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ABSTRACT: The N-terminal region of phosphoribulokinase (PRK) has been proposed to contain a “P-
loop” or “Walker A” motif. In Rhodobacter sphaeroidesPRK, four alcohol side chains, contributed by
S14, T18, S19, and T20, map within the P loop and represent potential Mg-ATP ligands. Each of these
has been individually replaced with an alanine and the impact of these substitutions on enzyme-ATP
interactions and overall catalytic efficiency evaluated. Each mutant PRK retains the ability to tightly bind
the positive effector, NADH (0.7-0.9 per site), and exhibits allosteric activation, suggesting that the
proteins retain a high degree of structural integrity. Similarly, each mutant PRK retains the ability to
stoichiometrically (0.7-1.2 per site) bind the alternative substrate trinitrophenyl-ATP. Despite the large
size of the PRK oligomer (8× 32 kDa),31P NMR can be used to detect stoichiometrically bound Mg-
ATP substrate, which produces markedly broadened peaks in comparison with signals from unbound
Mg-ATP. Elimination of alcohol substituents in mutants T18A, S19A, or T20A produces enzymes which
retain the ability to form stable PRK/Mg-ATP complexes. Each mutant complex is characterized by31P
resonances forR- and γ-phosphoryls of bound Mg-ATP which are narrower than measured for wild-
type PRK/Mg-ATP; signals for theâ-phosphoryl are poorly detectable for mutant PRK/Mg-ATP
complexes. Kinetic characterization indicates that these mutants differ markedly with respect to catalytic
activity. T20A exhibitsVm comparable to wild-type PRK, whileVm is diminished by 8-fold for T18A and
by 40-fold for S14A. In contrast to these modest effects, S19A exhibits decreases inVm andVm/KRu5Pof
500-fold and>15000-fold, respectively. S19A and T18A exhibit only modest (6-7-fold) increases in
S1/2 for ATP but larger (30-45-fold) increases inKm for Ru5P.KI values for the competitive inhibitor,
6-phosphogluconate, do not significantly change upon mutation of T18 or S19, suggesting that these
residues are not crucial to Ru5P binding. A role for the alcohol group of S19, the eighth residue in P-loop
motif, as a ligand to the Mg-ATP substrate seems compatible with the characterization data; adjacent
alcohols do not efficiently function as surrogates. Such a proposed function for S19 is compatible with
its proximity to E131, the acidic residue in a putative Walker B motif and probable second Mg-ATP
ligand in PRK’s active site.

Phosphoribulokinase (PRK;1 EC 2.7.1.19) catalyzes trans-
fer of the γ-phosphoryl of ATP to the C1 hydroxyl of
ribulose 5-phosphate (Ru5P) to form ribulose 1,5-bisphos-
phate (1), the CO2 acceptor of the reductive pentose phos-
phate pathway. Since this reaction is a key step in CO2

assimilation, PRK has been identified in a variety of plants,
algae, and bacteria that rely on such metabolism. Eukaryotic
and prokaryotic PRKs differ significantly; sequence align-
ments suggest that only∼13% of total amino acids in PRKs
are strictly invariant (2). Despite these contrasts, the cluster-
ing of invariant residues in regions that define the active
site or form the critical subunit-subunit interface (3) suggests
that PRKs from these diverse sources are likely to be
structurally homologous.

High-resolution structures ofRhodobacter sphaeroides
PRK have been reported (3, 4). While the crystallized protein
contains no metabolites bound at the active site, mutagenesis
work has implicated residues involved in Ru5P binding (5,
6). PRK’s fold places it in the structurally well-characterized
nucleotide monophosphate (NMP) kinase family of proteins.
Recognition of a consensus nucleotide binding site for this
family of proteins allowed our provisional assignment of the
binding site in PRK for the phosphoryl donor substrate, ATP.
More specifically, the N-terminal region of PRK includes a
“Walker A” or “P-loop” motif (7, 8). The observation that
this PRK loop is situated in the region of the NMP kinase
fold proposed as the consensus ATP binding site supports
our tentative assignment. Much of the functional testing of
this region has focused on its importance in regulation of
the eukaryotic enzyme (9, 10). However, the demonstrated
ability of ATP to protect PRK from covalent modification
of this region (11-13) represents an experimental test that
supports the mapping of the P-loop region as part of PRK’s
active site. Unfortunately, this loop exhibits very dynamic
motion, even in crystalline PRK, and the high-resolution
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structure (3) exhibits a main chain break in this region. Thus,
specific residues directly involved in ATP binding remain
to be firmly established.

One plausible approach for identification of ATP binding
residues involves detection of the amino acids that ligand to
the cation of the M2+-ATP substrate. In the case of NMP
kinase fold proteins, no absolute consensus regarding cation
ligation has been established. For example, amino acid
ligands to the cation of the M2+-ATP substrate have been
implicated for some enzymes (14, 15) which exhibit NMP
kinase folds while other enzymes in this family (16, 17)
do not utilize amino acids as cation ligands. The possi-
bility that one of the multiple alcohol side chains in PRK’s
dynamic P-loop interacts with M2+-ATP is addressed in this
report. A preliminary account of these studies has appeared
(18).

