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The cheA locus of Escherichia coli encodes two similar proteins, CheA; (654 amino acids) and CheAg (557
amino acids), which are made by initiating translation from different in-frame start sites [start(L) and
start(S)]. CheA, plays an essential role in chemotactic signaling. It autophosphorylates at a histidine residue
(His-48) and then donates this phosphate to response regulator proteins that modulate flagellar rotation and
sensory adaptation. CheAg lacks the first 97 amino acids of CheA;, including the phosphorylation site at
His-48. Although it is unable to autophosphorylate, CheAg can form heterodimers with mutant CheA; subunits
to restore kinase function and chemoreceptor control of autophosphorylation activity. To determine whether
these or other activities of CheAgy are important for chemotaxis, we constructed cheA lesions that abrogated
CheAg expression. Mutants in which the CheAg start codon was changed from methionine to isoleucine (M98I)
or glutamine (M98Q) retained chemotactic ability, ranging from 50% (M98Q) to 80% (M98I) of wild-type
function. These partial defects could not be alleviated by supplying CheAg from a specialized transducing
phage, indicating that the lesions in CheA; —not the lack of CheAg—were responsible for the reduced
chemotactic ability. In other respects, the behavior of the M98I mutant was essentially normal. Its flagellar
rotation pattern was indistinguishable from wild type, and it exhibited wild-type detection thresholds and peak
positions in capillary chemotaxis assays. The lack of any substantive defect in this start(S) mutant argues that
CheAg makes a negligible contribution to chemotactic ability in the laboratory. Whether it has functional

significance in other settings remains to be seen.

The chemotactic behavior of Escherichia coli provides a
model system for investigating signal transduction mechanisms
at the molecular level (see reference 23 for a recent review). As
they swim about, these cells use transmembrane chemorecep-
tors to monitor concentrations of beneficial or harmful chem-
icals in their environment. Changes in attractant or repellent
levels trigger changes in flagellar rotation that promote migra-
tion in favorable directions: counterclockwise (CCW) rotation
produces forward movement; clockwise (CW) rotation causes
abrupt turns or tumbling episodes. The chemoreceptors com-
municate with the flagellar motors through a series of intra-
cellular protein phosphorylation reactions, much like the signal
transduction pathways of eukaryotes.

The cheA locus plays a central role in this signaling cascade.
It encodes a histidine kinase that autophosphorylates, using
ATP as the phosphate donor (8). CheA donates its phosphate
groups to two proteins, CheY and CheB, which control flagel-
lar responses and sensory adaptation, respectively (9). Phos-
pho-CheY interacts with the switching machinery of the flagel-
lar motors to enhance the probability of CW rotation (2, 35).
Phospho-CheB covalently modifies stimulated chemoreceptors
to attenuate their signaling activity as part of a negative-feed-
back circuit (17). The phosphorylated forms of CheY and
CheB are very short-lived, enabling the chemoreceptors to
modulate their steady-state levels in response to chemical stim-
uli by controlling the autophosphorylation activity of CheA (3).
An increase in attractant level prolongs forward swimming by
inhibiting CheA, thereby reducing the level of phospho-CheY.
An increase in repellent level enhances the likelihood of a
change in swimming direction by stimulating CheA autophos-
phorylation, which in turn raises phospho-CheY levels. The
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CheW protein plays an important role in coupling CheA to
chemoreceptor control (6, 16, 28).

The cheA gene of E. coli encodes two similar proteins,
CheA; (654 amino acids) and CheAg (557 amino acids), which
are made by initiating translation from different in-frame start
sites, designated start(L) and start(S), respectively (11, 30).
CheA, is identical to CheAg but contains an additional 97
amino acids at its N terminus, including His-48, the site of
autophosphorylation. Mutations at His-48 and other sites be-
tween start(L) and start(S) eliminate chemotactic ability, dem-
onstrating that CheA;—presumably through its autophos-
phorylation ability—is essential for chemotaxis (8, 30). To
investigate what signaling role CheAg might play, we con-
structed and characterized several cheA mutants with lesions in
start(S) that abrogated CheAg expression. Two such mutants,
despite concomitant amino acid replacements in CheA,, re-
tained chemotactic ability, proving that CheAg is not essential
for chemotaxis. Thus, the functional significance of the over-
lapping gene organization at the E. coli cheA locus is not yet
apparent.

MATERIALS AND METHODS

Bacterial and phage strains. The bacterial strains used in this study are listed
in Table 1. All are derivatives of E. coli K-12; the RP strains are closely related
to the chemotactically wild-type strain RP437 (24). Mla52 is a specialized trans-
ducing phage that carries the motA-cheW operon (29). Deletion and point mu-
tant derivatives of Mla52 that express different combinations of CheA proteins
were used for complementation analyses (30).

Plasmids. Plasmids used in this study are listed in Table 2; the positions of
restriction sites used in some of the constructions are shown in Fig. 1. Comple-
mentation studies of pEK46 and its derivatives, which have very high copy
numbers, were performed with host strains containing a pcnB defect to reduce
plasmid copy levels (15).

