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ABSTRACT: CheA is a central component of the chemotaxis signal transduction pathway that allows
prokaryotic cells to control their movements in response to environmental cues. This dimeric protein
histidine kinase autophosphorylates via an intersubunit phosphorylation reaction in which each protomer of
the dimer binds ATP, at an active site located in its P4 domain and then catalyzes transfer of the γ-phosphoryl
group of ATP to the His45 side chain within the P1 domain of the trans protomer. Here we utilize the
fluorescent nucleotide analogue TNP-ATP [20(30)-O-(2,4,6-trinitrophenyl)adenosine 50-triphosphate] to
investigate the two ATP-binding sites of the Thermotoga maritima CheA dimer (TmCheA) and the single
site of the isolated TmP4 domain (a monomer). We define the affinity of CheA for TNP nucleotides and, by
competition, for unmodified ATP. The two ATP-binding sites of the TmCheA dimer exhibit dramatically
different affinities for TNP-ATP (Kd1

TNP ∼ 0.0016 μMandKd2
TNP∼ 22 μMat 4 �C in the presence of Mg2þ)

as well as for ATP (Kd1
ATP∼ 6 μMandKd2

ATP∼ 5000 μMat 4 �C in the presence ofMg2þ) and in their ability
to influence the fluorescence of bound TNP-ATP. The ATP-binding site of the isolated TmP4 domain
interacts with ATP and TNP-ATP in a manner similar to that of the high-affinity site of the TmCheA dimer.
These results suggest that the two active sites of TmCheA homodimers exhibit large differences in their
interactions with ATP. We consider possible implications of these differences for the CheA autopho-
sphorylation mechanism and for CheA function in bacterial cells.

CheA is a protein histidine kinase (PHK)1 that functions in the
chemotaxis signal transduction pathway of many bacteria and
archaea (15, 17). In this pathway, CheA plays a central role in
allowing membrane-spanning chemotaxis receptors to modulate
the cells’ swimming patterns in response to gradients of attractant
and repellent chemicals encountered by the cells as they move
through their environments. This modulation involves a well-
characterized phosphorylation cascade that begins with CheA
autophosphorylation. P-CheA then serves as a phospho-donat-
ing substrate for CheY autophosphorylation. The P-CheY
generated by this reaction then interacts with the flagellar motor

to effect changes in swimming patterns (55, 60). The rate of CheA
autophosphorylation is regulated by the chemotaxis receptor
proteins. For example, in Escherichia coli cells, binding of
chemoattractants to a receptor results in a dramatic decrease
in CheA autokinase activity and a subsequent decrease in the
level of phosphorylated CheY (4, 5). Phosphorylation of CheB
via CheA contributes to sensory adaptation by directing CheB
to tune the sensitivity of the chemotaxis receptor proteins
(32, 50, 52). CheA proteins from a number of bacteria (including
Thermotoga maritima, E. coli, Salmonella typhimurium, and
Bacillus subtilis) have been characterized extensively using
a variety of biochemical approaches (1, 25, 30, 45, 58, 59).
Such analysis has indicated that CheA, and other signal-transdu-
cing PHKs, function as dimers and appear to accomplish
their autophosphorylation reaction via a trans mechanism in
which one protomer of a dimer phosphorylates its partner
protomer (15, 42, 56, 64, 65).

CheA has a modular architecture in which five distinct
structural domains (P1-P5) make different contributions to
the overall activity and regulation of the protein (Figure 1)
(1, 3, 57). P1 functions as a phospho-transfer domain and
includes the phosphorylation site (His45 for T. maritima
CheA) (47, 48). P2 serves as a docking site for CheY, allowing
it to bind temporarily while acquiring the phosphoryl group from
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the adjacent phosphorylated P1 domain (31, 33, 53, 57). P3
mediates CheA dimerization (3, 45) . P4 contains the ATP-
binding site and other active site components (2). P5 directs
interaction of CheA with CheW and the chemoreceptors; these
interactions enable receptor-mediated regulation of the CheA
autophosphorylation reaction (6, 12, 44).

Detailed structural information is available for each of the
domains of T. maritima CheA (TmCheA): there are crystal
structures available for isolated individual domains (P1, P2,
and P4) (2, 33, 39, 43, 47) as well as for a multidomain CheA
fragment (TmCheAΔ289) that encompasses domains P3-P5 (1).
How P1 and P2 are oriented relative to P3-P5 has not yet been
defined in detail, but recent results (14) indicate that, in a CheA
dimer, the P1-P2 segment from each protomer is constrained so
that it interacts exclusively with P4 from the other protomer; this
constraint could involve the flexible linker connecting P2 to
P3 (37). Such an arrangement would force CheA to operate via a
trans mechanism (P4 of one protomer phosphorylates P1 of the
second protomer), which has been observed for CheA and several
other PHKs (15, 42, 56, 64, 65).

Bilwes and co-workers have characterized the structures of
TmP4 in complex with a variety of nucleotide analogues, includ-
ing ADPNP, ADPCP, and TNP-ATP (2). While these structural
studies have provided a wealth of information about the CheA
active site and its contacts withATP, it is important to emphasize
that the TmP4 domain utilized for these studies was a monomer
and that attempts to generate crystals with dimeric forms of
CheA (full-length or various CheA fragments) were unsuccessful.
This leaves unanswered some fundamental questions about how
CheA dimers interact with ATP. Do the two active sites of the
dimer function independently? Are they functionally equivalent?
Do they exhibit differences that might reflect asymmetry or
cooperative interactions between the two active sites within the
dimer?

To begin addressing these questions, we have analyzed the
binding of ATP to monomeric TmP4 and dimeric full-length

TmCheA. Visualizing these binding interactions is facilitated by
modifying the protein (51) or the ATP (19) so that a fluorescence
signal can serve as a reporter of formation of the CheA 3nucleo-
tide complex. In previous work, we utilized TNP-ATP, a
fluorescent derivative of ATP, to visualize nucleotide binding
to E. coli CheA (22, 54). Our results were consistent with each
dimer having two independent, noninteracting ATP-binding
sites, but the level of analysis was not detailed and was hampered
by (i) not having (at that time) a monomeric version CheA for
comparison, (ii) not having (at that time) detailed structural
information about the protein 3nucleotide complex, and (iii) poor
signal-to-noise ratios that limited the range of TNP-ATP con-
centrations over which binding could be studied. In the work
reported here, we used TNP-ATP as a probe to study the active
sites of TmP4 and TmCheA. By using these structurally well
characterized proteins, we eliminated the first two problems listed
above. In addition, we overcame sensitivity limitations by
modifying our fluorescence binding assays such that we could
monitor binding over a 103-fold range of ligand concentration.

