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Escherichia coli cells express two forms of CheA, the histidine kinase associated with chemotaxis. The long
form, CheAL, plays a critical role in chemotactic signal transduction by phosphorylating two chemotaxis-
associated response regulators, CheY and CheB. CheAL first autophosphorylates amino acid His-48 before its
phosphoryl group is transferred to these response regulators. The short form, CheAS, lacks the amino-terminal
97 amino acids of CheAL and therefore does not possess the site of phosphorylation. The centrally located
transmitter domain of both forms of CheA contains four regions, called N, G1, F, and G2, highly conserved
among histidine kinases of the family of two-component signal transduction systems. On the basis of sequence
similarity to highly conserved regions of certain eukaryotic kinases, the G1 and G2 regions are purported to
be involved in the binding and hydrolysis of ATP. We report here that alleles mutated in the G1, G2, or F region
synthesize CheA variants that cannot autophosphorylate in vitro and which cannot support chemotaxis in vivo.
We also show that in vitro, the nonphosphorylatable CheAS protein mediates transphosphorylation of a CheAL
variant defective in both G1 and G2. In contrast, CheAL variants defective for either G1 or G2 mediate
transphosphorylation of each other poorly, if at all. These results are consistent with a mechanism by which
the G1 and G2 regions of one protomer of a CheA dimer form a unit that mediates transphosphorylation of the
other protomer within that dimer.

Chemotaxis by cells of enteric bacteria, such as Escherichia
coli, depends on the ability of chemoreceptors to communicate
with switch components of flagellar motors to modulate swim-
ming behavior in response to the cells’ chemical environment.
This communication requires the cooperative effort of the cy-
toplasmic gene products of six genes, cheA, cheW, cheR, cheB,
cheY, and cheZ. Of these genes, cheA is the most central. This
gene encodes two proteins, CheAL (78 kDa) and CheAS (69
kDa), translated in frame from two different initiation sites (14,
25, 28).
Found in vitro as a dimer (6, 33), the two-component histi-

dine kinase CheAL autophosphorylates a conserved histidine
residue (His-48) located near its amino terminus (10, 11).
Phosphorylated-CheAL, in turn, acts as a phospho-donor for
two other chemotaxis proteins: CheY, required for clockwise
signal generation, and CheB, required for adaptation (re-
viewed in references 4, 30, and 31). CheAL homodimers form
ternary complexes with CheW and chemoreceptors, e.g., Tar
(7). Within these complexes, the autokinase activity of CheAL
is significantly accelerated relative to that of uncomplexed
CheAL homodimers alone. Binding of ligand, e.g., the Tar-
specific attractant L-aspartate, to the chemoreceptor within
these ternary complexes greatly diminishes CheAL autokinase
activity (2, 3, 21). Thus, CheW and chemoreceptors modulate
CheAL autokinase activity in a ligand-dependent manner.
Although CheAS lacks the site of autophosphorylation, it

retains domains that in CheAL are required for kinase activity,
ternary complex formation, and phospho-transfer to CheY and
CheB (5, 10, 15, 19, 35). Evidence obtained in vivo and in vitro
indicates that the CheAL domains responsible for kinase ac-
tivity and ternary complex formation also function in CheAS.

In vitro, CheAS mediates receptor-modulated transphospho-
rylation of mutant CheAL proteins either deficient for kinase
activity or truncated for the carboxy-terminal segments re-
quired for ternary complex formation (34, 38, 39). In vivo,
CheAS restores chemotactic ability to cells that express either
kinase-deficient or truncated CheAL mutant proteins (38, 39).
CheAL and CheAS are composed of several distinct func-

tional domains (reviewed in reference 15) (Fig. 1). The amino-
terminal P1 domain contains the site of autophosphorylation,
His-48 (22, 25). This domain, present in CheAL but not in
CheAS, is required for phospho-transfer to CheY and CheB
(11). The P2 domain assists in the interaction between the
phospho-donor site in P1 and amino acid sequences located in
CheY (19, 34). Two other domains, M and C, located at the
carboxy terminus, appear to play important roles in enabling
CheAL and/or CheAS to receive sensory information from the
chemoreceptors (5, 25). Finally, the centrally located transmit-
ter (T) domain contains both highly variable (TL) and highly
conserved (TR) subdomains. The TR subdomain contains four
regions, highly conserved among histidine kinases of the family
of two-component signal transduction systems, named N, G1
(also called D), F, and G2 (also called G) (25, 31). On the basis
of sequence similarity and structure-averaging algorithms, Par-
kinson and Kofoid (25) proposed that the TR subdomain likely
consists of two b-pleated sheets, the N and F boxes, inter-
spersed by two large glycine-rich regions, G1 and G2, that
resemble the unstructured loops of eukaryotic nucleotide-
binding sites (8, 26, 29). Thus, they hypothesized that this
region plays a role in the binding and hydrolysis of ATP (25).
Since it functions as a dimer, CheA could possess as many as

