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ABSTRACT. Signal transduction in the chemotaxis systemEsicherichia coliinvolves an autophos-
phorylating protein histidine kinase, CheA. At the active site of CheA, phenylalanine residues 455 and
459 occupy positions near the ATP-binding pocket, immediately adjacent to one of the hinge regions of
a loop that undergoes an ATP-induced conformational change (“lid closure”) that has been characterized
previously in X-ray crystal structures [Bilwes et al. (200at. Struct. Biol. 8353—-360]. We generated
versions of CheA carrying FA55W and F459W replacements and investigated whether the fluorescence
properties of the introduced tryptophan side chains were affected by nucleotide binding in a manner that
would provide a signal for investigating the dynamics of active site events, such as ATP binding and lid
closure. Our results indicate that CHE&RY is useful in this regard, but Ché&°Wis not. CheA*55W
retained full catalytic activity and exhibited easily monitored fluorescence changes upon binding
nucleotide: we observed a 280% decrease in Ché&5W fluorescence emission intensity at 330 nm
upon binding ATP in the absence of Kiy in the presence of M{g, the emission spectrum of the
CheA*5SW.ATP complex was red-shifted by 5 nm and exhibited an increased interst@% higher at

345 nm relative to that of uncomplexed CH&&W). Different fluorescence changes were observed when
two ATP analogues (ADPNP and ADPCP) were used instead of ATP and wh&ndvi€&t was used

in place of Mg". We exploited the fluorescence changes induced by™M@TP to explore the kinetics

and mechanism of nucleotide binding by CHé®&W. In the absence of Mg, binding appears to involve

a simple one-step equilibriunkgsn= 0.7 uM~* s71 and kgissp = 270 st at 4 °C). In the presence of

Mg?*, the binding mechanism involves at least two steps: (i) rapid, relatively weak binding followed by
(i) a rapid, reversible stepkfrwara = 300 st and Kreverse =15 st at 4 °C) that enhanced the overall
affinity of the complex and generated an increase in W455 fluorescence. This second step could reflect
a conformational change at the CheA active site, such as lid closure. These results provide the first insight
into the dynamics of nucleotide binding and substrate-induced conformational changes at the active site
of a protein histidine kinase.

CheAl is an autophosphorylating protein histidine kinase ~ Propagation of a signal from the receptors to the flagellar
(1, 2); it functions in the signal transduction pathway that motors involves a series of phosphorylation and dephos-
allows Escherichia coliand numerous other bacteria to phorylation reactions, the first of which is autophos-
accomplish chemotaxis, an ability that reflects control of cell phorylation by CheA g). CheA acquires thg-phosphoryl
swimming patterns in response to gradients of chemicals group of Mg*—ATP, covalently linking it to a specific
(attractants and repellents) encountered in the environmentistidine side chain (H48)1( 2). The rate of this autophos-
(3—5). The chemotaxis signal transduction pathway includes phorylation reaction is subject to regulation by the chemo-
the following sequence of events: cell-surface receptor taxis receptor proteinss( 7), slowing when receptors bind
proteins detect prevailing extracellular concentrations of gttractant molecules (such as various sugars and amino acids)
attractant/repellent and regulate the activity of CheA ac- ang speeding up when these attractants dissociate or in the
cordingly, CheA then regulates the activity of CheY, and resence of repellent molecules. Autophosphorylated CheA
CheY, in turn, interacts with the flagellar motors to modulate .5, qonate its phosphoryl group to either of two downstream
the direction of flagellar rotation in a manner that determines signaling proteins, CheY or CheB, (L0), and these response
vv_hether a cell will either continue sv_vimming in its current regulator proteins become activated as a result of this
direction or somersault to change directiéh-6). phospho transfer. Phospho-CheY binds to the switch com-

" Supported by NIH Research Grant GM52853 to R.C.S. ponent's of the' flagellar motors' ina manne.r that pr(.)mOt.eS

* Phone: (301) 405-5475. Fax: (301) 314-9489. E-mail: rs224@ clockwise rotation, thereby causing Changes in the swimming
umail.umd.edu. direction (L1, 12). Phospho-CheB modifies the signaling

1 Abbreviations: ADPCPJ,y-methyleneadenosiné-fiphosphate; i i ing i
ADPNP, B-adenylylimidodiphosphate; P-CheA, phosphorylated CheA, properties of the chemotaxis receptor proteins in ways that

PHK, protein histidine kinase; TNP-ATP,'(3)-O-(2,4,6-trinitro- pro_mOte sensory adaptatioh3 14). The lifetimes of the
phenyl)adenosine Sriphosphate; IPTG, isopropgtp-thiogalactoside. activated (phosphorylated) forms of CheY and CheB are
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limited by their intrinsic autophosphatase activities and, for with CheA™W provide some insight into the mechanism

CheY, by a phosphatase, CheZ {0, 15).

of ATP binding and the kinetics of an active site conforma-

There are many signal transduction pathways that utilize tional change resulting from this binding.

