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Using protein from the hyperthermophile Thermotoga
maritima, we have determined the solution structure of
CheW, an essential component in the formation of the 
bacterial chemotaxis signaling complex. The overall fold is
similar to the regulatory domain of the chemotaxis kinase
CheA. In addition, interactions of CheW with CheA were
monitored by nuclear magnetic resonance (NMR) tech-
niques. The chemical shift perturbation data show the
probable contacts that CheW makes with CheA. In 
combination with previous genetic data, the structure also
suggests a possible binding site for the chemotaxis receptor.
These results provide a structural basis for a model in which
CheW acts as a molecular bridge between CheA and the
cytoplasmic tails of the receptor.

Bacteria have been provided a vast array of signaling circuits
that allow the organism to sense its surroundings and adapt
accordingly. Responding to temporal changes in chemoeffector
concentrations, flagellated bacteria such as Escherichia coli con-
trol their swimming behavior by switching the rotational sense
of their flagellar motors, from smooth swimming (CCW) to
tumbly swimming (CW)1. For chemoattractants, this leads to a
decrease in tumbling when concentrations increase over time
and an increase in tumbling when concentrations decrease over
time. This results in a net movement to high attractant concen-
trations.

The chemotaxis system is one of the best studied two-compo-
nent signal transduction pathways in bacteria2,3. Two-compo-
nent systems are composed of a ‘receptor kinase’, which
monitors the environmental conditions, and its substrate, the
‘response regulator’, which acts as a binary switch depending on
the phosphorylation state. Three proteins together form the
receptor kinase in the chemotaxis pathway4: CheA, CheW and
the receptor. In vivo, these proteins assemble as a supramolecular
complex, localized to the poles of the cell5. The transmembrane
receptor contains a periplasmic ligand-binding domain and a
cytoplasmic signaling domain, whose crystal structures have
been solved for the aspartate receptor (Tar) and the serine recep-
tor (Tsr), respectively6,7. The structures of three independent
domains of the kinase CheA, comprising the phosphotransfer,
substrate binding and kinase domains, from E. coli and
Thermotoga maritima have been determined by NMR and crys-
tallographic methods8–10.

Although the precise function of CheW in the signaling com-
plex remains elusive, it is believed to mediate interactions of
CheA and the receptor, coupling receptor-binding events to
kinase activity. CheW is able to compete with CheW–CheA
complexes for receptor binding sites, and CheA is unable to
form stable complexes with the receptor in vitro in the absence
of CheW11. These results, combined with those of Sanders,
Mendez & Koshland12, in which overexpression or deletion of
CheW give the same nonchemotactic phenotype, have led to the
current model of the function of CheW in the receptor complex
— CheW acts as a molecular bridge between CheA and the cyto-
plasmic tails of the receptor. How signaling occurs within the
receptor kinase complex is one of the key questions central to
understanding chemotaxis. Ultimately, the answer to this ques-
tion requires a structural definition of the all the components of
the complex and their dynamics.

CheW from E. coli has been recalcitrant to structural studies;
therefore, we chose to use CheW from the hyperthermophile
T. maritima. This organism, which grows at up to 90 °C, has a
chemotaxis system with components similar to mesophilic bac-
teria. This protein was well behaved at millimolar concentra-
tions and, thus, well suited for structural analysis using modern
NMR methods. The protein gives a well-resolved 1H-15N HSQC
spectrum (Fig. 1), which served as the basis for further analysis,
including residue-specific assignments for the backbone and
side chain resonances, and the assignment of NOE crosspeaks.
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Fig. 1 Proton-nitrogen correlation spectrum of uniformly 15N-labeled
CheW from T. maritima at 35 °C, pH 4.5. The assignments of backbone
amide protons are indicated.
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Structure calculation
The final ensemble of 50 structures was calculated with CNS13

from 2,024 unambiguous distance restraints, 107 ambiguous
distance restraints, 208 torsion angle restraints and 52 hydrogen
bonds. All 50 structures converged and exhibited good geome-
try, with no distance violations >0.4 Å or dihedral violations >5°
(Table 1).

