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ABSTRACT: We investigated the functional roles of putative active site residugsdéherichia coliCheA

by generating nine site-directed mutants, purifying the mutant proteins, and quantifying the effects of
those mutations on autokinase activity and binding affinity for ATP. We designed these mutations to
alter key positions in sequence motifs conserved in the protein histidine kinase family, including the N
box (H376 and N380), the G1 box (D420 and G422), the F box (F455 and F459), the G2 box (G470,
G472, and G474), and the “GT block” (T499), a matif identified by comparison of CheA to members of
the GHL family of ATPases. Four of the mutant CheA proteins exhibited no detectable autokinase activity
(Kin™). Of these, three (N380D, D420N, and G422A) exhibited moderate decreases in their affinities for
ATP in the presence or absence of MgThe other Kim mutant (G470A/G472A/IG474A) exhibited
wild-type affinity for ATP in the absence of Mg, but reduced affinity (relative to that of wild-type
CheA) in the presence of Mg. The other five mutants (Kif) autophosphorylated at rates slower than
that exhibited by wild-type CheA. Of these, three mutants (H376Q, D420E, and F455Y/F459Y) exhibited
severely reducedl. values, but preserveldy”™" and K4ATP values close to those of wild-type CheA.
Two mutants (T499S and T499A) exhibited only small effectskgnand KyA™. Overall, these results
suggest that conserved residues in the N box, G1 box, G2 box, and F box contribute to the ATP binding
site and autokinase active site in CheA, while the GT block makes little, if any, contribution. We discuss
the effects of specific mutations in relation to the three-dimensional structure of CheA and to binding
interactions that contribute to the stability of the complex between CheA arfd-bmund ATP in both

the ground state and the transition state for the CheA autophosphorylation reaction.

CheA, an autophosphorylating protein histidine kinase CheY in a two-step procesg)( (i) In an autophosphorylation
(PHK)! (1—3), plays a central role in the chemotaxis system reaction, CheA interacts with ATP and catalyzes formation
of Escherichia coli(4, 5), Salmonella typhimuriun®), and of P-CheA (eq 1), and (ii) in a phosphotransfer reaction,
numerous other eubacteri@—<10) and archaeal(, 12). P-CheA passes its phosphoryl group to CheY (eq 2).
These microorganisms use this system to modulate their
swimming behaviors in response to gradients of beneficial CheA+ ATP — P-CheA+ ADP 1)
and noxious chemicals encountered in their environments. P-CheA+ CheY— CheA-+ P-CheY )

By controlling their swimming patterns in this manner, these

microorganisms can migrate toward the most beneficial Both reactions require a divalent metal ion, with Mgeing
location (L3—17). CheA functions as an essential component - offactive than alternativegq 21). '

gf the signal transduction_pathway that mediates_ _these The detailed biochemical mechanisms by which CheA
irected movements. In this pathway, CheA specifically catalyzes these reactions remain unknown. In the work

regulates, via phosphorylation, the activity of a downstream described here. we investi :

. . , gated the mechanism of the CheA
gffector protein, CheY2). Phosphorylated CheY_, In turn, autophosphorylation reaction (eq 1) by examining the effects
interacts with the flagellar motor to control the direction of - ¢ gjie girected mutations that alter putative elements of the

flagellar rotation, which determines the swimming pattern . : . ; : i
. . active site that are responsible for CheA'’s autokinase activity.
of the cell 8, 19). CheA accomplishes phosphorylation of The CheA— CheY signaling circuit is one of the best

characterized examples of a “two-component” sensory
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Ficure 1: (A) Functional organization of CheA. The indicated domains{P3) are those defined in structures deduced by X-ray methods
(P3-P5) (1) and by NMR methods (P1 and P2)7( 78). The functions of these individual domains or combinations of domains have been
defined by a variety of different approachds 13, 23, 27, 30, 41, 79). Within P4, there are five regions containing sequences that are
conserved in two-component PHKs. These regions are designated as the N box, G1 box, F box, G2 box, and GT block. The positions
subjected to mutagenesis in this work are underlined. (B) Conserved residues in the ATP binding pocket of CheA and their location in
relation to Mg@™-bound ADPCP. The conserved boxes are labeled as follows. The G1 box is yellow with G422 and the side chain of D420
shown. The GT block is purple with the side chain of T499 shown. The N box is colored orange with the side chains of N380 and H376
depicted. The flexible “ATP lid” portion is in pink with the G2 box in green and the F box in blue flanking the region. Side chains of the
two conserved phenylalanine residues in the F box are shown. ADPCP is shown bound in the active site?Withriviggenta and two
coordinated HO molecules depicted as small blue spheres. Hydrogen bonds are depicted as thin blue lines, from D420 to the adenine NH
group of ADPCP and from H376 to one of the® molecules located in the Mg coordination sphere. This drawing was created using

MS Viewer Pro (Molecular Simulations, Inc.) and three-dimensional coordinates kindly provided by A. Bilwes and M. 88non (