MATERIALS AND METHODS

Materials.Deoxyoligonucleotides and fluorescein-labeled
sequencing primers were purchased from Operon Technolo-
gies, Inc. PCR generation of DNA pieces utilized Strat-
agene’sPfuDNA polymerase. T4 DNA ligase and restriction
enzymes were obtained from New England Biolabs. Isolation
of plasmid DNA, grown in competentEscherichia coli
JM109(Promega), was accomplished using Sigma’s plasmid
pure miniprep kit, and Qiagen’s plasmid mini and midi kits.
Isolation of DNA fragments was accomplished using a
QIAEX II gel extraction kit. DNA sequence analysis was
performed using a Thermo sequenase core sequencing kit
from Pharmacia/Amersham Life Sciences and a Pharmacia/
LKB ALF DNA sequencer.

For recombinant protein expression, ampicillin was pur-
chased from Fisher Scientific, isopropylâ-D-thiogalactoside
(IPTG) from Research Products International Corp., and
competentE. coli BL21(DE3) cells from Novagen. Adenos-
ine 5′-triphosphate,D-ribulose 5-phosphate, DTT, Hepes, and
Tris-HCl buffers were obtained from Sigma Chemical Co.
Sodium [14C]bicarbonate, 56 mCi/mmol, was a product of
American Radiolabeled Chemicals, Inc. Chromatography
media utilized for PRK isolation included reactive green-19
agarose from Sigma Chemical Co. and Q-Sepharose fast flow
from Pharmacia Biotech. For fluorescence experiments, TNP-
ATP [2′(3′)-O-(2,4,6-trinitrophenyl)adenosine 5′-triphos-
phate] from Molecular Probes was monitored. The RuBP
carboxylase required for the CO2 fixation assay of PRK
activity was isolated after expression inE. coli JM103 using
a plasmid generously provided by C. R. Somerville.

Construction of prkA Mutant Alleles. Mutagenesis of the
P-loop residues with single amino acid substitutions, S14A,
T18A, S19A, and T20A, was accomplished using pETb-
prkwt. Four 450 bp pieces with the appropriate mutations
were generated using PCR overlap extension. For S14A,
TCC was mutated to GCC; for T18A, ACC was mutated to
GCC; for S19A, TCG was mutated to GCG; for T20A, ACG
was mutated to GCG. The purified mutated DNA samples
were cut withNcoI and SacI and the resulting fragments
ligated in a three-way ligation strategy, previously reported,
to generate pETbprkS14A, pETbprkT18A, pETbprkS19A,
and pETbprkT20A, respectively. Plasmids potentially encod-
ing the desired mutants were screened to verify that the
appropriate restriction enzyme sites were still intact. DNA

sequencing confirmed that the selected expression plasmids
encoded the anticipated alanine substitutions and verified that
no addition mutations had been introduced during PCR
overlap extension.

Expression and Purification of PRK. E. coliBL21(DE3)
cultures containing plasmids pETbprkS14A, pETbprkT18A,
pETbprkS19A, and pETbprkT20A were grown at 25°C in
2 L of ampicillin-containing LB media to an OD600 of ∼0.5.
Expression of PRK was induced by addition of IPTG to a
final concentration of 1 mM followed by 3-4 h of additional
growth. The cells were collected by low-speed centrifugation;
cell pellets were suspended and disrupted using a French
pressure cell. A 100000g supernatant was prepared and
subjected to Q-Sepharose anion-exchange chromatography
followed by affinity chromatography on reactive green-19
agarose. PRK was eluted from reactive green-19 agarose
affinity resin with a buffer containing 25 mM Tris-HCl (pH
8.2), 10 mM mercaptoethanol, 1 mM EDTA, and 10 mM
ATP. ATP removal from ATP eluted enzyme was ac-
complished by prolonged dialysis. For quantitative protein
concentration estimates, an extinction coefficient of 50303
M-1 cm-1 at 280 nm was used (19).

TNP-ATP and NADH Binding Stoichiometry Measure-
ments. TNP-ATP binding to PRK was evaluated by fluo-
rescence measurements on a SLM 4800C spectrofluorometer
as described previously (19). Relative fluorescence was
measured at the fluorescence emission peak of 545 nm for
PRK-bound TNP-ATP. NADH binding to PRK was also
measured using fluorescence methods. In this case, fluores-
cence was measured at the emission peak of 440 nm for
PRK-bound NADH. The binding stoichiometry of mono- and
dinucleotides to PRK was determined from the intersection
point of lines fit to the substoichiometric and plateau regions
of the titration data by linear regression (20, 21). Calculated
stoichiometries reflect binding sites per 32 kDa PRK.

