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Abstract A new method was here developed for the deter-
mination of 18O-labeling ratios in metabolic oligophosphates,
such as ATP, at different phosphoryl moieties (α-, β-, and γ-
ATP) using sensitive and rapid electrospray ionization mass
spectrometry (ESI-MS). The ESI-MS-based method for mon-
itoring of 18O/16O exchange was validated with gas chroma-
tography–mass spectrometry and 2D 31P NMR correlation
spectroscopy, the current standardmethods in labeling studies.
Significant correlation was found between isotopomer selec-
tive 2D 31P NMR spectroscopy and isotopomer less selective

ESI-MS method. Results demonstrate that ESI-MS provides a
robust analytical platform for simultaneous determination of
levels, 18O-labeling kinetics and turnover rates of α-, β-, and
γ-phosphoryls in ATP molecule. Such method is advanta-
geous for large scale dynamic phosphometabolomic profiling
of metabolic networks and acquiring information on the status
of probed cellular energetic system.
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Abbreviations
AA Amino acids
FFA Free fatty acids
G3P Glycerol 3-phosphate
NTP Nucleoside triphosphate

Introduction

Comprehensive characterization of metabolic networks and
their response to functional load requires quantitative knowl-
edge of complete sets of metabolites, their concentrations and
turnover rates [1–5]. Such information enables deduction of
intracellular fluxes and dynamic rearrangements in metabolic
network modules determining metabolic phenotypes [6–12].
Indeed, metabolites and signaling molecules may display
significant changes in turnover rates without noticeable
changes in respective concentrations [9, 13–17]. In tracking
metabolite turnover rates and performing fluxomic analysis of
metabolic networks, stable isotope tracers such as 13C, 18O,
and 15N have been widely used [10–12, 17–24]. Among them,
18O isotope has been useful due to its ability to determine
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phosphoryl-containing metabolite turnover rates and cellular
energetic fluxes through phosphotransfer and signal transduc-
tion networks [9, 15, 23, 25–32]. Phosphate-containing
metabolites play a dominant role in cellular life [33]. Most
of these metabolites are highly polar and their separation and
analysis especially of oligophosphates represent a challenge.

The 18O-labeling methodology is based on incorporation
of the 18O atom from H2

18O into inorganic phosphate (Pi)
during ATP hydrolysis and subsequent distribution of 18O-
labeled phosphoryls among phosphate-carrying molecules
in metabolic networks [9, 26, 27]. Incorporation of 18O-
stable isotopes into oligophosphates reflect turnover rates of
different phosphoryl moieties and thus its quantification
offers a tool to reveal unique information regarding respec-
tive enzyme’s activities [9, 23, 25–29, 34]. For instance, the
efficiency of intracellular energy transfer in intact cells/
tissues catalyzed by adenylate kinase, ATP synthase, and
ATPase can be deduced from γ- and β-phosphoryl-labeling
ratio within the ATP molecule [27] while changes in α-
phosphoryl of ATP labeling in response adenine nucleotide
synthesis de novo [35]. Yet, the activity of other enzymes
such as pyrophosphokinase and nucleotidyltransferases [9,
36, 37] can be monitored only if more subtle analysis is
introduced which can differentiate labeling of peripheral
versus bridging oxygens in oligophosphates [38].

The incorporation ratio of 18O isotope into oligophosphates
containing metabolites can be determined either from 31P
NMR spectra, or by gas chromatography–mass spectrometry
(GC-MS). GC-MS is a more sensitive method but requires
prior metabolite separation, enzymatic transfer of each phos-
phoryl moiety to glycerol, derivatization and analysis of
18O/16O ratios in glycerol 3-phosphate (G3P) [9, 23, 31, 32,
35]. The advantage of 18O-assisted 31P NMR spectroscopy is
that it permits non-destructive quantification of 18O-labeling
ratios of multiple metabolite phosphoryls in a single run;
however, compared with GC-MS, it is less sensitive and thus
requires a larger amount of sample and a extended analysis
time [9, 27].

