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ABSTRACT: Previous model studies of peptides and proteins have shown that protein-lipid interactions,
primarily involving amino acid side chains near the membrane-water interface, modulate the position of
transmembrane helices in bilayers. The present study examines whether such interfacial side chains stabilize
the signaling states of a transmembrane signaling helix in a representative receptor, the aspartate receptor
of bacterial chemotaxis. To examine the functional roles of signaling helix side chains at the periplasmic
and cytoplasmic membrane-water interfaces, arginine and cysteine substitutions were scanned through
these two interfacial regions. The chemical reactivities of the cysteine residues were first measured to
determine the positions at which the helix crosses the membrane-water interface in both the periplasmic
and cytoplasmic compartments. Subsequently, two antisymmetric in vitro activity measurements were
carried out to determine the effect of each interfacial arginine or cysteine substitution on receptor signaling.
Substitutions that stabilize the receptor on-state cause upregulation of receptor-coupled kinase activity
and inhibition of methylation at receptor adaptation sites, while substitutions that stabilize the off-state
have the opposite effects on these two activities. Notably, four substitutions at aromatic tryptophan and
phenylalanine positions buried in the membrane near the membrane-water interface were found to stabilize
the native on- or off-signaling state. The striking ability of these substitutions to drive the receptor toward
a specific signaling state indicates that interfacial side chains are highly optimized to correctly position
the native signaling helix in the membrane and to allow normal switching between the on- and off-
signaling states. The analogous substitutions in model transmembrane helices are known to drive small
piston-type displacements of the helix normal to the membrane. Thus, the simplest molecular interpretation
of the present findings is that the signal-stabilizing substitutions drive piston displacements of the signaling
helix, providing further support for the piston model for transmembrane signaling in bacterial
chemoreceptors. More generally, the findings indicate that the interfacial phenylalanine, tryptophan, and
arginine side chains widespread in the transmembraneR-helices of receptors, channels, and transporters
can play important roles in modulating transitions between signaling and conformational states.

The chemoreceptors ofEschericia coliand Salmonella
typhimuriumare the best studied examples of a large class

of transmembrane receptors that regulate cytoplasmic his-
tidine kinases in bacterial taxis pathways (1-5). The
structural unit of these receptors is a homodimer of two
identical subunits, in which twoR-helices from each subunit
assemble to form a transmembrane four-helix bundle (Figure
1) (6, 7). Multiple homodimers can assemble to form trimers-
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of-dimers or larger oligomers, in which the individual dimers
can signal cooperatively (8-12). Studies of chimeric recep-
tors indicate that broad classes of bacterial chemoreceptors
may share a conserved mechanism of transmembrane signal-
ing (13-16). Moreover, multiple lines of evidence indicate
that a specific transmembrane helix, termed the signaling
helix, plays a central role in the transmission of conforma-
tional signals across the membrane (4, 17-19). Various
mechanistic models propose that the conformational signal
is initiated by a ligand-induced displacement of the signaling
helix, with the proposed displacement described as a helix
rotation or a helix tilt, or a piston-type sliding of the helix
along its long axis (4, 17-21).

Protein engineering approaches can be used to generate
certain types of transmembrane helix displacements, which
may be useful in determining the forces that hold helices in
the correct position, as well as the type of helix displacements
that occur during transitions between signaling states. Recent
studies of model transmembrane peptides and proteins have
revealed that amino acid side chains at the membrane-water
interface have strong electrostatic and hydrophobic inter-
actions with the surrounding lipids that control the precise
positioning of transmembrane helices in membranes (22-
24). As a result, side chain substitutions near the membrane-
water interface can cause helix displacement. For example,
the introduction of a charged side chain such as arginine
into the bilayer hydrocarbon core gives rise to an electrostatic
perturbation, which is relieved by displacing the entire helix
toward the aqueous compartment closest to the arginine,
thereby allowing the terminal guanidinium ion to snorkel
into the polar region. The helix displacement ranges ap-

proximately from 1 Å (for arginine substitutions one to six
residues from the end of the transmembrane helix) to 3 Å
(for arginine substitutions 10 or 11 residues from the end of
the helix) (22, 23). Alternatively, removal of a hydrophobic
anchor such as phenylalanine near the end of a transmem-
brane helix can yield a helix translation of several angstroms
toward the nearest aqueous compartment (24). In both cases,
if the side chain substitution is placed near the cytoplasmic
compartment, the helix will translate toward the cytoplasm.
By contrast, a substitution near the extracellular compartment
will yield helix translation in the opposite direction. Thus,
the introduction of an arginine or the removal of a bulky
hydrophobic can generate a transmembrane helix displace-
ment up to several angstroms in a known direction.

