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ABSTRACT. The soil bacteriunRhizobium melilotiresponds to chemotactic stimuli by modulating the
rotary speed of its flagella. Unlike iBscherichia colithe signal transduction chain Bt meliloticontains

two different response regulators, CheY1 and CheY2, but no CheZ phosphatase. Phosphorylation of
CheY1l and CheY2 by the central ATP-dependent autokinase, CheA, is the crucial step in signal
transduction. In vivo, phospho-CheY2 (CheY2-P) is the chief regulator of flagellar rotation, its action
being modulated by CheY1 [Sourjik, V., and Schmitt, R. (199®). Microbiol. 22, 427-436]. In this

study, we have investigated these phosphotransfer reactions in vitro using the radiolabeled recombinant
proteins, CheA (labeled vig/{3?P]ATP), CheY1, and CheY2 (labeled via acet§AH]phosphate). Our

results are consistent with the following four-step phosphotransfer: (i) ATP-dependent autophosphorylation
of CheA (with a limiting rate constant of 0.008%sat saturating ATP concentrations); (ii) rapid phospho
transfer from phospho-CheA to CheY1 and CheY?2; (iii) autodephosphorylation of CheY1-P and CheY2-P
with half-lives of 12+ 1 s and 10.5t 1 s, respectively; and (iv) reversible phosphotransfer from CheY2-P

to CheA. In the three-component mixture, CheA/CheY1/CheY?2, we observed rapid phosphotransfer from
CheY2-P via CheA to CheY1. Thus, CheY1 assumes the role of a “phosphatase” of CheY2-P by acting
as a sink for phosphate, whenever unphosphorylated CheA is present. The intracellular concentrations of
CheA/CheY1/CheY2 determined immunochemically wered520 uM:20 uM, a range that was adopted

for in vitro assays. The results reflect a unique control by CheY1 of the active, phosphorylated state of
the main response regulator, CheY2-P. This mechanism appears to be a new twist to signal transduction
among members of the-subgroup of proteobacteria.

Bacteria adapt to changes in external environment by the transfer of the-phosphoryl group of ATP to a conserved
adjusting their behavior and metabolism. Many of these His-48. CheA autophosphorylation is regulated in vivo by
processes are controlled by “two-component” systeif)s (  chemotactic stimuli§). P-CheA, in turn, phosphorylates
Central to these systems is a histidine kinase, whose rate othe response regulator, CheY, at a conserved Asp-57 residue
autophosphorylation is regulated by the sensor portion of (9). The phosphorylated form, CheY-P, interacts directly
the protein. Once phosphorylated, the kinase phosphorylateswith the flagellar motor to control the 3D-swimming pattern
a conserved aspartyl residue of the response regulator. Arof the bacterial cell0). The level of CheY-P in the cell is
additional phosphatase activity that mediates dephosphoryl-controlled not only by the rate of CheY phosphorylation but
ation of the response regulator has been found in most two-also by the rate of its dephosphorylation. If denatured by

component systems) sodium dodecyl sulfate, CheY-P exhibits a half-life of several
The Escherichia colichemotaxis system has been most hours; however, under nondenaturing conditions the half-
extensively studied genetically and biochemicalB+7). life is about 20 s 11). It has been shown that this

CheA is a 73-kDacytoplasmic protein kinase that catalyzes autodephosphorylation reaction is independent of CheA but
is dramatically accelarated by CheZ phosphatdséZ, 13.
*This work was supported by a grant from the Deutsche Forschungs- This allows a fast reset of CheY-P levels to equilibrium in

gem_?inscr?aﬂ (Schm 68/34-2)- hould be add o, Tedo.0a1 the absence of a tactic signal. Thus, signalinggincoli
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regensburg.de. the unphosphorylated state of the response regulator, CheY.
' Abbreviations: 2YT, double yeast extradtyptone; 3D, three- Certain features of motility and chemotaxis in the soil

dimensional; AcP, acetyl phosphate; A@mpicillin-resistant; BSA, . . . L . .

bovine serum albumin; CheY1-P, phospho-CheY1; Ché1F2P]- bacteriumRhizobium melilotiare distinctly different from

phospho-CheY1; CheY1I-P, phospho-CheY2; Ché¥2-2P]phospho- those seen ii. coli(14—16). The free-swimming behavior
CheY2; ECL, enhanced chemiluminescence; EDTA, ethylenediamine- of R. meliloti is directed by variations in flagellar rotary

tetraacetic acid; IPTG, isopropys-p-thiogalactopyranoside; kDa, : :
kilodalton(s); Kn®, kanamycin-resistant?{P]AcP, acetyl $2P]phos- speed, rather than by switches between clockwise and

phate; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-counterclockwise rotation, as  coli (17). The chemotaxis
buffered saline; P-CheA, phospho-Che&P-CheA, P?Plphospho-  signal transduction chain &. meliloticontains, along with