accomplish autophosphorylation, the PHK binds?Mgound CheA and other PHKs are homodime838,(34), and the
ATP and then catalyzes transfer of thehosphoryl group  autophosphorylation reaction likely occurs via a trans mech-
from ATP to a specific histidine residue; this phosphoryl anism in which the active site of one CheA monomer directs
group then is transferred to the RR, eliciting a conformational phosphorylation of its partner in the dime35( 36). CheA
change that alters the activity of the RR in a manner that possesses a modular architecture (depicted in Figure 1A),
generates an appropriate response. Structural informdtion ( in which different structural elements contribute distinct
23—25), biochemical investigation26—28), and extensive  functions to the overall activity and regulatioh, 5, 27).
mutagenesis studie%-32) have made CheA one of the Some features of this modular organization are observed in
best characterized members of the PHK family and an all PHKs, while other features appear to reflect specialized
excellent model for exploring the mechanism of PHK elaborations on the basic PHK design to accommodate the
autophosphorylation and the nature of the active site that specialized needs of the chemotaxis systgn (n all PHKSs,
catalyzes this reaction. the centrally located “catalytic domain” is comprised of two
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structural domains, called P3 and P4 in CheA. P3 mediatestants to test specific predictions derived from structural
dimerization of the protein, while P4 encompasses the activeanalysis $0—53). We have followed such an approach to
site that binds ATP and directs phosphorylation of a specific investigate the functional roles of putative active site groups
histidine side chain3, 28, 38). In CheA, the phosphorylation  in CheA. Here, we report our characterization of nine site-
site (His'®) resides in a domain (P1) distinct from the catalytic directed mutations that alter highly conserved positions in
domain, while in most other PHKs, the phospho-accepting the well-known N, G1, F, and G2 boxes of CheA, and in a
histidine is located in the dimerization domain (equivalent less well-known region we call the “GT block48). We
to P3 in CheA). CheA has a specialized domain (P2) that investigated the effects of these mutations on the kinetic
mediates binding to its cognate RRs (CheY and Ch@B) (  properties of CheA in autokinase assays and on the affinity
39) and that facilitates rapid CheA CheY/CheB phospho-  of CheA for ATP in fluorescence-monitored titrations.
transfer ¢0). Previous investigations showed that mutations altering the
Several complementary approaches have helped to defineg1, F, or G2 box of CheA and the N, G2, or F box of EnvZ
the location of the autokinase active site within the P4 eliminate or severely reduce autokinase activBf)( Our
domain of CheA. First, sequence comparisons of CheA andstudies extend these previous investigations in three signifi-
many other PHKs indicate the presence of four conservedcant ways: (i) by examining a larger set of mutations,
blocks termed the N box, G1 box, F box, and G2 box in P4 including some affecting the N box and GT block (previously
(13 41, 42), as depicted in Figure 1A, and two of these uncharacterized in CheA); (ii) by defining the effect of each
blocks (G1 and G2) have characteristics similar to those of mutation not only on autokinase activity but also on ATP
glycine-rich loops found in well-characterized kinases and binding affinity and on interactions of the CheXTP
nucleotide-binding proteinsl( 43, 44). Second, the three-  complex with Mg*, and (iii) by relating our results to
dimensional structures of two PHKs, CheA fraihermotoga  detailed structural information concerning the CheA active
maritima (1, 43) and EnvZ fromE. coli (45), indicate that site available from X-ray structureg,(43).
these conserved PHK “boxes” form the edges of the ATP-
binding pocket, as depicted in Figure 1B. The crystal EXPERIMENTAL PROCEDURES
structure of the nucleotide-bound P4 domain of CheA from , . - o
T. maritimaindicates that side chains and backbone groups  Materials 2(3)-0-(2,4,6-Trinitrophenyl)adenosiné-8i-
from specific positions within N, G1, F, and G2 are phosphate (TNP-ADP) was p“rChase‘j' ffom Molecular
positioned appropriately for H-bonding to different moieties Probes, Inc. (Eugene, OR), stored-a20 °C in the dark,
of the bound nucleotidet@). These conserved elements also 2nd utilized under minimal lighting conditions. The TNP-
mediate binding of AMP-PNP to EnvZ48), but some ADP concentration was determined spectrophotometrically,

potential differences exist in the details of specific protein  225€d on an extinction coefficient of 26.4 mMcm™ at
nucleotide contacts and in the conformation of the bound 408 Nm 64). ADP and high-purity ATP were purchased from

nucleotide compared to the CheA (P4jucleotide complex ~ Pharmacia and Boehringer Mannheiny-*PJATP was
(43, 45). purchased from Dupont, NEN. All other chemicals were

The structure of the protein fold that forms the ATP- reagent grade and were purchased from standard commercial
binding site in CheA and other PHKs resembles that observedS0U4rces.- o _
in the nucleotide-binding sites of members of the GHL ~ Mutant Variants of CheASite-directed mutations were
family, namely, Gyrase46), Hsp90 47), and MutL @8). generated by PCR megaprimer mutagenesis utiliiag
These proteins4@) function as ATPases rather than kinases, DNA polymerase oPfu DNA polymerase §5, 56). Muta-
but there are some striking structural similarities between tions were confirmed by DNA sequencing (performed at the
PHKs and GHL ATPases, suggesting that these proteinUmversny of Maryland Center for Agricultural Biotechnol-
families are related evolutionarily and may utilize similar ogy).
mechanisms for binding and utilizing ATR)( In addition, Bacterial Strains and PlasmidStrains RP3098A(flhA-
the GHL ATPases possess blocks of conserved amino acidflhD) (5)] and RP9535 AcheA (57)] are derivitives ofE.
sequence corresponding to the N, G1, and G2 boxes (butcoli K-12 and were kindly provided by J. S. Parkinson
not the F box) of the PHKs, and specific amino acids within (University of Utah, Salt Lake City, UT). The chromosome
these boxes appear to form H-bonds with bound nucleotide of RP3098 carries a deletion that removes all of the
in the crystal structures of the GytBDPnP complex 46), genes. This strain was used for plasmid-directed overproduc-
the Hsp9@ATP complex 47), and the MutlLADP complex tion of wild-type CheA and mutant variants of CheA. The
(48). These sequence and structure similarities predict thatoverproducing plasmid used for protein production is a
conserved positions within N, G1, and G2 of CheA function derivative of pAR1:cheA 36) modified to incorporate an
in ATP binding. N-terminal (His} tag to facilitate purification of the proteins.

