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ABSTRACT: In the chemotaxis system ofEscherichia coli, phosphorylation of the CheY protein plays an
important role in regulating the swimming pattern of the cell. In vitro, CheY can be phosphorylated either
by phosphotransfer from phospho-CheA or by acquiring a phosphoryl group from any of a variety of
small, high-energy phosphodonor molecules such as acetyl phosphate. Previous work explored the rapid
kinetics of CheY phosphorylation by CheA. Here we extend that work and examine the kinetics of CheY
phosphorylation by several small-molecule phosphodonors, including acetyl phosphate, benzoyl phosphate,
carbamoyl phosphate, 2-methoxybenzoyl phosphate, and phosphoramidate. Our results indicate that these
phosphodonors bind to CheY with relatively low affinity (Ks values ranging from 10 to 600 mM) and that
the rate constant (kphos) for phosphotransfer at saturating phosphodonor concentrations is relatively slow
(values ranging from 0.05 to 0.5 s-1). By contrast, under identical conditions, phosphorylation of CheY
by phospho-CheA occurs much more rapidly (kphos ∼ 800 s-1) and reflects CheY binding to phospho-
CheA considerably more tightly (Ks ∼ 60 µM) than it does to the small-molecule phosphodonors. In
comparing CheA-mediated phosphorylation of CheY to small-molecule-mediated phosphorylation of CheY,
the large difference inkphos values suggests that phospho-CheA makes significant contributions to the
catalysis of CheY phosphorylation. The effects of pH and ionic strength on CheY phosphorylation kinetics
were also investigated. For CheAfCheY phosphotransfer, increasing ionic strength resulted in increased
Ks values whilekphos was unaffected. For CheY phosphorylation by small-molecule phosphodonors,
increasing ionic strength resulted in decreasingKs values and increasingkphosvalues. The significance of
these effects is discussed in relation to the catalytic mechanism of CheY phosphorylation by phospho-
CheA and small-molecule phosphodonors.

Escherichia coli, Salmonella typhimurium, and many other
bacteria move through liquid environments by swimming,
an ability that results from rotation of their flagella (1-5).
These swimming cells accomplish chemotaxis (directed
movement) by controlling how often they change direction
as they move through environments containing gradients of
attractant and repellent chemicals (4-9). CheY participates
in this system (10-12) by binding to the ‘switch’ component
of the flagellar motor (13). This interaction modulates the
direction of flagellar rotation (CW versus CCW1) (14, 15),
and this determines whether a cell continues swimming in
the current direction (CCW motor rotation) or changes
direction by ‘tumbling’ (CW motor rotation). Phosphoryla-
tion of CheY at Asp57 regulates the ability of this protein to
bind to the flagellar switch (16, 17). Phosphorylated CheY

(P-CheY) binds tightly to the switch, while unphosphorylated
CheY binds relatively weakly (13, 18). Consequently, the
ability of P-CheY to promote CW flagellar rotation is about
100 times the corresponding activity of unphosphorylated
CheY (15).

Phosphorylation of CheY is directed by CheA, an auto-
phosphorylating histidine protein kinase (19, 20). CheA, in
turn, is regulated by the chemotaxis receptor proteins (21-
23). CheA autophosphorylates (on His48) utilizing the
γ-phosphoryl group of ATP. P-CheY is then generated as a
result of phosphotransfer from His48 of P-CheA to Asp57 of
CheY (16, 24, 25). The lifetime of P-CheY is relatively short.
CheY readily autodephosphorylates (t1/2 ∼ 15-20 s) without
the assistance of any other proteins (24, 25). SDS-denatured
P-CheY has a half-life of several hours (at neutral pH),
typical for an acyl phosphate (26), and so it appears that
native P-CheY catalyzes its own dephosphorylation. Another
component of the signaling pathway, CheZ, serves as a CheY
phosphatase and can further reduce the half-life of P-CheY
by several orders of magnitude (27-29). Therefore, in any
in vivo or in vitro situation, the ratio of P-CheY to
unphosphorylated CheY is determined by the relative rates
of phosphorylation and dephosphorylation.

The CheA-CheY sensory response circuit is one of the
best characterized examples of a ‘two-component system’,
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a type of signal transduction circuit that is utilized in a wide
variety of organisms to mediate an array of different kinds
of responses (30, 31). In each two-component system, the
activity of a response regulator protein (a CheY homolog)
is controlled via phosphorylation by a cognate sensor kinase
(a CheA homolog). CheY is one of the best characterized
members of the response regulator superfamily. Crystal
structures of various forms of the protein (32-34) and an
NMR-derived structure (35) have been reported. CheY and
other response regulators can become phosphorylated not
only by interacting with their cognate sensor kinases but also
by acquiring a phosphoryl group from a variety of high-
energy phosphodonor molecules, such as acetyl phosphate,
in the absence of any kinase (26, 36-39). Some of these
small-molecule phosphodonors are generated by metabolic
pathways in the bacteria and, therefore, have the potential
to affect response regulator activity in vivo (37). In vitro,
CheY can acquire a phosphoryl group from any of a wide
array of structurally distinct high-energy phosphodonor
molecules including many, but not all, acyl phosphates,
phosphoramidate, and phosphoimidazole (26, 36, 40). Phos-
phorylation of CheY by such small-molecule phosphodonors
and CheY phosphorylation by CheA both result in phos-
phorylation of Asp57 of CheY, and both require participation
of a divalent metal ion, such as Mg2+ (24, 26, 27, 39).

In the work reported here, we investigated the kinetics of
CheY phosphorylation by several different small-molecule
phosphodonors, and we examined the effects of ionic strength
and pH on this reaction. We compared these results to those
obtained from similar kinetic characterization of the
CheAfCheY phosphotransfer reaction (41). This informa-
tion serves several useful purposes: (i) it enables assessment
of whether CheY phosphorylation by small-molecule phos-
phodonors is expected to contribute significantly to genera-
tion of P-CheY in vivo; (ii) it provides some insight into
the catalytic mechanism of CheY phosphorylation by small-
molecule phosphodonors and how the basic chemistry of this
reaction might be accelerated in the context of the CheA‚
CheY complex; (iii) it provides basic kinetic information that
should prove useful for experiments in which P-CheY is
generated using small-molecule phosphodonors.

EXPERIMENTAL PROCEDURES

Protein Preparations.Published methods (42) were used
to overproduce and purifyE. coli CheY and CheA. CheY
and CheA protein concentrations were determined spectro-
photometrically using extinction coefficients (8.25 mM-1

cm-1 for CheY, 16.3 mM-1 cm-1 for CheA) calculated by
the method of Gill and von Hippel (43). CheA124-257 was
purified from strain RP3098 carrying plasmid pTM22
following the procedures of Morrison and Parkinson (44).
Protein concentrations of CheA124-257 samples were deter-
mined using the BCA assay kit from Pierce Chemical Co..
Phosphorylated CheA (P-CheA) was generated as described
previously (25) except that nonradioactive ATP was used.
Control experiments using [γ-32P]ATP under identical condi-
tions indicated that∼50% of the CheA was phosphorylated.

