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ABSTRACT. The interaction of CheA with ATP has important consequences in the chemotaxis signal
transduction pathway dEscherichia coli This interaction results in autophosphorylation of CheA, a
histidine protein kinase. Autophosphorylation of CheA sets in motion a chain of biochemical events that
enables the chemotaxis receptor proteins to communicate with the flagellar motors. As a result of this
communication, CheA allows the receptors to control the cell swimming pattern in response to gradients
of attractant and repellent chemicals. To probe CheA interactions with ATP, we investigated the interaction
of CheA with the fluorescent nucleotide analogues TNP-ATR3[RO-(2,4,6-trinitrophenyl)adenosine
5'-triphosphate] and TNP-ADP. Spectroscopic studies indicated that CheA bound TNP-ATP and TNP-
ADP with high affinity (micromolarKy values) and caused a marked enhancement of the fluorescence of
the TNP moiety of these modified nucleotides. Analysis of titration experiments indicated a binding
stoichiometry of two molecules of TNP-ATP (TNP-ADP) per CheA dimer and suggested that the two
binding sites on the CheA dimer operate independently. Binding of TNP-ATP to CheA was inhibited by
ATP, and analysis of this inhibition indicated that the CheA dimer binds 2 molecules of ATP. Competition
experiments also indicated that CheA binds TNP-ATP considerably more tightly than it binds unmodified
ATP. Binding of TNP-ADP to CheA was inhibited by ADP in a similar manner. TNP-ATP was not a
substrate for CheA and served as a potent inhibitor of CheA autophosphoryltion  uM). The
glycine-rich regions (G1 and G2) of CheA and other histidine protein kinases have been presumed to
play important roles in ATP binding and/or catalysis of CheA autophosphorylation, although few
experimental tests of these functional assignments have been made. Here, we demonstrate that a CheA
mutant protein with Gly~Ala substitutions in G1 and G2 has a markedly reduced affinity for ATP and
ADP, as measured by HummeDreyer chromatography. This mutant protein also bound TNP-ATP and
TNP-ADP very poorly and had no detectable autokinase activity. Surprisingly, a distinct single-site
substitution in G2 (Gly476-Lys) had no observable effect on the affinity of CheA for ATP and ADP,
despite the fact that it rendered CheA completely inactive as an autokinase. This mutant protein also
bound TNP-ATP and TNP-ADP with affinities and stoichiometries that were indistinguishable from those
observed with wild-type CheA. These results provide some preliminary insight into the possible functional
roles of G1 and G2, and they suggest that TNP-nucleotides are useful tools for exploring the effects of
additional mutations on the active site of CheA.

A large number of two-component sensory response phospho-accepting response regulator protein (RR), ©).
pathways have been identified in recent years. Although the The HPK autophosphorylates at a specific histidine residue;
cataloging of such systems is still incomplete, current this phosphoryl group is then transferred to the RR, causing
information indicates that the two-component signaling a conformational change that alters RR activity in a manner
paradigm is used extensively and in a wide variety of that elicits an appropriate response. Comparisons of the
organisms including numerous prokaryotes, several archeonsamino acid sequences of large numbers of HPKs have
and at least some eukaryotic organisis ). While the revealed several conserved features that are thought to play
details of the signaling circuitry can vary from one system key roles in binding ATP and catalyzing phosphorylation of
to another, each such pathway utilizes two key compo- a specific histidine side chain in each HPK. Among these
nents: a histidine protein kinase (HPK) and a cognate conserved elements are two distinct glycine-rich regions
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(—Phowhotrnser - _ aviophosphorylation feeepor couping_ per se. Loss of activity could just as easily arise from the
1| 260 503 654 following: disruption of active site elements involved in

[ | lc . .
promoting the chemistry of phosphotransfer from ATP to
l " I CM D G histidine; loss of the ability to orient the phospho-accepting

N

osphoryaion N grEGY histidine relative to the active site; or loss of HPK dimer-
site e A ization. Ninfa et al. 27) used UV cross-linking of bound
// \\ ATP as an approach to investigate whether mutations in
e several conserved transmitter positions affected ATP binding
_____ 418 VTDDGAGL? ........ T GRGVGT in the histidine protein kinase NR To our knowledge, this

is the only published work that specifically examined
nucleotide binding, as opposed to kinase activity, for a mutant

Ficure 1. Functional organization of CheA. P1, P2, T, M, and C  HPK. In the work reported here, we adopted an alternative
are regions defined as discrete structural and/or functional domamsapproach for exploring ATP binding by CheA.

by a variety of different approached, (17—20). Within the T ) S )
(transmitter) domain, there are four blocks of amino acids that are ~ Although recent work has provided some insight into the
conserved in two-component histidine protein kinases. These blocksCheA autophosphorylation reactia®( 21, 29—33), several
are designated N, G1, F, and GB.( fundamental questions concerning CheA'’s autokinase mech-
) o ) _anism remain unanswered. Many of these questions arise

gcquwe.the hlstldmefphosphoryl group from this HPK. This om the dimeric nature of Che/8f): CheA monomers are
interaction results in phosphorylation of the RR on a incapable of autophosphorylation, but, at sufficiently high
conserved aspartyl side chaiB)(and this modification  concentrations, these monomers readily dimerize to generate
controls the activity of the RRA4( 9). the catalytically active kinased(). If the CheA dimer is

In the chemotaxis SyStem &fscherichia CO”, Salmonella Symmetric’ it is pOSSible that each dimer has two kinase
typhimurium Bacillus subtilis and other bacteria, the HPK  active sites. However, the actual number of ATP binding
CheA autophosphorylates and then passes its phosphorykjtes per CheA dimer has not yet been established experi-
group to the RR protein Che¥4(10, 11). Phospho-CheY,  mentally, and binding studies to investigate the possibility
in turn, interacts directly with the flagellar motor to alter of cooperative interactions between binding sites in a CheA
the frequency of CW flagellar rotatiod2). The intracellular  gimer have not been possible. Previous efforts to monitor
level of phospho-CheY reflects the relative rates of CheY aTp binding by CheA 81) utilized the chromatographic
phosphorylation (by CheA) and CheY dephosphorylation gpproach of Hummel and DreyeBH). Although such
(assisted by CheZ)1(). By controlling the level of phospho-  experiments helped to define the approximate affinity of
CheY in response to environmental gradients of nutrients chea for ATP and ADP, they did not enable unambiguous
and other chemicald g, 14), these bacteria can control their - gdetermination of the binding stoichiometry, nor did they
swimming patterns such that they migrate toward locations provide data of sufficient quality to address the possibility
where the concentrations of attractant chemicals are highergs cooperativity. In the work presented here, we investigated
and the concentrations of repellent chemicals are lob&®F ( the ability of TNP-ATP and TNP-ADP to interact with CheA.
17). These fluorescent nucleotide analogues provided sensitive

