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Abstract

The chemosensory pathway of bacterial chemotaxis has become a paradigm for the two-component
superfamily of receptor-regulated phosphorylation pathways. This simple pathway illustrates many
of the fundamental principles and unanswered questions in the field of signaling biology. A molecular
description of pathway function has progressed rapidly because it is accessible to diverse structural,
biochemical, and genetic approaches. As a result, structures are emerging for most of the pathway
elements, biochemical studies are elucidating the mechanisms of key signaling events, and genetic
methods are revealing the intermolecular interactions that transmit information between components.
Recent advances include (a) the first molecular picture of a conformational transmembrane signal
in a cell surface receptor, (b) four new structures of kinase domains and adaptation enzymes, and
(c) significant new insights into the mechanisms of receptor-mediated kinase regulation, receptor
adaptation, and the phospho-activation of signaling proteins. Overall, the chemosensory pathway
and the propulsion system it regulates provide an ideal system in which to probe molecular principles
underlying complex cellular signaling and behavior.
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INTRODUCTION

Bacterial cells, like their eukaryotic counterparts, possess elegant signaling pathways that
monitor critical parameters of the external environment and internal physiology. The resulting
information is used to regulate cellular function as the environment changes and the cell
matures. In all prokaryotes examined to date, intracellular signaling is dominated by an ancient
pathway motif consisting of receptor, histidine kinase, and aspartate kinase elements (Figure
1) (Bourret et al 1991,Parkinson & Kofoid 1992,Hoch & Silhavy 1995). In Escherichia coli
alone, dozens of these His-Asp kinase or two-component pathways monitor different external
and internal cues and regulate diverse cellular processes. 1 More generally, bacterial two-
component pathways control a dazzling array of functions including cell division, virulence,
antibiotic resistance, metabolite fixation and utilization, response to environmental stress,
sporulation, and taxis. Highly homologous pathways have recently been discovered in
eukaryotic organisms including Saccharomyces cerevisiae, Arabidopsis, Neurospora, and

1a stringent search of the recently completed E. coli genome reveals at least 16 CheA and 34 CheY homologues, respectively (M
Danielson & J Falke, unpublished data).
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Dictyostelium, where receptor-regulated histidine kinases and aspartate kinases are used to
regulate development, respond to osmotic and oxidative stress, and detect hormones (Swanson
et al 1994,Alex et al 1996,Appleby et al 1996,Chang 1996,Schuster et al 1996,Wang et al
1996). Eukaryotic systems appear to use two-component signaling for highly specialized
applications: The complete genome of S. cerevisiae, for example, contains just one
phosphorelay of this type (Posas et al 1996). Due to the abundance and greater importance of
two-component pathways in prokaryotes, the conserved elements of these pathways represent
promising targets for a new generation of broad-spectrum antibiotics.

Currently, the best-characterized two-component pathway is the chemosensory system of E.
coli, Salmonella typhimurium, and related enteric bacteria (Hazelbauer & Adler 1971). This
pathway enables bacterial cells to sense and swim up or down gradients of specific chemical
attractants and repellents, respectively, which include certain amino acids, sugars, and metal
ions. Chemosensing may also play a role in the entry of S. typhimurium into eukaryotic host
cells during infection (Jones et al 1992). Owing to the ready accessibility of the pathway
components to genetic, biochemical, and physical approaches, this chemosensory system has
become one of the leading models in which to analyze complex cellular behavior in terms of
the molecular mechanisms of individual receptors and signaling proteins. The present review
introduces bacterial chemotaxis, then focuses on the two-component chemosensory pathway
of the chemotaxis system. Other recent reviews of the chemosensory pathway include those
by Stock & Surette (1996), Blair (1995), and Stock & Mowbray (1995). The fascinating rotary
swimming motor and its flagellar propulsion system have been reviewed by Macnab (1996)
and Blair (1995).

THE CHEMOSENSORY PATHWAY

Function: Regulation of Cellular Taxis

The swimming of bacterial cells in solution can be fully described as a series of simple
switching events between two modes of cellular movement. Chemosensory signaling can, in
turn, transform this simple swimming into complex cellular behavior (Berg 1993, Blair
1995). In the absence of a chemical gradient, a swimming bacterial cell executes a three-
dimensional random walk consisting of runs of swimming in a straight line punctuated by
tumbles during which the cell briefly stops and randomly reorients before swimming off in a
new, arbitrary direction. When a gradient of an attractant or repellent is imposed, the
chemosensory pathway monitors how the local concentration of the chemical species changes
with time as the cell swims through different regions of the gradient. If the cell is swimming
up an attractant gradient, the chemosensory pathway detects an increasing attractant
concentration with time, and sends a signal to the propulsion motor, which decreases the
probability of a tumble event, thereby lengthening the average run up the gradient.
Alternatively, if the swimming cell monitors a decrease in the attractant concentration or an
increase in the repellent concentration with time, the tumbling probability is increased so that
runs in this direction become shorter. The net effect of this temporal sensing and regulation is
to change the random walk into a biased walk, in which the cell tends to migrate up an attractant
gradient or down a repellent gradient as it swims. Such simple chemotaxis can give rise to
strikingly complex patterns of cellular distribution when bacteria migrate under controlled
environmental conditions (Figure 2), providing a model system for pattern formation in
eukaryotic development (Budrene & Berg 1995, Woodward et al 1995). In certain natural
environments, the taxis of E. coli or S. typhimurium on the surface of a wetted substrate, rather
than migration through solution, is also important (Harshey & Matsuyama 1994). Although
such surface swimming has not yet been fully characterized, it likely shares some of the same
switching behavior observed for swimming in solution.

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2010 July 8.
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Circuit Diagram of the Chemosensory Pathway

The present review focuses on the highly homologous chemosensory pathways of E. coli and
S. typhimurium. These pathways share nearly the same set of components, differing only in
their complement of soluble and transmembrane receptors that define the species-specific set
of recognized attractants and repellents. Most pathway components can be swapped between
species without loss of function. Table 1 lists the pathway components and their properties,
Figure 3 summarizes their modular domain structures, and Figure 4 displays the circuit diagram
of their interactions. Recent reviews have described the pathway organization (Blair
1995,Stock & Surette 1996). The phosphosignaling branch of the pathway begins with a set
of at least four water-soluble binding proteins, located in the periplasmic compartment, which
recognize different chemoattractants. Upon activation by ligand binding, the ligand-occupied
form of a given binding protein docks to one of five transmembrane receptors, thereby initiating
a signaling event. Alternatively, certain transmembrane receptors, in particular the aspartate,
serine, and citrate receptors, can be regulated directly by the binding of a small-molecule ligand
without the assistance of a soluble protein. Each receptor serves as the organizational
framework for a stable, super-molecular receptor-kinase signaling complex, formed by
associations with the cytoplasmic histidine kinase CheA and other pathway components. The
docking of a binding protein or small-molecule attractant to the periplasmic sensory domain
of a receptor generates an intramolecular conformational change that is transmitted across the
bilayer to the bound cytoplasmic histidine kinase. The kinase, which is up-regulated by either
the repellent-occupied or empty (apo) receptor, but is down-regulated by the attractant-
occupied receptor, phosphorylates itself on a specific histidine sidechain. This same phosphoryl
group is then transferred from the histidine to an aspartate in the active site of a response
regulator protein, CheY or CheB, each of which is an autocatalytic aspartate kinase. Phospho-
CheY dissociates from the signaling complex and diffuses to the rotary motor where it docks
and increases the probability of the clockwise motor rotation, thereby favoring the formation
of the tumbling swimming state. The steady state level of phospho-CheY thus serves as a
diffusible tumble signal that controls the overall frequency of tumbling. This tumble signal is
modulated by two opposing reactions: creation of phospho-CheY by the receptor-kinase
complex, and destruction of phospho-CheY by hydrolysis of its acyl phosphate. CheZ speeds
the latter hydrolysis reaction, acting as a phosphatase. Repellents stimulate the histidine kinase
activity and speed the production of phospho-CheY, whereas attractants inhibit the histidine
kinase and slow phospho-CheY formation, thereby raising or lowering the steady state tumble
signal, respectively.

The adaptation branch of the pathway enables the cell to adapt to a constant background
stimulus so that it can chemotax even in a concentration gradient superimposed on a large
constant level of attractant or repellent. Adaptation is controlled by a feedback loop that
covalently modifies multiple glutamate side chains on the cytoplasmic surface of each receptor.
The carboxylates of these glutamates are methyl esterified by the methyltransferase CheR,
which binds tightly to the C terminus of the receptor and is thus part of the signaling complex.
The resulting methyl esters, which increase the kinase activation signal of the receptor, are
ultimately hydrolyzed by the methylesterase CheB. The relative rates of the methylation and
demethylation reactions define the steady state level of receptor methylation, and feedback
control of this adaptation system is generated by the receptor-kinase complex, which
phosphorylates and thereby activates the methylesterase enzyme. As a result, the receptor
controls its own methylation level, which changes when, for example, a sudden increase in the
attractant concentration turns off the histidine kinase responsible for activating the
methylesterase CheB. As the level of activated phospho-CheB drops due to spontaneous
hydrolytic dephosphorylation, the constant rate of CheR methyltransferase activity gradually
increases the average number of methyl esters per receptor. Eventually the rising level of
methy| esters will stimulate histidine kinase activity, thereby counteracting the effect of bound

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2010 July 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Falke et al.

Page 4

attractant and resetting the receptor signal to its basal level. It should be noted that the
methyltransferase and methylesterase enzymes act globally on all the chemotaxis receptors in
the cell. Thus when fully adapted, the net methylation level of the receptor population exactly
balances the signals generated by multiple attractants and repellents.

The receptor methylation level also provides a simple chemical memory used to ascertain
whether the current direction of swimming is favorable or unfavorable. The methylation level
is high if the attractant concentration was high in the recent past; conversely, the methylation
level is low if the attractant concentration was low. Repellent memories are stored in the same
way, but with reverse polarity. As the cell swims, it compares the current chemical
environment, as monitored by the ligand occupancy of the receptor population, to the chemical
environment of the recent past as remembered by the methylation level. If the environment has
significantly improved or deteriorated, the histidine kinase activity of the receptor-kinase
complex is inhibited or stimulated, respectively, thereby altering the probability of tumble
events in the appropriate manner. For a review of these and other aspects of pathway function,
see Blair (1995).

Spatial Distribution of the Circuit Components

The spatial distribution of the chemosensory components is nonrandom, which has important
functional implications. The receptor-kinase complexes form large clusters and are often
located at one end of the cell termed the nose, which is oriented either toward or against the
direction of swimming (Maddock & Shapiro 1993, Parkinson & Blair 1993, Berg & Turner
1995). Receptor clustering is unaffected by the presence of ligand but is lost when CheW or
CheA are absent, suggesting that the dimeric histidine kinase may cross-bridge some fraction
of the receptor dimers, thereby maintaining the cluster (Maddock & Shapiro 1993). Each cell
also possesses several motors and their associated flagella, which are more randomly
distributed around the cell surface. Due to the spatial separation between the receptors and the
motor, atumble stimulus is followed by a~0.1 s time lag before the motor response is detected.
This lag period represents the time required for phospho-CheY to be generated and diffused
from a signaling complex to the motor (Khan et al 1995). One function of receptor clustering
is to facilitate the global receptor methylation reaction that occurs, at least in part, via an inter-
receptor mechanism (Wu et al 1996). Other functions are possible but unproven; in principle,
receptor clustering could also serve to (a) facilitate still more complex interactions between
pathway components, (b) increase the ligand sensing efficiency of the receptor population, or
(c) prevent cross talk with other pathways (assuming that they, too, are localized).

