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ABSTRACT: A sensor for purine nucleoside diphosphates in solution based on nucleoside diphosphate kinase
(NDPK) has been developed. A single cysteine was introduced into the protein and labeled with the
environmentally sensitive fluorophore,N-[2-(iodoacetamido)ethyl]-7-diethylaminocoumarin-3-carboxamide.
The resultant molecule shows a 4-fold fluorescence increase when phosphorylated on His117; this
phosphorylation is on the normal reaction pathway of the enzyme. The emission maximum of the
phosphoenzyme is at 475 nm, with maximum excitation at 430 nm. The fluorescent phosphorylated NDPK
is used to measure the amount of ADP and the unphosphorylated to measure ATP. The labeled protein
is phosphorylated to>90%, and the resultant molecule is stable on ice or can be stored at-80 °C. The
fluorescence responds to the fraction of protein phosphorylated and so to the equilibrium between ADP
plus NDPK∼P and ATP plus NDPK. In effect, the sensor measures the ADP/ATP concentration ratio.
The enzyme has a broad specificity for the purine of the nucleotides, so the sensor also can measure
GDP/GTP ratios. The fluorescence and kinetic properties of the labeled protein are described. The binding
rate constants of nucleotides are∼105 M-1 s-1, and the fluorescence change is at>200 s-1 when the
ADP concentration is>1 mM. Results are presented with two well-defined systems, namely, the kinetics
of ADP release from myosin subfragment 1 and GDP release from the small G protein, human rho. The
results obtained with this novel sensor agree with those from alternate methods and demonstrate the
applicability for following micromolar changes in nucleoside diphosphate in real time.

Muscle contraction is an example of a system where there
is a precise relationship between a physiological response,
contraction in this case, and biochemical events, the ATPase
cycle in this case. Assessing biochemical processes such as
the release of reaction products in such a system is essential
to understanding the relationship of such reactions to
physiological observations. Several techniques have been
tried more or less successfully to obtain the high time
resolution necessary to assess parts of the actomyosin
ATPase cycle that correspond to changes in the mechanical
properties (reviewed in ref1). In particular, the release of
products from the ATPase activity in this system is intimately
linked with the mechanical changes. We have taken an
approach to create fluorescent sensors specifically for
monitoring the release of products within a single muscle

fiber. Requirements for such sensors include a large signal
change over a range of several hundred micromolar product
concentrations and a rapid response, i.e., on a millisecond
time scale.

Previously, we developed a fluorescent sensor (MDCC-
PBP)1 for another reaction product, inorganic phosphate (Pi)
(2-4). It consists of the phosphate binding protein (PBP) of
Escherichia coli, labeled with a coumarin fluorophore at a
single cysteine that was introduced by site-directed mutagen-
esis. Upon binding of Pi, there is a large fluorescence increase
and the sensor is sensitive down to nanomolar concentrations
of Pi. Because of the ubiquity of Pi as a reaction product
from ATPases and GTPases, the sensor has been used to
assess Pi release for several different systems (2, 5-8).

Here we describe a fluorophore-labeled protein for mea-
suring ADP and GDP concentrations directly under physi-
ological conditions. Furthermore, it can monitor changes in
concentrations in real time, as when the diphosphates are
released following triphosphate hydrolysis by ATPases and
GTPases. A major challenge was to find a system that could
measure the amount of diphosphate, but be insensitive to
triphosphates, which are present as the substrates for these
enzymes.

The diphosphate sensor is based on nucleoside diphosphate
kinase (NDPK), a ubiquitous enzyme that catalyzes the
transfer of theγ-phosphate group of one purine nucleoside
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triphosphate (N1TP) onto another purine nucleoside diphos-
phate (N2DP) with very little specificity for the base. The
reaction consists of two phosphotransfers with a phospho-
histidine intermediate, which is relatively stable.

For a summary of enzymatic properties, see ref9. NDPK
is fully active as an oligomer, most often a tetramer or
hexamer depending on the source, with no cooperativity
between the subunits. Each monomer contains only one
nucleotide binding site, so the donor nucleotide binds, reacts,
and dissociates before the acceptor nucleotide binds. These
partial reactions have been studied independently (10). The
main physiological role of NDPK is to equilibrate the
nucleotide pool in cells. In humans, however, a single point
mutation of NDPK isoform A has been found in tumor cells
(11) and NDPK A is involved in tumor metastasis (for a
review, see ref12). In bacteria, NDPK plays a role in the
virulence of respiratory tract pathogens (13).

Three-dimensional crystal structures of NDPK from
several sources have been determined with or without
nucleotides bound (14-17). There are only small confor-
mational changes in the structures upon nucleotide binding.
The catalytic site itself consists of the same characteristic
fold in all NDPK structures, but is distinctly different from
that of other kinases and purine nucleotide binding proteins
(16). There are only few contacts between the protein and
the base of the bound nucleotide, reflecting the low base
specificity of the enzyme. The overall level of homology
between NDPKs is high, with 30% identical amino acids
among all NDPKs and 57% between the bacterial enzymes
of E. coli andMyxococcus xanthus(18).

