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Chemoreceptors such as Tsr, the serine receptor, function in trimer-of-dimer associations to mediate
chemotactic behavior in Escherichia coli. The two subunits of each receptor homodimer occupy different
positions in the trimer, one at its central axis and the other at the trimer periphery. Residue N381 of Tsr
contributes to trimer stability through interactions with its counterparts in a central cavity surrounded by
hydrophobic residues at the trimer axis. To assess the functional role of N381, we created and characterized
a full set of amino acid replacements at this Tsr residue. We found that every amino acid replacement at N381
destroyed Tsr function, and all but one (N381G) of the mutant receptors also blocked signaling by Tar, the
aspartate chemoreceptor. Tar jamming reflects the formation of signaling-defective mixed trimers of dimers,
and in vivo assays with a trifunctional cross-linking reagent demonstrated trimer-based interactions between
Tar and Tsr-N381 mutants. Mutant Tsr molecules with a charged amino acid or proline replacement exhibited
the most severe trimer formation defects. These trimer-defective receptors, as well as most of the trimer-
competent mutant receptors, were unable to form ternary signaling complexes with the CheA kinase and with
CheW, which couples CheA to receptor control. Some of the trimer-competent mutant receptors, particularly
those with a hydrophobic amino acid replacement, may not bind CheW/CheA because they form conforma-
tionally frozen or distorted trimers. These findings indicate that trimer dynamics probably are important for
ternary complex assembly and that N381 may not be a direct binding determinant for CheW/CheA at the trimer
periphery.

Most chemotactic behaviors in Escherichia coli, as well as in
other motile bacteria and archaea, depend on transmembrane
chemoreceptors known as methyl-accepting chemotaxis pro-
teins (MCPs) (16, 17). MCP molecules typically function as
homodimers of �550-residue subunits. All MCPs share a de-
fining, highly conserved cytoplasmic signaling domain, and
most have an extracellular chemoeffector-sensing domain (Fig.
1A). E. coli has five MCP-family receptors (Aer, Tar, Tap, Trg,
and Tsr), and they have been extensively characterized. Tsr
detects serine, an attractant, through direct binding sites in the
periplasmic domain (Fig. 1A). Tsr also mediates an attractant
response to AI-2, a quorum signal common to many bacteria,
most likely through the interaction of the periplasmic domain
with LsrB, the periplasmic AI-2 binding protein (18).

The membrane-distal tip of the MCP cytoplasmic domain
contains binding determinants that promote higher-order in-
teractions between MCP molecules, both of the same and
different detection specificities, as well as interactions with the
CheA and CheW proteins (3, 4, 22). Receptor-receptor inter-
action forms trimers of receptor dimers that in turn recruit
CheA/CheW to assemble ternary complexes (25, 40). These
receptor teams transmit control signals to the flagellar motors
via the response regulator CheY (33, 44). CheA is a histidine

autokinase (19), CheW couples CheA to chemoreceptor con-
trol (9, 14, 26), and CheY is an aspartate autokinase that
obtains its phosphoryl groups from phospho-CheA (10, 32).
Chemical stimuli, sensed as temporal changes in chemoeffector
levels as the cell swims about, modulate CheA activity to in-
fluence the direction of flagellar rotation: counterclockwise
(CCW) rotation, the default behavior, produces forward swim-
ming, and clockwise (CW) rotation, elicited by the phosphor-
ylated form of CheY, causes tumbling events that randomly
reorient the cell.

The MCPs of E. coli operate in highly cooperative clusters at
the cell poles (27, 37, 38). Trimer-of-dimer interactions be-
tween receptor molecules are believed to underlie array for-
mation and to account for the large amplification factors of the
receptor network. Experimental support for the trimer-of-
dimer model comes from the crystal structure of the Tsr cyto-
plasmic domain (22), from in vivo receptor cross-linking stud-
ies (40, 42), from the signaling phenotypes of Tsr mutants with
lesions at the trimer contact sites (4), from conformational
suppression effects between receptor mutants with trimer con-
tact alterations (2), and from studies of receptor molecules in
nanodiscs (7, 24, 25).

The architectural details of ternary complexes and their
mechanisms of CheA control remain obscure, in large part
because the trimer-of-dimer organization confounds structure-
function analyses. First, the trimer contact region in receptor
molecules also contains CheA/CheW binding determinants
needed for ternary complex assembly, so some tip residues
probably have multiple functions. Second, the juxtaposition of
receptor molecules in the trimer arrangement may create
CheA/CheW docking surfaces that do not exist in receptor
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dimers. Third, the trimer geometry produces two very different
structural environments for identical residues in each of the
receptor dimers: one subunit resides at the trimer axis, the
other at the trimer perimeter.