Relationship to Other Two-Component Pathways

The organization of the chemosensory pathway is highly specialized for multi-stimulus
chemotactic sensing. The histidine kinase CheA acts as the central processing unit of the
chemosensory circuit, integrating the signals of five transmembrane sensor proteins and
controlling two response regulators. In many other prokaryotic and eukaryotic two-component
pathways only a single stimulus is sensed, so that only a single receptor is needed and is
typically fused directly to the histidine kinase (Parkinson & Kofoid 1992, Swanson et al
1994). Despite such differences in modular organization, the mechanisms of corresponding
two-component modules appear to be similar or identical. For example, the sensing and
transmembrane signaling modules of different chemoreceptors can be swapped to generate
functional chimeric receptors with the expected changes to ligand specificity (Krikos et al
1985). Module swapping has also been successful between chemoreceptors and the distantly
related EnvZ osmosensor: The resulting chimeras possessing chemosensory domains confer
chemical regulation onto the EnvZ histidine kinase and its signaling pathway in vivo
(Rampersaud et al 1991, Baumgartner et al 1994). More generally, the predicted
transmembrane topologies of most prokaryotic and eukaryotic receptor modules in two-
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component pathways are the same as those of the chemosensory receptors, and the active sites
of CheA and CheY are highly homologous to those of other two-component histidine and
aspartate kinase modules, respectively (Parkinson & Kofoid 1992, Swanson et al 1994, Stock
& Surette 1996). Thus despite their specialization for different tasks, many prokaryotic and
eukaryotic two-component pathways appear to share the same structural and mechanistic
principles exhibited by the receptors and signaling proteins of the bacterial chemosensory
pathway.

SOLUBLE RECEPTORS

For many chemoattractants, the signal transduction process begins with a set of four soluble
binding proteins in the periplasmic compartment that act as primary receptors by engulfing
their ligands, then docking to specific transmembrane receptors. These monomeric soluble
receptors range in size from 30 to 51 kDa (Table 1) and include the maltose-, galactose/
glucose-, ribose-, and dipeptide-binding proteins (Macnab 1987,Boos & Lucht 1996).
Recently, a fifth binding protein has also been implicated in the chemosensing of Ni2*, a
repellent (DePina et al 1995). Together, the sensory-binding proteins form a small subset of
the large class of periplasmic binding proteins, most of which serve solely as transport pathway
components and are not involved in chemosensing (Boos & Lucht 1996,Quiocho & Ledvina
1996). All binding proteins exhibit a conserved, two-domain architecture wherein each o/
domain consists of a -sheet sandwiched between two layers of a-helices (Quiocho & Ledvina
1996). Ligand binds in the cleft between the two domains, where loops linking secondary
structure elements provide the key recognition elements. The buried ligand recognition site
provides intricate hydrogen-bonding networks that confer specificity, as well as hydrophobic
contacts that help drive the binding equilibrium (Vyas et al 1988,Aqvist & Mowbray
1995,Quiocho & Ledvina 1996). Ligand-binding affinities, measured as dissociation constants
(Kq), are typically on the order of 100 nM and the residence time of bound ligand approaches
1 s, enabling the diffusing protein to maintain its grasp on the activating ligand until it
encounters and docks to its membrane receptor (Miller et al 1983).

Binding protein activation is triggered by ligand-induced closure of the interdomain cleft. 1°F
NMR studies have shown that the activation cleft of the galactose/glucose-binding protein can
open at least transiently in solution, but closes when a sugar molecule binds (Luck & Falke
1991a). These results, together with crystallographic and small angle X-ray scattering analyses
of binding proteins in their apo and ligand-occupied states (Sharff et al 1992, Shilton et al
1996), reveal that the cleft can open as much as 20 to 40° in the apo state, as illustrated by
crystal structures of the maltose-binding protein in Figure 5. Cleft opening events are essential
for ligand binding and release, whereas ligand-induced cleft closure appears to be required for
successful docking to a transmembrane receptor. Consistent with this simple picture is the
observation that covalent cleft closure by an interdomain disulfide generates a high intrinsic
affinity for receptor docking (Zhang et al 1996). Cleft closure regulates a large receptor docking
surface defined by genetic and structural studies of the maltose- and ribose-binding proteins.
In each of these soluble receptors, the docking surface spans the interdomain cleft, such that
residues on both domains are implicated in receptor recognition (Vyas et al 1991, Zhang et al
1992, Binnie et al 1992). Cleft closure brings together the distinct docking patches on the two
protein domains, thereby generating a contiguous docking surface. In addition, 1°F NMR
studies of the galactose/glucose-binding protein reveal widespread conformational changes
within both domains upon sugar binding to the inter-domain cleft, but not upon metal binding
to a structural Ca2*-binding site (Luck & Falke 1991b,c, Danielson & Falke 1996). These
findings raise the possibility that the global intradomain conformational rearrangments
triggered specifically by the regulatory sugar ligand may contribute to the regulation of receptor
docking surfaces, thereby augmenting the regulation provided by cleft closure.

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2010 July 8.
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Although ligand-induced structural changes are clearly important in binding protein activation,
these proteins also illustrate the potential importance of induced dynamical changes. In
principle, molecular on-off switches could be controlled by an entropic component arising from
activation-induced changes to protein thermal dynamics. In the galactose/glucose-binding
protein, disulfide trapping studies have revealed spontaneous, large amplitude thermal
fluctuations of the protein backbone structure including 15 A helix translations and 36° domain
rotations. The frequencies of these fluctuations are approximately 10 s™1, which represents ten
fluctuations during the average 1 s lifetime of bound ligand (Careaga & Falke 1992, Careaga
et al 1995, Butler & Falke 1996). Notably, these fluctuations are greatly enhanced in the
absence of ligand, indicating that they provide an entropic component to on-off switching.
Specifically, in the apo binding protein, the enhanced thermal fluctuations will help prevent
the accidental juxtaposition of receptor docking elements, thereby disfavoring unproductive
membrane docking events (Careaga et al 1995). This type of entropic on-off switching could
play an important role in the activation of many receptors and signaling proteins (Falke &
Koshland 1987, Kim 1994, Seeley et al 1996), although studies to date have typically focused
on the structural, rather than the dynamic, aspects of on-off switching.

THE RECEPTOR-KINASE SIGNALING COMPLEX

Molecular Organization

The supermolecular signaling complex is a widespread motif in signaling biology, and the
bacterial chemosensory pathway is one of the best-described examples. Each of the membrane-
spanning chemoreceptors is a stable homodimer of identical ~60 kDa subunits (Milligan &
Koshland 1988, Yehetal 1993, Lee etal 1994, 1995, Chervitz et al 1995). The dimeric receptor,
in turn, provides the structural framework for a multifunctional, receptor-kinase complex
(Figure 6). The protein components of the complex are listed in Table 1, together with their
estimated binding affinities for the receptor (Borkovich et al 1989, Ninfa et al 1991, Gegner
et al 1992, Schuster et al 1993, Li et al 1995, Wu et al 1996). The receptor consists of a
periplasmic sensory region, a transmembrane region, and a cytoplasmic region. The latter
domain binds the cytoplasmic proteins CheW, CheA, and CheR, yielding a polypeptide
stoichiometry of 2:2:2:2 within the signaling complex. The response regulators CheY and
CheB also dock competitively to the complex where they await a phosphotransfer event. Thus
at some point during pathway function, the signaling complex may contain nearly all of the
pathway components, the only exceptions being the phosphatase CheZ and the motor
components regulated by CheY. Assembly of the core receptor-CheW-CheA ternary complex
occurs slowly, requiring up to an hour in vitro, suggesting that significant structural
rearrangements of the isolated components are needed for complex formation (Borkovich &
Simon 1991). However, once formed, the ternary complex remains intact for 20 minutes or
more, and its stability is independent of receptor occupancy (Gegner et al 1992, Schuster et al
1993).

The Receptor Sensory Domain

The transmembrane receptors possess a sensory domain that recognizes specific chemical
signals and thereby initiates the events that alter the receptor signaling state. In most cases, the
sensory domain is located in the periplasm where it recognizes a binding protein or small
molecule ligand (Stock & Surette 1996). The five chemoreceptors of this type and their
respective chemoattractants are (a) the aspartate receptor (aspartate, maltose-binding protein);
(b) the serine receptor (serine); (c) the ribose and galactose receptor (ribose-binding protein,
galactose/glucose-binding protein); (d) the dipeptide receptor (dipeptide-binding protein); and
(e) the citrate receptor (citrate or citrate-binding protein). Recently, a sixth receptor involved
in aerotaxis has been described (Bibikov et al 1997), which also appears to regulate the CheA/
CheY two-component signaling pathway (Bespalov et al 1996). This FAD-containing receptor
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has a different domain organization that places its specialized sensory domain at its N terminus
in the cytoplasm, which is a suitable location for sensing the redox potential of the electron
transport chain or other components of the cell interior.

The periplasmic domain of the transmembrane aspartate receptor has been cloned as a water-
soluble fragment and extensively characterized, providing a molecular view of ligand binding
and negative cooperativity. This homodimeric fragment, consisting of two 19-kDa subunits,
includes virtually the entire periplasmic region of the receptor and retains the native ligand-
binding properties even though the transmembrane helices have been removed (Milligan &
Koshland 1993, Danielson etal 1994). Crystallographic structures of the isolated domain reveal
that each subunit is an antiparallel four-helix bundle in which the individual helices are labeled
al through a4, yielding a roughly cylindrical dimeric domain approximately 20 A in diameter
and 70 A in length (Figure 7) (Milburn et al 1991, Bowie et al 1995, Yeh et al 1996). Two
symmetric aspartate-binding sites are located at the interface of the two subunits, near the
extreme periplasmic end of the domain. Considerable evidence indicates that the other
transmembrane chemoreceptors share the same overall architecture, although each periplasmic
sensory domain is specialized for the binding of certain ligands (Jeffery & Koshland 1993,
Lee et al 1994).

The E. coli aspartate receptor is regulated by the maltose-binding protein (MBP) and aspartate,
providing the unique opportunity to compare the molecular recognition of large-and small-
molecule ligands. Genetic studies indicate that both domains of MBP dock to the extreme
periplasmic end of the aspartate receptor, whereas an intersubunit complementation analysis
suggests that the bound MBP molecule establishes simultaneous, asymmetric contacts on both
receptor subunits (Zhang et al 1992, Gardina et al 1997). In particular, the receptor recognition
elements appear to include loops at the ends of helices a1 and a2 in one subunit, and a4’ in the
other subunit (prime denotes different subunits). These findings are consistent with a modeled
structure in which MBP was computationally docked to the sensory domain fragment (Stoddard
& Koshland 1992), yielding a ligand-receptor complex analogous to the crystallographically
characterized complex between human growth hormone and its dimeric receptor (Wells
1994). The modeled MBP ligand blocks one of the two symmetric aspartate-binding sites but
is proposed to leave the other intact, suggesting that the receptor can simultaneously bind only
one MBP and one aspartate. Such a picture is consistent with the observed independent and
additive effects of maltose and aspartate on receptor signaling (Mowbray & Koshland 1987,
Stoddard & Koshland 1992).

The binding of aspartate to its receptor has been characterized in detail, revealing key
thermodynamic, kinetic, and structural aspects of small-molecule recognition. Aspartate
binding to the two symmetric sites exhibits strong negative cooperativity, as evidenced by
direct binding measurements utilizing the membrane bound receptor, and by crystallographic
and solution 1°F NMR studies of the isolated sensory domain (Milburn et al 1991, Danielson
et al 1994, Biemann & Koshland 1994, Yeh et al 1996). Owing to this negative cooperativity,
the binding of the first aspartate molecule substantially reduces the affinity of the second
aspartate-binding event. In the case of the S. typhimurium aspartate receptor, a second aspartate
molecule may still bind weakly, whereas the E. coli receptor exhibits true half-of-sites binding
in which the second aspartate is virtually excluded (Biemann & Koshland 1994). Similar half-
of-sites binding has been observed for the E. coli serine chemoreceptor, and the binding proteins
are also proposed to dock to the chemoreceptors in a half-of-sites fashion (Lin et al 1994,
Stoddard & Koshland 1992, Gardina et al 1997). It follows that negative cooperativity is a
general feature of attractant binding to the chemoreceptor family.

