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Abstract For the first time, an interlaboratory comparison
was performed in the field of quantitative metabolite profiling
in Pichia pastoris. The study was designed for the evaluation
of different measurement platforms integrating different quan-
tification strategies using internal standardization. Nineteen
primary metabolites including amino acids and organic acids
were selected for the study. Homogenous samples were
obtained from chemostat fermentations after rapid sampling,
quenching and filtration, and hot ethanol extraction.
Laboratory 1 (BOKU) employed an in vivo-synthesized fully

labeled U13C cell extracts of P. pastoris for immediate internal
standardization upon cell extraction. Quantification was car-
ried out using orthogonal reversed-phase (RP-LC) and hydro-
philic interaction chromatography (HILIC) in combination
with tandem mass spectrometry. Laboratory 2 (Biocrates)
applied a metabolomics kit allowing fully automated, rapid
derivatization, solid phase extraction and internal standardiza-
tion in 96-well plates with immobilized isotopically enriched
internal standards in combination with HILIC-MS-MS and
RP-LC-MS-MS for organic acids and derivatized amino
acids, respectively. In this study, the obtained intracellular
concentrations ranged from 0.2 to 108 μmolg−1 cell dry
weight. The total combined uncertainty was estimated includ-
ing uncertainty contributions from the corresponding MS-
based measurement and sample preparation for each metabo-
lite. Evidently, the uncertainty contribution of sample prepa-
ration was lower for the values obtained by laboratory 1,
implementing isotope dilution upon extraction. Total com-
bined uncertainties (K=2) ranging from 21 to 48 % and from
30 to 57 % were assessed for the quantitative results obtained
in laboratories 1 and 2, respectively. The major contribution
arose from sample preparation, hence from repeatability pre-
cision of the extraction procedure. Finally, the laboratory
intercomparison was successful as most of the investigated
metabolites showed concentration levels agreeing within their
total combined uncertainty, implying that accurate quantifica-
tion was given. The application of isotope dilution upon
extraction was an absolute prerequisite for the quantification
of the redox-sensitive amino acid methionine, where no agree-
ment between the two laboratories could be achieved.
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Introduction

Targeted analytical strategies in metabolomics refer to either
qualitative or quantitative investigation of predefined me-
tabolites. The latter approach, denoted as quantitative me-
tabolite profiling, is the backbone of a cutting-edge strategy
in biotechnological production optimization, the metabolic
engineering, ultimately aiming at engineering cell fabrics
with increased productivity [1]. In this specific application,
metabolites of the central carbon metabolism are of key
interest since the production rates and concentrations of
microorganisms are always linked to the primary metabo-
lism, independent if primary or secondary metabolic prod-
ucts are in demand. Starting from quantitative metabolite
profiles, kinetic information regarding metabolite produc-
tion and consumption rates can be inferred [1]. In this way,
bottlenecks in the metabolic reaction network can be iden-
tified serving as targets for metabolic engineering.

As comprehensively reviewed elsewhere [2], nowadays,
the key analytical platform for metabolite profiling is mass
spectrometry in combination with different chromatographic
techniques [3–10] covering gas chromatography [9, 10], liq-
uid chromatography [3, 6–8], and capillary electrophoresis [4,
5]. Among these, liquid chromatography was and still is the
most versatile technique. As a matter of fact, primary intra-
cellular metabolites show a high variation of chemical and
physical properties (charge, polarity etc.); therefore, large
coverage of metabolites often is accomplished following two
main strategies: ion pairing chromatography or the implemen-
tation of at least two orthogonal separations (reversed-phase
and hydrophilic interaction chromatography, HILIC).

Well-designed sampling, quenching, and extraction pro-
cedures are a prerequisite for successful quantitative metab-
olite profiling in cellular samples. Complex sample matrix,
the high turnover rates of metabolites, and the instability of
the extracted metabolites are the major challenges. Many
efforts have been directed toward the development and
optimization of cell leakage- and degradation-free protocols
[11–13]. Optimized procedure for yeast including Pichia
pastoris [12, 13], which was investigated in the presented
analytical exercise here, consisted of (1) rapid sampling in
combination with fast centrifugation or fast filtration
methods, (2) quenching using cold methanol leading to
minimal metabolite leakage in quenching and washing so-
lutions, and (3) extraction using boiling ethanol [3, 11–13].
This hot extraction protocol demonstrated excellent recov-
ery, extraction efficacy, and precision repeatability for a
wide range of metabolites [11, 14].

Method validation is an integral part of any analytical
method development; however, in this specific application, it
is highly challenging to address the accuracy of the obtained
quantitative values. As a matter of fact, there is a complete
lack of reference materials. Even more, up to now, it is widely

unexplored under which conditions and for which metabolites
such material could be produced in the future.

