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ABSTRACT: In Escherichia colichemotaxis, the CheZ phosphatase catalyzes the removal of the phosphoryl
group from the signaling molecule, CheY. The cocrystal structure of CheZ with CheY‚BeF3

-‚Mg2+ (a
stable analogue of CheY-P) revealed that CheZ is a homodimer with a multidomain, nonglobular structure.
To explore the effects of CheZ/CheY complex formation on CheZ structure, the rotational dynamics of
the different structural domains of CheZ [the four-helix bundle, the N-terminal helix, the C-terminal helix,
and the putative disordered linker between the C-terminal helix and the bundle] were evaluated. To monitor
dynamics of the different regions, fluorescein probes were covalently attached at various locations on
CheZ through reaction with engineered cysteine residues and the rotational behavior of the fluoresceinated
derivatives were assessed using steady state fluorescence anisotropy. Anisotropy measurements at various
solution viscosities (Perrin plot analysis) demonstrated large differences in global rotational motion for
fluorophores located on different regions. Rotational correlation times for probes located on the four-
helix bundle and the N-terminal helix agreed well with theoretical values predicted for a protein the size
and shape of the four-helix bundle. However, the rotational correlation times of probes located on the
linker and the C-terminal helix were 8-20× lower, indicating rapid motion independent of the bundle.
The anisotropies of probes located on the linker and the C-terminal helix increased in the presence of
divalent cation (Mg2+, Ca2+, or Mn2+) in a saturable fashion, consistent with a binding event (Kd ∼ 1-4 mM)
that results in decreased mobility. The anisotropies of probes located on the C-terminal helix and the
C-terminal portion of the linker increased further as a result of binding CheY-P. In light of the recently
available structural data and the high independent mobility of the C-terminus demonstrated here, we interpret
the CheY-P-dependent increase in anisotropy to be a consequence of decreased mobility of the C-terminal
region due to binding interactions with CheY-P, and not to the formation of higher order aggregates of
the CheZ2(CheY-P)2 complex.

CheY, a signaling molecule in the two-component regula-
tory system that governs chemotaxis inEscherichia coli,
functions as a key link between extracellular chemical
information and cellular swimming behavior [see refs1-3
for recent reviews of chemotaxis inE. coli andSalmonella
entericaserovar Typhimurium (S. enterica)]. CheY is a freely
diffusible cytoplasmic protein whose activity is regulated by
phosphorylation at Asp57. CheY receives its phosphoryl
group from the CheA kinase, which is associated with the
cytoplasmic region of transmembrane receptors and whose
autophosphorylation activity (using ATP) is regulated by
attractant or repellent molecules bound to the extracellular
portion of the receptors. CheY-P binds to the base of the
flagella inducing clockwise flagellar rotation, which causes
cell tumbling and reorientation of swimming direction.
Although CheY has an intrinsic autodephosphorylation
activity, it is too slow for the rapid information flow which
occurs in chemotaxis (4) and the CheZ phosphatase provides
the means for rapid dephosphorylation of CheY. CheZ is
essential for chemotaxis inE. coli, and thecheZgene has

been found in the genomes of thirty bacterial species to date.
Organisms whose genome does not encode CheZ presumably
have alternate mechanisms for rapid dephosphorylation of
CheY, such as an additional CheY that acts as a phosphate
sink (5) or the presence of a different phosphatase (6, 7).

In recent years, considerable progress has been made in
elucidating the nature of the interaction between CheZ and
CheY-P and the mechanism of CheZ-mediated dephospho-
rylation. The cocrystal structure of CheZ bound to CheY‚
BeF3

- (a stable analogue of CheY-P) and Mg2+ (8) revealed
the CheZ dimer to have a multidomain, nonglobular structure
(Figure 1). The largest domain is an elongated (110 Å) four-
helix bundle containing a single long helical hairpin from
each monomer (residues 35-168). Extending from the
“bottom” of the bundle (opposite the hairpin turns) are two
additional nonglobular regions associated with each mono-
mer. The N-terminal region (residues 1-34) forms an
additional helix (“N-helix”) which protrudes from the bundle
at an angle of about 100°. The C-terminus of each monomer
has two regions. Residues 169-199 have been proposed to
comprise a disordered linker, on the basis of the absence of
this stretch of residues from the crystal structure (8),
susceptibility to proteolytic cleavage (9, 10), and lack of
sequence or length homology in CheZ sequences from
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different organisms (9). The extreme C-terminus of CheZ,
residues 200-214, forms a helix in the cocrystal structure
(“C-helix”) which interacts with CheY‚BeF3

-‚Mg2+.

CheZ2 has two identical binding sites for CheY-P, and
each binding site contains two independent interaction
surfaces between the proteins. In addition to the C-helix, a
region about midway down the four-helix bundle interacts
with the active site region of CheY placing the conserved
CheZ catalytic residue, Gln147, in close proximity to the
phosphoryl group on CheY (Figure 1) (8). Whereas the
CheZ‚CheY‚BeF3

-‚Mg2+ structure was informative in elu-
cidating the CheY/CheZ interaction and dephosphorylation
mechanism, it is still not known what effect CheY/CheZ
complex formation has on the structures of the individual
proteins. The structure of uncomplexed CheZ has not yet
been solved, and the electron density for CheY‚BeF3

-‚Mg2+

in the cocrystal structure was of insufficient resolution to
evaluate conformational details (8).

