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The Escherichia coli aspartate receptor Tar is in-
volved in the thermotactic response. We have studied
how its thermosensing function is affected by the mod-
ification of the four methyl-accepting residues (Gln295,
Glu302, Gln309, and Glu491), which play essential roles in
adaptation. We found that the primary translational
product of tarmediates a chemoresponse, but not a ther-
moresponse, and that Tar comes to function as a ther-
moreceptor, once Gln295 or Gln309 is deamidated. This is
the first identification of a thermosensing-specific mu-
tant form, suggesting that the methylation sites of Tar
constitute at least a part of the region required for ther-
moreception, signaling, or both. We have also investi-
gated the inverted thermoresponse mediated by Tar in
the presence of aspartate. We found that, whereas the
deamidated-and-unmethylated form functions as a
warm receptor, eliciting a smooth-swimming signal
upon increase of temperature, the heavily methylated
form functions as a cold receptor, eliciting a smooth-
swimming signal upon decrease of temperature. Thus, it
is suggested that Tar exists in at least three distinct
states, each of which allows it to function as a warm,
cold, or null thermoreceptor, depending on the modifi-
cation patterns of its methylation sites.

Temperature is one of the crucial environmental parameters
that restrict growth and other biological activities in any orga-
nism. Therefore, virtually all organisms show some kind of
response to an increase or decrease in temperature. It is, how-
ever, generally very difficult to investigate how an organism
senses temperature shifts, since most higher organisms have
no specialized thermosensing organ, and temperature affects a
wide variety of cell functions. Thermotaxis in Escherichia coli,
however, has been well characterized in terms of physiology,
genetics, and biochemistry (1). Thermal stimuli are sensed by
the four closely related transmembrane receptors (2–6).
These receptors, also known as methyl-accepting chemotaxis

proteins (MCPs),1 were originally identified as chemosensory
receptor/transducers (7–13). They are reversibly methylated at
four or five glutamate residues within their C-terminal cyto-
plasmic domains (14–16). Methylation and demethylation are
the basis of adaptation in chemo/thermotaxis and are catalyzed
by CheR and CheB, respectively (17, 18). An attractant stimu-
lus, whether chemical or thermal, causes elevated methylation
of the receptors, which shuts off the attractant signal output. In
contrast, a repellent stimulus brings about lowered levels of
methylation to counteract the repellent signal (15). Increases
and decreases in methylation levels correspond to the magni-
tudes of attractant and repellent stimuli, respectively. It
should be noted that some of the methyl-accepting glutamate
residues are derived from glutamine residues in the primary
translational products (19, 20). CheB is also responsible for the
specific and irreversible deamidation of these groups.
Extensive genetic and biochemical studies on bacterial che-

motaxis have identified all of the protein components involved
in the chemotactic signal transduction pathway from the de-
tection of attractants and repellents to the control of swimming
behavior (for review, see Refs. 10–13). In brief, when a chemo-
receptor binds to a repellent, it activates the cytoplasmic auto-
phosphorylating protein kinase CheA that can transfer phos-
phate group to the cytoplasmic signaling protein CheY and the
receptor methylesterase CheB. Phospho-CheY interacts with
switch component(s) of the flagellar motor to cause its clock-
wise rotation; phospho-CheB demethylates chemoreceptor mol-
ecules to shut off the tumbling signal. On the other hand,
binding of an attractant to a receptor causes inhibition of CheA
kinase, which results in a decrease in CheY and CheB phos-
phorylation. The same signaling pathway (from the receptor to
the flagellar motor) is utilized in thermotaxis, but the mecha-
nism underlying thermosensing has not been elucidated.
Each receptor forms a ternary complex with CheA and the

coupling protein CheW (21). Since the complex is stable in vitro
(21, 22) and in vivo (23), receptor-mediated control of CheA
activity is thought to occur through structural changes within
this receptor-CheW-CheA complex. Therefore, it is reasonable
to assume that the thermosensing mechanism involves similar
structural changes in the ternary complex to those caused by
increases and decreases in temperature. It should be stressed
that temperature dependence of autophosphorylation, phos-
photransfer, or dephosphorylation cannot simply explain ther-
motaxis. Rather, the receptors seem to be primary thermosen-
sors (2–6): they fall into two classes, namely warm receptors
(Tsr, Tar, and Trg) and cold receptors (Tar in the presence of
attractants (see below) and Tap). A warm receptor produces
attractant and repellent signals upon increases and
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decreases in temperature, respectively, whereas a cold receptor
mediates the opposite responses to the same stimuli (6).
Interestingly, two lines of evidence suggest that covalent