Structural information about CheA, EnvZ, and the GHL Previous work demonstrated that the (Witag does not
ATPases has been extremely useful for identifying potential affect the autokinase activity or ATP binding affinitg8g).
components of the CheA active site, but such assignments Protein Purification Cultures (4 L) of RP3098 carrying
rest on the assumption that the location of side chain or pAR1:cheA were grown in Luria broth containing 100/
backbone groups in the proximity of bound ATP (e.g., mL ampicillin. Overproduction of wild-type or mutant CheA
“within H-bonding distance”) identifies these groups as proteins was induced by adding 1 mM IPTG to cultures in
functional components of the active site. Structtfienction early exponential phase. Four to six hours after induction,
studies in other enzymes have clearly demonstrated thatcell pellets were collected by centrifugation and lysed by
defining the functional roles of active site groups requires sonication. CheA was purified from cell lysates following
detailed biochemical characterizations of site-directed mu- previously published procedures: ammonium sulfate pre-
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cipitation 1), anion exchange chromatograptgg), and The data generated by these titrations defined saturation
Ni—NTA chromatography@0). Affi-Gel Blue chromatog- curves plotted adFq,d AFta VErsus the total concentration
raphy, an early step in the published purification procedure of added TNP-ADP (e.g., Figure 4\Fsis the observed
for the wild type @1), was omitted because many of the fluorescence signal following nucleotide addition (corrected
mutant proteins did not bind to this column, perhaps becauseas described above), aidF, is the maximal value oAF g
they were defective in ATP binding affinity. Purified CheA obtained at saturation. ThAF, value for each CheA
preparations were stored in concentrated form-G&0QuM) variant was measured at saturating levels of TNP-ADP; these
at —80 °C in TEGDK buffer @), and were dialyzed into  values differed from that observed with wild-type CheA. For
TEDK buffer (i.e., lacking glycerol) immediately before mutants with a very weak affinity for TNP-ADRK{T™NP-ADP
being used. For some experiments, Mg@as added (final > 50 uM), AF could not be determined directly but was
concentration of 10 mM) immediately before use. Concen- estimated by extrapolating the hyperbolic binding curves to
trations of purified proteins were determined spectrophoto- saturation. Using the approach described previols8y, (ve
metrically, using extinction coefficients calculated by the related the observedF ndAF Values to the amount of
method of Gill and von Hippel&Ql). TNP-ADP bound per CheA dimer, and the amount of free
Swarm Assaysryptone swarm plated 6, 62) contained (unbound) TNP-ADP at each point in the titration. In the
0.25% Difco Bacto agar in tryptone broth (1% tryptone and case of titrations without MgG| previously published plots
0.5% NaCl), 100ug/mL ampicillin, and 5uM IPTG to were usedg8), but new calibration plots were determined
induce CheA expression at levels corresponding to the levelfor titrations in the presence of Mgg{to account for any
of CheA present in wild-type cells2@). Strain RP9535,  differences in the characteristics of bound TNP-ADP. Since
lacking the chromosomal copy oheA was transformed with ~ the F4A55Y/F459Y mutant exhibited differences in spectral
pAR1:cheA derivatives expressing the wild-type allele, the characteristics of bound TNP-ADP, including a shift of the
mutant alleles, or noheA Fresh transformants were stabbed emission peak as well as an increase in intensity, new cali-
into the center of tryptone swarm plates, which were then bration plots were determined for this mutant both with and
incubated at 30C in a humid environment. The diameter without MgCh. Experiments to determine calibration plots
of the outermost ring of each swarming colony was measuredwere performed as described previoushg)(
after a 9 hincubation period. Plots of [TNP-ADP}ound[CheA dimer] versus [TNP-
Phosphorylation Time Course Assaydl reactions were ADPJsee (Figure 4) were then fit using eq 3 to determine
performed at 25C in TEDKM buffer. Autophosphorylation  the best-fit value oKg::
reaction mixtures contained 18/ CheA and were initiated . .
by the addition of §-32P]ATP (~2500 cpm/pmol). Aliquots  [nucleotide},,J[CheA dimer]=
were removed at the indicated time points, quenched with 2N((K o + N/ (KK g + 2K oN; + Nfz) (3)
2x SDS-PAGE sample buffer, and subjected to SBS
PAGE (12% polyacrylamide gels) in a Bio-Rad minigel In this equation]; is the concentration of free TNP-ADP,
apparatus. Following electrophoresis, gels were dried underKy, represents the macroscopic (experimentally observed)
vacuum and analyzed using a Bio-Rad phosphoimager, asdissociation constant for binding of the first nucleotide
described previously26, 63). molecule to CheA, anl4, represents the observed dissocia-
Assays of CheA Binding to TNP-ADP and AF3says tion constant for binding of the second nucleotide to the
of nucleotide binding to the wild-type and mutant CheA CheA dimer. For wild-type CheA and many of the mutant
protein took advantage of the increased fluorescence exhib-versions of CheA, least-squares fits of eq 3 to the titration
ited by TNP-ADP when it is bound in a hydrophobic data indicatedKq, ~ 4Kg4;, as expected for two identical,
environment $8). CheA samples (M) were prepared in  noninteracting binding sites per CheA dimer. However, for
TEDK or TEDKM buffer in standard 1 cmx 1 cm several mutants (D420N, F455Y/F459Y, and N380D), such
fluorescence cuvettes maintained at 5. Fluorescence fits indicatedKy, values in the range between 0.1 and 1.1
emission spectra were recorded using a Jobin Yvon-Spextimes the value oKy, perhaps indicating a modest level of
Fluoromax-2 spectrofluorometer with the excitation wave- cooperativity for the two binding events. To simplify
length set at 410 nm and the emission wavelength set at 541comparison oKy values among variants in our mutant set
nm. Excitation and emission monochromators were set to and to circumvent the discrepanciei values, we focused
give slit widths of 4 nm. For analysis of titration data, the on values ofKy,™PAPP and utilized this value to define
observed emission intensity of each sample was correctedATP binding affinities as discussed below.
for the signal due to unbound TNP-ADP (also unbound ATP  Experiments to determine the affinity of CheA for
in competition experiments), as well as for inner filter and unmodified ATP K™") involved titrating ATP into a
dilution effects, as reported previously8). Therefore, the  solution containing a mixture of CheA @M) and TNP-
observed fluorescence signal used to calculatesalues ADP. Competition between the added ATP and the TNP-
represents the enhancement of fluorescence emission intenADP resulted in a decreased concentration of the CRER-
sity due to formation of the complex between CheA and ADP complex, which was monitored by following the
TNP-ADP. decrease in the fluorescence signal associated with the
To determine the affinity of each CheA variant for TNP- complex. For each competition experiment, we determined
ADP, we monitored the fluorescence intensity of a fixed AFiia (the starting fluorescence signal due to the CheA
amount of CheA titrated with increasing concentrations of TNP-ADP complex) for the starting mixture of CheA and
TNP-ADP. The TNP moiety of the fluorescently labeled TNP-ADP. To calculateKq™PAPP from AFinisa, We used
ADP analogue exhibits significantly enhanced fluorescence calibration plots AFopd AFiota VS [TNP-ADP}ee) from the
emission intensity when bound to the active site of CheA. TNP-ADP titrations to calculate [TNP-ADR]n¢and [TNP-
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ADPJsee values, and then we inserted subsequent calculatedmutants includes alterations of most of the residues proposed

values into eq 4:

K4 apparent= ([TNP-ADP}; Jactive sites],o)/
[active sites], g (4)

to play direct roles in ATP binding in PHKsL(45). The
locations of these mutation sites relative to bound ATP (based
on the crystal structure of the Pg?"-ADPCP complex)
(43) are depicted in Figure 1B. Here, we briefly discuss the
specific positions we altered in conserved PHK motifs before

We repeated these fluorescence measurements and calculave proceed to summarize the results of our characterization

tions after each of a series of ATP additions to obtain the
apparentKq"™P~APP value. These values were plotted as
Ka,appareniversus [ATP] (Dixon plots in Figure 6) and fit using
eq 5 to determind< ™P:

Kd,apparent= Kdlo(l + [ATP]/Kd,ATP) (5)

Kq1° represents the value d¢€;;™"APP in the absence of
competing ATP ¥-intercept of the plot). To simplify analysis

of competition experiments, the concentrations of TNP-ADP
used in these competition experiments were chosen to ensur
subsaturating conditions<Q.5 TNP-ADP molecule bound
per CheA dimer). Previous work®) had demonstrated that
the first and second TNP-ADP molecules bound to CheA
do not contribute equally to the observed fluorescence
emission signal. By establishing initial conditions in which
the fluorescence signal was primarily due to a monoliganded
CheATNP-ADP complex, we avoided complications arising
from multiple equilibria, unequal spectral changes, and
variation amongKq,"N""APP values in our mutants.