Chemicals.Acetyl phosphate (potassium, lithium salt) and
carbamoyl phosphate (disodium salt) were purchased from
Sigma. Analysis of these chemicals (45) for acyl phosphate

content indicated purities of∼90%, and the phosphodonor
concentrations reported here have been corrected to reflect
this. Benzoyl phosphate (46), 2-methoxybenzoyl phosphate
(47), and the potassium salt of phosphoramidate (48) were
synthesized and characterized using published methods. The
purities of these phosphodonors were as follows: 60-75%
for two different benzoyl phosphate preparations [based on
acyl phosphate content (45) and UV absorbance spectrum];
80-95% for two different preparations of potassium phos-
phoramidate (based on31P-NMR); and 70-90% for different
fraction pools from a single preparation of 2-methoxybenzoyl
phosphate (based on acyl phosphate content and UV absor-
bance spectrum). Appropriate corrections were made in
calculating the concentrations of these phosphodonors re-
ported here. Further analysis of the phosphodonor prepara-
tions indicated that the contaminants were hydrolysis prod-
ucts. Thus, acetyl phosphate solutions contained 10% acetate
and phosphate, benzoyl phosphate contained 25-40% ben-
zoic acid and phosphate, etc. We tested such contaminants
(acetate, phosphate, benzoate, ammonium acetate) for pos-
sible inhibition of CheY phosphorylation and observed no
significant effects on the rate of reaction of CheY with 10
mM acetyl phosphate (potential inhibitors present at 50 and
100 mM, ionic strength maintained at 0.3 M). Similar
experiments were carried out using hydrolysis products
generated by subjecting phosphodonor solutions to acid-
catalyzed hydrolysis. These solutions (following neutraliza-
tion) did not affect CheY phosphorylation by 10 mM acetyl
phosphate (results not shown).

Stopped-Flow Fluorescence and Absorbance Measure-
ments.Time courses for CheY phosphorylation reactions
were monitored by following the decrease in intrinsic
fluorescence of CheY that results from its phosphorylation
(36). CheY was mixed with various phosphodonor substrates
in an Applied Photophysics SX.17MV stopped-flow spec-
trofluorometer (deadtime∼2 ms). The resulting reaction
mixtures were maintained at 24-25 °C in the thermostated
observation chamber of the instrument (path length 0.2 cm).
For fluorescence measurements, samples were excited at 295
nm (4 nm slit width on the excitation monochromator), and
fluorescence emission was monitored either at 346 nm
(making use of an emission monochromator with 5 nm slit
width) or at a combination of wavelengths>335 nm (making
use of a cutoff filter). Unless specified otherwise, all reactions
were carried out in TMD buffer (50 mM Tris-HCl, 10 mM
MgCl2, 0.5 mM DTT, pH 7.5) containing KCl at a concen-
tration required to reach the desired ionic strength. Observed
rate constants were obtained by fitting each time course to
a single exponential using the least-squares curve-fitting
function of the SX.17MV work station [Marquart algorithm
based on the Curvefit routine of Bevington (49)]. In fitting
time courses observed for phosphotransfer from P-CheA to
CheY, such fits included only data collected after the
deadtime of the instrument (2 ms).

UV absorbance measurements to assay steady-state rates
of consumption of benzoyl phosphate and 2-methoxybenzoyl
phosphate were also made in the SX.17MV stopped-flow
instrument. In analyzing the observed absorbance changes,
we used∆ε285 nm ) 0.6 mM-1 cm-1 for conversion of
benzoyl phosphate to benzoate and∆ε301 nm ) 2.7 mM-1

cm-1 for conversion of 2-methoxybenzoyl phosphate to
2-methoxybenzoate. These∆ε values were measured directly
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in the stopped-flow observation chamber and agree with
previously published values (46, 47).

At high concentrations (e.g., above 100 mM), most of the
phosphodonors used in this work began to slowly precipitate
if 10 mM Mg2+ was added. To avoid complications arising
from this, we prepared phosphodonor solutions in the absence
of Mg2+ and set the MgCl2 concentration in the CheY
solution at 20 mM so that the final Mg2+ concentration in
the stopped-flow reaction mixes would be 10 mM. Under
these conditions, precipitation of phosphodonors was notice-
able only on a time scale of many minutes after mixing. By
contrast, the phosphorylation reactions were complete within
50-100 s and so were not affected by the very slow
precipitation.

Model for Analysis of Kinetic Results.We analyzed our
results using the following basic reaction scheme:

in which A∼P represents the phosphodonor molecule (e.g.,
P-CheA or acetyl phosphate) and A represents the dephos-
phorylated version of the phosphodonor (e.g., CheA or
acetate). To monitor phosphotransfer from P-CheA to CheY,
we maintained [CheY]> 8 × [P-CheA] to ensure pseudo-
first-order conditions. Under such conditions, the following
equation relates the observed rate constant to the rate
constants for the individual steps in the scheme above (50):

However, previous work (41) and results reported here
indicated thatkdephosmakes a negligible contribution and can
be disregarded (i.e, phosphorylation of CheY by P-CheA is
much more rapid than CheY dephosphorylation and so its
contribution to the rate of approach to steady state can be
ignored). This equation indicates that plots ofkobs

-1 versus
[CheY]-1 will have a y-axis intercept equal tokphos

-1 and
thatKS

P-CheA (the dissociation constant for the P-CheA‚CheY
complex) will be indicated by the ratio of the slope to the
y-axis intercept (or the reciprocal of thex-axis intercept).

For monitoring phosphorylation of CheY by acetyl phos-
phate (and other small-molecule phosphodonors) to CheY,
we set [AcP]> 500× [CheY] to ensure pseudo-first-order
conditions. Under such conditions, the following equation
relates the observed rate constant to the rate constants for
the individual steps in the scheme above (50):

Unlike the AfY phosphotransfer reaction, phosphorylation
of CheY by AcP is relatively slow, and so thekdephosterm
cannot be considered to be negligible. The relationship
described in eq 3 predicts thatkobswill reach a limiting value
at saturating phosphodonor concentration, but that plots of
kobs

-1 versus [AcP]-1 will become nonlinear at low AcP
concentrations, reaching a limiting value at whichkobs

-1

equalskdephos
-1 (50). This prediction is borne out in our results

(Figure 2A). According to eq 3, a plot of (kobs - kdephos)-1

versus [AcP]-1 will be linear with ay-axis intercept equal
to (kphos)-1, and the ratio of the slope of this plot to itsy-axis
intercept will define the dissociation constant (Ks) of the
CheY‚AcP complex (k-1/k1). Although presented here for
the specific case of AcP, we found that the same basic
reaction scheme and analysis were appropriate for the
reaction of CheY with the other small-molecule phospho-
donors described in this report.

The reaction scheme presented in eq 1 is the simplest one
that can account for all of our experimental observations.
We ruled out several alternative models because they were
at odds with our results. For example, we ruled out the
possibility that the reaction between CheY and acetyl
phosphate is a simple second-order reaction (without any
detectable Michaelis complex) because of our observation
that kobs reaches a limiting value at sufficiently high acetyl
phosphate concentrations. We also considered the possibility
that this limiting rate reflected a rate-limiting conformational
change in CheY (e.g., converting it from a phosphorylation-
incompetent state to a phosphorylation-competent conforma-
tion). However, in such a situation the value of the limiting
rate constant is expected to be the same for all small-
molecule phosphodonors, a prediction that is not borne-out
by our results (Table 1).

