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ABSTRACT: A two-component signal transduction path-
way underlies the phenomenon of bacterial chemotaxis
that allows bacteria to modulate their swimming behavior
in response to environmental stimuli. The dimeric five-
domain histidine kinase, CheA, plays a central role in the
pathway, converting sensory signals to a chemical signal via
trans-autophosphorylation between the P1 and P4
domains. This autophosphorylation is regulated via the
networked interactions among the P5 domain of CheA,
CheW, and chemoreceptors. Despite a wealth of structural
information about these components and their inter-
actions, the key question of how the kinase activity of the
catalytic P4 domain is regulated by the signal received
from the regulatory P5 domain remains poorly under-
stood. We performed replica exchange molecular dynamics
simulations on the CheA kinase core and found that while
individual domains maintained their structural fold, these
domains exhibited a variety of interdomain orientations
due to two interdomain linkers. A partially populated
conformation that adopts an interdomain arrangement is
suitable for building a functional ternary complex. An
allosteric network derived from this structural model
implies critical roles for two linkers in CheA’s activity. The
biochemical and biological functions of these linkers were
assigned via a series of biochemical and genetic assays that
show the P4−P5 linker controls the activation of CheA
and the P3−P4 linker controls both the basal autophos-
phorylation activity and the activation of CheA. These
results reveal the functional dependence between the two
linkers and the essential role of the linkers in passing signal
information from one domain to another.

Two-component signal transduction systems, involving a
histidine kinase (HK) and a response regulator (RR), are

important mechanisms by which bacteria and fungi sense,
respond, and adapt to a changing environment.1,2 Absent in
mammals, HKs have been targets for the development of novel
antimicrobial drugs.3−5

In bacterial chemotaxis, an HK−RR pair enables the biased
movement of a bacterium toward favorable and away from
unfavorable conditions.6 Specifically, the binding of ligands to
transmembrane chemoreceptors (called methyl-accepting che-
motaxis proteins/MCPs) in the cell’s inner membrane leads to
a response at the flagellar motor through an HK−RR
mechanism. The HK CheA plays a central role in this signaling

pathway: converting the extracellular signal, transduced by
MCPs, to a flux of phosphoryl groups to the RR, CheY, in the
cytosol at the expense of ATP. Phosphorylated CheY interacts
directly with the flagellar motor, enhancing flagellar reversal and
cell tumbling. The kinase activity of CheA requires a coupling
protein, CheW that serves as an adapter, coupling MCPs, and
CheA.7 The kinase activity of CheA, in complex with CheW
and receptors, is highly regulated, depending on both receptor
ligand occupancy and methylation level.
CheA consists of five domains linked by four flexible linkers:

the histidine-containing phosphotransfer domain (P1), the
CheY binding domain (P2), the dimerization domain (P3), the
ATP-binding/catalytic domain (P4), and the regulatory domain
(P5) (Figure S1). Dimerization of CheA is required for its
activity.8 Trans-autophosphorylation occurs by the P4 domain
of one subunit catalyzing phosphotransfer from ATP to a
conserved histidine residue in the P1 domain of the other
subunit.9 Free CheA undergoes basal autophosphorylation
(P4→P1) at a slow rate. However, in complex with CheW and
MCPs via its P5 domain, CheA’s kinase activity can change
dramatically: the apo or repellent-bound receptor can activate
autophosphorylation several hundred fold compared to the
attractant-bound state.10,11 The P3, P4, and P5 domains
together form a kinase core that phosphorylates an isolated P1
domain in trans and supports chemotaxis in vivo.12 Thus, the
minimum protein complex needed for stimulus-response
coupling consists of MCPs, CheW, dimeric P3P4P5, and the
P1 domain.
The structure of the dimeric P3P4P5 kinase core of CheA