The absolute amount of the metabolite, i.e., the best estimate
of the true value, can only be obtained by investigating the
efficiency and recovery of different extractionmethods in a first
step [15]. Several groups estimated accuracy by calculations of
the mass action ratios from the obtained data and subsequent
comparison with published equilibrium constants [12, 16].
Using the first approach, the procedure with the highest extrac-
tion efficiency and the best recovery and repeatability precision
is then selected for quantification. Evidently, not only the
accuracy concerning different sample preparation procedures
have to be investigated but also the accuracy of the measure-
ment procedure itself has to be proven. This is in the best case
accomplished by a comparison of different analytical platforms
either within one laboratory or in different laboratories.

While in other fields interlaboratory comparisons are
well-established tools [17–20], this is not the case in
targeted metabolomics. The few examples concerned not
metabolite quantification but rather the assessment of dif-
ferential metabolite profiles (relative measurement of differ-
ent biological status) in order to compare the ability of
different analytical platforms and/or laboratories to produce
same data sets (metabolite features) by multivariate statistics
[21]. Interlaboratory comparison regarding the relative
quantification of amino acids using the CE-MS and GC-
MS methods has been reported. Using both methods, rela-
tive peak areas were calculated employing the internal stan-
dard compound, ethionine. The obtained amino acid ratios
were used to study cell culture response to stress [22].

In this work, to the best of our knowledge, the first attempt
of interlaboratory comparison applied to quantitative metabo-
lite profiling in yeast (P. pastoris) is presented. The sampling
and the sample preparation were carried out with great care to
ensure sample homogeneity. Extraction was performed using
the boiling ethanol method that has been thoroughly studied
for P. pastoris [12, 14]. The quantification of 19 primary
metabolites consisting of amino acids and organic acids was
studied in two different laboratories. The selection was based
on the facts that these compounds were amenable to analysis
with different methods in the two participating laboratories.
Moreover, for all metabolites, extraction efficiency and recov-
ery had been previously investigated. The requirement for the
study was the highest extraction efficiency and stability upon
the selected sample preparation procedure.

Experimental

Experiment design (sample collection and handling)

Three biological replicates of P. pastoris wild type were
grown at BOKU. From each biological replicate, two
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samples were obtained using the filtration method on two
parallel filtration units, A and B, at exactly the same time
after quenching. The sample codes are shown in Table 1.
Sample extraction was performed using the boiling ethanol
method at BOKU Division of Analytical Chemistry. Extracts
were evaporated to complete dryness using the vacuum cen-
trifuge at BOKU. Samples that were obtained with filtration
unit A were analyzed according to the protocol established at
the BOKU Division of Analytical Chemistry, implementing
the internal standardization with U13C-labeled yeast extract
immediately after sampling. Samples from filtration unit B
were sent to Biocrates. For these samples, immediate internal
standardization was not possible due to the integrated internal
standards on the Biocrates kit. Samples were shipped to
Biocrates on dry ice; meanwhile, three samples from filtration
unit A where stored in the same conditions as the shipped
ones. Metabolite quantification was performed in both labo-
ratories at the same time using two independent methods to
exclude errors that can arise from the different sample storage
times. Figure 1 shows the overall sample handling procedure.

Cultivation for cell sample

Three independent P. pastoris chemostat cultivations were
performed as described elsewhere [14].

Sampling and quenching

Samples for the analysis of intracellular metabolites were
taken using a peristaltic pump and silicone tubes (diameter,
5 mm; length, 81 cm) at a pumping speed of 5 mL/s.
Approximately 50 mL of the fermentation broth was
quenched in 200 mL of 60 % (v/v) methanol at −27 °C.
After quenching, 2 mL of cell suspension (corresponding to
approximately 10 mg biomass) was filtered using two filtra-
tion units (Polycarbonate Filter Holders, Satorius Lab
Technologies Product) with cellulose acetate filter (0.45 μm,
Satorius Biolab Products). Negative pressure was applied
using a vacuum pump. The cells were washed once with cold
60 % (v/v) methanol and then the filter was kept on dry ice.
Biomass was determined by drying five replicates of 2 mL

chemostat culture to constant weight at 105 °C in pre-weight
glass tubes.

Extraction of intracellular metabolites

Quenched and washed cell pellets of P. Pastoris on filters
were kept in 15-mL tubes on dry ice. Of the internal standard,
200 μL was added to samples A1–A3 and 200 μL of water
was added to samples B1–B3 in order to ensure the same
sample volume. Four milliliters of boiling ethanol (75 %, v/v)
was poured onto the cell pellets in the tube. The cell pellets
were completely resuspended by vortexing for approx. 20 s.
The tubes containing the samples were put into the water bath
set to 85 °C and heated for 3 min in total. It was vortexed for
approx. 10 s after 1.5 min of heating and again for approx. 10 s
after a total of 3 min of heating. The hot tube containing the
extracted cell pellet was put directly into dry ice for 3 min for
rapid cooldown. After cooling, the tube was put back on dry
ice. Afterwards, the tubes were centrifuged at 4,000×g for
10 min at −20 °C. The supernatant was decanted into a pre-
cooled 15-mL tube. The ethanolic extracts were stored on dry
ice until they were evaporated to complete dryness in a vac-
uum centrifuge (Savant RVT400 from Thermo Scientific)
operating at pressures below 1 mbar.

