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Abstract Intramolecular correlations among the
18O-labels of metabolic oligophosphates, mapped by

J-decoupled 31P NMR 2D chemical shift correlation

spectroscopy, impart stringent constraints to the 18O-iso-

tope distributions over the whole oligophosphate moiety.

The multiple deduced correlations of isotopic labels

enable determination of site-specific fractional isotope

enrichments and unravel the isotopologue statistics. This

approach ensures accurate determination of 18O-labeling

rates of phosphometabolites, critical in biochemical energy

conversion and metabolic flux transmission. The biological

usefulness of the J-decoupled 31P NMR 2D chemical shift

correlation maps was validated on adenosine tri-phosphate

fractionally 18O labeled in perfused mammalian hearts.

Keywords 31P NMR chemical shift correlation �
18O/16O isotopic effects � ATP turnover � Isotopologue

distribution � Oxygen-18 � High-energy phosphoryl

dynamics � Phosphotransfer � Phosphometabolomics

Introduction

Effects of 18O/16O isotopic substitutions on 31P NMR

chemical shifts of metabolic nucleotide oligo-phosphates,

such as adenosine di- and tri-phosphate (ADP, ATP), have

been used for elucidation of enzymatic reaction mecha-

nisms, determination of metabolite turnover rates, and

metabolic flux analysis (Cohn 1982; Cohn and Hu 1978;

Cohn and Rao 1982; Hackney et al. 1979; Pucar et al.

2002; Pucar et al. 2004; Pucar et al. 2001; Pucar et al.

2000; Schneck et al. 2010). The 18O isotope effect is

readily visible in the high-resolution 1D 31P NMR spectra

of phosphometabolites. For instance, in ATP the 31P res-

onances (a, b and c) are incrementally shifted upfield with

each 18O/16O substitution within the respective phosphate

group (Fig. 1, bottom). However, the isotopic effect

induced by chemically equivalent oxygen atoms cannot be

distinguished. Thus, in ATP only 6 groups of oxygen atoms

can be identified by the isotopic effect (Fig. 1, top). Due to

the nature of enzymatic reactions (by ATPase, adenylate

kinase, and adenosine kinase) the extent of 18O/16O isotope

exchange varies across nucleotide oligophosphate moieties.

More 18O-shifted peaks of high intensity are seen in the c
spectral region than in the a or b regions, since the efficacy

of isotopic substitutions generally decreases from c to a
position. A complicating feature of 1D spectra is the
31P–31P spin–spin coupling, the size of which (*20 Hz) is

comparable to the spread of 18O/16O isotopic shifts.

The relative intensities of the isotope-shifted peaks

contain information on the fractional 18O-isotopic enrich-

ments at each of the oxygen positions. However, determi-

nation of fractional enrichments within a group of

chemically equivalent atoms is not straightforward because

it depends on the distribution of isotopologues within a

group. Although the distribution is generally assumed to be
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statistical (Dawis et al. 1989), that assumption may not

always hold in enzymatic reactions (Bock and Cohn 1978).

Therefore, it is desirable to have techniques that can map

not only the population of isotopic labels (as 1D NMR or

mass spectroscopy do) but also their intramolecular cor-

relations. This would, in principle, enable detection of

preferential processes that may cause deviations from sta-

tistical distribution. Such information could be provided by

2D chemical shift correlation spectroscopy (Aue et al.

1976), in which the same 31P–31P spin–spin couplings that

complicate 1D spectra help to establish correlations along

chemical bonds. Recent improvements also eliminate

J-coupling features from detected 2D spectra and provide

clean chemical-shift correlations (Bermel et al. 2005). Here

we report the use of J-decoupled 2D 31P–31P chemical

shifts correlation spectroscopy in mapping correlations of
18O labels within oligophosphate moieties. We also present

a method to analyze 31P chemical shift correlations of
18O/16O isotopic effects, which enables extraction of the

fractional 18O enrichments in nucleotide phosphates.

Results and discussion

We adopted the technique of virtual decoupling (Bermel

et al. 2005) to eliminate one homonuclear coupling in the

acquisition domain, and to fully decouple a doublet 31P

signal at the a or c position of ATP. In this way, the a and c
31P-chemical shifts were in the acquisition domain while

the b chemical shifts were consistently in the evolution

domain. The spin decoupling in the evolution domain was

achieved by selective inversion of both the a and c reso-

nances. Consequently, in an unlabeled sample, a single 2D

peak was obtained for the a/b or c/b chemical shift cor-

relations. In the 18O enriched sample the corresponding

spectra show numerous 2D peaks, in which chemical shifts

and intensities depend on the position and the number of

introduced 18O labels (Fig. 2).

