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Transducers are transmembrane, methyl-accepting proteins central to the chemotactic systems of the enteric
bacteria Escherichia coli and Salmonella typhimurium. Methyl-accepting proteins have been reported in a
number of species in addition to these enteric bacteria. Those species include Bacillus subtilis and Spirochaeta
aurantia, representatives of groups that diverged from ancestral enteric bacteria and from each other very
early in bacterial evolution. An antiserum that reacts with all transducers of E. coli precipitated specifically
methyl-accepting proteins from B. subtilis and S. aurantia, indicating that these proteins share antigenic
determinants with transducers of E. coli. In addition, analysis of tryptic peptides by high-pressure liquid
chromatography revealed similarities in the regions of methyl-accepting sites for proteins from all three species.
These observations imply that structural features have been preserved in the three species from transducers
contained in a common ancestor of eubacteria. It is thus reasonable to predict that other flagellated,
chemotactic bacteria will be found to contain methyl-accepting proteins homologous to transducers of enteric
bacteria.

Intensive study of chemotaxis in the enteric bacteria
Escherichia coli and Salmonella typhimurium has led to the
identification of many molecular components and biochemi-
cal reactions involved in the sensory systems of those
organisms (4, 13, 20, 28). However, there are many species
of flagellated, motile bacteria besides E. coli and S.
typhimurium, and all of them appear to be capable of
chemotaxis (22, 26). Investigations of tactic mechanisms in
some other bacteria have revealed many parallels to and
some differences from the well-characterized system of the
enteric bacteria. These observations raise the possibility that
sensory systems from different bacteria consist of compo-
nents that are not only analogous in function but also
homologous in structure. In this study, we investigated the
possibility of homology among methyl-accepting chemotaxis
proteins from distantly related species.
The most extensively characterized components of the

enteric sensory system are transducer proteins, which are
transmembrane, methyl-accepting proteins central to both
the excitation and adaptation phases of chemotactic behav-
ior (13, 28). Transducers serve as chemoreceptors by binding
attractants (14, 31) or complexes of a binding protein and
attractant (19, 23). Adaptation to tactic stimuli is correlated
with changes in the extent of carboxyl methylation of
specific glutamyl residues in the transducer that recognized
the attractant (13, 28). The amino acid sequences of the four
E. coli transducers, deduced from the corresponding gene
sequences, suggest that the proteins consist of a periplasmic,
amino-terminal domain and a cytoplasmic, carboxyl-
terminal domain connected by a short, membrane-spanning
sequence (2, 3, 21, 24). All four transducers, Tsr, Tar, Tap,
and Trg, exhibit substantial homology in their carboxyl-
terminal, methyl-accepting domains (2, 3, 21, 24). The amino-
terminal, attractant recognition domains of Tsr, Tar, and
Tap are less similar (21), and the amino-terminal domain of
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Trg appears unrelated to the others (2). Thus, it seems that
evolution of the various E. coli transducers involved conser-
vation of the methyl-accepting domain and divergence of the
ligand recognition domain.

Methyl-accepting chemotaxis proteins have been ob-
served in a number of nonenteric species (7, 15, 16, 25, 27,
30). The level of methylation changes during adaptation to
chemical stimuli, and these proteins thus appear to be
analogous in function to transducers of enteric bacteria.
Methyl-accepting proteins of Caulobacter crescentus, a
close relative of enteric bacteria, are antigenically related to
enteric transducers (11) and thus must contain homologous
structural regions. Other species in which methyl-accepting
chemotaxis proteins have been characterized are Bacillus
subtilis (1, 10, 30) and Spirochaeta aurantia (16), eubacteria
representative of groups that diverged from ancestral enteric
bacteria and from each other very early in bacterial evolu-
tion (9, 29). In this report we show that the methyl-accepting
proteins of both of these species exhibit homology with the
transducer proteins of E. coli.