Our results indicate that the two active sites ofTmCheAdimers
bind TNP-ATP (and unmodified ATP) with dramatically differ-
ent affinities and that these binding events have different effects
on the fluorescence of bound TNP-ATP. These findings suggest
that the two active sites of CheA homodimers are not function-
ally equivalent and may not operate independently. We present
our results by first describing the simple situation in which TNP-
ATP binds to the isolated TmP4 domain (a monomer) and then
compare these results with those generated using full-length
TmCheA (a dimer).

EXPERIMENTAL PROCEDURES

Chemicals and Reagents. 20(30)-O-(2,4,6-Trinitrophenyl)
adenosine 50-triphosphate (TNP-ATP) and TNP-AMP were
purchased from Invitrogen, stored at -20 �C, and used under
minimal light conditions. The concentrations of theTNP-modified
nucleotides were determined spectrophotometrically, using an

FIGURE 1: Schematic diagram of the functional organization of CheA and the mechanism of autophosphorylation. Domains P1-P5 of CheA
from T. maritima, E. coli, and S. typhimurium have been investigated by a variety of high-resolution methods, including X-ray crystallography
(1, 33, 39, 47, 63) and NMRmethods (34, 35, 66), as well as by lower-resolution methods such as protease sensitivity (37). The numbers written
below the top protomer in the diagram indicate the domain boundaries (amino acid numbers) ofT.maritimaCheA. The jagged lines linking P1 to
P2 and P2 to P3 are intended to depict flexible linkers. The functional role of each domain is based on this structural information as well as on
biochemical and genetic experiments (17, 37, 38, 57). As depicted, CheA autophosphorylation occurs via a trans intradimer mechanism in which
the ATP bound to the P4 domain of one protomer provides the phosphoryl group that is used to phosphorylate His45 on the partner protomer.
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extinction coefficient of 26.4mM-1 cm-1 at 408 nm (20). ATPwas
purchased from Roche Diagnostics, and ultrapure glycerol was
fromMPBiomedicals. All other chemicals were reagent grade and
were purchased from Sigma or Fisher Scientific Co. TEGD buffer
(used for protein purification and storage) contained 50 mMTris,
0.5mMNa2EDTA, 10% (v/v) glycerol, and 1mMDTT, adjusted
to pH 7.5 using hydrochloric acid. TnM buffer (used for binding
titrations in the presence ofMg2þ) contained 25mMTris, 0.5 mM
Na2EDTA, 10% (v/v) glycerol, 25 mM NaCl, 50 mM potassium
glutamate, and 20 mM MgCl2. TnE buffer (used for binding
titrations in the absence ofMg2þ) contained 25mMTris, 10%(v/v)
glycerol, 25mMNaCl, 50mMpotassium glutamate, and 20.5mM
Na2EDTA, adjusted to pH 7.5 using hydrochloric acid. Neither
titration buffer contained reducing agent because we found that
DTT, β-mercaptoethanol, and TCEP all react slowly with TNP-
ATP, causing a bleaching of its fluorescence. Absorbance spectra
were recorded using samples in 1 cm path length cuvettes in a Cary
50 spectrophotometer.
Protein Expression and Purification. The full-length

T. maritima cheA gene cloned into Novagen plasmid pET28a
was kindly provided by Drs. Sang-Youn Park and Brian Crane
(Cornell University, Ithaca, NY). An expression plasmid for the
T. maritima P4 domain (residues 356-540) was created by
cloning a corresponding PCR fragment into pET28a. The
TmCheA and TmP4 proteins that we studied both carry an
N-terminal His tag fusion (provided by the pET28a) to facilitate
purification (23). This tag was not removed from the purified
proteins prior to use in binding experiments, but previous work in
this lab has demonstrated that this affinity tag does not affect the
binding or kinetic properties of CheA (54). To simplify the text,
the presence of the His tag is not indicated explicitly in the
remainder of this paper. E. coli strain BL21 λDE3 cells (Invitro-
gen) carrying plasmid pET28:TmCheA or pET28:TmP4 were
grown (at 32 �C) until they reached midlog phase in 4 L of Luria
broth containing 50 μg/mL kanamycin, and then overproduction
of the protein of interest was induced by adding IPTG (final
concentration of 1 mM). Three hours after induction, the cell
cultures were placed on ice, and then cell pellets were collected by
centrifugation at 4 �C. Cell pellets were resuspended in TEG
buffer containing 10 mM β-mercaptoethanol and then lysed (on
ice) by sonication in the presence of Halt Protease Inhibitor
(Pierce). The proteins were purified as described previously using
a Ni-NTA column following conditions reported by Levit
et al. (30) and an AffiGel Blue column using conditions summar-
ized by Hess et al. (18). Following the final purification step,
proteins were dialyzed against TEGD buffer, then concentrated
to∼400 μMusing Amicon Centriprep centrifugal concentrators,
and then stored in small aliquots at -80 �C. Protein concentra-
tions were determined using the Bio-Rad protein assay and the
Pierce BCA (bicinchoninic acid) assay, using bovine serum
albumin as a standard.
Fluorescence-Monitored TNP-ATP Binding Titrations.