proteins that are evolutionarily related to CheA, CheY, and

CheB (6, 17). For example, a singlg&. coli cell contains

62 distinct protein histidine kinases, each operating in a
distinct sensory response pathway and each utilizing a distinctfr

cognate response regulatat8). Hundreds of additional

protein histidine kinases have been identified (by sequence

comparisons) in prokaryotic genome®(20). In addition,

PHKs appear to be present in some, but not all, eukaryotic

microorganisms as well as in some plangd)( CheA is

arguably the most intensively studied PHK: mutagenesis

studies 22, 23), biochemical investigation2®, 24—28), and
detailed structural information derived from NMR studies
(29, 30) and X-ray crystallography3(, 32) have combined

to provide some insight into the catalytic mechanism of

CheA. A few other PHKs33—35) have been examined in

detail, providing support for the idea that these kinases make
use of some common structural and mechanistic features.
However, current understanding of the catalytic mechanism
of this important class of protein kinases is not extensive or

detailed. In particular, little information is available regarding

EXPERIMENTAL PROCEDURES

Materials. High-purity ATP and ADP were purchased
om Roche Diagnostics Corp. (Indianapolis, IN). TNP-ATP
was from Molecular Probes (Eugene, OR). DTT and IPTG
were purchased from BioVectra (PEI, Canada). MgCl
MnCl,, CaCk, ADPNP, ADPCP, Tris, glycerol, and pEDTA
were purchased from Sigma. TNKGDG buffer contained 50
mM Tris—HCI, 50 mM potassium glutamate, 25 mM NaCl,
0.5 mM DTT, and 10% glycerol (v/v) adjusted to pH 7.5 at
25°C.

Site-Directed Mutants, Plasmids, and Bacterial Strains.
Tryptophan substitution mutations were introduced @fteA
using appropriate custom-synthesized oligonucleotides (In-
vitrogen) and the GeneTailor site-directed mutagenesis kit
(Invitrogen). Mutations created unique silent restriction sites
and were confirmed by DNA sequencing (University of
Maryland Center for Agricultural Biotechnology).

E. coliK-12 derivatives RP3098\(flhA—flhD)] (42) and

ATP-induced conformational changes in PHKs. It seems AcCheAstrain RP953543) were kindly provided by Sandy
likely that such changes must play an important role in the Parkinson (University of _Utah, Salt Lake City, UT). RP3998
autophosphorylation reaction, as the phospho-accepting hishas a chromosomal deletion that removes all otthegenes;

tidine side chain is located in a protein domain distinct from
the domain containing the ATP-binding sitg6j.

The modular organization of CheA is depicted in Figure
1A. The active site of CheA includes an ATP-binding cavity
(located in domain P4) and a flexible loop region (the “ATP
lid”) that appears to fold over the bound nucleotide in a
manner similar to that observed for the GHL family of
ATPases (Figure 1BBQ). Several of these ATPases appear
to utilize this loop movement (lid closure) as an important
part of their catalytic mechanism; it promotes shifts in the
relative positions of domains within the protein, shifts that

this strain was used for plasmid-directed overproduction of
(His)s—CheA" and (His)—CheA™8Q and each of the tryp-
tophan-substitution versions of (His)CheA and (Hisy—
CheA™ 8 Wild-type and mutantheAalleles were expressed
as N-terminal (His) fusions using a derivative of plasmid
pAR1:cheA(23).

To examine the ability of each CheA derivative to support
chemotaxis, the correspondingheA alleles (in plasmid
pAR1) were transformed intdcheAhost RP9535. Trans-
formants were stabbed into trpytone swarm plates, @and
movement of the outer edges of the swarm colonies was

are required for these enzymes to act upon their substrategneasured45) and compared to that observed for RP9535
(37—39). Thus, it seems reasonable to propose that the lid carrying pAR1cheA" and pAR1 lackingcheA

closure in CheA could play a similar role, perhaps promoting

Protein Purification Each of the versions of CheA used

the interdomain interactions required to bring the P1 domain for this work carried an N-terminal (His}ag to facilitate

(and H48) to the active site located in the P4 dom&3 (
40, 412).
The CheA crystal structures defined by Bilwes et al, (

purification. To simplify the nomenclature in the text,
hereafter we have omitted explicit inclusion of (Hi8) the
name of each protein. Previously published methods were

32) have provided informative snapshots of different potential used to purify these CheA derivative23{ and CheY 46,
conformational states of the CheA active site: an open 47). Protein concentrations were determined using calculated

conformation in the absence of bound nucleotide, a partially extinction coefficients48): 16.3 mM* cm™* for CheA",

closed conformation when M¢gcomplexed nucleotide is

22.0 mM1cm™1 for CheA>*Wand CheA*9W 27.7 mM1

bound, and an alternative, more compact active site observedm * for CheA“55W.F459W 8 25 mM* cm* for Che.

in some CheA:nucleotide complexes lacking a divalent metal

CheA Autokinase Assay@heA autophorphorylation activ-

ion. To complement these static views of the nucleotide ity was assayed in two independent ways. The two different
complex, it is important to investigate the dynamics of the assays gave comparable results. In the first assay, CheA
CheA active site, such as the kinetics of interconversion turnover was monitored spectrophotometrically using a
between different conformations. Such information could be coupling system to link ADP production to NADH oxidation,
valuable for understanding the autophosphorylation mech- as described previous!$,(49). These assays were performed
anism of CheA and other PHKs. For example, purified CheA at 25 C using TNKGDG buffer containing 5 mM Mggl

autophosphorylates slowlykg: ~ 0.05 s'). Could this

and 50 uM CheY. At this CheY concentration, CheA

slowness reflect slow conformational changes at the active autophosphorylation is rate-limiting. The second autokinase
site? To begin addressing such questions, we introducedassay monitored covalent attachment3&® to CheA in
tryptophan substitutions at two selected positions near themixtures of CheA andj-*2P]JATP. SDS-PAGE analysis,
CheA active site and then attempted to use these asquantitation of?P, and analysis of reaction time courses were
fluorescent reporters of events at the active site. Our resultsperformed as described previousBA( 50).
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Ficure 1. Schematic diagram of the functional organization of CheA (A) and structure of the ATP-binding site (B). (A) DomaiRS P1

of CheA have been defined by a variety of high-resolution methods, including Nd@R30, 56, 57) and X-ray crystallography3(, 58,