Assignment of 2D peaks can be made considering only

direct, one-bond 18O/16O 31P isotopic effects, assuming that

multiple effects are additive, and that the peripheral oxygen

substitution shift is stronger than the bridge substitution

(Cohn and Hu 1980). For example, in the a/b 31P correla-

tions (Fig. 2 top) the main peak at -10.65/-20.68 ppm

(lower left corner) corresponds to all-16O moiety, whereas a

series of peaks detected at d(a-31P) = -10.65 ppm belongs

to the isotopologues with an increasing number of 18O atoms

around b-31P nuclei (excluding the ab-bridge position). A

single 18O substitution of the ab bridge generates crosspeaks

with the increments along both (a and b) axes, similar to the

substitution of 1 peripheral a and 1 peripheral b, but smaller

in magnitude. The 18O substitution of the bc bridge should

be identifiable from the b/c correlation spectrum (Fig. 2,

bottom) by the analogous reasoning. However, the isotopic

shift of 31P c-signal induced by oxygen in the c bridge (cb)

has never been resolved from that of the peripheral (cp)

oxygen isotopic shift by 1D spectroscopy. Yet, from the

small chemical shift difference along the c-axis in 2D cor-

relation spectrum (Fig. 2 bottom, starred peak) it is clear

that the isotopic effect of the cb oxygen is only slightly

smaller than that of the cp oxygen. Therefore, the 1D

spectrum of b signals nicely resolves the bridge oxygen

isotopic shifts from the peripheral ones, whereas c signals do

not resolve them (Cohn and Hu 1980). Caution must be

exercised in interpreting peak intensity of this ‘‘resolved’’

bridge signal in the 1D spectrum, because both the cb and ab

peaks from 2D correlation projects into that same 1D peak

(Fig. 2, top). Consequently, in the presence of the a-phos-

phate oxygen labeling, determination of the cb and ab

labeling from 1D spectra remains ambiguous. This exem-

plifies novel insight into the site-specific labeling achieved

by a better resolution in the 2D correlation spectra and

elimination of the J-coupling features. However, even in 2D

not all connectivities are resolved. For instance, in the c/b
correlation, the isotopic shifts of the single cb substitution is

practically coincidental with the double cp ? bb substitu-

tions (Fig. 2, bottom, four boxed structures).

In addition to better determination of the one-bond

isotopic shifts, the increased spectral resolution in 2D

Fig. 1 Metabolic enzymatic reactions in ATP differentiate 6 phos-

phate-oxygen positions according to degree of isotopic 18O/16O

substitutions (top): peripheral oxygens at c position (cp, blue), the

bridging oxygen between the c and b position (cb), peripheral

oxygens at b position (bp, red), the bridging oxygen between b and a
position (bb), peripheral oxygen at a position (ap, green), and the

bridging oxygen between the ribose carbon and a position (ab). In the

1D 31P NMR spectrum (bottom) chemical shifts caused by isotopic

substitution overlap with 31P–31P spin–spin couplings

238 J Biomol NMR (2011) 50:237–245

123



enabled us to observe a more remote, three-bond 18O/16O–

P–O–31P isotopic effect. The most visible are the three-

bond effects of cp oxygen isotopic substitutions on 31P b
signals, as shown in Fig. 3.

Due to the partial overlap, about 70% of observed 2D

peaks could be uniquely assigned (in terms of 6 chemically

different phosphate oxygens of ATP) to their respective

isotopologues. In contrast to 2D, most of the peaks in 1D

spectra (or 1D sum-projections of J-resolved 2D spectra)

are superpositions of the spectral signals from several

isotopologues with similar isotope shift. Consequently, in

1D most of the specific peak-intensity information is lost.

Therefore, we chose to determine the 18O/16O isotopic

enrichment at each phosphate oxygen by fitting all exper-

imental 2D peaks with simulated 2D spectra.

For simulation of 2D spectra, the spectral intensities at

each spectral position are needed. This requires knowledge

of the statistical weight of each isotopic configuration of

the tri-phosphate moiety and the 31P chemical shift of each.