These experiments were conducted at 4 �C to (i) minimize
potential complications arising fromdissociation ofCheA dimers
intomonomers (45) and (ii) enable comparison of binding affinity
results to binding kinetics results at low temperatures (10). Most
titrations were conducted in TnM buffer (except for the no-
magnesium titrations of Figure 9 which utilized TnE buffer).
Buffer compositions are specified above. For each binding
titration, a starting solution (2.5 mL) of protein or ligand was
placed in a 1 cm � 1 cm quartz fluorescence cuvette, stirred
continuously using a magnetic stir bar, and maintained at 4 �C

using a circulating water bath connected to the cuvette holder.
After each addition of protein or ligand, four consecutive
fluorescence emission spectra were recorded and averaged using
a PTI QuantaMaster instrument measuring counts per second
(cps) in digital mode. Emission spectra (530-600 nm) were
recorded using a λex of 520 nm (excitation and emission slits
were set at 4 nm). The samples were shielded from the excitation
light between additions. Each of the titrations depicted in the
figures represents the average of at least two independent
experiments conducted on different days using independently
prepared protein and ligand solutions. Two major types of
titrations were performed, “CheA-in-excess” titrations and
“TNP-in-excess” titrations, and these required slightly different
data manipulations, as described below.
(i) TNP-in-Excess Titrations. A starting emission spec-

trum (average of fours scans) was recorded for the initial diluted
protein solution. Then small aliquots (1-6 μL) of TNP-ATP
solutions (5-6400 μM) were added using a calibrated micro-
pipettor, and an emission spectrum was recorded (average of
four) following each addition. To analyze the results, the starting
emission spectrum was first subtracted from each emission
spectrum generated in the presence of TNP-ATP. Then the area
of each corrected spectrumwas determined (using the integration
function of QuantaMaster). These integrated fluorescence emis-
sion signals (IFES) were then corrected for the effects of dilution
and for inner filter effects using the formula

IFEScor ¼ IFESobsd � ðtotal volume=initial volumeÞ
� antilogðA520=2Þ ð1Þ

The antilog expression in this equation is a correction for inner
filter effects (28). This correction was considerably smaller using
a λex of 520 nm than it was for results generated using a λex of
410 nm, aswas done in previous studies (10, 21, 54). For example,
for a 100 μMTNP-ATP solution, a correction factor of 1.88 was
necessary using a λex of 520 nm (A520 = 0.55) compared to a
correction factor of 20.9 required with a λex of 410 nm (A410 =
2.64). For “mock titrations” (in the absence of any CheA), this
inner filter correction generated an IFEScor signal that was
linearly dependent on TNP-ATP concentration to >100 μM.
These mock titrations established the IFES signal that would be
expected as background for each titration of CheA with the same
concentration range of TNP-ATP. For each data point in a
CheA/TNP-ATP titration, the IFES associated with the CheA 3
TNP-ATP complex (IFEScomplex) was calculated by subtracting
the IFES value observed at the same total TNP-ATP concentra-
tion in the mock titration. IFEScomplex values generated by these
manipulations are plotted in Figures 4 and 6-9 to define the
relationship between integrated fluorescence emission and TNP-
ATP concentration.
(ii) CheA-in-Excess Titrations. A starting emission spec-

trum (average of four) was recorded with the initial TNP-ATP
solution. Then small aliquots ofTmCheA (orTmP4) were added,
and an emission spectrum was recorded (average of four)
following each addition. To analyze the results, the starting
emission spectrum was first subtracted from each emission
spectrum generated in the presence of protein. Then the area
of each corrected spectrum was determined. These IFES values
were corrected for the effects of dilution, but inner filter correc-
tions and subtraction of background signal were not necessary
(control experiments demonstrated that the TmCheA and TmP4
preparations had negligible absorbance at 520 nm and exhibited
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negligible fluorescence when excited at 520 nm). These corrected
IFES values are plotted in Figures 4, 5, and 7 for binding curves
showing the relationship between integrated fluorescence emis-
sion and TmCheA or TmP4 concentration.

To extract Kd values from titration profiles (plots of IFES vs
[ligand] or [protein]), we utilized the least-squares fitting routine
of DynaFit (27). This program requires input of an explicit
model. For binding of TNP-ATP to TmP4, the model was a
simple one-step equilibrium. For binding of TNP-ATP to
TmCheA dimers, we used the following model:

TþAAh
Kd1

T:AA

TþT:AAh
Kd2

T:AA:T
ð2Þ

In addition, this model assumes that the observed corrected
integrated fluorescence signal adheres to the following relation-
ship:

IFES ¼ ½T:AA� � IMFCT:AAþ½T:AA:T� � IMFCT:AA:T ð3Þ
IMFCT.AA values were determined in stoichiometry titrations

(Figures 4 and 6A, inset); IMFCT.AA.T values were determined
using DynaFit.
Competition Binding Studies for Analyzing Interactions

of CheA with ATP. Fluorescence-monitored binding experi-
ments similar to those described abovewere performed to analyze
binding of TNP-ATP to CheA in the presence of varying
concentrations of ATP. Binding curves were analyzed using
DynaFit, as described above, to generate apparentKd

TNP values.
These apparent Kd values are expected to conform to the
following relationship:

apparent Kd
TNP¼ Kd

TNPð1þ½ATP�=Kd
ATPÞ ð4Þ

Thus, a plot of apparent Kd
TNP versus ATP concentration

should be linear with a y-axis intercept of Kd
TNP and a slope of

Kd
TNP/Kd

ATP. Therefore, the value ofKd
ATP can be calculated as

Kd
TNP/ slope.

RESULTS

TmCheA and TmP4 Alter the Absorbance and Fluores-
cence Excitation Spectra of TNP-ATP. TNP-ATP binds to
the active site of TmCheA and TmP4 with high affinity; this
binding interaction markedly enhances its fluorescence emission
intensity (2, 54), a change that likely reflects the hydrophobic
environment experienced by the TNP group in the protein 3
nucleotide complex (19). Addition of TmP4 to TNP-ATP also
altered the TNP absorbance spectrum (Figure 2A), red-shifting
the longer wavelength absorbance band such that it exhibited a
λmax of ∼500 nm (compared to a λmax of ∼480 nm for the
uncomplexed TNP-ATP) and decreasing the absorbance in the
range between the isosbestic points of 412 and 485 nm. The
absorbance difference spectrum (Figure 2A, dotted line) indicates
a maximal difference at∼520 nm. Similar changes in absorbance
and excitation spectra were generated when full-length TmCheA
was added to TNP-ATP (results not shown). As expected, the
changes in the absorbance spectrum are mirrored in the fluores-
cence excitation spectrum (Figure 2B).