CheA comprises several distinct structural and functional spectrophotometric probes of CheAucleotide binding and
domains 4, 17—20), including a 240 amino acid transmitter  enabled us to define the stoichiometry of binding. In

module (Figure 1). This region of the protein encompasses addition, we utilized these probes to characterize the effects
the kinase active site of CheA and, therefore, is sometimesof two mutations in the CheA transmitter module.

referred to as the catalytic domai@lj. This domain is
responsible for binding ATP and catalyzing transfer of the EXPERIMENTAL PROCEDURES
ATP y-phosphoryl group to H§ located in the N-terminal
P1 module. The catalytic domain of CheA includes the four ~ Materials. 2'(3')-O-(2,4,6-Trinitrophenyl)adenosine’-5
conserved elements common to most HPK transmitter triphosphate (TNP-ATP) and(3')-O-(2,4,6-trinitrophenyl)-
modules (N, G1, F, and G2). These short blocks are thoughtadenosine 'sdiphosphate (TNP-ADP) were purchased from
to function as key elements for the interaction of CheA with Molecular Probes, Inc. (Eugene, OR), stored-a20 °C in
ATP and catalysis of autophosphorylation. G1 and G2, in the dark, and utilized under minimal lighting conditions.
particular, have been proposed to function in ATP binding Concentrations of TNP-ATP and TNP-ADP were determined
(4, 17) because of their similarities to glycine-rich regions Spectrophotometrically based on the extinction coefficient
of other nucleotide binding protein@4—25). Recentwork  0f 26.4 mM™* cm™* at 408 nm 86). ADP and high-purity
has established that mutations in the G1 and G2 regions ofATP were purchased from Pharmacia and Boehringer Man-
CheA eliminate CheA autokinase activity in vitro and, nhheim. All other chemicals were reagent grade and were
therefore, abolish chemotaxis ability in vivag). However, ~ purchased from standard commercial sources.
these studies did not examine whether G1 and G2 mutations Mutant Variants of CheA.In CheA-H48Q, the site of
specifically disrupted the ATP binding ability of CheA. autophosphorylation (Ht§ has been altered to a nonphos-
Similar work has established that some of the conserved phorylatable amino acid. CheA-G1/G2 carries the following
elements of the transmitter module are important for HPK four amino acid changes: GR#—Ala, Gly*’®~Ala, Gly*'>—
autokinase activity in a variety of other two-component Ala, Gly**—~Ala. CheA-G470K is one of the original mutant
systems 4, 27, 28). However, it is important to note that proteins (‘CheA-501") generated in the Simon laboratory by
loss of autokinase activity in such mutant HPKs does not random mutagenesis and characterized by Oosawa &fgl. (
necessarily implicate the mutated positions in ATP binding in this mutant protein, GR/® has been changed to Lys (note

conserved transmitter module regions
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that this mutation in G2 differs from the GlyAla substitu- does not serve as a substrate for CheA under our conditions.
tions in CheA-G1/G2). Previous publications specify the  Fluorescence MeasurementSamples were prepared in
details concerning the construction of these mutants and of TEDKM buffer in standard 1 cmx 1 cm fluorescence
the expression vectors used to overproduce the respectiveeuvettes maintained at 2&. Fluorescence emission spectra
proteins 26, 33). were recorded using a Jobin Yvon-Spex Fluromax-2 spec-
Bacterial Strains and PlasmidsAmpicillin was added trofluorometer with the excitation wavelength set at 410 nm
to an initial concentration of 100g/mL for growth of cell/ and the emission wavelength scanned from 480 to 650 nm.
plasmid cultures.E. coli strain BL21(DE3) 87) was used Excitation and emission monochromators were set to give a
for expression of (Higytagged CheA variants and for slit width of 4 nm. For analysis of titration data, the observed
production of CheY using pT7:cheY¥3®). The following emission intensity of each sample (at 541 nm) was corrected
CheA variants were expressed with N-terminal (klisgs by subtraction of the signal observed with an appropriate
using the parent expression plasmid pET14b (Novagen Inc.,blank: buffer plus TNP-ATP or buffer plus TNP-ADP. A
Madison, WI): wild-type CheA, CheA-H48Q, CheA-G470K, ‘no CheA’ blank titration was performed for each CheA
and CheA-G1/G2. Wild-type CheA lacking the (Hisag titration experiment. Therefore, the observed fluorescence
was purified using expression vector pAR1:ch&3)(in E. change AFq9 plotted in Figures 38 represents the
coli strain RP3098 A(flhA-flnD), kindly provided by J. S.  enhancement of fluorescence emission intengify &t 541
Parkinson, University of Utah]. In numerous TNP-ATP nm) due to formation of the complex between CheA and
titration experiments, (HisCheA" and CheA! lacking the the TNP-modified nucleotide. In the absence of CheA, TNP-
(His)s tag performed identically, suggesting that the N- ATP and TNP-ADP samples had fluorescence emission
terminal (His) tag had no effect on the interactions of CheA intensities that were proportional to the nucleotide concentra-

with ATP and TNP-ATP (data not shown). tion up to a concentration of kM. At higher TNP-
Protein Purification. Wild-type CheA and CheY were nucleotide concentrations, inner filter effects caused this
purified following procedures published previousI$3). relationship to deviate from linearity. This effect required

