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Abstract

Novel technologies for measuring biological systems and methods for visualizing data have led to a revolution in the life sciences.
Nuclear magnetic resonance (NMR) techniques can provide information on metabolite structure and metabolic dynamics at the atomic
level. We have been developing a new method for measuring the dynamic metabolic network of crude extracts that combines [13C6]glu-
cose stable isotope labeling of Arabidopsis thaliana and multi-dimensional heteronuclear NMR analysis, whereas most conventional met-
abolic flux analyses examine proteinogenic amino acids that are specifically labeled with partially labeled substrates such as
[2-13C1]glucose or 10% [13C6]glucose. To show the validity of our method, we investigated how to obtain information about biochemical
reactions, C–C bond formation, and the cleavage of the main metabolites, such as free amino acids, in crude extracts based on the anal-
ysis of the 13C–13C coupling pattern in 2D-NMR spectra. For example, the combination of different extraction solvents allows one to
distinguish complicated 13C–13C fine couplings at the C2 position of amino acids. As another approach, f1–f3 projection of the HCACO
spectrum also helps in the analysis of 13C–13C connectivities. Using these new methods, we present an example that involves monitoring
the incorporation profile of [13C6]glucose into A. thaliana and its metabolic dynamics, which change in a time-dependent manner with
atmospheric 12CO2 assimilation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is one
of the most powerful and widely used techniques for deter-
mining structure and analyzing the environment and phys-
ical properties of molecules. NMR methods are relatively
insensitive, and only signals from compounds present in
relatively large amounts (at least nmol quantities) can be
detected in spectra (Korir et al., 2005; Li et al., 2006). As
metabolic engineering usually results in the accumulation
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of relatively high concentrations of metabolites, this insen-
sitivity is often less restrictive for compound detection and
identification than for other areas of biochemistry. NMR
signals can be detected from the nuclei of many isotopes;
1H, 13C, 15N, and 31P are the most widely used for biolog-
ical NMR spectroscopy (Ratcliffe et al., 2001; Ratcliffe and
Shachar-Hill, 2001, 2005). The relevant magnetic isotope of
carbon is 13C; its low natural abundance of only 1.11%
contributes to the considerably lower sensitivity of 13C
NMR compared with 1H NMR. Accordingly, the applica-
tion of 13C NMR in unlabeled systems is largely confined
to the detection of the most abundant metabolites (Ratc-
liffe and Shachar-Hill, 2001). Stable isotope labeling is used
to enhance the signal intensities of relatively low-sensitivity
nuclei such as 13C (Ratcliffe and Shachar-Hill, 2001).
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Labeling with 13C can also be used to monitor the changes
in carbon–carbon connectivity in metabolic processes,
using bondomer analysis. Bondomers, which possess
13C–13C bonds at specific places within a molecule, can
be distinguished by analyzing the characteristic splitting
of the signals in NMR spectra (London, 1988; Ratcliffe
and Shachar-Hill, 2006). In particular, one-bond 13C–13C
couplings (1JCC) undergo marked variation on substitution
and in the electronic structure of their carbon–carbon
bonds (Mooney and Winson, 1969; Maciel, 1974; Hansen,
1978; Krivin and Kalabin, 1988;Buncel and Jones, 1991;
Kamieñska-Trela, 1995, and references cited therein), facil-
itating unambiguous identification and quantification of
each bondomer.