RESULTS

Selection of Mutation Sites and Choices of Amino Acid
SubstitutionsOur set of mutants included two basic types
of substitutions. First, to investigate the role of specific side
chains suspected of making binding contacts with ATP, we

engineered conservative or semiconservative amino acid

replacements, seeking to alter or eliminate specific pretein
nucleotide contacts without perturbing the active site at
positions adjacent to the substitution site. Second, to
investigate the importance of the flexibility and/or structural
integrity of the two glycine-rich loops (G1 and G2), we

of the mutant proteins.

The N box resides at the end of arhelix that forms one
of the edges of the ATP-binding cavity of CheA, @3).
The analogous region in the structures of EnvZ, GyrB,
Hsp90, and MutL contains amino acids whose side chains
appear to make binding contacts with ATP and with2Mg
coordinated to the polyphosphate of AT45{-48), roles that
have also been proposed for the side chain of N380 in the N
box of CheA @3). We investigated the effects of mutations
at two positions in the N box of CheA: N380 and H376.

%\Ithough H376 is not part of the accepted consensus

sequence of the N box4p), we chose to investigate the
effects of mutations at this position because in previous work
(64) we had isolated H376 mutations in screens for loss-of-
function mutants. Also, the imidazole side chain of H376 is
thought to be positioned appropriately for productive interac-
tions with the phosphate groups of ATP and/or the?Mg
coordinated to these phosphates (Figure &) @6, 48).

The G1 box includes a DXG motif conserved in the PHK
and GHL ATPase superfamily4, 65). Analysis of the CheA
crystal structuresl( 43) suggests that the carboxylate group
of D420 provides a substrate binding interaction by H-
bonding with the adenine amino group of ATP (Figure 1B).
We investigated the effects of mutations altering D420
(D420N and D420E) as well as the effects of altering the
conserved glycine (G422A). This glycine to alanine substitu-
tion is expected to alter the protein backbone conformation
in G1 because of steric clashes of the alanine side chain and
because alanine cannot adopt the dihedral angles observed
for G422 @ = —159, ¢ = —69°) (1).2

The GT block was identified as a potential element in the

introduced Gly— Ala substitutions. G1 and G2 possess CheA active site as a result of comparisons between the
sequence and structural features that resemble those foundrée-dimensional structures of Chelj @nd several well-

in P-loops of many other nucleotide binding proteins and

characterized enzymes, including gyrase (Gy#),(Hsp90

kinases. In these loops, the glycines provide space and(47), and MutL @8). In the crystal structures of nucleotide-

conformational flexibility that contribute to nucleotide bind-
ing and to positioning of nucleotide and active site groups
to promote catalysis1( 43, 44). Specifically in CheA’s
structure, glycines in these two loops adgpndy angles
that fall outside the “allowed” regions for other amino acids
(2). Thus, we anticipated that these nonconservative-Gly
Ala replacements would affect the size, conformation, and
flexibility of the CheA active site.

Initially, we chose mutation sites by comparison of the
amino acid sequence of CheA to a large number of other
PHKs @1, 42). We sought to define the functional roles of
specific highly conserved positions located in the N box,
G1 box, F box, and G2 box. While this work was in progress,
the X-ray structure of CheA frori. maritima (1, 43) and
the NMR-derived structure of EnvZ froma coli (45) became

bound forms of these GHL ATPases, a threonine side chain
H-bonds to the adenine amino group of the bound nucleotide.
This residue is located in a two-amino acid block (GT)
conserved in GHL ATPased®). The corresponding position

in the structures of CheA, EnvZ, and other PHKSs is also a
GT block, suggesting that this conserved threonine (T499
in CheA) might play an analogous role in ATP binding in
CheA and other PHKs1j. We investigated the effects of
T499S and T499A mutations.

2\We refer to active site residues according to their position in the
amino acid sequence of CheA frdincoli. The corresponding positions
of the T. maritimaprotein mentioned in structural studies are 29 greater
than the corresponding. coli positions for the G1 and N boxes, and
32 greater for the F and G2 boxes and the GT block (thus, H376 in
CheAF <l js equivalent to H405 in ChelAmariima),

available. Examination of these structures and comparisons *To obtaing andy angles for the glycine residues, we utilized the

to the GHL family of ATPases suggested specific roles for
some of the conserved positions in these boxes and a
additional element called the GT block3). Our set of

three-dimensional structure ©f maritimaCheAA289 with no nucleo-
tide present). Coordinates for this structure are listed in the Brook-

Maven Protein Data Bank as entry 1B3Q, and angles were analyzed

using Swiss-PdbViewer, version 3.7b1.
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We also investigated the effects of mutations that altered T T T T T T T T T
conserved positions in the G2 box and F box, regions of the ™ wild-type
CheA active site thought to contribute to the “ATP lid". This 0.8 |-
lid is a loop that folds over the active site when #¥gpound
ATP binds, as seen in the structure of the-A3PCP
complex @3) (Figure 1B), and in the crystal structure of
nucleotide-bound GyrB4g). We introduced mutations into
the G2 box and F box, intending to limit the conformational
flexibility of this ATP lid. Previous work indicated that point Kin® mutants
mutations altering one of the three conserved glycines (G470) 0 . P 4\ I . W———
in the G2 box of CheA did not affect ATP binding affinity, 0 1 2 3 4 5 6
but completely eliminated autokinase activi8). To further Time (min.)
investigate the possible role of the G2 box in ATP binding,

. . . Ficure 2: Autophosphorylation time courses for wild-type and
we examined the effects of a triple mutation (G470A/GA72A/ mutant CheA variants. CheA samples (44 final concentration)

G474A), expected to alter the structure of G2 and to severely yere incubated in TEDKM buffer at room temperature with 1 mM
limit the conformational flexibility of the G2 loop. Each of  [y-32P]ATP. Phospho-CheA levels were quantified, as described
these glycines adopts dihedral angles that are not possiblén Experimental Proced_ures. The _fraction of final_ phosphorylation
for alanine [G4704 = 11C°, y = —2°), G472 ¢ = 147, level plotted on they-axis was defined as the ratio oPP]CheA
= 179), and G474 ¢ = 97, y = 128)] (1).2 present at the indicated time point to the final level BP[CheA
Y ’ ' present at the reaction end point. Representative data are shown
Many (but not all) PHKs possess a conserved F boX, a for wild-type CheA ®), T499S (), H376Q @), F455Y/F459Y
short block of six amino acid<l) situated at the end of an  (O), and D420N 4). Note that D420N is a mutant that exhibited

a-helix that forms one of the edges of the ATP binding no detectable autophosphorylation; an identical lack of autophos-
pocket (). Despite this location, the F box does not phorylation was observed for other Kimutants (N380D, G422A,