Preparation of U13C internal standard

Detailed description of U13C internal standard preparation
procedure is available elsewhere [14]. In brief, the yeast
cells grown on fully labeled U13C glucose in the fed batch
cultivation were quenched and sampled using cold metha-
nol. Metabolite extraction using boiling ethanol method was
carried out and the obtained extracts were evaporated and
reconstituted with water.

Quantitative analysis performed at laboratory 1 (BOKU)
with immediate internal standardization

Sample preparation for LC-MS/MS analysis

Of the LC-MS grade water, 1,000 μL was added to the dried
residue using a 1,000-μL piston pipette and disposal pipette
tips (Eppendorf). The dried residue was then resuspended in
the following steps: (1) vortexing, (2) vortexing again after
10 min, and (3) suspending by drawing–pushing and transfer-
ring to the reaction tube, 2 mL (Eppendorf test tube or equiv-
alent), using the piston pipette. Insoluble particles were
removed via centrifugation at 4,000×g for 10 min at 5 °C
using a table centrifuge from Hettich (Tuttlingen, Germany).
For HILIC measurement, one additional dilution step of 1:10
(v/v) was carried out using LC-MS acetonitrile.The clear
reconstituted ethanolic extracts were transferred to HPLC
glass vials.

Table 1 Sample codes

Sample
code

Fermentation
code

Filtration
unit code

Participant

A1 M027 A BOKU (laboratory 1)

A2 M032 A BOKU (laboratory 1)

A3 M035 A BOKU (laboratory 1)

B1 M027 B Biocrates (laboratory 2)

B2 M032 B Biocrates (laboratory 2)

B3 M035 B Biocrates (laboratory 2)
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LC MS/MS analysis

The quantitative analysis of amino acids and organic acids
was performed using reversed-phase chromatography
coupled with tandem mass spectrometric detection. The
analysis was carried out on the LC-MS/MS system
consisting of a Thermo Scientific CTC PAL autosampler,
Thermo Scientific Accela 1259 pump, and Thermo
Scientific TSQ Vantage ESI-MS/MS. Separation was
performed on an Atlantis T3® analytical column (150×
4.6 mm, 3-μm particle size, 100-Å pore size) equipped with
an Atlantis T3 guard column (20×4.6, 3-μm particle size;
Waters, Milford, MA) with eluent A (water, 0.1 % (v/v)
formic acid) and eluent B (methanol). The following gradi-
ent was applied in LC-MS/MS: 0 % B was constant for
2 min and then was increased to 40 % within 8 min and was
held for 2 min. A subsequent increase to 100 % within
0.1 min and holding for 1.9 min to flush the column,
followed by reconstitution of the starting conditions within
0.1 min and re-equilibration with 0 % B for 5.9 min, resulted
in a total analysis time of 20 min. For MS detection, TSQ
Vantage tandem mass spectrometer from Thermo Scientific
was used, featuring a heated ESI interface. The ion source
parameters for the positive and negative modes were set as
follows: vaporizer temperature, 350 °C; ion transfer tube
temperature, 350 °C; aux gas pressure, 15 arbitrary units;
sheath gas pressure, 40 arbitrary units; ion sweep gas pres-
sure, 0 arbitrary unit; declustering voltage, 0 V; and spray
voltage values for positive polarity and negative polarity,
3,300 and 3,000 V (respectively); collision gas pressure for
multiple reaction monitoring (MRM) was set to 1.5 mTorr.