As a technique for analyzing metabolic flux, one-dimen-
sional (1D) 13C NMR analysis of proteinogenic amino acids
(and roughly purified primary metabolites) with partially
stable isotope-labeled substrates such as [2-13C1]glucose or
10% [13C6]glucose is well established (de Graaf et al.,
2000; Petersen et al., 2000; Roberts, 2000; Roscher et al.,
2000; Glawischnig et al., 2001; Jones et al., 2001; Kruger
et al., 2003). Compared with feeding experiments using a
specifically labeled substrate, uniform isotope labeling of
plants increases detectable metabolites, potentially making
it possible to elucidate more complicated metabolic net-
works. In recent years, we have reported methods for stable
isotope labeling in higher plants using carbon or nitrogen,
two of the largest components of organic compounds
(Kikuchi et al., 2004; Kikuchi and Hirayama, 2006, 2007).
For example, the uptake of [13C6]glucose via the roots or
the assimilation of 13CO2 into higher plants results in the
incorporation of the 13C nucleus instead of 12C in hundreds
of organic compounds. However, the 1D-NMR technique is
not applicable when attempting to follow bondomers in
hundreds of uniformly 13C-labeled metabolites. By contrast,
2D NMR techniques allow the resolution of overlapping
signals in the second dimension (Szyperski, 1995; Schmidt
et al., 1999; van Winden et al., 2002; Yang et al., 2002)
and can be used not only for spectral dispersion but also
for assigning various molecules in complex systems (Govil,
2004). Furthermore, indirect detection techniques such as
2D 13C-heteronuclear single quantum coherence (HSQC)
pulse sequences increase the sensitivity of the experiments
(Bodenhausen and Ruben, 1980). Therefore, a combination
of uniform stable isotope labeling with 2D heteronuclear
NMR allows the resolution of hundreds of 13C–13C bondo-
mers in 13C-labeled plant extracts. Combining fractional
labeling, for example, 10% [U-13C]sucrose and 90% natu-
rally abundant sucrose, allowed the analysis of the
13C–13C coupling pattern of the signals in 2D 1H–13C spec-
tra of protein or starch hydrolysate using refined deconvo-
lution software (Szyperski, 1995; Szyperski et al., 1996;
Siram et al., 2004). However, the analysis of 13C–13C cou-
pling patterns remains complicated in experimental mea-
surements of crude extracts from organisms because they
contain all soluble metabolites—not only free amino acids
and carbohydrates but also organic acids, lipid compounds,
etc.—and result in the coexistence of multiple bondomers
and overlapping split signals. Signal overlap is caused
mainly by the close chemical shifts of signals or close 1JCC

values. In some cases, these may be resolved by increasing
the amount of acquired data, however, this is limited by
the line width, and more importantly, it is necessary to
reduce the total acquisition time for metabolome usage.

Recently, several reports have shown that metabolic flux
analysis can be extended not only to conventional targeted
analysis but also to comprehensive analysis, known as flux-
ome or fluxomics (Sauer et al., 1999; Nielsen, 2003; Kro-
mer et al., 2004; Sauer, 2004; Birkemeyer et al., 2005;
Zamboni and Sauer, 2005; Sauer, 2006; Tang et al.,
2007). This concept might contribute significantly to pro-
moting systems biology in the era of post-metabolomics
(Sanford et al., 2001; Lee et al., 2005; Nielsen and Oliver,
2005; Wang et al., 2006; Wendish et al., 2006), although
the current technology might still be insufficient. Even
metabolome analysis is limited by chemical complexity,
metabolic heterogeneity, dynamic range, and ease of
extraction. In particular, a major drawback may be mea-
surement technology (Hall, 2005). Among the many avail-
able analytical platforms are GC/MS, LC/MS, CE/MS,
FT/MS, and NMR, but these have several limitations
(Pan and Raftery, 2007). Therefore, we have focused on
developing new methods for metabolome and fluxome
analysis. The measurement technologies discussed here
constitute our first report on NMR-based fluxomics.

Our strategies differ from NMR-based targeted flux
analysis in that we (1) start with uniform labeling with
13C, (2) use crude plant extracts instead of proteinogenic
amino acids, and (3) analyze the time-dependent changes
of the bondomer composition at each growth stage in order
to follow dynamic metabolic networks. To obtain detailed
information on metabolites at the atomic level, the analysis
time is inevitably lengthened by a purification step, with the
consequent loss of valuable information on the removed
metabolites. In addition, there is a long acquisition time
owing to lower labeling ratios and larger data points. Here,
we show how to distinguish the complicated 13C–13C bond-
omers in 2D-NMR spectra by using different extraction
solvents to change the 1JCC values and different NMR
pulse sequences to detect the 13C–13C connectivities from
a different direction. Using these methods, we present an
example of bondomer analysis combined with uniform sta-
ble isotope labeling used to measure a metabolic network.
2. Results and discussion