The overlay of the backbone atoms for the 20 lowest energy
structures of CheW (Fig. 2a) had a root mean square (r.m.s.)
deviation of 0.56 Å for backbone atoms and 1.02 Å for all heavy
atoms in the structured regions. Residues 1–9, 36–49, 107–123
and 148–151 were determined to be unstructured because they
showed only a small number of long range NOEs and were con-
formationally dynamic, as demonstrated by 15N relaxation mea-
surements (data not shown). Analysis of the 20-member
ensemble by PROCHECK14 revealed that 89.3% and 6.8% of the
backbone angles lay in regions of Ramachandran space classified
as favorable/allowed or generously allowed, respectively14. Of the
remaining 3.9% classified as disallowed, all but Glu 20 and Ile 71
are in disordered segments of the protein.

Structure description
CheW is composed of two β-sheet domains (Fig. 2b), each of
which forms a loose five-stranded β-barrel around an internal
hydrophobic core. Although the β-sheets are curved toward a 
β-barrel structure, a full barrel is precluded by low hydrogen
exchange protection factors and the lack of NOEs for the amides
in strands 8 and 9 of domain 1 and strands 3 and 4 of domain 2.
The interdomain interactions are contributed by a third
hydrophobic core sandwiched between the two β-sheet domains.
The protein also contains two extended loops formed by residues
37–49 and 109–122. These regions, termed loop 1 and loop 2,
respectively, appear to be disordered in the structural ensemble.

The two β-sheet domains are joined by three irregular turns at
residues 28–30, 96 and 137–138.

The CheW structure is stabilized by extensive hydrophobic
interactions. The well-packed hydrophobic core of domain 1
excludes 1,150 Å2 of hydrophobic surface area, whereas the core
of domain 2 excludes 932 Å2 of hydrophobic surface area. The
central hydrophobic core is the largest, sequestering 3,190 Å2 of
hydrophobic surface area from solvent. The top half of domain 2
is not well sealed from solvent and creates a hydrophobic cleft
that may serve as a potential interaction surface. Another poten-
tial binding surface consists of a large hydrophobic patch dis-
tributed between domains 1 and 2, exposing ∼ 590 Å2 of
hydrophobic surface area.
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Fig. 2 Stereo view, topology diagram and super-
position of CheA and CheW. a, Stereo view showing
the ensemble of NMR-derived structures of CheW,
with β-strands in red and helices in blue. The 20 low-
est energy structures generated with CNS13 are
superimposed to the mean. Disordered regions of
protein backbone were not used for the superposi-
tion. b, Topology diagram of CheW showing the
locations of secondary structural elements within
the primary sequence. β-strands are shown as red
arrows; helices, as blue cylinders. c, Ribbon diagram
of CheW showing the superposition of the average
minimized NMR-derived structure of T. maritima
CheW and CheA, using homologous regions of sec-
ondary structure. The superposition consists of
CheW residues 10–37, 51–71, 79–106, 124–128 and
121–141 from CheW (gold) and residues 538–671
(543–570, 581–601, 610–637, 652–656 and 660–670)
from CheA (blue). R.m.s. deviation of backbone
atoms is 1.95 Å for homologous regions. Residues
corresponding to loops 1 and 2 and the C-terminal
helix of CheW are colored red. The stereo view and
ribbon diagrams were created with MOLMOL31,32

and RIBBONS33, respectively.

a

b c

Fig. 3 Measured chemical shift changes versus residue number for CheW
upon binding of CheA354–671, represented as (∆H2 + ∆N2)1/2 in Hz. The
approximate locations of CheW secondary structural elements are
shown at top.
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Invariant CheW residues
An alignment of all known CheW sequences shows that only five
residues are absolutely conserved among all homologs (data not
shown). These residues are Gly 51, Arg 56, Gly 57, Gly 92 and
Gly 124 using T. maritima numbering (Fig. 4a). Almost all
residues are located in a loop or a turn. Genetic evidence impli-
cates Arg 56 in interactions with the receptor in the signaling
complex15. Gly 51 is important in vivo for chemotaxis in E. coli,
because mutation of this residue to other amino acids results in a
null phenotype (R. Stewart, pers. comm.). The conserved
residue Gly 124 also follows a disordered loop, although this
residue has not been shown to be required for chemotaxis. The
remaining two Gly residues are conserved between CheW and
the homologous regulatory domain of CheA, suggesting that
these residues are required for proper folding.

