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ABSTRACT: The roles of sir-2.1 in C. elegans lifespan extension have
been subjects of recent public and academic debates. We applied an
efficient workflow for in vivo 13C-labeling of C. elegans and 13C-
heteronuclear NMR metabolomics to characterizing the metabolic
phenotypes of the sir-2.1 mutant. Our method delivered sensitivity 2
orders of magnitude higher than that of the unlabeled approach, enabling
2D and 3D NMR experiments. Multivariate analysis of the NMR data
showed distinct metabolic profiles of the mutant, represented by increases
in glycolysis, nitrogen catabolism, and initial lipolysis. The metabolomic analysis defined the sir-2.1 mutant metabotype as the
decoupling between enhanced catabolic pathways and ATP generation. We also suggest the relationship between the
metabotypes, especially the branched chain amino acids, and the roles of sir-2.1 in the worm lifespan. Our results should
contribute to solidifying the roles of sir-2.1, and the described workflow can be applied to studying many other proteins in
metabolic perspectives.

Sirtuins are NAD+-dependent protein deacetylases and have
been implicated in lifespan extension for a number of

model systems, such as yeasts,1 nematodes,2 flies,3 and mice.4

They also play important roles in the development of age-
related illnesses such as neurodegeneration and cancer in mice5

and human.6 These reports generated large public interest, and
the development of small molecular mimetics of these proteins
has been intensely pursued.7,8 Among the various sirtuins, sir-
2.1 orthologs (sir2 in yeast and SIRT1 in human) have been
studied the most in relation to aging and lifespan. In C. elegans,
high levels of sir-2.1 were reported to extend the nematode’s
lifespan by up to 50%, based on the results from genetically
overexpressing strains.2 In mammalian systems, the orthologous
protein SIRT1 has been also shown to have anti-aging effects as
well as protective effects against metabolic-syndrome-associated
cancers.9 Recently, however, the genetic approaches used in the
original nematode study were challenged, and the life extension
was linked to another mutation affecting sensory neurons.10

Still, sir-2.1 does seem to contribute to the lifespan extension of
C. elegans,11 albeit to a smaller degree (∼14%).11,12 Not only
the sirtuins themselves but also the effects of small molecular
activators of sirtuins have been a point of debates.13−15

Therefore, despite the intense academic and public interest, our
understanding of this protein’s effects is still not sufficient.
Especially poorly characterized are its roles in regulating cellular
metabolism at individual metabolite levels, even though its
effects are essentially related to metabolism and its activity is
strongly regulated by small molecular metabolites such as
NAD+ or nicotineamide.

Investigating the metabolic effects of genes or gene products
may be most relevantly performed by a metabolomics
approach, as it can provide direct metabolic signature of
biochemical pathways.16 For the C. elegans system, recent NMR
metabolomics has provided valuable insights into the metabolic
phenotypes (metabotypes) of the animals under various
experimental perturbations.17−19 A limitation of these conven-
tional one-dimensional NMR metabolomics, however, is signal
overlap, which can lead to ambiguity in metabolite
identification and quantitation.20 Recent studies addressed
these in studying C. elegans metabolites by using two-
dimensional NMR based on 1H−1H homonuclear correla-
tion.21−23 However, those still have problems with spectral
overlaps involving diagonal peaks and lower sensitivity from
small couplings (a few hertz for 1H−1H versus ∼140 Hz for
1H−13C), and its extension to three-dimensional NMR is
impractical. Furthermore, 1H−1H homonuclear correlation may
not be enough structural confirmation in many cases, and 13C-
heteronuclear multidimensional NMR (13C-HMN) is highly
desired. With proper in vivo labeling, the 13C-HMN would give
highly sensitive and high resolution data, as nicely exemplified
for plants, bacteria, silkworm, and mouse systems.24−26 Still,
individual model systems require different in vivo labeling
schemes, and 13C-HMN has not been applied to metabolomic
analysis of C. elegans which has been widely used as a model
organism in life sciences.
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Here, we describe a workflow to uniformly label C. elegans in
vivo with a 13C-stable isotope and to obtain 13C-HMN-based
metabolomics data with sensitivity 2 orders of magnitude
higher than that of unlabeled samples. The overall strategy
allowed the fast acquisition of high resolution two-dimensional
(2D) and previously unattainable HCCH-TOCSY three-
dimensional (3D) NMR data for C. elegans metabolites. We
successfully applied the combined techniques to the character-
ization of the metabotypes of the C. elegans sir-2.1 knockout
(KO) strain. Our results show that the sir-2.1 KO strain exhibits
enhancement in various catabolic pathways, including those of
branched chain amino acids, decoupled from ATP production.
We propose that these metabolic roles of sir-2.1 should
contribute to the modest lifespan increase caused by sir-2.1.