In an effort to explore the effects of CheZ/CheY complex
formation on CheZ structure, we investigated the rotational
dynamics of the different structural domains of CheZ under
various experimental conditions. To monitor dynamics of
the different regions, a fluorescein maleimide probe was
placed at various locations through reaction with engineered
cysteine residues. Rotational behaviors of the fluoresceinated
derivatives were assessed with steady state fluorescence
anisotropy. The anisotropy results demonstrated that both
the linker and the C-helix exhibited high mobility that
represented rapid motion independent of the global rotation
of the four-helix bundle and the N-helix. The motion of
portions of the linker/C-helix region was diminished by the
presence of divalent cation and further by binding CheY-P.
The results also allowed reevaluation of anisotropy data
generated before the CheZ structural data was available.

EXPERIMENTAL PROCEDURES

Mutagenesis and Protein Purification.Site directed mu-
tagenesis ofcheZ was carried out using the Quikchange
mutagenesis kit (Stratagene) to makecheZalleles encoding
CheZ D16C,1 Q92C, D154C, R180C, S194C, D210C, and
F214C. There are no cysteine residues in the wild-type CheZ
sequence so all of the mutants encode CheZ variants with
single cysteine substitutions. The pRS3 plasmid (pRBB40
with the inadvertent CheZ E134K mutation (9) corrected to
Glu134) was used as the template for the mutagenesis. The
mutant plasmids were transformed into the∆cheZ strain,
KO642recA (11) for overexpression and purification of
CheZ. The CheZ cysteine substitution mutants were purified
as described (12) with the addition of 2 mM DTT present
throughout the process. A final ion exchange step was added
using a MonoQ column (Amersham Biosciences) with a
0-500 mM NaCl gradient for elution (buffer was 50 mM
Tris pH 7.5, 0.5 mM EDTA, 10% glycerol, 2 mM DTT).
The MonoQ was effective in separation of full length CheZ2

from (CheZ1-181)2 and CheZ‚CheZ1-181 which were often
detectable after execution of the standard purification
protocol. Fractions from the MonoQ column were supple-
mented with 0.5 mM of the reducing agent, TCEP‚HCl
(Pierce), and stored at-20 °C. CheZ was quantitated by
absorbance at 280 nm (ε ) 16 700 M-1 cm-1) (12).

Swarming Motility. Chemotactic swarming of strains
containing CheZ cysteine substitution mutants were assessed
by stabbing fresh colonies onto motility plates (0.3% w/v
agar in tryptone broth) and incubation at 30°C, as described
(13).

Fluorescent Labeling.Fluorescein maleimide (Molecular
Probes) was freshly prepared as a concentrated stock solution
in DMSO and quantitated by absorbance at 493 nm (ε )
83 000 M-1 cm-1). For high labeling efficiency (fluorescein:
cysteine ratios between 0.7 and 0.9), CheZ (60-250µM) in
MonoQ elution buffer (50 mM Tris, pH 7.5, 0.5 mM EDTA,
10% glycerol,∼250 mM NaCl, 0.5 mM TCEP‚HCl) was
mixed with a 20× molar excess of fluorescein maleimide,
and incubated in the dark for 30 min at room temperature.
The reaction mix was quenched with excess DTT (10 mM)
and gel filtered (G-75 Sephadex, Amersham Pharmacia) in
50 mM Tris, pH 7.5, 0.5 mM EDTA, 2 mM DTT, 10%
glycerol, which cleanly separated the fluoresceinated protein
from unreacted fluorescein maleimide. The pooled sample
was dialyzed overnight at 4°C against the same buffer. To
make derivatives with lower fluorescein:CheZ ratios, CheZ
was transferred into 50 mM Hepes, pH 7.0, 1.0 mM TCEP‚
HCl and brought to a concentration of 100µM. Fluorescein
maleimide was added at several different final concentrations
(10-50µM). After 5 min at room temperature, the reactions
were quenched with 10 mM DTT. Labeled protein was
chromatographed on G-75 Sephadex in 50 mM Hepes, pH
7.0, 1.0 mM TCEP‚HCl and fluoresceinated-CheZ was
pooled. Labeled proteins were stored in aliquots at-70 °C.

1 Abbreviations: CheZ D16C, CheZ with the wild-type aspartate at
position 16 changed to a cysteine (this format is used to identify mutants
throughout the manuscript); fl-CheZ, fluoresceinated CheZ; TCEP‚HCl,
Tris (2-carboxyethyl)-phosphine hydrochloride; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetate; DMSO, dimethyl sulfoxide;φ,
rotational correlation time;A0, limiting anisotropy;η, viscosity; τ,
fluorescence lifetime; PDB, Protein Data Bank.

FIGURE 1: Ribbon model of the CheZ/CheY‚BeF3
-‚Mg2+ complex

(PDB 1KMI). The two CheZ chains are blue and red, and CheY is
yellow. The BeF3- anion is displayed as a green ball-and-stick
model and marks the CheY active site. The four structural regions
and the sites of cysteine substitutions are indicated. The linkers
are represented by dashed lines. The asterisk marks the location of
the critical CheZ catalytic residue, Gln147.
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Determination of Labeling Efficiency and Mass Spectral
Analysis of Labeled CheZs.Protein concentrations of de-
rivatized proteins were determined using the Biorad protein
assay (based on the Bradford method) with unlabeled CheZ
as a standard. The fluorescein concentration was determined
by dilution into 50 mM Tris, pH 9.0 and measurement of
the absorbance at 493 nm (ε ) 83 000 M-1 cm-1). Electro-
spray mass spectrometry (Fisions-VG Quattro BQ triple
quadropole) analysis of representative preparations of fluo-
resceinated proteins with high fluorescein:protein ratios
showed the dominant mass consistent with single labeling
with fluorescein maleimide with the addition of a water
molecule to the maleimide ring (14). There was no detectable
multiply labeled protein and little or no detectable unlabeled
protein.

