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ABSTRACT. Phosphorylation of the CheY protein is a crucial step in the chemotaxis signal transduction
pathway ofEscherichia coli CheY becomes phosphorylated by acquiring a phosphoryl group from CheA,
an autophosphorylating protein kinase. In this study, we utilized a rapid-quench instrument to investigate
the kinetics of phosphotransfer in single-turnover experiments. Our results are consistent with a three-
step mechanism for the CheA-to-CheY phosphotransfer reaction: (i) reversible binding of CheY to P-CheA;
(ii) rapid, reversible phosphotransfer to CheY; (iii) reversible dissociation of the resulting-CheX-P
complex. Investigation of the effect of CheY concentration on the observed rate of phosphotransfer
demonstrated saturation kinetics; the extrapolated limiting rate constant for phosphotransfer was 650
200 s1, while theKr, value indicated from this work was 6:52 uM. We demonstrated that the CheA

CheY phosphotransfer reaction was reversible by observing partial transfé?jphosphate from CheY-P

to CheA and by observing the effect of high concentrations of unphosphorylated CheA on the
equilibrium: P-CheA+ CheY <= CheA + CheY-P. We found that the rate of phosphotransfer from
P-CheA to CheY can be inhibited by unphosphorylated CheA as well as by a fragment of CheA
(CheAl24-257) that contains the CheY binding site; these results suggest that the unphosphorylated form
of CheA can effectively compete with P-CheA for available Chdy ¢ 1.5 + 0.6 uM for the
CheY-CheAl24-257 complex and for the CheXCheA complex).

The chemotaxis system of motile bacteria enables indi- (Bourret et al., 1990; Welch et al., 1994). CheY-P is
vidual swimming cells to control their movements such that generated when CheY interacts with the phosphorylated form
they migrate toward environments containing higher con- of CheA (Hess et al., 1988c; Wylie et al., 1988). CheA is
centrations of chemoattractants and away from areas wherean autophosphorylating protein kinase that catalyzes transfer
the concentrations of chemorepellents are increasing (Bergof the y-phosphoryl group of ATP to His-48 of the CheA
& Brown, 1972). This directed movement results from the protein (Hess et al., 1988b). The CheA-to-CheY phospho-
ability of the chemotaxis signal transduction pathway to transfer reaction then results in transfer of the phosphoryl
control the direction of flagellar rotation over an appropriately group from CheA to Asp-57 of CheY (Sanders et al., 1989).
rapid time scale, such that cells detect and respond to changeShe level of CheY-P present at any given time reflects not
in extracellular concentrations of attractants/repellents within only the rate of CheY phosphorylation but also the rate of
approximately a tenth of a second (Block et al., 1982; Khan its dephosphorylation. CheY dephosphorylation is catalyzed
et al., 1993; Segall et al., 1982). The components of the by CheY itself in a relatively slow reactiork ¢~ 0.04 s
chemotaxis signal transduction pathwayEsicherichia coli byt occurs much more rapidly in the presence of CheZ, which
andSalmonella typhimuriurhave been identified and studied  gjther operates as a phosphatase or enhances CheY’s intrinsic

1996). As a result of such studies, we know that this 1991: Huang & Stewart, 1993).

pathway involves a small set of interacting cytoplasmic The chemotaxis 1 tor brotein mole th I's local
proteins (CheA, CheW, CheY, CheZ, CheR, and CheB) that , ¢ CNEMOtaxis receptor proteins sample the celi's loca

enable four distinct transmembrane receptor proteins (Tsr,chemlcal environment and control the intracellular level of

Tar, Trg, and Tap) to communicate with the flagellar motor. QheY-P accordingly. This control is accomplished, at least

. .. in par he r rs’ abili regulate th kin
The major role of these cytoplasmic signaling proteins is part, by the receptors' ability to regulate the autokinase

activity of CheA (Borkovich et al., 1988, 1989). CheW
tohcr)fglglgf fE)hr?nI(ce):‘/%l,hchp?gﬁg?(?%ﬁt:rgc?sh(caji\;éc;ll—h(\a/vi?r?os_ serves as a coupling factor that enables this regulation by
Fhe f)I/ageIIar motor to control a cell's SWimmingypattern enabling the chemotaxis receptor proteins to form a complex

with CheA (Borkovich et al., 1989, 1990; Gegner et al.,
1992). CheR and CheB are responsible for methylating and
" This research was supported by NIH Grant GM52853 to R.C.S. demethylating, respectively, the receptor proteins in a manner
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® Abstract published idvance ACS Abstract&ebruary 1, 1997.  Sensory adaptation (Borkovich et al., 1992; Ninfa et al.,
! Abbreviations: BSA, bovine serum albumin; CheY-P, phospho- 1991). Thus, signaling in this system results from regulation

CheY; DTT, dithiothreitol; IPTG, isopropy-p-thiogalactopyranoside; i _ ;
PAGE, polyacrylamide gel electrophoresis; P-CheA, phospho-CheA,; of the intracellular level of CheY-P by the chemotaxis