Purification of (His)-tagged CheA variants followed the us to apply a correction factor to the fluorescence data
same AffiGel Blue and DEAE-cellulose chromatography collected at TNP-nucleotide concentrations higher thai1
steps as for untagged CheA, but also included-INTA This correction factor was calculated by determining the ratio
column chromatography as a final step (Qiagen Inc., Santaof the theoretical fluorescence intensity (predicted by ex-
Clarita, CA). Proteins were concentrated to approximately trapolating the linear region of plots) to the actual observed
50—-100uM and stored at-80 °C in TEGDK buffer (0). fluorescence intensity4Q).
CheA samples were dialyzed against TEDK buff&d)( The CheA concentrations chosen for most of the experi-
immediately before use. Where indicated, Mg@as added ments reported here were abou (monomer equiva-
to CheA samples to give a final concentration of 10 mM lents). This choice represents a compromise between two
immediately before use; in these cases, the buffer is referredopposing considerations: (i) to generate the most useful
to as TEDKM. Concentrations of purified proteins were binding isotherms, it was desirable to use protein concentra-
determined spectrophotometrically using extinction coef- tions that were close to th€y of the ligand of interest<1
ficients calculated following the method of Gill and von uM); and (ii) to avoid possible complications arising from
Hippel 39). All CheA concentrations are specified as the mixtures of CheA monomers and CheA dimers, it was
concentration of CheA monomer equivalents. desirable to use a relatively high protein concentratiof (
Assays of CheA Aciity. Steady-state turnover of CheA uM) to ensure that most of the CheA was present in a dimeric
(results presented in Figures 9A and 10A) was monitored state. In analyzing our results, we assumed that all of the
using a coupled ATPase systed0) as described by Ninfa ~ CheA was present in the dimeric form for CheA concentra-
et al. 13) and Lukat et al.44). Reactions contained 2V tions higher than 0.7&M. Surette et al. 30) measured a
CheA, 10uM CheY, 1 mM phosphoenolpyruvate, 0.2 mM Ky of 0.2—0.4 uM for dimer—monomer equilibrium for
NADH, 10 units/mL pyruvate kinase, and 30 units/mL lactate CheA fromS. typhimurium Our own measurements (data
dehydrogenase (Boehringer Mannheim) in TEDKM buffer not shown) indicated an upper limit of 0.68.10uM for
(31). This coupling system enabled spectrophotometric the K4 the E. coli CheA dimer under our experimental
monitoring of ATP consumption by following the rate of conditions (TEDKM buffer). ThiKy value predicts that, at
oxidation of NADH to NAD" (Ae€zo = 6.2 mMt cm™?). a minimum, over 80% of the CheA would be present as the
Control experiments indicated that the coupling system was dimer at a total CheA concentration of 0Bl. In addition,
not inhibited by either TNP-ATP or TNP-ADP in the our measurements of the turnover number of CheA at a series
concentration ranges used in this work. This was tested byof CheA concentrations (0.65 M) indicated that there
adding small amounts of ADP into the coupling mixture in was no detectable difference-10%) between the turnover
the presence or absence of TNP-nucleotide and then observaumber observed at 0.78V CheA compared to that at 5
ing the resulting\As4o. The TNP-nucleotides did not affect «M CheA, again supporting the idea that virtually all of the
the magnitude of the observedis,o, and thesé\sso changes CheA was present in the active dimeric form at concentra-
were complete within the time it took to mix the cuvette tions higher than 0.7aM. Previous work has shown that

contents and close the lid of the spectrophotometér §). phosphorylation of CheA and the presence of ATP have no
Steady-state turnover of CheA was also monitored using aneffect on the monomerdimer equilibrium 80).
enzymatic Pdetection systemi@) purchased from Molecular Analysis of Fluorescence Titration Data To Determine

Probes, Inc., Eugene, OR. Results with this alternative Thermodynamic Binding Isotherm#és described above, we
system paralleled those obtained with the NADH-coupled measured the binding of TNP-ATP and TNP-ADP to CheA
system (data not shown) and also indicated that TNP-ATP by following the enhanced fluorescence emission of the
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bound TNP-nucleotide. The ultimate goal of this work was
to extract binding parameter&{ values) from these data.
To achieve this goal, we first had to define the relationship
between the fluorescence change and nucleotide binding.
This was accomplished following the general approach
described by Bujalowski et al4d, 45). Specifically, we
titrated three different concentrations of CheA with TNP-
ATP and TNP-ADP. These data defined three saturation
curves that were plotted a&FondAFwa Versus the total
concentration of added nucleotide\Fps is the observed
fluorescence signal following nucleotide addition (corrected,
as described above, for inner filter effects, for dilution effects, '
and for the signal observed at that nucleotide concentration
in the absence of CheA)AF, is the maximal value of
AFqps0obtained at saturation. Using these saturation curves,
the relationship betweeAFq,d AFw and the amount of
nucleotide bound per CheA dimer was defined as described
previously @4, 45). For any given value oAFy,d AFotal

60000 T T T T T T T

50000 - CheA + TNP-ATP -
40000 I
30000 i
20000 I

TNP-ATP
10000

Fluorescence Emission Intensity
(arbitrary units)

CheA

1 T T T T
550 600

Emission Wavelength (nm)

60000 r . T . T T T
- CheA + TNP-ADP
50000

— 40000 - N

on any of these three saturation curves: é * I
g 30000 + n

[nucleotide},,, = [nucleotide], + £ -
[CheA dimer][nucleotidg],,./[CheA dimer] (1) = 20000 - i

r TNP-ADP
10000 "

Fluorescence Emission Intensity

Therefore, for each chosen value &F ond AFota, @ plot of
[nucleotide].a versus [CheA dimer] had a slope equal to 0
[nucleotide}ound[CheA dimer]. By determining the value

of this slope at a series of different values/&f ond AFotal

CheA

T T T T T T

500 550 600 650
Emission Wavelength (nm)

(ranging from 0.05 to 0.92), we defined the relationship
between AFond AFoa and [nucleotidghund[CheA dimer]
(plotted in Figures 4B and 5B). Extrapolating this relation-
ship to AFohd AFiotar = 1 indicated the stoichiometry of the
CheA—nucleotide interaction. In addition, the curve defined
by the plot of AFopd AFotal VErsus [nucleotidgjund[CheA

FIGURE 2: Fluorescence emission of TNP-ATP and TNP-ADP in
the presence and absence of CheA. (A) The fluorescence emission
spectrum of 0.8&«M TNP-ATP was recorded in the absence and
presence of 1.@M CheA-H48Q. The excitation wavelength was
410 nm. The base line spectrum shows the emission spectrum for
CheA in the absence of TNP-ATP. This spectrum was almost
identical to that observed for buffer alone. (B) The fluorescence

dimer] allowed us to generate a true binding isotherm from emission spectrum of 1.@aM TNP-ADP was recorded in the

fluorescence data derived from any titration of CheA with
TNP-nucleotide 44).
The binding isotherms generated in this way were fit

(nonlinear least-squares) using eq 2 to determine the best

fit values ofKy1 and Kyy:

[nucleotide],,, {[CheA dimer]=
Nf(KdZ + 2Nf)/[(Kdle2) + (KdZNf) + Nf2] (2)

In this equationKy; represents the dissociation constant for

absence and presence of L CheA-H48Q.