2.1. Measuring 13C–13C fine couplings using 2D-NMR

2.1.1. Combining different extraction solvents for 2D 1H–13C

HSQC analysis
Several factors contribute to the variation in 1JCC: the

coupling mechanism itself, the electronic influence of sub-
stituents, the orientation of bonds and steric effects, the
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effects of unshared electron pairs, and the effects of sol-
vents. It has been suggested that 1JCC is less sensitive to
temperature and sample concentration (Krivin and Kala-
bin, 1988). The effects of the solvent are manifested in the
variation in 1JCC. Magnetic shielding is induced by the
magnetic moments of neighboring molecules and intermo-
lecular electrostatic interactions. We compared the 13C–13C
coupling pattern and 13C–13C connectivities that could be
distinguished in the main metabolites in Arabidopsis thali-

ana using two extraction solvents: deuterated methanol
(MeOD)/4-(2-hydroxyethyl)-1-piperazine ethanesulphonic
acid (HEPES) and hexafluoroacetone trideuterate (HFA)/
HEPES. Fig. 1 shows a scheme for analyzing the 13C–13C
coupling pattern in 2D 1H–13C HSQC spectra. First, A.
thaliana was uniformly labeled by the root uptake of
[13C6]glucose. It should be noted that we needed only
3 mg of dry plant material for an experiment, which was
performed by the high-sensitive 1H detection technique
using cryogenically cooled probe. The use of cryogenic
probe has become widespread. It enhances sensitivity espe-
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constants are shown alongside in Hz. The multiplet peaks are: s, singlet,
connectivities. Details of all the measured coupling constants and the amount o
labeled A. thaliana sampled at day 13 (MeOD/HEPES). The amino acid sign
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of [13C6]glucose-labeled A. thaliana sampled at day 13 (HFA/HEPES). 1JC1–C

observed at C2 looks smaller (35.7 Hz) due to the overlapped doublet signal a
cially in non-polar organic solvents due to low dielectric
property (Horiuchi et al., 2005), and enables us to use
low-concentration samples. We note that reproducibility
of our NMR methods is extremely high due to high stabil-
ity of NMR experiments. Furthermore, sampling of several
plants can help to avoid experimental errors of NMR
results due to individual metabolic differences. Our estab-
lished 13C labeling, sampling and 2D 1H–13C HSQC anal-
ysis exhibited high reproducibility as described in
essentially same experiments reported in Tian et al. (2007).

During atmospheric 12CO2 assimilation, 13C–13C bonds
originating from [13C6]glucose were cleaved, and the uni-
formly labeled metabolites became a set of multiple bond-
omers that depended on the biosynthetic pathways
involved. Fig. 1a and b show the 1H–13C HSQC spectra
of the MeOD/HEPES extract of [13C6]glucose-labeled A.

thaliana sampled at day 13 and an expanded view of the
asparagine region, respectively. The signals were assigned
by comparing the chemical shifts with the standard com-
pound database and 3D HCCH-COSY analysis (Kay
QC spectrum of13C-A. thaliana
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et al., 1990a). The carbon atoms of amino acids are succes-
sively numbered from carboxyl carbon (C1) next to the car-
bon carrying amino group. Although it should be possible
to estimate the bondomer composition from the integrated
information on the coupling pattern, intensity, and line
width of the signals of all the carbons in any given mole-
cule, we focused on the coupling pattern at the C2 position
and the 13C–13C connectivities that could be deduced from
this in order to simplify the explanation. The expanded
view of the C2 signal of asparagine in MeOD/HEPES
(Fig. 1b) shows a larger double doublet peak (dd) and a
smaller doublet peak (d), indicating C1–C2–C3 and
C2–C3 connectivities, respectively. In this case, the 1JCC

