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ABSTRACT: Cellular metabolite concentrations hold information on the function and regulation of metabolic
networks. However, current methods to measure metabolites
are either low-throughput or not quantitative. Here we
optimized conditions for liquid chromatography coupled to
tandem mass spectrometry (LC−MS/MS) for quantitative
measurements of primary metabolites in 2 min runs. In
addition, we tested hundreds of multiple reaction monitoring
(MRM) assays for isotope ratio mass spectrometry of most
metabolites in amino acid, nucleotide, cofactor, and central
metabolism. To systematically score the quality of LC−MS/MS data, we used the correlation between signals in the 12C and 13C
channel of a metabolite. Applying two optimized LC methods to bacterial cell extracts detected more than 200 metabolites with
less than 20% variation between replicates. An exhaustive spike-in experiment with 79 metabolite standards demonstrated the
high selectivity of the methods and revealed a few confounding eﬀects such as in-source fragments. Generally, the methods are
suited for samples that contain metabolites at ﬁnal concentrations between 1 nM and 10 μM, and they are suﬃciently robust to
analyze samples with a high salt content.

T

mode or high-resolution mass spectrometers are frequently
applied. Especially QqQ instruments are capable of very fast
and sensitive MRM assays and allow eﬀective polarity
switching. 5 However, despite the improved speed and
sensitivity of up-to-date mass spectrometers, current LC−
MS/MS based metabolomics methods have still long instrument cycle times to achieve suﬃcient chromatographic
separation. Consequently, the ﬁrst important step toward
quantitative high-throughput metabolomics is the development
of time-optimized LC. Diﬀerent conditions are currently used
for LC separation of the mostly polar metabolites in primary
metabolism. For example, reversed-phased ion-pairing methods
are capable to separate a very large spectrum of metabolites
including isomers.9,11 Unfortunately, ion-pairing reagents
reduce sensitivity of mass spectrometers and cause ion
suppression. Methods that are more compatible with mass
spectrometry include hydrophilic interaction liquid chromatography (HILIC) and aqueous normal phase (ANP) chromatography using stationary phases of unmodiﬁed or derivatized
silica.10,15,16 Recent improvements of ANP and HILIC methods
include diamond hydride-based columns17 and zwitterionic
materials.18 Further, ultrahigh- performance LC with smaller
particles and smaller columns can increase peak capacity and
enable very fast separations.19,20 However, the fastest LC−MS/

he ability to measure many metabolites in hundreds of
samples per day is essential for large-scale investigations of
metabolic networks. Current high-throughput metabolomics
methods detect many metabolites within minutes or seconds
using direct or ﬂow injection mass spectrometry.1−4 These
untargeted methods have the disadvantages that they are not
quantitative and identiﬁcation of metabolites can be ambiguous.5 Yet, absolute quantitation of selected metabolites plays
an important role in hypothesis-driven studies,6 metabolic
engineering approaches,7 and the development of metabolic
models.8 For this purpose, targeted metabolomics methods
were developed that use fragmentation and chromatography to
achieve high selectivity and speciﬁcity. In addition to gas
chromatography and capillary electrophoresis, liquid chromatography coupled to mass spectrometry (LC−MS/MS) is a key
technology for targeted metabolomics.9−11 Highest quantitative
accuracy is achieved by spiking samples with isotopically labeled
internal standards to correct matrix eﬀects, drifts of mass
spectrometers, and losses during sample preparation.12,13
Moreover, comparing chromatography peaks of labeled and
unlabeled metabolites is essential to unequivocally identify
metabolites and avoid misanotation.14 Isotopically labeled
internal standards for primary metabolites are easily obtained
from cell extracts of yeast or bacteria that were cultivated on
uniformly 13C labeled glucose as the sole carbon source. These
cell extracts are then added to the biological sample (ideally
during the extraction step), and the ratio of unlabeled and
labeled metabolites is determined by LC−MS/MS.
For LC−MS/MS, either triple quadrupole mass spectrometers (QqQ) operated in multiple reaction monitoring (MRM)
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Table 1. Conditions and Reproducibility of 24 Fast LC Methodsa

a

Methods A and B are indicated in gray.