P, inorganic phosphate; SDS, sodium dodecyl sulfate; TCA, trichlo- '€Ceptor proteins which themse_lves are controlled by the
roacetic acid. presence of attractant/repellent ligands as well as by methyl-
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ation/demethylation. Such regulation of CheY-P levels could CheA was generated and isolated as described by Hess et
result from receptors controlling the rate of CheA autophos- al. (1988) with two modifications: glycerol was omitted from
phorylation, the rate of CheACheY phosphotransfer, and/ the buffer, and the final P-CheA fraction-2 mL) isolated
or the rate of CheY dephosphorylation. At the level of cell from the gel filtration column was subjected to dialysis (2
behavior, the net result of such control is a system that changes of 500 mL of TKED buffer at-& °C) before
supports rapid changes of swimming pattern in response tostoring at—20 °C. The concentration of CheA in these
small changes of attractant/repellent concentrations evensamples was determined spectrometrically. This value, in
when these small changes are superimposed on high backeonjunction with the specific activity of the ATP used in
ground levels of attractant/repellent (Berg & Tedesco, 1975). the labeling reaction, enabled calculation of the fraction of
The chemotaxis system is one of a large number of relatedCheA that was phosphorylated (consistently 16% using our
signal transduction pathways that are collectively referred standard labeling conditions) when aliquots of the labeled
to as two-component signaling systems (Parkinson & Kofoid, samples were subjected to liquid scintillation counting. The
1992). Each such system utilizes a histidine protein kinase concentrated®?P-CheA samples (typically-5 uM) were
(homologous to CheA) that directs phosphorylation of a diluted into TKED buffer, and MgGlwas added to give a
cognate response regulator protein (homologous to CheY).final concentration of 10 mM immediately before use in
Understanding the details of the Che&heY phosphotrans-  kinetic experiments. TKED buffer contained 50 mM Tris-
fer reaction may provide insights useful for studying these HCI, pH 7.5, 50 mM KCI, 0.5 mM EDTA, and 0.5 mM DTT.
many other systems. In addition, detailed study of the Acetyl [*?P]phosphate was synthesized as described by
chemotaxis system presents an excellent opportunity toMcCleary and Stock (1994).
uncover the molecular strategies by which a signal trans- Bacterial Strains and Plasmids. E. cdtrain RP3098
duction circuit can achieve rapid responses and high sensitiv-{A(flhA-flnD), kindly provided by J. S. Parkinson, Uni-
ity while maintaining the ability to integrate information and versity of Utah] is a K12 derivative which expresses no
to adapt when stimulus levels cease to change. The firstchemotaxis proteins. This strain was used as the host for
attempts to construct computer models of the chemotaxis plasmid-directed overproduction of CheA and ChHéa257
signaling system have yielded some insights (Bray & Bourret, Plasmids pAR1:cheA (Wolfe & Stewart, 1993) and pTM22
1995; Hauri & Ross, 1995); however, understanding the (Morrison & Parkinson, 1994) directed expression of high
molecular mechanism of signaling and adaptation in the levels of wild-type CheA and Che&/# 25" respectively, in
chemotaxis system will require detailed knowledge of the response to IPTG induction. Strain BL21(DE3) (Studier et
kinetics of the phosphorylation and dephosphorylation reac- al., 1990) was used as the host for high-level expression of
tions. The kinetics of the CheA autophosphorylation reaction CheY using plasmid pT7:cheY [pET11a (from Novagen) into
have been explored in previous work (Borkovich & Simon, which the cheY gene had been inserted appropriately
1990; Surette et al., 1996; Tawa & Stewart, 1994), but little downstream of the T7 promoter]. Ampicillin was added to
kinetic information is available for the other phosphotransfer 100x«g mL~* during growth of cell/plasmid cultures.
and dephosphorylation reactions of the chemotaxis system. Rapid-Quench Experiments To Monitor Phosphotransfer
Here we report the results of kinetic characterization of the Time Courses.The quench-flow apparatus was calibrated
CheA—CheY phosphotransfer reaction, and we describe a by monitoring the base-catalyzed hydrolysisperfitrophe-
minimal reaction scheme consistent with our observations. nylacetate (Gutfreund, 1969) as recommended by the instru-
When considered in conjunction with the recent characteriza- ment manufacturer (BioLogic). All phosphotransfer experi-
tion of phosphotransfer from VanS to VanR (Fisher et al., ments were carried out in TKMD buffer (50 mM Tris-HCI,
1996), our findings may help to define some of the common pH 7.5, 10 mM MgC}, 0.5 mM DTT, and 50 mM KCI) at
features of the phosphotransfer reaction mechanisms thaia temperature of 25C (except where indicated otherwise)
operate in two-component sensory response systems. maintained by a circulating water bath. All protein samples
contained 10 mM MgGl For most quench-flow experi-
MATERIALS AND METHODS ments, 60uL of 32P-CheA (typical concentration before
General Methods High-purity ATP was purchased from  mixing 0.1u4M) was mixed with 6QuL of CheY (concentra-
Boehringer Mannheim. v£3?P]JATP and $2P]orthophosphate  tions ranging from 0.1 to 16:M) in a BioLogic QFM5
were purchased from DuPont NEN. All other chemicals Quench-Flow instrument. The resulting reaction mixture was
were reagent grade and were purchased from standarchllowed to age for a specified time interval before rapid
commercial sources. CheA and CheY were purified fol- quenching, which was accomplished by mixing the 420
lowing previously published procedures (Wolfe & Stewart, reaction mixture with 12@L of quench buffer (10% SDS,
1993). CheA was stored in TEGDK buffer (Hess et al., 0.1 M EDTA, and 50 mM Tris-HCI, pH 6.8); 1006L of the
1988) at—80 °C and dialyzed against TEDKM buffer (Tawa resulting quenched samples was then mixed withd®f
& Stewart, 1995) before use. CheY was stored in TEDK 4x SDS-PAGE sample buffer, and then 20 of these
buffer at —80 °C; MgCl, was added to CheY samples to samples was loaded onto 17% SBSAGE gels (loading
give a final concentration of 10 mM before use in kinetic every other lane) which were then run immediately for 45
experiments. Concentrations of purified proteins were min in a BioRad MiniProtean Il apparatus at 170 V using
determined spectrophotometrically using extinction coef- running buffer that had been prechilled t6@. Gels (not
ficients calculated following the method of Gill and von dried) were immediately sealed in plastic Seal-A-Meal bags
Hippel (1989): CheAge = 16.3 mM™* cm™%; CheY,e = and exposed to phosphoimager screens for 4 h. The number
8.25 mMtcm . For CheA'?425"which lacks tryptophan  of counts in each band3gP]PR, 32P-CheY, and?P-CheA)
residues and tyrosine residues and therefore is not amenablevas determined using a phosphoimager (BioRad). Actual
to such a calculation, protein concentration was determinedconcentrations of the radioactive species were calculated from
using the BCA assay kit from Pierce Chemical C&P- the number of counts (arbitrary phosphoimager units) in a
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particular gel band relative to the number of counts obtained (Figure 5). Best agreement was obtained using a value of
for a known amount of?P-CheA (on the same gel) which 20 s for k-,. Further refinement of the optimal value of
was present in the ‘zero time point’ sample for each reaction k-, (to ~10 s%) was required by the results presented in
set. Figure 7. All of the simulated time courses shown in Figures
Reactions were performed at a series of CheY concentra-5, 7, and 8 utilized this lower value fde,. Although the
tions, and appropriate time points were obtained (a) by instability of CheY-P and the presence of unreactive P-CheA
varying the speed of the step motors controlling flow of complicated our efforts to model the quantitative details of
reactants and quenching solution through calibrated delaythis system, the simulations indicated that the scheme
lines and (b) by varying the volume of the delay line. Each presented in eq 3 can account for the main qualititative
reaction was performed in at least two independent experi- aspects of our experimental observations. Further experi-
ments, and for each time point, duplicate samples were mental work will be necessary to determine whether the rapid
generated and analyzed. The levels of P-CheA and CheY-Pequilibrium assumption is valid for this reaction and to
present in the duplicate samples were averaged and plottegprovide better estimates &f, and the rate constants that
as time courses. Observed rate constants were obtained bgovern the binding/dissociation events involving the various
fitting each time course to a single exponential using the forms of CheA and CheY.
least-squares curve fitting function of an Applied Photo-
physics SX-17MV work station [Marquardt algorithm based RESULTS
on the Curfit routine of Bevington (1969)]. For each
experiment, these fits provided two independent estimates
of Kobserves ONE from fitting the time course of P-CheA
disappearance, and one from fitting the time course of