Fluorescein Labeling of CheZ Peptide.The peptide
corresponding to the 19 carboxyl-terminal residues of CheZ
D210C (AGVVASQDQVDDLLCSLGF) was synthesized by
the University of North Carolina Microprotein Sequencing
and Peptide Synthesis Facility. The peptide (2 mg in 200
µL of Hepes pH 7.0, 1 mM TCEP‚HCl) was incubated with
a 5× molar excess of fluorescein maleimide for 1 h atroom
temperature. Labeled peptide was separated from free reagent
by gel filtration chromatography (Superdex 75, Amersham
Biosciences) followed by reverse phase HPLC (Agilent
Eclipse XDB-C8 column) with a gradient of 36-63%
acetonitrile in 0.1% trifluoroacetic acid. Fractions containing
visible fluorescein were lyophilized and analyzed by elec-
trospray mass spectrometry using a Bio-TOF II (Bruker
Daltronics ESI-TOF). The labeled peptide was identified by
the presence of a mass corresponding to the monosubstituted
peptide with an additional 17 Da, consistent with the opening
of the maleimide ring with a molecule of water (14), as
observed with the full length CheZ. The mass spectrum of
the sample containing labeled peptide showed no detectable
unlabeled peptide or free fluorescein maleimide.

Fluorescence Anisotropy Measurements.A Perkin-Elmer
LS-50B spectrofluorimeter equipped with magnetic stir
mechanism and thermostated cuvette holder was used.
Cuvette temperature control was with a circulating water bath
and was maintained at 20.0( 0.3 °C. Excitation and
emission were set at 480 and 520 nm, respectively, and slit
widths were 7.5 nm. For measurements using fluoresceinated
CheZ with low labeling ratios, the slit widths were increased
to enhance the signal of the individual emission intensities
(IVH and IVV). The instrument software (FLWIN) provided
automatic polarizer control and calculation of anisotropy,
taking into account an instrumentalG-factor (a correction
factor for differential sensitivity to vertically and horizontally
polarized light) which was measured by the manufacturers.
Anisotropy values were generated about every 30 s. Six
consecutive readings were made for each sample condition
and the values averaged. For titration of CheZ samples with
divalent cations, small volumes of the metal ion were
sequentially added to the fluoresceinated CheZ (0.2µM in
50 mM Hepes, pH 8.0) with constant stirring. For titration
with CheY N59R-P, CheY N59R was incrementally added
to CheZ (0.2µM in 50 mM Hepes, pH 8.0, 10 mM MgCl2,
19 mM acetyl phosphate). To analyze the effect of
divalent metal ion on anisotropy, the data were plotted as
A/Aapo(observed anisotropy divided by the anisotropy in the
absence of divalent cation) versus metal ion concentration,

[Me2+]. The curves were fit to the following simple
hyperbolic binding model using Kaleidograph software:
A/Aapo ) {(A∞/AapoKa[Me2+]) + 1}/(1 + Ka[Me2+]), where
A∞ is the maximal change in anisotropy, andKa is the
apparent association constant between the divalent cation and
CheZ.

Perrin Plot Analysis and Calculation of Hydrodynamic
Parameters.Anisotropy values have contributions from both
the global rotation of the protein to which the fluorophore
is attached and the localized rotation of the fluorophore.
Perrin plot analysis was used to determine hydrodynamic
parameters describing both types of rotational motion for
the fl-CheZs. The Perrin relationship (15) states that

where A is the measured anisotropy,A0 is the limiting
anisotropy (the residual anisotropy of the probe when the
protein is “frozen” in solution),τ is the fluorescence lifetime
of the probe,k is Boltzmann’s constant,T is temperature in
kelvins,η is solution viscosity, andVh is the hydrodynamic
volume of the protein to which the fluorophore is attached.
The value ofVh reflects the rotational dynamics of the
protein. Experimentally, the anisotropy is measured as a
function of either temperature or viscosity. The Perrin
relationship states that plots of 1/A versusT/η are linear with
the y-intercept equal to 1/A0 and slope equal toτk/VhA0.

For our analysis, the anisotropy was measured at various
solution viscosities. Samples were prepared by addition of
individual fl-CheZ (final concentration 0.2µM) to solutions
containing various concentrations of sucrose [0-30% (w/
w)]. Viscosities were obtained from standard tables sum-
marizing physical properties of aqueous sucrose solutions
(16). Unless otherwise noted, the standard buffer was 25 mM
Hepes, pH 8.0, 0.1 mM TCEP‚HCl. Samples were incubated
at room temperature in the dark for 2 h. Temperature
equilibration of samples at 20°C was allowed for 3 min in
the cuvette holder before anisotropy readings were taken.
The data were plotted as 1/A versusT/η, andA0 andVh were
determined from they-intercept and slope as stated above.
The fluorescence lifetime (τ) of fluorescein was assumed to
be 4 ns (15). An additional hydrodynamic parameter, the
rotational correlation time (φ) at 0.01 P (poise) (viscosity of
water at 20°C) and 20°C, was calculated fromVh using the
relationship (15)

The rotational correlation time is the decay constant for
the exponential decay of fluorescence anisotropy. The higher
theφ value, the slower the rotation, the larger the molecule.
Theφ value must be comparable to the fluorescence lifetime
of the fluorophore in order to obtain information about
rotational dynamics using fluorescence anisotropy.

Prediction of Rotational Parameters Using HYDROPRO
Software.HYDROPRO (17) is a public domain program
which predicts hydrodynamic parameters from an input
protein PDB file using a bead shell method to model the
surface of the protein. The software was downloaded from
[http://leonardo.fcu.um.es/macromol/programs/programs.h-
tml].