two sites that bind ATP independently. Each independent site
could reside entirely within one protomer of a dimer or could
include regions contributed by both protomers. To distinguish
between these two possibilities, we generated cheA mutants
defective in the G1, G2, or F subdomain. Here, we demon-
strate that such mutants do not support chemotactic ability

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Loyola University Chicago, Stritch School of
Medicine, 2160 S. First Ave., Maywood, IL 60153. Phone: (708) 216-
5814. Fax: (708) 216-9574. E-mail: awolfe@luc.edu.

825



in vivo. Similarly, CheAL variants defective in the G1, G2,
or F subdomain cannot autophosphorylate in vitro. We
also show that in vitro, the nonphosphorylatable CheAS
and CheAL48HQ proteins mediate transphosphorylation of
CheAL variants defective for G1 alone, G2 alone, or both G1
and G2. In contrast, CheAL variants defective for either G1 or
G2 mediate transphosphorylation of each other poorly, if at all.
These results are consistent with a mechanism by which the G1
and G2 regions of one protomer of a CheA dimer form a unit
that mediates transphosphorylation of the other protomer of
that dimer.

MATERIALS AND METHODS

Bacterial strains, alleles, and plasmids. All strains were derivatives of E. coli
K-12 and are listed in Table 1. Alleles cheAS (39), cheA, and cheA48HQ (11, 22)
encode wild-type CheAS alone, both wild-type CheAS and wild-type CheAL, and
both wild-type CheAS and the mutant protein CheAL48HQ, respectively. This
mutant protein cannot autophosphorylate because the histidine residue at posi-
tion 48 has been replaced by a glutamine residue. The following alleles are shown
in Fig. 1. Alleles cheA422GA (herein called cheAG1), cheA470GA472GA474GA
(cheAG2), cheA422GA470GA472GA474GA (cheAG1/G2), and cheA455FY
459FY (cheA2FY) encode CheAS and CheAL proteins disrupted in G1 alone, G2
alone, both G1 and G2, or F alone, respectively. Each mutation and unique
restriction sites used to track these mutations during various in vitro manipula-
tions were generated by using standard oligonucleotide-directed mutagenesis
procedures (16). The following oligonucleotides were used: (i) to generate the
allele cheAG1, 59-ACCGACGATGCCGCGGGGCTAA-39, which substitutes an
alanine residue for the glycine at position 422 and which introduces a unique
SacII restriction site into G1; (ii) to generate the allele cheAG2, 59-ACGTCTC
CGCGCGCGCCGTCGCCATGGACGTC-39, which substitutes alanine resi-
dues for the glycines at positions 470, 472, and 474 and which introduces a unique
BssHII restriction site into G2; and (iii) to generate the allele cheA2FY, 59-AT
GCTGATATACGCACCCGGGTACCCACGGCAG-39, which substitutes ty-
rosine residues for the phenylalanines at positions 455 and 459 and introduces
a unique XmaI restriction site in F. Allele cheAD(468-477) (herein called
cheADG2) encodes CheAS and CheAL proteins deleted for nine amino acids,
including those that comprise the entire G2 region.
The alleles cheAG1, cheAG2, and cheAG1/G2 were introduced into the chro-

mosome by means of homologous recombination in the polA(Ts) strain CP366
(23). The resultant recombinants were screened for nonchemotactic behavior.
Those that proved nonchemotactic then were tested for the ability to exhibit
wild-type chemotactic behavior when transformed with pAR1.cheA, a plasmid
that encodes both CheAS and CheAL. The existence of each mutation was
verified by restriction analysis of PCR products, using primers designed to am-
plify the entire G1-F-G2 region. P1 transduction (27) was used to transfer each
mutant allele out of its Pol(Ts) host into the Pol1 Rec1 Che1 recipient strain
RP437 and to make the resultant transductants recA by using either strain MH62

or KO685 as the donor.
Media and growth conditions. Cells were grown with aeration in tryptone

broth (TB; 1% [wt/vol] tryptone, 0.5% [wt/vol] sodium chloride) or in Luria broth
(LB; TB supplemented with 0.5% [wt/vol] yeast extract). The optical density at
610 nm (OD610) was monitored.

