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ABSTRACT. The histidine protein kinase CheA plays a central role in the bacterial chemotaxis signal
transduction pathway. Autophosphorylated CheA passes its phosphoryl group to CheY very kagidly (

~ 750 s1). Phospho-CheY in turn influences the direction of flagellar rotation. The autophosphorylation
site of CheA (Hig®) resides in its N-terminal P1 domain. The adjacent P2 domain provides a high-
affinity binding site for CheY, which might facilitate the phosphotransfer reaction by tethering CheY in
close proximity to the phosphodonor located in P1. To explore the contribution of P2 to the-€heA
CheY phosphotransfer reaction in tAecherichia colchemotaxis system, we examined the transfer kinetics

of a mutant CheA protein (CheX¥P2) in which the 98 amino acid P2 domain had been replaced with an
11 amino acid linker. We used rapid-quench and stopped-flow fluorescence experiments to monitor
phosphotransfer to CheY from phosphorylated wild-type CheA and from phosphorylated\@BeAhe
CheAAP2 reaction rates were significantly slower and g value was markedly higher than the
corresponding values for wild-type CheA. These results indicate that binding of CheY to the P2 domain
of CheA indeed contributes to the rapid kinetics of phosphotransfer. Although phosphotransfer was slower
with CheAAP2 KealKm ~ 1.5 x 10° M~1 s71) than with wild-type CheAKca/Km ~ 108 M~1 s71), it was

still orders of magnitude faster than the kinetics of CheY phosphorylation by phosphoimidazole and other
small molecule phosphodonoig{/Kn ~ 5—50 M1 s71). We conclude that the P1 domain of CheA also
makes significant contributions to phosphotransfer rates in chemotactic signaling.

The chemotaxis signaling system &fscherichia coli histidine residue (Hi%) utilizing the y-phosphoryl group of
enables cells to make rapid adjustments of their swimming ATP (3). The phosphoryl group from P-CheA is then
patterns in response to chemical gradients in their environ- transferred to an aspartate residue @sim CheY (14). The
ment (). Cell surface chemoreceptors monitor attractant and CheA — CheY phosphotransfer reaction is most likely
repellent levels and communicate stimulus information to catalyzed by CheY, which can also autophosphorylate, albeit
the flagellar rotary motors through two intracellular proteins, much less rapidly, using small molecule phosphodonors such
CheA and CheY ). CheA is a histidine protein kinase as acetyl phosphaté%) and phosphoimidazold 6). Crystal
(HPK)! (3, 4) whose activity is modulated by the chemo- structures and NMR-derived structures have been reported
receptors §—8). CheA activity in turn controls the phos-  for CheA (17, 18) and CheY 19, 20) and a CheACheY
phorylation state of CheY, a response regulator (RR). complex @1, 22). This structural information and extensive
Phospho-CheY (P-CheY) controls the cell's swimming mutagenesis studies have made CheA and CheY two of the
behavior by interacting directly with flagellar motors to pest characterized members of the HPK and RR superfami-
enhance their probability of clockwise (CW) rotatich {0). lies, respectively, and excellent experimental models for

The CheA— CheY signaling transaction is one of the ~ exploring mechanistic features of two-component signaling
most intensively studied examples of a H&sp phospho- pathways.

relay (11), the hallmark of “two-component” signal trans-
duction pathways in a wide variety of microorganisms and
higher plants 12, 13). CheA first autophosphorylates at a

One feature of the chemotaxis system that distinguishes
it from most other two-component systems is the impressive
speed at which it operates. Most two-component signaling
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Ficure 1: Functional organization and important structural features
of wild-type CheA, CheAP2, CheA?+25 and CheA 1%, The

CheA124-257
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domain and the P2 domain make important contributions to
the phosphotransfer reaction.

EXPERIMENTAL PROCEDURES

Protein Preparations.CheY and CheA were purified
following published methods4( 33). Wild-type CheA was
purified from cells E. coli strain RP3098 34)] carrying
plasmid pKJ9 85). The same procedure was used to isolate
CheAAP2 from cells carrying plasmid pKJ9-1.1. These
expression plasmids carried the appropriateA coding
region preceded by four in-frame codons of the parental
plasmid pTM30 86). The additional N-terminal residues
have no discernible effect on the in vitro or in vivo activity
of CheA 35). Plasmid pKJ9-1.1 was created by deleting
(from plasmid pKJ9) the portion atheAencoding amino
acids 156-247. To accomplish this, oligonucleotide-directed

indicated regions have been defined as discrete structural andmutagenesis was used to creat®agl restriction site in the

functional domainsX7, 29). In CheAAP2, amino acids 150247
were replaced by an 11-residue sequence as indicated '&h&A

encompasses all of P2 plus flanking sequences at its N- and

C-termini. CheA13% encompasses all of P1.