Solution 1%F NMR has characterized the kinetics of ligand binding and release for the isolated
sensory domain of the aspartate receptor. The first, high-affinity aspartate binds to the domain
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at a rate approaching the diffusion limit, indicating that aspartate binding and the
conformational change it induces are extremely rapid (Danielson et al 1994). Thus the ligand-
induced rearrangement likely involves a small-amplitude, low-energy structural transition.

The structural basis of aspartate recognition is defined by crystal structures for the apo and
aspartate-occupied states of the S. typhimurium sensory domain (Yeh et al 1996). The ligand-
occupied structures exhibit full aspartate occupancy of the first, high-affinity site, and at most
partial occupancy of the second weaker site. The high-affinity aspartate binds to a site
dominated by direct contacts to a4 (Tyr149, GIn152, Thr154) and a1 (Arg64) from one subunit,
with supplemental contacts to a1’ (Arg69’, Arg73’) from the other subunit (Figure 8). Together
these contacts provide an extensive array of protein-ligand and protein-solvent-ligand
hydrogen bonds and salt bridges that are presumed to control ligand specificity by an
undetermined mechanism.

Recently, the Ser68 residue has been implicated as a critical component of the cooperative
interactions between the two aspartate-binding pockets (Kolodziej et al 1996). The Ser68 side
chain hydroxyl provides indirect coordination to the high-affinity aspartate via two bridging
water molecules and also lies at the subunit interface in close proximity to Ser68’ of the other
site, providing a plausible molecular pathway for intersite information transfer. Side chain
substitutions at this position yield mutants possessing dramatically altered cooperativities,
ranging from increased negative cooperativity to no cooperativity or even to positive
cooperativity.

More generally, the aspartate-binding site represents a conserved small-molecule ligand-
binding motif shared by several of the chemoreceptors. The serine-binding site likely possesses
avery similar architecture (Jeffery & Koshland 1993, Yeh et al 1996, Wang etal 1997), whereas
the citrate-binding site differs at one coordinating position (T154A) but retains the three
conserved arginine residues utilized in aspartate and serine binding (Yamamoto & Imae
1993). For large-molecule ligands, the docking of MBP probably represents typical binding
protein-receptor interactions (Vyas et al 1991, Gardina et al 1997). Both small- and large-
molecule attractants break the symmetry of the receptor dimer via negative cooperativity and
asymmetric binding to the two receptor subunits. It follows that receptor symmetry is likely to
play an important role in the mechanism of attractant-triggered transmembrane signaling and
kinase regulation. However, the mechanism of repellent binding and signaling remains
uncharacterized. Another key unresolved issue is the mechanism of ligand specificity, both for
small and large molecule ligands. Interestingly, the aspartate- and serine-binding sites are
believed to use the same coordinating side chains to provide different ligand specificities, which
are controlled by subtle features of the surrounding protein context (I Kawagishi, personal
communication). Further comparative studies of the chemoreceptors will reveal the molecular
principles used to adapt conserved binding motifs for the recognition of different small- and
large-molecule ligands.

The Receptor-Mediated Transmembrane Signal

Considerable progress has been made in describing the molecular basis of transmembrane
signaling by the chemoreceptors. Unlike the large class of receptors that signal by dimerization,
the chemotaxis receptors are stable homodimers that signal via an intra-dimer conformational
change. Conclusive evidence that a monomer-dimer equilibrium is not required for signaling
is provided by engineered intersubunit disulfides, which yield covalent dimerization but have
no effect on histidine Kinase regulation in vitro, nor on the resulting chemotactic behavior in
vivo (Chervitz et al 1995, Lee et al 1995).

STRUCTURE OF THE TRANSMEMBRANE SIGNALING DOMAIN—EXxtensive
proteolysis of the aspartate receptor yields a distinct, proteolytically resistant structural domain
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(29 kDa per subunit) consisting of the periplasmic sensory domain and the membrane-spanning
segments (Mowbray et al 1985), herein termed the transmembrane signaling domain. The well-
characterized architecture of this domain includes four extremely long a-helices, each of which
spans the entire length of the domain from the periplasmic ligand-binding site to the cytoplasm.
The packing of these four massive helices has been defined both by the crystal structure of the
periplasmic sensory domain (Milburn et al 1991, Yeh et al 1993) and by a combinatorial
disulfide mapping analysis of the trans-bilayer region (Pakula & Simon 1992). The resulting
packing model has been bolstered by the results of a random mutagenesis approach (Maruyama
et al 1995) and by studies utilizing targeted disulfide bonds, especially those that have
systematically scanned engineered disulfides down the entire length of the major inter- and
intrasubunit helix contacts (Falke & Koshland 1987, Lee et al 1994, 1995, Chervitz & Falke
1995, Chervitz et al 1995). Together, these independent approaches have generated the
medium-resolution structure of the sensory and transmembrane signaling domain shown in
Figure 6, in which the first transbilayer helix (¢1/TM1) spans =150 A from its cytoplasmic N
terminus to the extreme periplasmic end of the sensory domain. Throughout most of this
distance, the helix packs against its symmetric partner from the other subunit («1'/TM1’),
thereby dominating the subunit interface in the periplasmic and transmembrane regions. The
second transmembrane helix (a4/TM2) also extends at least 150 A from the periplasmic sensory
domain to the cytoplasmic domain, which binds and regulates the CheA histidine kinase.

IDENTIFICATION OF THE SIGNALING HELIX—Several independent methods have
revealed that the transmembrane signal is carried by the second transmembrane helix (a4/
TMZ2), whichis displaced by ligand binding so that it moves relative to a static subunit interface.
The initial phases of this ligand-induced signal have been probed using an isolated periplasmic
fragment of the aspartate receptor (Milburn et al 1991) in which an engineered, intersubunit
disulfide bond (Cys36-Cys36') stabilizes the native subunit interactions of the full-length active
receptor (Falke & Koshland 1987, Chervitz & Falke 1995). Solution 1°F NMR studies of this
periplasmic fragment have revealed asparate-induced chemical shift changes for a probe on
helix a4/TM2, but no detectable effects for probes on helix a1/TM1 at the subunit interface
(Danielson et al 1994, Danielson & Falke 1996). Similarly, the crystal structures of the apo
and one-aspartate-occupied states of the periplasmic fragment (Milburn et al 1991) have been
compared using the distance-difference method to identify ligand-induced distance changes
(Chervitz & Falke 1996). This model-independent method shows that the binding of a single
molecule of aspartate induces an asymmetric displacement of helices a3 and a4/TM2 within
only one of the two subunits (Chervitz & Falke 1996). Because a3 does not span the bilayer,
the crystallographic results implicate one of the two a4/TM2 helices as a lone transmembrane
signaling helix. By contrast, although a subtle intersubunit displacement is observed (Yeh et
al 1996), especially in the vicinity of the aspartate-binding pocket where cooperative
interactions between the subunits occur (Chervitz & Falke 1996, Kolodziej et al 1996), the
crystallographic data indicate that the most of the periplasmic subunit interface formed by the
two a1/TM1 helices of the dimer is unperturbed by aspartate binding (Milburn et al 1991,
Chervitz & Falke 1996).

Engineered disulfide studies of full-length receptors in the native receptor-kinase complex also
indicate that the second transmembrane helix carries the signal across the bilayer (Chervitz et
al 1995, Chervitz & Falke 1995). Disulfide bonds covalently linking the signaling helix (a4/
TM2) of the aspartate receptor to the adjacent helix in the same subunit («1/TM1) invariably
inhibit transmembrane kinase regulation in vitro, confirming that transmembrane signaling
requires movement of the second transmembrane helix relative to the static subunit interface
(Chervitz & Falke 1995). Two of these disulfides covalently trap a state resembling the normal
on state, yielding high levels of histidine kinase activity and reduced aspartate affinity. Two
other disulfides trap an off state in which the kinase is locked in an inactive mode, while
aspartate affinity is increased significantly. The observed effects on lock-on and -off disulfides
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on ligand affinity suggest that these disulfides trap states resembling the normal on and off
states, which correspond to the apo and asparate-occupied states, respectively. More generally,
the lock-on and lock-off disulfides demonstrate that it is possible to engineer reversible,
chemical constraints that trap the signaling states of a transmembrane receptor (Chervitz &
Falke 1995).

In contrast to helix-helix disulfides involving a4/TM2, engineered disulfide bonds that link the
al/TM1 and a1'/TM1’ helices at the subunit interface often have little or no effect on
transmembrane signaling and kinase regulation. This observation further confirms the static
nature of the subunit interface (Chervitz et al 1995). Even removal of the small cytoplasmic
ends of the interfacial transmembrane helices fails to block signaling; these helices do not
transmit information to the cytoplasmic domain (Chen & Koshland 1995).

Engineered disulfide studies of the homologous ribose/galactose receptor have shown that its
second membrane-spanning helix (a4/TM2) also carries the transmembrane signal and that its
subunit interface is static. As in the aspartate receptor, disulfides between «1/TM1 and a1/
TMZ1’ at the subunit interface retain the signal, whereas disulfides that constrain the a4/TM2
helix block receptor function (Lee et al 1995). These studies of the ribose/galactose receptor
have used a novel approach to generate periplasmic disulfides in vivo, enabling direct analysis
of their effect on receptor function in cellular chemotaxis assays (Lee et al 1995).

MOLECULAR VIEW OF THE TRANSMEMBRANE SIGNAL—Recent studies of the
chemo receptors have provided a molecular picture of the ligand-induced displacement of the
signaling helix, which represents the first structural description of a conformational
transmembrane signal (Chervitz & Falke 1996, Hughson & Hazelbauer 1996). The distance
difference analysis of the aspartate receptor revealed that one subunit of the sensory domain
is essentially unaltered by ligand binding: This static subunit has the same backbone
conformation in the apo and aspartate-occupied crystal structures of the periplasmic fragment
(Milburn et al 1991, Chervitz & Falke 1996). The static subunit has been used to guide the
superimposition of the two crystal structures, thereby providing a molecular view of the ligand-
induced displacement of signaling helix a4/TM2 in the nonstatic subunit (Figure 9) (Chervitz
& Falke 1996). By contrast, the other three transmembrane helices within the dimer («1/TM1,
ol'ITM1’, a4'/TM2"), including the bulk of the subunit interface formed by two of these helices
(Chervitz & Falke 1996), are not detectably perturbed (Figure 9).

The observed displacement of the signaling helix likely begins within the aspartate-binding
site, where conserved Pro153 creates a striking indentation in the signaling helix that surrounds
the bound ligand and acts as a positioning “notch.” When aspartate binds to the three conserved
Arg residues at the subunit interface, the notch must be moved to accommodate the shape of
the bound attractant, thereby generating a signaling helix displacement that can be
deconvoluted into a “piston” component and a “tilting” component. The piston component is
a 1.6 A displacement of the signaling helix toward the cytoplasm (Figure 9) (Chervitz & Falke
1996). This piston displacement is not an artifact of the isolated periplasmic fragment or of
crystal packing, because essentially the same displacement, indistinguishable in magnitude and
direction, is revealed by the engineered lock-on and lock-off disulfides that trap receptor
signaling states in the active receptor-kinase complex (see Figure 10) (Chervitz & Falke
1995,1996). Thus both crystallographic studies of the isolated periplasmic sensory domain and
engineered lock-on and lock-off disulfides in the native, receptor-kinase complex reveal the
same aspartate-induced piston displacement of the signaling helix, which demonstrates that
the aspartate-triggered piston displacement of the signaling helix toward the cytoplasm is a
bona fide feature of the native transmembrane signal.
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In the ribose/galactose receptor, disulfide formation rates between pairs of engineered cysteines
on different helices have been used to analyze ligand-induced displacements of the
transmembrane helices in vivo. Addition of ribose in the presence of the ribose-binding protein
has a negligible effect on disulfide formation rates at the subunit interface, but disulfide
formation rates between the a4/TM2 signaling helix and the adjacent transmembrane helix of
the same subunit are reproducibly changed by receptor occupancy (Hughson & Hazelbauer
1996). The observed pattern of ligand-induced rate changes indicates that the docking of ribose-
binding protein triggers a piston-type movement of the signaling helix toward the cytoplasm
while maintaining a static subunit interface, exactly as observed for attractant signaling in the
aspartate receptor. It follows that the piston mechanism is triggered by small- and large-
molecule attractants and is a general feature of the chemosensory receptors (Chervitz & Falke
1996, Hughson & Hazelbauer 1996). Overall, the piston mechanism is analogous (though
opposite in direction) to the piston model of transmembrane signaling originally hypothesized
by Lynch & Koshland (1992).