1/A ) 1/A0 + τkT/ηVhA0 (1)

φ ) ηVh/kT (2)
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RESULTS

Preparation and Initial Characterization of Fluorescein-
ated CheZs.The CheZ‚CheY‚BeF3

-‚Mg2 cocrystal structure
revealed four structural regions within the CheZ ho-
modimer: the N-helix (residues 1-34), the four-helix bundle
(residues 35-168), the linker (residues 169-199), and the
C-helix (residues 200-214). To spectroscopically probe the
rotational dynamics of these regions, we covalently linked
fluorescein maleimide to various CheZ mutant proteins that
contained single cysteine substitutions. Cysteines were
substituted for Asp16 (located on the N-helix), Gln92 and
Asp154 (four-helix bundle), Arg180 and Ser194 (linker), and
Asp210 and Phe214 (C-helix) (Figure 1). All of the residues
substituted with cysteine had no implicit functional role, on
the basis of CheZ/CheY interactions revealed by the cocrystal
structure, published biochemical or genetic analysis, and lack
of sequence conservation in alignments of CheZ sequences
from 30 bacterial species (data not shown). Placement of
cysteine at Phe214 was of particular interest for direct
comparison to published fluorescence anisotropy measure-
ments using fluorescein maleimide-labeled CheZ F214C from
S. enterica(18). All of the single cysteine substitutions
conferred wild-type levels of chemotactic swarming when
expressed in the CheZ-deleted strain, K0642recA (data not
shown), confirming that the ability of the mutants to
dephosphorylate CheY was not affected by the substitutions.

All of the single cysteine CheZs reacted readily with
fluorescein maleimide. The first set of derivatized proteins
were labeled under conditions that gave high degrees of
labeling (∼0.7-0.9 mol of fluorescein/mol of CheZ). Initial
anisotropy measurements (measured in 25 mM Hepes, pH
8.0, 0.1 mM TCEP‚HCl) for the different derivatives varied
significantly with values (in order of increasing anisotropy)
of 0.053 (fl-CheZ F214C), 0.071 (fl-CheZ S194C), 0.078
(fl-CheZ R180C), 0.083 (fl-CheZ D210C), 0.113 (fl-CheZ
Q92C), 0.122 (fl-CheZ D16C), and 0.161 (fl-CheZ R154C).
Anisotropy measurements have a high degree of precision,
and all the aforementioned values had errors of no more than
(0.002. Anisotropy values approaching zero are expected
if the fluorescein rotates rapidly relative to its fluorescence
lifetime, such as free fluorescein in a low viscosity solvent.
The upper limit for anisotropy of fluorescein is about 0.35
(15). Within this theoretical range of anisotropy values, the
measured anisotropy is largely dependent on the rotational
motion of the fluorophore.

Possible Influence of homo-FRET on Anisotropy Values.
Whereas the magnitude of the anisotropy is mainly dependent
on rotational motion, another factor which might affect values
here is resonance energy transfer between two fluorescein
groups located on the same CheZ dimer. This phenomenon,
“homo-FRET”, decreases anisotropy values because the
orientations of the acceptor fluoresceins are randomized (15,
19). In CheZ, the intradimer distances for several of the
labeled residues are comparable to the Fo¨rster critical
distance for fluorescein/fluorescein energy transfer [(50 Å
(19)]. To assess the possible influence of homo-FRET, the
anisotropies of CheZ derivatives with lower labeling ratios
were measured (Figure 2). Lower labeling ratios would
decrease the proportion of doubly labeled dimers and
diminish any contribution from homo-FRET. For CheZ
derivatives labeled on the four-helix bundle (positions 92

and 154), N-helix (position 16), and C-helix (positions 210
and 214), there was a modest increase in anisotropy as
labeling ratios were lowered, consistent with a contribution
from homo-FRET (Figure 2). The CheZs labeled on the
linker (position 180 or 194) showed little or no sensitivity
to labeling ratio. The occurrence of homo-FRET is not
unexpected for CheZs derivatized at positions 16, 92, or 154
as these residues are separated by their identical homologue
by 36, 28, and 23 Å, respectively, within CheY‚BeF3

-‚Mg2+

(8). However, the possible occurrence of homo-FRET for
the C-helix derivatives (210 and 214) was unexpected but
may indicate that the C-helices are, on average, in closer
proximity in the absence of CheY-P than in its presence (50-
70 Å). In any case, the magnitudes of the effects of homo-
FRET on any of the fl-CheZs were small relative to the
differences in anisotropies between the derivatives. Therefore,
the anisotropies largely reflect different rotational mobilities
of fluorescein located at different regions of CheZ. The rest
of the experiments used fl-CheZs with high fl:CheZ ratios.

Delineation of GlobalVersus Localized Rotation Using
Perrin Plots.Anisotropy values have contributions from both
localized motion of the fluorophore and global rotation of
the protein to which the probe is attached, which is of
primary interest. To determine the relative contributions of
global and localized motion to the anisotropies of the various
fluoresceinated CheZ proteins, Perrin plot analysis was used.
Plots of (anisotropy)-1 as a function of temperature divided
by solution viscosity for each fluoresceinated CheZ were
linear, as expected (Figure 3). The set of fl-CheZ derivatives
showed little variation iny-intercept values reflecting a
narrow range of limiting anisotropies, withA0 ) 0.17( 0.03.
This value is typical for fluorescein linked to a protein (15).
There was no apparent correlation betweenA0 and the
structural region to which the probe was attached (Table 1).
The similar values ofA0 probably reflect the fact that all of

FIGURE 2: Anisotropy of fl-CheZs with varying fluorescein/CheZ
monomer ratios. The anisotropies are shown for derivatives with
fluorescein at position 16 (]), 92 (9), 154 (4), 180 (0), 194 ([),
210 (b), and 214 (2).