modification of the methyl-accepting sites might influence the
thermosensing properties of the receptors. First, cheB-defective
strains, which can respond to but cannot adapt to chemotactic
stimuli, show no thermoresponse, whereas cheR-defective
strains, which cannot adapt either, retain thermosensing abil-
ities (2, 24). The absence of a thermoresponse in cheB mutants
might be due to the absence of deamidation and/or demethyla-
tion of the receptors. Alternatively, CheB might be involved in
the thermosensing/signaling process: e.g. it might constitute a
thermosensor complex with the receptor, CheW and CheA.
Second, Tar produces inverted thermotactic signals in the pres-
ence of any of its specific attractants, such as aspartate and
maltose (3, 5). Whereas it usually functions as a warm receptor,
Tar appears to be converted into a cold receptor after adapting
to an attractant. Enhanced methylation of Tar has been pro-
posed to cause this attractant-dependent conversion of thermo-
receptor function.
In this study, we have studied the roles of the methyl-accept-

ing residues (Gln295, Glu302, Gln309, and Glu491: the set of the
four residues will be referred to as [QEQE] throughout this
paper) in the thermosensing function of Tar, by examining
thermosensing profiles in the various genetic background.

EXPERIMENTAL PROCEDURES

Bacterial Strains—All of the bacterial strains used in this study are
derivatives of E. coli K-12. Strains HCB339 (Dtsr-7021 D(tar-tap)5201
trg::Tn10 thr leu his met rpsL136) (25), CP553 (Dtrg-100 zab::Tn5 D(tar-
cheB)2234 Dtsr-7028) (26), and RP1245 (cheR)2 were provided by H. C.
Berg of Harvard University, C. Park of Korea Advanced Institute of
Science and Technology, and J. S. Parkinson of University of Utah,
respectively.
Plasmids—A pBR322-based plasmid pAK101 (27), which carries tar

and cheW, was provided by M. I. Simon of California Institute of
Technology. Plasmids pRA130, pRA131, and pRA132, coding for the
mutant Tar proteins whose Gln295 and Gln309, Gln295 alone, and Gln309

alone, respectively, are replaced by Glu, were constructed from pAK101
in this study as follows. The codons for residues 295 and 309 were
changed from CAG (Gln) to GAG (Glu) using site-directed mutagenesis.
The mutations were verified by nucleotide sequencing. Plasmid pNI130,
which was constructed from pRA101 and pLAN931 (28), is the pBR322-
based plasmid that carries the same mutant tar gene as pRA130 but
lacks most of the cheW sequence.
A cheR-carrying plasmid pRAR1 was constructed as follows. The 2.3

kb NruI-PvuII fragment of plasmid pDV2,3 provided by P. Matsumura
of University of Illinois, Chicago, was blunt-ended and ligated with
EcoRV-digested pACYC184. The ligation mixture was introduced into
the cheR mutant RP1245, and chloramphenicol-resistant CheR1 trans-
formants were selected. Plasmid DNA was extracted from the clones
and examined by restriction enzyme digestion.
DNA Manipulations—Routine DNA manipulations were carried out

according to standard procedures (29). Restriction endonucleases and
other enzymes for DNA manipulations were purchased from Takara
Shuzo Co., Ltd. (Kyoto, Japan). Site-directed mutagenesis was per-
formed by the method of Kunkel et al. (30). Oligonucleotides for mu-
tagenesis and DNA sequencing were synthesized at the Center for Gene
Research at Nagoya University.
Measurement of Chemoresponse—Temporal stimulation assays were

carried out as described previously (5). Cells were grown at 30 °C with
vigorous shaking in tryptone-glycerol broth (1% Bacto-tryptone (Difco
Laboratories, Detroit, MI), 0.5% NaCl, and 0.5% glycerol) supplemented
with ampicillin (50 mg/ml) and, if necessary, chloramphenicol (25 mg/
ml). After 5 h of cultivation, cells were harvested by centrifugation at
room temperature and washed with motility medium (10 mM potassium
phosphate buffer (pH 7.0), 0.1 mM EDTA, 10 mM sodium DL-lactate (pH
7.0), and 0.1 mM L-methionine). Cells were resuspended in motility
medium and kept at room temperature. Immediately after adding an
attractant or a repellent to the cell suspension, the swimming pattern

of the cells was observed with a dark-field microscope and recorded on
videotape. The smooth-swimming fraction was measured photographi-
cally as described previously (31). The threshold concentrations of
chemicals for tactic responses were estimated from their dose-response
curves. Synthetic sodium L-aspartate obtained from ICN Pharmaceuti-
cals, Inc. (Plainview, NY) was used throughout the measurement of
chemoresponse.
Measurement of Thermoresponse—A cell suspension was prepared as

described in the previous section. If necessary, an appropriate concen-
tration of aspartate or glycerol was added to cells suspended in motility
medium. A drop of the suspension was placed on a glass slide mounted
on a temperature control apparatus as described previously (2). The
temperature was changed from 20 to 30 °C and returned to 20 °C.
Temperature changes were monitored by a constantan-chromel ther-
mocouple inserted into the suspension. Changes in the swimming pat-
tern of the cells were measured quantitatively as described in the
previous section.