Besides the piston displacement, the crystallographic analysis of the sensory domain also
reveals an intriguing, ligand-induced 5° tilt of the signaling helix (Chervitz & Falke 1996).
This 5° tilt could be an artifact of the periplasmic fragment or an important component of the
transmembrane signal. Most likely, the piston component would transmit the signal across the
bilayer more effectively than the bending component because the stiffness of the helix toward
compression and stretching is considerably greater than its stiffness toward bending. On the
other hand, if the helix is rigid and does not bend, the observed 5° tilt would displace the
cytoplasmic end of the signaling helix by as much as 6 A, thus yielding a larger diplacement
than the piston component (Chervitz & Falke 1996). Although the significance of the piston
component to signaling is established, it remains to be determined whether the tilting
component is also required for function. Other types of signaling helix rotations, such as
rotations about its long axis, appear to be ruled out because they are not observed by any of
the three independent methods used to analyze the signaling helix displacement (Chervitz &
Falke 1995, 1996, Hughson & Hazelbauer 1996).

Two features of the transmembrane signal warrant further discussion: the asymmetry of the
signal and its small magnitude. The signal asymmetry arises directly from the preferential
binding of aspartate to one of the two binding pockets. The observation that ligand binding
displaces only one of the two signaling helices raises the possibility that the transmembrane
signal is generated completely within one subunit (Chervitz & Falke 1996). Recent genetic
studies have confirmed this prediction and have shown, just as observed in the crystallographic
analysis (Figure 9), that the signal is transmitted largely or completely within the subunit in
which the signaling helix contacts the bound aspartate. In fact, the cytoplasmic domain of the
other subunit can be almost completely removed without blocking the signal (Tatsuno et al
1996, Gardina & Manson 1996). These findings provide additional evidence that the
asymmetric nature of the piston displacement observed in the crystal structure is a real feature
of the native receptor-kinase complex.

The small magnitude of the transmembrane signal is also striking. The 1.6 A displacement of
the signaling helix observed in the crystal structure lies within the range of helix displacements
(>2 A) that can maintain side chain contacts between adjacent helices (Chothia & Lesk 1985,
Gerstein et al 1994). For example, when aspartate binds, the signaling helix retains the majority
of its specific side chain contacts to adjacent helices including multiple inter-helix salt bridges,
hydrogen bonds, and hydrophobic side chain contacts (Milburn et al 1991, Chervitz & Falke
1996). Moreover, side chains at the membrane-water interface can shift to accommodate a
displacement of this magnitude without being dragged into a different solvent phase. In short,
the small magnitude of the signaling helix displacement ensures that its energetic cost will be
relatively minor and easily triggered by aspartate binding.
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The Receptor Cytoplasmic Domain

GENERAL FEATURES—The transmembrane signaling helix («a4/TM2) ultimately enters
the cytoplasm, where it is contiguous with the homodimeric C-terminal domain of the receptor.
It is this cytoplasmic domain (31 kDa per subunit) that contains the covalent modification sites
responsible for receptor adaptation, as well as the docking site that regulates the histidine
kinase. Because each of the chemoreceptors binds the same CheW and CheA proteins, their
cytoplasmic domains are highly conserved and exhibit pairwise sequence identities as high as
85% (LeMoual & Koshland 1996). Moreover, these domains belong to a superfamily of at
least 56 prokaryotic cytoplasmic domains exhibiting pairwise sequence identities over 22%
(LeMoual & Koshland 1996, Danielson 1997). Thus the cytoplasmic domain represents a
conserved structural motif that is widespread in prokaryaotic receptors. Much remains to be
learned about the structure and function of the cytoplasmic domain, which holds the key to
understanding the mechanisms of receptor adaptation and kinase regulation.

The dynamic and heterogeneous nature of the isolated cytoplasmic domain has hindered high-
resolution structural studies, although it is clearly an assemblage of a-helices. In solution NMR
experiments, the isolated, water-soluble domain exhibits chemical shift and hydrogen
exchange parameters similar to those observed for molten globule proteins, indicating motional
flexibility or extensive solvent exposure (Seeley et al 1996). Circular dichroism measurements
indicate that the domain is predominantly o-helical (Mowbray et al 1985, Wu et al 1995),
whereas its hydrodynamic parameters reveal a highly elongated shape (Long & Weis 1992),
accounting for at least part of the extensive solvent exposure. Sequence alignments of
homologous domains from over 56 prokaryotic receptors reveal five regions of high a-helix
propensity (a5-a9) (Figure 11), separated by linkers identified by insertions, deletions, phase
shifts, Gly, or Pro residues (LeMoual & Koshland 1996, Danielson 1997). Most regions of the
putative helices exhibit a repeating heptad pattern (a-b-c-d-e-f-g) characteristic of coiled coils
and four-helix bundles, in which the first and fourth residues (a, d) are typically hydrophobic
(Paliakasis & Kokkinidis 1992, Kohn et al 1997). Polar hydrogen-bonding side chains,
sometimes found at these a and d positions, help stabilize a specific register and oligomeric
state of the helical aggregate, thereby minimizing structural heterogeneity (Lumb & Kim
1995, Gonzalez et al 1996a). Under certain conditions, the isolated domain can exhibit a
complex equilibrium between its monomeric state and two oligomeric states, where the latter
states are reminiscent of the dimers and trimers formed by mutant leucine zippers (Gonzalez
et al 1996b). Thus the observation of oligomeric heterogeneity suggests that there are multiple
ways the amphiphilic helices of the cytoplasmic domain can associate in pairs or bundles, some
of which may represent nonnative structures. Current structural models propose that the ten
putative helices of the dimeric cytoplasmic domain form three distinct functional regions: the
linker, the methylation region, and the kinase-signaling domain (Stock et al 1991, LeMoual &
Koshland 1996, Danielson 1997). This organization is summarized in a schematic working
model of cytoplasmic domain architecture (Figure 6).

THE LINKER REGION—The small, =30 residue linker region couples the transmembrane
signaling helix a2/TM2 to the cytoplasmic domain, thereby providing a critical interface for
the communication of periplasmic information to the cytoplasm. The conservation of many
linker residues throughout the superfamily of cytoplasmic domain structures (LeMoual &
Koshland 1996, Danielson 1997) indicates that the linker has extensive conserved packing
interactions. This region appears to be important for signaling because genetic studies have
identified lock-on and -off mutations in the linker (Ames et al 1988). In addition, receptor
dimers lacking one cytoplasmic domain are able to retain signaling function only when both
subunits, including the truncated subunit, possess the linker region (Tatsuno etal 1996, Gardina
& Manson 1996). In the native receptor-kinase signaling complex, it is plausible to propose
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that the linker region has a stable structure suitable for transmitting signals from the second
transmembrane helix to the cytoplasmic domain, even though the isolated domain is dynamic.

The predictions of sequence analysis remain largely untested but have enabled the development
of a working model for certain features of linker structure (Danielson 1997). Among the first
~15 positions of the linker, the conserved hydrophobic residues lack a defined periodicity, but
the second =15 positions exhibit the hydrophobic periodicity expected for an amphiphilic a-
helix (LeMoual & Koshland 1996), termed putative helix a5 (Danielson 1997). The end of the
linker is defined by a proteolytic hot spot (Arg259 in the aspartate receptor) followed closely
by a phase shift in the putative a-helical periodicity (LeMoual & Koshland 1996, Danielson
1997), suggesting the presence of a bend or loop between putative helices a5 and a6 of the
methylation region.

THE METHYLATION REGION—TFollowing the linker region is the first of two methylation
segments containing the regulatory methylation sites targeted by the adaptation pathway. The
first methylation segment is especially critical to kinase regulation, as indicated by several lines
of evidence: (a) This segment is directly coupled via the linker to the transmembrane signaling
helix and thus lies on the path of information transfer from the periplasmic ligand binding site
to the kinase. (b) This segment contains the majority of the consensus methylation sites
(Terwilliger et al 1986, Stock & Surette 1996). (c) Genetic studies have revealed a number of
lock-on and lock-off point mutations in this segment, as well as most of the second site
revertants that restore signaling to an inactive receptor possessing a mutant lysine in its first
transmembrane helix (Ames et al 1988, Oosawa & Simon 1986). Overall, it appears that the
methylation region gathers, integrates, and interprets the multiple input signals sent by the
transmembrane signaling domain and the methylated side chains. Concomitantly, an output
signal is transmitted to the kinase regulation machinery.

The methylation sites are glutamate side chains, in some cases generated by the CheB-catalyzed
deamidation of glutamine. The most rapidly methylated sites conform to the consensus
recognition sequence Glu-UGlu-X-X-Ala-Ser/Thr, where the methylated residue is underlined
(Terwilliger et al 1986). The methylation sites and the recognition side chains within both
methylation segments exhibit the pattern expected for their display on the same face of an a-
helix, suggesting that both methylation segments are helical (Terwilliger & Koshland 1984,
Stock & Surette 1996). Moreover, both segments lie within regions of the primary structure
predicted to be a-helical by sequence analysis (a6 and a9 in Figure 11) (Stock et al 1991,
LeMoual & Koshland 1996, Danielson 1997). The first methylation segment on putative helix
o6 contains three methylation sites, two of which are typically consensus sites, whereas the
second methylation segment on putative helix «9 contains either one or two nonconsensus
methylation sites depending on the type of chemoreceptor (Kehry & Dahlquist 1982, Kehry et
al 1983, Terwilliger & Koshland 1984, Nowlin et al 1987, Rice & Dahlquist 1991). Both
putative helices are strongly amphiphilic, exhibiting a hydrophobic face and a separate charged
face containing the methylation sites and recognition side chains. Recent cysteine and disulfide
scanning studies have confirmed that putative helix a6 is indeed helical and have mapped its
buried hydrophobic face and its solvent-exposed methylation face (Danielson et al 1997). It is
clear that the hydrophobic face of helix a6 packs against the corresponding face of its
symmetric helix a6’ in the other subunit because certain engineered disulfide bonds cross-
linking this interface retain full kinase regulation (Danielson et al 1997). A working model for
the packing arrangement postulates that the first methylation helices (a6, a6") form a parallel,
coiled-coil helix pair at the subunit interface, whereas the remaining two symmetric
methylation helices (a9, «9") each dock in an antiparallel orientation relative to the central pair,
yielding an antiparallel four-helix bundle (see Figure 6) (Stock et al 1991, Danielson et al
1997). Many features of this putative packing arrangement remain to be tested.
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A simple model for the regulation of the methylation region proposes that the subunit interface
of this module serves as a variable dimmer switch controlling kinase activity. The maximum
kinase activity is provided by an optimal configuration of the interface, while kinase activity
is down-regulated when the interface is perturbed by a displacement of the signaling helix or
by an altered methylation state. The methylation sites bestow a broad, relatively continuous
tuning range onto the regulatory machinery because both the number and location of methyl
groups can be varied; in the extreme, the fully demethylated, anionic carboxylates down-
regulate histidine kinase activity as much as 50-fold relative to the fully methylated receptor
by an unknown mechanism (Ninfa etal 1991, Borkovich et al 1992). A key interaction defining
the signaling state of the methylation region is the extensive contact between the a6 and o6’
helices, which form the subunit interface and possess the majority of the methylation sites.
This interface can be driven toward its tightly associated, symmetric kinase-activating state by
(a) certain intersubunit disulfide bonds that covalently cross-link the a6-06' interface
(Danielson et al 1997); (b) a leucine zipper dimerization motif fused to the N-terminal end of
the a6 helix in the isolated cytoplasmic domain (Cochran & Kim 1996, Surette & Stock
1996); or (c) high-level expression of a fragment containing just the a6 helix and the signaling
module, which is believed to yield dimers stabilized by the a6-a6’ interaction (Surette & Stock
1996).