MRM transitions of all compounds have been determined
via flow injection of 10 μM single standards using a syringe
pump coupled to the LC pump using a zero volume T-piece
connector. XCalibur tune software was used to optimize the
MRM transitions for each compound. The precursor ion,
product ion, as well as collision energy values and polarity
are listed in Table 2. Quantitative analysis of highly abun-
dant amino acids was performed using HILIC coupled with
tandem mass spectrometric detection. An Agilent G1312A
Binary Pump 1200 series from Agilent Technologies
(Waldbronn, Germany), together with an Agilent G1367B
high-performance autosampler and an Agilent G1316A col-
umn compartment, was employed for HPLC. For MS de-
tection, an Agilent 6410 Triple Quad LC/MS (Agilent
Technologies) was used featuring an ESI interface.
Separation was carried out on a ZicHILIC© analytical col-
umn (150×4.6 mm, 3.5-μm particle size, 100-Å pore size)
from SeQuant (Marl, Germany) and a ZicHILIC© guard
column (20×2.1 mm, 5-μm particle size), with eluent A
(98 % (v/v) water, 1 % (v/v) acetonitrile (CAN), and 1 %
(v/v) formic acid) and eluent B (98 % (v/v) ACN, 1 % (v/v)
water, and 1 % (v/v) formic acid) applying the following
gradient: 90 % B was constant for 2 min and then was
reduced to 10 % within 7 min and was held for 1 min.
Subsequent reconstitution of the starting conditions within
0.1 min and re-equilibration with 90 % B for 9.9 min
resulted in a total analysis time of 20 min. A flow rate of
0.6 mL min−1, an injection volume of 3 μL, and a column
temperature of 40 °C were applied. Mass spectrometer
source parameters in positive ionization mode were set as
follows: drying gas temperature, 300 °C; drying gas flow,

Fig. 1 Sample handling procedure
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10 L min−1; nebulizer pressure, 25 psi; and capillary volt-
age, 4,000 V. MRM transitions were determined via flow
injection of 20 μM single standard (isocratic conditions:
0.05 % formic acid in MeOH/H2O 50:50, v/v). For optimi-
zation, the Mass Hunter Optimizer Software (Agilent) was

applied. The precursor and product ions as well as specific
values for fragmentor voltage and collision energy are listed
in Table 2. Data processing was performed using XCalibur
Quan Browser software (Thermo Scientific) and Agilent
MassHunter (Agilent Technologies). Quantification was

Table 2 Measurement conditions of LC-MS/MS analysis for all investigated metabolites

Compound Polarity HPLC Dilution Precursor ion, m/z Product ion, m/z FV (V)a CE (eV) Comp. for IS

U13C fumarate − RP 1:1 119 74 9 –

U12C fumarate − RP 1:1 115 71.1 9 U13C fumarate

U13C isoleucine + RP 1:1 138 91 9 –

U12C isoleucine + RP 1:1 132.1 86 9 U13C isoleucine

U13C leucine + RP 1:1 138 91 9 –

U12C leucine + RP 1:1 132.1 86 9 U13C leucine

U13C methionine + RP 1:1 155 59 13

U12C methionine + RP 1:1 150.1 56.1 13 U13C methionine

U13C phenylalanine + RP 1:1 175 128 9 –

U12C phenylalanine + RP 1:1 166.1 120 9 U13C phenylalanine

U13C proline + RP 1:1 121 74 15 –

U12C proline + RP 1:1 116 70 15 U13C proline

U13C succinate − RP 1:1 121 76 9

U12C succinate − RP 1:1 117 73.1 9 U13C succinate

U13C tyrosine + RP 1:1 191 144 9 –

U12C tyrosine + RP 1:1 182.1 135.9 9 U13C tyrosine

U13C valine + RP 1:1 123 76 9 –

U12C valine + RP 1:1 118.1 72 9 U13C valine

U13C alanine + HILIC 1:10 93 46 40 9 –

U12C alanine + HILIC 1:10 90 44 40 9 U13C alanine

U13C arginine + HILIC 1:10 181 74 80 25 –

U12C arginine + HILIC 1:10 175 70 80 25 U13C arginine

U13C asparagine + HILIC 1:10 137 76 60 13 –

U12C asparagine + HILIC 1:10 133 74 60 13 U13C asparagine

U13C aspartate + HILIC 1:10 138 76 60 9 –

U12C aspartate + HILIC 1:10 134 74 60 9 U13C aspartate

U13C glutamate + HILIC 1:10 153 88 70 13 –

U12C glutamate + HILIC 1:10 148 84 70 13 U13C glutamate

U13C glutamine + HILIC 1:10 152 88 80 17 –

U12C glutamine + HILIC 1:10 147 84 80 17 U13C glutamine

U13C histidine + HILIC 1:10 162 115 80 13 –

U12C histidine + HILIC 1:10 156 110 80 13 U13C histidine

U13C lysine + HILIC 1:10 153 89 60 13 –

U12C lysine + HILIC 1:10 147 84 60 13 U13C lysine

U13C serine + HILIC 1:10 109 62 60 9 –

U12C serine + HILIC 1:10 106 60 60 9 U13C serine

U13C threonine + HILIC 1:10 124 77 60 9 –

U12C threonine + HILIC 1:10 120 74 60 9 U13C threonine

For MRM transition, collision energy (CE) and fragmenter voltage (FV) are given. Precursor ions and product ions are shown for the monoisotopic
molecules deriving from the standard or cell sample (U12 C) and for the ones deriving from the fully labeled cell extract (U13 C) used for internal
standardization
a Only for Agilent 6410 Triple Quad
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performed using a six-point calibration curve with internal
standardization. Internal standardization of the calibration
solutions were carried out with the same amount of internal
standard as for the samples. Internal standardization was
performed using the in-house-produced U13C cell extract.