value of C1–C2 is extremely close to that of C2–C3, and
the central two peaks of the dd are fused in the digital res-
olution (f1 spectral window of 7042.593 Hz and 700 f1 data
points, zero filled to 4096), such that any overlapped singlet
peak(s) cannot be distinguished. Given the difficulty in esti-
mating the composition of bondomers from the intensity or
line width of overlapped multiplet signals, we examined dif-
ferent extraction solvents. Asparagine signals of the HFA/
HEPES extract of the same 13C-A. thaliana sample are
shown in Fig. 1c. In this solvent, the difference between
the 1JCC values of C1–C2 and C2–C3 is sufficient to resolve
the two central peaks of dd and to distinguish these from
the singlet peak. At day 13, no singlet peak was observed
at the C2 of asparagine, so [2-13C1]- and [2,4-13C2]-bondo-
mers were clearly excluded from the theoretically possible
bondomer complement. Although the doublet peak indi-
cating C2–C3 connectivity is hindered by C2 dd peaks in
HFA/HEPES, it can be clearly distinguished in MeOD/
HEPES, as described above. The 13C–13C bond connectiv-
ities deduced from the C2 coupling pattern are indicated by
blue lines in Fig. 1b and c and were supported by the cou-
pling pattern of C3. Details of all the measured coupling
constants are listed in Table 1. To verify the advantages
of bondomer analysis in different solvents, we should give
other examples of solvent effects on 1JCC. We examined
variation in the 1JCC values not only in MeOD/HEPES,
HFA/HEPES but also potassium phosphate (KPi) buffer
and dimethyl sulfoxide (DMSO)-d6 using a 13C-labeled
mixture of standard compounds (supplementary section).
There are remarkable changes in coupling constants by
changing solvents at the carbon substituted with electri-
cally charged functional group, such as C2 of amino acids,
C2 of organic acids, while little variations were observed in
the coupling constants of the carbon possessing uncharged
functional group, such as alkyl group of leucine, C1 of glu-
cose. They are apparently due to strong electric field effects
arising from charged functional groups. Additional advan-
tage of the measurement using different solvents is that it
separates overlapped signals via chemical shift changes.
For instance, overlapped signals observed in DMSO-d6,
such as leucine C4, proline C2 and C4 and succinate C2,
are separated in MeOD/HEPES and HFA/HEPES. These
data also support the advantages of bondomer analysis in
different solvents.
As described above, overlapped multiplet can be sepa-
rated using different extraction solvents. It gives more
detailed information on metabolic network at the atomic
level using highly sensitive 2D 1H–13C HSQC analyses.
However, we have to consider undetectable bondomers with
this pulse sequence. To analyze complex networks between
multiple metabolic pathways, bondomers of measurable
metabolites have to be completely analyzed. In this context,
we decided to examine combination of 2D 1H–13C HSQC
experiment and other heteronuclear NMR techniques.

2.1.2. 2D HCACO analysis

2D 1H–13C HSQC analyses with different extraction sol-
vents detect only the carbons bonded directly to hydrogen.
In our strategy, almost all of the carbons of the metabolites
were labeled, including quaternary and carbonyl carbons.
Therefore, we can take advantage of several pulse
sequences involving 13C–13C magnetization transfer via
1JCC couplings, such as carbon–carbon–proton and pro-
ton–carbon–carbon–proton techniques. Carbonyl carbon
is one of the most important functional groups, and most
primary metabolites possess carbonyl groups. In addition,
carbonyl carbon is susceptible to nucleophilic attack by
biological nucleophiles to form C–C bonds. In this context,
we performed HCACO experiments (Kay et al., 1990a;
Grzesiek and Bax, 1993), which correlate Ha and Ca
(C2) shifts to intramolecular carbonyl (C1) shifts. To deter-
mine the exact 1JC1–C2 values, we performed Ca-coupled
type HCACO experiments that show approximately
55 Hz 13C–13C doublet couplings in the f1 (C1) dimension.
As an example, Fig. 2 shows the f1–f3 projection of the
Ca-coupled HCACO spectrum of [13C6]glucose-labeled
A. thaliana sampled at day 13. In this spectrum, all of the
carbonyl carbons of glycine, serine, and asparagine exhibit
a clear doublet showing exact 1JC1–C2 values. This analysis
affords accurate 1JC1–C2 values of carbonyl compounds and
is especially useful with metabolites for which the 1JCC val-
ues of C1–C2 are difficult to determine from 1H–13C HSQC
analysis, as with asparagine or serine in MeOD/HEPES
(the coupling pattern and coupling constant of C2 in serine
are shown in Fig. 5). In addition to combining different
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extraction solvents, this method provides another way of
determining accurate 1JC1–C2 values and is useful for esti-
mating bondomer composition.