Residue N381 of Tsr is a promising experimental subject
with which to resolve some of these trimer-related complica-
tions (Fig. 1B). Of the 11 principal trimer contact residues
(22), N381 is nearly invariant across the entire MCP superfam-
ily (1). Unlike the other contact sites, which stabilize the trimer
through hydrophobic or polar interactions with nonidentical
partner residues, N381 forms a hydrogen-bonded network with
its counterparts at the trimer central axis (Fig. 1B). Thus, one
N381 residue in each dimer is buried at the trimer interface,
and the other is solvent exposed on the outside of the trimer
(Fig. 1B). Because multiple tip residues contribute to trimer
stability (4, 22), amino acid replacements at N381 that intro-
duce a smaller side chain might not disrupt trimer formation.
In contrast, replacements that introduce charged or bulky side
chains could destabilize the trimer enough to impair Tsr func-
tion. However, if N381 also plays an important role at the
trimer periphery, for example as a major binding determinant

for CheW or CheA, both sorts of structural lesions might
impair Tsr function. Accordingly, we constructed and charac-
terized a complete set of amino acid replacements at residue
N381 of Tsr to determine (i) how critical this residue is to
trimer formation, stability, and function; (ii) whether N381
plays additional roles in its location at the trimer periphery;
and (iii) if trimer formation is, indeed, the key determinant for
receptor clustering.

MATERIALS AND METHODS

Bacterial strains. Strains were derivatives of E. coli K-12 strain RP437 (31).
Their designations and relevant genotypes are the following: UU1250 [�aer-1
ygjG::Gm �tsr-7028 �(tar-tap)5201 �trg-100] (4), UU1535 [�aer-1 ygjG::Gm �tsr-
7028 �(tar-cheB)2234 �trg-100] (6), UU1581 [�(flhD-flhA)4 �tsr-7028 �trg-100]
(40), UU1613 [tar(S364C) �tsr-7028 �trg-100 �(tap-cheB)2234 �(cheA-
cheW)2167] (42), UU1623 (�tsr-7028 �tap-3654 �trg-100) (5), UU2377
[tsr(R69E) �aer-1 �(tar-tap)5201 �trg-4543 �recA-SstII/EcoRI] (5), and UU2378
[tsr(T156K) �aer-1 �(tar-tap)5201 �trg-4543 �recA-SstII/EcoRI] (5).

Plasmids. Plasmids were pRR48, a derivative of pBR322 (8) that confers
ampicillin resistance and has an expression/cloning site with a tac promoter and
an ideal (perfectly palindromic) lac operator under the control of a plasmid-
encoded lacI repressor, which is inducible by isopropyl �-D-thiogalactopyrano-
side (IPTG) (42); and pRR53, a derivative of pRR48 that carries wild-type tsr
under the control of IPTG (42).

The plasmids used in receptor-clustering assays were pVS49, a derivative of
pACYC184 (13) that makes a functional fusion of CheZ to yellow fluorescent
protein (YFP) under inducible arabinose control (39); pVS102, a relative of
pVS49 that makes a functional YFP-CheR fusion protein under inducible
arabinose control (21); and pPA801, a relative of pVS49 that makes a functional
YFP-CheW fusion protein under inducible arabinose control (28).

Construction of Tsr mutants. Mutations were generated in plasmid pRR53 by
QuikChange PCR mutagenesis, using either degenerate codon primers (for
N381 replacements) or site-specific primers (for S366C), as previously described
(4, 5). QuikChange products were introduced into UU1250 by either electropo-
ration or CaCl2 transformation and tested for the ability to support Tsr function
on soft-agar plates (see below). Candidate plasmids were verified by sequencing
the entire tsr coding region.

Chemotaxis assays. Host strains carrying tsr plasmids were assessed for che-
motactic ability on tryptone soft agar plates (29) containing ampicillin (50 �g/
ml]) and 100 �M IPTG. Plates were incubated at 30°C for 7 to 10 h.

Expression levels of mutant Tsr proteins. Tsr expression from pRR53 deriv-
atives was analyzed in strain UU1535 to avoid multiple modification states. Cells
were grown and lysates analyzed by SDS-PAGE as described previously (28).

Dominance, rescue, and jamming tests. For dominance tests, mutant pRR53
derivatives were transferred into UU2377 and UU2378. For rescue and jamming
tests, mutant plasmids were transferred into UU1623. Plasmid-containing cells
were tested for Tsr and/or Tar function on tryptone soft-agar plates as described
above.

Receptor clustering assays. Mutant pRR53 derivatives were introduced into
UU1250 or UU1581 cells harboring pVS49, pVS102, or pPA801. Cells contain-
ing each pair of compatible plasmids were grown at 30°C in tryptone broth
containing 50 �g/ml ampicillin and 12.5 �g/ml chloramphenicol. Tsr expression
from pRR53 derivatives was induced with 100 �M IPTG, YFP-CheZ (pVS49)
was induced with 0.005% (wt/vol) L(�)-arabinose, YFP-CheR (pVS102) was
induced with 0.01% (wt/vol) L(�)-arabinose, and YFP-CheW (pPA801) was
induced with 0.004% (wt/vol) L(�)-arabinose. Cells were grown in tryptone broth
at 30°C to mid-exponential phase and analyzed by fluorescence microscopy as
previously described (4, 28).