at a concentration of 1 μM. For spike-in experiments, we added
standards individually to metabolite extracts at a ﬁnal
concentration of 1 μM.
Bacterial Cultures and Sampling. E. coli MG1655
(DSMZ No. 18039) was cultured in 500 mL shake ﬂasks at
37 °C in 30 mL of M9 minimal medium containing 5 g L−1
glucose. Cells were grown to an optical density at 600 nm
(OD) between 0.8 and 1. In the culture treated with
trimethoprim, the drug was added at the same OD to a ﬁnal
concentration of 10 μg mL−1, and the sample was collected
after 30 min. For sampling of metabolites by ﬁltration, 2 mL
culture aliquots were vacuum-ﬁltered on a 0.45 μm pore size
ﬁlter (HVLP02500, Merck Millipore), and ﬁlters were
immediately transferred into 40:40:20 (v-%) acetonitrile/
methanol/water with 13C internal standard kept at −20 °C.
For sampling of the whole cell broth, 1 mL of culture was
transferred into 4 mL of 50:50% acetonitrile/methanol in a 15
mL Falcon tube cooled to −20 °C. Extracts were centrifuged
for 15 min at 13 000 rpm at −9 °C, and the supernatant was
directly used for LC−MS/MS.
Preparation of 13C Internal Stahndard. E. coli MG1655
(DSMZ No. 18039) was grown in 100 mL of M9 minimal
medium containing 4 g L−1 uniformly 13C-labeled glucose
(Cambridge Isotope Laboratories) to an OD of 1. The culture
broth was aerated using air passed through 4 M potassium
hydroxide in order to avoid incorporation of 12C by CO2.
Aliquots of 20 mL were vacuum-ﬁltered using 0.45 μm pore
size ﬁlters (HVLP02500, Merck Millipore) and immediately
transferred into 5 mL of 40:40:20 (v-%) acetonitrile/methanol/
water kept at −20 °C. Half of the culture was treated with a
mixture of ampicillin, chloramphenicol, rifampicin, and
trimethoprim for 15 min before sampling. Final extracts from
glucose-grown cells and inhibitor treated cells were mixed 1:1,
and aliquots were stored at −80 °C.
Liquid Chromatography. An Agilent 1290 Inﬁnity II
UHPLC system (Agilent Technologies) was used for liquid
chromatography. Temperature of the column oven was 30 °C.
A 0.3 μM inline ﬁlter was used (Agilent Technologies) and no
guard column. LC solvents were kept in Teﬂon FEP bottles
(Nalgene, Thermo Scientifc) with PTFE inlet ﬁlters (Vici
Jour). The injection volume for all methods was 3 μL. LC
solvents A were water with 10 mM ammonium formate and
0.1% formic acid (v/v) for acidic conditions and water with 10
mM ammonium carbonate and 0.2% ammonium hydroxide for

MS based metabolomics methods still rely on measurement
times of more than 10 min.21,22
Here we established LC methods with short columns
coupled to a fast and sensitive QqQ instrument in order to
quantify primary metabolites in 2 min runs. First, we optimized
LC conditions in HILIC and ANP mode in order to achieve
fast and reproducible measurements of central metabolites, as
well as compounds in amino acid, nucleotide, and cofactor
metabolism. The two best LC methods with acidic and basic
mobile phase were used to test MRM assays for 419
metabolites. These data were systematically scored based on
the correlation between 12C and 13C chromatograms, which
allowed detecting 233 high-scoring metabolites in E. coli cell
extracts. We validated the fast LC−MS/MS methods by spiking
samples with 79 authentic standards and by repetitive
measurements of the same sample. All samples were nonconcentrated metabolite extracts from Escherichia coli cultures
in a mixture of acetonitrile/methanol/water (40:40:20).12 In
order to apply the methods to other samples they should
contain a similar amount of organic solvent and metabolites at
ﬁnal concentrations between 1 nM and 10 μM.