RESULTS

Effect of Phosphodonor Concentration on CheY Phospho-
rylation Kinetics.The intrinsic fluorescence of CheY de-
creases considerably upon phosphorylation of Asp57, pre-
sumably reflecting the corresponding change in the electronic
environment of the lone tryptophan residue (Trp58) of CheY
(36). Using a stopped-flow spectrofluorometer, we followed
the time course of this fluorescence decrease after CheY was
mixed rapidly with several different phosphodonors: acetyl
phosphate (AcP), potassium phosphoramidate, carbamoyl
phosphate, and benzoyl phosphate. As illustrated in Figure
1A for AcP, CheY intrinsic fluorescence decreased in an
exponential manner after mixing, and then ultimately reached
a plateau. Previous work established that this plateau reflects
a steady-state situation in which the rate of CheY phospho-
rylation equals the rate of CheY autodephosphorylation (36,
40). Each of the fluorescence time courses we recorded
followed a single-exponential decay for more than five half-
lives, as indicated by the linearity in semilog plots such as
Figure 1B. We observed no evidence of biphasicity, burst
kinetics, or lags. Similar single-exponential decreases were
observed with potassium phosphoramidate, carbamoyl phos-
phate, and benzoyl phosphate (results not shown). With
methoxybenzoyl phosphate, the relatively intense fluores-
cence of the substrate precluded attempts to focus on the
CheY fluorescence signal. Our results (Figure 1) indicated
that the rate of approach to the steady state (kobs) and the
magnitude of the observed fluorescence change (∆Fobs) at
steady state were sensitive to the concentration of phospho-
donor.

By monitoring CheY fluorescence changes, we studied the
time courses for the approach to steady state when CheY
was mixed with these different phosphodonors over a range
of concentrations. Analysis of these results enabled us to
estimate the dissociation constant (Ks) for each CheY‚
phosphodonor complex and to define the value ofkphos, the

kobs)
k1kphos[CheY]

k-1 + k1[CheY]
+ kdephos (2)

kobs)
k1kphos[AcP]

k-1 + k1[AcP]
+ kdephos (3)
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rate constant for the phosphotransfer step within each CheY‚
phosphodonor complex. Such analysis required that we
assume a specific model for the phosphorylation reaction
mechanism. This model is described in detail under Experi-
mental Procedures and represents the simplest scheme that
can account for our experimental observations. In the
following paragraph, we describe our analysis of the results
we obtained monitoring the reaction of CheY with AcP. The
same experimental approach and analysis were applied in
studying CheY phosphorylation by phosphoramidate, car-
bamoyl phosphate, and benzoyl phosphate. For these phos-
phodonors, we have not provided detailed descriptions of
the data, but rather have summarized our findings in Table
1.

The dependence ofkobs on AcP concentration indicated
that the phosphorylation reaction reached a saturating value
at high [AcP], but a double-reciprocal plot of these data
(kobs

-1 versus [AcP]-1) exhibited pronounced curvature at
high values of [AcP]-1. Such curvature is expected for a
situation in whichkobs is influenced not only by the rate of

CheY phosphorylation but also by the rate of CheY autode-
phosphorylation (eq 3). Extracting useful information about
the rate of CheY phosphorylation from thekobs values
required secondary treatment of the data to correct for the
effects of dephosphorylation kinetics. This treatment involved
simply subtractingkdephos from eachkobs value (50). As
predicted by eq 3, a plot of (kobs - kdephos)-1 versus [AcP]-1

is linear (Figure 2B), indicating that the rate of CheY
phosphorylation exhibits a hyperbolic dependence on AcP
concentration. According to eq 3, they-axis intercept of
Figure 2B defineskphos

-1, and the ratio of the slope of this
line to they-axis intercept defines the dissociation constant
(Ks) of the CheY‚AcP complex. The values ofkphos andKs

for the reaction of CheY with AcP are shown in Table 1.
These values are averages from 3 independent determina-
tions. Similar analysis was used to determine theKs andkphos

values for the reaction of CheY with phosphoramidate,
carbamoyl phosphate, and benzoyl phosphate.

For the results presented in Figure 2B and Table 1, the
value ofkdephoswe used for correction of ourkobs values was
0.034 s-1. This value can be obtained by extrapolating plots
of kobs versus [phosphodonor] to they-axis; i.e., such plots
have a nonzeroy-axis intercept that defineskdephos(see Figure
2A inset and eq 3) (50). Such extrapolations can be difficult
because they rely on data obtained at very low phosphodonor
concentrations, where the steady-state level of CheY-P is
low: the resulting change in fluorescence signal is cor-
respondingly small, and the experimental uncertainty inkobs

is comparatively large. Using this extrapolation approach,
we obtainedkdephosvalues ranging from 0.030 to 0.040 s-1

for a variety of different experiments with each of the
different phosphodonors. Thus, we saw no evidence that
kdephoswas affected by the nature of the phosphodonor. A
more accurate estimate ofkdephoswas obtained in the pH-
jump experiment described below. This value was 0.034 s-1

under the conditions used for the experiments summarized
in Table 1.

CheY Phosphorylation Kinetics Monitored by Substrate
TurnoVer. Two of the phosphodonor molecules studied here
(benzoyl phosphate and 2-methoxybenzoyl phosphate) un-
dergo small changes in the UV absorbance spectrum when
they donate their high-energy phosphoryl group to CheY (or
any other phosphoacceptor) (46, 47). By following these
absorbance changes, we monitored the steady-state turnover
of these substrates by CheY in the presence and absence of
CheZ. Results obtained with benzoyl phosphate are sum-
marized in Figure 3. In the absence of CheZ, the CheY
turnover number (Vmax) is expected to be limited significantly

FIGURE 1: Time course of CheY phosphorylation monitored by
fluorescence. CheY (2µM final concentration) was mixed with
acetyl phosphate at the indicated concentrations (mM) in a stopped-
flow spectrofluorometer. Ionic strength was balanced at 1.6 M by
addition of KCl. Panel A: CheY fluorescence emission intensity
was monitored for 50-100 s after initiating each reaction (by
mixing). Each time course represents the average of data generated
by 5 consecutive ‘shots’. (B) semilog plots of some of the data
from panel A: (b) 5 mM AcP; (0) 40 mM AcP; (O) 100 mM
AcP. Such plots are linear for over 5 half-lives, indicating that time
course are fit very well by single exponentials and that there is no
indication of lags or burst kinetics.Ft is the fluorescence emission
intensity at timet, Fss is the final fluorescence intensity reached at
steady state;Fi is the fluorescence emission intensity att ) 0.

Table 1: Dissociation Constants and Phosphotransfer Rate
Constants for CheY‚Phosphodonor Complexes atI ) 1.6 M

phosphodonor kphos(s-1) Ks (mM)

P-CheAa 800( 200 0.060( 0.03
acetyl phosphatea 0.08( 0.02 60( 25
phosphoramidatea 0.4( 0.1 400( 150
carbamoyl phosphatea 0.48( 0.14 600( 200
benzoyl phosphatea 0.07( 0.02 16( 6
benzoyl phosphateb 0.06( 0.02 20( 5
2-methoxybenzoyl phosphateb 0.10( 0.02 12( 6

a Values determined from experiments monitoring kinetics of CheY
fluorescence changes.b Values determined from experiments monitoring
substrate consumption using absorbance changes.
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by the rate of CheY autodephosphorylation, and theKm value
defined by a Lineweaver-Burk plot (Figure 3, open circles)
does not directly indicateKs, but rather a value related toKs

by the expression:Km ) Kskdephos/(kphos+ kdephos). Our results
indicated a turnover number of∼0.03 s-1 and aKm of ∼8.5
mM for CheY-mediated turnover of benzoyl phosphate in
the absence of CheZ. In the presence of CheZ, the rate of
CheY dephosphorylation is enhanced considerably (25-29).
Therefore, when we allowed CheY to turn over benzoyl
phosphate in the presence of excess CheZ, the CheY
phosphorylation reaction was rate-limiting. Under these
conditions, theKm and extrapolated turnover number indi-
cated in Figure 3 (closed circles) reflectKs and kphos,
respectively. These values, reported in Table 1, match very
well with those determined independently by monitoring
CheY fluorescence changes. This agreement verifies that the
kinetic parameters derived from analysis of the kinetics of
CheY fluorescence changes accurately reflect the kinetics
of substrate turnover. Steady-state turnover of 2-methoxy-

benzoyl phosphate by CheY can be monitored in a similar
manner (Stephan Schuster, personal communication), and our
analysis of these results defined theKs andkphosvalues shown
in Table 1.

