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In Escherichia coli, high-abundance chemoreceptors are present in cellular amounts approximately 10-fold
higher than those of low-abundance receptors. These two classes exhibit inherent differences in functional
activity. As sole cellular chemoreceptors, high-abundance receptors are effective in methyl-accepting activity,
in establishing a functional balance between the two directions of flagellar rotation, in timely adaptation, and
in mediating efficient chemotaxis. Low-abundance receptors are not, even when their cellular content is
increased. We found that the low-abundance receptor Trg acquired essential functional features of a high-
abundance receptor by the addition of the final 19 residues of the high-abundance receptor Tsr. The carboxy
terminus of this addition carried a methyltransferase-binding pentapeptide, NWETF, present in high-abun-
dance receptors but absent in the low-abundance class. Provision of this docking site not only enhanced
steady-state and adaptational methylation but also shifted the abnormal, counterclockwise bias of flagellar
rotation toward a more normal rotational balance and vastly improved chemotaxis in spatial gradients. These
improvements can be understood as the result of both enhanced kinase activation by the more methylated
receptor and timely adaptation by more efficient methyl-accepting activity. We conclude that the crucial
functional difference between the low-abundance receptor Trg and its high-abundance counterparts is the level
of methyl-accepting activity conferred by the methyltransferase-docking site.

Chemotactic responses to an array of attractants and repel-
lents are mediated in Escherichia coli by four well-character-
ized methyl-accepting chemotaxis proteins. These transmem-
brane receptors are related by a common domain organization,
by significant sequence identity, and probably by a shared
three-dimensional structure. References to the current body of
information about these receptors can be found in several
reviews (8, 11, 28). These chemoreceptors are the most exten-
sively studied members of a large family of proteins that me-
diate tactic responses in a wide range of bacteria and archaea
(17, 20, 36). The hallmarks of this family are a highly conserved
region of ;50 residues that is crucial for intracellular signaling
through its control of a noncovalently associated histidine ki-
nase, CheA, and bracketing regions containing methyl-accept-
ing glutamyl residues that are covalently modified in the pro-
cess of sensory adaptation. For the E. coli chemoreceptors Tsr,
Tar, Trg, and Tap, two transmembrane segments, one near the
amino terminus and the other approximately 40% of the way
along the sequence, bracket a periplasmic, ligand-binding do-
main of ;150 residues and connect it to a carboxy-terminal,
cytoplasmic domain of ;300 residues that contains the regions
of kinase control and adaptational methylation.

Chemoreceptors are homodimers that form ternary com-
plexes with CheA and an accessory protein, CheW (see refer-
ences 8 and 28 for reviews of our understanding of the Che
proteins). In a ternary complex, the receptor activates the
kinase to establish a steady-state level of autophosphorylation.
The availability of phosphorylated CheA (phospho-CheA) in
turn determines the extent of phosphorylation of the response
regulator CheY. Phospho-CheY binds to the flagellar switch to
cause clockwise (CW) rotation of an otherwise counterclock-

wise (CCW)-rotating motor. An appropriate balance between
CCW and CW flagellar rotation produces an alternation be-
tween runs and tumbles that creates a three-dimensional ran-
dom walk as the cell swims. This balance requires a proper
level of basal activation of the kinase to provide an appropriate
phospho-CheY content. An increase in attractant occupancy at
the ligand-binding site of a receptor reduces kinase activity and
correspondingly the phospho-CheY concentration. The result-
ing reduced probability of CW rotation, and thus of tumbles,
biases the random walk toward higher concentrations of at-
tractant. The effects of changes in attractant occupancy at the
ligand-binding site are transient because stimulated receptors
are activated not only for kinase control but also at their
methyl-accepting sites. Receptors experiencing increased at-
tractant binding are activated to increase methylation, cata-
lyzed by the methyltransferase CheR, to the extent necessary
to balance the changes in occupancy and thus to restore kinase
activity to its basal level. Some methyl-accepting sites are ini-
tially glutamines that are subsequently deamidated by CheB to
create methyl-accepting glutamyls (15). An amide at a modi-
fication site is in large part the functional equivalent of a
methyl ester (5, 6, 26).

