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Transmembrane chemoreceptors are central components in bacterial chemotaxis. Receptors couple ligand
binding and adaptational modification to receptor conformation in processes that create transmembrane
signaling. Homodimers, the fundamental receptor structural units, associate in trimers and localize in patches
of thousands. To what degree do conformational coupling and transmembrane signaling require higher-order
interactions among dimers? To what degree are they altered by such interactions? To what degree are they
inherent features of homodimers? We addressed these questions using nanodiscs to create membrane envi-
ronments in which receptor dimers had few or no potential interaction partners. Receptors with many, few, or
no interaction partners were tested for conformational changes and transmembrane signaling in response to
ligand occupancy and adaptational modification. Conformation was assayed by measuring initial rates of
receptor methylation, a parameter independent of receptor-receptor interactions. Coupling of ligand occu-
pancy and adaptational modification to receptor conformation and thus to transmembrane signaling occurred
with essentially the same sensitivity and magnitude in isolated dimers as for dimers with many neighbors.
Thus, we conclude that the chemoreceptor dimer is the fundamental unit of conformational coupling and
transmembrane signaling. This implies that in signaling complexes, coupling and transmembrane signaling
occur through individual dimers and that changes between dimers in a receptor trimer or among trimer-based
signaling complexes are subsequent steps in signaling.

In motile bacterial cells, thousands of transmembrane che-
moreceptor proteins cluster in polar patches (8, 13, 14, 30, 42).
The fundamental structural unit of these receptors is a ho-
modimer (18, 32). Dimers interact at their membrane-distal
tips to create trimers (18, 38, 39). Interactions among receptor
homodimers in trimers and in higher-order associations (Fig.
1A) are thought to be important for function (36, 37), partic-
ularly for the high-performance features of the chemotaxis
sensory system (15). Understanding the role of receptor-recep-
tor interactions in chemoreceptor function will require defini-
tion of the extent to which each receptor activity is an inherent
property of individual receptor dimers and the extent to which
activities require or are influenced by interactions with neigh-
boring receptors. These issues had not been addressed exper-
imentally because the receptor-receptor interactions could not
be easily controlled in vivo or in vitro. However, we found that
nanodiscs (2, 5) could be utilized to manipulate the potential
for interactions among membrane-embedded chemoreceptors
and thus to investigate the influence of receptor-receptor in-
teractions upon chemoreceptor activities (4).

Nanodiscs. Nanodiscs are soluble, nanoscale (�10-nm-di-
ameter) particles of lipid bilayer surrounded by an annulus of
amphipathic protein into which transmembrane proteins can
be incorporated (2, 5). Activity assays of chemoreceptor Tar
from Escherichia coli incorporated into nanodiscs (Fig. 1B) (4)
revealed that effective receptor-mediated activation of the sig-
naling histidine kinase occurred only with receptor-bearing

nanodiscs containing more than one chemoreceptor dimer.
However, homodimers isolated from interaction with other
dimers as a result of individual insertion in a nanodisc were still
substrates for the enzymes of adaptational modification. Fur-
thermore, the effect of saturating ligand on adaptational mod-
ification indicated that transmembrane signaling occurred in
individual homodimers. However, the efficiency of that signal-
ing was not investigated.

Chemoreceptors, their conformational equilibrium, and
transmembrane signaling. Bacterial chemoreceptors are elon-
gated, helical coiled-coil homodimers (Fig. 1) (15). Most che-
moreceptors, including all receptors in Escherichia coli, span
the cytoplasmic membrane. Receptors form noncovalent sig-
naling complexes with the chemotaxis histidine kinase CheA
and the coupling protein CheW. In signaling complexes, the
inherently low activity of CheA is substantially enhanced and
placed under the control of chemoreceptors. An increase in
occupancy by an attractant molecule of a specific binding site
at one end of the receptor dramatically reduces the activity of
the kinase associated with the other end of the elongated
receptors, a process that can be viewed as a shift in the con-
formational equilibrium of the receptor and the signaling com-
plex or as transmembrane signaling (see the following para-
graph). The ligand-induced reduction in kinase activity is
transient because a feedback loop of sensory adaptation re-
stores the kinase to its initial level of activity. This feedback
adaptation is mediated by covalent modification of the recep-
tor cytoplasmic domain. The modifications are formation of
methyl esters at specific glutamyl residues, catalyzed by a che-
motaxis-specific methyltransferase, and demethylation of those
methyl esters, catalyzed by a chemotaxis-specific methylester-
ase. Methylation counteracts the effects of attractant binding
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and thus restores the null signaling state of the receptor and
the signaling complex, a process that can be viewed both as
shifting the conformational equilibrium of the receptor and the
signaling complex in the opposite direction from the shift in-
duced by attractant binding and as generating a transmem-
brane signal that opposes the signal generated by attractant
occupancy (20).