The goal of this work was to apply relatively insensi-
tive, but isotopomer-selective J-decoupled 31P NMR 2D
chemical shift correlation spectroscopy to verify the more
sensitive, but isotopomer nonselective, electrospray ioni-
zation mass spectrometry (ESI-MS) method. After verifi-
cation of ESI-MS method for 18O-labeling of ATP at
different phosphoryl moiety, identical ATP samples were
analyzed with both ESI-MS and GC-MS methods to com-
pare the accuracy and sensitivity of ESI-MS. Results
demonstrate that ESI-MS provides a suitable analytical
platform for simultaneous analysis of 18O/16O exchange
in different phosphoryl moieties of oligophosphates, and
therefore can be used for determination of phosphoryl
turnovers in nucleotide triphosphates involved in different
metabolic processes.

Materials and methods

18O-labeling of ATP samples

Enzymatic reactions involved in 18O-stable isotope metabolic
labeling of ATP molecule at different phosphoryl moieties The
oxygen exchange between phosphate and H2[

18O] does not
occur readily in nature and equilibrium is very slow [39].
Exchange of oxygens in orthophosphate requires use of
enzymatic reactions [40]. When tissues or cells are exposed
to media containing a known percentage (20–30%) of 18O,
H2

18O rapidly equilibrates with cellular water and 18O is
incorporated into phosphoryls of ATP proportionally to the
rate of enzymatic reactions involved (Fig. 1). First, 18O is
incorporated into Pi during each act of ATP hydrolysis by
cellular ATPases; subsequent γ-ATP 18O-labeling reflects
the activity of ATPsynthase regenerating nascent ATP mol-
ecules, whileβ-ADP/ATP 18O-labeling is exclusively produced
by the adenylate kinase catalyzed reaction coupled with
ATPsynthase. Labeling of ATP α-phosphoryls is produced by

Fig. 1 Differential isotopic 18O/16O substitutions in ATP molecule
phosphoryls (a). Oxygen tags: αb alpha bridge, αp alpha peripheral,
βb beta bridge, βp beta peripheral, γb gamma bridge, γp gamma
peripheral. Enzymatic reactions involved in 18O enrichment of ATP
α-, β-, and γ-phosphoryls (b). FFA free fatty acids, AA amino acids,
PDE phosphodiesterase
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adenosine kinase reaction in adenine nucleotide synthesis de
novo while changes in α-ATP labeling in response to stress or
fat/protein load can be induced by phosphodiesterase reaction
and cAMP signaling or by FFA and amino acid activation
[9, 23, 34].

Heart perfusion and 18O phosphoryl labeling Hearts from
heparinized (50 U, ip) and anesthetized (75 mg/kg pentobar-
bital sodium, ip) mouse or rat were excised and retrogradely
perfused with a 95 % O2–5 % CO2-saturated Krebs–Henseleit
(K-H) solution (in mM—118 NaCl, 5.3 KCl, 2.0 CaCl2, 19
NaHCO3, 1.2MgSO4, 11.0 glucose, and 0.5 EDTA; 37K-H°C)
at a perfusion pressure of 70 mmHg. Hearts were paced at 500
beats/min for mouse and 250 beats/min for rat. Hearts were
perfused for 30 min with K-H solution and then subjected to
labeling with K-H solution including 30 % H2[

18O] 30 or 60 s
for mice and 10 min for rat, were then immediately freeze-
clamped [27, 28]. Frozen hearts were pulverized under
liquid N2, and extracted in a solution containing 0.6 M
HClO4 and 1 mM EDTA. Extracts were neutralized with
2 M KHCO3 and used to determine 18O incorporation into
metabolite phosphoryls.

ATP purification Labeled ATP from perfused heart extracts
were purified with HPLC using a Mono Q HR 5/5 ion-
exchange column (Pharmacia Biotech) and 1 M triethylam-
monium bicarbonate buffer (pH 8.8, adjusted with CO2) gra-
dient elution (0.5–90 % within 25 min) at 1 mL/min flow rate
[9]. The ATP fractions (around 30 min) were collected and
dried out using vacuum centrifugation (SpeedVac, Savant)
and reconstituted with 100 μL water.

2D 31P NMR spectroscopy

The 283-MHz 31P NMR spectra were recorded on a 700-MHz
Avance spectrometer (Spectrospin, Billerica,MA) using anX-
channel of indirect detection broadband probe for direct 31P
observation. The pulse sequence used for 31P chemical shift
correlations of 18O/16O isotopic effects and corresponding
experimental details were described previously [38]. The
18O/16O isotope effects are readily visible in high-resolution
31P NMR by 18O-induced 31P chemical shifts (Fig. 2a). How-
ever, due to scalar couplings in polyphosphates 31P NMR
lines are already split into doublets/triplets and 18O/16O iso-
tope exchange effects which introduce additional lines in the
31P NMR spectrum creating a complex pattern of overlapping
peaks (Fig. 2a). A better separation of isotopomers was
enabled herein by the J-decoupled 31P-31P 2D correlated
spectroscopy improved 31P spectra of polyphosphates by
eliminating the line splitting due to the scalar coupling, and
more importantly, by sorting out correlations between different
isotopologues (Fig. 2b) [38].