Swarm assays. Cells were grown at 328C to mid-exponential phase (OD610 of
;0.3) in TB supplemented with the requisite antibiotics. Tryptone swarm plates
were 0.20% agar in the same broth. Antibiotics were not added. A 5-ml aliquot
of the culture (106 to 107 cells) was placed on the surface of the swarm plate near
its center, and the plate was incubated at 328C in a humid environment. Swarm
plates were handled and measured as described previously (37).
Plasmids used for in vivo swarm plate analyses were derivatives of pAR1 (6) in

which the cheA alleles were under the control of tandem tac promoters.
Protein purification. To purify CheAL, the 2.1-kb NdeI-BamHI fragment from

pAR1.cheA (38) was subcloned into pET14b (Novagen Inc., Madison, Wis.) to
generate plasmid pDE1. This plasmid permits expression, by means of the
bacteriophage T7 f10 promoter, of a six-histidine (63His) sequence fused to the
amino terminus of CheAL. To purify mutant CheAL proteins, the 5.9-kb StuI-
MluI restriction fragment of pDE1 was ligated to 1.2-kb StuI-MluI fragments
from each of the respective pAR1 derivatives. To purify CheAS, the 1.8-kb
NdeI-BamHI fragment from pAR1.cheAS (38) was subcloned into pET14b (No-
vagen). Each protein used in this study was purified by transforming the plasmid
which expressed the appropriate 63His-CheA variant fusion protein under con-
trol of the T7 promoter into BL21(DE3), a strain which expresses T7 RNA
polymerase under the control of lac promoter (32). Cells of the resultant trans-
formant were grown overnight in 5 ml of LB in the presence of ampicillin (100
mg/ml). The overnight culture was diluted 1:100 in LB containing ampicillin (200
mg/ml) and grown to an OD610 of ;0.4 at 308C before addition of 0.1 mM IPTG
(isopropyl-b-D-thiogalactopyranoside) and more ampicillin (200 mg/ml). After a
3-h incubation under inducing conditions, the cells were harvested by centrifu-
gation at 3,000 3 g for 20 min at 48C. Purification of the fusion protein and
cleavage of the 63His sequence were performed as instructed by the manufac-
turer (Novagen) (13) except that the thrombin/protein ratio was 1:1,000. Protein
concentrations were determined by the bicinchoninic acid assay (Pierce Bio-
chemicals).
Protein labeling, SDS-PAGE, autoradiography, and immunoblot analysis.

Phosphorylation reaction mixtures contained the indicated proteins in TKMD
buffer (50 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, 0.5 mM dithiothreitol [pH
7.5]) and 50 mM [g-32P]ATP (;2,500 cpm pmol21). Reactions were terminated
by the addition of 33 sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (39). Samples were subjected to SDS-PAGE (10%
polyacrylamide gels) at 10 to 158C in a Hoefer SE600 gel apparatus under the
conditions of Laemmli (17). Following electrophoresis, the gels were incubated
in drying buffer (45% methanol, 7.0% glacial acetic acid, 10% glycerol, 0.5%
dimethyl sulfoxide), dried for 2 h, and visualized by autoradiography. To quantify
phosphorylated CheA, gels were scanned for 1 h on a Betascope 603 blot
analyzer (Betagen).
Immunoblot analyses, using affinity-purified rabbit anti-CheA and anti-CheAL

antisera, were performed by standard procedures (9). The anti-CheAL antiserum
was generated by coupling bovine serum albumin to the oligopeptide IKGGAG
TFGFS. This sequence exists exclusively in CheAL, adjacent to His-48.

RESULTS

CheA variants defective for G1, F, or G2 cannot autophos-
phorylate in vitro, nor can they support chemotaxis in vivo.
We purified wild-type CheAL, wild-type CheAS, and the
CheAL mutant proteins CheALG1, CheALG1/G2, CheALG2,
CheALDG2, CheAL2FY, and CheAL48HQ to near homoge-

FIG. 1. Functional organization of CheA and schematic of cheA alleles used
in this study. The shaded bars within TR represent the N, G1, F, and G2 blocks
of highly conserved amino acids shared by histidine kinases of the family of
two-component signal transduction systems. Mutant amino acids are italicized
and underlined. See text for details.