In wild-type E. coli, two high-abundance receptors, Tsr and
Tar, are present in cellular amounts approximately 10-fold
higher than those of two low-abundance receptors, Trg and
Tap. Cells lacking high-abundance receptors exhibit abnor-
mally low tumble frequencies and extended adaptation times,
and the ability of the low-abundance receptors to mediate
directed migration in spatial gradients is substantially compro-
mised (9, 12, 14, 25, 34, 35). These phenotypes are not simply
the result of reduced receptor content in cells lacking the
numerically predominant high-abundance receptors, since in-
creasing the cellular dosage of a low-abundance receptor in the
absence of high-abundance receptors does not increase tumble
frequency or improve the tactic response (9, 33). Instead, low-
abundance receptors appear to be distinguished from high-
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abundance receptors by an inherent difference in activity.
Characterization of hybrids between the low-abundance recep-
tor Trg and the high-abundance receptor Tsr (9) or between
the analogous pair of Tap and Tar (33) demonstrated that this
difference resides in the cytoplasmic domain. Yet, it is in the
cytoplasmic domains that receptors show the highest (;60%)
sequence identity and interact with the same sensory compo-
nents: CheA, CheW, CheR, and CheB. However, Wu et al.
(34) recently showed that a carboxy-terminal pentapeptide,
NWETF, present on Tsr and Tar but absent from Trg and Tap
(Fig. 1A), is a specific binding site for the methyltransferase
CheR. A chemoreceptor recently discovered in E. coli, Aer (3,
29), is present in low abundance and also lacks the pentapep-
tide (Fig. 1A). To what extent is the absence of a CheR-
binding pentapeptide in low-abundance receptors the basis of
the functional differences between the receptor classes? To
investigate this question, we grafted the 19-residue, carboxy-
terminal segment of the high-abundance receptor Tsr, contain-
ing the methyltransferase-docking site, to the carboxyl termi-
nus of the low-abundance receptor Trg and to the carboxyl
terminus of a Tsr-Trg hybrid that is phenotypically a low-
abundance receptor (9) and examined the functioning of these
altered receptors in vivo.

MATERIALS AND METHODS

Strains and plasmids. CP177, a derivative of E. coli K-12, is ara-14 his-4 lacY1
leuB6 rpsL136 thi-1 thr-1(Am) tonA31 tsx-78 xyl-5 and contains a complete chro-
mosomal deletion of trg linked to zdb::Tn5 (27). CP362, derived from CP177,
carries additional deletions of tsr, tar, and tap (27). Plasmids pAL1, pCT1, pHF1,
and pHF2 are derivatives of pHSe5 (21) in which tandem tac promoters and
operators control the expression, respectively, of trg, tsr, trsr, and tsrg. pCT1 is our

name for the tsr overexpression plasmid (10) created by insertion of an
;2,500-bp BamHI-HindIII fragment containing tsr into pHSe5. pAL1 was cre-
ated by oligonucleotide-directed mutagenesis of pGB1 (9) to change its EcoRI
site to a BamHI site and its SacI site to a HindIII site and then replacement of
the tsr-containing BamHI-HindIII fragment of pCT1 with the comparable, trg-
containing fragment of the altered pGB1. See Feng et al. (9) for a description of
the construction of trsr and tsrg. pAL75 carries trgt, in which the final 19 codons
of tsr have been fused to the 39 end of trg. It was constructed by creating sites for
restriction endonucleases that create blunt ends at the center of their recognition
sites. By PCR-based in vitro mutagenesis with appropriate mutagenic primers,
we made the following changes: in pAL1 the final two codons of trg (GTGTGA,
coding for Val and stop [termination of translation]) were converted to the
Bst1107I recognition site (GTATAC, coding for Val and Tyr, respectively), and
in pCT1 the sequence beginning 20 codons from the 39 end of tsr was changed
from ACGCCA (coding for Thr and Pro) to an StuI site (AGGCCT, coding for
Arg and Pro, respectively). A combination of the trg-containing BamHI-Bst1107I
fragment from the altered form of pAL1 with the StuI-BamHI fragment from the
altered form of pCT1 produced pAL75. The resulting fusion gene, trgt, coded for
all 546 residues of native Trg followed by the carboxy-terminal 19 residues of Tsr.
pHF3, which carries tsrgt, was constructed by recombining the larger HindIII-
EagI fragment from pHF2, which contained most of tsrg, and the smaller EagI-
HindIII fragment from pAL75, which contained a 39 fragment of trg fused to the
final 19 tsr codons. All mutational changes and all constructs were confirmed by
nucleotide sequencing.