NDPK from M. xanthuswas chosen as the basis for the
fluorescent diphosphate sensor for the following reasons. Its
gene has been cloned intoE. coli, and the protein has been
characterized (19, 20), including by crystallography. This
enzyme is a tetramer of four identical 16 kDa subunits (15)
and contains no cysteines. To provide a reactive site for
covalent attachment of a fluorophore, single cysteine residues
were introduced at defined positions in the molecule by site-
directed mutagenesis. Various positions were chosen on the
basis of the crystal structure and generally were located at
the outer edge of the nucleotide binding cleft. Several
environmentally sensitive fluorophores were attached to these
sites, and the ability of each label-mutant combination to
report changes in the nucleotide binding site was tested to
obtain the optimal combination of position and fluorophore.

The measurement of the amount of diphosphate by the
sensor makes use of the dephosphorylation partial reaction
(eq 2). By screening the combinations of labeled NDPKs
for differences in fluorescence in the presence of either ATP
or ADP, we found combinations in which the fluorescence
intensity is sensitive to dephosphorylation. The diphosphate
sensor shows a large change in the fluorescence signal when
phosphate is transferred from the phosphoenzyme to ADP,
whereas no signal change occurs when ATP is added to the
phosphoenzyme. Because the substrate specificity of NDPK
is low, there is no discrimination between GDP and ADP.
The sensor can also monitor GDP, thereby increasing its

applicability to a wide variety of systems where ADP or GDP
is a product. This includes ATPases, GTPases, and kinases.

The applicability of the final fluorescent diphosphate
sensor was demonstrated using two reactions. First, the
kinetics of ADP release from subfragment 1, the enzymati-
cally active subunit of myosin, were measured in solution.
Second, GDP release from the small GTPase rho was
assessed. Under normal conditions, guanine nucleotides form
a tight complex with rho and both GTP hydrolysis and
product release are slow. There is a net release of bound
GDP from this active site only when a free nucleotide such
as GTP is present to replace it.

EXPERIMENTAL PROCEDURES

Materials. E. colistrains TG1 (21) and DH5R (22) were
used for mutagenesis and general cloning purposes. BL21
from Novagen was used for expression and overproduction
of NDPK proteins. Plasmid pJM5C2A containing theM.
xanthus ndkgene was provided by R. Williams (Cambridge
University, Cambridge, U.K.). Recombinant rho protein was
provided by J. Hutchinson (National Institute for Medical
Research). Myosin subfragment 1 was prepared as described
previously (23). Other enzymes and biochemicals were from
Sigma, Boehringer, New England Biolabs, Bio-Rad, Amer-
sham, or Stratagene. Fluorescent labeling reagents were
obtained from Molecular Probes or synthesized (24).

Cloning and Mutagenesis. Site-directed mutagenesis was
carried out using either the phosphorothioate-based kit (25)
(Amersham) or the PCR-based QuikChange kit from Strat-
agene. For the former, the 0.8 kbHindIII-EcoRI fragment
of pJM5C2A was ligated with M13mp19, and the resulting
recombinant clones were used to provide single-stranded
DNA templates for the mutagenesis reaction. For expression,
the mutatedndk genes were cloned back into pJM5C2A in
the same way as described above. Alternatively, the 0.7 kb
BstXI-EcoRI fragment of the M13 constructs (and of
pJM5C2A as a wild-typendk control) was ligated into a
modified version of the expression vector pRSetA from
Invitrogen, whose coding sequence for a histidine tag fused
to the N-terminus of NDPK had been removed. The
recombinant plasmid containing wild-typendkwas used as
a template in the QuikChange mutagenesis method. General
molecular biology techniques were carried out as described
by Sambrook et al. (26).

Expression of the ndk Gene and Purification of NDPK.
Expression ofndkin E. coli generally was more reliable from
clones containing the pRSet constructs than from clones
based on pJM5C2A, and therefore, the former were exclu-
sively used for large-scale (4 L of culture medium) prepara-
tions. The following protocol describes the expression from
pRSndk4 and the subsequent purification of NDPKD112C, the
mutant that was used in the fluorescence studies.

For ndkexpression inE. coli, better yields were obtained
using freshly transformed cells. Calcium-competent BL21
cells (200µL) were incubated with pRSndk4 plasmid DNA
(2 ng) for 30 min on ice. Half of this mixture was then spread
onto a LB agar plate containing 0.1 mg/mL ampicillin and
the plate incubated overnight at 37°C. Typically, the plate
contained 50-100 colonies. LB medium (100 mL), contain-
ing 0.1 mg/mL ampicillin, was inoculated with 2-3 colonies
from the plate, and the colonies were grown for 9 h at 37

N1TP + E h E∼P + N1DP (1)

N2DP + E∼P h E + N2TP (2)
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°C until the cells had just entered the stationary phase. For
the main culture, 8× 500 mL of LB with ampicillin was
inoculated with 10 mL each of this starter culture and
incubated at 37°C for 6 h, after which time the cells had
reached an OD595 of 0.38 cm-1. At this point, 0.5 mM
isopropyl thiogalactopyranoside was added to each flask, and
the cells were grown for a further 16 h. Cells were harvested
by centrifugation for 20 min in a Beckman L2 centrifuge at
3800 rpm and 20°C. The pellet was resuspended in 100
mL of 20 mM Tris-HCl (pH 8.2) and 1 mM EDTA and
stored at-80 °C.

