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Escherichia coli chemoreceptors can sense changes in temperature for thermotaxis. Here we found that the
aerotaxis transducer Aer, a homolog of chemoreceptors lacking a periplasmic domain, mediates thermore-
sponses. We propose that thermosensing by the chemoreceptors is a general attribute of their highly conserved
cytoplasmic domain (or their less conserved transmembrane domain).

Most organisms have evolved mechanisms to sense and re-
spond to changes in temperature since they can live only within
a limited temperature range. Although studies of such ther-
mosensing systems are generally difficult, thermotaxis of Esche-
richia coli is exceptionally well characterized (5, 6). Wild-type
E. coli cells are attracted to warmer and repelled by colder
environments. These thermotactic behaviors are mediated by
the E. coli chemotaxis signaling system, which regulates the
cell’s direction of flagellar rotation. Attractant increases,
sensed by transmembrane chemoreceptors (Tsr, Tar, Trg, and
Tap), also known as methyl-accepting chemotaxis proteins
(MCPs), promote counterclockwise (CCW) rotation and for-
ward swimming, whereas repellent increases, sensed by the
same receptors, promote clockwise (CW) rotation and random
turns or tumbles (4). Early studies revealed that the chemore-
ceptors of E. coli also mediate thermotactic responses (5, 6).
Tsr, Tar, and Trg function as warm sensors, which produce
CCW signals upon temperature upshift and CW signals upon
temperature downshift. In contrast, Tap functions as a cold
sensor that produces signals of the opposite output to temper-
ature changes (5, 7, 9). Tsr and Tar show altered thermosens-
ing properties after adaptation to their attractants, serine and
aspartate, respectively. Tsr loses temperature-sensing ability,
whereas Tar shifts from a warm sensor to a cold sensor (7, 8,
10–12). To obtain deeper molecular insights into the thermo-
sensing mechanism of receptors, in this study we focused on
Aer, a redox sensor of E. coli. Aer has a cytoplasmic kinase
control module like that of the other chemoreceptors, but
instead of a periplasmic domain, Aer has a large amino-termi-
nal, cytoplasmic PAS domain that binds flavin adenine dinu-
cleotide (FAD) (Fig. 1; for a review, see reference 17).

In this study, we developed a new temperature-control de-
vice (Fig. 2). It consisted of a chamber formed from two cov-

erslips (18 mm � 18 mm), with short pieces of glass capillaries
(1.0 cm in length) fixed with epoxy adhesive serving as spacers
between the two slips. Four silicon tubes were placed at the
four corners of the chamber and sealed with epoxy adhesive.
The two inlet tubes on the left side were connected to one
larger tube (2-mm inside diameter) with a Y adapter. The two
outlet tubes on the right side were connected together in the
same way. Temperature changes inside the chamber were ini-
tiated by switching the water flow between two tanks main-
tained at different temperatures. The water flow was produced
by siphon action, and the flow rate was adjusted by shifting the
relative height of the tanks. Although the temperature range
used in this study varied from 20°C to 30°C, this device could,
in principle, be used to vary temperatures over different
ranges. With this new device, we observed normal and inverted
thermoresponses mediated by Tar (7) and confirmed that the
responses were essentially identical to those observed in pre-
vious studies (data not shown).

To test whether Aer can mediate thermotactic responses, we
introduced an aer-expressing plasmid, pSB20 (1), into a recep-
tor-less strain, UU2612. (All strains and Aer-carrying plasmids
used in this study were kindly provided by J. S. Parkinson.)
Expression of Aer was induced with 100 �M isopropyl-�-D-
thiogalactopyranoside (IPTG), unless otherwise mentioned,
and confirmed by immunoblotting (data not shown). Thermo-
responses were measured essentially as described previously
(11). Briefly, cells were suspended in motility medium and
appropriate concentrations of chemoeffectors were added
when necessary. A drop of the cell suspension was placed on a
glass slide, sealed with VALAP (equal mixture of petrolatum,
lanolin, and paraffin; Wako Chemical, Tokyo, Japan), and
mounted on the temperature control device. The aperture
between the glass slide and the thermo-control chamber was
filled with immersion oil to keep close contact (Fig. 2). Tem-
perature changes were monitored by a thin thermocouple in-
serted into the cell suspension or immersion oil. Swimming
patterns of the cells were measured quantitatively as described
earlier (11). The transformants (UU2612/pSB20) swam with
extreme smooth bias and did not show any change in swimming
behavior upon temperature shifts (Fig. 3A, open circles). It has
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been known that extreme signaling bias of a receptor some-
times disguises its intrinsic ability to sense a certain stimulus (9,
12). Since glycerol at high concentrations serves as a general
repellent for all MCPs (9, 13), we tested whether it also works
as a repellent for Aer. When 5% (wt/vol) or higher concentra-
tions of glycerol were added, UU2612/pSB20 cells showed
continuous tumbling responses (data not shown). In contrast,
cells carrying the parent vector (pCJ30) did not show any
response to glycerol (data not shown). In the presence of 5%
(wt/vol) glycerol, UU2612/pSB20 cells showed smooth and
tumbling responses upon temperature upshift and downshift,
respectively (Fig. 3A, closed circles). We also examined an-
other repellent for Aer, 2,3-demethoxy-5-methyl-1,4-benzoqui-
none (hereinafter referred to as “benzoquinone”) (14). In the
presence of 0.7 �M benzoquinone, cells showed similar re-
sponses upon temperature shifts (Fig. 3B). In contrast, the
same strain carrying the parent vector (pCJ30) did not show
any response to the repellents or to subsequent temperature
shifts (data not shown). These results suggest that Aer func-
tions as a warm sensor.