CheW–CheA homology
The C-terminal domain of CheA has been shown to be responsi-
ble for coupling the receptor to the kinase activity of CheA
through CheW16. In T. maritima, the C-terminal domain of
CheA is 27.7% identical and 39.0% similar to CheW (data not
shown). The similarity corresponds to the residues involved in
hydrophobic core interactions, leading to the hypothesis that
CheW would be structurally similar to the C-terminal domain of
CheA10. The completed solution structure of CheW confirms
their prediction. The backbone r.m.s. deviation of homologous
regions with secondary structure is 1.95 Å (Fig. 2c).

Although these two structures share the same global fold,
there are localized differences primarily in three regions. The
first two involve loops 1 and 2 in CheW. In the C-terminal
domain of CheA, the region homologous to loop 1 is involved in
a crystal contact and may be forced into an ordered conforma-
tion. The region corresponding to loop 2 is involved in an inter-
domain contact with the kinase domain in CheA. The
involvement of both of these regions in protein contacts in the
crystal structure of CheA suggests that the homologous regions
of CheW may have a similar functional role.

The third region of difference in CheW is an extension of helix
B by two turns with respect to the C-terminal helix of CheA.

Interaction of CheW with CheA
To understand the structural role of the receptor kinase complex,
NMR experiments were performed to observe the interaction of
CheW with CheA in vitro. For these experiments, a truncated
form of CheA from T. maritima (CheA354–671) was constructed.
The first three domains of CheA (responsible for phosphotrans-
fer, substrate binding and dimerization) were deleted, leaving
the kinase and regulatory domains intact. Upon titration of uni-
formly 15N-labeled CheW with unlabeled CheA354–671, complex

formation in the slow exchange occurred, as evidenced by indi-
vidual resonances observed for the free and bound forms of
CheW.

Comparing the bound and free spectra made measuring the
chemical shift perturbations in CheW that occurred upon bind-
ing CheA354–671 possible using saturation transfer techniques.
The largest chemical shift changes occur in helix B and the hair-
pins between β-strands 4–5 and 6–7 (Fig. 3). In the folded mole-
cule, these regions localize to one face of domain 2 (Fig. 4b). In
addition, significant chemical shift changes occur through the
center of domain 2, spreading from the top surface of CheW
through strand 7 to the bottom surface of domain 2. The largest
chemical shift change (280 Hz) occurs for the amide of Val 52,
located at the bottom of the groove formed by helix B and the 
β-sheet from domain 2. Loop 1 shows only moderate chemical
shift changes as a result of CheA binding, whereas loop 2 does
not have a significant change in chemical shift, indicating that it
is not involved in intermolecular interaction in the CheW–CheA
binary complex. This latter result disagrees with a molecular
model of the signaling complex17 in which the majority of the
contacts occur in the cleft formed by loop 2 and the β-sheet of
domain 1.

CheW–receptor complexes
When mapped to the surface of CheW, suppressors of mutations
in Tsr from E. coli15 cluster to one face of CheW, defining the
location of a potential receptor interface (Fig 4c). This cluster
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a

b

c
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Fig. 4 Ribbon diagrams and molecular surface representations of CheW.
a, Ribbon diagrams of the minimized average structure of CheW. The
two views are rotated 90° about the x-axis. The order of the secondary
structural elements is indicated. Positions of absolutely conserved
residues are shown as balls; Gly 51, in red; and Arg 56, Gly 57, Gly 92 and
Gly 124, in green. b, Chemical shift perturbations in CheW due to bind-
ing of CheA354–671, mapped to a molecular surface representation of
CheW calculated from its minimized average structure. Color ramp from
white to red indicates 0 Hz to 150 Hz change. Gray indicates no available
data. c, Location of Tsr repressor mutations (green) mapped onto the
surface of CheW. d, Combined map (a + b) of CheA interaction sites and
repressor mutations mapped to molecular surface of CheW. Overlap
between the two sites is shown in yellow. Surface representations were
created with GRASP34, after removal of the N-terminal nine amino acids
for clarity.
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coincides with the large, exposed hydrophobic patch on the sur-
face of CheW. Examination of the crystal structure of Tsr reveals
a large hydrophobic surface patch within the same regions of Tsr
that mutational analysis has implicated in interactions with
CheW15.