Kinetic Characterization of PRK.A radioisotopic assay
that involves trapping the PRK reaction product RuBP via
the RuBP carboxylase-dependent incorporation of14CO2 to
form acid-stable [14C]-3-phosphoglycerate (22) was utilized.
In standard assays, the final concentrations of reaction
mixture components were 100 mM Hepes, pH 8.0, 1 mM
DTT, 20 mM MgCl2, 20 mM KH14CO3 (∼1000 dpm/nmol),
5 mM ATP, 1 mM Ru5P, 1 mM NADH, and 100 milliunits
of recombinant RuBP carboxylase. Enzyme assays were
conducted at 30°C. For kinetic characterization of the mutant
proteins, ATP concentration ranges varied from 0.05 to 15
mM; Ru5P concentration ranges varied from 0.05 to 8 mM.
Kinetic data were fit by a nonlinear regression analysis
algorithm (23).

EPR and31P NMR Measurements of PRK/M2+-ATP
Complexes.Since the protein is isolated by an ATP elution
from reactive green 19, removal of excess ATP from the
enzyme preparation is required. In the absence of divalent
cation, even after centrifugal gel filtration or after prolonged
dialysis (24 h) ATP can remain tightly bound to both the
catalytic site and the allosteric nucleotide (NADH/AMP)
binding site. To achieve selective ATP binding, protein is
supplemented with a divalent cation (e.g., Mg2+, Mn2+) prior
to removal of excess ATP. This approach produces samples
containing M2+-ATP bound only at the active site; the
allosteric site becomes vacant and is available for titration
with effector nucleotides (19).
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For the smaller amounts of protein needed for EPR, PRK
(35 uM) was dialyzed to lower excess ATP levels and then
incubated with Mn2+ (1 mM) and ATP (0.3 mM). Excess
cation and nucleotide were then removed by centrifugal gel
filtration using G-50 columns; samples (ATP/PRK∼1:1)
were concentrated to 200-300 µM enzyme sites. EPR
measurements were performed at 22°C using a Varian E-109
spectrometer.

For the larger amounts of protein complex needed for31P
NMR studies, the enzyme was diluted to about 3-4 mg/mL
(4-6 mL) and dialyzed against 50 mM Tris-HCl, pH 8.0,
0.2 mM EDTA, and 5 mM MgCl2. Several days of dialysis
were required to achieve a nucleotide/PRK ratio ofe1.0.
The ATP/PRK stoichiometry was determined from the 260/
280 nm ratio (19). Estimates of ATP binding stoichiometry
are based on a calibration curve that ranges from a 260/280
ratio of 0.67 for no ATP bound to a 260/280 value of 0.97
for 1 ATP bound per 32 kDa PRK subunit (19). Concentra-
tion of PRK/M2+-ATP was accomplished using either an
Amicon Centricon 10 or a 4 mL centrifugal filter and tube
device from Millipore with a 10K NMWL (nominal molec-
ular weight limit). For31P NMR, a final sample volume of
0.46 mL with protein concentrations ranging from 0.35 to
0.85 mM was employed; sample volume was brought to 0.5
mL with D2O to provide a lock signal. Samples were treated
with Chelex (resin removed by filtration using a 0.2µm Lida
microspin filter; Chrom Tech) to eliminate potential para-
magnetic metal contaminants. Final protein concentrations
and ATP binding stoichiometries were determined from 280
and 260/280 nm determinations, respectively.

NMR measurements were performed on a Bruker AC 300
using a 5 mmmultinuclear QNP probe operating at 121.5
MHz for 31P. Spectra of PRK-bound ATP were measured at
21 °C. Broad-band proton decoupling was used in acquiring
all spectra. Signal acquisition was performed using the
following experimental parameters: spectral width, 10000
Hz; line broadening, 20 Hz for protein samples (5 Hz for
free nucleotide samples); acquisition delay, 5 s; pulse angle,
35°; number of transients, 4500 for protein samples (400
for free nucleotide samples). Spectra displayed in the figure
were zero-filled to 64K to improve the signal to noise ratio.

RESULTS

Strategy for Identification of an ActiVe Site M2+-ATP
Ligand: Mutagenic Substitution of Alcohol Side Chains in
P-Loop Residues.In those phosphotransferases that use two
amino acid side chains to bind the cation of the M2+-ATP
substrate, usually two acidic residues or one acidic amino
acid and one serine/threonine are functionally involved (24).
In the case of PRK, each of the four invariant acidic residues
(D42, E131, D169, E178) has been functionally evaluated
by mutagenesis and kinetic characterization approaches (25).
Replacement of E178 has no substantial impact on catalytic
efficiency. In contrast, elimination of the side chain carboxyl
group of E131, D169, or D42 results in a diminution of
activity by 2, 4, or 5 orders of magnitude, respectively.
Mutagenesis of D169 and D42 results in effects that are
larger than might be expected for elimination of a group that
functions solely to provide one ligand to the cation. In
contrast, such a functional assignment agrees well with the
consequences of mutating E131(100-fold diminution in