Many observations about the chemotactic sensory system of
E. coli can be understood in the context of the notion that
attractant occupancy and adaptational modification alter activ-
ities of chemoreceptors and signaling complexes by shifting, in
opposite directions, an equilibrium between two conforma-
tions (Fig. 1C). The “kinase-on” conformation, favored by
methylation and disfavored by attractant occupancy, is thought
to activate the histidine kinase to be a substrate for demethyl-
ation, not to be a substrate for methylation and have lowered
affinity for attractant ligand. The “kinase-off” conformation,
favored by attractant occupancy and disfavored by methyl-
ation, has the inverse pattern: it does not activate kinase or
serve as a substrate for demethylation but serves as a substrate
for methylation and has higher affinity for attractant. To what
extent are the coupling of the receptor conformational equi-
librium to ligand occupancy and adaptational modification and
thus transmembrane signaling dependent on higher-order in-
teractions beyond the fundamental receptor structural unit, the
homodimer? We addressed this question by utilizing nanodiscs

to isolate individual receptor dimers from possible interactions
with neighboring dimers inserted in the same membrane or to
limit the number of potentially interacting neighbors.

MATERIALS AND METHODS

Strains and plasmids. Escherichia coli K-12 strain RP3098 (33) carries a
chromosomal deletion from flhA to flhD, eliminating expression of genes for
chemoreceptors and for che proteins. pAL67 carries a form of tar coding for Tar
with a 6-histidine, carboxyl-terminal extension (Tar-6H) and a QEQE arrange-
ment at the four methyl-accepting sites (21). Versions of pAL67 coding for Tar
with 0, 1, or 3 glutamines were created by PCR mutagenesis, and the constructs
were verified by DNA sequencing. These were pAL529 (0Q; EEEE), pAL531
(1Q; QEEE), pAL535 (3Q; EQQQ), pAL532 (3Q; QEQQ), pAL534 (3Q;
QQEQ), and pAL528 (3Q; QQQE).

Membrane vesicle-borne and purified Tar-6H. Cytoplasmic membrane vesi-
cles containing a form of Tar-6H carrying the desired extent of adaptational
modification were prepared by osmotic lysis and sucrose gradient centrifugation
(5) from E. coli RP3098 harboring one of the plasmids described in the previous
paragraph. Membranes were suspended in 50 mM Tris HCl (pH 7.5) and 10%
(wt/vol) glycerol, quick-frozen in liquid N2, and stored at �70°C. Protein and Tar
concentrations were determined by using the BCA kit (Pierce, Inc., Rockford,
IL) and quantitative immunoblotting (28), respectively. Membranes were solu-
bilized with �-octyl glucoside at 5 mg/mg total membrane protein, and Tar-6H
was purified using a nitrilotriacetic acid (NTA)-Ni�2 column (5). Receptor
content was quantified by densitometry of Coomassie blue-stained bands on
SDS-polyacrylamide gels using Tar-6H standards.

Nanodisc preparation. Nanodiscs containing Tar-6H were prepared essen-
tially as described previously (5). To make preparations with �1 dimer per disc,
we used MSP1D1(�) (9) and MSP/lipid and Tar-6H/MSP molar ratios of 1:60
and 1:10, respectively. To make preparations with �3 dimers/disc, we used the
larger MSP1D1E3(�) (9) and ratios of 1:120 and 1:1.

