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ABSTRACT: The aspartate receptor is one of the ligand-specific, homodimeric chemoreceptors that detects
extracellular attractants and triggers the chemotaxis pathway ofEscherichia coli and Salmonella
typhimurium. This receptor regulates the activity of the histidine kinase CheA, which forms a kinetically
stable complex with the receptor cytoplasmic domain. An atomic four-helix bundle model has been
constructed for this domain, which is functionally subdivided into the signaling and adaptation subdomains.
The proposed four-helix bundle structure of the signaling subdomain, which binds CheA, is fully supported
by experimental evidence. Much less evidence is available to test the four-helix bundle model of the
adaptation subdomain, which possesses covalent adaptation sites and docking surfaces for adaptation
enzymes. The present study focuses on a putative helix near the C terminus of the adaptation subdomain.
To probe the structural and functional features of positions G467-A494 in this C-terminal region, a
cysteine and disulfide scanning approach has been employed. Measurement of the chemical reactivities
of scanned cysteines reveals anR-helical periodicity of exposed and buried residues, confirmingR-helical
secondary structure and mapping out a buried packing face. The effects of cysteine substitutions on activity
in ViVo andin Vitro highlight the functional importance of the helix, especially its buried face. A scan for
disulfide bond formation between symmetric pairs of engineered cysteines reveals promiscuous collisions
between subunits, indicating the presence of significant thermal dynamics. A scan for functional disulfides
reveals lock-on and signal-retaining disulfide bonds formed between symmetric pairs of cysteines at buried
positions, indicating that the buried face of the helix lies near the subunit interface of the homodimer in
the equilibrium structures of both the apo and aspartate-bound states where it plays a critical role in
kinase regulation. These results strongly support the existing four-helix bundle model of the adaptation
subdomain structure. A mechanistic model is proposed in which a signal is transmitted through the
adaptation subdomain by a change in supercoiling of the four-helix bundle.

The mechanism of signal transduction by which cell-
surface receptors regulate cytoplasmic kinases is an issue of
central importance in signaling biology. Some receptors
activate their appropriate kinases by dimerization, but others
trigger kinase activation by transmembrane conformational
changes. The latter class includes a large superfamily of cell-
surface receptors that regulate cytoplasmic histidine kinases
in prokaryotic and eukaryotic two-component signaling
pathways (1, 2). An important subfamily of this histidine
kinase-coupled receptor superfamily is responsible for regu-
lating the thermo-, photo-, osmo-, redox-, and chemotaxis
pathways of a wide variety of prokaryotic organisms (3-
5). These taxis receptors, comprising a group of over 2000
homologues (6), exhibit regions of high conservation in their
cytoplasmic domains (7, 8). They also appear to have a
conserved mechanism of transmembrane signaling and
cytoplasmic regulation, because active chimeric receptors
have been formed by fusing receptor domains from distantly
related pathways (9-12). Even certain unrelated receptors,
such as the human insulin receptor, may use a similar

mechanism of conformational transmembrane signaling (13,
14).

The chemotaxis pathway ofEscherichia coliandSalmo-
nella typhimuriumis exquisitely sensitive and can sense the
binding of only one or a few molecules of attractant to the
cell (15). The aspartate receptor is one of five homodimeric
receptors utilized by this pathway to detect specific attractant
and repellent molecules in the extracellular environment (4,
5). Aspartate binding to the periplasmic domain of the
receptor triggers the propagation of a conformational signal
across the cell membrane to the associated cytoplasmic
histidine kinase, CheA (4). The receptor-kinase complex,
which is stabilized by the coupling protein CheW, exhibits
a lifetime on the order of tens of minutes independent of
the ligand (16-18). Aspartate binding to the receptor
allosterically regulates the autophosphorylation of bound
CheA and thereby controls the subsequent phosphotransfer
reactions that activate the response regulators CheY or CheB
(19, 20). The resulting phospho-CheY controls the swimming
activity of the cell by interacting with the flagellar motor
switch components, while phospho-CheB regulates the
adaptation branch of the chemotaxis pathway (5, 21, 22).

The two identical subunits of the aspartate receptor are
each 60 kDa in size, and the receptor can be divided into
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periplasmic, transmembrane, and cytoplasmic regions as
illustrated in Figure 1 (4). The structures of the periplasmic
and transmembrane regions are well-characterized, with each
dominated by four-helix bundles (23-25). In the periplasmic
domain, helicesR1-4 of each subunit form a four-helix
bundle, and the two symmetric bundles associate at the dimer
interface dominated by anR1-R1′ coiled-coil interaction.
The two symmetric aspartate-binding sites lie within the
interfacial region, where each is composed of residues from
both subunits. Two helices from each subunit give rise to
the bundle of four membrane-spanning helicesR1/TM1, R1′/
TM1′, R4/TM2, andR4′/TM2′ that comprise the transmem-
brane region. The mechanism of the ligand-binding-induced
transmembrane signaling is a subtle (∼1.6 Å) piston-type
displacement of the signaling helixR4/TM2 toward the
cytoplasm (4), as observed in the superimposed crystal
structures of the apo- and aspartate-occupied periplasmic
domain (26). Further support for the piston displacement has
been provided by engineered disulfide bonds that lock the
membrane-bound receptor in the on and off states, ligand-
induced changes in disulfide formation rates, modeling
studies of the conformational change induced by docking of
the maltose-binding protein, ESR spin-label studies, solid-
state NMR studies, and engineered helix displacements
driven by substitutions at the membrane-water interface (4,
27-33).

The receptor cytoplasmic domain can be further subdivided
into two functional regions (Figure 1) (4, 34). The signaling
subdomain binds the coupling protein CheW and the histidine
kinase CheA and is critical for transmitting regulatory signals
from the receptor to the kinase (35). The adaptation subdo-
main, which is the focus of the current study, contains the
adaptation sites, lying at positions 295, 302, 309, and 491
in the aspartate receptor, as well as docking surfaces for the
adaptation enzymes CheR and CheB (4, 36). The adaptation
sites are glutamate side chains that are methyl-esterified by
the methyltransferase enzyme CheR and demethylated by
phospho-CheB, which hydrolyzes the methyl esters. These
adaptation sites play an essential role in the chemotaxis
pathway by serving as the chemical memory of the pathway
and by enabling the pathway to adapt to a constant
background level of stimulus (5, 37). To determine whether
swimming is proceeding in a favorable direction, the receptor
population constantly compares the current occupancy of the
attractant binding site, representing the current attractant
concentration, to the level of adaptation site methylation,
representing the attractant concentration in the recent past.
This comparison ultimately defines the sign of the regulatory
signal sent to the CheA kinase. Because the binding of
aspartate downregulates the kinase and the methylation of
the adaptation sites stimulates the kinase, the signals oppose
one another, providing a negative feedback loop as required
for adaptation to background stimuli. The adaptation sub-
domain also plays a central role in thermotaxis (38).

