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ABSTRACT: The chemoreceptors ofEscherichia coliare homodimeric membrane proteins that cluster in
patches near the cell poles. They convert environmental stimuli into intracellular signals that control flagellar
rotation. The functional domains of a receptor are physically separated by the cell membrane.
Chemoeffectors bind to the extracellular (periplasmic) domain, and the cytoplasmic domain mediates
signaling and adaptation. These two domains communicate through the second transmembrane helix (TM2)
that connects them. In the high-abundance receptors Tar and Tsr, TM2 is flanked by tryptophan residues,
which should localize preferentially to the interfacial zone between the polar and hydrophobic layers of
the phospholipid bilayer. To investigate the functional significance of the Trp residues that flank TM2 of
Tar, we used site-directed mutagenesis to generate the W192A and W209A substitutions. The W192A
protein retains full activity in vivo and in vitro, but it increases theKi for aspartate in the in vitro assay
3-fold. The W209A replacement eliminates receptor-mediated stimulation of CheA in vitro, and it leads
to an increased level of adaptive methylation in vivo. This phenotype in some respects mimics the changes
seen upon binding aspartate. Since the W209A substitution may cause the C-terminus of TM2 to protrude
farther into the cytoplasm, these results reinforce the hypothesis that aspartate binding causes a similar
displacement. Moving Trp to each position from residue 206 to residue 212 generated a wide variety of
Tar signaling states that are generally consistent with the predictions of the piston model of transmembrane
signaling. None of these receptors was completely locked in one signaling mode, although most showed
pronounced signaling biases. Our findings suggest that the Trp residues flanking TM2, especially Trp-
209, are important in setting the baseline activity and ligand sensitivity of the Tar receptor. We also
conclude that the Tyr-210 residue plays at least an auxiliary role in this control.

Escherichia coli performs chemotactic migrations in
response to a wide variety of environmental stimuli, including
changes in pH (1), temperature (2), redox potential (3, 4),
amino acids (5), sugars (6), small peptides (7), and certain
noxious organic compounds and divalent cations (1). Cells
swim up gradients of attractant stimuli and down gradients
of repellent ones. To do so, cells bias a three-dimensional
random walk of alternating smooth swims (runs) and
reorienting tumbles by selectively lengthening runs in the
favorable direction (8).

The signal transduction pathway that directs the biased
random walk controls the direction of flagellar rotation. Each
of the five members of a family of homodimeric chemore-
ceptors detects a specific set of stimuli. These receptors
normally activate the histidine protein kinase CheA (9),
which is coupled to the receptors via the adapter protein
CheW. CheA autophosphorylates, and the phosphoryl group
is then transferred to the response regulator CheY (10).
CheY-P binds to FliM in the flagellar motor to promote
clockwise (CW)1 rotation of the flagella (11, 12).

Counterclockwise (CCW) motor rotation allows the flagel-
lar filaments, which are left-handed helices, to coalesce into

a bundle that propels the cell in a run (13). CW rotation of
one or more flagella disrupts the bundle and generates a
tumble (14). The relative activities of CheA and the CheY-P
phosphatase, CheZ, establish the ratio of CheY to CheY-P
within the cell, and hence the frequency of tumbling
(10, 15).

The conformational changes induced by an attractant
stimulus convert a receptor from a stimulator of CheA
activity into an inhibitor (16). The resulting drop in CheY-
P, which is accelerated by CheZ, suppresses tumbling and
lengthens the average run. Inhibition of CheA activity is
reversed by covalent methylation of the cognate receptor
(17). Methylation is also facilitated by a transient decrease
in the level of the active, phosphorylated form of the CheB
methylesterase (18), which is another substrate for phos-
photransfer from CheA (10).

Tar functions as the aspartate chemoreceptor inE. coli
(19). The crystal structures of the periplasmic ligand-binding
domains of Tar fromSalmonella entericaserovar Typhimu-
rium (20, 21) and E. coli (22) show that each monomeric
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unit of the functional homodimer (23, 24) consists of four
antiparallelR helices that form a quasi four-helix bundle.
Sulfhydryl reactivity experiments (25-28) demonstrate that
the transmembrane regions (TM1 and TM2) flanking the
periplasmic domain are extensions of the periplasmic helices
H1 and H4. Aspartate binds at either of two rotationally
symmetrical sites at the dimer interface, each of which
contains residues from H1 of one subunit and H4 of the
opposing subunit.E. coli Tar exhibits half-of-sites binding
such that, under most conditions, only one molecule at a
time of aspartate associates with a given dimer (29).
Aspartate binding is proposed to generate a downward
vertical displacement of a few angstroms in one H4-TM2
helix relative to its H1-TM1 helix partner (28, 30-34). This
movement should also reposition TM2 relative to the plane
of the cell membrane.

Tryptophan residues in transmembrane helices localize
preferentially to the interfacial regions of phospholipid
bilayers (35). A glycosylation-site mapping technique (36)
implicated Trp residues in determining the vertical position
of a synthetic poly-Leu transmembrane helix oriented roughly
perpendicular to the membrane. Shifting the location of Trp
residues within the peptide repositioned the helix to allow
Trp to reside within the interfacial zone (37). Also, synthetic
peptides consisting of an Ala-Leu core of different lengths
flanked by Trp (WALP peptides) interact in a characteristic
manner with phospholipid bilayers (38). The flanking Trp
residues exhibit a strong tendency to remain within the
interfacial region regardless of the length of hydrophobic
mismatch (39), indicating that they are significant determi-
nants in governing how a transmembrane helix interacts with
the membrane.