Rotational Dynamics of CheZ Biochemistry, Vol. 44, No. 21, 20057771



the labeled cysteines were solvent exposed and used the same
maleimide linkage.

In contrast to the similary-intercepts, there was significant
variation in slopes for the CheZ derivatives which translated
into marked differences in rotational correlation times (φ)
(Table 1, values for standard HEPES). Rotational correlation
times for probes located on the same structural region were
similar, as would be expected if the behavior was reflective
of the rotational behavior of the structural region. The
rotational behavior of the derivatives fell into several groups
(Table 1). The fl-CheZs labeled on the four-helix bundle
(positions 92 and 154) displayed low slopes in Perrin plots
(Figure 3), which gaveφ values of 30( 10 ns. The low
slope values resulted in a relatively large error when values
from independent experiments were compared, and we
conclude that this method cannot distinguishφ values greater
than about 20 ns for proteins labeled with fluorescein. This
high φ value (>20 ns) for both probes located on the four-
helix bundle correlates with theoretical values predicted for
a protein the size and shape of CheZ. The HYDROPRO
program (17) predicted a correlation time of 52 ns for the
four-helix bundle and N-helix regions of CheZ alone.
Furthermore, analysis of measurements from many proteins
(15) has shown that rotational correlation times deduced from
Perrin plots are about 2-fold the value predicted if the protein
was an anhydrous sphere of the same molecular weight. An
anhydrous sphere with a molecular weight of 48 000 (mass
of the CheZ dimer) would have a correlation time of about
14 ns (15), predicting a value of 28 ns measured by
fluorescence anisotropy (Table 1). A rotational correlation
time of >20 ns is significantly larger than the fluorescence
lifetime of fluorescein (4 ns). Therefore, anisotropy measure-
ments using fluorescein would not be expected to be sensitive
to changes in the global motions of the CheZ four-helix
bundle, such as self-association or association with another
protein, but would require a longer lifetime probe.

In contrast to the fl-CheZs labeled on the four-helix bundle,
the CheZs labeled on the linker or the C-helix gave high
slopes in the Perrin plot that correlated to rotational correla-
tion times 8-20 times smaller (Table 1). fl-CheZ D210C
(C-helix), fl-CheZ R180C (linker), and fl-CheZS194C (linker)
displayed similar rotational correlation times of about 3-4
ns, an order of magnitude smaller than the derivatives labeled
on the four-helix bundle. Fl-CheZ F214C, located at the
extreme C-terminus, displayed even faster rotational hydro-
dynamics (φ ) 1.7 ns). Notably, this derivative was not
measurably different from fl-CheZ D210C196-214, a peptide
of only 19 amino acids (Figure 3, Table 1). Therefore, the
linker and the C-helix regions of CheZ rotate with dynamics
much faster than would be expected if they were limited by
the rotation of the four-helix bundle and instead rotate like
a peptide of similar size. Rotation of the linker and
C-terminal portions of CheZ independently of the bundle
indicates little interaction between these regions and the
bundle. The extreme mobility of the fl-CheZ F214C relative
to derivatives at positions 210, 194, and 180 may reflect the
extra degree of freedom gained from location at the extreme
C-terminus.

Finally, CheZ labeled on the N-helix at position 16 had
an intermediate correlation time (15 ns), measurably faster
than derivatives labeled on the four-helix bundle but mark-
edly slower than the linker and C-helix derivatives. Because
the N-helix is similar in size to the C-helix and fl-CheZ196-214,
independent rotation (as was seen with the C-helix) would
be expected to give similarly low rotational correlation times.
Therefore, unlike the linker and C-helix, the N-helix rotates
predominantly as part of the bundle, but has some limited
independent motion.

Effects of DiValent Cation on Rotational Dynamics.The
CheZ-dependent dephosphorylation of CheY has an absolute
requirement for divalent cation, requiring that Mg2+ be
present in experiments evaluating CheZ/CheY-P interactions.
It was thus necessary to explore the effects, if any, of Mg2+

alone on the anisotropies of the various CheZ derivatives.
The presence of MgCl2 affected the anisotropies of the
derivatives differentially (Figure 4a). Incremental addition
of MgCl2 to both linker derivatives (positions 180 and 194)
and both C-helix derivatives (positions 210 and 214) resulted
in progressive increases in anisotropy which eventually
approached saturation (Figure 4a). In contrast, identical
titrations of CheZ labeled on the four-helix bundle (92 and
154) and the N-helix (16) did not give a significant (>0.005)
or consistent change in anisotropy (Figure 4a). The data for
fl-CheZs labeled at positions 194, 210, and 214 were fit to
a simple binding model withKd values of 3.5 mM (position
214), 1.3 mM (position 210), and 2.6 mM (position 194)
and correlation coefficients>0.99 (data not shown).