The current model of cytoplasmic domain architecture
describes the domain as an extended, antiparallel four-helix
bundle (4, 39, 40). This model has been proposed on the
basis of evidence from (i) chemical studies, which mapped
out the four-helix bundle of the signaling subdomain in the
full-length, membrane-bound receptor using a cysteine and
disulfide scanning approach (41), and (ii) crystallographic
studies, which confirmed the existence of the bundle and
provided a high-resolution view of its structure in a water-
soluble fragment of the cytoplasmic domain (39). Together,
these results have fully defined the signaling subdomain as
a four-helix bundle. Furthermore, the crystal structure of the
cytoplasmic domain fragment as well as biochemical, genetic,
and chemical cross-linking studies of the full-length receptor
have shown that interaction surfaces on the signaling
subdomain are necessary and sufficient to drive the assembly
of receptor dimers into a trimer of dimers that exhibits
positive cooperativity in signaling (39, 42-46).

In contrast to the well-defined four-helix bundle structure
of the signaling subdomain, the architecture of the adaptation
subdomain remains poorly defined. The fragment employed
for crystallographic studies of the cytoplasmic domain was
truncated in this subdomain and exhibited crystal-packing
interactions that perturb helix-helix interactions (39). Efforts
to crystallize larger fragments containing the adaptation
subdomain have been unsuccessful, perhaps because of the
remarkably dynamic nature of the adaptation subdomain in
the isolated cytoplasmic domain (47, 48). Cysteine and
disulfide scanning studies of the adaptation subdomain have
been limited to its N-terminal region and, thus far, have
identified only two (CD1 and CD1′) of the four proposed
helices in the subdomain (Figure 1) (49). Previous hydro-
dynamic studies have indicated that the full cytoplasmic
domain is highly elongated, and circular dichroism studies

FIGURE 1: Schematic diagram of the full-length aspartate receptor
in the membrane, illustrating its domains and subdomains. The two
identical 60-kDa subunits of the homodimer are depicted in blue
and gold. The left view is the current atomic model of the full-
length, membrane-bound receptor homodimer (39). The right view
is a schematic view of the homodimer, in whichR helices are
depicted as cylinders and associated cytoplasmic proteins are
indicated as solid ellipsoids (4). The region of the adaptation
subdomain (positions 467-494) examined in the current study by
cysteine and disulfide scanning is highlighted. Filled circles
represent the covalent adaptation sites within the adaptation
subdomain. Note that the homodimer can further assemble into a
higher order oligomeric structure proposed to be a trimer of dimers
(39, 42, 43).
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revealed a high degree ofR helicity (50, 51), but these bulk
measurements do not possess the resolution needed to test
the four-helix bundle model of the adaptation subdomain
structure. In short, further structural and functional analysis
of the C-terminal region of the adaptation subdomain is
essential to a molecular understanding of the mechanisms
of receptor signaling and adaptation.

Cysteine and disulfide scanning has been proven to be an
invaluable tool for the determination of protein structure and
has the advantage of not being limited by the size of the
macromolecule to be studied nor by the lipid environment
of membrane proteins (35, 41, 49, 52-56). This technique
has been successfully employed to probe the structure and
signaling mechanism of bacterial receptors, including studies
of the cytoplasmic domain that have revealed large helical
regions (4). Figure 1 highlights the C-terminal region
(G467-A494) of the adaptation subdomain investigated in
the present work. The present cysteine and disulfide scanning
studies define the secondary structure of this region asR
helical with distinct buried and exposed faces and show that
the buried face is critical for allosteric kinase regulation. This
helical region exhibits significant dynamics that enable
promiscuous collisions with the nearby helices of other
receptor subunits. Overall, the results provide further support
for the four-helix bundle model of adaptation subdomain
structure and support a mechanistic model in which the
dynamic packing interactions between the helices of the four-
helix bundle directly modulate the activity of the CheA
kinase.

EXPERIMENTAL PROCEDURES

Materials.All E. coli strains were provided by Dr. John
S. Parkinson, University of Utah (Salt Lake City, UT). Strains
used for receptor expression and characterization were
RP3808 (∆(cheA-cheZ)DE2209 tsr-1 leuB6 his-4 eda-50
rpsL136 [thi-1 ∆(gal-attl)DE99 ara-14 lacY1 mtl-1 xyl-5
tonA31 tsx-78]/mks/) and RP8611 (∆tsrDE7028∆(tar-tap)-
DE5201 zbd::Tn5∆(trg)DE100 leuB6 his-4 rpsL136[thi-1
ara-14 lacY1 mtl-1 xyl-5 tonA31 tsx-78]/CP362 of G.
HazelbauerVia F. Dahlquist, pa/) (57), expressing the
plasmid pSCF6 previously described (58). CheA (HB101/
pMO4) and CheW (HB101/pME5) were made from strains
and plasmids provided by Jeff Stock (Princeton). Bob Bourret
(University of North Carolina) provided the strain and
plasmid used to express CheY (RBB455/pRBB40). Chemical
reactivity probe 5-iodoacetamidofluorescein (5-IAF) was
purchased from Molecular Probes, Inc. Radiolabeled [γ-32P]-
ATP (6000 Ci/mmol), [3H-2,3] l-aspartate (32 Ci/mmol), and
s-adenosyl-l-[methyl-3H]methionine (55-85 Ci/mmol) were
obtained from Amersham or New England Nuclear. Deoxy-
oligonucleotides were synthesized by Life Technologies, Inc.
Kunkel mutagenesis reagents (T7 DNA polymerase, T4 DNA
ligase, and deoxynucleotide triphosphates) were purchased
from BioRad. All other reagents were purchased from Sigma
unless otherwise noted in the text.

Engineering Cysteine-Containing Receptors.To obtain
individual cysteine-containing receptors, site-directed mu-
tagenesis was performed on the plasmid pSCF6 by the
Kunkel et al. method as modified by the BioRad Mutagene
kit (58, 59). Mutated plasmids were transformed intoE. coli
RP8611 for amplification and isolated using Qiagen spin

columns. PCR plasmid sequencing was carried out using a
modification of the Sanger method and the Epicentre
Technologies kit; the results verified that receptor genes
encoded the intended mutations (35). Plasmids encoding for
single-mutant cysteines at positions 490-494 were kindly
provided by Randal B. Bass and Mark Danielson (49).