The present study begins by scanning arginine and cysteine
substitutions through signaling helix positions at both the
periplasmic and cytoplasmic membrane-water interfaces.
The chemical reactivities of the cysteine residues reveal the
precise locations at which the two interfaces cross this helix.
In addition, the effect of each substitution on receptor activity
is determined to identify arginine and cysteine substitutions
that drive the receptor into the on- or off-signaling state. Most
of these substitutions perturb receptor signaling in an
uninteresting fashion, yielding nonnative signaling states.
However, four interesting substitutions drive the receptor
toward the native on- or off-state and thus may shed light
on the native signaling mechanism. The locations and
chemical nature of these four substitutions are identical to
the substitutions previously observed to drive piston dis-
placements of model transmembrane helices (22-24). To-
gether, the results indicate that the native interfacial side
chains are carefully optimized to correctly position the
signaling helix within the membrane and to modulate native
helix movements. Further, the findings are fully consistent
with the predictions of the piston model for transmembrane
signaling in bacterial chemoreceptors (4, 17-19). More
generally, the optimization of interfacial side chains is likely
to be a widespread feature of transmembrane helices in
receptors, channels, and transporters, where these residues
stabilize the native structure and help determine the energet-
ics of transitions between different conformational and
functional states.

MATERIALS AND METHODS

Materials. E. colistrain RP3808, kindly provided by Dr.
John S. Parkinson, University of Utah (Salt Lake City, UT),
was used for plasmid overexpression of the aspartate receptor
since its genome lacks the major chemoreceptors including
the aspartate receptor (∆(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/). The expression plasmid
pSCF6, which carries theS. typhimuriumaspartate receptor
gene, has been previously described, as have the plasmids,
strains, and protocols used to produce purified CheA, CheW,
CheY, and CheR (25). The sulfhydryl-specific probe 5-
iodoacetamido fluorescein (5-IAF)1 was obtained from
Molecular Probes. Enzyme substratesS-adenosyl-L-[methyl-
3H]-methionine and [γ-32P]-ATP were purchased from

1 Abbreviations: 5-IAF, 5-iodoacetamido fluorescein; [3H]-SAM,
S-adenosyl-L-[methyl-3H] methionine; TCA, trichloroacetic acid.

FIGURE 1: Scanning approach used to map the membrane-water
interfaces and search for signal-stabilizing interfacial mutations.
Shown are the sites of cysteine and arginine substitutions selected
for the present study, all located at interfacial positions on the
signaling helix TM2 that carries signals across the membrane. The
two symmetric subunits of the homodimer are shown in white and
gray, respectively, and individual helices are depicted as cylinders.
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Amersham. Deoxyoligonucleotides were synthesized by
GibcoBRL and Integrated DNA Technology. Kunkel mu-
tagenesis reagents (T7 DNA polymerase, T4 DNA ligase,
and deoxynucleotide triphosphates) were purchased from
BioRad. Unless specifically noted, all other reagents were
obtained from Sigma and were reagent grade.

Creation and Isolation of Mutant Aspartate Receptors.
Arginine and cysteine substitutions were created by oligo-
nucleotide-directed mutagenesis of the plasmid pSCF6 using
the Kunkel method as described previously (25, 26). Modi-
fied plasmids were transformed intoE. coli strain RP3808
and expressed, and the products were isolated in native cell
membranes as previously described (27).

