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ABSTRACT: The Tar chemoreceptor-CheA-CheW ternary complex of Escherichia coli is a transmembrane
allosteric enzyme in which binding of ligands to the periplasmic domain modulates the activity of CheA
kinase. Kinase activity is also affected by reversible methylation of four glutamyl residues in the cytoplasmic
domain of the receptor. E. coli Tar contains 553 residues. Residues 549-553 comprise the NWETF
pentapeptide that binds the CheR methyltransferase and CheB methylesterase. The crystal structure of
the similar Tsr chemoreceptor predicts that residues 263-289 and 490-515 of Tar form the most
membrane-proximal portion of the extended CD1-CD2 four-helix bundle of the cytoplasmic domain.
The last methylation site, Glu-491, is in the C19 heptad, and the N22-19 and C22-19 heptads are present
in all classes of bacterial transmembrane chemoreceptors. Residues 516-548 probably serve as a flexible
tether for the NWETF pentapeptide. Here, we present a mutational analysis of residues 505-548. The
more of this region that is deleted, the less sensitive Tar is to inhibition by aspartate. Tar deleted from
residue 505 through the NWETF sequence stimulates CheA in vitro but is not inhibited by aspartate.
Thus, interaction of the last two heptads (C21 and C22) of CD2 with the first two heptads (N22 and N21)
of CD1 must be important for transmitting an inhibitory signal from the HAMP domain to the four-helix
bundle. The R514A, K523A, R529A, R540A, and R542A substitutions, singly or together, increase the
level of activation of CheA in vitro, whereas the R505A substitution decreases the level of CheA stimulation
by 40% and lowers the aspartate Ki 7-fold. The R505E substitution completely abolishes stimulation of
CheA in vitro. Glu-505 may interact electrostatically with Asp-273 to destabilize the “on” signaling state
by loosening the four-helix bundle.

Bacterial chemotaxis is the best-developed model system
for transmembrane signal transduction. Like many other
signaling systems, bacterial chemotaxis regulates a protein
kinase (1). This regulation is carried out by a group of
transmembrane chemoreceptors that transmit signals into the
cytoplasm. In Escherichia coli, there are four membrane-
spanning, homodimeric chemoreceptors: Tar, Tsr, Tap, and
Trg. The intracellular level of the high-abundance receptors
Tar and Tsr is ∼20-fold higher than that of the low-
abundance receptors, Trg and Tap (2). All of these receptors
contain a periplasmic domain, a transmembrane region, and
a large cytoplasmic domain (Figure 1A).

The majority of the cytoplasmic domain consists of two
antiparallel R-helices (CD11 and CD2), which form an
extended four-helix bundle hairpin within the dimer (3-5).
Proceeding from the membrane into the cytoplasm, the
cytoplasmic domain features the HAMP linker, the methy-

lation subdomain, and the kinase activation subdomain
(Figure 1). The HAMP linker contains two predicted
amphipathic R-helices and connects the second transmem-
brane helix (TM2) to the cytoplasmic subdomains (6-8).
The methylation subdomain contains the four glutamyl
residues that serve as methylation sites in Tar.

The chemoreceptors form trimers of dimers (3, 4) that
localize to the cell pole and form tight clusters there in the
presence of CheA and CheW (9, 10). Trimers may contain
dimers of different receptor types (11) and are apparently
organized into large signaling lattices that obligatorily contain
CheA and CheW (12) and also at least some of the CheR,
CheB, CheY, and CheZ proteins of the cell.

The interaction of the CheA kinase with the kinase-
activation domain of the receptor requires the coupling
protein CheW. A ternary complex, consisting of the receptor,
CheW, and CheA, is active in its apo form and is regulated
by the binding of attractant (inhibitory ligand) or repellent
(activating ligand) to the receptor (1). The receptor stimulates
ATP-dependent autophosphorylation of CheA, which trans-
fers the phosphoryl group to the response regulator CheY.
Binding of phospho-CheY to the FliM protein in the C-ring
of the flagellar motor increases the probability of clockwise
(CW) flagellar rotation and promotes tumbling by the cell
(13). Phosphorylation of CheY is reversed by the phosphatase
CheZ (14). The intracellular concentration of phospho-CheY
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determines the ratio of CW to counterclockwise (CCW)
rotation and the run-tumble swimming behavior of the cell
(15).