Moreover, the cells appeared to adapt to thermal stimula-
tion (Fig. 3A and B): after the early responses, their smooth-
swimming fraction tended to resume toward the original values
without any further change in temperature. It has been re-
ported that Aer does not have conventional methylation sites
and can mediate aerotaxis in a methylation-independent man-
ner (2), whereas methylation and demethylation of sensory
receptors, catalyzed by the methyltransferase CheR and the
methylesterase CheB, respectively, are required for chemotac-

tic adaptation. To determine whether the adaptation observed
in thermoresponses mediated by Aer is methylation depen-
dent, Aer was expressed in a receptorless cheR cheB deletion
strain, UU2610. The cells showed clear adaptation of their
thermoresponses in the presence of 5% glycerol or 0.7 �M
benzoquinone (see Fig. S1 in the supplemental material), sug-
gesting that the adaptation seen in thermoresponses mediated
by Aer is methylation independent.

Because Aer is a redox sensor (17), it is important to con-
sider the effect of oxygen depletion on the swimming behavior
of the cells under our experimental conditions. When cells
were exposed to two sets of identical thermal shifts (from 0 min
to 6 min and from 6 min to 12 min), essentially the same
response curves were obtained (Fig. 3A). It is therefore un-
likely that the responses observed with the device are affected
by oxygen depletion, at least under the conditions tested.

To exclude the possibility that repellents are required for
thermosensing of Aer, we examined a CW-biased mutant Aer,
Aer-S28G. Aer-S28G produces higher CW output than wild-
type Aer but can still mediate an aerotactic response (J. S.
Parkinson, personal communication). Without glycerol, cells
expressing Aer-S28G as a sole receptor showed smooth and
tumbling responses upon temperature upshift and downshift,
respectively (Fig. 4A). Aer-mediated thermoresponses were
also observed without any repellent when wild-type Aer was
coexpressed with a CW-biased cytoplasmic Tar fragment that
lacks thermosensing ability, though the responses were weak
(data not shown). Since changes in temperature can also affect
the rate of respiration, it is possible that such upstream ele-
ments are involved in Aer thermosensing. To test this possi-
bility, we examined the thermosensing property of an Aer
mutant that is defective in FAD binding, Aer-R57H (19).

FIG. 2. Side (A) and top (B) views of the temperature control
device used in this study. A glass slide with cell suspension was placed
onto the thermo-control chamber mounted on the microscope stage.
Immersion oil was applied at the interface between the thermo-control
chamber and the glass slide to facilitate effective thermal conduction
and to hold the glass slide with surface tension. Arrows indicate the
flow of water into and out of the thermo-control chamber. See text for
detail.

FIG. 1. Schematic illustration of the domain organizations of the
redox sensor Aer and the aspartate chemoreceptor Tar. Tar, like any
other MCP, is a homodimeric transmembrane protein, each subunit of
which consists of, from the amino terminus to the carboxy terminus,
the short cytoplasmic sequence, the first transmembrane helix (TM1),
the periplasmic ligand-binding domain, the second transmembrane
helix (TM2), the HAMP domain, and the kinase-control module. In
contrast, Aer lacks a periplasmic domain but consists of the cytoplas-
mic PAS domain that binds FAD near the amino terminus, TM1, TM2,
and the cytoplasmic domains of high similarity with MCPs. Aer also
lacks methylation sites that are conserved in the kinase control mod-
ules of MCPs (depicted with closed circles in Tar) and required for
chemotactic adaptation. Note that the monomers of Aer and Tar are
shown here for simplicity although the minimum functional unit for
Aer and Tar is thought to be a homodimer.
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UU2610 cells were transformed with plasmid pSB20 carrying
the mutant aer gene. UU2610/pSB20 Aer-R57H cells in which
the mutant gene induced with 12 �M IPTG was used for the
induction still showed a repellent (tumbling) response to 10%
glycerol but did not respond to 100 �M benzoquinone, as
expected (data not shown). The cells showed inverted re-
sponses upon temperature changes (Fig. 4B), suggesting that
Aer-R57H functions as an intrinsic cold sensor and FAD bind-
ing is not absolutely required for the thermosensing function of
Aer, although the cause of the inversion remains to be eluci-
dated.