L1 linker of the cheAcoding sequence in pKJ9. Then, a
double-stranded oligonucleotide, encoding an alanine/proline-
rich linker, was inserted between the introducati! site

and anEad site in the L2 linker segment to create thé&2

component signaling systems that regulate gene expressior'?O”Str“Ct' This construct was confirmed by sequencing the

rather than locomotion. For example, phosphotransfer from
VansS to its cognate response regulator, VanR (a transcrip-
tional regulator), operates on a considerably slower time scale

(keat~ 1.6 s'Y) (27). Detailed kinetic analyses have not been

reported for other two-component systems, but qualitative

entire cheAgene in the mutant plasmid. CheY and CheA
protein concentrations were determined spectrophotometri-
cally using extinction coefficients (8.25 mM cm™ for
CheY; 16.3 mM* cm™ for CheA) calculated by the method

of Gill and von Hippel 87).

results from these systems support the general conclusion CheA fragments corresponding to various functional
that phosphotransfer reactions in the chemotaxis system arélomains of the full-length protein were purified by making

at least 106-1000-fold faster than the corresponding reac-
tions in the nonchemotaxis two-component systeh3sZ7,
28). What features of CheA and CheY account for the very

use of plasmids that directed overexpression of the corre-
sponding segments of titheAcoding sequences. Ch&A 257
(a fragment of CheA encompassing the P2 domain) was

fast phosphotransfer rate relative to other two-componentpurified from cells (RP3098) carrying plasmid pTM22 as
systems? Understanding how these features contribute to théeported previously3g). CheA~'** (corresponding to the

rate of CheA— CheY phosphotransfer should provide
important insight into how the basic chemistry of Hi&sp

P1 domain) was overproduced using a derivative of plasmid
pET14 (Novagen) that fused an N-terminal (Higffinity

phosphorelays can be fine-tuned to meet specific signalingtag to the protein, allowing purification of the (His)

needs.

The unique architecture of the CheA protein may be
responsible for its rapid phosphotransfer abilify7,(29—
31). The N-terminal third of CheA contains two domains

CheAl" 1 fusion by the procedure of Levit et aBY). The
concentrations of Che&* 257 and (His}-CheA 1% were
determined using the BCA assay kit from Pierce Chemical
Co. with bovine serum albumin serving as the standard.

(P1 and P2) that play key roles in phosphotransfer to Chey ~The phosphorylated form of wild-type CheA was gener-
(Figure 1). The P1 domain contains the autophosphorylationated as described previousl¢)( Phosphorylated (His)

site 3, 29) and must, therefore, interact with CheY during

CheAl"1% was generated via transphosphorylati@g) (by

phosphotransfer. The adjacent P2 domain contains a bindingncubating 5uM (His)e-CheA~3 with 5 uM CheA%®~65¢

site for CheY @9, 32), which presumably facilitates phos-
photransfer by placing CheY in close proximity to the

[purified as described previousl$J)] in the presence of 5
mM ATP and 10 mM MgC). The phosphorylated (His)

phosphorylated histidine side chain in P1. CheY docking at CheA™3 was then isolated from the reaction mixture by
P2 might also contribute to catalysis of phosphotransfer by Ni#*—NTA chromatography (thereby removing the CHeA*
several other mechanisms, such as (i) promoting productiveand ATP).

orientation of Asp’ in CheY and phospho-Hi%in CheA,
(i) inducing a CheY conformation that enhances its reactiv-
ity, and (iii) providing catalytic groups that promote steps

Experiments To Monitor Phosphotransfer Time Courses.
All phosphotransfer experiments were carried out in TMD
buffer (50 mM Tris, 10 mM MgGJ, 0.5 mM DTT, pH 7.5).

in phosphotransfer. To assess the contributions of P2 to theQuench-flow experiments were performed using a BioLogic
CheA— CheY phosphotransfer reaction, we constructed a QFM-5 instrument as described previousBb). For most

CheA variant (CheAP2) lacking the P2 domain but still

such experiments, 60L of 3?P-CheAAP2 (0.1-0.5 uM

capable of autophosphorylation and phosphotransfer. Herebefore mixing) was mixed with 6aL of CheY (1-60 uM

we show that phosphotransfer to CheY from Cd® is

before mixing). The resulting mixture passed through an

~25-fold slower than from wild-type CheA but still many aging line for a predetermined time interval before being
orders of magnitude faster than from a small molecule mixed with an equal volume of quench buffer (10% SDS,
phosphodonor. These findings indicate that both the P10.1 M EDTA, 50 mM Tris-HCI, pH 6.8). Samples were then
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analyzed by SDSPAGE (on 17% gels) followed by (values determined in this work). In addition, we modified
phosphoimager analysis to quantify the level’®®fassociated  the rate constant for CheZ-mediated dephosphorylation of
with P-CheAAP2 and P-CheY at each time point. Each P-CheY from the default value (0.126M~! s7%) to 0.22
reaction was performed in at least two independent experi-uM~* s™1. This modification was necessary to obtain a
ments in which duplicate samples were averaged for eachsteady-state P-CheY concentration close to the level esti-
time point. mated for unstimulated, wild-typ. coli (43), and it brings