GC-MS

The details of 18O-labeling at different phosphoryl moieties
have been reported earlier [32]. Briefly, the γ-, β-, and α-
phosphoryl of purified ATP were transferred to glycerol in a
series of enzymatic and chemical reactions (Fig. 2c). First the
γ-phosphoryl of ATP was transferred to glycerol by glycer-
okinase, and then the β-phosphoryl of ATP was transferred
to glycerol by a combined catalytic action of adenylate
kinase and glycerokinase. Finally the α-phosphoryl of ATP
was transferred to glycerol by AMP-deaminase and Smith
degradation. Samples that contained phosphoryls of γ-, β-,
and α-ATP as G3P, were derivatizated using N-methyl-N-
trimethyl-silyltrifluoroacetamide+1% trimethylchlorosilane
(MSTFA+1% TMCS; Thermo Fisher) mixture. The 18O
enrichment of phosphoryls in G3P was determined with a
Agilent GC-MS operated in the selected ion-monitoring
mode (357 m/z for 16O, 359 m/z for 18O1, 361 m/z for 18O2,
and 363 m/z for 18O3) (Fig. 2c).

Electron spray ionization mass spectrometry

Purified ATP from heart extracts (18O labeled and unlabeled)
was 1:1 diluted with 5 mM ammonium acetate in methanol,
and then infused continuously at 10 μL min−1 into the ion
spray chamber. The system was flushed after each infusion
of ATP samples with MS grade water and methanol mixture
(1:1, v/v). Experiments were performed using a LTQ-
Orbitrap XL MS with Tune Plus software for tuning and
Xcalibur 2.0.7 software for data acquisition and processing
(Thermo Fisher Scientific). The resolution of the MS was set
at 30,000. The Orbitrap mass analyzer was operated with a
target mass resolution of 30,000 (FWHM as defined at m/z
524) and a scan time of 0.3 s. Samples were analyzed using
negative polarity in full scan mode. The mass spectrum from
50 to 700m/zwas recorded. An ATP standard (A2383 Sigma
Aldrich), dissolved in MS grade water and diluted 1:1 with
5 mM ammonium acetate in methanol, was used to optimize
the electrospray ionization conditions. The optimized elec-
trospray ionization settings for ATP were a spray voltage of
4.0 kV, sheath gas at 12, Aux gas at 0, sweep gas at 2,
capillary voltage at −40.0 V, capillary temperature set to
275 °C with the tube lens set at −110.0 V. Fragments at
506, 426, and 346 m/z and their corresponding enriched
species 18O1 (parent ion +2 m/z), 18O2 (parent ion +4 m/z),
etc., and 18On (parent ion +2×n m/z) were analyzed.

Calculation of 18O incorporation in phosphorylated
compounds

The exchange of 16O by 18O induces a small, but measurable,
chemical shift in 31P NMR spectra and a 2-amu mass increase
in mass spectrometry [29, 41]. This enabled direct observation
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of 16O/18O isotope exchange in phosphorylated compounds
[9, 26–28, 31, 32]. The total degree of isotope exchange (pTot)

was the sum of peak areas/intensities (Ik) over all exchange
sites (N), weighted by the number of 18O atoms in the respective

Fig. 2 Principles of methods
for monitoring 18O enrichment
of ATP at different phosphoryl
moieties. 1D 31P NMR is based
on 18O isotope-induced shifts in
α-, β-, and γ-ATP peaks
(red line, unlabeled ATP and
blue line, labeled ATP) (a). 2D
31P NMR uses 18O isotope-
induced shifts to separate
signals from all isotpologues
and isotopomers (b). GC-MS
analysis of 18O-labeling of ATP
α-, β- and γ-phosphoryls after
Smith degradation procedure
(α-) and enzymatic transfer to
glycerol (β- and γ-) and subse-
quent measurement of
18O-labeling of G3P (c). AK
adenylate kinase, GK
glycerokinase
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isotopologues (k), and normalized by the sum of all areas/
intensities for a given 31P group of lines:

pTot
18O
� � ¼ 1

N

PN

k¼1
kIk 18Oð Þ

I0 16Oð Þ þ PN

k¼1
Ik 18Oð Þ

ð1Þ

The cumulative percentage of 18O incorporation was
calculated as a ratio of the total degree of 18O exchange in
ATP and the total content of 18O in the water used for
incubation [9, 27]:

pCum
18O
� � ¼ pTot 18Oð Þ

pH2O
18Oð Þ ð2Þ

ESI-MS data simulation

Populations of ATP 18O isotopologues (wI) in the 10-oxygen
site tri-phosphate were calculated (Eq. 1, reference [38]) using
18O fractional enrichments of six chemically distinct oxygen
groups (ƒk, k ∈αb,αp,βb,βp, γb, and γp) determined by 2D
NMR spectroscopy [38]. Corresponding masses of the isoto-
pologues (mI) were calculated by adding the isotopic

18Omass
shift (δm02.004) of the fractionally enriched oxygen groups
as follows:

mI ¼ mo þ dm
P

k
fk

k ¼ ab; ap; bb; bp; gb; gp
ð3Þ

where m0 is mass of the 18O-unlabeled ATP. Alternatively,
the calculation was performed using only 3 groups of
oxygen atoms (k ∈ α, β, and γb), by dropping the
distinction between the bridge and peripheral oxygen
atoms. The three-group fractional enrichments were deter-
mined as described in “Calculation of 18O incorporation
degree in phosphorylated compounds” of this section.
These calculations pertain to three ATP fragmental ions
which contain adenosine moieties, namely: adenosine-
P3O10, adenosine-P2O7, and adenosine-PO3, because they
are direct descendents of the parental ATP. The only
difference between P3O10 and for instance P2O7 calcula-
tions is that from each ATP isotopologue a mass content
of terminal PO3 group is subtracted.

A stick spectrum was created by summing wI at re-
spective mI. Experimental spectral shapes were simulated
by convolution of the stick spectrum with a Gaussian

function e�GB2ðm�mI Þ2 . The Gaussian broadening (GB)
values were constant for all isotopic masses of an ion,
exhibiting strong dependence on ionic mass, (GB0m3/2),
i.e., GB0105 and 173 for ATP ions of 506 and 346 amu,
respectively.

Results

ATP ESI-MS spectra

The ATP samples metabolically labeled with 18O were
obtained from hearts perfused with 30 % H2

18O in K-H
solution [26, 32, 38]. After purification using HPLC, the
ESI-MS spectra of unlabeled and 18O-labeled ATP were
recorded. To calculate the 18O enrichment of phosphoryls in
the ATP molecule at the α-, β-, and γ- moieties, at least three
known fragments that include these phosphoryls were needed.
Unlabeled ATP standards produced fragments at 78.986,
158.925, 346.054, 426.020, and 505.986 m/z that correspond
to fragments indicated in Fig. 3. After choosing candidate
fragments, we have optimized ATP fragmentation to increase
intensity of each fragment. First we have looked at infusion
solution effect on fragmentation.We were not able to get good
fragmentation with MeOH:water (50:50, v/v) mixture, since
there were no fragment of α-ATP (346 m/z). After that we
have replaced water with a buffered solution in order to
change fragmentation and also to eliminate pH changes which
may occur in the sample. Using buffered solution we were
able to get all fragments required for calculations, however the
intensity of the fragments at 346 and 426 m/z were too low.
Therefore we have applied in source fragmentation using
different collision-induced dissociation (CID) and tube volt-
age to increase the intensity of fragments. Then we have
optimized new parameters, because the more energy generally
results in greater fragmentation. However, at higher energies
the fragment at 506 m/z were lost. To this end, the optimal
yield of selected fragments were found using a methanol
1:5-mM ammonium acetate (1:1, v/v) mixture with −100-mV
tube lens voltage and −40-mV CID (Fig. 3).

The ESI-MS spectra were fitted using initial values for
labeling ratios from 2D 31P NMR spectra obtained from the
same sample. A strong agreement between simulated and
experimental spectra was obtained at fragments of 346, 426,
and 506 m/z (Fig. 4). In contrast, fitting fragments at 79 (as γ-
PO3) and 159 (as γ-PO3-β-PO3) m/z, resulted in much larger
errors which indicates that they originate from more than one
position in the ATP molecule. Therefore, we focused on the
fragments at 346, 426, and 506 m/z.