One-third (∼35 mL) of the frozen cell suspension was
lysed by thawing slowly from-80 °C and then sonicating.
The cell suspension was then ultracentrifuged (Beckman L70
centrifuge, 45 Ti rotor, 1 h, 40 000 rpm, 4°C).

Mutant NDPK was purified as follows with all steps at 4
°C. The supernatant was diluted to 200 mL in 20 mM Tris-
HCl (pH 8.2), 1 mM EDTA, and 10 mM dithiothreitol and
loaded onto an ion exchange column (120 mL) of Q-
Sepharose (Pharmacia) at a flow rate of 2 mL/min. The
column was washed with 1 volume of the same buffer and
then eluted with a linear gradient (500 mL) from 0 to 0.3 M
NaCl in this buffer at a rate of 1 mL/min. The bulk of NDPK
(∼80%) was eluted without retention, and the remainder
eluted at∼100 mM NaCl. Both protein fractions were
subsequently purified in the same way, but kept and stored
separately. There is no apparent functional difference in
activity between the two pools, but all the data were obtained
with the flow-through protein.

After concentration using an ultrafiltration pressure cell
with a YM10 membrane (Amicon), the eluate was purified
on a gel filtration column (500 mL) of G-100 Sepharose
(Pharmacia) in the same buffer as before, but without DTT,
at a rate of 1 mL/min. Both fractions of NDPK coeluted
from the Q-Sepharose column with poly- and oligonucle-
otides. Some NDPKs have been reported to bind DNA (27,
28), and it could be that such a weak interaction causes the
unusual elution pattern. The protein was separated from DNA
by this subsequent gel filtration. Fractions containing NDPK
were pooled and concentrated as before.

Protein concentrations were measured by UV absorbance
spectroscopy, using a calculated extinction coefficient of
5180 M-1 cm-1 at 280 nm (29), and by the colorimetric Bio-
Rad protein assay using bovine serum albumin as the
standard. The final NDPK solution was stored at-80 °C.
Mass spectrometry data showed that the purified protein was
a single species with a molecular mass of 15993( 1 Da,
matching the calculated molecular mass of the mutatedM.
xanthusenzyme minus the N-terminal methionine which is
missing from this protein when it is produced inE. coli (15).
The total yield of purified NDPKD112Cfrom a 4 Lcell culture
was∼300 mg.

E. coli’s own NDPK is also expressed during induction,
albeit at much lower levels than theM. xanthusgene. It is
highly homologous toM. xanthusNDPK, has a similar
molecular mass, and is also a tetramer (30). However,E.
coli NDPK is eluted from the ion exchange column as a
smaller, separate peak at a higher ionic strength than
NDPKD112C and so is not present in the finalM. xanthus
NDPK pool.

Fluorescence Labeling.NDPKD112C was incubated with a
2.5-fold molar ratio of IDCC in 50 mM Tris-HCl (pH 8.1)

for 1 h at 37°C. Typically, the volume was 3 mL and the
NDPKD112C concentration 150µM, and the following pro-
tocol is based on this amount. After incubation, the solution
was filtered through a 0.2µm Acrodisc filter (Gelman) and
loaded onto a PD10 desalting column (Pharmacia) equili-
brated in 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA at 20
°C. The eluate (∼6 mL) containing the labeled protein (DCC-
NDPK) was further purified on an ion exchange column (25
mL) of Q-Sepharose equilibrated in the same buffer as above
and with a linear gradient (200 mL) of 0 to 0.1 M NaCl at
4 °C. The labeled protein was not retained on the column
and was concentrated in the same way as unlabeled NDPK.
The concentration of the labeled protein was determined by
the Bio-Rad assay described above and by absorbance
spectroscopy. The coumarin extinction coefficient is 44 800
M-1 cm-1 at 430 nm [assuming it is the same as that of
IDCC (24)], and the protein absorbance was corrected for
the coumarin extinction coefficient at 280 nm (7470 M-1

cm-1). The yield after labeling and purification was∼65%.
To screen the fluorescence properties of different mutant-

fluorophore combinations, labeling was performed on a
smaller scale with 50-100µM protein in a volume of 100-
200µL. All other conditions were as described above, except
there was no filtration or Q-Sepharose column. Eluates from
the PD10 column were collected and analyzed immediately.