Ionic Strength Dependence of CheY Phosphorylation by
Small-Molecule Phosphodonors.The concentrations of phos-
phodonor required to reach maximalkobs [or to define the
maximal∆Fobs, as in previous work (36, 40)] are relatively
high and impart a correspondingly high ionic strength to the
reaction mixture. The experiments reported above were
performed at a balanced ionic strength (I )1.6 M) that
enabled us to explore a large range of phosphodonor
concentrations. We examined the effect of ionic strength on
the kinetics of CheY phosphorylation by monitoring the time
course of CheY fluorescence changes following addition of
a fixed concentration of phosphodonor to CheY solutions in
the presence of a range of salt concentrations. Our results
indicated that increasing salt concentrations caused a sig-
nificant decrease in the observed rate of approach to steady
state (Figure 4A,B). This same effect was observed in
experiments using three different salt species (potassium
chloride, potassium glutamate, and sodium chloride) and was
not diminished by doubling the MgCl2 concentration (from
10 mM to 20 mM). Therefore, the effect of salt concentration
on CheY phosphorylation kinetics appears to reflect sensitiv-
ity to ionic strength rather than specific binding of salt ions
to CheY or weak chelation of Mg2+ by anionic components
of the salt solutions. The results in Figure 4A,B demonstrated
the magnitude of the effect for two different phosphodonors
(acetyl phosphate and phosphoramidate); ionic strength
effects were also observed with benzoyl phosphate, meth-
oxybenzoyl phosphate, and carbamoyl phosphate (results not
shown).

In theory, the effects shown in Figure 4A,B could have
resulted from ionic strength influencing the rate of CheY
phosphorylation, the rate of CheY dephosphorylation, or
some combination of both. To explore the possibility that
ionic strength affected CheY dephosphorylation, we took

FIGURE 2: Effect of acetyl phosphate concentration on the rate of
approach to the steady-state level of P-CheY. The observed rate
constant for the exponential approach to steady (kobs) was deter-
mined for the reaction of CheY (2µM) with acetyl phosphate at a
range of concentrations (2-100 mM) as in Figure 1. Ionic strength
was balanced at 1.6 M using KCl.kobs values were determined by
least-squares fitting of each time course to a single exponential.
(A) Plot of kobs

-1 as a function of [AcP]-1 indicating thatkobsreaches
a limiting value at saturating acetyl phosphate concentrations. In
addition, as shown in the inset, at very low acetyl phosphate
concentrations there is a linear relationship betweenkobsand [AcP]
that can be extrapolated to define a nonzeroy-axis intercept (0.034
s-1). (B) Reciprocal plot resulting from secondary treatment of the
data in panel A to correct for the effect of CheY autodephospho-
rylation, as discussed in the text. The solid line represents the best
linear fit to the data and indicates ay-axis intercept of 14.0 s and
a slope of 1025 s mM.

FIGURE 3: Analysis of steady-state turnover of benzoyl phosphate
by CheY. CheY (20µM final concentration) was mixed with
benzoyl phosphate at concentrations ranging from 1.2 to 20 mM
in TM buffer containing KCl to balance ionic strength at 1.6 M.
Turnover of the benzoyl phosphate was monitored by following
the decrease in absorbance at 285 nm. Reactions were carried out
in the 0.2 cm observation chamber of a stopped-flow spectropho-
tometer. (O) Results obtained in the absence of CheZ; (b) results
obtained in the presence of 4µM CheZ. The lines represent the
best linear fits to the data. In the absence of CheZ, this fit indicated
a y-axis intercept of 33 s and a slope of 280 s mM. In the presence
of CheZ, the best linear fit gave ay-axis intercept of 15 s and a
slope of 310 s mM.
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advantage of the pH dependence of the CheY phosphoryl-
ation reaction when phosphoramidate serves as phosphodonor
(40). The rate of this reaction is negligible at pH values
higher than∼9.5. We generated a mixture of CheY and
phosphoramidate in dilute buffer poised at neutral pH (where
CheY phosphorylation readily occurs); this mixture was
jumped rapidly to high pH by mixing with concentrated,
high-pH buffer. This generated a solution containing P-CheY
at sufficiently high pH (10.5) to effectively shut off any
subsequent CheY phosphorylation. pH-jumps were per-
formed in a stopped-flow spectrofluorometer, enabling us
to monitor the time course of P-CheY dephosphorylation as
reflected by the increase in CheY intrinsic fluorescence that
followed the pH up-jump (Figure 5A). The time course of
this fluorescence increase followed a single exponential that
defined the first-order rate constant for CheY autodephos-
phorylation (kdephos). The same value ofkdephoswas obtained
at several different concentrations of phosphoramidate (5
mM, 10 mM, 25 mM) and was unaffected by the inclusion
of phosphoramidate in the high-pH buffer. This same pH-
jump experiment was performed using buffer solutions
containing a range of potassium chloride concentrations, and
the results indicated a very small dependence ofkdephoson
ionic strength (Figure 5B). We concluded that the effect of
ionic strength onkobs in Figure 4A,B arose primarily from a
significant effect on the kinetics of the CheY phosphorylation
reaction; it was not due to the relatively minor influence on
CheY autodephosphorylation.

These pH-jump experiments provided our most accurate
estimates ofkdephos. We used the appropriate value from

Figure 5B (e.g.,kdephos) 0.034 s-1 at I ) 1.6 M) for the
analysis presented in Figure 2B and Table 1. Previous work
(40) indicated thatkdephosis not sensitive to pH over the range
5-10, and we have confirmed this finding (results not
shown).

The kobs values plotted in Figure 4A,B were influenced
by bothKs andkphos. Therefore, either or both of these kinetic
parameters could be sensitive to ionic strength to generate
the observed effect. We examined the individual effects of
ionic strength onKs andkphos for two representative phos-
phodonors, acetyl phosphate and phosphoramidate. Our
results (Figure 6A,B) indicated thatkphosdecreased as ionic
strength increased and that the affinity of CheY for phos-
phodonor increased (i.e.,Ks decreased) as ionic strength
increased. The magnitudes of these effects were fairly large.
For example, with acetyl phosphate as substrate, an increase
in ionic strength from 0.8 to 1.6 resulted in a 10-fold decrease
in kphos and a more than a 6-fold decrease inKs. At lower
ionic strengths (e.g.,I < 0.4 M for acetyl phosphate orI <
0.8 M for phosphoramidate), theKs values became so high
that the double-reciprocal plots (Figure 6A,B) appeared to
pass through the origin. In other words, at low ionic strength
the CheY phosphorylation reaction behaved like a simple
second-order reaction with no indication of saturation

FIGURE 4: Effect of ionic strength on CheY phosphorylation
kinetics. CheY (2µM final concentration) was mixed with 100 mM
phosphodonor in the presence of a range of salt concentrations.
The apparent first-order rate constant for the exponential approach
to steady state (kobs) was determined as in Figure 1. (A) Results
obtained with acetyl phosphate. (B) Results obtained with potassium
phosphoramidate. Symbols indicate use of different salts to obtain
the indicated total ionic strength levels: (b) potassium chloride;
(O) potassium glutamate; (0) sodium chloride.