The 18O-labeling at different positions of ATP was calcu-
lated similar to the total degree of isotope exchange (Eq. 1) but
with summation over all exchangeable sites in the fragment, n:

pn
18O
� � ¼ 1

n

Pn

k¼1
kIk 18Oð Þ

I 16Oð Þ þ Pn

k¼1
Ik 18Oð Þ

ð4Þ

Using just three main fragments with 10, 7, and 4 exchange
sites (OP atoms), with the exchange degrees, p506, p426, and
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p346, one obtains degrees of isotope exchange for each phos-
phate group:

pa 18Oð Þ ¼ p346 18Oð Þ
pb 18Oð Þ ¼ 1

3 7p426 18Oð Þ � 4p346 18Oð Þ½ �
pg 18Oð Þ ¼ 1

3 10p506 18Oð Þ � 7p426 18Oð Þ½ �
ð5Þ

In our case, Fig. 3c, p346(
18O)00.027, p426(

18O)00.120, and
p506(

18O)00.166 and from Eq. 4, we found pα00.021, pβ0
0.210 and pγ00.256 which are in good agreement with enrich-
ments obtained by NMR (pα00.03, pβ00.23, and pγ00.25).

To further verify the accuracy and sensitivity of ESI-MS,
nine ATP samples with different 18O enrichments (from mice
and rat heart extracts) were analyzed with the GC-MS and ESI-
MS methods. The correlation between enrichments at different
phosphoryl moiety obtained by GC-MS and ESI-MS are
shown in Fig. 5. The slopes were 0.98 for γ-ATP, 1.04 for β-
ATP, and 2.08 for α-ATP with good linearity and regression

coefficients above 0.9. We also tested the repeatability of the
ESI-MS with three replicate infusions. In each case the RSD%
of the whole ATP 18O-labeling was lower than 0.82 z%. the
concentration of ATP in samples varied with the sample origin:
very high in heart tissue and very low in whole blood. There-
fore, we tested the concentration effects on the labeling ratio of
whole ATP. We prepared several dilutions of labeled ATP
sample and found that in ESI-MS the labeling ratio became
independent from a concentration above 7 nM (Fig. 5b). Thus,
the optimal amount of sample for labeling ratio determination
has been chosen in the middle of curve between 10 and 20 nM.
This recommendation includes both reliability of measure-
ments and sample economy considerations.

Finally, the developedmethodwas applied to determine the
turnover rates of ATP α-, β-, and γ-phosphoryls in mouse
heart using the formula: pt(α-ATP)0(1–2

−N)×p(H2
18O), where

pt(α-ATP) is a fraction of
18O-labeled α-ATP (or β- and γ-) at

Fig. 3 Determination of 18O enrichment of ATP α-, β-, and γ-
phosphoryls by ESI-MS. ESI mass spectrum of ATP standard (a),
structure and proposed MS fragmentations of ATP (b), and 18O isoto-
pic effects on selected MS fragments of ATP (c); the 16O/18O

distribution spectra in phosohoryls of ATP (c, left) was obtained from
unlabeled ATP extracted from rat hearts while the right spectra repre-
sents 18O metabolically labeled ATP extracted from rat hearts
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given time t, N is equal to the number of turnover cycles
observed during incubation period, and p(H2

18O) is fraction
of 18O in media water [42–44]. In mouse hearts, ATP α-, β-,
and γ-phosphoryl turnovers (N) were calculated to be 0.02,
0.20, and 0.57, respectively. This indicates that in mouse heart
γ-ATP undergoes about 34 renewal cycles/min, β-ATP about
12 renewal cycles/min and α-ATP about 1 renewal cycle/min.

Discussion

The principal carriers of biological energy are ATP molecules
containing three phosphate groupswhich hydrolysis are coupled
with different energy consuming and biosynthetic processes in

the cell [45]. In fact, the whole cellular bioenergetic system is
built on sequential phosphoryl transfer reactions generating,
delivering and distributing high-energy phosphoryls [46]. Cells
with high-energy turnover are particularly susceptible to insults
induced by lack of oxygen or metabolic substrates and their
survival depend on the preservation of cellular bioenergetic
system and balanced turnover rates [5, 47, 48].