Engineering Dicysteine Receptors.Modified plasmids
containing two cysteine mutations (N36C/G467C, N36C/
T482C, N36C/N485C, and N36C/S492C) were created by
combining fragments of the single-mutant plasmids. The
original single-mutation plasmids (of which, for position 36
was provided by Randal B. Bass) were digested with
restriction enzymesPst1 andMlu1 (New England Biolabs),
producing a 0.9-kb fragment containing the N36C mutation
or a 4.1-kb fragment containing the G467C, T482C, N485C,
or S492C mutation. The digest containing the target 0.9-kb
fragment with its N36C mutation was treated with calf
intestinal phosphatase (CIP) to prevent self-ligation. The
derived fragments were gel-purified and isolated using the
Gene Clean Kit (Bio 101). The appropriate fragments were
ligated together overnight at 16°C, using T4 DNA ligase
(New England Biolabs). The resulting ligation reactions were
then transformed into RP8611 competent cells, and DNA
minipreps and membranes were prepared as follows. Under
harsh oxidation conditions, a small percentage of the double-
cysteine-containing receptor was observed on SDS-poly-
acrylamide gels to form higher order products, which could
only form if the receptor had two cysteines per subunit.

Expression and Isolation of Engineered Receptors in
Membranes.Plasmids encoding each cysteine substitution
were transformed into the strain RP3808 for receptor
expression. Receptor purification was performed as previ-
ously described (49), with the following modifications.
Overnight 2 mL of LB cultures were diluted 1:250 into 500
mL of Vogel Bonner Citrate (VBC) minimal growth medium
containing 0.75% glycerol, 200µg/mL MgSO4‚7H2O, 2000
µg/mL citric acid‚H2O, 10 000µg/mL K2HPO4, 3500 µg/
mL NaNH4‚HPO4‚4H2O, 40µg/mL D,L-histidine, 20µg/mL
L-methionine, 20µg/mL L-leucine, 20µg/mL L-threonine, 1
µg/mL thiamine, and 150µg/mL ampicillin (65). Cultures
were incubated at 30°C, shaking at 225 rpm for 17-18 h,
and then harvested by centrifugation [Sorvall GS-3 rotor at
6000 rpm (6080g) for 10 min at 4 °C]. Cells were
resuspended in 5 mL of ice-cold low-salt buffer containing
20 mM sodium phosphate at pH 7.0 with NaOH, 10% (v/v)
glycerol, 10 mM EDTA, 50 mM dithiothreitol (DTT),1 2.5
mM 1,10-phenanthroline, and 0.5 mM PMSF. The cells were
then transferred to thin-walled ultracentrifuge tubes (Beck-
man) in an ice/water bath and lysed by sonication (3× 17
s bursts with 20 s cooling intervals using a Mysonics model
W-385 sonicator with a macrotip). Cell debris was pelleted
by centrifugation in a TLA 100.3 rotor (Beckman) at 15 000
rpm (12000g) for 20 min. The supernatant was decanted into
fresh tubes, and the membranes were pelleted using a TLA
100.3 rotor at 100 000 rpm (540000g) for 15 min. The pellets
were resuspended in 0.6 mL of high-salt buffer containing
20 mM sodium phosphate at pH 7.0 with NaOH, 2 M KCL,
10% (v/v) glycerol, 10 mM EDTA, 5 mM DTT, 2.5 mM
1,10-phenanthroline, and 0.5 mM PMSF. Resuspension was

1 Abbreviations: DTT, dithiothreitol; 5-IAF, 5-iodoacetamidofluo-
rescein.
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achieved by sonication with a previously mentioned sonicator
using a microtip (3× 17 s bursts with 20 s cooling intervals).
Membranes were diluted to 3 mL in high-salt buffer, pelleted
again, and resuspended as above, except that DTT and
phenanthroline were omitted. The membranes were then
resuspended in 0.6 mL of final buffer containing 20 mM
sodium phosphate at pH 7.0 with NaOH, 10% (v/v) glycerol,
0.1 mM EDTA, and 0.5 mM PMSF, before diluting to 3
mL in final buffer, pelleting as above, and resuspending in
300 µL of final buffer. These membranes were then snap-
frozen in liquid nitrogen and stored at-80 °C.

The total protein yield was determined by BCA assay,
calibrated against bovine serum albumin standards. The
absorbance measurements were made using a microplate
reader (Molecular Devices, Inc.). The fraction of protein
consisting of Tar was determined by quantitating the receptor
and nonreceptor bands on a Coomassie-stained 10% Laemmli
SDS-polyacrylamide gel (acrylamide/bisacrylamide ratio of
40:0.2) using a digital camera (Alpha Innotec).

Chemical ReactiVity Assays.This assay was performed as
previously described (54) with the following modifications.
Receptor-containing membrane samples were diluted to 5
µM Tar in 10 mM sodium phosphate at pH 7.0 with HCl,
50 mM NaCl, 50 mM KCl, and 1 mM EDTA to a 40µL
reaction. The reaction was started with the addition of 5-IAF
from a 5 mMstock to a final concentration of 300µM. The
reaction was incubated at 25°C in a water bath for 15 min,
and then one-half the reaction was quenched with 1.25µL
of â-mercaptoethanol to react with any remaining label. At
this time, the second half of the reaction was treated with
1.25µL of 10% (w/v) SDS and heated to 95°C, allowed to
react for an additional 3 min, and then quenched. A total of
5 µL of 4× Laemmli nonreducing sample buffer [250 mM
Tris at pH 6.8 with HCl, 4% SDS, and 40% (v/v) glycerol]
was added to each reaction, and they were heated to 95°C
for 2 min before being loaded onto a 10% SDS-PAGE gel
with an acrylamide/bisacrylamide ratio of 40:0.2. Fluores-
cence of the receptor band was visualized on a UV box
(Alpha Innotec) and quantitated with a digital camera (Alpha
Innotec). The same gels were stained with Coomassie and
quantitated with the digital camera to normalize the fluo-
rescence intensity variations because of the fluctuating
amount of receptor. Chemical reactivity was defined as the
ratio of receptor fluorescence generated by 5-IAF reactions
in the folded versus unfolded states.

In ViVo Chemotaxis Assays.Chemotaxis swarm assays
were carried out as previously described (49, 60). Briefly,
each mutant pSCF6 plasmid was transformed intoE. coli
RP8611, which is deleted for the wild-type receptor. The
vector alone (pBluescript) and vector carrying the wild-type
receptor (pSCF6) were used as controls to determine the
swarm rates of cells lacking and containing the native
receptor. Starter cultures were grown in Luria Broth with
100 µg/mL ampicillin at 37°C with shaking for 8 h, and
then 5 µL was spotted onto 0.23% agar minimal plates
containing VBC medium supplemented with 0.1% glycerol,
20 mM lactate, 40µg/mL D,L-histidine, 20µg/mL L-leucine,
1 µg/mL thiamine, and 100µg/mL ampicillin. Cultures were
also spotted on minimal media plates, prepared the same way
as above but containing 100µM L-aspartate. Plates were
incubated at 30°C, and colony diameters were measured at
3-4 h intervals approximately 24 h after spotting. The swarm

rates were determined by a least-squares linear best fit to
the slope of the diameter as a function of time. The aspartate-
specific swarm rates were determined by subtracting the (-)
aspartate swarm rate from the (+) aspartate swarm rate to
correct for pseudotaxis and any other nonaspartate-specific
taxis. The resulting rate was normalized to the wild-type rate
for comparison.

