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When phosphorylated, the dimeric form of nitrogen regulatory protein C (NtrC) of Salmonella typhimurium
forms a larger oligomer(s) that can hydrolyze ATP and hence activate transcription by the o>*-holoenzyme
form of RNA polymerase. Studies of Mg-nucleoside triphosphate binding using a filter-binding assay indicated
that phosphorylation is not required for nucleotide binding but probably controls nucleotide hydrolysis per se.
Studies of binding by isothermal titration calorimetry indicated that the apparent K, of unphosphorylated
NtrC for MgATP«yS is 100 uM at 25°C, and studies by filter binding indicated that the concentration of MgATP
required for half-maximal binding is 130 uM at 37°C. Filter-binding studies with mutant forms of NtrC
defective in ATP hydrolysis implicated two regions of its central domain directly in nucleotide binding and
three additional regions in hydrolysis. All five are highly conserved among activators of ¢>*-holoenzyme.
Regions implicated in binding are the Walker A motif and the region around residues G355 to R358, which may
interact with the nucleotide base. Regions implicated in nucleotide hydrolysis are residues S207 and E208,
which have been proposed to lie in a region analogous to the switch I effector region of p21™** and other purine
nucleotide-binding proteins; residue R294, which may be a catalytic residue; and residue D239, which is the
conserved aspartate in the putative Walker B motif. D239 appears to play a role in binding the divalent cation
essential for nucleotide hydrolysis. Electron paramagnetic resonance analysis of Mn>* binding indicated that

the central domain of NtrC does not bind divalent cation strongly in the absence of nucleotide.

NtrC (nitrogen regulatory protein C) activates transcription
by an alternative holoenzyme form of bacterial RNA polymer-
ase that contains o>* as the o factor (for a review, see reference
50). NtrC binds to DNA sites that have the properties of
eukaryotic transcriptional enhancers and contacts the polymer-
ase by means of DNA loop formation. To activate transcrip-
tion, NtrC must hydrolyze the -y bond of ATP or GTP and
couple the energy made available to the process of open com-
plex formation by the polymerase (66). Although both ATPyS
and ADP can inhibit the ATPase activity of NtrC, indicating
that they bind to the protein (67), neither can substitute for
ATP in allowing open complex formation. Nucleotide hydro-
lysis and transcriptional activation by NtrC are functions of its
central domain, a domain of ~240 residues (Fig. 1). They
depend on phosphorylation of an aspartate residue in its amino
(N)-terminal regulatory domain, D54, and concomitant forma-
tion of large NtrC oligomers (72).

The requirement for an activator protein capable of hydro-
lyzing a nucleoside triphosphate (NTP) appears to be universal
for transcription from o>*-dependent promoters (3, 6, 10, 22,
31, 48, 50), and a homologue of the central catalytic domain of
NtrC is found in all such activators, a family of over a dozen
members (36, 43). Moreover, in the case of the activator NifA,
it has been shown that the isolated central domain is sufficient
for transcriptional activation both in vivo and in vitro (6, 23).
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The central domain for activators of o*-holoenzyme contains
a glycine-rich motif (GXXXXGK, where X is any residue) that
has been proposed to correspond to the Walker A motif (also
known as the phosphate binding or P loop) found in many
purine nucleotide-binding proteins (43, 52, 63). This motif is
unusual in activators of o”*-holoenzyme in that the conserved
lysine is followed by a glutamate or aspartate residue rather
than the consensus threonine or serine. In a number of purine
nucleotide-binding proteins, the Walker A motif has been
shown to form a loop that wraps around the  phosphate group
of the bound nucleotide (1, 5, 14, 16, 28, 34, 44, 53, 61, 62). In
the case of NtrC, an alteration of the second glycine in this
motif, G173, to asparagine results in loss of both ATPase
activity and the capacity to activate transcription (67). Another
highly conserved region in the central domain for activators of
o>*-holoenzyme, BBBD, where B represents a hydrophobic
amino acid, has been proposed to correspond to the Walker B
motif of purine nucleotide-binding proteins (43, 52, 63). Typ-
ically, the highly conserved aspartate residue of the Walker B
motif occurs at the carboxy terminus of a 8 strand (1, 5, 14, 16,
28,34, 44,53, 61, 62). For NtrC of Salmonella typhimurium, the
putative aspartate residue, D239, is predicted to lie at the end
of a B strand (43). Structural analyses of several purine nucle-
otide-binding proteins indicate that the highly conserved as-
partate residue plays a role in coordinating the divalent cation
which is essential for hydrolysis of the B-y bond of ATP or
GTP (1, 5, 14, 16, 28, 34, 44, 53, 61, 62). This coordination
usually occurs indirectly through an intervening H,O molecule.

Recent secondary structure predictions coupled with the use
of recognition algorithms for protein folds indicated that the
central domain of activators of o>*-holoenzyme adopts a
mononucleotide-binding fold similar to those of the G domains
of the bacterial polypeptide elongation factor EF-Tu and the
eukaryotic signaling protein p21"* (43). The functional signif-
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FIG. 1. Domain structure of NtrC. NtrC is comprised of three functional
domains: an amino-terminal regulatory domain (~120 amino acids) that is phos-
phorylated at aspartate 54 (D54), a central catalytic domain (~240 amino acids)
that contains determinants for ATP binding and hydrolysis, as well as for oli-
gomerization and transcriptional activation, and a carboxy-terminal domain
(~90 amino acids) that contains a helix-turn-helix DNA-binding motif and
dimerization determinants. Residues within the central catalytic domain of NtrC
that appear to be required for MgATP binding (this work) are indicated by b,
whereas residues that appear to be required for ATP hydrolysis but not binding
are indicated by 4. Residues G173, S207/E208, D239, R294, and G355/R358 lie
in conserved regions 1, 3, 4, 6, and 7, respectively, of Morett and Segovia (36).

icance of the Walker A and B motifs of such proteins has been
underscored by a number of studies showing that key residues
within each motif were essential for nucleotide binding and/or
hydrolysis (2, 7, 9, 12, 19, 20, 24, 37, 46, 57, 65, 70, 74).

To further our understanding of the mechanism of ATP
hydrolysis and transcriptional activation by NtrC, we have in-
vestigated the nature of the MgATP-binding site. By testing
mutant forms of NtrC previously known to be defective in ATP
hydrolysis (42, 67) for their ability to bind ATP, we have iden-
tified several regions of the central domain, including the pro-
posed Walker A motif, that are involved in ATP binding and/or
hydrolysis. By changing the highly conserved aspartate residue
D239 in the putative Walker B motif of NtrC, we have ex-
plored the role of this residue in transcriptional activation and
in binding and hydrolysis of MgATP. Finally, we have investi-
gated the effect of the oligomerization state of NtrC on its
binding of MgATP.

MATERIALS AND METHODS

Materials. NTPs and dNTPs were purchased from Boehringer Mannheim. For
studies of ATP binding by isothermal titration calorimetry (ITC), ATP was
dissolved in the appropriate buffer (see below), the pH was adjusted to 7.8 at
room temperature with 3 M KOH, and the final ATP concentration was deter-
mined spectrophotometrically at 260 nm. MgATP was handled similarly except
that the buffer contained 5.1 mM MgCl,. All enzymes used to manipulate DNA
were from New England Biolabs or USB Life Research Products and were used
as recommended by the manufacturer.