FIGURE 5: pH-jump experiment to monitor CheY dephosphoryl-
ation kinetics. (A) A solution containing 20µM CheY and 50 mM
phosphoramidate in dilute buffer (5 mM Tris, 10 mM MgCl2, pH
7.0) was introduced into one drive syringe of the stopped-flow
spectrofluorometer. Concentrated buffer (0.2 M unneutralized Tris
base or 50 mM Tris, pH 7.0) containing 50 mM phosphoramidate
and 10 mM MgCl2 was placed in the second syringe. The contents
of the two drive syringes were then mixed 1:1 in the mixing
chamber of the stopped-flow instrument, and the ensuing change
in CheY fluorescence emission intensity was monitored. The pH
resulting from mixing of the CheY/phosphoramidate sample with
the high-pH Tris sample was 10.5. Analysis of the time course
generated with this mixture indicated a first-order rate constant of
0.046 s-1. Time courses shown represent the average of data
generated by 5 consecutive ‘shots’. (B)kdephos values were
determined as in panel A but over a range of ionic strength values
(adjusted by adding KCl to the reaction mixtures).
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behavior at even the highest phosphodonor concentration.
Using the results of Figure 6 and similar experiments at
intermediate ionic strengths, we defined the ionic strength
dependence ofKs and kphos (Figure 11). We defer further
consideration of these results to the Discussion section.

Effect of pH on CheY Phosphorylation Kinetics.Silver-
smith et al. (40) found that the reaction between CheY and
small-molecule phosphodonors exhibits a pronounced pH
dependence when the phosphodonor is a protonatable phos-
phoamide (e.g., phosphoramidate, phosphoimidazole, or
phosphohistidine), but not when the phosphodonor is an acyl
phosphate (e.g., acetyl phosphate). These results indicate that
the protonated phosphoamide is an effective phosphodonor
for CheY, but the unprotonated phosphoamide is not. Such
experiments were performed before the effect of ionic
strength on CheY phosphorylation was appreciated, and so
we investigated whether similar experiments carried out at
balanced ionic strength would confirm these conclusions. Our
results were in complete agreement with those of Silversmith
et al. (40). Specifically, we found that: (i) the reaction of
CheY with acetyl phosphate and other acyl phosphates was
insensitive to pH in the range between 5.5 and 10; and (ii)
the rate of CheY phosphorylation by phosphoramidate
became progressively slower as the pH was increased in the
range between 6.5 and 9 (data not shown). We extended
analysis of this pH dependence by investigating whether pH
influencedkphos, Ks, or both. Our results (Figure 7A) indicate
that kphos is affected by pH whileKs is not. This finding
confirms a conclusion made by Silversmith et al. (40)
following different reasoning.

Kinetics of Phosphotransfer from P-CheA to CheY.In
previous work (41) we demonstrated that transfer of phos-
phate from 32P-CheA to CheY is very rapid and that
monitoring this transfer required use of a rapid mixing/
quenching apparatus to collect samples over a time course
of less than 50 ms. Here, we sought to monitor this reaction
by following the change in CheY intrinsic fluorescence
associated with CheY phosphorylation. Upon mixing P-CheA
with CheY in a stopped-flow spectrofluorometer, we ob-
served a rapid and reversible decrease in the fluorescence
emission signal. The time courses presented in Figure 8A
illustrate the very rapid, single-exponential decrease in
fluorescence that occurred during the first 20 ms after mixing,
and this was followed, over the following 50-100 s, by a
relatively slow, single-exponential return of the fluorescence
signal to a level corresponding to that expected for unphos-
phorylated CheY (Figure 8B). Analysis of these fluorescence
changes is complicated by several factors: (i) both CheA
and CheY contribute to the observed fluorescence signal;
(ii) CheY intrinsic fluorescence is significantly quenched
upon binding to CheA (51). We sought to establish that the
rapid changes in fluorescence observed in Figure 8 could
be used to monitor changes in the concentration of P-CheY
in a manner similar to that used above to monitor CheY

FIGURE 6: Analysis of the effect of ionic strength on CheY
phosphorylation kinetics using acetyl phosphate (A) and potassium
phosphoramidate (B) as phosphodonors. Data were collected as in
Figure 1 and analyzed as in Figure 2. Symbols indicate results
obtained at different ionic strength levels (adjusted using KCl): (9)
I ) 1.6; (O), I ) 0.8; (b) I ) 0.4.

FIGURE 7: Analysis of the effect of pH on CheY phosphorylation
kinetics. Panel A: CheY phosphorylation time courses, with
potassium phosphoramidate as phosphodonor, were monitored as
in Figure 1 and analyzed as in Figure 2 for reactions carried out at
pH 6.0 (b), pH 7.5 (O), and pH 8.5 (9), in buffer (0.1 M bis-tris
propane, 0.1 M MES) containing sufficient KCl to balance ionic
strength at 1.6 M. Panel B: Time courses for CheAfCheY
phosphotransfer were monitored as in Figure 8A and analyzed as
in Figure 8C for reactions carried out at pH 7.5 (9), pH 8.8 (O),
pH 9.3 (0), and pH 10.0 (b) in buffer (0.1 M bis-tris propane or
0.1 M CHES) containing sufficient KCl to balance ionic strength
at 0.32 M. The lines in both panels represent computer-generated
best fits of the data assuming a linear relationship; these fits included
data not included in the figure for the sake of clarity.
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phosphorylation by small-molecule phosphodonors. Control
experiments demonstrated that the fluorescence emission
signal of CheA was not affected by phosphorylation (results
not shown) and indicated that the fluorescence changes
associated with CheY binding to unphosphorylated CheA
were extremely rapid such that they were complete within
the 2 ms deadtime of the stopped-flow instrument (data not
shown). Thus, the observed fluorescence changes observed
during the first 20 ms of Figure 8A appeared to result from
phosphorylation of CheY by P-CheA, and the slow increase
in fluorescence over the next 50-100 s (Figure 8B) appeared
to represent dephosphorylation of the P-CheY generated
during the very rapid reaction. This interpretation was
supported by several results described in the following
paragraph.

We mixed P-CheA (0.15µM) with CheY (concentrations
ranging from 1.2 to 20µM) and monitored the time course
of the fluorescence changes. Analysis of these results (Figure
8C) indicated that the rate of the reaction taking place in
the fast phase (responsible for the observed fluorescence
decrease, as in Figure 8A) was affected by the CheY
concentration in a saturable manner. By contrast, the rate of
the slow phase (fluorescence increase, as in Figure 8B) was
not sensitive to CheY concentration (results not shown).
Further analysis of the fast-phase kinetics indicated aKs value
of 7 ( 2 µM for the putative P-CheA‚CheY complex and
an extrapolated first-order rate constant (kphos) value of 750
( 100 s-1 at saturating CheY concentration (Figure 8C).
These values match very well with those determined previ-
ously (41) from quenched-flow experiments (Ks ) 6.5 ( 2
µM, kphos ) 650 ( 200 s-1) performed under identical
conditions. The first-order rate constant measured for the
slow fluorescence increase (0.04 s-1) (Figure 8B) also
matches well with that expected for autodephosphorylation
of P-CheY (24, 25, 40, 41).