The spectra of Figure 2B are normalized relative to the
fluorescence intensity observed at 412 nm (the isosbestic point
for the absorbance spectra of free and TmP4-bound TNP-ATP);
this normalization is necessary because of the large increase in
TNP-ATP fluorescence caused by binding to the CheA active

site. The emission spectra used to generate Figure 2B are shown
in Figure 3A. Analysis of these spectra indicated that the shift in
the TNP-ATP absorbance/excitation spectrum caused by bind-
ing to CheA could be exploited to enhance the sensitivity
of titration experiments (described below) designed to determine
the affinity of the binding interaction between TNP-ATP and
TmP4 or TmCheA. In such experiments, there is a mixture of
bound and free TNP-ATP, each of which contributes to the
overall observed fluorescence. The sensitivity of the assay is
dictated by how different these contributions are, i.e., how much
higher the signal (fluorescence of the CheA 3TNP-ATP complex)
is relative to the background (fluorescence of the free TNP-ATP).
The inset of Figure 3A depicts how the excitation wavelength
influences the signal-to-background ratio (S:B) for one particular
combination of TmP4 and TNP-ATP. Previous work (2, 10, 54)
utilized an excitation wavelength of 410 nm to generate the
fluorescence signal that was analyzed to monitor binding events;
however, the inset plot indicated that we could improve S:B
significantly by using an excitation wavelength of >500 nm. For
example, for a λex of 520 nm, S:B ∼ 30 compared to the S:B
of∼12 for a λex of 410 nm. Moreover, the decreased absorbance
of the TNP-ATP at 520 nm (compared to 410 nm) reduced inner
filter effects that have to be taken into account in analyzing

FIGURE 2: Effect of TmP4 on the absorbance and fluorescence
properties of TNP-ATP. (A) The absorbance spectrum of 4.9 μM
TNP-ATP (in TnM buffer) was recorded in the absence (---) and
presence (;) of 12 μM TmP4. Also shown is the difference spectrum
( 3 3 3 ) calculated by subtracting the TNP-ATP spectrum from the
spectrum of TNP-ATP with TmP4. Spectra were recorded vs a
baseline scan of TnM buffer; a buffer vs buffer scan (- 3-) is shown.
(B)Fluorescence excitation spectrawere recorded (λem=540 nm) for
4.9 μMTNP-ATP in the absence (---) and presence (;) of 12 μM
TmP4; plotted spectra were normalized relative to the emission
intensity observed for a λex of 412 nm. Also shown are the calculated
difference spectrum ( 3 3 3 ) (TNP-ATP scan subtracted from TmP4/
TNP-ATP scan) and a buffer-buffer baseline (- 3-).
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fluorescence-monitored binding titrations (Experimental Proce-
dures). Another change that we adopted to improve the sensi-
tivity of detection of the CheA 3TNP-ATP complex was to
monitor the integrated emission signal (in the range between
530 and 600 nm) rather than relying on the emission at a single
wavelength (as in our previous work). These two changes (using a
λex of 520 nm and integrating the emission signals) allowed us to
monitor binding over a 103-fold range of TNP-ATP concentra-
tions, a significant improvement over our previous studies with
TNP-ATP (10, 22, 54).
Binding of TNP-ATP to TmP4. To analyze fluorescence-

monitored binding titrations ofTmP4withTNP-ATP,we needed
information about the binding stoichiometry and the fluores-
cence coefficient of the TmP4 3TNP-ATP complex. To generate
this information, we first monitored the fluorescence signal
generated at relatively high protein and ligand concentrations.
In these “stoichiometry titrations”, increasing concentrations of
TNP-ATP were added to a fixed amount of TmP4 (1 μM in
Figure 4A). We observed a linear increase in fluorescence
emission intensity as the ligand concentration was increased,
until a plateau was reached indicating that the binding site had
been saturated. Similar results were obtainedwhenwe performed
“reverse titrations” in which increasing concentrations of TmP4
were added to a fixed amount of TNP-ATP (Figure 4A). These

titration results indicated a binding stoichiometry of 1:1 and
defined the integrated molar fluorescence coefficient (IMFC) for
the TmP4 3TNP-ATP complex (1.9�106 cps/μM).

The shapes of the binding “curves” in Figure 4A (linear with
little or no “bowing over” prior to reaching the plateau) indicated
that the Kd for the binding interaction was considerably lower
than 1 μM and that these results, while useful for defining
stoichiometry and IMFC, were not useful for obtaining an
accurate estimate of Kd. To generate titration results capable of
defining Kd, we performed fluorescence-monitored titration
experiments (Figure 4B) at considerably lower protein and ligand
concentrations (0.01-0.03 μM for the limiting component).
Analysis of these results indicated a Kd of 0.014( 0.003 μM
for the TmP4 3TNP-ATP complex.2 This analysis utilized the
binding stoichiometry (1:1) and IMFC (1.9�106 cps/μM) defined
as described above. Our results are consistent with previous

FIGURE 3: Effect of TmP4 on the fluorescence excitation and emis-
sion spectra ofTNP-ATP. (A)Themainpanel shows the fluorescence
excitation spectrum of 4.9 μM TNP-ATP (in TnM buffer) in the
absence (---) and presence (;) of 12 μM TmP4 using an emission
wavelength of 540 nm. The inset plots the signal-to-background ratio
as a function of the excitation wavelength for this same sample set
(arrows at 410 and 520 nm). (B) Fluorescence emission spectrum of
4.9 μMTNP-ATP (in TnM buffer) recorded in the absence (---) and
presence (;) of 12 μM TmP4 using an excitation wavelength of
520 nm. Also shown is the corrected buffer emission scan (- 3-).