In Vitro Receptor-Coupled Kinase Assays.A receptor-
coupled phosphorylation assay was used to quantitate ra-
diolabeled phosphate from the receptor-CheA-CheW ter-
nary complex to CheY, to directly determine the ability of
the modified receptors to regulate the autophosphorylation
activity of CheA. This assay was performed as previously
described (20, 49, 61), with the following modifications.
Isolated membranes were diluted to contain 12µM Tar
monomer and either (1) oxidized by the addition of the redox
catalyst CuII(1,10-phenanthroline)3 (400µM) in the presence
of ambient dissolved oxygen for 20 min at 37°C or (2)
reduced by addition of DTT (100 mM) to ensure elimination
of disulfides. Oxidized reactions were treated with 0.1 mM
sodium persulfate to inactivate oxidation. Aliquots of these
membrane samples (to make 6µM Tar monomer) were
combined with purified proteins (kindly provided by Matthew
Trammell) CheW (2µM), CheA (0.25µM monomer), and
CheY (10µM) in 50 mM Tris at pH 7.5 with HCl, 50 mM
KCl, and 5 mM MgCl2, with and without 1 mM aspartate
and incubated at room temperature (23°C) for 30 min to
equilibrate the receptor-kinase complex. The addition of
[γ-32P]ATP to a final concentration of 0.1 mM initiated the
reaction. After 10 s, 5µL aliquots were quenched with 15
µL of 2× Laemmli sample buffer supplemented with 25 mM
EDTA. The [32P] phospho-CheY was resolved on a 15%
Laemmli SDS-polyacrylamide gel (acrylamide/bisacryl-
amide ratio of 40:1.25). The gels were dried and quantitated
by phosphorimaging (Molecular Dynamics).

The extent of disulfide formation in the oxidized reactions
was determined by analyzing an aliquot of the oxidized
membrane on a 10% nonreducing Laemmli SDS-polyacryl-
amide gel (acrylamide/biacrylamide ratio of 40:0.2). Gels
were then Coomassie-stained. The dimer and monomer bands
were quantitated with a digital camera (Alpha Innotec), and
the percentage of dimer formation was calculated.

In Vitro Aspartate-Binding Assays.Receptors containing
lock-on cysteine or disulfide mutations were tested for the
ability to bind aspartate in a membrane spin-down assay
previously described (27, 62) with the following modifica-
tions. Samples of receptor-containing membranes were
diluted to contain 6µM Tar monomer in 150µL. These
samples were either (1) oxidized by addition of the redox
catalyst CuII(1,10-phenanthroline)3 (400µM) in the presence
of ambient dissolved oxygen for 20 min at 37°C or (2)
reduced by addition of DTT (100 mM) to ensure elimination
of disulfides. Aliquots of 25µL were then added to 50µL
binding reactions containing 2.5 mM Tris-HCl at pH 7.5,
2.5 mM NaCl, 5.0 mM KCl, and 1 mM EDTA with
L-aspartate concentrations ranging from 0.8-9 µM (spiked
with [3H-2,3] L-aspartate, 32 Ci/mmol, 1µCi/µL). These
binding reactions were split into two Beckman TLA 100.2
ultracentrifuge tubes. One was incubated with 2.5µL of glass
distilled water, and the other was incubated with 2.5µL of
200 mM L-aspartate for 10 min at 25°C. The tubes were
spun for 15 min at 22°C, and 20µL of the supernatant was
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removed and added to 50µL of glass distilled water in
scintillation vials. The vials were then filled with Ecoscint
H (National Diagnostics), capped, vortexed, and counted for
5 min each. TheKD values for each modified receptor were
determined by best-fit nonlinear regression analysis of a plot
of bound versus free aspartate. Disulfide extents were
determined as in thein Vitro activity assay.

RESULTS

Engineering a Cysteine Library.To probe the structure
and function of the cytoplasmic adaptation subdomain in the
full-length, membrane-bound, homodimeric aspartate recep-
tor, we created a library of mutant receptors by cysteine
scanning. The wild-type receptor contains no intrinsic
cysteines; therefore, each engineered cysteine was unique
within each subunit. Briefly, using site-directed mutagenesis,
unique single-cysteine substitutions were created in each
receptor, from positions G467-A494. Each receptor protein
was generated by plasmid overexpression inE. coli strain
RP 3808 that lacks receptors and also lacks the methylation
and demethylation enzymes CheR and CheB, respectively
(57), thereby ensuring that the adaptation state of the receptor
population was homogeneous (QEQE or QEQC for the
E491C mutant). A total of 28 single-cysteine receptors were
generated, and expression of each receptor was similar to
that of the wild type.

Chemical ReactiVity Analysis of SolVent Exposure and
Secondary Structure.Previous studies have shown that the
solvent exposure pattern displayed by cysteine residues
scanned through a region of primary structure can map out
surface-exposed secondary structure elements (35, 49, 54).
In the present study, 5-IAF, a bulky, anionic, sulfhydryl-
specific probe, was used to quantitate the chemical reactivity
of each engineered receptor. Because of its size and charge,
the 5-IAF reaction rate is sensitive to the solvent exposure
of the cysteine side chain that it alkylates. This probe reacts
quickly with solvent-exposed sulfhydryls, but it is largely
excluded from the interior of a protein and therefore reacts
slowly with buried sulfhydryls. Previous experiments have
experimentally confirmed the accuracy of this approach using
helix R2, a helix of known structure in the receptor
periplasmic domain, as a control (63). This previous analysis
scanned a single cysteine from positions T95-H103 on helix
R2 in the full-length, membrane-bound receptor and mea-
sured the chemical reactivities of each position with three
different probes, including 5-IAF. The resulting chemical
reactivities were highly correlated with the solvent exposure
calculated from the crystal structure (24). Specifically, the
R-helical periodicity and buried face observed for helixR2
in the crystal structure were apparent in both the measured
chemical reactivity data and the calculated solvent exposure
data as expected.