59), and lower resolution approaches such as protease sensiB@tyRunctions have been assigned to these domains on the basis of
information gleaned from biochemical and molecular genetic approa2h2g, 60, 61). Domain P4 encompasses the ATP-binding site and
active site of CheA32). P4 includes four blocks of amino acids which are conserved sequence elements in the PHK supdatt)y (

The amino acid sequences of three of these blocks (G1, F, and G2) are shown (highlighted in yelBwjdioCheA andT. maritima

CheA. The locations of defined structural elements of 88 { a7) relative to G1, F, and G2 are depicted schematically below the
sequences. The numbering of these helices corresponds to that used by Bilwe8$tialtheir description of the crystal structure of a

T. maritimafragment corresponding to domains-F35. (B) Effect of nucleotide binding on the conformation of the CheA active site. The
structure on the left depicts the active site structurd.ofmaritimaCheA in the absence of nucleotide (generated using coordinates from
PDB file 1B3Q) @1). The structure on the right depicts the active sitl ofnaritimaCheA with Mg+—ADPCP bound (PDB file 1158)

(32). The color-coding in these structures matches that used in panel A. Comparison of the empty active site #-teDREP-bound

active site indicates that the ATP lid region (magenta) undergoes a conformational change upon nucleotide binding. The positions of the
F box phenylalanine side chains relative to the ATP lid and bound nucleotide are shown. The indicated amino acid nhumbering (F455 and
F459) corresponds tB. coli CheA, which we assume adopts an active site structure very similar to tHatnoéritimaCheA.

Fluorescence-Monitored Binding Titratiorsluorescence  recording emission spectra (36855 nm, slits at 5 nm) when
emission and excitation spectra were recorded using a PTIthe excitation wavelength was set at 296 nm (slits at 1.5
QuantaMaster instrument. Samples in TNKGDG buffer (2.5 nm). This excitation wavelength was chosen to eliminate the
mL) were placed in quartz cuvettes (1 cml cm), stirred effects of high ATP concentrations on the intensity of the
continuously using a magnetic stir bar, and maintained at excitation energy. In a typical experiment, successive addi-
constant temperature using a circulating water bath connectedions of concentrated ATP (10 or 100 mM) were made to a
to the cuvette holder. CheA fluorescence was monitored by solution containing 2.zM CheA, and emission spectra were
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recorded following each addition. The samples were shielded 0.04
from the excitation light between additions and did not appear L
to experience photobleaching (as indicated by the stability 0.03
of the emission signal in “mock titrations” in which buffer
was added in place of ATP). Results from ATP titrations
were corrected for small dilution effects and then analyzed
using least-squares fitting routines in Dynafifl) or Sigma-
Plot. This analysis assumed a simple, one-site binding model. 0.01
As CheA is a dimer under our experimental conditia?g) (

this assumption equates to assuming that the two nucleotide- ; . . .
binding sites of the dimer are identical and operate inde- 0 100 200 30 400 50
pendently. [ATP] (uM) 0

Rapid Reaction Measuremen8topped-flow fluorescence e e e L —
experiments were performed using an Applied Photophysics
SX-17MV instrument modified with a 2L observation cell
that reduced the deadtime t€0.8 ms (measured using the
Massey procedurép)). The excitation wavelength was set
at 295 nm, and the emitted light (@820 nm) was monitored
by a photomultiplier after passing through a WG320 long-
pass filter. Data collection and analysis were performed using
the Applied Photophysics software. In a typical experiment,
10 consecutive stopped-flow shots were collected for each 0 L
set of reaction conditions (e.g., at each ATP concentration) 0 1000 200 3000 4000
and then averaged prior to analysis to define the observed [ATP] (uM)
pseudo-first-order rate constant defined by the time course.FIGURE 2: Steady-state kinetic parameters for autokinase activity

The reactants were maintained at constant temperature usin@lc CheArSSW(A) and CheA" (B). Autophosphorylation rates were
easured at a series of ATP concentrations for reaction mixtures

0.02

k obs (3-1)

0.04

0.03

k obs (5-1)

0.02

0.01

a circulating water bath. containing 2uM CheA and 504M CheY in TNKGDG buffer
containing 10 mM Mgdl and a coupling system comprised of 1
RESULTS mM sodium phosphoenolpyruvate, 0.2 mM NADH, 30 units ThL
lactate dehydrogenase, and 20 units thpyruvate kinase49).
Activities of CheA**>Wand CheA**Win Vitro and in Vivo. ATP consumption was monitored by following the decrease in

We used oligonucleotide-directed mutagenesis to gen-absorbance at 340 nm (reflecting oxidation of NADH by the
erate cheA alleles encoding Che&%Y, CheA“™ and coupling system). The curves (solid lines) indicate the best fit of

. . the data using the MichaelidMenten equation and least-squares
Che oW We also generated variants of these proteins apaysis in Si%maPIot: for ChAsW (A?), the best fit indicgted

that carried, in addition, an H48Q substitution that rendered K AT = 85 + 10 uM and ke, = 0.042+ 0.005 s?; for CheA"t
the proteins incapable of autophorphorylation (by removing (B), the best fit indicated,A™" = 380+ 20 uM and ko = 0.048
the phosphorylation site). After purifying the (Highgged =+ 0.005 s™.