Cross-linking assays for trimers of dimers. All tests utilized the trifunctional
thiol reagent tris-2-maleimidoethyl-amide (TMEA) (Pierce Chemical Co.). For
direct cross-linking assays, mutant Tsr proteins carried an S366C reporter. Plas-
mid-containing UU1581 cells were grown to an optical density at 600 nm
(OD600) of 0.7 at 30°C in tryptone broth containing 50 �g/ml ampicillin and 100
�M IPTG, treated with 50 �M TMEA for 30 s, and quenched with 10 mM
N-ethyl maleimide (NEM), and cross-linking products were analyzed by SDS-
PAGE and immunoblotting, as described previously (40, 41). For cross-linking
competition assays, mutant plasmids encoding Tsr proteins without a cysteine
reporter were transferred into strain UU1613. Cells were grown as described for
direct cross-linking assays, except that IPTG inducer was added at 1 h to a final
concentration of 200 �M. The remainder of the experimental protocol followed

FIG. 1. Structures of Tsr dimers and trimers of dimers. (A) Struc-
ture-function features of a Tsr homodimer. Cylindrical segments rep-
resent �-helices drawn approximately to scale. One subunit is shaded
light gray; the other is dark gray. Methylation sites shown as white
circles are translated as E residues; those shown as black circles are
translated as Q residues and subsequently converted to E residues
through CheB-mediated deamidation. A pentapeptide sequence
(NWETF) at the C terminus of each subunit serves as a binding site for
CheR and CheB, facilitating interaction with their substrate sites.
Receptor dimers form trimers and ternary signaling complexes
through interaction sites at the membrane-distal tip of the cytoplasmic
four-helix bundle. (B) Trimer-of-dimer structure at the cytoplasmic
tip. The tips of three Tsr dimers (residues 350 to 430) are shown in a
trimer-of-dimer arrangement; atomic coordinates are from reference
22. Subunits at the trimer interface are dark gray, and subunits at the
trimer periphery are light gray. Residue N381 (space-filled) resides in
two different structural environments in the trimer, at the trimer axis
(dark gray) and at the trimer periphery (light gray).
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that for direct cross-linking. For mixed cross-linking tests, plasmids encoding Tsr
proteins with the S366C reporter were expressed in strain UU1613. Cells were
grown as in direct cross-linking tests, except with 40 �M IPTG and SDS-PAGE
analysis on 11% low-bis gels (40, 42).

Flagellar rotation assays. Flagellar rotation patterns of plasmid-containing
UU1535 and UU1250 cells were studied by antibody tethering as described
previously (26, 28, 35). We classified cells into five categories according to their
pattern of flagellar rotation: exclusively CCW, CCW reversing, balanced CCW-
CW, CW reversing, and exclusively CW.

Protein structural display. Structure images were prepared with MacPyMOL
software (http://www.pymol.org).

RESULTS

Construction and initial characterization of Tsr-N381 mu-
tant receptors. We used all-codon mutagenesis at the N381
codon of the tsr coding region in plasmid pRR53 to create a
complete set of amino acid replacements at residue 381 of Tsr
(5, 28, 48). Plasmid pRR53 produces very low Tsr expression
levels without induction and fully complements UU1250, a
strain lacking all MCP-family receptor genes (tsr, tar, tap, trg,
and aer), for serine chemotaxis at 80 to 100 �M IPTG. These
induction conditions were used for all physiological experi-
ments in this study (42). At an optimal inducer concentration,
all N381 mutant (designated N381*) receptors failed to pro-
mote chemotactic colony expansion in tryptone soft-agar
plates. Colony sizes for cells expressing any of the mutant
receptors were no larger than that of the tsr null control (vector
plasmid pRR48) (Fig. 2). In a closely related receptorless host
(UU1535), which also bears deletions in the genes for the
MCP-modifying enzymes CheR and CheB, the mutant plas-
mids produced essentially normal levels of Tsr protein, ranging
between 0.6- and 1.4-fold of the wild-type level (Fig. 2). Thus,
all N381* receptors had nominally wild-type expression levels
and stability but no discernible Tsr function in soft-agar assays.

To determine whether any of the N381* receptors were
capable of functional interaction with a heterologous chemo-
receptor, we tested the mutant plasmids in strain UU1623,
which expresses a wild-type aspartate receptor (Tar) but lacks
other MCP genes (tsr, tap, and trg). One of the N381* proteins
(N381G) regained the partial ability to promote serine che-
motaxis in this host strain, an effect known as functional rescue

(Fig. 2) (4). All other N381* proteins evinced no Tsr function
in this test and, moreover, blocked Tar function, an effect
known as functional jamming (Fig. 2) (5). Both rescue and
jamming depend on the formation of mixed signaling com-
plexes containing the mutant Tsr receptor and the heterolo-
gous Tar receptor, presumably through trimer-of-dimer asso-
ciations (30). Rescuable receptors evidently regain proper
conformation and dynamic behavior in association with normal
signaling partners, whereas jamming receptors probably dis-
rupt function by interfering with the proper assembly, geome-
try, or operation of mixed signaling teams.

To assess the structural severity of the lesions in N381*
receptors, we tested their dominance properties in host strains
expressing Tsr subunits that had a recessive lesion at the serine
binding site (R69E or T156K). At equivalent expression levels
of the N381* and binding-defective subunits, a majority of the
Tsr molecules in the cells will be heterodimers that have one
functional serine-binding site (46). R69E/N381* molecules will
transmit serine-binding information across the membrane
through the R69E subunit, whereas in T156K/N381* mole-
cules, transmembrane signaling will occur through the N381*
subunit (5, 48). Some N381 lesions proved to be recessive (A,
C, E, G, H, P, S, and Y), while others were dominant (D, F, I,
K, L, M, Q, R, T, V, and W) (Fig. 2). In all cases, each N381
defect behaved the same, either recessive or dominant, with
both binding site lesions (data not shown).

