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The Escherichia coli CheZ protein stimulates dephosphorylation of CheY, a response regulator in the chemo-
taxis signal transduction pathway, by an unknown mechanism. Genetic analysis of CheZ has lagged behind
biochemical and biophysical characterization. To identify putative regions of functional importance in CheZ,
we subjected cheZ to random mutagenesis and isolated 107 nonchemotactic CheZ mutants. Missense mutations
clustered in six regions of cheZ, whereas nonsense and frameshift mutations were scattered reasonably uni-
formly across the gene. Intragenic complementation experiments showed restoration of swarming activity when
compatible plasmids containing genes for the truncated CheZ, ,4, peptide and either CheZA65V, CheZL90S,
or CheZD143G were both present, implying the existence of at least two independent functional domains in
each chain of the CheZ dimer. Six mutant CheZ proteins, one from each cluster of loss-of-function missense
mutations, were purified and characterized biochemically. All of the tested mutant proteins were defective in
their ability to dephosphorylate CheY-P, with activities ranging from 0.45 to 16% of that of wild-type CheZ.
There was good correlation between the phosphatase activity of CheZ and the ability to form large chemically
cross-linked complexes with CheY in the presence of the CheY phosphodonor acetyl phosphate. In consideration of
both the genetic and biochemical data, the most severe functional impairments in this set of CheZ mutants seemed

to be concentrated in regions which are located in a proposed large N-terminal domain of the CheZ protein.

Two-component regulatory systems allow bacteria to sense
environmental changes and modify their behavior and gene
expression patterns accordingly to optimally exploit available
resources or survive adverse conditions (16, 31). This type of
signal transduction pathway is minimally composed of a sensor
kinase whose autophosphorylation state reflects environmental
conditions and a response regulator whose activity is controlled
by phosphoryl groups received from the sensor kinase. A fun-
damental prerequisite for any signal transduction pathway to
provide current information is that signaling molecules must
turn over on a time scale faster than that on which changes
occur in the conditions being monitored. For two-component
regulatory systems, there are four known classes of mecha-
nisms by which response regulators may be dephosphorylated.
First, response regulator phosphorylation occurs on aspartic
acid residues and acyl phosphates are inherently labile to hy-
drolysis on the time scale of hours (20). Second, some response
regulators possess intrinsic autodephosphorylation catalytic ac-
tivities (13, 19, 26, 47). Third, some sensor kinases, either alone
(1, 18) or in conjunction with ancillary proteins (19, 29), cata-
lyze the removal of phosphoryl groups from response regula-
tors in addition to their usual role of providing phosphoryl
groups. Fourth, in some systems auxiliary proteins catalyze
response regulator dephosphorylation (13, 30, 32).

The signal transduction pathway governing chemotaxis in
Escherichia coli is one well-characterized example of a two-
component regulatory system (43). This information-pro-
cessing network enables E. coli to move in the direction of
increasing attractant or decreasing repellant concentrations
by controlling the phosphorylation state of the response regu-
lator protein CheY. Transmembrane receptors detect envi-
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ronmental signals and suitably adjust the autophosphoryla-
tion rate of the sensor kinase CheA; CheA-P in turn acts as
a phosphodonor to generate CheY-P from CheY (7, 15, 51).
CheY-P loses its phosphoryl group via either an intrinsic auto-
dephosphorylation capability or an accelerated dephosphoryla-
tion reaction in the presence of CheZ (13, 15). The balance
between the rates of phosphorylation and dephosphorylation of
CheY defines the intracellular concentration of CheY-P, which
dictates the swimming behavior of the cell. CheY-P binds to the
flagellar switch protein FliM (48, 49), which changes the direction
of flagellar rotation from counterclockwise (CCW) to clockwise
(CW) to produce the biased random walk which is necessary for
chemotaxis. The phosphatase activity of CheZ, therefore, is crit-
ical in determining the intracellular concentration of CheY-P, and
CheZ is essential for chemotaxis, as assayed by swarm formation
in semisolid agar.

CheZ has been the subject of multiple investigations. The
central portion of the CheZ amino acid sequence appears to be
important for oligomerization (4), and the C-terminal portion
binds to CheY-P (3, 27). Important questions concerning the
mechanism and regulation of the CheZ-mediated dephosphor-
ylation reaction remain. CheZ requires a Mg>" cofactor, as
does autodephosphorylation (23), but it is not known whether
CheZ enhances the intrinsic autodephosphorylation activity of
CheY or possesses an independent phosphatase activity. The
possibility that CheZ may be regulated by other components of
the chemotaxis pathway is attractive, as it could help account
for the magnitude of signal amplification (or “gain”) observed
in chemotaxis (9). Two interactions that affect CheZ activity
have been reported, binding to a short version of CheA, CheAq
(44, 45), and oligomerization with CheY-P (4-6), but the mo-
lecular basis for either potential regulatory mechanism has not
been elucidated.

Most previously published studies of CheZ function have
primarily employed biochemical or biophysical techniques. In
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order to address outstanding questions concerning the CheZ
reaction mechanism, regulation, or even the potential exis-
tence of as yet unrecognized activities, a new experimental ap-
proach could be useful. CheZ does not have significant amino
acid sequence similarity to any proteins currently in the se-
quence databases, so sequence comparison furnishes few clues
concerning function. In this study, we pursued a genetic ap-
proach in which we isolated a large number of nonchemotactic
CheZ mutants and mapped the corresponding cheZ mutations.
The clustering of the resultant mutations suggested potential
regions of functional importance in CheZ. The ability of spe-
cific pairs of different nonchemotactic cheZ mutations to com-
plement one another and restore swarming behavior suggested
the presence of at least two independent functional domains in
CheZ. Finally, an investigation of the ability of selected mutant
proteins to stimulate dephosphorylation of CheY and to un-
dergo oligomerization gave information about specific regions
or residues in CheZ which are important for function.

MATERIALS AND METHODS

Bacterial strains and plasmids. KO642 is identical to RP1616, which carries
cheZA6725 (22). The cheZA6725 strain KO642recA (9) and the mutDS5 strain
NR9458 (35) have been described previously.

Plasmid pKCBI1 was constructed by the dut ung method of site-directed mu-
tagenesis (21) to introduce an Xhol site at nucleotides 320 to 325 in the cheZ
gene of the py,cheYZori,pr32, plasmid pRBB40 (8) without altering the amino
acid sequence of CheZ. Plasmid pKCB2 was constructed by ligating the 2.0-kb
EcoRI-Bcll fragment carrying p,,cheYcheZ from pKCBI to the 3.5-kb EcoRI-
Bcll fragment of pACYCI184 (10), transforming the resulting product into
KO642, and selecting for Tet". Derivatives of pKCB2 carrying cheZQ116(Oc),
cheZQ142(Am), cheZQ190(Am), or cheZV205E alleles from mutant pKCBI1
isolates were analogously constructed.