Labeling with [methyl-3H]methionine. Cells grown at 35°C to the mid-expo-
nential phase in H1 minimal salts (13) containing the required amino acids at 1.0
mM, 0.2% ribose, 50 mg of ampicillin per ml, and 0, 20, or 30 mM isopropylthio-
b-D-galactoside (IPTG) were harvested by centrifugation and submitted to at
least five cycles of suspension and pelleting with chemotaxis buffer (10 mM
potassium phosphate [pH 7.0], 0.1 mM EDTA). Labeling in vivo with 3H-methyl
groups was performed essentially as described previously (7, 9). Samples repre-
senting ;4.5 3 107 cells were submitted to sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (11% polyacrylamide, 0.074% N,N9-methylenebisacryl-
amide [pH 8.2]) (23). The gel was stained with Coomassie brilliant blue,
destained with 10% acetic acid, soaked in Amplify (Amersham Corp.), dried at
80°C for 50 min, placed on preflashed X-ray Hyperfilm (Amersham), and kept at
270°C until development of the film.

FIG. 1. Carboxy-terminal amino acid sequences of natural chemoreceptors and diagrams of hybrid receptors. (A) Aligned carboxy-terminal amino acid sequences
of E. coli Tsr, Tar, Trg, Tap, and Aer and of Salmonella typhimurium Tar (TarS) and Tcp deduced from the nucleotide sequences. The carboxy-terminal sequence
conserved in high-abundance receptors is boxed. The carboxy-terminal sequence of Trg shown here differs from the sequence that we originally deduced (4) because,
upon resequencing of the corresponding region of the gene, we found an additional C after position 1602 (the third base at codon 534) and an additional G after original
position 1611. The revised gene sequence corresponds to the trg sequence determined in the Escherichia coli Genome Project and places the stop codon after codon
546 instead of after codon 537. Thus, Trg is 9 residues (GEPVSFATV) longer than originally deduced, and the 3 preceding residues are RGA instead of AER. (B)
Primary structures of natural and hybrid chemoreceptors used in this study. The diagrams show transmembrane segments (TM1 and TM2), methyl-accepting sites (3),
and the positions of fusion joints. Among the five methyl-accepting sites of Trg (23) and the six of Tsr (30), all but one, a site in the K1 peptide of Tsr, have been
identified.
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Behavioral assays. Rotational phenotypes were determined with cells grown as
described for the methylation assay. Cells were harvested, treated in a Waring
blender to shear their flagella, tethered by use of antibodies to flagellin to the
surface of a glass microscope slide, washed extensively in 10 mM potassium
phosphate (pH 7.0)–0.1 mM EDTA–1 mM sodium succinate–1 mM methionine,
placed on a microscope stage at 35°C, and recorded on videotape (27). The
formation of chemotactic rings was assessed by use of plates containing 0.25%
agar, 50 mg of ampicillin per ml, and tryptone broth or a mixture of minimal salts,
required amino acids at 0.5 mM, 50 mg of ampicillin per ml, and either 0.05 mM
galactose, 0.1 mM ribose, or 0.1 mM serine plus 1 mM glycerol. Plates were
inoculated with highly motile, mid-exponential-phase cultures in tryptone broth,
placed in a humid incubator at 35°C (14), and examined after appropriate times
(4 to 8 h for tryptone plates; 12 to 17 h for minimal medium plates). Images were
recorded with a digital camera.

The capillary assay was performed essentially as described by Adler (1). Cells
were grown as described for the methylation assay, harvested by centrifugation at
1,600 3 g for 10 min, submitted to three cycles of gentle suspension and pelleting
designed to avoid shearing flagella, suspended to 5 3 106 cells per ml in che-
motaxis buffer at 30°C, and placed in 0.5-ml portions in small chambers created
by glass U tubes resting on a glass plate and covered by a glass coverslip (20 by
50 mm). The glass plate formed the bottom of a plastic, lid-covered box sus-
pended in a constant-temperature water bath (30°C). After 10 min of equilibra-
tion, capillaries containing chemotaxis buffer alone or buffer plus attractant were
inserted into each chamber in sequence. After 45 min, capillaries were removed
in sequence from the chambers and emptied into 1 ml of ice-cold tryptone broth,
the samples were diluted further as necessary, and an appropriate volume was
mixed with 3 ml of molten 0.8% soft agar containing tryptone broth and spread
on freshly made tryptone plates. Plates were incubated overnight at 35°C, colo-
nies were counted, and the number of cells that had accumulated in capillaries
was calculated.

