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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. lntragenic 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 (1 ). 

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 
(TMI) 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. 
Phosohate is then transferred to the CheY 
protein, which regulates the direction of 
flagellar rotation. Aspartate-bound Tar inhib- 
its CheA activity (4). 

For Tar. lieand-induced dimerization is , " 
not the signaling mechanism; Tar is a dimer 
in the presence and absence of aspartate 
(9, 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. O n  the other hand, oli- 
gomerization of Tar cytoplasmic domains 
through leucine zippers strongly stimulates 
CheA in vitro (a), 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- 
TI541 (1 o), were engineered onto compatible 
~lasrnids, pMK113 and pRBB16 ( l l ) ,  and 
introduced into E. coli strain VB12 (12). The 
residues Arg73 and 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) (1 3). Coexpres- 
sion of the proteins, which form heterodimers 
with one intact binding site, did restore aspar- 
tate taxis (Fig. IC). 

This system was extended to test whether 
a heterodimer containing one full-length and 
one cytoplasmically truncated subunit medi- 
ates responses to aspartate (Fig. ID). 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 P M K ~  13-258,, complemented 
pRBB16-R73K to produce normal chemo- 
tactic swarms in aspartate soft agar. A 
strain containing these ~lasmids 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 
~RBB16-Tl541, although the Tar-TI5411 
Tar-258',, heterodimer should bind aspar- 
tate as well as the Tar-R73KITar-258,, het- 
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erodimer. Thr154 contributes amartate con- One internretation of these results is that a of chemoreceptors observed in E. coli (1 8), 
tacts on the fourth periplasmic helix of Tar, 
which connects directlv to TM2 and has 
been implicated in conformational changes 
associated with transmembrane signaling 
(15). The half-site containing Thr'54 may 
be critical for signal propagation as well as 
ligand binding. A plasmid, pMK113- 
T154I,,, expressing Tar containing both 
the T154I and 258,, substitutions (16) also 
complemented pRBB16-R73K (Fig. 2), in- 
dicating that mutations altering the fourth 
helix impair signaling only when they affect 
the full-length transducer. 

Plasmid pMK113-229,, did not comple- 
ment pRBB16-R73K or pRBB16-T1541, al- 
though the 229- and 258-residue fragments 
were present in similar amounts. This sug- 
gests that the segment of Tar between res- 
idues 229 and 258 is necessary to form 
functional heterodimers. The segment may - 
participate in dimerization, membrane lo- 
calization, or signal propagation. 

Tar heterodimer with only one cytoplasmic 
domain can maintain CheA activity (1 7) and 
that this activity is inhibited when the het- 
erodimer binds aspartate (cis-inhibition). Be- 
cause oligomers of the cytoplasmic domain are 
required for maximal stimulation of CheA 
activity in vitro (8), the cytoplasmic domains 
of two heterodimers might coordinately stim- 
ulate CheA. This stimulation would then be 
reversed by aspartate. 

Alternatively, aspartate may inhibit the 
activity of CheA dimers not directly associ- 
ated with the ligand-bound receptor mole- 
cule. According to this scenario (trans-inhi- 
bition), a signal generated at an aspartate- 
bound heterodimer could counter CheA ac- 
tivity maintained by full-length homodimers 
that cannot bind aspartate. Such a process 
could also account for amplification of at- 
tractant signals in a wild-type cell. Possible 
mechanisms for trans-inhibition, all of 
which would be facilitated by the clustering 

Fig. 1. Rationale for sub- A B c 
unlt complementation 
and summary of results. 
The aspartate response 
for each combination of 
proteins is shown as (+) 
or (-). (A) The wild-type 
dlmer has two symmetri- 
cal aspartate-binding R73K + R73K TI~JI + j1.541 ~ 7 3 ~  + %541 
sites at the subunlt inter- (+I (-) (-) 

face. Because of nega- (+) 

tlve cooperatlvlty (19), as- D 
partate (black oval) binds 
in only one or the other of 
the two possible orienta- 
tlons. (B) Expression of 
the same allele from both 
plasmlds produces ho- 
modimers defective in 

C i 

equivalent half-sites in ~ 7 3 ~  + 258, ~154;+ 258, ~ 7 3 ~  + T1541, R73K + 229, 
each subunit. Thus, nei- (+) (-) (+) (-1 
ther homodimer has a 
functional aspartate-binding site. (C) In a cell expressing two different mutant Tar proteins, both ho- 
mcdlmers (B) and heterodimers can form. A hetercdimer defectlve in opposite halves of the binding site 
retains one complete binding site and mediates aspartate taxis. (D) The complementation pattern between 
full-length Tar proteins with binding defects and truncated Tar proteins is shown. In each case, ho- 
modlmers (not shown) should form but will not respond to aspartate. 

Fig. 2. Aspartate capillary assays with cells contain- 125 
ing a truncated Tar subunit. Strain MM509 [tsr+ Atar- 
tap (9)] doubly transformed with wild-type or mutant 
plasmids was tested for responses to different con- , loo - 
centrations of aspartate (9). Plasmid combinations 
are: pRBB16 (tarf) + pMK113-Atar, empty circles; 75 - 
pRBB16-R73K + pMK113-258,, filled circles; 
pRBB16-R73K + pMK113-TI 541,,, empty triangles; 0 

pRBB16-R73K + pMK113-Atar, filled triangles. The $ 50 - 
pMK113-Atar plasmid carries a deletion removing 2 
the promoter and 80% of the tar gene. All responses 25 - were normalized to the response to 1 mM serine. 
which is mediated by the chromosomally encoded 
Tsr receptor. 0 

-5 -4 -3 -2 - 1 
Log[Aspartate (M)] 

include direct communication among signal- 
ing domains in large receptor aggregates, 
propagated inactivation of multiple CheA 
dimers, or activation of the CheZ phos- 
phatase (4) that degrades phosphorylated 
CheY protein. 
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