Because of the three-bond isotopic effects that we

observed, the simulation of the a/b and c/b chemical shift

correlations has to consider the whole tri-phosphate moi-

ety. Thus, all isotopologue combinations of 18O/16O

occupancies for 10 oxygen atoms (210) must be taken into

account. To calculate the statistical weights of 18O/16O

isotopologues we assumed that a priori probabilities for
18O or 16O occupancies at each oxygen are the same and

that only the rates of the labeling cause differences in

isotopic enrichment of oxygen sites. Accordingly, an iso-

topologue with N oxygen sites is defined by isotope

occupancies mj vj ¼ 1 for 18O and vj ¼ 0 for 16O
� �

at each

of the N sites j ¼ 1; 2; . . .;Nð Þ, and each oxygen site has its

own 18O/16O fractional isotopic enrichment fj. Then, the

Fig. 2 The 283-MHz 31P chemical shift correlations of 18O/16O

isotopic effects, for a/b (top) and c/b (bottom). Assignments of 1D

spectral projections (row-wise or column-wise sums of 2D peaks) are

given by groups of 18O/16O substitutions that induce the correspond-

ing shifts. Isotopic identity of several 2D peaks is represented by

graphs displaying oxygen atoms (18O solid circle, 16O open circle)

directly bound to the observed 31P. The starred peak (slightly less

shifted along the c-axis than the peripheral) exemplifies an unequal

influence of the c-bridge oxygen isotopic substitution on the c versus

b chemical shifts. Recorded from an extract of a single rat heart

metabolically 18O labeled for 10 min

Fig. 3 The 283-MHz c/b 31P chemical shift correlations of 18O/16O

isotopic effects. 2D peaks are shifted in the 31P b domain due to the

three-bond 18O/16O–P–O–31P isotopic effects. Recorded from an

extract of a single rat heart metabolically 18O labeled for 10 min
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probability of finding a specific isotope in a single site j is fj
for 18O and 1� fj

� �
for 16O. Using the occupancy factor vj,

the probability of finding either isotope in a single site can

be expressed by the Bernstein binomial polynomials

(Bernstein 1912):

wjðvjÞ ¼
1

mj

� �
f
mj

j 1� fj

� �1�mj ; mj ¼ 0 for 16O

1 for 18O

�

where the occupancy factor selects corresponding isotope.

Each isotopologue is defined by its own combination of

occupancies (for N sites, total of 2 N); then, the statistical

weight (w) of a single isotopologue is given by the product

of probabilities for all sites with respective occupancies

(v1, …, vN):

wðv1; . . .;vNÞ ¼
YN

j¼1

1

mj

� �
f
mj

j 1� fj
� �1�mj ; mj 2 0;1 ð1Þ

In the case of ATP, the chemical equivalency sorts 10

oxygen atoms into 6 groups (Fig. 1). If oxygen atoms

within the groups are truly equivalent (not only in chemical

shifts but also throughout the process of isotopic

biochemical labeling) the probability of labeling inside a

group should also obey the binomial distribution. Therefore

it is practical to recast (1) in terms of the six (k) chemically

different groups of oxygen atoms:

wðvab; vap; vbb; vbp; vcb; vcpÞ ¼
Y

k

nk

mk

� �
f mk

k 1� fkð Þnk�mk

mk 2 0. . .nk

k ¼ ab; ap; bb; bp; cb; cp

nab ¼ nbb ¼ ncb ¼ 1

nap ¼ nbp ¼ 2

ncp ¼ 3 ð2Þ

where the product expands over k groups of phosphate

oxygen types in ATP, nk is a number of oxygen atoms in

each group (e.g, for the cp nk ¼ 3) and mk is the 18O iso-

topic occupancy of the nk oxygen sites. Here, we should

stress that recasting (1) into (2) decreases the number of

unknown fractional isotopic enrichments but introduces

bias toward the perceived chemical equivalency of some

groups of oxygen atoms. If such equivalency is doubtful,

then (1) can always be applied and groups of equivalent

atoms can be defined later according to derived fractional

isotopic enrichments. Obviously, if (2) works then (1)

would work also.