catalytic efficiency). Since only one acidic residue emerges
as a good cation ligand candidate, the possibility that an
alcohol functions as the probable second ligand seems
attractive. There are only two invariant PRK residues with
alcohol side chains, S14 and T214. The latter residue is
positioned at the subunit interface that defines the evolu-
tionarily conserved dimer (4); this region is well removed
from the catalytic site, and therefore, T214 can be discounted
as a cation ligand. The other residue, S14, is situated within
a P-loop, which is well precedented to interact with ATP.
In the case ofR. sphaeroidesPRK, this loop also contains
three other residues (Figure 1) with alcohol side chains,
namely, T18, S19, and T20. While S14 is strictly invariant,
a serine or threonine is always represented at PRK residues
19 and 20. An alcohol side chain is present at position 18
only in prokaryotic PRKs. On the basis of these observations,
site-directed mutagenesis was performed to eliminate the
alcohol side chain at each of these four positions (S14, T18,
S19, and T20) inR. sphaeroidesPRK. We anticipated not
only that characterization of these mutants would lead to
functional identification of a cation ligand but also that the
ability of an adjacent alcohol side chain in this mobile loop
to function as a surrogate cation ligand might be tested.

Overlap extension PCR (26) was used to replace each
alcohol-containing residue with alanine. Expression of the
mutant-encoding plasmids produced stable proteins which
behaved similarly to the wild-type protein upon purification;
they were recovered in a highly homogeneous form and at
yields comparable to the wild-type enzyme. Each purified
mutant PRK exhibits a single major band on SDS-PAGE,
migrating similarly to the 32 kDa wild-type protein (Figure
2). The enzymes exhibited good stability during the bio-
physical and kinetic characterization experiments described
below.

Biophysical Characterization of PRK Mutants.To ensure
that the mutant PRKs retain substantial structural integrity
(and are, therefore, useful for detailed characterization),
ligand binding at the catalytic and effector sites was
evaluated. The fluorescent ATP analogue, TNP-ATP, is an
alternative substrate for PRK and titrates wild-type enzyme
to stoichiometrically form a stable binary complex (19). The
ability of mutant PRKs to bind this analogue has been tested
(Figure 3); fluorescence titrations indicate no substantial
differences in binary complex formation (Table 1), suggesting

FIGURE 1: Alignment of deduced PRK sequences to indicate
homology in the N-terminal region. Ten representative eukaryotic
or prokaryotic sequences are shown, corresponding to PRKs from
Arabidopsis, wheat, ice plant, spinach,Chlamydomonas, Syn-
echocystis, R. sphaeroides, Alcaligenes eutrophus, Nitrobacter
Vulgaris, andXanthobacter flaVus. Residue numbering corresponds
to theR. sphaeroidesenzyme. Below appears the consensus Walker
A or P-loop sequence.
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that the active sites of these mutants retain a high degree of
structural integrity. Likewise, the overall structural integrity
of PRK can be tested by probing with the fluorescent
allosteric activator, NADH. Titrations with NADH demon-
strate effector site binding stoichiometries that closely
approach the value measured for wild-type PRK (Table 1).
These observations suggest that both the active site and
effector site of each mutant are intact, and therefore, it
follows that the overall tertiary structure of each of these
PRK mutants closely resembles that of the wild-type enzyme.
Thus, any substantial differences in catalytic efficiency or
other kinetic parameters that may be exhibited by these PRK
mutants can be interpreted in a reasonably straightforward
fashion since, by the resolution of the physical characteriza-

tion experiments, there is no gross structural perturbation of
any of the mutant enzymes.

The possibility that a biophysical approach might provide
direct evidence of interaction between PRK amino acids and
M2+-ATP has also been addressed. Earlier work (19) has
documented PRK’s ability to form very stable binary
PRK/M2+-ATP complexes2 in which nucleotide occupies
the catalytic site [as well as ternary complexes which contain
nucleotides bound in both M2+-ATP substrate and allosteric
effector (NADH/AMP) sites]. By using Mn2+ to produce the
stable binary complex in which M2+-ATP occupies the
substrate site, a sample that allows observation of this
paramagnetic cation by EPR is generated. Such an approach
could facilitate comparison of wild-type PRK and P-loop
mutants if active site liganding changes for the mutants were
manifest as detectable spectral changes. However, the 9 GHz
EPR spectra of protein-bound Mn2+ vary widely in appear-
ance, depending on whether and how the normally cubic
ligand field of the cation is distorted upon binding to protein
and/or metabolite ligands. In some cases, partial resolution
of normally degenerate fine structure transitions can be
detected (27), but in other cases (28), spectral features are
broadened and/or superimposed, making detailed interpreta-
tion of the Mn2+-protein complex spectrum difficult. The
EPR spectrum of PRK/Mn2+-ATP falls into the latter
category (Figure 4A), exhibiting poorly resolved features.
No significant difference in spectral features is detected upon
comparison of spectra measured for complexes prepared
using wild-type or P-loop mutant PRKs (Figure 4B). Even
after several days at ambient temperature, no substantial
changes in EPR spectra are observable (e.g., no free Mn2+