Site-directed mutagenesis. Single stranded, dU-substituted pEK46 DNA was
prepared in BW313 (12). The template was mixed with a mutagenic primer at
80°C in mutagenesis buffer (10 mM MgCl,, 10 mM Tris [pH 8.0]) and slowly
cooled to room temperature (~1°C/min). Extension and ligation of the primed
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TABLE 1. Bacterial strains used in this study

Strain Relevant genotype” fgflé rrzi((:);
BW313 dut ung/F' lysA 12
DH5a recAl endAl gyrA96 7
MV1193  A(lac-proAB) F' proAB lacl? A(lacZ)M15 34
RP437 Wild type for motility and chemotaxis 24
RP1791 A(cheA)m40022 21
RP5045 A(motA-tar)2211 24
RP6663 A(motB-cheA)ml1111 eda-50 5
RP6894 recAl 5
RP9005 A(motB-cheA)Yml1111 recD::miniTnl0 This work
RP9009 A(motA-tar)2211 pcnBl This work
RP9023 A(cheA)m40022 supF This work
RP9037 cheA(M98am) This work
RP9038 cheA(M98Q) This work
RP9194 cheA(M98I) This work
RP9195 cheA™ This work
RP9535 A(cheA)1643 14

“ Deletions with m allele numbers were obtained by selecting for loss of a
heat-inducible, defective Mu prophage (Mudl) (21).

template were done overnight at 15°C in mutagenesis buffer containing 1 U of
DNA polymerase Klenow fragment, 0.25 mM each of the four deoxyribonucleo-
side phosphates (dATP, dGTP, dCTP, and dCTP), 5 mM dithiothreitol, and 1
mM ATP. Treated DNA was introduced by transformation into RP5045
[A(motA-tar)] to preclude recombination between the plasmid insert and the host
chromosome. Plasmid DNA was prepared from individual transformants and
tested for the desired mutation by DNA sequencing. Between 5 and 50% of the
sequenced plasmids carried the correct mutational change.

DNA sequencing. Sequence determinations were done by the dideoxy-chain
termination method, using either single-stranded DNA prepared in strain
MV1193 or double-stranded, supercoiled DNA prepared in strain DH5a. Se-
quenase was purchased from U.S. Biochemicals Corp.

Macxicell analysis of pl id-encoded pr Plasmids were transferred to
strain RP6894 (recA) for radiolabeling of plasmid-encoded proteins by the maxi-
cell technique (27). Cultures were grown at 35°C in M9 medium (18) to a density
of about 2 X 108 cells per ml and irradiated for 30 s with 200-wW/cm? UV light.
The cells were returned to 35°C and incubated for 1 h, at which time cycloserine
was added to a final concentration of 400 wg/ml to kill any dividing cells. After
further incubation overnight, the cells were washed twice in M9 buffer and
resuspended in 0.4 ml of M9 medium. Cells were incubated at 37°C for 1 h, 5 ul
of [**S]methionine (1 pCi/ml) was added, and the mixture was incubated for
another 1 h at 37°C. Labeled cells were then pelleted and resuspended in protein
sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis (13).

Western blots (immunoblots). Cultures were grown in tryptone broth at 30°C
to a density of ~2 X 10® cells per ml. Cells from 5 ml of culture were concen-
trated by centrifugation, resuspended in 75 pl of SDS-PAGE loading buffer, and
lysed by boiling for 15 min. Proteins in the cell extracts were separated by
SDS-PAGE (10% polyacrylamide) and transferred to 0.2-um-pore-size polyvi-
nylidene difluoride PVDF membranes with a Semiphor Semi-Dry Transfer Unit
(Hoefer Scientific Instruments). Membranes were treated with polyclonal rabbit

J. BACTERIOL.

anti-CheA antibody kindly provided by J. Stock, Princeton University. Antibody-
reactive bands were tagged with 3°S-protein A (Amersham) and quantified with
a Molecular Dynamics PhosphorImager.

Chemotaxis methods. Swarm rates were measured on semisolid tryptone agar
(19). Flagellar rotation patterns were assessed with antibody-tethered cells (16).
Capillary assays were essentially as described previously (1), with synthetic serine
kindly provided by J. Adler, University of Wisconsin, Madison.

General genetic methods. Phage Plkc was used for transductional crosses as
described previously (22). Plasmid transformations were done by the CaCl, heat
shock method (7). Lysogens of Mla52 and its derivatives were identified by
testing cells from plaque centers for immunity to homoimmune \ phages and
sensitivity to heteroimmune N\ phages. Because AMla52 has a thermolabile repres-
sor, candidate lysogens could be confirmed by growth tests at 42°C.

Transfer of plasmid-borne ched mutations to the host chromosome. The
scheme we used is diagrammed in Fig. 2A. Mutant derivatives of plasmid pEK46
were digested with Dral, and the linearized DNA molecules were transferred
into RP9005 [A(motB-cheA) recD]. Cells from the transformation mix were
placed in a streak on semisolid tryptone agar plates and incubated overnight at
35°C to identify motile recombinants that had acquired the motB-cheA region
from the plasmid. Because the recipient deletion extended through the start(S)
portion of cheA, all motile recombinants in any particular cross had the same
chemotaxis phenotype. Some donor cheA alleles yielded chemotactic recombi-
nants, whereas others did not. For subsequent characterization, the cheA region
in these strains was transferred into RP6663, a recD™ recipient, by P1 cotrans-
duction with the eda locus (22).

Transfer of chromosomal che4 mutations to plasmids. The logic of the scheme
we used (outlined in Fig. 2B) is similar to the one discussed above. A motB
deletion derivative of plasmid pEK46 was constructed by digestion with Bsu361
and S1 nuclease religation. This plasmid (pHS21) was transferred into cheA
mutants of interest by selecting for ampicillin-resistant transformants. Plasmid
DNA was extracted from transformant colonies and transferred to RP9009
[A(motA-tar) pcnB], again selecting for ampicillin-resistant transformants. Col-
onies were tested on motility plates to identify those containing recombinant
plasmids that had acquired the functional motB region from the cheA mutant
host. Most such recombinants also acquired the mutant cheA allele and were
readily recognized by their subnormal chemotaxis phenotypes.