Equation (2) has an advantage for the present study

because the chemically equivalent oxygen atoms also

exhibit the same isotopic effect; that is, they overlap in the

2D correlation spectrum. An isotopologue given by (2) has

associated 31P isotopic chemical shifts given by:

dp ¼ dp
0 þ

X

k

mkD
p
k ; p 2 a; b; c ð3Þ

Here dP
0 is the chemical shift of unlabeled ATP, and iso-

topic 18O/16O chemical shifts Dp
k

� �
have significant value if

31P(p) and 18O(k) are less than 4 bonds apart (by far the

most significant are one-bond isotopic shifts, as discussed

above).

Considering only the one-bond isotopic effect and

neglecting possible spectral overlap, the three 31P nuclei

have 32 distinct isotope-induced chemical shifts which can

produce 240 crosspeaks in the two correlated spectra. The

objective is to find fractional isotopic enrichments fk for

each group, which in the case of ATP amounts to 6. Since

we can unambiguously assign about 70% of all 2D peaks,

the system is rather overdetermined. To find the degree of

the enrichments, we chose to minimize the differences

between the experimental and simulated a/b and b/c 2D-

correlation spectra by a grid search of 6 fractional isotopic

enrichments. Additional spectral parameters, which are

mainly predetermined (experimental spectral line-widths,

one-bond and three-bond isotopic chemical shifts), were

subjected to a more limited grid search. Spectral intensity

at almost every point of the spectral regions included in the

simulation is significant for determination of the fractional

isotopic enrichments fk, as is indicated by simulated spectra

corresponding to all fk = 0.5 (Fig. 4, bottom). The final

values of fk, given in Table 1, yield a high linear regression

coefficient (r2 = 0.98) between the fitted and experimental

spectral intensities. The quality of the obtained simulation

can also be seen from comparison of 2D contour plots and

peak cross-sections between the fitted and the experimental

spectra (Fig. 4).

The excellent agreement between the simulated and

experimental spectra indicates that the exchange reaction

takes place in an unbiased statistical manner. The

eventual stereospecific exchange (different enrichment

within a chemically equivalent group of oxygen atoms,

e.g. two atoms from a group having different fractional

enrichments, fk1, fk2 instead of common, fk) that can be

induced by some enzymatic reactions (Bock and Cohn

1978), appears to be absent. Observation of the stereo-

specific effect depends on the different dependence of

isotopologues statistical weights (w * fk1fk2) and peak

intensities (I * fk1 ? fk2) on the fractional isotope

enrichment. Thus, if fractional isotopic enrichments of

the chemically equivalent atoms differ, then (1) and (2)

give different intensities for these overlapping peaks.

This difference originates in multiplicative terms which

by (1) have form fk1fk2 and by (2) form fkð Þ2. To test for

potential presence of stereospecificity we analyzed the

error dependence of overall fit as a function of the
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fractional enrichment. For each 31P site we varied fk1; fk2

within the equivalent groups of atoms (ap, bp, cp) in a

grid search manner and using (1) simulated 2D spectra

for each combination (Fig. 5). In all cases minimal error

was obtained for fk1, fk2 = fk, thus justifying use of (2)

although for the small isotopic enrichments i.e. fap ¼
0:04, the error of using fap1 = 0, fap2 = 0.08 instead of

fap1 ¼ fap2 ¼ 0:04 is within the S/N threshold. In aggre-

gate, there is no need to invoke the stereospecific

enrichments in the present case, however, this analysis

shows that method could detect stereospecificity, espe-

cially at larger isotopic enrichments. The derived frac-

tional isotopic enrichments can therefore be interpreted

as a consequence of labeling rates for the 6 chemically

equivalent phosphate oxygen sites in the metabolic (rat

heart) 18O labeling of ATP.

An interesting aspect of the simultaneous fitting of the a/

b and c/b correlated 2D spectra is that fractional isotopic

enrichments of b-phosphate oxygen sites derived from two

correlations should be the same if the statistical distribution

over the whole tri-phosphate moiety holds. To investigate

this, we allowed the enrichments to adjust independently,

and found agreement between the a/b and c/b derived

fractional values within the error limits. The final results

for both the fractional isotopic enrichments and the isotopic

chemical shifts are given in Table 1.