Chemical ReactiVity Assays.Cysteine reactivity assays
were performed as previously described using single-cysteine
receptors (Cys185 through Cys190) in isolated cell mem-
branes (28). Briefly, each single-cysteine receptor (5µM
receptor monomer) was incubated in reaction buffer (10 mM
sodium phosphate, pH 6.5 with NaOH, 50 mM NaCl, 50
mM KCl, and 10 mM EDTA) containing the sulfhydryl-
specific probe 5-IAF (300µM final). The reaction was
allowed to proceed for 5 min at 25°C, at which time a 20
µL aliquot was removed and quenched with 1.25µL of
â-mercaptoethanol. The remaining 20µL of the reaction was
denatured with heat (95°C) and SDS (0.6% w/v) and allowed
to react for an additional 3 min before quenching. 5-IAF-
tagged receptors were resolved on 10% Laemmli acrylamide
gels (acrylamide-to-bisacrylamide ratio of 40:0.2) and il-
luminated on a UV light box. Fluorescent bands were
visualized and quantitated with a digital camera (Alpha
Innotec). After fluorescent detection, gels were stained with
Coomassie and receptor bands were quantitated with a digital
camera to normalize for variations in receptor amounts.
Chemical reactivity was defined as the ratio of receptor
alkylation in the folded versus the unfolded states.

In Vitro ActiVity Assays.The in vitro receptor-coupled
kinase assay was performed using receptors in isolated cell
membranes essentially as described with the following
modifications (27). The receptor-coupled kinase reaction was
initiated by the addition of [γ-32P] ATP to a reaction mixture
containing receptor, CheW, CheA, and CheY. Stoichiom-
etries were maintained such that receptor-regulated CheA
autophosphorylation was the rate-determining step; specif-
ically, each 10µL of reaction mixture contained 40 pmol of
receptor monomer, 20 pmol of CheW, 5 pmol of CheA, 100
pmol of CheY, and 1000 pmol of ATP in reaction buffer
(50 mM Tris, pH 7.5 with HCl, 50 mM KCL, and 5 mM
MgCl2). After 10 s, an aliquot was removed and quenched
with 2× Laemmli sample buffer supplemented with 25 mM
EDTA to prevent further phosphorylation and dephospho-
rylation reactions. The [32P]-phospho-CheY formed by
receptor-regulated autophosphorylation of CheA followed by
rapid phosphotransfer to CheY was resolved on a 15%
Laemmli SDS-polyacrylamide gel (acrylamide-to-bisacryl-
amide ratio of 40:1.25). Gels were dried, and the amount of
[32P]-phospho-CheY was quantitated by phosphorimaging
(Molecular Dynamics).

The in vitro receptor methylation assay was carried out
on receptors in isolated cell membranes as previously
described with the following modifications (25, 29). Receptor
membranes were mixed in buffer (50 mM potassium
phosphate, pH 7.0 with NaOH, and 0.5 mM EDTA)

containing 1µL of a CheR-containing cytosolic extract (15-
20 mg/mL total protein). Samples were then allowed to
equilibrate for at least 30 min at 30°C to allow the receptor-
CheR complex to form. Methylation was initiated by the
addition of a 1:1 mixture ofS-adenosyl-L-methionine (SAM)
and S-adenosyl-L-[methyl-3H]-methionine ([3H]-SAM) to
yield a final total SAM concentration of 0.1 mM. The
reaction was allowed to proceed for 20, 40, and 60 s and
then stopped by spotting aliquots on a filter paper and
immersing in a 10% w/v trichloroacetic acid (TCA) bath with
subsequent stirring for 10 min. The TCA wash was repeated
twice, followed by a pair of 2 min methanol washes to
remove residual TCA. Filter papers were placed in eppendorf
tubes, 100µL of 1 M NaOH was added to the filter papers,
and each tube was floated in a vial containing scintillation
cocktail (Ecoscint H; National Diagnostics). Liberated [3H]-
methanol partitioned into the scintillation cocktail during a
>18 h incubation at 37°C then was quantitated by
scintillation counting.

Standard DeViation. Error ranges represent the standard
deviation of the mean forn > 3.

RESULTS

Locations of Membrane-Water Interfaces.To examine
the role of interfacial side chains in aspartate receptor
signaling, it is first necessary to know which signaling helix
positions are located in the membrane and which positions
are exposed to aqueous solvent. Previous work developed a
chemical reactivity scan method to identify the position
where the signaling helix crosses the cytoplasmic lipid-water
interface (28), and the same type of scan was employed
herein to locate the periplasmic lipid-water interface.
Briefly, six cysteine substitutions were introduced by site-
directed mutagenesis at signaling helix positions 185-190
(Figure 1). Since the native receptor lacks cysteine, each
engineered receptor subunit contained a single cysteine
residue. The resulting mutant receptors were overexpressed
in E. coli, and native cell membranes containing a given
mutant protein were isolated. Subsequently, the chemical
reactivity of each cysteine sulfhydryl was determined in the
membrane-bound receptor by reaction with the anionic probe
5-iodoacetamidofluorescein (5-IAF), which specifically alky-
lates the cysteine sulfanion to generate a fluorescent product
quantitated by electrophoresis and digitization of the fluo-
rescent gel image. Reaction conditions were optimized to
produce rapid labeling of cysteine residues exposed to
aqueous solvent or the polar lipid headgroup phase but slow
labeling of cysteine residues exposed to the apolar bilayer
hydrocarbon core where the sulfhydryl pKa is substantially
elevated and the anionic probe is present at low concentra-
tion.