RESULTS

Adding a CheR-docking site to Trg and Tsrg. We added a
19-codon sequence corresponding to the final 19 residues of
the high-abundance receptor Tsr to the 39 end of the trg gene,
creating a form of Trg with the CheR-binding site, NWETF,
attached by a 14-residue linker segment to the carboxyl termi-
nus of the low-abundance receptor (Fig. 1B). In a parallel
construct, we added the same sequence to Tsrg, a hybrid re-
ceptor (9) in which the amino-terminal 257 residues of Tsr are
fused to the carboxy-terminal 281 residues of Trg at a junction
just within the cytoplasmic domain, 43 residues from the lysine
that marks the end of the second transmembrane segment of
Tsr (Fig. 1B). We refer to the 19-codon segment and the
19-residue peptide as the tsr-tail and the Tsr-tail, respectively;
to the new gene constructs as trgt (trg plus tail) and tsrgt; and to
their products as Trgt and Tsrgt. For the studies described
here, all relevant genes were introduced into a common plas-
mid vector. This vector placed the introduced gene under the
control of tandem tac promoters and operators and carried a
copy of the lacI gene to provide tight control of gene expres-
sion. It was possible to create a cellular content of the receptor
proteins approximating that produced from a single chromo-
somal gene by growth in minimal salts medium in the absence
of IPTG for constructs with tsr-derived 59 segments and in the
presence of 20 or 30 mM IPTG for those with trg-derived 59
segments. All characterizations of receptor function were per-
formed with cells grown in this way. Immunoblots of samples
from such cells revealed that the addition of the Tsr-tail had no
detectable effect on receptor content or stability in vivo (data
not shown).

Methylation. We assessed patterns of steady-state and ad-
aptational methylation in vivo by using polyacrylamide gel
electrophoresis, immunoblotting, and fluorography to examine
electrophoretic patterns of receptors labeled with 3H-methyl
groups (Fig. 2). In such analyses, Trg appears in multiple
electrophoretic forms corresponding to multiply methylated
species (22, 23). Increased methylation of the cellular popula-
tion of receptor molecules in 3H-methyl-labeled cells results in
more intensity on the fluorograph and a relative increase in
more rapidly migrating, more methylated forms of the recep-

tors. Decreased methylation reduces the intensity and shifts
the distribution toward more slowly migrating, less methylated
forms. Parallel immunoblots for the fluorographs shown in Fig.
2 showed no significant difference in the cellular contents of
Trg and Trgt or of Tsrg and Tsrgt (data not shown); thus, the
relative intensities of the fluorographic patterns reflect the
relative extents of methylation of Trg versus Trgt and of Tsrg
versus Tsrgt. Introduction of the Tsr-tail resulted in significant
increases in the levels of steady-state methylation of both Trg
and Tsrg, as documented by comparison of the Trg and Trgt
patterns and of the Tsrg and Tsrgt patterns in Fig. 2, buffer
lanes. Note that the addition of the Tsr-tail resulted in a
slightly slower electrophoretic migration, corresponding to a
larger polypeptide chain; thus, the entire electrophoretic pat-
tern of Trgt was shifted to a slightly higher position on the gel
relative to Trg, and the same was true for the Tsrgt-Tsrg pair.
The increase in steady-state methylation caused by adding the
Tsr-tail to Trg was similar to the increase caused by replacing
87% of the cytoplasmic domain of Trg (281 residues) with the
comparable segment of Tsr (compare the Trgt and Trsr pat-
terns in Fig. 2, buffer lanes). Thus, enhanced methylation was
a function not of the methyl-accepting sites themselves, which
were from a high-abundance receptor in Trsr and from a low-
abundance receptor in Trgt, but rather of the pentapeptide-
containing carboxy-terminal sequence, present in both Trsr
and Trgt.

Stimulation of a receptor by an attractant results in in-
creased receptor methylation in the course of adaptation. In
cells containing only a single receptor type, these changes were
striking for Tsr (compare the buffer and serine lanes for Tsr in
Fig. 2) but modest for Trg (compare the buffer and ribose
lanes) or Tsrg (compare the buffer and serine lanes). The