TABLE 1. Bacterial strains used in this study

Strain Relevant genotype Source

AJW531 RP437 cheA470GA472GA474GA recA::cml
eda1

This study

AJW953 RP437 cheA422GA470GA472GA474GA
DrecA(SstII-EcoRI) srl::Tn10 eda1

This study

AJW955 RP437 cheA422GA DrecA(SstII-EcoRI) srl::
Tn10 eda1

This study

AJW1071 RP9535 recA::cml This study
BL21(DE3) F2 ompT hsdSB (rB

2 mB
2) lon dcm (limm21

lacI lacUV5 T7 polymerase inf)
32

CP366 polA(Ts) 23
KO685 DrecA(SstII-EcoRI) srl::Tn10 12
MH62 recA::cml A. Binneya

RP437 thr(Am)1 leuB6 his-4 metF(Am)159 eda-50
rpsL136 thi-1 lacY1 ara-14 mtl-1 xyl-5 tonA31
tsx-78

24

RP9535 RP437 DcheA1643 eda1 18

a A. Binney, Purdue University, West Lafayette, Ind.
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neity, as judged by SDS-PAGE (Fig. 2), and confirmed them as
CheA variants by immunoblotting with the anti-CheA antibody
(data not shown).
To assess the ability of these CheA variants to autophospho-

rylate, we added [g-32P]ATP to purified preparations of each
mutant protein. At the conclusion of a 5-min labeling period at
room temperature, we terminated each reaction by adding 33
SDS-PAGE sample-loading buffer and analyzed the results by
SDS-PAGE and autoradiography (Fig. 3). As expected, the
reaction mixture containing only wild-type CheAL (lane 1)
resulted in phosphorylation of a protein with a molecular mass
of about 78 kDa. In contrast, the reaction mixture contain-
ing CheAS (lane 2), CheALG1 (lane 3), CheALG2 (lane 4),
CheALG1/G2 (lane 5), CheAL2FY (lane 6), CheAL48HQ
(lane 7), or CheALDG2 (lane 8) did not.
To determine whether these in vitro results correspond to

physiologically relevant phenomena, we inoculated cells carry-
ing either the wild-type allele cheA (strain RP437) or the mu-
tant allele cheAG1 (strain AJW955), cheAG2 (strain AJW531),
or cheAG1/G2 (strain AJW953) at the center of tryptone
swarm plates and, after 6 h of incubation, compared the dis-
placements of the outermost edges of their resultant swarms
(Fig. 4). Wild-type cells (Fig. 4A) formed two rapidly migrating
concentric bands (0.72 cm h21 for the outermost band), indi-
cating that such cells are chemotactic to both L-serine and
L-aspartate (1). In contrast, cells of each mutant strain formed
dense irregular swarms that migrated at a rate (0.02 cm h21)
(data not shown) characteristic of nonchemotactic cells that

cannot tumble, e.g., the DcheA strain AJW1071 (Fig. 4B). To
determine whether increased expression of the mutant pro-
teins could confer chemotactic ability, we transformed the
mutant allele cheAG1, cheAG2, cheAG1/G2, cheADG2, or
cheA2FY (each carried by the vector pAR1) into the DcheA
strain AJW1071. To construct positive and negative controls,
we also transformed this DcheA strain with the alleles cheA and
cheAS (also carried by the vector pAR1). We inoculated cells
of the resultant transformants at the center of tryptone swarm
plates containing 25 mM IPTG and, after 6 h of incubation,
compared their swarms. Only cells that expressed both CheAL
and CheAS formed two rapidly migrating concentric bands
(Fig. 4C). Those that expressed only CheAS or mutant variants
of CheA formed dense nonchemotactic swarms indistinguish-
able from those produced by the cells of AJW1071, the DcheA
strain, transformed with the vector pAR1 (Fig. 4D).
In vitro transphosphorylation of kinase-deficient CheAL