Concerning measuring dynamic metabolic networks, the
f1–f3 projection of the highly sensitive Ca-decoupled (nor-
mal) HCACO experiment gives information about the
amount of bondomers possessing C1–C2 13C–13C bonds.
For example, Fig. 3 compares the signal intensity ratio of
C1 in the amino acids of [13C6]glucose-labeled A. thaliana

sampled at days 13 and 10. Increased signal intensity, as
seen with serine, glycine, and proline, suggests the accumu-
lation of bondomers possessing C1–C2 13C–13C connectiv-
ity. This may have resulted from enhanced biosynthesis of
the metabolite from precursors that possess a 13C–13C
bond at the corresponding position, or 13C–13C bond for-
mation at C1–C2 via the C–C coupling reaction. Con-
versely, decreased signal intensity, as seen with alanine
and asparagine, suggests a reduction of bondomers pos-
sessing C1–C2 13C–13C connectivity, which may have
occurred because the 13C labeling of biosynthetic precur-
sors was diluted at the corresponding position by the
assimilation of atmospheric 12CO2 or because the C–C cou-
pling reaction occurred between 13C and 12C precursors.
Additional information about the other carbons of biosyn-
thetic precursors and products of catabolic processes is
required to explain these results. Here, we have indicated
that detailed example for the metabolic flux information
of five amino acids can be measured by following of 1JCC

and relative signal intensities in the HCACO. In the next
stage, from overall time-dependent changes of [13C6]glu-
cose incorporation for all measurable metabolites to the
detailed metabolic flux analysis should be needed in order
to discuss dynamic network measurements in A. thaliana.

2.2. Example of the time-dependent changes in 13C–13C

coupling patterns with 12CO2 assimilation in A. thaliana

2.2.1. Overall changes in 13C labeling during the growth of A.
thaliana

Two strategies for analyzing 13C–13C coupling patterns
and deducible bondomers were demonstrated, as described
above. By combining these strategies with uniform stable
isotope labeling of plants, we are developing a method
for measuring dynamic metabolic networks. In contrast
to conventional metabolic flux analysis, which involves
specific labeling using partially labeled substrates, we
examined uniform 13C labeling by [13C6]glucose to increase
detectable metabolites and to take advantage simulta-
neously of several NMR pulse sequences. We expected to
observe time-dependent changes in the bondomer composi-
tion during growth because plants assimilate atmospheric
12CO2. Overall changes in 13C labeling in time-dependent
manner should indicate above information. Therefore,
the time course of [13C6]glucose and 13CO2 incorporation
into A. thaliana was monitored using the ratio of the total
signal intensity and the number of all signals observed in
the 1H–13C HSQC spectra (Fig. 4). Plants were harvested
and analyzed at days 10, 13, 15, 19, and 23. The total
amount of 13C from [13C6]glucose in a plant became diluted
over this period, suggesting that changes in the bondomer
composition over the incubation periods were being
observed efficiently. This notion was also supported by
the incorporation profile of 13CO2, which shows that the
labeling ratio increased symmetrically with the decrease
in the [13C6]glucose labeling ratio. These data suggests that
time-dependent changes in the bondomer composition can
be observed in 1H–13C HSQC spectra under this incubation
condition. Then we performed detailed analyses of the
12CO2 dilution profile, i.e., time-dependent cleavage of
13C–13C connectivities, for each metabolite using bondo-
mer analyses in 1H–13C HSQC experiments.