The receptor-CheW-CheA ternary complex can be
viewed as an allosteric enzyme (16). It has been proposed
that there are two states of the enzyme: “on” and “off”. The
equilibrium between these states is affected by several
factors: ligand binding, methylation, association with CheA
and CheW, and association with other receptors in a large
signaling cluster (1, 12). Attractant binding to the receptor
causes an inactivation of CheA that can be reversed by an
increased level of methylation. However, the mechanisms
by which ligand binding and methylation work together to
regulate CheA remain unclear.

Methylation by the CheR methyltransferase and demethy-
lation by the CheB methylesterase determine the steady-state
methylation level of the receptors and allow E. coli to adapt
to stimuli and respond over a wide range of chemoeffector
concentrations (17, 18). Efficient adaptation requires the
NWETF pentapeptide, which comprises the last five C-
terminal residues of Tar and Tsr, binds CheR (19-21), and
stimulates the activity of CheB (22).

Approximately 50 residues separate the last methylation
site (Glu-491) from the NWETF pentapeptide in E. coli Tar.
A deletion analysis of the last 40 residues of this region by
Li and Hazelbauer (23) indicated that they act as a flexible
tether. The disordered state of the last ∼30 residues in this

region in the crystal structure of Tsr is consistent with this
function. However, this region may also play other roles in
receptor function. To address this possibility, we created a
series of deletions, the longest beginning with Arg-505, that
either remove or retain the NWETF motif. We also created
single and combined Ala substitutions at the six basic
residues in the region as well as the R505E replacement.
The in vivo and in vitro properties of the mutant receptors
were then examined. In addition to confirming the conclu-
sions of Li and Hazelbauer (23), our analysis suggests that
residues 505-515 help to determine the baseline signaling
state of the receptor and control its ability to be inhibited by
aspartate.

EXPERIMENTAL PROCEDURES

Strains and Plasmids. Strain RP3098 [∆(flhD-flhB)4] (24),
a derivative of E. coli K12 strain RP437 (25), was used to
prepare membranes containing high levels of chemoreceptors.
It was also used to express the CheA protein for purification.
Another derivative of RP437, strain VB13 (thr+ eda+
∆tsr7201 trg::Tn10 ∆tar-tap5201), was used for assays of
chemotaxis (26). Strain BL21(λDE3) (Novagen) was used
to produce CheY and CheW for purification. The λDE3
derivative of BL21 [F- ompT hsdSB (rB

-mB
-) gal dcm]

contains a prophage that encodes the T7 RNA polymerase
gene under the control of the lacUV5 promoter.

FIGURE 1: Schematic view of the Tar chemoreceptor showing engineered C-terminal truncations and residue substitutions. (A) Model of the
receptor homodimer based on crystal structures of the periplasmic domain of Salmonella Tar (49) and the cytoplasmic domain of E. coli
Tsr (3). Structures for the TM domain, the C-terminal flexible region, and the HAMP domain in the intact receptor are not available.
Components in the subunit at the right are indicated with primes. Starting at the N-terminus, each monomer consists of transmembrane
helix 1 (TM1), a periplasmic domain that is a four-helix bundle (R1-R4), transmembrane helix 2 (TM2), a HAMP linker domain (H), a
helical hairpin comprising the descending CD1 helix and the ascending CD2 helix, and a disordered tail (thick black line) with the NWETF
CheR-binding motif (dark gray) at its C-terminal end. Residues 490-515 are highlighted in light gray; Glu-491 (the last methylation site)
is depicted as a white circle, and the approximate positions of the six basic amino acids in the last 50 residues are denoted with asterisks.
(B) Last 63 residues of E. coli Tar. Asterisks denote the relative positions of the six basic residues indicated in panel A. The NWETF
pentapeptide is depicted as a gray box, and the methylation sites are shown as circles; those translated as Gln residues are colored black,
and those translated as Glu are colored white. Endotruncations (ET) extend from one of the basic residues to just before the NWETF motif.
To facilitate comparison with the study of Li and Hazelbauer (23), the number of residues deleted for each endotruncation is given in
parentheses. The corresponding complete truncations (CT) have the same N-terminal ends but are deleted through the NWETF pentapeptide.
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Plasmids pDM011 and pRD400 both are derivatives of
pET24a(+) and contain the cheY and cheW genes, respec-
tively, expressed from the T7 promoter. Plasmid pKJ9 carries
a cheA gene that can be induced by isopropyl �-D-thioga-
lactopyranoside (IPTG). Plasmid pCJTar was constructed by
cloning wild-type E. coli tar into pCJ30, in which it is
expressed under control of a tac (IPTG-inducible) promoter.
Plasmid pMK113 (Ampr), a derivative of pBR322, carries
E. coli tar under control of a modified tar (meche operon)
promoter (27). VB13 containing pMK113 carries out good
chemotaxis to aspartate and maltose. Mutations were intro-
duced into tar carried on plasmids pCJ30 and pMK113 using
the site-directed mutagenesis protocol from Stratagene.

