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Evaluation of rapid 
quenching methods for 
quantitative analysis of 
intracellular metabolites in 
Lactococcus lactis

Abstract
Microbial metabolomics research would benefit from a method for 
rapid and complete quenching of metabolism with subsequent reliable 
separation of intra- and extracellular metabolites. Unfortunately, so far 
the only validated method - quenching with pure methanol at -40°C - 
works for yeast but is not applicable for prokaryotes, because bacteria 
appear sensitive to organic agents and intracellular metabolites leak 
into the extracellular medium during quenching. The drawback of 
analyzing intracellular metabolites in a mixture with extracellular 
matrix is overall sample matrix complexity and enormous dilution of 
the intracellular fraction. Therefore, as yet it is difficult to quantify 
intracellular metabolite levels in bacterial cultures. In this article we 
evaluate criteria for selection of the quenching solution. We then test 
new organic solvent cocktails that enable quenching of the metabolism 
of bacterium Lactococcus lactis and subsequent separation of a defined 
group of intra- and extracellular metabolites. Even though this quenching 
methods works only for a limited group of intracellular metabolites, it 
greatly improves analysis of those metabolites. In addition, we provide 
a guideline for finding new quenching solutions and discuss issues we 
encountered during such a development. 
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Introduction 
Accurate determination of the concentrations of intracellular and 
extracellular metabolites is a major goal of quantitative metabolomics, which 
is aimed at studying metabolic reaction networks and the mechanism of their 
regulation in vivo. A major challenge is that many of the metabolites have 
turnover times in the order of seconds: conversion rate of cytosolic glucose 
in Saccharomyces cerevisiae is around 1 mM s-1 (1), while ATP and ADP 
turnover rates range between 1.5 to 2.0 mM s-1 (2). Therefore the quality of 
the metabolomics data depends on the sampling and sample pretreatment 
techniques. In particular, a quenching step that stops metabolism within a 
second in a reproducible and homogeneous manner (3) must be 
accomplished. 
Literature describes different quenching approaches and divides them in two 
main groups: quenching methods that can separate cells and the 
supernatant and quenching methods that cannot. Quenching methods 
without separation are suitable only for analysis of intracellular metabolites 
with substantial intracellular amounts and negligible amounts present in the 
supernatant. Lack of a separation step, e.g. by quenching and extracting 
cells in cold perchloric acid (2, 4) often leads to a great excess of 
extracellular metabolite amounts over intracellular ones, even when 
intracellular metabolite concentrations are much higher compared to 
extracellular ones; because volumetric ratio between intracellular fraction 
and extracellular fraction is low i.e. in the order of 1/100 or lower.  
Quenching approaches that can separate cells from their environment are 
suitable for analysis of low abundant intracellular metabolites for two 
reasons: both because the analyzed cellular fraction is free from 
extracellular media and sample complexity is low, and because the 
intracellular fraction is measured undiluted or with minimum dilution. Early 
approaches for cells and supernatant separation included a filtration or 
centrifugation step before quenching. Those approaches provided 
concentrated cell samples and therefore improved detection and 
quantification of intracellular metabolites. Wittmann et al. and Bolten et al. 
(5, 6) used fast separation of cells from supernatant combined with a 
washing step with cold saline solution with a sample processing time of 45 s. 
Kleijn et al. (7) got the intracellular fraction by separating cells from media 
via rapid centrifugation (15 s) before quenching in liquid nitrogen. Drawback 
of these approaches is that during sample processing, metabolic activities 
continue under conditions that do not represent applied cultivation 
conditions. Those approaches are suitable only for quantification/study of 
metabolites with slow turnover rates such as amino acids. In case of fast 
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turnover metabolites such as the intermediates of a central carbon 
metabolism, 15-s processing time can change metabolite concentrations so 
much they do not anymore represent the metabolic state at the moment of 
sampling. 
De Koning and Van Dam (1) described the first quenching method that used 
quenching in aqueous methanol solution with consecutive separation of cells 
from growth media. Later on Canelas et al. (8) improved this method for 
leakage-free yeast quenching by increasing the methanol concentration in 
the quenching solution from 60% to 100% methanol. To develop this 
quenching method, authors tracked down the fate of the metabolites during 
quenching and extraction, also called the mass balance analysis. 
Such a leakage-free cold methanol quenching could not be accomplished in 
bacterial cells, although in L. plantarum some success was reported, but a 
rather limited number of metabolites was tested (9). Various modifications of 
this method, involving a change of the ionic strength of the quenching 
solution (9-12), or a change of the broth - quenching solution ratio (8) were 
proposed and tested for bacterial quenching. But only quenching in a cold 
glycerol saline solution resulted in a limited intracellular metabolite leakage 
to extracellular media as described by Villas-Boas and Bruheim (11). 
However, other authors brought up arguments against glycerol usage. 
Schaedel et al. (13) pointed out that glycerol increases viscosity at -20 °C 
and causes a phase separation that negatively affects separation of cellular 
fraction during the centrifugation step. Chen et al. (14) and Spura et al. (15) 
showed that residual glycerol interferes with sample analysis by GC-MS 
using MSTFA derivatization. Quenching of prokaryotes with glycerol is 
problematic (5).  
The indirect approach is the most applied method for quantitative 
metabolomics of intracellular metabolites in bacteria. The approach 
calculates indirectly intracellular metabolite concentrations through 
subtractions of intracellular metabolite concentrations measured in total 
broth (cells and media) and culture filtrate (media only) (3, 16). Advantage of 
this approach is that it can be fast enough for the quantification of fast-
turnover-rate metabolites. Second advantage is that leakage of intracellular 
metabolites to extracellular media does not play a role, since the total broth 
sample will be analyzed, including both fractions. Disadvantage of this 
approach is the high complexity of the total broth sample, which  
complicates metabolite analysis and quantification or simple circumvents a 
quantification of low abundant intracellular metabolites. It also involves the 
subtraction of two measurements with the associated error . 
In this study, we revisited the cold quenching problem and investigated basic 
requirements for suitable quenching solutions. We identified a novel and 
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robust quenching method for group of metabolites in the bacterium 
Lactococcus lactis (L. lactis). It is based on an organic solvent cocktail as 
the quenching agent, which enables quantitative separation of some 
intracellular metabolites from extracellular ones. We discovered that these 
intracellular metabolites could be quantified not because of limited leakage, 
but because of their limited solubility in the quenching solution. These 
metabolites leak through the membrane but precipitate in the quenching 
solution and because of the centrifugation step end up in the cellular 
fractions. Outcomes of this work will serve those in the metabolomics 
community by providing new combinations of solvents to test as well as 
improved guidelines for developing quenching methods for other 
microorganisms. 
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Experimental section 
Chemicals and Materials 
13C,15N-labeled amino acid standards were obtained from Cambridge 
Isotope Laboratories (Andover, MA, USA). A 13C,15N-labeled IS solution of 
all AAs (5 mg. ml-1) was prepared in water as described previously (17). The 
U-13C-labeled internal standards for central metabolism analysis were 
obtained from a S. cerevisiae fed-batch culture grown on 100% U-13C-
labeled glucose and ethanol that was extracted with 75% (v/v) aqueous 
ethanol at 95 °C and a processed as described previously (18). 
Acetone (Ultra-Rasi-Analyzed) was obtained from J.T.Baker (Deventer, The 
Netherlands). 1-propanol (1P, 99.9%), 2-methyl-1-propanol (2M1P, > 99%), 
ethanol (absolute, HPLC grade), propidium iodide (PI), Ponceau S solution 
(0.1% w/v in 5% v/v acetic acid) were obtained from Sigma-Aldrich 
(Zwijndrecht, The Netherlands). Acetonitrile (ACN, LC–MS grade) and 
methanol (MeOH, LC–MS grade) were from Biosolve (Valkenswaard, The 
Netherlands). Demineralized water was obtained from a MilliQ purification 
system (MilliQ, Amsterdam, The Netherlands).  