The one-bond 31P chemical shifts induced by 18O/16O

isotopic substitutions, determined here for the first time for

all three phosphate groups in ATP, exhibit substantial

variations between the groups. The difference between the

peripheral and the bridge isotopic shift can be as small as

0.0021 ppm (c phosphate) and as large as 0.0129 ppm

Fig. 4 Comparison of

experimental (red) and

simulated (black) spectra of 31P

chemical shift correlations a/b
(left) and c/b (right) of 18O/16O

isotopic effects. Spectral regions

within the dashed boxes were

simulated (appearance of these

regions for all fk = 0.5 is shown

in the bottom inserts). Positions

of all possible peaks in the

chemical shift correlations are

shown by crosses. Chemical

shifts are given relative to the

corresponding signal of the 18O

unlabeled ATP
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(a phosphate). Notably, the total isotopic shifts (in going

from P16O4 to P18O4 moieties) for each of the 3 phosphates

is almost the same, amounting to -0.0989 ± 0.0012 ppm.

As expected, the fractional isotopic enrichment is highest

at the c phosphate, slightly lower at the b phosphate, and

much lower at the a phosphate, due to the dominant c- and

b-phosphoryl group transfer in the cardiac-energetic met-

abolic reactions (Pucar et al. 2000). The rather low 18O/16O

metabolic fractional isotopic enrichments of the ATP

a-phosphate oxygen sites are determined for the first time

with a good error threshold and indicate that the oxygen

bridge to ribose is less labeled than the bridge to the b
phosphate (with clear alliance of all four oxygen atoms to

the AMP fragment of ATP). The fractional enrichments of

oxygen sites in the a, b and c bridges (0.03, 0.05, and 0.23,

respectively) place their values consistently above the

peripheral labels in the enclosing moieties (AMP, ADP),

indicating the presence of the ‘‘X-group transfer’’ (Cohn

1982) and positional isotopic exchange (Lowe and Sproat

1978), the processes that randomize effects of the isotopic

labeling introduced by the phosphoryl group transfers.

Conclusion

The superior resolution of the J-decoupled 31P 2D-NMR

chemical shift correlation spectroscopy in this study

enabled the determination of 18O/16O isotopic shifts for all

ATP phosphate groups, thereby resolving the c-phosphate

peripheral versus bridge 18O/16O isotopic shifts, and the

determination of several shifts over three chemical bonds.

More important, the 2D method provided maps of

Table 1 Positional (p) 31P chemical shift difference induced by
18O/16O isotopic substitutions at 6 (k) phosphate-oxygen groups of

atoms in ATP (isotopic shift Dp
k), and extracted fractional isotopic

enrichment (fk, the a/b- and c/b-correlation values given separately)

for an isolated rat heart sample metabolically 18O-labeled for 10 min

31P signal 18O position One-bond 18O/16

O–31P shift

Three-bond 18O/16

O–P–O–31P shift*

Fractional 18O/16O isotopic enrichment**

p k Dp
k ppm Dp

k ppm fk

(a/b) (c/b)

a Bridge (ab) -0.0160 ± 0.0005 0.03 ± 0.02

Peripheral (ap) -0.0289 ± 0.0002 0.04

Bridge (bb) -0.0173 ± 0.0003 0.05

Peripheral (bp) ?0.0003

b Bridge (bb) -0.0164 ± 0.0002 0.05 0.05

Peripheral (bp) -0.0280 ± 0.0002 0.21 0.22

Bridge (cb) -0.0165 ± 0.0002 0.23 0.23

Peripheral (ap) -0.0003

Peripheral (cp) ?0.0005

c Bridge (cb) -0.0206 ± 0.0002 0.23

Peripheral (cp) -0.0225 ± 0.0002 0.25 ± 0.005

* All zero within experimental error (0.0002) except those given

** Error ± 0.01 if not stated otherwise

Fig. 5 Error of the spectral fit (r.m.s.d. between the experimental and

simulated 2D spectra) as function of unequal fractional isotopic

enrichments (fk1, fk2) of the chemically equivalent oxygen atoms (ap,

bp, cp), represented by equidistant contours from the error minimum

(?) to the spectral noise threshold level (set at 3 noise standard

deviations). The simulated spectra were calculated applying (1),

varying fk1 and fk2independently for one group at a time, and keeping

all other fractional isotopic enrichments at their optimal values given

in Table 1. Although the errors are strongly correlated along the line

fk1 ? fk2 = const. the error minima (?) are observed atfk1 = fk2
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numerous correlations among isotopic labeled sites. The

abundance of correlations, in turn, allowed an efficient

statistical deciphering of isotopologue distributions,

enabling determination of fractional isotopic enrichments

individually for each site, and identifying groups of oxygen

sites that are indistinguishable during metabolic isotopic

labeling. In the case of the rat heart metabolic labeling of

ATP, the chemically equivalent phosphate oxygen sites

were also found to be metabolically equivalent.