Figure 2 summarizes the chemical reactivities measured
for cysteine residues at the periplasmic and cytoplasmic
interfaces (present results and ref28, respectively). The
results indicate that positions 188-213 of the signaling helix
span the bilayer hydrocarbon core, where all positions tested
exhibit low chemical reactivities with 5-IAF. By contrast,
positions outside this region exhibit significantly higher
reactivities with 5-IAF. Notably, in the native receptor, both
interfacial positions 188 and 213 are occupied by the cationic
residue arginine. The arginine side chain is often found near
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the ends of transmembrane helices, where its apolar meth-
ylenes are buried in the bilayer hydrocarbon core while its
cationic guanidinium group snorkels into the polar headgroup
region (23). Evidence for such snorkeling is provided by the
low chemical reactivities of Cys188 and Cys213, which
indicate that theâ-carbon atoms of side chains at these
positions are indeed buried in the bilayer hydrocarbon core.

Signaling States of Engineered Receptors.To examine the
role of each interfacial position in transmembrane signaling,
seven consecutive signaling helix positions were targeted for
arginine and cysteine substitutions at both the periplasmic
and cytoplasmic membrane-water interfaces (positions 188-
194 and 208-214, respectively, as illustrated in Figure 1).
Each arginine or cysteine substitution was created by site-
directed mutagenesis, and then the resulting mutant receptors
were expressed inE. coli strain RP3808 lacking the soluble
chemotaxis proteins and the major chemoreceptors. Subse-
quently, each overexpressed receptor was isolated in native
cell membranes. Finally, the signaling state of each receptor
was determined by activity measurements in two in vitro
assays selected to positively identify both the on- and off-
signaling states (25, 27, 29). The receptor on-state is defined
as the signaling state of the apo receptor, which stimulates
CheA autophosphorylation in the in vitro kinase assay and
inhibits methyl esterification of receptor adaptation sites by
the CheR enzyme in the in vitro methylation assay. By
contrast, the receptor off-state inhibits CheA autophospho-
rylation and activates receptor methylation. The use of these
two antisymmetric assays ensures that each state will yield
a positive response in one assay and a negative response in
the other, which facilitates the accurate identification of
substitutions that stabilize the native on- or off-state. Table
1, section A, summarizes the activities of each arginine
mutant in the two assays, both in the apo and attractant-
occupied states, while Table 1, section B, summarizes the
activities of each cysteine mutant.

All 28 substitutions tested yield significant perturbations
of receptor function in one or both activity assays, indicating
that the native interfacial side chains play essential roles.
Two arginine substitutions (F210R, I212R) prevent ac-
cumulation of receptor in the membrane during expression

(Table 1A), suggesting that these substitutions significantly
decrease receptor membrane insertion or stability. Twenty-
two other arginine and cysteine substitutions yield significant
activity losses in one or both assays (Table 1, sections A
and B), indicating that these substitutions alter protein-lipid
or protein-protein interactions and thereby perturb receptor
function. Cysteine substitutions are generally less perturbing
than arginine ones, particularly in the methylation assay
(Table 1, sections A and B). For example, the least perturbed
mutant is V208C, which yields activities within 2-fold of

FIGURE 2: Relative chemical reactivities of the cysteine substitutions
used to map the membrane-water interface onto the surface of
the signaling helix. Each indicated mutant receptor possessing a
single cysteine per subunit was isolated in nativeE. coli membranes
and reacted with the aqueous alkylating agent 5-iodoacetamido-
fluorescein (5-IAF) under fixed conditions as described in Materials
and Methods. The initial reaction rate was measured in triplicate
and normalized to the reaction rate of a fully exposed cysteine
residue as previously described for the chemical reactivity scan of
the cytoplasmic interface (28). The reactivities of solvent- and
headgroup-exposed cysteine residues are significantly higher than
those exposed to the bilayer hydrocarbon core (see text).