Isolation and identification of cheZ mutations. Bacteria carrying the mutD5
allele exhibit mutation frequencies that are 50 to 100 times higher when the
bacteria are grown in rich media than when they are grown in minimal media
(11). Cells of NR9458 were therefore grown in minimal medium containing 1X
MO salts, 0.4% (wt/vol) glucose, 0.023% (wt/vol) proline, 1 pg of thiamine/ml,
and 1 mM MgSO,, made competent by standard treatment with cold CaCl,, and
transformed with pKCBI1. After 1 h of growth at 37°C, the transformation
cultures were diluted 10- or 100-fold in Luria-Bertani (LB) medium (1% [wt/vol]
tryptone, 1% [wt/vol] NaCl, 0.5% [wt/vol] yeast extract) containing 100 wg of
ampicillin/ml, and incubation continued overnight at 37°C. Mutagenized pKCB1
was isolated directly from NR9458 transformation cultures, transformed into
KO642recA, and plated in Swarm Screening top agar (1% [wt/vol] tryptone, 0.5%
[wt/vol] NaCl, 0.35% [wt/vol] Bacto agar) on Swarm Screening agar plates con-
taining 100 pg of ampicillin/ml. After overnight incubation at 30°C, transfor-
mants were identified as deficient in swarming behavior by visual screening.
Candidate mutants were single-colony purified, and their swarm phenotypes
were confirmed by stabbing into motility (Mot) agar plates (1% [wt/vol] tryptone,
0.5% [wt/vol] NaCl, 0.3% [wt/vol] Bacto agar) with single colonies of KO642recA
and KO642recA/pKCB1 as Che™ and Che™ controls, respectively. Diameters of
resultant swarms were measured after 9 h at 30°C. Plasmid DNA from candidate
mutants (those with smaller swarms than the KO642recA/pKCB1-positive con-
trol) was isolated and retransformed into KO642recA. Amp" transformants were
tested on Mot plates following single-colony purification to confirm plasmid
linkage of the mutant phenotypes.

pKCB1 DNA from candidate mutants was subcloned to separate potential
mutations in cheZ and cheY. Wild-type and mutant pKCB1s were double di-
gested with EcoRI and Bsml, which cuts between codons 10 and 11 of cheZ.
Following separation by electrophoresis on 1% (wt/vol) agarose gels, the two
mutant pKCB1 fragments were each paired with the opposite wild-type frag-
ment, ligated, and transformed into KO642recA. The presence of a mutation in
the cheY or cheZ restriction fragment was then deduced from the swarm phe-
notypes on Mot plates of Amp" transformants in each pair of transformations.
Confirmation that mutations responsible for reduced swarming were actually in
the cheZ gene and not in the vector sequence was obtained in analogous sub-
cloning experiments using other combinations of restriction enzymes. All cheZ
mutations were mapped in this manner as being either between BsmI and Xhol
sites in cheZ or between the Xhol site in cheZ and the Styl site in the partial flhB’
gene immediately 3’ of cheZ. We are aware of no reason to suspect that a
mutation in flhB" on pKCBI1 could affect swimming behavior and therefore
assume that mutations identified within cheZ by sequencing are responsible for
the phenotypes produced by mutations mapping between Xhol and Sty sites.

The sequence of the entire cheZ gene in each mutant pKCB1 plasmid was
determined at the University of North Carolina-Chapel Hill Automated DNA
Sequencing Facility on a model 373A DNA sequencer (Applied Biosystems)
using the Tag DyeDeoxy terminator cycle sequencing kit (Applied Biosystems).
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Characterization of CheZE134K. After all mutants had been isolated, DNA
sequencing revealed that “wild-type” pKCBI carried an inadvertent cheZE134K
mutation. The same mutation is present in the two plasmid precursors of pKCB1,
namely, pRBB40 (8) and the M. I. Simon laboratory isolate of pRL22 (25), but
not in a pRL22 isolate from the A. J. Wolfe laboratory. Thus, unless stated
otherwise, all cheZ alleles described in this report carry both the cheZE134K
mutation, which for the sake of simplicity is not explicitly listed, and the given
cheZ mutation. To maintain consistency, the designation wild type in this paper
refers to the cheZE134K allele.

A version of pKCBI carrying the genuine wild-type cheZ gene was created by
site-specific mutagenesis, and the properties of CheZ and CheZE134K were
compared both in vivo and in vitro. KO642recA/pKCB1 with Lys at position 134
is chemotactic and swarms on Mot plates at 80% of the rate of KO642recA/
pKCB1 with Glu at position 134 (the true wild type). The in vitro P; release assay
described below showed that CheZE134K had a specific activity which was
greater than 90% of that of the true wild-type CheZ. Our data are consistent with
that of Sanna and Simon, who independently isolated cheZE134K and found that
it caused a mild swarm defect and reduced CheY-P dephosphorylation activity
about twofold (33).

Tethered-cell assay. Flagellar rotational bias was determined using the teth-
ered-cell assay as previously described (9).

Intragenic complementation. For intragenic complementation experiments,
competent KO642/pKCB2 cells carrying the appropriate cheZ allele were trans-
formed with the desired mutant pKCB1 plasmids and plated on LB plates with
10 pg of tetracycline and 100 pg of ampicillin/ml. Transformants were single-
colony purified, and their swarm phenotypes were determined by triplicate stabs
into Mot agar plates. On each plate, KO642/pKCB1 was present as a positive
control and KO642/pKCB2/pKCBI1 with both plasmids carrying the cheZQ190
(Am) mutation was present as a negative control. Diameters of resultant swarms
were measured over the course of 14 h at 30°C. Swarm rates were determined
and expressed as the rate relative to that of the positive control on the same
plate, and the triplicate values were averaged for each test strain.

To rule out the possibility that swarming behavior in strains carrying two cheZ
plasmids was a result of recombination rather than complementation, plasmid
DNA was isolated from bacteria at the edge of swarms and transformed into
KO642. Transformations were spread on LB plates containing 10 pg tetracy-
cline/ml and on LB plates containing 100 wg of ampicillin/ml. Transformants
were single-colony purified, stabbed into Mot plates to determine swarm phe-
notype, and patched onto LB plates containing both tetracycline and ampicillin
(at the same concentrations specified above) to ascertain that transformants
supporting swarming contained both plasmids.