■ RESULTS
In VivoMetabolic Labeling of C. elegans. As 13C labeling

of C. elegans can give great advantages in terms of signal
resolution and sensitivity in 13C-HMN, we performed in vivo
metabolic labeling that can label all of the metabolites in C.
elegans with 13C (Figure 1). The procedure starts with in vivo

uniform labeling of E. coli with 13C6-glucose as sole carbon
source in M9-based minimal media. This approach has been
used in protein NMR community to label recombinant proteins
produced in E. coli. After harvesting the metabolically labeled E.
coli, we fed them to C. elegans on M9 agar plates, also made
with 13C6-glucose as sole carbon source. As E. coli is preferred
food for C. elegans, the nematode worms grew normally.
Extracts from these C. elegans worms were tested for isotopic
enrichment with mass spectrometry (Supporting Information,
Figure S1). For arginine with a 6-carbon spin system, about
80% of the molecules had six 13C atoms, and 17.4% had five 13C
atoms. Overall, over 97% (80% + 17.4%) of the molecules had
more than five carbons replaced by 13C isotope. Therefore, the
method exhibited efficient incorporation of 13C isotope for
multidimensional heteronuclear NMR.
Multidimensional NMR. With the successful labeling, we

carried out a 2D 13C-heteronuclear single quantum coherence
(HSQC) experiment with the labeled samples from wild type
(WT) worms. For comparison, we prepared another sample
obtained with exactly the same procedure, but with unlabeled
glucose. The obtained spectra showed remarkable difference in

terms of detectable peak numbers (Figure 2A and B). The
labeled spectrum featured over 300 resolved peaks in just 20
min of data acquisition, while the unlabled one exhibited only a
few detectable peaks. Although this high quality two-dimen-
sional NMR is enough for metabolic profiling, confirmation of
the identities of marker metabolites requires through-bond
connectivity of these signals. In addition, there were still many
overlaps in the 2D spectra (Supporting Information, Figure
S2). Therefore, we obtained a 3D HCCH-TOCSY spectrum,
because it can correlate the entire carbon-connected spin
system, greatly assisting the confirmation of the structural
identities. The three-dimensional spectrum exhibited excellent
signal-to-noise ratio due to the high isotope incorporation
(Figure 2C). The spin system identification of metabolites
could be achieved for average-sized metabolites, as exemplified
by isoleucine with five side chain carbon atoms (Figure 2D).
With the help of these multidimensional NMR and data-
bases,27,28 we identified many more metabolites with
confidence than normally observed in one-dimensional NMR
(Supporting Information, Table S3).