Chemotaxis Ring Formation Assay. The assay was per-
formed as described previously (28), using strain VB13
containing pMK113 or one of its mutant derivatives. The
diameter of chemotactic rings was measured at 30 °C at 4 h
intervals from the time a ring first became visible for cells
expressing wild-type Tar, and chemotaxis was scored as the
rate of increase in swarm diameter in millimeters per hour.
Each mutant was assayed in triplicate.

In ViVo Receptor-Methylation Assay. Receptor methylation
was analyzed according to Draheim et al. (28), using strain
VB13 containing pMK113 or one of its mutant derivatives.
Tar was detected on the nitrocellulose membrane with anti-
Tsr antiserum (primary) and goat anti-rabbit antibody
conjugated with alkaline phosphatase (secondary) (26). The
methylation state was determined from the position of the
bands visualized on the immunoblot. The migration rate of
Tar during SDS-PAGE correlates with the extent of
methylation, with the more highly methylated species
migrating faster. An equal mix of the EEEE, QEQE, and
QQQQ forms of Tar, contained in membrane preparations
made from strain RP3098 bearing the appropriate plasmid,
was used as a standard.

Purification of Chemotaxis Proteins. CheA and CheY were
purified as described previously (28). CheW purification was
based on the methods of Hess et al. (29) and Stock et al.
(30). Cytoplasmic membranes containing overexpressed
receptors were prepared as described previously (31), with
the following modifications. The harvested cells were treated
with 100 µg/mL egg white lysozyme on ice for 30 min before
being lysed in a French pressure cell operated at 10000 psi.
The lysate was centrifuged at 1200g for 15 min to remove
debris. Membranes were pelleted by centrifugation at 30000g
for 1 h, washed, and resuspended in 2 mL of a 25% (w/v)
sucrose solution. The membranes were then fractionated,
dialyzed, analyzed, and stored as described previously (31).

In Vitro CheA-Kinase Assay. The receptor-coupled CheA
assay was performed as described previously (31), as was
ligand-dependent inhibition of CheA activity. Receptor,
CheA, CheW, and CheY were present at 250 nM, 62.5 nM,
250 nM, and 6.25 mM, respectively, in a total volume of 8
µL. Activities were normalized for the ratio of receptor to
total membrane protein in each sample, since activity is
proportional to that ratio (31). The experimental data for the
aspartate titration of activity were fitted with the Hill
equation, using Origin, version 7.0. The apparent Ki and the
Hill coefficient, nH, were determined using the Levenberg-
Marquardt method with Origin. Standard deviations from the
mean for Ki and nH (Hill coefficient) values were calculated
from at least three experiments.

RESULTS

Internal Deletions at the C-Terminus of Tar. The C-
terminus of E. coli chemoreceptors is presumed to be far
from both the periplasmic ligand-binding and the CheA-
activation site at the cytoplasmic tip of the receptor (Figure
1A). Much of this region is not essential for CheA stimula-
tion, since the low-abundance chemoreceptors Trg and Tap,
which have shorter C-termini and lack the NWETF pen-
tapeptide, stimulate kinase activity as well as the high-
abundance chemoreceptors when they are assayed in vitro
in the amidated form in which they are originally translated
(32; R.-Z. Lai, unpublished observations). The extreme
C-terminal NWETF pentapeptide binds CheR and CheB, and
a recent study (23) indicates that the 30 preceding residues
can function as a flexible tether that allows CheR and CheB
to reach the methylation sites.