Results presented in preceding sections indicated that the
rate of CheY phosphorylation by small-molecule phospho-
donors was sensitive to ionic strength and, with some
phosphodonors, to pH. We investigated the effect of these
conditions on the kinetics of phosphotransfer from P-CheA
to CheY by making use of the spectrofluorometric assay
described in the preceding paragraphs.

As shown in Figure 9A, ionic strength conditions had a
significant effect on the observed rate of CheAfCheY
phosphotransfer. Increasing concentrations of potassium
chloride and potassium glutamate were equally effective in
decreasing the rate of this reaction. Analysis of experiments
conducted at a series of CheY concentrations and at a series
of salt concentrations indicated that the primary influence
of increased ionic strength was to increase theKs of the
P-CheA‚CheY complex and that the rate of phosphotransfer
within this complex (kphos) was relatively insensitive to ionic
strength (Figure 9B). Graphical representations of the effect
of ionic strength onKs

P-CheA andkphos
AfY are shown in Figure

11 and point out that these effects differ from those observed
for the reaction of CheY with small-molecule phosphodonors.
We defer further consideration of Figure 11 and these
differences to the Discussion section.

As shown in Figure 7B, pH also had a significant effect
on the kinetics of CheAfCheY phosphotransfer, and this
effect resulted from pH influencing the value ofkphos. By
contrast, pH had no significant effect onKs

P-CheA (Figure
7B). These results are very similar to the pH sensitivity
observed for phosphorylation of CheY by small-molecule
phosphodonors (Figure 7A) and confirm results reported
previously by Silversmith et al. (40).

Effect of CheA on CheY Phosphorylation by Small-
Molecule Phosphodonors.The value ofkphosfor CheAfCheY
phosphotransfer is much larger than the corresponding value
for CheY phosphorylation by any of the small-molecule
phosphodonors. In view of this difference, we explored the
possibility that binding of CheY to CheA might be able to
accelerate CheY phosphorylation by small-molecule phos-
phodonors. We examined the reaction of CheY with acetyl
phosphate and phosphoramidate in the presence of CheA124-257.
This CheA fragment corresponds to the P2 segment of CheA
(44) and encompasses the CheY binding site (51) but lacks

FIGURE 8: Analysis of the time course of fluorescence changes
following mixing of P-CheA with CheY. Panel A: 0.15µM P-CheA
was mixed with 1.2µM CheY (0) or 4.8 µM CheY (b)
(concentrations indicate levels present after mixing), and the rapid
decrease of fluorescence emission intensity was monitored. The
buffer for these experiments was TMD containing 50 mM KCl.
Each data set represents the average of 10 consecutive stopped-
flow shots. Solid lines represent computer-generated best fits of
the data to a single-exponential, and the first-order rate constants
derived from such fits were defined as thekobsvalues; data collected
during the first 2 ms of these time courses were not included in
such fits because they reflect flow of material into the observation
chamber. Panel B: The time course of the reaction between 0.15
µM P-CheA and 1.2µM CheY was monitored over an extended
time scale. The arrow indicates the fluorescence intensity observed
at the first measurable time point following mixing (deadtime∼2
ms); on this time scale, the rapid fluorescence decrease depicted
in panel A is so compressed that it lies on top of they-axis and so
cannot be seen. A computer-generated single-exponential fit of the
time course of the slow fluorescence increase generated a curve
that overlaid the data completely (and therefore cannot be seen)
and indicated a first-order rate constant of 0.04 s-1. Identical results
were obtained on this time scale for the reaction using 4.8µM
CheY. Panel C: analysis of the effect of CheY concentration on
kobs of the rapid fluorescence decrease. From eq 2, it follows that
they-axis intercept of this double-reciprocal plot indicates the value
of kphos (750 s-1) and the ratio of the slope to they-axis intercept
definesKs

P-CheA (7 µM).
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the region of CheA that contains the phosphorylation site as
well as the region of the protein containing the kinase active
site (30). This CheA fragment binds CheY with ap-
proximately the same affinity as does full-length CheA (52),
and its use simplified analysis of fluorescence data because
it lacks tryptophan residues. We found that CheA124-257

inhibited CheY phosphorylation by either phosphoramidate
(Figure 10) or acetyl phosphate (data not shown) as phos-
phodonor.

DISCUSSION

The initial observations that CheY and other response
regulators can become phosphorylated by acquiring a phos-
phoryl group directly from numerous small-molecule phos-
phodonors changed how we think about these proteins (26,
36-38). Previously thought of as passive ‘traditional sub-
strates’ for their respective cognate sensor kinases, CheY
and other response regulators are now thought of as enzymes
that catalyze transfer of a phosphoryl group (16, 36) from a
variety of different phosphodonors (e.g., P-CheA or a small-

molecule phosphodonor) to the conserved Asp residue
located in the ‘acid pocket’ (32-35) at the active site of the
receiver module. This raises the following question: Is
P-CheA just another ‘passive’ phosphodonor for CheY, or
does P-CheA contribute to catalysis of CheY phosphorylation
in a manner not possible for small-molecule phosphodonors?
In addition to stimulating discussion of such fundamental
questions, the discovery of CheY phosphorylation by small-
molecule phosphodonors has provided a very useful method
for generating relatively large populations of phosphorylated
CheY, and this has enabled key experiments to define some
of the structural and activity changes associated with
phosphorylation (18, 53). When utilizing this method for
generating P-CheY, it would be helpful to have a firm grasp
on the kinetic parameters that govern the rate of CheY
phosphorylation by small-molecule phosphodonors. In ini-
tiating our kinetic analysis of CheY phosphorylation, we
sought to define these basic kinetic parameters as well as to
compare the kinetics of the CheY phosphorylation by small-
molecule phosphodonors to the kinetics of the CheAfCheY
phosphotransfer reaction.

We investigated the kinetics of CheY phosphorylation
utilizing a variety of different small-molecule phosphodonors.
Our results make several significant contributions to under-
standing this reaction: (i) they help to define the minimal
reaction scheme that describes CheY phosphorylation by
small-molecule phosphodonors and provide experimental
support for this model over possible alternatives; (ii) they
define the values of the basic kinetic parameters (Ks andkphos)
that govern CheY phosphorylation by several phosphodonors;
(iii) they establish that CheY phosphorylation by small-
molecule phosphodonors is significantly slower than CheY
phosphorylation directed by CheA, even at phosphodonor
concentrations approaching 0.1 M; (iv) they establish how
ionic strength and pH influence the kinetics of CheY
phosphorylation by P-CheA and small-molecule phospho-
donors. The potential significance of these results with
respect to the catalytic mechanism of CheY phosphorylation
is discussed below.

The reaction scheme that best accounts for our kinetic
results is depicted in eq 1: for the interaction of CheY with

FIGURE 9: Effect of ionic strength on the kinetics of the
CheAfCheY phosphotransfer reaction. Panel A: CheY (4.8µM
final concentration) was mixed with 0.15µM P-CheA in the
presence of a range of salt concentrations in 10 mM Tris buffer,
pH 7.5. The apparent first-order rate constant for the exponential
approach to steady state (kobs) was determined as in Figure 8A.
Symbols indicate use of different salts to obtain the indicated total
ionic strength levels: (b) potassium chloride; (0) potassium
glutamate. Panel B: Analysis of the effect of ionic strength on
CheAfCheY phosphotransfer kinetics. Data were collected as in
Figure 8A and analyzed as in Figure 8C. Symbols indicate results
obtained at different ionic strength levels (adjusted using KCl): (b)
I ) 0.038 M, (O) I ) 0.35 M, (9) I ) 1.6. The double-reciprocal
plot indicates that they-axis intercept (kphos)-1 is relatively
unaffected by ionic strength, while the value of thex-axis intercept
(Ks

P-CheA)-1 becomes significantly lower as ionic strength is
increased. The lines represent computer-generated best fits of the
data assuming a linear relationship; these fits included data not
included in the figure for the sake of clarity.