This relationship indicates that a plot of the apparent
Kq"™P-ATP versus [ATP] should be linear with g-axis
intercept of Kg™P-ATP and a slope ofKyTNP-ATP/K ATP,
Therefore, the value dfA™F can be calculated as the ratio

of the y-axis intercept to the slope.

RESULTS

Characterization of CheA Interaction with TNP-ATP and
TNP-ADP by Fluorescence Spectroscoiyrevious work

the complex of the first molecule of nucleotide to a CheA yemonstrated that TNP-ATP and TNP-ADP are weakly
dimer,Kq, represents the dissociation constant for the secondyqrescent in aqueous solutions and that this fluorescence

molecule of nucleotide to this same dimer, afdepresents
the concentration of free nucleotide.

that Kgo = 4Kg1.
The dissociation constants for the complex of CheA with

can be enhanced markedly when the TNP-nucleotides are

e o ; reer If site 1 and site 2 are |5cated within a more hydrophobic environment, such as
identical, noninteracting sites, then statistical factors dictate

when bound to an enzyme active sit5{-48). This effect
has enabled use of TNP-ATP as a spectroscopic probe in
investigations of binding interactions of ATP with several

unmodified (nonfluorescent) ATP and ADP were determined protein kinases49, 50), as well as with ATPaseg, 51,

using binding competition experiments in which CheA was

52), myosin @8), and numerous other enzymes and nucle-

titrated with TNP-nucleotide in the presence of various iqe binding proteins 44, 53). We used fluorescence

concentrations of ATP or ADP (Figures 7 and 8). The results

spectroscopy to monitor the interaction of TNP-ATP and

of these titrations were analyzed using the same approachrnp_ADP with the chemotaxis protein kinase CheA. The
as outlined above for the titrations performed in the absenceﬂuorescence emission spectrum of TNP-ATP in the presence

of inhibitor. The Ky; and Ky, values extracted from the
binding isotherms were then further analyzed using eq 3:

app areanTNP—ATP _ KdTNP—ATP(l + [ATP] /KdATP) 3)

of CheA (Figure 2A) indicated a severalfold enhancement
of the emission intensity and a slight blue-shift of the
wavelength of maximal emission. Similar results were
obtained with TNP-ADP (Figure 2B).
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| | | FIGUre 4. Fluorescence-monitored TNP-ATP titrations at three
. 1 s s different CheA concentrations. (A) Results of titrations carried out

as in Figure 3 but at three different concentrations of CheA-
[TNP-ADP}ota) (M) H48Q: @) 0.76 uM; (O) 2.5 uM; (M) 3.9 uM. The solid lines
FiIGURE 3: Fluorescence-monitored titration of CheA with TNP- connecting the data points were added to help the reader to
ATP and TNP-ADP. (A) successive aliquots of TNP-ATP stock dIStInng.h among the data sets and have no theoretical significance.
the fluorescence intensity (excitation 410 nm, emission 541 nm) Molecules bound per CheA dimer. The data in panel A were
was recorded after each addition. Each plotted value represents thé@nalyzed using the approach of Bujalowski et a4,(45) to
difference in fluorescence intensity between the CheA titration and calculate the average concentration of nucleotide bound per CheA
the blank titration and was corrected as described under Experi-dimer at a series of selected valuesAd¥opservedAFior- The solid
mental Procedures. The data in the main panel were analyzed tdine represents an extrapolation of the linear region observed at
generate the binding isotherm shown in the inset. The solid line in the high end of the curve and indicates a binding stoichiometry of
this insetrepresents the best fit to the data generated using eq 22-1. Three replicates of this same experiment indicated an average
and applying the constraint thit;, = 4Kq,, as required for two s_t0|ch_|om_etry o_f Z.kt_ O._2. The dashed line indicates the theoretical
identical, independent sites; this fit indicatea value of 0.44 situation in which binding of the two molecules of TNP-ATP to
uM and aKg, value of 1.76uM (determined by nonlinear least- the CheA dimer contribute equally to the observed fluorescence
squares fitting). (B) Titration of CheA with TNP-ADP following ~ change.
the procedures described in (A). The titration curve was analyzed
to generate the binding isotherm shown in the inset. In this instance,
the best fit was obtained witkg; = 0.5 uM and Kg, = 2.0 uM
(identical, independent sites constraint applied).

determine the stoichiometry of binding and define the
relationship between the observed spectral change and
nucleotide binding. To define this relationship, we followed
the approach of Bujalowski et a4, 45) as described under

In the experiments described above, and in the following Experimental Procedures. This involved performing fluo-
sections, we used a mutant version of CheA lacking the rescence titrations of CheA with TNP-ATP at three different
phosphorylation site (CheA-H48Q) to avoid possible com- protein concentrations (Figure 4A). Using the results of these
plications that might arise from phosphorylation of the CheA. titrations, we defined the relationship between the fractional
Previous work has demonstrated that this mutation com- fluorescence chang@Fond AFiota) and the number of TNP-
pletely eliminates CheA autophosphorylati@#) but does ATP molecules bound per CheA dimer, as shown in Figure
not adversely affect the ability of the kinase active site to 4B. For values of [nucleotidglind[CheA dimer] above
bind ATP 31) or to trans-phosphorylate the P1 module of a ~1.2, this plot was linear. Extrapolation of this linear region
separate CheA subunB3, 55). In each of the fluorescence indicated a binding stoichiometry of 24 0.2.
experiments described below, we obtained identical results In addition, the curve observed in Figure 4B indicated that
with wild-type CheA and CheA-H48Q. The results for the the two TNP-ATP molecules bound to the CheA dimer do
CheA-H48Q are reported here to eliminate the need to not contribute equally to the observed spectral change. To
consider any effects of CheA phosphorylation on nucleotide further illustrate this point, we included in Figure 4B a dashed
binding. line indicating the relationship that would be observed if

We monitored the fluorescence intensity of the TNP- binding of the first and second nucleotides to the CheA dimer
nucleotide as we titrated a fixed amount of CheA-H48Q with generated equal spectral changes. The data clearly deviate
increasing concentrations of TNP-ATP and TNP-ADP from this dashed line and indicate that binding of the first
(Figure 3A,B). These data indicated saturable binding. TNP-ATP generates a greater spectral change than does
Quantitative analysis of titration data required that we binding of the second. Similar experiments and analysis
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1.0 Table 1: Effects of Mutations on the Affinity of CheA for
TNP-ATP and TNP-ADP

g 08 CheA TNP-ATP TNP-ADP
TadiPO variant Ka1 (uM) Kaz (uM) Kaa(uM) Kaz (uM)
< O
- wild type 05+0.1 1.7£05 0.4+ 0.1 1.5+0.7
2 04 H48Q 04+0.1 1.8+0.6 0.4+0.1 19+09
u® G1/G2 125+ 75 ND 100+ 60 ND