Purification of CheZ and CheY. Wild-type and mutant CheZ proteins were
purified from the appropriate KO642recA/pKB1 strain as described previously
(14), except that Whatman DE-52 was used for the ion-exchange step rather than
MonoQ in order to increase the scale of the purification. For the DE-52 step,
CheZ was eluted with a 200- by 200-ml gradient of 25 mM Tris (pH 7.5)-5 mM
MgCl,-10% glycerol, with the limiting buffer containing 500 mM NaCl. CheY
was purified from strain KO641recA/pRBB40 (8) as described previously (14).
CheZI190S and CheZF117S exhibited some degradation during purification.
However, full-length mutant proteins could be easily isolated in all cases.

Dephosphorylation assays. The abilities of wild-type and mutant CheZ pro-
teins to dephosphorylate CheY-P were compared using gel electrophoretic anal-
ysis of steady-state concentrations of [*?P]CheY-P. In a 10-ul reaction mixture,
70 pmol of CheA, 70 pmol of CheY, and 3.5, 14, 70, or 350 pmol of wild-type or
mutant CheZ were incubated in a solution containing 50 mM KCI, 10 mM
MgCl,, and 50 mM Tris-HCI, pH 8.0. Reactions were initiated with the addition
of [y->2P]ATP to a final concentration of 0.3 mM ATP. After 2.5 min, the
reactions were stopped with the addition of 2X sodium dodecyl sulfate (SDS)
sample buffer (0.125 M Tris-Cl [pH 6.8], 4% SDS, 20% glycerol, 10% 2-mer-
captoethanol), and the proteins were separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE) on 18% polyacrylamide gels, so that P; and ATP migrated
off the end of the gels. The gels were dried and subjected to analysis on a
Molecular Dynamics Storm 860 phosphorimaging system.

The phosphatase activities of the CheZ variants were also assessed by mea-
suring the rate of release of inorganic phosphate from reaction mixtures con-
taining CheY-P and CheZ using the EnzChek phosphate assay kit (Molecular
Probes). This is an enzyme-based spectroscopic assay in which P; and 2-amino-
6-mercapto-7-methylpurine riboside (MESG) act as substrates for phospho-
nucleoside phosphorylase to rapidly produce ribose-1-phosphate and 2-amino-
6-mercapto-7-methylpurine with an accompanying change in extinction
coefficient at 360 nm (46). The enzymatic conversion is rapid so that the kinetics
reflect the rate of production of P; in the system of interest. In the present
application, CheY-P was produced in situ by mixing monophosphoimidazole
(MPI) (39), CheY, and Mg?", a necessary cofactor. A Beckman DU7500 micro-
processor-controlled diode array spectrophotometer interfaced to a high-perfor-
mance temperature controller was used for spectroscopic measurements. In a
cuvette, MESG (200 nM), MPI (3 mM), and CheZ (0 to 12 wM) were mixed in
a total volume of 440 pl containing 20 mM Tris, pH 7.5, and 10 mM MgCl,.
While the absorbance at 360 nm was being monitored, nucleoside phosphorylase
(0.45 U) was added. This resulted in an increase in absorbance (about 0.2
absorbance units) due to contaminating P; in the MPI preparation, which stabi-
lized within 30 s. To initiate the flow of phosphate through CheY and CheZ,
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CheY (6 pM) was added, and the rate of absorbance at 360 nm, reflecting the
release of P; from CheY, was recorded. The CheZ-dependent rate was the
difference in rates observed in the presence and absence of CheZ. The temper-
ature was maintained at 25°C. Rates calculated by the instrument software
(absorbance per unit time) were converted to micromolar P; per unit time by
using a standard curve relating P; concentration to absorbance at 360 nm, as
described in the EnzChek protocol.

Peptide binding assay. The association of CheY-P with peptides which corre-
spond to the C-terminal 19 residues of CheZ (wild type or CheZV205E) was
monitored by intrinsic protein fluorescence as described previously (27). The
peptides were synthesized by the University of North Carolina PMBB Micro
Protein Chemistry Facility and used as 5 mM stock solutions.

Protein cross-linking. Chemical cross-linking of CheY and wild-type or mu-
tant CheZ using 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride
and N-hydroxysuccinimide was carried out exactly as described previously (5).
Samples were electrophoresed on SDS-10% polyacrylamide gels with the inclu-
sion of Kaleidoscope prestained standards (Bio-Rad) and biotinylated ECL
protein molecular weight markers (Amersham). The separated proteins were
then transferred from gels to 0.45-pum-pore-size nitrocellulose (Optitran; Schlei-
cher and Schuell). Blots were probed with a 1:400-diluted mouse monoclonal
antibody against wild-type CheY (36), washed, and probed with a 1:10,000-
diluted horseradish peroxidase-linked goat anti-mouse whole-immunoglobulin
antibody (Sigma) and 1:1,500-diluted streptavidin-horseradish peroxidase (Am-
ersham). The ECL Western blotting protocol (Amersham) was followed for the
blocking, washing, and detection of blots. Following exposure to detection re-
agents, blots were exposed to Kodak X-OMAT scientific imaging film for 10 s.

Mass spectrometry. Electrospray ionization mass spectrometry was performed
at the Duke University Medical Center Biomolecular Mass Spectrometry Lab-
oratory. Data were collected using a Micromass (formerly Fisons)-VG Quattro
BQ triple-quadrupole mass spectrometer equipped with a pneumatically assisted
electrostatic ion source operating at atmospheric pressure and calibrated with
horse heart myoglobin (16,951.48 amuy).

RESULTS

Isolation of nonchemotactic CheZ mutants. Random mu-
tagenesis of cheZ was accomplished by passage of pKCBI,
which carries cheYZ, through a strain defective in mismatch
repair and subsequent transformation of mutagenized pKCB1
into KO642recA, which lacks cheZ. (Note that pKCBI carries
an inadvertent cheZ mutation, and therefore all mutant cheZ
alleles described in this paper actually contain cheZE134K in
addition to the reported mutation. See additional information
in Materials and Methods.) Approximately 62,000 transfor-
mants were screened for a partial or complete loss of chemo-
tactic ability using swarm assays; 130 transformants were found
to carry mutations in pKCB1 that interfered with chemotaxis.
The cheZ and cheY genes of pKCBI1 from each of the mutants
were subcloned and retested to determine which gene(s) har-
bored the mutation(s). Of the 130 pKCB1 mutants, 107 con-
tained mutations only in cheZ, 10 had mutations only in cheY,
and in 13 candidates the mutations could not easily be identi-
fied.