Discussion
The proposed docking sites for CheA and the receptor have
been mapped to the surface of CheW (Fig. 4d). The interaction
between CheW and the cytoplasmic domain of the receptor
appears to be facilitated by the burial of ∼ 1,200 Å2 of hydropho-
bic surface area. Conversely, the CheA binding surface on
CheW is not significantly hydrophobic in nature. However, a
hydrophobic groove between helix B and the β-sheet from
domain 2 shows large amide chemical shift perturbations upon
titration of CheW with CheA354–671. This may indicate a distinct
conformational rearrangement upon binding of CheA, such as
the opening of this groove to expose additional hydrophobic
surface. Domain 2 also contains the invariant residue Gly 51;
however, the exact role of this residue in the signaling complex
remains to be defined. Molecular modeling of the CheA and
CheW complex suggests that a steric clash would result between
CheW and the kinase domain of CheA if CheW interacts with
the pseudo symmetrical binding site on CheA. This indicates
that either the binding interfaces between the two molecules are
not symmetric or the regulatory and kinase domains of CheA
must shift relative to their crystal structure positions upon
CheW binding. Domain 1 does not appear to interact with
either CheA or the receptor directly. However, this domain may
mediate interactions that occur only within the context of the
supramolecular receptor complex. For example, in addition to

coupling the kinase and receptor, CheW is necessary for the
polar localization of patches of CheA–receptor–CheW 
complexes within the cell. Although their role has not been
proven, cells able to undergo chemotaxis show this polar 
localization. Thus, these complexes probably play a critical role
in signal generation and/or amplification. In closing, we have
defined the approximate binding sites for CheA and the 
receptor on the surface of CheW, but their exact placement and
orientation still remain unknown. The creation of an accurate
description of the molecular organization of this receptor com-
plex will require knowledge of this information.

Methods
Purification of recombinant T. maritima CheW. CheW was
expressed from the plasmid pCW/TMW in E. coli strain M15 pREP4
(ref. 18) at 37 °C in M9T media. This media contained either 1.0 g l–1

15NH4Cl (Isotec Inc.), 2.0 g l–1 13C glucose (Isotec Inc.), 1.0 g l–1 15NH4Cl
and 2.0 g l–1 13C glucose or 0.2 g l–1 13C glucose and 1.8 g l–1 12C glu-
cose as the sole nitrogen and/or carbon sources for singly 15N, 13C,
double-labeled 15N/13C and nonrandomly 10% 13C-labeled protein
samples, respectively. CheW was purified as described18.

Cloning and purification of CheA354–671 from T. maritima. The
gene encoding full length CheA from T. maritima was cloned from
genomic DNA by PCR using flanking primers. NdeI and AvaI restric-
tion sites were generated by a second set of primers. The resultant
PCR fragment was inserted into pET22b (Novogen) at the NdeI–AvaI
restriction sites to yield a C-terminal His6-tag. N-terminal trunca-
tions were made by PCR, leaving the coding region for residues
354–671, and confirmed by sequencing. CheA354–671 was expressed
in E. coli strain BL21(λDE3)-RIL cells (Invitrogen) at 37 °C. Protein
was purified on a preequilibrated (50 mM sodium phosphate and
300 mM NaCl, pH 8.0) Ni2+ NTA (Qiagen) column at room tempera-
ture and washed with 50 mM sodium phosphate, 300 mM NaCl,
10% (v/v) glycerol, 0.01% (v/v) triton X-100 and 20 mM imidazole
pH 8.0, followed by 50 mM sodium phosphate, 300 mM NaCl and
20 mM imidazole, pH 8.0. The protein was eluted with 300 mM imi-
dazole in this same buffer.