versions of these proteins as well as (tiglgged CheX, CheAH48QF455W gnd CheAl#8QF459% enabled strain RP9535
we assayed their autokinase activities as detailed in thetg exhibit any observable chemotaxis ability in swarm
Experimental Procedures. Che&W exhibited akeathatis  assays: the swarm-plate colonies were indistinguishable from
comparable to that of wild-type CheA and a somewhat lower that observed for the host strain alone or carrying a plasmid
K™ (Figure 2). CheA®*and CheA**W.F45Wexhibited  |acking cheA(results not shown). The lack of complemen-
kcat Values (00006'0001 S_l) that are +2% Of the Wlld- tation bycheﬁ459w and Cheﬁ455W,F45gwconﬁrmS previous
type value (results not shown). As expected, the H48Q gpservations witttheA45°Y andcheA#55Y.F459Y(22, 53) and
VerSionS Of eaCh Of these proteins eXh|b|ted Undetectablesuggests that the Very |OW autokinase activities of these
autokinase activities. These results indicate that G%ﬂ versions of CheA are inadequate to Support chemotaxis.
retains normal Catalytic aCtiVity in Vitro, while the F459W Effect of Nucleotides on Fluorescence of CheA Tryp_
mutant and the FA55W,FA59W double mutant had greatly tophan-Substitution Mutantsve examined the effect of ATP
reduced autokinase activity. and ADP on the intrinsic fluorescence emission properties
To assess the ability of the different versions of CheA to of CheA", CheA55W CheA5°W and CheA*55W.F459W Tg
function in an in vivo context, we used swarm plate assays eliminate possible effects of catalytic turnover of ATP by
(44) to observe the ability of each CheA variant to support CheA, we also repeated these experiments using versions
chemotaxis when expressed at appropriate levelsNoreA of these proteins carrying an H48Q substitution. Comparable
strain of E. coli (RP9535). We found that Ché&&>W results were obtained with the H48-replete and H48Q
supported a chemotactic swarming rate that was essentiallyersions of each CheA variant. Addition of ATP or ADP
the same as that observed when wild-type CheA was had no effect on the steady-state fluorescence properties of
expressed in this strain (results not shown). These resultsCheA" (and CheA*8Q) in either the presence or absence of
suggest that, in vivo, the autokinase activity of Ch&AY Mg?* (results not shown). Similarly, the emission properties
is regulated by the chemotaxis receptor proteins in a mannerof CheA*W (and CheA“8QF459% were insensitive to
that is adequate to enable regulation of swimming movementsnucleotide addition. However, ATP and ADP affected the
in response to gradients of chemostimuli. None of the other fluorescence emission spectrum of CHEAY (and
CheA variants (Che5%V, CheA45SW.F459W  CheA™8Q CheA8QF455%  The changes observed in the absence of



Kinetics of ATP Binding to CheA

—~ 6x10°

4x10°

2x10°

Emission Intensity (cps

—
300 320 340 360 380 400
Wavelength (nm)
T T T T T T T T T T T

AF 335 (cps)

15 x10°[ I l I I I %
0 1 2 3 4 5 6

[ATP] (mM)

Ficure 3: Effect of ATP on the fluorescence emission spectrum
of CheA*5Win the absence of MJ. Spectra were recorded for
CheA W samples at 28C usinglex = 296 nm. (A) CheAi8QF4S5W
(2.5uM) in the absence<) or presence (---) of 10 mM ATP. Buffer
was TNKGDG plus 10 mM N£&EDTA. (B) Results of fluorescence-
monitored titration of CheA*QF455With ATP. The change in
emission intensity at 335 nny-xis) was determined after each of
a series of ATP additions to a 2:8M solution of CheAi48Q.F455W

in TNKGDG buffer containing 10 mM NA&DTA. The solid line

shows the computer-generated best fit of the data using a simple

one-site binding equation (indicatéq, = 1.8 +£ 0.2 mM). Error

bars indicate the standard error of the mean for each data point

from two independent experiments.
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Ficure 4: Effect of ATP on the fluorescence emission spectrum
of CheAH48Q.F455Win the presence of Mg. Spectra were recorded
for CheA#8Q.F455W samples at 25C using Aex of 296 nm. (A)
CheAH8QF455W (2 5 M) in the absence—f) or presence (---) of
10 mM ATP in TNKGDG buffer containing 10 mM Mgl (B)
Results of fluorescence-monitored titration of CHE®R:-F455With
ATP. The change in emission intensity at 349 nyrakis) was
determined after each of a series of ATP additions to au®5
solution of CheAi*8Q.F455Win TNKGDG buffer containing 10 mM
MgCl,. The solid line shows the computer-generated best fit of
the data using a simple, one-site binding equation (indickted

'90 4+ 10 uM). Error bars indicate the standard error of the mean

for each data point from three independent experiments.

be fit well using a simple one-site model withka of ~1.8

Mg2* were different from those observed in its presence MM for the CheA***".ATP complex at 25C. TheKq value

(Figures 3 and 4). In the absence of WMgaddition of a

at 4°C was~400uM (data not shown). For similar titrations

saturating level of ATP resulted in a significant decrease in the presence of 10 mM Mg, we monitored formation

(25—-30% at 330 nm) in emission intensity for CHg&W

of the CheA**"“Mg?"—ATP complex by following the

(Figure 3A). A similar decrease was observed upon addition increase in emission intensity at 350 nm (Figure 4B).
of saturating ADP (results not shown). In the presence of Analysis of these binding curves indicated tighter binding

Mg?* (Figure 4A), addition of saturating levels of ATP (or
ADP) resultedm a 5 nm redshift of the emission spectrum
of the CheA*®W (and CheA*8QF455% and an increased
emission intensity20% higher at 345 nm relative to that
of uncomplexed Che&>Y). These changes (i.e., an in-

than in the absence of Mg(in the presence of 10 mM Mg,
K¢ = 90 uM at 25°C and 40uM at 4 °C). Similar results
were obtained using ADP instead of ATP, but tevalues
were somewhat lower (e.gkq = 12 uM at 4 °C for the
CheAr*55W-Mg2t—ADP complex). TheKq of the Che&*>5W:

creased emission intensity and red shift) were not observedMg**—ATP complex is lower than that determined previ-

with the double mutant CheA®SW.F459W (and its H48Q

ously (using different approaches) for the wild-type CheA:

version): with the FW double mutant, fluorescence emission Mg*' —ATP complex Kq = 200-300 uM) (23, 54). As
intensity decreased upon addition of ATP or ADP in the discussed in the preceding section, we observed a similar

presence or absence of Kigto an extent similar to that
shown in Figure 3A (results not shown).