Phosphorylation by ATP. DCC-NDPK (100 µM) was
incubated with 1 mM ATP in 20 mM Tris-HCl (pH 8.0), 1
mM EDTA, and 0.6 mM MgCl2 for 20 min at 37°C. The
protein was separated from nucleotide using a PD10 column
equilibrated in 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA.
Typically, more than 90% of the protein in the eluate was
phosphorylated. The phosphorylated protein was used either
immediately or after storage on ice for up to 48 h. If
necessary, the solution was concentrated using a microcen-
trifuge concentrator (Amicon) and could be stored at-80
°C.

Spectroscopic Measurements.Absorbance was measured
on a Beckman DU640 spectrophotometer using cuvettes with
a 1 cm path length. Fluorescence was recorded on a LS50B
luminescence spectrometer from Perkin-Elmer with a xenon
lamp and monochromator bandwidths set to 2.5 or 5 nm.
Stopped-flow experiments used a HiTech SF61MX apparatus
with a mercury-xenon lamp and HiTech IS-2 software. The
monochromator for the excitation was set to 436 nm, and
emission was recorded through a 455 nm cutoff filter.
Solution concentrations are given in the figure legends as
those in the mixing chamber. Mass spectrometry was
performed as described previously (4). General data analysis
was performed using the program Kaleidagraph (Synergy
Software) and by Scientist (Micromath).

Analytical Ultracentrifugation. Sedimentation equilibrium
centrifugation was carried out in a Beckman Optima XL-A
analytical ultracentrifuge at 20°C. DCC-NDPK (30µM) in
10 mM Tris-HCl (pH 8.0) and 48µM wild-type NDPK in 5
mM Tris-HCl (pH 8.2) and 0.1 mM EDTA were spun at
11 000, 16 000, and 25 000 rpm, the optimal speeds for a
tetramer, dimer, and monomer, respectively. Absorbance was
measured at 280 nm every hour until equilibrium was
reached. The data were analyzed using the program Origin
(MicroCal) by fitting to an ideal single-species model. A
partial specific volume for NDPK of 0.746 mL/g, calculated
from its amino acid sequence, and a monomeric molecular
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mass of 16 kDa were used in the analysis. The run at 11 000
rpm was repeated for a solution containing 10µM DCC-
NDPK, with absorbance monitored at 430 nm.

A second set of centrifugations was performed for the
unphosphorylated labeled enzyme in the presence or absence
of ADP and for the phosphorylated protein in the presence
or absence of ATP. Protein concentrations were 9.8 and 3.9
µM for DCC-NDPK and 9.2 and 3.7µM for DCC-NDPK∼P
in 20 mM PIPES (pH 7.0), 50µM EDTA, 30 µM MgCl2,
and 100 mM KCl. The runs were at a single speed (16 000
rpm) at 4°C, and absorbance was measured at 440 nm.

RESULTS

Screening NDPK Mutants. To provide a specific attach-
ment site for a fluorophore, a single cysteine was introduced
at several defined positions in the NDPK molecule by
oligonucleotide-directed mutagenesis. The sites of mutation
were mainly on the protein surface near the nucleotide
binding cleft. The single-cysteine mutants were purified and
then labeled with a variety of thiol-reactive, environmentally
sensitive fluorophores. These included several coumarin and
dansyl fluorophores. Approximately 20 combinations of
mutated enzymes and fluorophores were constructed, and
most gave very small or no fluorescence changes upon
addition of nucleotide. The protein with the best signal
change has the single cysteine at position 112 (NDPKD112C)
labeled with a coumarin,N-[2-(iodoacetamido)ethyl]-7-
diethylaminocoumarin-3-carboxamide (IDCC, Figure 1) (24).
Other, closely related coumarin fluorophores attached to
NDPKD112C gave very small fluorescence changes upon
addition of nucleotide. The IDCC-labeled D112C protein is
called DCC-NDPK below.

Fluorescence Labeling of NDPKD112C with IDCC. This
labeling occurs rapidly and to 100%, indicating that the thiol
group of Cys112 is easily accessible. Mass spectrometry of
purified DCC-NDPK gave the expected mass (16 335.85(
0.64 Da), confirming a 1/1 labeling stoichiometry, and there
was no indication of second-site labeling or unlabeled
protein. Therefore, the absorbance spectrum of the coumarin
could be used to determine the concentration of the labeled
protein, and this value corresponds well with that from the
colorimetric protein assay.

To determine whether the mutation and subsequent label-
ing had any effect on the oligomerization of NDPK, the
molecular mass of DCC-NDPK was measured by sedimenta-
tion equilibrium ultracentrifugation. The data showed a
complex with a molecular mass of 62.7 kDa, 4% lower than
that calculated for a DCC-NDPK tetramer.

Fluorescence Properties of DCC-NDPK.The labeled
protein has a 4-fold higher fluorescence in the presence of
ATP than in the presence of ADP (Figure 2). We interpret
this fluorescence change at low ATP concentrations as the
phosphorylation of DCC-NDPK at His117, with the phos-
phoenzyme (DCC-NDPK∼P) being the high-fluorescence
state. There is a 6 nm redshift in the absorbance maximum

of the fluorophore between DCC-NDPK and DCC-NDPK∼P,
with only a small decrease (12%) in the extinction coefficient.
Fluorescence emission spectra obtained in the presence of
GTP or GDP were virtually identical to those in Figure 2.