TM2 of E. coli Tar consists of a largely aliphatic core of
sixteen residues bounded by a Trp residue at each end. It
thus resembles a WALP peptide. This striking similarity
prompted us to examine whether these Trp residues modulate
the signaling state of Tar. We report here the effects of the
residue substitutions W192A and W209A on the function
of Tar in vivo and in vitro. We then describe the results
obtained when Trp was moved from position 209 to each of
positions 206 through 212. Our findings emphasize the
crucial role of Trp-209 in regulating the activity of the Tar
receptor. By extension, they suggest that the aromatic
residues that are conserved in many homodimeric chemore-
ceptors and transmembrane sensor kinases may play a
similarly important role. Finally, we propose that our results
support a piston model for transmembrane signaling by this
entire set of bacterial proteins.

MATERIALS AND METHODS

Bacterial Strains and Plasmids.Strain RP3098 (40) is a
∆ (flhD-flhB)4 derivative of theE. coli K-12 strain RP437
(41). Strain VB13 (42) is a thr+ eda+ ∆tsr7201 trg::Tn10
∆tar-tap5201 version of RP437. Plasmid pRD100 was
created by cloning the PCR-amplifiedtar gene from plasmid
pMK113 (43) into pBAD18 (44), using flankingEcoRI and
HindIII restriction sites. Plasmid pRD200 was made by
adding an in-frame coding sequence to the 3′ end of tar.
This sequence encodes a seven-residue linker (GGSSAAG)
(45) and a C-terminal V5 epitope tag (GKPIPNPLLGLDST)
(46). TheBamHI site in thetar promoter region of pMK113

was also removed to restore the wild-type sequence. Plasmid
pRD300 is identical to pRD100 except for the addition of
the in-frame coding sequence for the seven-residue linker
and C-terminal V5 tag. Mutations were introduced intotar
in these plasmids using standard site-directed mutagenesis
techniques (Stratagene).

ObserVation of Swimming Cells. Cells were inoculated
from a single colony on Luria Broth agar (47) containing
50 µg/mL ampicillin into 25 mL of tryptone broth (47)
supplemented with 50µg/mL ampicillin. Cultures were
swirled at 32°C until they reached an optical density at 600
nm of ∼0.7, at which time a large majority of cells were
highly motile. Cells were diluted 1:50 into tethering buffer
[10 mM potassium phosphate (pH 7.0), 100 mM NaCl, 10
µM EDTA, 20 µM L-methionine, 20 mM sodium lactate,
20 µg/mL chloramphenicol] and observed at 1000× mag-
nification under phase contrast using an oil immersion 100×
objective and Olympus BH-2 microscope. Ten separate
fields, each traversed by five to ten cells during the
approximately 30 s observation period, were analyzed for
each strain. A subjective assessment was made of whether
individual cells were running and tumbling (R cells), smooth
swimming (S cells), or primarily tumbling (T cells).

ObserVation of Tethered Cells. Cultures were grown as
described above and harvested by centrifugation after the
addition of chloramphenicol to a final concentration of 30
µg/mL to prevent regrowth of flagella after shearing. Cells
were resuspended in 25 mL of tethering buffer containing
30µg/mL chloramphenicol and exposed to six 10-s intervals
of agitation at high speed in a 50 mL stainless steel cup of
a Waring blender. Bouts of blending were separated by 15
s to allow cooling. Cells were then pelleted by centrifugation
and resuspended in 5 mL of tethering buffer containing
chloramphenicol. These cells were kept on ice until needed,
when 20µL of cell suspension was mixed with 20µL of a
200-fold dilution of anti-flagellar filament antibody. This
entire volume was loaded within a peripheral ring of
Apiezon-L grease on a 12 mm diameter round coverslip.
After incubation for 20 min at room temperature, coverslips
were affixed to a flow chamber (48), and nontethered cells
were removed by passing several milliliters of tethering
buffer through the chamber. Cells were observed at 1000×
magnification, as described above. Enough fields were
videotaped for∼1 min apiece to ensure that at least 30 freely
rotating cells could be analyzed for each strain.

Rotational behavior was assessed during video playback.
Cells were divided into three categories: cells that turned
their flagella only CCW, cells that exhibited only a few, brief
reversals to CW flagellar rotation, and cells that reversed
often and/or rotated for extended intervals both CCW and
CW.

Chemotaxis Swarm Assays. Swarm assays were run as
described (45), with minor modifications. Briefly, semisolid
agar contained 0.325 g/L Difco BactoAgar in motility
medium [10 mM potassium phosphate (pH 7.0), 1 mM
(NH4)2SO4, 1 mM MgSO4, 1 mM MgCl2, 1 mM glycerol,
90 mM NaCl] supplemented with 20µg/mL L-threonine,
L-histidine,L-methionine, andL-leucine and 1µg/mL thia-
mine. Ampicillin was present at 25µg/mL. Aspartate and
maltose were added to a final concentration of 100µM.
Swarm plates were incubated at 30°C. Once visible swarm
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rings formed, their diameter was measured every 2 h, and
the rate of ring expansion was expressed in mm/h.