FIGURE 10: Effect of CheA124-257 on CheY phosphorylation
kinetics. Reaction mixtures contained 10µM CheY, 100 mM
phosphoramidate, and (b) no CheA124-257, (O) 2 µM CheA124-257,
or (0) 13 µM CheA124-257 in TMD buffer containing 50 mM KCl.
Reaction time courses were monitored using fluorescence emission
changes and plotted in normalized semilog fashion as in Figure
1B. Time courses shown represent the average of data generated
by 4 or 5 consecutive ‘shots’.
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small-molecule phosphodonors, our results indicate low-
affinity binding of phosphodonor to CheY, followed by
relatively slow, irreversible phosphotransfer from the donor
to Asp57 of CheY, followed by slow autodephosphorylation
of P-CheY. This basic scheme was utilized previously by
Lukat et al. (36) and Silversmith et al. (40) in analyzing the
effect of phosphodonor concentration on the steady-state
level of P-CheY. Although this simple scheme is certainly a
common one for analyzing enzyme-substrate interactions,
there are other equally simple schemes (50) that could have
accounted for the experimental results gathered prior to our
studies. By conducting detailed kinetic studies of CheY
phosphorylation using a variety of different phosphodonors,
we generated results that argue against such alternatives and
that provide experimental support for the basic reaction
scheme of eq 1 (discussed under Experimental Procedures).

Previous efforts to characterize the kinetics of CheY
phosphorylation by small-molecuule phosphodonors were
limited to determining the effect of phosphodonor concentra-

tion on the steady-state level of P-CheY (32, 40). By
extending our analysis to monitor the rate of approach to
this steady state, we were able to define the approximateKs

values for the Michaelis complexes of CheY with several
different phosphodonors and to define the value of the
limiting rate constant for phosphotransfer within each such
complex (kphos). Because we wanted to measure and compare
the Ks and kphos values for a variety of different phospho-
donors, we chose standard conditions (I ) 1.6 M) that
enabled us to include measurements made at very high
phosphodonor concentrations. For experiments conducted
with some of the weakest binding phosphodonors (e.g.,
phosphoramidate and carbamoyl phosphate), the high ionic
strength conditions lowered theKs values into a measurable
range. TheseKs values indicate that CheY binds these small
molecule phosphodonors relatively weakly. We also note that
the affinity of CheY for P-CheA appears to be 200-1000-
fold greater than the affinity of CheY for the small-molecule
phosphodonors (Table 1).

In previous work (41) and in work reported here, we
demonstrated that phosphotransfer from P-CheA to CheY
occurs very rapidly (kphos ) 700-800 s-1). By comparison,
thekphos values for small-molecule phosphodonors are very
slow (0.06-0.5 s-1). However, it is worth noting that these
kphos values were measured under conditions of high ionic
strength (for the reasons discussed above). What values of
kphoswould one expect for the small-molecule phosphodonors
at low ionic strength? This question is difficult to answer
with great certainty because at low ionic strength we are
not able to reach phosphodonor concentrations sufficiently
high to begin to see saturation: at low ionic strength, the
CheY phosphorylation reaction exhibits a strictly first-order
dependence on phosphodonor concentration. With acetyl
phosphate, for example, low ionic strength experiments (I
) 0.2 M) indicated thatkobs ∼ 5 M-1 s-1 × [AcP] (results
not shown). According to this relationship, huge concentra-
tions of phosphodonor (∼0.5 M) would be necessary to drive
the CheY phosphorylation reaction at a rate approaching even
1% of the rate expected for the AfY phosphotransfer
reaction [if one assumes an intracellular CheY concentration
of ∼10 mM (1)]. Such comparisons indicate that, under in
vivo conditions [where acetyl phosphate levels can reach only
the millimolar range (33)], the level of P-CheY generated
by CheA-mediated phosphorylation would far outweigh the
level of P-CheY generated via CheY phosphorylation by
acetyl phosphate.

The value ofkphos for CheAfCheY phosphotransfer is at
least 1000-fold higher than the fastestkphos value for CheY
phosphorylation by small-molecule phosphodonors. This
large difference indicates that P-CheA makes significant
contributions to catalysis of CheY phosphorylation, contribu-
tions that are not possible for the small-molecule phospho-
donors. Such contributions might include the following:
favorably orienting the geometry of the Asp57 carboxylate
and the phospho-donating histidine group; providing active
site groups to promote specific events of phosphotransfer;
fostering binding interactions in the transition state that lower
the activation energy of phosphotransfer; providing a general
environment [e.g., of low dielectric constant (57)] that
enhances specific interactions or events (see below). We
investigated the possibility that binding of CheY to the P2
module of CheA could enhance the rate of CheY phospho-

FIGURE 11: Effect of ionic strength onkphos and Ks for the
CheAfCheY phosphotransfer reaction and for CheY phosphoryl-
ation by AcP. The results shown here include those from Figures
6A and 9B and from similar experiments conducted at a series of
ionic strength levels obtained by addition of KCl. Panel A: The
effect of ionic strength onKs for the P-CheA‚CheY complex (b)
andKs for the CheY‚AcP complex (O). The solid and dashed lines
connecting the data points in this panel were added to help the
reader to distinguish between the two data sets and have no
theoretical significance. Panel B: The effect of ionic strength on
kphos for the P-CheA‚CheY complex (b) and for the CheY‚AcP
complex (O). The solid line shows the best fit of the Watkins
“parallel plate” model (55) to the data obtained for the reaction of
CheY with AcP. This fit uses an equation that considers only
monopole-monopole interactions: lnk(I) ) ln k∞ - Vii‚X(I).
Parameters obtained from the fit are: lnk∞ ) -3.514,Vii ) -79.09,
and F ) 8.63 Å. The equation and symbols are those defined in
Watkins et al. (55). Error bars represent standard errors reported
by the linear least-squares fitting program of SigmaPlot using a
single set of data (such as in Figure 2B or Figure 8C) for each
ionic strength.
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rylation by small-molecule phosphodonors. Contrary to such
expectations, we observed that the CheA P2 module inhibited
this reaction. Crystallographic characterization of the com-
plex formed between CheY and the P2 module (58, 59)
indicates that the CheY active site adopts a more ‘open’
conformation when complexed to CheA124-257. Therefore,
it seems unlikely that the reduced phosphorylation rate we
observed could have resulted from P2 blocking access of
small-molecule phosphodonors to the CheY active site. Thus,
it appears that in this ‘open’ conformation, CheY’s active
site becomes less reactive toward small-molecule phospho-
donors. There are CheA sites outside of P2 that must interact
with CheY during phosphotransfer (e.g., those in the P1
module that flank the CheA phosphorylation site). We are
currently investigating whether such interactions affect CheY
phosphorylation by small-molecule phosphodonors and
whether mutations at such sites affect the kinetics of
phosphotransfer from phospho-CheA to CheY.