has been determined,13 and its interactions with CheW and
chemoreceptors have been characterized by various meth-
ods.14−18 The gross architecture of the ternary complex has
been examined by EM18−20 and crystallography18 and has been
proposed with various constraints.17,21 A common feature of
the architecture is that both the putative stimulus-input sites on
the P5 domain and the dimerization P3 domain are more than
45 Å away from the responsive catalytic site of the P4 domain.
The lack of direct physical contacts among these domains raises
a number of important questions: (1) How does the P3 domain
affect the kinase activity of the P4 domain? While retaining a
stable fold and ATP binding, the isolated P4 domain is at least a
thousand times less active than the P3P4 construct.22 It seems
that some subtle conformational changes in the P4 domain
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induced by the P3 domain via the P3−P4 linker are required for
the phosphorylation ability of the P4 domain. (2) How does
the P5 domain regulate the phosphotransfer from the P4
domain to the P1 domain? Only the P5 domain is responsible
for interacting with CheW and receptors to regulate
phosphotransfer between the P4 and P1 domains. This suggests
that the P4−P5 linker may play an important role in this
communication between the P5 and P4 domains.
Growing evidence points to significant interdomain dynam-

ics. The crystal structures of the P3P4P5 dimer13 and P4P5−
CheW complex,14 as well as a recent low-resolution crystal
structure of P4P5−CheW−receptor fragment (Tm14s) ternary
complex,18 show different domain arrangements. Moreover,
disulfide bonds can be formed between two apparently distal
residues in the kinase core, which suggests that the motions are
in fact much larger than the crystal structures suggest.23

Here, we combined all-atom replica-exchange molecular
dynamics (REMD) simulations and a series of biochemical and
genetic assays of point mutants at the P3−P4 and P4−P5
linkers to probe the critical role of the linkers in modulating
interdomain dynamics associated with both basal autophos-
phorylation and activation of histidine kinase. Our simulation
results show that the individual domains, while exhibiting some
structural fluctuations, maintain the overall structural fold of
CheA. The domains are seen to exhibit a variety of orientations
relative to each other due to the dynamics of the linkers. Based
on these simulations we generated mutations in the P3−P4 or
P4−P5 linker using E. coli CheA. These show that these linkers
play critical but different roles. Whereas single-point mutations
in the P3−P4 linkers decreased both the basal autophosphor-
ylation and the activation of CheA, single-point mutations at
the P4−P5 linker retained the basal autophosphorylation
activity but greatly impaired the activation of CheA. The
combined results provide insight into how the signal is
transduced across a long distance in this multiple domain
protein.
Details of the simulations are given in the Supporting

Information (SI). As shown from the Cα root-mean-square
deviations plotted in Figure S2, the interdomain (rather than
intradomain) structural fluctuations of the CheA monomer
dominate the overall structural fluctuation of the system. We
characterize the intradomain dynamics by calculating the root-
mean-square fluctuations (RMSF) of each domain. The
dynamic fluctuations within the three individual domains are
consistent with previous studies on these domains. The
computational results and a detailed description of the
intradomain dynamics are presented in Figure S3.
Our simulation results show that motions in the linkers give

rise to a large amount of interdomain arrangement among the
three domains. We found that, although the two linkers that
connect the three domains were extremely dynamic, the joint
among the three domains did not move significantly (Figure
S4). Therefore we defined the center of the joint (defined as
the center of mass of the two linkers; see Figure S4) as the
origin of the protein, allowing us to characterize the hinge
motion between pairs of domains. The angle distributions using
the three vectors pointing from the origin to the center of the
three domains are shown in Figure 1. The multipeak feature of
the distribution indicates that a free CheA adopts multiple
conformational states. Previous structural studies on the binary
(CheA−CheW,14 CheW−receptor,18,24 and CheA−recep-
tor15,18) interactions in the ternary complex suggested that,
based on the domain orientation in the crystal structure of the

P3P4P5 dimer (P4P5 angle ∼100°, P3P4 angle ∼125°, and
P3P5 angle ∼65°), the binding sites involved in the formation
of the ternary complex conflict with the transmembrane nature
of chemoreceptors (Figure S5a).15,17,21 To determine if the
distribution includes the conformation required for formation
of the signaling complex with CheW and the chemoreceptor,
we first identified structural families by a clustering analysis (SI
methods). The five most populated structural families are
shown in Figure S6. We compared angles calculated for each of
these computational families to those obtained from available
crystal structures. Table 1 lists the angles between domains of