Fluorescence changes were measured on titration of DCC-
NDPK with increasing concentrations of ADP and ATP
(Figure 3a). The sensor showed a hyperbolic 4-fold increase
in fluorescence with ATP, whereas ADP gave no significant
fluorescence change in the same concentration range.

Phosphorylation of DCC-NDPK. To take advantage of the
fluorescence change due to phosphorylation, DCC-NDPK
was phosphorylated with ATP and then purified free of
nucleotide. Mass spectrometry showed that this reaction had
a yield of >90%, with the rest being mainly unphosphory-
lated DCC-NDPK. The fluorescent, phosphorylated enzyme
(DCC-NDPK∼P) is stable on ice for at least 2 days with
<5% dephosphorylation occurring and is stable at-80 °C
for several months without significant dephosphorylation.

FIGURE 1: Structure of IDCC.

FIGURE 2: Fluorescence emission spectra of DCC-NDPK. Spectra
were recorded at 20°C for 2 µM DCC-NDPK in 20 mM PIPES
(pH 7.0) and 2 mM MgCl2 containing 50µM ATP or 50µM ADP.
Excitation was at 441 nm.

FIGURE 3: Titration of DCC-NDPK and DCC-NDPK∼P with ADP
and ATP. A 200 µL solution containing 0.2µM DCC-NDPK (a)
or DCC-NDPK∼P (b) in 20 mM PIPES (pH 7.0) and 2 mM MgCl2
was titrated at 20°C with ATP or ADP. Nucleotide stock solutions
contained MgCl2 at a concentration 1.5 times greater than that of
the nucleotide. Emission was recorded at 475 nm with excitation
at 440 nm. The data were corrected for the small volume increases
(<10%) and are presented as fluorescence percent of maximum.
The solid lines represent the best global fit to the quadratic equations
describing the equilibrium in eq 3 with aKeq of 0.74 ( 0.14.
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To test whether phosphorylation makes a difference to the
oligomeric status of NDPK, a set of analytical ultracentrifu-
gations was carried out either with the unphosphorylated
DCC-NDPK in the presence or absence of ADP or with the
phosphorylated enzyme in the presence or absence of ATP.
In all cases, the data showed a complex between 61 and 69
kDa, consistent with a tetramer.

Fluorescence Properties of DCC-NDPK∼P. Titration of
DCC-NDPK∼P with ADP (Figure 3b) showed a decrease
to 25% in the fluorescence signal, whereas there was no
significant change with ATP up to 100µM. These data
together with the results for the unphosphorylated sensor
(Figure 3a) suggest that most of the signal change is due to
dephosphorylation of DCC-NDPK∼P and that this change
reflects the equilibrium between phosphorylated and un-
phosphorylated labeled protein (eq 3 wherek+ and k- are
the forward and reverse rate constants, respectively).

The titration data of DCC-NDPK with ATP and of DCC-
NDPK∼P with ADP were fitted globally, giving an equi-
librium constant Keq (k+/k-) of 0.74. Because of this
equilibrium, the ratio of phosphorylated to unphosphorylated
protein, and therefore the fluorescence signal, is affected by
the ATP/ADP concentration ratio. Thus, when 50µM ADP
is added to DCC-NDPK∼P, the full fluorescence change is
observed. However, if this is repeated in the presence of 600
µM ATP, the fluorescence change is reduced to 25% of this
maximum.

The fluorescence is also changed at high nucleotide
concentrations, presumably by nucleotide binding: some
combination of ADP binding to DCC-NDPK and ATP
binding to DCC-NDPK∼P. This is illustrated in Figure 4
which shows how the fluorescence depends on the ADP/
ATP concentration ratio at a fixed total nucleotide concentra-
tion. At 10 and 100µM total nucleotide, the curves are
indistinguishable. At 1 mM, the response is reduced, but there
is still a clear dependence of fluorescence on the ADP/ATP
concentration ratio.

The fluorescence quantum yields of DCC-NDPK∼P and
DCC-NDPK were determined using the known value (0.83)

for Coumarin 314 in ethanol (31) as a reference. There was
a 4-fold increase in the quantum yield when going from the
unphosphorylated sensor (0.054) to the phosphorylated
(0.22), in good agreement with the observed levels of
fluorescence emission of DCC-NDPK in the presence of ATP
or ADP (Figure 2).