FIG. 2. Patterns of methylation in unstimulated and stimulated cells. The
panels are fluorographs of sodium dodecyl sulfate-polyacrylamide gels loaded
with samples of 3H-methyl-labeled cells containing the indicated protein as the
sole detectable chemoreceptor. Only the segments of the fluorographs including
the labeled chemoreceptors are shown. Cells were mixed with buffer, 10 mM
ribose, or 10 mM serine. Exposure times were 100 h for the top panels, corre-
sponding to genes with trg-derived 59 segments, and 5 h for the bottom panels,
corresponding to genes with tsr-derived 59 segments.
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addition of the Tsr-tail to Trg and to Tsrg resulted in enhanced
changes in methylation in the course of adaptation after stim-
ulation (Fig. 2). For instance, stimulation by the attractant
ribose, recognized through an interaction of the occupied bind-
ing protein with the periplasmic domain of Trg, resulted in a
just detectable increase in the intensity of the two most rapidly
migrating bands in the Trg pattern, with little other apparent
change, whereas Trgt exhibited a substantial increase in radio-
activity and a distinct shift from slower to more rapidly migrat-
ing bands. As noted for steady-state methylation, the addition
of the Tsr-tail to Trg had essentially the same effect of enhanc-
ing adaptational methylation as did the replacement of 87% of
the cytoplasmic domain of the low-abundance receptor with
the high-abundance sequence, again indicating that the crucial
feature was the methyltransferase-docking site, not the specific
methyl-accepting sites. For the fusion protein Tsrg, the addi-
tion of the Tsr-tail to the Trg-derived cytoplasmic domain
enhanced the extent of change in methylation after stimulation
by the attractant serine, recognized by the Tsr periplasmic
domain (Fig. 2). However, the magnitude of this change was
not as great as that exhibited by intact Tsr (Fig. 2). In summary,
the methyltransferase-docking site at the carboxyl terminus of
the Trg cytoplasmic domain enhanced both steady-state and
adaptational methylation of both intact Trg and the Tsr-Trg
hybrid.

Rotational bias. As sole cellular chemoreceptors, Trg and
Tsrg are unable to establish the normal balance between CCW
and CW flagellar rotation (9). A strong bias toward CCW
rotation and thus toward runs is likely to contribute to inef-
fective taxis. We determined rotational bias by observing teth-
ered cells and found that the addition of the Tsr-tail to Tsrg
shifted the considerable CCW bias to a rotational distribution
almost identical to that of cells containing only Tsr (Fig. 3,
bottom row). The addition of the Tsr-tail to Trg resulted in
a significant shift from a less extreme CCW bias to the
balanced rotational phenotype of cells containing both high-
and low-abundance receptors (Fig. 3, top row). The addition
of the Tsr-tail is almost as effective as the replacement of
87% of the cytoplasmic domain of Trg with the comparable
segment of Tsr to create Trsr (9) (Fig. 3, top row, rightmost
panel).

Tactic responses. We examined the ability of the receptors
of interest to mediate migration in spatial gradients by testing
for the formation of chemotactic rings on semisolid agar plates
and for migration up gradients formed by the diffusion of an
attractant from the mouth of a capillary tube. In the plate
assay, cells are inoculated into semisolid agar containing min-
imal salts and a low concentration of a metabolizable attractant
that can serve as a source of carbon and energy. As the cells
multiply, they deplete the attractant at the site of inoculation,
creating a gradient to which chemotactic cells respond by mi-
grating outward toward high attractant concentrations. The
chemotactic cells in the expanding ring multiply as they me-
tabolize the attractant and leave behind an area depleted of
the attractant. The combination of a sharp gradient created by
cellular metabolism, incubation times of many hours, and am-
plification by continued growth of cells that make correct de-
cisions makes the formation of chemotactic rings a particularly
effective assay for detecting even minimal tactic abilities. In
contrast, the capillary assay exposes cells to a diffusion gradient
from the capillary mouth and assesses accumulation after 45
min in a buffer that does not support cell division. These
stringent conditions provide an effective assay for comparing
the relative effectiveness of cells that exhibit significant tactic
responses. Thus, the response to ribose of cells containing only
Trg was detectable as the formation of a slow-moving chemo-
tactic ring in the plate assay (Fig. 4A) but was not detected in
the capillary assay (Fig. 4B).

The representative data shown in Fig. 4 illustrate that, as
assessed by both assays, the addition of the Tsr-tail to Trg
greatly enhanced effective taxis in cells lacking high-abundance
receptors. The improved responses were similar to those me-
diated by the hybrid Trsr, in which most of the cytoplasmic
domain is from Tsr, and were only modestly smaller than
Trg-mediated responses in the presence of high-abundance
receptors. As shown in Fig. 4B, Trgt in the absence of other
chemoreceptors mediated accumulation in the capillary assay
almost as effectively as Trg in the presence of high-abundance
receptors, a striking improvement over the lack of any accu-
mulation by cells containing only Trg. The addition of the
Tsr-tail to the hybrid Tsrg improved the ability of this hybrid
receptor to mediate migration in spatial gradients (Fig. 5). The

