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Summary 

Metabolomics, the qualitative and quantitative analysis of metabolites is a valuable approach 

for understanding the biochemical processes in the cells. Particularly important are the 

intracellular metabolites that supply the cell with energy, serve as building blocks and act as 

signaling molecules. The analytical tools applied for analysis of intracellular metabolites 

should be capable to cope with the large number of metabolites to be analyzed and the 

complex matrix in the samples. Therefore the combination of separation and detection 

techniques is commonly applied for analysis of intracellular metabolites with liquid 

chromatography mass spectrometry (LC-MS) as the most commonly used.  

The primary goal of this Ph.D. study was to develop an LC-MS method together with sample 

preparation for analysis of intracellular metabolites such as nucleotides, sugar phosphates, 

organic acids, coenzymes etc.. In the studies conducted during this Ph.D. the developed 

method was used to understand how the genetic manipulations in various organisms, 

influence the levels of their intracellular metabolites. The method development was divided 

into three steps: i) optimization of the MS detection, ii) establishment and optimization of the 

chromatographic separation and iii) optimization of the sample preparation. A substantial part 

of the thesis was focused on the development of the LC-MS method. For quantitative targeted 

analysis of a group of defined metabolites, triple quadrupole (QqQ) MS was used. The 

optimization of the MS detection aimed to determine multiple reaction monitoring (MRM) 

transitions of the analytes and to increase the sensitivity by testing different ion-source 

parameters and collision energies. This resulted in optimized detection of more than 50 

intracellular metabolites. During the optimization of the chromatographic separation, anion 

exchange (AEC), ion chromatography (IC) and ion-pair reversed phase (IP-RP) were tested 

with the ion-pair giving the best compromise between retention, separation and stability of 

the compounds during the chromatographic separation. By testing different types and 



iv 
 

concentrations of ion-pair reagent and different concentrations of acetic acid as a counter ion, 

it was found that a solution of 10 mM tributylamine (TBA) and 10 mM acetic acid gave the 

best compromise between chromatographic retention and separation.  

Establishment of proper sample preparation (quenching and extraction) procedures for 

intracellular metabolites was necessary in order to obtain meaningful metabolomics data. The 

main idea was to find a sample preparation method that will give the best compromise 

between an acceptable energy charge ratio (ECR, usually between 0.80-0.95) low leakage 

during the quenching and high recovery of the metabolites after the extraction. Quenching 

and extraction procedures for bacteria, yeast, mammalian cells and filamentous fungi were 

tested. Cold MeOH as a quenching method combined with boiling EtOH or 

MeOH/chloroform as extraction method showed to work well for Saccharomyces cerevisiae 

(S. cerevisiae) resulting in an ECR of 0.80-0.95 and less than 10 % leakage. Quenching of 

bacteria and fungi showed to be challenging task due to the high susceptibility of these 

organisms to leakage during quenching. Quenching using formic acid, where the cells were 

not separated from the media, was shown to work well for Lactococcus lactis (L. lactis) but 

not for Streptomyces coelicolor (S. coelicolor) and Microbispora corallina (M. corallina). 

The reason for this was speculated to be due to the filamentous growth of these organisms.  

Other quenching procedures were tested for S. coelicolor and M. corallina with -40 °C 

MeOH/H2O (60/40, v/v) giving an acceptable ECR (in the range of 0.80-0.95). However 

leakage was observed for both organisms. For filamentous fungi, filtration in combination 

with cold methanol or 0 °C saline resulted in successful quenching. In the case of cold 

methanol quenching the concentration of AMP and ADP in the quenching supernatant was 

found to be 30 % of the total amount found in the biomass and the supernatant. Saline at 0 °C 

showed to be a good quenching solution for mammalian cells as well and was combined with 

an extraction procedure based on the addition of cold MeOH and ACN/H2O (50/50, v/v).   
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Sammenfatning 

Metabolomics, den kvalitative og kvantitative analyse af metabolitter er en værdifuld metode 

til forståelsen af de biokemiske processer i cellerne. Særligt vigtige er de intracellulære 

metabolitter, der supplerer cellen med energi, bruges som byggeklodser og fungerer som 

signalmolekyler. De analytiske redskaber anvendt til måling af intracellulære metabolitter bør 

være i stand til at håndtere den store mængde af metabolitter, der skal analyseres og den 

komplekse matrix i prøverne. Derfor anvender man normalt kombinationen af separation og 

detektion, til analysen af intracellulære metabolitter med flydende kromatografi og masse 

spektrometri (LC-MS) som den mest almindeligt anvendte.      