Cloning techniques and mutag DNA isolation and cloning were carried
out by using standard procedures (4). Site-directed mutagenesis was performed
as described elsewhere (29), using a Muta-Gen in vitro phagemid mutagenesis kit
from Bio-Rad. Briefly, single-stranded DNA was prepared from phagemid
pJES594 (26), a pTZ18U derivative that contains all of the ntrC gene. The
oligonucleotides used for mutagenesis were 5'-GCTGTTTCTGGCGGAAA
TTGGCG-3' for D239A, 5'-CGCTGTTTCTGTGCGAAATTGGCG-3' for
D239C, and 5'-CGCTGTTTCTGAACGAAATTGGCG-3' for D239N (mutated
nucleotides are indicated by underlining). The DNA sequence of the mutated
gene was verified by DNA sequencing using Sequenase (USB Life Research
Products). Following mutagenesis, 449-bp Agel-AscI fragments from the mutated
ntrC gene were subcloned into the corresponding region of pJES311 (overex-
pression plasmid for wild-type NtrC [67]). The resultant plasmids were pJES1063
(D239A), pJES1064 (D239C), and pJES1065 (D239N). DNA fragments encod-
ing the D239 substitutions were similarly subcloned into pJES559, an overex-
pression plasmid that carries the malE gene directly upstream of n#rC and yields
a maltose-binding protein (MBP) fusion to the N terminus of NtrC. This yielded
plasmids pJES1089 (D239A), pJES1090 (D239C), and pJES1091 (D239N).

Phenotypic analysis. Plasmids pJES311 and pJES1063 to 1065 were trans-
formed into Escherichia coli DHSa. Transformants were initially selected on
Luria broth plates supplemented with 2 mM glutamine and 100 pg of ampicillin
per ml. Individual colonies containing each construct of interest were then
screened on nutrient broth plates. Control experiments indicated that transfor-
mants expressing NtrCP*®s*°" proteins—i.e. those with a defect only in positive
control—could be distinguished from those expressing wild-type NtrC or non-
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functional NtrC proteins because the former failed to grow, whereas the latter
grew poorly (wild-type NtrC) or well (nonfunctional NtrC) (32).

Protein purification. NtrC, NtrC™P*s°" NtrC with the D54E and 3Ala (see
below) mutations (NtrCP>*E-3A12) ‘NitrC lacking residues 444 to 469 (NtrCA444-469),
MBP-N terminus, MBP-NtrC, and MBP-NtrC"P™%°" proteins were overpro-
duced and purified essentially as described elsewhere (references 40 and 42 and
references therein). NtrC3A% (a non-DNA-binding derivative of NtrC that has
three alanine substitutions in the helix-turn-helix DNA-binding motif) was pu-
rified essentially as described previously (51) and was not frozen before use. The
N-terminus (residues 1 to 124) and N-terminus®>*F (N-terminal domain carrying
the D54E substitution) fragments were a kind gift from D. Kern and D. Wem-
mer, University of California, Berkeley. The S. typhimurium o>* protein was
purified as described previously (26, 67). Core RNA polymerase was kindly
supplied by D. Hager and R. Burgess, University of Wisconsin, Madison.

Transcription assay. Open complex formation on a supercoiled template (1
nM) was assessed in a single-cycle transcription assay as described elsewhere (40,
51). The template was pJES534 (51), which contains a strong enhancer situated
~460 bp from the glnA promoter.

ATPase assay. The release of P; from [y->*P]ATP was monitored as described
elsewhere (67), with the modifications of Flashner et al. (15), including the
omission of polyethylene glycol. The ATP and Mg?* concentrations were 0.4 and
5.4 mM, respectively. Assays in which Mn?* was used as the divalent cation were
carried out with 2.4 mM MnCl,. This concentration was judged to be optimal
from titrations in which MnCl, was used in place of MgCl,.

ATP binding by filtration. In a standard filter-binding assay, each NtrC protein
was first mixed with ATP binding buffer (50 mM Tris acetate [pH 8.0], 40 mM
KCl, 5.4 mM MgCl,, 1.0 mM dithiothreitol [DTT], 0.1 mM EDTA [pH 8.0]) to
which a mixture of premixed ATP and [«-*’P]ATP was then added; the final
volume was 25 pl. The reaction mixture was incubated at 37°C for 20 to 30 min,
after which time it was filtered through a polyvinylidene fluoride membrane
(1.5-cm diameter) placed on a sintered glass filter, and a vacuum was briefly
applied (<2 s) to remove the liquid. The membrane (Immobilon P; 0.45-pm pore
size; was prepared as specified by the manufacturer (Millipore). After sample
application, the membrane was immediately washed with 1 ml of washing buffer
(20 mM Tris CI [pH 8.0], 10 mM magnesium acetate) and placed directly into a
scintillation vial. Scintiverse E scintillant (Fisher) was added to the vial, and the
sample was counted in a Beckman LS6800 scintillation counter. In assays that
tested the effect of omitting the divalent cation on ATP binding, the assay was
performed essentially as described above except that MgCl, was omitted from
the buffer and the EDTA concentration was increased to 1.1 mM. To test the
effect of Mn?* on ATP binding, DTT was omitted from the binding buffer, and
MnCl, (2.4 mM) was used in place of MgCl, and added just prior to ATP. In
competition experiments, standard binding reaction mixtures were incubated for
20 to 30 min at 37°C, challenged with unlabeled competitor ATP (at equimolar
concentration to 200-fold excess) for an additional 2 min, and filtered and
washed as described above. To test the effect of phosphorylation of NtrC on
nucleotide binding, MBP-NtrC was first incubated with binding buffer in the
presence of 10 mM carbamoyl phosphate for 10 min at 37°C to allow phosphor-
ylation to occur (33). Then a mixture of the nonhydrolyzable ATP analogue
ATP+S and [**S]JATPYS (in place of ATP and [a-"P]ATP, respectively) was
added, and incubation was continued for an additional 20 min. The binding
mixture was filtered and washed as described above. ATPyS was used because
phosphorylated NtrC has ATPase activity; binding of the analogue by unphos-
phorylated NtrC was also assessed.

To determine the concentration of ATP required for 50% binding by each
NtrC protein, 5 uM protein (final dimer concentration) was titrated with various
ATP concentrations, typically in the range of 6 uM (~2 X 10* cpm/pmol) to 1.0
mM (~200 cpm/pmol). Using Kaleidograph (Adelbeck Software), we fitted data
to a standard binding curve, assuming a stoichiometry of one ATP bound per
NtrC monomer and no cooperativity: [ATP],ouna/[NtrCligrar = [ATP]geo/ (Ky +
[ATP]see), Where [ATP];... denotes the concentration of free ATP at equilib-
rium; we report the calculated K, simply as concentration of ATP required for
50% maximal binding. These values are reported with standard deviations. At 5
mM MgCl,, we assumed that [ATP],,., = [MgATP],.. Protein concentrations
were determined by the Bradford method (Bio-Rad), with bovine serum albumin
as the standard, or were calculated from absorbance at 280 nm in the presence
of guanidine hydrochloride, using extinction coefficients of 42,514 M~" cm ™! for
NtrC monomer, 107,345 M~ ! cm ! for MBP-NtrC monomer, 13,514 M~ ! cm !
for the N-terminal domain of NtrC, and 77,149 M~ ! cm ™! for MBP-N terminus
fusion (4).