Methylation assay. Initial rates of receptor methylation were determined as
described previously (1) with the modifications noted in the following descrip-
tion. Tar-6H, in membrane vesicles or nanodiscs, was incubated with or without
aspartate in 50 mM Tris HCl (pH 7.5), 0.5 mM EDTA, 2 mM dithiothreitol
(DTT), and 10% glycerol for 15 min at room temperature. Reactions were
initiated by the addition of a CheR-containing cell extract to which had been
added S-adenosyl-L-[methyl-3H]methionine (Amersham Pharmacia) with the
specific activity adjusted to �1.1 Ci/mmol by the addition of unlabeled S-adeno-
sylmethionine (AdoMet). The final concentrations in the reaction mixture were
3.3 to 5 �M available methyl-accepting sites, 0.125 �M CheR, 50 �M AdoMet,
and 0 to 1 mM aspartate. The concentrations of available methyl-accepting sites
were determined by incubating Tar-containing membrane vesicle or nanodiscs
under conditions that resulted in a maximal extent of receptor methylation (5
�M CheR in a cell extract for 2 h at room temperature), determining the extent
of methylation by quantifying the proportion of Tar with an electrophoretic
mobility in an SDS-polyacrylamide gel corresponding to the mobility of the fully
methylated form relative to the total amount of Tar (routinely 60 to 80%) and
using this percentage in conjunction with immunoblot quantification of total Tar.
At 10, 20, 30, and 40 s, samples of the reaction mixture were placed in SDS gel
electrophoresis sample buffer to stop the reaction. Samples were analyzed by
SDS gel electrophoresis, excision of the region containing Tar, alkaline hydro-
lysis of radiolabeled glutamyl methyl esters to yield radiolabeled methanol,
vapor-phase diffusion, and scintillation counting.

The initial rates were determined by linear fits of the time course of methyl-
ation and adjusted as necessary to the rate at 3.3 �M methyl-accepting sites using
the Km values for the methylation reaction (M. Li and G. L. Hazelbauer, un-
published data). For each combination of extent of modification and number of
neighboring receptors in the same membrane, the means of at least three de-
terminations of initial rate were plotted as a function of aspartate concentration
and the data fit to the relationship v � vu � (vs[Asp]n)/([Asp]1/2

n � [Asp]n)
where vu is the “unstimulated” initial rate (i.e., the rate in the absence of
aspartate), vs is the “maximally stimulated” initial rate (i.e., the rate at saturating
aspartate), [Asp]1/2 is the aspartate concentration at which stimulation of the
initial rate is half maximal, and n is the Hill coefficient.

RESULTS

Assessing chemoreceptor conformation and signaling using
initial rates of methylation. Investigation of the influence of

FIG. 1. Chemoreceptors. (A) Cartoon of interactions of mem-
brane-embedded chemoreceptors showing a homodimer, a trimer of
dimers, and a patch of chemoreceptors. (B) Cartoon of a nanodisc with
a single receptor dimer inserted in the plug of the lipid bilayer. (C) Di-
agram of the chemoreceptor conformational equilibrium.
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receptor-receptor interactions on chemoreceptor conforma-
tional coupling and transmembrane signaling required an assay
of receptor conformation that did not itself depend on those
interactions. An attractive candidate was the initial rate of
chemoreceptor methylation. The methylation rate reflects the
proportion of the receptor population in the “methylation-
competent, kinase-off” state versus the “methylation-incompe-
tent, kinase-on” state. Many observations have shown that the
shift in the conformational equilibrium generated by a change
from ligand-free to ligand-saturated chemoreceptor results in
an approximately 2-fold increase in the in vitro initial rate of
chemoreceptor methylation (4, 12, 19, 22, 23, 26, 27, 34, 40).
Importantly for our goal of investigating the influence of re-
ceptor-receptor interaction, this increase in methylation rate
occurs even for receptor dimers isolated from interaction with
other receptor molecules by placement in individual nanodiscs
(4). However, the modest 2-fold difference between no ligand
and saturating ligand meant the assay would have a narrow
dynamic range. Thus, we investigated whether it could be suf-
ficiently sensitive for our purposes by determining the detailed
dose-response relationship between ligand concentration and
initial rate of methylation of the E. coli chemoreceptor Tar.