CheY-P appearance. Thgusenedvalues plotted in Figures seconds is the fastest time point achievable using manual

g’isa;d gazﬁcgv;adgeéhzv.ge ;all:az?a?\?:?lrffrd ;?rlel:;;hg:%mixing. We sought conditions and procedures that would
indepgndent experiments, such that we obtained at least fourenable us to monitor the time course of this rapid reaction
P P ' n a millisecond time scale. Therefore, we used a rapid-

estimates of each observed rate constant for each set 0]guench instrument to rapidly miP-CheA with CheY and
experimental conditions. The error bars in these plots

represent the standard errors of the mean. For Iowerthen to halt the reaction at various appropriate time points

temperature studies, it was necessary to modify the composi—by mixing the reactants with a quenching solution (SDS plus

) EDTA). We followed the disappearance ¥P-CheA and
tion of the quench buffer to 2% SDS, 50 mM EDTA, and : ¥ :
50 mM Tris-HC, pH 6.8, to avoid precipitation. the concomitant appearance of Ch&®-through these time

For TCA guenching of samples, conditions were identical courses by subjecting the quenched mixtures to SBAGE

; 0 . and by then using a phosphoimager to quantify the amount
g;;?gsoef torllizsgllijEdE%J'?Xerrﬁifuerztz;:?jtall? S/ ;;gés\’vfjnltgigénof each radjolabeled _species in egch time point sample.
0.1 mg mL? BSA’to serve as carrier protein. After 60 min Befo're mqkmg extensive Use of this approaqh o congiuct
oﬁ ice, TCA-quenched samples were centrifuged for 30 min detailed kinetic chargctenzapon of this reaction, we first
; " : . addressed three basic questions:
in a microcentrifuge at £C. Protein pellets were then

washed with cold acetone before being dissolved in Laemmli (1)_Were the quenchl_ng cond|t|or_15 effective in haltlng_the
sample buffer and subjected to electrophoresis. reaction progress sufficiently rapidly such that. the.tlm.e
Kinetic Simulations. Kinetic simulations (results shown courses would reflect the phosphotransfer reaction kinetics

as the solid lines in Figures 5, 7, and 8) were performed on 2d 1Ot the guenching reaction kinetics? o

a Macintosh SE/30 personal computer using the program (2) Did analysis of the A-to-Y phosphotransfer kinetics
Stella (High Peformance Systems, Inc.). These simulations"€duire that we take into account the ability of CheY-P to
utilized the reaction scheme presented in eq 3 (Discussion)2utodephosphorylate?

and required input of values for each of the rate constants (3) Were the phosphohistidine linkage of P-CheA and the
defined in this schemeky, k_1, ko, K_», ks, K_3, ks, k_s. We phosphoaspartate linkage of CheY-P stable during the
setk, at 650 s! (an experimentally determined value); duenching and SDSPAGE procedures?

however, we had to make several assumptions to arrive at To address the first of these questions, we compared the
values for the remaining rate constants which could not be time course observed using our standard quench conditions
estimated directly from experimental measurements. For the(5% SDS, 50 mM EDTA final concentrations after mixing)
purposes of these simulations, we assumed that a rapido that obtained using an alternative quenching condition (5%
equilibrium situation (Strickland et al., 1975) applied for all TCA final concentration after mixing). The similarity of

of the binding equilibria; i.e., we made the assumption that these time courses (Figure 1A) indicated that the quenching
binding eventsky, k-1, ks, k-3, ks, k_4) were at least 10 times ~ reactions were sufficiently more rapid than the phospho-
more rapid than the phosphotransfer stdpsafdk_,). In transfer reaction such that the observed time courses reflected
addition, the values we assigned for these rate constants wer@hosphotransfer kinetics, not quenching kinetics (Gutfreund,
chosen to maintain the ratios established by experimentally 1969). Similar agreement between TCA-quenched and SDS,

Monitoring the Time Course of Phosphotransfer fré&mr
CheA to CheY .Previous work demonstrated that phospho-
transfer from P-CheA to CheY is complete withh s after
mixing micromolar concentrations of these proteins. Five

determined binding constant&: 1/k; = 6.5uM (experimen- EDTA-quepched time courses was observed for CheY
tally determined<y,; this work), ke/k-_3 = 6.5uM (Li et al., concentrations ranging from 0.05 to #M CheY. At
1995), andk-4/k, = 1.5uM (experimentally determinel;; concentrations higher than:M, the reaction becomes too