NMR spectroscopy. Triple-resonance spectra were recorded at
35 °C on a Varian UNITY 500 MHz spectrometer equipped with a 1H
[3C/15N] pulse field gradient probe. HMQC-J experiments were car-
ried out at 65 °C on a GE OMEGA 500 MHz spectrometer using a
Nalorac double-resonance gradient probe. All other spectra were
recorded on a Varian Innova 600 MHz spectrometer equipped with
a 1H[13C/15N] pulse field gradient probe. NMR samples contained
50 mM sodium acetate, pH 4.5, 25 mM sodium chloride and
0.02% (v/v) sodium azide, with carbon-labeled samples containing
d3-sodium acetate. Deuterium exchange was carried out by
exchange into NMR buffer, 99.9% D2O, immediately prior to spectra
acquisition. The titration of CheW with CheA was recorded at 50 °C
in 50 mM phosphate and 50 mM NaCl, pH 7.4. Spectra were
processed and analyzed with Felix95/8 (MSI).

Assignment strategy. Using HNCACB, CBCA(CO)NH and HNCO
spectra, the resonance assignments of 147 of the 148 non-Pro back-
bone amides were determined for CheW19. H(CCO)NH, C(CO)NH
and HCCH-TOCSY spectra were used for side chain assignments20–22.
Stereo-specific methyl assignments were obtained from 13C CT-
HSQC spectra recorded on a nonrandom 10% 13C-labeled sample,
with 7.1 and 14.3 ms constant time evolution periods23. Aromatic
side chain assignments were made with (Hβ)Cβ(CγCδ)Hδ
(Hβ)Cβ(CγCδCε)Hε correlation experiments, with the use of 13C
NOESY spectra to resolve ambiguities24,25. The bound form of CheW
was assigned using a pulse sequence described26.

Structure calculation. A total of 1,951 unambiguous distance
restraints were manually assigned from the analysis of 13C, 15N and
simultaneous 13C/15N NOESY spectra, with mixing times of 100, 80
and 120 ms, respectively25,27,28. ARIA29 assigned an additional 73
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Table 1 Input restraint summary and structure statistics 
for CheW structure calculation

Total NOE distance restraints 2,131
Unambiguous 2,024
Intraresidue 948
Interresidue 987

Sequential (|i – j|) = 1 543
Medium range 1 < |i – j| < 4 97
Long range |i – j| > 5 347

Ambiguous 107
Hydrogen Bonds1 52

Dihedral angle restraints
Φ 74
Ψ 74
χ1 50

Restraint violations (SA2)
NOE (Å) 0.0339 ± 0.0011
Dihedral angle restraints (°) 0.1323 ± 0.0097

Deviation from idealized geometry
Bond (Å) 0.0039 ± 0.0001
Angle (°) 0.5752 ± 0.0127
Improper (°) 0.5205 ± 0.0196
Dihedral angle(°) 18.193 ± 0.3579

Atomic r.m.s. deviations (Å) Backbone Heavy atoms
All 1.78 2.22
Structured elements3 0.57 1.06

1Two restraints were included per hydrogen bond to maintain the pla-
narity.
2Violations from structural ensemble.
3Structured elements are defined as residues 10–35, 50–106 and 124–147.
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unambiguous and 107 ambiguous restraints. NOEs were classified
into three groups based on normalized peak intensity: weak
(1.8–5.0), medium (1.8–3.2) and strong (1.8–2.7). Φ- and Ψ-dihedral
angle restraints were derived from 3JHN-Ha measured with the 
HMQC-J experiment and the correlation of the chemical shift values
to secondary structure30. χ1 angle restraints were generated from
analysis of 13C NOESY spectra taken with a mixing time of 40 ms,
according to the staggered rotamer model.

Coordinates. Coordinates and experimental restraints of the
ensemble of 20 structures have been deposited in the Protein Data
Bank (accession code 1K0S). Chemical shifts for CheW have been
submitted to BMRB (accession code 4984).
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