We measured initial rates of methylation for Tar(QEQE),
which has the modification pattern encoded by wild-type tar,
contained in native membrane vesicles as a function of the
concentration of its attractant ligand aspartate over a range
from 0.01 to 1,000 �M. Figure 2A shows an example of time
course data used to determine initial rates. The plot illustrates
the modest difference between rates of methylation of ligand-
free and ligand-saturated Tar. Figure 2B displays data from a
representative titration experiment and the fit of that data to a
dose-response relationship from which can be derived values
for vu, the unstimulated initial rate of methylation; vs, the
maximally stimulated rate; [Asp]1/2, the ligand concentration at
which the initial rate is halfway between vu and vs; and n, the

Hill coefficient. The ability of the experimental measurements
to track a gradual transition between the unstimulated and
maximally stimulated rate and the fit of the data to a simple
dose-response relationship indicated that initial rates of meth-
ylation could effectively monitor the gradual shift in the recep-
tor conformational equilibrium as a function of ligand concen-
tration.

We also investigated whether assays of initial rates of meth-
ylation could monitor the influence of adaptational modifica-
tion on receptor conformation by testing representative forms
of Tar with 0 to 3 of its 4 methyl-accepting sites modified by
introduction of a glutamine in place of glutamates, a substitu-
tion that mimics the functional effects of a glutamyl methyl-
ester (20). Tar with four modified sites could not be probed by
this assay, since such a protein would have no sites available for
methylation. Because our principal goal was to investigate ef-
fects of dimer-dimer interactions by comparing activities of
receptor dimers with different potentials for interaction with
neighbors, it was not necessary to assay all possible combina-
tions of one, two, or three modifications among the four sites.
Instead we chose representative combinations: Tar(QEQE),
encoded by the wild-type gene, for the two-modification recep-
tor, and Tar(QEEE) and Tar(QEQQ), each related to the
two-modification receptor by a single change, for the one- and
three-modification receptors. Figure 3A shows an example of
primary data for Tar with zero or three modifications. Char-
acterization of methylation rates for Tar with 0, 1, 2, or 3
modifications illustrated that the assay could monitor the shift
in receptor conformational equilibrium generated by adapta-
tional modification (Fig. 3B). Thus, the effects on receptor
conformation of ligand occupancy (Fig. 2) and adaptational
modification (Fig. 3) could be assessed by measuring initial
rates of methylation.

Opposing influences of ligand occupancy and adaptational
modification. The chemotaxis system functions by balancing
the opposing influences of ligand occupancy and adaptational
modification (15). We used initial rates of receptor methyl-
ation to investigate the combined effects of these two inputs on

FIG. 2. Initial rates of Tar methylation enhanced by aspartate.
(A) Time courses of methylation in the absence and presence of a
saturating concentration (1 mM) of the Tar ligand aspartate. (B) Initial
rate of methylation as a function of aspartate concentration. Data like
the data shown in panel A were collected for Tar(QEQE) embedded
in native membrane vesicles at the indicated concentrations of aspar-
tate. The curve is a fit of the data to a simple dose-response relation-
ship (see Materials and Methods). Dotted lines labeled vu and vs
indicate the initial rates of methylation in the absence of aspartate and
in the presence of a saturating concentration of the ligand, respec-
tively. Dashed lines indicate the aspartate concentration, [Asp]1/2, at
which enhancement of the initial rate of methylation is half-maximal.