CheA for three crystal structures, the P3P4P5 dimer,13 P4P5−
CheW complex,14 and P4P5−CheW−Tm14s ternary com-
plex.18 The P4P5 angle shows roughly two values (∼100° and
∼120°) in the crystal structures. Cluster 3 from our simulations
(Figure S6) is consistent with the low-resolution P4P5−
CheW−Tm14s ternary complex,18 with an angle of ∼120°
between the P4 and P5 domains. The ∼120° P4P5 angle,
together with the other two angles (P3P4 angle ∼150° and
P3P5 angle ∼80°), fully exposes the P4 domain to the solvent
and aligns receptor binding sites of CheW and the P5 domain
to the receptor tip region, thus reconciling the structural
incompatibility between CheA and its interactions with CheW
and receptors (Figure 2, left and Figure S5b and c). A structural
model of the signaling complex is shown in Figure 2, where the
position of the P3 helices is derived directly from the MD data
and was missing in the crystal structure.18 Moreover, the
domain organization changes in cluster 3 are the same as those
in the EM reconstruction of the in vivo complex as compared to
the crystal structure of the kinase alone.18,20 This suggests that
the interdomain dynamics of free CheA offer an ensemble of

Figure 1. Angles between pairs of the P3, P4, and P5 domains.

Table 1. Angles between Domains of CheA Kinase Core in
Different Structures and Conformationsa

angle between two domains

structure P3P4 P4P5 P3P5

P3P4P5 conformation A 126° 103° 67°
P3P4P5 conformation B 127° 100° 66°
P4P5-CheW conformation A − 124° −
P4P5-CheW conformation B − 99° −
P4P5-CheW-TM14s − 120° −
Cluster 3 150 ± 5° 119 ± 3° 79 ± 2°

aThe crystal structures of the P3P4P5 dimer13 and P4P5−CheW
complex14 show two conformations denoted as A and B. The crystal
structures of the P4P5−CheW complex14 and P4P5−CheW−Tm14s
ternary complex18 miss the P3P4 and P3P5 angles.
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conformational states and that the association of CheA with the
transmembrane receptor results from its interactions with
MCPs and CheW that select and stabilize the pre-existing
conformations of CheA (i.e., those seen in cluster 3, ∼23% of
the total ensemble, Figure S6) for forming the signaling
complex, as recently proposed by Nussinov et al.25 Function-
ally, this CheA−CheW−receptor ternary complex is a
regulating platform where the receptor affects the conformation
of the kinase core by interacting with CheW and the P5
domain. While CheW and the P5 domain of CheA carry the
structural determinants for receptor binding, the two
interdomain linkers may be required to mediate proper
conformational changes in the kinase core, transmitting the
signal from the level of P5−CheW−receptor interaction to the
catalytic P4 domain.
We perturbed the two interdomain linkers in E. coli CheA by

mutagenesis and tested the resulting mutants in a series of
assays. Previous structural studies show that the signaling
complex is assembled on the interaction network among
chemoreceptors, CheW, and the P5 domain of CheA and that
the linkers are not involved in the interactions of CheA with
CheW and receptor.14,18 Consistent with these observations,
the mutation of the linker residues results in CheA variants that
were still able to form stable ternary complexes with CheW and
the cytoplasmic domain of E. coli chemoreceptor Tsr. (Figure
S7). However, the mutations affected the function of CheA in
different ways. Single amino acid replacement (L507A, T508A,
and L509A; see Figure S8) at the P4−P5 linker retained basal
autophosphorylation activity, showing similar autophosphor-
ylation rates to wild-type CheA or the CheA−ΔP5 construct
(Figure 3a) but greatly impaired in vitro kinase activation by Tsr
(Figure 3b) and failed to support chemotaxis (Figure 3c) (SI
methods). These results indicate that, while these mutants were
still capable of performing kinase autophosphorylation and