< 0.2 G470K 04+0.1 15+0.6 0.5+0.2 1.8+0.7

AFgps !/ a Fiotal

0
0 05
[TNP-ADP]young / [CheA dimer]

1.0 15 20

a Dissociation constant&) reflecting the affinity of CheA for TNP-
ATP and TNP-ADP were determined by fitting titration data as
described for Figure 3. Values are given as the me&E for two or
three independent titrations. ND, not determined.

the CheA dimer having two identical, independent ATP
binding sites (a situation that predidg,; = 4Ky1). The
computer-generated fits (solid lines) in the insets of Figure
3A,B were generated by constraining eq 2 to reqiise=
4K 41.

Effects of ADP and ATP on TNP-Nucleotide Binding to
CheA. High concentrations of ADP and ATP completely
reversed the fluorescence signal associated with formation
of the complex between CheA and either TNP-ADP or TNP-
ATP (Figure 6A,B). The simplest interpretation of these
results is that ATP and ADP compete with TNP-ATP and

FiGURE 5. Fluorescence-monitored TNP-ADP titrations at three TNP-ADP for the two nucleotide binding sites of the CheA
different CheA concentrations. (A) Results of titrations carried out dimer. Addition of 10 mM MgC} enhanced the ability of
as in Figure 3 but at three different concentrations of CheA- poth ATP and ADP to compete with the TNP-nucleotides.

H48Q: @) 0.76 uM; (O) 2.5 uM; (m) 3.9 uM.. The solid lines : T
connecting the data points were added to help the reader toThIS result suggests that Mgenhances the affinity of CheA

distinguish among the data sets and have no theoretical significancef0" ATP and ADP. By contrast, Mg appears to have little
(B) Relating titration profiles to the average number of TNP-ADP influence on the affinity of CheA for TNP-ATP and TNP-
molecules bound per CheA dimer. The data in panel A were ADP (data not shown). To obtain a better quantitative
analyzed as in Figure 4. The solid line represents an extrapolation understanding of the Competition between TNP-ATP and

of the linear region observed at the high end of the curve and
indicates a binding stoichiometry of 1.9. Three replicates of this

same experiment indicated an average stoichiometry o£10P.

ATP, we titrated a fixed amount of CheA-H48Q with TNP-
ATP in the presence of ATP concentrations ranging from 0

The dashed line indicates the theoretical situation in which binding to 5 mM (10 mM MgC} present in all cases) (Figure 7A).

of the two molecules of TNP-ATP to the CheA dimer contribute
equally to the observed fluorescence change.

were performed for titrations of CheA with TNP-ADP
(Figure 5A,B), indicating saturation of the CheA binding sites
at 1.9+ 0.2 molecules of TNP-ADP per CheA dimer. These

data also indicated a greater fluorescence change for bindingkq;A™ =

of the first of the two molecules of TNP-ADP to the CheA
dimer.
The information generated in Figure 4B and Figure 5B

As expected for such a competitive situation (see eq 3),
analysis of these data (Figure 7B) indicated a linear relation-
ship between the apparent affinity of CheA for TNP-ATP
and the concentration of the competing ligand (ATP). This
relationship indicated macroscopic dissociation constants of
0.26+ 0.05 mM andKqA™" = 1.1+ 0.4 mM for

the CheA complexes with Mg-ATP. TheseKqvalues were
calculated from Figure 7B as discussed under Experimental
Procedures. With ADP as the competing nucleotide (Figure

enabled us to use titration data (such as in Figure 3) to 8), analysis of TNP-ADP titration experiments indicated a

generate binding isotherms (plots of [nucleotiggl{[CheA
dimer] versus [nucleotidgle) (44). These binding isotherms
were then used to estimate the affinity of CheA-H48Q for
TNP-ATP and TNP-ADP (e.g., see insets of Figure 3A,B).
This involved fitting the binding isotherms using eq 2:
binding of the first nucleotide molecule is reflected by the
value of dissociation constaity;, binding of the second
nucleotide molecule bi4,. Repeating this analysis for three

Ka"PP value of 0.09 mM andKq*PP value of 0.33 mM. The
relative values oKy, and aKg, for the complexes of ATP
and ADP with CheA are consistent with the CheA dimer
having two identical, independent ATP binding sites. The
values of K4/AT? and Kg”PP determined here agree with
previous estimates3() obtained by HummetDreyer chro-
matography 35) and are quite close to th&, values defined
by previous kinetics experiment8d, 31). It is important

independent titrations indicated macroscopic dissociation to note that our binding experiments were performed using

constantKy; = 0.4+ 0.1uM andKq, = 1.8+ 0.6 uM for
the binding of TNP-ATP to CheA-H48Q and valueskaf;
=0.44+0.1uM andKy, = 1.9+ 0.9uM for the binding of
TNP-ADP to CheA-H48Q. Results obtained by following

the same procedure with wild-type CheA generated es-

sentially the same values f&ly; andKg; (see Table 1). Our
results indicate®q, values that were reproducibly-%-fold
higher than théy; values. This situation is consistent with

an unphosphorylatable version of CheA (CheA-H48Q), so
there was no possibility that results could be influenced by
having a mixed population in which some of the CheA was
phosphorylated and some unphosphorylated.