The chemical reactivity assay utilized in the current study
incubated mutant receptor membranes with the 5-IAF probe
at 25 °C for 15 min. At this time, half of the sample was
quenched withâ-mercaptoethanol, and the remaining half
was denatured with SDS at 95°C, allowed to react for an
additional 3 min to ensure full labeling, and then quenched.
Both samples were run on a SDS-polyacrylamide gel, and
the receptor fluorescence because of 5-IAF labeling was
quantitated. The ratio of receptor 5-IAF labeling in the native

versus the denatured state yielded the chemical reactivity,
which provides a qualitative measure of solvent exposure.
The chemical reactivity parameter ranges from zero for an
inaccessible, buried position to unity for a fully exposed
position.

The measured chemical reactivities for cysteines G467-
A494 are summarized in Figure 2. Two sets of reactivities
determined independently under the same conditions illustrate
the reproducibility of the experiment. The dashed lines
indicate the reactivity levels used to operationally define the
three categories of highly exposed, intermediate, and highly
buried cysteines. Eight cysteines were found to be highly
exposed, having a chemical reactivity ratio exceeding 0.50
(D469, Q470, L473, S476, R480, Q483, E491, and A494).
Seven cysteines were determined to be highly buried, with
ratios of less than 0.30 (G467, V481, T482, N485, L488,
V489, and S492). When the highly exposed and buried
positions are mapped onto different secondary structure
models, the best segregation to distinct faces is obtained for
an R-helical model with a heptad repeat as expected for a
coiled-coil four-helix bundle (see Figure 4A in the Discus-
sion).

Effects of Cysteine Substitutions on Receptor Function in
ViVo. Residues crucial for receptor function were determined
by testing the engineered receptors in anin ViVo assay of
cellular chemotaxis. Receptors were overexpressed inE. coli
strain RP 8611, lacking both the aspartate and serine
chemoreceptors (57). The standardin ViVo swarm-plate assay
was used to quantitate the ability of each receptor to restore
aspartate sensing and chemotaxis to cells swimming in a self-
generated aspartate gradient (60). This assay can detect
receptor perturbations that block receptor regulation of kinase
activity or inhibit normal receptor adaptation (58). Inhibitory
substitutions were operationally defined as those that reduced

FIGURE 2: Chemical reactivities of cysteine substitutions at positions
G467-A494 of the adaptation subdomain. Two independent scans
of the region (b andO) performed under the same conditions are
shown to illustrate the reproducibility of the experiment. Chemical
reactivity is defined as the ratio of (i) the cysteine reaction rate
with 5-iodoacetamido fluorescein in the full-length, membrane-
bound receptor to (ii) the corresponding reaction rate in the SDS-
denatured state, wherein accessibility is maximal. The reactivity
parameter, which is strongly correlated to aqueous solvent exposure
in the folded receptor, ranges from zero to unity for cysteines that
are inaccessible or fully solvent-exposed, respectively. Experimental
conditions: 5µM receptor and 300µM 5-iodoacetamido fluorescein
in 10 mM sodium phosphate at pH 7.0 with HCl, 50 mM NaCl, 50
mM KCl, and 1 mM EDTA at 25°C. Positions with reactivities
lower than 0.30 in both scans are operationally defined as highly
buried. Positions with reactivities above 0.50 in both scans are
defined as highly solvent-exposed. Error bars represent the standard
deviation of the mean forn g 3 independent measurements.
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the aspartate-specific swarm rate by a factor of 5-fold or
more relative to the rate observed for overexpression of the
wild-type receptor. Figure 3A summarizes the relative
aspartate-specific swarm rates of the cysteine mutants,
including the classification of inhibitory and noninhibitory
cysteine substitutions indicated by the dashed line. Alto-
gether, six substitutions were found to be inhibitory (G467C,
I468C, N478C, D479C, A486C, and V489C). All six of the
inhibitory substitutions are located at buried or interfacial
positions on the helix identified by chemical reactivity
measurements (see Figure 4B in the Discussion), indicating
that the buried face is crucial for receptor function.

Effects of Cysteine Substitutions and Disulfide Bonds on
Receptor Function in Vitro.The in Vitro receptor-coupled
kinase assay is considerably more sensitive to receptor
perturbations than thein ViVo swarm assay, because of the
absence of the adaptation enzymes that correct many subtle
receptor defects in the full pathway (20, 58, 61). Moreover,
this in Vitro assay can be carried out under oxidizing
conditions to study disulfide-bond containing receptors that
would be reduced in living cells. The active receptor-kinase
signaling complex was reconstituted by adding purified
histidine kinase CheA, coupling protein CheW, and phospho-
acceptor protein CheY to isolatedE. coli RP 3808 mem-
branes containing an overexpressed wild type or cysteine-
mutant receptor. The activity of the complex was assayed
by observing the rate of phosphotransfer from receptor-bound
CheA to a saturating concentration of CheY. Under such
conditions, the receptor-stimulated CheA autophosphoryla-
tion reaction is the rate-limiting step. The apo state of the
receptor stimulates CheA autophosphorylation, while aspar-
tate binding to the complex slows the CheA autophospho-
rylation rate over 100-fold.

Figure 3B summarizes the effects of cysteine substitutions
on receptor-regulated kinase activity in a reducing environ-
ment, both in the presence and absence of aspartate.
Inhibitory substitutions were defined as those that reduced
the kinase activity by a factor of 5-fold or more relative to
the wild-type kinase activity in the absence of aspartate.
Altogether, seven substitutions were found to be inhibitory
(V471C, N478C, D479C, A486C, V489C, A493C, and
A494C), six of which fall at buried or interfacial positions
on the helix defined by the chemical reactivity data. This
spatial distribution further indicates that the buried face is
critical for signaling. Interestingly, the buried G467C sub-
stitution locked the kinase in the activated state even in the
presence of saturating aspartate. The lack of attractant-
induced downregulation indicates that this cysteine substitu-
tion does not significantly perturb the kinase-activating state
of the receptor but instead prevents the aspartate-triggered
switch to the kinase-inactivating state. Such a substitution
is termed a “lock-on” cysteine because it prevents the normal
switching of the receptor from its on state to its off state.