Protein Preparation.We employed the protocol of Gegner
et al. (49), with minor modifications. Strain RP3098 contain-
ing pRD100 or one of its derivatives was used for production
of receptor-containing membranes. Tar expression was
induced by addition ofL-arabinose to a final concentration
of 0.2% (w/v). CheY was purified using the method
described by Hess et al. (50).

Receptor-Linked CheA Kinase Assay.We employed a
slightly modified version of the receptor-coupled phospho-
rylation assay described by Borkovich and Simon (51). Tar-
containing membranes (20 pmol of Tar) and CheY (500
pmol) were added to CheA (5 pmol) and CheW (20 pmol),
which were incubated overnight on ice in a total volume of
9 µL of fresh phosphorylation buffer [50 mM Tris-HCl, 50
mM KCl, 5 mM MgCl2, 2 mM DTT (pH 7.5)]. Aspartate
was added to the desired final concentration while the same
total volume was maintained. This mixture was then held at
room temperature for 4 h. The reaction was initiated by
addition of 1 µL of [γ-32P]-ATP (3000 Ci/mmol NEN#
BLU502A) diluted 1:1 with 10 mM unlabeled ATP. Reac-
tions were terminated by adding 40µL of 2X SDS-PAGE
loading buffer containing 25 mM EDTA. Production of
CheY-32P was determined to be linear through 20 s and to
be proportional to the amount of receptor present over a range
from 5 to 40 pmol (data not shown). Ultimately, we used
20 pmol in each reaction because this concentration is in
the middle of the linear range, allowing us to measure
increases or decreases in production of CheY-P accurately.
Analysis of the aspartate-induced titration curves was
performed according to a previously described method (52),
using KaleidaGraph v3.6 software and the Hill equation to
determine the cooperativity of inhibition by aspartate. We
calculated the concentration of free aspartate by performing
a series of iterations in which we used the uncorrected
aspartate values to determine an approximateKi, which was
then used to determine free aspartate (total minus bound) to
calculate a newKi. We performed consecutive iterations until
no change inKi or the Hill coefficient was observed. The
uncertainties in the estimates of theKi and Hill coefficients
represent the standard deviation of the mean, with ng 3.

Determination of the Methylation State of Receptors in
ViVo. We adapted our methylation assay from Weerasuriya
et al. (42). To determine levels of receptor methylation, VB13
cells harboring plasmid pRD200 or one of its mutant
derivatives were grown to an OD590nm of 0.6 in 10 mL of
tryptone broth (47). Cells were harvested by centrifugation
and washed three times with 10 mM potassium phosphate,
0.1 mM EDTA (pH 7.0) and finally resuspended in 5 mL of
10 mM potassium phosphate (pH 7.0), 10 mM sodium
lactate, and 200µg/mL chloramphenicol. One-milliliter
aliquots of cells were transferred to 10-mL scintillation vials
and incubated with shaking for 10 min at 32°C. Following
addition ofL-methionine to 2µM, cells were incubated for
an additional 30 min. In some samples, aspartate or NiSO4

was added to 100 mM and 10 mM, respectively, and the
cells were incubated for an additional 20 min. Control
reactions received an equal volume of buffer. Reactions were
terminated by addition of 100µL of ice-cold 100% TCA
and then incubated on ice for 15 min. Proteins were pelleted
by centrifugation at 13000g and subsequently washed with

1% TCA and acetone. The proteins were resuspended in 200
µL of 2X SDS-loading buffer. A 10-µL aliquot of each
sample was loaded into a 7.5% SDS gel. Following elec-
trophoresis, the proteins were transferred to nitrocellulose
and subjected to immunoblotting and visual detection by
antibody against the V5 epitope (Invitrogen), using goat-
anti-mouse conjugated with alkaline phosphatase (Bio-Rad)
as the secondary antibody.

RESULTS

Substitution of Trp Residues Flanking TM2 with Ala. The
position of TM2 of Tar relative to TM1 is a crucial factor in
transmembrane signal transduction (28, 30-34). Inspired by
the demonstrated role of Trp residues in positioning trans-
membrane helices, we decided to assess the role of the Trp-
192 and Trp-209 residues that flank TM2 in modulating the
signaling state of the receptor (Figure 1). We generated
mutant versions of Tar containing the W192A or W209A
substitution as well as the W192A-W209A (WAWA) double
substitution. We chose Ala as the replacement residue
because it removes the amphipathic character of Trp, does
not introduce charge or polar character, and minimizes the
probability of introducing steric hindrance or helix disruption.
We made these changes in plasmid pRD200, which expresses
fully functional Tar with a C-terminal V5 epitope tag (see
below).