difference inK,A™" values determined from steady-state
assays of CheA autokinase activity (80 forCheAr55W

We performed fluorescence-monitored titrations of versus 380uM for CheA"). These results indicate that

CheA48QF4SWyyith ATP. A plot of the extent of fluores-

CheA*5Whinds Mg™—ATP with higher affinity than does

cence decrease as a function of ATP concentration in theCheA". Our findings also indicate that Mg enhances the

absence of MY (Figure 3B) indicated a hyperbolic relation-

affinity of the active site of Che®>Wfor ATP in a manner

ship, as expected for a reversible binding equilibrium in similar to that reported previously for the wild-type active

which the CheA**W.ATP complex has lower emission
intensity than the free Ché#S"W. Analysis of the titration
profile (Figure 3B) indicated that the binding curve could

site G4).
Effects of ATP Analogues and AlternaiDivalent Metal
lons on CheA®™SWFluorescenceThe X-ray crystallography
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Ficure 5: Effect of different nucleotides and alternative metal ions
on the fluorescence emission spectrum of CHERFSW (A)
Difference spectra for ZXM CheA48Q.F455Win the presence of
saturating levels of M§—ATP (=), Mn?"—ATP (---), and
Ca&*—ATP(--). Each difference spectrum represents the emission
spectrum observed in the presence of 5 mM metakleotideminus

the emission spectrum for the same CH&R F455Wsolution before
addition of the nucleotide. For comparison, the ATP-induced
difference spectrum in the absence of any divalent metal ion is
shown (+++). (B) Difference spectra for CheR8QF455W com-
plexes with Mg*—ATP, Mg?*—ADPCP, and Mg —ADPNP

Each difference spectrum represents the emission spectrum observe

in the presence of 5 mM metahucleotideminusthe emission
spectrum for the same ChE&QF455Wsample before addition of
the nucleotide.

studies of Bilwes et al.32) demonstrated that the active site

of CheA undergoes a conformational change upon binding

nucleotides and that slightly different conformations (espe-
cially of the loop region comprising the ATP lid) are
generated depending on (i) the identity of the nucleotide
bound and (ii) the nature of the divalent metal coordinated
to the polyphosphate region of the nucleotide Mwersus
Mg?"). For example, subtly different active site conforma-
tions are induced by ADP, ADPNP, and ADPCP, and the
Mg?*—nucleotide-bound active site differs from that ob-
served with the MAr—nucleotide complex. We investigated
the effects of alternative divalent metals (Mrand C&")
and two nonhydrolyzable ATP analogues (ADPNP and
ADPCP) on the fluorescence properties of CRERY. Our
results indicate that Mii—ATP and C&"—ATP induced less
dramatic fluorescence changes in Ch#&¥than did Mg —
ATP (Figure 5A). All three divalent metals effectively
enhanced the affinity of the protein for ATP (results not

shown). Similarly, we observed that the fluorescence proper-

ties of the CheA**Wnucleotide complex were different
when ADPCP and ADPNP were used in place of ATP

Stewart
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Ficure 6: Kinetics of ATP binding to Chei8QF455W in the
absence of Mg (A) Fluorescence stopped-flow measurements of
emission intensityAex = 295 nm,Aem > 320 nm) were made after
50uL of a 10uM CheAH48QF455Wsample was mixed with an equal
volume of ATP at 4°C in TNKGDG buffer containing 10 mM
Na&EDTA. Analysis of each time course as a single-exponential
decay indicatedkopsenesvalues (e.g., 32573 at 100uM ATP and
1050 s at 1.25 mM ATP). The solid lines depict the computer-
generated best fits that defined thé&ggenedvalues. The “No ATP”
time course was recorded using the same detector settings (PMT
voltage and offset) as the 100M ATP and 1.25 mM ATP time
courses and indicates that we were able to obsei®8% of the
time course at the lowest ATP level (35% occurred during the
instrument deadtime) and55% of the time course at the highest
ATP level (45% occurred during the instrument deadtime). (B)
@nalysis of the effect of ATP concentration on the rate of complex

rmation. The plot 0kopsenedversus ATP concentration is fit well
by a line having a slope of 04M~1 s1 and ay-axis intercept of
270 s (both values defined by least-squares fitting). Error bars
indicate the standard of the mean for data points representing
averages of two independent experiments.

(Figure 5B). These results indicate that the fluorescence
emission properties of W455 respond to subtle alterations
in the conformation of the CheA active site and its bound
nucleotide.

Nucleotide-Binding Dynamic§Ve examined the kinetics
of nucleotide binding and dissociation by exploiting the
change in fluorescence caused by binding of ATP to
CheA55W. Using a stopped-flow fluorescence instrument,
we first monitored ATP binding to CheR8Q.F455Win the
absence of M. These experiments were performed at 4
°C because the reactions were too fast to observe 4C25
(they were essentially complete within the instrument dead-
time). Time courses obtained at a series of ATP concentra-
tions could be fit well by a single-exponential equation that
defined a pseudo-first-order rate constd@ttre) for each
reaction (Figure 6A). The dependence lQfseneqOn ATP
concentration exhibited a linear relationship with a nonzero
y-axis intercept; there were no indications of saturation
kinetics (Figure 6B). The simplest reaction scheme that can
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o
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uAv e iR !"ﬂ 25 mM ATP of 310 s (below we refer to this a&may), (i) @ Kobserved
j m M value equal to half oknax at an ATP concentration of 800
uM (below we refer to this value a&4, the “kinetically
definedKy"), and (iii) a nonzeroy-axis intercept (17 8).
These results are consistent with a two-step reaction mech-
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AR ] CheA+ Mg”—ATPf-l1 CheAMd* —ATP ==