RESULTS

Construction of plasmid-borne ched start(S) mutations.
The CheAgq coding region lies entirely within that for CheA,,
so any changes made in it will necessarily alter the coding
sequence for CheA; as well. To minimize possible conse-
quences to CheA, function, we first attempted to eliminate
CheAg expression by introducing genetically silent changes at
third-base positions in CheA; codons that might block trans-
lation initiation at start(S). The ribosome-binding (Shine-Dal-
garno) site just upstream of the CheAg initiation codon was an
obvious target (Fig. 1). However, the only synonymous codon
change possible (AAGGA to AAAGA) actually corresponds
to the wild-type cheA sequence in Salmonella typhimurium,
which also makes a CheAg protein (31). It seemed unlikely that
this change would block ribosome binding, so we did not pur-
sue this approach.

The mRNA encompassing start(S) contains a predicted

TABLE 2. Plasmids used in this study

Plasmid Relevant properties” Selective markers” Derivation, construction or reference
pEK46 P, ocna (motA-cheW) bla(Amp") pUC118 (11)
pJL15 P,ocha (motA-cheW) cat(Cam") pACYC184 (14)
pHS7 motA™ motB™ cheA(M98am) cheW™ bla(Amp") Site-directed mutation of pEK46
pHS9 motA™ motB™ cheA(M98I) cheW™ bla(Amp") Site-directed mutation of pEK46
pHS16 motA™ motB™ cheA(M98am) cheW™ cat(Cam?") Miul fragment from pHS7 into pJL15
pHS21 motA™ AmotB cheW™* bla(Amp") Deletion at Bsu36I site in pEK46
pHS25 motA™ motB™ cheA(M98am) AcheW cat(Cam") Deletion at EcoRYV site in pHS16
F'402 Inserts serine at UAG Codons supD his™ F (22)
pGFIB series Inserts alanine, arginine, cysteine, glutamic acid,’ bla(Amp") pBR322 (10)

histidine, phenylalanine, or proline at UAG codons

a
P rocha

is the native promoter for the motA-cheW operon.

b Selective markers: bla (B-lactamase) confers ampicillin resistance (Amp"); cat (chloramphenicol acetyltransferase) confers chloramphenicol resistance (Cat"); his™

(histidine biosynthesis); supD (amber suppressor).

¢ The suppressor tRNA that inserts glutamic acid is also charged at lower efficiency with glutamine, tyrosine, and arginine.



Vou. 177, 1995

A >
motA  motB cheA cheW tar
o —H
Miul Bsu36l’ L T Miul EcoRV
’ start(S)———»CheAg (557 aa)
starl) ——»CheAy (654 aa)
B .
270 280 290 300 .
* + « AAUCUG UUU UUG GAAACG AAG GAC AUC _A_I_J_(-Z‘v CAAGAA CAGCUC» = »
S.D.
AGGA
GA’ S.D. CA
c U (g294a) aua > CheA(M9ICheAs
a C
A ‘:'A
2 .- C‘E;U (a292u; u293a) uaG > CheAM98am CheAg
~U-A
" U -A
x UeG (M98am reversion) caG > CheA;M98Q CheAg
U-a
~ U -a
G -C
U-A
C -G

e+ AUC AAU CUC GAC s>
(g270a; g276a)

FIG. 1. Physical and genetic features of the cheA locus. (A) Genes of the
mocha operon are drawn to scale, with the positions of restriction sites used in
plasmid constructions indicated below the map. (B) Mutational changes created
at start(S) of cheA. The cheA mRNA sequence around start(S) is shown, with
nucleotides numbered from the start of the CheA; coding sequence. S.D. is the
Shine-Dalgarno site, and the underlined AUG is the CheAg start codon.

stem-loop structure that might influence CheAg expression
(11). Both the Shine-Dalgarno sequence and the initiation
codon lie within the putative loop (Fig. 1). If this feature is
important for CheAg translation, nucleotide changes that
weaken base pairing in the stem might reduce CheAg expres-
sion. Using plasmid pEK46, we introduced two silent changes
in CheA, codons (g270a and g276a) that would disrupt G- C
pairs in the stem. The mutant plasmid complemented strain
RP9009 [A(motA-tar)] for chemotaxis, but CheAg expression
relative to CheA,, determined by immunoblotting and by
maxicell analysis, was actually severalfold higher in the mutant
than in the pEK46 control (data not shown). If anything, the
stem-loop arrangement at start(S) appears to retard transla-
tion of CheAg, so this plan was also abandoned.

The most effective way to eliminate CheAg expression
seemed to be through alteration of the start(S) initiation
codon. We initially constructed two start codon changes in
pEK46 to test this approach (Fig. 1): AUG to AUA, which
causes a methionine-to-isoleucine replacement (MOS8I) in
CheA;; and AUG to UAG, which converts the start codon to
an amber nonsense codon (M98am). A third start codon mu-
tation (M98Q) was subsequently obtained by reversion of
M98am (see below). Plasmids carrying the M98am (pHS7) and
MO8I (pHS9) mutations were transferred to RP9009 [A(motA-
tar)] to test for CheA function. Although pHS?7 failed to sup-
port swarming, pHS9 did support it (data not shown), implying
that CheA; alone might be sufficient for chemotaxis. To ex-
plore this possibility, we crossed the plasmid-borne start(S)
mutations into the E. coli chromosome and tested the re-
sultant strains for CheAg expression and for chemotactic
ability.

Isolation of chromosomal ched start(S) mutants. The plas-
mid-borne M98I and M98am mutations were transferred into
the chromosome by linear transformation (see Materials and
Methods), using a recipient strain that carried a motB-cheA
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deletion (Fig. 2A). Recombinants that had acquired the motB-
cheA region from the donor plasmid were selected as motile
clones on swarm agar and scored for chemotactic ability. Those
derived from pHS9 were chemotactic, indicating that a single
chromosomal copy of the M9S8I allele of cheA was sufficient for
chemotaxis. Recombinants derived from pHS7 were nonche-
motactic, confirming the lack of CheA function in the M98am
allele. Both mutations were subsequently transduced into a
recD™ recipient to verify that they were located at the chro-
mosomal cheA locus (i.e., 20% linkage to the eda gene) (22),
yielding isogenic strains RP9037 (M98am), RP9194 (M98I),
and RP9195 (wild-type control).