Experiments to further characterize the effect of MgCl2

used fl-CheZ D210C, which had the highest apparent affinity
for Mg2+. The anisotropy change upon titration with MgCl2

did not occur in the presence of excess EDTA (Figure 4b),
indicating that the effect was due to the presence of Mg2+

and not Cl-. Titration of fl-CheZ D210C196-214 with MgCl2
also did not change the anisotropy (Figure 4b). Two other
divalent metal salts tested, CaCl2 and MnCl2, also caused
progressive increases in anisotropy which eventually ap-
proached saturation (Figure 4b). The data for all three metals
were fit to a simple binding model (correlation coefficients

FIGURE 3: Perrin plots for fluoresceinated CheZs measured in 25
mM Hepes, pH 8.0, 0.1 mM TCEP‚HCl. Data are shown for
derivatives with fluorescein at position 16 (]), 92 (9), 154 (4),
180 (0), 194 ([), 210 (b), 214 (2) in CheZ, and fl-CheZ
D210C196-214 (O).
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>0.99) and gaveKd values of 1.3 mM (Mg2+ ), 1.3 mM
(Ca2+), and 1.6 mM (Mn2+) (Figure 4b). That Mg2+, Mn2+,
and Ca2+ gave similar binding constants may indicate that
the binding site is not highly specific. Perrin plots of fl-
CheZ D210C in the presence of subsaturating (1 mM) and
saturating (8 mM) Mg2+ (Figure 4c) demonstrated that Mg2+

affected the slopes and not the intercepts, consistent with an
effect on the global rotation of the linker and C-helix. Finally,
none of the cations affected the fluorescence intensity of fl-
CheZ D210C (data not shown). Fluorescence intensity is an
indicator of fluorescence lifetime, and changes in fluores-
cence lifetimes can artificially impact anisotropy values.
Taken together, these observations are consistent with a
binding event between divalent cation and CheZ with an
affinity in the low millimolar range which decreases the
rotational mobility of the C-terminal region. Linkage to the
four-helix bundle appears to be necessary, and Mn2+ appears
to result in a more severe loss of mobility than Mg2+ or Ca2+.

Rotational Parameters under Physiological Mg2+ Con-
centration and Higher Ionic Strength.In light of the effect
of divalent cation on the rotational motion of the C-terminal
portion of CheZ, we examined how solution conditions more
reflective of the physiologic environment of the cell cyto-
plasm affected rotational parameters. The cytoplasm of an
E. coli cell contains about 1-2 mM free Mg2+ (20) and an
ionic strength of about 150 mM (21), composed mainly of
KCl. Increasing the KCl concentration from 0 to 70 mM
resulted in a small (<0.01) increase in anisotropy for fl-
CheZ D210C and had no effect on the anisotropy of fl-CheZ
D210C196-214 (data not shown). Perrin plots of the fl-CheZs
in buffer containing 75 mM KCl /1 mM Mg2+ gave slightly
higherφ values for the two C-helix derivatives but did not
affect the φ values for the other derivatives (Table 1).
Therefore, rapid independent motion of the C-terminal region
of CheZ also occurs under conditions more reflective of the
cell cytoplasm.

Effect of CheY-P on Anisotropies.CheY N59R-P binds
to CheZ but is resistant to its phosphatase activity (12, 22).
This mutant CheY therefore provides a convenient tool to
characterize binding events between CheY-P and CheZ
without the necessity of considering the effect of CheZ on
CheY-P concentrations (12). Titration of fl-CheZ F214C with
CheY N59R under phosphorylating conditions resulted in

progressive increases in anisotropy which saturated at about
0.2 µM CheY and an anisotropy of about 0.13 (Figure 5).
This is indistinguishable from a similar titration withS.
enterica fl-CheZ F214C (12) and is consistent with es-
sentially quantitative binding of CheYN59R-P to CheZ which
results in a loss of fluorescein mobility. The same titration
with wild-type CheY results in a similar degree of anisotropy
change but requires higher CheY concentration (18), because
CheZ diminishes the CheY-P concentration (12). CheZs
labeled at position 210 (also C-helix) and 194 (C-terminal
region of linker) displayed similar responses to CheY-P,
indicating loss of mobility for the C-helix and the portion
of the linker near the helix. However, the anisotropy of fl-
CheZ R180C (N-terminal region of linker) did not change,
suggesting that the N-terminal region of the linker retains
high mobility even in the CheZ/CheY complex. CheZ labeled
on the four-helix bundle (positions 92 and 154) also did not
change upon binding CheY-P. However, these fluorophores
are insensitive to decreases in mobility because their
rotational correlation times are already significantly higher
than the fluorescence lifetime of fluorescein (see earlier
discussion). The anisotropy of fl-CheZ D16C also increased
upon binding CheYN59R-P. This was surprising as the
N-helix is far from the CheY-P binding site and may indicate
a heretofore unknown conformational change in the N-helix
upon binding CheY-P. For comparison, the CheZs were also
titrated with wild-type CheY complexed to BeF3

- and Mg2+.
These titrations were, within experimental error, the same
as the titrations for CheY N59R-P (data not shown). CheY
N59R-P did not change the fluorescein intensity of most of
the derivatives. The exception was fl-CheZ D210C, whose
emission intensity increased by 10-15% upon binding CheY
N59R-P (data not shown).

Perrin plots (Figure 6) and subsequent calculation ofφ

values (Table 1) confirmed that CheZ derivatives labeled at
positions 214, 210, and 194 hadφ values significantly higher
in the CheZ/CheY N59R-P complex than in their uncom-
plexed state. However, theφ values were still measurably
lower than those for CheZ D154C, implying motion faster
than that of the four-helix bundle. Only fl-CheZ R180C
maintained the high mobility in the CheZ/CheY complex
which was comparable to motion in the absence of CheY-P.