Stable isotope 18O-labeling is a valuable tool for monitoring
turnover rates of phosphoryl-carryingmetabolites and phospho-
transfer network dynamics in intact tissues. The dynamics of
ATP and other nucleotide triphosphate (NTP) α-, β-, and γ-
phosphoryls carry on array of information regarding energetic,
signal transduction and biosynthetic processes of a cell. The
turnover rates of α-, β-, and γ-phosphoryls of ATP are indica-
tors of metabolic enzyme activities, ATP turnover and phospho-
transfer network dynamics in intact tissues [9, 46]. Although
turnover rates of ATP atα-,β-, andγ-phosphoryl moieties have
been assessed previously using radioactive and stable isotopes
[43, 49–52], here we have developed method for simultaneous
determination of turnover rates of three phospate moieties of
ATP using ESI-MS. Advantage of such approach is in that that

Fig. 4 Simulation of MS spectra for ATP and two fragments (less PO4

group and less P2O6 group), for labeled samples. The mass distribution
was calculated using fractional 18O/16O isotopic enrichments obtained
by 2D NMR of the same samples. Digital (open circles) MS spectra of
three ATP ions (from top to bottom, adenosine-P3O10, adenosine-P2O7,
and adenosine-PO3), and simulated spectral shapes obtained using
three oxygen groups (red line)

Fig. 5 Correlation of ESI-MS and GC-MS methods on γ-, β-, and α-
ATP 18O-labeling expressed as percent of oxygen replaced (a). Sample
concentration effect on the accuracy of calculation of cumulative
percentage of 18O incorporation into ATP (b)
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it requires much smaller amount of sample (10 μL) compared
with 31P NMR (500 μL) and GC-MS (200 μL) and is much
faster and simpler thanGC-MS,with long procedures of tedious
sample preparation, enzymatic and chemical reactions to clip
phosphoryl moieties and derivatization. Comparing ESI-MS
with other isotope labeling detection methods in oligophos-
phates, it is sensitive, fast, simple, and safe, especially contrast-
ing to radioactive 32P labeling studies.

A combination of NMR and MS techniques may be useful
for a comprehensive evaluation of muscle and cellular bioen-
ergetics and phosphotransfer metabolomics and fluxomics.
Even partially discerned isotopologues and isotopomers in 2D
31P NMR enabled accurate determination of the 18O-labeling
rates of NMR isotope effect-equivalent oxygen atoms within
the tri-phosphoryl moiety. Consequently, the 2D method read-
ily differentiated enrichments of the bridge and peripheral
oxygen atoms. For basic analysis, this differentiation might be
irrelevant but with the evidence that there are enzymes which
affect these oxygen atoms differently, such a differentiation
may become increasingly more relevant. Although the 2D
method greatly enhanced 18O-assisted 31P NMR spectroscopy
it is impractical for serial metabolomic studies because of low
sensitivity and as it provide α/β- or β/γ-31Ps correlations, one
at a time. On the other hand, MS is much faster and more
sensitive but, contrary to NMR the errors in the isotope enrich-
ments for theβ- andγ-sites are highly correlated. Namely, these
enrichments are obtained as a weighted difference between
enrichments of respective ions. Positive errors in p346(

18O) tend
to increase pβ and decrease pγ, mandating solutions. One is to
find more peaks in MS with variable fragmentation (Fig. 3a) or
to use a more robust method of peak fitting and simulation
instead of simple algebra. Indeed, it is easy to find more MS
peaks containing polyphosphate groups (PxOy) but enrichments
obtained by their direct use are quite away from the ones found
by NMR. This clearly indicates that the same fragment comes
from different positions in the ATP molecule. For example, the
ion P2O6 (158.925 m/z) may originate either from α-β or β-γ
fragments, created by different fragmentation paths. Thus, it is
impossible to use these ions directly for labeling calculation, but
by taking into account the isotope enrichment known indepen-
dently, e.g., from NMR, the fraction of α-β and β-γ could be
calculated, and subsequently used for analysis of samples with
unknown enrichment. In this way, the same fitting procedure
used to analyze 2D spectra [38] could greatly improve the
accuracy of theMSmethod. Indeed, using only three fragments
that contain adenosine of ATP, the fitting procedure that
includes all peak intensity simultaneously resulted in slightly
different, but noticeable, differences between the peripheral and
bridge beta oxygen atoms (Fig. 4). This actually means that the
MS spectra are also sensitive to the isotopomer distribution.
Thismay appear surprising at first sight, but can be accounted as
different isotopomers are present in each ion with different
statistical weights. We believe that a proper calibration of MS

spectra, based on NMR analysis of the same sample, can
ultimately enable MS to determine isotope enrichment effi-
ciently and reliably for the bridge and peripheral oxygen
atoms. Whereas a very high correlation between GC-MS
and ESI-MS for γ and β labeling is observed (regression
coefficients and slopes of γ- and β- enrichments close to each
other), poor correlation is observed for α ATP. This could be
explained by very low labeling at α-position as well as lower
sensitivity and derivatization effects in GC-MS.