Hovedformålet med dette Ph.D. studium var at udvikle en LC-MS metode sammen med 

prøve forberedelse til analyse af intracellulære metabolitter såsom nukleotider, sukker 

fosfater, organiske syre, co-enzymer etc.. I studierne udført under denne Ph.D., blev den 

udviklede metode brugt til at forstå hvordan den genetiske manipulering i forskellige 

organismer påvirker niveauet af deres intracellulære metabolitter. Metode udviklingen blev 

inddelt i tre trin: i) optimering af MS-detektionen, ii) etablering og optimering af den 

kromatografiske separation og iii) optimering af prøve forberedelse. En betydelig del af 

afhandlingen fokuserede på udviklingen af denne LC-MS metode. Triple quadrupole (QqQ) 

MS blev anvendt til kvantitativ målrettet analyse af en gruppe af definerede metabolitter. 

Optimeringen af MS detektionen stilede imod at bestemme multiple reaction monitoring 

(MRM) i.f.t. overgange af analytterne og mod at forøge følsomheden ved at teste forskellige 

ion-kilde parametre samt kollisions energier. Dette resulterede i optimeret detektion af af 

mere end 50 intracellulære metabolitter. Undervejs i optimeringen af kromatografisk 

adskillelse blev anion bytning (AEC), ion kromatografi (IC) og ion-par omvendt fase (IP-RP) 

testet med det ion-par der gav det bedste kompromis mellem retention, adskillelse og 

stabilitet af stofferne igennem den kromatografiske adskillelse. Ved testning af forskellige 
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typer og koncentrationer af ion-par reagent og forskellige koncentrationer af eddikesyre som 

en modbalance ion blev det vist at en opløsning af 10 mM tributylamine og 10 mM 

eddikesyre gav det bedste kompromis mellem kromatografisk retention og adskillelse. 

Etableringen af ordentlige prøve forberedelse (quenching og ekstraktion) procedure til 

intracellulære metabolitter var nødvendig for at kunne opnå betydningsfulde data. 

Hovedformålet var at finde en metode, der ville give det bedste kompromis mellem et 

acceptabelt energi ladnings forhold (ECR, normal mellem 0.80-0.95), lav lækage under 

quenchingen og høj gendannelse af metabolitterne efter ekstraktionen. Quenching og 

ekstraktions procedure for bakterier, gær, mammale celler og filamentiøse svampe blev 

analyseret. Quenchingen af bakterier og svampe viste sig at være en udfordrende opgave på 

grund af den høje modtagelighed af disse organismer overfor lækage under quenchingen. 

Quenching med myresyre, hvor cellerne ikke blev adskilt fra mediet, blev påvist at virke godt 

for Lactococcus lactis (L. lactis), men ikke for Streptomyces coelicolor (S. coelicolor) eller 

Microbispora corallina (M. corallina). Årsagen til dette blev antaget at være på grund af 

organismernes filamentiøse vækst. Andre quenching procedurer blev testet for S. coelicolor 

og M. corallina med -40 °C MeOH/H2O (60/40, v/v), resulterende i en acceptabel ECR (i 

området 0.80-0.90). Dog blev lækage observeret for begge organismer. For filamentiøse 

svampe blev filtrering i kombination med kold metanol brugt til quenching. Men 

koncentrationerne af AMP og ADP i quenching supernatanten var omkring 30 % af den totale 

mængde fundet i biomassen og supernatanten. Kold MeOH som en quenching metode i 

kombination med EtOH eller MeOH/kloroform som ekstraktions metode viste sig at fungere 

godt for Saccharomyces cerevisiae (S. cerevisiae). Saltvand ved 0 °C viste sig, som en god 

quenchings opløsning for mammale celler imens ekstraktions proceduren var baseret på 

tilsætning af kold MeOH og ACN/H2O (50/50, v/v). 
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F1P Fructose 1-phosphate 