One discrepancy is that this simple model for interfacial regulation of the methylation module
requires interactions between two subunits of the cytoplasmic domain. In contrast, genetic
studies have shown that receptor dimers lacking one cytoplasmic subunit are functional
(Tatsuno et al 1996, Gardina & Manson 1996). This apparent contradiction has been
rationalized by proposing that when necessary, the cytoplasmic domain subunits of different
receptor dimers can interact to bind and regulate the histidine kinase. Such interactions are not
unreasonable, since a growing body of evidence indicates that receptor dimers are clustered at
one end of the cell and, at least in certain cases, receptor methylation is a result of dimer-dimer
interactions (Maddock & Shapiro 1993, Wu et al 1996). Clearly, many structural and
mechanistic features of the methylation module remain to be elucidated, including the
molecular mechanism of methylation-based receptor adaptation.

THE METHYLTRANSFERASE CheR—The CheR methyltransferase, a 33-kDa soluble
enzyme, covalently modifies the receptor cytoplasmic domain. A pool of free CheR exists in
the cytoplasm (Clarke et al 1980) where the aspartate, serine, and citrate receptors display a
specific CheR-docking motif (Wu et al 1996). Thus in certain receptors the methyltransferase
is an integral component of the receptor-kinase signaling complex. The motif used to bind
CheR consists of the five-residue sequence Asn-Trp-Glu-Thr/Ser-Phe-C, which is located at
the extreme C-terminal end of the receptor cytoplasmic domain (Wu et al 1996). The isolated
five-residue peptide displays the same CheR affinity as the full-length receptor (Kq = 2 uM),
indicating that most of the binding energy is provided by this simple docking site. Because the
ribose/galactose and dipeptide receptors lack the consensus docking sequence and are
methylated poorly in the absence of the aspartate or serine receptors, it has been proposed that
methyltransferase bound to one dimer can methylate other dimers (Wu et al 1996; | Kawagishi,
personal communication). Intra-dimer methylation may also occur because the receptor-
methyltransferase complex can be solubilized from the membrane with retention of
considerable methylation activity (Bogonez & Koshland 1985). The receptors that bind CheR
possess an unconserved sequence of variable length lying just N-terminal to the CheR
recognition motif. This unconserved stretch may act as a flexible tether, enabling the bound
CheR to collide with the methylation sites on the same dimer or on nearby dimers.

A recent crystal structure of the CheR methyltransferase significantly extends the molecular
description of the adaptation machinery (Djordjevic & Stock 1997). The CheR enzyme, which
utilizes S-adenosyl-methionine as the methyl donor, consists of two domains (Figure 12). The
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smaller domain contains four helices arranged in a perpendicular fashion, whereas the larger
domain exhibits an a/f folding motif in which a central seven-stranded /-sheet is sandwiched
between two layers of a-helices (Djordjevic & Stock 1997). The active site cleft lies between
the two domains where, in the crystal structure, it is occupied by the product inhibitor S-
adenosyl-homocysteine. The smaller domain, by analogy with other methyltransferases of
known structure, is proposed to dock to the substrate, which in this case is a methylation helix.
Support for this hypothesis is provided by the discovery of a positively charged surface on the
small domain suitable for docking to the anionic face of a methylation helix (Djordjevic &
Stock 1997). Itis not yet known where the C-terminal tail of the receptors binds to the enzyme,
but this issue may soon be resolved by new crystals of the co-complex between the
methyltransferase and the five-residue receptor peptide (S Djordjevic & AM Stock, personal
communication).

THE SIGNALING DOMAIN—The final region of the cytoplasmic domain forms the ternary
complex with CheW and CheA and is responsible for regulating the bound histidine kinase
activity. This region, corresponding to a 16-kDa stretch of primary structure between the two
methylation helices, is proposed to contain two helices per subunit (a7, o8 in Figure 11) and
is the most highly conserved region of the large superfamily of prokaryotic cytoplasmic
domains (LeMoual & Koshland 1996, Danielson 1997). The importance of the signaling region
to kinase regulation is emphasized by the observation that several randomly generated lock-
on mutations have been found here; in fact, the prevalence of such mutations is higher in this
domain than in other regions of the receptor (Ames et al 1988). In the serine receptor, the
signaling region is an independent folding domain because liberation and expression of the
isolated domain in cells containing CheW and CheA lead to substantial histidine kinase
regulation in vivo and in vitro (Ames & Parkinson 1994, Ames et al 1996). The corresponding
fragment of the aspartate receptor exhibits greater kinase modulation activity when it is forced
to dimerize by the inclusion of the first methylation helix a6 or a leucine zipper dimerization
motif (Surette & Stock 1996). Together these findings indicate that the signaling module is an
independent functional unit containing the minimal receptor sequences required for ternary
complex formation and kinase activation (Ames et al 1996) and that dimerization of the module
enhances kinase activation (Surette & Stock 1996). In vitro binding and activity measurements
have confirmed that, as predicted by earlier genetic studies, the isolated signaling domain
directly associates with CheW (Liu & Parkinson 1991, Ames & Parkinson 1994, Surette &
Stock 1996).

Structurally, the signaling module remains enigmatic, although a simple arrangement of the
four putative helices (a7, a8, a7', a8") would result in an antiparallel four-helix bundle (see
Figure 6). Such an arrangement requires a hairpin turn between the two helices in the same
subunit (a7, a8), and sequence analysis reveals a cluster of Gly residues at the appropriate
location, as well as a short putative g-strand that could stabilize the subunit interaction by
forming an intersubunit S-sheet (LeMoual & Koshland 1996). These putative structural
features remain to be tested.

THE COUPLING PROTEIN CheW—The 18-kDa CheW protein possesses no known
regulatory or catalytic function. Instead, it is a simple scaffold protein that couples CheA to
the signaling module of the receptor and is strictly required for receptor-mediated activation
of histidine kinase activity (Borkovich et al 1989, Ninfa et al 1991, Ames & Parkinson
1994). Although E. coli CheW is prone to aggregation and has been inaccessible to structural
methods, a related CheW isolated from the hyperthermophile Thermatoga maritima is more
well-behaved and its NMR solution structure is nearly complete (Swanson et al 1996; FW
Dahlquist, personal communication). The preliminary results define the secondary structure,
which is dominated by j-sheet. A class of CheW mutants previously shown to perturb the
receptor interaction should help define the specific face of CheW involved in receptor docking
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(Liu & Parkinson 1991); the residues involved in CheA docking have not yet been identified.
Due to its dual receptor and kinase docking sites, sufficiently high concentrations of free CheW
can actually dissociate the ternary complex by driving the formation of separate CheW-receptor
and CheW-CheA complexes (Liu & Parkinson 1989, 1991).

The Histidine Kinase CheA

Ultimately, the signaling output of the receptor is used to regulate the activity of the bound
histidine kinase CheA. The isolated kinase is a dimer of identical 71-kDa subunits containing
two symmetric active sites, each of which utilizes MgZ*-ATP to drive phosphorylation of His48
(Hess et al 1987, Wylie et al 1988, Swanson et al 1993a; review by Surette & Stock 1996).
When bound to a receptor, the histidine kinase activity is modulated by the receptor occupancy
and methylation state over at least a 102-fold range (Borkovich et al 1989, 1992, Ninfa et al
1991). The isolated CheA dimer exhibits a low rate of intrinsic autophosphorylation activity
and dissociates to become completely inactive at low concentrations, suggesting that
phosphorylation proceeds only in trans between subunits, or that the active site requires a native
subunit interface (Surette et al 1996). The architecture of CheA is highly modular: each subunit
can be divided into four functional regions (Figure 3) (Parkinson & Kofoid 1992, Stock &
Surette 1996). At least three of these regions have been shown to be distinct folding domains.

THE P1 PHOSPHOTRANSFER DOMAIN—The N-terminal P1 domain, which folds
independently in its isolated form, possesses the reactive His48 residue that serves as the site
of autophosphorylation (Hess et al 1988, Swanson et al 1993b, Morrison & Parkinson 1994).
The isolated domain has no intrinsic enzymatic activity, but it can be phosphorylated by a
separate CheA molecule, and following purification, the resulting phospho-P1 domain is fully
functional as a phosphotransfer substrate for CheY or CheB even in the absence of the other
CheA domains (Swanson et al 1993b). Thus the P1 domain possesses the minimal recognition
elements required for roles as a phospho-acceptor substrate of the CheA active site and as a
phospho-donor substrate for the CheY and CheB active sites (Swanson et al 1993b; note that
a different domain of CheA provides the high-affinity docking site for CheY and CheB, as
discussed below).

The solution NMR structure of the isolated P1 domain displayed in Figure 13 A reveals a
monomeric, 18-kDa antiparallel bundle of five helices (Zhou et al 1995, Zhou & Dahlquist
1997). The fifth, C-terminal helix is more weakly associated and can be proteolytically
removed with retention of the domain activity (Morrison & Parkinson 1994, Zhou et al
1995). The His48 residue is located on helix a2, where the imidazole ring is exposed to solvent
(Zhou etal 1995, Zhou & Dahlquist 1997). NMR pH titrations have shown that the environment
of the unphosphorylated imidazole ring stabilizes the normally unfavored tautomer, in which
hydrogen is bonded to the N1 nitrogen (Zhou & Dahlquist 1997). Significantly, this tautomeric
state leaves the N¢2 nitrogen of the ring available for phosphorylation. NMR analysis has
confirmed that this nitrogen is indeed the phosphorylation site and that the phosphorylation-
induced structural change is highly localized to the vicinity of the phosphorylated residue
(Zhou & Dahlquist 1997). Together, these findings suggest that the P1 domain is a relatively
inert structural unit that simply accepts the phosphoryl moiety from the catalytic module and
allows it to be transferred to a response regulator. Three highly conserved residues in the
vicinity of the reactive histidine (Gly52, His67, Glu70) play an important functional role (Stock
& Surette 1996), perhaps stabilizing the appropriate imidazole tautomer and optimizing its
orientation for the phosphorylation and phosphotransfer reactions (Zhou & Dahlquist 1997).

The phosphoramidate linkage of phospho-His is the most unstable of the known phospho-
amino acids (His, Asp, Tyr, Ser, Thr); in fact, the standard free energy of phosphotransfer from
ATP to histidine is positive (Stock & Surette 1996). Thus it is not surprising that the CheA
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autophosphorylation reaction is reversible, such that phospho-CheA can phosphorylate ADP
in vitro (Tawa & Stewart 1994, Surette et al 1996). As a result, CheA efficiently catalyzes the
exchange of phosphoryl groups between ATP and ADP. Under cellular conditions, the high
ratio of ATP to ADP and rapid phosphotransfer to response regulators help speed CheA
autophosphorylation relative to the backward reaction, thereby making CheA an effective
kinase.

THE P2 RESPONSE-REGULATOR DOCKING DOMAIN—The P2 domain, which
provides the docking site for CheY and CheB, lies C-terminal to the P1 domain and can also
be liberated as a stable, well-folded protein fragment (Parkinson & Kofoid 1992, Swanson et
al 1993b, Morrison & Parkinson 1994). The solution NMR structure of the 14-kDa monomeric
domain is an open-faced S-sandwich in which two antiparallel helices lie on one surface of an
antiparallel, four-stranded S-sheet (Figure 13B) (McEvoy et al 1995, 1996). All the residues
implicated in response regulator docking lie near one end of the helices and their contiguous
loops. Many of these solvent-exposed docking residues are hydrophobic, and together they
define a clear docking surface that binds a single CheY molecule. Although the P1 domain
must also interact transiently with the bound response regulator during the phosphotransfer
event, removal of P1 from CheA does not affect the affinity of CheY binding (Swanson et al
1993b). Similarly, removal of the catalytic domain has little effect on CheY binding to the P1-
P2 region (Li et al 1995). It follows that the primary CheY binding elements reside entirely on
P2. The CheB protein competes with CheY for binding to the P1-P2 region and presumably
uses the same docking site on the P2 domain (Li et al 1995).