Table 1: Hydrodynamic Parameters Derived from Perrin Plots of Flouresceinated CheZs under Various Conditions

location of flourescein

residue domain
y-intercepta

()1/A0)
slopea

(cP/K× 103)
φa

(ns)
φb (Mg, KCl)

(ns)
φc (Y/Z)

(ns)

16 N-helix 6.3( 0.3d 5.8( 0.0 14.8( 0.4 18 12

92 bundle 7.3( 0.3 3.6( 0.7 30( 11 nde nd
154 bundle 5.5( 0.2 2.5( 0.4 32( 11 34 25

180 linker 6.2( 0.2 23( 1 3.7( 0.3 4.4 4.8
194 linker 5.8( 0.0 25( 2 3.3( 0.5 3.6 11

210 C-helix 5.1( 0.2 23( 2 3.0( 0.3 6.4 7.3
214 C-helix 5.4( 0.1 43( 2 1.7( 0.2 2.7 9.4

“210” CheZ
D210C196-214

peptide

5.7 43 1.7 nd nd

a Measurements were in 25 mM Hepes, pH 8.0, 0.1 mM TCEP‚HCl. b Measurements were in 25 mM Hepes, pH 8.0, 0.1 mM TCEP‚HCl, 1 mM
MgCl2, 75 mM KCl. c Measurements were in 25 mM Hepes, pH 8.0, 0.1 mM TCEP‚HCl, 8 mM MgCl2, 20 mM acetyl phosphate (Sigma) and 0.5
µM CheY N59R.d Values represent the average and standard deviation of two independent experiments.e Not determined.
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DISCUSSION

Highly Mobile C-Terminus May Increase EffectiVe Radius
of CheZ for Sampling CheY-P Molecules.There is mounting
evidence that, in vivo, a significant portion of CheZ is
associated with the polar supramolecular sensory complex
which also contains transmembrane chemoreceptors, the
cytoplasmic sensor kinase CheA, and a coupling protein
CheW (23, 24). Recent evidence (25, 26) suggests that
colocalization of the CheZ phosphatase with the CheA kinase
serves to maintain a constant CheY-P concentration over the
length of the cell at any moment. Association of CheZ with
the complex is thought to be mediated by direct interaction
between the hairpin region of the CheZ four-helix bundle
and CheA-short (24, 27), a truncated version of CheA which
comprises about one-third of the cellular CheA (28). Here
we demonstrated that the C-terminal∼45 residues of CheZ
display high rotational mobility which is largely independent
of the much slower rotation of the four-helix bundle. This
high mobility suggests that, in vivo, the C-terminal region

FIGURE 4: The effect of divalent cations on the anisotropies of
fl-CheZs. (a) Anisotropy changes for each derivatized CheZ as a
function of increasing concentration of MgCl2. Anisotropy was
plotted asA/Aapo (Aapo is anisotropy in the absence of metal). Data
are shown for CheZ fluoresceinated at position 16 (O), 92 (2),
154 (3), 180 (9), 194 ([), 210 (b), and 214 (0). Curve fits using
a simple binding isotherm are shown. (b) Anisotropy changes for
fl-CheZ D210C for titration with MgCl2 in the absence (9) and
presence (b) of 20 mM EDTA. Also shown are titrations with CaCl2
(O) and MnCl2 (2). Addition of MgCl2 to fl-CheZ D210C196-214
is indicated by open triangles (4). Curve fits using a simple binding
isotherm are shown [Kd values were 1.3 mM (Mg2+), 1.3 (Ca2+),
and 1.6 mM (Mn2+)]. (c) Perrin plots for fl-CheZ D210C under
various buffer conditions. All are in 25 mM Hepes, pH 8.0, 0.1
mM TCEP‚HCl: no addition (b), 1 mM MgCl2 ([), and 8 mM
MgCl2 (9).

FIGURE 5: The effect of binding CheY N59R-P on the anisotropies
of the fl-CheZs. CheZ was titrated with CheY N59R under
conditions which should phosphorylate all of the CheY. Data are
shown for derivatives with fluorescein at position 16 (]), 92 (O),
154 (4), 180 (9), 194 ([), 210 (b), and 214 (0).

FIGURE 6: Perrin plots for fl-CheZs in the CheZ/CheY N59R-P
complex. Data are shown for derivatives with fluorescein at position
16 (]), 154 (4), 180 (2), 194 (3), 210 (O), and 214 (b).
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of CheZ may behave like an arm that swings independently
of the anchored CheZ four-helix bundle, thereby increasing
the space over which CheZ can potentially collide with
CheY-P. Generation of CheY-P by the proximal CheA kinase
would result in high local concentrations of both CheY-P
and the CheZ C-helix, which would further increase the
probability of their collision and subsequent association; the
CheZ196-214 peptide, which correlates to the CheZ C-helix,
binds CheY-P with an appreciable affinity [Kd ) 26 µM
(29)]. Initial association of CheY-P and the C-helix would
bring CheY-P into the proximity of the four-helix bundle,
which would enhance the probability of interaction between
the four-helix bundle and the active site of CheY, which leads
to dephosphorylation. The independent mobility of the
C-linker/helix region of CheZ may therefore, in essence,
increase the effective radius of the CheZ dimer for sampling
diffusing CheY-P molecules. This factor, along with the
effects of high local concentrations of reactants, may
contribute to maximization of the association rate between
CheY-P and CheZ. Rapid association of CheY-P and CheZ
has been observed using stopped flow fluorescence anisot-
ropy (30).