Strains and culture conditions 
We grew Lactococcus lactis subsp. cremoris MG1363 (19) on a chemically 
defined medium for prolonged cultivation (CDMPC) as described elsewhere 
(19, 20). Batch cultures started from a glycerol stock and were grown in 
static 50-ml cultures for 16 hours at 30 °C. Subsequently, for quenching 
experiments, we grew a culture overnight until an optical density (OD) at 600 
nm of 0.9. In the last step we increased cell density to six by centrifugation 
(1,200 x g, 10 min, 25 °C) and medium was refreshed with CDMPC 
containing 50 mM glucose. Prior the quenching we incubated cells at 30 °C 
for 30 minutes to recover from centrifugation step. 

Testing of CDMPC media freezing and mixing abilities of 
during quenching. 
We prepared fresh all quenching solutions prior to quenching, and we kept 
those in closed 50 ml Greiner tubes. Quenching solution (QS) cocktails 
consisted of a quenching solution basis (acetone-ethanol (1:1, mol/mol)) 
supplemented with a specific solvent: 2-methyl-1-propanol, acetone or 1-
propanol. Final composition of the QS was acetone-ethanol-specific solvent 
in a ratio 1:1:3 mol/mol/mol. We tested mixing ability of CDMPC media 
stained with ponceau S and QS by visual inspection. Two volumetric ratios 
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between sample and QS were tested, 1:10 and 1:20 (v/v). We tested both 
ratios at room temperature and at -40 °C.  

Sampling intracellular metabolites (IC; pellet after 
quenching) 
For sampling, 100 µL of Lactococcus lactis total cell broth (TB; OD600 = 6) 
was withdrawn and quickly drop wise pipetted into glass vials containing 2 
ml of cold quenching solution while vortexing (Figure 1; -40 °C). The mixture 
was placed in the cooling bath (-40 °C). We separated intracellular and 
extracellular fractions by centrifugation (23,000 x g, 2 min, 4 °C, rotor 
precooled to -80 °C) without a washing step. After fraction separation, we 
added 20 µl of an internal standard (IS) solution (U-13C- labeled cell extract 
or 4 µl of 13C15N-labeled amino acid) to the fraction representing the 
intracellular sample (IC), i.e. the pellet. Samples including IS were stored at -
80 °C until extraction by ethanol boiling.  

Sampling quenching solution fraction metabolites (QS) 
After quenching and centrifugation of IC sample (Figure 1) we collected 
complete supernatants containing quenching solution in a precooled 2 ml 
Eppendorf tube with 20 µl 13C- labeled cell extract solution or 4 µl of 13C15N-
labeled amino acid solution and kept this in the cooling bath (-40 °C). 
Samples were further evaporated to dryness by speed vac concentrator 
(room temperature, overnight) and pellets were stored at -80 °C until further 
use.  

Sampling whole-broth metabolites (TB) 
We collected 100 µL of Lactococcus lactis total cell broth (TB; Figure 1; 
OD600= 6) and 20 µL 13C- labeled cell extract solution or 4 µL of 13C15N-
labeled amino acid solution into 2 mL vial, mixed by vortexing, snap frozen 
in liquid nitrogen and stored at -80°C until extraction by ethanol boiling.  

Sampling extracellular metabolites (EC) 
Extracellular sample (EC) was obtained by filtering carefully 1 mL of 
Lactococcus lactis total cell broth (TB; Figure 1; OD600= 6) through a water 
prewashed 0.20 µm cellulose nitrate filter (Whatman GmbH, Dassel, 
Germany) attached to a small syringe. 100 µL EC was mixed with 20 µL 13C- 
labeled cell extract solution or 4 µL of 13C15N-labelled amino acid solution, 
snap frozen in liquid nitrogen and stored at -80 °C. For amino acid analysis 
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sample was used directly. For analysis of central metabolites sample was 
first freeze-dried.  

Figure 1. Fractions collected during quenching 

TB- total broth fraction, EC- extracellular fraction, IC-intracellular fractions and QS- 
quenching solution fraction collected during quenching experiment. Fractions 
containing cells were extracted by boiling in ethanol and evaporated before sample 
derivatization. EC and QS fractions were evaporated before derivatization. We 
spiked every fraction with labeled internal standards before evaporation or 
extraction. Samples after derivatization had identical sample volume. 

Metabolite extractions 
Metabolite extraction of IC and TB samples was performed by the boiling 
ethanol method [7,6]. Briefly, tubes containing 3 mL of 75% ethanol were 
preheated in a water bath at 95 °C for 3 min. To process TB sample, a 
sample was taken from the cooling bath and the boiling ethanol was quickly 
poured over the sample. The mixture was briefly vortexed, and the sample 
was boiled 3 min in the water bath and quickly placed into the cryostat and 
stored at -80 °C until further use. To process IC sample, 100 µL of cold QS 
was added to an IC sample and IC pellet was quickly resuspended by 
pipetting. Resuspended IC sample was mixed with 3 mL of a preheated 75% 
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ethanol, boiled for 3 minutes in the water bath and quickly placed into the 
cryostat and stored at -80 °C until further use. 

Sample concentration 
All TB and IC ethanol extracts after boiling, QC and EC samples were 
evaporated to dryness using a speed vac concentrator (room temperature, 
overnight). Dried residues were reconstituted in 200 µL demineralized water 
and pelleted by centrifugation (23,000 x g, 5 min, 4°C). The supernatants 
were stored at  -80 °C until analysis. 