MATERIALS AND METHODS

Immunoprecipitation of radiolabeled methyl-accepting pro-
teins. methyl-3H-labeled membranes from B. subtilis 011085
(30) or methyl-3H-labeled S. aurantia Ml cells (16) were
suspended in 20 mM Tris hydrochloride (pH 6.8)-5 mM
MgCl-1l mM each of the protease inhibitors paratoluene
sulfonyl fluoride, paratoluene sulfonic acid, and
phenylmethylsulfonyl fluoride, and the cells were broken by
sonication. Sodium cholate was added to a final concentra-
tion of 15%, and the mixture was incubated at room tem-
perature for 15 min. After centrifugation for 15 min at 8,000
x g in an Eppendorf model 5412 centrifuge, 100 ,ul of anti-Trg
serum (8) was added to solubilized material from 9 x 109 S.
aurantia cells or from 33 ,ug ofB. subtilis membrane protein.
Subsequent incubations, washings, and analysis by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis with a

262



HOMOLOGY AMONG METHYL-ACCEPTING PROTEINS

separation gel with less bisacrylamide and a lower pH than
usual were as previously described (8). For competition
experiments, methyl-3H-labeled material was mixed with
unlabeled, detergent-solubilized extract of HB233, an E. coli
strain which is wild type for chemotaxis, or of HB244, an E.
coli strain in which none of the four transducers is synthe-
sized (12). The extracts were from 6.25 x 108 or 1.25 x 109
E. coli cells. Our standard immunoprecipitation (8) was from
an extract of 1.25 x 108 E. coli cells.

Analysis of tryptic peptides by HPLC. methyl-3H-labeled
samples for high-pressure liquid chromatography (HPLC)
were reduced and alkylated (17) and electrophoresed on

sodium dodecyl sulfate-polyacrylamide gels. The regions of
the dried gels that contained methyl-3H-labeled protein were

located by fluorography. Appropriate pieces of the dried
gels were excised and then rehydrated in 0.2 M N-
ethylmorpholine acetate buffer (pH 7.5), and the protein in
the rehydrated gel was digested with diphenylcar-
bamylchloride-treated trypsin as described previously (17).
The chromatographic samples were from 1.25 x 109 cells of
E. coli HB586, 1.5 x 1010 cells of S. aurantia Ml, or 0.8 mg
of B. subtilis membrane protein. Reverse-phase HPLC was

done with a Beckman model 160 liquid chromatograph
equipped with a Brownlee Aquapore RP-300 10-,m column
(4.6 mm by 25 cm) equilibrated with 35 mM NaPO4 buffer
(pH 2.2) and maintained at 30°C. Peptides were eluted at a

flow rate of 1 ml/min with a gradient of 0 to 100%
acetonitrile. Fractions (0.5 ml) were collected, scintillation
fluid was added, and samples were counted.

Analysis of tryptic peptides from S. aurantia proteins was

difficult because adequate amounts of methyl-3H-labeled
material could be obtained only by loading in gel lanes
quantities of cellular material that resulted in deformed
patterns on the gels, prohibiting analysis of single methyl-
3H-labeled bands. Yields of total labeled protein from S.
aurantia were poor, and there was the distinct possibility of
incomplete tryptic digestion.

RESULTS
Immunoprecipitation of methyl-accepting proteins. An an-

tiserum raised in a rabbit injected with purified Trg protein
immunoprecipitates Tsr and Tar as well as Trg (8), indicating
that the antibodies in the serum recognize structural features
common to carboxyl-terminal domains of all transducers in
E. coli. We reasoned that this antiserum would be an

appropriate probe for conserved structure in methyl-accept-
ing proteins of bacteria distantly related to E. coli.

Methyl-accepting proteins have been identified as compo-

nents of the respective sensory systems for both B. subtilis
(1, 10, 30), a gram-positive organism, and S. aurantia (16), a

spirochete. These proteins appear on sodium dodecyl sul-
fate-polyacrylamide gels as a group of bands with apparent

molecular sizes in the range of 60,000 to 70,000 daltons. We
radiolabeled methyl-accepting chemotaxis proteins of B.
subtilis (30) and S. aurantia (16) in vivo with [methyl-
3H]methionine in the presence of an inhibitor of protein
synthesis. The anti-Trg serum immunoprecipitated these
methyl-3H-labeled proteins from detergent-solubilized sam-

ples of both species (Fig. 1A and B, lanes 1 and 2), whereas
no precipitation was observed with serum obtained from the
rabbit before immunization (data not shown). The presence

of an extract of wild-type E. coli containing an excess of
unlabeled transducers greatly reduced the amount of radio-
labeled protein from B. subtilis or S. aurantia in the im-
munoprecipitates (Fig. 1A and B, lanes 3 and 4), whereas
substantial radiolabeled protein from either species was