On the basis of these initial function tests, the chemical
properties of their amino acid replacements, and the addi-
tional tests described below, we assigned the N381* receptors
to seven phenotypic classes (Fig. 2).

Trimer formation by N381* receptors. We expected that
some, perhaps most, N381 lesions would disrupt trimer-of-
dimer formation. However, except for N381G, all N381* re-
ceptors jammed wild-type Tar function, implying the formation
of mixed trimer-based signaling teams. To better assess trimer
formation by the N381* receptors, we examined their behav-
iors in three in vivo cross-linking tests: direct, competition, and
mixed.

For the direct cross-linking test, an S366C reporter site was
introduced into each of the N381* receptors. In trimers of

FIG. 2. Tsr function of N381 amino acid replacement mutants. Tsr-mediated chemotaxis was assessed by colony size and morphology in
soft-agar assays (see Materials and Methods). Colony size is indicated relative to that of the wild type. The white bar indicates wild-type serine ring
morphology (Tsr�), and black bars denote colonies with no serine ring (Tsr�). Gray bars indicate the relative expression levels of the mutant
proteins. The dashed gray line (at 1.0) shows the wild-type value for comparison purposes. The dashed black line (at 0.6) indicates the cutoff
criterion for essentially normal protein expression levels. The solid gray line (at 0.15) indicates the size of nonchemotactic colonies containing a
vector control plasmid. The amino acid replacement in each mutant is indicated in single-letter code. Symbols at the bottom summarize mutant
behavior in rescue (diamonds), jamming (squares), and dominance (circles) tests. Unfilled symbols indicate a lack of an effect; gray symbols
indicate a partial effect; black symbols indicate a severe defect. On the basis of these and other function tests (see the text), the mutants were
grouped into seven different phenotypic classes, as shown.
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dimers, residue 366 in the inner receptor subunits adopts a
trigonal geometry at the trimer interface (22). Thus, S366C
subunits can be efficiently cross-linked with the trifunctional
thiol-reactive reagent TMEA, leading to roughly equivalent
yields of two- and three-subunit cross-linking products (40).
The outer receptor subunits in those trimers are not cross-
linked by TMEA, yielding about 50% unlinked subunits (Fig.
3). For direct TMEA tests, mutant reporter plasmids were
transferred to host strain UU1581, which does not express any
chemotaxis-related gene products, to avoid CheB- and CheR-
mediated modifications of receptor subunits and to preclude
the assembly of CheA/CheW-containing ternary complexes.
Under these conditions, wild-type receptor molecules revers-
ibly associate as trimers of dimers (42). In the direct TMEA
test, N381* receptors in groups 1 to 3 had essentially wild-type
cross-linking patterns, whereas group 4 mutants had slightly
reduced levels of both two- and three-subunit cross-linking
products. Group 5 to 7 receptor mutants exhibited few (A, D,
E, and K) or no (P and R) three-subunit cross-linking prod-
ucts; most (D, E, P, and R) also had reduced levels of two-
subunit cross-linking products (Fig. 3). These results suggest
that N381* receptors in group 4 (C, H, and Y) form unstable
trimers, whereas receptors in groups 5 (E and A) and 6 (P)
form very few complete trimers. Group 7 receptors (D, K, and
R) also are defective in trimer formation, but to different
extents. The least defective of this group is N381D, which
presumably would be less prone to packing problems at the
trimer interface than the N381K and N381R receptors, which
have much larger mutant side chains.

Trimer competition experiments assess the ability of a mu-
tant Tsr receptor to form mixed trimers with Tar molecules
that carry a TMEA reporter (S364C). In this test, the N381*
receptors did not carry a reporter site, so TMEA could only
cross-link the Tar-S364C subunits. Competition tests were per-
formed by transferring N381* plasmids to strain UU1613,

which expresses Tar-S364C from the chromosome but lacks
other receptor genes as well as the cheA, cheW, cheR, and cheB
genes. At stoichiometric excess, wild-type Tsr molecules essen-
tially abolish three-subunit Tar cross-linking products and
drastically reduce two-subunit products by eliminating Tar-
only trimers (42). In these tests, N381* receptors in groups 1 to
3 competed as effectively as wild-type Tsr (Fig. 3). Mutant
receptors in groups 4, 5, and 6 also competed effectively (Fig.
3). (Note that N381C was not tested, because its cysteine res-
idue confounded the TMEA cross-linking patterns.) However,
group 7 receptors (D, K, and R) were only partially effective as
competitors. Those mutant molecules eliminated three-subunit
Tar cross-linking products but caused elevated levels of two-
subunit Tar products (Fig. 3). This competition behavior sug-
gests that only one group 7 mutant molecule can be accom-
modated in a mixed trimer.