FIG. 3. Rotational phenotypes. The six strains used for the analysis in Fig. 2 plus one with a deletion of chromosomal trg (CP177) but containing plasmid pAL1
carrying trg were tethered and analyzed for rotational phenotypes by observing at least 100 rotating cells, each for 10 to 15 s, and classifying the behavior into one of
five categories (displayed from left to right in each histogram as follows: exclusively CW, predominantly CW with occasional reversals, reversing frequently with no
evident directional bias, predominantly CCW with occasional reversals, and exclusively CCW) (31). The data are averages for two independent determinations that
yielded very similar distributions. Patterns for strains harboring plasmid-borne genes coding for receptors with the ligand-binding domain of Trg (top row) and patterns
for receptors with the ligand-binding domain of Tsr (bottom row) are shown.
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Tsrg hybrid exhibited no ability to mediate taxis toward serine
in either assay, whereas cells containing the Tsrgt variant re-
sponded in both assays. However, the Tsrgt-mediated re-
sponses were different from the responses mediated by intact
Tsr, being both smaller in magnitude and more limited in
concentration range. Specifically, on semisolid agar plates con-
taining either tryptone or serine plus glycerol, Tsr-mediated
responses resulted in a fast-moving ring with the unusual fea-
ture of being much more diffuse than the characteristically
sharp rings observed for responses mediated by other recep-
tors (compare Tsr-mediated responses shown in Fig. 5A to
Trg-mediated responses shown in Fig. 4A). In contrast, rings
formed on plates containing tryptone or serine plus glycerol by
cells containing Tsrgt were sharper, although more slowly mov-
ing, than Tsr-mediated rings. In the capillary assay, Tsrgt-
containing cells responded well at low serine concentrations

but did not respond over the extended concentration range
characteristic of taxis mediated by intact Tsr.

DISCUSSION

Converting the low-abundance receptor Trg to the func-
tional equivalent of a high-abundance receptor. We found that
the low-abundance receptor Trg acquired essential functional
features of a high-abundance receptor by the addition of the
Tsr-tail. As sole cellular chemoreceptors, high-abundance re-
ceptors are effective in methyl-accepting activity, in establish-
ing a functional run-tumble balance, in rapid adaptation, and
in mediating efficient chemotaxis; low-abundance receptors are
not, even when their cellular content is increased (9, 33). Re-
placing most of the cytoplasmic domain of the low-abundance
receptor Trg or Tap with the ;60% identical segment of the
high-abundance receptor Tsr or Tar created low-abundance
receptors that have the essential features of high-abundance
receptors (9, 33). We created a similarly functional low-abun-

FIG. 4. Chemotactic responses to Trg-linked attractants mediated by intact
and hybrid receptors. (A) Formation of chemotactic rings on semisolid agar
plates. The images were taken 12 h after inoculation of plates containing the
indicated attractant with CP177/pAL1 (Trg, Tsr, Tar, Tap), CP362/pAL1 (Trg),
CP362/pAL75 (Trgt), and CP362/pHF1 (Trsr). (B) Accumulation in capillaries.
The strains used in panel A were assayed at 30°C for 45 min. The points are
averages for more than four replicates, and the error bars represent standard
deviations. Points with no error bars had standard deviations within the size of
the symbol.

FIG. 5. Chemotactic responses to Tsr-linked attractants mediated by intact
and hybrid receptors. (A) Formation of chemotactic rings on semisolid agar
plates. The images were taken 8 h after inoculation of plates containing tryptone
(TB) or serine-glycerol (Serine) with CP362/pCT1 (Tsr), CP362/pHF2 (Tsrg), or
CP362/pHF3 (Tsrgt). (B) Accumulation in capillaries. The strains used in panel
(A) were assayed at 30°C for 45 min. The points are averages for more than four
replicates, and the error bars represent standard deviations. Points with no error
bars had standard deviations within the size of the symbol.
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dance receptor by adding the Tsr-tail to the complete Trg
sequence; this result implied that the crucial contribution of
the carboxy-terminal 294 residues of Tsr was made by the final
19 amino acids. This segment, missing in low-abundance re-
ceptors, ends with the pentapeptide NWETF, identified by Wu
et al. (34) as a binding site for the methyltransferase CheR. In
high-abundance receptors, deletion or alteration of this pen-
tapeptide reduced substantially methyl-accepting activity in
vivo (24, 33) and in vitro (18, 19); the addition of an NWETF-
containing tail to the low-abundance receptor Tap increased
the number of electrophoretic forms of the low-abundance
receptor, implying enhanced methylation in vivo (33).