Kinetic Measurements.Three types of transient kinetic
measurements were carried out using a fluorescence stopped-
flow apparatus. First, the rate of dephosphorylation of DCC-
NDPK∼P was measured over a range of ADP concentrations
(Figure 5a). The observed rate constants increased linearly
with increasing nucleotide concentrations, and a second-order
rate constant was calculated from the slope of the linear fit,
giving a value of 2.3× 105 M-1 s-1 (Figure 5c). A similar
measurement was performed for the phosphorylation of
DCC-NDPK with ATP (Figure 5b). Again, there was a linear
increase in the rates with increasing ATP concentrations, and
the deduced second-order rate constant was 0.71× 105 M-1

s-1 (Figure 5c). Finally, in the third measurement, the rate
of dephosphorylation was measured in the presence of 1 mM
ATP. The observed dephosphorylation rates were higher in

FIGURE 4: Dependence of fluorescence on the ADP/ATP concen-
tration ratio. Fluorescence was measured as described in the legend
of Figure 3 for 0.5µM DCC-NDPK in the presence of different
ADP/ATP concentration ratios, but at a fixed total nucleotide
concentration. The titration was carried out at 10µM (O), 100µM
(0), and 1 mM (4) total nucleotide. Fluorescence is shown as
percentage of maximum. The curves are the best fit to an equation
decribing the equilibrium in eq 3. The best-fit equilibrium constants
are 0.58, 0.49, and 0.45, respectively. No correction was made for
possible binding effects on fluorescence.

ADP + DCC-NDPK∼P y\z
k+

k-
DCC-NDPK+ ATP (3)

FIGURE 5: Transient kinetics of ADP and ATP interaction with
DCC-NDPK. Fluorescence stopped-flow measurements were car-
ried out in 20 mM PIPES (pH 7.0) and 2 mM MgCl2 at 20°C. All
concentrations given are those in the mixing chamber. (a) ADP
(25 or 100µM) was mixed with 1µM DCC-NDPK∼P. The curves
were fitted to single exponentials givingkobsvalues of 5.7 and 23.9
s-1. (b) ATP (50 or 250µM) was mixed with 1µM DCC-NDPK.
The curves were fit to a single exponential giving observed rate
constantskobs of 5.5 and 18.5 s-1. (c) kobs values are plotted vs the
concentration of ADP (O) or ATP (0). The solid lines show the
best linear fit with second-order rate constants of 2.3× 105 (ADP)
and 0.71× 105 M-1 s-1 (ATP) from the slope. The triangles show
the observed rate constants when ADP was mixed with DCC-
NDPK∼P in the presence of 1 mM ATP. The line is the predicted
dependence from eqs 3 and 6; the intercept is at 71 s-1 ()0.71×
105 M-1 s-1 × 1 mM), and the slope is 2.3× 105 M-1 s-1. The
deviation at high ADP concentrations may be due to ATP bound
to DCC-NDPK∼P with its release being partially rate limiting (see
the text).
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the presence of ATP than in its absence (Figure 5c). These
results will be interpreted in the Discussion in terms of the
simple model in eq 3 so that the observed rate constants are
the sum of the rate constants for phosphorylation and
dephosphorylation.

An equivalent set of measurements was carried out with
GDP and GTP. The second-order rate constants are 0.91×
105 M-1 s-1 for dephosphorylation and 0.50× 105 M-1 s-1

for phosphorylation.
ADP Release from Myosin Subfragment 1. To test the

novel diphosphate sensor, two different NTPase reactions
were studied. First, release of ADP was assessed from
subfragment 1 (S1), a proteolytic fragment of myosin which
contains the ATPase catalytic site. The data were obtained
in a stopped-flow apparatus by mixing DCC-NDPK∼P and
ATP with the S1‚ADP complex at two different ADP
concentrations and following the displacement of ADP from
the complex during the first few turnovers of the ATPase
(Figure 6). The release during the first turnover was fitted
to an exponential with rate constants of 2.4 and 2.5 s-1, in
good agreement with previously measured values [e.g., 2.4
s-1 (32)]. During subsequent turnovers, ADP was released
at a rate governed by the steady-state rate of the ATPase.
The rate constant for this phase (0.03-0.04 s-1) is constant
over a range of NDPK concentrations and within the range
of previously determined values.

In the absence of S1, an exponential change in fluores-
cence was observed with a rate constant of 8.0 s-1 at 2µM
ADP (data not shown), indicating that the signal with S1 is
mostly determined by ADP release.

Kinetics of GDP Release from Rho.A second test for the
sensor was the release of GDP from rho, a well-characterized
member of the ras superfamily of small GTPases. GDP
release and steady state GTPase activity were measured using
the diphosphate sensor and results compared with those
obtained by alternative methods. Small G proteins such as
rho contain a tightly bound GDP in the catalytic site.
Removal of this nucleotide is accelerated in vivo by protein
exchange factors (GEFs) and but can be achieved in vitro

by lowering the Mg2+ concentration with EDTA and/or by
addition of ammonium sulfate (33). GDP release in this
system has previously been assessed using the nucleotide
analogue mantGDP, which changes fluorescence on release
from rho (34). The reaction scheme is

The rate of the first process is limited by GDP release,
and this step was made essentially irreversible by the excess
of GTP and the removal of GDP by DCC-NDPK. Pi release
during GTP hydrolysis was assessed using the Pi sensor,
MDCC-PBP (3). To accelerate GDP release, 100 mM
ammonium sulfate was present. The data obtained with the
diphosphate and Pi sensors are shown in Figure 7. The rate
constant for exponential release of GDP during the first
turnover, detected by DCC-NDPK∼P, corresponds well to
the lag phase in the Pi trace, and both traces show the same
steady state, as demonstrated by the good global fit to the
two sets of data. The rate constants agree well with the
equivalent rate constant of GDP release determined using
mantGDP (data not shown).