Upon prolonged incubation (30 h at 35°C), RP9037
(M98am) gave rise to partially chemotactic revertants (data
not shown). The cheA regions from different revertants were
transferred into plasmid pEK46 by homologous recombina-
tion, as outlined in Fig. 2B, to determine the nature of the
mutational changes responsible. The recombinant plasmids
supported slow chemotactic spreading, indicating that they car-
ried a mutant cheA locus (data not shown). Four such plasmids
derived from independent revertants were analyzed by DNA
sequencing. All four had a UAG-to-CAG change at the
start(S) initiation codon, corresponding to a methionine-to-
glutamine replacement (M98Q) in CheA, . Subsequent char-
acterization of this cheA mutation was done with revertant
strain RP9038 (M98Q), which is otherwise isogenic with the
MOI8I and M98am mutants described above.

CheA expression patterns of ched start(S) mutants. The
MI8I, M98Q, and M98am mutations should prevent synthesis
of CheAg. M98am should also truncate CheA; , whereas M98I
and M98Q should produce a full-length CheA, protein. To
test these predictions, we measured the levels of CheA; and

linearized pEK46 derivative carrying start(S) mutation

( motA motB cheA cheW )
. + S —t
A ; .
Lt e
.r T T 1 T “
B motA motB cheA cheW e

recD A(motB-cheA) recipient chromosome

select motile recombinants; score chemotactic ability

pHS21 (pEK46 derivative carrying motB deletion)

( , motA  motB_ cheA cheWw, )
1 T bl | T 1
B . :
Ra . } -0 f f .,
4 motA motB cheA cheW ‘.

host chromosome with cheA start(S)} mutation

FIG. 2. Methods used to transfer cheA start(S) mutations between plasmids
and the E. coli chromosome. (A) Transfer of plasmid-borne mutations into the
chromosome. (B) Transfer of chromosomal mutations into plasmids. Open rect-
angles indicate deletions; open circles represent the wild-type start(L) sequence;
solid circles represents mutant start(S) sequences.
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RP9535 RP437 RP9038 RP9194 RP9195
AL A + M98Q MosI +
Ag A + - - +

CheA| e — — —

CheAg—»

FIG. 3. Immunoblot analysis of cheA start(S) mutants. Cell proteins were
separated by SDS-PAGE (10% polyacrylamide) and blotted with polyclonal
CheA antiserum. The 50- to 80-kDa region of the gel is shown. Band intensities
were quantified by volume integration and normalized to the faint band of
cross-reacting material below CheAg to compensate for any variations in sample
loading between lanes.

CheAg made by start(S) mutants in two ways. CheA expression
from mutant plasmids was evaluated in maxicells; expression in
chromosomal mutants was analyzed by immunoblotting with
polyclonal CheA antiserum. In both cases, the M98am mutant
made neither CheA product, whereas M98I and M98Q made
only CheA;. The results of Western analysis of RP9038
(M98Q), RP9194 (M98I), and several control strains are
shown in Fig. 3. The molar ratio of CheA; to CheAg in the two
wild-type controls was about 6:1. In contrast, the M98I and
M98Q mutants made no detectable CheAg. The apparent
CheA, levels were also reduced in the mutants: 60% of wild
type in M98I, and 28% of wild type in M98Q. Assuming that
these mutational changes do not greatly alter reactivity with
the polyclonal antiserum, the mutant proteins, particularly
M9I8Q, are either translated less efficiently or more susceptible
to degradation.

Chemotactic swarming in cheA start(S) mutants. On semi-
solid tryptone agar plates, colonies of RP9038 (M98Q) and
RP9194 (M98I) resembled those of chemotactically wild-type
strains (Fig. 4). The mutant colonies contained two bands of
cells, which in wild-type swarms correspond to chemotactic
migrations toward serine and aspartate. Although their ring
morphologies were normal, the mutant colonies were consis-
tently smaller than wild-type swarms, which could reflect an
impairment in growth, motility, or chemotaxis. The growth
rates and swimming speeds of the mutants proved identical to
those of the wild type (data not shown), so that chemotaxis
defects appear to be responsible for the reduction in swarm
size. To evaluate the severity of those defects, we compared the
mutant and wild-type swarm rates (Fig. 5). Chemotactic colo-
nies typically exhibit two expansion phases. Expansion is slow
when the colony is young but speeds up as the cells exhaust
chemoattractant compounds in their vicinity. Rate determina-
tions were made from the latter phase, during which colony
diameter increased linearly with time (Fig. 5). The swarm rate
for the M98I mutant was 79% of the wild-type rate; the rate for
the M98Q mutant was 51% of the wild-type rate.

These results demonstrate that CheAg is not essential for
chemotaxis on swarm plates. However, the absence of CheAg
in the M98I and M98Q mutants might account for their re-
duced swarm rate. Alternatively, the concomitant mutational
changes in CheA; could be responsible. To distinguish these
possibilities, we asked whether restoring CheAg could alleviate
the mutant swarm defect. To avoid differences in gene dosage,
which could confound interpretation of the results, we supplied
CheAg by lysogenizing the mutants with N transducing phages
(Table 3). The AMla52 prophage, which carries a wild-type cheA
locus, restored swarm rates to normal in both mutants, dem-
onstrating that neither defect was dominant. CheAg alone was
supplied by a AMla52 derivative carrying the cheA169 allele, an
amber mutation at codon 10, between start(L) and start(S)
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FIG. 4. Colony morphology of cheA start(S) mutants on semisolid tryptone
agar. Chemotactic swarms were started from a toothpick inoculum and incubated
at 35°C for 8 h. The strains shown are, reading clockwise from the top, RP9195
(wild type), RP9038 (M98Q), and RP9195 (M98I).