In the present study, we have documented enhanced meth-
ylation in vivo of Trgt, a low-abundance receptor with the
NWETF-containing tail of a high-abundance receptor. Parallel
studies in vitro have shown that Trgt has a 10-fold-higher initial
rate of methylation than native Trg (2). These enhancements
are likely to reflect increased local concentrations of methyl-
transferase created by the CheR-binding pentapeptide. In ad-
dition, the enhancements might also depend on other features
of the Tsr-tail, for instance, the provision of a flexible linker to
allow pentapeptide-bound CheR to reach methyl-accepting
sites on the same or neighboring receptors (18, 19). In any
case, the conversion of Trg into a receptor with the functional
features of a high-abundance receptor, particularly the ability
to mediate effective chemotaxis as a sole cellular chemorecep-
tor, can be understood as a consequence of more effective
methylation. These notions and their implications, as well as
some related matters, are considered in more detail below.

Improving the function of the hybrid receptor Tsrg. The
hybrid Tsrg, containing most of the Trg cytoplasmic domain
and the periplasmic and transmembrane domains of Tsr, func-
tions like a low-abundance receptor. As documented in this
study and a previous study (9), as the sole chemoreceptor in a
cell, Tsrg is unable to establish a normal rotational phenotype
and does not mediate taxis in spatial gradients. In our previous
study (9), the tsrg gene, under the control of the tsr promoter,
had been transferred by homologous recombination and plas-
mid resolution from a plasmid construct to a site on the chro-
mosome in the lac operon (27). In the present study, tsrg was
transferred to a different plasmid in which it was under the
control of tandem tac promoters and the product of an accom-
panying lacI gene. Using this construct, we confirmed the in-
ability of Tsrg to mediate chemotaxis, but other aspects of the
phenotype differed from those reported for the chromosomally
integrated hybrid gene. With the plasmid-borne construct, we
observed modest changes in the levels of methylation after
exposure to the attractant serine or the repellent leucine or
phenol that were not apparent in the previous study (9), and
the rotational phenotype was substantially biased to CCW, in
contrast to the earlier observation of a CW bias. Since we
confirmed the identity and integrity of the plasmid-borne hy-
brid by complete nucleotide sequencing, we are confident that
the current observations provide the best definition of the
phenotypic characteristics of Tsrg: reduced steady-state and
adaptational methylation, a strong CCW bias, and an inability
to mediate taxis in spatial gradients, as assayed either on plates
or with capillary tubes.

The addition of the Tsr-tail to Tsrg improved each of these
features, but in a somewhat different pattern than that ob-
served with the addition of the same tail to intact Trg. For the
tail-containing forms of both Tsrg and Trg, steady-state and
adaptational methylation was enhanced. However, whereas
Trgt as a sole cellular receptor mediated chemotactic re-
sponses to ribose gradients that were nearly the same as the
responses of wild-type cells or of cells containing Trsr, Tsrgt

appeared to mediate serine taxis in a different, apparently less
effective manner than intact Tsr (Fig. 5), even though the
rotational bias established by Tsrgt was nearly identical to that
established by Tsr (Fig. 3). This apparently lower effectiveness
of Tsrgt could reflect disruptions or mismatches caused by
combining three receptor fragments. An interesting possibility
is that such disruptions caused Tsrgt to mediate responses in
spatial gradients over a narrower range of serine concentra-
tions than Tsr. Early studies (32) noted that Tsr-mediated
accumulations in capillaries occur over an extended range of
serine concentrations, suggesting either recognition by more
than one site with different affinities or some other deviation
from single-site, single-binding-isotherm recognition. Sensitiv-
ity over an extended concentration range is consistent with the
diffuse rings on semisolid agar plates characteristic of Tsr-
mediated responses to serine, since extended sensitivity would
mean a greater distance between threshold and saturation
along the spatial gradient created by cellular metabolism. A
reduced sensitivity to serine, reflecting recognition by a single,
high-affinity binding site, could result in a pattern of responses
in the capillary assay much like the usual one at low serine
concentrations, but reaching a peak (receptor saturation) at a
lower concentration. Such a reduced sensitivity would also
sharpen the rings formed in response to the serine gradient
created in semisolid agar plates and reduce the extent of in-
creased methylation necessary to balance receptor saturation.
Since Tsrgt-mediated responses exhibited these features (Fig.
3 and 5), it is possible that some feature of the Tsr cytoplasmic
domain not provided by the comparable segment of Trg con-
tributes to the extended Tsr-mediated sensitivity to serine.
Thus, the cytoplasmic domains of the two receptors may have
functional differences in addition to the striking difference
conferred by the CheR-docking site.