Remarkably flexible linkers connect the P2 domain to the rest of the CheA molecule. These
linkers are sufficiently dynamic to be proteolytic hot spots (Parkinson & Kofoid 1992, Morrison
& Parkinson 1994), allowing the P2 domain to tumble rapidly relative to the rest of the protein.
As a result, the NMR spectrum of intact CheA clearly reveals the resonances of the P2 domain
even though other regions of the molecule tumble too slowly to be detected (McEvoy et al
1997). Many histidine kinases encode specificity within other domains and lack the P2 domain
entirely, suggesting that CheA and its homologues have evolved this domain for a specific
purpose other than phosphotransfer specificity (Parkinson & Kofoid 1992). The remarkable
mobility of the P2 domain and its bound response regulator could serve to facilitate inter-dimer
phosphotransfer reactions between adjacent signaling complexes, thereby amplifying the
phosphorylation signal.

THE CATALYTIC DOMAIN—The most highly conserved region of CheA is its catalytic
domain (Figure 3): Homologous domains are found in all prokaryotic and eukaryotic two-
component signaling pathways (Parkinson & Kofoid 1992,Stock & Surette 1996). No structure
yet exists for any of these catalytic modules. The CheA catalytic domain folds independently,
and the isolated domain can efficiently phosphorylate the isolated P1 domain (Swanson et al
1993b). It believed that the catalytic domain contains all of the motifs needed to bind Mg2*-
ATP, recognize the P1 domain, and catalyze its phosphorylation. Several highly conserved
clusters of residues are proposed to form the ATP-binding site and the active site, although the
catalytic residues have not yet been directly identified (Stock & Surette 1996). Isolated CheA
exhibits a slow autophosphorylation rate estimated at ~10 turnovers min—! (Tawa & Stewart
1994, Surette et al 1996), while CheA bound to attractant-saturated receptors exhibits an even
lower activity. The apo state of the receptor-kinase complex stimulates the autophosphorylation
rate over 102-fold relative to the isolated dimer, but the mechanism of this activation remains
unknown (Borkovich & Simon 1990,Ninfa et al 1991).

One possible mechanism of receptor-mediated regulation is suggested by the dimeric structure
of CheA. The enzyme is active only when it is a dimer; when diluted, it dissociates to form
inactive monomers (Surette et al 1996). The dimerization motif lies primarily within the
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catalytic domain, since the isolated domain retains its functional, dimeric structure (Swanson
et al 1993b, Surette et al 1996). Thus receptor-mediated signals could serve to modulate the
CheA subunit interface, thereby controlling kinase activity either by directly altering the kinase
active site or by changing its interaction with the substrate His48 on the P1 domain of the other
subunit.

THE RECEPTOR DOCKING REGION—The C-terminal region of CheA is essential for
receptor-mediated regulation, although the structure of the module and its precise role in
receptor-kinase coupling have not yet been determined. Truncation of this module from CheA
does not inhibit the intrinsic kinase activity, but does eliminate all receptor-mediated
stimulation of kinase activity, both in vitro and in vivo (Bourret et al 1993a). The observed
loss of receptor stimulation could stem from a failure to dock to CheW or to the receptor;
alternatively, the truncation could block signal transmission from the receptor to the bound
kinase. Genetic studies suggest that distinct CheW- and receptor-binding sites exist within this
region of CheA (Parkinson & Kofoid 1992).

CheAs—A SHORT FORM OF THE HISTIDINE KINASE—Chemotaxing bacteria
express CheA both as the full-length molecule and a short form termed CheAg, the latter
generated by an alternative translational start site (Figure 3) (Kofoid & Parkinson 1991). Both
forms share the same C terminus, but CheAg lacks the P1 domain and cannot be
phosphorylated. Although CheAg is not strictly required for chemotaxis (Sanatinia et al
1995), a 1:1 mole ratio of CheA to CheAg provides optimal cellular motility (Wang &
Matsumura 1997). A recent explanation for this finding came from the observation that the P1
domain serves two opposing functions. In addition to its role as the histidine kinase substrate,
a given P1 domain also inhibits the kinase activity of its own subunit, perhaps by simple steric
hindrance (Levit et al 1996,Garzon & Parkinson 1996). As a result, the isolated catalytic
domain phosphorylates the free P1 domain more rapidly than does CheA itself. Similarly, a
mixed dimer containing the catalytic domain and full-length CheA exhibits an approximately
fivefold higher autophosphorylation rate than the native CheA dimer (Levit et al 1996). The
latter mixed dimer is analogous to the heterodimers formed between CheA and CheAg under
cellular conditions, which explains, in part, why cells express the short form. A second,
unrelated function of the CheAg molecule as a component of the CheZ phosphatase complex
is discussed below.

RESPONSE REGULATORS AND PHOSPHATASE
The Aspartate Kinase Domain of CheY and CheB

In the modular design of two-component signaling pathways, the histidine kinase element
serves as an information transmitter, and an aspartate kinase element acts as a receiver
(Parkinson & Kofoid 1992, Parkinson 1993). Considerable progress has been made in
determining the structure and mechanism of the asparatate kinase receiver element, of which
CheY is the prototypical example.

CheY: THE PROTOTYPICAL RECEIVER DOMAIN—AII response regulators contain an
autocatalytic aspartate kinase domain homologous to the CheY protein; in most cases this
CheY-like domain is coupled to a second output domain that carries out a specific
phosphorylation-regulated function, such as the methylesterase domain of CheB (Figure 3) or
a DNA-binding domain (Parkinson & Kofoid 1992). In the chemosensory pathway, the CheY
protein needs no output domain. Prior to phosphorylation, CheY binds to the P2 domain of
CheA until the reversible phosphotransfer event generates phospho-CheY, which is quickly
released because of its lower affinity for CheA (Swanson et al 1993b,Morrison & Parkinson
1994, Li et al 1995,Stewart 1997). Phospho-CheY subsequently dissociates and diffuses to the
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flagellar motor, where it binds to the FliM protein in the switch apparatus that controls the
direction of motor rotation (Welch et al 1994). Docking of phospho-CheY to the switch element
increases the probability of a tumbling event, thereby controlling cellular swimming behavior
(Barak & Eisenbach 1992a).

The structure of the unphosphorylated 14-kDa CheY protein has been determined by
crystallography or NMR under different conditions in several laboratories (Stock et al 1989,
1993, Volz & Matsumura 1991, Bellsolell et al 1994, Moy et al 1994, Lowry et al 1994, Santoro
et al 1995, Ganguli et al 1995). Together, these structures yield a molecular picture of the
receiver domain tertiary fold, active site geometry, and protein docking surfaces. The structures
are in good agreement although some subtle differences have been debated (Stock & Surette
1996).

CheY exhibits an a/f folding motif (Figure 14A) in which a central five-stranded parallel S-
sheet is sandwiched between five a-helices. The phosphorylation site is Asp57 in the kinase
active site (Sanders et al 1989), where the active site residues are provided by loops at one end
of the p-sheet. Phosphorylation of Asp57 yields a global conformational change, detected

by 19F NMR and mapped out in detail by multidimensional heteronuclear NMR (Drake et al
1993, Lowry et al 1994) (Figure 14B). The spatial range of this global conformational change
is much greater than that caused by constitutively activating or inactivating CheY point
mutations (Bourret et al 1993b) and also dwarfs the localized structural changes triggered by
phosphorylation of the relatively static P1 domain of CheA (Zhou & Dahlquist 1997). These
findings indicate that the CheY molecule is poised to undergo widespread structural
rearrangements upon phosphorylation. Relative to its unphosphorylated state, phospho-CheY
exhibits a decreased affinity for CheA butasignificantly increased affinity for the motor protein
FliM and the phosphatase CheZ (Welch et al 1994, Li et al 1995, Blat & Eisenbach
1996a,b,c).

The CheY docking surfaces that interact with each of its three effector proteins have been
identified by NMR (CheA P2 domain) or implicated by genetic studies (P2, FliM, CheZ)
(Parkinson etal 1983, Yamaguchi etal 1986, Magariyama etal 1990, Roman etal 1992, Sockett
et al 1992, Sanna et al 1995, Shukla & Matsumura 1995, Swanson et al 1995). None of these
distinct docking surfaces appears to directly overlap the phosphorylation site (Figure 14C).
Instead, the available evidence indicates that the phosphorylation-induced conformational
change, rather than the presence of acyl phosphate on the protein surface, is responsible for
regulating these docking regions. For example, some CheY mutants are phosphorylated but
fail to promote tumbling, whereas others are not phosphorylated but do stimulate tumbling
(Bourret et al 1990, 1993b, Lukat et al 1991, Welch et al 1994), suggesting that tumbling is
modulated by a specific conformational change at the the motor-docking surface. Moreover,
the P2-docking surface on CheY is distinct from the Asp57 phosphorylation site, implying
conformational regulation (Li et al 1995). Together, such findings indicate that the
phosphorylation-induced global conformational change within CheY directly controls distinct
docking regions covering as much as half of its surface. Comparison of the surface maps for
phospho-activation and inter-protein contacts plainly illustrates this conformational control of
docking interactions (compare Figure 14B,C).

THE ASPARTATE KINASE ACTIVE SITE—The active site of CheY, which is highly
homologous to those of other aspartate kinases, is illustrated in Figure 15. The conserved
catalytic residues include the Asp57 side chain that forms the acyl phosphate, as well as Asp12
and Asp13, which coordinate the essential catalytic Mg2* (Lukat et al 1991, Stock et al
1993, reviewed by Stock & Surette 1996). The Thr87 residue likely serves as a general acid-
base catalyst, whereas Lys109 provides acid-base catalysis or electrostatic stabilization. The
Lys109 side chain could also serve as a molecular switch by forming a salt bridge to Asp57 or
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phospho-Asp57 (Lukat et al 1991, Stock et al 1993, Bourret et al 1993, Stock & Surette
1996). This active site can catalyze autophosphorylation of Asp57 using one of several
substrates, such as the isolated phospho-P1 domain of CheA, or the small-molecule phospho-
donors phosphoramidate, acetyl phosphate, or carbamoyl phosphate (Lukat et al 1991,
Swanson et al 1993b).

Plausible chemical mechanisms for the aspartate kinase phosphorylation and
dephosphorylation reactions have been suggested based on the crystal structure of Mg2*-
occupied CheY (Stock et al 1993; reviewed by Stock & Surette 1996). The phosphorylation
reaction is proposed to form a pentavalent phosphate transition state with trigonal bipyramidal
geometry, in which the side chain carboxylate oxygen of Asp57 is positioned by its
environment to perform a nucleophilic in-line attack on the incoming phospho-donor. The
additional negative charge on the transitional pentavalent phosphate is stabilized by the bound
Mg?2*, whereas the acid-base catalyst activates the leaving group by donating a proton. The
dephosphorylation reaction follows a similar reverse pathway, in which a solvent oxygen
performs an in-line attack on the acyl phosphate. This hydrolysis uses the acid-base catalyst
as a proton acceptor to activate the attacking solvent, yielding a reactive hydroxide ion; the
Mg?2* ion again stabilizes the pentavalent phosphate transition state. Under physiological
conditions, the autocatalytic dephosphorylation of phospho-CheY is quite rapid, exhibiting a
half time under 10 s (Hess et al 1988, Stock et al 1988, Lukat et al 1991). This rapid
autodephosphorylation is characteristic of a fast signaling pathway because response regulators
from slower two-component pathways can remain phosphorylated for up to an hour or longer
(Stock & Surette 1996).