(11). This prophage produced no improvement in the M9S8I
swarm rate but did increase the M98Q rate to about 75% of
the wild-type rate (Table 3). The enhancement seen in M98Q
may reflect stabilization of the mutant CheA; subunits through
heterodimer formation with CheAg, which is known to com-
plement other CheA, defects by this mechanism (32, 38). The
fact that CheAg cannot restore full chemotactic ability to either
mutant implicates a functional defect in CheA, as the principal
cause of their aberrant behavior.

Flagellar rotation patterns of cheA start(S) mutants. CheA,
is essential for CW flagellar rotation (30), and in unstimulated
cells its activity is adjusted by the sensory adaptation machinery
to produce frequent episodes of CW rotation. We examined
the M98I and M98Q mutants to determine whether their che-
motaxis defects were accompanied by a change in unstimulated
flagellar rotation pattern (Fig. 6). The rotational behavior of
the M98I mutant was not significantly different from that of the
wild-type control. In both strains, nearly all of the rotating cells

57 RPOI195
i 1/ VT
L
4 RP9194
17 [M98I]
—_ 4 O/
€ T
3 T
5 37 o
® L RP9038
§ 5 p3 o IM98Q
E 24 / z/
[} -
3 pid ‘/
1 —
0~ T T T T T T T T 7 1
2 4 6 8 10 12

incubation time (hr)

FIG. 5. Swarm sizes of cheA start(S) mutants. Colony sizes on semisolid
tryptone agar were measured at intervals during incubation at 35°C. Values
shown are the mean and standard error of measurements on at least four
different colonies for each strain. Swarm rates were determined from the solid-
line portions of the plots.
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TABLE 3. Swarm rates of lysogenic cheA start(S) mutants

Host CheA products Prophage CheA products

% Wild-type

Strain  CheA; CheAg  Prophage CheA, CheAg SWarm rate?
RP9194 MO8I - AT - - 756
RP9194 M98I - \Mla52 + + 94 + 8
RP9194 MOS8I - MlaS52am169 - + 76 £ 1
RP9038 M98Q — AT - - 52+3
RP9038 M98Q — NMla52 + + 91 £8
RP9038 M98Q — Mla52am169 - + 731

¢ Swarm rates were measured on tryptone semisolid agar at 30°C, as illustrated
in Fig. 5, and normalized to those of RP9195 (cheA™) with the same prophage.
Values represent the mean and standard error of at least six independent de-
terminations.

exhibited reversals during the observation period. The M98Q
mutant exhibited fewer reversing cells and an overall CCW
bias in rotational behavior, consistent with its reduced chemo-
tactic ability. Lysogens carrying a Afla52 prophage (cheA™
cheW™) exhibited a moderate CW shift in all three strains, but
similar shifts were produced by a Mla52A107 prophage (AcheA
cheW™), suggesting that excess CheW is responsible for this
rotational effect, as noted in a previous study (16). Although
these lysogens had similar rotational patterns, only the Afla52
prophage complemented the chemotaxis defect in the M98I
and M98Q mutants (data not shown). The rotation patterns of
the NMla52am169 lysogens were essentially unchanged, consis-
tent with the inability of CheAg to restore wild-type swarming
ability to the M98I and M98Q mutants. This prophage should
also produce CheW, but polar effects of the nonsense mutation
in cheA may reduce its level of expression.

Effects on CheA,; function of amino acid replacements at
Met-98. The M98I and M98Q mutants demonstrate that
CheA, alone is sufficient for chemotaxis, but amino acid re-
placements at residue 98 impair its function. CheA; M?®" sup-
ports 75 to 80% of wild-type chemotaxis, and CheA; ™M?*?
provides about 50% of wild-type ability. To assess the effects of
other amino acid replacements at residue 98, we examined the
chemotactic ability of strains carrying the M98am mutation in

prophage Che products
Attt AMla52  Afla52aml69 Afla52A107
Af e - + - -
i A.S ---- - + + -
g| MosI - ] I ] I ] I ]
-g | I I - ] . 2 I ] - l | 1 n . . ]
2
=3 ] [ ] ]
<[ M9sQ - I ] 11 ] I ]
5 ] ] ] ]
8 1 i | I 1. I I = ] [(udB_]
7]
g ] ] ]
+ + I ] I ] I 11 |j
I i "l | | ] I | m ] ] I
CCW-->»CW CCW-e»CW CCW-a>»CW CCW-w>»CW

FIG. 6. Flagellar rotation patterns of cheA start(S) mutants. Strains RP9038
(M98Q), RP9194 (M98I), and RP9195 (wild type) were made lysogenic for the
indicated N phages and analyzed by cell tethering. For each strain, at least 100
rotating cells were each observed for 15 s and classified into one of four groups
(listed from left to right on the figure): exclusively CCW, reversing but CCW
biased, reversing but CW biased, and exclusively CW. The solid bars indicate the
percentage of cells assigned to each category.
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swarm rate (% wild-type)

cC Y A a S H E P R

amino acid at residue 98 of CheA

FIG. 7. Chemotactic proficiency of substitutions at Met-98 of CheA, . Swarm
rates were measured on semisolid tryptone agar and compared with those of
isogenic wild-type control strains. Solid bars indicate strains with chromosomal
cheA start(S) mutants: RP9194 (M98I) and RP9038 (M98Q). Open bars indicate
AcheA strains carrying pHS25 (M98am) and a single-copy nonsense suppressor:
RP9023 [supF (Y)] or RP1791/F'402 [supD (S)]. Hatched bars indicate AcheA
strains carrying pHS25 (M98am) and a multicopy nonsense suppressor on a
compatible plasmid. The dotted line indicates the expansion rate of a nonche-
motactic control strain, RP9535 (AcheA) carrying pHS25 (M98am).