Chemotactic BehaVior of Cells Expressing Trp-Substituted
Receptors. We expressed both wild-type and mutant Tar
proteins in the transducer-depleted (∆T) strain VB13, which
retains the redox receptor Aer. The chemotactic behavior of
these cells was tested in aspartate, maltose, and glycerol
motility agar, the last of which allows an assessment of
aerotaxis in the absence of any specific Tar chemoeffector.
Substitution of Trp-192 with Ala decreased the rate of
swarm-ring expansion in aspartate and maltose motility agar

FIGURE 1: Schematic representation of the periplasmic and trans-
membrane (TM) domains of theE. coli Tar chemoreceptor. TM1
and TM2 are represented as light and dark shaded areas, respec-
tively. Upon binding aspartate, TM2 of one monomer is proposed
to be displaced toward the cytoplasm, thereby repositioning TM2
relative to the phospholipid bilayer. The extent of TM2 shown is
based on sulfhydryl-reactivity studies withS. typhimuriumTar and
5-IAF (56). The Trp-192 and Trp-209 residues, which are believed
to reside within the interfacial regions of the cytoplasmic membrane,
are in bold face.
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to 85% of the wild-type rate, a statistically insignificant
difference (Table 1). In contrast, substitution of Trp-209 with
Ala decreased the rate of ring migration to 45% and 60% of
the wild-type rate in aspartate and maltose semisolid agar,
respectively. When both Trp-192 and Trp-209 were substi-
tuted with Ala, intermediate expansion rates of 60% and 70%
of the wild-type rate were observed. All mutants formed
aerotaxis rings in agar containing only glycerol, with swarms
expanding at 85%, 70%, and 80% of the wild-type rate for
the W192A, W209A, and WAWA mutants, respectively.

The swarms made by cells expressing either W209A or
WAWA Tar formed significantly sharper rings on aspartate
plates (data not shown). This result suggests that these cells
may respond differently to the aspartate gradient produced
by the expanding colony.

Stimulation of CheA ActiVity by Trp-Substituted Receptors
in Vitro. Any inherent changes in the ability of the mutant
receptors to stimulate CheA activity or to alter their activity
in response to aspartate could be partially masked by adaptive
methylation. Performing in vitro assays using purified
components in the absence of CheR and CheB avoids this
complication. We therefore isolated inner-membrane vesicles
from cells in which wild-type or mutant Tar proteins were
expressed at high levels from an arabinose-inducible, plas-
mid-borne tar gene in strain RP3098, which lacks all
flagellar, motility, and chemotaxis proteins. These mem-
branes were then used in an in vitro assay for receptor-
coupled CheA kinase activity (51). In these membranes, all
of the Tar present is in the unmodified state in which the
protein is originally translated. The four sites of covalent
methylation are correspondingly occupied by two Gln
residues and two Glu residues (the QEQE form of the
receptor). Tar constituted between 50% and 65% of the total
protein in membrane preparations for the wild-type and
mutant receptors (data not shown). Thus, all of the mutant
proteins are reasonably stable.

Receptor-CheW-CheA complexes containing wild-type
Tar produced produced 44( 1 pmol of CheY-P in 20 s
(Table 2). Complexes containing the W192A mutant Tar
produced 44( 6 pmol in 20 s, similar to the wild-type
receptor. The W209A substitution, either by itself or in
combination with W192A, eliminated receptor-mediated
stimulation of CheA activity almost completely. This be-
havior resembles that of the previously described “lock-off”
disulfide-scanning mutants (31), in which no modulation of
CheA activity was detected. We concluded that the relatively
good swarming of cells expressing Tar W209A or WAWA
might depend on compensation through adaptive methylation.

Aspartate Inhibition of Receptor-Coupled CheA ActiVity.
To examine the role of the Trp-192 residue in transmembrane

signaling in more detail, we compared aspartate inhibition
of the CheA kinase activity in vitro stimulated by the wild-
type and W192A Tar receptors. We used the multisite Hill
equation to draw a best-fit curve to the data (Figure 2), as
previously described (52). The wild-type Tar-CheA-CheW
complex had aKi for aspartate of 7( 1 µM. Complexes
containing W192A had a 3-fold increase inKi to 22 ( 1
µM. The mutation did not appear to alter the cooperativity
involved in aspartate-induced inhibition of CheA kinase
activity, with the Hill coefficients being 1.8( 0.1 to 2.0(
0.2 for the wild-type and W192A proteins, respectively.

Effect of Trp Substitutions on in ViVo Methylation of Tar.
All of the Trp-substituted Tar proteins supported chemotactic
swarming in aspartate and maltose semisolid agar to a
significant degree. In view of the very low activity of the
W209A and WAWA proteins in the in vitro CheA-stimula-
tion assay, we decided to test whether compensating changes
in receptor methylation restored chemotaxis. We expressed
V5-tagged wild-type and mutant Tar proteins in the∆T strain
VB13 and monitored the level of Tar methylation in the
absence and presence of various chemoeffectors. To provide
a scale for comparing the levels of methylation, we trans-
formed strain RP3098 with derivatives of plasmid pRD300
that produce V5-tagged Tar proteins in which the methylation
sites are all Gln (QQQQ), all Glu (EEEE), or in the
unmodified (QEQE) form. During SDS-PAGE, the QQQQ
receptor should migrate fastest, like the fully methylated Tar
protein, the unmethylated EEEE receptor should run slowest,

Table 1: Swarm Behavior of VB13 (∆T) Cells Harboring
Wild-Type and Mutant Plasmid-Bornetar Genes

swarm expansion ratesa

receptor aspartate maltose glycerol

WT 1.72( 0.14 0.87( 0.04 0.55( 0.04
W192A 1.49( 0.11 0.71( 0.10 0.46( 0.05
W209A 0.67( 0.00 0.50( 0.03 0.38( 0.01
WAWA 0.98 ( 0.07 0.57( 0.09 0.43( 0.03
a The rate at which the swarm diameter increased was measured in

mm/h, as described in Materials and Methods. The error represents
the standard deviation of three independent assays.