CheA; R, inorganic phosphate; SDS, sodium dodecyl sulfate?,Sm 5 chea histidine kinase, two different response regulators
streptomycin-resistant;,, a half-time of reaction; TBS-T, Tris-buffered ' !
saline-Tween; TEDG, Tris-EDTA-dithiotreitol—glycerol (buffer); TY, CheY1 and CheY2, but no homologue of CheZ phosphatase

tryptone-yeast extract. (18). In vivo analyses of the deletion mutant&cheA,
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Table 1: Strains and Plasmids

strain/plasmid markets source/ref
strain

E. coli

JM109 recAl endAl gyrA96 thi hsdR17 relAllac-proAB)/F traD36 proAB lact lacZ DM15 (20) cloning host

M15[pREP4] KnR Nal® SnPrifSlac™ ara” gal” mtl~ F~ recA™ uvr™ pQE expression host Qiagen
R. meliloti

RU11/001 spontaneous Suferivative of RU10/406, Chie (21)

RU11/307 SrficheY2A (16

RU11/308 S cheYA (16)

RU11/309 SMicheYA/cheY2 (16)

RU11/310 S cheAA (16)

plasmid
pJOE890 Ap J. Altenbuchner
puUC18/19 AR (22
pUCBM20 AR Boehringer Mannheim
pK18 mob sacB KmR lacZ mob sacB (23
pQE30 AR, expression vector containing T5 promoter, N-terminal Blis tag Qiagen
pQEGO AR, expression vector containing T5 promoter, C-terminal Bis tag Qiagen
pRU1221 AR, KmR, recombinant of 10.2-kEcaRl chromosomal fragment containing (18
cheregion ofR. melilotiwith Tn5 insertion and pJOE890
pRU1224 A, recombinant of 3.1-ksad chromosomal fragment d®. melilotiand pUC18 19
pRU1719 A, recombinant of 1.2-kKspl fragment containingheYland puCBM20 this work
pRU1722 Kn®, recombinant of PCR-generated 1.2-kb fragment contaicliray lwith an Asp-53 to this work
Glu exchange (CheY1D53E) and pkh8b sacBKsp)

pRU1735 AP, recombinant of PCR-generated 0.4-kb fragment contaiclirgy land pQE60Klcad/Bglll) this work
pRU1736 AP, recombinant of PCR-generated 0.4-kb fragment contaiciey 2and pQE60 Kica/Bglll) this work
pRU1737 A, recombinant of PCR-generated 0.4-kb fragment contaicliry 1D53End pQE60Nca/Bglll) this work
pRU1742 AP, recombinant of PCR-generated 2.3-kb fragment contaicieghand pQE30BarHI/Hindlll)  this work

@ Nomenclature according to refl and 25.

AcheYlandAcheY2have shown that CheY2-P is the chief (Qiagen, Hilden, Germany) under native conditions as
regulator of flagellar rotary speed and thereby mediates thedescribed by the manufacturer with the following modifica-
tactic responsel@). Deletion ofcheYlhad only a moderate  tions. Bacterial cultures were grown at 30 until ODsq
effect on chemotaxis; however, it took this mutant consider- reached 0.8 and expression was induced by the addition of
ably longer to adapt to the removal of attractant, a phenotype0.6 mM IPTG final concentration. Lysis, wash, and elution
reminiscent of the behavior seendgheZmutants ofE. coli buffers were supplemented with 10% glycerol. Eluted
(29). proteins were dialyzed overnight against TEDG buffer (50
We have previously postulatetid) that CheY1 accelerates mM Tris, pH 7.9; 0.5 mM EDTA; 1 mM Dithiothreitol; 10%
adaptation to negative stimuli by regulating the level of glycerol). Protein concentrations were determird?) (ising
CheY2-P. To elucidate the underlying mechanism, we have the DC Protein Detection kit (BioRad, Mahen, Germany)
studied in vitro the phosphotransfer between the purified with BSA as a protein standard. Purity of the proteins was
CheA, CheY1, and CheY2 proteins and the spontaneousestimated from SDSPAGE gels stained with Coomassie
dephosphorylation rates of CheY1-P and CheY2-P. Our blue using ImageMaster Version 2.01 (Pharmacia Biotech,
findings led to a new mechanism for the signal transduction Freiburg, Germany). Purified proteins were stored in TEDG

in R. meliloti where the auxiliary response regulator, CheY1,

buffer at—20 °C. Protein activity was not affected by the

acts as a phosphate sink in the three-component mixture storage of samples for at least 6 months.

CheA/CheY1/CheY2. Accordingly, CheY1 assumes the role

of the phosphatase required for quick adaptation inRhe
meliloti signal transduction chain.

EXPERIMENTAL PROCEDURES

Bacterial Strains and PlasmidsStrains and plasmids used
in this study are described in Table R. melilotiwas grown
in TY medium @6). E. coli strains were grown in 2YT
(1.6% Bacto tryptone, 1% yeast extract, 0.5% NacCl, pH 7.0).

DNA Methods. E. coliplasmid DNA was prepared
according to Li and SchweizeR7). DNA was sequenced
according to Sanger et al2§) using the Quick Denature
Sequenase kit (USB, Cleveland, OH) af8-dATP (Am-
ersham Buchler, Braunschweig, Germany).