ATP binding by ITC. To achieve the high protein concentrations required (68),
we used NtrC>*2, For reasons that are not understood, this derivative is con-
siderably more soluble than wild-type NtrC and more soluble than MBP-NtrC.
Calorimetric experiments were performed in a MCS isothermal titration calo-
rimeter (MicroCal, Inc.) at 25.00°C in a cell volume of 1.348 ml. Binding of
MgATP and MgATP+S to NtrC was measured by titrating 4 mM ligand (using
a 250-pl injection syringe) into NtrC3A™ (80 to 110 uM dimer) with stirring at
400 rpm. Injections for MgATP were 5 of 2 ul, 10 of 4 pl, and 23 of 8 pl, yielding
a final MgATP concentration of 620 pM in the cell. Injections for MgATPyS
were 5 of 2 pl, 10 of 4 pl, 20 of 8 pl, 3 of 15 pl, and 1 of 20 pl, yielding a final
ligand concentration of 690 pM in the cell. Binding of ATP was measured as
described for MgATP by titrating 10 mM ATP into NtrC>A%® (103 M dimer),
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yielding a final ligand concentration of 1.5 mM. The buffer composition for the
ATP titration was 50 mM Tris-acetate (pH 7.8)-50 mM KCI-0.1 mM EDTA. For
titrations of MgATP and MgATP~S, 5.1 mM MgCl, was present in the buffer to
maintain a constant free magnesium concentration and to avoid unwanted heat
exchange effects due to the dissociation of the Mg-coordinated nucleotide. For
each experiment, the NtrC3*!? protein was dialyzed extensively against the ap-
propriate buffer just before the experiment was performed, and the protein
concentration was determined after dialysis by the Bradford method, with bovine
serum albumin as the standard. The Bradford method gave the same values for
protein concentrations as absorbance at 280 nm in the presence of guanidine
hydrochloride (see above). The heat change for dilution of the ligand in the
absence of protein was measured for each experiment (control) and was sub-
tracted from the measured heat change of ligand binding to protein (experimen-
tal). Data analysis was performed with the Origin program, provided by Micro-
Cal. The equations used for fitting were those for single binding sites and are
based on the theory described by Wiseman et al. (68). During all titrations of
MgATP and MgATPyS, significantly higher drifts of the baseline for the injec-
tion peaks were observed when ligand was titrated into protein than when ligand
was titrated into buffer (data not shown). These drifts of the baseline (60%
greater drift for MgATP and 40% greater drift for MgATPyS compared to the
blank drift, respectively) may have been due to protein precipitation. Centrifu-
gation of samples immediately after ITC revealed that 40 to 50% of the protein
had precipitated upon completion of the titration with MgATP, whereas 20%
had precipitated after titration with MgATPyS or ATP. In the case of ATP,
however, no significant difference in the baseline drift was observed between
experimental and control samples. Attempts to study MgNTP binding at 37°C,
the temperature used for filter-binding assays, were unsuccessful because more
than 80% of the NtrC**!* protein had precipitated under these conditions.

After titration of MgATP and MgATPyS into buffer (control) and into the
NtrC3A1 protein (experimental), samples were analyzed for hydrolysis of nucle-
otide. They were applied to cellulose polyetheneimine thin-layer plates (Baker-
Flex; J. T. Baker, Griesheim, Germany) and were subjected to chromatography
in 0.7 M boric acid-0.4 M K,HPO, as liquid phase. Nucleotides were then
visualized by UV shadowing, and their mobilities were compared to those of
standards. At the end of the titration with MgATP, approximately 30% of the
unbound ATP had been hydrolyzed to ADP. Whether this ATP hydrolysis was
due to an intrinsic hydrolysis capacity of unphosphorylated NtrC at concentra-
tions of 100 wM or to contaminating ATPase activities was not determined. For
MgATPyS, no hydrolysis was detected by thin-layer chromatography. The
NtrC3A1 protein, which is the most soluble form of NtrC, is more difficult to
purify away from contaminating ATPases than MBP fusion forms, which allow
affinity chromatography, or DNA-binding forms, which bind to heparin matrices.

Divalent cation binding by EPR spectroscopy. For electron paramagnetic
resonance (EPR) experiments, NtrC proteins or their isolated N-terminal do-
mains were dialyzed against buffer (40 mM KCI, 50 mM Tris acetate [pH 8.2]),
5% [vol/vol] glycerol, 1 mM DTT) to eliminate EDTA and then concentrated in
Centricon microconcentrators (10- or 3-kDa cutoff for the intact protein or
N-terminal domain, respectively; Amicon, Beverly, Mass.). NtrC protein (at a
final dimer concentration of 50 to 100 wM) was incubated with MnCl, in the
presence of 40 mM KCI and 50 mM Tris acetate (pH 8.0) for 5 min at 25°C.
Fresh stocks of Mn?* were prepared daily in double-distilled H,O, using AR
grade MnCl, - 4H,0 (99.99%) from Aldrich. After incubation, 5-pl samples were
transferred to quartz capillaries, and EPR spectra were determined in a Bruker
ESP300 EPR spectrometer equipped with a loop-gap resonator (Medical Ad-
vances) and a low-noise microwave amplifier (Miteq). To minimize lineshape
distortions, the incident microwave power was nonsaturating (2 mW), and a
modulation amplitude of 6 G was used, which is small compared to the linewidth
of the individual peaks of the EPR spectrum for Mn?>* free in solution (22 G).
Plots of the average peak-to-peak height (spectra are first-derivative spectra)
of the EPR spectra at a series of Mn?" concentrations (25 pM to 5 mM)
versus Mn>" concentration were linear. The relative amount of Mn?>* bound to
the protein was calculated according to the following formula: [Mn?*],qund/
[NUCligiar = (M0 Jigg = [M0* " Joo)/[NtrClygqqr, Where [Mn**]g. is the
concentration of free Mn?* in solution determined by EPR spectroscopy, and
[Mn?*],gia and [NtrCl,, are the total concentrations of Mn?>* and protein,
respectively. Analysis of standard curves, which were determined for each ex-
periment, revealed that the precision for the determination of the free Mn>*
concentration by EPR is approximately 2% and thus is not the main source of
experimental uncertainty in the determination of the ratio ([Mn®*]yound/
[NtrC]yiar)- The major contributions to experimental uncertainty arose from the
pipetting of small volumes of NtrC protein and uncertainties in estimating
protein concentration.