signal appears), suggesting that dissociation of the model
complex is a very slow process. On the basis of the
possibility that diamagnetic probes such as Mg2+ or Mg2+-
ATP might competitively displace Mn2+ in a fashion that
would allow discrimination between wild-type and P-loop
mutant PRKs, samples were challenged by incubation with
either Mg2+ (>40-fold excess) or Mg2+-ATP (>8-fold
excess) and monitored for the possible displacement of
unbound Mn2+, detectable as a pattern of six narrow lines.
Regardless of whether wild-type or P-loop mutant PRKs were
used for production of the PRK/Mn2+-ATP samples, no
free Mn2+ could be detected even after>20 h of incubation
with excess Mg2+ or Mg2+-ATP. The complexes are
sufficiently stable that only after denaturation by prolonged
incubation with SDS is the six-line spectrum of free Mn2+

detectable (Figure 4C,D). Thus, while the EPR data suggest
that the P-loop mutants retain substantial structural integrity,
based on their formation of stable complexes that are similar
to those produced with wild-type enzyme, the direct cation
observation approach does not discriminate between func-
tional importance of P-loop residues. This outcome prompted
evaluation of the utility of a different biophysical approach.

Despite the large size of the native PRK octamer (∼250
kDa), an attempt was made to detect this complex by31P
NMR. Mg2+-ATP bound to native PRK produces a spec-

2 In a strict sense, the model PRK/M2+-ATP complex may represent
an equilibrium complex. However, the slow half-life (several days) for
dissociation of PRK/M2+-ATP after this species is isolated free of
excess M2+-ATP indicates that the biophysical experiments reported
in this paper are performed using a very slowly exchanging complex.

FIGURE 2: SDS-PAGE of wild-type and mutantR. sphaeroides
PRKs. Lanes 1-5 contain wild-type PRK, PRK-S14A, PRK-T18A,
PRK-S19A, and PRK-T20A, respectively. Lane 6 contains molec-
ular mass markers (phosphorylase, 97.4 kDa; bovine serum albumin,
66.2 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 31 kDa; trypsin
inhibitor, 21.5 kDa; and lysozyme, 14.4 kDa).

FIGURE 3: Fluorescence titration of PRK-S19A by TNP-ATP.
Sequential additions of TNP-ATP were made to a fluorescence
cuvette containing 5.4µM wild-type (9) or 6.0µM S19A (b) PRK
proteins (previously stripped of ATP by exhaustive dialysis) in 25
mM Tris-HCl, pH 8.0. The relative fluorescence enhancement is
plotted versus the ratio of added TNP-ATP per enzyme site. Binding
stoichiometry is estimated from the intersection point of lines fit
to the low- and high-occupancy data points by linear regression
analyses.

Table 1: Substrate and Effector Binding by PRK Mutantsa

enzyme nNADH nTNP-ATP

wild type 0.77( 0.03 0.81( 0.03
S14A 0.92( 0.09 1.23( 0.05
T18A 0.68( 0.04 0.73( 0.10
S19A 0.67( 0.02 1.10( 0.08
T20A 0.81( 0.04 1.00( 0.09

a n denotes the calculated number of binding sites per enzyme
subunit. Stoichiometries for TNP-ATP and NADH binding were
determined from fluorescence titrations.
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trum in which each phosphoryl group can be detected (Figure
5), although these signals exhibit significant broadening
(145-230 Hz; Table 2) in comparison with the correspond-
ing signals observed for Mg2+-ATP in buffer. Additionally,
the peaks corresponding to theR- and γ-phosphoryl reso-
nances are each shifted downfield by approximately 1 ppm.
As pointed out by Brauer and Sykes (29), changes in31P
shifts upon binding of ligands to proteins may reflect multiple
contributions, and predictable patterns are not always ap-
parent. In contrast, binding of a phosphorus-containing ligand
to a protein will usually decrease the transverse relaxation
time (T2) due to immobilization of the31P nucleus, producing
an observable line broadening of the type depicted in Figure
5B. On the basis of the observation of substantial line
broadening upon wild-type PRK binding of Mg2+-ATP, the
31P NMR approach was extended to study the T18A, S19A,
and T20A mutant PRKs. Just as in the case of TNP-ATP,
all three of these mutant PRKs mimic the wild-type enzyme
by forming stable binary complexes with Mg2+-ATP. This
allowed NMR observation of the bound nucleotide (which
is certainly in slow exchange on an NMR time scale).