F6P Fructose 6-phosphate 

FAD Flavin adenine dinucleotide 

FBP Fructose 1,6-bisphosphate  

G1P Glucose 1-phosphate 

G3P Glyceraldehyde 3-phosphate 

G6P Glucose 6-phosphate 

Gal1P Galactose 1-phosphate 

GC Gas chromatography 

GDP Guanosine 5'-diphosphate  

GMP Guanosine 5'-monophosphate 

GTP Guanosine 5'-triphosphate 

HILIC Hydrophilic interaction chromatography 

HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A 

HR-MS High resolution mass spectrometry 

IC Ion chromatography 

IMP Inositol 5'-monophosphate  

IP-RP Ion-pair reversed phase 

L. lactis Lactococcus lactis  

LC Liquid chromatography 

LC-MS Liquid chromatography mass spectrometry 

M. corallina Microbispora corallina 

m/z Mass-to-charge ratio  

Man6P Mannose 5-phosphate 

METLIN Metabolite Link 

MRM Multiple reaction monitoring  

MS/HRMS High resolution tandem mass spectrometry 

MS/MS Tandem mass spectrometry 

NAD+ Nicotinamide adenine dinucleotide 

NADH Nicotinamide adenine dinucleotide, reduced 

NADP+ Nicotinamide adenine dinucleotide phosphate 

NADPH Nicotinamide adenine dinucleotide phosphate, reduced 

NIST National institute for standard and technology 

NMR Nuclear magnetic resonance  

OMP Orotidine 5'-monophosphate  

PEP Phosphoenolpyruvate  
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Paper 4 applied the method for measurement of the central carbon metabolites to investigate 

the effects of the recombinant protein production on the metabolism. 

Paper 5 describes an approach for creating a blank matrix that can be used for spiking and 

validation of analytical methods for measurement of intracellular metabolites. 

Paper 6 covers the multitargeted analysis of the intracellular metabolites extracted from 

various organisms. 

Paper 7 (non-peer reviewed) covers the different steps and challenges in the analysis of 

intracellular metabolites. 
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the tricarboxylic acid cycle (TCA) (Figure 1), with individual variations depending on the 

ecological position in which the organism lives [14-16].  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 1. Central carbon metabolism  
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times of for example the central carbon metabolism are in the range of seconds whereas 

for amino acids it is in the range of minutes. Therefore, fast sampling and metabolism 

arrest is necessary for analysis of these metabolites [24-29]; 

ii) The varied abundance - the levels of the intracellular metabolites in the cell are 

determined by the function of the enzymes and therefore at a certain metabolic state, 

some of the metabolites can be present in very high amounts, whereas others will be 

present in trace amounts [1,24,25]; 

iii) The physicochemical diversity - the intracellular metabolites exhibit different 

physicochemical characteristics and can for example contain one or more phosphate or 

carboxylic groups or both (Figure 1). Furthermore distinguishing between some of the 

metabolites can also be difficult due to the similarities in their elemental composition and 

structures [1, 24,25,28,30].  

The following sections will cover the approaches and the steps in the analysis of intracellular 

metabolites. 

1.2 Designing a metabolomics experiment-targeted versus untargeted approach  

Metabolomics can be mainly divided into two approaches: targeted and untargeted. Which 

approach will be applied depends on the question that needs to be answered [30-32].  

A substantial part of this Ph.D. study was based on the targeted approach where a 

predetermined set of metabolites related to a specific metabolic pathway of interest were 

measured. This approach answers the questions concerning the level of a specific analyte in a 

sample and enables quantification of the metabolites of interest by employing authentic 

standards for creating calibration curves [32,33]. Consequently this approach is focused on the 

quantitative changes of the measured metabolites in the cell. The advantages of the targeted 

metabolomics with QqQ are the increased specificity and sensitivity where metabolites 
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present in very low amounts can be quantified [31-33]. However it fails in detecting 

previously uncharacterized compounds because only selected metabolites are measured. 

There is a wealth of literature where selected intracellular metabolites are targeted and 

measured in order to address metabolic responses caused by e.g. genetic engineering, 

modified growth conditions etc. [34-38]. For e.g. the responses of S. cerevisiae to the redox 

perturbations caused by overexpressing nicotinamide adenine dinucleotide, reduced (NADH) 

oxidase, NADH kinase and transhydrogenase has been investigated using the targeted 

approach, by measurement of ATP, adenosine 5'-diphosphate (ADP) and the redox cofactors 

[34]. Targeted metabolomics was also applied in the study conducted by Boer et al. [37] 

where intracellular metabolites were measured in S. cerevisiae to investigate the pathways 

linking the nutrient environment to growth rate. The measurements showed that some of the 

intracellular metabolites limiting growth include glutamine, ATP, pyruvate and uridine 5'-

triphosphate (UTP). Targeted LC-MS metabolomics was also applied for investigating the 

changes in the metabolite pools due to nutrient depletion in S. coelicolor. Decrease of the 

phosphorylated metabolite pools was observed in the phosphate and glutamine limited 

cultures, while decline in the amino acid and organic pools was observed in the glutamine 

limited cultures [38].    