THE RECEIVER DOMAIN OF CheB—The N-terminal receiver domain of CheB is
structurally homologous to CheY and also serves as a phospho-activation module. The
aspartate kinase activity of CheB catalyzes phosphotransfer from phospho-His48 of CheA to
its own active site, yielding phosphotransfer kinetics similar to those of CheY (Hess et al
1988, Lupas & Stock 1989). Once formed, however, phospho-CheB undergoes autocatalytic
dephosphorylation much faster than phospho-CheY (Stewart 1993). CheB requires this
ultrafast auto-hydrolysis reaction because, unlike phospho-CheY, the phospho-CheB molecule
is not dephosphorylated by CheZ (Hess et al 1988). The short lifetime of phospho-CheB is also
correlated with the smaller distance it needs to travel to reach its target—generally a receptor
within the same cluster of signaling complexes. CheY, by contrast, must diffuse from the
receptor cluster to a distant motor.

Genetic studies of CheB have suggested that the aspartate kinase active site contains the same
complement of side chains observed in CheY. The corresponding residues in CheB are Asp10,
Aspll, Asp56 (thought to be the site of phosphorylation), and Lys107 (Stewart 1993, Stock
& Surette 1996). Mutations replacing the key active site residues have similar effects on the
CheY and CheB kinases, including analogous lock-on mutations that cause CheY-mediated
tumble behavior in vivo and enhanced CheB esterase activity in vitro (D13K and D11K,
respectively) (Bourret et al 1990, Stewart 1993). These findings suggest that the activation-
induced conformational change in the CheB receiver domain is similar to that observed for
Chey.

The Output Domain of CheB

Inits role as the methylesterase of the adaptation system, the 37-kDa phospho-CheB monomer
either dissociates from the P2 domain of receptor-bound CheA or utilizes the intrinsic mobility
of the P2 domain to collide with nearby receptor methylation helices. During such a collision,
the C-terminal methylesterase domain of CheB catalyzes the hydrolysis of regulatory methyl
esters, yielding free methanol (Stewart & Dahlquist 1988). In some cases, receptor methylation
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sites are expressed as glutamines, and the CheB methylesterase can hydrolyze these to yield
ammonia and a bare glutamate side chain that is then available for methylation (Sherris &
Parkinson 1981, Terwilliger & Koshland 1984). Phosphorylation of the CheB receiver domain
increases the methylesterase activity at least tenfold, representing the major regulatory event
that controls the steady state level of receptor methylation (Lupas & Stock 1989). A similar
level of methylesterase activation is achieved when the unconserved, flexible linker between
the receiver and output domains is cleaved by proteolysis (Lupas & Stock 1989, Stock & Surette
1996). It follows that the receiver domain of intact CheB autoinhibits the methyltransferase
domain and that this autoinhibition is released when the receiver domain is phosphorylated.

The crystal structure of the isolated 21-kDa methylesterase domain reveals an o/ folding motif,
in which the central seven-stranded parallel g-sheet is sandwiched between six a-helices and
a p-hairpin (Figure 16) (West et al 1995). The active site lies on one edge of the s-sheet, where
loops provide the catalytic residues. Figure 17 shows the novel arrangement of three side
chains, Ser164, His190 and Asp286, that form a catalytic triad analogous in function, although
different in structure, to the catalytic triad of serine proteases (West et al 1995). The Ser164
side chain is essential for activity and probably carries out nucleophilic attack on the methyl
ester (Krueger etal 1992). The location of the Ser164 hydroxyl is suitable to allow base catalysis
by the His190-Asp286 pair, thereby activating the hydroxyl oxygen by proton removal (West
et al 1995). A putative oxyanion hole containing amide protons available for transition state
stabilization is found at the appropriate location, and all the active site residues are located in
a linear indentation of size and shape appropriate for the docking of a methylation helix. The
mechanism by which the receiver domain autoinhibits the activity of the methyltransferase
domain remains undetermined, as does the nature of the molecular recognition used by the
methylesterase domain to correctly identify a substrate helix. Some of these intriguing
questions may be answered by the nearly completed crystal structure of the intact, two-domain
protein (A West & AM Stock, personal communication).

The Phosphatase Chez

Of all the pathway components, the CheZ protein remains the least understood. CheZ serves
to inactivate the tumble signal of the chemosensory pathway by speeding the hydrolysis of
phospho-CheY, either directly using a CheZ active site residue to carry out a nucleophilic
attack, or indirectly via a conformational change that stimulates the intrinsic auto-phosphatase
activity of the CheY active site (Hess et al 1988). In the latter case, CheZ would be more
accurately described as an allosteric effector rather than a true phosphatase. The phosphatase
activity of CheZ is essential for the rapid response time of a chemotaxing bacterial cell, because
the swimming cell must detect stimuli and modulate the phospho-CheY tumble signal on a =1
s timescale, while the intrinsic half-life of phospho-CheY is =10 s.

Little is known about the structure of CheZ. It is isolated as a dimer of 24-kDa subunits but
assembles into higher-order oligomers in vitro and in vivo (Stock & Stock 1987, Blat &
Eisenbach 1996a,b). The phospho-CheY protein, but not unphosphorylated CheY, drives the
formation of a large, higher-order oligomer containing a 2:1 mole ratio of CheZ to phospho-
CheY, and the resulting oligomer is thought to bind and increase the rate of free phospho-CheY
hydrolysis (Blat & Eisenbach 1994, 1996b,c, Bren et al 1996). CheZ also forms mixed
oligomers with CheAg that enhance CheY phosphatase activity (Wang & Matsumura 1996,
1997). Other than the stimulation of CheZ oligomerization by its own target, phospho-CheY,
no regulation of CheZ has yet been demonstrated.

Recently, a deletion map and random mutagenesis has revealed evidence for distinct functional
domains within CheZ (Figure 3) (Blat & Eisenbach 1996¢,Sanna & Simon 1996a,b). The C-
terminal 19 residues form part of the CheY-docking site because the corresponding peptide
fragment specifically binds phospho-CheY in vitro, albeit with low affinity; moreover,
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suppressors of a mutant CheY are found in this region (Blat & Eisenbach 1996,Sanna & Simon
1996a). The N-terminal region of CheZ may also contribute to the CheY-docking surface
(Sanna & Simon 1996b). Much remains to be learned about the CheZ protein, including its
structure, the mechanism by which it stimulates phospho-CheY hydrolysis, the nature of
phospho-CheY docking, and its regulatory inputs (if any).

THE MOTOR ROTATIONAL SWITCH

Phospho-CheY acts as a tumble signal to alter swimming behavior by specifically binding to
the FIiM protein, which is a component of the switch apparatus that controls the rotational state
of the flagellar motor (Blair 1995, Macnab 1996). FliM is located in the C-ring, a labile structure
that projects out from the motor into the cytoplasm (Francis et al 1994). It is estimated that the
C-ring contains about 40 copies of FliM, which is also found in the cytoplasm as a soluble
protein (Zhao et al 1996). The multiplicity of the FIiM assembly suggests that phospho-CheY
binding may be highly cooperative, although this aspect of switch activation has not yet been
characterized.

Purified FIiM is a 37-kDa monomer that binds phospho-CheY more tightly than
unphosphorylated CheY (Welch et al 1993, 1994). Certain phospho-CheY mutants are not
bound by FliM (Welch et al 1994), further indicating that the switch protein recognizes the
conformation of CheY rather than its phosphoryl group (Bourret et al 1990, 1993b, Lukat et
al 1991; see above). Recent deletion and mutational studies of FliM suggest that the primary
structure contains at least four overlapping functional regions and that the N-terminal region
is essential for phospho-CheY binding (Toker et al 1996; D Blair, personal communication).
Figure 3 illustrates the proposed functional domains. It is not known how FliM regulates the
rotational switching of the motor. For recent reviews of motor structure and function see
Macnab (1996) and Blair (1995).

CONCLUSIONS AND FUTURE DIRECTIONS

Considerable headway has been made in defining the structures of chemosensory pathway
components, making this an excellent system in which to probe the molecular mechanisms of
signal transduction and cellular behavior. For those components and domains that have been
resistant to structural determination thus far, homologous thermophilic proteins are being
isolated and have significant advantages for structural studies (Swanson et al 1996, Lee &
Stock 1996). Alternatively, engineered disulfides can be incorporated to stabilize dynamic
proteins for structural analysis.

A number of key chemosensing events have now been described, and mechanistic studies have
provided molecular information concerning the activation of soluble and transmembrane
receptors by their ligands, the generation of a transmembrane signal, and the activation of a
response regulator by phosphorylation. In the membrane-embedded chemoreceptors, the
observed piston or tilting piston displacement of the signaling helix represents the first
molecular picture of a transmembrane conformational signal, whereas structural studies of
CheY phosphoactivation reveal a global conformational change that regulates multiple docking
sites. Other critical molecular features of the pathway and its components remaining to be
determined include (a) the mechanism of repellent binding and signaling; (b) the structure of
the receptor cytoplasmic domain and its mechanism of regulation by methylation and receptor
occupancy; (c) the structure, chemical mechanism, and activation mechanism of the CheA
histidine kinase domain; (d ) the principles of molecular recognition underlying the specific
interactions between pathway components, particularly in the signaling complex; (e) the
mechanism by which phospho-CheY regulates the motor switch apparatus; and (f) the role of
conformational dynamics in receptor and signaling protein activation.
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Additional important unresolved questions remain concerning the function of the fully
integrated chemotaxis system in vivo. (a) The sensory system is able to adapt and chemotax
at attractant concentrations at least two orders of magnitude higher than the K for receptor
binding (Mesibov et al 1973, Clarke & Koshland 1979), yet the mechanism of this impressive
adaptibility remains unknown. (b) The chemosensory pathway is extraordinarily sensitive: As
little as a single attractant molecule can trigger a detectable motor response (Block et al
1983, Segall et al 1986), suggesting that the pathway possesses an unknown amplification
mechanism. (c) The clustering of signaling complexes at one pole of the cell must have an
important function (Maddock & Shapiro 1993). At one extreme, it could simply facilitate inter-
receptor methylation reactions (Wu et al 1996); alternatively, it could serve as an intricate
receptor-kinase signaling network that serves as a central processing unit. (d ) The roles of
alternate signaling inputs into the pathway via Ca%* fluxes, acetyl phosphate, fumarate, or cross
talk with the PTS sugar-sensing system need to be determined (Tisa & Adler 1992, Barak &
Eisenbach 1992b, McCleary & Stock 1994, Lux et al 1995). (e) Finally, initial attempts have
demonstrated the promise of quantitative descriptions of pathway function (Bray & Bourret
1997, Bray et al 1993). Ultimately, these approaches will computationally reproduce the
working pathway in terms of the microscopic equilibrium and kinetic constants of its individual
components.
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Figure 1.

Information flow through a two-component signaling pathway. Shown are the standard
prokaryotic and eukaryotic signaling components including (a) the sensor module, typically a
transmembrane receptor with two putative membrane-spanning helices; (b) a transmitter
histidine kinase that is regulated by the receptor and catalyzes autophosphorylation on
histidine; and (c) a receiver or response regulator whose active site catalyzes phosphotransfer
from the transmitter, thereby yielding autophosphorylation on aspartate. The response
regulator can catalyze its own dephosphorylation, but some pathways require a separate
phosphatase to generate more rapid dephosphorylation, or to provide additional pathway
regulation. Different pathways display highly specialized assemblages of the modular
elements; e.g. the sensor, transmitter, and response regulator modules can be separate proteins
or can be fused together in various combinations (see text for references).
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Figure 2.

Self-organized swarm pattern generated by chemotaxing E. coli. Shown is the negative image
of a bacterial culture in which growth was initiated at the center of a semisolid medium of
defined composition. The pattern was formed over a period of three days as the cells swarmed
outward from the center, migrating in response to self-generated gradients of chemical
attractants. Dark areas indicate regions of high cell density (Budrene & Berg 1995).
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Figure 3.