Table 1: Effects of Arginine and Cysteine Substitutions on
Receptor Kinase and Methylation Activitiesa

A. Arginine Substitutions

kinase activity methylation activity

position (-)Asp (+)Asp (-)Asp (+)Asp

R188 (WT) 1.00( 0.03 0.00( 0.00 1.00( 0.13 2.63( 0.08
F189R 2.05( 0.45 0.05( 0.03 0.29( 0.05 0.40( 0.05
A190R 0.77( 0.12 0.07( 0.03 0.09( 0.02 0.03( 0.00
Q191R 0.59( 0.18 0.04( 0.03 0.32( 0.02 0.92( 0.09
W192R 3.55( 0.77 0.00( 0.01 0.28( 0.04 0.58( 0.04
Q193R 0.00( 0.02 0.03( 0.04 0.01( 0.06 0.08( 0.04
L194R 0.03( 0.02 0.00( 0.01 0.20( 0.04 0.31( 0.06
V208R 0.00( 0.00 0.00( 0.00 0.09( 0.07 0.10( 0.03
W209R 0.03( 0.05 0.03( 0.03 2.37( 0.22 2.57( 0.20
F210R b b b b
G211R 0.34( 0.05 0.01( 0.20 0.61( 0.10 0.95( 0.03
I212R b b b b
R213 (WT) 1.00( 0.03 0.00( 0.00 1.00( 0.13 2.63( 0.08
H214R 0.63( 0.24 0.04( 0.02 0.24( 0.06 0.05( 0.03

B. Cysteine Subsitutions

kinase activity methylation activity

position (-)Asp (+)Asp (-)Asp (+)Asp

R188 (WT) 1.00( 0.03 0.00( 0.00 1.00( 0.13 2.63( 0.08
R188C 0.38( 0.03 0.05( 0.01 0.92( 0.13 1.80( 0.16
F189C 3.90( 0.46 0.06( 0.02 0.43( 0.01 1.42( 0.15
A190C 0.22( 0.02 0.03( 0.00 0.34( 0.03 0.77( 0.03
Q191C 0.46( 0.08 0.03( 0.02 0.58( 0.09 1.18( 0.04
W192C 0.44( 0.16 0.02( 0.02 0.68( 0.06 1.22( 0.17
Q193C 0.02( 0.01 0.01( 0.01 1.09( 0.15 1.39( 0.08
L194C 0.01( 0.01 0.02( 0.02 0.14( 0.02 0.01( 0.11
V208C 1.74( 0.39 0.05( 0.03 0.40( 0.02 1.35( 0.19
W209C 0.03( 0.02 0.04( 0.02 0.24( 0.05 0.37( 0.10
F210C 1.22( 0.37 0.02( 0.02 0.25( 0.07 0.97( 0.12
G211C 0.45( 0.09 0.01( 0.01 0.12( 0.01 0.33( 0.03
I212C 0.07( 0.03 0.04( 0.16 0.53( 0.18 1.05( 0.07
R213C 0.34( 0.01 0.00( 0.00 0.19( 0.04 0.62( 0.12
H214C 0.23( 0.04 0.03( 0.03 0.26( 0.01 1.06( 0.09

a Shown are the activities of (A) arginine-substituted and (B)
cysteine-substituted receptors in two antisymmetric functional assays,
which together identify receptors in the on- or off-state. In both assays,
activities are measured in triplicate and expressed relative to the wild-
type apo receptor. The kinase assay reconstitutes receptor-containing
membranes with the purified, soluble pathway components CheA,
CheW, and CheY to form the receptor-kinase signaling complex.
Following addition ofγ-[32P]-ATP to trigger the kinase reaction, the
initial rate of [32P]-phospho-CheY formation at 25°C is measured under
conditions where the autophosphorylation of CheA is rate-determining,
both in the absence and presence of the attractantL-aspartate (Asp)
(see Materials and Methods and ref27). The methylation assay
reconstitutes receptor-containing membranes with the adaptation enzyme
CheR. Following the addition of [3H]-S-adenosyl methionine, the initial
rate of receptor methyl esterification is measured at 30°C (see text
and ref25). The receptor on-state is recognized by its activation of the
cytoplasmic kinase CheA and inhibition of the cytoplasmic methylation
enzyme CheR, while the off-state is recognized by its inhibition of
kinase activity and stimulation of methylation activity.b Receptors that
failed to accumulate in cell membranes, presumably because membrane
insertion or protein stability is disrupted.
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wild type in both assays, while V208R is completely inactive.
Thus, overall, receptor function is highly sensitive to 24
substitutions near the membrane-water interface, and argi-
nine substitutions are typically more perturbing than cysteine
ones.