FIGURE 4: Fluorescence-monitored binding of TNP-ATP to TmP4.
(A) Results of titrations in which successive aliquots of TNP-ATP
stock solutionswere added to a 2.5mL sample ofTmP4 (1μM) (b) or
aliquots ofTmP4were added toa 2.5mLsampleofTNP-ATP (1μM)
(0). The intersection point of the dashed lines indicates a binding
stoichiometry of 1:1. The inset shows the TNP-ATP titration results
at higher concentrations. (B) Results of titrations at low protein and
ligand concentrations. Successive aliquots of TNP-ATP stock solu-
tions were added to a 2.5 mL sample of TmP4 (0.015 μM) (b),
or aliquots of TmP4 were added to a 2.5 mL sample of TNP-ATP
(0.013 μM) (0). The lines represent the best fits obtained using
DynaFit to fit the datausing a single-binding sitemodel. This analysis
indicated aKd of 0.011 μM for the titration of TNP-ATP withTmP4
and aKd of 0.016 μMfor the titration ofTmP4withTNP-ATP.Error
bars indicate standard deviations for three independent experiments.

2Uncertainties reported are standard deviations for replicate mea-
surements.
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work that indicated an upper limit of Kd of ∼0.01 μM for the
TmP4-TNP-ATP binding interaction (2).
ATP Inhibition of Binding of TNP-ATP to TmP4. ATP

can compete with TNP-ATP for the nucleotide-binding site
of TmP4, as shown in the titration results of Figure 5A. This
competition increases the apparent Kd of the TmP4-TNP-
ATP binding interaction, and this relationship was analyzed
(Figure 5B) to define the dissociation constant of theTmP4T
ATP binding interaction (Kd

ATP), as described in Experi-
mental Procedures. The value indicated by this analysis (11(
3 μM)2 agrees well with the value (15 μM) defined by Bilwes
and co-workers using a chromatographic approach (2). This
agreement indicates that analysis of competition between
ATP and TNP-ATP can be used reliably to define the binding
affinity of the CheA active site for ATP.
Binding of TNP-ATP to Full-Length TmCheA.Using the

same approaches described above to study binding of TNP-ATP
to TmP4, we also investigated interaction of TNP-ATP with full-
length TmCheA. One important difference between full-length
CheA and P4 is that the full-length protein forms stable
dimers (45), so there is the potential for complexity arising from
differences between the two binding sites in each dimer. Results
described below indicate that these two sites exhibit some striking
differences. In discussing these results, we use the following
abbreviations: AA, a full-length TmCheA dimer; T.AA, a dimer
towhich onemolecule of TNP-ATP has bound; T.AA.T, a dimer
that has bound two molecules of TNP-ATP. In addition, we

refer to the high-affinity site as “site 1” and the low-affinity site as
“site 2”.

In contrast to the simple, single-site binding curves observed
with TmP4 (Figure 4), titration of a fixed concentration of
TmCheA with excess TNP-ATP generates distinctly biphasic
binding curves (Figure 6A): ∼20% of the overall fluorescence
change is generated early in the titration (at ligand concentrations
approximating the CheA dimer concentration), and then the
remaining 80% of the fluorescence change requires considerably
higher concentrations of TNP-ATP. The extremely biphasic
nature of this titration is more easily visualized using a log-scale
x-axis [log of TNP-ATP concentration in molar units (Figure 6A
inset)]. One possible interpretation of these results is that the two
TNP-ATP-binding sites of the TmCheA dimer have very differ-
ent properties: one site having a tight affinity and lower fluores-
cence (IMFC∼ 2�106 cps/μM)and the second site having aweak
affinity and high fluorescence (IMFC ∼ 8� 106 cps/μM). The
presence of two classes of binding sites might reflect two
alternative situations: (i) negative cooperativity or (ii) preexisting
asymmetry within the CheA dimers. We will consider these
possibilities in greater detail in the Discussion. In the remainder

FIGURE 5: Competition between ATP and TNP-ATP for the TmP4
binding site. (A) TmP4 aliquots were added to TNP-ATP samples
(0.02 μM) containing 0 (b), 19 (O), 48 (9), 98 (0), and 245 μMATP
([) . The solid lines are the best fits obtained using DynaFit to fit the
data to a model of a single binding site; this analysis defined an
apparent Kd

TNP value at each concentration of competitor (ATP).
(B) Apparent dissociation constants from panel A plotted as a
function of ATP concentration.

FIGURE 6: Fluorescence-monitored binding of TNP-ATP to
TmCheA. (A) Results of titrations in which successive aliquots of
TNP-ATP stock solutions were added to a 2.5 mL sample of
TmCheA (0.6 μM dimer). The line represents the best fit of the data
generated using DynaFit and a two-site binding model. This analysis
gave the following values: Kd1

TNP = 0.0029 μM, Kd2
TNP = 22 μM,

IMFCT.AA = 2.0 � 106 cps/μM, and IMFCT.AA.T = 9.5 � 106 cps/
μM. The inset shows the same results plotted using a log scale for
[TNP-ATP] to better depict the extremely biphasic nature of the
binding curves. (B)Results of a reverse titration inwhich aliquots of a
concentrated TmCheA solution were added to a 0.28 μM solution of
TNP-ATP. The intersection point of the dashed lines indicates a
binding stoichiometry of one TNP-ATP per CheA dimer and a value
of 2.0 � 106 cps/μM for IMFCT.AA.
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of the Results, we analyze the binding curves by making use of
macroscopic (Adair) binding constants without making assump-
tions about the underlyingmolecularmechanism that gives rise to
a high-affinity site and a low-affinity site. From this analysis, we
estimate the dissociation constant for the AA þ T T T.AA
binding equilibrium (Kd1

TNP) and for the T.AA þ T T T.AA.T
equilibrium (Kd2

TNP).
To explore binding of TNP-ATP to TmCheA in greater detail,

we first examined the properties of the high-affinity binding site by
titrating a limiting amount of TNP-ATP with excess TmCheA
(Figure 6B). In this intital reverse titration, the TNP-ATP
concentration was set at a level (0.28 μM) that we expected to
be much higher than the Kd of the high-affinity site. The shape of
the binding curve in Figure 6B (linear with little bowing over prior
to reaching the plateau) was consistent with the assumption that
Kd, 0.28 μM.The results of this stoichiometry titration indicated
that each TmCheA dimer can bind one molecule of TNP-ATP
with high affinity and that the IMFCof the T.AA complex is∼2�
106 cps/μM, a value that matches the IMFC observed for the
presumed T.AA intermediate generated at TNP-ATP concentra-
tions of<1 μMinFigure 6A. To estimate the binding constant for
the high-affinity binding site, we performed forward and reverse
titrations at low protein and ligand concentrations (0.002-0.003
μM) (Figure 7A). Analysis of these titrations indicated a Kd1

TNP

value of ∼0.0016 μM and demonstrated reasonable agreement
between forward and reverse titrations.