Metabolite solubility analysis 
To test analyte solubility in the quenching solution, different metabolite test 
solutions were prepared freshly and kept on ice. Solutions comprised 1x 
CDMPC growth media and analytes of interest: malate (Mal), fumarate 
(Fum), alpha-ketoglutarate (aKG), phosphoenolpyruvate (PEP), citrate (Cit), 
fructose-1.6-bisphosphate (FBP), glucose-6-phosphate (G6P), ribulose-5- 
phosphate (R5P), 100 µM each (final concentration). CDMCP media was 
used as the solvent because it has a specific composition and ionic strength 
that are expected to influence analyte solubility in the quenching solution at 
low temperatures. 100 µL of metabolite solution was quenched in 2 mL of 
precooled (-40 °C) acetone- or 2M1P-based QS (4 replicates). Vial with QS 
and sample was placed back on -40 °C to reassure temperature of -40°C is 
accomplished. Consequently, the sample was transferred into an Eppendorf 
vial and pelleted by centrifugation (23,000 x g, 2 min, 2 °C). Supernatant 
was transferred to a new vial and 20 µL of 13C labeled yeast internal 
standard was added to each fraction (pellet or supernatant). Both samples 
were evaporated to dryness (speed vac, room temperature, overnight). 
Analyte quantification was further performed as described in the material 
and method section. 

Metabolite analysis 
The concentrations of glucose-6-phosphate (G6P), fructose-6-phosphate 
(F6P), glucose-1-phosphate (G1P), mannose-6-phosphate (M6P), fructose-
1,6-bisphosphate (FBP), trehalose-6-phosphate (T6P), 6-phospho-gluconate 
(6PG), 3-phosphoglycerate + 2-phosphoglycerate (3PG), 
phosphoenolpyruvate (PEP), glycerol-3-phosphate (G3P), citrate (Citrate), 
oxoglutarate, succinate, fumarate, malate, sedoheptulose-7-phosphate 
(S7P), and UDP-glucose were determined by GC-MS/MS as described 
previously (21). The concentrations of amino acids were determined by 
GC/MS using the EZ:Faast Free Amino Acid Kit (Phenomenex, U.S.) as 
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described previously (17). U-13C-labeled cell extract or 13C15N-labeled amino 
acids were used as an internal standard in both samples and calibration 
standards for isotope dilution mass spectrometry (IDMS)-based 
quantification (17, 22).  

Membrane integrity testing by FACS-SCAN analysis 
L. lactis membrane integrity was tested after quenching with acetone based 
quenching solution and 2M1P based quenching solution (1:20; L. lactis:QS; 
v/v; -40 °C). Composition of both QS was: solvent:acetone:ethanol + 
additives; 6:1:1; mol/mol. For yeast membrane integrity were tested those 
quenching solutions: 100% methanol (1:5; yeast:methanol; v/v; -40 °C), 
100% methanol (1:10; yeast: methanol; v/v; -40 °C) and 60% methanol (1:5; 
yeast:methanol; v/v; -40 °C). Cell pellet after quenching was resuspended in 
0.9% NaCl with propidium iodide (10 µg/mL) to OD 1 and placed on ice. 
After 5 min incubation sideward scatter signal and red fluorescence (FL3) 
were measured with a BD Accuri C6 Flow Cytometer (slow fluidics, 
maximum sample rate 1,000 events/s). Untreated cells resuspended in 0.9% 
NaCl with PI (left top) were used as a negative control in both yeast and L. 
lactis experiments. Cells with permeabilized membrane by 30’’ incubation in 
the microwave were used as positive controls in L. lactis experiments. Fresh 
0.9% NaCl without cells was used as a background control.  

Mass balance analysis for leakage evaluation 
During quenching experiment we collected four fractions (Figure 1). Total 
broth (TB) fraction–containing cells in growth media, extracellular fraction 
(EC)–flow through of TB filtered with 0.2 µm filter, quenching fraction (QS)–
extracellular media after centrifugation of quenched TB, intracellular fraction 
(IC)- pelleted fraction collected after centrifugation of quenched TB (Figure 
1). Metabolite concentration in each fraction was analyzed via different 
analytical platforms. Obtained concentrations were used for a mass balance 
(MB) analysis. The aim of the MB analysis was to monitor metabolite levels 
in different fractions in order to confirm successful quenching without 
leakage of intracellular metabolite to QS. The basis of the mass balance 
analysis is that the TB fraction contains 100% of all metabolites. For 
example, when TB is filtered, the extracellular fraction may contain 70% of 
metabolites and the IC fraction 30% (Figure 2). When TB is quenched, 
leakage of intracellular metabolites to the extracellular fraction (QS) can lead 
to a different distribution of metabolites: e.g. IC=10% and QS=90% (Figure 
2). Also when metabolites of the extracellular fraction precipitate during 
quenching, it may lead to metabolites distribution as e.g. IC=90% and 
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QS=10%. To investigate changes in metabolite distribution we used t-tests 
for the following hypotheses: EC-QS=0 (p=0.05), TB-IC=0 (p=0.05), TB-IC-
QS=0 (p=0.05) and TB-IC-EC=0 (p=0.05) (Supplementary table S1-S2). We 
used TB and EC fractions as a reference. If quenching works without 
leakage, the QS fraction should be equal EC fraction. When leakage takes a 
place, the QS should be higher than EC (Figure 2).  

Figure 2. Mass balance analysis 
2A. Functional quenching 

2B. Leakage during quenching 

2A- Functional quenching of TB generates IC and QS. When there is no leakage QS 
is equal to EC and IC fraction is equal to TB-EC. 2B- Metabolite leakage during 
quenching of TB generates IC fraction smaller than calculated IC (TB-EC) and QS 
extracellular fraction >EC fraction because of the leakage. Leakage during 
quenching of TB generates IC < (TB-EC) and QS>EC. 
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Figure 2C. Precipitation during quenching 

2C- Metabolite precipitation during quenching of TB generates IC fraction smaller 
than calculated IC (TB-EC) and QS extracellular fraction >EC fraction because of the 
leakage. Leakage during quenching of TB generates IC< (TB-EC) and QS>EC. TB- 
total broth fraction, EC- extracellular fraction, IC-intracellular fractions and QS- 
quenching solution fraction collected during quenching experiment. 