Interestingly, the signal due to theâ-phosphoryl group was
not reliably detectable in complexes prepared using the
mutant PRKs (Figure 5C). In contrast, the signals attributable
to R- and γ-phosphoryls were easily measurable since, in
the case of each of the three mutants (T18A, S19A, and
T20A) that were used for this type of experiment, the signals
attributable toR- andγ-phosphoryls were narrower in line
width than signals for the complex formed using the wild-
type enzyme (Table 2). It is possible that this signal
narrowing reflects less efficient transverse (T2) relaxation due
to decreased immobilization of theR- and γ-phosphoryl
groups in the complexes formed using the P-loop mutants.
Alteration of binding interactions between PRK and Mg2+-

FIGURE 4: EPR spectrum of PRK/Mn2+-ATP complexes. (A) The
spectrum of a native complex (298µM) is displayed; it was acquired
by accumulation/averaging of 12 scans (4 min for each scan). (B)
The spectrum of a comparable sample (286µM), prepared using
S19A PRK (14 scans averaged) is displayed. Instrument settings
were microwave frequency, 9.415 GHz; microwave power, 50 mW;
modulation amplitude, 10 G; modulation frequency, 100 kHz; gain,
2.5 × 103; scan range, 1000 G; and time constant, 0.25 s.
Measurements were performed at 22°C. For spectra C and D,
samples equivalent to those used for spectra A and B were brought
to 1% SDS, heated for 5 min at 70°C, and subsequently incubated
for 24 h at ambient temperature. The spectra were measured on
the resulting denatured samples [268µM for denatured wild type
(spectrum C); 266µM for denatured S19A (spectrum D)] using
the same instrumental conditions as described above, except that
15 scans (4 min for each scan) were accumulated/averaged for each
trace.

FIGURE 5: 31P spectra of free and PRK-bound Mg2+-ATP. In (A),
the spectrum was measured using a 1.0 mM sample of Mg2+-
ATP in 10 mM Tris-HCl, pH 8.0. In (B) and (C), spectra were
measured on samples containing∼0.9 tightly bound (nonexchange-
able) Mg2+-ATP per PRK site. Protein concentrations in both
sample B (wild-type PRK) and sample C (S19A) were 0.7 mM.
Spectra were acquired for 0.5 h (A) or 6 h (B, C) at 21°C under
conditions described in Materials and Methods.

Table 2: 31P NMR Spectral Parameters for Free and PRK-Bound
Mg2+-ATPa

δ, ppm line width, Hz

sample R â γ R â γ

Mg2+-ATP -10.3 -19.2 -6.1 7b 12b 9b

wt PRK/Mg2+-ATP -9.3 -19.4 -5.0 193 230 145
PRK-T18A/Mg2+-ATP -9.3 ndc -5.0 106 nd 91
PRK-S19A/Mg2+-ATP -9.3 nd -5.0 109 nd 85
PRK-T20A/Mg2+-ATP -9.3 nd -5.0 99 nd 91

a Enzyme samples (0.35-0.85 mM) contained 0.9 ATP per PRK
site. Spectral acquisitions were performed on a Bruker AC-300 using
a 5 mm QNP multinuclear probe operating at 121.5 MHz for31P.
Acquisition parameters are specified in Materials and Methods. Error
in chemical shift measurements is<0.05 ppm.b Line widths for peaks
of free Mg2+-ATP are reported as width at half-height for one line of
the doublet signals observed forR- andγ-phosphoryl groups and for
the middle peak of theâ-phosphoryl triplet. Typical error is<5 Hz.
c Chemical shifts and line widths for theâ-phosphoryl signals are not
detectable in samples prepared using the T18A, S19A, and T20A
mutants.
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ATP would be compatible with such an observation.
However, the inability to make any comparisons for theâ
signals limits our ability to interpret these NMR observations
without some ambiguity. Another possibility is that, while
nucleotide is not released from PRK at a rate that could be
considered other than “slow exchange” on an NMR time
scale, exchange between different conformers of bound
nucleotide might occur in the mutant PRK/Mg2+-ATP
complexes. Such a conformer exchange might result in
exchange broadening, accounting for the inability to detect
theâ signal. However, this alternative explanation might lead
to the expectation of exchange broadening of signals from
either adjacent phosphoryl group; the spectral data for the
mutant complexes (Table 2) do not support such an expecta-
tion.

Since the biophysical approaches used to study the model
PRK/Mg2+-ATP complex did not indicate clear differences
in how the interactions due to T18, S19, or T20 might
translate into different levels of catalytic efficiency, a kinetic
approach was employed to investigate whether the various
P-loop mutants exhibit diverse functional properties under
steady-state turnover conditions.

Kinetic Characterization of PRK Mutants.Steady-state
kinetic measurements were performed to evaluate both
allosteric activation and catalytic properties of the various
P-loop mutants. In the context of activation by the positive
effector, NADH, all of the mutants retained sensitivity to
this activator (as expected on the basis of the demonstration
of their ability to bind NADH; Table 1) although the increase
in S14A activity was only half of the increment measured
for the wild-type enzyme and the other P-loop mutants (Table
3). Evaluation of substrate saturation indicated that elimina-
tion of the alcohol side chains produced only modest inflation
in S1/2 ATP, with the largest effects (<8-fold) observed for
T18A and S19A. All mutant PRKs retain the sigmoidal ATP
binding property exhibited by the wild-type enzyme. In the
context of Ru5P saturation, S14A and T20A show only
modest inflation ofKm (<7-fold) while larger effects (Table
3) are observed for T18A (45-fold) and S19A (30-fold). In
the case of S19A, saturation by Ru5P exhibits a slightly
sigmoidal pattern. The extent to which the inflation ofKm Ru5P

reflects altered binding of this substrate can be evaluated by
comparison of changes inKI for the competitive inhibitor,
6-phosphogluconate (6). Measurement of theseKI values for
T18A and S19A (∼0.2 mM; Table 3) indicates negligible
changes upon elimination of the alcohol side chain, suggest-
ing that the observation ofKm Ru5Pinflation does not reflect
direct participation of these residues in Ru5P binding (6).