E. coli Tar contains six basic amino acids in its 50
C-terminal residues: Arg-505, Arg-514, Lys-23, Arg-529,
Arg-540, and Arg-542. The first two lie within the C21 and
C22 heptad repeats in the region following the last methy-
lation site (Glu-491) and are conserved in the sequences of
NWETF-containing receptors from the enteric bacteria (23).
The four remaining basic residues are not highly conserved,
although all of the NWETF-containing receptors contain
three or four basic residues in the flexible tether. We created
two sets of deletions (Figure 1B) that remove successively
larger numbers of positively charged residues. In one set,
the NWETF pentapeptide at the extreme C-terminus was
retained (endotruncations, designated ET), and in the other,
it was removed (complete truncations, designated CT). We
also constructed ET and CT deletions that begin right after
Arg-505. Deletions are denoted by the position of the residue
immediately preceding the deletion. Thus, 504ET and 505ET
are endotruncations that remove and retain Arg-505,
respectively.

Chemotaxis Mediated by C-Terminally Truncated Tar.
Chemotaxis ring formation in semisolid agar was used to
assess the ability of a plasmid-encoded mutant Tar protein
to restore chemotaxis to transducer-deleted (∆T) strain VB13.
The wild-type and mutant receptors were expressed from a
modified form of the native tar (meche operon) promoter
(27) that supports lower rates of transcription initiation. Thus,
plasmid-encoded Tar was produced in amounts only several-
fold higher than that from the chromosomal meche operon.
Chemotaxis to aspartate and maltose, and aerotaxis mediated
by the chromosomally encoded Aer receptor (33, 34), were
assessed. Only the 539ET and 541ET receptors supported
reasonably good chemotaxis and aerotaxis (Figure 2). Cells
expressing any of the other ET receptors formed small
swarms in aspartate or maltose semisoft agar, as seen by Li
and Hazelbauer (23), or in glycerol-only plates (to assess
aerotaxis). The CT receptors, which lack the NWETF
pentapeptide that makes up the CheR/CheB-binding site, all
failed to support chemotaxis or aerotaxis (data not shown).

AdaptiVe Methylation of the ET Receptors. Adaptive
methylation in vivo was assessed for each of the ET mutant
Tar proteins in strain VB13. In the absence of chemoeffec-
tors, wild-type Tar was primarily in the unmethylated state,
with a small amount of singly methylated receptor also
present (Figure 3). Addition of a saturating level of NiSO4

(10 mM) decreased the methylation level even further,

The Receptor C-Terminus Modulates the Tar Signaling State Biochemistry, Vol. 47, No. 50, 2008 13289



eliminating the faint, singly methylated band, whereas a
supersaturating level of aspartate (100 mM) increased the
level of methylation significantly. All the of the ET Tar
proteins except the two most-truncated ones, 504ET and
505ET, were methylated to some extent in the absence of
chemoeffectors, and all of these showed a decreased level
of methylation after addition of 10 mM NiSO4. Only the
proteins with the smallest deletions, 539ET and 541ET,
increased their methylation level in response to 100 mM
aspartate.

Stimulation of CheA Kinase ActiVity by ET and CT
Receptors. We next examined the behavior of the truncated
Tar proteins in the in vitro receptor-coupled CheA kinase

assay. In the receptor-enriched (40-60% Tar) membranes
used in this assay, CheR and CheB are absent, and the
receptors remain in their originally translated (QEQE) state
of covalent modification at the methylation sites. In a
previous study, the specific activity of receptors in stimulating
CheA kinase increased linearly with the percent receptor
relative to total membrane protein (31). Therefore, in this
study, we normalized the receptor activity to the ratio of Tar
to total protein for each membrane preparation.

Most of the ET and CT receptors retained 80% or more
of the CheA stimulating activity of wild-type Tar (Figure
4). Even the 504ET and 504CT proteins had 70% of the
wild-type activity. The only exception was the 513CT
protein, which was only 5% as active as the wild type. None
of the truncated proteins were degraded significantly (data
not shown). Since no additional mutations were found in a
whole-gene sequencing, the low activity of 513CT must be
due to an inherent defect in stimulating CheA, perhaps due
to misfolding.