Multivariate Analysis of 2D NMR Data. Next, we decided
to apply the approach to characterizing the metabotypes of sir-
2.1 mutant of C. elegans and obtained 2D 1H−13C HSQC
spectra for the WT and the knockout mutant. With the recently
recognized difficulties in firmly characterizing the overexpress-
ing strain,10,12 results from the KO strain should be useful in
studying this gene. Overall spectral features were quite
comparable, consistent with the apparently similar phenotypes
(Figure 3A). Still, there were specific differences in peak
intensities (Figure 3B), and we applied multivariate data
analysis to study these differences holistically over all of the
samples.
Orthogonal projections to latent structures-discriminant

analysis (OPLS-DA) score plot gave clear discrimination of
the two groups with good statistical significance (one predictive
component and two orthogonal components, R2 = 0.817 and
Q2 = 0.855) (Figure 4A), suggesting that these two have readily
differentiable metabotypes (see Supporting Information for
principal component analysis, Figure S4). Then, we built an S-
plot to determine particular peaks responsible for the
distinction between WT and sir-2.1 mutant (Figure 4B). We
found that a number of peaks are highly correlated with the
different spectral profiles. These results show that WT and sir-
2.1 have distinct metabolite profiles related to particular
metabolic pathways.

Differential Metabolites for WT and sir-2.1 KO. The
chemical shift values of the significant signals contributing to
the difference were assigned, and their levels were compared
(Table 1). The levels of some of the metabolites sharing large
common structural motifs (i.e., AMP, ATP, acetyl-CoA, and
glutathione disulfide (GSSG)) were also confirmed using a
LC−MS approach (Supporting Information, Figure S5). Most
of them feature very high significance with their low p-values
(≤10−5) from Student’s t test, showing the robustness of our
approach. The overall approach gave a better idea about the
identities and significance of the markers that may not be
assessed in detail with simple spectral subtraction method
(Supporting Information, Figure S6). Many of these, especially
branched chain amino acids (BCAAs: leucine, isoleucine, and
valine), triacylglycerol and carnitine, acetyl-CoA, elevated in the
WT strain, and lactate, alanine, glutamate, fatty acids, and AMP,
elevated in the sir-2.1 mutant, turned out to be involved in
cellular energy and redox metabolism. Collectively, the sir-2.1

Figure 1. Overall workflow of the study. E. coli was labeled with 13C6-
glucose as a sole carbon source and was fed to C. elegans. The worm
metabolites were extracted using the double phase extraction method,
and the aqueous phase was analyzed with 2D and 3D NMR.
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mutants seem to be in lower energy (higher AMP and lower
ATP) and higher oxidative status.

■ DISCUSSION
Our workflow for 13C-HMN-based metabolomics with C.
elegans has unique technical features over earlier reports.
Previous in vivo labeling studies of C. elegans are designed for
mass spectrometry,29 mostly involving 15N or specific amino
acid labeling for proteomic studies.30−32 13C-labeling for C.
elegans optimized for metabolomics with multidimensional
NMR has not been reported. In the 15N or amino acid labeling
studies, the purposes were to discriminate control and

experimental groups by different m/z values of the same
compounds, but our 13C-labeling is for increasing the signal
intensities in NMR experiment. Our approach gave sensitivity
about 2 orders of magnitude higher than that of unlabeled
samples, which allowed the acquisition of fast 2D HSQC and
3D HCCH-TOCSY spectra. For 3D NMR experiments in
metabolomics, a 13C−COSY type 3D NMR experiment
(HCCH−COSY) has been reported for Bombyx mori and
Arabidopsis thaliana,24,25 but 13C-TOCSY type 3D (HCCH-
TOCSY) experiments have not been used. HCCH-TOCSY can
give more information but requires higher isotope incorpo-
ration than HCCH−COSY, because the former requires every

Figure 2. 2D and 3D NMR spectra of whole extracted metabolites from WT C. elegans. Representative HSQC NMR spectra (900 MHz) of 13C-
labeled (A) and unlabeled (B) samples. (C) 3D cube representation of HCCH-TOCSY spectra for 13C-labeled samples. (D) Strip plot for isoleucine
side chain carbon spin systems with each carbon chemical shift.