Notably, the remaining four substitutions perturb the
receptor in a fashion that stabilizes one of the two native
signaling states, as illustrated in Table 1, sections A and B,
and Figure 3. Three substitutions, F189R, F189C, and
W192R, superactivate the kinase by a factor of 2- to 4-fold
(relative to the wild-type receptor) but inhibit receptor
methylation 1.5- to 6-fold, as expected for mutations that
stabilize the native on-state. For these three substitutions,
aspartate binding still inactivates the kinase, but receptor
methylation is only partially stimulated by aspartate, indicat-
ing that attractant binding can still drive the receptor partially,
but not completely, into the off-state. Together these findings
indicate that the F189R, F189C, and W192R substitutions,
termed on-state stabilizers, drive the receptor equilibrium
toward the on-state but do not irreversibly trap the receptor
in this state. One substitution, W209R, inhibits the kinase
over 10-fold and yields the maximum receptor methylation
activity. Moreover, aspartate binding has little or no effect
on this modified receptor. These findings indicate that the
W209R substitution, termed a lock-off mutation, strongly
locks the receptor in the native off-state even in the absence
of attractant to yield essentially the same signaling behavior
as the attractant-occupied, wild-type receptor.

DISCUSSION

The results map out the locations of the periplasmic and
cytoplasmic membrane-water interfaces on the transmem-
brane signaling helix of the aspartate receptor and also
identify four amino acid substitutions near these interfaces
that drive the receptor into its on- or off-signaling state. The
locations of these four signal-stabilizing substitutions relative
to the membrane-water interface have important implica-
tions for the mechanism of transmembrane signaling. All four
substitutions are located at positions exposed to the bilayer
hydrocarbon core but near the headgroup region (Figure 4).
These positions do not have stable contacts with adjacent

FIGURE 3: Use of in vitro activity assays to identify substitutions
that stabilize the on- or off-signaling state. Receptors containing
arginine or cysteine substitutions were isolated in nativeE. coli
membranes, and their kinase and methylation activities were
measured in triplicate as detailed in Table 1. The two plots
summarize the kinase and methylation activities of four mutant
receptors exhibiting on- or off-state stabilization, where activities
are expressed relative to the wild-type apo receptor. The F189C,
F189R, and W192R mutations stabilize the on-state since they
superactivate the kinase relative to wild-type protein while receptor
methylation is inhibited. The W209R mutation locks the off-state
since it inhibits kinase activity but yields maximal receptor
methylation activity even when saturated with aspartate.

FIGURE 4: Model of the full-length receptor structure illustrating
the two identical subunits of the homodimer (yellow and blue) (10),
built using information provided by crystallographic and chemical
studies (4, 7, 25, 32, 33, 38, 39). The expanded views show the
transmembrane four-helix bundle as seen from the center of the
bilayer (top), the periplasm (middle), and the cytoplasm (bottom).
Positions on the signaling helix where side chain substitutions
stabilize the receptor on-state (Phe189 and Trp192) or off-state
(Trp209) are indicated in green and red, respectively. Notably, the
native side chains at these positions project into the surrounding
lipids. For simplicity, positions of signal-stabilizing substitutions
are highlighted for only one of the two identical subunits. Note
that the residue numbers of the model structure (10), which are
based on the serine receptor primary sequence, have been replaced
with the corresponding residue numbers for the aspartate receptor
of the present study. Moreover, the illustrated Phe189 was modeled
in place of Gln at the homologous serine receptor position.
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transmembrane helices in the same or nearby receptor dimers,
since they point away from the central dimer axis and are
located far from the cytoplasmic region where interdimer
contacts occur within the trimer-of-dimers (10, 30). Further-
more, the larger diameter of the periplasmic domain, which
is 18 Å broader than the membrane-spanning four-helix
bundle, prevents contacts between the transmembrane helices
of adjacent dimers (Figure 4). Together these points indicate
that these four residues stabilize the on- or off-signaling state
via perturbations of native protein-lipid interactions.