Truncated Receptors Are Less SensitiVe to Inhibition by
Aspartate. Aspartate titration of in vitro Tar-dependent CheA
activity was used to test inhibition by attractant. Both the
inhibition constant (Ki) and the cooperativity of the inhibition
(nH, the Hill coefficient) were measured. Wild-type Tar had
a Ki of 7.5 ( 0.5 µM for aspartate. Both the ET and CT
forms of 522, 528, 539, and 541 Tar had aspartate Ki values
that were 1.2-3-fold higher (Figure 5). The 513ET and
513CT receptors exhibited a substantially higher aspartate
Ki of ∼100 µM, but high concentrations of aspartate still
completely inhibited their ability to stimulate CheA. Longer
deletions tended to exhibit lower cooperativity. CT receptors
tended to have a higher cooperativity than their ET coun-
terparts, but this pattern was not consistent. The Hill
coefficient for aspartate inhibition was between 0.9 (zero
cooperativity) and 2.3, compared to the wild-type value of
2.0 (legend of Figure 5). (Recall that the baseline activity of
the 513CT protein was very low to begin with.) The 504ET,
504CT, 505ET, and 505CT proteins completely lost the
ability to inhibit CheA activity in the presence of aspartate.

Effect of Ala Substitutions at Basic Residues. We replaced
each of the six basic residues individually with Ala. We also
substituted successively greater numbers of residues per
protein up through a mutant in which all six basic residues
were replaced, starting with the R542A substitution and

FIGURE 2: Chemotactic responses mediated by Tar receptors carrying
C-terminal endotruncations (ET receptors). Rates of outward swarm-
ring migration of VB13 (∆T) cells expressing plasmid-borne wild-
type or mutant tar genes were measured at 30 °C. Chemotaxis-
ring expansion in minimal glycerol semisolid agar containing 100
µM L-aspartate, 100 µM maltose, or no additive (to assess aerotaxis)
was measured in millimeters per hour. Assays were run in triplicate.
Error bars represent the standard deviation of the mean.

FIGURE 3: In vivo methylation of wild-type and C-terminally truncated
Tar in response to chemoeffectors. Methylation of plasmid-encoded
receptors was monitored in strain VB13 via immunoblotting with anti-
V5 protease antibody. A sample containing equal amounts of the
EEEE, QEQE, and QQQQ forms of full-length Tar and a sample
containing the QEQE form of each truncated Tar are shown to the
left as standards. Cells were exposed to 10 mM NiSO4 (repellent),
100 mM aspartate (attractant), or buffer (-). Each lane was loaded
with protein from an equal number of cells.

FIGURE 4: CheA stimulation by C-terminally truncated Tar receptors.
CheAactivitystimulatedbyinvitro-reconstitutedreceptor-CheW-CheA
complexes was assayed. Activities are for 20 pmol of receptor
normalized to an equal ratio of Tar to total membrane protein (see
Experimental Procedures for details). Assays were run in triplicate.
Error bars represent the standard deviation of the mean.
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progressing stepwise in the N-terminal direction (e.g.,
R542A/R540A ) 2A, R542A/R540A/R529A ) 3A, etc.).

Chemotaxis Mediated by Ala-Substituted Tar. Plasmids
expressing the Ala-substituted receptors from the modified
meche promoter were introduced into strain VB13. All of
the singly substituted receptors formed wild-type chemotactic
rings in aspartate, maltose, and glycerol semisolid agar
(Figure 6A). The multiply substituted proteins (Figure 6B)
exhibited progressively smaller chemotactic rings on all
plates, reaching a 50% decrease in the case of the 6A variant.

AdaptiVe Methylation of the Ala-Substituted Receptors. The
in vivo methylation levels, baseline activities in the in vitro
receptor-coupled CheA assay, and aspartate titration of their
in vitro activity were tested for each of the Ala-substituted
receptors. Most proteins had methylation patterns similar to
that of wild-type Tar in the absence and presence of
chemoeffectors (Figure 7). However, the R505A receptor had

significantly increased levels of baseline methylation (Figure
7A), suggesting that its intrinsic signaling state may be
shifted toward the off state. All of the proteins, including
R505A, decreased or increased their methylation levels,
respectively, upon addition of Ni2+ and aspartate. The
multiply substituted receptors all had methylation patterns
much like those of the wild type (Figure 7B), except that
the multiply substituted receptors migrated somewhat more
slowly in all modification states.