Inhibition of CheA Autokinase Aetty by TNP-ATP and
TNP-ADP. The steady-state autokinase activity of CheA can
be monitored conveniently by coupling ATP consumption
(ADP production) to NADH oxidation using an assay
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FIGURE 6: Reversal of fluorescence changes at high concentrationsSaMPles (0.7M) containing ©) 0 ATP, @) 0.5 mM ATP, @)
of ATP and ADP. (A) Aliquots of ATP were added to a 3.0 mL 1 mM ATF, @) 2.0 mM ADP, and k) 5.0 mM ATP. The solid

: . : lines are theoretical binding curves calculated for value&@f
| 1.@M CheA-H4 1.:M TNP-ATP ; .
'?%Btlfggf?g:%l)lrg TI?DK?\:/I Euﬁer ?-%.aan?e a%ow indicates Itnhe andKq that enabled eq 2 to best fit the data without any further
fluorescence emission signal observed for AN TNP-ATP in constraints. (B) The apparent dissociation consta@gH, ™ A,

the absence of CheA. (B) Aliquots of ADP were added to a 3.0 (©) Ka""""AT"] for the complexes of CheA with TNP-ATP were
mL solution containing 1.0eM CheA-H48Q and 1.Q«M TNP- plotted as a function of ATP concentration. Thexis intercepts
ADP in TEDK buffer (©) or TEDKM buffer @). The arrow  Of these plots indicate the values K§:"™" andKq'" (see eq 3).
indicates the fluorescence emission signal observed fopto | ne data plotted in panel B include thg™"*T" values obtained

TNP-ADP in the absence of CheA. Results shown have been T0mM analysis of the results in panel A and two replicate experi-
corrected for the effects of dilution that resulted from each addition MeNts:

of ATP or ADP. The solid lines connecting the data points in both We used another steady-state assay to assess whether
panels were added to help the reader to distinguish among the dataCheA can utilize TNP-ATP as a substrate and become
sets and have no theoretical significance.

phosphorylated as a result of this interaction. In these assays,
mixture that includes CheA and CheY as well.akctate we mixed TNP-ATP (20 or 5«M) with CheA (5 uM),
dehydrogenase, pyruvate kinase, and appropriate substrateSheY (10 uM), MgCl, (10 mM), and an enzymatic; P
(40). In the presence of a sufficient level of CheY, CheA detection system4@). While this system readily detected
autophosphorylation is rate-limiting for ATP turnovérlj. the R generated by turnover of ATP (resulting from the
Using this assay, we monitored the effect of TNP-ATP and combined action of CheA and CheY), it indicated no
TNP-ADP on the steady-state autokinase activity of CheA detectable turnover of TNP-ATP, even over prolonged time
across a range of ATP concentrations. Both TNP-ATP intervals (data not shown). We conclude that TNP-ATP does
(Figure 9) and TNP-ADP (Figure 10) served as effective not appear to serve as a substrate for CheA. Control
inhibitors of CheA autokinase activity. The results presented experiments (data not shown) indicated that TNP-ATP did
in Figure 9A and Figure 10A indicated that TNP-ATP and not inhibit the P detection system at these concentrations.
TNP-ADP served as competitive inhibitors of the interaction  Effects of Mutations in the CheA Transmitter Module.
of CheA with ATP. Further analysis of the inhibition results Several catalytically inactive versions of CheA have been
indicated aK; of 0.7 £ 0.2 uM for TNP-ATP (Figure 9B) generated by mutagenesis and described in previous work
and aK; of 0.7+ 0.2uM for TNP-ADP (Figure 10B). These (20, 26, 33, 54, 56). We purified two such inactive mutant
K; values are close to thi§™P-ATP and Kq™P~APP values proteins, confirmed that they lacked autokinase activity (data
obtained by fluorescence titrations (above). At concentra- not shown), and investigated their abilities to bind ADP and
tions of TNP-ATP and TNP-ADP higher than 10, the ATP using the chromatography method of Hummel and
inhibition pattern became more complicated, indicating a Dreyer @1) (Figure 11). One of these mutant proteins
mixed inhibition pattern at high concentrations of inhibitor (CheA-G1/G2) contained four, site-directed Ghjla sub-
(data not shown). We did not perform an extensive study stitutions affecting both G1 and G29); the other mutant
of inhibition at TNP-nucleotide concentrations above/M, protein (CheA-G470K) contained a single GHLys substi-
nor did we attempt a detailed analysis of the complex tution in G2. CheA-G470K was generated by random
inhibition pattern generated at high inhibitor concentrations. mutagenesisl(l) and has been used in previous work for a
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Ficure 8: Competition between ADP and TNP-ADP for CheA
binding sites. (A) TNP-ADP aliquots were added to CheA samples
(0.75uM) containing ©) 0 ATP, @) 0.5 mM ATP, @) 1 mM
ATP, and @) 2.0 mM ADP. The solid lines are theoretical binding
curves calculated as described in Figure 7. (B) The effect of ADP
concentration on the apparent dissociation consta@jsqg,"™N"4>P;

(O) Kgo™NP-ADP] for the complexes of CheA with TNP-ADP. The
x-axis intercepts of these plots indicate the valueKgfP® and
Kg"PP. The data plotted in panel B include thg"™P~APF values
obtained from analysis of the results in panel A and two replicate
experiments.

variety of purposes3@, 33, 55). Our chromatographic assays
indicated that CheA-G1/G2 had a dramatically diminished
affinity for ADP (Figure 11) and ATP (data not shown). By
contrast, CheA-G470K exhibited affinities for ADP (Figure
11) and ATP (data not shown) that were approximately the

same as those exhibited by wild-type CheA and CheA-H48Q.

Stewart et al.
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Ficure 9: TNP-ATP as an inhibitor of CheA autokinase activity.
(A) CheA autokinase activity was assayed as described under
Experimental Procedures at a series of ATP concentrations<0.17
1.3 mM) and at a series of concentrations of the inhibitor TNP-
ATP: (@) 0; (O) 3.3uM; (m) 6.7 uM; and @) 9.9 uM. Results
were also collected at 0.66, 1.33, 2.0, and /A0 TNP-ATP, but
these were not included in panel A to simplify the figure. Solid
lines represent best linear fits of these double-reciprocal plots. (B)
Dixon plot to analyze the competition between ATP and TNP-ATP.
The data from panel A were analyzed to determine the apparent
value of K;{TNP=ATP gt each concentration of ATP. This was
accomplished by fitting a simple hyperbolic binding curve to a plot
of percent inhibition versus the concentration of free TNP-ATP
(calculated assuming a binding stoichiometry of 2 per CheA dimer).
According to eq 3, this plot is expected to have a slope equal to
K{TNP=ATP/K -ATP and ay-axis intercept equal to the trug™P-ATP

(i.e., the value in the absence of any competitor ATP).