Stopped_ﬂow fluorescence experiments were performed this rate constant into agreement with our previous measure-
and ana]yzed using an App||ed Photophysics SX.17MV ments 44) Our simulations used the BCT default values
instrument as described previousB). In a typical experi-  for the Che protein and Tar concentrations.
ment, 5QuL of P-CheAAP2 was mixed with an equal volume To calculate flagellar rotation bias for any given level of
of CheY solution, and the ensuing changes in CheY intrinsic P-CheY (Figure 6B), we made use of the relationship defined
fluorescence were monitored. Time courses from 10 to 15 by Cluzel et al. 45): CW bias= [P-CheY]/([P-CheY] +
consecutive “shots” were averaged to improve the signal- KqV). This is a version of the Hill equation whelis the
to-noise ratio. Hill coefficient andKy is the dissociation constant for the

Computer Simulations of the Effect of Decreasirag)sk Complex formed b-etween P-CheY and the flagellar motor.
the Rate Constant Controlling Phosphotransfer Kinefias. ~ For these calculations, we used tRevalue (10.3) andKq
explore how the overall efficacy of the chemotaxis system Value (3.1uM) reported by Cluzel et al.4Q).
would be affected by altering the rate of the CheA phos-
photransfer to CheY and CheBye used BCT version 4.2 RESULTS
developed by Bourret, Lay, Levin, and BragQ( 41) (down- Properties of CheAP2. Details of the construction and
loaded from URL http:.//www.zoo.cam.ac.uk/zoostaff/levm/. characterization of the Che¥P2 protein will be described
Chemotaxis.html). This program represents the chemotaxiSg|se\yhere (Jahreis et al., in preparation). In essence, we
signaling system as a set of dlfferentlal equations and mf"‘kesremoved the P2 coding region and joined the flanking L1
use .Of experl_mentally determined rate constants, defined ;g | 2 segments with a proline- and alanine-rich linker, as
binding association constants, and known intracellular con- depicted in Figure 1. The mutant protein was purified by

centrations of the Che proteins. On the basis of thiS yhe same procedure as wild-type CheA and was found to
information, the program uses numerical integration to 5 yonhosphorylate at approximately the same rate as wild-
calculate the resulting concentration of P-CheY (and other type CheA (data not shown). On mixiAgP-CheA\P2 with
signaling intermediates). In addition, BCT can si'mula}te the CheY, we observed complete transfer of the labeled phos-
effect of exposing the system to a chemota}xs stimulus phoryl group to CheY within 5 s, the fastest time point we
(attractant or repellent). We made use of this feature 10 .o, 14 achieve by manually mixing the reactants and then
examine the response of the system to@Bdown-jump ,enching the reaction with SSRAGE sample buffer. This

in aspartate concentration. Aspartate is an effective chemo-j iia test demonstrated that phosphotransfer from QkRA
attractant that “blnds to the receptor Tar with.gof ~3 M to CheY was too rapid to distinguish from the corresponding
(42); thus our “test stimulus” served to activate half of the wild-type CheA reaction using manual mixing experiments.

cell’s pool O:] Ti_r’ and this is r?flehcted Ina eorrgsp_ohndr:ng Consequently, we turned to the rapid reaction instruments
Increase In the kinase activity o CheA assoclated With these ,qqj iy earlier studies to characterize phosphotransfer from
Tar molecules which, in turn, generates a transient mcreaseW”d_type CheA to CheY 25, 26)

in the P-CheY level &, 6). These computer simulations

calculated the concentration of P-CheY (Figure 6A) in
unstimulated cells (prior to addition of aspartate) and in
stimulated cells (maximal P-CheY value generated within 1

s after removal of the aspartate), pseudo-first-order conditions, i.e., with the CheY phospho-

_BCT represents each proteiprotein interaction as &  accentor in at least 10-fold molar excess over the P-QIR2
simple second-order reaction (e.g., rate of phosphotransfer,

. phosphodonor, and the reactions were sampled over a time
= kono{CheY][P-CheAl). The rate constants used for these ¢ ,rse of 5-5000 ms. In the quenched-flow experiments,
interactions are based on experimental measurements an

X " e phosphodonor w&dP-CheMAP2, enabling us to follow
are provided as part of the BCT package. We modified three the appearance of the label in CheY and its concomitant

of these rate constants from their BCT v4.2 default values disappearance from Ched#®2. At each time point, samples

to incorporate our recent measurements. Specifically, we set, o e mixed with SDS and EDTA to stop the phosphotransfer
k=50uM~!s!as the second-order rate constant for CheA reaction, and the levels &P-CheA\P2 ancf2P-CheY were

— CheY phosphotransfer ard= 12 uM~* s™* for CheA jotermined. Representative results are shown in Figure 2.
— CheB phosphotransfer reactions involving wild-type CheA |, yhe stopped-flow experiments, we followed the intrinsic
(25, 26, and Stewart et aJ'l' n preparation), and we used f,qrescence of the reactants to monitor the course of the
values of 1.5 and 0.3gM " s* for the respective phos-  o50tion. CheY fluorescence decreases upon CheY phos-
photransfer reactions in BCT simulations involving Cid?? phorylation (5), whereas CheA fluorescence is not sensitive
to CheA phosphorylation state (Stewart, unpublished obser-