Stimulation of CheA Kinase ActiVity by Ala-Substituted
Receptors. In the receptor-coupled in vitro assay, all of the
singly substituted receptors (Figure 8), except R505A, had
baseline activities equal to or higher than that of wild-type
Tar (up to 70% higher for K523A). Tar R505A had only
60% of the activity of wild-type Tar. Similarly, the 2A-5A
proteins all had higher baseline activities than wild-type Tar,
with the activities being as much as 2.5-fold greater for 4A
and 5A (Figure 8). However, the 6A protein had the same
60% of wild-type activity as the R505A protein.

Aspartate Inhibition of Ala-Substituted Receptors. The
R505A and 6A receptors exhibited Ki values of 1.1 (Figure
9A) and 1.3 µM (Figure 9B), respectively, 7- and 6-fold
lower than the Ki value of wild-type Tar of 7.5 µM (Figure
9A). In contrast, the other singly (Figure 9A) and multiply
(Figure 9B) Ala-substituted receptors had aspartate Ki values
somewhat higher (1.3-3-fold) than that of wild-type Tar.
Thus, the higher baseline CheA stimulating activity exhibited
by most of the Ala-substituted receptors correlates inversely
with their ability to be inhibited by aspartate. The Hill
coefficients ranged between 1.2 and 2.1, with no consistent
correlation between the extent of cooperativity and the
location or number of Ala substitutions.

The R505E Substitution Greatly Decreases CheA Stimulat-
ing ActiVity. Because of the apparent importance of the Arg-
505 residue, we determined the effect of reversing the charge
at this position by introducing the R505E substitution. VB13
cells expressing R505E Tar formed aspartate chemotaxis
rings with only 50% of the diameter of that formed by cells
expressing wild-type Tar (Figure 6A). (The swarms of VB13/
R505E Tar on maltose and glycerol plates were similar to
those of other strains.) Moreover, cells expressing R505E
Tar had significantly sharper outer rings with aspartate. The
R505E receptor in its unstimulated state was overmethylated
(Figure 7A), but like R505A, it could still change its
methylation state appropriately in response to addition of
Ni2+ or aspartate.

In vitro, R505E Tar had no significant CheA-stimulating
activity. Thus, the unmodified QEQE form of this receptor
is strongly biased toward the off state. The ability of VB13
cells producing R505E Tar to support some level of
chemotaxis in semisolid agar indicates that the increased level
of adaptive methylation of the receptor seen in vivo can
restore the ability of this receptor to activate CheA.

DISCUSSION

Transmembrane chemoreceptors undergo the following
changes in response to binding of a chemoattractant: ligand
binds; the ligand-induced conformational change is transmit-
ted across the cell membrane; the activity of CheA associated
with the kinase-activating domain is inhibited; and activity
is restored by adaptive covalent methylation of the cyto-

FIGURE 5: Effects of C-terminal truncations on aspartate inhibition
of receptor-coupled CheA activity. The normalized CheA activities
supported by (A) endotruncation (ET) or (B) complete truncation
(CT) receptors were measured as a function of aspartate concentra-
tion. Best-fit inhibition curves were calculated using the Hill
equation. The nH values are given in brackets after the mutant name;
no number is given when no activity could be measured: (O) wild
type [2.0], (9) 504ET or CT, (b) 505ET or CT, (2) 513ET [0.9]
or CT [1.2], (1) 522ET [1.5] or CT [2.1], ([) 528ET [1.3] or CT
[2.3], (\) 539ET [1.0] or CT [1.9], and (pentagons) 541ET [1.2]
or CT [1.6]. Assays were run in triplicate. Error bars represent the
standard deviation of the mean.
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plasmic domain. Attractants interact with the periplasmic
domain at specific binding sites (1). Small, ligand-induced,
pistonlike movements of the periplasmic domain are propa-
gated across the membrane through the second transmem-
brane domain of the receptor [TM2 (35-38)] and are
probably amplified into larger conformational changes within
the HAMP linker domain (7, 39). The CheA and CheW

proteins interact with the membrane-distal tip of the receptor
trimer of dimers (40, 41) in such a way that relatively subtle
changes in receptor conformation increase or diminish CheA
kinase activity. Methylation of Glu residues at four inde-
pendent sites (42) leads to adaptation that cancels the ligand-
induced signal by returning the receptor to its prestimulus
configuration (43).