Protein Purification. Recombinant proteins were ex-
pressed with a terminal>6 His affinity tag. C-Terminally
tagged CheY1, CheY1D53E, and CheY2 and N-terminally
tagged CheA were purified on Ni-NTA spin columns

Synthesis of AcetytJP]Phosphate.Acetyl [*?P]phosphate
was prepared according to Stadtmag) (with modifications
described by McCleary and Stocklj. The acetyl phosphate
was assayed spectrophotometrically using its ability to react
with hydroxylamine at pH 6.57.0 to form hydroxamic
acids, which in the presence of ferric salts produce red to
violet complexes30). Unlabeled acetyl phosphate (Sigma,
Deisenhofen, Germany) was used as a standard.

Purification of [*2P]Phospho-CheA.Purified CheA (1.2
nmol) was phosphorylated in TEDG buffer (pH 7.9) in the
presence of 0.4 mMMyE32P]JATP (~800 cpm/pmol, Amer-
sham Buchler), 5 mM MgGJ and 50 mM KCI at 20°C for
10 min. P2?P]Phospho-CheA was purified from-f2P]ATP
using Nanosep 30K columns (Pall Filtron, Dreieich, Ger-
many). Samples (20@L) were concentrated by centrifuga-
tion at room temperature for 5 min and washed twice with
400uL of ice-cold TEDG buffer. The purity of radiolabeled
CheA was controlled by SDSPAGE and autoradiography,
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Scheme 1

ATP ADP CheYl

CheA 7—% P-CheA 'LT_—\ CheA + CheY1-P ——> CheA + CheY1 + P (la)
ATP ADP CheY1
ATP ADP CheY2

L—A ;
CheA T~ P-CheA 3= CheA+CheY2P —> CheA +CheY2+P,  (Ib)
1

ATP ADP CheY2

reactions from purified?P-CheA to CheY1 and CheY2 were

>

e IR initiated by the addition of CheY1 or CheY2 #P-CheA.
_tor 1 CheY1%?P and CheYZ2?P were prepared by the addition of
& osl acetyl P?P]phosphate 30 cpm/pmol; 718 mM final
;‘;5 concentration) to purified CheY1 or CheY2 proteins. To
56 %[ determine the dephosphorylation rates of CheY1-P and
Al oal 1 CheY2-P, either 3quM CheY1 or 30uM CheY2 was
e phosphorylated by 7 mM acety¥?P]phosphate for 5 min
02 Time (min) ] and CheY1¥P and CheYZ?P were chased by adding
0. P unlabeled acetyl phosphate to 100 mM final concentration.

0o 2 ¢ 8 aTinlg (r;12in)14 12 Phosphotransfer was measured by sampling1@di-
guots) the reaction mixture at specified intervals after the
B reaction was stopped by addition ofib of 3x SDS-PAGE

700 " " ' sample buffer that contained 10 mM EDTA. Samples were
separated by electrophoresis on SDS-containing 7.5% or 15%
polyacrylamide gels, and size was estimated by comparison
with prestained SDSPAGE standards (BioRad). Im-
mediately following electrophoresis, gels were vacuum-dried
200 | and exposed on Kodak BioMax film. Following autorad-
100 F ] iography, the radiolabeled bands were excised and quantified
. ) ) ) ] by liquid scintillation counting (LS335 counter, Beckman)
0 10 20 30 40 50 or the intensity of bands on the film quantified by Image-

[ATP]" (mM™) Master Version 2.01 (Pharmacia Biotech).

Ficure 1: Kinetics of ATP-dependent autophosphorylation of Preparation of Cell Extracts from Chemotaxis-Proficient
CheA. (A) Time course of CheA phosphorylation. CheAu(@! R. meliloti Cells. Approximately 10 cells ofR. melilotiwere
final concentration) was incubated with 0.4 MMEPIATP at 20 3164 in 100 mL of RB bufferl6s) without a carbon source
°C (see Experimental Procedures). Aliquots 1) were withdrawn o .
at specified intervals, the reaction was terminated by Hf 3x at 30°C for 16 h, harvested, resuspended in TY todB-
SDS-PAGE sample buffer/EDTA, and the mixture was separated 0.05, and grown at 30C for 4 h. Cells were collected,
by SDS-PAGE. Following autoradiograph§P-CheA bands were  washed with 2 mL of PBS (80 mM NEPQ,, 20 mM NaH-
excised and quantified by scintillation counting. The line through pQ, 100 mM NaCl, pH 7.5), resuspended in 1 mL of PBS,

the experimental data points represents a computer-generated least: : : :
squares fit of the data to a single-exponential curve. A semiloga- Emd frozen in ethanol/dry ice. After thawing, cells were

rithmic plot of the determined time course is shown in the inset. Sohicated on ice (100 W/10 min) and sedimented at 14000