Results and discussion
Quenching solution selection 
Metabolism can be stopped by lowering the sample temperature to -40 °C or 
less during quenching. Since freezing points of organic solvents can be 
lower than -40 °C, this makes them suitable ingredients of quenching 
solutions. We selected different organic solvents (Table 1), which exhibit 
freezing points ranging from -80 °C to -120 °C, with exception of acetonitrile 
(freezing point, -44 °C), and addressed their miscibility with water. Limited 
miscibility of the quenching solution with water leads to phase separation 
and freezing of the water fraction at temperatures below zero. Water crystal 
formation may cause damage of the cellular membranes and consequent 
leakage of intracellular metabolites to the extracellular fraction. Water 
miscibility of the organic solvent depends on many solvent characteristics, 
such as permittivity, permanent dipole moment, coulombic interactions, 
dispersive interaction, hydrogen bonding, electron donor/ acceptor 
capabilities and solvophobic interactions, ionic strength of the aqueous 
phase and the mixing temperature. Therefore miscibility at temperatures 
below 0 °C may be difficult to predict and in practice solvent-water miscibility 
should be tested experimentally. 
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Out of the seventeen solvents examined only 1-propanol, acetone, 
acetonitrile, methanol, ethanol, and THF are water miscible at room 
temperature. The rest of the solvents have limited water miscibility (Table 1). 
Since increasing solvent polarity can facilitate water miscibility of the organic 
solvent, we added a 1:1 (mol/mol) acetone-ethanol mixture in a ratio of 1 to 
3 (mol/mol) to all tested organic solvents. We tested water miscibility of all 
resulting quenching solutions by quenching 100 µL of warm growth media 
(CDMPC) containing glucose in a 1:20 ratio (v/v) using different quenching 
solutions at -40 °C. From sixteen tested quenching solutions, seven 
exhibited freezing (Table 2). Nine freezing-free quenching solutions were 
further used in pilot quenching experiments. Of these, 2-butanol, THF, 
methyl acetate, and 1-propanol were excluded early on for causing 
extensive intracellular metabolite leakage in L. lactis quenching experiments 
(data not shown). Three quenching solutions (methanol, ethanol and 
acetonitrile) were excluded for causing intracellular metabolite leakage in 
earlier pilot experiments with E coli (data not shown). Thus, of sixteen 
original quenching solutions fourteen caused either freezing or leakage, 
leaving two acetone-ethanol modified quenching solutions for further testing: 
acetone and 2-methyl-1-propanol.  

Visual inspection of CDMPC media miscibility with 
modified acetone and 2-methyl-1-propanol quenching 
solution 
To inspect miscibility of CDMPC media with quenching solution we mixed 2 
mL quenching solution (room temperature) with 100 µL of CDMPC media 
stained with Ponceau S, a water-soluble dye with limited solubility in some 
organic solvents (solubility 0.5 mg/mL in ethanol or DMF and 10 mg/mL in 
PBS). Staining of CDMPC medium prior quenching enables visual detection 
of two-phase systems, micelles and suspension by coloring the water phase. 
2-methyl-1-propanol quenching solution (2-methyl-1-propanol-acetone-
ethanol, 6:1:1 (mol/mol/mol)) mixed with CDMPC media generated a pink 
solution with small dark stained droplets. Addition of 0.1 mL 1:1 acetone-
ethanol (mol/mol) mixture per 2 mL of quenching solution, removed droplets 
without changing the suspension color (Table 3). Acetone quenching 
solution (acetone-acetone-ethanol, 6:1:1 (mol/mol/mol) mixed with CDMPC 
media led to a pink solution with red floating precipitate, which could be 
removed by addition of 0.1 mL water per 2 mL of quenching solution (Table 
3). Both modified quenching solutions if mixed with CDMPC media with 
glucose in a 1:20 ratio (media-quenching solution) were freezing-free if 
stored for at least 3 min at -40 °C. 
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Table 1A. Chemical physical properties of water and organic solvents. 

Mol. Wt. 
*Relative
Polarity

index 𝐸𝑇
𝑁

*Dipole
Moment 

(µ.1030/Cm) 
Water 

Solubility 
In water 

Solubility 

 1-Propanol 60.09 61.70 1.7 D# total# total#

 2-Butanone 72.11 32.70 9.2 10% w/w 
(20°C) @

28% w/w 
(25°C) @

 2-Methyl-1-
propanol 74.12 55.2 6.0 

5-10% w/w 
(20°C) @

10 % w/w 
(20°C) @

 2-Pentanone 86.13 32.10 9.0 5% w/w 
(20°C) @

4% w/w 
(25°C) @

 3-Methyl-1-
butanol 88.15 56.5 6.1 

2.7% w/v 
(25°C) @

2.5% w/w 
(20°C) @

 3-Methyl-2-
butanone 86.13 31.5 9.2 0.6% w/w 

(20°C) @
0.6% w/w 
(20°C) @

 4-Methyl-2-
pentanone 100.16 27.00 9.0 

0.5% w/w 
(20°C) @

1.9% w/w 
(20°C) @

 Acetone 58.08 35.50 9.0 total# total#

 Acetonitrile 41.05 46.00 13.0 total# total#

 Diethyl ether 74.12 11.70 3.8 10% w/w 
(20°C) @

7% w/w 
(20°C) @

 Ethanol 46.07 65.40 1.7D# total# total#

 Ethyl acetate 88.10 22.80 5.9 5-10% w/w 
(20°C) @

8.7% w/w 
(20°C) @

 Methanol 32.04 76.20 9.6 total# total#

 Methyl acetate 74.08 25.30 5.6 
10% w/w 
(20°C) @

24 % w/w 
(20°C) @

 Propyl acetate 102.13 21.0 2.7D# 2% w/w 
(20°C) @

2.0% w/w 
(25°C) @

 Tetrahydro- 
 furan 72.11 20.70 5.8 total# total#

 Water 18.02 100.00 6.2 Not 
applicable 

Not 
applicable 

*C. Reihart: Solvents and Solvent Effects in Organic Chemistry, Wiley, Weinheim, 2003.
# I.M. Smallwood: Handbook of organic solvent properties, Arnold, London, 1996. 
@ National Center for Biotechnology Information. PubChem Compound Database, 
2019. 
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Table 1B. Chemical physical properties of water and organic solvents. 