. . . - and G470A/G472A/G474A). For the CheA variants that did exhibit
contribute directly to interactions between CheA and bound 5 tokinase activity, the lines represent the best fits of these time

nucleotides in the PAucleotide complex43). GHL ATPases  courses to single exponentials and were used to determine the
have a comparable helix at the corresponding position of observed pseudo-first-order rate constants plotted in Figure 3.
their ATP binding pocket, but there exists no apparent
conservation of specific amino acid sequence within this helix F, and G2 caused moderate to severe reductions in the rate
(comparing PHKs to GHL ATPases or GHL ATPases to one of CheA autophosphorylation. The T499S and T499A
another). Therefore, it is not possible to use the GHL mutations in the GT block resulted in only relatively small
structure and function information to predict functional roles reductions in this rate. Four of the mutations (N380D,
for specific side chains with the F box. Nonetheless, the D420N, G422A, and G470A/G472AIG474A) completely
location of the F box in the lid segment of the active site eliminated CheA autokinase activity or reduced it to a level
made it an interesting target for our studies. The two most below our detection limit (estimated to be0.1% of wild-
highly conserved features of the F box are its two phenyl- type activity); we refer to the proteins containing these
alanine residues separated by two or three amino acids inmutations as Kin mutants. The other five mutants (which
most PHKs 42). Thus, we constructed and tested an F box we call Kin") exhibited diminished autophosphorylation
double mutant (F455Y/F459Y). kinetics, with rates ranging from 2 to 40% of that observed
In Vitro Characterization of Mutant CheA Proteinds with wild-type CheA. These reductions in autokinase activity,
described in Experimental Procedures, we generated eact@nd the loss of activity observed with the Kimutants, could
cheAmutation by megaprimer PCR mutagenesis, expressedhave arisen from several different types of active site
the protein at high levels in aB. coli host strain devoid of ~ defects: diminished ability of a mutant active site to bind
other chemotaxis proteins, and purified #85% homogene-  ATP, diminished ability to utilize bound ATP because active
ity, (His)s-tagged versions of the resultant mutant CheA site groups are missing or misplaced, and/or diminished
proteins. We subjected each purified CheA mutant protein ability to interact with the phospho-accepting P1 module of
to three different assays: (a) autokinase assays, using a rangée protein.
of ATP concentrations 26), (b) fluorescence-monitored To explore the specific defect(s) of each mutant protein,
titrations to assess the binding of TNP-ADP to ChéS)( we examined autophosphorylation kinetics over a range of
and (c) competitive binding experiments, in which we titrated ATP concentrations (045 mM), shown in Figure 3. For
ATP into mixtures of CheA and TNP-ADP. We repeated the Kin~ mutants, these experiments indicated that activity
experiments b and c in the presence and absence of 10 mMcould not be restored by providing ATP at much higher or
MgCl, (e.g., Figure 5), allowing us to assess the effect of lower concentrations than the 1 mM level used in the initial
Mg?" on the nucleotide binding affinity for each CheA characterization experiments. For the Kimutants, these
mutant. experiments allowed us to analyze the influence of ATP
(i) Effects of Mutations on CheA Autokinase Aityi. For concentration on the rate of autophosphorylation, and to
the initial characterization of each mutant CheA protein, we determine the kinetic parameters of the autophosphorylation
monitored the time course of its autophosphorylation in the reaction k.o andKyA™ (Table 1). Our results indicate that
presence of 1 mM ATP, a concentration that is43times the severely reduced rates of autophosphorylation observed
the value oKyATP for wild-type CheA @6). Figure 2 shows  (Figure 2) for H376Q, D420E (indistinguishable from the
time courses for a representative set of mutants comparedH376Q data), and F455Y/F459Y were the result of relatively
to that observed for wild-type CheA. The results of these large decreases k., (values for these mutants ranged from
assays indicated that altering conserved positions in N, G1,0.02 to 0.1 times thd, for wild-type CheA). The com-
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Ficure 3: Dependence of autophosphorylation rates on ATP 0 2 4 6 8
concentration for wild-type and mutant CheA variants. Panel A
shows the relationship observed with wild-type Che®) @nd [TNP-ADP] _ (uM)
T499S (). Panel B shows data for D420®), H376Q (), and free

F455Y/F459Y (). Note the differenk- andy-axis scales in panels
A and B. Each solid line represents the best fit of the corresponding
data set to a rectangular hyperbola in definkgg and KyATP.

Ficure 4: Fluorescence-monitored titration of wild-type and mutant
CheA variants with TNP-ADP. Successive aliquots of TNP-ADP
stock solutions were added to a 3.0 mL sample of CheA£MD

in TEDKM buffer (10 mM MgCh), and fluorescence emission

Table 1: Kinetic Constants for Mutant Active Sites intensity was recorded after each additidg,(= 410 nm,Aem =
mutation  KyATP Keal KiATP 541 nm). Plotted values were corrected as described previcgly (
location  (mM) Keat (S7) (M-1sD) Data are shown for wild-type Che/®], F455Y/F459Y (0), and

- N380D (©). Panel A displays corrected fluorescent emission
wild type NA 0.3+£0.1  0.050+0.005 167 intensity as a function of TNP-ADP concentration. Panel B displays
gi;gg gfg’éx %-%EGJ: 8-% 8-88%& 8-8883 133 the raw data converted to binding isotherms, as discussed in

FAS5Y/FA59Y  F box 0501 00010L 0.0001 5 Experimental Procedures. Solid lines in panel A connecting data

points were added to help the reader to distinguish among data
sets and have no theoretical significance. The solid lines in panel
B represent the curve fits according to eq 3 as discussed in
Experimental Procedures.