FIG. 3. Initial rates of Tar methylation reduced by adaptational
modification. (A) Time courses of methylation for Tar with 0 or 3
(QEQQ) methyl-accepting sites modified by the introduction of glu-
tamine, a functional analog of a methyl ester. (B) Initial rate of meth-
ylation as a function of adaptational modification. Data like the data
shown in panel A were collected for Tar embedded in native mem-
brane vesicles carrying 0, 1 (QEEE), 2 (QEQE), or 3 (QEQQ) glu-
tamines at the 4 methyl-accepting sites of that chemoreceptor. The
curve is drawn to guide the eye.
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chemoreceptor conformation in the absence of other chemo-
taxis components (Fig. 4). Ligand enhanced the initial rate of
Tar methylation, whether the receptor was modified, and mod-
ification reduced methylation rate, no matter what the concen-
tration of ligand. Thus, the two parameters were in large part
independent influences on the receptor conformational equi-
librium. However, extensive adaptational modification shifted
the dose-response curve to a higher aspartate concentration,
indicating that modification reduced functional affinity of
receptor for ligand, an effect observed more dramatically in

signaling complexes (6, 7, 24, 25, 36, 37). Interestingly, the
�6-fold effect on initial rate of methylation generated by
increasing adaptational modification from zero to three was
larger than the �2-fold shift in initial rate generated by the
transition from ligand free to ligand saturated.

Influence of interaction partners on the receptor conforma-
tion. We investigated the influence of receptor interaction
partners on conformational coupling and transmembrane sig-
naling using membrane-embedded chemoreceptor Tar with
three different potentials for dimer-dimer interactions: (i) no
neighboring dimers and thus no interaction partners, a condi-
tion achieved by making nanodisc preparations containing �1
receptor dimer per disc; (ii) a few neighbors/interaction part-
ners, a condition achieved by preparing nanodiscs containing
�3 receptor dimers per disc, in which �80% of receptor
dimers would have at least one parallel interaction partner but
few would have more than two; and (iii) many neighbors and
interaction partners, a condition provided by native membrane
vesicles isolated from cells producing high levels of chemore-
ceptors. Initial rates of methylation were determined as a func-
tion of ligand concentration for Tar carrying 0, 1, 2, or 3
adaptational modifications, the mean values were plotted, and
each aspartate dose-response curve was fitted to the relation-
ship described for Fig. 2B. Table 1 lists the parameters derived
from fitting dose-response data. Figure 5 compares receptors
with no interaction partners to those with many partners, and
Fig. 6 compares receptors with no or few potential partners.

Comparison of nanodisc-inserted receptor dimers with no
interaction partners to dimers with many potential interaction
partners in native membranes (Fig. 5 and Table 1) shows that
absence of partners did not fundamentally alter the effects of
ligand occupancy or adaptational modification on the receptor
conformational equilibrium. Dimers with no interaction part-
ners or few potential interaction partners were essentially in-

FIG. 4. Initial rates of methylation as a function of adaptational
modification and ligand concentration. Rates were determined for Tar
embedded in native membrane vesicles carrying 0 or 3 (QEQQ) glu-
tamines at the indicated aspartate concentrations. The graph shows the
means � standard deviations (error bars) for �3 independent exper-
iments. The curves are fits of the data to a simple dose-response
relationship (see Materials and Methods). The vertical dashed line
shows the respective values for [Asp]1/2.

TABLE 1. Parameters derived from fitting dose-response dataa

Condition No. of modifications
(modification)

Parameterb

�Asp	1/2
(�M)

vu
(nM/s)

vs
(nM/s) n

Vesicles 0 (EEEE) 2.2 � 0.4 1.5 � 0.1 2.6 � 0.1 1.1 � 0.3
1 (QEEE) 3.0 � 0.4 1.6 � 0.2 3.7 � 0.4 1.3 � 0.2
2 (QEQE) 3.2 � 1.3 1.2 � 0.1 2.9 � 0.1 1.2 � 0.1
3 (QEQQ) 7.3 � 1.6 0.3 � 0.1 0.7 � 0.1 1.3 � 0.05
3 (QQEQ) 8.6 � 0.8 0.5 � 0.05 3.0 � 0.4 1.2 � 0.2

1 dimer/disc 0 (EEEE) 1.8 � 0.5 2.8 � 0.5 5.1 � 0.3 1.2 0� 0.1
1 (QEEE) 1.9 � 0.6 3.0 � 0.1 6.1 � 0.05 1.1 � 0.2
2 (QEQE) 2.5 � 0.7 3.2 � 0.5 5.2 � 0.9 1.2 � 0.1
3 (QEQQ) 3.2 � 0.4 1.1 � 0.05 3.1 � 0.05 1.3 � 0.1
3 (QQEQ) 5.7 � 1.7 1.9 � 0.8 4.1 � 1.3 1.2 � 0.2