RESULTS

Inhibition of the Thermosensing Ability of Tar by the Re-
maining Glutamine Residues—To address the role of CheB in
thermosensing, we first examined whether Tar with [QEQE]
functions as a thermoreceptor, rather than [QEmQEm] (Em
standing for a methylated glutamate residue), which is ex-
pressed in cheB-defective strains and does not mediate ther-
moresponse. The plasmid pAK101 carrying wild-type tar was
introduced into strain CP553, which is defective in cheB and
cheR as well as all four receptor genes (in all experiments in
this study, the E. coli host strains are defective in all four
receptor genes and the only receptors derive from the plasmid-
borne tar genes). In this strain, the methylation/amidation
state of Tar is fixed at [QEQE]. The resultant strain pAK101/
CP553 showed extremely tumbly motility and showed no ther-
moresponse upon temperature shift (Fig. 1A, open circles).
Even when the smooth-swimming fraction of the cells was in-
creased by adding aspartate, no thermoresponse was seen (Fig.
1A, closed circles). Since neither the methylated [QEmQEm]
nor the unmethylated [QEQE] form of Tar has thermosensing

2 J. S. Parkinson, personal communication.
3 P. Matsumura, personal communication.

FIG. 1. Absence of thermotactic response of the CP553 (CheB2

CheR2) cells carrying pAK101 which contains the wild-type tar
gene. A, swimming behavior of the cells with (closed circles) or without
(open circles) 10 mM aspartate. B, the time course of the temperature.
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ability, failure of demethylation of the receptors in cheB mu-
tants cannot explain their inability to respond to temperature
shift.
We then examined whether the absence of deamidating ac-

tivity in cheB mutants is responsible for this phenomenon. We
constructed a tar gene coding with two glutamine codons in the
methylation sites replaced by glutamate and expressed the
resulting “genetically deamidated” receptor ([EEEE]) in the
cheB cheR background (CP553). The resulting cells (pRA130/
CP553) swam extremely smoothly regardless of temperature
change (Fig. 2), but showed a normal thermoresponse when the
smooth-swimming fraction was decreased by adding glycerol, a
repellent recognized by Tar (31, 32) (Fig. 2). It should be noted
that CP553 cells which do not have any receptor swam always
smoothly and did not respond to temperature change even in
the presence of glycerol (data not shown). Moreover, CheB1

CheR1 cells expressing wild-type Tsr, Tar, Trg, or Tap show
thermoresponses in the absence of glycerol (2–6). Therefore,
temperature-dependent changes in the intracellular concentra-
tion of acetyl phosphate, which can donate a phosphate group
to CheY (33), is not likely to be the cause of thermotaxis. The
fact that even a cheB-defective strain can respond to tempera-
ture changes indicates that CheB is not a thermosensor nor a
part of a thermosensor complex. Rather, Gln295, Gln309, or both
seems to prevent thermosensing function of Tar.
To examine which glutamine residue has the inhibitory ef-

fect on thermosensing ability, Gln295 and Gln309 of Tar were
replaced by Glu singly: i.e. [EEQE] and [QEEE]. In the cheB
cheR background, both of them mediated normal thermore-
sponses when smooth-swimming fraction of the cells was de-
creased by adding glycerol (Table I). These results suggest that
the presence of both Gln295 and Gln309 in the methyl-accepting
sites prevents Tar from thermosensing in the cheB-defective
strains. We therefore concluded that in the wild-type strain,
the primary translational product of Tar ([QEQE]) cannot func-
tion as a thermoreceptor, although it has the chemosensing
ability, and that Tar acquires thermoreceptor function, once
either of its glutamine residues is deamidated by CheB.
Methylation of Tar in the Presence of Aspartate Results in Its