*Dielectric
Constant

*Melting
Point (°C) 

Viscosity 
(25ºC) 

(mPa.s) 
*Boiling

Point (ºC) 
Density 
(g.cm-3) 

 1-Propanol 20.4 (25°C) -126.2 1.945 97.2 0.80 

 2-Butanone 18.1 (25°C) -86.7 0.405 79.6 0.80 

 2-Methyl-1-
propanol 17.9 (25°C) -108.2 3.330 107.9 0.80 

 2-Pentanone 15.4 (20°C) -76.9 0.470 102.3 0.81 

 3-Methyl-1-
butanol 15.2 (25°C) -117.2 3.690 130.5 0.81 

 3-Methyl-2-
butanone 15.9 (30°C) -92.2 

 0.63 
mm²/s at 
16°C @ 

94.9 0.81 

 4-Methyl-2-
pentanone 13.1 (20°C) -84.2 0.545 117.5 0.80 

 Acetone 20.6 (25°C) -94.7 0.306 56.1 0.79 

 Acetonitrile 35.9 (25°C) -43.82 0.369 81.6 0.79 

 Diethyl ether 4.2 (25°C) -116.3 0.224 34.5 0.71 

 Ethanol 24.6 (25°C) -114.5 1.08# 78.3 0.79* 

 Ethyl acetate 6.02 (25°C) -83.6 0.423 77.2 0.90 

 Methanol 32.7 (25°C) -97.7 0.544 64.5 0.79 

 Methyl 
acetate 6.7 (25°C) -98.1 0.364 56.9 0.93 

 Propyl 
acetate 5.62 -69# 0.544 89# 0.89 

 Tetrahydro- 
furan 7.6 (25°C) -108.4 0.456 66 0.88 

 Water 78.4 (25°C) 0.0 0.912#(25
°C) 100 1.0 

 

*

C. Reihart: Solvents and Solvent Effects in Organic Chemistry, Wiley, Weinheim, 2003.

# I.M. Smallwood: Handbook of organic solvent properties, Arnold, London, 1996.  
@ National Center for Biotechnology Information. PubChem Compound Database, 
2019. 
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Table 2. Liquid or frozen state of different CDMPC media mixed with 
quenching solution. 

Quenching Solution 
Media:QS (v/v) 

1:20 1:10 

1-Propanol Liquid Liquid 

2-Butanone Liquid Frozen 

2-Methyl-1-propanol Liquid Frozen 

2-Pentanone Frozen N.t. * 

3-Methyl-1-butanol Frozen N.t. * 

3-Methyl-2-butanone Frozen N.t. * 

4-Methyl-2-pentanone Frozen N.t. * 

Acetone Liquid Liquid 

Acetonitrile Liquid Liquid 

Diethyl ether Frozen N.t. * 

Ethanol Liquid Liquid 

Ethyl acetate Frozen N.t. * 

Methanol Liquid Liquid 

Methyl acetate Liquid Frozen 

Propyl acetate Frozen N.t. * 

Tetrahydrofuran Liquid Frozen 

Liquid or frozen state of different CDMPC media mixed with quenching solution 
(1:20; CDMPC: QS; v/v) and incubated for three minutes at -40 °C. Composition of 
tested QS: solvent-acetone-ethanol, 6:1:1 (mol/mol/mol; prior quenching). *N.t.= not 
tested 

Table 3. Quenching solution final composition. 

Quenching Solution composition Quenching Solution 

Acetone QS* 2M1P QS* 

Components 

Acetone (mL) 1.54 

2M1P (mL) 1.66 

Acetone: Ethanol mixture (1:1; mol:mol) (mL) 0.46 0.49 

H2O (mL) 0.1 

Final volume 2.1 mL 2.1 mL 
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Mass balance analysis 

We used mass balancing to evaluate the extent of intracellular metabolite 
leakage caused by quenching solutions consisting of acetone and 2M1P 
(Figures 3 – 4). The mass balance approach compares metabolite amounts 
present e.g. in the cell pellet after quenching (IC fraction; i.e. direct 
determination of the intracellular amounts) with intracellular amounts 
calculated from the difference between the TB and extracellular fraction (TB-
EC; i.e. indirect determination of the intracellular amounts).  

Quenching without leakage 
To confirm successful quenching we used mass balance analysis to trace 
metabolite levels in difference fractions. For successful quenching the EC 
fraction should be equal to the QS fraction (Figure 2). We confirmed EC=QS 
for 20 metabolites (Table 4, Supplementary table S1-2). Another 23 
metabolites did not show detectable metabolite levels (i.e. metabolite levels 
higher than two times the limit of quantification) in either the QS or EC 
fractions (Table 4; Supplementary table S1-2). To confirm successful 
quenching one of three hypotheses was tested: TB=IC, TB=IC+QS, 
TB=IC+EC (Supplementary table S1-2). Acetone quenching was successful 
for 15 metabolites and 2M1P quenching without leakage was achieved for 
26 metabolites (Table 4). These results confirm that 2M1P quenching is 
robust for metabolomics purposes, whereas acetone quenching is also 
applicable, but for a smaller number of metabolites. 
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       Figure 3A. Mass balance analysis-central metabolites 

Mass balance analysis of L. lactis (central metabolites). Red bars represent data 
collected during quenching with 2M1P QS. Blue bars represent data collected 
during quenching by Acetone- based QS. We measured each fraction in 
quadruplicate; an average value is presented with a standard deviation. Entire 
volume of all fractions was processed during sample preparation that resulted after 
derivatization into identical sample volume, for that reason concentration in a 
sample is presented not being corrected for a sample volume. TB-total broth (cells 
and media), EC-extracellular fraction (flow through after TB filtration). IC-intracellular 
fraction (pellet after TB quenching and centrifugation step), QS-quenching solution 
(supernatant after TB quenching and centrifugation step). Some IC, EC or QS 
concentrations were below of limit of quantification (see supplementary data–
raw data).  
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   Figure 3B. Mass balance analysis-central metabolites 

Mass balance analysis of L. lactis (central metabolites). Red bars represent data 
collected during quenching with 2M1P QS. Blue bars represent data collected during 
quenching by Acetone- based QS. We measured each fraction in quadruplicate; an 
average value is presented with a standard deviation. Entire volume of all fractions 
was processed during sample preparation that resulted after derivatization into 
identical sample volume, for that reason concentration in a sample is presented not 
being corrected for a sample volume.  Some IC, EC or QS concentrations are below of 
limit of quantification (see supplementary data–raw data).  
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        Figure 4A. Mass balance analysis-amino acids 
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   Figure 4B. Mass balance analysis-amino acids 

Mass balance analysis of L. lactis (central metabolites). Red bars 
represent data collected during quenching with 2M1P QS. Blue bars 
represent data collected during quenching by acetone- based QS. We 
measured each fraction in quadruplicate; an average value is presented 
with a standard deviation. Entire volume of all fractions was processed 
during sample preparation that resulted after derivatization into identical 
sample volume, for that reason concentration in a sample is presented 
not being corrected for a sample volume. TB-total broth (cells and 
media), EC-extracellular fraction (flow through after TB filtration). IC-
intracellular fraction (pellet after TB quenching and centrifugation step), 
QS-quenching solution (supernatant after TB quenching and 
centrifugation step). Some IC concentrations are below of limit of 
quantification (for raw data see table S1). 
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Table 4. Metabolites successfully quenched 