Figure 3C summarizes the effects of intersubunit disulfide
bond formation on receptor-regulated kinase activity. Disul-
fide bond formation was catalyzed by addition of CuII-
(1,10-phenanthroline)3 to receptor-containing membranes in
the presence of ambient oxygen at 37°C, yielding a covalent
cross-link between a pair of symmetric, engineered cysteines
in different subunits (58). Disulfide formation was detected
by the appearance of a covalent dimer band in SDS-PAGE
and was found to reach between 80 and 95% completion,

enabling analysis of the effect of each disulfide on kinase
regulation in thein Vitro assay. The high efficiency of

FIGURE 3: In ViVo andin Vitro activity of the engineered receptors.
(A) In ViVo chemotactic swarm plate assay applied to cells
expressing cysteine-substituted receptors. For cells expressing a
given mutant receptor, the aspartate-specific swarm plate assay
measures the difference between the chemotactic swarm rates in
the absence and presence of aspartate, normalized to the corre-
sponding difference measured for cells expressing the wild-type
receptor. Cysteine substitutions that reduce chemotactic swarming
at 37°C to a rate below 20% of the wild type (below the dashed
line) are classified as inhibitory. (B)In Vitro receptor-coupled kinase
assay applied to cysteine-substituted receptors in their reduced states
at 25°C. Open circles represent normalized receptor-coupled kinase
rates in the absence of aspartate, relative to the corresponding rate
observed for kinase coupled to the wild-type receptor. This apo
state yields maximal kinase activation. Cysteine substitutions that
lower the rate to less than 20% of the wild type (below the dashed
line) are considered inhibitory. Closed circles indicate rates observed
in the presence of saturating aspartate, which triggers kinase
inhibition of the wild-type receptor. Cysteine substitutions that
prevent normal aspartate-triggered kinase inhibition (above the
dashed line) are defined as lock-on cysteines. (C)In Vitro receptor-
coupled kinase assay applied to cysteine-substituted receptors in
their oxidized, disulfide-linked states. Assay conditions and symbols
as described for B. Disulfide bonds that retain over 20% wild-type
activity (above the dashed line) are considered signal-retaining if
they allow aspartate-triggered kinase inhibition (to a level below
the dashed line) or lock-on if they prevent aspartate-triggered
inhibition (at a level above the dashed line). Error bars represent
the standard deviation of the mean forn g 3 independent
measurements.
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disulfide formation observed for all 28 cysteine pairs
indicates that the region is remarkably dynamic at its
physiological temperature. Because 24 of the disulfide bonds
completely destroy receptor-coupled kinase activation (Figure
3C), most of these cross-links are likely formed by transient
collisions between symmetric cysteines that are far apart in
the equilibrium structure. However, four of the disulfide
bonds retain receptor activity and thus reveal spatial prox-
imities between pairs of helices in the functional structure.
Specifically, intersubunit disulfide bonds were found to retain
the ability of the receptor to activate the kinase when
incorporated at the G467, T482, N485, and S492 positions.
One of these four disulfides at position G467 also retained
the ability of the receptor to downregulate the kinase upon
binding aspartate and is thus termed a “signal-retaining”
disulfide bond. The other three disulfides at the T482, N485,
and S492 positions prevented downregulation of the kinase
in the presence of saturating aspartate, indicating that these
cross-links constitutively lock the receptor in the kinase-
activating “on” state. Again, such cross-links are termed
“lock-on” disulfides because the disulfide cross-link prevents
the receptor from converting from its on state to its off state.
Significantly, all of the cysteine substitutions and disulfide
bonds with signal-retaining or lock-on character fall on the
buried face of the helix defined by the chemical reactivity
scan, indicating that this face is located at or near the subunit
interface where it plays an important role in transmitting
signals from the receptor to the kinase (see Figure 4B in the
Discussion).

To test whether the observed lock-on and signal-retaining
disulfides were formed between the two subunits within the
same dimer or rather between subunits in different dimers,
a set of double-cysteine mutants was generated. These double
mutants included the cysteine substitution of interest (G467C
T482C, N485C, or S492C) and a second substitution, N36C,
which has previously been shown to form a disulfide
exclusively between the two subunits of the same dimer.
Upon oxidation of each double mutant, the products con-
tained the C36-C36′ disulfide, a disulfide at the position of
interest, or both disulfides, as resolved by their differing
mobilities on SDS-PAGE (41, 53). Using this test, all four
of the disulfide bonds that retain significant kinase regulation
were found to form between two subunits in the same dimer,
rather than between different dimers (data not shown). These
findings confirm that the buried face of the helix lies at the
subunit interface within a single homodimer of the trimer
of dimers (see Figure 4B in the Discussion).

Effects of Lock-On Cysteines and Disulfides on Aspartate
Binding.The lock-on mutants were also tested for the ability
to bind aspartate in a centrifugation assay (27, 62), because
in principle, their inability to downregulate the kinase in
response to aspartate could stem from the loss of aspartate
binding. The isolated receptor-containing membranes were
incubated with various concentrations of radiolabeled as-
partate. Then, the membranes were pelleted, and the con-
centrations of aspartate in the supernatant and membrane
fractions were determined. The aspartate-binding curve for
each receptor was analyzed by nonlinear least-squares
regression to determine the best-fit aspartateKD value, as
summarized in Table 1. Each of the locked-on receptors
retains a functional aspartate-binding site that is fully loaded
with aspartate at the 1 mM aspartate concentration used in

the in Vitro activity assay. It follows that these receptors
successfully bind aspartate at the periplasmic attractant
binding site, but the lock-on cysteine substitution or disulfide
bond prevents the normal structural transition needed to
propagate the inhibitory attractant signal through the adapta-
tion subdomain to the signaling subdomain and its associated
CheA kinase.

DISCUSSION

The current study extends the use of cysteine and disulfide
scanning to characterize the structure and function of
positions G467-A494 in the cytoplasmic domain of the
transmembrane aspartate receptor, corresponding to the
C-terminal region of the adaptation subdomain (Figure 1).
The measured chemical reactivities of these positions exhibit
a repeating pattern of highly exposed and buried residues
with a periodicity consistent with anR-helical secondary
structure. A 3.5 residue per turn helix model, characteristic
of R helices found in coiled coils or four-helix bundles,
provides the best segregation of exposed and buried residues
on opposite faces as illustrated in Figure 4. These findings
represent the first direct experimental evidence that the
putative helix CD2 proposed in the current model of the
adaptation subdomain (39, 40) is, in fact, anR helix.

Further examination of the primary structure reveals that
the majority of charged or polar residues are located on the
exposed helix face, while the nonpolar residues are predomi-
nately localized to the buried face. Such segregation of
polarity provides additional evidence for the helicity of the
C-terminal region of the adaptation subdomain and indicates
that this helix is amphiphillic. A sequence alignment of over
60 homologous taxis receptors reveals that the same heptad
repeating pattern observed in this helical region of the
aspartate receptor is conserved in other members of the taxis
receptor superfamily (7, 8), indicating that this amphiphillic
helical motif is a conserved structural element. As observed
in the aspartate receptor (Figure 4), the heptad repeating
pattern of the region typically has nonpolar residues at
positions a, d, and g, while polar residues dominate at
positionsb, c, and f, and interfacial positione exhibits a
mixture of nonpolar and polar residues. Additional evidence
for the helicity of this region is provided by the helical
periodicity of the residues associated with the CheR recogni-
tion sequence for adaptation site E491 (64). Residues Q490,
E491, and A494 are part of this recognition sequence and,
as expected, are located at the solvent-exposed heptad
positions in the helical model defined by chemical reactivi-
ties.