The effects of ionic strength on the kinetics of CheY
phosphorylation by small-molecule phosphodonors and by
phospho-CheA have not been reported previously. It is likely
that this sensitivity affected previously published estimates
of the Km values for phosphodonor turnover by CheY (36,
40). Several aspects of this ionic strength effect merit further
discussion. First, our results stress the need to consider factors
such as salt concentrations when attempting to assess the in
vivo significance of results obtained from in vitro experi-
ments. The ionic environment of theE. coli cytoplasm is
subject to considerable variation in response to the osmolarity
of the growth medium (60, 61). Many standard growth media
and the motility medium used by workers in theE. coli
chemotaxis field have an osmolarity of∼0.1 M. For cells
experiencing such conditions, the major intracellular cationic
component (K+) and its counterions (e.g., glutamate) would
give rise to an effective intracellular ionic strength of∼0.2
M. Buffer solutions containing 0.2 M potassium glutamate
(or potassium chloride) are sometimes used for in vitro
experiments to mimic in vivo ionic strength conditions (61).
Using this as a reasonable benchmark for in vivo conditions,
our in vitro results (Figure 11) indicate that the most
physiologically relevant kinetic parameters for the CheAf
CheY phosphotransfer reaction would beKs ∼ 20 µM and
kphos ∼ 800 s-1. For the reaction of CheY with AcP atI )
0.2 M, the relevant quantitative description of the reaction
would be a simple second-order reaction with a rate of∼5
M-1 s-1 × [AcP].

Figure 11A,B shows the effect of ionic strength onkphos

andKs both for the CheAfCheY phosphotransfer reaction
and for the interaction of CheY with AcP. The values plotted
in this figure were compiled from results presented in Figure
6A and Figure 9B, and from additional experiments con-
ducted at intermediate ionic strength levels (results not
shown). Does this information provide any insight into the
catalytic mechanism of phosphotransfer from P-CheA to
CheY or insight into the mechanism of CheY phosphoryla-
tion by small-molecule phosphodonors? In general, the ionic
composition of the medium can shield the charges of two
interacting reactants. The magnitude of the effects of ionic
strength on kinetic constants reflects the magnitude of the
charges on the reactants and the signs of these charges (54,
55). Thus, the simplest interpretation of the effect of ionic
strength onKs of the P-CheA‚CheY complex is that binding

of P-CheA to CheY involves interactions between oppositely
charged groups. The crystal structure of a complex between
CheY and the P2 module of CheA indicates that several
CheY lysine side chains participate in hydrogen-bonding
interactions with acidic amino acid side chains of P2 (58,
59). It would not be surprising if such interactions were
responsible for the observed effect of ionic strength on
Ks

P-CheA. In contrast to the ability of increased ionic strength
to inhibit binding of CheY to the phosphodonor P-CheA,
we observed that the affinity of CheY for small-molecule
phosphodonors was increased as the ionic strength increased.
The simplest interpretation of this effect is that binding of
the small-molecule phosphodonors to the CheY active site
must overcome repellent interactions between like charges
(such as between the ‘acid pocket’ carboxylates and the
phosphate of the phosphodonor); partial shielding of these
charges at higher ionic strength would facilitate binding. If
such repulsive interactions affect binding of small-molecule
phosphodonors to CheY, one might also expect such
repulsive forces to come into play when the phosphorylated
histidine of P-CheA interacts with the CheY active site.
However, in the P-CheA‚CheY complex, CheY is tethered
by tight binding to a region (P2) distinct from the CheA
phosphorylation site, a situation that would overcome/mask
repulsive interactions between the CheY active site and the
phosphorylated histidine side chain of the CheA. There is
also the possibility that CheA neutralizes or shields groups
that otherwise would be capable of repulsive interactions.

Analysis of our results and graphical extrapolation to
saturating CheY concentration enabled us to estimatekphos,
the rate constant for phosphotransfer within the P-CheA‚
CheY complex. The value ofkphos for CheAfCheY phos-
photransfer was not sensitive to ionic strength in the range
between 0.04 and 1.6 M. By contrast, the value ofkphos

estimated for the reaction of CheY with various small-
molecule phosphodonors was quite sensitive to ionic strength,
decreasing significantly as ionic strength was increased. This
result suggests that the phosphotransfer step (from bound
phosphodonor to Asp57 of CheY) for these reactions involves
a rate-promoting interaction between two charges and that
this interaction is inhibited as the ionic strength is increased.
This might involve, for example, ionic shielding of two
oppositely charged groups that approach one another in the
transition state; alternatively, if catalysis involves separation
of two charged groups, increased ionic strength might affect
the active site structure in a manner that inhibits this
separation. Interactions between several charged groups are
likely to be involved in the phosphotransfer step: nucleo-
philic attack of the phosphoryl phosphorus by theâ-car-
boxylate of Asp57 (39); interaction of Mg2+ with the
carboxylates of Asp13 and Asp57 (26, 33); interaction of Mg2+

with the anionic phosphate oxygens to shield their charges
(56); and repulsive interactions between the phosphate
oxygens and the negative charge of the Asp57 carboxylate.
In the absence of additional information, it is not possible
to know whether one of these interactions (or some combi-
nation of them) is responsible for the observed effect of ionic
strength onkphos. In fact, it is not possible to specify, with
any certainty, the magnitudes of the interacting charges
because several features of the active site (e.g., the local
dielectric constant and radius of the charge-charge interac-
tion site) dictate how much any charge-charge interaction
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can influence a rate constant (55). Despite these limitations
on quantitative analysis, the general trend shown in Figure
11 suggests thatkphos likely continues to increase as ionic
strength is decreased. Of course, it would be of great interest
to define the value ofkphosat even lower ionic strength levels
than the lower limit used for the experiments of Figures 6
and 11. Unfortunately, for the reasons discussed above,kphos

cannot be determined directly through experimental measure-
ments at lower ionic strength. The question remains: How
high might kphos become at very low ionic strength? The
relationship shown in Figure 11 (lnkphos versus the square
root of the ionic strength) can be analyzed using the Watkins
“parallel plate” model of electrostatic interactions (55), and
the parameters defined by this analysis can be used to
extrapolate this plot to lower ionic strength levels. According
to this extrapolation,kphos for acetyl phosphate would reach
a value of 700 s-1 at an ionic strength of∼0.3 M. Although
this extrapolation is based on a limited data set and makes
several assumptions about how ionic strength affects this
reaction, it does raise an interesting possibility: perhaps
CheA accelerates phosphotransfer from His48∼P to CheY
(for which kphos∼ 700 s-1) by providing an environment of
relatively low ionic strength. In the context of such an
environment, CheY would catalyze phosphotransfer much
more rapidly than would be possible for a solvent-exposed
CheY active site, and CheA would achieve this acceleration
not by providing any specific active site functional groups
itself, but rather by providing a general environment in which
the basic active site machinery of CheY could operate more
rapidly. As indicated by the results presented in Figure 11,
this would not require extreme changes in the CheY active
site: a relatively subtle shift in the dielectric environment
could have a pronounced effect on the rate of CheY phos-
phorylation. Our observation thatkphos for phosphotransfer
from P-CheA to CheY is insensitive to ionic strength is
consistent with the possibility that CheA might provide a
relatively ‘shielded’ environment in which the CheY active
site can operate, but strong support for such an arrangement
will require detailed structural information about the P-CheA‚
CheY complex. Clearly, much remains to be learned about
how the CheY active site catalyzes phosphotransfer from
small-molecule phosphodonors as well as about how this
active site operates in the context of a P-CheA‚CheY
complex.
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