Notably, the three on-state stabilizers (F189R, F189C,
W192R) are located near the periplasmic membrane-water
interface (Figure 4). Two of these mutations, F189R and
F189C, remove a large apolar side chain, Phe189, which is
proposed to help anchor the helix in the hydrocarbon core
of the lipid bilayer. Although the arginine side chain of
F189R has considerable hydrophobic character, its greater
flexibility prevents it from being an effective anchor. Loss
of such a hydrophobic anchor would allow the entire helix
to slide toward the periplasm (Figure 5). While the magnitude
of this helix displacement is difficult to predict, the removal
of two phenylalanine residues near the end of the transmem-
brane helix of the M13 major coat protein triggers a helix
displacement of several angstroms (24); thus the loss of a
single phenylalanine likely triggers a smaller displacement.
The third on-state stabilizer is W192R, which places a
charged arginine side chain at a native tryptophan position
one full helical turn deeper in the bilayer core than the
interfacial Arg188 residue. Studies of model transmembrane
helices suggest that a tryptophan residue is most energetically
stable at a position where its side chain amide can interact
with the backbone carbonyls of lipid residues, whereas an
arginine residue is most stable at a position where its side
chain guanidinium can form a salt bridge to a lipid headgroup
phosphate (22, 23). Significantly, for an arginine side chain
to reach the headgroup phosphates, it must be located at least
one residue closer to the aqueous compartment than a
tryptophan residue interacting with the lipid backbone (22,
23). It follows that the W192R substitution buries the arginine
side chain in the membrane one position too deeply to
interact with the headgroup phosphates, providing a driving
force for helix displacement toward the periplasm (Figure
5). The resulting displacement would have a magnitude as
large as one residue (1.5 Å). Consistent with this picture,
placement of the arginine side chain one position closer to
the periplasm in the Q191R mutant yields kinase and
methylation activities more similar to wild-type protein, while
placement of arginine one position farther from the periplasm
in the Q193R mutant virtually eliminates both activities
suggesting a highly perturbing piston displacement that is
significantly larger than that in wild-type protein.

By contrast, the lone lock-off substitution is located at the
opposite side of the membrane near the cytoplasmic mem-
brane-water interface, again at a position exposed to the
hydrophobic core of the bilayer (Figure 4). Like the
symmetric W192R substitution, W209R places a cationic
arginine side chain at a native tryptophan position one full
helical turn deeper in the hydrocarbon core than the
interfacial Arg213. Since W209R is closest to the cytoplas-
mic compartment, it drives a helix displacement toward the
cytoplasm with a magnitude as large as one residue in a
standardR-helix (1.5 Å, Figure 5). However, W209R exhibits

significantly more signal-locking character than the sym-
metric W192R substitution, indicating that the W209R
perturbation is less easily reversed by ligand binding. It
follows that mechanical forces within the receptor molecule
may energetically favor cytoplasmic signaling helix displace-
ments more than periplasmic displacements. Alternatively,
the local electrostatic environments of arginine could be
different at the 192 and 209 positions due to nearby lipid or
protein charges, yielding an electrostatic force favoring
cytoplasmic displacements. Notably, the native tryptophan
residues at positions 192 and 209 are perfectly conserved in
the major chemoreceptors for aspartate and serine from both
E. coli and S. typhimurium, further highlighting their
importance.

Overall, the present results reveal that the native signaling
helix side chains located near membrane-water interfaces
are highly optimized to allow normal switching between the
on- and off-signaling states. Single substitutions at these