RESULTS

MgATP binding by wild-type and mutant NtrC proteins.
Binding of MgATP by wild-type and mutant forms of NtrC was
assessed via a filter-binding assay as described in Materials and
Methods. Nucleotide-binding and competition experiments
with wild-type NtrC showed that both binding and exchange of
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ATP occur rapidly, reaching equilibrium in less than 1 min (not
shown). Under the experimental conditions used, the maximal
level of binding at saturation was typically only a few percent of
the total concentration of NtrC monomers (Fig. 2). This ob-
servation and the loss of complexes as a function of increased
washing of filters (data not shown) were commensurate with
the view that NtrC-MgATP complexes are labile. Conse-
quently, we were unable to determine stoichiometries, and we
report simply concentrations of MgATP required for half-max-
imal binding (see Materials and Methods). The concentration
of MgATP required for 50% maximal binding by wild-type
NtrC was 135 £ 10 uM (Fig. 2A; Table 1), indicating that the
affinity of NtrC for MgATP is lower than that of many other
MgNTP-binding proteins.

Most mutant forms of NtrC that fail specifically in transcrip-
tional activation (42, 67), so-called NtrC"P****°" forms or forms
with positive control defects, were known to have defects in
ATP hydrolysis. To determine which of the ATPase-defective
proteins were unable to bind the substrate, and thereby to
discriminate between regions of the central domain of NtrC
needed for MgATP binding and those involved in hydrolysis
per se, we measured the ability of seven such mutant forms to
bind MgATP. Proteins NtrC'7*N, NtrCR3*8C and NirCR3°8H
have no detectable ability to bind MgATP (concentration of
MgATP required for 50% maximal binding of ~10 mM or
higher [Table 1]). NtrC%*>>V has noticeably reduced affinity
(concentration required for 50% maximal binding of 800 = 250
uM). By contrast, NtrCS°7F NtrCF2%%9, and NtrCR***¢ ap-
pear to bind MgATP at least as well as wild-type NtrC. As
expected, inactive mutant forms of NtrC that retain the ability
to hydrolyze ATP efficiently—NtrC*?'*V, NtrC%*'9K, and
NtrC?29T__are fully capable of binding MgATP. The appar-
ently increased affinity of binding by NtrC“?'*% was not ac-
companied by an increased rate of ATP hydrolysis.

The putative Walker B motif is essential for transcriptional
activation. To investigate the role of the highly conserved
aspartate residue within the putative Walker B motif of NtrC
(43, 52), we changed this residue to asparagine (D239N), cys-
teine (D239C), or alanine (D239A). The mutant proteins were
expressed either with or without the MBP fused to their N
termini. (MBP-fusion forms of NtrC are more soluble than
NtrC itself [41].) When plasmids encoding the mutant NtrC
proteins were introduced into E. coli DH5a the resulting
strains failed to grow on nutrient broth medium unless it was
supplemented with glutamine (see Materials and Methods).
This phenotype is commensurate with the view that the
NtrCPZN, NtrCP?C, and NtrCP># proteins are NtrCrePressor
forms, that is, forms specifically defective in positive control
(42, 67): they appear to be folded correctly, at least in their
DNA-binding domains. To confirm that the glutamine require-
ment caused by these mutant proteins in vivo was due to their
inability to activate transcription of the glnA gene, which en-
codes glutamine synthetase, each was purified and tested for
the ability to activate transcription from the glnA promoter by
o>*-holoenzyme in vitro. All of the mutant proteins and their
MBP fusion counterparts failed to activate transcription (data
not shown).

The Walker B motif is essential for ATP hydrolysis but not
for ATP binding. NtrC proteins carrying single amino acid
substitutions for aspartate 239 had no detectable ATPase ac-
tivity (Table 1). However, these proteins and their MBP fusion
counterparts apparently still bound MgATP (Fig. 2B and C;
Table 1). Moreover, their apparent affinities for MgATP were
~5-fold higher than the affinity of wild-type NtrC. Because the
aspartate residue of the Walker B motif has been shown to be
involved in coordination of magnesium in the MgATP com-
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FIG. 2. Binding of MgATP and ATP to wild-type and D239 mutant forms of NtrC. The monomer concentration of NtrC was 10 pM. The amount of ATP bound
to protein was measured by filter binding as described in Materials and Methods and plotted by using Kaleidograph. (A to C) Binding of MgATP to wild-type NtrC,
NtrCPZC, and NtrCP#4, respectively; (D to F) binding of ATP to the same proteins. Since less than 1% of the ATP added was bound, [ATPior = [ATP]gee. All
of the proteins with substitutions at D239 showed higher maximum binding of nucleotide in the presence or absence of divalent cation than did the wild-type protein
(~12% versus 4%). Given their higher apparent affinities for nucleotide, this result is commensurate with the view that low values for all proteins may be accounted

for by the lability of protein-nucleotide complexes.

plexes of several purine nucleotide-binding proteins, the D239
mutant forms of NtrC were tested for the ability to bind ATP
in the absence of magnesium. Omission of magnesium resulted
in a fivefold decrease in the apparent affinity of wild-type NtrC
for ATP (Fig. 2D; Table 1) and a small decrease for the
NtrCP#*N protein. However, the absence of magnesium re-
sulted in an increase in the affinity of NtrCP>*°4 for ATP (Fig.
2F), whereas there was no change in the affinity of NtrCP2**¢
(Fig. 2E). Despite differences in the effect of omitting magne-
sium on ATP binding by the D239 mutant proteins, all had a
higher apparent affinity for ATP in the absence of Mg?* than
did wild-type NtrC. By contrast to the case for the D239 mu-
tant proteins, the response of the remaining NtrC™P " pro-

teins to omission of magnesium was similar to that of wild-type
NtrC. Thus, the proteins carrying substitutions at position 239
were unique in their ability to bind nucleotide strongly in the
absence of Mg®>*. To test whether the increased apparent
affinity of the three D239-substituted NtrC proteins for nucle-
otide was due to a reduced ability to undergo nucleotide ex-
change, these proteins were allowed to bind MgATP (200 uM
ATP) under standard conditions and were then challenged
with unlabeled ATP as competitor (equimolar to 50-fold ex-
cess). Binding was reduced by the expected factor for both the
D239 mutant forms and wild-type NtrC, indicating that the
former also bind nucleotides reversibly (data not shown).

In cases where coordination of a divalent cation by aspartate
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TABLE 1. Concentrations of MgATP and ATP required for half-
maximal binding by wild-type and mutant forms of NtrC

ATPase Concn for half-maximal binding (uM)”
Protein activity”
(%) MgATP ATP

Wild type 100¢ 1354 = 10 (6) 730 + 120 (3)
NtrCE173N =2 =10,000 (3) ND
NtrCS207F =2 50 =5(4) 230 + 25 (3)
NtrCF208Q 12 105 = 10 (4) 400 (2)
NtrCA216v 100 100 = 10 (3) 350 (1)
NtrCE219% 56 40 =10 (3) 510 (2)
NtrCA220T 80 100 = 10 (4) 300 (1)
NtrCP23N =2 20 =5(3) 40 = 15 (3)
NtrCP¥¢ =2 25+5(3) 20=5(3)
NtrCP239A =2 30 =10(3) 10 £5(3)
NtrCR2%4¢ =2 190 = 35 (3) 850 (1)
NtrCE35V =2 800 =+ 250 (3) ND
NtrCR338¢ =2 =10,000 (3) ND
NtrCR3>8H =2 =10,000 (2) ND

“ From references 67 and 42, with the exception of data for proteins carrying
substitutions at position 239. Proteins were phosphorylated.