2|n addition to phosphorylating CheY, CheA also directs phos- Vvation). Representative results from the stopped-flow experi-
phorylation of CheB4). Our unpublished results indicate that the rate  ments are shown in Figure 3.
of phosphotransfer from P-Che¥°2 to CheB is 36-40-fold slower .
than the corresponding reaction with wild-type CheA. This effect was ~ Rate measurements from the two experimental approaches

included in the BCT simulations. were in excellent agreement. Each time course was fit well

Measurements of Cheé#®2 Phosphotransfer Kineticgve
used quenched-flow and stopped-flow approaches to monitor
the time course of phosphotransfer from P-CAER to
CheY. Both types of experiments were performed under
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Q Ficure 3: Time course of fluorescence changes following mixing
& oso- 4 of P-CheAAP2 with CheY. P-CheAP2 (0.25«M) was mixed with
-~ 2.5uM CheY (O), 10uM CheY (@), or 40uM CheY (), and the
— 0.25 - ] rapid decrease in fluorescence emission intensity was monitored.
ff, ‘ B Concentrations listed here are the postmixing values. Each data
6 set represents the average of at least 10 consecutive stopped-flow
a Ul | | | | il shots. Solid lines represent computer-generated best fits of the data
= 0 25 50 75 100 to a single exponential, and the first-order rate constants derived
Time (milliseconds) from such least-squares fits were definedtas;values. When time
courses were extended to longer times (e.g., out to 20 s), a slow
Ficure 2: Time course of phosphotransfer from Che?2 to increase in fluorescence sign&lyq= 0.04 s?) followed the rapid

CheY.32P-CheM\P2 (0.25:«M after mixing) was mixed with excess  changes shown in the figure, as expected for the CheY autodephos-
CheY in a rapid-quench instrument, and the phosphotransfer phorylation reactionl(, 26). Note that the experimental conditions
reaction was allowed to proceed for the indicated times before resulted in phosphorylation of only a small fraction of the total
qguenching (with SDS and EDTA). Levels éiP-CheAAP2 and CheY present in the reaction mixtures (10% for 29 CheY;
32P-CheY were determined as described in Experimental Procedures0.25% for 4QuM CheY). Therefore, the decreases in signal intensity
Each data point represents the average of two replicates for a singledue to CheY phosphorylation were observed on top of a large,
experiment: 2.5uM CheY (©); 10 uM CheY(™); 40 uM CheY constant background signal due to the unphosphorylated CheY.
(©). Concentrations given here are the postmixing values. Panel Because the concentration of CheY is different for the three time
A: appearance oPP-CheY. Panel B: disappearance#i-CheA. courses shown in the figure, the magnitude of this background signal
The plots show just the first 100 ms of time courses that were was different. To facilitate comparison of these time courses, the
carried out to 5000 ms. The final level of phosphorylated CheY 2.5 and 1QuM CheY time courses are shifted up along thaxis

was not affected by the CheY concentration in this range (i.e., such that the fluorescence intensities at their starting points matched
[P-CheY}ina was ~0.25 uM for each experiment), indicating that of the 40uM time course.

guantitative transfer of the phosphoryl group from CheA to CheY. ) o ) _—
Solid lines represent computer-generated best fits of the data to aCheY in unanticipated ways. To examine such possibilities,

single exponential, and the first-order rate constants derived from we used stopped-flow fluorescence measurements to monitor
such least-squares fits were defined kagq values. Error bars phosphotransfer from an isolated P1 domain (Ché#) to
indicate standard errors of the mean. CheY. These results (Figure 4, triangles) indicated that the
by a single exponential (Figures 2 and 3), and such fits werekinetics of CheY phosphorylation by P-ChEA are very
used to extract the pseudo-first-order rate constapd)(for similar to those observed for CheY phosphorylation by
reactions run at CheY concentrations ranging from 1 to 50 P-CheMP2. We conclude that the kinetics of phosphotrans-
uM. Both methods yielded essentially identidalsq values fer from P-CheA\P2 to CheY reflect the interaction of CheY
at any particular CheY concentration (Figure 4). Moreover, with the phosphorylated P1 domain of P-Che22 and that
both sets okyysqvalues showed a first-order dependence on this interaction is not affected significantly by the kinase
CheY concentration with no evidence of rate saturation at domain, the regulatory domain, or the linker regions of
the highest CheY levels tested (Figure 4). In contrast, CheAAP2.
phosphotransfer from wild-type CheA exhibits saturation = Phosphotransfer Effects of P1 and P2 Domains in trans
kinetics, with aKn, of approximately 7uM (25). Thus, the Our kinetic measurements showed that phosphotransfer to
phosphotransfer reaction from Ch&R2 is either rate-limited ~ CheY from P-CheAP2 was considerably slower than it is
by collisional interactions between the phosphodonor and from wild-type CheA. For example, at a CheY concentration
phosphoacceptor or else involves a binding interaction only of 10 uM, phosphotransfer from wild-type CheA is more
evident at very high, i.e., nonphysiological, reactant con- than 25-fold fasterkypsg ~ 400 S VS kopsg ~ 15 s3). If
centrations. binding of CheY to the P2 module of CheA places CheY in
Phosphotransfer from ChéA®® to CheY. Although a conformation that facilitates the phosphotransfer reaction,
CheAAP2 lacks the high-affinity CheY-docking domain, it it might be possible to enhance phosphotransfer from
retains the kinase catalytic domain, the C-terminal regulatory CheAAP2 by supplying the P2 domain itrans Using
domain, and various linker regions of the full-length protein stopped-flow fluorescence experiments, we examined the
(Figure 1). It is conceivable that any of these remaining reaction of CheY with P-CheAP2 in the presence of varying
segments might (i) influence the ability of the phosphorylated concentrations of Che&*2%7, a CheA fragment encompass-
P1 domain of CheAP2 to interact with CheY or (ii) ing the P2 domaindl, 36) and its CheY binding site2,
influence phosphotransfer kinetics by interacting directly with 32) (see Figure 1). As shown in Figure 5A, the CH&a?%”
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kinetics of phosphotransfer from P-ChAR2 to CheY and from = Chel (k)
P-CheA~13% to CheY. For the reaction between CheY and 0
P-CheAAP2, the plottedk,nsqvalues are the pseudo-first-order rate ~ 01 ¢
constants derived from rapid quendi)(and stopped-flow @) F
experiments (as in Figures 2 and 3). The best-fit linear relationship 0.05 L