(B) Double-reciprocal plot (LineweaveBurk plot) of the observed (4 °C, 10 min). The supernatant was collected and its protein
pseudo-first-order rate qonstah&@ for CheA autophosphorylation  concentration determined.
versus ATP concentration. Error bars represent the standard errors Quantification of Western BlotsAliquots of the super-

of the mean of two experiments. ) . -
natant fraction from motile cells (from 5 to 3@ of protein)
and the concentration of purified?P]phospho-CheA was  and from 5 to 50 ng of purified recombinant CheY1, CheY2,
determined by liquid scintillation counting of CheA bands and CheA proteins were separated by 15% (CheY1l and
excised from the gel (LS335 counter, Beckman Instruments, CheY2) or 7.5% (CheA) SDSPAGE. Gels were blotted
Palo Alto, CA). Under these conditions, the ratiBF]- onto a Hybond C membrane (Amersham Buchler) using a
phospho-CheA: CheA was 1:4. Trans-Blot SD semidry electrophoretic transfer cell (BioRad)
Phosphorylation AssaysAll phosphorylation reactions  at 15 V for 50 min with transfer buffer containing 0.0375%
were performed in TEDG buffer, pH 7.9, supplemented with SDS as described by the manufacturer. Membranes were
5 mM MgCl, and 50 mM KCl at 20°C. The concentration  blocked with 5% blocking reagent in TBS-T buffer (20 mM
of proteins, ATP, and acetyl phosphate in each reaction andTris-HCI, 138 mM NaCl, 0.2% Tween 20) at room temper-
the reaction times are specified in the figure legends. ature for 1 h. Membranes were incubated with polyclonal
Autophosphorylation of CheA, as well as transphosphoryl- rabbit antibody (1:1000 dilution in TBS-T) raised against
ation of CheY1 and CheY2 in the presence of CheA and R. melilotiCheY1, CheY2, and CheA proteins, respectively.
ATP, was initiated by the addition of {*?P]JATP (~800 cpm/ The antisera were prepared by Eurogentec (Seraing, Bel-
pmol; 0.025-0.5 mM final concentration). Phosphotransfer gium). After 1 h of incubation, membranes were washed

600 F
500
400 |
300

kaps' ()
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with TBS-T once for 15 min and then twice for 5 min. A
Bands were visualized by chemiluminescence using goat-
anti-rabbit antibody (Sigma; 1:4000 dilution in TBS-T)
complexed with peroxidase and the ECL detection kit
(Amersham Buchler). Membranes were exposed on Fuji RX

New film and quantified by ImageMaster Version 2.01
(Pharmacia Biotech). The concentrations of CheY1, CheY2,

and CheA in cell extracts were calculated by comparison

with defined amounts of the purified proteins run and blotted

in parallel.

RESULTS _—
Kinetics of CheA AutophosphorylatioriRecombinani. : W ;
meliloti CheA protein with an N-terminal 6 His affinity CheA - -+ + + + +
tag was overexpressed i coli and purified as described CheYl == % =% =
under Experimental Procedures. The purity of the protein CheY2 A A
was =90% as estimated from a SB®AGE gel. Purified Che§1D53E - - - - - -t
CheA (2uM) was incubated with)}->?P]JATP, its concentra- [y-"P]ATP + + + + + + +

tion varying from 0.025 to 0.5 mM. Aliquots were removed

at specified intervals, the reactions were terminated by the B
addition to SDS-PAGE sample-loading buffer that contained

10 mM EDTA, and separation was carried out by SDS

PAGE. Similar toE. coli, the ATP-dependent autophos- go.
phorylation ofR. melilotiCheA follows a simple exponential g 3
time course (Figure 1A). Pseudo-first-order rate constants 3 '
(Kobg, determined from semilogarithmic plots of the reaction % 008}
time courses (Figure 1A, inset), exhibited a hyperbolic = 004l
dependence on the ATP concentration (not shown), such that 5
a linear double-reciprocal plot of.ps* versus [ATP}?! i 0.00f . . . . .
(Figure 1B) facilitated the definition of binding interactions 0 20 ‘%m (:)“ 80 100
between CheA and ATP and the autophosphorylation rate
constant. In terms of a MichaelidMlenten equation, the C
apparentK, value thus defined was 0.1 mM, close to the
Km value of 0.3 mM of thee. coli CheA 6). The limiting g
rate constant for the autophosphorylatiorRofnelilotiCheA, &
corresponding to Ma/[CheA], was determined to be ap- g
proximately 0.008 s! at saturating ATP concentration. a
CheA-Dependent Phosphorylation of CheY1 and CheY2 é,
in the Presence ofyf-*2P]JATP. Recombinant CheY1 and =
CheY2 with a C-terminal & His affinity tag were overex- é

pressed and purified as described under Experimental 00 02 04 05 0.8 10 1.2 1.4 16 18 20
Procedures. The C-terminalx6His tag fusion does not Che¥1 : CheY?2

impair the phosphorylation and regulatory functions of the Ficure 2: CheA-dependent phosphorylation of CheY1 and CheY2
E. coli CheY (32), an observation that also applies to the in the presence ofyF3?PJATP. Reactions contained/BVl CheA,
CheY1 and CheY2 proteins d®. meliloti These, upon 10 uM CheY1, 10uM CheY1D53E, and 1M CheY2 in the
elution from a Ni-NTA column, had an estimated purity of indicated combinations. Samples were analyzed for phospho-CheA,

et . . phospho-CheY1, and phospho-CheY2 as described under Experi-
=99%. We firstinvestigated the phosphorylation of CheY1 mental Procedures. (A) Autoradiogram after separation of reactants

and CheY2 by the CheA kinase under multiple-turnover py 159 SDS-PAGE. The presenceH) or absence-f) of reactants
conditions that approximate those found intracellularly. in each mixture is indicated below the lanes. The mixtures{10
Upon addition to a CheAy{-32P]JATP mixture, both Chey1  final volume) were incubated with 0.4 mM{32P]JATP at 20°C