Having defined the basic characteristics of the high-affinity
binding site of the TmCheA dimer, we were then able to
investigate the properties of the low-affinity site by analyzing
the results of titrations of TmCheA with excess TNP-ATP.
Fitting the results of Figure 6A to two-site model indicates a
Kd2

TNP of∼22 μM and an IMFCT.AA.T of∼7.5�106 cps/μM. In
Figure 6A, the highest ligand concentration (50 μM) is
∼2.3Kd2

TNP which would saturate ∼70% of the low-affinity
sites. In an effort to extend this range (to characterize site 2 more
completely), we analyzed binding at TNP-ATP concentrations as
high as 120 μM and observed Kd2 values in the range between
20 and 25 μM (results not shown) and IMFC values within 10%
of 7.5�106 cps/μM. Above this concentration, the background
correction and inner filter correction (Experimental Procedures)
became prohibitively large.

In summary, results in this section indicate that the TmCheA
dimer has two binding sites for TNP-ATP that differ dramati-
cally (∼10000-fold) in their affinity for this ligand as well as in
their ability to influence the fluorescence of the TNP group.
These differences are summarized in Table 1.
ATP Inhibition of Binding of TNP-ATP to TmCheA.

The large difference in affinity between the two binding sites of
the CheA dimer allowed us to studyATP inhibition of TNP-ATP
binding by the high-affinity site without any significant inter-
ference from the second site. Working at low concentrations of
TmCheA and TNP-ATP, and using the same basic approach
described above for competition experiments with TmP4, we
defined the effect of competitor ATP on the observed value
of Kd1

TNP. This relationship (Figure 7B) indicated that the
high-affinity site of the TmCheA dimer bound ATP with a
Kd of ∼6 μM (Kd1

ATP), a value close to that observed for TmP4
(11 μM).

ATP is also an effective competitor at the second TNP-ATP-
binding site of the TmCheA dimer, as shown in Figure 8A.
Analysis of the effect ofATP concentration on the observed value
ofKd2

TNP (Figure 8B) indicated that site 2 has a poor affinity for

ATP (Kd2
ATP ∼ 5000 μM). Thus, the two active sites of the

TmCheA dimer exhibit dramatically different affinities for ATP,
differing by ∼103-fold.
Additional Differences between the Two ATP-Binding

Sites of TmCheA. To explore further possible differences
between the two nucleotide-binding sites of TmCheA dimers,
we examined whether they are affected by removal of Mg2þ

(Figure 9A) (all of the binding studies described above were
performed in the presence of 20 mM MgCl2) . These results
indicated that the affinity of site 2 for TNP-ATP is diminished
(5-fold) in the absence of Mg2þ, while site 1 is insensitive to the
presence or absence ofMg2þ.We also examined binding of TNP-
AMP to sites 1 and 2 of TmCheA (Figure 9B). Site 1 binds
TNP-AMP with an affinity close to that observed for TNP-
ATP, but the affinity of site 2 for this ligand is diminished
(Kd2

TNP-AMP ∼ 75 μM compared \to Kd2
TNP-ATP ∼ 22 μM).

Overall, the results in this section suggest that the two active
sites of the TmCheA dimer utilize different binding contacts in
their interactions with TNP-modified nucleotides: Site 2 likely
makes binding contacts involving the β- and/or γ-phosphates of
the bound nucleotide and the associated divalent metal (Mg2þ),
but site 1 does not.

FIGURE 7: Binding and ATP inhibition of binding of TNP-ATP
to the high-affinity site of TmCheA. (A) Binding of TNP-ATP to
TmCheA was monitored fluorometrically as successive aliquots
of TNP-ATP were added to 0.003 μM TmCheA (dimer con-
centration) (b) and when aliquots of TmCheA were added to
0.002 μM TNP-ATP (0). The lines represent the best fits of the
data generated using DynaFit and a one-site binding model. This
analysis indicated a Kd1

TNP of 0.0018 μM for the titration
of CheA with excess TNP-ATP and a Kd1

TNP of 0.0014 μM for
the titration of TNP-ATP with excess TmCheA. Error bars
indicate the standard deviations for three independent experi-
ments. (B) Effect of competitor ATP on the apparent Kd1

TNP of
TmCheA.
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DISCUSSION

How Do the Two Binding Sites of the TmCheA Dimer
Differ?. Binding of TNP-ATP to either TmP4 or TmCheA
places the TNP portion of the molecule in an environment that
alters its fluorescence excitation and emission properties. We
exploited this change to monitor CheA binding interactions with
this nucleotide analogue and (by competition) with “regular”
ATP. The results obtained with TmP4 were straightforward:
Each protein molecule bound one molecule of nucleotide with
tight affinity. By contrast, our results with full-length TmCheA
were surprising, revealing markedly biphasic binding curves that
indicated two binding sites with very different affinities and

different environments for the TNP group (i.e., different IMFC
values). The most straightforward way of interpreting the
differences betweenTmP4 and full-lengthTmCheA is to attribute
them to the different quaternary structures of the proteins:TmP4
is monomeric, while TmCheA is a dimer. Thus, the biphasic
binding profiles observed with TmCheA likely reflect the differ-
ent properties of the two ATP-binding sites of the dimer. Table 1
shows a compilation of the affinity and fluorescence properties

FIGURE 8: Competition between ATP and TNP-ATP for TmCheA
binding sites. (A) TNP-ATP aliquots were added to 0.6 μMTmCheA
samples (dimer concentration) containing 0 (b), 2.34 (O), 5.9 (9), and
23.4mMATP (0). Binding wasmonitored by following fluorescence
emission. Not shown (to avoid overcrowding) are titration results at
11.9mMATP.The solid lines are the best fits obtainedusingDynaFit
to fit the data to a model in which each CheA dimer has two binding
sites that make unequal contributions to the observed fluorescence
change (2� 106 cps/μMfor the first site and 7.5� 106 cps/μMfor the
second site, as defined in Figure 6). (B) Effect of competitor ATP on
the apparent Kd2

ATP (determined in panel A). Analysis of this
relationship (as described in the legend of Figure 5 ) indicates a
Kd2

ATP of 5000 ( 1000 μM.