Quenching 
Solution Analyte Null  

Hypothesis P value

ACETONE 

6PG TB-IC=0 0.4 
F6P TB-IC=0 0.2 
Ala TB-IC-EC=0* 0.07 
Fum TB-IC-EC=0 0.08 
Ile TB-IC-QS=0* 0.078 
Mal TB-IC-QS=0 0.056 
Succ TB-IC-EC=0 0.113 
Asn TB-IC-QS=0 0.374 
Glut TB-IC-QS=0 0.312 
Gly TB-IC-QS=0 0.05 
Met TB-IC-QS=0 0.08 
Phe TB-IC-QS=0 0.06 
Ser TB-IC-QS=0* 0.05 
Trp TB-IC-QS=0 0.28 
Val TB-IC-QS=0 0.07 

2M1P 

6PG TB-IC=0* 0.13 
Ala TB-IC-QS=0 0.16 
F6P TB-IC=0** 0.07 
Leu TB-IC-EC=0* 0.18 
Met TB-IC-QS=0 0.21 
PEP TB-IC-EC=0 0.114 
Rib5P TB-IC=0* 0.08 
Ser TB-IC-QS=0 0.11 
Tre TB-IC=0 0.12 
3PG TB-IC-EC=0 0.371 
FBP TB-IC=0** 0.05 
Lys TB-IC-QS=0 0.233 
Ribu5P TB-IC=0 0.32 
T6P TB-IC=0 0.15 
Fum TB-IC-EC=0 0.337 
Glut TB-IC-QS=0 0.07 
Gly TB-IC-QS=0 0.086 
Glyx TB-IC-QS=0 0.095 
Ile TB-IC-QS=0* 0.078 
M6P TB-IC=0* 0.12 
Phe TB-IC-QS=0 0.062 
Succ TB-IC-EC=0 0.351 
Trp TB-IC-QS=0* 0.14 
Tyr TB-IC-QS=0 0.05 
Val TB-IC-QS=0* 0.24 
Xyl5P TB-IC=0* 0.15 

Metabolites quenched without leakage. LOQ- limit of quantification. *T-test 
valid with analytical RSD=15%. The null hypothesis tested at a p-value 
<0.05 indicates that the hypothesis should be discarded. In case of 
quenching without leakage TB= IC + QC or TB= IC+QS. When QS and EC 
fractions were below the limit of quantification TB = IC. 
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Metabolite leakage caused by quenching 

In case of leakage during the quenching step, the measured QS fraction 
should be higher than the EC fraction (Figure 2). When we used 2M1P-
quenching solution three metabolites exhibited QS fraction higher than EC 
fraction, implying  that TB fraction equals IC fraction plus QS fractions For 
the acetone quenching solution this was the case for four metabolites (Table 
5). To confirm leakage TB fraction was compared to IC+QS (Supplementary 
table S1-2). From 7 tested metabolites five showed TB=IC+QS and were 
confirmed to be leaking.  

Table 5. Leaking metabolites 
Quenching Solution Analyte Null Hypothesis P value 

ACETONE 

Leu TB-IC-QS=0 0.078 
Pro TB-IC-QS=0 0.457 
Thr TB-IC-QS=0 0.332 
Tyr TB-IC-QS=0 0.113 

2M1P 
Asn TB-IC-QS=0* 0.13 
Pro TB-IC-QS=0* 0.16 
Thr TB-IC-QS=0* 0.14 

*t-test valid with analytical RSD=15% The null hypothesis tested at a p-value <0.05 indicates

that the hypothesis should be discarded. In case of leakage during quenching QC>EC therefore 
TB-IC-QS=0.  

Metabolites precipitation during quenching 
When EC and QS fractions were compared for metabolites precipitating 
during quenching it appeared that QS fraction was smaller than EC fraction 
(Supplementary table S1). This suggests that QS is depleted for metabolites 
that have a limited solubility in the QS as described earlier (23). To confirm 
precipitation IC should be equal to (TB-QS) (Figure 3). For 2M1P-quenching 
solution six metabolites were confirmed to precipitate (Table 6). Acetone 
quenching solution led to precipitation of five metabolites (Table 6).  

Table 6. Precipitating metabolites 
Quenching Solution Analyte Null Hypothesis P value 

ACETONE 

Asp TB-IC-QS=0 0.096 
Lys TB-IC-QS=0 0.253 
DHAP TB-IC-QS=0** 0.016 
G3P TB-IC-QS=0 0.12 
G6P TB-IC-QS=0 0.146 

2M1P 

Asp TB-IC-QS=0 0.353 
Cit TB-IC-QS=0** 0.001 
DHAP TB-IC-QS=0** 0.004 
G3P TB-IC-QS=0 0.058 
G6P TB-IC-QS=0** 0.005 
Mal TB-IC-QS=0 0.13 
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% The null hypothesis tested at a p-value <0.05 indicates that the hypothesis should be 
discarded. In case of leakage during quenching QC>EC therefore TB-IC-QS=0. **Metabolism 
or extraction problem, but obvious precipitation; EC>QS.  

Complicated metabolites 
Twelve metabolites quenched with acetone QS and two metabolites 
quenched with 2M1P could not be assigned to any previous group (Table 7). 
Specificity of this group was, that no metabolites were detected in QS 
fraction, but a substantial decrease of the IC was observed relative to TB-
EC. We suggest that the difference between IC and TB-EC fraction can 
originate from sample pretreatment. The TB was directly snap frozen and 
then extracted by ethanol boiling. The IC fraction was quenched and 
pelleted by centrifugation. The centrifugation was short (2 min) at 4°C with 
rotor precooled at -80 °C. It is possible that during this step sample 
temperature increased enough to allow enzymatic processes in the IC 
sample. This problem might be avoided in the future by using a cold fast 
filtration step as described by Douma et al. (18) instead of the centrifugation 
step, or using a fast centrifuge that enables cooling below zero.  

Table 7. Complicated metabolites 
Quenching Solution Analyte Hypothesis 

ACETONE 

FBP QS+IC~1/2TB** 
M6P QS+IC~1/2TB** 
2PG QS+IC~1/2TB** 
3PG QS+IC~1/2TB** 
aKG QS+IC~4TB* 
Cit QS+IC~2TB* 
Glyx QS+IC~2TB* 
PEP QS+IC~2TB* 
Rib5P QS+IC~2TB* 
Ribu5P QS+IC~2/3TB** 
T6P QS+IC~1/2TB** 
Tre QS+IC~2/3TB* 
Xyl5P QS+IC~2/3TB 

2M1P 2PG QS+IC~2/3TB 
aKG QS+IC~4/3TB 

Null hypothesis not applicable because QC or EC were < LOQ.* EC<QS; **EC>QS. 