The activity measurements for the cysteine substitutions
in this study highlight the functional importance of the
adaptation subdomain C-terminal helix, particular of its
buried face.In ViVo, 6 of the 28 substitutions tested were

Table 1: Aspartate Affinities of Modified Receptors

receptor mutation aspartateKD (µM) (mean( SD)

wild type, reduced 0.9( 0.4
wild type, oxidized 2.5( 1.2
G467C, reduced 1.0( 0.2
T482C, oxidized 5.5( 4.6
N485C, oxidized 4.1( 2.6
S492C, oxidized 0.9( 0.7
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found to significantly inhibit the ability of the receptor to
restore aspartate-specific chemotaxis. When mapped to the
helical secondary structure, 5 of these 6 substitutions fall on
the buried face, while the remaining substitution is located
at the interfacial positione, highlighting functional impor-
tance of the helix-buried face (see Figure 4B). The results
of the in Vitro assays provide further support for this
conclusion, with the 6 of the 7 inhibitory substitutions again
mapping to buried or interfacial positions (see Figure 4B).
Finally, it is interesting to note that cysteine substitution at
the fourth adaptation site (E491C) retains the ability to
regulate the kinase in both thein ViVo and in Vitro studies,
showing that this adaptation site is noncritical. The latter
observation adds to previous findings that no one site is
essential for receptor function and that the fourth site is the
least important to receptor adaptation (64, 65).

A scan of the 28 cysteine substitutions for intersubunit
disulfide formation reveals promiscuous thermal dynamics
that enable each of the symmetric cysteine pairs to collide
and form a disulfide bond with high efficiency. Virtually
any model for the equilibrium structure of the adaptation
subdomain would place most of the cysteine pairs at positions
where theirâ carbons at separations exceeding 4.6 Å, which
requires backbone motions to bring them within range for a
productive collision between their sufhydryl groups, leading
to disulfide bond formation (66). As expected for covalent

cross-links that trap structural fluctuations away from the
native equilibrium structure, 24 of the 28 disulfide bonds
destroy the ability of the receptor to activate CheA kinase
in Vitro, indicating that they are incapable of binding CheA
or are incapable of stimulating bound CheA. It follows that
most of the 28 disulfide bonds are formed during extensive
backbone motions that yield collisions between subunits in
the same homodimer or perhaps even between subunits in
different homodimers. The latter interdimer collisions could
occur between nearby homodimers in the same trimer of
dimers or in adjacent trimers of dimers. Such extensive
dynamics are consistent with NMR studies of the isolated
cytoplasmic domain (47, 48), and it has previously been
noted that such dynamics could play a central role in receptor
signaling (67, 68). These findings also illustrate the potential
pitfalls of an oversimplified disulfide-mapping approach in
which detection of a disulfide bond is considered evidence
for close proximity between the cysteine pair. Such an
approach can give false positives in a molecule possessing
significant thermal motions. Instead, a more reliable disulfide
mapping approach is to search for disulfide bonds that retain
activity and thus would generally cross-link pairs of positions
nearby in the functional, equilibrium structure.

A functional disulfide scan of the 28 C-terminal helix
positions reveals four disulfide bonds that retain measurable
receptor activity. Three of these disulfides exhibit lock-on

FIGURE 4: Helical wheel model for positions G467-A494 of the adaptation subdomain, depicting the measure chemical reactivities and
activity effects of the scanned cysteines and disulfides. (A) Summary of chemical reactivities from Figure 2. White rectangles denote
positions with high chemical reactivities, indicating a high degree of solvent exposure; black rectangles denote positions with low reactivities,
indicating a high degree of burial. The boxed area identifies the observed buried face, and residues likely to be charged are noted. (B) Black
ovals highlight three lock-on disulfides (T482C-T482C′, N485C-N485C′, and S492C-S492C′), which form between a pair of symmetric
cysteines within a homodimer and prevent normal attractant-induced kinase inhibition. The white oval indicates one signal-retaining disulfide
(G467C-G467C′), which forms within a homodimer and retains normal kinase activation as well as attractant-triggered kinase inhibition.
Small black circles and squares indicate cysteine substitutions that inhibit receptor activity in anin ViVo chemotaxis assay or in anin Vitro
receptor-coupled kinase assay, respectively. The black star indicates one cysteine substitution (G467C), which, in the reduced state, exhibits
lock-on activity in thein Vitro receptor-coupled kinase assay.
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behavior (T482-T482′, N485-N485′, and S492-S492′) and
are located on the buried face of the helical region. The
buried location of these lock-on disulfides further strengthens
the conclusion that the buried face is crucial for ligand-
induced kinase regulation. The three lock-on disulfides are
found to form between two subunits within the same receptor
homodimer, indicating that these positions lie in close
proximity to their symmetric counterparts at the subunit
interface. The remaining functional disulfide bond exhibits
signal-retaining behavior (G467-G467′) because it retains
both kinase stimulation and downregulation in the absence
and presence of aspartate, respectively. Similar to the lock-
on disulfides, this signal-retaining disulfide forms between
the two subunits in the same homodimer. It follows that this
signal-retaining disulfide bond must lie at the native subunit
interface in both the on and off states, as demonstrated in
Figure 5. Overall, the results of the disulfide scanning
analysis support a model in which the C-terminal region of
the adaptation subdomain is helical but highly dynamic and
that the helix lies at the subunit interface within the dimer.
This model further proposes that signal transduction through
the adaptation subdomain causes small changes in the
packing interactions or the dynamics of the C-terminal helical
region that can be trapped in the on state by appropriately
placed lock-on disulfides.

Several lines of evidence argue that the N- and C-terminal
helices of the adaptation subdomain pack together to form
an antiparallel four-helix bundle in the assembled ho-
modimer. First, the N-terminal helix is known to lie at or
near the subunit interface with its buried face packed against
the other subunit of the same homodimer, just as found for

the C-terminal helix in the present study. Second, the buried
faces of both the N- and C-terminal helices are larger than
expected for a single pair of coiled-coil helices, wherein only
thea andd heptad positions are highly buried. Third, analysis
of the sequence alignment for the taxis receptor superfamily
has revealed the presence of parallel insertions and deletions
in the N- and C-terminal helices that indicate that the lengths
of the two helices are constrained to be the same. The
simplest explanation for these observations is that the N-
and C-terminal helical regions of the adaptation subdomain
pack together with their symmetric counterparts in the other
subunit to form an antiparallel four-helix bundle. This
arrangement is schematically shown in Figure 5 for the
adaptation subdomain and in Figure 1, which summarizes
the current four-helix bundle model of the cytoplasmic
domain in the full-length receptor. The four-helix bundle
model for the adaptation subdomain is also consistent with
the known four-helix bundle architecture of the signaling
subdomain (39-41).