Quantitative analysis performed at laboratory 2 (Biocrates)
with internal standardization prior measurements

Sample preparation for LC-MS/MS analysis

Dried frozen extracts of P. pastoris cells stored on dry ice
were provided by BOKU. According to the agreement,
samples were redissolved in 1,000 μL Milli-Q water
(Milli-Q Synthesis, Millipore, Molsheim, France), shaken
for 20 min at 900 rpm, and placed in an ultrasonic bath on
ice for 10 min. The resulting suspensions were centrifuged
(5 min, 2,900 rpm, 2 °C) and the supernatant was transferred
to another vial. The pellet was discarded. Clear supernatants
were diluted 1:5 (v/v) and 1:10 (v/v) with Milli-Q water.

LC-MS/MS analysis

Amino acids were quantitatively analyzed using reversed-
phase LC-MS/MS to obtain chromatographic separation of
isobaric (the same MRM ion pairs) metabolites for individ-
ual quantification performed by external calibration and by
the use of internal standards. A 10-μL sample volume
(processed sample) is required for the analysis using the
following sample preparation procedure. Samples were
added on filter spots placed in a 96-well Solvinert plate
(internal standards were placed and dried down under nitro-
gen before) and fixed above a 96-deep well plate (capture
plate). Twenty microliters of 5 % phenyl–isothiocyanate
derivatization reagent was added. The derivatized samples
were extracted after incubation by 5 mM ammonium acetate
in methanol into the capture plate. Ten-microliter sample
extracts were analyzed using LC-ESI-MS/MS in positive
MRM detection mode with a 4000 Q Trap® tandem mass
spectrometry instrument (AB Sciex, Darmstadt, Germany).
Chromatographic separation was performed using an
Agilent Zorbax Eclipse XDB C18 column (Agilent
Technologies) at a flow rate of 500 μL/min. Mobile phase
A consisted of 0.2 % formic acid in water and mobile phase
B consisted of 0.2 % formic acid in acetonitrile. A linear
gradient from 0 to 95 % B over 5 min was applied. For the
quantitative analysis of organic acids, a HILIC-ESI-MS/MS
method in highly selective negative MRM detection mode
was used. MRM detection was performed using a 4000 Q
Trap® tandem mass spectrometry instrument (AB Sciex).
Twenty microliters sample volume (processed sample) was
protein-precipitated and extracted simultaneously with 80 %
methanol (v/v) in a 96-well plate format. Finally, 20 μL

sample extract was used as the injection volume for
HILIC-ESI-MS/MS analysis. Chromatographic separation
was achieved using an Atlantis HILIC Silica column
(Waters GmbH, Eschborn, Germany) at a flow rate of
500 μL/min. Mobile phase A consisted of water/acetonitrile
(95:5, v/v) containing 15 mM ammonium acetate and mobile
phase B consisted of 95:5 (v/v) acetonitrile/water containing
15 mM ammonium acetate. A linear gradient from 7 to
100 % mobile phase A over 10 min was applied. Internal
standards (ratio of external to internal standard) and external
calibration were used for accurate quantitation. LC-MS/MS
data were processed with Analyst 1.4.2 software (AB
Sciex). All methods have been validated for human plasma
considering FDA Guidance for Industry—Bioanalytical
Method Validation [23]. Metabolite concentrations were
determined in micromolar units. The concentrations of all
independent measurements per sample (N=6) were
recalculated according to the dilution factor and averaged.
Subsequently, in relation to the initial cell concentration in
each strain and the fermentation process, the mean values
were converted into micromoles per gram cell.