defined in this plot (solid line) indicates a second-order rate constant
of 1.5 x 106 M~1 s71 for the reaction between CheY and

P-CheA\P2. For the reaction between CheY and P-Ché®, the Ficure 5: Effect of CheA24-257 and wild-type CheA on the rate
plotted kopsq Values @) were determined by stopped-flow experi-  of phosphotransfer from Che¥P2 to CheY. Panel A: reaction
ments. The best linear fit (dashed line) of these data indicates amixtures contained 0.26M P-CheAAP2, 2.8¢M CheY, and either
second-order rate constant of Z310° M1 s1, Error bars indicate no CheA24-257 (O) or 10 uM CheA'?4-257 (). The inset shows

1
Time (s)

standard errors of the mean. the relationship between the observed first-order rate con&tagy (
and the concentration of Ché® %", Panel B: reaction mixtures
polypeptide actually caused a small but reproduditfebi- contained 0.2xM P-CheAAP2, 2.8uM CheY, and either no wild-

. type CheA Q) or 10 uM wild-type CheA (). The inset shows
tion of the rate of phosphotransfer.from PSSImeF\Z to the relationship between the observed first-order rate congtagy (
CheY. Thus, the P2 module present in CA&2>"does not  and the concentration of CheA. In both panels, reaction time courses

appear to be capable of enhancing phosphotransfer from avere monitored using fluorescence emission changes as in Figure

P1 module irtrans Instead, binding of CheY to Chéa 257 3. The data are presented as normalized semilog plots because the
’ . i . . H 257 ild-

appears to render CheY less capable of interacting with f€actions in the presence of CHEA=7 or wild-type CheA

. 2" exhibited smaller amplitudes than did reactions in the absence of
P-CheAAP2. Although such an effect seems counterintuitive ege additions [as expected because of the quenching of CheY

because it would reduce signaling efficiency in vivo, we intrinsic fluorescence associated with CheY binding to the P2
previously observed a similar inhibitory effect of CH&A257 module of CheA 88)]. F;, F, and F; denote the fluorescence

on CheY phosphorylatlon by Sma” molecule phosphodonors emission intensity observed at= O, t = time t, and at the end

e point of the reaction, respectively. The solid lines in the main panels
such as acetyl phosphate and phosphorami ( represent the computer-generated best fits of each time course to a

A substantial portion of the CheY molecule is known to single exponential. The solid lines in the insets depict the inhibition
undergo subtle conformational change upon binding to the pattern expected if the Che2 complex has &g of 1.5uM and
P2 module 21, 22, 46). Our results might reflect a decreased @ phosphotransfer activity that is 30% that of free CheY.

phosphoaccepting ability for CheY in this altered, P2-bound concentrations tested, unphosphorylated CheA had no
conformation. However, we note that CHgA?"includes,  effect on the rate of the phosphotransfer reaction (results not
in addition to the P2 domain, a small fragment of the P1 shown). This result indicates that the affinity of any binding
domain and two linker regions, as shown in Figure 1. This interaction between P1 and CheY must be quite weak (e.g.,
raises the possibility of an alternative explanation for the at |east 25 times weaker than the affinity of CheY for
negative effect of Chel&*2°". perhaps these regions flank-  phospho-P1).
ing P2 in CheA?*>" are responsible for the observed e also explored the possibility that binding of CheY to
inhibition and/or mask an accelerating influence by the P2 ynphosphorylated wild-type CheA could inhibit the ability
module. Distinguishing between these alternative interpreta-of CheY to interact with P-CheAP2. The underlying
tions will require further experiments using an isolated P2 rationale for this experiment was that unphosphorylated P1
peptide that lacks the flanking regions present in CHEA. might be an effective inhibitor when tethered to the P2
To accomplish phosphotransfer, CheY must interact with domain in the context of full-length CheA. Such tethering
the phosphorylated P1 module of wild-type P-CheA (or might, for example, expose CheY to a high effective “local
P-CheAAP2). This interaction must, of course, involve the concentration” of P1, and this high local concentration of
phosphorylated Hi§ side chain of P1 but might involve  unphosphorylated P1 might inhibit CheY’s ability to interact
additional binding contacts between CheY and P1. If so, an with the phosphorylated P1 module of P-Che®2. As
unphosphorylated P1 module might inhibit phosphotransfer shown in Figure 5B, wild-type CheA did inhibit phospho-
from P-CheA\P2 to CheY by sequestering CheY. To test transfer from P-CheAP2 to CheY. However, the extent of
that possibility, we examined P-Ch&#®2 phosphotransfer  this inhibition was similar to that caused by CHéA?257
kinetics in the presence of increasing concentrations of (Figure 5A). We conclude that the inhibition observed with
unphosphorylated Che¥P2 (0-25uM). Even at the highest  wild-type CheA (Figure 5B) resulted from conformational
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alteration of CheY caused by binding to P2 rather than from
any enhanced ability of P1 to interact with CheY in the
context of full-length CheA.