mutants by CheAS or CheAL48HQ. To assess the abilities of
the nonphosphorylatable CheA variants CheAS and CheAL
48HQ to promote phosphorylation of the glycine-rich region
mutants CheALG1, CheALG2, CheALG1/G2, and CheAL
DG2, we added [g-32P]ATP to purified preparations of each
mutant protein preincubated for 30 min in the presence of
either CheAS or CheAL48HQ. At the conclusion of a 30-min
labeling period at room temperature, we terminated each re-
action by adding 33 SDS-PAGE sample-loading buffer and
analyzed the results by SDS-PAGE and autoradiography
(Fig. 5). Reactions performed with either CheAS (Fig. 5A) or
CheAL48HQ (Fig. 5B) and mutant CheALG1 (lane 1), Che
ALG2 (lane 2), CheALG1/G2 (lane 3), or CheALDG2 (lane 4)
resulted in phosphorylation of a protein of about 78 kDa. The
level of phosphorylation was not uniform, however. Reactions
performed with CheAS repeatedly transphosphorylated more
CheALG1 or CheALG2 (about 6.0% of wild-type CheAL levels
of autophosphorylation) than CheALG1/G2 or CheALDG2
(about 1.5% of wild-type levels).
To assess the abilities of the mutant proteins CheALG1 and

CheALG2 to promote phosphorylation of each other, we

FIG. 2. Purified CheA variant proteins isolated from cells of strain BL21
(DE3) transformed with various CheA expression vectors, separated by SDS-
PAGE (10% gel), and stained with Coomassie blue. Lane 1, wild-type CheAL;
lane 2, wild-type CheAS; lane 3, CheALG1; lane 4, CheALG1/G2; lane 5, Che-
ALG2; lane 6, CheALDG2; lane 7, CheAL2FY; lane 8, CheAL48HQ. The image
was derived by scanning a photograph of the resultant gel with a Hewlett-
Packard Scanjet model IIc.

FIG. 3. Autophosphorylation of CheAL variants. CheA samples (each pro-
tein at 5 mM [final concentration]) were incubated with 50 mM [g-32P]ATP
(;2,500 cpm pmol21) in TKMD buffer (see Materials and Methods), the reac-
tions were terminated by the addition of 33 SDS-PAGE sample buffer, and the
samples were analyzed by SDS-PAGE (10% gel) followed by autoradiography
for 60 min. Lane 1, wild-type CheAL; lane 2, wild-type CheAS; lane 3,
CheALG1; lane 4, CheALG2; lane 5, CheALG1/G2; lane 6, CheAL2FY; lane
7; CheAL48HQ; lane 8, CheALDG2. The image was derived by scanning the
autoradiograph with a Hewlett-Packard Scanjet model IIc.

FIG. 4. Photographs of swarms produced by wild-type cells (A); those de-
leted for cheA (B); those deleted for cheA and transformed with either
pAR1.cheA, a plasmid that expresses both wild-type CheAL and wild-type CheAS
(C), or its vector parent, pAR1 (D); those carrying the allele cheAG1 and
transformed with pAR1.cheAS, a plasmid that expresses CheAS (E); and those
carrying the allele cheAG2 and transformed with pAR1.cheAS (F). Cells were
inoculated near the center of tryptone swarm plates containing 0.20% agar, and
the plates were incubated at 328C for 6 h. Expression of CheA variants from each
plasmid was induced with 25 mM IPTG.
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added [g-32P]ATP to purified preparations of wild-type CheAL
or each of the two mutant proteins preincubated separately or
together for 30 min (Fig. 6A). In contrast to the reaction
mixture containing wild-type CheAL alone (lane 1), those con-
taining CheALG1 alone (lane 2) and CheALG2 alone (lane 3)
did not result in a phosphorylated 78-kDa protein. Reactions
performed with both CheALG1 and CheALG2 together (lane
4) resulted in very poor phosphorylation of a protein that
migrated slightly more slowly than wild-type CheAL. For sev-
eral reasons, it seems unlikely that this band corresponds to a
phosphorylated form of either CheALG1 or CheALG2 or of
their 63His-tagged variants. First, the phosphorylated forms
of CheALG1 and CheALG2 migrate with the same mobility as
phosphorylated wild-type CheAL. Second, after cleavage with
thrombin, we detected no 63His-CheA variant by immunoblot
analysis. Third, we detected no phosphorylation of the 63His
tag itself when fused to either of the nonphosphorylatable
proteins, CheAS and CheAL48HQ (data not shown).
Interestingly, reactions involving CheALG1 (lanes 2 and 4)