| a3 i . e
R n ¢ o Mg i of NN % No ATP (CheA:Mg2+—ATP)* (2)
0 10 _ 20 30 40 50
Time (milliseconds) in which the first CheA:Mg"—ATP complex is spectrally
R A silent (i.e., has the same fluorescence as uncomplexed CheA)
; and the final complex has enhanced fluorescence emission.
For such a reaction scheme, the relationships between the
observable kinetic parameters extracted from FigurekéB, (
K4, y-axis intercept) and the rate constants for individual
steps ki, k-1, ko, k—5) will depend on the relative magnitudes
of these rate constants, in particular the relative ratds of
andk; (55). These relationships are explored further in the

CheA Fluorescence (PMT volts)

-1
kobserved (S )

Discussion.
For some combinations &fvalues (e.g., whek_, < k_,),
A W -y e— the y-axis i f Fi Id indi h I
0 05 10 15 20 25 y-axis intercept of Figure 7B would indicate the value
[ATP] (mM) of k,, i.e., the rate constant for the rate-limiting step in

FIGURE 7: Kinetics of ATP binding to Chel8QF455Win the dISSOCIa“O.n of I\/_I@f_—ATP from the_complex 9. To
presence of M§. (A) Fluorescence stopped-flow measurements €xplore this possibility, we used an independent approach
of emission intensityAex = 295 NM, Aem > 320 Nnm) were made  t0 monitor the kinetics of M&§—ATP dissociation from
after 50uL of a 10uM CheAH#8QF455Wsample was mixed with an  CheAF*55W. In a stopped-flow fluorescence instrument, we
equal volume of ATP at 4C in TNKGDG buffer containing 10 rapidly mixed CheA:M&"—ATP with excess TNP-ATP and

mM MgCl,. Analysis of each time course as a single-exponential . P :
decay indicatedoeencavalies (29 st at 0.05 mM ATP. 855! at monitored the ensuing increase in fluorescenceat 420

0.2 mM ATP, 255 st at 2.5 mM ATP). The solid lines depict the ~ NM (lex = 390 nm). This approach took advantage of the
computer- generated best fits that defined tHgsgnedvalues. The high-affinity binding of TNP-ATP to the CheA active site
“No ATP” time course was recorded using the same detector (K4 = 0.54M), the very rapid binding kinetics of this binding

Seo}t'”%s (tFr:MtT voltage %rl‘dt"ff%et) as ég‘g/(’tpﬁ]r “tmtelfﬁourses and(Figure 8), and the resulting dramatic increase in TNP
Inaicates that we were aple 10 observe 0 Of the total Tluorescence.
change at the highest ATP concentration (45% occurred in the fluorescence that reflects its hydrophobic environment upon

deadtime) and 9095% at the lowest ATP concentration. (B) Pinding 32, 54). These experiments (Figure 8A) indicated
Analysis of the effect of ATP concentration on the rate of complex a rate constant of 15 % for the overall dissociation of the
formation. The plot okypsenedversus ATP concentration indicates  CheAF455W-Mg2+—ATP complex at £C (100 st at 25°C).

saturation kinetics and is fit well by a three-parameter hyperbola This value corresponds well with that defined by ghaxis

(solid line) defined by a maximal (extrapolatek)sereqvalue of . . . . a
306 s at saturating ATP levels, a half-maximagk,si:l;dvalue at intercept of Figure 7B, supporting the idea tikap = 15

an ATP concentration of 81@M, and ay-axis intercept of 175, s™L. A similar set of experiments (Figure 8B) using the wild-
type CheA:M@"—ATP complex (or CheA*®eMg?t—ATP)

account for these results is a simple, one-step reversibledefined a dissociation rate constant of 140 at 4°C (460

binding mechanism s 1at 25°C), indicating that dissociation of Mg—ATP from
) the CheA&%55W active site is slower than from the wild-type
CheA+ ATP% CheA:ATP ) active site. This difference is discussed below.
DISCUSSION

for which Kopserveda= k-1 + Ki[ATP]. Our results indicatd;
=0.7uM"tstandk_; = 270 s%. The ratio of these values Amino acids F455 and F459 of the CheA reside in a short
(k-1/ky = 385 uM) is close to theKy value defined in the  block of 5-8 amino acids, referred to as the “F box'§),
equilibrium titrations described above (40® at 4 °C). This that is conserved in many, but not all, protein histidine
agreement lends support to the idea that eq 1 adequatelkinases 19). In the 3-dimensional structure of CheA, the F
describes the binding equilibrium in the absence ofMg  box occupies a position immediately adjacent to the ATP-
Similar stopped-flow experiments were performed (also binding cavity. Crystal structures of CheA:nucleotide com-
at 4 °C) to monitor ATP binding to Che&8QF455Win the plexes indicate that side chains and backbone components
presence of M. The time courses followed the increase of F box residues do not appear to interact directly with
in fluorescence emission and were fit well by a single- bound nucleotide, nor with the associated2¥dout these
exponential equation (Figure 7A). The dependendgafived residues are located immediately adjacent to the ATP lid,
on ATP concentration (Figure 7B) indicated saturation at the flexible loop region that undergoes conformational
high ATP levels and defined a hyperbolic dependence changes when nucleotide binds to the active 8. (For
characterized by (i) an extrapolated maximal rate constantexample, in crystal structures of the P4 domairf bérmo-
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Our results demonstrate that the side chain of F455 is not
necessary for ATP binding or for catalysis of CheA auto-
phosphorylation. The environment surrounding position 455,
however, appears to be sensitive to active site events, such
that an F455W substitution provides a sensitive fluorescent
probe of ATP binding. This enabled our investigations of
the kinetics of nucleotide binding and dissociation at the
CheA active site. Before discussion of those aspects of our
[ ] results, however, it is important to consider the nature of
1 the events that give rise to the fluorescence increase caused
L sV T-r — Y by binding of Mg"—ATP to Che&*>*W. One intriguing