Figure 3. Comparison of HSQC spectra for WT and sir-2.1 mutant. (A) Spectra for WT (black) and sir-2.1 mutant (red) are overlaid. Two dotted
lines indicate where one-dimensional spectra were extracted for comparison in panel B.
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carbon in a spin system to be replaced by 13C-isotope, whereas
the latter requires only two adjacent carbons in 13C-isotope
status. Our HCCH-TOCSY spectrum of isoleucine, an
important BCAA with a five carbon branched spin system,
exemplifies the efficiency of isotopic labeling and the utility of
the spectrum in the identification of the complete carbon spin
systems of metabolites.
The metabotyping of sir-2.1 mutant (Figure 5) serves as a

proof of principle of our approach and shows how the overall
cell metabolism is modulated in the mutant.
For carbohydrate metabolism, initial glycolytic catabolism

seems enhanced on the basis of the higher levels of lactate and
alanine, products of pyruvate reduction and transamination,
respectively.33 This is consistent with SIRT1’s inactivation of
PGAM1,34 which inhibits glycolysis.35 However, the down-
stream TCA cycle seems less active due to the lower levels of
BCAAs that fuel the TCA cycle, which leads to lower ATP

production. For lipid metabolism, generation of fatty acids is
near normal (actually, marginally higher), but the level of the
final metabolite, acetyl-CoA, is lower. This can be explained by
the lower level of carnitine, a key component of carnitine
shuttle required for transporting fatty acids into mitochon-
dria.36 Therefore, this decreased transport seems to disconnect
the initial lipolysis and the β-oxidation, ultimately causing
inefficient ATP generation. For nitrogen metabolism, the lower
levels of BCAAs and other amino acids (lysine and aspartate)
suggest enhanced catabolism. This is supported by the increase
in putrescine, generated from amino acid degradation pathway
(http://www.genome.jp). Nucleotide nitrogen metabolism also
seems shifted toward catabolism, considering that allantoin, a
purine catabolism intermediate, is also increased in the mutant.
Normally, catabolism is activated when cellular energy is low,

but this compensatory mechanism does not seem to work well
in the mutant. As stated above, there is a decoupling between

Figure 4.Multivariate analysis between WT and sir-2.1 mutant data. (A) OPLS-DA score plot showing the different metabolite profiles between WT
(filled box) and sir-2.1 mutant (open circle). (B) S-plot showing the signals contributing to the differentiation. The 1H and 13C ppm values for highly
significant contributors are indicated.

Table 1. Levels of Metabolites Contributing to the Difference between WT and sir-2.1 Mutant

metabolite change (%) p-value less than metabolite change (%) p-value less than

3,7,12α-trihydroxy-5β-cholanate −39.06 ± 11.20 2.97 × 10−6 (S)-lactate 17.13 ± 6.68 7.87 × 10−5

carnitine −40.99 ± 9.53 4.66 × 10−6 allantoin 47.52 ± 17.07 3.39 × 10−4

carnosine −28.80 ± 12.98 3.09 × 10−4 betaine 633.98 ± 159.12 6.31 × 10−7

cellobiose −27.74 ± 8.21 4.23 × 10−6 choline 97.96 ± 55.07 0.0019
phosphocholine −34.83 ± 8.53 4.70 × 10−6 cystathionine 23.76 ± 8.69 4.12 × 10−5

alanyl-alanine −43.18 ± 15.22 2.81 × 10−5 L-alanine 13.39 ± 4.71 2.77 × 10−5

L-2-aminoadipate −16.60 ± 6.94 1.55 × 10−6 L-glutamate 10.16 ± 3.86 6.04 × 10−5

L-3-amino-isobutanoate −31.29 ± 11.27 3.52 × 10−5 L-tryptophan 36.58 ± 18.22 7.25 × 10−4

L-aspartate −19.92 ± 9.87 6.94 × 10−4 shikimate 30.24 ± 15.95 0.0012
L-isoleucine −19.33 ± 6.40 1.47 × 10−5 putrescine 32.16 ± 15.32 4.98 × 10−4