The direct TMEA cross-linking patterns indicate that N381*
receptors in groups 5 to 7 have substantial defects in trimer
formation. However, all of these mutant receptors exhibited
partial or full competition ability, suggesting that the mutant
molecules readily join or disrupt Tar trimers. We explored this
predicted behavior with mixed cross-linking tests, in which
both Tsr-N381* and wild-type Tar carried TMEA reporter
sites (Fig. 4). At about 5-fold stoichiometric excess, N381*
receptors in groups 5 to 7 could be trapped in mixed cross-
linking products with Tar molecules. The examples in Fig. 4
show that N381A (group 5) and N381D (group 7) formed both
two- and three-subunit mixed products with Tar-S364C. N381P
molecules (group 6) exhibited a similar cross-linking profile
(data not shown). N381E (group 5) and N381R receptors
(group 7) yielded low levels of mixed three-subunit products
and higher levels of mixed two-subunit products. The N381K
receptor (group 7) appeared to form neither three- nor two-
subunit products with the Tar reporter, but in this gel system
Tsr-N381K subunits migrated anomalously faster than wild-

FIG. 3. Trimer-forming abilities of N381 mutant receptors. The upper panel shows the behavior of N381 mutant receptors in direct TMEA
cross-linking tests. Each Tsr subunit bears the S366C TMEA cross-linking reporter. The histogram shows the relative levels of unlinked,
two-subunit, and three-subunit TMEA products for each N381 mutant. For comparison purposes, the dashed gray line shows the proportion of
unlinked subunits (white bars) for wild-type Tsr (0.54 � 0.11; means and standard deviations from eight independent experiments), and the dashed
black line (at 0.25) shows the approximate wild-type proportions of the two-subunit (gray bars) and three-subunit (black bars) TMEA products.
Note that the scale begins below 0.0 (gray line) to emphasize mutants with near-zero values. The lower panel shows the behavior of N381 mutant
receptors in TMEA competition assays. In these tests, the host cells express Tar-S364C, whereas the coexpressed Tsr molecules do not bear a
TMEA reporter. An excess of trimer-competent Tsr molecules dilutes pure Tar trimers, reducing the TMEA cross-linking signals. For comparison
purposes, the dashed gray line shows the fraction of unlinked Tar reporter subunits (white bars) in an excess of wild-type Tsr molecules (0.85 �
0.08; means and standard deviations from two experiments), and the dashed black line (at 0.25) indicates the expected level of two-subunit (gray
bars) and three-subunit (black bars) products in the absence of competition effects. Note that the scale begins below 0.0 (gray line) to emphasize
mutants with near-zero values.
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type Tsr subunits, so we cannot exclude the possibility that
mixed two-subunit N381K products comigrated with Tar-only
bands (Fig. 4).

Ternary complex and cluster formation by N381 mutant
receptors. Trimer-of-dimer formation by chemoreceptors ap-
pears to underlie their ability to assemble ternary signaling
complexes and clusters (4, 40). The trimer defects in group 5 to
7 N381* receptors, evident in cross-linking tests, predict that
these mutant receptors should be defective in ternary complex
and cluster formation. We tested these properties by fluores-
cence microscopy in strain UU1250, which contains CheA and
CheW, using three different clustering reporters: YFP-CheW
binds directly to the trimer contact region of receptor mole-
cules (12), YFP-CheR binds to the NWETF pentapeptide se-
quence at the C terminus of each receptor subunit (34, 39, 45),
and YFP-CheZ binds to CheAS, which is an alternate cheA
translation product and a component of ternary signaling com-
plexes (11, 36, 39). The results of these clustering assays are
summarized in Fig. 5.

UU1250 cells containing wild-type Tsr molecules formed
polar clusters detectable with each of the three fluorescently
tagged reporter proteins. In contrast, most of the N381* re-
ceptors exhibited aberrant clustering behavior with one or
more of the reporters (Fig. 5). The group 2 mutants (S, T, and
Q) showed the most normal clustering patterns, although
N381T clusters were less evident with the CheW and CheZ

reporters, indicative of compromised ternary complex forma-
tion (Fig. 5). N381G also formed ternary complexes with low
efficiency but formed diffuse clusters detectable with the CheR
reporter at high efficiency, which is consistent with this mutant
receptor’s ability to form trimers of dimers (Fig. 3 and 5).
Similarly, mutant receptors in groups 3, 4, and 5 formed diffuse
clusters detectable with the CheR reporter (Fig. 5, light gray
bars). These clusters (with the possible exception of N381E)
were not detectable with the CheW and CheZ reporters, indi-
cating that these mutant receptors have severe defects in
CheW binding and ternary complex formation (Fig. 4). The
group 6 (P) and group 7 (D, K, and R) receptors evinced no
clusters with the CheW and CheZ reporters, but unlike mutant
receptors in groups 3 to 5, they formed tight clusters that were
detectable with the CheR reporter (Fig. 4, black bars). Given
the significant trimer formation defects of group 6 and 7 re-
ceptors, these clusters most likely form by a trimer-indepen-
dent mechanism.