A parallel construct designed with low-abundance receptor
Tap. Weerasuriya et al. (33) exchanged the final 5 residues of
the low-abundance receptor Tap for the final 23 residues of the
high-abundance receptor Tar, providing Tap with the NWETF
pentapeptide at the end of a linker. Comparisons of cells con-
taining as a sole receptor either Tap or the fusion protein Tapl
(Tap lengthened) provided indications that methylation was
more extensive for Tapl, but there were no improvements in
the extreme CCW bias or the lack of chemotaxis exhibited on
semisolid agar plates by cells containing only Tap. It is not
clear why these results are so different from our observations
with Trgt. It is possible that the 5 residues removed from Tap
were not effectively replaced by the Tar residues put in their
place or that the cellular dosage of Tapl was not optimal in
cells induced by a high concentration of IPTG. However, even
without pentapeptide-containing tails, Trg and Tap have func-
tional differences. Both are ineffective in mediating taxis when
present as sole cellular chemoreceptors, but to different de-
grees. Trg mediates the formation of modest rings on appro-
priate semisolid agar plates (Fig. 4A), but Tap does not (33).
The difference in activities of derivatives carrying CheR-dock-
ing sites may simply parallel the difference in activities of the
native proteins.

Enhanced methylation as the key to improved receptor func-
tion. Can enhanced steady-state and adaptational methylation
of Trgt in vivo (Fig. 2) account for the conversion of a low-
abundance receptor to the functional equivalent of a high-
abundance receptor? Specifically, how could enhanced meth-
ylation shift the rotational bias and thus the tumble frequency
to values closer to the normal wild-type values, and how could
it improve so dramatically migration up the diffusion gradients
of the capillary assay? The low tumble frequency of cells con-
taining only Trg indicates a low level of phospho-CheY and
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implies a low steady-state activity of the kinase CheA. There-
fore, the low-abundance receptor Trg might have been inher-
ently and significantly less effective at kinase activation than
high-abundance receptors. However, recent tests in vitro (2)
have demonstrated that Trg activates CheA approximately as
effectively (within a factor of two) as the high-abundance re-
ceptor Tar, and the addition of the 19-residue, pentapeptide-
containing tail does not alter this activation. In contrast, the
initial rate of CheR-catalyzed methylation of Trg in vitro was
only 1/20 the rate of Tar methylation, and the addition of the
Tsr-tail to Trg increased the rate 10-fold. Thus, the in vitro
results indicate that the major activity difference between the
low-abundance receptor Trg and the high-abundance receptor
Tar is not kinase activation but rather methyl-accepting ability.
In addition, the in vitro studies suggest a methylation-related
origin for low kinase activation in cells containing only Trg,
since kinase activation by Trg was found to be a function of the
extent of covalent modification at methyl-accepting sites (2),
an influence previously documented for Tar (5).

Gene-encoded Trg, containing methyl ester-mimicking glu-
tamines at two of its five methyl-accepting sites, activated ki-
nase almost as well as gene-encoded Tar, which had the same
number of glutamines at its sites of adaptional modification. In
contrast, Trg with only glutamates at these sites was much less
active. Since the inherently low methyl-accepting activity of
Trg would result in low steady-state methylation in cells con-
taining only Trg, kinase activation would be correspondingly
low, not because of an inherent defect in Trg-mediated acti-
vation of kinase but because low methylation would create a
receptor state ineffective at activation. Since the stimulation of
a receptor by an attractant acts to reduce kinase activity, a low
steady-state level of autophosphorylation could significantly
reduce receptor effectiveness by shrinking the dynamic range
over which ligand occupancy could modulate kinase activity.
Crucially, with low rates of methylation, adaptation would not
be complete in behaviorally relevant time spans; thus, gradient
sensing would be seriously compromised. We suspect that
these two phenomena are the important contributors to the
ineffective taxis of cells containing only Trg. In any case, our
observations of Trg and its pentapeptide-carrying derivative in
vivo (this study) and in vitro (2) provide a strong basis for con-
cluding that the most important origin for the functional dif-
ferences between the low-abundance receptor Trg and its high-
abundance counterparts is the difference in methyl-accepting
activity conferred by the CheR-docking pentapeptide that is
present on the high-abundance receptors and absent from Trg.
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