DISCUSSION

In previous work, we demonstrated that phosphorylation
of CheY by wild-type CheA takes place on a millisecond
time scale 25, 26). We are interested in defining the features
of CheY and CheA that contribute to the speed of this

phosphotransfer reaction. Because it contains a high-affinity

binding site for CheY, the P2 domain of CheA is likely to
make important contribution29, 32). In the work reported
here, we explored the role of this domain in the kinetics of
CheA — CheY phosphotransfer. Our results indicate that
phosphorylation of CheY by Che¥P2 is considerably
slower than is CheY phosphorylation by wild-type CheA.
Below we consider the significance of this observation at
two levels: first, how the altered phosphotransfer kinetics
are expected to influence the overall operation of the

chemotaxis system, and second, what our results reveal about

the molecular mechanism of CheA CheY phosphotransfer.
Importance of Rapid Phosphotransfer for Chemotaxis
Signaling.Using CheY and CheA at their approximate in
vivo concentrations [1620 and -5 uM, respectively 40)],
we observed a pseudo-first-order rate constant ef3bs*
with P-CheAAP2 compared to a value of 46600 s for
phosphorylated wild-type CheA. Would this rate difference
affect the intracellular level of P-CheY, and if so, would

this alter the cell’s ability to execute chemotaxis responses?
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To address .theS(_a questlo_ns, we performed ComP“ter SImU|a_FIGURE 6: Computer-modeled relationship of the effect of the
tions (described in Experimental Procedures) using the BCT phosphotransfer rate constaigit on the intracellular level of

program developed by Bray and BourretO( 41). This

P-CheY and on the flagellar CW rotation bias. Computer simula-

program describes the chemotaxis signaling circuitry as ations were performed using the BCT v4.2 program of Bourret and

set of differential equations and can calculate the P-Che
level in unstimulated cells. In addition, BCT can simulate

v Bray (40, 41) as described in Experimental Procedures. For these
simulations the rate constants for CheACheY and CheA—~ CheB

phosphotransfémwere varied in parallel by multiplying their wild-

how this level changes when a cell encounters a chemotactiGype values (50 and 0.22M 1 s*1) by a common factor indicated
stimulus. We used this program to examine the possible as (hypotheticakon.g/(wild-type konod. Panel A: for each set of

effects of altering the rate constampd for the CheA—
CheY phosphotransfer reactiémn particular, we explored
how the value okynosaffects the steady-state concentration

Konos Values, a BCT simulation was performed to calculate the

expected steady-state level of P-CheY before and after a hypotheti-

cal stimulus (removal of aM aspartate). Plotted are the prestimulus
P-CheY concentrationd) and the predicted stimulus-induced

of P-CheY before and after subjecting the system to a change in P-CheY concentratidf)( Panel B: the prestimulus and

hypothetical test stimulus (removal of chemoattractaptyl3

poststimulus P-CheY levels shown in panel A were used to calculate

aspartate)_ As shown in Figure 6A, these simulations indicatethe anticipated CW rotation bias of flagella (i.e., the fraction of

that both the prestimulus level of P-CheY ([P-ChgYi)
and the magnitude of the stimulus-induced increase in
P-CheY QA[P-CheYlLn) are affected by the value ¢fnos
especially in the range where the ratio of the hypothetical
KohostO thekgnos O wild-type CheA falls between 0 and 0.1.
Using thekpnes values we measured for ChaR2 (~1.5
uM~s™1) and for wild-type CheA(~50uM~1 s™%), Figure

6A indicates that, compared to wild-type CheA, Che?2
would give rise to a lower value of [P-Che¥dim (2.0 versus
2.75uM) and to a diminished response magnituddR-
CheYkim is 0.7uM for CheAAP2 versus 1..xM for wild-
type CheA).