Time (milliseconds) possibility is that this increase results from the conformational
T ly" L N I change (lid closure) that accompanies#gATP binding

3‘5 1 to the CheA active site. The crystallography studies of Bilwes
¥ et al. @2) provide a structural context for considering this
possibility. In particular, those studies allow us to make three

relevant observations: (i) The conformation of the CheA
active site is influenced by the divalent metal bound to the
nucleotide. P4-nucleotide complexes that lacked a divalent
metal exhibited less extensive lid closure and more compact
- 1 binding cavities compared to their metal-replete counterparts.
- | I | I 1 Also, I\(I_g2+ enabled more extensive lid closure than did
T R T Y MnZ2*, (ii) The conformation of the lid region is affected by
Time (milliseconds) relatively subtle changes in the charge distribution and
FiIGURE 8: Kinetics of Mg*—ATP dissociation from Che/8QF4ssw conformation of the polyphosphate groups of the bound
(A) and CheAi&Q (B). A stopped-flow instrument was used to  nucleotide. For example, Mg—ADPCP and Mg§"—ADPNP
monitor the fluorescence emission intensity of TNP-ATR, & caused different degrees of lid closure. (i) Analysis of the
390 nm,Zem > 420 nm) immediately after rapid mixing of CheA  ,tein-nucleotide-binding contacts suggests that lid closure

?aanl%%sGVgﬁ?fersigjr:gm%gcfgfﬁ,\n,fratégzt g{(g 'Ipr:e?)?g)er{/ned is not required for nucleotide binding, but it is likely to be

fluorescence increase results from binding of the TNP-ATP to the €ssential for catalytic activity. Thus, mutations affecting the
CheA active site; previous work has demonstrated that this binding conformation or flexibility of the lid region would be

is competitive with ATP binding and has much higher affinis ( expected to hinder catalytic activity but not necessarily ATP
< 1 uM (32 54)). (A) Two time courses are shown: the more binding

rapid time course shows that binding of 208 TNP-ATP to . .
CheA#8QF455W(in the absence of any other nucleotide) is essentially ~ Our fluorescence results provide the following parallels

complete within 10 mskpsenves™= 330 5°3); the slower time course ~ to this structural information: (i) When ATP binds to
(Kobservea= 15 s1) shows the binding reaction that occurs when CheA55W, a fluorescence increase is observed only when a
200uM TNP-ATP is rapidly mixed with a preequilibrated solution  Hiyalent metal ion is present, and in this regard?VMgas

containing 1QuM CheAM48Q.F455Wand 10QuM ATP. The solid line : . .
in the faster time course shows the best fit of the entire time course T'0'€ effective than Mit, which was more effective than

using a single-exponential equation; the solid line in the slower C&. (i) Binding of Mg?*—ATP (Mg—ADP) to CheA*>5"
time course shows the best fit obtained using a single-exponentialgenerated the largest fluorescence increasé;"M§DPCP
equation and the data poireéter the first 10 ms. We interpreted  and M¢*—ADPNP caused considerably smaller spectral
the latterkopsenegvalue (which was>20-fold slower than that for changes. (III) The F455W,F459W double mutant did not

TNP-ATP binding) as indicating the kinetics of ATP o . ;
dissociation fromgt)he active site gf ChBEQFISSW (B) 1'?'\,?; time exhibit a fluorescence increase in the presence of'Mg

courses are shown: the more rapid time course shows that bindingATP, although it clearly bound the nucleotide as evidenced
of 400 uM TNP-ATP to CheA 8 (in the absence of any other by quenching of the fluorescence emission. We speculate
gylg!etgtejdselzwivseretsi;eentcigltlﬁrfsgg(mplete \{Vggiglfsm\?\f?tﬁfb#%?r?g that an F-W substitution at position 459 might limit the

) bserved— ili i i i it
reaction that occurs when 4@® TNP-ATP is rapidly mixed with ?g'g}gSOfréheS h(l:r;]g: r‘rneq[g)r?t s%ar;glgg gosgg:g d4ti9bg)cjf?i(§le
a preequilibrated solution containing 481 CheA*2 and 30uM IGCIOSUIE. SU utant wou eXp -ap
ATP. The solid line in the faster time course shows the best fit of Of binding ATP but would be ineffective as an autokinase,
the entire time course using a single-exponential equation; the solidas we observed. Taken together, these observations support
line in the slower time course shows the best fit obtained using a the hypothesis that the fluorescence emission of W455
single-exponential equation and the data paaftsr the first 3 ms. responds to conformational changes of the ATP lid or to

We interpreted this slo value as reflecting the kinetics of ;
Mg2+_A‘[|2p dissociaﬂon\‘;‘}fﬁﬁﬁe wild-type Petivo site of G other closely related conformational changes at the CheA
active site.