Each mutant cheZ gene was sequenced to determine the
location of the mutation(s). One of the mutants had multiple
cheZ mutations and was not considered further; the remaining
106 mutants possessed single mutations. There were 79 mis-
sense mutations comprising 48 different mutations at 37 dif-
ferent codons (Table 1). Fourteen nonsense mutations (at the
codons for Lys7, GIn39, GIn77, GIn82 [twice], Trp94, Trp97
[twice], GIn116, GIn142 [twice], GIn147, and GIn190 [twice])
and 13 frameshift mutations (at the codons for Glu34, Glu46,
Ala69, LysS88 [twice], Leul04, Alal05, GIn131, Ala138, Glu160,
Asn170, Lys179, and Gly188) were isolated. Mutants carrying
missense mutations exhibited a range of behavioral phenotypes
(Table 1), whereas all nonsense and frameshift mutations re-
sulted in complete loss of swarming ability and exclusively, CW
flagellar rotation. A map (Fig. 1) displaying the locations types
(missense, nonsense/frameshift), and phenotypes (loss or gain
of function; partial or complete loss of swarming behavior) of
cheZ mutations identified here and in other laboratories (4, 17,
33, 34, 40) has several striking features. Missense mutations
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TABLE 1. cheZ missense mutations

Mutation Phenotype
Codon . .NO' of
Wild-type Mutant isolates Swarm CW flagellar
amino acid amino acid diameter” rotation”
47 Ala Asp 1 — ++++
48 Ile Thr 3 0.13 +
57 Tyr Cys 2 0.25 ++
His 3 0.25 +
58 Val Ala 1 0.25 +++
63 Ala Val 1 0.17 ++
64 Gln Pro 2 — ++++
65 Ala Gly 2 0.21 +
Thr 3 — +++
Val 3 — +4++4+
66 Ala Glu 1 — ++++
Thr 4 0.21 ++
Val 1 0.29 +/=
67 Glu Gly 2 0.29 +
Lys 1 0.17 +++
69 Ala Glu 2 — +4+++
70 Leu Pro 1 — ++++
73 Val Ala 3 0.17 +
74 Glu Lys 2 — ++++
76 Ser Leu 3 0.25 +
83 Met Thr 1 — ++++
86 Ser Pro 3 0.29 +
87 Ala Gly 1 — ++++
Val 1 — +4++4+
90 Leu Ser 1 — ++++
110 Leu Pro 1 — +4++4+
114 Thr Ala 1 — ++++
117 Phe Leu 2 0.33 +
Ser 1 — ++++
124 His Tyr 1 — +++
132 Leu Pro 1 — ++++
137 Met Ile 1 0.21 +
Lys 1 — ++++
138 Ala Val 5 — +4++4+
139 Gln Arg 1 0.08 +++
140 Asp Asn 1 0.25 ++
141 Phe Leu 1 — ++++
143 Asp Glu 2 — +++
Gly 1 — ++++
Val 3 — +4++4+
145 Thr Pro 1 — ++++
159 Ile Thr 1 0.25 +
186 Leu Pro 1 — +++
188 Gly Glu 1 — +4+++
189 Pro Leu 1 — +++
204 Gln Arg 1 0.33 +/-
205 Val Glu 1 — ++++
206 Asp Gly 1 0.50 ++

“ Diameters of swarms on Mot plates, expressed as a fraction of the diameter
of the swarm of the wild-type control. —, swarms with diameters identical to that
of the negative control (2 mm).

b Degree of CW flagellar rotation of tethered cells. ++++, exclusively CW
rotation; +/—, CW rotation with frequent reversal of direction.

seem to cluster in specific regions of cheZ, which are different
for gain- and loss-of-function mutations. In contrast, nonsense
and frameshift mutations appear to be distributed more ran-
domly through the gene.

When the density of cheZ loss-of-function missense muta-
tions was graphed against codon position, six peaks were evi-
dent (Fig. 2). These peaks presumably reveal functionally
critical portions of the protein and are centered on residues
66, 86, 114, 141, 185, and 205. One mutant from each of
the six clusters of cheZ loss-of-function mutations was se-
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FIG. 1. cheZ mutations resulting in a nonchemotactic phenotype. The CheZ
protein is shown, with locations of amino acid substitutions resulting from mu-
tations indicated. Cross-hatched regions, regions conserved among E. coli, Sal-
monella enterica serovar Typhimurium, P. aeruginosa, and P. putida with the fol-
lowing proposed functions: 1, unknown; 2, unknown; 3, oligomerization (4); 4, CheY
binding (3). (A) Loss-of-function mutations, which result in an increase in the
CW bias of flagellar rotation. Missense mutations are above the bar; nonsense
and frameshift mutations are below. O, complete loss-of-function missense mu-
tations from this study; @, partial loss-of-function missense mutations from this
study; A and A, missense mutations from reference 33 and from references 4 and
40, respectively; (] and m, nonsense and frameshift mutations from this study and
reference 40, respectively. The six mutant proteins chosen for further analysis are in-
dicated. (B) Gain-of-function missense mutations, which result in a decrease in
the CW bias of flagellar rotation, from references 33 and 34 (<) and 17 and 40

(®)

lected for biochemical characterization. The six selected mu-
tants were CheZA65V, CheZI.90S, CheZF117S, CheZD143G,
CheZGI188E, and CheZV205E; the location of each is shown
in Fig. 1 and 2. All of these mutations resulted in complete loss
of swarming and each affects a residue strictly conserved in the
four published CheZ protein sequences (12, 24, 28, 42). West-
ern blot analysis showed that all six of the selected mutant
strains expressed CheZ to levels similar to those for strains
which contained wild-type cheZ (data not shown), suggesting
that the phenotypes were due to alteration of function rather
than changes in intracellular CheZ concentration.
Chemotaxis depends on the balance between tumbling and
smooth-swimming behavior, so either gain-of-function mu-
tations, resulting in increased CCW flagellar rotation and
increased smooth-swimming behavior, or loss-of-function mu-
tations, resulting in increased CW flagellar rotation and in-
creased tumbling behavior, could result in a loss of chemotaxis.

20

A65V  L.90S

F117S D143G GI188E V205E

—
W
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Density of mutations
1S

(Number per 10 codons)

0 50 100 150 200
Window start codon

FIG. 2. The numbers of unique cheZ mutations from this and previous stud-
ies (4, 17, 33, 34) falling within consecutive windows of 10 codons were deter-
mined. The first window included codons 1 to 10, and the final window included
codons 205 to 214, for a total of 205 windows. The location of each mutant
chosen for biochemical testing is designated as the window in which the mutation
falls at the central codon. [J, loss-of-function mutations; @, gain-of-function
mutations.
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TABLE 2. Intragenic complementation of cheZ mutations

Swarm rate of:
cheZ allele on

KO642/pKCB1/pKCB2.
pKCBI KO642/pKCB1 ey 0190 (Xm)
Wild type 1.0 0.92
cheZA65V 0.03 0.21
cheZL90S 0.03 0.23
cheZF117S 0.02 0.05
cheZDI143G 0.03 0.38
cheZG188E 0.08 0.04
cheZQ190(Am) 0.02 0.02

“ Rates of swarm formation on Mot plates, expressed as a fraction of the
swarm rate of K0642/pKCBI1.