FIGURE 9: TmCheA binding to TNP-AMP and to TNP-ATP in the
absence of Mg2þ. (A) Aliquots of TNP-ATP were added to 0.6 μM
TmCheA samples (dimer concentration) in buffer either containing
20 mM MgCl2 (b) or lacking MgCl2 (and containing 20 mM
Na2EDTA) (0); the resulting fluorescence signals were monitored
and analyzed as described in the legend of Figure 6. The lines
represent the best fit of the data usingDynaFit and a two-site binding
model. This analysis indicated that in the absence of Mg2þ, Kd1

TNP=
0.003 μM, Kd2

TNP=100 μM, IMFCT.AA=2.4� 106 cps/μM, and
IMFCT.AA.T=8.9�106 cps/μM . In the presence of Mg2þ, Kd1

TNP=
0.0016 μM, Kd2

TNP= 22 μM, IMFCT.AA = 2� 106 cps/μM, and
IMFCT.AA.T=9.5�106 cps/μM. (B) Aliquots of TNP-ATP (b) or
TNP-AMP (O) were added to 0.6 μM (dimer) TmCheA samples in
buffer containing 20 mMMgCl2. Binding was assessed by monitoring
fluorescence. The TNP-ATP titration data are the same as those
presented in panel A. The lines represent the best fit of the data
using DynaFit and a two-site binding model, indicating that for TNP-
AMP binding Kd1

TNP=0.003 μM, Kd2
TNP=75 μM, IMFCT.AA=

1.4�106 cps/μM, and IMFCT.AA.T=6.3�106 cps/μM.

Table 1: Summary of Results from Binding Analyses

TNP-ATP binding
ATP binding

Kd1
TNP (μM) IMFCsite 1 (cps/μM) Kd2

TNP (μM) IMFCsite 2 (cps/μM) Kd1
ATP (μM) Kd2

ATP (μM)

TmP4 0.014( 0.003a 1.9� 106 NAb NAb 11( 4a NAb

TmCheA 0.0016( 0.0002a 2.0� 106 22 ( 2 7.5 � 106 6( 2a 5000 ( 1000a

aUncertainties reported are standard deviations of two or three replicate measurements. bNot applicable (TmP4 has just one binding site).
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forTmP4 andTmCheA.Comparisons of some of these values are
informative. First, for both TNP-ATP and unmodified ATP,
there is a large difference in affinity between site 1 and site 2
(Kd2

TNP/Kd1
TNP∼104, and Kd2

ATP/Kd1
ATP∼103), suggesting that

the large affinity difference between the two binding sites is not a
situation arising from peculiarities of the inhibitor TNP-ATP but
rather reflects a basic feature of CheA-nucleotide interactions.
Second, when considering interactions with TNP-ATP, site 1 of
the dimer has properties that are similar to those of the ATP-
binding site of TmP4: a similar IMFC for the protein 3TNP-ATP
complex and a very tight binding affinity. For binding interac-
tions with unmodified ATP, site 1 of the dimer is also similar to
the TmP4 binding site (Kd

ATP values of 6 and 11 μM, respec-
tively). Taken together, these results suggest that, in TmCheA
dimers, one of the two ATP-binding sites is unaffected by dimer
formation; this site behaves much like it would in a monomeric
version of the full-length protein, exhibiting similar affinities for
ATP and TNP-ATP and a similar TNP-binding environment.
However, in site 2 of the dimer, these properties are altered
dramatically, suggesting that dimer formation has a significant
impact on the structure and conformation of this ATP-binding
site.

In view of the striking differences between sites 1 and 2, one
additional possibility that we considered was whether site 2
binding might reflect nonspecific association of TNP-ATP with
the full-length protein (e.g., TNP interacting with segments of
CheA that are distinct from the active site and that are absent
from the isolated P4 domain). Although this is difficult to
discount completely, we think that it is unlikely for the following
reasons: (i) Unmodified ATP competed effectively with TNP-
ATPbinding to site 2, and (ii) site 2 bindingwas affected byMg2þ

and by loss of the β- and γ-phosphate groups of TNP-ATP.
These observations are consistent with expectations if site 2
binding reflects TNP-ATP interacting with a bona fide ATP-
binding site. If site 2 does, in fact, represent low-affinity,
nonspecific association of TNP-ATP (and ATP) with TmCheA,
then our overall set of results would suggest that only one of
the two active sites of the TmCheA dimer is functional, i.e., that
the two ATP-binding sites of TmCheA exhibit half-of-sites
binding.

It is informative to relate the features of site 1, revealed in our
binding studies, to the detailed three-dimensional structure of the
TmP4 3TNP-ATP complex determined by Bilwes et al. (2).
Several key aspects of this structure should be emphasized. First,
TNP-ATP binds to the TmP4 active site in a conformation that
allows the TNP portion of the molecule to occupy a hydrophobic
cavity adjacent to the ATP-binding pocket. This conformation
(and the unusual configuration of the ribose in TNP-ATP) places
the ATP part of the molecule in an unanticipated orientation
relative to the active site. Most notably, the triphosphate groups
of TNP-ATP are directed outward, away from the active site, so
they cannot make several of the binding contacts that are
observed when ADPCP and ADPNP bind to TmP4 in what
likely represents the normal active site-nucleotide orientation.
Moreover, the orientation of the triphosphates of TNP-ATP
relative to the CheA active site destroys its ability to serve as
a substrate (phospho donor). Another notable feature of the
TmP4 3TNP-ATP structure is that it lacks contacts linking active
site components to theMg2þ that is coordinated to the nucleotide
phosphates. These contacts with a bridging divalent metal ion
are evident in the TmP4 3ADPCP and TmP4 3ADPNP struc-
tures, but in the TmP4 3TNP-ATP complex, Mg2þ is completely