Untargeted metabolomics is considered to be a hypothesis free or hypothesis generating 

approach [31,32]. This approach has the aim of measuring as many known and unknown 

metabolites as possible, to answer the question what is the metabolic profile of a biological 

sample [31,32]. High resolution instruments are traditionally applied for untargeted 

metabolomics [31]. Using these instruments, information on the accurate mass, isotopic 

pattern and isotope abundances of the compounds in the sample of interest can be obtained. 

This together with the specific retention time and the accurate mass of the fragments 

facilitates the identification of the unknowns. The untargeted approach offers the advantage 
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of less method development compared to targeted approach, but the data generated is more 

complex and therefore requires additional data analysis [39]. Hundreds of peaks can be 

detected in a sample thus the manual inspection of the peaks is very time consuming. 

However with the recent developments within bioinformatics tools, identification of the 

metabolic peaks has become a relatively automated process. The accurate mass of the 

metabolite detected by the MS is searched for in a metabolite database such as METLIN [40] 

(for electrospray ionization tandem mass spectrometry, https://metlin.scripps.edu/index.php) 

or national institute for standard and technology (NIST) database [41] (for electron impact 

ionization mass spectrometry, http://www.nist.gov/srd/nist1.htm). The database match is 

considered as a putative identification of the metabolites. Thus the result must be confirmed 

by comparing the fragmentation pattern of the compound that has been assigned to the peak, 

to the measured fragmentation pattern for the particular compound in the sample of interest 

[31,40]. Untargeted metabolomics has been used to study the changes in the intracellular 

metabolic profile of the human liver cell line HEPG2 as a response to the exposure to a 

selected toxicant [42].   

Despite of the approach chosen and the question that needs to be answered the analysis of the 

intracellular metabolites can be divided into three steps: i) sample preparation, ii) sample 

analysis and iii) data analysis and interpretation. During method development (which was the 

main part of this thesis) the work flow usually starts with optimization of the metabolite 

detection followed by establishment of the sample preparation method. Therefore techniques 

for analysis of the intracellular metabolites will be discussed first followed by the most 

commonly used sample preparation methods. 

1.3 Analytical platforms used in metabolomics 

Mass spectrometry in combination with a separation method is the key technology for 

analysis of intracellular metabolites. The recent significant progress in MS based 
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metabolomics gives the researchers opportunities to choose between different separation 

techniques such as capillary electrophoresis (CE), gas chromatography (GC) and liquid 

chromatography (LC) [1,4,43-45]. MS in combination with a sample preparation and 

separation technique has high sensitivity and wide linear dynamic range and is therefore often 

used for analysis of intracellular metabolites. 

Nuclear magnetic resonance (NMR) is another technology applied for metabolomics studies. 

The advantage of NMR is the minimal requirement for sample preparation, it is not 

destructive, it is useful in structural characterization of unknowns but it has low sensitivity [1, 

[46,47].    

1.3.1 Separation techniques 

The use of a separation technique is essential for metabolomics studies due to the large 

number of metabolites to be analyzed and the complexity of the biological samples. The 

choice of separation technique (GC, CE or LC) to be applied depends on the initial goal of 

the study and the metabolite class of interest. Table 1 lists some of the advantages and 

disadvantages of the most commonly used separation techniques in combination with MS. 
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chloroformate derivatization [50], while for sugar phosphates using silylation [51]. Sellick et 

al. [52] described a protocol for analysis of several intracellular metabolites using GC-MS, 

however it was not possible to analyze the thermally labile metabolites such as ATP, ADP, 

NAD+, nicotinamide adenine dinucleotide, reduced (NADH). 

CE provides efficient separation of charged metabolites and has the advantage of a small 

volume required for analysis. It is not often used in metabolomics analysis but it is becoming 

a promising technique as shown by several published CE-MS methods for analysis of 

intracellular metabolites [30,53,54]. 

Büsher et al. [44] made an extensive comparison of GC-MS, CE-MS and LC-MS for the 

analysis of 75 intracellular metabolites such as sugar phosphates, nucleotides, coenzymes, 

redox cofactors, amino and organic acids. The three separation techniques were compared in 

terms of metabolite coverage, matrix effects, separation of isomers, sensitivity, analysis time 

and reproducibility, with LC giving the best compromise between the tested parameters. 