To distinguish between these possibilities, the tethered-cell
assay was used to determine the direction of flagellar rotation
in each mutant. Each mutant showed some degree of increased
CW bias of flagellar rotation and therefore increased tumbling
behavior, indicating that all mutants isolated in this study were
loss-of-function mutants. The degree of swarming capability
retained by each mutant generally correlated inversely to the
degree of increased CW bias. Mutants showing partial swarm-
ing had less CW biases than mutants showing a complete loss
in swarming behavior, consistent with previous descriptions of
bacterial migration in semisolid agar (50).

Intragenic complementation of cheZ mutations. CheZ is a
dimer (5). We subcloned several cheZ mutations from pKCB1
into compatible plasmid pKCB2 and determined whether co-
expression of various pairs of cheZ mutations could restore
swarming activity to the AcheZ strain KO642. The presence
of CheZ,_,g4o (the product of cheZQ190(Am), i.e., an amber
mutation in the cheZ codon for GIn190) significantly en-
hanced swarm formation by strains also expressing CheZA65V,
CheZI.90S, or CheZD143G but not CheZF117S or CheZG188E
(Table 2). These intragenic complementation results are con-
sistent with the presence of at least two independent functional
domains in CheZ that can be supplied by different subunits
of a heterodimer. To further explore the boundaries of such
putative domains, all 15 possible combinations of cheZA65V,
cheZL90S, cheZF117S, cheZD143G, or cheZG188E on pKCB1
and cheZQ116(0c), cheZQ142(Am), or cheZV205E on pKCB2
were tested in KO642. However, none gave swarms that were
distinguishable from those observed with KO642 alone (data
not shown).

It was possible that restoration of the swarming observed in
the Table 2 experiment was a result not of complementation
but rather of genetic recombination between the two mutant
copies of cheZ to recreate wild-type CheZ. Two tests per-
formed with bacteria isolated from the outer portions of
swarms of KO642/pKCB1/pKCB2 strains, where recombinants
might be expected, are inconsistent with recombination. First,
both plasmids were necessary to observe swarming. All isolates
that produced swarms on Mot plates following growth on me-
dia selecting for only one of the two plasmids actually carried
both plasmid-encoded antibiotic resistances (data not shown).
Conversely, those isolates that did not support swarming fol-
lowing growth in the presence of only one antibiotic were
sensitive to the other antibiotic. Second, the flagellar rotation
patterns of bacteria isolated from the edges of swarms were
similar to the flagellar rotation patterns of the original trans-
formants and different from that supported by wild-type cheZ.
Finally, the fact that some pairs of cheZ alleles produced
swarms whereas others did not, in a pattern that was not
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FIG. 3. Ability of mutant CheZ proteins to reduce the concentration of [>?P]
CheY-P. Wild-type CheA, wild-type CheY, and indicated (none [—], wild-type [wt],
or mutant) CheZ proteins in a 1:1:5 molar ratio were incubated with [y->?P]ATP for
2.5 min. Reaction products were separated by SDS-PAGE and visualized with a
phosphorimager.

correlated with the physical distance between mutations, is also
inconsistent with recombination.

Dephosphorylation-stimulating activity of mutant CheZ
proteins. Each of the six chosen mutant CheZ proteins was
purified and tested for the ability to dephosphorylate wild-type
CheY-P in two different in vitro assays. In the first assay,
equimolar amounts of CheA and CheY were incubated for 2.5
min with [y->?P]JATP and quantities of wild-type or mutant
CheZ proteins which spanned a 100-fold concentration range.
The reactions were quenched, the products were separated
by electrophoresis, and the amount of CheY-P present was
assessed by phosphorimaging. At a molar ratio of 1 CheA:1
CheY:0.05 CheZ, the amount of CheY-P formed was reduced
approximately fourfold by the presence of wild-type CheZ but
was not significantly affected by any of the mutant CheZ pro-
teins (data not shown). At a molar ratio of 1 CheA:1 CheY:0.2
CheZ, no CheY-P was detected in the presence of wild-type
CheZ, whereas the mutant CheZ proteins still had no signifi-
cant effect (data not shown). At a molar ratio of 1 CheA:1
CheY:1 CheZ, the mutant CheZ proteins reduced the amount
of CheY-P by at most twofold compared to the control reac-
tion lacking CheZ (data not shown). Even at a molar ratio of
1 CheA:1 CheY:5 CheZ, detectable amounts of CheY-P were
found in the presence of each of the six mutant CheZ proteins
(Fig. 3). The dramatic differences in the sensitivity of CheY-P
to the presence of wild-type or mutant CheZ proteins in this
crude assay suggest that each of the mutant CheZ proteins is
profoundly deficient in the ability to stimulate dephosphoryla-
tion of CheY-P.

Given that the CheZ and CheA binding surfaces on CheY
are believed to overlap (52) and given the 5 CheZ:1 CheY
molar ratio used, the mutant CheZ proteins could conceivably
reduce the amount of CheY-P observed in Fig. 3 by interfering
with phosphotransfer from CheA to CheY rather than by stim-
ulating dephosphorylation of CheY-P. To more accurately
quantitate the dephosphorylation-stimulating abilities of the
mutant CheZ proteins, we developed a new assay which mea-
sured the steady-state rate of P; release instead of the amount
of CheY-P at a single time point. In this assay, CheY-P is
continuously generated by autophosphorylation with a large
molar excess of MPI and P; is detected spectrophotometrically
following a rapid reaction with commercially available assay
reagents. The addition of increasing amounts of wild-type or
mutant CheZ proteins increases the steady-state rate of P;
release (Fig. 4). The upper limit of CheZ activity reflects the
maximal rate of CheY-P formation through autophosphoryla-
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tion (i.e., CheY-P is dephosphorylated as fast as it can be
made). Note that all assays project back to a common P; re-
lease rate at zero CheZ concentration, which reflects both the
autophosphorylation and autodephosphorylation rates of CheY.
Specific activities of the various CheZ proteins were deter-
mined by measuring the concentration dependence of the
CheZ-stimulated component of the P; release rate in the linear
portion of the curves, i.e., at low CheZ concentrations. In de-
creasing order, the mutant CheZ proteins had the following ac-
tivities in comparison to that of wild-type CheZ: CheZG188E,
16%; CheZV205E, 6.8%; CheZF117S, 3.0%; CheZA65V,
1.5%; CheZL90S, 1.3%; CheZD143G, 0.45%. CheZF117S and
CheZA65V were previously reported to have ~40 and ~25%
of the dephosphorylating activity of CheZE134K, respectively,
on the basis of a different assay (33). The truncated CheZ,_, g,
protein did not exhibit detectable activity in the P; release assay
(data not shown).