this work; Li et al., 1995). We then adjusted tke value rapid to measure using our instrument.
until the time courses and equilibrium end points reached in ~ Within this range of CheY concentrations, we observed
the simulations approximated those obtained experimentallythat the phosphotransfer reaction was complete in less than
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Ficure 1: Effectiveness of quenching conditions and determination Ficure 2: Stability of CheY-P and P-CheA during SBSAGE.
of appropriate time scale for observation of phosphotransfer from (A) To assess the stability of CheY-P, a single quench-flow sample
32p-CheA to CheY. (A) Comparison of SDSEDTA and TCA as containing~0.05 uM CheY-32P and <0.002uM 3%2P-CheA was
quenching agents. Phosphotransfer and quenching reactions werélivided into 10uL aliquots which were loaded onto a 17% SBS
carried out as described under Materials and Methods using 0.05PAGE gel (pH 8.8) and subjected to electrophoresis for intervals
uM 32P-CheA and %M CheY (concentrations after mixing). Time  ranging from 15 to 180 min. Gels were analyzed using a
courses were obtained using 10% SDS, 0.1 M EDTA as quenching phosphoimager as described above to quantify the relative levels
agent @, P-CheA;®, CheY-P) and for time courses obtained using of CheY=2P (@) and F2P] (O) present at each time point. (B) A
10% TCA as quenching agerifl{ P-CheA;O, CheY-P). Least- similar experiment was performed using aliquots contairfify
squares fitting of the time courses to single exponentials indicated CheA (no CheY3?P) to assess the stability of the phosphohistidine
that the rate constants were not significantly affected by the linkage of CheA: M) 32P-CheA and) [32P]P. These experiments
guenching conditions: SDS,EDTA-quenched samples indicated ratedemonstrated progressive loss of CheY-P and P-CheA (with
constants of 220t 40 and 200+ 30 st for disappearance of  concomitant production of 2 Time courses were fit to single
P-CheA and appearance of CheY-P, respectively; TCA-quenchedexponentials by least-squares analysis (solid lines indicate the time
samples indicated rate constants of 21@0 and 250+ 50 st for courses predicted for these fits). Additional experiments indicated
disappearance of P-CheA and appearance of CheY-P, respectivelythat hydrolysis of P-CheA and CheY-P did not occur to any
TCA-quenched time courses were corrected to account for a appreciable extent during prolonged incubation in the SDS, EDTA
hydrolysis of the protein phosphoryl groups resulting from the quench buffer: i.e., hydrolysis of the phosphoprotein linkage
necessary prolonged exposure to acidic conditions. Solid lines occurred during electrophoresis, not during storage in sample buffer
represent simulated exponential time courses using rate constant®ver these intervals.
of 215 and 225 ' for disappearance of P-CheA and appearance
|°f CheY-P, resTPGCti"e'y~ (B) ]I‘?eat%tion timt‘? courses eXte”SBed 10 to decrease slightly over the time range from 5 to 60 s, but
F?Pgﬁé A“?f; ls,u\l/lmghg\)(u\r;g?e é)éuec?eéegﬁt'?g 6(? ;N Fu(?sri]ngLSDS, this change was very small{_—B% of the total P-_CheA level).
EDTA quenching): W, CheY-P;®, P-CheA. The nature of the nonreactive P-CheA remains unclear, and
its presence complicated efforts to quantitatively describe
a second. When we extended the time range out to 60 sthe following equilibrium: P-CheAt+ CheY < CheA +
(Figure 1B), we observed a slow exponential decrease inCheY-P.
CheY-P. The rate constant describing this decrease (0.045 Previous work had demonstrated that the phosphoaspartate
s 1) was consistent with the value determined previously for linkage in CheY-P hydrolyzes at an appreciable rate even
autodephosphorylation of CheY-P (Hess et al., 1988a; Lukatwhen the protein has been denatured (Lukat et al., 1991;
etal., 1991). Thus, the autodephosphorylation reaction wasStock et al., 1988). Similar studies indicated the relative
over 1000 times slower than the phosphotransfer reactionstability of the phosphohistidine linkage in P-CheA under
and did not affect the levels of CheY-P observed over the conditions of neutral and basic pH (Wylie et al., 1988). To
short time intervals needed for completion of phosphotransfer assess the effect of our SBSAGE conditions on the
from CheA to CheY. The long time courses indicated that stability of the phosphoprotein linkages of CheA and CheY,
a small percentage £4%) of the P-CheA in our preparations we subjected aliquots of a CheXP sample and aliquots of
did not transfer its phosphoryl group to CheY even at a 3?P-CheA sample to electrophoresis for varying time
extended times. This residual level of P-CheA remained intervals and then measured how much of #e label
even though CheY was present in excess over P-CheA andemained associated with the phosphoprotein and how much
despite the fact that unphosphorylated CheY was beingwas hydrolyzed to generaté?P]. The results of these
regenerated as a result of the autodephosphorylation reactionexperiments (Figure 2) incidated hydrolysis of CheY-P with
94—98% of the P-CheA became dephosphorylated within a at;;; of 1154 20 min and hydrolysis of P-CheA withta,
few tenths of a second of mixing P-CheA with CheY. of 1000+ 100 min in the gels under our conditions (detailed
Following this rapid reaction, the level of P-CheA appeared under Materials and Methods). Thus, P-CheA was relatively
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.06 time scale raised the possibility thatWas being generated
by very rapid hydrolysis of the CheY phosphoryl group and/
or the CheA phosphoryl group, perhaps analogous to that
observed by Fisher et al. (1996) in their investigation of
phosphotransfer from Vans to the response regulator VanR.
However, careful analysis of the stability of P-CheA and
CheY-P during SDSPAGE (Figure 2) indicated that the
[32P] was being generated primarily by hydrolysis of CheY-P
during electrophoresis:*4] was not generated on the rapid
time scale of the phosphotransfer reaction. This conclusion
is consistent with our observation that, under a variety of
different temperature and concentration conditions, the
apparent rate of phosphate appearance was always ap-
proximately the same as the rate of P-CheY generation and
that the level of ?P]R, was consistently 2625% of the level
of 32P-CheY under our gel conditions. Because the&s
not generated as a direct result of the P-CiieeY
interaction, we did not consider it further in our analysis.

We were interested in determining whether the rate of
phosphotransfer from P-CheA to CheY was affected by the
CheY concentration in a saturable manner that would indicate
formation of a P-CheACheY complex prior to the chemical
step responsible for phosphotransfer. To address this ques-
tion, we determined the values of the pseudo-first-order rate
the phosphotransfer reaction was allowed to proceed for the constants describing the reaction time courses when 0.025
indicated times before quenching (SESEDTA). Samples were ~ uM 32P-CheA was mixed with a series of CheY concentra-
subjected to SDSPAGE, and the gels were analyzed using a tions ranging from 0.125 to 8M; these reactions were all
phosphoimager as described uncer Materials and Fethods. Initialperformed at 25C. Analysis of these results in the form
2nd L.0/M Chev. Each data point represents the average of two Of @ double-reciprocal plot appeared to indicate Saturation
rep“cates for a Slng|e experiment.x P_CheA, O) CheY-P’ D) k|net|CS (F|gure 4A), hOWeVer, tm'ntercept Of the dOUb|e-
P. Lines represent computer-generated least-squares fits of the datéeciprocal plot (see Figure 4A inset) was quite close to the
to single exponential curves. (A) Time courses plotted as [Radio- origin. A y-axis intercept for this plot at the origin would
labeled Species] versus time; (B and C), semilog plots of the data y5ye indicated a simple second-order reaction; i.e., the data
presented in (A). . . ! !