The result of this work are readily applicable to ADP,

AMP and other phosphates. The use of 2D correlation

maps will greatly improve 18O-assisted 31P NMR tech-

nology which is being increasingly used for comprehensive

evaluation of muscle and cellular bioenergetics and phos-

photransfer metabolomics and fluxomics.

This work also relates to a large field of research that is

focused on direct NMR observation of isotopic labels such

as 13C in metabolic processes (Sauer 2006) and especially

to the graph theory approach (Weitzel et al. 2007) which in

principle can provide connectivity needed for interpretation

of correlated NMR spectroscolpy.

Materials and methods

Sample preparation

Methods used for heart perfusion (perfusion of excised rat

hearts with oxygen saturated Krebs-Henseleit solution),
18O phosphoryl labeling (perfusion for 10 min with 30%

H2[18O] in Krebs-Henseleit solution), and sample prepa-

ration for NMR spectroscopy (extraction and purification

of labeled ATP from the perfused hearts) have been

described in detail previously (Dzeja et al. 1999; Pucar

et al. 2000). A single heart was used for the sample

preparation.

NMR spectroscopy

The 283-MHz 31P NMR spectra were recorded on a

700-MHz Avance Bruker spectrometer (Bruker) equipped

with an indirect detection broadband probe (applied for

direct 31P observation). Temperature was controlled at

25.0 ± 0.1 C. Two-dimensional a/b and c/b 31P chemical

Fig. 6 Implementation of IPAP filtered pulse program for fully

decoupled 2D-HSQC chemical shift correlation of ATP c (acquisi-

tion) and b (evolution) 31P resonances. The program is analogous to

one given in (Bermel et al. 2005), except for semi-constant-time

evolution (adopted from Bruker Avance pulse program ‘‘c_caco_ia’’)

and addition of three 180 decoupling pulses at a-resonances during

evolution. Narrow and wide round shaped bars represent selective 90

and 180 pulses, respectively. For the 283 MHz 31P NMR spectra

recorded at 700 MHz Avance Bruker spectrometer equipped with

indirect detection broadband probe (applied for direct 31P observa-

tion), the Sinc1.1000 pulses of 2 ms duration were used. Delays were

calculated for J = 20 Hz. The pulse field gradient was 1 ms long,

sine shaped, with maximum intensity (z-axis) of *10 G/cm. Com-

posite 1H decoupling (Waltz 16) used 320 ls 90 degree pulse. The

carrier frequency was centered at c-resonance (-5.2 ppm) while

shaped pulses for a- and b-resonances where shifted to -10.9 and

-20.7 ppm, respectively. The pulses phase was to x-axis, unless

stated differently. Phase cycling was /1 ¼ x;�x, /2 ¼ 4ðxÞ; 4ðyÞ,
/3 ¼ x; x;�x;�x, /4 ¼ �y;�y; y; y, /rec ¼ x;�x;�x; x;�x; x; x;�x.

Phase-sensitive spectra in evolution domain were obtained by /1

incrementing in a States-TPPI manner. IPAP filter was switched

between in-phase and anti-phase by counter flag, for subsequent

processing in ‘‘IPAP 2’’ mode. The pulse program for a/b 2D

correlation is same except a and b pulses are interchanged

J Biomol NMR (2011) 50:237–245 243
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shift correlation spectra were acquired overnight (128

transients; 128 increments; repetition rate 1 s) with spectral

resolution of *0.5 Hz in both domains (spectral widths

1 ppm in direct and 0.3 ppm in indirect domain), and

processed to *0.2 Hz digital resolution in both domains

(1024 9 256 points). The Bruker program splitcomb

(IPAP 2) was used for the virtual-decoupling processing.

The pulse sequence used for 31P chemical shift correlations

of 18O/16O isotopic effects and corresponding experimental

details, are given in Fig. 6.