The coupling of LC with MS was facilitated with the introduction of atmospheric pressure 

ionization techniques such as electrospray ionization (ESI) and atmospheric pressure 

chemical ionization (APCI). The coupling of LC with MS requires compatible eluents. Non-

volatile buffers and additives (phosphate, Na+, K+ etc.) should not be used as it can affect the 

evaporation thus reducing the signal intensity. Reversed phase chromatography uses solvents 

compatible with MS (volatile buffers e.g. ammonium acetate, organic solvents e.g. methanol, 

acetonitrile). The combination of RP and acidic mobile phases has been shown to work for a 

number of nitrogen containing compounds such as amino acids, purine and pyrimidine bases 

and monophosphorylated nucleotides, but not for di and triphosphorylated compounds [55]. 

The alternatives to RP for separation of intracellular metabolites are: hydrophilic interaction 

chromatography (HILIC), AEC, IC and IP-RP. Each of these separation modes has its own 

advantages and disadvantages and some of them are summarized in Table 2. 
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retention assumes that the formation of the ion-pairs happens in the solution, which then 

partitions between the mobile and the stationary phase (Figure 2A) [60]. 

 

 

 

 

 

 

 

Figure 2. Schematic representation of the two mechanisms of retention in ion-pair chromatography. 

 

The second proposed mechanism, that is most commonly accepted, assumes that the 

hydrophobic part of the ion pair reagent adsorbs on the hydrophobic stationary phase to form 

a dynamic ion-exchange surface. The analyte is then retained on this surface by ion-exchange 

mechanism and formation of ion-pairs between the ionic compounds and the ion pair reagents 

with opposite charge as shown in Figure 2B [60]. 

IP-RP has been widely applied for the analysis of intracellular metabolites. Luo et al. [17] 

reported simultaneous analysis of the central carbon metabolites from Escherichia coli (E. 

coli) using IP-RP-LC tandem mass spectrometry (MS/MS). This paper also covers some of 

the most important method development steps in IP-RP such as type and concentration of the 

ion-pair reagent, the pH of the mobile phase, as well as type and strength of the organic 

solvent. The analysis of nucleotides in yeast using ion-pairing for separation has also been 

previously reported by Seifar et al. [61], while Coulier et al. uses the IP-RP separation 

method for analysis of the same metabolites in bacteria [63].  
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Figure 3. Scheme of electrospray ionization.  

A well-known problem with ESI is the matrix effect (ion suppression or enchancement) 

caused by interfering compounds that elute at the same time as the metabolite of interest [66]. 

The matrix effects are usually corrected by using SIL-IS [61,66,67] which will be discussed in 

more detail in the method validation part.  

The mass analyzer provides separation of the ions according to their mass-to-charge ratio 

(m/z). The most important criteria for the mass analyzers are: sensitivity, mass resolution, 

accuracy, scan speed or acquisition rate and MS/MS capabilities [65]. The most commonly 

applied analyzers in metabolomics studies are the quadrupole and the time-of-flight (TOF). 

The quadrupole mass analyzers are robust, relatively cheap and easy to use. It can act as a 

filter and let only ions with a certain m/z pass or it can act as a scanning instrument where 

ions of different m/z are detected consecutively thereby a mass spectrum is obtained (full 

scan mode) [65]. The operation principle in TOF involves measuring the time required for an 

ion to travel down a flight tube to the detector. TOF provides high resolution and mass 
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accuracy which allows reliable assignment of the measured masses to the elemental 

composition of a compound [45,65].    

The mass analyzers can be combined to a tandem mass spectrometer (MS/MS), where two 

mass analyzers are combined with a collision cell in between. The tandem mass 

spectrometers used during this Ph.D. were the QqQ and the Q-TOF MS. Instrumentally the 

QqQ contains two quadrupoles mass analyzers arranged in series, with a collision cell in 

between which can be a quadrupole or a hexapole (Figure 4). QqQ offers high specificity, 

sensitivity and high dynamic range [68]. 

  
Figure 4. Schematic overview of a QqQ mass spectrometer. Figure modified from Agilent 6400 Series Triple 

Quadrupole LC/MS, Concepts Guide [69]. 

 

When compared to the QqQ, in the Q-TOF instrument the third quadrupole has been changed 

by TOF mass analyzer (Figure 5). Q-TOF can be operated as a TOF or as a tandem mass 

spectrometer where a precursor ion is isolated by a quadrupole mass analyzer, fragmented in 

the collision cell and the fragment spectrum is acquired in the TOF mass analyzer. A Q-TOF 

instrument combines the high mass resolution of a TOF instrument with the MS/MS 

capability facilitating the tentative identification of unknown compounds. 
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Figure 5. Schematic overview of a QTOF-MS instrument. Figure modified from 6200Series TOF and 6500 

Series Q-TOF LC/MS System, Concepts Guide [70]. 