® Binding by unphosphorylated proteins was assessed as described in Materials
and Methods, and titration data were plotted to determine concentrations for
half-maximal binding (see Materials and Methods). The number of independent
titrations carried out for each NtrC protein (usually 10 uM monomer; range
from 7 to 20 pM monomer in occasional experiments) is shown in parentheses,
and standard deviations are indicated where appropriate. ND, not determined.

€100% corresponds to ~500 pmol/15 min/10 pl at a protein concentration of
1 pM.

4 Weighted average for two independently purified wild-type NtrC prepara-
tions. For the remaining proteins, single preparations were titrated.

is direct, replacement of the aspartate with cysteine can in-
crease the specificity for Mn®" over Mg?* due to preferential
coordination of Mn** by sulfur (reference 49 and references
therein). Since Mn?* can substitute functionally for Mg** in
transcriptional activation by NtrC (41), we tested its ability to
serve as divalent cation for the ATPase activity of the protein
and its effect on ATP binding. Although the rate of ATP
hydrolysis by the wild-tyg)e protein (MBP-NtrC) was the same
with Mn?* as Mg?*, Mn?" failed to serve as divalent cation for
ATP hydrolysis by mutant proteins with substitutions at posi-
tion 239 (Table 2). The affinity of wild-type MBP-NtrC for
ATP was similar in the presence of either divalent cation (and
was similar to that of NtrC itself for MgATP), as was the case
for MBP-NtrCP#*, However, the affinity of MBP-NtrCP>*°¢
for nucleotide was severalfold lower in the presence of Mn**
than Mg>*. Thus, Mn*" did not stimulate nucleotide binding
or serve as the cation for nucleotide hydrolysis by MBP-

TABLE 2. ATPase activities of D239 mutant forms of NtrC and
concentrations of MnATP or MgATP for half-maximal binding

P; release® Concn for half-maximal
(pmol/15 bindi M)?
Protein min/10 pl) inding (p.
Mg>* Mn?* MnATP MgATP
MBP-NtrC 500 450

10+153) 180 20 (3)
MBP-NtrCP2¥N <20 =20 ND ND
MBP-N{irCP2C <20 =20

MBP-NtrCP>¥4 =20 =20

95 (2)
50 (1)

25 (2)
35(1)

“ ATPase activity of phosphorylated MBP-NtrC fusion proteins was measured
in the presence of MgATP or MnATP as described in Materials and Methods.
Values were corrected for the background of P;, which was 18 pmol/15 min/10 pl.

? See footnote b to Table 1.
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NtrCP2*°€, and hence these experiments provided no evidence
that D239 coordinates the divalent cation directly.

Binding of divalent cation. To determine whether residue
D239 of NtrC plays a role in binding divalent cation, various
forms of the NtrC protein were analyzed for Mn** binding by
EPR spectroscopy. Although Mg?*, which is EPR silent, is the
divalent cation that is normally used to assess the ATPase
activity and transcriptional activation capacity of NtrC, the
paramagnetic cation Mn?" can substitute functionally in both
cases (Table 2 and reference 41).

It has been shown previously that the amplitude of the peaks
of the Mn** EPR spectrum (in the first derivative) are pro-
portional to the concentration of Mn?" and that binding of
Mn?* to a protein effectively quenches the EPR signal, allow-
ing the level of Mn** binding to the protein to be measured
(reference 71 and references therein). Standard curves corre-
lating the amplitude of the EPR signal with the concentration
of Mn?* over the appropriate range were used to determine
the free Mn?" concentration in the presence of NtrC proteins.
N-terminal MBP fusion forms of NtrC were used because they
remained soluble at the high protein concentrations required
for EPR analysis. Mn?" EPR spectra obtained in the presence
of MBP-NtrC and MBP-NtrCP>°# were used to construct
Mn?*-binding curves for these proteins (as described in Ma-
terials and Methods) (Fig. 3a and b). The two binding curves
were very similar, suggesting that residue D239 is unlikely to be
involved in strong Mn** binding.

To gauge the affinity of the central domain of NtrC for
Mn?*, we measured Mn>* binding by the isolated N-terminal
regulatory domain of the protein, which is known to contain at
least one specific Mg®"-binding site (39), and compared it to
that of intact NtrC. Surprisingly, we found that the binding
curve for the N-terminal domain (Fig. 3c) was very similar to
that for full-length NtrC (Fig. 3a), indicating that binding by
the regulatory domain accounts for that by the intact protein
and hence that the central domain of NtrC does not contain a
high-affinity binding site for Mn?*. It is important to note that
these experiments were carried out in the absence of ATP
because addition of ATP caused a high degree of quenching of
the EPR signal under the experimental conditions used. The
Mn?*-binding curves for both full-length NtrC and the N-
terminal domain were largely hyperbolic in nature. However,
some nonspecific Mn*" binding, which appeared to increase
linearly with respect to Mn?* concentration, was also ob-
served. We showed that this nonspecific binding of Mn?* to
NtrC could be reduced by the addition of 10 mM CaCl,,
indicating that it was probably due to nonspecific electrostatic
attraction.

To confirm that the hyperbolic component of the binding
curve for the N-terminal domain of NtrC was predominantly
due to Mn?" binding at a specific site, we measured binding to
N terminus®>*F. Previous nuclear magnetic resonance analysis
indicated that this mutant form of the N-terminal domain can
no longer bind Mg with high affinity (39). The Mn?*-binding
curve for N terminus™>** (Fig. 3c) showed loss of the hyper-
bolic component observed for the wild-type N terminus, with
the residual nonspecific binding increasing linearly with re-
spect to Mn?" concentration. A similar result was observed for
full-length NtrC carrying the D54E substitution (not shown).

Nonspecific quenching of the Mn** EPR signal by NtrC
proteins appeared to be linear, and the average slope was 10>
for the data points corresponding to concentrations of free
Mn?* between 1 and 3 mM (Fig. 3a and b). Using this average
slope, we corrected the binding curves for MBP-NtrC and
MBP-NtrCP2*4 by subtracting the nonspecific quenching con-
tribution (1.0 X 1072 - [Mn**];..) to produce the adjusted
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FIG. 3. Binding of Mn?>* to NtrC proteins and their isolated N-terminal domains (residues 1 to 124). Isotherms for the binding of Mn>* to MBP-NtrC (178 pM
monomer; a), MBP-NtrCP?4 (188 uM monomer; b), the N-terminal domain of NtrC (170 .M monomer; c, filled circles), and the N-terminal domain of NtrCP34F
(112 wM monomer; c, open circles). The amount of bound Mn?* was calculated from the difference between the total amount of Mn>* and the EPR measurements

of Mn?* that remained free in the presence of protein. The lines in panels a to

¢ present three-point smoothing averages of the data. (d) Adjusted isotherms for

MBP-NtrC (filled circles) and MBP-NtrCP23°4 (open circles), corrected by subtracting nonspecific quenching from the smoothed data in panels a and b, respectively.
Nonspecific quenching was estimated from the slopes of the isotherms at concentrations of free Mn?* above 1 mM (see Results). The adjusted isotherms for MBP-NtrC,
and MBP-NtrCP%A were very similar, and the solid line represents a least squares fit of the combined data, which yielded a K, of 260 uM and a stoichiometry of 1.1.