T499S GT block 0.20.1 0.020+ 0.001 28.6
T499A GT block 0.5+0.1 0.023+ 0.008 46

paratively small reduction in the autophosphorylation rate
observed (Figure 2) for T499S and T499A reflected a binding affinity to compare with theKyA™ values we
correspondingly small reduction K, (~40% of the wild- obtained [previous work demonstrated tiat*™™ = KATP
type value). Some of the Kinmutants also exhibited small ~ for wild-type CheA @6)]. These binding experiments
increases Ky~ relative to that of the wild type, but these exploited two observations from previous work8): the
Kw effects were considerably smaller than the effects fluorescence emission intensity of TNP-ADP increases
and did not contribute much to the time course differences dramatically upon binding to CheA, and ATP competes with
observed in Figure 2. TNP-ADP for the CheA active site. Thus, by examining the
(i) Effects of Mutations on ATP Binding AffinitAs ability of ATP to inhibit formation of the fluorescent CheA
discussed above, we were interested in quantifying the effectTNP-ADP complex, we could monitor ATP binding to each
of each mutation on the affinity of the CheA active site for of our mutant proteins.
ATP and on the ability of the active site to utilize bound  To use this information to defin&/A™ values for the
ATP. With the Kin" mutants, analysis of autophosphorylation mutant proteins, we first determined the valuekgfNP-APP
kinetics provided both types of information, but with the for each mutant by analyzing the fluorescence signal
Kin™ mutants, such an approach could not be applied. observed in TNP-ADP titrations performed in the absence
Therefore, to examine ATP binding affinity with these of competing ATP (Figure 4). Thigg™P~APP values defined
inactive mutants, we made use of fluorescence-monitoredby this approach (Table 2) indicated that six mutants bound
binding titrations $8). We also applied this approach to the TNP-ADP with diminished affinity (relative to that of wild-
Kin*t mutants to provide an independent measure of ATP type CheA) and two mutants (H376Q and the G2 triple
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Table 2: Effects of Active Site Mutations on the Affinity of CheA for TNP-ADP and ATP

mutation Kaa™PA0F (uM) K¢ATP (mM) KT ratic

location without Mg* with Mg+ without Mg?* with Mg?* without Mg?/with Mg2*
wild type NA 1.2£02 1.6+04 1.1+0.1 0.19+0.01 6
H376Q N box 0.6£0.2 1.2+0.2 0.9+0.1 0.13£0.01 7
N380D N box 8+ 2 50+ 12 11+£3 14+ 4 0.8
D420E G1 box 40k 25 a a a a
D420N G1 box 2.3:0.2 46+ 2 4.0+£0.3 16+ 5 0.3
G422A G1 box 140k 80 a a a a
FA55Y/FA59Y F box 4#0.3 8+2 0.90+ 0.03 0.62+ 0.05 15
GAT0A/GAT2AIGATAA G2 box 020.1 2.1+ 0.04 1.4+0.1 1.6+0.1 0.9
T499S GT block 3.5:05 15+ 2 1.5+05 0.8+£0.2 1.9

aD420E and G422A bind TNP-ADP so poorly that we could not accurately deteraimalues via fluorescent-monitored titrations. However,
for D420E, we expect tha€/A™F equalsky”A™, as was seen for all other mutants. We estinkaté” was>100 mM for the G422A mutant, but this

estimate requires several assumptidnale interpreteck, ratios (without

Md"/with Mg?") of 0.5—-1.5 as indicating no effect of Mg on CheA

affinity for ATP; ratio values that were greater than this were interpreted as evidence that the mutant active site respofidintthelgame

manner as does the wild-type active site.

mutant) exhibited binding affinities that were either indis-
tinguishable from that of the wild type (with Mg) or
slightly stronger than that of the wild type (without kfg.
As noted in previous work, wild-type CheA binds TNP-ADP
and TNP-ATP with much higher affinity than unmodified
ATP (58). We also observed this behavior with each of our
CheA mutants. One notable difference between wild-type
CheA and several of the mutant proteins is thatMgsulted
in a significantincrease(4—20-fold) in Kq™F~APP (Table
2), whereas Mg did not affect the affinity of wild-type
CheA for TNP-ADP or TNP-ATP (Table 2 and réB).

To define the affinity of each mutant CheA for unmodified
ATP, we performed competition experiments in which we
titrated ATP into a mixture of CheA and TNP-ADP (Figure

5), and then used the resulting decreases in TNP fluorescence

(due to the decreased concentration of the CA&#®-ADP
complex) to determindA™", the dissociation constant of
the CheAATP complex, utilizing Dixon plots (Figure 6 and
Table 2). For the Kif mutants, thes"™” values determined
by this method match (within experimental error) #g*™
values reported in Table 4-This agreement indicates that
the competition titrations provided accurate estimates of the
KATP values. One of the four Kin mutants (G422A)
exhibited barely detectable binding{™ > 100 mM), while
two of the Kin~ mutants (N380D and D420N) exhibited
moderate defects in ATP binding (80-fold increases in
Kg). Interestingly, the fourth Kin mutant (the G470A/
G472A/G474A mutant) bound ATP with an affinity identical
to that exhibited by wild-type CheA (in the absence of
MgCl,), suggesting that the affected region of the active site
(G2) is not important for ATP binding, although the Kin
phenotype of this mutant clearly indicates that G2 plays a
crucial role in the utilization of bound ATP. A similar
conclusion was reached in previous work that examined a
G470K mutant $8).

Effects of Mutations on CheA Interactions with ¥gin
previous work, we demonstrated that ¥Mgenhances the
affinity of CheA for ATP (8). We used fluorescence-

4The only exception to this agreement was D420E. This mutant
exhibited aKyA™ value that was twice th&y value observed with
wild-type CheA, but this mutation affected binding affinity for TNP-
ADP considerably more than 2-foldK{™P~APP is ~40 times greater
than the wild-typeKq). The affinity of D420E for TNP-ADP was even
worse in the presence of MgClnd this precluded accurate determi-
nation of KATP by competition methods.
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Ficure 5: Effect of Mg?t on nucleotide binding to CheA. For these
ATP competition experiments (shown in the main panels), aliquots
of ATP were added to a 3.0 mL sample containingM CheA

and 1uM TNP-ADP (wild type, panel A) or 24M TNP-ADP
(D420N, panel B). Black symbols represent data from experiments
in the presence of 10 mM Mgé&land white symbols represent the
absence of 10 mM Mg@GI Results in the main panels demonstrate
that MgChL enhances the affinity of wild-type CheA (A) for ATP
and causes a small decrease in the affinity of D420N (B) for ATP.
Fluorescence-monitored TNP-ADP titrations shown in the insets
were performed as described in the legend of Figure 4, and
demonstrate that Mggkauses a marked decrease in the affinity
of D420N (B) for TNP-ADP while MgCJ does not affect the
affinity of wild-type CheA (A) for TNP-ADP. Solid lines connecting
data points were added to help the reader to distinguish among
data sets and have no theoretical significance.