- . for 2 min and terminated by mL of 3x SDS-PAGE sample
and CheY2 were rapidly phosphorylated (Figure 2A,B), buffer/EDTA. (B) Progress curves for the phosphorylation of CheY1

confirming that CheA is the cognate kinase for both of these or CheY2 by P-CheA. At indicated times after2PJATP addition,
response regulators. Neither CheY1 nor CheY2 was phos-10uL aliquots of the reaction mixture were sampled and terminated

; ; _ as in A and quantified by scintillation counting. (C) Dependence
phorylated by ATP itself. By assuming that the phospho of CheY1 and CheY2 steady-state phosphorylation by CheA on

rylation reactions proceed similarly to those studiedEin  the ratio of CheY1 to CheY2. CheA (BM final concentration)
coli (7, 33, the net equations for the phosphorylation of and CheY2 (1M final concentration) were incubated with varying

CheY1 and CheY2 can be schematically represented (Schem@mounts of CheY1 (620 uM) and 0.4 mM |-*P]JATP at 20°C
1). for 2 min. Data points were determined as in B. Each data point

—_ . . ts th f th ind dent i :
The equilibrium for CheY phosphorylation by P-CheA in rce,ﬁ’é?(i‘?gf_) 8@@?&6 of three independent experimes: (

E. coliis shifted far toward the formation of CheY-B3),
but reverse phospho transfer from CheY-P to CheA has also To simulate the in vivo situation, reactant concentrations
been observedr( 34). close to those present i coliwere usedq, 35 36). Under
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FiGURE 3: Phosphotransfer frof#P-CheA to CheY1 and CheY22P-CheA was mixed with CheY1 and CheY2 as specified, and reactions
were monitored as described under Experimental Procedures. Reactions contained the following: (A1GZ2&heA (initial concentration)
and 0.6uM CheY1; (B) 0.225:M 32P-CheA (initial concentration) and 0V CheY2; (C) 0.225uM 32P-CheA (initial concentration), 0.6
#M CheY1, and 0.6:M CheY2; (D) 0.2uM 32P-CheA (initial concentration) and@ CheY1; (E) 0.2uM 32P-CheA (initial concentration)
and 2uM CheY2; and (F) 0.ZM 32P-CheA (initial concentration), 2M CheY1, and 2«M CheY2. Each data point represents the average
of two independent experiments®) CheY1-P; @) CheY2-P; and€) P-CheA. Apparent half-times of dephosphorylation reactitns {,

tuzva, tipa; defined in text) were calculated using computer-generated least-squares fits of the data to single-exponential curves.

these conditions, using&M CheA, 10uM CheY1, 10uM 1
CheY2, and 0.4 mMj-32P]ATP, the phosphorylation of
CheY1l and CheY2 proceeded with a half-time of ap-
proximately 14 s (Figure 2B). At these concentrations, the
generation of CheY1-P and CheY2-P was limited by the rate
of CheA autophosphorylation (compare Figure 1A). The
same conclusion was drawn from the disappearance of the
32P-CheA band upon addition of CheY1 or CheY2 to the
autophosphorylation reaction of CheA (Figure 2A, lanes 4

2 3 4 56 7

and 5). The steady-state level of Che¥P-observed upon CheYl Ao, e o e
extended incubation~(60 s) was 2.2 times higher than that CheY2 v e et
of CheY1%?P (Figure 2B). If the phosphorylation of CheA CheA e okl el i

is the rate-limiting step, differences in the levels of phos-
phorylanon COUld. be explained by a shorter half-life of FIGUReE 4: Phosphorylation of CheY1l and CheY2 by acetyl
CheY1-P in reaction 1la. phosphate and phosphotransfer from CheY2-P to CheA. Reactions

When both CheY1 and CheY2 were added at equimolar containing 7«M CheY1 and/or 7:M CheY2 were incubated with

‘i 18 mM acetyl f2P]phosphate in ZL of reaction buffer for 60 s.

ahmour;;[s, ?nl.y Che.Yl, b;t n?t CheYz, Levlealeld ?lgr;]lflcant Three microliters of either TEDG buffer (lanes 1, 2, 3) or CheA
5’2 osphorylation (Figure 2A, lane 6). The level of CheY1- (ina| concentration 7M: lanes 4, 5, 6, 7) were added, and the