Comparison ofVmax values for wild-type and mutant PRKs
indicates that elimination of the alcohols at T18 and T20
does not have a major impact on catalytic rate. Substitution
to replace the alcohol of invariant S14 has a substantial effect
(∼40-fold diminution), but such an observation does not
qualify this residue as crucial to catalysis. In contrast,
elimination of the alcohol from S19 has larger impact (∼500-
fold diminution ofVmax; >15000-fold diminution inV/KRu5P;
Table 3) that suggests more direct involvement of this residue
at the active site. Thus, kinetic characterization of these
mutants efficiently discriminates between the relative func-
tional importance of S14, T18, S19, and T20.

DISCUSSION

The assertion that all PRK proteins contain an N-terminal
region sequence that qualifies as a P-loop seems plausible
on the basis of the alignment depicted in Figure 1, although
residues 12-19 clearly exhibit deviations from the consensus
G-X-X-X-X-G-K-T/S motif (7). For example, eukaryotic
PRKs contain alanine (not glycine) as the first residue in
the motif. The typical lysine residue does not appear as the
seventh residue in prokaryotic PRKs. Finally, at the eighth
position in the proposed P-loop sequence, no residue is
invariant although a side chain alcohol is always contributed
by either the serine or threonine found in various PRKs. The
third residue in the PRK sequence is invariably serine, while
invariant glycines account for the fourth and sixth residues.
Any reservations over whether this N-terminal region quali-
fies as a P-loop are minimized on the basis of the X-ray
structure (3), which indicates that this stretch of PRK
sequence exists as a dynamic loop which maps in the NMP
kinase fold at the position where P-loops have typically been
reported. The31P NMR approach proves valuable in ad-
dressing this issue more directly. The data (Figure 5, Table
2) for the PRK/Mg2+-ATP samples prepared using the wild-
type enzyme and any of the T18A, S19A, or T20A mutants
indicate that modifications at each of several positions in
the P-loop affect the environment of bound ATP.

Recognition of the P-loop motif in an NMP kinase fold
protein does not a priori guarantee straightforward assign-
ment of a M2+-ATP ligand. In the well-documented cases
of adenylate kinase (16) and UMP kinase (17), water
molecules rather than amino acid side chains fill those cation
liganding positions which are not occupied by the phosphoryl
oxygens of the ATP substrate. In such examples, numerous
conserved basic residues are closely juxtaposed to ATP,
providing an electron sink for the negatively charged
nucleotide. Such a situation does not appear to be clearly

Table 3: Steady-State Kinetic Parameters of Wild-Type and Mutant PRKsa

enzyme Km RU5P(mM) nH KI 6PG(mM) S1/2 ATP (mM) nH Vmax(units/mg)
NADH activation

(x-fold)

WT 0.096( 0.014 h 0.22b ( 0.02 0.55( 0.16 1.98( 0.15 338( 18.0 =40
S14A 0.586( 0.098 h ndc 0.99( 0.09 1.57( 0.12 8.10( 0.49 =20
T18A 4.50( 1.16 h 0.20( 0.03 4.00( 0.03 2.61( 0.22 44.4( 5.9 =40
S19A 3.16( 0.18 1.54( 0.11 0.22( 0.05 3.41( 0.11 2.10( 0.46 0.70( 0.04 =40
T20A 0.662( 0.058 h ndc 1.13( 0.10 1.42( 0.25 320( 40 =40

a The Km Ru5P is the ribulose 5-phosphate concentration at half-maximal velocity, as calculated from a fit of the Ru5P saturation data to the
Michaelis-Menten equation. TheS1/2 ATP is the ATP concentration at half-maximal velocity, as calculated from a fit of the ATP saturation data to
the Hill equation.nH is the Hill constant. h indicates that the kinetics are hyperbolic with respect to Ru5P. The maximal velocity, given in micromoles
per minute, is estimated from the Michaelis-Menten equation fit to the Ru5P saturation data.b The KI of wild-type PRK for 6-phosphogluconate
was reported by Runquist et al. (6). c The KI for 6-phosphogluconate was not determined for S14A or T20A enzymes.
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applicable to PRK where, in the prokaryotic proteins, the
glycine-rich loop does not contain a single basic residue
(Figure 1). In those phosphotransferases where a P-loop side
chain has been implicated in cation liganding (14, 15), a
threonine or serine residue mapping at position 8 in the motif
has been identified; the serine found in most PRKs can
plausibly be invoked to support such a function. Such an
observation argues against extrapolating the adenylate kinase
model for M2+-ATP liganding to PRK. The argument is
reinforced by the hypothesis that residue E131 represents a
Walker B carboxyl. While some features of the extended
consensus sequence proposed by Walker (8) are not apparent
in PRK alignments, it is clear that PRK’s invariant residues
131-135 (EGLH) are always preceded by the four hydro-
phobic residues that are a key element of the motif. This
observation has prompted the assertion that E131 qualifies
as a Walker B carboxyl and functions as a M2+-ATP ligand
(2). This sequence motif-based hypothesis is supported by
E131’s adjacent positioning not only to the P-loop in PRK’s
active site (3) but also to D42, which is proposed to function
as the general base catalyst (25) that deprotonates the C1
alcohol of Ru5P to facilitate attack on theγ-phosphoryl of
ATP.