combination with various amber suppressors. Suppression of
the amber codon should not alleviate the block to CheAg
initiation but could restore chemotactic ability if the inserted
amino acid allows CheA, to function. We saw no recovery of
chemotactic ability when suppressors were introduced into
strain RP9037, which carries a chromosomal copy of the
cheA(M98am) mutation (data not shown). To enhance the
sensitivity of the suppression tests, we increased the dosage of
the M98am mutant gene by supplying it on a compatible plas-
mid (pHS25). Seven synthetic suppressors on high-copy-num-
ber plasmids were tested (hatched bars in Fig. 7). Those that
insert cysteine, alanine, or phenylalanine enhanced chemotac-
tic ability above background levels, whereas those that insert
histidine, glutamic acid, proline, or arginine did not. When
present in single copy, two natural suppressors that insert ty-
rosine (supF) or serine (supD) also improved chemotactic abil-
ity (open bars in Fig. 7). Variations in gene dosage and sup-
pression efficiency could also influence the apparent functionality
of different amino acids in these tests. However, among the res-
idues examined, isoleucine proved to be the most acceptable
substitute for methionine at position 98 of CheA;. Wolfe and
coworkers have constructed two additional CheA; mutants with
mutations at position 98 (36). They found that valine worked as
well as isoleucine and that leucine was even better, supporting
wild-type chemotactic ability. Thus, amino acids with struc-
tures and chemical properties similar to methionine are
most acceptable as functional substitutes at residue 98 of
CheA,.

Chemotactic ability of the M98I mutant. The M98I mutant
has a normal unstimulated flagellar rotation pattern but
swarms about 20% more slowly than the wild type does. Its
swarm speed was not enhanced by supplying CheAg, implying
that the alteration in CheA; was responsible. To better eval-
uate the severity of this defect, we measured the chemotactic
ability of the M98I mutant and a wild-type control in capillary
assays (1). The responses toward serine are shown in Fig. 8;
similar results were obtained for the attractant aspartate (data
not shown). The mutant had a wild-type response threshold
(Fig. 8, inset) and peak position. However, it showed a some-
what lower maximal response and a more rapid decline in
accumulation at high serine concentrations. The decline phase
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FIG. 8. Capillary chemotaxis assay of the M98I start(S) mutant. The number
of cells entering serine-filled capillary tubes was measured at various concentra-
tions and plotted as a percentage of the maximum wild-type response. Each
datum point represents the mean of two or more determinations. The strains
used were RP9194 (M981) and RP9195 (wild type). The inset shows a log-log plot
for determining response thresholds. The best-fit lines for the wild-type (open
circles) and mutant (solid circles) data were virtually superimposable.

of the response curve reflects saturation of the chemosensors,
which causes the bacteria to accumulate farther from the
mouth of the capillary, reducing their rate of entry. The M98I
mutant evidently has a lower signaling capacity, consistent with
a reduction in the specific activity of CheA,. In all other
respects, its signaling behavior seems normal, demonstrating
that the lack of CheAg is of little or no consequence to che-
motactic ability.

DISCUSSION

Signaling functions of CheA; and CheAg. CheA; plays an
essential role in chemotactic signaling by autophosphorylating
and then donating its phosphate groups to CheB and CheY. It
has a segmental structural organization, with discrete domains
for each of its various functional activities (Fig. 9). CheAg does
not have the phosphorylation site at His-48 and cannot support
chemotaxis in mutants lacking functional CheA; (30). Other-
wise, its primary structure is quite similar to that of CheA,
(Fig. 9). Both proteins contain an intact catalytic domain (20),
a region needed for control by receptors and the CheW cou-
pling factor (4), and the P2 domain, which may bind CheY
during the phosphotransfer reaction (19, 33).

Although unable to autophosphorylate, CheAg exhibits
other signaling-related activities consistent with its structural
organization. It complements some cheA missense mutants in

1 260

J. BACTERIOL.

vivo (30), and in vitro it restores autokinase activity to those
with catalytic defects (32, 38). CheA probably autophosphory-
lates as a dimer, and these complementation effects most prob-
ably occur through formation of CheA; /CheAg heterodimers.
CheAg can also restore receptor control to CheA; molecules
that lack the coupling region (37). Heterodimer formation may
account for this complementation effect as well. Finally, over-
expression of CheAg in a wild-type cell inhibits chemotaxis,
suggesting that one or more of its activities can interfere with
normal signaling processes (26, 37). For example, CheAg ho-
modimers might compete with CheA; homodimers for binding
to CheW and receptor molecules.

Behavior of mutants lacking CheAg. Despite the signaling-
related functions of CheAyg, it is not essential for chemotaxis.
To show this, we constructed several different mutations at the
initiation codon of start(S). The resulting mutants made no
detectable CheAg but were nevertheless chemotactic. The
M98Q strain swarmed at about 50% of the wild-type rate, and
the M98I mutant swarmed at nearly 80% of the wild-type rate.
The chemotaxis defects of these strains were not alleviated by
supplying CheAg from a N\ prophage, implying that the fault
lies instead with their alterations in CheA, . Several additional
findings indicated that residue 98 might be particularly impor-
tant to CheA, function. First, only a few amber suppressors
improved the chemotactic ability of the M98am mutant, con-
sistent with the premise that many amino acids at this position
are functionally unacceptable. Second, the M98Q protein,
although functional, was present at substantially reduced
levels, most probably because of reduced intracellular sta-
bility.