monitored competition titrations (as described above) to
determine whether this Mg effect was maintained in our
set of mutant proteins. As summarized in Table 2, several
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FIGURE 6: Effect of mutations ofKsA™?. Dixon plots of the appareits"™NP~APP value vs ATP concentration are shown for wild-type CheA
and three mutants in the presence (black symbols) or absence (white symbols) ef Mgdbur panels are representative of four different
classes of Mg" responsiveness. Panel A demonstrates the significant increase in ATP binding affinity in the presence,d6Mgi(l-
type CheA. Panel B shows an example of a mutation (F455Y/F459Y) that affects ATP binding only in the presenéé. d?avigl C
shows an example of a mutation (N380D) that affects ATP binding in both the presence and absente Bilg D shows an example

of a mutation (D420N) that exhibits an inverted Mgsensitivity.

of our mutations reduced (T499S), eliminated (N380D,
FAS5Y/F459Y, and G470A/G4A72A/G474A), or even inverted
(D420N) the effect of Mg" on KA. As discussed in greater
detail below, the loss of the My effect in the G2 box mutant
and the F box mutant is consistent with the sugges#@ (
that the lid region of the CheA active site is directly involved
in interactions with the polyphosphate of bound ATP and/
or with the divalent metal coordinated to it. The inverted
Mg?" effect of the D420N mutant (Figure 5) was surprising

eachcheAallele into aAcheAhost strain and assessed the
chemotactic abilities of the resulting transformants by
examining their abilities to migrate in semisolid agar medium
(Figure 7). Western blots confirmed that each plasmid
(encoding wild-type or mutant CheA) directed expression
of equal amounts of the respective CheA variants (data not
shown). Not surprisingly, none of the KinCheA variants
(N380D, G422A, G470A/G472A/GAT4A, and D420N) could
restore chemotactic swarming ability to thecheA host

because the side chain of D420 appears to interact with thestrain. However, the active site mutants that retained partial

adenine amino group of bound ATP and is not likely to
interact directly with the polyphosphat®ig?" moieties of
the ATP @3).

In the competition binding experiments performed in the
presence of MgG| we expected that wild-type CheA and
the Kin™ mutants would become phosphorylated. However,

autokinase activity (D420E, H376Q, T499S, T499A, and,
to a small extent, F455Y/F459Y) partially restored chemo-
taxis ability. The mutant T499S exhibited no significant
defect in chemotactic swarming ability, presumably because
its keat Value does not differ drastically from that of wild-
type CheA, and because the high in vivo concentration of

we do not anticipate that this phosphorylation had any effect ATP (66) likely compensates for the slight,*™ defect.

on the binding results because in previous wosg; (R.
Stewart, unpublished results), we had demonstratedKth&t
andK4™P~APP were not affected by phosphorylation of CheA,

or by a mutation (H48Q) that eliminated the autophospho-

rylation site.

In Vivo Complementation by CheA Proteins with Altered
Active SitesIn view of the effects of some of our mutations
on the in vitro autokinase activity of CheA, we deemed it of
interest to determine how well the mutant CheA proteins
functioned within the context of the chemotaxis signaling

Similar results were observed with T499A (data not shown).
The swarming abilities of D420E{80% of that of the wild
type) and H376Q +40% of that of the wild type) were
somewhat surprising given the loW, values of these
mutants.

On the basis of these observations, the chemotaxis
machinery can effect signal transduction efficiently when
CheA exhibits a catalytic efficienck/Km”") that is only
5—6% of the wild-type value, but a further decrease-tt¥o
has severe consequences on in vivo efficacy. Several recent

pathway in intact cells. We transformed plasmids expressing publications have emphasized the “robust” nature of the
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of our mutations on the ground-state ChéAP complex
and the transition-state complex. In addition, we consider
the possible impact of several mutations on interactions of
CheA with Mgt and on conformational changes associated
with nucleotide binding to the CheA active site. We interpret
the effects of our mutations as arising from alterations of
specific proteir-nucleotide contacts which we judged as
likely on the basis of the three-dimensional structure of the
CheAnucleotide complex43). In the absence of detailed
structural information for each mutant, however, we cannot
rule out the possibility that nonspecific changes in active
site structure or conformation contributed to the observed
effects.

H376Q Is a ki Mutant Seven of our nine mutations
caused significant reductions kg, One of these (H376Q)
did so without also affecting{A™ or Ky”A™ in either the
presence or absence of kg This finding suggests that the
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D420E
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FIGUrRe 7. Abilities of mutant CheA variants to support chemotaxis P'¢ ! . J :
ability. CheA proteins were expressed from an IPTG-inducible imidazole side chain of H376 makes a catalytically important

plasmid (at 5uM IPTG) in host strain RP9535ACheA (57). contribution in the transition state but is not required for

Chemotaxis ability was determined by tryptone swarm plates assaysyormg| binding of ATP to the CheA active site in the ground
as described in Experimental Procedures. For the mutants that

exhibited detectable autokinase activity, the valugggKy (from state. Analysis of the crystal structures of-Rdcleotide
Table 1) are indicated at the top of the graph. No such values could cOmplexes suggests that the side chain of H376 might play
be reported for the inactive mutants (D420N, G422A, N380D, and a key role in catalysis by interacting with different active
G470A/GAT2AIGATAA). Western blots confirmed that each plasmid sjte elements at distinct stages during utilization of ATP [e.g.,
(encoding wild-type or mutant CheA) directed expression of equal 1376 might interact with G2 in the CheRMg2*-ATP
amounts of the respective CheA variants (data not shown). complex, but with the-phosphate of ADP in the CheA
ADP complex 43)]. These alternative interactions might play
a key role in positioning G2 and other active site elements
in a conformation receptive to the P1 domain of CheA (the
domain that carries the phosphorylation site). Our results
indicate that the contributions of H376 are important for
atalysis of autophosphorylation but not for binding ofavig
ound ATP to the CheA active site. In most PHKs, the
position corresponding to H376 in CheA is occupied by
glutamine or arginine. Our results indicate that it is possible
for the 0-NH; group of Q376 in the H376Q CheA mutant
Our results provide some insight into the functional roles to effectively substitute for the H376 imidazole group in
of several specific amino acid side chains at the CheA active forming a H-bond with bound ATP5Q), thus leavingK*™
site and into the nature of possible contacts between someunperturbed in the H376Q mutant, but this glutamine side
of these side chains and Mgbound ATP. For each such chain is a poor substitute for the H376 imidazole in the
contact, there exist two potential functional roles: one role interactions that promote utilization of the bound ATP.
in the ground-state CheMg?"™-ATP complex and a second Mutations Affecting K™, Binding of ATP to the active
potential role in the transition state for the autophosphory- site of CheA is expected to involve multiple H-bond contacts
lation reaction. In the ground-state complex, contacts betweenbetween the protein and the nucleotide, as depicted in Figure
the protein and the bound nucleotide should contribute to 1B. (Contacts with the M associated with ATP are also
substrate specificity and define the valuekgf™ or KyATP possible, and we consider them separately below.) A muta-
[Kg = Ku for CheA (B8)]. In the transition state, certain  tion that disrupts one of these H-bonds (without creating an
binding interactions between CheA side chains and'™g unpaired charge) is expected to increge™ by 2—12.5-
bound ATP are expected to contribute kg by lowering fold (corresponding toAAAG values of 0.5-1.5 kcal/mol)
the activation energy of the reactio®( 70). Although it is (50, 74). By comparison oKsA™" values determined in the
reasonable to expect some active site groups to contributeabsence of Mg, several of our mutants (N380D, D420N,
to bothksa:andKA™P, there are numerous examples, in other and D420E) exhibited increaséq”™ values in the range
enzymes, of active site groups that contribute primarily in expected for loss of a proteimucleotide H-bond. Thus, the
the transition state and play relatively minor roles in ground- affected side chains (N380 and D420) may make stabilizing
state binding interactions{, 71—73). Mutations at these  contacts with ATP in the ground-state Ché&AP complex.
sites exert large effects d@a, but not on theKy or Ky of These mutations also caused large decreades iimdicating
the enzyme-substrate complex. Conversely, some active site that the affected side chains also participate in stabilization
groups function primarily in substrate recognition and/or of the transition-state complex during the autophosphoryla-
binding in the ground state and make little, if any, contribu- tion reaction. Only one of the eight mutations (G422A)