If the adenylate kinase/UMP kinase models (multiple water
ligands to M2+-ATP) are to be discounted and E131
proposed as one of two amino acid side chain derived
ligands, two issues arise and are addressed in this report.
Does the P-loop contribute the second Mg-ATP ligand? If
so, will only one of the four alcohol side chains (S14, T18,
S19, T20) effectively function as the second Mg-ATP
ligand? While modest inflation of substrate saturation
parameters for ATP and, more pronouncedly, for Ru5P is
observed for both T18A and S19A mutants (Table 3), kinetic
characterization of the various P-loop variants indicates that
marked (500-fold) impairment of catalytic efficiency only
occurs for S19A. Thus, the kinetic characterization results
not only suggest that S19 qualifies for consideration as the
second M2+-ATP ligand but also indicate that (despite
flexibility in the dynamic loop) S14, T18, and T20 do not
function well as surrogate ligands.

The magnitude of changes in kinetic parameters for PRK
mutants should correlate with the proposed function of
substituted side chains. In the context ofkcat perturbations,
part of the∼40-fold kcat effect measured for substitution of
invariant S14 may be attributed to diminished efficiency of
NADH activation observed for this mutant. Similarly,
mutation of R31, situated within the helix immediately
downstream of PRK’s P-loop, has also been demonstrated
to perturb allosteric activation (4). In contrast with the modest
kcat effect observed for S14A, the diminution inkcat observed
for S19A (500-fold) suggests that this residue is the better
candidate for assignment as a ligand to M2+-ATP (Figure
6).

Substitution of a protein ligand to Mg2+-ATP results in
kcat effects for phosphotransferases that exhibit a variety of
protein folds [e.g., phosphofructokinase (30), fructose-
6-phosphate 2-kinase (31), mevalonate kinase (32)]. Mu-
tagenesis of a side chain that functions solely to ligate M2+-
ATP typically results in a diminution ofkcat by approximately
2 orders of magnitude. In cases where larger effects (>103-
fold) have been observed (33, 34), the side chains have been
proposed to have the additional role of facilitating attack on

ATP’s γ-phosphoryl group by hydrogen bonding to the
phosphoryl oxygens and optimizing the angle of attack.
While the consequences of S19 replacement are not so large,
a minor orientation contribution for S19 cannot, at present,
be dismissed. Structural information on a PRK/metal-
nucleotide complex in which the P-loop is less dynamic may
ultimately be required to evaluate such possibilities.

The inflation ofKm for the phosphoryl acceptor observed
with S19A does not necessarily imply an additional Ru5P
binding function, since altered catalytic (rather than binding)
terms may contribute to the effect.Km acceptorinflation has
also been documented to be a consequence of mutagenic
elimination of M2+-ATP ligands in several other phospho-
transferases [e.g., phosphofructokinase (30), fructose-6-
phosphate 2-kinase (31), and mevalonate kinase (32)]. In
contrast to observations made for PRK’s H45, R49, and K165
mutants (6) which exhibit Km Ru5P inflation that parallels
KI 6PG inflation (implicating these residues in acceptor site
binding), S19A exhibitsKm Ru5Pinflation without a significant
effect on KI 6PG. Thus, the data do not suggest direct in-
volvement of S19 with the phosphoryl acceptor, Ru5P. The
data for this P-loop residue are most straightforwardly in-
terpreted as indicating an interaction with the ATP site.
However, given the lack of direct evidence on cation
liganding from EPR experiments and the indirect nature of
31P NMR observations on ATP’s phosphoryl groups, a hy-
drogen-bonding interaction remains a possible alternative
explanation so any precise assignment for S19 must be
viewed as provisional.

Nonetheless, a function for S19, the eighth residue of
PRK’s P-loop motif, in liganding to the cation of the M2+-
ATP substrate clearly represents the most probable assign-
ment. Such a function remains well precedented and is
certainly compatible with all experimental data.
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FIGURE 6: Schematic view of the phosphoribulokinase active site.
Selected residues mapped to the active site and implicated in the
phosphoryl-transfer process on the basis of work presented in this
or earlier reports are indicated. Asp-42 has been implicated as a
general base catalyst, facilitating deprotonation of the C1 hydroxyl
of Ru5P prior to attack on theγ-phosphoryl group of ATP. Glu-
131 and Ser-19 are indicated as ligands to the cation of the Mg2+-
ATP substrate.
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