Binding reactions and EPR analyses were carried out as described in Materials and Methods. [Mn**],, is [Mn*"Jyouna, [P] is [NtrClioe, and [Mn**]; is [Mn>*]

binding data shown in Fig. 3d. The corrected data should yield
the isotherms for strongly bound Mn?* (Fig. 3D). Fitting
the data to a model of n equivalent noninteracting sites,
[Mn2+]bound/[NtrC]total = n[Mn2+]free/(Kd + [Mn2+]frec)’ gave
a good fit with K, = 260 pM and n = 1.1. Given the experi-
mental uncertainties, the value for n cannot be considered a
precise determination of the stoichiometry of metal binding.
However, the data are most consistent with one strong Mn*"-
binding site per NtrC monomer, located in the N-terminal
domain. Furthermore, it is clear from the adjusted isotherms
(Fig. 3d) that MBP-NtrC and MBP-NtrC”**** bound Mn*"
with the same stoichiometry. This conclusion is not affected by
the correction for nonspecific quenching since it was the same
for the two proteins.

Influence of NtrC oligomerization state on MgATP binding.
To determine whether the dimeric configuration of NtrC is
essential for MgATP binding, we tested binding by a largely
monomeric mutant form of NtrC, NtrC***44%° (MBP fusion
form). NtrC*##4=*% Jacks the helix-turn-helix motif at the end
of the C-terminal domain. This motif is directly responsible for
specific DNA binding and makes a large contribution to dimer-
ization (27, 40). MBP-NtrC**4*=*%° retains only a weak albeit
measurable ability to hydrolyze ATP and activate transcription
(40); it appears to retain the ability to bind MgATP, the con-
centration required for half-maximal binding being 600 = 80
M (Table 3). The qualitative nature of the binding curve for
MBP-NtrC2444+4%% (not shown) was similar to that of MBP-
NtrC or NtrC (Fig. 2A), suggesting first that the binding ob-

free*

served was, in fact, due to monomer and not residual dimer in
the preparation (20% [not shown]) and second that dimeriza-
tion does not influence MgATP binding in a cooperative man-
ner.

We have previously shown that the active form of the NtrC
protein is a phosphorylated oligomer larger than a tetramer
(72). To test the effect of phosphorylation on nucleotide
binding, MBP-NtrC (which remains soluble at high protein
concentrations under phosphorylating conditions) was phos-

TABLE 3. Concentrations of MgATP required for half-maximal
binding by monomeric, dimeric, and oligomeric forms of NtrC

Concn for
. Oligomeric half-maximal

Protein Substrate state binding of
MgNTP (uM)*
MBP-NtrC MgATP Dimer 180 £ 20 (5)
MBP-NtrCA444-469 MgATP Monomer? 600 =+ 80 (3)

MBP-NtrC MgATPyS Dimer 170 (1)

P-MBP-NtrC MgATPyS >2 dimers 155 £ 10 (4)

¢ Binding was assessed, and titration data were plotted to determine concen-
trations for half-maximal binding (see Materials and Methods). The number of
independent titrations carried out for each NtrC protein is shown in parentheses,
and standard deviations are indicated where appropriate. Proteins were unphos-
phorylated unless otherwise indicated (P-MBP-NtrC).

? Gel filtration chromatography indicated that there was =20% residual dimer
in the preparation (not shown).
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FIG. 4. Titration calorimetry binding isotherm observed upon injecting
MgATPYS into NtrC3A protein. The titration was carried out at a dimer con-
centration of NtrC3A™ of 80 wM as described in Materials and Methods. ®,
experimental points; ——, fit according to the equation of Wiseman et al. (68);
K, dissociation constant; AH, enthalpy change; n, stoichiometry factor. Devia-
tions represent the fitting error of this single experiment.

phorylated and assayed for MgNTP-binding ability. The
nonhydrolyzable analog ATPyS (and [*>S]ATPyS) was used in
place of ATP (and [a->?P]ATP) so that binding could be mea-
sured in the absence of hydrolysis by the active, phosphory-
lated NtrC oligomer. Under nonphosphorylating conditions,
the concentration of MgATP~vS required for half-maximal
binding by MBP-NtrC was 170 uM (Table 3), not significantly
different from the concentration of MgATP required for half-
maximal binding by MPP-NtrC or NtrC itself. Upon phosphor-
ylation, the concentration of MgATP~S required for half-
maximal binding by MBP-NtrC did not change appreciably
(155 pM = 10 uM), providing evidence that phosphorylation
and the accompanying higher-order oligomerization of NtrC
do not change its affinity for MgNTP. Although we do not
know the degree of phosphorylation of NtrC, we know that
at a concentration of 10 wM, there is a high percentage of large
oligomer (73).

Determination of the binding constant for MgATPyS by
ITC. To assess binding of nucleotide by NtrC by a technique
other than filter binding, we performed binding studies by ITC.
Two independent titrations of MgATPyS at 80 and 95 pM
NtrC** (our most soluble form; see Materials and Methods)
yielded K,;s of 90 = 5 uM (error of curve fitting [Fig. 4]) and
120 = 9 pM, respectively, giving an average of 105 pM. En-
thalpy values were negative (—9.6 = 0.6 and —8.6 = 0.3 kcal/
mol, respectively, for the two experiments), indicating that the
binding of nucleotide to NtrC was an exothermic process.
Binding stoichiometries were 1.8 and 2 mol/mol dimer, respec-
tively, providing evidence of one active site per monomer. The
average K, for the dissociation of MgATPyS from the NtrC>A!
protein complex, 105 uM at 25°C, was of the same order of
magnitude as that for dissociation of MgATPyS from the
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MBP-wild-type NtrC complex, 190 uM at 37°C, as measured
by filter binding.

We also performed three independent titrations of MgATP
by ITC at concentrations of NtrC**'"* on the order of 100 pM.
Although they yielded an average K, of ~40 = 3 uM (data not
shown; error reflects standard deviation for the three exper-
iments), the otherwise soluble NtrC*'"* protein showed a
strong tendency to precipitate in the presence of Mg”*, and
there was significant hydrolysis of MgATP to MgADP (see
Materials and Methods). Because the K;s obtained by ITC are
a function of heat absorbed or evolved, the observed values
may reflect a combination of several different heat change
events—binding of MgATP, binding of the product inhibitor
MgADP (63), and precipitation of the protein, presumably as
a protein-ligand complex(es). Hence, it is likely to be a mini-
mum estimate.

A single titration of ATP in the absence of magnesium
yielded a K, of 570 = 50 uM (error of curve fitting), value of
the same order of magnitude as that obtained by filter binding.
The enthalpy change was negative (—8.8 = 2.1 kcal/mol), and
the binding stoichiometry was 1.7 = 0.4.

The high concentrations of NtrC**™ needed to detect a
calorimetic signal upon binding of the various nucleotides con-
firm that the K s reported are of the correct order of magni-
tude. Had these values been significantly lower, we would have
been able to detect a signal at lower concentrations of NtrC.