not shown). The relatively weak binding of TNP-ATP to

We used these two mutant proteins as simple test cases técheA-G1/G2 made it difficult to accurately monitor fluo-
address two fundamental questions that have importantrescence changes at ligand concentrations approaching
implications for assessing whether TNP-ATP is a useful tool saturating levels because the fluorescence signal due to
to investigate the effects of mutations on CheA'’s ability to binding was superimposed on a large background signal (due
bind unmodified ATP: (1) Does a mutation that disrupts to unbound TNP-nucleotide) and because the high TNP

the ability of CheA to bind unmodified ATP also disrupt
TNP-ATP binding? (2) Does a mutation that alters the active
site of CheA, without disrupting ATP binding, have a similar
lack of effect on TNP-ATP binding? Our results (Table 1)
indicated that CheA-G470K bound TNP-ATP and TNP-ADP
with approximately the same affinity and stoichiometry
exhibited by wild-type CheA and CheA-H48Q. By contrast,
CheA-G1/G2 had dramatically diminished affinities for TNP-
ATP and TNP-ADP. For exampléq: for the complex
between TNP-ATP and CheA-G1/G2 was 125/5uM, a

value considerably higher than that observed for the interac-

tion of TNP-ATP with wild-type CheA K41 ~ 0.4 uM).
Competition experiments indicated that ATP and ADP
competed with the TNP-nucleotides for the ATP binding site
of CheA-G1/G2, but the affinity of this mutant protein for
ATP and ADP was diminished considerably in much the

levels required correspondingly large inner-filter corrections.
Because of this situation, we were not able to determine the
stoichiometry of nucleotide binding for CheA-G1/G2, and
our KqM™P=ATP andK™P-APP yalues for this mutant have large
uncertainties£60—75 uM). Nonetheless, it was clear that
the G1/G2 mutations had a pronounced negative effect on
the ability of CheA to bind both the unmodified and TNP-
modified nucleotides.

For this limited set of mutants, the combined results from
the Hummet-Dreyer binding assays and the fluorescence
binding assays support the idea that TNP-ATP and TNP-
ADP can be used as accurate reporters of the qualitative
effects of active site mutations on the ability of CheA to
bind unmodified ATP and ADP.

DISCUSSION
Trinitrophenyl derivatives of nucleotides have served as

same way as was observed with the TNP-nucleotides (datauseful tools for characterizing numerous protein kinases and
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Ficure 11: Gel filtration chromatography assay of ATP binding
by CheA-H48Q, CheA-G470K, and CheA-G1/G2. The procedure
described in previous world() was followed except that a Waters
Protein Pak 60 column was used. The column was equilibrated with
TEDKM buffer containing 10«cM ADP, and then a 2@L sample
containing 5quM CheA and 10Q«M ADP in TEDKM buffer was
injected onto this column. Th&yeo of the eluant was monitored as
00 ! 4(‘)0 ! 8(')0 ' 12'00 TEDKM containing 10«M ADP was pumped through the column
following the injection. For CheA samples that bound ADP, a
[ATP] (kM) trough was observed in the elution profile at the point where ADP
FiGURE 10: TNP-ADP as an inhibitor of CheA autokinase activity. Was expected to elute. The area of this trough is an indication of
(A) CheA autokinase activity was assayed as described in the legendthe amount of ADP bound by the CheA, and the similarity of the
to Figure 9. Assays contained a range of ATP concentrations<0.17 troughs observed with CheA-G470K and CheA-H48Q indicates that
1.3 mM) and a range of inhibitor (TNP-ADP) concentration®) ( they bind ADP with similar affinities, while the lack of a trough
0; (O) 1.7uM; (M) 3.4uM; (O) 5.1uM. Results were also collected ~ With the CheA-G1/G2 sample indicates a lack of binding. As a
at 0.85, 2.55, and 4.2V TNP-ADP, but these were not included ~ control, a 20uL. sample of 10QuM ADP in TEDKM buffer was
to simplify the figure. Solid lines represent the best linear fits of injected, and the resulting elution profile is labeled as the ‘No CheA’
these double-reciprocal plots. (B) Dixon plot to analyze the Sample. The elution profiles were shifted relative to one another

competition between ATP and TNP-ADP. The data were analyzed along they-axis for the sake of clarity in the figure. When injected
as described for Figure 9. separately, CheA eluted at15 min postinjectionj, and ATP

eluted at~27 min postinjection {{.
nucleotide binding proteins. In particular, use of TNP-ATP
as a spectroscopic probe has provided insight into theinfluence the affinity of CheA for unmodified ATP and ADP,
catalytic mechanisms of ATPase$7( 52, 57) and, more  although M@" was not required for this binding. Despite
recently, a tyrosine protein kinas#9j. In the presentwork, these differences between CheANP-ATP and CheA~ATP
we examined the interaction of CheA with TNP-ATP and interactions, there are several important similarities indicating
TNP-ADP. To our knowledge, this is the first reported use that, in many respects, CheA interactions with TNP-ATP
protein kinase. We used fluorescence Spectroscopy tjnteractions with ATP and ADP. First, the TNP-nucleotides

monitor this interaction, taking advantage of the enhanced compete with ATP/ADP, presumably because they utilize
fluorescence properties of the TNP-nucleotides when boundie same binding sites on the protein. Second, the stoichi-
to CheA. Both TNP-ATP and TNP-ADP bound to CheA a4y of binding is the same for TNP-nucleotides and

with high affinity. unmodified ATP/ADP; the two binding sites indicated per

Desp_|te the high affinity of TNP-ATP for CheA, this CheA dimer appear to be identical and noninteracting for
nucleotide analogue does not appear to serve as a substratg

for CheA, at least not in a manner that is detectable in steady- AOtg ]}he”T NP-rtn(;q 'f'e(.j atr;]d the unm(:f':?g LQ”S.S of ATP'
state assays requiring multiple turnovers. This observation nd finally, mutations in the presume Inding region
raises the following question: Is TNP-ATP a valid and useful of the_ protgm_affect binding of TN.P'ATP and unmodified
tool for investigating the binding interactions of CheA with ATP in a similar manner. In partlcglar, we demonstrated
ATP (which does serve as a substrate)? Several other resultdhat altering G1 and G2 disrupted binding of CheA to both
also suggest that CheA interacts with TNP-ATP somewhat | N\P-ATP (Table 1) and ATP (Figure 11). Moreover, we
differently than it does with unmodified ATP. Most notably, demonstrated thgt_ TNP-nucleotide titrations accu_rately re-
the affinity of CheA for the TNP-modified nucleotides is ~flected the surprising result that the mutant protein CheA-
several hundred times tighter than for unmodified ATP/ADP. G470K bound ATP with normal affinity (Table 1 and Figure
Enhanced affinity for TNP-ATP (relative to unmodified 11). These results indicate that, despite the differences noted
ATP) has been observed with numerous other enzymes, forabove, TNP nucleotides provide an extremely useful spec-
example, epidermal growth factor receptdd) and sarco- troscopic probe for further defining the nature of the CheA
plasmic reticulum C&-ATPase §7). Another difference  active site and for exploring the qualitative effects of CheA
is that M@ did not influence the affinity of CheA interac- mutations on ATP binding. It appears likely that binding
tions with TNP-ATP and TNP-ADP. By contrast, Kfgdid of TNP-ATP to CheA involves at least some of the same

apparent KTNP-ATP (M)
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functional groups as are utilized for binding unmodified ATP
to CheA.