Complex formation by mutant CheZ proteins. CheZ has
been reported to form oligomers of composition ([CheZ], -
CheY),_s in the presence of CheY-P (5), and oligomerization
has been correlated with the dephosphorylation-stimulating
activity of CheZ (4, 6). The phosphorylation-dependent ability
of mutant CheZ proteins to promote the formation of large-
molecular-weight complexes containing CheY was assessed in
a cross-linking assay (5) (Fig. 5). The molecular weights of the
products of cross-linking wild-type CheZ to CheY increased
in the presence of the CheY phosphodonor acetyl phos-
phate. CheZG188E, CheZV205E, and CheZF117S formed
complexes similar to those obtained with wild-type CheZ.
CheZA65V, CheZL90S, and CheZD143G did not promote the
formation of high-molecular-weight complexes. The promi-
nent CheY-containing band at about 60 kDa observed with the
latter set of mutant CheZ proteins and with all CheZ proteins
in the absence of phosphorylation is consistent with crosslink-
ing of a CheZ dimer to a CheY monomer (expected molecular
mass, 62 kDa).

Binding of CheZ peptides to CheY-P. A peptide consisting of
the 19 C-terminal amino acids of CheZ has been shown to bind
CheY, and the affinity is increased significantly when CheY is
phosphorylated (3, 27), implicating the C terminus of CheZ in
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FIG. 4. The concentration dependence of dephosphorylation-stimulating ac-
tivity of various CheZ proteins was assessed using the EnzChek phosphate assay
kit from Molecular Probes, which converts P; to a product that can be measured
spectrophotometrically at 360 nm. CheY-P was continuously generated from
CheY and MPI, and the rate of P; release was measured continuously in the
presence of various concentrations of CheZ. The total concentration of CheY in
the assay was 6 pM. Data for wild-type CheZ (OJ), CheZA65V (<), CheZL90S
(@), CheZF117S (A), CheZD143G (A), CheZG188E (#), and CheZV205E (O)
are shown. Data points are the mean values of at least two independent assays.
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FIG. 5. Cross-linking of CheY and CheZ proteins. Wild-type (wt) and mu-
tant CheZ proteins were incubated with chemical cross-linking agents and CheY
in the presence or absence of the phosphodonor acetyl phosphate (POAc) as
previously described (5). Reaction products were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, probed with anti-CheY antibody, and
detected by enhanced chemiluminescence. Note that for optimal resolution of
high-molecular-weight complexes, monomeric CheY (14 kDa) has been electro-
phoresed off the end of the gels. Panels A and B display the results of duplicate
experiments.

binding interactions with CheY (3). Therefore it was notable
that CheZV205E, which has an amino acid substitution in the
putative CheY binding region, behaved similarly to wild-type
CheZ in the cross-linking assay (Fig. 5). Presumably, the bind-
ing of CheZ to CheY-P is a prerequisite to forming the high-
molecular-weight cross-linked products observed in this assay.
To further explore the impact of the CheZV205E substitution
on binding to CheY-P, we compared the interaction of CheY-P
with peptides that correspond to the C-terminal 19 amino acids
of wild-type and CheZV205E using fluorescence (Fig. 6) (27).
Whereas the wild-type peptide produced the predicted fluo-
rescence quench indicative of binding (K,, ~19 nM), the mu-
tant peptide caused no significant change in fluorescence. As-
suming that the absence of fluorescence change in the
experiment using the mutant peptide was due to inability to
bind (rather than binding which did not affect fluorescence), it
appears that the single Val-to-Glu substitution severely af-
fected the interaction of the peptide with CheY-P. Therefore,
this mutation has a large impact on the binding between the
CheZ peptide and CheY but does not appear to affect the
interaction between full-length CheZ and CheY, as measured
by the cross-linking assay.

CheZ degradation product. A degraded form of CheZ is
often observed during purification (42). When one of our prep-
arations of CheZE134K exhibited degradation during storage,
it was subjected to mass spectral analysis, which revealed two
species. The mass of the major species was 23,988.9 = 2.4 amu,
in good agreement with the mass expected (23,989.18 amu) for
CheZE134K methylated at the N terminus (38, 41). The mass
of the minor species was 20,574.9 * 2.0 amu, consistent with
either N-methylated CheZE134K,_,, (expected mass, 20,575.48
amu) or CheZE134K,,_;4s (expected mass, 20,575.44 amu).
CheZE134K,_,4, is the more probable identification because
CheZE134K,,_,45 would require multiple proteolytic events and
no intermediate single-cleavage products (i.e., CheZE134K,_;qg
or CheZE134K,,_,,,) were observed.

DISCUSSION

Mutagenesis. The random mutagenesis used to generate
cheZ mutations that do not support chemotaxis was designed
to obtain as large a pool of mutant CheZ proteins as possible.
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The number of different cheZ mutations that potentially could
be isolated by our method depends on the randomness of the
mutagenesis itself, the degree of saturation of the search (re-
lated to how many candidate mutants were screened), and the
particular screening assay employed to identify nonchemotac-
tic mutants. Among the single mutations isolated were exam-
ples of 11 of the 12 possible single base substitutions (only
G—C was not observed), but most were transition rather than
transversion mutations (data not shown). A sense of the high
degree of saturation of the mutagenesis comes from the fact
that we obtained many mutations multiple times (Table 1) and
also reisolated 4 of the 17 previously described loss-of-function
cheZ missense mutations and 2 of the 3 previously described
cheZ nonsense mutations. Gain-of-function mutations are ex-
pected to be much less common than loss-of-function muta-
tions, and we did not isolate any using this screening method.
Most of the previously described gain-of-function CheZ mu-
tants were isolated using a screen designed specifically to iden-
tify such mutants (33). Although additional nonchemotactic
CheZ mutants presumably remain to be discovered, this is by
far the largest collection of cheZ mutations ever reported.
Distribution of mutations. Several conclusions can be drawn
from the observed distribution of cheZ mutations altering
CheZ function. First, the nonrandom distribution of loss-of-
function missense mutations, which seem to cluster in six dis-
tinct segments of the cheZ gene (Fig. 2), suggests that the
missense mutations may define discrete regions in the CheZ
protein critical for structure and/or function. Although loss-of-
function CheZ mutants have been identified in other studies,
(4, 33, 40), they have not been of sufficient quantity to elucidate
the six clusters revealed here. In contrast to the missense mu-
tations, the nonsense and frameshift mutations appear to be
distributed fairly randomly through cheZ (Fig. 1), although the
relatively small number of such mutations in our sample does
not allow a firm conclusion. Nonsense and frameshift muta-
tions would be expected to impair CheZ function regardless of
their locations, so long as the C-terminal portion of the protein
is essential for function, and the C-terminal region of CheZ has
previously been implicated in CheY binding (3). The failure of
the nonsense and frameshift mutations to cluster is consistent
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FIG. 6. Fluorescence detection of the interaction of CheZ peptides with
CheY-P. Nineteen-amino-acid peptides corresponding to the C terminus of
wild-type CheZ (AGVVASQDQVDDLLDSLGF) (@) or CheZV205E (AGV
VASQDQEDDLLDSLGF) (A) were added to CheY (20 pM) in the presence of
phosphoramidate (100 mM) in 50 mM NaP; (pH 7.2)-20 mM MgCl,. The
fluorescence intensity of CheY-P (A, = 285 nm; A, = 340 nm) was monitored
after each addition, corrected for dilution due to volume changes, and expressed
as the percentage of the fluorescence of CheY-P in the absence of added peptide.
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FIG. 7. Sequence alignment of the four regions of CheZ proteins which
display a high degree of sequence conservation. Amino acid sequences from
E. coli (Eco), S. enterica serovar Typhimurium (Sty), P. aeruginosa (Pae), and
P. putida (Ppu) were obtained from published reports (12, 24, 28, 42). The
presence of a cheZ gene in the genomes of Bordetella pertussis (Bpe) and Yersinia
pestis (Ype) was indicated by a TBlastn search for E. coli cheZ. The portions of
those CheZ sequences which were not available from the TBlastn search results
were obtained by manual translation of nucleotide sequences produced by the
B. pertussis and Y. pestis sequencing groups at the Sangre Centre (ftp:/ftp
.sanger.as.uk/pub/). Note that the B. pertussis and Y. pestis sequences are tenta-
tive and await confirmation. Gray shading, amino acid sequence identity; no shad-
ing, conservation of the chemical nature of the side chain (acidic, basic, polar, or
nonpolar).