chemotaxis signaling network; i.e., the system can tolerate
relatively large fluctuations in the concentrations or activities
of the signaling components without losing many of the
essential output feature87 68). Our swarm assay results
provide further experimental support for the general idea that
effective signaling can be maintained despite a large decreas
in the activity of one of the major signaling components.

DISCUSSION

tion to stabilization of the transition stat®l). Mutations at
these sites affedfy (Ky) but have little influence okgy: In

diminished the affinity of CheA for ATP by an amount that
suggested disruption of numerous binding contacts; binding

the following discussion, we consider the possible effects of TNP-ADP and unmodified ATP by the G422A mutant
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was barely detectable, a result consistent with the structural
analysis of Bilwes et al.43), who concluded that “Gly
residues in the G1 box cannot be mutated without disrupting
the structure of the nucleotide binding cavity.”

Effects of Mutations on Interactions with &g Mg?*, or
some alternative divalent cation, is necessary for the autoki-
nase activity of CheA and other PHK21). Presumably,
this Mg?™ coordinates with the polyphosphate of the bound
ATP and participates in catalysis, as in other kinases and
phosphotransferasess, 76). Although CheA can bind ATP
in the absence of a divalent metal, the affinity of this
interaction improves approximately 5-fold in the presence
of Mg?* (58), lowering K™ from ~1 to ~0.2 mM. We
did not observe this affinity enhancement with several of
our mutants. In particular, three mutants (N380D, F455Y/
FA459Y, and G470A/G472A/G474A) exhibitéd”™ values
that were insensitive to Mg. In addition, one mutant
(D420N) exhibited an inverted sensitivity to ®tg (K ™"
increased in response to K1g.

How might these mutations affect CheA interactions with
Mg?t at a molecular level? In the crystal structure of the
P4-Mg>"-ADPCP complex 43), the six ligands occupying
the octahedral coordination sphere of Mare (i) two water
molecules that form bridges between thea¥gnd the side

Hirschman et al.

Mg?*. Conformational flexibility of the ATP lid might play

an important role in enabling interdomain movements that
are necessary for phosphorylation of the P1 domain by the
CheA active site43). Our observations of a decreadegd

value for an F box mutant and the loss of autokinase activity

in a G2 mutant are consistent with this idea.
SummaryThese studies result from limited, conservative
mutagenesis of active site positions in CheA. Our results
provide biochemical support for some of the functions
predicted for specific amino acid side chains located in the
four conserved PHK motifs of CheA. Moreover, these studies
set the stage for future investigations to explore further the
contributions of these active site components to catalysis of
CheA autophosphorylation. For example, by generation of
a larger range of substitutions at key positions and by
examination of the effects of these mutations on CheA
phosphorylation and dephosphorylation kinetics and nucle-
otide binding, it will be possible to define linear free energy
profiles (71) for the mutant proteins and compare these to
the profile for wild-type CheA. This will allow us to quantify
the contributions made by various active site groups to
catalysis. Relating such information to the structure of the
CheA active site will eventually lead to a detailed under-
standing of the catalytic mechanism utilized by CheA and

chains of H376 and R379, (ii) three oxy ligands provided related PHKs and may provide important information for

by thea-, 8-, andy-phosphates of the nucleotide, and (iii) understanding how the activities of these enzymes are
a fourth oxygen ligand provided by the carbonyl group of regulated to accomplish signal transduction. Moreover,
the N box asparagine (N380). We anticipate that, although detailed information about the PHK catalytic mechanism may
our N380D mutant retains a carbonyl group, the electronic prove to be useful for structure-based design of inhibitors

and chemical properties of the carbonyl oxy group are
expected to differ from those present in an asparagine
carbonyl, and so it seems likely that this conservative
substitution would alter, but not remove, one of the direct
ligands involved in M@" coordination to the proteirATP
complex. Our results indicate that this subtle change has
consequences for both ATP binding and catalysis of CheA
autophosphorylation.

We find the effects of our other mutations on Chelg?*
interactions less easy to relate to specific structural element
of the CheA active site, because they do not directly eliminate
or alter ligands in the Mg coordination sphere. Two of
our Mg?™-insensitive CheA variants (the F box double mutant
and the G2 triple mutant) strike us as particularly intriguing
because they exerted little or no effect &g in the
absence of Mg. This finding presumably indicates that the
mutant active site retains a wild-type conformation. These
mutations affect a particularly interesting region of CheA,

the ATP lid, a protein segment that spans F and G2 and that

undergoes a dramatic conformational change upon binding
of Mg?*-bound ADPCP. In the absence of nucleotide, this
segment acts as a relatively mobile extended loop; upon
binding Mg?™-bound ADPCP, this loop folds partially over
the ATP-binding cavity and makes binding contacts with the
polyphosphate group of the bound nucleotid8) ( Presum-
ably, the same events occur when CheA interacts with"Mg
bound ATP. Mutations in F or G2 might hinder the ability
of the ATP lid to participate in this conformational change.
Under such circumstances, the CheA active site would still
interact normally with ATP in the absence of kg but it
would be incapable of generating the “extra binding energy”
associated with closure of the lid that facilitates binding
interactions to the wild-type active site in the presence of

that could be used as antimicrobial drug$8)(
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