yielded a phosphorylated protein fragment of about 30 kDa.
We observed a phosphorylated fragment of similar molecular
mass in reactions involving wild-type CheAL alone (lane 1) or
the F mutant, CheAL2FY (lane 5). To determine whether the
30-kDa fragment included the site of phosphorylation, His-48,
we performed immunoblot analyses using anti-CheA (Fig. 6B)
and anti-CheAL (Fig. 6C) antisera. Whereas CheAL and the
30-kDa fragment reacted with both antisera (lanes 1 and 3,
respectively), CheAS reacted only with the anti-CheA anti-
serum (lanes 2). On the basis of its size, its immunoreactivity
with an antiserum specific for an epitope unique to the P1
domain, and its ability to accept a phosphoryl group, we con-
clude that this degradation product corresponds to the N-
terminal P1 and P2 domains of CheA (22).
CheAS, but not CheAL48HQ, restores chemotactic ability to

kinase-deficient CheAL mutants. To test whether the nonphos-
phorylatable variant CheAS can restore chemotactic ability to
mutant cells that express CheA variants defective in the gly-
cine-rich regions, we transformed the allele cheAS (carried by

the vector pAR1) into cells carrying the mutant allele cheAG1,
cheAG2, or cheAG1/G2 (strain AJW955, AJW531, or AJW953,
respectively). We inoculated cells of the resultant transfor-
mants at the center of tryptone swarm plates containing 25 mM
IPTG and, after 6 h of incubation, compared their swarms (Fig.
4). Transformants of strains AJW955 and AJW531 (alleles
cheAG1 and cheAG2, respectively) formed two concentric
bands (Fig. 4E and F). The outermost bands formed by these
transformants in response to L-serine migrated about 0.28 and
0.33 cm h21, respectively (cf. the migration rate of 0.49 cm h21

for pAR1.cheA transformants of the DcheA strain AJW1071).
In contrast, transformants of strain AJW953 (allele cheAG1/
G2) formed dense nonchemotactic swarms that migrated slow-
ly (0.02 cm h21) even when the concentration of IPTG was
increased to as much as 100 mM (data not shown).
Since, in vitro, CheA48LHQ did not generate the levels of

transphosphorylation observed for CheAS, we wondered wheth-
er we would observe similar results in vivo. Therefore, we
transformed plasmid pAR1.cheA48HQ into cells carrying the
mutant allele cheAG1 or cheAG2 (strain AJW955 or AJW531,

FIG. 5. Phosphorylation of CheAL variants in the presence of CheAS (A) or
CheAL48HQ (B). CheA samples (each protein at 5 mM [final concentration])
were preincubated for 30 min in TKMD buffer (see Materials and Methods)
before the addition of 50 mM [g-32P]ATP (;2,500 cpm pmol21). The reactions
were terminated by the addition of 33 SDS-PAGE sample buffer, and the
samples were analyzed by SDS-PAGE (10% gel) followed by autoradiography
for 60 min. Lanes 1, CheALG1; lanes 2, CheALG2; lanes 3, CheALG1/G2; lanes
4, CheALDG2. The image was derived by scanning the autoradiograph with a
Hewlett-Packard Scanjet model IIc. Intensities of the bands in panel A were
quantified with a Betascope 603 blot analyzer. The gel was scanned for 1 h within
the linear range of the instrument.

FIG. 6. (A) Phosphorylation of CheAL variants. CheA samples (each protein
at 5 mM [final concentration]) were preincubated for 30 min in TKMD buffer
(see Materials and Methods) before the addition of 50 mM [g-32P]ATP (;2,500
cpm pmol21). The reactions were terminated by the addition of 33 SDS-PAGE
sample buffer, and the samples were analyzed by SDS-PAGE (10% gel) followed
by autoradiography for 60 min. Lane 1, wild-type CheAL; lane 2, CheALG1; lane
3, CheALG2; lane 4, CheALG1 and CheALG2; lane 5, CheAL2FY. The image
was derived by scanning the autoradiograph with a Hewlett-Packard Scanjet
model IIc. (B and C) Immunoblot analyses using antisera specific for CheAL and
CheAS (B) or CheAL alone (C) as primary antibodies. (B) Lane 1, 63His-
CheAL; lane 2, 63His-CheAS; lane 3, 63His-CheAL incubated at room temper-
ature for 5 days to permit degradation. (C) Lane 1, 63His-CheAL; lane 2,
63His-CheAS; lane 3, 63His-CheAL incubated at room temperature for 5 days
to permit degradation and reabsorbed over His-bind resin (Novagen) to enrich
for P1-containing fragments. The image was derived by scanning the immuno-
blots with a Hewlett-Packard Scanjet model IIc.
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respectively), inoculated cells of the resultant transformants at
the center of tryptone swarm plates containing 25 mM IPTG,
and, after 6 h of incubation, compared their swarms. Trans-
formants of both strains formed dense nonchemotactic swarms
(data not shown) indistinguishable from those produced by the
parent cells or those of the DcheA strain (AJW1071) trans-
formed with the vector pAR1 (Fig. 4D).
Similarly, cells that carried the mutant allele cheAG1 (strain