Anomalous clustering of some N381 mutant receptors. In
cells lacking CheA and CheW and thus precluding ternary
complex formation, trimer-competent receptor molecules clus-
ter as diffuse polar caps (20, 21, 28) (Fig. 6). In the presence of
CheA and CheW, receptors that are able to form ternary
signaling complexes cluster as compact polar spots, presumably
owing to CheA/CheW-promoted binding interactions between
receptor trimers (4). The tight clusters formed by group 6 and

FIG. 4. Examples of TMEA cross-linking results with N381 mutant receptors. SDS-PAGE (11% acrylamide, 7.5% bis-acrylamide) and Western
analysis of TMEA cross-linking products (see Materials and Methods). Tsr-N381 mutant receptors bearing the S366C reporter were expressed
either alone or in cells expressing Tar-S364C. Triangles at the left indicate the position and subunit composition of cross-linking products (Tsr
subunits, light gray; Tar subunits, dark gray). Note that Tsr-N381K subunits migrate considerably faster than wild-type Tsr subunits and slightly
faster than Tar subunits. During the preparation of cell extracts, some Tsr molecules are cleaved near the C terminus by a periplasmic protease
(P. Ames, unpublished results). Those cleavage products give rise to background bands near the two- and three-subunit cross-linking products, e.g.,
the Tsr wild type in lane 3.

FIG. 5. Cluster formation by N381 mutant receptors. Clustering assays were performed in UU1250 cells containing a Tsr-N381 mutant plasmid
and a compatible plasmid expressing a YFP-tagged clustering reporter (CheZ, CheW, and CheR; see Materials and Methods). Under these
conditions, wild-type Tsr forms polar spots with all three reporters (white, dark gray, and black bars, respectively). Most Tsr-N381 mutant receptors
defective in ternary complex assembly and CheW binding (e.g., classes 3, 4, and 5) formed polar caps with the YFP-CheR reporter (light gray bars),
but several (classes 6 and 7) formed tight polar spots with the YFP-CheR reporter (black bars). For comparison purposes, the dashed gray line
(at 1.0) shows the normalized wild-type fraction of cells with one or more clusters; the dashed black line (at 0.25) indicates the cutoff criterion for
defective clustering ability. Note that the scale begins below 0.0 (gray line) to emphasize mutants with near-zero values.
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7 N381* receptors were seen initially in cells containing CheA
and CheW, which might have been responsible for their com-
pact appearance. To test this possibility, we examined cluster-
ing by group 6 and 7 mutant receptors in UU1581 cells, which
lack CheA and CheW. In this host, all four mutant receptors
(N381P, N381D, N381K, and N381R) still formed compact
polar spots detectable with a YFP-CheR reporter (Fig. 6). In
contrast, a wild-type receptor formed more diffuse polar caps,
as did the N381W receptor, which is defective in ternary com-
plex formation (Fig. 6). Thus, the tight clusters formed by
group 6 and 7 mutant receptors do not require CheA/CheW
binding interactions or trimer-of-dimer formation.

The N381T receptor, which appeared to be somewhat de-
fective in ternary complex assembly in clustering tests with the
CheW and CheZ reporters, nevertheless efficiently formed
compact polar spots detectable with the CheR clustering re-
porter in cells containing CheA and CheW (Fig. 5). In cells
lacking CheA and CheW, the N381T receptor formed polar
caps, demonstrating that its ability to form compact clusters
must depend on binding interactions with CheA/CheW. Unlike
the group 6 and 7 mutant receptors, which formed tight clus-
ters in the absence of CheA and CheW, the N381T receptor
exhibited a normal trimer-forming ability in the direct and
competition cross-linking tests (Fig. 3).

Defective ternary complex formation by some N381 mutant
receptors. Most N381* receptors appeared to be defective in
ternary complex assembly. They formed receptor clusters that
were detectable with the CheR reporter but not with the CheW
or CheZ reporter. In contrast, the N381E receptor (group 5)
and the mutant receptors of group 1 (G) and group 2 (S, T, and
Q) bound the CheW and CheZ clustering reporters to various
extents, implying some assembly of ternary signaling com-

plexes (Fig. 5). Because the latter mutant receptors cannot
mediate chemotaxis to serine (Fig. 2), they most likely form
defective signaling complexes. To test this proposition, we ex-
amined their ability to activate the CheA kinase in flagellar
rotation assays. N381* plasmids were transferred to two recep-
torless host strains, one lacking the CheR and CheB enzymes
(UU1535) and the other competent for sensory adaptation
(UU1250). In CheR� CheB� cells, wild-type Tsr receptors
assemble ternary complexes with high CheA activity, resulting
in nearly incessant clockwise (CW) rotation of their flagellar
motors (Fig. 7). In CheR� CheB� cells, the signaling com-
plexes of wild-type Tsr receptors produce less CW output,
reflecting the low-CheA-activity set point of the sensory adap-
tation system. The N381S, N381T, and N381E receptors pro-
duced no CW output in either host; the N381G and N381Q
receptors produced low levels of CW output in the adaptation-
deficient host that were further attenuated in the adaptation-
proficient host (Fig. 7). Thus, all five N381* receptors that
assembled ternary complexes exhibited substantially impaired
CW signal output, which is indicative of defects in CheA acti-
vation.