2.2.2. Following metabolic dynamics in A. thaliana

Finally, we present examples of the time-dependent
changes in the 13C–13C coupling pattern of [13C6]glucose-
labeled amino acids in A. thaliana with the assimilation
of 12CO2. Although the metabolites labeled with [13C6]glu-
cose in the plant samples had already been diluted by
12CO2 at day 10, the labeling ratio was sufficient for detect-
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ing fully labeled bondomers and observing 13C–13C bond
cleavage. Furthermore, this incomplete labeling may help
to detect additional introduced 13C–13C bond connectivi-
ties. Fig. 5 illustrates the 13C–13C coupling pattern at C2
of the amino acids in a crude MeOD/HEPES extract of
[13C6]glucose-labeled A. thaliana, sampled at days 13 and
23, and the 13C–13C connectivities deducible from the C2
coupling pattern. The 1JCC values and deducible bondomer
compositions are listed in Table 1. All of the 13C–13C con-
nectivities observed in alanine, serine, and glycine at day 13
were cleaved completely by day 23. Each 1H–13C HSQC
spectrum showed only the singlet signal, indicating that
12C from atmospheric CO2 was distributed uniformly into
all of the carbons of these amino acids at this sampling
point. This was supported by the 1H–13C HSQC signals
of C3 of serine and alanine, which showed only clear singlet
peaks (data not shown). Conversely, in the case of aspara-
gine, a change in the 13C–13C bond position was observed.
Instead of the doublet signal at 41.4 Hz that indicates C2–C3
13C–13C bond connectivity at day 13, a doublet peak at
48.3 Hz indicating C1–C2 13C–13C bond connectivity was
observed at day 23. Therefore, although the 13C labeling
of metabolites was uniformly diluted by atmospheric
12CO2, the bias in the time-dependent contribution of
CO2 assimilation via each biosynthetic pathway can be
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observed using our strategy. The amount of deduced bond-
omers are represented by sum of the intensities of each sig-
nal of a multiplet (Table 1). As seen with aspargine, the
1JCC value of C1–C2 of serine is extremely close to that
of C2–C3, such that any overlapped singlet peak (s) cannot
be distinguished in MeOD/HEPES. In HFA/HEPES, the
difference between the 1JCC values of C1–C2 and C2–C3
of serine is also sufficient to distinguish the singlet peak
at C2 (supplementary section). It was confirmed by using
HFA/HEPES that no singlet peak was observed at the
C2 of serine at day 13. Concerning aspargine, the intensity
of the singlet peak at day 23 was estimated based on the rel-
ative intensities of each signal of the dd observed at day 13
(1:2:1). As described above, we confirmed by changing sol-
vent that no singlet peak was overlapped at C2 signal of
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in the ratio of the intensities of the singlet signals of glycine
(0.005) and serine (0.16) at day 23 to the total intensities of
all the bondomers at day 13. Ideally, integrated informa-
tion on all detectable metabolites will be obtained in the
same way, and metabolic bias similar to that observed
for amino acids should provide information on the biosyn-
48.3

41.4

NH2

CO2H

NH2

CO2H

d

48.3

s

vate

Ala

xaloacetate

TCA cycle

dd
d

35.6

dd
56.1

Day 13 23

s

Day 13 23

41.4

dd2H

2H

NH2

CO2H
H2NOC

NH2

CO2H
H2NOC

. thaliana sampled at days 13 and 23 (MeOD/HEPES). Deducible 13C–13C
1JCC values are shown alongside in Hz. Ala, 1JC1–C2 = 56.1 Hz, 1JC2–C3 =

Ser, 1JC1–C2 = 48.1 Hz, 1JC2–C3 = 42.9 Hz. Details of all the measured



Table 1
13C–13C coupling pattern at C2 of amino acids and deducible 13C–13C connectivities in [13C6]glucose-labeled A. thaliana sampled at days 13 and 23
(MeOD/HEPES)

Carbons Day 13 Day 23

Observed multiplets Relative
intensitya

Observed multiplets Relative
intensitya

Ala C2 dd, 1JCC = 56.1, 35.6 Hzb

NH2

CO2H 5.67 s

NH2

CO2H 2.38
C1–C2–C3 connectivity No 13C–13C connectivity at C2

Asn C2 dd, 1JCC = 48.3, 41.4 Hz
NH2

CO2H
H2NO2C 17.89 dd, 1JCC = 48.3, 41.4 Hz

NH2

CO 2H
H2NO 2C 4.74c

C1–C2–C3 connectivity C1–C2–C3 connectivity
d, 1JC2–C3 = 41.4 Hz

NH2

CO2H
H2NO2C 3.37 d, 1JC1–C2 = 48.3 Hz

NH2

CO2H
H2NO2C 1.3

C2–C3 connectivity C1–C2 connectivity
s

NH2

CO2H
H2NO2C

9.67c

No 13C–13C connectivity at C2

Gly C2 d, 1JCC = 53.6 Hz
NH2

CO2H
27.5 s

NH2

CO2H
0.17

C1–C2 connectivity No 13C–13C connectivity at C2
s

NH2

CO2H
5.69

No 13C–13C connectivity at C2

Ser C2 dd, 1JCC = 48.1, 42.9 Hzb

NH2

CO2H
HO 7.18 s

NH2

CO2H
HO 1.58

C1–C2–C3 connectivity No 13C–13C connectivity at C2
d, 1JC1–C2 = 48.1 Hz

NH2

CO2H
HO 2.96

C1–C2 connectivity

a Sum of the intensities of each signal of a multiplet.
b No singlet peak was observed in HFA/HEPES.
c Estimated from the ratio of the intensities of each signal of the dd observed at day 13.
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thetic relationships among metabolites at atomic level, and
correlations among metabolic pathways.