would not provide any evidence for the existence of a

stable during electrophoresis: only a few percent hydrolysis P-CheACheY complex. Because of the potential ambiguity
occurred during our standard 45 min electrophoretic runs. in interpreting this crucial point, we sought further experi-
By contrast, the relative instability of CheY-P during mental evidence to determine whether the phosphotransfer
electrophoresis resulted in hydrolysis 6f20% of the reaction should be regarded as a second-order reaction or as
CheY-P during our standard 45 min electrophoretic runs. a multistep reaction whose rate is saturable at high CheY
While this loss is not expected to influence the values of concentration. We were unsuccessful in monitoring phos-
the observed rate constants for the phosphotransfer reactionphotransfer kinetics at CheY concentrations higher than 8
(since the relative amount of hydrolysis would be ap- uM because the reaction was too rapid [near-completion at
proximately the same for each sample in a given time the earliest accessible time point (2.5 ms)]. To further
course), it did limit the accuracy of determining the end point address the question of saturation kinetics, we lowered the
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Ficure 3: Time course of phosphotransfer fréfR-CheA to CheY.
32p-CheA was mixed with CheY in a quench-flow instrument, and

concentrations of the phosphorylated species.
Kinetics of Phosphotransfer frorffP-CheA to CheY.

reaction temperature to 8 (the lowest temperature we
could maintain reproducibly in our rapid quench instrument)

Using the procedures described above, we monitored: (i) and monitored reaction time courses at a series of higher

the disappearance &P-CheA, (ii) the appearance of CheY-
2P, and (iii) the appearance of inorganic phosphate for time
courses that were sufficiently long to allow the rapid
phosphotransfer reaction to reach completion (i.e-; BIDO

CheY concentrations (225 uM) interacting with a fixed
concentration ofP-CheA. Analysis of the results of these
lower temperature experiments (Figure 4B) clearly demon-
strated saturation kinetics and suggested that the phospho-

ms, depending on the CheY concentration). For each of thetransfer reaction involved formation of a P-Ché&heY
radiolabeled species, we observed a simple exponential timecomplex prior to a chemical step that results in transfer of

course over this time scale (Figure 3A). Semilog plots of
these time courses were linear for over 3 half-lives, and we
observed no evidence of biphasicity (Figure 3 B,C). Least-
squares fitting of each time course to a single exponential

was used to extract the associated pseudo-first-order rateP
constant. The time course of P-CheA disappearance was

mirrored by the appearance of P-CheY and inorganic

the phosphoryl group from CheA to CheY (eq 1). This
phosphotransfer stef,j became rate-limiting at saturating
concentrations of Chey.

k k.
-CheA+ CheY-—f* P-CheACheY—
—1
CheA+ CheY-P (1)

phosphate: essentially the same rate constant (within ex-

perimental error) described all three time courses. The

The rate constank{) for the phosphotransfer step (i.e., the

appearance of inorganic phosphate on this rapid (millisecond)apparent first-order rate constant at extrapolated saturating
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0 o102 0'_31 0'4_1 05 06 Ficure 5: Effect of CheY concentration on the end point of the
(CheYT™" (M) rapid phosphotransfer reaction. Reactions were monitored as
FiGURE 4: Effect of CheY concentration on kinetics of phospho- described under Materials and Methods and contained &\05
transfer. Reactions contained 0.0281 P-CheA and CheY at a  32P-CheA and CheY at 0.5V (@), 0.14M (O), 0.254M (M), or
series of concentrations that would maintain pseudo-first-order 1.0uM (A). Each data point represents the average of two replicates
conditions. (A) Double-reciprocal plot of the observed pseudo-first- for a single experiment. Solid lines represent computer simulations
order rate constank{,) as a function of CheY concentration for of time courses generated as described under Materials and
phosphotransfer reactions at 25. The inset shows the expanded Methods.
scale at high CheY concentrations to demonstrate that the double-

reciprocal plot intersects thg-axis just above the origin. (B)  directly demonstrated such a reaction in two different

Double-reciprocal plot of the dependencekgf;on CheY concen- : : .
tration for phosphotransfer for reactions #@ Solid lines in both experiments (Figure 6). In the first, we performed a double

panels indicate results of least-squares fitting of the data to a linearMiXing experiment in the quenched-flow instrument: the first
relationship (for the double-reciprocal plot). Error bars represent mixing event was used to generate Ch&F-in the aging
standard errors of the mean. line of the instrument, and the second mixing event was then
used mix this CheY-P with a high concentration of unphos-
phorylated CheA (5uM final concentration); this final
reaction mixture was then allowed to age for a series of
intervals (from 5 ms to 200 ms) before quenching. The
reaction products were subjected to SEFFAGE followed

by phosphoimager analysis as shown in Figure 6A. As ‘zero
time point controls’ for this experiment, we replaced the
unphosphorylated CheA solution (used in the second mixing
event) with a buffer solution that contained no CheA. In

: - . ; the absence of this excess unphosphorylated CheA, the levels
M) with a series of lower CheY concentrations ranging from ! i )
“M) ging of P-CheA and CheY-P remained constant for all time points

0.05 to 1uM (Figure 5). These results indicated that the ! d after th 4 mixi d h s
final level of CheY-P increased progressively as the CheY co ected after the second mixing event (data not shown):

concentration was increased and indicated that maximal'€- _the levels were the same as that shown in the 0 lane”
removal of the CheA phosphoryl group did not occur unless of F|gu_re 6A. These r_esults demonstrated_ that the _CheA
the ratio of CheY tg®2P-CheA was greater than4. This added in the second mixing event resulted in production of

observation suggested that the CheZheY phosphotransfer & higher level of P-CheA at the final equilib_rium end pqint.
reaction was reversible and that the final levels of P-CheA The time course for appearance of P-CheA in this experiment

and CheY-P at which the time courses plateaued were theindicated that the new equilibrium level of P-CheA was
result of an equilibrium situation. reached fairly rapidly (within several hundred m|II|§ecor_1ds)_,
Reversibility of CheA-CheY PhosphotransfefThe results ~ &/though we have not yet performed an extensive kinetic
presented in Figure 5 suggested that the ChE€heY analysis of this reaction.
phosphotransfer reaction was reversible, although the overall A second approach to demonstrating phosphotransfer from
equilibrium constant for the reaction strongly favored transfer 32P-CheY to CheA made use of the ability of CheY to
of the CheA phosphoryl group to CheY. Previous work by autophosphorylate in the presence of acetyl phosphate (Lukat
Lukat et al. (1990) indicated reversibility of this phospho- etal., 1992). Che¥2P was generated by adding ace®P[-
transfer reaction under more unusual circumstances. Wephosphate to CheY, and then CheA was added to this mixture
sought direct evidence that phosphotransfer from P-CheY and allowed to interact with the CheXP for a short time
to CheA was possible under our reaction conditions. We before subjecting the sample to SBBAGE followed by

CheY concentration) was indicated by the reciprocal of the
y-axis intercept in the plots of Figure 4A,B+~650 4+ 200
stat 25°C or ~2504 40 st at 8°C. The reciprocals of
the x-axis intercepts in these plots (Figure 4A,B) defined a
Km value for the interaction of CheY with P-CheA (6452
uM at 25°C; 7+ 2 uM at 8 °C).