with a mutagenesis protocol that introduces lesions into the
cheZ gene at random locations.

Second, loss-of-function mutations and gain-of-function mu-
tations cluster in different regions of cheZ (Fig. 2), a finding
that extends previous findings (33). With the exception of a
mutation at residue 214, gain-of-function mutations are found
in two regions, between residues 17 and 54 and between resi-
dues 152 and 170. Sanna and Simon (33) suggested that these
might define two regions of interaction with CheY. Our graph-
ical analysis (Fig. 2) further suggests that the region between
residues 17 and 54 may actually contain two clusters of gain-
of-function mutants. The large number of loss-of-function mu-
tations reported here, like those described by Sanna and Simon
(33), are found almost exclusively in regions of cheZ separate
from those regions defined by gain-of-function mutations.

Third, several of the clusters defined in this study coincide
with regions of CheZ which are highly conserved among se-
quenced cheZ genes of six species (Fig. 7). Notably, the two
largest clusters (those at residues 132 to 149 and residues 57 to
76) correspond to regions of CheZ with extremely high con-
servation. Similarly, the C-terminal cluster (residues 204 to
206) is located in a region of nearly 100% amino acid sequence
identity among the six species. Highly conserved regions of
CheZ presumably suggest regions of functional or structural
significance; clustering of mutations at these regions of the
gene is consistent with their inferred importance. However,
this was not the case with all of the clusters. The clusters
corresponding to residues 83 to 90, residues 110 to 118, and
residues 182 to 189 are in regions of relatively low sequence
homology between the various CheZ proteins. No loss-of-func-
tion mutations were found in a fourth region of CheZ (residues
17 to 38), which possesses a high degree of sequence conser-
vation (Fig. 7), but one cluster of gain-of-function mutations
was located there (Fig. 2).

The domain structure of CheZ. Of the five cheZ missense
mutations tested, three of the four located nearest the 5’ end
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of the gene complemented a nonsense mutation located at the
3’ end of the cheZ gene (Table 2). The simplest interpretation
of this pattern of intragenic complementation is that CheZ
has at least two independent functional domains that can be
supplied by different subunits of a heterodimer. In this view,
CheZ mutants CheZA65V, -1L.90S, and -D143G would have
functional C-terminal but not N-terminal domains, whereas
CheZGI188E and CheZ, 5, would have functional N-terminal
but not C-terminal domains. The inactivity of CheZ,_,4, in the
P, release assay indicates that the N-terminal domain
of CheZ is not sufficient to promote dephosphorylation of
CheY-P. Several additional observations are consistent with
division of CheZ into a large N-terminal domain and a small
C-terminal domain separated by an exposed linker. A peptide
consisting of the C-terminal 19 amino acids of CheZ binds
CheY-P (3, 27), suggesting that a rather small portion of the
C-terminal region is capable of folding into a functional struc-
ture. Furthermore, following removal of the C-terminal frag-
ment, a large N-terminal fragment of CheZ is stable in the
presence of trypsin (42). Lys195 is readily accessible to trypsin
cleavage (3), and we have provided mass spectrometry evi-
dence for cleavage of E. coli CheZ following Glul81. In addi-
tion to experimental evidence, sequence information is also
consistent with a linker in this segment of CheZ. The region of
CheZ from residues 168 to 187 (E. coli numbering) contains no
residues conserved between the six species with known se-
quences (data not shown). Furthermore, the CheZ sequences
from Pseudomonas aeruginosa (24) and Pseudomonas putida
(12) each contain an insertion of 12 amino acids in this region
relative to those of the other CheZ proteins (data not shown).

The model of two independent CheZ domains developed
above predicts that cheZV205E, like cheZQ190(Am), should
encode a mutant protein with a functional N-terminal domain
and therefore should complement cheZ alleles (cheZA65V,
cheZL90S, and cheZD143G) encoding mutant proteins with
functional C-terminal domains, but this was not observed. Per-
haps CheZV205E has a steric constraint to functional hetero-
dimer formation that is absent in CheZ, ,go. Tests for intra-
genic complementation employing shorter nonsense peptides
truncated at residues 116 or 142 failed to reveal a subdivision
of the large N-terminal CheZ fragment into smaller domains.

Strains lacking functional CheZ rotate their flagella CCW
following exposure to positive chemotactic stimuli, but the
latent time between stimulus and response is 10 times longer
than in wild-type bacteria (37), presumably because destruc-
tion of CheY-P via autodephosphorylation is much slower than
destruction via CheZ-mediated dephosphorylation. The inabil-
ity to rapidly change the direction of flagellar rotation while
swimming through a chemoeffector gradient renders bacteria
with mutant cheZ nonchemotactic in most circumstances.
Although the addition of CheZ, 4, permitted chemotactic
swarm formation by several strains expressing mutant CheZ
proteins (Table 2), CheZ, 4, had little apparent effect on
nonstimulated flagellar rotational bias, which remained pre-
dominantly CW (data not shown). The CheZ heterodimers
evidently provide sufficient dephosphorylating activity towards
CheY-P to decrease the response time to positive stimuli and
thus restore chemotaxis yet provide insufficient CheZ activity
to dramatically affect the bias of nonstimulated cells, given the
highly nonlinear relationship between CheY-P concentration
and bias (2, 36).