forming a ternary complex with CheW and the receptor, the
input signal transmitted from the receptor to the P5 domain is
not able to successfully regulate the P4 domain. The drastic
change in CheA activation by these point mutations indicates
that this linker is essential to transform CheA to its activated
state. In contrast, the insensitivity of the basal autophosphor-
ylation to the changes in the linker suggests that the basal
autophosphorylation activity arises from another much less
active state of free CheA. On the other hand, mutation of the
P3−P4 linker residues (M322A, R325D, and M326A; see
Figure S9) decreased the basal autophosphorylation of CheA
(Figure 3d) and abolished kinase activation by Tsr (Figure 3e).
In contrast to an attractant ring shown by the wild-type CheA
expressing strain, all the mutants failed to show a swarm ring in
the swarm assays (Figure 3f). Such dramatic changes caused by
single amino acid replacement in this linker indicate that the
dynamics between the P3 and P4 domains may govern both the
basal autophosphorylation and activation of CheA. The P4
domain is flanked between the P3 and P5 domains by the P3−
P4 and P4−P5 linkers. These results show that, even if the P4−
P5 linker is intact in these P3−P4 linker mutants, the
chemoreceptor fails to activate CheA, suggesting that dynamics
between the P4 and P5 domains requires further support by
that between the P3 and P4 domains to achieve kinase
activation in the P4 domain.
The interdomain dynamics of the CheA kinase core probed

by REMD simulation and the assignment of the function of
each interdomain linker by mutational studies indicate that the
activation of CheA results from two sequential dynamic
controls: regulation control mediated by the P4−P5 linker

Figure 2. Structural model of signaling complex (left; see Figure S5d
for details) and a network scheme26 of chemotaxis signal transduction
pathway (right, dash line: protein−protein interaction, solid line:
interdomain linker). The structural model is built with monomeric
CheA kinase core in cluster 3 conformation, CheW, and two receptor
dimers. These proteins are assembled based on the results from
previous structural studies on the binary protein−protein interactions
among them, including the crystal structure of the P4P5−CheW
complex14 and the NMR data on CheW−receptor24 and P4P5−
receptor15 interactions (see Figure S5c for these contacts). The
antiparallel orientation between the P3 domain and the receptor is
required to achieve the assembly (see Figure S5), which is consistent
with previous ESR data.21 The construction of this model is
independent of, but consistent with, the crystal structure of the
P4P5−CheW−TM14s complex and EM-reconstructed native signal-
ing complex.18,20 Figure 3. Mutational analysis of the linker residues. (a, d) ATPase

assays (s.d., n = 3) for the basal autophosphorylation activities; (b, e)
in vitro CheA activation assays (s.d., n = 3) for the activation abilities;
and (c, f) in vivo swarm assays (duplicate for the mutants) for the
chemotactic abilities of E. coli CheA variants. (a−c) The P4−P5 linker;
(d−f) the P3−P4 linker.
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and kinase activity control achieved by the P3−P4 linker. These
results also provide insight into the mechanism of how the
signal is transduced across a long distance to achieve CheA
regulation (Figure 2). Chemotactic signals are detected by the
periplasmic domains of receptors and further transduced into
the cytosol where the cytoplasmic domains of receptors form
complexes with CheA and CheW by selecting the partially
populated state (cluster 3) from the structural ensemble of
CheA. The interactions of the cytoplasmic domain of the
receptor with CheW and the P5 domain of CheA enable the
signal to reach the level of CheW and the P5 domain, where
CheW and the P5 domain also bind together. Successful
regulation of CheA activity requires a further signal trans-
mission from the P5-CheW level to the P4 domain assisted by
the P4−P5 linker and the downstream P3−P4 linker that are
required to maintain the proper domain orientation in CheA
kinase core. Our results suggest that changes in domain
positioning could account for the differences between inactive
and activated states of CheA. In addition, since the interdomain
dynamics between the P3 and P4 domains is also crucial to the
basal autophosphorylation, it now becomes clear why the
isolated P4 domain shows much less enzymatic activity than the
P3P4 construct.
The majority of prokaryote and eukaryote proteins have

multiple domains, typically connected by flexible linkers.27 This
study shows that, beyond simply bringing two domains closer
together, thereby increasing the effective concentration of
reactants and shortening the time scales of signaling steps,28

some interdomain linkers exert a more complex control by
dynamically mediating communication among domains.
Targeting these functional interdomain linkers may emerge as
an effective strategy for drug design.
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