The possibility of 18O/16O ion exchange in the ESI source or
during to sample preparation can be ignored, since the oxygen
exchange between phosphate and H2[

18O] does not occur
readily in nature [39, 40] and under ionization conditions
present in ESI-MS [53]. Moreover, the possibility of gas phase
ion reaction needs to be considered too. Here, the Adenosine-
P3O10 used in the study was purified, therefore the source of
adenosine-P2O7 and adenosine-PO3was only be the adenosine-
P3O10 using in source fragmentation. Good correlation of LC/
MS data with GC-MS and 2D 31P NMR indicated that the
possibility of gas phase ion reactions is negligible.

The labeling degree in ATP depends on the incubation time
and the fraction of 18O in the media water. However, correct
calculation of the labeling degree depends on the concentration,
because the signals of the fragments cannot be distinguished
from noise at the low concentration even at high enrichment
ratio. Therefore precautions must be given to labeling calcula-
tion. To determine correct enrichment of ATP, at least three
degree of 18O-labeling (the fragments at 512m/z, 18O3) must be
observed. In our cases, we found that the labeling ratio becomes
independent from concentration above 7 nmol (Fig. 5b) in 30%
of 18O in media water for 10-min labeling.

Determined here accurate α-, β-, and γ-phosphoryl turn-
over rates of ATP in mouse hearts indicate that α-ATP turns
over only once every minute while β- and γ-ATPs are turning
over 12 and 34 cycles/min, respectively. Literature data regard-
ing labeling and turnovers of ATPα-,β-, and γ-phosphoryls is
rather sparse. In comparison, human and rat heart γ-ATP turn-
overs are 6 and 20 cycles/min, respectively [9, 54]. Labeling
data of ATP with radioactive 32P in Escherichia coli indicate
that bothβ- and γ-ATPs undergo about 17 turnover cycles/min
while α-ATP turns over only 1 cycle/min [51]. From similar
labeling study calculatedATP turnover rates in rabbit hearts are
about 25 cycles/min for β- and γ-ATPs and 0.25 cycles/min
for α-ATP [43]. Thus, ESI-MS technology provides a robust
and reliable method for monitoring turnover rates of phosphor-
yls in ATP with short analysis time and high sensitivity.

Conclusions

Knowledge of the dynamics of ATP atα-,β-, andγ-phosphoryl
moieties and those in other NTPs provides valuable information
about energetic and biosynthetic processes in the cell. Here, we
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developed and validated the applicability of the robust ESI-MS
method for determining fractional stable isotope enrichment
within separate groups of mono-, di-, or tri-phosphates. The
advantage of the ESI-MS over the 1D 31P NMR and GC-MS
was a shorter time and higher sensitivity for detection and
quantification of 18O/16O exchange in individual phosphate
moieties. In combination with LC, this method permits analysis
of multiple mono-, di-, and tri- phosphates at the same time
without any pre-purification steps. This allows simultaneous
determination of almost all mono-, di-, and tri-phosphate 18O-
labeling ratios and turnover rates in intact tissues. Thus ESI-MS,
calibrated by 2D 31P NMR, provides a suitable analytical plat-
form for dynamic phosphometabolomic profiling of tissue
energymetabolism. The ESI-MSmethod developed here can be
applied for determination of labeling ratios of other biologically
important NTP (GTP, ITP, UTP, and CTP) and di-phosphates
(ADP, GDP, UDP, and CDP) and inositiol oligophosphates (IP3
and IP5). Especially since concentrations of these tri-phosphates
are much lower than ATP and have similar chemical shifts with
ATP in 31P NMR spectra. Therefore it is not possible to separate
and determine 18O-labeling of other NTPs in the presence of
ATP using 31P NMR. Thus, ESI-MS method can be applied to
analyze 18O-labeling and turnover of multiple oligophosphates
at very low concentration in biological samples.
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