infection with L. major may derive from the
loss of the ability to generate IL-12-induced
Tyl responses rather than from an [L-4-
induced T},2 response (23). Here we propose
that susceptibility to murine leishmaniasis,
and possibly to other infectious diseases, is
also determined by the ability of the infected
host to mount a strong Ty 2-polarized re-
sponse against a restricted set of antigens.
Thus, immune interventions aimed at mod-
ifying the T cell repertoire may be used to
alter the course of an infection, as has been
shown in the experimental treatment of au-
toimmune diseases (24). Tolerization proto-
cols such as oral, intranasal, or intravenous
administration of antigens (25) may be con-
sidered for down-regulation of deleterious
immune responses and for conferring long-
term protection against infectious diseases.
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Signaling by the Escherichia coli Aspartate
Chemoreceptor Tar with a Single Cytoplasmic
Domain per Dimer

Ichiro Tatsuno, Michio Homma, Kenji Oosawa, Ikuro Kawagishi* .

Many transmembrane receptors are oligomeric proteins. Binding of a ligand may alter
the oligomeric state of the receptor, induce structural changes within the oligomer, or
both. The bacterial aspartate chemoreceptor Tar forms a homodimer in the presence or
absence of ligands. Tar mediates attractant and repellent responses by modulating the
activity of the cytoplasmic kinase CheA. In vivo intersubunit suppression was used to
show that certain combinations of full-length and truncated mutant Tar proteins com-
plemented each other to restore attractant responses to aspartate. These results suggest
that heterodimers with only one intact cytoplasmic domain are functional. The signaling
mechanism may require interactions between dimers or conformational changes within

a single cytoplasmic domain.

The aspartate chemoreceptor Tar of enteric
bacteria forms a homodimer (1), each sub-
unit of which has two transmembrane seg-
ments (TM1 and TM2). The Tar dimer
forms a stable complex with a homodimer of
the cytoplasmic histidine protein kinase
CheA and two molecules of the cytoplasmic
protein CheW (2). Binding of a repellent or

|. Tatsuno, M. Homma, |. Kawagishi, Division of Biological
Science, Graduate School of Science, Nagoya Universi-
ty, Chikusa-ku, Nagoya 464-01, Japan.

K. Oosawa, Graduate School of Polymathematics,
Nagoya University, Chikusa-ku, Nagoya 464-01, Japan.

*To whom correspondence should be addressed.

SCIENCE ¢ VOL.274 <« 18 OCTOBER 1996

an attractant activates or inactivates, respec-
tively, CheA autophosphorylation and phos-
photransfer to the cytoplasmic protein
CheY. Phospho-CheY switches the direction
of flagellar rotation to clockwise (3).
Aspartate binds to one of two sites at the
subunit interface of the Tar homodimer (4,
5). Because artificially disulfide—cross-linked
dimers still function (1), signaling appears not
to be mediated by a monomer-dimer transi-
tion. The TM1/TM1’ pair seems to be static
(4, 6, 7), but TM2 has been proposed to move
vertically, tilt, or rotate in response to aspar-
tate binding (6, 8). This movement could
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change intradimer or interdimer interactions
in the cytoplasmic domains. Oligomerization
of cytoplasmic fragments of Tar occurs only in
fragments derived from “smooth swimming”
(CheA kinase—inhibiting) mutants (9). On
the other hand, dimerization of a cytoplasmic
fragment of Tar fused to a leucine-zipper do-
main activates CheA kinase (10).

We tested the in vivo signaling function
of mutant heterodimers that have a single
cytoplasmic domain. The Ala'®—Lys
(A19K) substitution in TM1 is suppressible
by the Ala'”®—Glu (A198E) mutation in
TM2 (Fig. 1A) (11). When the Thr'**—
Pro (T154P) substitution, which causes a
severe defect in aspartate sensing (12), was
introduced into Tar-A198E, the Tar-
A198E/T154P receptor did not mediate an

aspartate response (Fig. 1B) (13). However, '

when Tar-A19K and Tar-A198E/T154P
were coexpressed, the cells responded to
aspartate, indicating that the heterodimer is
functional (Fig. 1B) (13).

Seven deletion derivatives of tar-AI98E

Fig. 1. Intersubunit suppression of A
the TM1 mutation A1OK by the TM2 . M)
mutation A198E. (A) Tar-A19K/

were constructed (Fig. 1C); all encoded re-
ceptors lacking regions important for signal
production (14). When expressed in strain
RP4372recA (15), which itself lacks Tar, the
truncated receptors, like Tar-A19K, did not
allow the cells to respond to aspartate (16).

