, CheZ,
and FliM, it can bind to only one protein at a time. This is due
to the fact that the C-terminal portion of CheY is involved in
the binding to all these proteins, forming an overlapping bind-
ing surface (references 79, 80, 111, and 122 and references
cited therein). Since the affinity of CheA is higher to nonphos-
phorylated CheY than to CheY~P whereas that of FliM and
CheZ is higher to CheY~P, it is reasonable that, upon phos-
phorylation, the conformation of the C-terminal portion of
CheY changes from one that recognizes mainly CheA to one
that recognizes mainly FliM and CheZ. In line with this notion,
the CheY-binding regions of CheZ (16) and FliM (28) were
found to share several common features (28, 79). Furthermore,
the binding constants of peptides, which contain these regions,
to CheY~P were found to be similar (79). Taken together,
these observations suggest that FliM and CheZ compete for
CheY~P and that the inability of CheZ to dephosphorylate
FliM-bound CheY~P (29) may be the result of its inability to
bind to CheY~P when the latter is bound to FliM.

INTERACTIONS WITHIN THE FLAGELLAR-MOTOR
SUPRAMOLECULAR COMPLEX

Composition of the complex. The flagellar-motor supramo-
lecular complex, located at the base of the flagellum, is built,
like any other electrical motor, from a rotor and stator. The
rotor is built from the proteins FliG, FliF, and probably also
FliM and FIliN. The stator is built from the proteins MotA and
MotB, which form a proton channel anchored to the cell wall
by MotB. An inward proton flow through this channel gener-
ates the torque for rotation (for a comprehensive review of the
flagellar motor, see reference 73). The proteins FliG, FliM,
and FIliN constitute a gearbox, termed a switch, extending into
the cytoplasm (for a review, see reference 72). The switch is the
element of the supramolecular complex onto which CheY~P
docks and which determines the direction of flagellar rotation
(for a review, see reference 9). Each flagellar-motor supramo-
lecular complex contains ~27 copies of FliF, ~35 copies of
FliM, ~35 copies of FliG, ~100 copies of FliN, and an un-
known number of MotA and MotB molecules that form eight
force-generating units (references 73, 103, and 118 and refer-
ences cited therein). In the complex, the switch proteins inter-
act with each other (references 75, 83, 101, 105, and 118 and
references therein). FliG, in addition, binds to MotA (46, 101,
119) and thus appears to link the rotor and the stator. It also
interacts with FliF and thereby links the switch to the central
element of the motor (references 73, 75, and 83 and references
therein).
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Function of the complex. The mechanism underlying flagel-
lar rotation appears to involve electrostatic interactions be-
tween the rotor and stator (119), but other mechanisms have
also been suggested (for a few recent examples, see references
84 and 103). A number of models involving electrostatic inter-
actions have been proposed (for a review, see reference 30; for
the more-recent models, see references 42, 107, and 108).
According to the most recent one (108), rotation is generated
by electrostatic interaction between a proton in the proton
channel and alternating tilted rows of fixed positive and neg-
ative charges on the rotor. Switching from one direction of
rotation to the other involves, according to the model, a change
in the angle of tilt. In line with this notion, it was hypothesized
on the basis of the crystal structure of the C-terminal domain
of FliG (the domain that interacts with MotA) that, at each
direction of rotation, different subsets of charged residues of
FliG interact with the stator (66).

The models mentioned above provide potential mechanistic
modes of switching from one direction of rotation to the other.
However, actually nothing is known about signal propagation
within the switch itself subsequent to CheY~P-FliM binding.
Kuo and Koshland (57) proposed that CW rotation generation
by CheY involves more than one kinetic state. Indeed, it ap-
pears that CheY~P binding to FliM is essential but, yet, in-
sufficient for the generation of CW rotation. This is based on
two main lines of evidence. (i) Phosphorylation of CheY in
cytoplasm-free envelopes does not result in enhanced CW ro-
tation, unless additional, unidentified cytoplasmic constituents
(not chemotaxis proteins) are present (8). (ii) There is a lack of
correlation between the ability of some mutant CheY proteins
to bind FliM in vitro and to generate CW rotation in vivo (40,
97a). Indeed, this lack of correlation could, in principle, be
explained by assuming that there is a difference between the
affinities of CheY~P to FliM,, and FliMyw and that this
difference is not observed when purified FliM is employed.
However, both lines of evidence taken together suggest that
one or more regulatable post-CheY~P-FliM binding events
should occur for the generation of CW rotation.

INTERACTIONS INVOLVED IN ADAPTATION

Adaptation, namely, restoration of the prestimulus behavior
in the presence of the stimulus, is an essential component of
every behavioral system, chemotaxis included (56, 99). Adap-
tation in bacterial chemotaxis is controlled by a feedback
mechanism that modulates the methylation level of the MCP
receptors. Two enzymes, CheB and CheR, are involved in this
mechanism by interacting with the receptor supramolecular
complexes and chemically modifying them.

CheR is a methyltransferase, which catalyzes S-adenosylme-
thionine-dependent methylation of specific glutamate residues
(four to six methylatable residues for each MCP) on the cyto-
plasmic portion of the receptors during adaptation to positive
stimuli (for a review, see reference 37). The outcome is an
enhancement of CheA autophosphorylation and, thereby,
transmission of a CW signal (20, 82).