■

EXPERIMENTAL SECTION
Chemicals and Materials. LC eluents were water from an
ultrapure water system (ELGA LabWater) and acetonitrile
LC−MS Ultra Chormasolv (Sigma-Adlrich). LC additives were
ammonium hydroxide TraceSELECT Ultra (Fluka Analytical),
formic acid for LC−MS (Fluka Analytical), ammonium formate
>99% for LC−MS (Fluka Analytical), and ammonium
carbonate 99.999% (Sigma-Aldrich). The four LC columns
were Hilic Plus ZORBAX (Agilent Technologies), Acquity
UPLC BEH Amide (Waters), Cogent Diamond Hydride
(MicroSolv), and iHILIC-Fusion(P) (HILICON AB). Column
dimensions and particle sizes are listed in Table 1. U-13C
glucose (99%) was obtained from Cambridge Isotope
Laboratories.
Metabolite Standards. Authentic metabolite standards
were obtained from Sigma-Aldrich. Stock solutions of
metabolites were prepared by dissolving standards in water.
From stock solutions, a 10 μM standard mixture was prepared
in 50:50 (v/v) methanol/water with 10 mM ammonium
acetate at pH 7. Aliquots of the mixture were stored at −80 °C.
Parameters for MRM assays in positive and negative ionization
mode were determined using ﬂow injection of single standards
1625
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measurements based on the correlation between signals in
the 12C and 13C channel of a metabolite and only retained highscoring chromatograms (Experimental Section). Reduced
measurement time resulted only in a slight increase of the
median RSD (Table 1 and Table S1).
All methods except the fast 1.5 min methods had median
RSDs between 8% and 13%, which is comparable to existing
methods using longer chromatography.9,10 The 1.5 min
methods had higher RSDs between 11% and 19%. The best
result was obtained with the 50 mm iHILIC column using basic
mobile phase in the 2 min run. This method showed a median
RSD of 10% and separated 34 metabolites with an RSD < 20%.
With acidic mobile phase the Acquity, Zorbax, and Diamond
Hydride column performed almost equally well. We selected
the Acquity column and a 2 min gradient, which separated most
metabolites under this condition and showed a median RSD of
12%. The pH of the mobile phase had a large eﬀect on peak
shapes and separation of metabolites, e.g., nucleotide
triphosphates only separated with basic mobile phase, and
best peak shapes were achieved in combination with the
iHILIC column (Figure 1). Most amino acids on the other
hand separated best with acidic mobile phase (Figure 1). Based
on these results we decided to further optimize the 2 min runs
with the Acquity column and acidic mobile phase (Method A)
and the iHILIC column with basic mobile phase (Method B).
MRM Assays for Detection of 419 Metabolites. To
increase coverage of metabolites by fast LC−MS/MS, we
collected parameters for MRM assays of 419 metabolites in
their labeled and unlabeled form. MRM parameters were either
determined by single compound optimization or obtained from
the literature.9−11 For metabolites where no standards or
literature information was available, we obtained predicted
MRMs from the CFM-ID Web server.24 The tested metabolites
included 54 compounds of central metabolism, 138 of amino
acid metabolism, 86 of nucleotide metabolism, and 116 in
cofactor metabolism. In total, 25 metabolites were precursors of
lipid and membrane biosynthesis and other compounds. Where
possible, we collected multiple MRM parameters for each
metabolite in positive and negative ionization mode resulting in
1708 MRM assays (Table S2). We then went on to
systematically test MRMs in groups of 40 with the 2 min
LC−MS/MS Methods A and B. To this end, we prepared a
fresh 12C cell extract in the same way as the 13C-IS, which was
obtained from a batch culture of glucose-grown E. coli. Half of
the culture was directly extracted, and the other half was treated
with a mixture of inhibitors before extraction, in order to
increase the concentration of low-abundance metabolites
(Experimental Section). The 12C and 13C cell extracts were
mixed and measured three times with each method.
Subsequently, we evaluated the measurements based on the
RSD of the three replicates and the 12C/13C correlation score
(Table S2). For those metabolites with multiple MRMs, we
selected the highest scoring one. Out of all 419 metabolites
tested, 233 had a score >0.8 and an RSD < 20% (Figure 2).
These included all 20 amino acids except cysteine and all purine
and pyrimidine nucleotide mono-, di-, and triphosphates except
GDP. Notably, the fraction of metabolites with low RSDs
increased with higher scores (Figure 2). We also inspected the
diﬀerences between 12C/13C ratios determined with both
methods. When measurements with both methods had a
correlation based score >0.8, the median diﬀerence was lower
than 20%. Measurements with higher score had smaller
diﬀerences and vice versa (Figure S1). Out of the 233