�3 dimers/disc 0 (QEEE) 0.8 � 0.3 2.3 � 0.2 4.8 � 0.5 1.0 � 0.2
1 (QEEE) 1.5 � 0.7 2.8 � 0.4 5.2 � 0.8 1.1 � 0.1
2 (QEQE) 2.5 � 0.4 2.7 � 0.1 5.2 � 0.1 0.9 � 0.05
3 (QEQQ) 7.1 � 1.4 0.9 � 0.05 3.0 � 0.1 1.1 � 0.3
3 (QQEQ) 3.6 � 0.7 1.0 � 0.1 3.4 � 0.3 1.0 � 0.2

a Data shown in Fig. 5 and 6 were fit to the relationship v � vu � (vs�Asp	n)/(�Asp	1/2
n � �Asp	n) where vu is the “unstimulated” initial rate (i.e., the rate in the absence

of aspartate), vs is the “maximally stimulated” initial rate (i.e., the rate at saturating aspartate), �Asp	1/2 is the aspartate concentration at which stimulation of the initial
rate is half maximal, and n is the Hill coefficient.

b The mean values and standard deviations for these parameters derived from fitting dose-response data from at least three independent experiments determining
initial rates of methylation for Tar with 0 to 3 adaptational modifications and in conditions with many potentially interacting neighboring receptor dimers (vesicles),
no potentially interacting neighboring receptor dimers (1 dimer/disc), or few potentially interacting neighboring receptor dimers (�3 dimers/disc) are shown.
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distinguishable in terms of the effects of ligand occupancy or
adaptational modification on the receptor conformational
equilibrium (Fig. 6 and Table 1). Independent of the presence
of interaction partners, aspartate enhanced the initial rate of
methylation, and adaptational modification reduced that rate.
Dose-response relationships for methylation rate as a function
of ligand concentration were similar for receptors with or with-
out partners in terms of fold enhancement, concentration of
ligand for half-maximal enhancement, and a lack of significant
cooperativity, i.e., Hill coefficients near one (Table 1). Thus,
transmembrane signaling was fully functional in isolated che-
moreceptor dimers as well as in receptors with a few interac-
tion partners. However, dimers with few or no interaction
partners exhibited a systematic shift of initial rates of methyl-
ation to higher values (Fig. 5 and 6 and Table 1). This shift
could reflect greater accessibility of methyl-accepting sites on
isolated receptor dimers in comparison to sites on receptors in
dense arrays (3) or an influence of dimer-dimer interactions on
receptor conformation.

Coupling of adaptational modification to receptor confor-

mation had the same general features independent of the pres-
ence of interaction partners. However, the extent to which the
dose-response curves were spread by modification appeared
less for dimers with no interaction partners (Fig. 7B) than for
dimers with some (Fig. 7C) or many (Fig. 7A) partners. The
differences might reflect effects of dimer-dimer interactions,
but for all three conditions, the spread was less than 10-fold in
Asp1/2 values and much of the difference in the spread of the
curves was the result of shifts relative to the other curves of the
dose-response curve for the three-modification form we had
characterized, Tar(QEQQ). Thus, we examined the other
three-modification forms. Tar(EQQQ) and Tar(QQQE) had
initial rates of methylation too low to allow collection of reli-
able data, but we could determine dose-response curves for
Tar(QQEQ). The parameters derived from these data are
shown in Table 1, and the normalized dose-response curves for
this alternative three-modification receptor are shown in red in
Fig. 7. The data for the two three-modification forms of Tar
are in large part within the variation in the assay. However, the
difference in spread of the Tar(QQEQ) curves is less than the

FIG. 5. Effects of ligand and adaptational modification on initial rate of methylation persist in chemoreceptor dimers isolated from interacting
neighbors. Experiments, data, and curves are as described in the legend to Fig. 4, using the Tar with patterns of modification described in the legend
to Fig. 3. The figures compare Tar inserted in native membrane vesicles (vesicles) in which each receptor dimer had many potentially interacting
neighbors and inserted in nanodiscs at 1 dimer/disc (1 d/disc) a condition with no potentially interacting neighbors.