3 BCT calculates the rate of the CheA CheY phosphotransfer
reaction akphod CheY][P-CheA]. Our previous work25, 26) indicates
that the rate of phosphotransfer does not exhibit a strict first-order
dependence on [CheY] but rather exhibits saturation kinelgs~< 7
uM and ket ~ 750 s1). On the basis of our measurements, when
[CheY] is in the range between 5 and @AM CheY, the reaction rate
can be approximated by the BCT relationship udipgs~ 50 uM*
sL

time that a flagellar motor spends rotating in the CW direction)

using the Hill equation and parameters defined by Cluzel et al.
(45). Plotted are the prestimulus bia3)(@nd the predicted stimulus-
induced change in biaglj. The lines in both panels serve only to
connect the data points and have no theoretical significance.

Would these changes affect the chemotaxis abilitf of
coli? Answering this question requires a qualitative under-
standing of the role of P-CheY in chemotaxis signaling and
a detailed quantitative understanding of the relationship
between [P-CheY] and the cell swimming pattern. In the
absence of chemostimuliE. coli alternates frequently
between periods of smooth swimming-2 s “runs” that
result from counterclockwise (CCW) flagellar rotation] and
briefer episodes of “tumbling” [0-£0.2 s periods of
somersaulting that result from clockwise (CW) flagellar
rotation and serve to change the swimming direction of the
cell] (1). To accomplish chemotaxis, a cell modulates the
frequency of tumbling episodes (i.e., the probability of CW
flagellar rotation) 47). This modulation is reflected in the
CW bias of the flagellar motors (i.e., the fraction of time
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that a motor spends rotating in the CW direction): in the
absence of chemostimuli, the flagellar motors exhibit a CW
bias of 0.14-0.36, and this rapidly increases to a bias of
~1 when cells encounter a strong CheA-activating stimulus,

such as decreased [attractant] that changes the ligand-binding

state of>50% of the receptor2@, 43, 47). The bias of the
flagellar motors at any given time is determined by the
intracellular concentration of P-Che¥J). P-CheY binds
to the switch components of the motor and promotes CW
flagellar rotation; unphosphorylated CheY does not interact
with the motor in this manner and so allows it to operate in
its default mode, CCWA4@, 49). By regulating the concen-
tration of P-CheY, the chemotaxis system modulates the CW
bias of the motors and so controls the cell swimming pattern.
The quantitative relationship between P-CheY concentra-
tion and the CW bias of flagellar rotation has been
investigated intensively4@, 45, 50). We used the relationship
defined by Cluzel et al 4b) to estimate the CW motor bias
expected for each value of [P-Che¥dimin Figure 6A and

to calculate the predicted change in bias associated with eaclg
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FiGure 7: Model depicting the roles of the P1 and P2 domains of
CheA in the CheA— CheY phosphotransfer reaction. Panel A
shows CheY interacting with phosphorylated wild-type CheA.
inding to the P2 domain of CheA tethers CheY in close proximity

A[P-CheYkim. As shown in Figure 6B, these calculations to the phosphohistidine side chain provided by P1. This promotes

indicate that low values dfynes Such as that observed with

phosphotransfer by providing a high local concentration of phos-

CheAAP2, are predicted to cause a large decrease in the cwRhodonor to Asyf of CheY. Interactions between CheY and the

P1 domain (indicated by the double-headed arrow) also enhance

bias (.)f motors in unstlmulat_ed cells and to diminish th_e the rate of phosphotransfer. Panel B shows CheY interacting with
magnitude of the response (bias change) generated followingp.cheAnP2. The absence of the P2 docking site slows the rate of
a CheA-activating stimulus. For example, Figure 6B predicts phosphotransfer somewnhat, but interactions between CheY and P1

a bias change of0.3 for CheAAP2 compared to a value of
~0.78 for wild-type CheA for responses to our test stimulus
(removal of 3uM aspartate). This analysis predicts that a
cell expressingheAAP2 in place of wild-typecheAwould
tumble infrequently in the absence of chemostimuli and
would be impaired with respect to its ability to respond to
chemostimuli. These behavioral predictions have been con
firmed experimentally (Jahreis et al., in preparation). The
loss of chemotaxis ability iche AAP2 cells appears to arise
solely from the reduced phosphotransfer activity of Chea.
Other activities (including autokinase activity and modulation
of this activity by the chemotaxis receptors) appear to be
normal for this CheA variant (Jahreis et al., in preparation),
so its failure to support efficient chemotaxis is evidently due
to the reduction in the rate of CheA CheY phosphotrans-
fer.

Contributions of P2 and P1 to Rapid CheA CheY
PhosphotransferGiven the critical importance of phospho-
transfer speed to effective chemotaxis signaling, how do
CheA and CheY accomplish this reaction on a rapid time
scale? Note that the relative catalytic efficiencies of CheY
phosphorylation by wild-type CheAhos = kealKm ~ 1C°
M~1s™1) and by CheAP2 (Kphos~ 1.5 x 10° M~1s™1) are
very much greater than by small molecule phosphodonors
(Kphos~ 5—50 M1 s71) (16, 26, 51). If CheY phosphorylation
in these three situations (depicted in Figure 7) involves the

are still present and facilitate phosphotransfer. Panel C depicts CheY
interacting with phosphoimidazole. In the absence of the accelerat-
ing interactions with P1 and P2, this phosphotransfer reaction is