basic conditions. LC solvents B were acetonitrile with 0.1%
formic acid (v/v) for acidic conditions and acetonitrile without
additive for basic conditions. The gradients were: 0 min 90% B;
0.5/X min 40% B; 0.6/X min 40% B; 0.65/X min 90% B; 0.75/
X min 90% B, where X is the ﬂow rate as given in Table 1. The
time between injections was 0.5 min.
Mass Spectrometry. An Agilent 6495 triple quadrupole
mass spectrometer (Agilent Technologies) was used for mass
spectrometry. Source gas temperature was set to 200 °C, with
14 L min−1 drying gas and a nebulizer pressure of 24 psi. Sheath
gas temperature was set to 300 °C and ﬂow to 11 L min−1.
Electrospray nozzle and capillary voltages were set to 500 and
2500 V, respectively. Dwell times of 8 ms were used for MRM
assays of 40 metabolites for the initial testing of LC conditions.
Groups of 40 MRMs with dwell times of 20 ms were used to
tests the 854 MRM parameters that are listed in Table S2.
Data Analysis. Data processing and analysis was performed
with Matlab R2014b. LC−MS/MS raw data were converted
using MSconvert.23 Selection of peaks of metabolite i in j = N
samples was as follows: (1) peaks with a prominence >0.1 were
selected in the 12C and 13C channel of metabolite i. (2) If 12C
and 13C maxima lay 5 data points next to each other, these peak
pairs were retained. (3) The correlation of all peak pairs was
determined using 11 data points around the maximum of the
12
C peak, and the highest correlating peak pair was selected.
After peaks were selected for sample 1 to N, the retention time
occurring most often in all samples was determined as RTi =
mode(RTij), where j = 1 − N. This ensured that the same peak
pairs were selected for all samples. Subsequently the 12C peak
and 13C peak next to RTi were selected in all samples and the
correlation was again determined as described above. The
algorithm is given in Matlab format in the Supporting
Information. The Pearson correlation was used in all cases,
and unless stated otherwise a value of 0.8 was the cutoﬀ for
high-scoring chromatograms. Quantiﬁcation of intracellular
metabolite concentrations was based on the ratio of 12C and
13
C peak heights as described previously.12 A speciﬁc cell
volume of 2 μL mg(dry weight)−1 was used to calculate the cell
volume.

■

RESULTS AND DISCUSSION
Time-Optimized LC of Primary Metabolites. In order to
identify suitable conditions for fast LC of primary metabolites,
we tested the separation of 40 metabolites that we selected
based on their chemical diversity. For example, six nucleotides
represented pyrimidine and purine nucleotide mono-, di-, and
triphosphates. Nine amino acids represented aliphatic,
aromatic, acidic, basic, hydroxylic, amidic, and sulfur-containing
amino acids. In total, 12 compounds were from central
metabolic pathways (e.g., sugar phosphates, Acetyl-CoA) and
4 were cofactors (Table S1). In total 24 LC methods were
tested. These methods were based on 4 short LC columns,
using acidic and basic mobile phase, and 4 ﬂow rates with
gradients between 4 and 1.5 min (Table 1). A standard solution
containing 1 μM of the 40 metabolites was spiked with 13C
internal standard (13C-IS) and measured 6 times with each
method. To test for carry-over, we injected blanks between two
measurements. Reproducibility of the methods was calculated
as the relative standard deviation (RSD) of the ratio of 12C and
13
C peak heights for each metabolite. In general, the quality of
separation of each metabolite depended on the combination of
stationary and mobile phase. Therefore, we scored the
1626
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Figure 2. Testing MRM assays of 419 metabolites. Number of
metabolites above the correlation-based score on the x-axis are shown
for three relative standard deviations (RSD).

times of 10 ms. For each MRM, we calculated outliers to
identify which of the 79 spiked samples was signiﬁcantly
changed (Figure S2 and Table S3). Selectivity of 86% of the
MRMs for which we had standards was validated, as they only
changed in samples spiked with the correct standards. As
expected, the MRM assay 259 > 79 detected the three samples
spiked with glucose-6-P, fructose-6-P, and glucose-1-P (hexoseP), 229 > 79 detected ribose-5-P, ribose-1-P, and ribulose-5-P
(pentose-P), and 132 > 86 detected leucine and isoleucine.
Generally, the short LC−MS/MS methods were not able to
separate these isomers and only quantify their pooled
concentration. Also the MRMs for threonine and homoserine
detected both metabolites. Lysine and glutamine were also
detected by same MRMs and we reassigned lysine to Method A
that separated these metabolites (Figure 3A). Only 5 MRMs
did not detect the respective standard. For example, the MRM
for ornithine falsely detected citrulline, due to the in-source
fragmentation of citrulline into ornithine.14 We realized that
only Method A achieves good separation of ornithine and
citrulline (Figure 3B). The sample spiked with dihydroxyacetone-P (DHAP) was falsely detected by the MRM for fructose1,6-PP (FBP). To exclude that residual enzymatic activity in the
spiked sample converted DHAP into FBP, we analyzed a pure
DHAP standard. The DHAP standard had again a signal in the
FBP channel, which matched the peak in DHAP channel
(Figure 3C). Because an FBP standard eluted later from the
column, we assume that an aldol reaction in the ion source
converts DHAP into FBP (Figure 3C). In-source fragmentation
of nucleosides into nucleobases was not problematic, because
they were suﬃciently separated as exempliﬁed for inosine and
hypoxanthine (Figure 3D). We observed no oxidation of
NADH into NAD+ during ionization, and both metabolites
were well separated by Method B (Figure 3E). However, small
amounts of the NADH and NADPH standards were oxidized
(Figure 3E). Similarly, little hydrolysis of nucleotide
diphosphates standards resulted in spurious signals in the
channel of the respective monophosphate. In case of the 106
MRMs for which we had no standards, 27 falsely detected one
or more of the spiked samples. The MRM for dihydrouracil, for
instance, detected the sample spiked with orotate and the
retention time indicated in-source fragmentation of orotate.
Whether the other false hits were caused by unspeciﬁc MRMs