L-leucine −26.68 ± 6.37 3.49 × 10−7 fatty acidsa (acyl chain CH3) 5.83 ± 2.49 1.88 × 10−4

L-lysine −13.25 ± 5.73 7.85 × 10−4 AMPb 39.08 ± 18.75 4.43 × 10−6

L-methionine −27.52 ± 10.31 5.26 × 10−5 glutathione disulfideb 10.61 ± 20.42 0.0011
L-valine −16.45 ± 5.21 8.90 × 10−6

N-carbamoyl-L-aspartate −51.74 ± 35.27 0.0072
propanoate −24.49 ± 8.11 1.46 × 10−5

triacylglycerola (Glycerol backbone) −17.72 ± 5.06 2.83 × 10−6

ATPb −77.10 ± 19.12 5.53 × 10−7

acetyl-CoAb −29.79 ± 27.00 0.0240

The change values are from area-normalized peak volumes of the 2D-HSQC spectra and represent percent changes of sir-2.1 with respect to the WT
values, with negative values for decrease and positive values for increase. The errors represent the confidence interval at 95% confidence level.
aTriacylglycerol and fatty acids levels were measured using one-dimensional NMR with organic phase samples. bAMP, ATP, glutathione disulfide,
and acetyl-CoA have many overlapped peaks, and their levels were confirmed using LC−MS.
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the various catabolic pathways and ATP generation. This may
be also responsible for the higher GSSG level, as reactive
oxygen species can be generated when oxidative phosphor-
ylation is decoupled from catabolism. Overall, the decoupling
between the enhanced catabolism and ATP generation may be
a key metabotype of the sir-2.1 mutant.
These metabotypes should help us understand the roles of

sir-2.1, especially in relation to lifespan. The sir-2.1 over-
expression leads to moderate lifespan increase,11,12 whereas its
deletion leads to slight decrease.37 In addition, the KO strain
can live in apparently normal fashion (http://www.wormbase.
org), despite the prevalent embryonic lethality of SIRT1 KO
mice.38 Therefore, sir-2.1 seems to have relatively small effects
on readily identifiable external phenotypes. Still, our sensitive
metabolomics approach using in vivo labeling allowed us to
characterize the metabotypes at individual metabolite levels.
Importantly, the small degree of lifespan changes by sir-2.1
seems to agree well with the modest changes in the levels of
BCAAs with high statistical significance (p ≈ 10−5 or lower).
The BCAAs deserve further discussion, as they recently

gathered much attention in relation to lifespan. In diverse
model systems, such as yeasts,39 mice,40 and C. elegans,18

BCAAs have been implicated in longer life span and/or
mitochondrial biogenesis.41 In yeasts, they were shown to
increase the chronological lifespan by suppressing GCN4, a key
regulator of general amino acid control pathway,42 and their
reduced levels decreased the chronological lifespan.39 In C.
elegans, the daf-2 mutant exhibited increased levels of BCAAs
and glutamine, and decreased levels of choline, betaine, and
glutamate.18 Very interestingly, the changes in all of these seven
metabolites are exactly the opposite to those observed in our
sir-2.1 mutant. Considering the daf-2 mutant’s longer and sir-2.1
mutant’s slightly shorter lifespan,37 these opposite directions
are consistent with the mutation’s effects on the lifespan and
corroborate our results. In higher rodent system, BCAAs were
shown to induce mitochondrial biogenesis and SIRT1