DISCUSSION

Receptor dynamics and signaling. Conformational changes
at the cytoplasmic hairpin tip regulate the signaling activity of
MCP molecules (Fig. 1). The nature of those signaling changes
is not altogether clear, but recent studies suggest that the
dynamic behavior of the tip controls receptor signal output.
Stimulus inputs modulate the HAMP domain, whose packing
stability may be oppositionally coupled to that of the four-helix
methylation bundle (48). The methylation helix bundle, in
turn, appears to have an opposed stability relationship with the
signaling tip (43). Accordingly, attractant stimuli may inhibit
kinase activity by stabilizing the receptor tip, whereas repel-
lents may elevate kinase activity by destabilizing the tip.

Receptor dynamic behavior also influences the assembly of
ternary signaling complexes (23, 47). Although the receptor
dimer is the unit of stimulus detection and transmembrane
signaling, MCP molecules must form trimers of dimers to gen-
erate and regulate output signals (24, 25). Receptor molecules
at either extreme of the dynamic range appear to be poor
trimer formers (23, 47). Once formed, receptor trimers bind
the CheW and CheA proteins to assemble ternary signaling
complexes, which in turn organize into large hexagonal arrays

FIG. 6. Examples of anomalous clustering by N381 mutant recep-
tors. Clustering assays were performed with the YFP-CheR reporter as
in Fig. 5 except that UU1581 cells were used, which contain no CheA,
CheW, or any other chemotaxis proteins. Under these conditions,
wild-type Tsr molecules cannot assemble ternary signaling complexes
but still associate as trimers of dimers, leading to polar caps. Each
panel shows an inverted, gray-scale portion of the original fluorescence
image.

FIG. 7. Flagellar rotation patterns elicited by N381 mutant recep-
tors. Each panel shows the rotation profile of UU1250 cells (CheR�

CheB�; light gray bars) and UU1535 cells (CheR� CheB�; dark gray
bars) expressing the indicated Tsr N381 amino acid replacement (G,
Q, S, T, or E). At least 100 antibody-tethered cells were observed for
15 s each and assigned to one of five rotation categories, from exclu-
sively CCW (left extreme) to exclusively CW (right extreme).

VOL. 193, 2011 MUTATIONAL ANALYSIS OF Tsr-N381 6457

 

http://jb.asm.org/


at the cell poles. It appears that two receptor trimers and two
CheW molecules are necessary and sufficient to control one
CheA dimer (24). Presumably, each trimer in the minimal
signaling unit binds one CheW molecule. Binding could occur
at surface determinants that exist in each dimer or at sites that
are unique to the trimer, for example at the cleft between
adjacent dimers (Fig. 1B). In either scenario, the dynamic
behavior of the trimer should influence CheW binding. Both
very stable and very unstable trimers could spend little time in
the proper high-affinity binding conformation, thereby retard-
ing ternary complex assembly and promoting nonproductive
binding interactions between, for example, CheW and receptor
dimers (12).

Most of the N381 mutant receptors described in this report
were defective in binding CheW and in forming ternary signal-
ing complexes. However, the evidence and reasoning discussed
below suggest that N381 may not be an important direct bind-
ing determinant for CheW, rather N381 lesions affect trimer
stability and geometry in ways that impair ternary complex
assembly.

Trimer-deficient N381 mutants. Some amino acid replace-
ments at Tsr residue N381 interfered with trimer formation. As
mutant homodimers, the N381P and N381R receptors could
not initiate trimer formation, and N381A/D/E/K receptors
formed partial trimer assemblies (dimers of dimers) (Fig. 8A).
All of these mutant receptors were able to form mixed trimers
with wild-type Tar molecules, suggesting that interaction with

a normal partner could ameliorate, to some extent, their trimer
defect. Mixed trimers accommodated up to two A/E/P dimers
but no more than one D/K/R dimer. We suggest that the D, K,
and R lesions impede trimer-forming interactions through
charge repulsion effects and side chain steric clashes (K and R)
at the trimer axis. The structural perturbations of the A, E, and
P lesions, whose defects were recessive in mutant/wild-type
heterodimers, evidently are less drastic. N381P most likely
destabilizes the main trimer contact helix. In heterodimers,
intersubunit helix packing interactions could alleviate that
structural instability; in mixed trimers, interdimer packing in-
teractions could enhance N381P stability in an analogous fash-
ion (Fig. 8B).

The severe trimer formation defects of the N381D/K/P/R
receptors revealed a pathway for anomalous cluster formation
that probably accounts for some of their functional defects
(Fig. 8A). Similar behavior was previously reported for another
Tsr trimer contact lesion, R388P (28). Like normal receptor
clusters, anomalous clusters formed mainly at the cell poles.
They probably are not inclusion bodies, because (i) the mutant
receptor molecules were expressed at physiological levels, (ii)
their C-terminal binding site for the YFP-CheR clustering
reporter was accessible, and (iii) the mutant receptors both jam
Tar signaling and form mixed cross-linking products with Tar
molecules, demonstrating that they are not sequestered from
normal receptor molecules in the same cell. Perhaps anoma-
lous clusters form through nonspecific association of the hy-
drophobic tips of receptor molecules (Fig. 9). Such binding
interactions could lead to polar clusters by the same stochastic
diffusion-interaction mechanism that forms trimer-based polar
clusters (15). In trimer-proficient receptors, trimer interactions
probably block or outcompete anomalous clustering interac-
tions; such aberrant interactions would be unopposed in pro-
foundly trimer-deficient receptors. Anomalous clustering con-
ceivably could account for the dominance of the N381D/K/R
defects.