DISCUSSION

Regions of the central domain of NtrC needed for ATP
binding and hydrolysis. To effect its role as a transcriptional
activator, the phosphorylated form of NtrC binds and hydro-
lyzes MgATP or MgGTP and couples the resultant energy of
hydrolysis to the process of open complex formation by ¢>*-
holoenzyme (66). To better understand nucleotide hydrolysis
and energy coupling, we have explored the requirements for
nucleotide binding. Based on studies by ITC, unphosphory-
lated dimeric NtrC has a modest affinity for the nonhydrolyz-
able MgATP analogue MgATP~S, having an apparent K, of
~100 pM at 25°C (Fig. 4). The stoichiometry of binding of 1.9
mol of MgATPyS per mol of dimer (Fig. 4) (13) is commen-
surate with the finding that a largely monomeric mutant form
of NtrC retained the ability to bind MgATP in a filter-binding
assay (Table 3). Nucleotide binding by the phosphorylated
oligomeric form of NtrC, which functions as a transcriptional
activator, was not detectably different from that by the unphos-
phorylated dimeric form (assessed with the nonhydrolyzable
analogue MgATP~S in the filter-binding assay). In light of the
fact that both ATP hydrolysis and transcriptional activation by
NtrC are predicated on the formation of large oligomers,
whereas binding of the MgATP substrate is not, one of the
functions of higher-order oligomerization appears to be to
increase the rate of ATP hydrolysis per se, this in turn being
coupled to the formation of open complexes by ¢*-holoen-
zyme.

By virtue of sequence and predicted structural similarities,
NtrC appears to belong to a large and diverse group of
purine nucleotide-binding proteins that includes the bacte-
rial polypeptide elongation factor EF-Tu, the eukaryotic reg-
ulatory protein p21"*, and the F;-ATPase (43, 56). X-ray crys-
tallographic structures of a number of these proteins show that
residues within the two highly conserved Walker A and B
motifs are directly involved in coordinating the phosphates and
the Mg®" of the MgNTP substrate (1, 5, 14, 16, 28, 34, 44, 53,
54, 61, 62). However, the remaining residues that serve as
ligands for nucleotide binding are not sufficiently conserved to
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TABLE 4. Motifs in the central domain of NtrC*

Binding Hydrolysis Hydrolysis Hydrolysis Binding
G173 S207/E208 D239 R294 G355/R358
Walker A, binds B phosphate  Switch I effector Walker B/switch II, coordinates Mg?*  Catalytic residue? Binds nucleotide base
GESGTG'"*KE ES*’ELFGHEKGAFTGA  GGTLFLD*’EIG FR?*EDLfhRLNV ~ WPG**NVR**qLEN

“For the central domains of NtrC proteins of S. typhimurium, E. coli, K. pneumoniae, Proteus vulgaris, Rhizobium meliloti, Bradyrhizobium parasponiae, and
Agrobacterium tumefaciens (15, 43). The motifs listed are also referred to as conserved regions 1, 3, 4, 6, and 7, respectively, among activators of ¢>*-holoenzyme (36,
43). Conserved region 6 begins with residue 275 of NtrC and extends through residue 312. For cases in which fewer than four of the five NtrC sequences are identical,
the residue is that for the protein from S. typhimurium and is in lowercase. The numbers indicate positions at which amino acid substitutions in the NtrC protein of

S. typhimurium were studied in this work.

be predicted from the primary sequence, nor are additional
residues involved in nucleotide hydrolysis. Hence we tested
mutant forms of NtrC deficient in MgATP hydrolysis to iden-
tify those that were also deficient in nucleotide binding. In this
way we were able to identify one region different from the
Walker A and B motifs that appears to be essential for nucle-
otide binding and two regions that are involved in ATP hydro-
lysis (Fig. 1; Table 4). Like the Walker A and B motifs, all three
additional regions are highly conserved among activators of
o>*-holoenzyme (36, 42, 43, 67). We also obtained evidence
that the conserved aspartate of the putative Walker B motif of
NtrC plays a role in coordinating the divalent cation required
for nucleotide hydrolysis.

The two regions found to be required for ATP binding by
NtrC were the Walker A motif [(G'*®*ESGTGKE'" [52, 63]) and
the region around positions 355 to 358 (W*>*PGNVRQLEN?%?),
which may interact with the nucleotide base (Table 4). (These
regions are referred to as conserved regions 1 and 7 among
activators of o”*-holoenzyme [36, 43].) An amino acid substi-
tution in either of these regions can decrease MgATP binding
by NtrC by 50- to 100-fold, to our limit of reliable detection
(Table 1). Secondary and tertiary structure predictions for the
central domain of activators of o>*-holoenzyme led to the
postulate that the 355-358 region might be involved in binding
to the nucleotide base (43). Given that NtrC—and its homo-
logue NifA—can utilize GTP in place of ATP (6, 30, 67), these
proteins are not expected to show great discrimination be-
tween purine bases. Interestingly, there are precedents for
arginine residues interacting with the adenine ring (28, 53),
and replacement of R358 of NtrC with either H or C led to loss
of detectable binding of MgATP. It is unlikely that the 355-358
region interacts primarily with the sugar rather than the base
because both dATP and ddATP serve well as the nucleotide
substrate for NtrC. Hence, as in the case of many other purine
nucleotide-binding proteins, the ribose is likely to be largely
solvent exposed and not a strong determinant of nucleotide
binding (5, 28, 34, 44, 55).

The three positions in the central domain of NtrC that
appear to affect ATP hydrolysis without decreasing ATP bind-
ing are R294 (in conserved region 6 of activators of ¢>*-ho-
loenzyme [36, 43]), which may be a catalytic residue, the 207/
208 region (in conserved region 3), which appears to
correspond to a portion of the switch I effector region, and
D239, the conserved aspartate of the putative Walker B motif
([GGT]|LFLD*EIG [conserved region 4] [43, 52]) (Table 4).
The R294C protein appears to oligomerize normally (73), and
hence R294 appears to be required directly for nucleotide
hydrolysis. We postulate that R294 may be a catalytic residue
because a number of other purine nucleotide-binding proteins
have catalytic arginines (8, 11, 35, 58). Replacement of the
catalytic arginine in G;,; with cysteine, the replacement that
we studied, greatly impaired GTPase activity without affecting
GTP binding (11). Moreover, this replacement resulted in a

substantial decrease in the affinity for GDP - A1F, ", an ana-
logue of the transition state for GTP hydrolysis.