expression in cardiac and skeletal muscle and to increase
their average lifespan.40 It was suggested that BCAAs reduce
the ROS generation in mitochondria through eNOS activity
that may have mutual feedback with the mTOR pathway. The
decreased ROS levels by supplementation of BCAAs in the
mouse system are in line with our finding that sir-2.1 deletion
leads to decreased BCAA and increased GSSG levels.
Interestingly, the mouse study also suggested that BCAAs
induce SIRT1 in cardiac and skeletal muscles, while our results
showed that sir-2.1 deficiency lowers the BCAA levels. It may
be possible that BCAAs and sir-2.1 have reciprocally positive
effects on each other, just like the above-stated mutual feedback
between mTOR and eNOS. Another possibility is that the
BCAA levels and SIRT1 relationship is tissue-dependent, as
shown in the mouse study, and our results reflect the tissue-
averaged effects, as we used the whole organism. Collectively
our and previous works highlight the roles of BCAAs and their
relationship with SIRT1 in the determination of lifespans of
model organisms.
Here, we applied in vivo 13C-labeling optimized for

multidimensional NMR metabolomics to characterize the
metabotypes of C. elegans sir-2.1 mutant. We successfully
defined the metabotype as decoupling between various
catabolic pathways and ATP generation. We also suggested
the relationship between the metabotypes, especially the BCAA
levels, and the roles of sir-2.1 in the worm lifespan. These
suggest that the metabotype characterization is very sensitive
and can provide valuable insights into protein functions, even
when apparent phenotypic changes are only modest. As C.
elegans is widely used in metabolism and lifespan studies, our
approach is expected to help understand many other protein
functions in metabolic perspectives.

■ METHODS
Preparation of 13C-Labeled E. coli. NaCl (1.5 g), agar (10 g),

and uracil (1.14 g) were dissolved in 484 mL of distilled water, and the
mixture was autoclaved. Uracil was added, as the E. coli strain (OP50
strain) is a uracil auxotroph. One gram of 13C6-glucose, 1 g of NH4Cl,
0.5 mL of 1 M CaCl2, 0.5 mL of 1 M MgSO4, 0.5 mL of 1% (v/v)
thiamine, 2 mL of cholesterol (5 mg mL−1), and 12.5 mL of 1 M
KH2PO4 (pH 6.0) buffer were additionally added to the mixture. The
agar solution was poured into 100 mm plastic Petri dish plates.

The E. coli (OP50 strain) was initially grown at 37 °C overnight in
liquid M9 media (500 mL) composed of NaH2PO4 (3.4 g), K2HPO4
(1.5 g), NaCl (0.25 g), and uracil (1.19 g) and a filtered mixture
containing 13C6-glucose (1 g), NH4Cl (1 g), 1 M CaCl2 (50 μL), 1 M
MgSO4 (0.5 mL), 1% (v/v) thiamine (0.5 mL), and streptomycin
(X1000, 500 μL). The cultured E. coli was harvested with
centrifugation at 1,910g for 5 min at RT, and the pellet was
resuspended in 50 mL of culture media. One milliliter of this E. coli
suspension was spread on to one agar plate, and the plate was
incubated at 37 °C overnight. For unlabeled samples, all of the
procedures were the same as mentioned above, except for using 12C6-
glucose instead of 13C6-glucose.

C. elegans Culture and Metabolite Extraction. Wild type C.
elegans Bristol strain (N2) was used, and the VC199 (sir-2.1 (ok434)
IV) strain was obtained from Dr. Jungho Kim at Inha university
(Incheon, Korea). The worms were cultured on stable isotope labeling
plates (see above) at 20 °C. All strains were synchronized, and the
eggs were inoculated onto agar plates and grown up to young adult
stage. The individual plate was washed with 8 mL of M9 buffer, and
the worms were harvested at 100g for 1 min at RT, after which the
pellets were washed with distilled water twice. The whole animals were
lyzed with a tissue lyser bead mill (Biospec) in 2:1 methanol/
chloroform mixture (600 μL) by vortexing for 45 s and incubation on
ice for 15 s. This lysis step was repeated for five times. The lysate was