precipitated in the presence of an equivalent amount of
extract from an E. coli mutant (12) that lacked all four
transducers (Fig. 1A and B, lanes 5). These competition
experiments indicate that precipitation reflects the inter-
action of antibodies specific for E. coli transducers with
methyl-accepting proteins of B. subtilis and S. aurantia.
Formation of precipitating immune complexes indicates that
more than one and probably several antigenic determinants
on the methyl-accepting proteins are recognized by antibod-
ies in the serum, thus creating the cross-linked precipitate.
The anti-Trg serum precipitated every band of methyl-ac-
cepting chemotaxis protein from both species, although
precipitation was inefficient for the fastest migrating band in
the pattern from S. aurantia (Fig. 1). Thus, each form
contained antigenic sites sufficient for precipitation. As in E.
coli, the multiple bands from these species are likely to
reflect both the presence of more than one kind of trans-
ducer, each with a slightly different electrophoretic migra-
tion, and multiple electrophoretic forms of each transducer
resulting from different extents of covalent modification (4,
13, 20, 28). Precipitation of B. subtilis or S. aurantia proteins
by anti-Trg serum is only about 10% as efficient as precipita-
tion of Tsr or Tar proteins of E. coli (8), indicating that
interspecies homology is less extensive than the 60% amino
acid identity between the carboxyl-terminal domains of Trg
and Tsr or Tar (2).

Analysis of methylated tryptic peptides. Anti-Trg serum
reacts equally well with the various forms of single transduc-
ers from E. coli that differ in the extent of methylation (8).
Therefore, the principal antigenic determinants that have
been recognized are unlikely to be methyl-accepting residues
themselves. However, because methylation is a common
feature of the proteins recognized, regions containing methyl-
accepting glutamyl residues are likely candidates for homol-
ogy between methyl-accepting proteins from different spe-
cies. For the transducers of E. coli, the tryptic peptides
containing the methyl-accepting sites of each protein are
very similar (2, 21). These long (23- or 25-residue) peptides
of Tsr, Tar, and Trg elute from a reversed-phase HPLC
column at almost the same concentration of acetonitrile,
after most other peptides derived from those proteins (17,
18). The modified peptides appear as a series of methyl-3H-
labeled peaks corresponding to differing extents of modifica-
tion (Fig. 2A; 17, 18). We analyzed methyl-3H-labeled tryptic
peptides in the polypeptides present in the fastest migrating
band of the methyl-accepting chemotaxis proteins of B.
subtilis by HPLC and observed that the major species of
methyl-labeled peptides eluted at positions similar to those
for the transducers of E. coli (Fig. 2). This indicates that the
amino acid composition and the positions of trypsin cleavage
in the region surrounding some methyl-accepting sites are
similar in the proteins from E. coli and B. subtilis. Tryptic
digestion of the full complement of methyl-accepting chemo-
taxis protein bands from B. subtilis (all bands in Fig. 1A, lane
1) generated more methyl-3H-labeled peptides than shown in
Fig. 2B (data not shown), but the additional peaks were
clustered near the peaks evident in Fig. 2B and thus may
represent peptides of similar properties. The similarities in
the chemical nature and size of some peptides containing
methyl-accepting sites of the E. coli and B. subtilis proteins
were consistent with the observation that methyl transferase
from E. coli and B. subtilis catalyze methylation in vitro of
methyl-accepting proteins from the other species (5).

Analysis of tryptic peptides from methyl-accepting che-
motaxis proteins of S. aurantia was technically difficult
because of the low cellular content of these proteins and was
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FIG. 1. Immunoprecipitation of methyl-accepting chemotaxis proteins of B. subtilis and S. aurantia by an antiserum raised to the Trg
transducer of E. coli. The figures are fluorographs of the region of the gel containing the methyl-accepting chemotaxis proteins. The
methyl-labeled bands from S. aurantia migrated with apparent molecular sizes between 55,000 and 65,000 daltons, in the same range observed
for the transducers of E. coli, whereas the methyl-labeled bands from B. subtilis appear to be approximately 10,000 daltons larger. (A)
Methyl-accepting proteins of B. subtilis. Lanes: 1, methyl-3H-labeled protein (5.1 ,ug of membrane protein in sample); 2, immunoprecipitate
of methyl-3H-labeled protein; 3, immunoprecipitate of methyi-3H-labeled protein in the presence of an unlabeled E. coli extract that contained
transducer molecules in a fivefold excess relative to the antiserum; 4, immunoprecipitate as in lane 3 except that a tenfold excess of unlabeled
E. coli extract was present; 5, immunoprecipitate as in lane 4 except that the E. coli extract was from a mutant that lacked all four transducers.
(B) Methyl-accepting proteins of S. aurantia. Lanes: 1, methyl-3H-labeled protein (1.7 x 108 cells in sample); 2, immunoprecipitate of
methyl-3H-labeled proteins; 3 to 5, immunoprecipitates of methyi-3H-labeled proteins in the presence of unlabeled E. coli extracts as described
for panel A, lanes 3 to 5.