The most C-terminal methylation site in Tar is Glu-491 (42).
The NWETF pentapeptide at the extreme C-terminus of Tar
(residues 549-553) serves as the interaction site for the enzymes
that carry out adaptive methylation and demethylation: the CheR
methyltransferase (19-21) and the CheB methylesterase (22).
The function of residues 492-548, which link the methylation
subdomain and the NWETF motif (see Figure 1), is less well
known. Residues beyond position 516 were not resolved in the
crystal structure of the cytoplasmic domain of the closely related
Tsr chemoreceptor (3).

In a recently published study, Li and Hazelbauer (23)
reported the effects of internal truncations of the C-terminal
region of Tar on in vitro methylation, demethylation, and
deamidation. The work described here focused on the role
of the C-terminal region in maintaining baseline CheA
stimulation by Tar and inhibition of that activity by aspartate.
Three major conclusions about the role of the receptor
C-terminus can be drawn from our results.

The Last Two Heptad Repeats of CD2 Are Required for
Aspartate Inhibition. The C21-22 heptads (residues 502-515),
the most C-terminal in the CD2 helix, are required for
aspartate sensitivity of Tar (Figure 5). Deletions extending
through Arg-514 increase the aspartate Ki ∼10-fold, and
deletions extending to, or through, Arg-505 render the
receptor blind to aspartate (Figure 5). All but the 513CT
receptor retain the ability to stimulate CheA (Figure 4). We
do not know their aspartate-binding affinity; however, the
mutant receptors are stable, and deleted receptors that retain
normal CheA-stimulating activity seem unlikely to be unable
to bind aspartate. The loss of the pairing partners for the
N22-21 heptads (Figure 10A), which directly follow the
HAMP domain, may uncouple the four-helix bundle from
conformational changes in HAMP.

We have no explanation for the very low activity of the
513CT receptor. The entire gene was sequenced, and no other
mutations were found. However, the residual activity of the

FIGURE 6: Effects on chemotactic behavior associated with substitutions at basic residues. (A) Single Ala or Glu substitutions. (B) Multiple
Ala substitutions. Assays were run as described in the legend of Figure 2. Error bars represent the standard deviation of the mean.

FIGURE 7: In vivo methylation of Tar receptors with residue
substitutions. (A) Single-residue substitutions. (B) Multiple-residue
substitutions. Assays were performed as described in the legend of
Figure 3. Each lane was loaded with protein from an equal number
of cells.

FIGURE 8: In vitro stimulation of CheA activity by Tar receptors
with residue substitutions. The single-residue substitutions, shown
at the left, are indicated by the actual replacements. The multiple
Ala substitutions are shown at the right and are indicated by the
total number of Ala replacements. Activities were normalized to
an equal amount of receptor protein. Assays were run in triplicate.
Error bars represent the standard deviation of the mean.
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513CT protein was inhibited by aspartate in the same way
as that of the fully active 513ET receptor.

Wild-type Tar in our hands has a Hill coefficient of ∼2.0
for aspartate in the in vitro assay. Some of the truncated
mutants, although fully active and able to be completely
inhibited by high concentrations of aspartate, exhibited
decreased nH values (0.9 for the 513ET protein). The most
parsimonious interpretation is that the N22-C22 interaction
contributes to communication among the helices of the four-
helix bundle or to interaction between dimers within the
receptor trimer.

Basic Residues in the Flexible NWETF Linker Modulate
CheA-Stimulating ActiVity. Conversion of all four basic
residues in the linker (Lys-523, Arg-528, Arg-540, and Arg-
542) to Ala enhances CheA-stimulating activity in vitro
250% (Figure 8). Many of the Ala-substituted receptors had
decreased nH values, but no consistent pattern was evident.
The Ala replacements could either stabilize the on state of
the receptor or destabilize the off state. Possible interaction
targets for these residues could be the negatively charged
polar headgroups of phospholipids on the cytoplasmic face
of the cell membrane or charged residues elsewhere within
the receptor, perhaps in the HAMP domain or the adaptation
region (Figure 1). There are several charged residues on the
surface of the HAMP four-helix bundle, and the N22-N19
and C19-C22 helices contain many negatively charged
residues on their exposed faces (44).