absent (2). In our binding studies, we observed that site 1 of the
TmCheA dimer interacts with TNP-ATP in a manner that is not
affected by the presence of Mg2þ or by the removal of the β- and
γ-phosphate groups of the TNPnucleotide (TNP-AMP).We also
observed that the affinity and fluorescence properties of site 1 are
similar to those of the isolated TmP4 domain (Table 1). Taken
together, these results suggest that TNP-ATP interacts with site 1
of the TmCheA dimer in a manner similar to that observed in the
TmP4 3TNP-ATP crystal structure. One important general fea-
ture of the TmP4 3TNP-ATP structure is that it indicates
numerous van der Waals contacts between the TNP ring and
protein side chains that line the TNP-binding cavity (2). These
contacts may provide the binding energy that allows TNP-ATP
to bind with an affinity that is much tighter than that observed
with regular ATP despite the mispositioning of much of the ATP
part of the TNP-ATP molecule in the complex. Thus, the TNP
part of the TNP-ATP molecule may provide much of the
thermodynamic driving force for binding to TmP4, and presum-
ably also for binding to site 1 of TmCheA.

Site 2 of the TmCheA dimer, however, exhibits several proper-
ties that differ significantly from expectations based on the
TmP4 3TNP-ATP crystal structure. For example, this low-affi-
nity site is influenced by Mg2þ and by the absence of the β- and
γ-phosphate groups of the TNP nucleotide in TNP-AMP. In this
regard, site 2 behaves as if the ATP portion of the TNP-ATP
molecule provides important binding determinants, a situation
that differs strikingly from that described above for site 1. Thus,
both the TNP and ATP components of the TNP-ATP molecule
bound to site 2 may interact with the TmCheA protein in a
manner that differs significantly from that observed in the
TmP4 3TNP-ATP complex and from that utilized at site 1 of
the dimer.
What Is Responsible for Creating Two Distinct Binding

Sites in TmCheA Homodimers?. As depicted in Figure 10,
there are two general scenarios to consider: (i) negative coopera-
tivity and (ii) preexisting asymmetry (8, 11, 36). In a negative
cooperativity model, the two ATP-binding sites of the CheA
dimer are initially equivalent. However, when a nucleotide binds
to one of the sites, this binding event is communicated to the
second site, resulting in a dramatic decrease in the affinity of the
second site for the nucleotide [reflecting either structural changes
or changes in the entropy and dynamics of the binding site (46)].
The communication between the two active sites would also alter
the TNP environment of the second active, causing site 2 to
enhance the TNP fluorescence more dramatically than at site 1.
In the crystal structure of TmCheAΔ289 (a dimer), the two ATP-
binding sites are located on opposite sides of the dimer, separated
by∼90 Å, so any allosteric communication between them would
have to involve changes propagated over this distance. Perhaps
such a conformational change is responsible for Bilwes’ observa-
tion that addition of nucleotides toTmCheAΔ289 crystals caused
them to crack (2).

In a preexisting asymmetry model (Figure 10B), the two
protomers of a CheA dimer would assemble into an asymmetric
homodimer in a manner that creates a high-affinity (low TNP
fluorescence) active site and a low-affinity (high TNP fluores-
cence) active site. These structural and conformational differ-
ences would exist regardless of whetherATP is present. Although
the idea of an asymmetric homodimer might seem counter-
intuitive, there are some well-known examples of proteins that
function in such a manner (7, 40). Perhaps the most well-known
of these is tyrosyl-tRNA synthetase, characterized in the Fersht
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lab. This enzyme exhibits half-of-sites substrate binding because,
in solution, each dimer has one active protomer and one inactive
protomer. This functional asymmetry appears to reflect the two
protomers being “frozen” into either an active or an inactive
conformation in the absence of any substrate or ligand (61, 62).
What Is the Functional Relevance of CheA Having Two

Active Sites with Different ATP Affinities?. Regardless of
the underlying molecular mechanism, the vastly different ATP
binding affinities of the two active sites of TmCheA dimers could
have important implications for how this enzyme functions in the
context of a cell, and such considerations lead to the following
question. What benefit(s) could have driven evolution of such a
situation? It is likely that the ATP concentration3 in the cyto-
plasm of T. maritima is greater than Kd1

ATP but not greater than
Kd2

ATP. Given thatKm=Kd for CheA (59), the different affinities
of the two active sites would cause them to make unequal
contributions to the overall production of P-CheY: Site 1 would
operate atVmax (because [ATP].Km1); by contrast, site 2 would
operate considerably below Vmax ([ATP] <Km2). Why would an
enzyme have two active sites but use primarily just one? For some
oligomeric enzymes, negative cooperativity gives rise to a “flip-
flop” or “alternating sites” mechanism in which equivalent active
sites in the assembled protomers are forced to operate one at a
time (16, 26, 29). With kinesin dimers, for example, such a
mechanism enables the processive “ratcheting” movement of the
motor along cytoskeletal structures (13). For other alternating
sites enzymes, the advantage of the mechanism is not clear (9),
and this is certainly also the case for TmCheA: It is difficult to
envision a compelling reason why only one of the two active sites
of CheA should catalyze P1 phosphorylation at any given time.
Perhaps there are structural constraints in the large CheA/CheW/
receptor signaling arrays that make such a mechanism advanta-
geous. Another possibility is that binding of ATP to site 2
contributes to the catalytic efficiency of CheA by stimulating
release of product from site 1, for example by promoting

dissociation of products (ADP and/or phosphorylated P1)
following an autophosphorylation event.

We hope to explore these possibilities in future work. In
addition, it will be interesting to determine whether CheA
proteins and other PHKs in other prokaryotic systems also
exhibit negative cooperativity and asymmetry in their binding
interactionswithATPandTNP-ATP in the samemanner that we
observe with TmCheA. It is interesting to note, for example, that
the two active sites of NtrB dimers exhibit asymmetry in their
interactions with ADP (24).
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