Is membrane integrity compromised during quenching?  
It is believed that a prerequisite for accurate quantification of intracellular 
metabolites is cellular membrane integrity. An intact membrane is necessary 
for successful separation of the intracellular and extracellular quenching 
fractions. Compromised membranes lead to leakage of intracellular 
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metabolites to the extracellular fraction.  During the mass balance analysis 
we found three types of metabolites. The first group of intracellular 
metabolites showed a valid mass balance, indicating functional quenching 
without leakage, the second group of metabolites exhibited leakage and the 
third group of metabolites showed metabolite increase in the IC fraction due 
to metabolites precipitation. Based on these results we hypothesized that 
intracellular membrane had to be compromised in order to enable 
intracellular metabolites leakage to extracellular media. To confirm our 
assumption, we used propidium iodide (PI) staining to test membrane 
integrity of L. lactis after quenching with the two quenching solutions 
(acetone- and 2M1P-based). PI is a fluorescent DNA intercalating dye that is 
used in molecular biology for native detection of necrosis or late apoptosis 
because it does not penetrate intact cellular membranes. To evaluate L. 
lactis membrane integrity after quenching, we used FACS-SCAN to compare 
fluorescence of non-treated cells (negative control), cells exposed to 30 s of 
microwaves (positive control) and quenched cells. Upon quenching L. lactis 
exhibited increased fluorescence compared to negative control and showed 
fluorescence comparable to the positive control (Figure 5). This data indicate 
that the membrane integrity of L. lactis is compromised after quenching with 
both quenching solutions. 
Membrane integrity is not tested along with mass balance analysis, if the 
mass balance data show no metabolite leakage. We also tested membrane 
integrity for yeast after using the well-established methanol quenching 
procedure. We stained yeast with PI after quenching with 60% methanol 
(1:10 (v/v); -40 ºC), 100% methanol (1:5 (v/v); -40 ºC) and 100% methanol 
(1:10 (v/v); -40 ºC). All three quenching methods showed increased 
fluorescence compared to negative control, indicating compromised 
membrane integrity (Figure 6). Only in the case of quenching with 60% 
methanol, two populations of fluorescence were found: one cell population 
comparable to the negative control and one cell population with increased 
fluorescence indicating compromised membrane integrity (Figure 6). 
If membrane integrity is compromised, but the metabolite balances show no 
leakage, other mechanisms must compensate for compromised membrane 
integrity. We suggest that intracellular metabolite leakage does take place 
during quenching, but that the leaking metabolites exhibit poor solubility in 
the quenching solution and precipitate. During the cold centrifugation step 
precipitate will end up in the IC fraction. Such a scenario could lead to valid 
mass balance IC=TB-EC despite leakage. We should note that we test for 
membrane integrity at room temperature, after the quenching, and we 
cannot exclude that membranes are still fine whilst at low temperatures. 
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Figure 5. L. lactis membrane integrity test. 

L. lactis Membrane integrity test after quenching with acetone based quenching 
solution and 2M1P based quenching solution (1:20; L. lactis:QS; v/v; -40°C). 
Composition of both QS was: solvent:acetone:ethanol + additives; 6:1:1; mol/mol. L. 
lactis cell pellet after quenching was resuspended in 0.9% NaCl with propidium iodide 
-DNA dye–stains DNA only if membrane integrity is compromised. Untreated cells 
resuspended in 0.9% NaCl with PI (negative control= impermeable) were used as a 
negative control. SSC-A- side scatter; FSC-A forward scatter; FL3-A – red 
fluorescence channel. L. lactis cells permeabilized by microwaves were used as a 
positive control. 
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Figure 6. Yeast membrane integrity test. 

Yeast membrane integrity test after quenching with different methanol quenching solutions. 
First panel from the top shows yeast fluorescence of untreated (nonpermeable) yeast 
resuspended in 0.9% NaCl with PI. Second panel shows PI fluorescence of yeast after 
quenching with 100% methanol (1:10; yeast: methanol (v/v); OD= 1-2; -40°C) third panel is 
quenching with 100% methanol (1:5; yeast: methanol (v/v); -40°C). Bottom panel shows yeast 
fluorescence after quenching with 60% methanol (1:5; yeast: methanol (v/v); -40°C). SSC-A- 
side scatter; FSC-A forward scatter; FL3-A – red fluorescence channel. L. lactis cells 
permeabilized by microwaves were used as a positive control. 
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Are intracellular metabolites soluble in the quenching 
solution?  
We questioned the solubility of common intracellular metabolites (Fum, Mal, 
PEP, Cit, FBP, G6P and R5P) in both quenching solutions. We tested 
metabolites solubility by metabolite quantification in pellet and supernatant 
fraction. To obtain both fractions, we quenched a metabolite mixture of 100 
µM analytes in CDMPC medium followed by a centrifugation step. The final 
metabolite distributions in both fractions were described in percentages 
(Table 8). More than 85% of malate and fumarate was recovered in the 
extracellular fraction (QS), indicating significant metabolite solubility in the 
QS. On the other hand, 70% of phosphoenolpyruvate, fructose-1,6-bis 
phosphate, glucose-6-phosphate and fructose-5-phosphate were found in 
the pellet fraction, indicating poor solubility in the QS. Only citrate showed 
similar recovery in both fractions, which indicates citrate limited solubility in 
the QS. These results correlate with the mass balance analysis results. The 
majority of the phosphorylated metabolites were detectable in neither EC nor 
QC fractions (Supplementary raw data). Detectable phosphorylated 
metabolites would not show an increase of the QS fractions relative to EC 
(Supplementary table S1- analytical RSD% equal 15 was used). In addition, 
5 phosphorylated metabolites were proved to precipitate based on the mass 
balance analysis (Table 6).   
It is important to mention that solubility measured in standard recovery 
experiment does not represent the quenching situation under all conditions 
and with any microorganism. The solubility is dependent on temperature and 
ionic strength. CDMPC medium after overnight culture might have a different 
ionic strength and certainly will have a different composition. Also metabolite 
concentrations used for the test do not represent exact physiological 
metabolite concentrations expected during quenching, of which 
concentrations can be within a range of several orders of magnitude. The 
major message of this experiment is that we should be aware of metabolite 
solubility changes either due to an increased content of organic modifiers or 
because of temperature changes. 
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Table 8. Supernatant and pellet metabolite recovery after quenching. 
Analyte Recovery (%) 