Table 2: CheA Kinase-Stimulating Activity of Trp-to-Ala Tar
Proteinsa

receptor pmol of CheY-P produced

none 0.24( 0.02
WT 44.37( 1.26
W192A 44.55( 5.80
W209A 0.26( 0.02
WAWA 0.48 ( 0.07

a CheA kinase activity was measured as the accumulation of CheY-P
after 20 s, as described in Materials and Methods. Activities were
calculated by averaging the values obtained for at least three indepen-
dent membrane preparations assayed in duplicate. The error represents
the standard deviation of the mean for these measurements.

FIGURE 2: Aspartate inhibition of receptor-coupled CheA activity
for wild-type, W192A Tar, and W211 Tar. The data are shown as
closed circles, open circles, and closed triangles, respectively. The
inhibition assays were performed as described in Materials and
Methods. Each data point represents the mean of at least six total
reactions from at least three independently isolated receptor-
containing vesicle preparations. The best-fit curve (solid line) is
based on the cooperative multisite Hill model (52). The error bars
represent the standard deviation of the mean, withn g 3.
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and the QEQE receptor should migrate to an intermediate
position (Figure 3).

With wild-type Tar proteins produced in VB13 cells, we
observed two distinct bands that correspond to unmethylated
and singly methylated species. Addition of a saturating
concentration of aspartate (100 mM) led to a substantial
increase in methylation, whereas a saturating amount (10
mM) of the repellent NiSO4 caused a slight decrease. The
methylation patterns of Tar W192A were nearly identical to
those of the wild type.

The Tar W209A or Tar W192A W209A receptors
expressed in strain VB13 showed a dramatic increase in basal
methylation. This result could explain why these proteins,
which fail to stimulate CheA kinase activity in vitro when
they are in the QEQE form, support chemotactic swarming.
Apparently, methylation can compensate for the low CheA-
stimulating activity of a receptor that lacks the cytoplasmic
interfacial anchor for TM2, just as it restores activity to
attractant-bound wild-type receptor.

Addition of 100 mM aspartate produced a further increase
in methylation of the W209A and WAWA receptors, which
exhibited higher levels of methylation than the aspartate-
adapted wild-type and W192A receptors. Similarly, Ni2+ at
10 mM decreased methylation below the baseline level for
the W209A and WAWA proteins, but the methylation was
greater than for nickel-adapted wild-type or W192A Tar.
Thus, adaptive methylation and demethylation occur in the
absence of Trp-209, but with the absolute extent of methy-
lation shifted to a level higher than that of wild-type Tar in
naive, attractant-adapted and repellent-adapted cells.

Repositioning the Cytoplasmic Interfacial Trp Residue
Alters Chemotactic BehaVior. Since replacement of Trp-209
with Ala shifted Tar signaling in a similar manner as binding
of an attractant ligand, we wondered whether the output of
Tar could be more subtly modulated by moving this Trp
residue in one-residue increments in the N-terminal and
C-terminal directions. We began with the Tar W209A protein
and introduced Trp at each position within one helical turn
of position 209. These mutants were named W206 through
Tar W212 according to the position at which Trp replaced
the original residue. W209 is the wild-type receptor.

We expressed these proteins in strain VB13 and analyzed
their behavior in aspartate, maltose, and glycerol semisolid
agar plates (Table 3). Three swarm phenotypes were
observed. The first, seen with the W207 and W211 strains,

was like wild type on all three plates. Cells expressing Tar
W206 and Tar W210 formed swarms on aspartate plates like
those of cells expressing Tar W209A, with very narrow,
sharp chemotactic rings and rates of migration approximately
half those of cells expressing wild-type Tar. Finally, cells
expressing the W208 and W212 proteins failed to produce
significant swarms on any of the three plates, looking just
like VB13 cells containing the vector plasmid without atar
gene.

In Vitro Stimulation of CheA ActiVity by Receptors with
Repositioned Trp Residues. We next analyzed the ability of
the W206 through W212 receptors to stimulate CheA in vitro
(Table 4). Only W209 (wild type) and W211 Tar stimulated
CheA activity. Complexes containing Tar W211 produced
40 ( 7 pmol of CheY-P in 20 s and were not significantly
different from wild-type Tar. We then examined the ability
of aspartate to inhibit stimulation of CheA kinase by W211
Tar (Figure 2). TheKi value determined was 430( 50 µM,
about 60-fold higher than the wild-type value of 7.0( 1
µM. The calculated Hill coefficient dropped to 0.6( 0.1
from the wild-type value of 1.8( 0.1.

In ViVo Methylation of Receptors with Repositioned Trp
Residues. To determine whether methylation compensates
for the signaling biases introduced by the repositioned Trp
residues, we analyzed the level of methylation of the mutant
receptors (Figure 5). Tar W211 showed wild-type levels of
methylation in the absence of chemoeffectors and after
adaptation to saturating concentrations of aspartate and Ni2+.
The W206, W207, and W210 receptors produced methylation
patterns very similar to those of the W209A and WAWA
proteins. The differences in the swarm phenotypes of cells
expressing W206 versus W207 Tar could be due to the

FIGURE 3: Changes in the in vivo methylation of wild-type and
Trp-to-Ala (WA) mutant Tar proteins in VB13 (∆T) cells exposed
to aspartate and Ni2+. Migration rate is affected by the level of
methylation, with the more highly methylated forms moving faster.
As migration standards, the EEEE, QEQE, and QQQQ forms of
Tar were loaded on the leftmost lane. The QEQE and QQQQ forms
of Tar migrate like doubly methylated and quadruply methylated
Tar. Chemoeffectors were added to the cells as 10 mM NiSO4
(repellent) and 100 mM aspartate (attractant). Equal amounts of
total protein were loaded on each lane.