FIGURE 5: Proposed effects of each signal-stabilizing substitution
on the position of the transmembrane signaling helix. For simplicity,
the other three transmembrane helices of the receptor dimer are
omitted. The blue and black areas indicate regions of the signaling
helix initially exposed to polar and hydrophobic environments,
respectively. (A) Loss of the anchoring hydrophobic Phe189 near
the periplasmic membrane-water interface allows displacement of
the signaling helix toward the periplasm, as proposed for the F189C
and F189R substitutions. (B) Similarly, gain of a buried positive
charge via the W192R substitution drives the signaling helix toward
the periplasm, where the arginine guanidinium moiety is proposed
to interact with headgroup phosphates. (C) Gain of a buried positive
charge via the W209R substitution near the cytoplasmic membrane-
water interface drives the signaling helix toward the cytoplasm,
where the arginine guanidinium moiety is proposed to interact with
headgroup phosphates. The functional effect of each helix displace-
ment is to turn the associated cytoplasmic CheA kinase on (green)
or off (red).
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positions can disrupt signaling in uninteresting ways or can
stabilize a physiologically important signaling state. Interest-
ingly, the native side chains at the signal-stabilizing positions
(Phe189, Trp192, Trp209) are aromatic residues commonly
found at interfacial positions in transmembrane helices (23,
24). Such aromatics possess specific interactions with
surrounding lipids that correctly position helices relative to
the membrane surface. It follows that the present results
support chemoreceptor signaling models in which the trans-
membrane helix TM2 plays an essential role in transmitting
signals across the bilayer (4), further justifying its identifica-
tion as the signaling helix.

The findings disfavor models proposing that the ligand-
induced signaling helix displacement is dominated by helix
rotational or tilting movements. The four signal-stabilizing
substitutions do not appear to provide a significant driving
force for rotation of the signaling helix about its long axis,
since these substitutions are all exposed to the lipid hydro-
carbon core, which is homogeneous for small rotations.
(Multiple previous lines of evidence have indicated that the
signaling helix displacement is small (4)). Furthermore, three
of the four substitutions incorporate arginine residues with
a long, flexible side chain not well-suited for driving such
rotations. In principle, the signal-stabilizing mutations could
generate tilting movements of the signaling helix by driving
only one end of the helix toward an aqueous compartment
(23). However, simple tilting models with the tilt axis located
inside the membrane cannot explain the opposite signaling
effects of substitutions on opposite sides of the membrane.
Moreover, helix packing interactions would generally damp
tilting motions triggered by perturbations on the helix face
oriented toward lipid, which would push one end of the
signaling helix into the other helices of the dimer.

Multiple lines of evidence from previous studies have
supported a piston model in which ligand binding drives a
small (1-2 Å) piston-type displacement of the signaling helix
along the helix axis. The approaches providing this evidence
have ranged from high-resolution structural studies of the
ligand-induced conformational change in the isolated peri-
plasmic domain to disulfide trapping and spectroscopic
studies of the membrane-bound receptor to analysis of
disulfide formation rates in vivo (4, 17-19, 31). In the piston
model, displacements of the signaling helix toward the
periplasm or cytoplasm yield kinase activation or inhibition,
respectively. Such a piston mechanism provides mechanically
efficient, long-range information transfer along the virtually
incompressible axis of the signaling helix connecting the
periplasmic and cytoplasmic domains (4, 17). The present
findings provide further support for the piston model. In
addition, as previously demonstrated by disulfide bonds
between TM1 and TM2 that lock the receptor in the on- and
off- signaling states (32), the present results indicate that
the asymmetric displacement of a single signaling helix
within the homodimer is not essential for transmembrane
signaling. While aspartate binding does trigger an asymmetric
signaling helix displacement due to negative cooperativity
between the two symmetric aspartate binding sites of the
homodimer (33-35), this asymmetry is not required since
disulfide bonds (32) and interfacial substitutions that perturb
both signaling helices of the homodimer in a symmetric
fashion are able to induce transitions between the on- and
off-signaling states. The fact that signaling can occur when

both signaling helices are displaced in the same direction
can account for the ability of two attractants such as aspartate
and the maltose binding protein to generate additive signals,
which are proposed to be carried through the two different
signaling helices of the homodimer (36, 37). Finally, new
evidence suggests that the piston displacement of the
signaling helix may trigger cooperative signals in nearby
dimers (8-12).

The same piston mechanism described for the aspartate
chemoreceptor is believed to be widely utilized by other
members of the large prokaryotic chemoreceptor family (4).
More generally, the transmembrane helices of many recep-
tors, channels, and transport proteins possess conserved
phenylalanine, tryptophan, and arginine side chains near the
membrane-water interface. Often these membrane-spanning
helices are involved in conformational transitions between
different functional states. Such functionally important
helices are proposed to occupy highly optimized locations
in the bilayer, as observed for the asparate receptor signaling
helix, at least in part due to strong interactions between
interfacial side chains and surrounding lipids. It follows that
modification of interfacial side chains or the lipid bilayer
may enable stabilization of specific functional states in a wide
range of transmembrane proteins.
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