Figure 5. Overall metabotypic characterization of the sir-2.1 KO
mutant. The metabolites increased in sir-2.1 are in red, those decreased
in blue, and those without significant changes in black.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb3004226 | ACS Chem. Biol. 2012, 7, 2012−20182016

http://www.wormbase.org
http://www.wormbase.org


sonicated for 15 min in cold water, and 1:1 chloroform/water mixture
(400 μL) was added. The solution was then centrifuged at 15,000g for
20 min at 4 °C. The upper water phase and lower organic solvent
phase were collected separately and dried with a centrifugal evaporator
(Vision). The resulting extracts were stored at −20 °C until analysis.
NMR Experiments and Statistical Analysis. The dried upper

water phase was dissolved with 450 μL of D2O buffer containing 100
mM potassium phosphate (pH 7.0) and 1 mM 4,4-dimethyl-4-
silapentane-1-sulfonic acid as internal standard. The organic layer
samples were dissolved in 450 μL of deuterated chloroform. 2D and
3D NMR was performed on the aqueous phase, as it contains the vast
majority of important metabolites. For the organic phase, 1D NMR
data were obtained for average triacylglycerol and fatty acids level
assessment. The dissolved samples were transferred into a 5 mm NMR
tube. The HSQC, HMBC, and HCCH-TOCSY NMR spectra were
obtained using a 900 MHz Bruker Avance spectrometer equipped with
a cryogenic triple resonance probe at the Korea Basic Science Institute
(Ochang, Korea) supported by the Bio-MR Research Program of the
Korean Ministry of Science and Technology (E29070). All multi-
dimensional spectra were analyzed with nmrview software (One moon
Scientific). The processing and analysis of the 2D HSQC spectra to
extract quantitative information was performed similarly to those
reported previously43,44 with some modifications. The integrated peak
volumes, instead of the binned grid, of the 2D HSQC spectra were
normalized against the total peak volumes and then used for the
statistical analysis. Among the several peaks for a particular
metabolites, the least overlapped peak was chosen for quantitation.
Metabolite identification was performed by HSQC, HMBC, HCCH-
TOCSY analysis along with in-house and public databases.27 Origin
(Originlab), SIMCA-P 11.0 (Umetrics), and in-house Perl script were
used for statistical analysis. For orthogonal projections to latent
structures-discriminant analysis (OPLS-DA), class discrimination
models were built until the cross-validated predictability value did
not meaningfully increase to avoid overfitting of the statistical model.
LC−MS Analysis. For ATP, AMP, and GSSG quantitation, an API

2000 Mass Spectrometer (AB/SCIEX) equipped with an electrospray
ionization (ESI) source was used in negative ion mode with −4.5 kV
ion spray voltage and 300 °C heater (turbo) gas temperature. Multiple
reaction monitoring(MRM) was setup using standard compounds and
performed for individual extract. The chromatography part was
performed with 1 μL of the sample injected into an HPLC (Agilent
1100 Series, Agilent, CO). Mobile phases were 10 mM ammonium
carbonate (pH 9.1) in DW (A) and acetonitrile (B), and the flow rate
was 0.15 mL min−1. The gradient scheme was as follows: 80% B at 0
min, 35% B at 10 min, 5% B at 12 min, 5% B at 25 min, 80% B at 25.1
min, and 80% B at 35 min. A Zic-Philic Polymeric Beads Peek Column
(150 mm × 2.1 mm, 5 μm, Merck kGaA) was used at 35 °C, and
autosampler temperature was set at 4 °C. For isotopic composition
analysis and acetyl-CoA measurement, an LTQ XL high performance
linear ion trap mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham) equipped with an electrospray ionization (ESI) source (300
°C capillary temperature and 4 kV ion spray voltage) was used. The
HPLC, column, mobile phases, and operation temperature were the
same as above. The flow rate was 0.1 mL min−1, and the gradient was
as follows: 80% B at 0 min, 20% B at 30 min, 20% B at 45 min, 80% B
at 45.1 min, and 80% B at 60 min.
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