Table 3: Swarm Behavior of VB13 (∆T) Cells Harboring
Wild-Type and Mutant Plasmid-Bornetar Genesa

receptorb
aspartate

swarm rate
maltose

swarm rate
glycerol

swarm rate

W206 0.88( 0.12 0.71( 0.13 0.42( 0.04
W207 1.50( 0.04 0.71( 0.06 0.50( 0.04
W208 0.31( 0.04 0.29( 0.04 0.33( 0.01
W209 (WT) 1.72( 0.14 0.87( 0.04 0.55( 0.04
W210 1.03( 0.08 0.77( 0.05 0.39( 0.01
W211 1.81( 0.14 0.78( 0.02 0.38( 0.00
W212 0.09( 0.04 0.18( 0.03 0.12( 0.01
a The rate at which the swarm diameter expanded was measured in

mm/h as described in Materials and Methods.b The mutant receptors
Tar W206 through Tar W212 were named according to the position at
which the original residue in the Tar W209A protein was replaced by
Trp. This manipulation placed a single Trp residue near the cytoplasmic
end of TM2 at the specified position in each mutant receptor.

Table 4: Effect of Repositioning of Trp-209 on CheA Kinase
Activity a

receptorb pmol of CheY-P produced

W206 0.42( 0.04
W207 0.61( 0.04
W208 0.80( 0.06
W209 (WT) 44.37( 1.26
W210 0.21( 0.02
W211 40.01( 7.07
W212 0.67( 0.11

a CheA kinase activity was measured as the accumulation of CheY-P
after 20 s, as described in Materials and Methods.b The W206 through
W212 receptors are described in the footnote to Table 3.
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greater severity of the signaling bias of the former, since
the methylation levels of W207 Tar were intermediate
between the wild-type and W206 proteins, and closer to the
former. Tar containing Trp-208 or Trp-212 exhibited extreme
overmethylation in the absence of chemoeffectors, yet these
proteins partially demethylated after the addition of Ni2+.
Thus, even these extremely CCW-biased mutants are not
totally blind to repellent stimuli, and therefore the W208 and
W212 receptors cannot be “locked” in one conformation. It
remains to be seen whether they can mediate a CW (tumbly)
response to nickel.

Motility Patterns of Cells Expressing Mutant Tar Recep-
tors. Our prediction was that compensatory methylation
enables mutant cells to achieve a baseline run-tumble
swimming pattern that is compatible with chemotaxis in
every case except for strains expressing the W208 or W212
Tar protein. To confirm, we observed the swimming behavior
of all strains using phase contrast microscopy. Strain VB13
harboring the vector plasmid pBR322 (53) or pRD200
carrying atar gene encoding the W208 or W212 protein
appeared to be almost entirely smooth swimming (Table 5),
whereas VB13 cells carrying any other of the mutanttar
genes tumbled with about the same frequency as cells
containing thetar+ control plasmid.

To measure the rotational biases of the flagellar motors
of the various mutants directly, we examined tethered cells
(Table 5). As expected, VB13 cells containing the vector

plasmid never reversed. The same was true for cells
expressing the W212 Tar protein, and of 45 cells expressing
W208 Tar, only two reversed. In contrast, the fraction of
reversing cells for the other mutants was similar to the
fraction of VB13 cells expressing wild-type Tar that reversed.

DISCUSSION

A fundamental question in biology is how transmembrane
receptors communicate the detection of environmental stimuli
to the interior of the cell. Tar, the aspartate receptor ofE.
coli, signals in response to several types of ligands by
regulating the activity of its cognate histidine kinase, CheA
(9). Disulfide-scanning experiments using Tar proteins with
Cys substitutions in the first and second transmembrane
helices (TM1 and TM2) of Tar (25-28) strongly suggest
that, upon binding of ligands, TM2 moves relative to TM1
and also to the plane of membrane (28, 30-34). Here, we
have examined how interactions between TM2 of Tar and
the phospholipid environment influence the signaling be-
havior of the receptor.

We focused on the effect of Trp residues that are predicted
to localize to the region between the polar headgroups and
hydrophobic core of the bilayer. Glycosylation-mapping
experiments (36) have been used to estimate the position of
a transmembrane helix in the dimension perpendicular to the
plane of the membrane. Such studies have shown that Trp
residues exert a restoring force that can reposition synthetic
helices either up or down relative to the membrane surface
(37, 39).

We first substituted Ala for Trp-192 and Trp-209, singly
and in combination. We chose Ala as the replacement residue
because we wanted to avoid introducing a residue with
marked chemical properties of its own, such as charge,
polarity, a high hydrophobicity index, or a reactive moiety
on the side chain. The W192A protein behaved very much

FIGURE 4: Changes in in vivo methylation of wild-type and
repositioned-Trp mutant Tar proteins in VB13 (∆T) cells exposed
to aspartate or Ni2+. Analysis was as in the caption for Figure 3.