3. Concluding remarks

We demonstrated the advantages of using a combina-
tion of different extraction solvents and pulse sequences
for NMR-based fluxomics at the atomic level. One
advantage of the measurement using different solvents is
that it separates overlapped signals via chemical shift
changes. Here, we focused on the separation of over-
lapped multiplets by changing the 1JCC values to distin-
guish the bondomers. The 1JCC values change in
different solvents, making it possible to extract clear
information about 13C–13C connectivities, which is neces-
sary for the detailed elucidation of dynamic metabolic
networks at the atomic level. The advantages of the
combination of the 1H–13C HSQC experiment and other
heteronuclear NMR techniques are exemplified by Ca-
coupled and Ca-decoupled (normal) HCACO experi-
ments to detect 13C–13C connectivities from the carbonyl
carbon, which is an important functional group in biolog-
ical systems but is invisible in 1H–13C HSQC spectra. The
CO (C1)–Ca (C2) connectivities in [13C6]glucose-labeled
A. thaliana can be monitored during incubation by the
application of Ca-decoupled experiments. Finally, an
example of the application of these methods, in combina-
tion with uniform stable isotope labeling, to metabolic
network analysis was demonstrated. The bias in the
time-dependent contribution of 12CO2 assimilation to
the biosynthesis of each amino acid was observed in
[13C6]glucose-labeled A. thaliana.

We emphasize the importance of further methodological
improvement of this measurement technology. A method
for measuring a greater number of metabolic dynamics,
which might be present in crude extracts as in this study,
should enable the construction of a metabolic model that
is more accurate than those obtained from a limited num-
ber of measured compounds. Therefore, we propose that
future research should focus on further developments and
applications of our strategy and should examine the
changes in metabolic networks brought about by stress
responses or gene disruption.
4. Experimental section

4.1. General procedures and materials

4.1.1. Chemicals

[13C6]glucose (>98% 13C) was purchased from Spectra
Stable Isotopes. HFA Æ 3D2O and CD3OD (99.8% D) and
HEPES-d18 (98% D) were purchased from Cambridge Iso-
tope Laboratories.
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Deuterium oxide (99% D) were purchased from Aldrich.
The gas mixture of 21% O2, 79% N2, and the desired 13CO2

concentration (345–350 ppm by volume) was purchased
from Takachiho Chemical Industrial Co., Ltd.

4.1.2. Plant materials and growth conditions
Arabidopsis thaliana ecotype Col was germinated and

grown on Murashige and Skoog agar (pH 5.7) (Murashige
and Skoog, 1962) at 22 �C under a 14-h light/10-h dark
cycle at a light intensity of 90 lmol/m2s for 23 days, at
which time flowering had not commenced. Thirty-two seed
were placed on each Petri dish containing 30 ml of medium.
For labeling with glucose, the medium was supplemented
with [13C6]glucose (1%) and plates were allowed to stand
in contact with ambient 12CO2. For labeling in the presence
of 13CO2 incorporation, the medium was supplemented
with [12C6]glucose (1%) and incubated for 10 days under
the same conditions as for [13C6]glucose labeling. The
12C-glucose plates were then transferred into an airtight
polycarbonate box filled with a gas mixture of 21% O2,
79% N2, and the desired 13CO2 concentration at 345–
350 ppm by volume (Kikuchi and Hirayama, 2007). The
rosettes were harvested after 7 h of light at days 10, 13,
15, 19, and 23.