FIG. 6. Effects of ligand and adaptational modification on initial rate of methylation for chemoreceptors with no or few interacting neighbors.
Dose-response curves of initial rates of methylation as a function of aspartate concentration for chemoreceptor Tar with no (1 dimer/disc) or few
(�3 dimers/disc) potentially interacting neighboring receptors were determined as described in the legend to Fig. 4.
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difference in spread of the Tar(QEQQ) curves. Considering
the data for both three-modification forms of Tar, differences
in the effects of modification on operational ligand affinity
between isolated dimers and those with interaction partners
appear marginal at best. Thus, we conclude that the reverse
transmembrane signaling of adaptational modification to the
ligand-binding site is essentially the same for isolated dimers as
for dimers with few or many interacting partners.

DISCUSSION

Transmembrane signaling and conformational coupling.
We found that the essential chemoreceptor functions of con-
formational coupling and transmembrane signaling were prop-
erties of the receptor homodimer, the fundamental receptor

structural unit. Our data showed that ligand occupancy was
coupled to receptor conformation through transmembrane sig-
naling with essentially the same efficiency and sensitivity in
isolated individual receptor dimers as for dimers with many
neighbors. Furthermore, for isolated receptor dimers, the com-
pensatory parameter of adaptational modification was coupled
to receptor conformation in a pattern very similar to that
observed for receptors with neighbors. Finally, we found that
the crucial interplay of ligand occupancy and adaptational
modification occurred at the level of the homodimer. Identifi-
cation of the receptor dimer as the fundamental unit of con-
formational coupling and transmembrane signaling implies
that in signaling complexes, as well as in isolated dimers, the
initial step in these processes is through individual receptor
dimers. Our data demonstrated that effects of ligand occu-
pancy, transmembrane signaling, and adaptational modifica-
tion on the receptor conformational equilibrium are not de-
pendent on higher-order interactions among chemoreceptor
dimers or between receptors and other components of the
signaling complex.

Our conclusion implies that mutations that block trimer
formation without otherwise disrupting receptor structure
should not block transmembrane signaling. Our laboratory has
observed that this is the case. Tar carrying a single amino acid
substitution that does not form trimers in vivo (C. Studdert and
J. S. Parkinson, personal communication) or activate kinase in
vitro does exhibit an increased initial rate of methylation in the
presence of aspartate (M. Li and G. L. Hazelbauer, unpub-
lished data).

Nanodiscs. Nanodiscs provided a way to isolate receptor
dimers from interaction with neighboring dimers or to limit the
number of interacting neighbors. This allowed us to character-
ize the functional properties of the chemoreceptor homodimer
and determine the central role of this structural unit in con-
formational coupling and transmembrane signaling. There are
few, if any, alternative approaches to address such issues.

However, it is conceivable that receptor dimers isolated in
individual nanodiscs might associate at their membrane-distal
tips to form trimers and that only dimers in trimers exhibit the
signaling we observed experimentally. This seems unlikely,
since one-dimer-per-disc preparations do not exhibit the tri-
mer property of effective activation of kinase (3), and electron
microscopy shows no indication of trimer formation by nano-
disc-isolated dimers (M. Li, C. Khursigara, S. Subramaniam,
and G. L. Hazelbauer, unpublished data). In addition, 10-fold
dilution of nanodisc preparations containing �1 Tar dimer/
disc, which would be expected to drastically reduce the prob-
ability of the collision of three isolated dimers necessary for
trimer formation, did not significantly reduce transmembrane
signaling as assayed by an aspartate-induced increase in initial
rate of methylation (data not shown).