AJW955) transformed with the pAR1 derivative carrying the
allele cheAG2 and cells that carried the mutant allele cheAG2
(strain AJW531) transformed with the pAR1 derivative carry-
ing the allele cheAG1 formed only nonchemotactic swarms
that migrated slowly regardless of IPTG concentration (data
not shown).

DISCUSSION

CheA variants mutated in each of the highly conserved
transmitter subdomains G1, F, and G2 did not autophospho-
rylate in vitro and did not support chemotactic ability in vivo.
In vitro, the nonphosphorylatable CheAS protein mediated
transphosphorylation of CheAL variants defective for either
G1 or G2 or both. Similarly, CheAS restored chemotactic abil-
ity to cells that expressed CheAL variants defective for either
G1 or G2. Such was not the case with cells that expressed the
CheAL variant defective for both G1 and G2. This lack of
complementation likely occurred due to the poor ability of this
mutant protein to become phosphorylated. In contrast, CheAL
variants defective for either G1 or G2 mediated transphos-
phorylation of each other poorly, if at all. Likewise, cells which
expressed both mutant proteins did not perform chemotaxis.
Others have made similar but not identical observations with

a number of two-component histidine kinases (20, 22, 39, 41).
In particular, Yang and Inouye (40) performed studies of a
design similar to ours and which serve as an important com-
parison for the observations and conclusions presented here.
In an attempt to understand the structural relationship be-
tween the kinase and phosphatase activities exhibited by the
osmoregulatory histidine kinase EnvZ, Yang and Inouye con-
structed a hybrid protein termed Taz1 consisting of the peri-
plasmic domain of the aspartate chemoreceptor, Tar, fused to
the cytoplasmic domain of EnvZ. This construct enabled these
researchers to study signal transduction of EnvZ via an easily
controllable ligand, aspartate. Using an ompC::lacZ reporter
to quantify OmpR phosphorylation, Yang and Inouye deter-
mined that full catalytic function required intact N, G1, and G2
motifs with kinase activity requiring all three motifs and phos-
phatase activity requiring only G2. They also demonstrated
that, as with CheA, a nonphosphorylatable Taz1 variant could
mediate transphosphorylation of a phosphorylatable G1/G2
mutant Taz1 protein.
These results are consistent with a mechanism by which the

G1 and G2 subdomains within the TR of one protomer of a
CheA (or Taz1) dimer form a unit that mediates transphos-
phorylation of the other protomer within that dimer (Fig. 7).
This model easily reconciles with that of Tawa and Stewart
(36), who demonstrated that at least one residue (i.e., 337P) in
the TL of the protomer that becomes phosphorylated helps to
determine the binding affinity of CheA for ATP. We envision
that the TL of that protomer interacts with the TR of the
second protomer within the dimer to modulate ATP binding
and hydrolysis.
Intriguingly, an amino-terminal 30-kDa fragment of the mu-

tant proteins CheAL2FY and CheALG1 became phosphory-
lated even though the full-length proteins apparently did not.
Thus, it seems that these mutant proteins can mediate

transphosphorylation only when the site of phosphorylation is
detached (i.e., when part of the 30-kDa fragment). Perhaps the
transmitter domain normally presents ATP to His-48 in a
structurally constrained context. A mutation in either G1 or F
might cause an alteration in the orientation of that ATP, se-
verely limiting the ability of the P1 domain to dock with the
mutated T domain and accept transfer of the g-phosphoryl
group from ATP to His-48. The removal of such constraints by
decoupling the ATP-binding site from the phosphoryl acceptor
site would thus enable phospho-transfer. Clearly, this observa-
tion warrants further investigation.
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