toga maritimaCheA, this loop is relatively unstructured and Our analysis of the nucleotide-binding kinetics suggests
mobile, but when the protein binds Mg-ADPCP, the loop that ATP binding to CheA is a more complex process in the
assumes a more ordered, helical conformation that foldspresence of Mg than in its absence. Results obtained in
partway over the ATP-binding pocket as depicted in Figure the absence of a divalent metal are consistent with a simple,
1. F455 is located at the end of helix 7 in P4 (Figure 1) one-step binding equilibrium (eq 1). By contrast, in the
immediately preceding the ATP lid, while F459 could be presence of Mg, the binding reaction exhibits saturation

considered to be a part of the hinge region for the lid, or kinetics, suggesting that binding involves at least two
even a part of the lid itself. reversible steps (eq 2). For such a reaction scheme, the effect

35
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Kinetics of ATP Binding to CheA
of ATP concentration on the overall kinetics would be
defined by B5)
K K[ATP]
= ————+Kk

kobserved_ (kl[ATP] + k,l) —2
A plot of kgpsernedversus [ATP] would define g-axis intercept
of kp, a maximalkopserveavalue ofk, + k—, at saturating

ATP concentrations, and half-maximi&pseneqat an ATP
concentration equal to

3

kin __ (k—l + k—2)
¢ k1k2
It is informative to consider the possibility that the first step

in this two-step binding mechanism (eq 2) is essentially the
same as that observed in the absence of'Mgq 1) and

(4)
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Interestingly, theKq value for the CheKS5W:Mg?t—ATP
complex is 4-fold lower than the corresponding value for
wild-type CheA. This tighter binding of MgJ—ATP by
CheA*55W raises an important question: how well does
CheA5*Wserve as a model for understanding the active site
of wild-type CheA? It is conceivable, for example, that the
two-step binding mechanism we observed with CH&A
is not utilized by wild-type CheA. This possibility is difficult
to test directly, but it seems unlikely when the following
observations are considered together: (i) Khevalue of
CheA™%5Wis not much different from that of wild-type CheA,
indicating that the active site of the mutant protein has not
been altered significantly and that it likely binds Rer
ATP in the same orientation as does the wild-type active
site. (ii) The distance separating the adenine rings of ATP
and the W455 side chain is likely to be10 A (assuming

that the second step of eq 2 involves a protein conformationalorientations similar to those reported by Bilwes et ap)j,
change (such as closure of the ATP lid) that takes place onlya separation that would preclude direct interactions of the

when Mg@" is present. Given the values &f (0.7 uM™*

s Y andk-; (270 s!) defined for ATP binding in the absence
of Mg?*, and the value ok, (310 s?) defined by the
maximal extrapolateypseredvalue in Figure 7B, eq 4 would
predict aK4" value of 828uM, which corresponds quite
well with the experimentally determined value of 8iM
(Figure 7B). This analysis supports the idea that ATP binding
involves a rapid, low-affinity binding step (Mg-independ-
ent) followed by a rate-limiting conformational change in
the protein (requiring M¥).

If the first step of Mg"—ATP binding to CheA*5W is
indeed similar or identical to the one-step ATP-binding
mechanism observed in the absence ofMthen one might
expect to observe biphasic binding time courses fofvg

tryptophan and adenine rings. (iii) The differdt values
observed for Che® and CheA**W can be accounted for
entirely by different values dk_, for the respective CheA:
Mg?"—ATP complexes. Specificallyk-, for CheA™55W.
Mg?*—ATP is 100 s! at 25°C, while the value measured
for the wild-type CheA complex is 460°5 This difference

in k—, (a ratio of 4.6) would result in a corresponding 4.6-
fold difference inKy (k-2k-1/kiky) if the other steps of the
binding/dissociation reactions (defined By k-1, and k)
were the same for CheAand CheA%55W, Our measurey
values (90uM for CheA™%5W and 350uM for CheAM)
indicate a ratio of 4.2, close to the expected value given the
relative values ok_,. This agreement supports the hypothesis
that the active site of ChéA>®>Winteracts with Mg-ATP in

ATP binding: a rapid fluorescence decrease (reflecting much the same way as does the wild-type active site, the
formation of a CheA:ATP complex) followed by an increase only significant difference being the kinetics of the step that
in fluorescence resulting from the Mtgdependent confor-  reverses the active site conformational change. This differ-
mation change. We did not observe biphasic time coursesence might reflect energetically favorable interaction of the
or any indications of a lag phase that might reflect composite W455 side chain with some nearby region of CheA in the

effects of fluorescence decreases and increases. However'lid-closed” conformation.

the low affinity of the first binding step and the similar rates
of the first and second steps would make it difficult to detect
such deviations from simple exponential behavior. In addi-
tion, it is possible that (unlike the Mg-free Chel®W.ATP
complex) the first Che&**“Mg?>*—ATP complex does not
have diminished fluorescence: perhaps?Maffects the
ability of the ATP to alter the environment of W455 in the
first step.

In summary, these results support the conclusion that the
fluorescence properties of Che#"W can be used to monitor
ATP-binding events and a conformational change at the
CheA active site. This conformational change occurs rapidly
relative to the rate of catalytic turnover and may reflect
closure of the ATP lid region of the active site. In the future,
W455 fluorescence might be useful for characterizing the
effects of various mutations in or near the active site of

It seems reasonable to assume that ATP lid closure is aCheA.

necessary step in the catalytic mechanism of CheA auto-

phosphorylation31, 32). This conformational change might,

for example, create an interaction surface for the domain

(P1) containing the phosphorylation site, or it might trigger
reorientation of other components of CheA. If we accept the

more speculative premise that this lid closure is responsible

for the fluorescence increase of CHRW observed when

Mg?*—ATP binds, then we can make some general state-
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ments about the nature of this conformational change. First, o - cenENCES

in such a scenario, our valueslefandk_, would represent

the rate constants for lid closure and opening, respectively.

Both values are considerably higher thiag of the auto-
phosphorylation reaction~0.05 s%), leading to the conclu-
sion that lid closure is not rate limiting for the autokinase
reaction.
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