P was similar with and without CheY2 present. Since a reaction was stopped after a 20-s incubation by the addition of 5
phosphate-nonaccepting mutant protein, CheY1D53E (with uL of 3x SDS-PAGE sample buffer/EDTA. Samples were
an Asp-53 to Glu exchange in the phosphorylation site), had analyzed as described under Experimental Procedures.

no noticeable influence on the phosphorylation of CheY2 tion of P-CheA by CheY1 and CheY2 were compared by
(Figure 2A, lane 7), it is unlikely that CheY1 mediates yse of purifiecf?P-CheA as the phosphate donor. At 3-fold
dephosphorylation of CheY2-P by phosphatase-like catalysisconcentrations of CheY1 and CheY2 relative3t8-CheA
(see also below). Rather, competitive phosphorylation of (0.6M CheY1, 0.6uM CheY2, and 0.22M 32P-CheA),
CheY1 may be responsible for the observed effect (Figure gephosphorylation o¥?P-CheA proceeded at a measurable
2C). rate, the apparent half-time &P-CheA dephosphorylation
Phosphotransfer between PurifiédP-CheA, CheY1, and  (t124) by CheY1 and CheY2 being 23 and 12 s, respectively
CheY2 in the Absence of ATHhe rates of dephosphoryl-  (Figure 3A,B). If, however, CheY1 and CheY2 were added

20 - =gl A A O M
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Ficure 5: Time course of spontaneous dephosphorylation of CheY1-P and CheY2-P. CheYMj3@nd CheY2 (30uM) were

phosphorylated with acety?{P]phosphate and the dephosphorylation rate was measured by chasing @Remtl-CheYZ?P with excess

unlabeled acetyl phosphate as described under Experimental Procedures. The dephosphorylation course of EA;GBgCheY232p;

(C) CheY122P and CheYZ2P; and (D) CheYZ22P in the presence of the phosphate-nonaccepting CheY1D53E mutant protein was defined.

Each point represents the average of at least two independent experim@ht€heY132P; (@) CheY232P. Apparent half-times of

dephosphorylation reactions$fv1, ti2v2) were calculated using computer-generated least-squares fits of the data to single-exponential

curves.

together, the rate of?P-CheA dephosphorylation was Scheme 2

distinctly higher (with an apparent half-time of 8 s), AcP  Ac CheA

indicating phosphotransfer onto both CheY1l and CheY2 cpey2 L.A CheY2-P 7¥_\ P-CheA + CheY?2 1))
(Figure 3C). The dramatic decrease in CheY2-P as compared

to CheY1-P (Figure 3C) thus reflects an accelerated degrada- l CheA

tion of CheY2-P in the three-component CheA/CheY1/

CheY?2 reaction, rather than the initial competition of CheY1 CheY2 +P.

for phosphate. This was substantiated by the following i

observations. Phosphorylation of CheY1 and CheY2 by Acetyl Phosphate

and the Reersed Phosphotransfer from Che¥P-to CheA.

If CheY1 or CheY2 was added at a 10-fold excess over gy dies by Lukat et al.1@) and McCleary and Stock3()
*?P-CheA (2uM CheY1, 2uM CheY2, and 0.2uM *2P- have demonstrated CheA-independent phosphorylation of
CheA), phosphotransfer to CheY1 and CheY2 was completedcphey by acetyl phosphate. We have therefore synthesized
before the first sampling at 15 s, thus facilitating d.irect and used acetyP{P]phosphate for the phosphorylation of
observations of the decay of CheY1-P and CheY2-P in the chey1 and CheY2 according to these authors (Figure 4, lanes
presence of unphosphorylated CheA (Figure-31). The 1 and 2). Under the given experimental conditions, steady-
apparent half-time of CheY1-P decay in the presence of state levels of phosphorylated CheY1l and CheY2 were
CheAtyova was 11 s; the decay of CheY2-P was slovigsk reached within 60 s (not shown).
= 18 ). This s consistent with the higher steady-state level  Acetyl [22P]phosphate did not phosphorylate CheA (Figure
of CheY2-P in reaction 1b. However, in the presence of 4, |ane 4). If, however, CheA was added to Che¥R-
both CheA and CheY1, the apparent half-time of CheY2-P reversed phospho transfer from Che¥P-to CheA was
decaytiov, decreased to less thaB s (Figure 3F, inset),  observed (Figure 4, lane 6) according to Scheme 2. By
whereas the rate of CheY1-P decay remained virtually contrast, reversed phosphotransfer from ChéPlto CheA
unchangedt(,y1 = 13 s). Thus, in the presence of CheA, was very low (Figure 4, lane 5). If in the same experiment
CheY2-P by itself is 1.7 times more stable than CheY1-P, CheY1 was added to the mixture of Che¥22 and CheA,
whereas in the three-component system, CheA/CheY1l/a marked decrease $#P-CheA and CheY22P band intensi-
CheY2, the stability of CheY2-P is largely reduced. This ties and an increase in Che ¥R intensity were seen (Figure
result led us to examine the intrinsic turnover rates of the 4, lane 7). Although acetyF{P]phosphate was in excess,
isolated phospho-CheY1 and phospho-CheY2 proteins.  the apparent shift to CheY®P phosphorylation suggested
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that, in the three-component reaction, phosphotransfer from 123456788910
32P-CheA is strongly biased in favor of Che¥2.