The chemotactic behavior of the M98I mutant was close to
normal in all respects. Its unstimulated flagellar rotation pat-
tern was indistinguishable from the wild-type pattern; it swarmed
at near wild-type rates; and it exhibited wild-type detection
thresholds and peak positions in capillary chemotaxis assays. The
lack of any substantial behavioral deficit in this start(S) mutant
argues that CheAg makes a negligible contribution to chemotactic
ability under standard assay conditions. More-sensitive tests
with the M98I strain, for example, measuring response latency
or duration to small temporal stimuli, might reveal a subtle
signaling defect attributable to the lack of CheAg.

Why overlapping ched genes? The cheA locus in S. typhi-
murium also contains tandem translation starts in the same
reading frame and makes CheA; and CheAg products (31).
Although the cheA sequences from more distantly related bac-
teria have no obvious internal start sites, the presence of the
same overlapping gene arrangement in E. coli and S. typhi-
murium suggests that it may have some utility to these organ-
isms. CheAg might, for example, participate in tactic responses
to pH, temperature, repellents, or other attractant stimuli not
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examined in this study. Alternatively, it might confer a selective
advantage under conditions not yet reproduced in the labora-
tory.

The relative positions of start(L) and start(S) and the sur-
rounding sequence features suggest that changes in growth
rate might modulate the relative expression levels of CheA
and CheAg (11). If the cell in fact adjusts its CheA  -to-CheAg
ratio to fit different environmental conditions, this would lend
support to the view that CheAg serves a useful purpose. Swan-
son et al. (32) suggested an interesting functional role for
CheAg that should vary with its relative expression level. They
pointed out that by forming heterodimers with CheA; sub-
units, CheAg could influence the distribution of available
CheA phosphorylation sites across a population of receptor
molecules. At low levels of CheAg, most of the CheA; subunits
would be in the form of homodimers and each receptor would
effectively control two phosphorylation sites. At very high lev-
els of CheAg, all of the CheA; subunits would be in het-
erodimers. Receptors that formed signaling complexes with a
heterodimer could control one CheA phosphorylation site,
whereas those that complexed with CheAg homodimers would
have no signaling voice. Intermediate CheAg levels should
maximize the number of receptors able to command a CheA
phosphorylation site. Thus, if CheA; were in limiting supply,
the CheA, -to-CheAg ratio could influence the sensitivity, am-
plification, and other signaling characteristics of the cell. These
could well be subtle effects that are undetectable by swarm or
capillary assays.

It is also conceivable that the overlapping cheA genes of E.
coli and S. typhimurium have no functional significance. In the
laboratory at least, E. coli is able to carry out chemotaxis quite
well without a CheAg protein. However, if CheAg really has no
adaptive value, why would both E. coli and S. typhimurium
persist in making it? Perhaps the sequence features that define
start(S) are constrained by the primary structure of CheA;.
The E. coli and S. typhimurium proteins are identical in se-
quence throughout the start(S) region of cheA, implying that
this portion of CheA, is critical to its function. Indeed, most
amino acid replacements at residue 98 of CheA,, encoded by
the CheAg start codon, clearly impair chemotactic ability. Un-
less CheAg represents a major drain on the resources of the
cell, mutational changes at the start(S) initiation codon would
probably not confer an overall selective advantage. Mutations
that create synonymous codon changes in CheA, also fail to
reduce start(S) activity. Alterations designed to destabilize the
potential stem-loop structure that brackets start(S) (Fig. 1)
actually enhanced CheAg expression, suggesting that this se-
quence feature normally serves to inhibit translation from
start(S). Interestingly, E. coli and S. typhimurium both maintain
complete base complementarity throughout the putative stem,
but the adjacent sequences preclude extension of the base-
paired region through silent CheA; mutations. This mRNA
secondary structure may represent the only ploy available to
the cell for lowering production of CheAg.

The hypothesis that CheAg has no adaptive value to E. coli
can be disproved only by finding circumstances in which mu-
tants lacking this protein are at a selective disadvantage. Until
such conditions are found, CheAg must remain a tantalizing
enigma.

ACKNOWLEDGMENTS

We thank Emma Lou Bardall for performing tethered-cell rotation
assays, Julius Adler for synthetic serine, Jeff Stock for CheA antiserum,
Peter Ames and Alan Wolfe for comments on the manuscript, and
Alan Wolfe for helpful discussions and communication of unpublished
results.

CHEMOTAXIS WITHOUT CheAg 2719

Portions of this work were supported by research grant GM28706

from the National Institutes of Health.

—_

10.

11.

12.

13.

15.

16.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

REFERENCES

. Adler, J. 1973. A method for measuring chemotaxis and use of the method

to determine optimum conditions for chemotaxis by Escherichia coli. J. Gen.
Microbiol. 74:77-91.

. Barak, R., and M. Eisenbach. 1992. Correlation between phosphorylation of

the chemotaxis protein CheY and its activity at the flagellar motor. Biochem-
istry 31:1821-1826.

. Borkovich, K. A., and M. L. Simon. 1990. The dynamics of protein phosphor-

ylation in bacterial chemotaxis. Cell 63:1339-1348.

. Bourret, R. B, J. Davagnino, and M. I. Simon. 1993. The carboxy-terminal

portion of the CheA kinase mediates regulation of autophosphorylation by
transducer and CheW. J. Bacteriol. 175:2097-2101.

. Chun, S.Y. 1988. Bacterial motility: roles of the MotA and MotB proteins in

Escherichia coli. M.S. thesis. University of Utah, Salt Lake City.

. Gegner, J. A., D. R. Graham, A. F. Roth, and F. W. Dahlquist. 1992. As-

sembly of an MCP receptor, CheW, and kinase CheA complex in the bac-
terial chemotaxis signal transduction pathway. Cell 70:975-982.