The truncated receptors were then coex-
pressed with Tar-A19K (17), and their aspar-
tate responses were examined in the temporal
stimulation assay (Fig. 2). When the cells,
which originally swam smoothly (16), were
treated with the repellent 1 M glycerol (18),
the smooth swimming fraction fell below 5%
(Fig. 2, A to F) (19). Subsequent addition of
aspartate caused smooth swimming responses
in cells expressing Tar-A19K together with
each of the six deletion derivatives of Tar-
A198E (Fig. 2, A to F) (20). The concentra-
tion of aspartate required to produce smooth
swimming in 50% of these cells (about 3 WM)
was only slightly greater than that for cells
expressing wild-type Tar (about 0.3 uM) (Fig.
2H). These results suggest that one of the two
cytoplasmic signaling domains in a dimer is

A198E homodimer. The A1T9K sub- 1 @

stitution in TM1 is suppressed by
the A198E substitution in TM2 (77).
(B) Intersubunit suppression be-
tween A19K and A198E (73). When
Tar-A19K and Tar-A198E/T154P

minsinsRnEinRinn

x| ® ® [} * | ® 5| A
J LJiLJdudJ L -
+ - - + - - ?

* A19K ® A198E A T154P

are coexpressed in a receptorless strain, three types of Tar dimers should be formed. (+) Capable of
mediating an aspartate response; (—) incapable of mediating an aspartate response. (C) In vivo func-
tional assay of Tar dimer lacking one cytoplasmic signaling domain.

Fig. 2. Aspartate-sensing abilities of heterodimers
with only one signaling domain. Chemotactic re-
sponses to aspartate of RP4372recA cells ex-
pressing Tar-A19K and a deletion derivative of
Tar-A198E were measured with the temporal
stimulation assay (27). Exponential cultures in
tryptone-glycerol broth growing at 30°C were
washed twice and resuspended in motility me-
dium at 25°C. These cells were treated with 1
M glycerol to reduce the smooth swimming
fraction and then stimulated with various
concentrations of L-aspartate. After 30 s, the
percentage of smooth swimming cells was
measured. Triangles, Tar-A19K alone; squares,
a deleted version of Tar-A198E alone; circles,
Tar-A19K and a deleted version of Tar-A198E.
The deleted versions are (A) Tar-A198EASHu,
(B) Tar-A198EATth, (C) Tar-A198EAKpn, (D)
Tar-A198EANde, (E) Tar-A198EABstP, (F) Tar-
A198EABsrF, and (G) Tar-A198EANru. As a
control, responses of cells expressing wild-type
Tar are shown in (H).
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dispensable for generating an attractant re-
sponse to aspartate (21).

Cells coexpressing Tar-A19K and Tar-
A198EANTru showed only a weak response to
aspartate (Fig. 2G). Tar-A198EANru lacks
not only the signaling domain but also a
large portion of the “linker” region, suggest-
ing that intersubunit interactions in this re-
gion may be required for signaling.

Bacterial chemoreceptors are reversibly
methylated at specific glutamate residues (3).
Attractant and repellent stimuli cause net
increases and decreases in the methylation
level of the receptor, respectively, resulting in
adaptation. Methylation in vitro of a disul-
fide—cross-linked Tar heterodimer consisting
of one full-length subunit and one subunit
lacking the cytoplasmic domain was shown to
be regulated by aspartate (22). Similarly, in
our experiments, an aspartate response was
accompanied by increased methylation of the
full-length Tar-A19K in the heterodimer
(16). These results reinforce the conclusion
that the one cytoplasmic domain attains an
active conformation.

Our results raise the possibility that signal-
ing by Tar may be mediated by interaction
between dimers, conformational changes
within a single cytoplasmic domain, or both.
Although there is no direct evidence for in-
teractions between dimers, receptors cluster
with CheA and CheW at the poles of Esche-
richia coli cells (23), and methyltransferase
bound to one receptor dimer is predicted to
catalyze methylation of another receptor
dimer (24). It has also been reported that
oligomerization of the cytoplasmic domain af-
fects signaling state (9, 10). Therefore, direct

. or indirect (25) communication between Tar

dimers might be important for signaling. On
the other hand, receptor-mediated control of
a CheA heterodimer with only one COOH-
terminal regulatory domain has been reported
(26). Therefore, a single cytoplasmic domain
of a receptor might be able to regulate CheA
activity at least under some conditions.
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Attractant Signaling by an Aspartate
Chemoreceptor Dimer with a Single
Cytoplasmic Domain