Figure 1. Time-optimized LC−MS/MS. Overlay of 12C (black) and
13
C (magenta) chromatograms of 10 metabolites measured with
Method A (left) and Method B (right). The correlation score and the
RSD are given below to the name of a metabolite.

metabolites with a score >0.8 and RSD < 20%, 141 resulted
from MRMs obtained by single compound optimization or the
literature. The remaining 92 metabolites were derived from
predicted MRMs, and they included important analytes such as
the purine nucleotide precursor 5-amino-1-(5-phospho-Dribosyl)imidazole-4-carboxamide (AICAR).
Selectivity. To validate the selectivity of the methods, we
spiked 79 authentic standards into a typical E. coli sample and
measured MRMs for 180 out of the 233 high-scoring
metabolites. This required three injections with method A
and three injections with method B to enable suﬃcient dwell
1627
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Figure 3. Method validation: (A) Chromatograms of lysine and glutamine standards (1 μM) with method A. MRMs used for detection of the
respective compound are given in parentheses. (B) Chromatograms of ornithine and citrulline standards (1 μM) with method A. (C)
Chromatograms of DHAP and FBP standards (1 μM) with method B. (D) Chromatograms of inosine and hypoxanthine standards (1 μM) with
method A. (E) Chromatograms of NAD+ and NADH standards (1 μM) with method B. (F) Chromatograms of AICAR in samples of glucose-grown
and trimethoprim treated cells with method B. (G) Comparison of retention times in ﬁltered samples and in the sample of the whole culture broth.
(H) RSD for 109 metabolites with score >0.8 in ﬁltered samples and 87 metabolites in WCB samples. Boxes contain the middle of 50% of the data
and whiskers indicate the 10th and 90th percentiles. (I) Chromatograms of ATP in the spike-in experiment and in 80 ﬁltered samples measured in
two independent batches on a column with >1000 injections. Black lines are the mean and red areas the standard deviation of the chromatograms.
The chromatogram in blue was measured in the sample spiked with ATP.

E. coli cells. Indeed, the signal for AICAR increased in

or in-source fragmentation requires analyses of authentic
standards for these compounds. Nevertheless, we attempted
to test the selectivity of the MRM assay for AICAR without
having an authentic standard.
Therefore, we indirectly inhibited the AICAR and folate
consuming reaction in purine nucleotide biosynthesis by adding
the folate biosynthesis inhibitor trimethoprim to glucose-grown