Conversion from a Warm to a Cold Receptor—We now turn to
the question how Tar is converted to a cold receptor in the
presence of a specific attractant such as aspartate. We first
examined whether the genetically deamidated mutant Tar re-
ceptor ([EEEE]) has the same thermosensing characteristics as
the wild-type Tar ([QEQE]) in the CheR1 CheB1 background.
Plasmid pNI130 coding for Tar with [EEEE] was introduced

into E. coli strain HCB339, which lacks all four chemoreceptor.
As shown in Fig. 3, the resultant cells showed an essentially
similar aspartate dependence of thermoresponses as the wild-
type Tar. In the absence of aspartate, the cells showed attract-
ant and repellent responses to increases and decreases in tem-
perature, respectively. Even after adapting to 1 mM aspartate
(for 30 min), the cells showed similar responses to thermal
stimuli. However, when aspartate was added at a concentra-
tion of 10 mM, the cells showed a repellent response to increased
temperature (Fig. 3). They did not seem to respond to decreased
temperature, since they swam too smoothly even after pro-
longed incubation with aspartate. However, when glycerol was
added further to adjust their swimming bias toward tumbling,
they showed a clear inverted thermoresponse (data not shown).
The concentration of aspartate required for the inverted

thermoresponse of pNI130/HCB339 is 1 order of magnitude
lower than that of the tsr-defective mutants (3). However, this
should not be due to the mutations of tar (Gln295 to Glu and
Gln309 to Glu) on pNI130, since the HCB339 cells carrying the
wild-type tar-containing plasmid pAK101 also require 10 mM

aspartate for the inverted thermoresponse (5). Thus, Tar with
[EEEE] can be used to assess the role of methylation in the
inversion of thermoresponses.
It has been considered that the attractant-induced methyla-

tion of Tar might be responsible for the inverted thermore-
sponse (1, 5). Therefore, we next compared thermosensing abil-
ities of the methylated and unmethylated forms of Tar as
follows. As described previously, CP553 (cheB cheR) cells car-
rying pBR322-based plasmid pRA130 encoding Tar with
[EEEE] showed extremely smooth-biased basal swimming pat-
tern, but normal thermoresponse in the presence of glycerol
(Fig. 2). The cells never showed an inverted thermoresponse
under the conditions tested. We now constructed the pA-
CYC184-based plasmid pRAR1 carrying the methyltransferase
gene (cheR). The pRA130/CP553 cells were further trans-
formed with pRAR1. In the transformant (pRA130/pRAR1/
CP553) cells, Tar is expected to be heavily methylated, since
the cells retain methyltransferase but lack methylesterase. In
fact, Borkovich et al. (34) have demonstrated that Tar is fully
methylated in the cheB-defective but cheR-overexpressing
cells. Since we did not examine experimentally whether Tar
was fully methylated in the transformant cells, we can only
state that Tar must be heavily methylated (this can be pre-
dicted from the cells’ tumbly biased swimming behavior). For
simplicity, we will hereafter describe Tar as fully methylated
([EmEmEmEm]) in these cells. The cells showed inverted ther-
moresponses in the presence of 10 mM aspartate (Fig. 4). These
results indicate that receptor methylation causes the inverted
thermoresponse mediated by Tar in the presence of aspartate.
Temperature Dependencies of the Steady-state Signaling Bi-

ases Produced by the Heavily Methylated and the Unmethylated
Forms of Tar—To further characterize the different thermo-
sensing profiles induced by the unmethylated and the heavily

FIG. 2. Thermoresponses mediated by the deamidated form
([EEEE]) of Tar. Smooth-swimming fraction of pRA130/CP553
(CheB2 CheR2) cells was measured in the presence (closed circles) or
absence (open circles) of glycerol. Arrows indicate the beginning of
temperature change.

TABLE I
Effect of the glutamine residues in the methylation sites on

thermosensing ability of Tar

Plasmida Methyl-accepting
sites of Tar

Swimming
patternb Thermoresponsec

pAK101 [QEQE] Tumble 2
pRA131 [EEQE] Random 1
pRA132 [QEEE] Random 1

a Each plasmid was introduced into the host strain CP553 (CheB2

CheR2).
b Swimming patterns of the cells were assayed in the motility me-

dium without any chemoeffector.
c Thermoresponses were measured as described under “Experimental

Procedures.”
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methylated forms of Tar, we then examined the steady-state
swimming patterns of cells with either of these two forms of
Tar at various temperatures (Fig. 5).
The cells expressing Tar with [EEEE] (pNI130/CP553:

CheB2 CheR2) showed exclusively smooth swimming at all
temperatures tested (from 15 to 35 °C). In the presence of 10%
glycerol, however, they showed a temperature-dependent
swimming pattern: almost all cells were tumbling at 15 °C, and
as the temperature increased, the smooth-swimming fraction of
the cells gradually increased and finally became almost 100%
at about 30 °C or above. This profile of the unmethylated form
of Tar is consistent with its warm receptor function. Moreover,
the cells swam extremely smoothly in the presence of 1 or 10 mM

aspartate at all temperatures tested (data not shown). This
indicates that in the absence of methylation, aspartate cannot
convert Tar from a warm to a cold receptor.
The cells expressing Tar with [EmEmEmEm] (pNI130/

pRAR1/CP553: CheB2 CheR1) showed exclusively tumbling
behavior at all temperatures tested (from 15 to 35 °C). In the
presence of 0.1 mM aspartate, however, they showed a temper-
ature-dependent swimming pattern: almost all cells tumbled at
30 °C or above and as the temperature decreased, the smooth-
swimming fraction of the cells increased and became about 75%
at 15 °C. This profile is consistent with a cold receptor function.

Thus, we conclude that the methyl esterification of the specific
glutamate residues is required for the conversion of Tar from
a warm to a cold receptor in the presence of aspartate.

DISCUSSION

In this study, we have demonstrated that the primary trans-
lational product of tar (Tar with [QEQE]) does not have ther-
mosensing ability (Fig. 1), but acquires it by the deamidation of
either Gln295 or Gln309 (Table I). The multifunctional nature of
bacterial chemoreceptors has been exploited to isolate mutants
defective only in the response for a specific chemoeffector,
leading to the identification of the amino acid residues respon-
sible for its recognition (for Tar and Tsr, see Refs. 5 and 35–41).
This is the first identification of a thermosensing-specific mu-
tant form of the receptor, since it has been reported for Tar (35,
42) and Tsr (43) that covalent modifications of a receptor do not
severely affect its ligand binding affinity.
One interpretation of the results presented here is that the

methylation sites of Tar constitute at least a part of the region
required for the recognition of temperature or thermotactic
signal production. In this regard, it would be interesting to test
whether a cytoplasmic fragment of Tar can mediate thermore-
sponse at all, since some cytoplasmic fragments of Tar and Tsr
have been shown to retain abilities to produce chemotactic
signals (44, 45).
We have also shown that the unmethylated ([EEEE]) and the

heavily methylated ([EmEmEmEm]) forms of Tar function as a
warm receptor and a cold receptor, respectively. The unmeth-
ylated form of Tar mediated a normal thermoresponse in the
presence of glycerol (Fig. 2). However, under no conditions

FIG. 3. Aspartate-dependent inversion of thermoresponse me-
diated by the genetically deamidated mutant Tar ([EEEE]).
Thermoresponse of the pNI130/HCB339 (CheB1 CheR1) cells was
measured in the absence of any chemoeffector (open squares) or 30 min
after addition of 1 mM (closed triangles) or 10 mM (closed circles) aspar-
tate. Arrows indicate the beginning of temperature change.

FIG. 4. Thermoresponses mediated by the heavily methylated
form ([EmEmEmEm]) of Tar. Smooth-swimming fraction of the
pRA130/pRAR1/CP553 (CheB2 CheR1) cells was measured in the pres-
ence (closed circles) or absence (open circles) of 10 mM aspartate. Arrows
indicate the beginning of temperature change.

FIG. 5. Steady-state swimming patterns of cells having
the unmethylated ([EEEE]) or the heavily methylated
([EmEmEmEm]) form of Tar at various temperatures. Smooth-
swimming fraction of the pNI130/CP553 (CheB2 CheR2; A) or pNI130/
pRAR1/CP553 (CheB2 CheR1; B) cells was measured without addition
of any chemoeffector (open squares) or 5 min after addition of 5% (closed
triangles) or 10% (closed circles) glycerol (A) or 0.1 mM aspartate (closed
circles in B).
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tested, did it show any characteristics of a cold receptor in the
cheB cheR background. In contrast, the heavily methylated
form (i.e. the genetically deamidated Tar expressed in the cheB
background) mediated an inverted thermoresponse in the pres-
ence of aspartate (Fig. 4). Under no conditions tested did it
show any characteristics of a warm receptor. Thus, the specific
methylation, and possibly the presence of aspartate or any of
the other Tar-mediated attractants also, are required for the
conversion of Tar from a warm to a cold receptor.
In summary, covalent modification of the four methyl-accept-

ing residues of Tar modulates thermosensing properties of the
receptor. These findings reinforce the notion that thermotaxis
is resulted from a temperature-dependent shift in an equilib-
rium between the two signaling states (corresponding to
smooth swimming and tumbling) of the receptor itself. Further
investigation of the effects of covalent modification would pro-
vide an important clue to elucidate what kind of structural
change of the receptor plays an essential role in thermosensing.
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