CheB is a methylesterase that demethylates the receptors
during adaptation to negative stimuli (for a review, see refer-
ence 37). It also has an amidase activity that catalyzes the
conversion of specific glutamine residues of the MCP receptors
into glutamate residues. The interaction of CheB with the
receptor results in hydrolysis of the methyl ester bond on the
side chain of the glutamate residue, and the receptor under-
goes demethylation. The outcome of this demethylation is in-
hibition of CheA autophosphorylation and, thereby, transmis-
sion of a CCW signal (20, 82).
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Thus, the relative rates of the methylation and demethyl-
ation reactions determine the steady-state level of receptor
methylation, and this level regulates the kinase activity of
CheA. This regulation occurs only after the initial chemotactic
response. Recently it was demonstrated that a high methyl-
ation level decreases the affinity of the receptor supramolecu-
lar complex to attractants (22, 61) (up to 10,000-fold for serine
[61]), suggesting that the methylation level regulates ligand
binding to receptor supramolecular complexes. This modula-
tion of ligand-binding affinity extends the range of the chemo-
tactic response and suggests that the cells adapt not only by
methylation-dependent modulation of the kinase activity but
also by decreasing the extent of stimulant binding to the re-
ceptor complex. It has also been proposed that the delayed
activation of CheZ discussed above might be involved in the
adaptation process (19).

CheR-receptor interaction. CheR is a 32-kDa, two-domain
protein (35, 100). The N-terminal domain appears to be in-
volved in MCP recognition. It contains positively charged res-
idues that might complement the negatively charged residues
in the methylation region of the MCPs. The actual binding of
CheR to the MCPs is, however, carried out by its C-terminal
domain. This domain also contains features that are common
for S-adenosylmethionine-dependent methyltransferases.

Two separate domains of the receptor are involved in the
interaction with CheR: a binding domain onto which CheR
docks and a domain that is methylated by CheR. The docking
site of CheR on the receptor consists of the last five residues of
the latter (114). Intriguingly, this pentapeptide is present only
in high-abundance receptors, suggesting that CheR methylates
the low-abundance receptors while it is docked onto a high-
abundance receptor (114). This suggestion, which was later
confirmed experimentally (58, 62), explains the poor methyl-
ation of the low-abundance receptors in mutant strains, which
lack the high-abundance receptors, and the resulting defective
adaptation of these mutants (49, 115).

CheB-receptor interaction. CheB is a response-regulator
protein whose activity, like that of the other chemotactic re-
sponse regulator CheY, is regulated by CheA-mediated phos-
phorylation (51, 70). It is a 35-kDa protein, containing two
domains: a regulatory domain at the N terminus that under-
goes aspartate phosphorylation and an effector domain at the
C terminus that possesses amidase and esterase activities (35,
100). The regulatory domain is homologous to the entire
length of CheY. When this domain is not phosphorylated, it
inhibits the esterase activity of CheB; when phosphorylated, it
stimulates this activity (references 5, 34, and 70 and references
therein). On the basis of structural and biochemical data, it was
proposed that phosphorylation of the regulatory domain re-
sults in reorganization of its interface, exposing the active site
to the receptor, and simultaneously stimulating the methyles-
terase activity of CheB (5, 34). The interaction between CheB
and the receptors is complex and probably involves several
regions on the surface of CheB (35). The docking site of CheB
on the receptors is the same C-terminal pentapeptide onto
which CheR docks (11). This finding raised the possibility that
the relative rates of the methylation and demethylation pro-
cesses might be influenced by competition between the two
enzymes on binding to this site (11).

CheB-CheA interaction. CheB has two targets of interaction
at the receptor supramolecular complex: one is the receptor
itself, and the other is CheA. During the latter interaction,
CheA phosphorylates CheB with a consequent release of CheB
from CheA and its binding to the receptors. CheB and CheY
bind, apparently with comparable affinities, to the same do-
main of CheA, and they therefore compete with each other for
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TABLE 2. Direct interactions involved in chemotaxis

Protein Known direct interactions

MCP receptor...Intradimer, interdimer, CheW, CheB, CheR, CheA*
CheW ..o MCP, CheA

CheAj .ccvrvrenne Intradimer, CheW, CheY, CheB, CheAg, MCP*
CheAg..cvvvverenne CheA,, CheW, CheZ

CheY..oooverererane CheA

CheY~P............ FliM, CheZ

CheZ.... ..CheY~P, CheAg

CheR.
CheB....
CheB~P.
FhM

.MCP
..CheA
.MCP
..CheY~P, FliG, FliN

“ Based on genetic observations only (64).

binding to CheA (63). Interestingly, even though the N-termi-
nal domain of CheB is homologous to the entire length of
CheY, the residues of CheY involved in CheA binding are not
conserved in CheB. This suggests that CheY and CheB may
bind to overlapping, but yet distinct, sites on CheA (80, 111).

CONCLUSIONS

Protein-protein interactions are the heart of the chemotactic
response, which is accomplished, as shown in Fig. 1, by signal
transmission between two supramolecular complexes—the re-
ceptor complex and the flagellar-motor complex. The signal is
transduced by the messenger protein CheY. During the last 3
decades, most, if not all, of the chemotaxis proteins and the
interactions between these proteins have been identified. The
interactions are summarized in Table 2. For many of the pro-
teins listed in Table 2, a detailed structure is available.

Although the signaling cascade in bacterial chemotaxis is
one of the best-understood signal transduction systems, many
major questions are still open. A few examples follow. (i) How
are the sensory signals transduced across the membrane by the
chemotaxis receptors? (ii) How do receptors of different abun-
dance generate signals of similar strength? (iii) Is CheAg in-
volved in chemotaxis and, if so, how? (iv) What is the function
of the CheZ molecules located at the receptor supramolecular
complex? (v) How is CheY activated by acetylation, and what
is the role of this way of activation? (vi) How is the signal
propagated within the switch subsequent to Che' Y ~P binding?
Structural details of the proteins involved and of the complexes
formed between them, together with novel approaches for
studying functional aspects of the system, might bring us closer
to complete understanding of how signals are heard during
bacterial chemotaxis.
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