Paul J. Gardina and Michael D. Manson*

Signal transduction across cell membranes often involves interactions among identical
receptor subunits, but the contribution of individual subunits is not well understood. The
chemoreceptors of enteric bacteria mediate attractant responses by interrupting a phos-
photransfer circuit initiated at receptor complexes with the protein kinase CheA. The
aspartate receptor (Tar) is a homodimer, and oligomerized cytoplasmic domains stim-
ulate CheA activity much more than monomers do in vitro. Intragenic complementation
was used to show in Escherichia coli that heterodimers containing one full-length and
one truncated Tar subunit mediated responses to aspartate in the presence of full-length
Tar homodimers that could not bind aspartate. Thus, a Tar dimer containing only one
cytoplasmic domain can initiate an attractant (inhibitory) signal, although it may not be

able to stimulate kinase activity of CheA.

Proposed mechanisms for signaling by mul-
timeric transmembrane receptors range
from ligand-induced oligomerization to
conformational changes within individual
receptor subunits. For many eukaryotic re-
ceptors, alternative signaling states corre-
spond to altered interactions among cyto-
plasmic domains within multimers (I).

The aspartate chemoreceptor Tar of E. coli
mediates an attractant response to L-aspartate.
Aspartate binds across the interface of the
periplasmic domains of a Tar homodimer at
one of two rotationally symmetric binding
sites (2). Each periplasmic domain is an-
chored in the cytoplasmic membrane by an
NH,-terminal  transmembrane  segment
(TM1) and a second membrane segment
(TM2) that connects to the cytoplasmic (sig-
naling) domain (3). Ligand-free Tar enhances
autophosphorylation of a CheA dimer, which
is the initial component of a signaling circuit.
Phosphate is then transferred to the CheY
protein, which regulates the direction of
flagellar rotation. Aspartate-bound Tar inhib-
its CheA activity (4).

" For Tar, ligand-induced dimerization is
not the signaling mechanism; Tar is a dimer
in the presence and absence of aspartate
(5), and disulfide—cross-linked dimers me-
diate normal responses to aspartate (6). Fur-
thermore, aspartate increases adaptive
methylation in vitro of Tar dimers contain-
ing one full-length and one cytoplasmically
truncated subunit (7). Thus, ligands appear
to induce conformational changes within a
single subunit. On the other hand, oli-
gomerization of Tar cytoplasmic domains
through leucine zippers strongly stimulates
CheA in vitro (8), indicating that interdo-
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main contacts are important in generating
kinase activity.

We used a complementation system in
which two defective Tar subunits must form
heterodimers to bind aspartate. Two mutant
tar genes, encoding Tar-R73K (9) and Tar-
T1541 (10), were engineered onto compatible
plasmids, pMK113 and pRBB16 (11), and
introduced into E. coli strain VB12 (12). The
residues Arg” and Thr!>* are located in op-
posite halves of the aspartate-binding site
(Fig. 1A). Cells expressing either Tar-R73K
or Tar-T154I from both plasmids did not re-
spond to aspartate (Fig. 1B) (13). Coexpres-
sion of the proteins, which form heterodimers
with one intact binding site, did restore aspar-
tate taxis (Fig. 1C).

This system was extended to test whether
a heterodimer containing one full-length and
one cytoplasmically truncated subunit medi-
ates responses to aspartate (Fig. 1D). Plasmids
pMK113-229 _ and pMK113-258 _ each con-
tain a UAA (ochre) nonsense codon that
terminates Tar 17 or 46 amino acids after
TM2. The resulting proteins lack 95 and 85%,
respectively, of the cytoplasmic domain, are of
the predicted size, and fail to support any
aspartate chemotaxis (14). '

Plasmid pMK113-258__ complemented
pRBB16-R73K to produce normal chemo-
tactic swarms in aspartate soft agar. A
strain containing these plasmids also re-
sponded well in an assay in which cells
migrated up a gradient into capillaries
containing aspartate (Fig. 2). These results
indicate that a heterodimer containing
only one cytoplasmic domain can mediate
an attractant signal.

Plasmid pMK113-258 _ did not restore
aspartate taxis in combination with
pRBB16-T1541, although the Tar-T154l/
Tar-258 . heterodimer should bind aspar-
tate as well as the Tar-R73K/Tar-258__ het-
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