The concept of the C-terminal region of CheZ as an
independently swinging arm might be limited by vulnerability
of such an unprotected region to intracellular proteases. A
possible means of protection from proteases could be derived
from transient association of the CheZ C-helix and/or linker
region with the supramolecular sensory complex. One
possibility is that the C-helix associates with another region
of CheZ. Here we demonstrated that divalent cation (e.g.
Mg2+) decreased the mobility of the C-helix in the context
of the full length CheZ, but did not affect the mobility of
the free peptide that correlates to the CheZ C-helix. The
affinity of CheZ for Mg2+ (1-4 mM) was comparable to
the concentration of intracellular free Mg2+ (∼1-2 mM).
Thus, it is possible that, in vivo, there could be populations
of both Mg2+-bound CheZ (with some association between
the C-helix and the four-helix bundle that could provide
protection from proteases) and Mg2+-free CheZ (with the
C-helix rotating freely of the bundle to optimize the chance
of collision with CheY-P interaction).

DiValent Metal Effect on AnisotropysWhere Is the Metal
Binding Site?There was a clear effect of the divalent metal
ions Mg2+, Mn2+, and Ca2+ (all that were tested) on the
anisotropies of the fl-CheZs which had the fluorescein located
on the C-helix or linker. The effect appeared to reflect a
binding event between metal ion and CheZ that decreased
the mobility of the C-region of CheZ; the data was hyperbolic
and fit well to a simple ligand binding model. Interestingly,
the CheZ‚CheY‚BeF3

-‚Mg2+ cocrystal structure did not
reveal a bound Mg2+ ion, aside from the Mg2+ bound in the
CheY active site, although the crystals were grown in the
presence of 10 mM MgCl2. Although further experiments
must be done to determine the divalent cation binding site,
it may be notable that the CheZ C-helix contains highly
conserved aspartate residues at positions 203, 206, and 207,
which could potentially provide ligands for a Mg2+ ion.
However, it is not known whether this stretch of residues
has any helical structure when it is not bound to CheY, which
might be expected to bring the residues closer together.
Circular dichroism experiments did not detectR-helicity in
a synthetic peptide corresponding to CheZ196-214 in the

presence or absence of 10 mM Mg2+ (Silversmith, unpub-
lished result).

Insufficient EVidence for Formation of Higher Aggregates
of CheZ2(CheY-P)2. We confirmed an earlier observation that
CheY-P increases the fluorescence anisotropy of fluorescein
maleimide-linked CheZ F214C (18). At the time of the
original observation, the CheZ/CheY‚BeF3

-‚Mg2+ cocrystal
structure was unavailable and the 4- to 5-fold decrease in
slopes for Perrin plots for the fl-CheZ F214C/CheY-P
complex relative to free fl-CheZ F214C was attributed to
formation of higher aggregates of CheZ2(CheY-P)2. Here,
we demonstrated that the rotational correlation times (φ) for
fl-CheZ F214C and other CheZ derivatives labeled near the
C-terminus were 8-20× shorter than expected if their
rotation was limited by rotation of the four-helix bundle.
Therefore, in the absence of CheY-P, the C-terminal region
has rapid motion independent of the rotation of the core
protein. Binding CheY-P increasesφ of the C-terminal region
to a value close to the overall rotation of the core protein.
In light of the now available structural information, these
observations can be most easily explained by lost mobility
from anchoring the C-helix to CheY-P, as revealed by the
cocrystal structure. Furthermore, fluorescence anisotropy
using fluorescein as a probe is not a useful technique for
determining the ability of CheZ2(CheY-P)2 to form higher
aggregates, because the rotational dynamics of the four-helix
bundle are already slow relative to the fluorescence lifetime
of fluorescein. Any further slowing of rotation, e.g. due to
aggregate formation, would not be detectable by this method.

Although fluorescence anisotropy cannot be used as
positive evidence for oligomerization of the CheZ/CheY-P
complex, it does not itself rule oligomerization out. There
remain several observations which address the possibility of
formation of higher aggregates of CheZ2(CheY-P)2. Evidence
that argues against oligomerization includes the observation
that the CheZ/CheY59NR-P complex elutes from an analyti-
cal gel filtration column with a mobility which is indistin-
guishable from that of the CheZ dimer (12). Evidence in
support of oligomerization comes from cross-linking experi-
ments where products of 90-200 kDa are formed upon
incubation of CheZ and CheY-P (but not unphosphorylated
CheY) with a bifunctional cross-linking reagent that reacts
with lysine and aspartate residues (the molecular weight of
CheZ2(CheY-P)2 is 76 kDa) (18). However, cross-linked
protein complexes can occur as a result of random collision
of proteins, rather than formation of stable complexes,
scenarios which are difficult to distinguish experimentally.
Phosphorylating conditions are required to form the CheZ2-
(CheY)2 complex (31), and the resultant incorporation of
CheY into CheZ2 could give cross-linked oligomers if CheY
had a higher tendency than CheZ2 to undergo the cross-
linking chemistry. In support of this possibility, CheY has a
significantly higher density of surface lysine residues (reac-
tive to cross-linkers) than CheZ and the same cross-linking
reagent reacted with CheY in the absence of CheZ to give
some CheY2 (18), which is not biologically relevant and must
have occurred via random collision. On the other hand, cross-
linked products were not observed with several inactive CheZ
mutants containing substitutions near critical residue Gln 147
but which bound to CheZ in a bead binding assay (32).
Failure to observe cross-linking with the mutant CheZs could
mean that the cross-linking assay is specific for oligomer
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formation or that nonspecific cross-linking involves cross-
linker-reactive groups whose exposure changes as CheZ
undergoes catalytic turnover. Because of possible alternative
explanations for the cross-linking experiments, the observa-
tion that CheY N59R-P does not form higher oligomers, and
the demonstration here that fluorescence anisotropy experi-
ments do not provide evidence for CheZ oligomerization,
further evidence, such as direct molecular weight determi-
nation by analytical ultracentrifugation, is required to
substantiate the presence of higher aggregates of CheZ2-
(CheY)2.
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