Results and discussion

Design of interlaboratory comparison

The interlaboratory comparison was designed for the compar-
ison of different measurement platforms integrating different
quantification strategies for internal standardization. Based on
a thoroughly studied sample preparation protocol—with
known sample extraction efficiencies and recoveries for the
metabolites of the carbon cycle and on the offered analytical
methods in the two participating laboratories—19 compounds
including amino acids and organic acids were selected for the
exercise. For these compounds, Canelas et al. [11] had previ-
ously shown that hot ethanol extraction delivered the highest
extraction efficiency. Moreover, the sample preparation recov-
ery of metabolites using hot ethanol extraction was assessed in
laboratory 1 (BOKU) using in vivo-synthesized U13C yeast
extract as the tracer [14]. For the selected metabolite panel,
extraction recoveries from 66 to 115 % were assessed.
Therefore, for these compounds, both strategies of internal
standardization, i.e., before extraction—as established in lab-
oratory 1 (BOKU)—and before measurement—as established
in laboratory 2 (Biocrates), could be applied. The different
time points of internal standardization had practical reasons.
Laboratory 2 applied the metabolomics kit, which is an
own analytical development. The kit provided an automated
workflow integrating immobilized isotopically enriched me-
tabolite standards and amino acid derivatization and solid
phase extraction. In this study, it was used in combination
with LC-MS-MS analysis; however, targeted analysis of
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biogenic amines, acylcarnitines, phosphatidylcholines, lyso-
phosphatidylcholines, and sphingomyelins in combination
with flow injection MS analysis would be possible.
Laboratory 1 performed LC-MS-MS analysis implementing
orthogonal reversed-phase and hydrophilic interaction chro-
matography [14]. As internal standard, the in vivo-synthesized
U13C yeast extract was used. Using this strategy, potential
metabolite loss during sample preparation, storage, and mea-
surement fluctuation was compensated. The time between
extraction and measurement was kept as short as possible.
The limits of detection (LODs) of both methods are given in
Table 3. In the case of BOKU, LODs were calculated using
the 3σ criteria of the baseline signal calibrated by the peak
height of the lowest calibration point; for Biocrates, LODs
were calculated within the measurements with water-based
zero samples. Moreover, Table 3 summarizes the sample
preparation recoveries for the compounds under investigation.

LC-MS quantification using in vivo-synthesized U13C
internal standard (laboratory 1)

Table 4 gives an overview of the quantitative measurements
of three biological replicates using internal standardization
with the U13C-labeled yeast cell extract. As a prerequisite in
this study, basic measurement criteria for the in vivo-
synthesized internal standard in the resulting yeast extracts
were set for all investigated metabolites: a signal-to-noise
ratio of U13C metabolite peaks >10 and a signal-to-noise

ratio for U12C metabolite impurity peaks <3. As a matter of
fact, these criteria were fulfilled for all compounds that
were used for interlaboratory comparison. Standard solu-
tions, spiked with the U13C cell extract, i.e., the internal
standard (added at the same concentration as in the sam-
ples), served as quality control (QC) samples. The measure-
ment of QC samples (n=5) was evenly distributed through
the measurement sequence (roughly amounting to 20 % of
each sequence). It is commonly accepted that QC samples
monitor the overall performance of instruments and set
criteria for acceptable measurement deviation (relative
standard deviation, RSD). As a rule of thumb, the RSD
for the repeated sample injections should not exceed the
RSD of QC samples. In this study, the RSD values for
samples were in the range of 0.5–10 % and were, thus, in
good agreement with the QC samples. Typically, standard
uncertainties of 5 % deriving from repeated measurements
were reported for LC-MS-based quantitative metabolite
profiling [8, 24]. Next, the obtained standard uncertainty
for the N=3 LC-MS determinations were compared to the
total combined uncertainties calculated for the LC-MS
quantification in order to evaluate the performance of a
given LC-MS method. This was considered as an additional
test of whether the developed method was under control.
Estimation of the total combined uncertainty (TCU) was
performed according to the ISO GUM [25]. Calculations
were carried out using Kragten’s [26] approach via a
spreadsheet. The model equation defining the uncertainty

Table 3 LODs for both applied
methods given in solution
(in micromolars) and sample
(in micromoles per gram CDW)
and metabolite sample
preparation recovery [14]

Compound Laboratory 1 LOD Laboratory 2 LOD Recovery (%) [14]

μM μmol gCDW−1 μM μmol gCDW−1

Fumarate 0.07 0.008 4.0 0.45 –

Isoleucine 0.01 0.001 0.73 0.08 98±8

Leucine 0.01 0.001 1.5 0.17 94±7

Methionine 0.03 0.003 0.19 0.02 –

Phenylalanine 0.003 0.000 0.16 0.02 95±4

Proline 0.005 0.001 1.3 0.15 99±12

Succinate 0.38 0.043 5.4 0.61 –

Tyrosine 0.005 0.001 1.6 0.18 95±2

Valine 0.02 0.002 0.28 0.03 93±8

Alanine 0.13 0.015 1.3 0.15 115±18

Arginine 0.12 0.013 0.2 0.02 78±2

Aspargine 0.18 0.020 1.1 0.12 94±4

Aspartate 0.15 0.017 0.21 0.02 96±5

Glutamate 0.29 0.033 0.33 0.04 94±5

Glutamine 0.3 0.034 0.08 0.009 83±6

Histidine 0.09 0.010 0.82 0.09 85±8

Lysine 0.08 0.009 0.28 0.03 67±2

Serine 0.08 0.009 2.6 0.29 95±10

Threonine 0.08 0.009 1.0 0.11 92±4
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budget (Eq. 1) gave the metabolite concentration as an
extractable intracellular metabolite fraction (in micromo-
lars) per gram cell dry weight (gCDW). RS is the chromato-
graphic response of the sample that was calculated
according to Eq. 2, where ASample is the peak area of the
metabolite in the sample and AIS is the peak area of the
corresponding U13C-labeled compound. The intercept B0