Stewart et al.

Another related scenario that would result in apparent
‘half-of-sites activity’ would be for CheA to have only one

The sensitivity of TNP-ATP as a spectral probe of binding kinase active site but two ATP binding sites. For example,
events afforded an opportunity to explore the stoichiometry the kinase active site might be considerably more complex
of CheA~~ATP interactions. This binding stoichiometry has than the ATP binding site because it must also include a
considerable significance when considering how CheA site to bind/orient P1 as well as groups involved in catalyzing
operates as an autokinase and how this activity might bethe chemistry of phospho-transfer from ATP to #lis
regulated by the chemotaxis receptor proteit® (4, 58). Despite the presence of two ATP binding sites, the other
However, previous efforts to establish the number of ATP components of the active site might be present in only one
binding sites per CheA dimer were not conclusive, but rather copy per CheA dimer if, for example, both subunits of the
were consistent with either one or two sites per CheA dimer CheA dimer contributed to these componerdg)(

(31). As an apparently symmetric dimer, CheA might be  The kinase active site of CheA is thought to involve
expected to have two active sites. The results presented herseveral regions that are largely conserved in the histidine
support this idea. Specifically, we observed a binding protein kinase family4, 17). Two of these regions (G1 and
stoichiometry of 2 ATP molecules per CheA dimer. More- G2) are glycine-rich segments that may function in a manner
over, our results are consistent with the proposal that the similar to the multifunctional glycine clusters in several well-
CheA dimer has two identical, noninteracting ATP binding characterized protein kinases and nucleotide binding proteins
sites. It should be noted, however, that for situations where (22—25). Previous characterization of the effects of site-
Kg1 and Ky, are less than 10-fold different, it is inherently directed mutations has indicated that G1 and G2 are required
difficult to accurately assess their individual valuB8)( The for CheA autokinase activity2@). The loss of autokinase
resulting uncertainty in our estimates kK, andKy, means activity observed in CheA G1 mutants and G2 mutants could
that we cannot rule out the possibility that ATP binding sites arise from a number of effects, including: (i) an inability of

1 and 2 interact weakly. the kinase active site to bind ATP; (ii) an inability of the

The stoichiometry of ATP binding to CheA and the active site to bind the P1 module containing the “fis
approximate affinity of the two binding sites for ATP are phosphorylation site; (iii) an inability of the active site to
useful pieces of information for formulating ideas about how catalyze phosphoryl transfer from bound ATP; and (iv) an
the CheA dimer operates to accomplish autophosphorylation.inability to form dimers. In the work reported here, we
Both subunits of the dimer become phosphorylagt §0), investigated whether simultaneously altering G1 and G2
but it is not clear whether this represents one active site affected the ability of CheA to bind ATP. We found that a
phosphorylating two P1 modules in succession or two active combination of glycine-to-alanine substitutions altering both
sites acting independently, each phosphorylating one of theG1 and G2 dramatically reduced the ability of CheA to bind
two P1 modules. The following question remains: Does TNP-ATP, TNP-ADP, ATP, and ADP. Thus, G1 and/or G2
the CheA dimer have one or two functional active sites? Our appear to be important for CheA binding interactions with
results indicate that there are two ATP binding sites, and ATP and ADP. However, it is worth emphasizing that the
the simplest extension of this observation would be to mutations in G1/G2 did not completely eliminate binding
propose that there are two distinct kinase active sites perof ATP (or TNP-ATP) to CheA. Nonetheless, CheA-G1/
CheA dimer. As discussed above, statistical considerationsG2 was completely inactive in autokinase ass&@}, (and
dictate that two such sites will appear to have different this defect could not be corrected by using high concentra-
affinities for ATP Kg2 = 4Ky1). In considering the pos-  tions of ATP (VanBruggen and Stewart, unpublished obser-
sibility that both ATP binding sites contribute to CheA vations). Therefore, the glycine-rich regions of CheA appear
autophosphorylation, it is useful to compare our values of to play an important catalytic role in addition to participating
KaA TP andK g~ to the value oK.A™° measured previously  in ATP binding.
for the CheA autophosphorylation reacti®9(31). If both We were surprised to find that a mutation in the G2 region
binding sites contribute to autophosphorylation, thkgA™ of CheA (G470K) exerted no apparent effect on CheA
should reflect an affinity intermediate betwekg”™ and binding interactions with ATP and ADP (Figure 11). This
KaATP. However, we find thaKA™ (0.29 + 0.04 mM) phenotype was faithfully reproduced in the titrations of
matches very well withq,A™" (0.26 & 0.05 mM) and does  CheA-G470K with TNP-modified ATP and ADP (Table 1).
not fall within a range intermediate betwedq ™™ and Previous work demonstrated that the &%-Lys mutation
Kq\TP. This agreement suggests that the CheA dimer might completely eliminates CheA autokinase activity but does not
utilize only one of its two hypothetical active sites or that it disrupt the ability of CheA to form dimers38, 55).
might utilize only one active site at a time. In such a ‘half- Therefore, it appears that GIY plays an important role in
of-sites’ situation, the dependence of the kinase activity on enabling phosphoryl transfer from ATP to Hfior in P1
the ATP concentration would refleéy;. Such a situation  docking to the CheA kinase active site, but it is not required
could arise if interaction of one P1 module with active site for ATP binding. This mutant protein has been used
1 prevents interaction of the second P1 module with active extensively as a phospho-acceptor in so-called ‘trans-
site 2: only when the first P1 module has been phosphory- phosphorylation’ experiments in which, for example, a
lated and cleared out of the active site region can the secondheterodimer is generated by pairing a kinase-defective CheA
P1 module interact with the second active site. Levit et al. mutant (e.g., CheA-G470K) with a version of CheA that is
(22) have previously discussed this possibility and presentedincapable of accepting a phosphate (e.g., CheA-H48Q) (
supporting kinetic evidence indicating that the two P1 33 55). CheA-G470K becomes phosphorylated under these
modules in a CheA dimer compete for access to the CheA conditions, and this has been attributed to ‘trans-phospho-
active site(s). rylation’ in which the active site of the CheA-H48Q subunit
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