To extend our kinetic characterization of the interaction
between CheY and P-CheA, we monitored reaction time
courses after mixing a fixed concentratior?&?-CheA (0.05
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Ficure 6: Phosphotransfer from P-CheY to CheA. (A) Phospho- =
imager image showing time course of [P-CheA] increase in the 2
double-mixing experiment where CheY-P was generated in the first O
mixing event and then mixed with a high concentration of L oo1f
unphosphorylated CheA. The first mixing event initiated a reaction
between 0.02%M 32P-CheA and 1uM CheY; this reaction was ol
allowed to proceed in the delay line for 600 ms before the reaction e

mixture was pushed into a second mixer that resulted in addition
of 5 uM unphosphorylated CheA (concentration after mixing). The
resulting reaction between CheY-P and CheA was allowed to

75 100 125375 400 425
Time (ms)

0 25 50

proceed for the indicated time intervals (see numbers above FIGURE 7: Inhibition of phosphotgezmsfer by unphosphorylated
corresponding lanes in gel) after the second mixing event and thenCheA. Reactions contained 0.251 *P-CheA, 1uM CheY, and
quenched (SDS, EDTA). Samples were then subjected to-SDS unphosphorylated CheA at a series of concentration®)0uM
PAGE. In this experiment, maximal sensitivity was required to (©), 5uM (W), and 25uM (C). The unphosphorylated CheA was
detect the very low level of P-CheA generated, and so we were added to the?P-CheA sample prior to loading the reactants into

forced to dry the gels to enable prolonged exposure (24 h) of the the quenph-flow instrument. Samples were generate_d and analyzed
gels to the phosphoimaging screen. The drying process allowed@S described under Materials and Methods. (A) Time course of

long exposure times without complications arising from diffusion disappearance of P-CheA. (B) Time course for appearance of CheY-
of the proteins that occurs in a wet gel; however, drying destroyed P- Samples were collected and analyzed as described under
a significant fraction of the CheY-P (through hydrolysis) and Materials and Methods. Solid lines represent computer simulations

precluded quantifying small changes in the relatively iarge level of time courses generated using the phosphotransfer model of eq 3
of P-CheY (0.01uM after mixing with CheA). The regions of the ~ as described under Materials and Methods.

gel corresponding to CheY-P and acetyl phosphate were cropped

from the image shown for the sake of clarity. (B) Phosphoimager
image showing production of P-CheA wher25 mM acetyl $2P]-
phosphate was added to 100 CheY followed by addition of
unphosphorylated CheA (final concentration 2B81) after first
allowing CheY autophosphorylation to proceed for 30 s. The reverse
phosphotransfer reaction was allowed to proceed-fdrs before
SDS-PAGE sample buffer was added to halt the reactions. Labels
above the gel indicate components present in three different
combinations of components in this experiment. For the reasons

discussed above, the gel was dried prior to phosphoimager analysis

The reaction scheme depicted in eq 2 predicted that the
relative levels of CheY-P and P-CheA present at equilibrium

should be sensitive to the concentration of unphosphorylated

CheA. We tested this prediction by determining whether
high levels of unphosphorylated CheA could affect the
equilibrium end point of the phosphotransfer reaction when
a fixed concentration of CheY was mixed with a fixed
concentration of P-CheA. The results of these experiments

and the region of the gel corresponding to CheY-P and acetyl (Figure 7) clearly demonstrated that the equilibrium levels

phosphate was removed from the image.

phosphoimager analysis. The results of this experiment
(Figure 4B) demonstrated transfer 6P from acetyl
phosphate to CheA only in the presence of CheY, a result
consistent with phosphotransfer from P-CheY to CheA.

To incorporate this reversibility into our minimal reaction
scheme, the simple model of eq 1 must be modified:

k k.
P-CheA+ CheY-—k—l‘ P—CheACheY-—k—z‘
—1 —2
CheACheY-P== CheA+ CheY-P 2)
-3

The final reversible step in this scheme involves dissociation
of a CheACheY-P complex. We have included this product

of P-CheA and CheY-P were affected by high concentrations
of unphosphorylated CheA. This finding is consistent with
the idea that high concentrations of unphosphorylated CheA
are capable of pushing the equilibrium of eq 2 further in the
reverse direction, thus favoring a higher equilibrium con-
centration of P-CheA (lower equilibrium concentration of
P-CheY).

Analysis of the time courses in Figure 7 indicated that
high levels of unphosphorylated CheA also have the ability
to inhibit the rate of approach to equilibrium following
mixing of P-CheA with CheY. For example, in the absence
of any “extra CheA”, the phosphotransfer reaction in Figure
7 proceeded with an apparent rate constant@® s, while
in the presence of 2GM “extra CheA” the observed rate
constant was-13 s'*. This inhibition was not predicted by

dissociation step in eq 2 although the kinetic data presentedthe model presented in eq 2; however, previous work (Li et

up to this point do not require it. Results presented below
support this inclusion. Li et al. (1995) measured,af ~6.7

uM for the CheACheY-P complex that dissociates in this
step.

al., 1995) demonstrated that unphosphorylated CheA can bind
to CheY fairly tightly Kg 1—1.7uM), and such an interaction
would allow unphosphorylated CheA to compete with
P-CheA for the available CheY. In theory, it is possible to
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0.10 % 010 inhibition model, analysis of the effect of Ch&& 257 on

the observed rate constant of phosphotransfer from P-CheA
to CheY indicated &4 (K;) of approximately 1.5+ 0.6 uM
for the Che¥CheA?4 25 complex (Figure 8C). This value
agreed with théKy of the Che¥P2 complex determined by
& ] calorimetry (Li et al., 1995) and by spectrofluorometric
o 200 - 400 600 800 ¢ 200 400 600 800 titrations (McEnvoy et al., 1995; Shukla & Matsumura,
me {me) Time (ms) 1995). High concentrations of Ché&% 25 had a minor
o4r C - effect on the equilibrium end point reached under these
0al l ] conditions, causing only a small increase in the equilibrium
: 1 ] level of P-CheA. This increase indicated that the CRR&A”
o2p | ] fragment must have an affinity for P-CheY that is somewhat
otk E lower that its affinity for unphosphorylated CheY, but that
] this difference is probably not greater than a factor of 10.
° =7 ‘ "0 This interpretation agreed with the results of calorimetric
measurements of Li et al. (1995), who reported-&65old