very slow.kynesis the effective second-order rate constant for CheY

phosphorylation. The indicated values are from work reported here
(Figure 4), from our previous work26, 26), and from our
extrapolation of work published by Silversmith et dl6). Phos-
phohistidine (phosphoimidazole) is shown in a protonated state to
account for the pH dependence of the phosphotransfer reatépn (

during its interactions with phosphorylated wild-type CheA.
Moreover, binding of CheY to P2 takes place extremely
rapidly (kon ~ 10° M1 s7) (Stewart, unpublished results),
suggesting that P2 provides a mechanism for rapid associa-
tion of CheY with its phosphodonor. Thus, P2 could
conceivably contribute to the kinetics of phosphotransfer
either by inducing a conformational change in CheY that
enhances its ability to acquire the phosphoryl group from
P-CheA or by effectively tethering CheY in a region of high
“local concentration” of the phosphorylated P1 domain. Our
analysis of the kinetics of CheY phosphorylation by
P-CheAAP2 and by wild-type P-CheA indicates that P2
contributes to the rate of phosphotransfer via the second of
these mechanisms but probably not the first.

Binding of CheY to P2 is known to alter the structure of
the “acid pocket” that serves as the CheY active sttg (
22, 46). However, we found that P2 domainstians could
not enhance the phosphoacceptor activity of CheY, indicating

same basic chemical events, as seems likely, then the lowthat P2-induced conformational changes of the CheY active
Konosvalue seen with small molecule phosphodonors indicatessite probably do not contribute significantly to the kinetics

that the chemistry of His—~ Asp phosphotransfer is not
inherently fast. Therefore, features of CheA have evolved

of CheA — CheY phosphotransfer. By contrast, inces
configuration P2 could contribute to the rate of phospho-

to accelerate these events. Our results suggest that both theansfer by tethering CheY in close proximity to phospho-

P2 domain and the P1 domain of CheA make important
contributions to this acceleration.

The dramatic effect of the P2 deletion on tkg of the
CheA — CheY phosphotransfer reaction indicates that P2
provides the high-affinity binding site utilized by CheY

rylated Hig® in the covalently connected P1 domain (as
depicted in Figure 7A). This tethering could, for example,
position Asp” immediately adjacent to P-Hfsin an active

site arrangement that would enhance the rate of phospho-
transfer by dramatically increasing the “effective local
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concentrations” of the phosphodonor and phosphoacceptor.
By comparing the second-order rate constant for CheY
phosphotransfer from Che¥P2 (1.5x 10° M~1s™) to the

keat Value ¢~750 s?) for the wild-type CheA reaction, we
calculate that tethering results in an effective local concentra-
tion of ~500 uM phospho-P1 available to CheY. This
effective concentration is quite small compared to the
enormous values (1610° M) observed in various model
systems designed to mimic enzyme active si2s33). This
comparison suggests that tethering of CheY to the P2 domain
of P-CheA does not constrain the reactants Asp CheY

and P-Hig® of P1) to the extent expected for an active site.
A simple calculation suggests that the observed effective
concentration of phospho-P1 could be accounted for by
constraining Aspy and P-Hig8 to the volume occupied by a
sphere with a radius 6£90 A. NMR studies of CheA 233

indicate that P1 and P2 are distinct, noninteracting structural 11.

domains joined by a 24 amino acid linked0j that serves

as a flexible hinge to allow P1 and P2 to move independently
(32). If this linker adopts a random coil conformation, then
the average distance separating the C-terminal end of P1 from
the N-terminal end of P2 would be60 A (54), a distance
that, based on the structure of Zhou et &B)( could easily
accommodate a 90 A separation betweer’His the P1
domain of CheA and A$pof CheY bound to the P2 domain

of CheA. Therefore, our results suggest that the kinetic effect
of tethering CheY to P2 can be accounted for without limiting
the relative movements of P1 and P2. This observation argues
against models in which P2 serves as a scaffolding that
arranges Asp and phospho-Hf$ in close proximity in an
active site.

Although slower than the reaction of CheY with phos-
phorylated wild-type CheA, phosphorylation of CheY by
P-CheA\P2 is quite fast compared to CheY phosphorylation
by phosphoimidazole and other small molecule phospho-
donors. The 18-10°-fold difference inkynos SUggests that
the P1 domain of CheA makes significant contributions to
the rate of phosphotransfer. P1 might contribute to the rate
of phosphotransfer (i) by providing a transient docking site
for CheY @35), (i) by providing catalytic groups that promote
specific events (such as charge redistribution) during phos-
photransfer16, 55, 56), or (iii) by providing an environment
of low dielectric constant in which the phosphotransfer
chemistry would take place more rapidl®6j. The nature
of CheY’s interactions with P1 remains obscure. We presume
that specific contact points are involved, but our experiments
do not provide direct evidence of a discrete CkeY
complex, suggesting that the Che¥XP1 interaction is weak
and short-lived. We have isolated mutations in P1 that appear
to slow the rate of P1— CheY phosphotransfer. We
anticipate that characterization of these mutants will help to
define features of P1 that facilitate its rapid interaction with
CheY.
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