To maximize the S/N ratio the repetition rate was 1 s

which created the steady state condition with *10% dif-

ference between the slowest relaxing c 31P signal and the

fastest relaxing b 31P signal intensities, resulting in slightly

unequal intensities between the a/b and c/b 2D spectra.

Because in these 2D spectra we observe only one cross-peak

(a/b or c/b) just shifted around by 18O-isotope effect, all

intensity differences can be accounted for by bringing the b
(evolution dimension) sum-projections on the same scale.

2D spectra simulation

Experimental 2D spectra (2rr serial files (of length =

10249256)) were read into Matlab (MATLAB R2007a;

The MathWorks, Inc) and reshaped from a 262,124 words

vector into 10249256 matrix. Out of it, a submatrix

(1289128) containing only spectral region of interest

(-0.031 to 0.109 ppm from the 31P signal of 18O unlabeled

ATP) was selected for further analysis.

The stick spectrum of the same size, was generated by

calculating intensities (2) at respective positions (3)

applying trial values of the isotopic fractionation factors

and chemical shift parameters. The synthetic spectrum is

obtained by convoluting the stick spectrum with the

parameters from experimental lineshapes. This ‘‘stick-

spectrum’’ was first 2D Fourier transformed, multiplied by

the same window function as original fid (skewed sine-

square), and also multiplied with Gaussian line shape to

account for experimental line broadening. Parameters of

the skewed sine square were constant while the Gaussian

width was varied within the fitting procedure. Thus

obtained synthetic fid was 2D Fourier transformed creating

the synthetic spectrum of the same size and shape as

experimental one. The spectrum was subtracted from the

experimental one and point-wise r.m.s.d. were calculated.

The statistical analysis and underlying assumptions were

analogous to the earlier described procedure for 2D spectra

simulations (Schmidt 1997). Using this routine, the best-fit

spectrum was obtained by a grid search of the isotopic

enrichment factors.

In the first run, a separate grid-search for each fk in steps

of 0.005 from 0 to 1 was performed, while keeping all other

fk at zero. In all cases a smooth U-shaped first minimum of

r.m.s.d. (in going from fk = 0up) was also the global

minimum, and changed less than 0.1 in the subsequent

refinement. An additional shallower minimum at higher fk
was observed only in one case (cp). In the next runs all 6

fractional isotopic enrichments were grid searched jointly

in the range of 0.2 around the current best values (with step

0.02). The same was then repeated in the range of 0.1 (step

0.01) and range 0.05 (step 0.005). After each refinement

stage, the line widths and spectral positions were also

adjusted in a grid search manner. The spectral positions

were searched in rather small range (0.005 ppm) justified

by the uncertainty of the directly measured experimental

positions. On a Linux workstation (HP xw9400) the whole

process takes several hours. Inclusion of the small three-

bond isotopic shifts were allowed only if the linear

regression between calculated and experimental spectral

intensities passed the statistical test (only 3 such shifts were

significant, Table 1).

Errors of the derived parameters were evaluated by

inspection of their profiles along manifold dimensions of the

error space. Figure 7 shows two-dimensional fbb error pro-

files obtained by a pairwise grid calculation with each of the

fk parameters (top and bottom inserts). The middle insert of

Fig. 7 Plot fbb errors obtained by a pair-wise grid calculation with

each of the fk parameters (top and bottom inserts). The middle insert

shows 1D profile of fbb error in relation to the noise threshold level

(set to 3 noise standard deviations), which is also the level of contours

in the 2D error plots
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Fig. 7 shows the one dimensional profile of fbb error in

relation to the noise threshold level (set to 3 noise standard

deviations), which is also the level of contours in the 2D

error plots. The fbb error appears uncorrelated to the errors

of the peripheral oxygen isotopic enrichment factors

(fap; fbp; fcp), and correlated with the errors of the bridging

oxygen factors (fab; fcb), as can be expected based on the

proximity of the isotopic chemical shifts (Table 1) that

cause spectral overlap. The size of error at the threshold

contour is much influenced by the level of isotopic enrich-

ment, i.e. for the high fk the error ellipsoids are thinner

(Fig. 7, top insert vs. bottom insert). Notably, the width of

the error ellipsoids along fbb axis is fairly constant in all

cases and adequately represented by the 1D error profile.

The half of that width is reported as fbb error in Table 1. The

analogous analysis was applied for all parameters.
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