Dephosphorylation and complex formation. The order of
ability of mutant CheZ proteins to stimulate dephosphoryla-
tion of CheY-P (Fig. 4) (the prefix CheZ is omitted), wild
type > GI188E and V205E > F117S > A65V and L90S >
D143G, is the same as the order of ability to support formation
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of cross-linked complexes with large molecular weights (Fig.
5): wild type, G188E, and V205E > F117S > A65V, L90S, and
D143G. These data substantially extend the correlation be-
tween these two assays previously reported for CheZ mutant
proteins CheZF1411, -D143E, and -T145M (4). However, the
ability of CheZG188E and CheZV205E to form complexes
apparently indistinguishable from those formed by wild-type
CheZ while possessing only ~10% of the dephosphorylating
activity of wild-type CheZ further suggests that the property of
CheZ measured by the cross-linking assay is necessary but not
sufficient for maximal dephosphorylation activity. Similarly, the
inability of the peptide corresponding to the C terminus of
CheZV205E to bind CheY-P demonstrates that this binding
activity is not necessary for CheY-CheZ cross-linked com-
plexes.

The nature of defects in the mutant CheZ proteins. Chemo-
effector-mediated regulation of CheZ activity has been pro-
posed as one mechanism to account for amplification in the
chemotaxis signal transduction pathway (9). Mutants defective
in this hypothetical regulatory function would be unable to
support chemotaxis but could retain dephosphorylation-stim-
ulating activity. The cheZ mutations discovered in this work
were isolated on the basis of impaired chemotaxis, but none of
the six mutant CheZ proteins that were tested supported nor-
mal dephosphorylation of CheY-P and hence do not contain
strictly regulatory defects.

Functional implications of clusters of cheZ mutations. Tak-
ing into account phenotypic characterization of entire mutant
sets as well as biochemical characterization of single mutant
proteins, differentiations can be made regarding likely roles of
the six regions delineated here in the structure and/or function
of CheZ. One of the larger clusters, corresponding to residues
132 to 149 stands out in several respects as a possible region of
high functional importance in CheZ activity. First, this cluster
coincides with a stretch of highly conserved residues deduced
from sequenced cheZ genes (Fig. 7). Second, most of the
mutations in this cluster result in a complete loss of CheZ
function (Table 1). Third, this region contains many polar and
charged residues, which could be solvent exposed and which
could actively participate in catalysis or binding. It is notable
that our random mutagenesis generated three independent
substitutions at Asp143, two of which gave no activity in vivo,
and even the conservative glutamate substitution resulted in
severe defects. Finally, biochemical analysis showed that the
mutant chosen from this cluster, CheZD143G, was the lecast
active of any of the tested mutant proteins (less than 1% of
wild-type phosphatase activity) and did not form high-mo-
lecular-weight complexes in the presence of CheY-P and the
cross-linker, as does wild-type CheZ. Therefore, this region
appears to be a likely candidate to contain a residue or residues
which are essential for CheZ activity. Three previously de-
scribed mutants containing mutations within this region were
shown to be defective in phosphatase activity and oligomeriza-
tion (4).

The mutant proteins tested from the cluster corresponding
to residues 57 to 76 (CheZA65V), and the cluster correspond-
ing to residues 83 to 90 (CheZL90S) also showed nearly com-
plete loss of phosphatase and oligomerization abilities in bio-
chemical assays, suggesting important roles in structure and/or
function for these regions. However, unlike what was found for
the cluster corresponding to residues 132 to 149, most of the
mutations in the cluster corresponding to residues 57 to 76
resulted in only partial loss of function (intermediate swarming
ability) (Table 1), and most of these substitutions occurred at
nonpolar residues. Likewise, all of the mutations which re-
sulted in full loss of activity for the cluster corresponding to
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residues 83 to 90 affected nonpolar residues. These patterns
could suggest that these regions are critical for structural in-
tegrity and may not themselves participate directly in CheZ
function. However, further study is required to better under-
stand the role of these regions.

The small cluster of three CheZ mutations at the C terminus
(residues 204 to 206) correlates with a region of CheZ which
has been previously implicated in CheY binding (3). CheZV205E
was the only mutant of this group to show a total loss of
function on the swarm assay. The peptide which corresponded
to this mutant showed complete loss of ability to bind CheY-P
relative to the peptide with the wild-type sequence, demon-
strating that Val205 plays a critical role in the binding of the
peptide to CheY-P. In contrast, full-length CheZV205E had
measurable phosphatase activity and formed cross-linked
products to a similar extent as wild-type CheZ. Whereas the
cross-linking experiment is unlikely to be capable of sensitively
distinguishing intermediate levels of cross-linked products (re-
sulting from intermediate levels of binding), the presence of
cross-linked products for CheZV205E shows that this mutant
can bind to CheY-P. That binding between CheY and CheZ
can occur in the absence of the interactions involved in binding
the CheZ peptide implies that the interface between the C-
terminal peptides of CheZ and CheY-P likely represents only
a subset of CheY-CheZ binding interactions. This conclusion is
in agreement with McEvoy et al. (27), who noted that the
difference in the affinities of CheY and CheY-P for full-length
CheZ was greater than that for the CheZ, 4, 4 peptide. Sim-
ilarly, Sanna and Simon, based on the isolation of suppression
mutations in cheZ that restored the ability to bind Che Y23ND,
have proposed that CheY binding regions on CheZ are located
at the far N terminus and in the area of residues 150 to 170
(34).

The role of the region of CheZ delineated by the final small
cluster of mutations, including cheZFI1178S, is uncertain. The
amino acid sequence in this portion of CheZ is not well con-
served between different bacterial species. CheZF117S has low
but measurable phosphorylation and complex formation capa-
bilities. Therefore this region may possess an indirect role in
function, such as a structural role in aligning critical residues
from other functional regions.

Due to the large number of mutants mapped in these stud-
ies, we have been able to identify regions of the primary struc-
ture of CheZ which have structural and/or functional impor-
tance. It will eventually be of great interest to locate the amino
acid substitutions resulting from each cluster of mutations on
the (currently unknown) three-dimensional structure of CheZ.
Although some differentiations regarding the biochemical and
genetic behavior of mutants in these clusters can now be made,
one or more of these clusters likely combine to form single
functional units in the folded protein so that it may not be
possible to assign discrete functions to each region of primary
sequence. In addition to the identification of important regions
of CheZ, these studies have provided a physical resource of
~50 unique missense mutants. Together, these will combine to
shape further biochemical and biophysical studies of CheZ.
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