4.1.3. Preparation of NMR samples

The method for preparing NMR samples from plant
samples was described previously and modified slightly
(Kikuchi and Hirayama, 2007). Briefly, the lyophilized
seedlings (3–10 plants) were ground to powder. This pow-
der (3 mg) was suspended in 500 ll of MeOD/HEPES
(10 mM, pH 7.0) or HFA/HEPES (40 mM, pH 7.0). The
mixture was heated at 50 �C for 5 min, and centrifuged at
10,000g for 5 min. The supernatant was directly used for
solution NMR experiments. MeOD/HEPES solution was
composed of MeOD (47.5 ml), 1 M HEPES-d18 solution
(0.5 ml, pH 7.0) and D2O (2.0 ml). HFA/HEPES was solu-
tion composed of HFA Æ 3D2O (9 ml), 1 M HEPES-d18

solution (0.4 ml, pH 7.0) and D2O (0.6 ml). Sodium 2,2-
dimethyl-2- silapentane-5-sulfonate (DSS) was included in
both of the solvents (0.5 mM in MeOD/HEPES and
1.0 mM in HFA/HEPES) as an internal standard.

4.1.4. Solution NMR measurements

Sample solutions were transferred into 5-mm / NMR
tubes. All NMR spectra were recorded on a Bruker
Avance-700 spectrometer equipped with an inverse triple
resonance CryoProbe with a Z-axis gradient for 5 mm sam-
ple diameters operating at 700.153 MHz 1H frequency
(176.061 MHz for 13C frequency), and the temperature of
the NMR samples was maintained at 298 K. The NMR
spectra were processed using NMRPipe software (Delaglio
et al., 1995).

4.1.5. Two-dimensional 1H–13C HSQC analysis

The 2D 1H–13C HSQC spectra (Bodenhausen and
Ruben, 1980) were measured using the method described
by Kikuchi and Hirayama (2006). A total of 700 complex
f1 (13C) and 2048 complex f2 (1H) points were recorded
with eight scans per f1 increment, resulting in total record-
ing times of about 6.5 h. The spectral window and offset
frequency in the f1 dimension were 7042.593 Hz (40 ppm)
and 11971.59 Hz (68 ppm), respectively. The spectral win-
dow in the f2 dimension was 11160.7 Hz (16 ppm). The off-
set frequency in the f2 dimension were 2333.70 Hz
(3.3 ppm) for MeOD/HEPES extract or 3333.95 Hz
(4.8 ppm) for HFA/HEPES extract. The chemical shifts
were referenced to TMS group of internal DSS. To quan-
tify the signal intensities, a Lorentzian-to-Gaussian win-
dow with a Lorentzian line width of 10 Hz and a
Gaussian line width of 15 Hz was applied in both dimen-
sions, before Fourier transformation. An automatic poly-
nomial baseline correction was subsequently applied in
the f1 dimension. The indirect dimension was zero-filled
to 4096 points in the final data matrix.

4.1.6. Two-dimensional HCACO analysis

The Ca-decoupled (normal) HCACO spectra (Kay
et al., 1990b; Grzesiek and Bax, 1993) were recorded for
a total of 128 complex f1 (13CO), 1 complex f2 (13Ca)
and 1024 complex f3 (1H) points with 128 scans per f1
increment, resulting in total recording times of about
5 h. The repetition time was set to 1.5 s and delay times
of 1/(4JH–Ca) and 1/(4JCa–CO) were optimized at 2.1 ms
and 4.5 ms, respectively. The spectral window and offset
frequency in the f1 dimension were 1760.6 Hz (10 ppm)
and 30457.1 Hz (173 ppm), respectively. The spectral win-
dow and offset frequency in the f2 dimension were
3169.1 Hz (18 ppm) and 10211.1 Hz (58 ppm), respec-
tively. The spectral window and offset frequency in the
f3 dimension were 4201.7 Hz (6.0 ppm) and 2800.6 Hz
(4.0 ppm), respectively. The Ca-coupled HCACO experi-
ments were performed by eliminating Ca 180� degree
shaped pulse applied at the midpoint of CO evolution.
The Ca-coupled HCACO spectra were recorded for a
total of 64 complex f1 (13CO), 1 complex f2 (13Ca) and
1024 complex f3 (1H) points with 512 scans per f1 incre-
ment, resulting in total recording times of about 15 h. The
spectral window and offset frequency are the same as
described for the Ca-decoupled HCACO experiment. To
quantify the signal intensities, a Lorentzian-to-Gaussian
window with a Lorentzian line width of 5 Hz and a
Gaussian line width of 10 Hz was applied in both dimen-
sions, before Fourier transformation. An automatic poly-
nomial baseline correction was subsequently applied in
the f1 dimension. The indirect dimension was zero-filled
to 256 points in the final data matrix.
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