FIGURE 5: Model for the role of cytoplasmic interfacial Trp residue
in setting the activity level of Tar. TM2 is represented by a dark
rectangle. Trp residues are shown as red boxes, and white boxes
represent the introduced Ala-209 residue. In the wild-type receptor
(A), Trp-209 is predicted to reside within the cytoplasmic interfacial
region (56). Upon repositioning the cytoplasmic interfacial Trp
residue into the hydrophobic core, we predict a displacement of
TM2 toward the cytoplasm, as represented by the downward-
directed arrow in (B). Upon repositioning a Trp residue toward
the cytoplasm, we predict a displacement of TM2 into the
membrane, as indicated by the upward-directed arrow in (C).

Table 5: Motile Behavior of VB13 Cells Expressing Wild-Type or
Mutant Tar Proteins

tethered cellsc

receptora
swimming

cellsb

cells with
flagella that
rotate only

CCW

cells with
CCW-biased
flagella that
occasionally

reverse

cells with flagella
that reverse

frequently or show
extended CCW
and CW rotation

wild type R, s, T 5 2 23
none S 33 0 0
W192A R, S, t 12 2 24
W209A R, s, T 5 0 28
WAWA R, s, T 9 1 20
W206 R, S, T 4 1 27
W207 R, S, t 4 2 23
W208 r, S 45 0 2
W210 R, s, T 14 3 18
W211 R, S, T 6 5 25
W212 r, S 41 0 0

a Tar proteins are designated using the nomenclature described in
the text and in footnoteb of Table 3. None indicates that vector plasmid
without a tar gene insert was present.b Ten fields of cells swimming
in TB medium at room temperature were observed for about 30 s each.
R, S, and T represent cells that were running and tumbling, smooth
swimming, and primarily tumbling, respectively. Uppercase letters
indicate that a large fraction of the cells observed behaved in the manner
indicated. Lowercase letters indicate that only a few cells exhibited
the behavior indicated.c Tethered cells were prepared from each strain
and analyzed as described in Materials and Methods.

Trp Residues Flanking TM2 Modulate Tar Signaling Biochemistry, Vol. 44, No. 4, 20051273



like wild-type Tar in every assay used, with the only
consistent difference being a 3-fold increase in theKi, from
7 µM to 22 µM, in the receptor-coupled CheA kinase assay
(Figure 2).

In contrast, the W209A substitution drastically affected
the behavior of Tar, decreasing the rate of chemotactic ring
migration and eliminating receptor-mediated stimulation of
CheA kinase. The WAWA double mutant behaved much like
W209A, although chemotactic ring migration was slightly
less impaired with the double mutant.

The combination of retained chemotactic ability coupled
with lack of CheA stimulation in vitro associated with
W209A or WAWA Tar can be explained by the compensa-
tory role of adaptive methylation in vivo. Both proteins
showed increased basal levels of methylation but still
responded to addition of saturating aspartate (100 mM) and
Ni2+ (10 mM NiSO4) by increasing and decreasing, respec-
tively, methylation from the altered basal level. Thus, both
proteins behave in the absence of ligands as though they
had undergone covalent methylation in response to attractant,
but they could still mediate qualitatively appropriate re-
sponses to attractants and repellents. The tight rings formed
by these mutants on aspartate swarm plates could result from
a decreased dynamic range of adaptation that traps cells in
the steepest portion of the gradient.

The phenotypes of the Trp-substituted mutants can be
interpreted as a change in the position of TM2 relative to
the membrane, thereby causing a shift in the equilibrium
signaling state of the receptor. In the absence of ligand, by
default Tar is in the “on” state, which stimulates the CheA
kinase. Upon binding of aspartate, TM2 is predicted to slide
in an axial fashion toward the cytoplasm to generate the “off”
state, in which kinase activity is inhibited. We believe
removal of Trp-209, with its affinity for the interfacial region,
causes a slight shift of TM2 toward the cytoplasm. We
speculate that the most energetically favorable repositioning
upon removal of Trp-209 would be a displacement of TM2
similar to when attractant-bound receptor adopts the “off”
state. Both of the proposed models for signal transmission
through the HAMP linker domain (54, 55) involve tight
regulation of the interactions between the HAMP domain
and the inner membrane. This linkage could be perturbed
by removal of Trp-209.

Using the same reasoning, we predict that the W192A
mutation could cause a small shift in the position of the
N-terminus of TM2 toward the periplasm, perhaps consistent
with the 3-fold increase in the aspartateKi of the Trp-192
receptor compared with wild type. However, the wild-type
level of stimulation of CheA activity and the very slight
decrease in basal methylation suggest that no significant
changes are imposed on the cytoplasmic domain. Initially,
this result may seem contradictory with the changes associ-
ated with the W192R mutant receptor (56), but the difference
presumably lies with the nature of the residue that replaces
Trp. Arg would be expected to interact with the negatively
charged phospholipid headgroups and thus contribute a
specific transmembrane-repositioning effect of its own (57).
Thus, the W192R substitution may overcome the positioning
determinants on the cytoplasmic end of TM2 and cause Tar
W192R to stimulate CheA kinase more than the wild-type
receptor, in contrast to our observation of a minimal dif-
ference between W192A and the wild-type receptor.