limited to samples containing the complete spectrum of
methyl-3H-labeled bands visible in Fig. 1B (see above). The
pattern shown in Fig. 2C includes the major species that
were routinely observed. The radioactivity in fraction 12 is
at the position of free methanol that could be produced by
demethylation occurring during processing of the sample. A
peak at that position is sometimes observed in patterns of E.
coli protein. Variation was observed in the relative sizes of
peaks and in the number of minor peaks surrounding the
major ones (Fig. 2C). In any case, the peptides eluting in
fractions 100 to 125 (Fig. 2C), which were always detected,
could be S. aurantia homologs to the major methyl-3H-
labeled peptides from E. coli and B. subtilis (Fig. 2A and B).

DISCUSSION
The three species considered here include representatives

of the two major groups into which bacteria are traditionally
divided, gram negative and gram positive, as well as a
representative spirochete, motile bacteria with no external
flagella but with flagellalike filaments intercalated between
an inner and outer membrane (6). Homology among methyl-
accepting chemotaxis proteins of these divergent species
implies that structural features have been preserved from
proteins contained in a common ancestor. Such an ancestral
cell would have existed at a very early time in the course of
evolution. Analysis of phylogenetic relationships by using
sequences of rRNA (9, 29) has led to the identification of a

minimum of eight major groups of eubacteria, each about
equally related. It appears that these groups originated and
diverged 3.5 to 3.8 billion years ago (29). The species
considered in these studies are representatives of three of
the major lines of eubacterial descent. Thus, our findings
imply that homologous regions of transducers in contempo-
rary bacteria have been conserved from a protein present in
a common eubacterial ancestor extant more than 3.5 billion
years ago. It is an intriguing possibility that the protein from
which contemporary transducers are descended was itself a
transducer functioning as part of a sensory system in the
earliest eubacterial cell.
Because homology has been observed among transducer

proteins from species that are thought to be related only
through the ancestor common to all eubacteria, it seems
reasonable to expect homology to extend to transducers in
other species related through the same common ancestor,
that is, all eubacteria. We believe that it is very likely that
the chemotactic systems of most, if not all, flagellated
eubacteria will be found to include methyl-accepting trans-
ducer proteins and that these transducers will exhibit homol-
ogy with transducers that have already been characterized.
Thus we expect, as current studies reveal, that at least some,
if not most, aspects of chemotactic mechanisms are common
to all flagellated eubacteria.
The existence of analogous or even homologous methyl-

accepting proteins in species outside the eubacterial king-
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FIG. 2. Tryptic peptide maps of methyl-3H-labeled, methyl-ac-
cepting chemotaxis proteins of E. coli, B. subtilis, and S. aurantia.
(A) Tryptic peptide map of E. coli Trg methyl-accepting chemotaxis
protein. Trg protein was produced in HB586, a tsr tar tap mutant
that contains pTH57, a pBR322-trg hybrid plasmid (8). The sample
was a mixture of all the electrophoretically resolved forms of Trg
(17). In such a mixture a few forms of the two methyl-accepting
tryptic peptides dominate the pattern. (B) Tryptic peptide map of B.
subtilis methyl-accepting protein. The sample corresponded to the
lower, most intense band seen on fluorograms (see Fig. 1A, lane 1).
(C) Tryptic peptide map of S. aurantia methyl-accepting proteins.
The sample corresponded to all the methyl-3H-labeled bands of
apparent molecular sizes between 55,000 and 65,000 daltons (see
Fig. 1B, lane 1).

dom (9) is an intriguing possibility. Investigations of this
possibility are in progress.
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