trimethoprim treated cells, whereas it was almost not detectable
in glucose-grown cells (Figure 3F).
In conclusion, the spike-in experiment validated selectivity of
64 MRMs and demonstrated the absence of unspeciﬁc
responses for 79 MRMs. The remaining 37 MRMs were either
1628
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not selective or unspeciﬁc, and we excluded them from further
analysis.
Robustness. To test how robust the methods are against
variation of sample matrix, we measured all validated
metabolites in a ﬁltered E. coli metabolite extract and an
extract from the whole culture broth (WCB). The latter
contains a high amount of salt from the culture medium and is
usually diﬃcult to analyze by LC−MS/MS. A total of 120
samples were analyzed in three independent batches at three
diﬀerent days. In total, 80 samples of the ﬁrst two batches were
from the same ﬁltered sample, and 40 samples of the third
batch were from the WCB sample. In the ﬁltrated samples, we
detected 109 metabolites with a correlation based score >0.8
and in the WCB samples 87 metabolites. Retention times were
the same in ﬁltrated and WCB samples, demonstrating that the
methods are robust against the high salt content of the WCB
samples (Figure 3G). Moreover, retention times matched those
in the spike-in experiment, showing long-term stability of the
methods (Figure S3). The analytical results were consistent
over the whole analysis, and the median RSD of 12C/13C ratios
was 15% for the 80 ﬁltered samples and 14% for the 40 WCB
samples (Figure 3H). Peak shapes were also robust and did not
change during the measurements. The only metabolites with
noticeable peak shape variations were nucleotide triphosphates,
as exempliﬁed by the chromatogram of ATP (Figure 3I).
However, to ensure stable peak shapes and retention times, it is
important to inject 10 blanks (acetonitrile/methanol/water)
before each batch.
Sensitivity and Linearity. Typical intracellular metabolite
concentrations range between 1 μM and 10 mM25 and are
usually 500 to 1000-fold diluted during sample processing
(assuming no concentration step). Thus, the expected
concentration range in the ﬁnal sample is between 1 nM and
10 μM. To test if the fast LC−MS methods provide suﬃcient
linearity and sensitivity in this range, we focused on the 64
metabolites for which we had standards and validated MRMs.
We prepared a mixture of these metabolites at 10 diﬀerent
concentrations between 0.4 nM and 10 μM, spiked in 13C-IS
and measured the metabolites with a single injection on
method A and a single injection on method B (Table S4). Only
3 metabolites had an R2 < 0.9 (Figure 4), and these were
hexose-P and citrate due to hyperbolic calibration curves. CDP
did not correlate with the standard and was generally diﬃcult to
detect. All calibration curves were forced through the origin due
to the assumption that 12C/13C-ratios are zero when no 12C
standard is present. In order to validate this assumption, we
calculated calibration curves with a y-intercept and tested if the
99% conﬁdence interval of the y-intercept includes zero (Table
S4). Five of the 64 y-intercept conﬁdence intervals did not
include zero, and these were citrate, CDP, ATP, GTP, and
aspartate. However, their y-intercept intervals missed the zero
cutoﬀ by less than 0.04, suggesting only small interferences in
the lower concentration range of these metabolites (Table S4).
On the basis of the calibration curves, we calculated
concentrations of 13C labeled metabolites in the 13C-IS (Figure
4). Most metabolites lay within the range of 1 nM to 10 μM,
matching the concentration range of ﬁnal extracts that we
expected initially. With 1 nM, inosine and guanosine showed
the lowest concentration, while we measured the highest
concentration for reduced glutathione and glutamate at 16 μM
and 37 μM, respectively. On the basis of these results, we
concluded that our methods provide suﬃcient linearity and

Figure 4. Absolute metabolite concentrations in the 13C internal
standard. Shown are concentrations of 61 metabolites with R2 > 0.9.
Colors indicate the LC−MS/MS method used for quantiﬁcation (red,
method A; blue, method B). Dots are concentrations that were
estimated by a linear regression of calibration curves. Lines indicate
95% conﬁdence intervals. The R2 of the linear regression is given next
to each metabolite.

sensitivity to quantify metabolites in cell extracts directly, and
no concentration step is required.
Metabolite Concentrations in E. coli. Finally, we
validated the quantitative performance of the LC−MS/MS
methods. Therefore, we grew E. coli MG1655 on glucose
minimal medium and collected three samples during
midexponential growth. We measured the same metabolites
that we already quantiﬁed in the 13C-IS using again one
injection with Method A and one with Method B (Table S4).
The measured concentrations in glucose-grown MG1655 cells
were remarkably consistent with previously reported concentrations of E. coli NCM3722 grown on glucose agarose-plates25
(Figure 5). In both data sets, the most abundant metabolites
are glutamate and glutathione, and the nucleosides cytidine and
1629

DOI: 10.1021/acs.analchem.6b03731
Anal. Chem. 2017, 89, 1624−1631

Analytical Chemistry

■

Article

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.analchem.6b03731.
Algorithm for peak selection and scoring in Matlab
format; Figure S1, diﬀerences between 12C/13C ratios
determined with methods A and B; Figure S2, selectivity
test for 79 single compounds against 180 MRMs; Figure
S3, retention times in spike-in samples and ﬁltered
samples (PDF)
Table S1, RSDs of 40 metabolites measured with the 24
LC methods in Table 1; Table S2, 854 MRMs assays for
419 metabolites and their performance with methods A
and B; Table S3, MRMs and results of 180 metabolites in
the spike-in experiment; Table S4, calibration and
absolute concentrations in E. coli MG1655 for 64
validated metabolites (XLSX)

■

Figure 5. Absolute metabolite concentrations in E. coli. Measured
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