The helix-packing interactions of all four helices within
the buried core of the adaptation four-helix bundle have been
found to be critical for kinase regulation, as noted above for
the two symmetric C-terminal helices (41, 69). A recent study
showed that electrostatic repulsion between negative charges
on the surface of the subdomain modulates the packing
between the adjacent helices of the two subunits within the
homodimer, thereby regulating kinase activity (69). Covalent
modification of the receptor adaptation sites is believed to
modulate this electrostatic interaction in the same way,
because methylation or amidation of the adaptation sites
decreases the electrostatic repulsion between subunits,
thereby stabilizing the helix interactions and activating the
kinase. Notably, the previous and present disulfide scanning
studies of the cytoplasmic domain reveal that all lock-on
disulfides and the majority of signal-retaining disulfides fall
within the adaptation subdomain, including disulfides at
G271, S272, G278, G285, L300, and A304 from previous
studies (49) as well as G467, T482, N485, and S492 from
the current study. Together, these findings strongly argue
that helix-helix interactions within the four-helix bundle of
the adaptation subdomain play a central role in kinase
regulation. Stabilization of these helix interactions by
neutralization of surface charge repulsion or by engineered
lock-on disulfides between helices stimulates kinase activity
and can even lock the receptor in the kinase-activating state.
However, the discovery of signal-retaining disulfides at these
same helix-helix interfaces indicates that the structural
rearrangements triggered by signal transduction can be small
enough to be accommodated by the intrinsic flexibility of a
properly positioned disulfide bond. This observation is
reminiscent of the small magnitude (∼1.6 Å) of the helix
displacement proposed for the transmembrane signal in the
periplasmic and membrane-spanning regions of the receptor
(4, 26).

A working model consistent with the available evidence
proposes that signal transmission through the adaptation
subdomain involves a change in the supercoiling of the four-
helix bundle. In this model, the attractant signal generated
at the periplasmic attractant binding site is carried across
the membrane as a piston displacement of the signaling helix
TM2 but is converted by the linker to a change in the
supercoiling of the cytoplasmic four-helix bundle formed by

FIGURE 5: Schematic diagram of adaptation subdomain architecture.
Shown are isolated sections of cytoplasmic domain helices CD1,
CD1′, CD2, and CD2′ that form the four-helix bundle of the
adaptation subdomain. The adaptation sites are shown (black
squares). Also shown are lock-on (black/solid) and signal-retaining
(white/dashed) disulfide bonds, identified in this and a previous
study (49), that form between the two subunits of the homodimer.
These disulfide bonds identify functional contacts between sym-
metric pairs of helices at the core of the four-helix bundle.
Additional lines of evidence supporting the four-helix bundle are
discussed in the text.
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helices CD1, CD1′, CD2, and CD2′, which are proposed to
be continuous throughout the adaptation and signaling
subdomains (Figure 1). Similarly, the intersubunit charge
repulsion within the bundle between helices CD1 and CD2′
or between CD1′ and CD2, in the vicinity of the adaptation
sites triggers a change in the bundle supercoiling that
transmits information from the adaptation subdomain to the
signaling subdomain. When the signal reaches the signaling
subdomain, the changes in supercoiling are transmitted to
bound CheA, thereby regulating kinase activity. New evi-
dence consistent with the supercoiling model is the observa-
tion that positione of the C-terminal helix in the adaptation
subdomain (Figure 4) is generally occupied by a small side
chain such as alanine. This position lies at the edge of the
buried helix face and is thus partially exposed to the solvent
where it exhibits intermediate solvent exposure. Strikingly,
however, cysteine substitutions at three of the four position
e sites tested strongly perturb receptor activityin ViVo or in
Vitro (Figure 4), and this represents a higher density of
perturbing cysteine substitutions than found at any of the
other six helix positions. Such an observation suggests that
position e is a toggle position at which the attractant and
adaptation signals generate a small rotation of this helix
relative to the adjacent helices bundle, which would bury
side chains at positione in one direction of the toggle and
would expose side chains at positione in the other direction
of the toggle. Thus, the present results support a model in
which small changes in supercoiling carry the signal like a
wave through the cytoplasmic four-helix bundle to the bound
CheA kinase. Because the signal can be transmitted through
the intrinsic flexibility of signal-retaining disulfide bonds at
certain locations, the magnitude of this supercoiling change
is proposed to be small (no more than a few angstroms). If
the displacement is less than 2 Å, then the intrinsic flexibility
of side chains involved in interhelix hydrogen bonds and
salt bridges would allow the movement without significant
disruption of these specific side-chain interactions, ensuring
a low-energy transition (73). If, however, the displacement
is over 2 Å, many specific contacts would be disrupted,
which would mean that an alternative set of contacts would
need to be formed; otherwise, the transition would require
too much energy to be driven by aspartate binding.

In summary, the results further demonstrate the usefulness
of cysteine and disulfide scanning to define secondary
structure and functional elements in membrane proteins for
which high-resolution structures remain difficult to obtain.
The findings represent further progress toward the nearly
complete determination of a low-resolution structure for the
cytoplasmic domain using chemical methods. The best-
defined region of the cytoplasmic domain structure is the
signaling subdomain, for which the chemically defined four-
helix bundle has been confirmed and elucidated to atomic
resolution by the crystal structure of a cytoplasmic domain
fragment (39-41). Strong support that this four-helix bundle
continues from the signaling subdomain through the adapta-
tion subdomain is defined by the previous (35, 41, 49) and
present cysteine and disulfide scanning studies. The structure
of the linker region that connects the transmembrane signal-
ing helix to the adaptation subdomain remains unknown,
however. This linker plays an essential role in transmembrane
signaling (70, 71). A cysteine and disulfide scanning study
of this region revealed helical elements and a stable folded

core but did not determine its tertiary structure (54). The
fact that the linker is a conserved structural element [the
HAMP domain (35, 41, 49)] found in a large family of
prokaryotic and eukaryotic receptors highlights its structural
and functional importance. The current model of the full-
length receptor structure proposes that the linker is a simple
helical extension of the signaling helix (39), but recent studies
of cytoplasmic domain length support a more compact,
folded structure for the linker region (72). Overall, with the
exception of the linker region, the results provided by
cysteine and disulfide scanning studies of the cytoplasmic
domain provide strong support for the current four-helix
bundle model of the adaptation and signaling subdomains
in the full-length, membrane-bound receptor and reveal
important mechanistic and functional features of these
subdomains.
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