. Hanahan, D. 1983. Studies on transformation of Escherichia coli with plas-

mids. J. Mol. Biol. 166:557-580.

. Hess, J. F., R. B. Bourret, and M. I. Simon. 1988. Histidine phosphorylation

and phosphoryl group transfer in bacterial chemotaxis. Nature (London)
336:139-143.

. Hess, J. F., K. Oosawa, N. Kaplan, and M. L. Simon. 1988. Phosphorylation

of three proteins in the signaling pathway of bacterial chemotaxis. Cell
53:79-87.

Kleina, L. G., and J. H. Miller. 1990. Genetic studies of lac repressor. XIII.
Extensive amino acid replacements generated by the use of natural and
synthetic nonsense suppressors. J. Mol. Biol. 212:295-318.

Kofoid, E. C., and J. S. Parkinson. 1991. Tandem translation starts in the
cheA locus of Escherichia coli. J. Bacteriol. 173:2116-2119.

Kunkel, T. A. 1988. Rapid and efficient site-specific mutagenesis without
phenotypic selection. Proc. Natl. Acad. Sci. USA 82:488-492.

Laemmli, U. K. 1970. Cleavage of structural proteins during assembly of the
head of bacteriophage T4. Nature (London) 227:680-685.

. Liu, J. 1990. Molecular genetics of the chemotactic signaling pathway in

Escherichia coli. Ph.D. thesis. University of Utah, Salt Lake City.

Liu, J., and J. S. Parkinson. 1989. Genetics and sequence analysis of the
penB locus, an Escherichia coli gene involved in plasmid copy number con-
trol. J. Bacteriol. 171:1254-1261.

Liu, J. D., and J. S. Parkinson. 1989. Role of CheW protein in coupling
membrane receptors to the intracellular signaling system of bacterial che-
motaxis. Proc. Natl. Acad. Sci. USA 86:8703-8707.

. Lupas, A,, and J. Stock. 1989. Phosphorylation of an N-terminal regulatory

domain activates the CheB methylesterase in bacterial chemotaxis. J. Biol.
Chem. 264:17337-17342.

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Morrison, T. B., and J. S. Parkinson. 1994. Liberation of an interaction
domain from the phosphotransfer region of CheA, a signaling kinase of E.
coli. Proc. Natl. Acad. Sci. USA 91:5485-5489.

Oosawa, K., J. F. Hess, and M. I. Simon. 1988. Mutants defective in bacterial
chemotaxis show modified protein phosphorylation. Cell 53:89-96.
Parkinson, J. S. Unpublished results.

Parkinson, J. S. 1976. cheA, cheB, and cheC genes of Escherichia coli and
their role in chemotaxis. J. Bacteriol. 126:758-770.

Parkinson, J. S. 1993. Signal transduction schemes of bacteria. Cell 73:857—
871.

Parkinson, J. S., and S. E. Houts. 1982. Isolation and behavior of Escherichia
coli deletion mutants lacking chemotaxis functions. J. Bacteriol. 151:106—
113.

Parkinson, J. S., and E. C. Kofoid. 1992. Communication modules in bac-
terial signaling proteins. Annu. Rev. Genet. 26:71-112.

Sanatinia, H. 1991. The role of overlapping cheA genes in chemotaxis of E.
coli. MLS. thesis. University of Utah, Salt Lake City.

Sancar, A., A. M. Hack, and W. D. Rupp. 1979. Simple method for identi-
fication of plasmid-coded proteins. J. Bacteriol. 137:692-693.

Sanders, D. A., B. Mendez, and D. J. Koshland. 1989. Role of the CheW
protein in bacterial chemotaxis: overexpression is equivalent to absence. J.
Bacteriol. 171:6271-6278.

Silverman, M., and M. Simon. 1977. Identification of polypeptides necessary
for chemotaxis in Escherichia coli. J. Bacteriol. 130:1317-1325.

Smith, R. A,, and J. S. Parkinson. 1980. Overlapping genes at the cheA locus
of E. coli. Proc. Natl. Acad. Sci. USA 77:5370-5374.

Stock, A., T. Chen, D. Welsh, and J. Stock. 1988. CheA protein, a central
regulatory of bacterial chemotaxis, belongs to a family of proteins that
control gene expression in response to changing environmental conditions.
Proc. Natl. Acad. Sci. USA 85:1403-1407.

Swanson, R. V., R. B. Bourret, and M. I. Simon. 1993. Intermolecular



2720 SANATINIA ET AL. J. BACTERIOL.

complementation of the kinase activity of CheA. Mol. Microbiol. 8:435-441. teria. Proc. Natl. Acad. Sci. USA 90:8787-8791.
33. Swanson, R. V., S. C. Schuster, and M. L. Simon. 1993. Expression of CheA 36. Wolfe, A. J. Personal communication.
fragments which define domains encoding kinase, phosphotransfer, and 37. Wolfe, A. J., B. P. McNamara, and R. C. Stewart. 1994. The short form of

CheY binding activities. Biochemistry 32:7623-7629. CheA couples chemoreception to CheA phosphorylation. J. Bacteriol. 176:
34. Vieira, J., and J. Messing. 1987. Production of single-stranded plasmid 4483-4491.

DNA. Methods Enzymol. 153:3-34. 38. Wolfe, A. J., and R. C. Stewart. 1993. The short form of the CheA protein
35. Welch, M., K. Oosawa, S.-I. Aizawa, and M. Eisenbach. 1993. Phosphoryla- restores kinase activity and chemotactic ability to kinase-deficient mutants.

tion-dependent binding of a signal molecule to the flagellar switch of bac- Proc. Natl. Acad. Sci. USA 90:1518-1522.