Cooperativity and reverse transmembrane signaling. The
relationship between ligand concentration and receptor con-
formation, assayed by initial rate of methylation, could be fit by
a simple binding isotherm exhibiting no significant cooperat-
ivity (Fig. 4 and Table 1). This indicates a direct link between
ligand occupancy and receptor conformation and thus provides
further support for the role of individual chemoreceptor
dimers as the basic signaling units. The lack of cooperativity
was not altered by the extent of adaptational modification and

FIG. 7. Effects of chemoreceptor adaptational modification on
functional affinity for ligand as influenced by the presence of poten-
tially interacting neighboring receptors. Tar with many potentially in-
teracting neighbors (A), no potentially interacting neighbors (B), or
few potentially interacting neighbors (C) were compared for effects of
adaptational modification on the dose-response relationship of the Tar
ligand aspartate and initial rate of methylation. To facilitate compar-
ison of the dose-response relationships for receptors with 0 (solid black
line), 1 (QEEE; dashed line), 2 (QEQE; dot-dash line), and 3 (QEQQ
[black dotted line] and QQEQ [red dotted line]) modifications, the
curves shown in Fig. 5 and 6 were normalized to vu and to vs and
displayed without the data points from which they had been derived.
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was independent of the availability of other receptor dimers as
interaction partners (Fig. 5 to 7 and Table 1). Thus, the direct
link between ligand occupancy and receptor conformation was
not altered by shifts in the receptor conformational equilib-
rium or by interactions among receptors, again supporting the
central role of individual dimers in transmembrane signaling
and conformational coupling.

Changing the extent of receptor adaptational modification
from 0 to 3 shifted the position of dose-response curve for
initial rate of methylation to higher ligand concentrations (Fig.
7 and Table 1). The shift was less than an order of magnitude,
corresponding to similarly modest effects of adaptational mod-
ification on affinity for ligand (6, 10, 16, 24, 29). This reverse
transmembrane signaling, which involves the sliding of a single
helix in the periplasmic/transmembrane signaling module of che-
moreceptors in the opposite direction (toward the periplasm)
from the sliding induced by ligand occupancy (20), occurred in
isolated receptor dimers.

Investigating central tenants of models for bacterial chemo-
taxis. The bacterial chemotaxis system, particularly the well-
characterized system of E. coli, has become a popular and
productive focus of mathematical modeling (for instance, see
references 11, 31, and 35). Such models generally include as-
sumptions that there is an equilibrium between two conforma-
tions of signaling complexes, one kinase on, methylation in-
competent and the other kinase off, methylation competent,
and that adaptational modification shifts the equilibrium to-
ward the former and ligand occupancy toward the latter. There
is extensive experimental evidence for the graded effects of
receptor modification and ligand occupancy on CheA kinase
activity in signaling complexes, but no published evidence of
graded effects of these two parameters on the propensity of
receptors for methylation. Data summarized in Fig. 4 to 7
provide such evidence. The use of initial rate of methylation as
a probe of chemoreceptor conformation allowed us to inves-
tigate effects of ligand and adaptational modification on recep-
tor dimers independent of the presence of other receptor
dimers or other components of the chemotaxis system. We
found that receptors alone, independent of any interactions
with partners, are influenced in a graded manner by ligand
occupancy and adaptational modification. This provides exper-
imental documentation of a central tenant in models of the
chemotaxis system.

Steps in receptor signaling. At what stage in signaling are
ligand-induced, noncooperative changes in individual receptor
dimers or the modest, modification-induced shifts in the as-
partate dose-response curve transformed into the cooperative
effect of ligand binding and the several orders of magnitude
changes in operational kinase activity upon adaptational mod-
ification observed in signaling complexes (6, 7, 24, 25, 36, 37)?
A first putative signaling step downstream from the conforma-
tional change in individual receptor dimers is a change in the
relative orientation of receptor dimers in trimers of dimers (17,
41). However, where characterized, these changes are not co-
operative as a function of ligand concentration, and increasing
the extent of adaptational modification of Tar from 0 to 3
shifted the concentration of aspartate for half-maximal re-
sponse less than 10-fold (41), much like our observations of
effects on the conformation of individual dimers. This implies
that cooperativity and increased effects of adaptational modi-

fication are created at the level of signaling complexes. This
implication will be the subject of subsequent investigations.
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