and the slope B1 of the calibration curve were calculated
using linear regression (see Eqs. 3 and 4). Vvial is the
volume of the measured extract; VSample is the volume of
the quenched cell suspension that was sampled.
Additionally, the dilution factor of the cell extract (d) and
the cell dry weight of the quenched cell suspension (CDW)
were taken into account. The experimentally assessed un-
certainties for all input quantities are summarized in
Electronic supplementary material Tables S1 and S2.

Cmeasured ¼ RS � B0

B1
� Vvial � d

VSample � CDW
ð1Þ

RS ¼ Asample

AIS
ð2Þ

B0 ¼ R �Pi C
2
i � C �P

i Ci � RStd i
P

i C
2
i � n � C2

ð3Þ

B1 ¼
P

i Ci � RStd i � n� R� C
P

i C
2
i � n� C2

ð4Þ

For almost all measurements calculated, the TCU of the
LC-MS measurement results was greater than the experi-
mentally assessed measurement repeatability precision
RSD, implying good measurement quality and method con-
trol. Even though the LODs of an applied reversed-phase-
based method were lower than the ones for a HILIC-based
method, the measurement deviation (RSD) and the total
combined uncertainty (TCU) of LC-MS measurements were
comparable for both methods, indicating that TCU was
independent of measurement sensitivity.

Comparability of the quantitative measurements

Table 5 summarizes the outcome of the laboratory
intercomparison, giving the average values obtained from
three biological replicates analyzed in each of the two par-
ticipating laboratories and the corresponding biological re-
peatability precision (RSD). Moreover, the total combined
uncertainty of the quantitative results for each metabolite
obtained in each laboratory was estimated, including uncer-
tainty contributions from sample preparation. Equation 5
gives the simplified model used in this total combined
uncertainty calculation. C1, C2, and C3 correspond to single

Table 4 Intracellular metabolite
concentrations (IC) and calcu-
lated TCU values of LC-MS
measurement results for each
biological replicate obtained at
laboratory 1

Relative standard deviations for
repeated injections (N=3) and
QC sample are given

Metabolite IC (μmol gCDW−1) RSD, N=3 (%) QC RSD,
N=5 (%)

TCU,
K=2 (%)

A1 A2 A3 A1 A2 A3

Fumarate 1.0 1.2 1.5 4 4 1 4 17

Isoleucine 0.31 0.36 0.33 5 4 4 4 8

Leucine 0.60 0.52 0.63 5 5 1 4 7

Methionine 7.3 6.6 7.5 1 4 3 7 4

Phenylalanine 0.19 0.19 0.21 1 0.3 1 1 3

Proline 23 22 24 1 1 3 2 3

Sucinate 1.5 1.4 1.5 9 2 1 8 9

Tyrosine 0.26 0.24 0.29 7 6 4 3 12

Valine 1.2 0.98 1.3 1 1 3 4 6

Alanine 8.5 10 14 2 5 4 5 6

Arginine 51 75 74 2 1 1 1 2

Aspargine 3.2 3.3 4.3 2 2 10 4 9

Aspartate 17 16 19 4 3 3 4 5

Glutamate 78 76 97 0.4 1 1 2 2

Glutamine 95 106 123 2 1 0.2 3 2

Histidine 3.9 4.7 5.2 1 1 2 3 5

Lysine 4.2 7.1 6.8 5 3 1 3 4

Serine 2.9 5.4 5.8 4 4 5 7 9

Threonine 1.4 2.2 2.7 3 5 7 5 14

5166 K. Klavins et al.



concentration values obtained for biological replicates,
which are associated with the experimentally assessed re-
peatability precision. Moreover, an additional factor Ksp was
introduced accounting for all uncertainties from sample
preparation. Accordingly, the Ksp value was 1, with the
uncertainty derived from sampling and sample preparation
procedures. In order to assess this uncertainty, additional
experiments were carried out using 15 yeast cell pellets
(biological replicates) spiked with the U13C internal stan-
dard. For all metabolites, the monoisotopic U12C and U13C
signals were measured with the analytical tool set offered by
laboratory 1. The recovery of the applied sample preparation
was calculated using the U13C/U12C ratio [14], compensat-
ing for volume losses. Hence, this experimentally obtained
repeatability precision of the metabolite recovery resembled
the standard uncertainty of the sample preparation (Ksp) in
the uncertainty model for laboratory 1. This approach was
not valid for laboratory 2 as the volume and metabolite
losses during sample preparation were not compensated by
an internal standard in this case. Here, the standard uncer-
tainty of the sample preparation and, hence, the uncertainty
associated with Ksp in the model was deduced from the
standard uncertainty (N=15) of the monoisotopic U12C

signals. Values for u(Ksp) of each metabolite are shown in
Table 5.