Ficure 8: Inhibition of phosphotransfer from P-CheA to CheY r in the affinity of the CheBheY interaction when
by CheA?4257 Reactions contained 04M 32P-CheA, 0.5uM dcizsa}zephoggh%wlgti:g the Che@heY interactio €

CheY, and Che&4257 ranging from 0 to 1Q«M. Samples were o
collected and analyzed as described under Materials and Methods. We expected that full-length CheA could inhibit the
CheAl24-257 was added to thé?P-CheA sample prior to loading  phosphotransfer kinetics by binding to CheY in much the
the reactants into the quench-flow instrument. (A) Time course of same way that Che’&*257 did. Computer modeling of such

disappearance of P-CheA®) no CheA?+257 added; W) 10 uM shihiti i o g
CheAl?4-257 added. (B) Time course for appearance of CheY-P: an |nht|rl?|t|on icerja_\rlo ;sr:Jripo”rte?tthhls idea _(seetFlgure 73) g
(O) no CheA24257 added:; [0), 10 uM CheA24-257 added. (C) IS worth emphasizing that all of the experiments aescripe

Dixon plot of inhibition data. Solid lines in (A) and (B) represent in this paper were performed usin§P-CheA that was

computer simulations of time courses generated as described undegenerated by mixing CheA with a mixture of cold ATP and
Materials and Methods. Solid line in (C) represents computer- [y-32P]ATP and then separating the labeled P-CheA from
generated linear least-squares fit indicatingqaf 1.5uM for the the ATP by a combination of ammonium sulfate precipita-

CheY-CheAl?4257 complex. ThisKy value is derived from the . . .
extrapolateck-axis interceptK;) of the Dixon plot assuming that ~ tion, gel chromatography, and dialysis. However, because

CheAl24-257 acts as a competitive inhibitor of P-CheA and that the Of the nature of the CheA autophosphorylation reaction (a
binding/dissociation events betwen CheY and CHéAS are readily reversible equilibrium) (Hess et al., 1987; Surette et
Aot o v I sicn o B Pl 1995; Tawa & Stewart, 1994). the “phosphoriated
KKK, i [I]()]], where ko is the observed rate consartn the CheA” generated and isolated is necessarily a mixture of
absence of inhibitor (Che&257). A plot of keps Versus unphosphorylated CheA and P-CheA. This is true not only
[CheAl24-257] has anx-axis intercept equal t&;. for the experiments reported here but also for all previously
published work involving P-CheA. Our specific labeling/
extract aK; (Kq) for the CheACheY interaction from the  phosphorylation conditions generated a mixture of 16%
results in Figure 7, but computer modeling of this kinetic P-CheA and 84% CheA (see Materials and Methods), so our
scheme indicated that such an analysis is complicatedstandard reaction conditions included 08 P-CheA and
considerably by the ability of unphosphorylated CheA to 0.26uM unphosphorylated CheA. Therefore, it was impor-
participate in the reverse phosphotransfer reaction. Becausdant for us to determine whether the kinetics we observed
of this complication, we decided to explore a somewhat were affected by the presence of this level of unphospho-
simpler inhibition scheme before attempting a quantitative rylated CheA. The results of Figure 7 indicated that
analysis of the results presented in Figure 7. unphosphorylated CheA inhibited the phosphotransfer kinet-
Inhibition of Phosphotransfer by Ché&& 2%, For this ics by competing with P-CheA for the available CheY.
simpler inhibition scheme, we used a fragment of CheA that Computer modeling of this kinetic scheme indicated that the
comprises residues 12257 of the full-length protein. This  dissociation constant for the Che&heY complex is~1.5
protein fragment spans the P2 domain of CheA (Morrison + 0.6 uM. Thus, the low level of unphosphorylated CheA
& Parkinson, 1994), a segment of the protein that contains (0.26uxM) present in our standard reaction mixtures had only
the CheY binding site (Li et al., 1995; Swanson et al., 1993b). a minor effect on the kinetics of the reactions and on the
This CheA fragment lacks the autophosphorylation site (His- final equilibrium end points reached.
48) and the kinase active site determinants (Parkinson & Another property of CheA had the potential to influence
Kofoid, 1992; Stock & Surette, 1996). Ch&8A2"hasbeen  the phosphotransfer kinetics: CheA can dissociate from a
demonstrated to bind CheY with approximately the same dimer to monomers at low protein concentration. Surette et
affinity as does the full-length CheA protein (Li et al., 1995). al. (1996) used several independent approaches to measure
Thus, we expected that this CheA fragment would be capablea dissociation constant of 6-D.2 uM for CheA from S.
of inhibiting phosphotransfer kinetics; however, because it typhimurium and our own measurements indicated a similar
cannot participate in the reverse phosphotransfer reaction,value for theE. coli protein (0.1uM, data not shown).
its effects on the phosphotransfer kinetics would not be as Phosphorylation of CheA does not affect the monomer
complicated as for the full-length CheA. We investigated dimer equilibrium of CheA (Surette et al., 1996). We
the ability of CheA?425 to inhibit the P-CheA< CheY investigated the possibility that the monomer/dimer status
phosphotransfer reaction (Figure 8). Our results indicated of P-CheA might affect the kinetics of phosphotransfer. We
that this CheA fragment competed effectively with P-CheA monitored the time course of phosphotransfer when M1
for the available CheY. Assuming a simple competitive P-CheA (total CheA concentration 0.0621) was mixed
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with 2 uM CheY and compared this time course to that ATPase assay was used to monitor the flux of phosphate
generated when 04M P-CheA (total CheA concentration through the CheACheY reactions. However, computer
0.62 uM) was mixed with 2uM CheY. There were no  simulations of this steady-state situation indicated that the
significant differences in these time courses (data not shown),assay is not particularly sensitive to the rate of Ché&¥heY
indicating that the phosphotransfer kinetics were not sig- phosphotransfer when this reaction is considerably more
nificantly affected by the monomer/dimer status of the rapid than CheA autophosphorylation and CheY autode-
P-CheA. Both P-CheA samples were incubated at room phosphorylation. In addition, such ATP turnover assays may
temperature for 60 min prior to the phosphotransfer reaction be complicated by the ability of unphosphorylated CheA to
to allow for slow adjustments of monomer/dimer equilibrium; inhibit the CheA-CheY phosphotransfer reaction. Thus, the
previous work by Surette et al. (1996) and others (Wolfe & second-order rate constants reported for ChREAeY phos-
Stewart, 1993; Swanson et al., 1993a) has demonstrated thgphotransfer (12«M~! min~%; Lukat et al., 1991) and for
this interval provides ample time for dissociation of CheA CheA—CheB phosphotransfer (26BM~1 min~%; Stewart,