Domain organization of chemosensory pathway components. Confirmed, proteolytically
sensitive interdomain linkers that release stable isolated domains are indicated as horizontal
bars; structural or functional subdomains are separated by vertical bars. The aspartate receptor
is composed of a sensory ligand-binding and transmembrane-signaling domain, coupled to a
cytoplasmic kinase regulation domain (TM, transmembrane; MH, methylation). The
transmitter histidine kinase CheA is composed of four functionally distinct domains involved
in phosphotransfer (P1), response regulatory docking (P2), dimerization, and histidine
autophosphorylation and receptor coupling. CheY and CheB share homologous aspartate
kinase receiver domains; CheB also possesses a separate methylesterase domain. Residues
shown in bold indicate phosphorylation sites on CheA, CheY, and CheB. Ongoing studies are
mapping the domain structures of CheZ and FliM (see text for references).
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Figure 4.

The chemosensory two-component pathway of E. coli and S. typhimurium. Arrows indicate
the action of one component on another. Attractants and repellents in the periplasm bind to
specific transmembrane receptors or to soluble binding proteins that in turn bind to
transmembrane receptors. The transmembrane receptors are coupled by a scaffolding protein
(CheW) to a cytoplasmic histidine kinase (CheA), which in turn regulates two response
regulators (CheB and CheY). Phosphorylation of CheB modulates the adaptation system in
which CheR methylates specific regulatory glutamate side chains on the cytoplasmic surface
of the receptor, whereas phospho-CheB hydrolyzes these modifications. The steady state level
of receptor methylation provided by the opposing CheR and CheB reactions enables the
pathway to adapt to background stimuli and also provides a simple chemical memory.
Phosphorylation of CheY modulates the rotary flagellar motor as phospho-CheY docks to the
motor switch apparatus, thereby controlling the direction of motor rotation and the swimming
behavior of the cell. Although CheY can catalyze its own dephosphorylation, the rate of
phospho-signal inactivation is enhanced by a phosphatase activity (CheZ) (see text for
references).

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2010 July 8.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Falke et al. Page 37

Figure 5.

Ligand-induced cleft closure in a periplasmic binding protein. Shown are crystal structures of
the maltose binding protein (MBP) in its sugar-occupied (upper panel) and apo (lower panel)
states (Scharff et al 1992). The ligand-binding site lies in a deep cleft separating the two
domains. Bound ligand stabilizes the closed conformation of the cleft, whereas the apo cleft
can open by at least 35° and also exhibits an 8° hinge twist. The structural and dynamic
differences between these two states regulates the docking of binding proteins to their specific
transmembrane receptors (Careaga & Falke 1992). Dark a-carbon spheres denote the
genetically defined receptor-docking surface (Zhang et al 1992).
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A typical receptor-kinase signaling complex illustrated by the aspartate receptor. The
transmembrane receptor provides the architectural framework of the super-molecular signaling
complex (Borkovich et al 1989, Ninfa et al 1991, Gegner et al 1992, Schuster et al 1993, Wu
et al 1996). Most of the chemosensory pathway components are associated with this complex,
either stably or transiently. The kinetically stable core ternary complex is composed of the
dimeric receptor (illustrated as a collection of helices), the coupling protein CheW, and the
dimeric histidine kinase CheA. Other components are believed to be in rapid equilibrium
between bound and soluble forms, including periplasmic binding proteins, the
methyltransferase CheR, the methylesterase CheB, and the motor response regulator CheY.
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Figure 7.

The periplasmic sensory domain of the transmembrane aspartate receptor. The crystal structure
of this water-soluble, isolated domain reveals a homodimer of identical four-helix bundles
(Milburn et al 1991, Yeh et al 1996). The engineered interdomain disulfide bond (CPK, open
sphere, bottom) stabilizes native interactions present in the full-length receptor (Falke &
Koshland 1987, Chervitz et al 1995), wherein the membrane-spanning helices would continue
in a downward direction. Ligand binding occurs at the opposite, extreme periplasmic end of
the domain. Shown is the single molecule of bound aspartate observed in the crystal structure
(CPK, open sphere, upper), as well as the genetically defined docking surface for a single
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molecule of MBP comprised by residues on both receptor subunits (a-carbon, filled sphere;
Gardina et al 1997).
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Figure 8.

The aspartate-binding site of the transmembrane aspartate receptor. The dimeric receptor
possesses two aspartate-binding sites that are symmetric in the apo dimer. The first molecule
of aspartate binds with high affinity to one of these sites, which has been characterized
crystallographically as shown (Milburn et al 1991, Yeh et al 1996). Highlighted are the protein
residues and four water molecules that provide direct and indirect aspartate coordination, as
well as the Ser68 residue implicated in negative cooperativity between the two sites (Kolodziej
etal 1996). Owing to this negative cooperativity, the first aspartate binding event substantially
weakens or completely prevents the second binding event (Biemann & Koshland 1994,
Danielson et al 1994, Yeh et al 1996).
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The aspartate-induced displacement of the transmembrane signaling helix. Shown are the
periplasmic regions of the four membrane-spanning helices, two provided by each subunit.
When the apo and aspartate-occupied crystal structures (Milburn et al 1991) are superimposed
using their static B subunits as a guide, aspartate is observed to displace only the a4/TM2
transmembrane helix in subunit A, termed the signaling helix (Chervitz & Falke 1996). This
displacement consists of a vertical, 1.6 A piston component directed down toward the
cytoplasm as well as a subtle 5° helix tilt (difficult to visualize in this perspective). The kink
or notch near the upper N-terminal end of the signaling helix is generated by conserved Pro153.
This proline creates an indentation in the signaling helix complementary to the shape of the
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bound ligand, thereby controlling the vertical position the helix. Gray and black helices

represent the apo and aspartate-occupied structures, respectively; cross-sectional shapes
specify helices from subunits A (elliptical) and B (square), also denoted by primes.
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Engineered cysteine pairs that yield lock-on and lock-off disulfide bonds in the full-length,
aspartate receptor-kinase complex. Shown are the periplasmic ends of the four transmembrane
helices in the dimer (Milburn et al 1991), two of which have been extended by modeling into
the bilayer region (Chervitz & Falke 1996). A disulfide formed between cysteines Cys25/
Cys197 or between Cys39/Cys183 locks the kinase on and decreases aspartate affinity. At the
other extreme, a disulfide linkage between cysteines Cys176/Cys43 or between Cys179/Cys39
locks kinase activity off and increases the aspartate affinity (Chervitz & Falke 1996). These
properties mirror those expected for the native on and off states of the receptor-kinase complex,
respectively, in which aspartate binding causes kinase inactivation. Lock-on disulfides trap
upward vertical displacements of the signaling helix; lock-off disulfides (analogous to aspartate
binding) trap downward displacements toward the cytoplasm.
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Figure 11.

Model for the cytoplasmic domain of the transmembrane receptors. A secondary-structure
analysis of aligned sequences from over 56 related receptors suggests that each subunit of the
homodimeric domain contains five amphiphilic helices (a5 to «9) and a short region of S-strand
(A1) (LeMoual & Koshland 1996, Danielson 1997). Functionally, the domain is divided into
the linker region, which provides the interface to the transmembrane signaling helix; the
methylation region, which contains the sites of adaptive methylation (large black circles); and
the signaling domain, which promotes CheW and CheA binding (see text for references). Also
shown are the locations of lock-on and lock-off mutations in the serine receptor (white and
black small circles, respectively), as well as second site suppressors of the inhibitory A19K
mutation in the first transmembrane helix of the aspartate receptor (white small squares) (Ames
et al 1988, Oosawa & Simon 1986). Both sets of mutations identify critical regulatory regions.
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Figure 12.
Structure of the CheR methyltransferase enzyme. The CheR protein uses S-adenosyl-

methionine as a substrate for methyl transfer to the adaptation sites of transmembrane
chemosensory receptors. This crystal structure reveals two distinct domains connected by a
long, single-strand hinge (Djordjevic & Stock 1997). The N-terminal domain is an assembly
of perpendicular helices; the C-terminal domain exhibits the «/f folding motif. The bound S-
adenosyl-homocysteine molecule (CPK, sphere), a product of the methylation reaction,
identifies the location of the active site region between the two domains. (Black spheres indicate
oxygen atoms.)
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(A)

(B)

Figure 13.

Two domains of the CheA histidine kinase. (A) The N-terminal phosphotransfer domain,
termed P1, provides the phospho-histidine used as a substrate during phosphotransfer from
CheA to response regulators. The NMR solution structure of the phosphotransfer domain
reveals a bundle of five helices (Zhou et al 1995, Zhou & Dahlquist 1997). The site of
phosphorylation is the N¢2 nitrogen atom (black) of the His48 imidazole ring (CPK, sphere),
located on the surface of helix a2. Phosphorylation yields a local structural change limited to
the immediate environment of the phospho-histidine. (B) The solution structure of the response
regulator docking domain, designated P2, displays an open-faced s-sandwich folding motif
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(McEvoy et al 1995, 1996). The residues implicated in CheY binding (a-carbon, black
sphere) are clustered to a distinct docking surface.
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(C)

Figure 14.

Structure of the response regulator CheY, illustrating the phospho-induced conformational
regulation of three docking surfaces. (A) The CheY molecule serves as a receiver of signals
from CheA and as the response regulator for motor switching. This crystal structure, which
includes a bound catalytic Mg2* ion, displays the a/ folding motif of unphosphorylated CheY
(Stock et al 1993). The site of phosphorylation is Asp57 located at the upper edge of the parallel
p-sheet (CPK, side chain). Other crystallographic and NMR structures have yielded the same
overall backbone fold (see references in text). (B) View of CheY from the same perspective
showing residues (a-carbon, sphere) perturbed by the phosphorylation-induced global
conformational change, as revealed by aromatic side chain (Drake et al 1993) or backbone
(Lowry et al 1994) NMR frequency changes. The large, phospho-regulated surface is seen to
cover most of the protein. In addition, smaller backbone frequency changes are observed
throughout the molecule, indicating that the conformational change is global (Lowry et al
1994). (C) Same perspective, illustrating a CheA docking surface defined by NMR (a-carbon,
black sphere, McEvoy et al 1995, 1996) and surfaces implicated by genetic studies as important
to motor switch docking (a-carbon, white sphere; Roman et al 1992, Sockett et al 1992) or
CheZ interactions (a-carbon, gray sphere; Sanna et al 1995). The three regions are largely
distinct, and none of the interfaces directly overlaps the phosphorylation site (Asp57 is
indicated as a ball-and-stick side chain). Some overlap exists between the CheA and motor
docking surfaces (Shukla & Matsumura 1995). Phospho-activation of CheY generates a global
conformational change that alters the conformation of these docking regions (Drake et al
1993, Lowry et al 1994).
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Figure 15.

The aspartate kinase active site of CheY. Shown is the MgZ*-occupied structure of the
unphosphorylated active site (Stock et al 1993), illustrating the highly conserved catalytic
residues. Asp57 serves as the site of phosphorylation, and the aspartate triad (Asp12, Asp13,
Asp57) provides both direct and indirect Mg2* coordination, the latter via solvent. Lys109 and
Thr87 act as acid-base catalysts. The Mg2* ion serves as an essential cofactor in both the
autocatalytic phosphorylation and dephosphorylation reactions. (For additional references, see
text.)
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Figure 16.

The methylesterase domain of CheB. The C-terminal domain of CheB is a methylesterase that
hydrolyzes the regulatory methyl esters and amides of the receptor adaptation sites. In the full-
length protein this activity is regulated by phosphorylation of the N-terminal receiver domain
(not shown). The crystal structure of the isolated methylesterase domain (West et al 1995)
displays an a/p folding motif coupled to a g-hairpin (extreme left). The highlighted Ser164 side
chain (CPK, sphere), located on one edge of the S-sheet, acts as the nucleophile in ester and
amide hydrolysis.
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Figure 17.

The methyltransferase active site of CheB. Shown are the catalytic residues, including the
Ser164 residue essential for catalytic activity and proposed to act as the nucleophile in the
methyl ester and amide hydrolysis (West et al 1995). Together the Ser164, His190 and Asp286
side chains form a novel catalytic triad that is functionally, but not structurally, analogous to
the catalytic triads of serine proteases.
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