The consequences of amino acid substitutions in the region
of NtrC between residues 207/208 and 220 (42, 67), which lies
between the Walker A and B motifs, in concert with the loca-
tion of this region in the predicted secondary and tertiary
structures for activators of o>*-holoenzyme, led to the postu-
late that it was analogous to the switch I region of other purine
nucleotide-binding proteins (43). Switch I, which undergoes a
large conformational change upon nucleotide hydrolysis, can
play a critical role in biological output (8, 21, 25, 53, 55, 56, 59,
61, 69). In agreement with the view that positions 207 and 208
lie within the switch I region of NtrC, we have noted that the
decrease in ATPase activity caused by the sterically conserva-
tive E208Q substitution is not sufficient to account for the
profound decrease in transcriptional activation by NtrCE205©
(42). This protein must also be defective in contacting o>*-
holoenzyme or in coupling the energy available from ATP
hydrolysis to open complex formation. Unfortunately, these
are functions of NtrC for which we do not have direct bio-
chemical assays. Similar to E208Q, several amino acid substi-
tutions at positions 216 to 220, just downstream, cause pro-
found defects in transcriptional activation. However, in these
cases there is little, if any, decrease in ATP binding or hydro-
lysis (Table 1) (42, 67). Hence the substitutions at positions 216
to 220 apparently affect only contact between NtrC and poly-
merase or energy coupling. Strikingly, one substitution for the
serine residue that corresponds to S207 of NtrC in the homol-
ogous activator DctD impaired the ability of the mutant pro-
tein (DctDS?'?") to cross-link to o”*-holoenzyme (64).

Site-directed replacement of D239 of NtrC with the un-
charged residues N, C, or A resulted in loss of ATPase activity
but an apparent increase in the affinity for ATP in the presence
or absence of Mg®* (Table 1). Improved ATP binding may be
due to a decrease in negative charge in the vicinity of the
nucleotide and hence a decrease in electrostatic repulsion. As
appears to be true for NtrC, replacement of the conserved
aspartate residue in the Walker B motif of the bacterial rho
factor or elF-4a with an uncharged residue gave rise to an
increase in affinity for ATP (12, 46). The loss of ATPase ac-
tivity by NtrC proteins carrying substitutions at position 239
may result from failure of the proteins to coordinate the diva-
lent cation necessary for ATP hydrolysis or to coordinate it
properly (discussed below).

Role of D239 in coordinating divalent cation. There are
several lines of evidence that D239 of NtrC does, in fact, play
a role in coordinating the divalent cation needed for ATP
hydrolysis. This residue influences both nucleotide binding, as
noted above, and the effect of Mg®" on nucleotide binding. In
the absence of Mg**, the affinity of the wild-type protein for
nucleotide decreased ~5-fold (apparent K, of ~500 uM by
ITC). The decrease in affinity was also manifested in the filter-
binding assay, and there appeared to be a similar decrease for
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all of the mutant proteins used in this study except those
carrying amino acid substitutions at position 239 (Table 1).
Omission of Mg>* had a different effect on nucleotide binding
by each mutant protein carrying a substitution at position 239.
It decreased the apparent affinity of NtrCP#*N slightly, com-
mensurate with the view that this protein retains residual abil-
ity to coordinate Mg*", had no effect on NtrC”*°“, which may
be explained by the fact that this protein has lost the ability to
coordinate Mg>*, and increased the apparent affinity of
NtrCP>**4, for which there is no obvious explanation. The
unusual response of proteins with substitutions at position 239
to omission of Mg?" provides evidence that D239 interacts
with the divalent cation-nucleotide complex (though not nec-
essarily directly; see below). By analogy to the role of the
conserved aspartate in the Walker B motif of other purine
nucleotide-binding proteins, D239 is likely to play a role in
orienting the divalent cation for nucleotide hydrolysis.
Changes in F237 and L238, two of the hydrophobic residues
that precede D239, presumably in a $ strand, result in precip-
itation of the mutant proteins (45).

Assessment of Mn*™ binding by EPR spectroscopy indicated
that the central domain of NtrC does not bind divalent cation
strongly in the absence of nucleotide. Although NtrC does
have a single strong binding site for Mn?", it appears to lie in
the N-terminal regulatory domain of the protein and to depend
on the presence of an aspartate residue at position 54, the site
of phosphorylation. Results of EPR spectroscopy were in
agreement with previous nuclear magnetic resonance spectro-
scopic analyses of Mg?" binding by the N-terminal domain of
NtrC (39). The divalent cation bound strongly by this domain
is essential for its (self-catalyzed) phosphorylation, and a diva-
lent cation appears to be essential for phosphorylation of ho-
mologous regulatory domains (so-called receiver domains)
(60).

Comparisons to other activators of o>*-holoenzyme. Several
laboratories have isolated mutant forms of activators of o*-
holoenzyme with lesions in the putative Walker A motif (con-
served region 1 [36, 43]); specifically, this was done for the
NifA (nitrogen fixation A) and DctD (dicarboxylate transport
D) proteins, for the XyIR (xylene R) protein, and for the NtrC
protein of Klebsiella pneumoniae (3, 10, 17, 48). In all instances
the mutant proteins had a defect in transcriptional activation in
vivo. A number of the DctD proteins, a XylR protein, and an
NtrC protein from K. pneumoniae have also been studied in
vitro, and most of these fail in both transcriptional activation
and ATP hydrolysis (3, 17, 48). With the exception of the XylR
protein, which failed to bind ATP, their ATP-binding proper-
ties have not been studied.

Many mutant forms of both DctD and NifA that carry amino
acid substitutions in the conserved region corresponding to the
206-220 region of NtrC (conserved region 3 [18, 64]) have
been isolated. Of these, many failed to activate transcription in
vivo and in vitro (tested only for DctD). As was true of NtrC,
decreases in ATP hydrolysis by the mutant forms of DctD were
generally not sufficient to account for their defects in transcrip-
tional activation. DctDS?!?! which was mentioned above,
failed to activate transcription but had little, if any, defect in
ATP hydrolysis (64).

Finally, a substitution at position 453 of XylR (R453H),
which corresponds precisely to the R358H substitution that we
studied in NtrC (conserved region 7), allowed multimerization
of the protein in the absence of ATP, in contrast to the case for
the wild-type protein (47). It was claimed on the basis of an
assay at a single ATP concentration (2.5 mM) that the mutant
protein bound ATP as well as its parent (48). Given our dis-
cordant finding for the NtrC®*3* protein, it is difficult to
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understand the nucleotide-independent multimerization of the
mutant XylR protein, particularly since the G268N substitu-
tion in XylR, which corresponds precisely to the G173N sub-
stitution in NtrC, prevented both ATP-binding and ATP-de-
pendent multimerization of XylR.

Comparisons to other purine nucleotide-binding proteins.
Perhaps the most interesting comparison to be made between
NtrC and other classes of purine nucleotide-binding proteins
concerns the role of the conserved aspartate in the Walker B
motif. Although the precise functional consequences of alter-
ing this residue cannot be predicted (20, 24, 37), loss of ability
to catalyze nucleotide hydrolysis and hence loss of biological
function, as occurred for NtrC, is a probable outcome (2, 7, 9,
12, 19, 46, 57, 65). Structural studies indicate that the con-
served aspartate of the Walker B motif usually coordinates the
divalent cation indirectly through an intervening water mole-
cule (5, 16, 34, 38, 44, 59, 61, 69). The cation has a total of six
coordinating ligands, two of which are oxygens of the B and y
phosphates of the nucleotide. Given its relatively modest af-
finity for nucleotide and the small stimulatory effect of divalent
cation on nucleotide binding, NtrC may depend on the two
ligands of the nucleotide for binding the catalytic metal ion. In
the absence of these two liganding groups, the cation appar-
ently cannot bind to the central domain of NtrC with an affinity
that can be detected by EPR (K, = 500 pM).
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