It is likely that temperature sensing involves reversible con-
formational changes of the receptor induced by changes in
temperature, a mechanism similar to sensing of chemoeffec-
tors. Although temperature can affect any part of the receptor,
there could be a critical domain whose structure is particularly
sensitive to temperature. A temperature-induced structural
change in such a domain would propagate to the whole protein
to switch signal output. Now that the periplasmic domain can
be excluded, the most likely candidates for a temperature-
sensing element are the transmembrane helices, the HAMP
domain, and the kinase control module (Fig. 1). In the previ-
ous study, we found that mutations in the second transmem-
brane domain (TM2) of Tar cause inversion of its thermosens-
ing profile (10), suggesting the importance of the TM segments
for thermosensing. Changes in temperature might cause reori-
entation and/or alteration of packing interactions of the trans-
membrane helices (TM1 and TM2) that are similar to those
caused by aspartate binding to Tar (3). The HAMP domain
(named after histidine kinases, adenylyl cyclases, MCPs, and
phosphatases), which connects TM2 to the cytoplasmic kinase

control module, is commonly used in transmembrane sensors
in various species of prokaryotes and thought to function as a
flexible sensory transduction module (18). The HAMP do-
mains of chemoreceptors might modulate signal output by
undergoing stimulus-induced changes in dynamic behavior
(20), a conformational property that should also respond to
temperature changes. The conserved kinase control module
also seems a likely target for temperature control, because
modification of this module by methylation of Tar causes con-
version of its thermosensing ability (9, 11, 12). After analyses
using Tar mutants with altered methylation sites, we proposed
a model that methylation may shift the equilibrium of the
signaling states by altering the interaction between �-helices of
the kinase control module within a Tar homodimer or between
Tar homodimers (11, 12). Similarly, it has been proposed that
signaling states of chemoreceptors include modulation of dy-
namics in adaptation/protein-interaction regions, which consti-
tute the kinase control module (15, 16). Such dynamics can be
readily affected by temperature. It should be intriguing to ex-
amine Aer/Tar fragments carrying or lacking the TM2 region,
the HAMP domain, and/or the kinase control module in var-
ious combinations. Finally, it is unlikely that the FAD binding
of Aer plays a key role in thermosensing because the FAD-
binding mutant Aer-R57H retained the thermosensing func-
tion, although it mediated inverted thermoresponses (Fig. 4B).

In conclusion, we found that Aer has an intrinsic thermo-
sensing ability and therefore the periplasmic domain is not
essential for the thermosensing function of a receptor. Since
changes in temperature are supposed to induce conforma-
tional changes of the receptors equivalent to those induced by
binding of chemical attractants and repellents, further charac-

FIG. 3. Response of otherwise receptorless cells expressing Aer to changes in temperature. Suspensions of UU2612 (�MCP �aer) cells carrying
plasmid pSB20 (aer�) in motility medium without (A, open circles) or with 5% glycerol (A, closed circles) or 0.7 �M benzoquinone (B, closed
circles) were prepared. The temperature was increased and decreased as shown in lower panels. Arrows indicate the onset of the temperature
ramps: A, at 1 and 7 min, 20°C to 30°C, and at 3.5 and 10.5 min, 30°C to 20°C; B, at 1 min, 20°C to 30°C, and at 3.5 min, 30°C to 20°C. Note that
temperature changes of the samples were delayed. Swimming behaviors of the cells were recorded, and the time courses of their smooth-swimming
fractions were monitored.
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terization of temperature sensing of MCPs and Aer should
shed new light on molecular mechanisms underlying receptor
signaling.
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FIG. 4. Thermoresponses of cells expressing the CW-biased Aer
mutant (A, S28G) or the FAD-binding Aer mutant (B, R57H) as a sole
thermosensor. Suspensions of UU2612 (�MCP �aer) cells carrying
plasmid pSB20-Aer-S28G or UU2610 (�MCP �aer �cheRB) cells car-
rying plasmid pSB20-Aer-R57H without any repellent were prepared.
The temperature was changed as shown in the lower panel of Fig. 3B;
arrows indicate the onsets of the temperature ramps.
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