DISCUSSION

NDPK was developed as a specific sensor for nucleoside
diphosphates by labeling the protein with a coumarin
fluorophore, IDCC. In using the phosphorylated protein, we
took advantage of the following facts. First, this phospho-
enzyme has a high fluorescence compared with the unphos-
phorylated protein. Second, the phosphoenzyme is stable over
the time range needed for its preparation and subsequently
for monitoring kinetic events such as the release of ADP
from an ATPase. Finally and most importantly, the phos-
phorylation allows the sensor to discriminate between NDP
which causes a large fluorescence change and NTP which
does not alter the signal because the basis for the signal

FIGURE 6: ADP release from rabbit skeletal myosin subfragment
1 (S1). Fluorescence emission was recorded on mixing 1µM DCC-
NDPK∼P and 100µM ATP with a 25µM S1/10µM ADP mixture
in 20 mM PIPES (pH 7.0) and 2 mM MgCl2 at 20 °C (A). The
fluorescence change was also measured with 5µM ADP (B). The
fluorescence signal was calibrated by replacing S1 with 5 or 10
µM ADP to give the amount of ADP released. The data were fitted
to a single-exponential plus linear equation, yielding rate constants
of 2.4 (5µM ADP) and 2.5 s-1 (10 µM ADP) for the exponential
phase and slopes of 0.73 (5µM) and 0.96µM s-1 (10 µM) for the
slow, linear phase. The slope values were divided by S1 concentra-
tion, resulting in steady-statekcat values of 0.03 (5µM) and 0.04
s-1 (10 µM).

FIGURE 7: GDP and Pi release from human rho. Fluorescence
emission was recorded for a 200µL solution at 30°C containing
20 mM Tris-HCl (pH 7.6), 1 mM MgCl2, 100 mM (NH4)2SO4, 10
µM GTP, and either 2µM DCC-NDPK∼P (for GDP measurement)
or 10 µM MDCC-PBP (for Pi). Reactions were started by adding
2 µM rho‚GDP. Excitation was at 440 (GDP) or 430 nm (Pi) with
the emission measured at 475 or 465 nm, respectively. The GDP
data were calibrated using the fluorescence change on adding 1
µM GDP to DCC-NDPK∼P with different GTP/GDP concentration
ratios. The Pi data were calibrated by adding different concentrations
of Pi to MDCC-PBP. The two sets of data were fitted globally to
the single-exponential plus linear equation for the two-step scheme
(eqs 4 and 5), giving rate constants of 3.1× 10-3 s-1 for GDP
release and 3.0× 10-4 s-1 for hydrolysis. Theoretical lines are
shown offset by 0.5µM for clarity.

Rho‚GDP+ GTPh Rho‚GTP+ GDP (4)

Rho‚GTPf Rho‚GDP+ Pi (5)
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change is dephosphorylation (eq 3). The sensor measures
the NDP/NTP concentration ratio and so can detect small
quantities of NDP in the presence of much higher concentra-
tions of NTP. This is important, for example, in experiments
in single muscle fibers where initial ATP concentrations are
high (2) but also more generally for measurements in
cytosolic extracts.

Mechanism. Transient kinetic methods have been used to
measure the rate constants for ADP binding leading to
dephosphorylation, 2.1× 105 M-1 s-1, and ATP binding
leading to phosphorylation, 0.7× 105 M-1 s-1 (20 °C). Over
the range of concentrations that was studied, the observed
rate increased linearly with nucleotide concentration. It
follows that the dephosphorylation step itself must be>200
s-1 (the maximum rate observed) and that nucleotide binding
to the protein is weak (see below).

The comparatively slow rate of dephosphorylation at low
ADP concentrations is significantly accelerated when ATP
is present (Figure 5c), although the intensity of the ADP-
induced fluorescence change is reduced. This is predicted
because the sensor monitors the equilibrium between its
phosphorylated and unphosphorylated forms (eq 3). This
model predicts that the observed rate constant and intensity
change are given by

where∆fluorescencemax is the fluorescence change at 0 M
ATP. These equations seem to hold, at least at low nucleotide
concentrations. At higher nucleotide concentrations, binding
may become important and these equations have been
considered for human NDPK (35).

Transient kinetic data obtained for the dephosphorylation
of human NDPK A (35) show that the apparent second-order
rate constant of ADP binding is 50 times higher than that
for DCC-NDPK∼P. For the phosphorylation rate constants
(DCC-NDPK plus ATP), the difference is almost 100-fold.
The sequences of theM. xanthusand human proteins differ
slightly, but the steady-state parameters (Km and kcat) are
similar. So it seems more likely that the reduced activity is
due to the mutation or the attached fluorophore or a
combination of these.