Analyte Sample Fraction Acetone QS 2M1P QS 

Fumarate 
Supernatant 84 90 

Pellet 1* 4* 

Malate 
Supernatant 88 43 

Pellet 11 5 

PEP 
Supernatant -23* -17* 

Pellet 169 148 

Citrate 
Supernatant 68 45 

Pellet 32 43 

FBP 
Supernatant 28 3* 

Pellet 71 78 

G6P 
Supernatant 5* 7* 

Pellet 90 81 

R5P 
Supernatant -1* 3* 

Pellet 97 91 

Mixture of metabolites (100 µM per metabolites) prepared in 1x CDMPC media was 
quenched with Acetone or 2-methyl-1-propanol quenching solution (acetone/2M1P: 
acetone: ethanol + with additives; 6:1:1 (mol/mol); 1:20, mixture: QS (v/v); -40°C). 
After quenching, supernatant and pellet fractions were obtained by centrifugation. 
Both fractions were spiked with an internal standard and processed for further 
analysis. Analyte recovery is expressed as a % of an expected 10 nmol of 
metabolites for each of the fractions. * Value is below applied linearity range.  
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Conclusions
We have investigated several factors that affect the quantitative reliability of 
a cold quenching method that would enable intracellular metabolite 
measurements. Mixing and solubility of metabolites plays an important role 
in which intracellular metabolites can be separated from extracellular ones. 
Loss of membrane integrity and leakage seem to be unavoidable, but as 
long as the intracellular metabolites remain in the pellet, frozen or 
precipitated, they can be measured accurately. The downside is that it is 
very hard to measure precipitating metabolites that are both present in the 
intracellular and extracellular space. Here a differential method seems to be 
required. We developed a new organic solvent mixture that gave the right 
mass balances for L. lactis metabolomics quantitative analysis of 28 
intracellular and extracellular metabolites. We show that this method is 
suitable for quantification of intracellular phosphorylated metabolites that 
show limited solubility during the quenching step.  
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Supplementary information 
Supplementary Table S1. T-test results amino acids 

  Null Hypothesis 

Analyte Quenching 
Solutions 

TB-IC-EC=0 TB-IC-QS=0 EC-QS=0 TB-IC=0 

P value P value P value P value 

ALA  
2M1P 0.425 0.157 0.019 0.003 

ACETONE 0.072* 0.003 0.041 0.008 

ASN 
2M1P 0.0004 0.13* 0.005 0.001 

ACETONE 0.006 0.374 0.093 0.002 

ASP 
2M1P 0.010 0.353 0.000 0.013 

ACETONE 0.001 0.096 0.001 0.032 

GLUT 
2M1P 0.154 0.072 0.209 0.002 

ACETONE 0.016 0.312 0.185 0.002 

GLY 
2M1P 0.052 0.086 0.082 0.001 

ACETONE 0.452 0.048 0.052 0.007 

ILE 
2M1P 0.009 0.103 0.302 0.000 

ACETONE 0.011 0.078* 0.07* 0.001 

LEU 
2M1P 0.005 0.024 0.334 0.000 

ACETONE 0.001 0.078 0.047 0.000 

LYS 
2M1P 0.179 0.233 0.298 0.002 

ACETONE 0.001 0.235 0.001 0.006 

MET 
2M1P 0.156 0.213 0.018 0.001 

ACETONE 0.165 0.077 0.176 0.001 

PHE 
2M1P 0.274 0.062 0.117 0.001 

ACETONE 0.193 0.057 0.081 0.001 

PRO 
2M1P 0.001 0.16* 0.001 0.001 

ACETONE 0.0002 0.457 0.011 0.001 

SER 
2M1P 0.161 0.111 0.282 0.001 

ACETONE 0.024 0.023 0.142 0.002 

THR 
2M1P 0.0004 0.14* 0.002 0.001 

ACETONE 0.001 0.332 0.032 0.001 

TRP 
2M1P 0.015 0.14* 0.217 0.001 

ACETONE 0.007 0.282 0.054 0.000 

TYR 
2M1P 0.007 0.050 0.038 0.001 

ACETONE 0.013 0.113 0.048 0.001 

VAL 
2M1P 0.003 0.24* 0.314 0.000 

ACETONE 0.004 0.070 0.055 0.000 
* p value based on analytical RSD=15% 
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Supplementary Table S2. T-test results glycolytic intermediates. 

Analyte Quenching
Solutions 

TB-IC-EC=0 TB-IC-QS=0 EC-QS=0 TB-IC=0 
P value P value P value P value 

2PG 
ACETONE 0.0005 0.0002 0.00005 0.01 

2M1P 0.007 0.001 0.001 0.02 

3PG 
ACETONE 0.002 0.001 0.0000 0.01 

2M1P 0.371 0.002 0.0002 0.05 

6PG 
ACETONE 0.154 0.286 0.041 0.40 

2M1P 0.010 0.019 0.011 0.15 

aKG 
ACETONE 0.185 0.001 0.002 0.02 

2M1P 0.010 0.022 0.290 0.03 

Cit 
ACETONE 0.001 0.0003 0.002 0.00 

2M1P 0.0003 0.001 0.017 0.01 

DHAP 
ACETONE 0.004 0.016 0.023 0.12 

2M1P 0.002 0.004 0.001 0.02 

F6P 
ACETONE 0.335 0.143 0.0003 0.20 

2M1P 0.007 0.017 0.003 0.07 

FBP 
ACETONE 0.001 NA NA 0.01 

2M1P 0.001 0.001 0.001 0.05 

Fum 
ACETONE 0.083 0.002 0.030 0.001 

2M1P 0.337 0.064 0.035 0.001 

G3P 
ACETONE 0.001 0.12* 0.003 0.08 

2M1P 0.018 0.058 0.002 0.18 

G6P 
ACETONE 0.005 0.146 0.00002 0.41 

2M1P 0.000 0.005 0.0002 0.13 

GAP 
ACETONE 0.042 0.234 0.003 0.18 

2M1P 0.007 0.052 0.014 0.08 

Glyx 
ACETONE 0.012 0.001 0.001 0.00 

2M1P 0.027 0.095 0.069 0.01 

Icit 
ACETONE 0.128 0.005 0.020 0.00 

2M1P 0.339 0.0003 0.001 0.00 

M6P 
ACETONE 0.001 NA NA 0.01 

2M1P 0.225 0.010 0.001 0.12 

Mal 
ACETONE 0.011 0.056 0.034 0.001 

2M1P 0.023 0.130 0.003 0.35 

PEP 
ACETONE 0.359 0.002 0.004 0.002 

2M1P 0.114 0.004 0.091 0.001 

Rib5P 
ACETONE 0.0002 0.0002 0.026 0.01 

2M1P 0.003 0.001 0.006 0.08 

Ribu5P 
ACETONE 0.041 NA NA 0.02 

2M1P NA NA NA 0.32 
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