Dephosphorylation Rates of CheY1l and CheYrhe CheY1 > _ «HisCheY1
intrinsic rates of CheY 2P and CheYZ22P decay (phosphate
group turnover) in the absence of CheA were studied in a 12345678910
pulse-chase experiment with a 14-fold excess of unlabeled <HisCheY?
acetyl phosphate. The data presented in Figure 5 indicate Che‘1’2*‘_
apparent half-lives of 12 1 s (CheY1-P) and 10.5 1 s
(CheY2-P). Inview of these very similar spontaneous decay C 12345678910
rates of CheY1-P and CheY2-P, it must be the equilibrium ;
between P-CheA/CheY2 and CheA/CheY2-P given by eq CheA » =
1b that causes the apparent higher stability of Ch&¥2- —

Does CheY1 dephosphorylate CheY2 by phosphatase-like D 2 3 4 5 6

activity? This possibility was examined by incubation of a ?12 %g
mixture of CheY1-P and CheY2-P in the absence of CheA. 31 kDa
Neither the steady-state level of Che¥E- (or CheY132P)

(Figure 4, lane 3) nor the dephosphorylation rates of 21.5 kDa
CheY1-P or CheY2-P were affected (Figure 5C). Similarly,

the phospho-nonaccepting mutant protein, CheY1D53E, had 14.5 kDa
no accelerating effect on the dephosphorylation of CheY2-P

(Figure 5D). This suggests that neither unphosphorylated
CheY1 nor CheY1-P possesses phosphatase activity for E 2 3 4 5 6

hydrolyzing CheY2-P, assuming that the exchanged Asp- 22 kkIBS
57 residue does not participate in the hypothetical phos- 31 kDa —
phatase activity. This is rather unlikely, because in a mixture
of CheY1-P and CheY2-P (Figure 4, lane 3) no such activity 21.5kDa —
has been observed.

Quantification of in Vio CheY1, CheY2, and CheA 14.5 kDa
Concentrations. The in vivo concentrations of CheY1,

CheY2, and CheA assessed by immunoblotting were matched

+HisCheA

with those used in vitro (Figure 6). In these experiments, F 2 3 4 5 6
varying volumes of cell extract (530 ug of protein) were 97 kDa

compared to standardized amounts-f® ng) of purified 66 kDa

CheY1 (Figure 6A), CheY2 (Figure 6B), and CheA (Figure 45 kDa

6C). Hybridizing bands were assigned to CheY1, CheY2,

and CheA by their molecular sizes (CheY1, 14 kDa; CheY2, 31 kDa
14 kDa; CheA, 81 kDa) and by the hybridization patterns 71.5 kDa
of extracts from three deletion mutantscheY1 AcheY2, '

gnd AcheA(.Flgure 6D-F). The His affinity tag was not Ficure 6: Determination of intracellular concentrations of CheY1,
immunogenic (data not shown). Band intensities were chey2, and CheA by immunoblots. Soluble extracts of mdtle
compared and quantified densitometrically. Approximate in meliloti cells and purified CheY1, CheY2, and CheA proteins.
vivo concentrations thus determined were CheA/CheY1/ Proteins and cell extracts were separated by either 15% (CheY1

CheY2 as 1:13:13, corresponding to 850 (CheA)/11 000 and CheY2) or 7.5% (CheA) SBSPAGE, blotted and hybridized
(CheY1)/11 000 (CheY2) estimated number of molecules per as described under Experimental Procedures. (A, B, C) five (lane
p 1), 10 (lane 2), 20 (lane 3), and 3@ (lane 4) of soluble extracts

cell or 1.5uM CheA, 20uM CheY1, and 2quM CheY2 of R. melilotiRU11/001 (chemotaxis wild-type) and 5 (lane 5), 10
concentrations. The respective valuesHBorcoli are 1uM (lane 6), 20 (lane 7), 30 (lane 8), 40 (lane 9), and 50 ng (lane 10)
CheA to 15uM CheY (8, 35. The results confirm that of purified 6x His tagged proteins were hybridized against rabbit

: : : i_polyclonal (A) anti-CheY1, (B) anti-CheY2, and (C) anti-CheA
protein concentrations used in the phosphotransfer experi antibody. (D, E, F) Twenty micrograms of soluble extractRof

ments, namely, 0:230 uM CheA and 0.6-30 uM CheY1 meliloti RU11/001 (chemotaxis wild-type; lanes 1 and 6), RU11/
and CheY2, were well in the range of those present in a 308 (DcheY1 lane 2), RU11/307 cheY2 lane 3), RU11/309

chemotaxis-proficienR. meliloticell. (DcheY1/DcheY2lane 4), and RU11/310DcheA lane 5) were
hybridized against rabbit polyclonal (D) anti-CheY1, (E) anti-
DISCUSSION CheY2, and (F) anti-CheA antibody. Molecular mass standards