A titration of fluorescence versus nucleotide concentration
gives an equilibrium constant for eq 3 (Keq) of 0.74. The
ratio of rate constants,k+/k-, will equal Keq if eq 3 fully
holds. This ratio is 0.31 with ADP and ATP and 0.55 with
GTP and GDP. Clearly, eq 3 is a simplification as it ignores
binding (and release) of nucleotides as a separate step, and
this becomes significant at high nucleotide concentrations
(see below). However, the equilibrium constant between
phosphorylated and unphosphorylated forms is close to unity,
so the fluorescence changes over a wide range of nucleotide
ratios.

Use as a Sensor.The low specificity of the nucleotide
binding site of NDPK with respect to purine allows the sensor
to be used for measuring the amount of GDP as well as ADP.
Both nucleotides give the same fluorescence change and
similar rates for dephosphorylation of DCC-NDPK∼P. As
an example, the release of GDP from rho was assessed and

is discussed later. Because the fluorescence responds to the
NDP/NTP concentration ratio, DCC-NDPK can also be used
to monitor ATP or GTP formation in the presence of the
diphosphate. However, it should be noted that because the
diphosphate sensor does not discriminate between ADP and
GDP, it will not measure changes of ADP when GDP is
also changing: it will measure the sum change.

Because the fluorescence intensity is primarily determined
by the phosphorylation state and nucleotide binding is weak,
eq 3 is sufficient to explain most of the results quantitatively.
At high nucleotide concentrations (>100 µM), there are
secondary effects due to the presence of protein‚nucleotide
complexes, and these will become significant at millimolar
concentrations (Figure 4). An example is also seen in Figure
5c, where 1 mM ATP causes an increase in the observed
rate constant for ADP’s interaction with DCC-NDPK∼P. The
data fit the model for eq 3 at low concentrations, but deviate
at high. There are secondary effects due to binding observed
in titration data as in Figure 2. Millimolar concentrations of
ADP cause a small rise in fluorescence when added to
unphosphorylated DCC-NDPK, presumably because the
DCC-NDPK‚ADP complex has a fluorescence different from
that of the apoprotein.

Where the DCC-NDPK∼P concentration is very low and
no extraneous ATP is present, the sensor is sensitive at sub-
micromolar ADP concentrations (Figure 3). The sensor can
measure down to∼10 nM ADP under these conditions. In
contrast, where the ATP concentration is in the millimolar
range, then the sensor is most sensitive in the hundred
micromolar to millimolar range of ADP concentrations. As
for all fluorescence-based assays, a calibration is required
for the particular experimental conditions.

The measurement of kinetics descibed here (Figure 5)
indicates the limitations for measuring rates of diphosphate
formation. There is a trade-off of sensitivity versus rate, as
the rate of dephosphorylation is greatly increased by the
presence of triphosphate, but the fluorescence change is
decreased. Thus,>80 s-1 rates are observed when 1 mM
ATP is present, but signal-to-noise considerations mean that
the sensitivity is∼10 µM ADP (1% of total nucleotide
concentration) when a 4% fluorescence change is expected.
The rate can also be increased by increasing the concentration
of the sensor, as the main limitation of dephosphorylation
rate is the bimolecular rate constant.

A major alternative assay for ADP is provided by a
coupled enzyme approach, particularly using pyruvate kinase
and lactate dehydrogenase and monitoring NADH oxidation
by absorbance or fluorescence. This typically can measure
in the micromolar range. It is rapid when substrates are
saturating, but the multiple components and lowKm for some
of the substrates mean that it is difficult to achieve clean
coupling to the reaction of interest that forms ADP. For
example, significant lags may be observed.

The sensor was tested with measurements on two systems
for which rate constants could be obtained by other meth-
ods: ADP release from myosin and GDP release from rho.
In both cases, the results are similar to those expected for
the release rate constant and for the subsequent steady-state
hydrolysis. The measurement of the amounts of Pi and GDP
for rho illustrates the complementarity of the diphosphate
and Pi sensors. In the steady state, they give similar
information (the GTPase rate), but in the approach to steady

kobs) k+[ADP] + k-[ATP] (6)

∆fluorescence)
∆fluorescencemax[ADP]/(Keq[ATP] + [ADP]) (7)
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state in this case, the burst phase of GDP release is matched
by a lag in Pi.

In summary, we have developed a new fluorescence sensor
for NDP or NTP based on nucleoside diphosphate kinase
that is sensitive for NDP both in the absence and in the
presence of NTP. This was achieved by engineering a
fluorophore-labeled protein that occupies a high fluorescence
state when phosphorylated (DCC-NDPK∼P) and a low
fluorescence state when in its unphosphorylated form (DCC-
NDPK). The sensor should be suitable for a wide range of
biological systems.
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