Caverage ¼ C 1þ C 2þ C 3

3
� Ksp ð5Þ

Accordingly, as can be readily observed in Table 5, TCU
values for the results obtained by immediate internal stan-
dardization were generally lower compared to the ones
obtained with internal standardization prior to LC-MS anal-
ysis, especially highly abundant compounds. Hence, not
surprisingly, this once again confirms the importance of
immediate internal standardization in the field of quantita-
tive metabolite profiling. Moreover, the laboratory
intercomparison was successful as most of the investigated
metabolites showed concentration levels agreeing within
their total combined uncertainty. Hence, interlaboratory re-
producibility could be achieved for the first time for metab-
olite profiling in yeast. At the same time, the agreement
implied that accurate quantification was given for those
metabolites. It has to be mentioned that for all compounds,
the experimentally assessed repeatability was less than than
the calculated TCU, implying that the applied model con-
siders all contributions of the total combined uncertainty.

Table 5 Results of the performed interlaboratory comparison

Metabolites Laboratory 1 Laboratory 2

Average IC, N=3
(μmol gCDW−1)

RSD,
N=3 (%)

u(Ksp)
(%)

TCU,
K=2 (%)

Average IC, N=3
(μmol gCDW−1)

RSD,
N=3 (%)

u(Ksp)
(%)

TCU,
K=2 (%)

Fumarate 1.2 22 25 33 1.1 12 25 52

Isoleucine 0.33 8 8 37 0.39 11 4 36

Leucine 0.58 10 7 35 0.69 26 4 34

Methionine 7.1 6 20 48 0.42 18 25 55

Phenylalanine 0.2 6 4 25 0.27 6 9 30

Proline 23 5 12 32 36 4 19 45

Succinate 1.5 4 25 45 2.7 4 25 57

Tyrosine 0.26 10 2 21 0.29 29 23 51

Valine 1.2 14 9 39 0.9 14 12 44

Alanine 11 28 16 37 12 13 21 50

Arginine 67 21 3 28 46 4 7 31

Asparagine 3.6 17 4 28 5.5 10 19 47

Aspartate 17 11 5 27 20 9 13 36

Glutamate 84 14 5 25 104 24 15 38

Glutamine 108 13 7 27 96 12 21 50

Histidine 4.6 14 9 27 4.9 10 14 39

Lysine 6 26 3 27 4.3 9 8 30

Serine 4.7 34 11 45 6.9 4 19 57

Threonine 2.1 31 4 30 2.3 5 15 40

Average values for intracellular metabolite concentration (IC) in yeast cell extract and TCU obtained from biological replicates (N=3) in both
laboratories are shown for all metabolites. Uncertainty of sample preparation (u(Ksp)) and RSD used for TCU assessment are given
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However, it has to be kept in mind that in this uncer-
tainty calculation, sample storage uncertainty was not
considered as the study was very tightly organized with
minimized time spans between sample preparation and
measurement (1 day). This becomes evident only in the
case of methionine, known to be a highly unstable
compound prone to oxidative degradation. The instabil-
ity of methionine during sample and standard storage
has been comprehensively examined [27, 28]. It was
suggested that methionine reacted with the polystyrene
and polypropylene surface inside the storage vessel [27].
Accordingly, the results obtained in the two laboratories
displayed huge differences: 7.1 μM μmol gCDW−1 in
the case of laboratory 1 and 0.42 μmol gCDW−1 in the
case of laboratory 2. Finally, the intercomparison
showed that sample shipment is feasible for most of
the studied compounds. This situation could be signifi-
cantly improved in future laboratory intercomparison
studies if immediate internal standardization upon ex-
traction was implemented.

Conclusion

In general, it is agreed that such a complex task as
quantification metabolite profiling in yeast will not pro-
vide total combined uncertainties comparable to other
quantitative methods using isotope dilution strategies.
The interlaboratory comparison performed here demon-
strated that the accurate assessment of metabolic amino
acids and organic acids in yeast was feasible. From the
obtained results, it can be concluded that, in order to
increase the quality of interlaboratory comparison, im-
mediate internal standardization should be applied in all
participating laboratories. In several previous studies on
the primary metabolome, a minimum twofold difference
between the metabolite levels was considered as biolog-
ically significant [29–31]. Considering the overall aim
of quantitative metabolic profiling, which was to expose
those metabolites that show significant biological differ-
ence, it could be concluded that the implemented meth-
odological tool sets in both laboratories were fit for the
purpose.
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