(BioRad) are indicated in kilodaltons. The 16-kDa band (B, lanes
1-4) represents a crossreacting protein other than CheY1, because

We have analyzed in vitro the phosphotransfer betWeenthis band is also present incheY1ldeletion mutant (E, lane 2).

three key components, CheA, CheY1, and CheY2, oRhe
meliloti chemotaxis signal transduction pathway. A%En CheY-P in thekE. colisystem is absent frofR. meliloti This

coli, CheA was shown to act as ATP-dependent autokinaselack is compensated for by an additional CheY protein,
capable of donating its phospho group to the responseCheY1, that controls the phosphorylation level of the main
regulators, CheY1l and CheY2. These results confirmed response regulator, CheY2-P. The in vitro studies reported
previous assumptions based on mutant phenotyp6s ( here are summarized by the reaction scheme forRhe
CheZ phosphatase that efficiently inactivates excessive freemeliloti signal transduction (Scheme 3).
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Scheme 3
ATP ADP CheY2
CheA %—é P-CheA L7=‘

ATP ADP CheY2

CheY1 jlb;, CheY]1
I
i

CheA + CheY1-P

|

CheA + CheY1 + P,
1

CheA + CheY2-P ——> CheA + CheY2+P (3)
1

The scheme is consistent with the essential observationsthe half-time of 10.5 s is faster than that®f coli CheY-P
made in this study, namely: (i) CheA is an ATP-dependent (20 s) but is too slow for efficient control of chemotaxis
autokinase; (ii) CheA phosphorylates both CheY1l and that requires exitation and adaptation in seconds or #3s (
CheY2; (iii) phosphotransfer from CheA-P to CheY2 is In vivo data have indicated that the level of CheY2-P is
reversible, and CheY2-P and CheA-P are in equilibrium, regulated by CheY116). The phosphotransfer experiments
whereas phosphotransfer from CheY1-P to CheA appearsreported here confirmed that CheY1 in conjunction with
to be insignificant (indicated by a dashed arrow); and (iv) unphosphorylated CheA serves to quickly reduce the level
CheY1-P and CheY2-P have intrinsic phosphatase activitiesof CheY2-P. Neither CheY1 nor CheA is a phosphatase of
and dephosphorylate at similar rates. CheY2-P; their influence on CheY2-P levels is the result of

One important deviation from tHe. colichemotaxis signal  shifting the equilibrium of reaction 3 toward the formation
transduction system is the observed regulatory role of of CheY1-P. InR. melilot; CheY1l thus assumes a dual
reversed phosphotransfer between CheY2-P and CheA. Arole: (i) CheY1 competes for phosphate from P-CheA with
similar phosphotransfer from an acyl phosphate of the an apparently higher affinity than CheY2 (Figure 2).
response regulator to a phosphoramidate of the histidineThereby CheY1 controls the phosphorylation of CheY2 in
kinase in signal transduction has been implicated in other the response to tactic signals (up-regulation). (i) CheY1
two-component system87, 38). The phosphotransfer from accelerates dephosphorylation of P-CheA and thereby the
the OmpR response regulator (aspartyl phosphate) to itsdecay of CheY2-P, once the signal and, hence, the CheA
cognate histidine kinase, EnvZ (phosphoramidate), has beerautokinase activity are switched off (down-regulation).
shown in vitro in theE. coli osmotic sensory systen39), Under defined physiological concentrationsl(Q excess of
where it appears to play a physiological role in dephospho- CheY1 and CheY2 over CheA), CheY1 thus functions as a
rylating phospho-OmpR. Phosphotransfer from aspartyl phosphate sink. It is reasonable to assume that in vivo the
phosphate to a histidyl residue thus appears to be thermo-observed back-transfer of phosphate from CheY2 to CheY1
dynamically feasible. Studies of model compounds indicate will be regulated by the CheW/receptor complex controlling
that acyl phosphate should have the highest free energy ofCheA activity. This (along with “molecular crowding”) may
hydrolysis of any phosphorylated amino acid side chaih( increase the rate constants up to 800-f@ld46), a possibility
to —13 kcal;40). Whereas this appears to be the case for that is currently being tested.

the aspartyl phosphate of CheY2-P (capable of reversed Thjs type of regulation is new in two-component signal
phosphotransfer onto CheA), it is not true for the aspartyl transduction pathways. However, the principle does not
phOSphate of CheYl-P, which in this I’eSpeCt is similar to appear to be unique_ Recent ﬁndings of two CheY homo-
theE. coliCheY-P. It has been proposetll] that this loss  |ogues inRhodobacter sphaeroid€44), Caulobacter cres-

in high-energy state is compensated for by a conformational centus(M. K. Alley, personal communication), antigro-
change in protein structure. A similar phosphorylation- pacterium tumefacien@&. Wright, personal communication)
activated conformational switch may be instrumental in suggest that the new reaction scheme may be a common

CheY1-P ofR. meliloti Such conformational changes may feature in members of the-subgroup of proteobacteria.
be detectable by NMR, as has been shown by comparison

of the structures of CheY and CheY-P frdi coli (29). ACKNOWLEDGMENT
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