To examine how the repositioning of Trp residues within
TM2 affects the signaling state of Tar, we moved Trp-209
while leaving Trp-192 in place. If Trp-209 is a primary
contributor to the position of TM2 within the membrane,
the signaling state of the receptor should be altered when
Trp residues are scanned from positions 206 to 212 (Figure
5). Trp residues repositioned toward the periplasm (Trp-206
through Trp-208) should displace TM2 toward the cytoplasm
and favor the “off” state (Figure 5B). Trp residues reposi-
tioned toward the cytoplasm Trp-210 through Trp-212 should
displace TM2 farther into the membrane and favor the “on”
state (Figure 5C).

Three of the mutant proteins fulfilled the predictions of
our model. W206 and W207 supported reduced but signifi-
cant chemotaxis in swarm plates (Table 3), failed to stimulate
CheA in vitro (Table 4), and showed increased basal levels
of methylation (Figure 4). W211 formed wild-type chemo-
tactic swarms, had a modestly increased stimulation of CheA
in vitro, and showed normal levels of methylation in vivo.
However, theKi for aspartate in the in vitro assay increased
60-fold (7 to 430µM) relative to wild-type Tar (Figure 2),
and the Hill coefficient dropped from 1.8 to 0.6, indicating
that some level of negative cooperativity might operate with
the W211 protein. We do not know whether the increased
Ki value reflects a lower affinity for aspartate, a partial
decoupling of ligand binding and receptor inhibition, or some
combination of effects. It is, however, consistent with the
notion that moving the Trp residue to a more C-terminal
site puts the mutant protein into a signaling conformation
that is less subject to inhibition by attractant.

W211 Tar stimulated CheA activity essentially like wild-
type Tar. Our prediction that the cytoplasmic end of TM2
should be pulled up into the membrane to mimic repellent-
bound receptor had suggested to us that the W211 protein
might support a higher rate of CheA autophosphorylation.
We note, however, that no one has shown that Tar repellents
boost CheA activity in the in vitro receptor-coupled assay.
(Ni2+ at concentrations that cause a repellent response inhibits
CheA activity.)

Cells expressing the W208 and W212 proteins are
completely nonchemotactic (Table 3). Their lack of receptor-
coupled CheA activity in vitro is shared with the W206,
W207, and W210 proteins (Table 4), but the first two
receptors differ from the latter three in that those proteins
are restored to some level of function in vivo by adaptive
methylation. The W208 and W212 proteins are stable when
overexpressed (data not shown) and are also present at
normal levels in vivo (Figure 4), where they are very highly
methylated. In fact, W212 exists solely in the highest
methylated form. However, these proteins are not totally
inert, since addition of aspartate further increases methylation
of the W208 protein, and Ni2+ leads to demethylation of both
proteins. The W208 and W212 proteins cannot support
chemotaxis because their signaling bias is set so far toward
CCW that the cells rarely, if ever, tumble (Table 5).

One explanation for the grossly disrupted function of the
W208 and W212 receptors is suggested by a helical-wheel
projection of TM1 and TM2 of the receptor homodimer (31).
The side chains of residues Ala-208 and Ile-212 are directed
toward TM2 and TM1 of the other subunit, respectively.
Insertion of a bulky Trp residue at either of these positions
may disrupt the helical packing face, as has been seen in
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the transmembrane proton channel of the MotAB complex
(58, 59) or the dimer-dimer interface in the trimer of dimers
in the cytoplasmic domain of the Tsr receptor (60). However,
other interpretations are equally plausible.

Perhaps the most informative Trp mutant is the double
mutant W209A/Y210W. The W210 protein generated by
these two substitutions behaves much like W209A. We
attribute the signaling abnormalities of the latter protein to
the loss of Trp-209. The residue that Trp replaces at position
210 is Tyr. Thus, both the wild-type and W211 proteins have
tandem amphipathic aromatic residues (either WYG or AYW
at positions 209-211), whereas the W210 and W209A
proteins have a single aromatic residue (AWG or AYG,
respectively). Preliminary data (Draheim, unpublished) sug-
gest that juxtaposed aromatic residues are required for proper
positioning of the cytoplasmic end of TM2.

Bacterial chemoreceptors resemble many members of a
large family of homodimeric transmembrane sensor kinases
(54). Functional chimeras have been made that join the
periplasmic, transmembrane, and linker domains of Tar (61)
and Trg (62) to the signaling domain of the sensor kinase
EnvZ. In a reciprocal chimera, the periplasmic, transmem-
brane, and linker domains of the NarX kinase were connected
to the signaling and adaptation domains of Tar to create a
nitrate/nitrite repellent receptor (63). An alignment of the
C-terminal portion of TM2 from the fourE. coli chemore-
ceptors and allE. coli transmembrane sensor kinases with
P-type linker domains (Figure 6) reveals that most have one
or more aromatic residues closely preceding the highly
conserved Pro residue that begins the linker. The function
of these aromatic residues, particularly Trp and Tyr, may
be to orient the receptor with respect to cytoplasmic face of

the cell membrane. Both EnvZ and NarX possess a Trp
residue at the cytoplasmic end of TM2.

Our results provide additional evidence of the importance
of interactions between TM2 and the surrounding phospho-
lipid environment and demonstrate the crucial role of the
Trp residue at the C-terminus of TM2. Such considerations
will be important for the design of chemoreceptors and other
transmembrane sensors with specific functions. It also
appears that tandem aromatic residues may be required for
optimal localization of TM2 with respect to the cytoplasmic
face of the cell membrane, a possibility that is currently under
investigation.
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