dimers. 1993) based on such steady-state measurements appear to
grossly underestimate the actual rate constants that govern
DISCUSSION the phosphotransfer reactions. Furthermore, these values

incorrectly imply that the kinetics of the phosphotransfer

Minimal Reaction Scheme Describing Che@heY Inter- . ; : .
reactions can be described as simple second-order reactions.

actions. One goal of the kinetic studies summarized here o i
was to construct a minimal reaction scheme that accounted It is informative to compare the rate of the Che@heY

for each of the CheACheY interactions that influence the Phosphotransfer reaction to the rates of the other reactions
phosphotransfer reaction: comprising the chemotaxis signal transduction pathway,

although the kinetics of all these reactions have not been
investigated in detail. We estimatthat CheA autophos-

Ja L L
P-CheA + CheY="=P-CheA-CheY <7~ CheA-CheY-P=—=CheA + CheY-P phorylation could operate with a rate constant as high as

ka 2 k_
Chea Chea 10-20 s1. With the rate constant governing the CheA
3) :
i | ke ( CheY phosphotransfer reaction expected to be at least 10
times faster than this, CheY-P would be generated at a rate
CheY+CheA limited by CheA’s autophosphorylation rate. A similar

: . . . ) . conclusion was indicated by previous work (Borkovich et
This scheme is consistent with each of the major observationsy| 1989- Ninfa et al. 1991). However, it is worth noting
made in this work: (i) saturation of the rate of phospho- 5t only a fraction of the total CheA pool is expected to be
transfer at high CheY concentrations; (ii) reversibility of the ; ne ‘receptor-coupled’ state (Gegner et al., 1992; Bork-
phosphotransfer reaction; (i) competitive inhibition of the ,vich & Simon 1990); the rest of the dheA \;vould
P-CheACheY interaction by unphosphorylated CheA. Our hrasumably be free in the cytoplasm and would have such a
experimental measurements provided several kinetic paramyq,y kinase activity that it would not contribute to the overall
eters that can be related to the rate constants for the '”d'V'dualproduction of CheY-P; in fact, our results suggest that this
steps defined in eq 3. Measurement&ffenesds afunction ncoupled CheA would serve to inhibit the rate at which
of Che\{ concentration provided two kinetic parameters: () cheY can interact with receptor-coupled CheA. At suf-
Kimiing, 1.€., the limiting rate constant at saturating CheY ficiently high levels of CheA, this inhibition can create
concentration; (iilKm, i.-e., the CheY concentration atwhich  gjyations in which CheY availability becomes a limiting
KobservedVas equal to half oKimiing. Measurements Gboseved  factor in the ability of the system to generate CheY-P. More
as a function of the concentration of unphosphorylated CheA getajled and more informative modeling of the chemotaxis
provided information K;) about the ability of unphospho-  gigna| transduction system awaits the results of further
rylated CheA to compete with P-CheA for the available getajled kinetic characterization of the phosphorylation and

CheY. Relating these to eq Bimiing = ko Km = (k-1 + dephosphorylation reactions that operate in the chemotaxis
ko)/ki; andK; = k_4/k4 (i.e., the dissociation constant for the signal transduction pathway.

CheACheY complex). Li et al. (1995) measured a value
of 6.7 uM for the Ky of the CheA:CheY-P complex, and
this value would equats/k—3 in eq 3. The reaction scheme
presented in eq 3 will provide a framework for more detaile
guantitative studies of the CheACheY phosphotransfer
reaction and for investigations of the effects of various CheA
and CheY mutations.

Kinetics of CheA CheY Phosphotransfer: Significance
in the Chemotaxis Signaling Systemm.vivo CheY concen-
trations have been estimated-a8 uM (Kuo & Koshland,
1987), and our measurements indicated phosphotransfer 2 Ifn vitro results sugge?t(tjhatéhe CheAI i(r; ?gcolicell islforggzi)n on

1 i - two forms: receptor-coupled and uncouple egner et al., . Only
D e oo e coed o (O L oo o oo o1
o . total CheA) is expected to autophosphorylate sufficiently rapidly to
binding of CheY to P-CheA and the high rate constant for contribute significantly to production of CheY-P. Borkovich et al.
the subsequent chemical step that results in transfer of the(1989) estimated that the rate of autophosphorylation of coupled CheA

el ~ is ~300-fold faster than the rate of autophosphorylation of uncoupled
phosphoryl group from His-48 of CheA to Asp-57 of CheY. CheA, while our own estimates suggest that this rate enhancement may

Previous attempts to estimate the rate of phosphotransfetye as high as-800-fold. This latter value would indicate a rate constant
relied on steady-state measurements in which a coupledof ~20 s for autophosphorylation of receptor-coupled CheA.

Comparisons to Other Two-Component Phosphotransfer
Systems.Only one other two-component system has been
d studied in detail at the kinetic level. Fisher et al. (1996)
analyzed phosphotransfer from the kinase VanS to the
response regulator proteins VanR and PhoB using rapid-
reaction technology similar to that employed in our studies.
The model we developed to describe the events involved in
CheA—-CheY phosphotransfer is similar in several respects
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to that described for the Van system: in both cases, there isof the interaction between P-CheA and CheY in the bacterial
kinetic evidence for formation of a complex involving the chemotaxis system, but may also provide information useful
phospho-donor protein and the phospho-accepting proteinfor constructing a general working model of kinagsesponse
prior to the chemical transfer of the phosphoryl group. The regulator interactions in two-component systems.
first-order rate constant for the chemical phosphotransfer step

is considerably faster in the chemotaxis systém( 650+ ACKNOWLEDGMENT
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