Trimer-proficient N381 mutants. Many N381 mutants made
trimers and mixed trimers with ostensibly wild-type proficiency
(Fig. 8A). However, only a few of them (N381Q/S/T) efficiently
assembled ternary signaling complexes; most of the mutant
trimers were defective in recruiting CheW (and CheA). On
one hand, the binding-defective N381 lesions (V/I/L/M/F/W,
C/H/Y, and G) might directly alter a critical CheW binding
determinant at the trimer periphery. On the other hand, they
might affect trimer stability or geometry and thereby influence
CheW binding. We favor the latter explanation, mainly be-
cause the binding-defective receptors seem to fall into two very
different trimer stability classes. The N381G and the N381C/
H/Y receptors may make trimers that are less stable than
wild-type ones. Their functional defects are recessive in het-
erodimers, implying that the wild-type subunits can promote
stable trimer formation by preferentially orienting at the trimer
axis. In contrast, N381* receptors with a hydrophobic replace-
ment (V/I/L/M/F/W) may make trimers that are more stable
than wild-type ones. Their functional defects are dominant in
heterodimers, implying that wild-type subunits cannot exclude
mutant ones from the trimer axis.

Structural features of the trimer interface support these dis-
parate stability assessments. The N381 residues at the trimer
axis reside in a water-filled cavity, about 200 Å3 in volume, that

FIG. 8. Trimer formation defects of N381 mutant receptors.
(A) Steps in trimer assembly, ternary complex, and cluster formation
affected by different N381 lesions. Tsr dimers are represented as con-
joined semicircles; small black circles indicate the position of residue
381 in each subunit. Early steps in trimer assembly are reversible but
become irreversible upon binding CheW/CheA to form ternary signal-
ing complexes. The N381G lesion has a less severe effect on complex
assembly than other N381 receptors blocked at the same step. Al-
though the D, E, A, and K replacements seem to affect the same step
(completion of trimer assembly), the D and K lesions lead to anoma-
lous clustering, whereas the E and A lesions do not. Amino acid
replacements that cause recessive defects are listed in gray, and dom-
inant lesions are in black. (B) Behavior of N381 mutant receptors in
trimer competition assays. Tsr dimers are shown as light gray circles
with small black circles representing residue 381 in each subunit; Tar
dimers are shown as dark gray circles with small white circles repre-
senting the 381-equivalent positions. In cells expressing both Tar and
Tsr, the D, K, and R mutant receptors can drive Tar molecules only to
dimers of dimers. In contrast, the E, A, and P mutant receptors fully
dissipate Tar trimers of dimers.

6458 GOSINK ET AL. J. BACTERIOL.

 

http://jb.asm.org/


is lined with hydrophobic trimer contacts (Fig. 9B). The N381
side chains form a hydrogen-bonded network at the center of
the cavity that contributes to trimer stability. Hydrophobic
amino acids at the N381 position likely would contribute to
trimer packing forces as well, whereas glycine would not. The
N381 cavity has ample space to accommodate a variety of side
chain volumes, but bulky residues with polar character (H and
Y) could distort the packing geometry without contributing
significantly to packing stability. In contrast, large aromatics (F
and W) might still contribute hydrophobic interactions that
stabilize the trimer interface despite altering its packing geom-
etry.

The CheW binding defects of mutant receptors with pre-
sumptive trimer stability changes are less easily explained by
the N381 structural environment around the outside of the
trimer. At the trimer periphery, N381 lies in a shallow depres-
sion on the face of each dimer, surrounded by mainly hydro-
phobic residues (Fig. 9C). If the hydrophobic hollow adjacent
to N381 were part of a CheW docking site, larger side chain
replacements at N381 might be expected to occlude the site
and interfere with CheW binding. In contrast, small side chain
replacements might have little or no effect on CheW binding.
This appears not to be the case, because some small replace-
ments (e.g., G, A, and V) impaired CheW binding, whereas a
larger side chain replacement (Q) did not. If, instead, N381
itself were a critical binding determinant, then most amino acid
replacements might be expected to impair binding, either
through steric hindrance or through the elimination of side
chain binding contacts. The N381* behaviors are more consis-
tent with this scenario, although side chain character appears
to be more critical than size. Thus, some mutant receptors with
polar amino acid replacements (S, T, and Q) retained CheW
binding, whereas nonpolar (G, A, and V) or charged (D and E)
replacements of about the same size prevented CheW binding.

In conclusion, residue N381 of Tsr is critical for signaling; no
other amino acid at this position can support function. All
N381 mutant receptors except N381G disrupted the function
of a heterologous receptor, Tar. There may be two different

jamming mechanisms: some N381* receptors probably desta-
bilize mixed trimers, while others probably overstabilize or
distort the trimer interfaces, locking in a nonproductive con-
formation. Although most N381 lesions abrogated ternary
complex formation, N381 may not be a direct binding deter-
minant for CheW. Rather, the CheW binding defects of N381*
receptors could stem from trimer assemblies that have incor-
rect geometry or dynamic behavior. The CheW docking sur-
face on receptor molecules remains to be identified.
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