Substitutions at Arg-505 Disrupt Kinase Stimulation. The
R505A substitution decreases CheA stimulating activity by
40% and increases the sensitivity to inhibition by aspartate
7-fold. A very similar effect is seen with the 6A receptor
(Figures 8 and 9). The nH value is decreased modestly for
R505A (1.7-fold) and more for the 6A receptor (1.2-fold).
The R505E substitution completely eliminates the CheA-
stimulating ability of the QEQE form of the receptor in vitro.
Thus, neutralization of Arg-505 biases Tar toward the off
state, and reversal of the positive charge to negative causes
a much greater bias toward the off state. However, in vivo
methylation can compensate, at least partially, for these
biases (Figure 6).

Residues 263-289 of CD1 (heptads N22-19) pack in
antiparallel fashion against residues 515-490 of CD2
(heptads C22-19) (6; J. S. Parkinson, personal communica-
tion). The residue alignments in this region of the four-helix
bundle are shown in Figure 10A. The R505E substitution of
Arg-505 is exactly two heptad repeats from the Glu-491
methylation site (Figure 10A) and directly opposite, and in
register with, Asp-273. It has been proposed that neutraliza-
tion of electrostatic repulsion can explain the mechanism of
adaptive methylation (44); for example, methylation of Glu-
491 eliminates mutual repulsion with Asp-289 (Figure 10A).
Mutational neutralization of other negatively charged residues
at the CD1-CD2′ interface of Tar in the adaptation domain
increases the level of kinase stimulation (44). Apparently, a
tighter bundle favors kinase activation, and a looser, more-
dynamic bundle favors kinase inhibition. Thus, Glu-505
could contribute additional electrostatic repulsion that cannot
be completely compensated by methylation. It will be
interesting to see whether the D273R substitution, which by
itself leads to a partial lock-on phenotype (44), reverses the
effects of the R505E replacement.

HAMP and the CD1-CD2 Bundle May Communicate Via
Rotation. Hulko et al. (39) suggest, on the basis of their NMR
structure of the Af1503 HAMP domain, that HAMP modu-
lates the signaling state of receptors by a rotation of the AS1
and AS2 helices relative to one another. We propose that
such a rotation may be communicated directly to CD1 and
that interactions between the N-terminus of CD1 and the
C-terminus of CD2′, and CD1′ and CD2, are necessary for
transmission of this signal. The signaling properties of
receptors lacking the C22 and C21 heptads are like those
seen when the signaling and adaptation domains of Tsr are
expressed by themselves (45). Conversely, weakening the
interaction of the N22-21 and C22-21 heptads through
substitutions at Arg-505 may allow HAMP to inhibit the on
signaling state even in the absence of an attractant ligand,
probably by loosening the CD1-CD2 four-helix bundle. This
result is consistent with the conclusion, based on an extensive
cysteine and disulfide-scanning analysis of residues 250-309
of the Salmonella enterica var. typhimurium Tar receptor

FIGURE 9: Effects of residue substitutions on aspartate inhibition of receptor-coupled CheA activity. The aspartate inhibition assay was
performed as in Figure 5. (A) Single Ala substitutions. A best-fit inhibition curve was calculated using the Hill equation. The nH values are
given in brackets following the mutant designation. Symbols are: (O) wild type [2.0], (9) R505A [1.7], (2) R514A [1.4], (1) K523A [2.1],
([) R529A [1.8], (\) R540A [1.4], and (pentagons) R542A [1.5]. (B) Multiple Ala substitutions: (O) wild type [2.0], (9) 2A [1.2], (2)
3A [1.6], (1) 4A [1.7], ([) 5A [2.0], and (\) 6A [1.2]. Assays were run in triplicate. Error bars represent the standard deviation of the
mean.
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(46), that this region of the protein is critical for control of
the signaling state of the receptor.

We note that rotation of the membrane-proximal portions
of the CD1-CD2 bundle can be reconciled with either the
“AS1 membrane-association model” or the “gear-box rota-
tion” model for HAMP function (47). It is also consistent
with the recently proposed piston-triggered rotation model
(48). Further genetic and biochemical analyses of the HAMP
domain and the membrane-proximal portion of the CD1-CD2
four-helix bundle will be required to provide more informa-
tion about how HAMP interfaces with the membrane-
proximal portion of the cytoplasmic domain.
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