 

1.3.2.1 Multiple reactions monitoring versus full scan high resolution MS  

QqQ MS are traditionally applied in the targeted approach and are typically operated in 

MRM mode (Figure 6A) [43]. In development of an MRM method a precursor ion, product 

ion and collision energy are optimized for each analyte to give the best signal. Careful 

selection of the product ions is necessary especially for structural isomers as these 

compounds often produce very similar product ions. In an MRM mode the first quadrupole 

selects the precursor ion of interest, the second quadrupole fragments the precursor ion, while 

the third quadrupole isolates the proper product ion (Figure 6A).                                           
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Figure 6. Schematic overview of the different acquisition modes used during this Ph.D. showing the difference 

in the data obtained 

E. All Ions MS/HRMS 

time

321.0465

214.1795 428.0545

m/z
100 150 200 250 300 350 400 450

Low CE (0 eV)

321.0462

195.0048 401.0126

m/z
100 150 200 250 300 350 400 450

78.9595

134.0460
96.9598

High CE (20 eV)

346.0552

346.0552

Q Collision cell TOF

Q Collision cell TOF

time

346.0552

693.1202980.0164

(m/z)
200 400 600 800 1000 1200 1400

346.0552
78.9603

134.0460

78.9593

346.0552134.0475

78.9596
134.0474

211.0012

(m/z)
100 150 200 250 300 350 400

346.0552

MS/HRMS
10 eV

20 eV

40 eV

Full scan HRMS

A. MRM 

B. Full scan HRMS 

C. Targeted MS/HRMS 

D. Auto MS/HRMS 

Q
Collision cell TOF 346.0552

693.1202 980.0164

m/z
200 400 600 800 1000 1200 1400time

Q Collision cell TOF

time

20 eV78.9593

346.0552134.0475

m/z
100 150 200 250 300 350 400

Q1 Q2Collision cell 79.0

m/z
76 77 78 79 80 81 82



19 
 

This process is repeated for each metabolite in a cyclic manner and has the advantage to 

determine selected metabolites in a few minutes from a small amount of sample. One of the 

disadvantages of the MRM is that the number of metabolites that can be measured is limited. 

By introducing too many MRM transitions into the method, the scan time per MRM needs to 

be lowered. This will compromise the signal to noise (S/N) ratio and the number of data 

points across the peak (ideally 10-20) important for reliable quantification (Figure 7) [43].  

  

 

 

Figure 7. Overlaid chromatograms showing 11 data points (red color) and 3 data points (black color) across a 

chromatographic peak. 

 

The so called dynamic MRM (DMRM) acquisition mode of the Agilent QqQ (called 

Scheduled MRMTM in the QqQ from AB Sciex) offers an increased number of metabolites 

monitored per run. In DMRM or Scheduled MRMTM mode, the chromatographic run is 

divided into time segments where the MRM transitions of a specific compound are monitored 

only in the time segment where the particular compound elutes. The advantage of this 

operating mode is lower number of concurrent transitions, longer dwell times per particular 

MRM, better peak symmetry, increased sensitivity and better S/N.  

Another approach to increase the number of metabolites monitored is the full scan MS 

experiments, where all ions generated from the sample are measured (Figure 6B). However, 

full scan measurements on a low resolution and low scan speed instrument such as the QqQ 

instruments are not optimal, especially for low mass compounds, due to interference from 

contaminants with the same nominal mass [43]. Furthermore, the signal of the low abundant 

Time (min)
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compounds will be hidden by the high background noise compromising the quantification. 

Full scan measurements on a high resolution instrument such as Q-TOF MS (or Furrier 

Transform MS such as Orbitrap) overcome these issues due to the high mass accuracy and 

the mass based separation.  

Q-TOF offers both full scan HR-MS (Figure 6B) and MS/HRMS measurements (Figure 6C, 

D and E). The HRMS measurements are conducted when accurate mass MS data or 

determination of precursor ion masses for subsequent MS/MS are needed. The MS/MS data 

can be obtained by the targeted MS/MS, auto MS/MS or all ions MS/MS (MSE in Waters Q-

TOF instruments). 

Targeted MS/MS involves manual selection of the precursor ion based on the MS data and is 

used when the precursor ion of interest is known (Figure 6C). Using targeted approach better 

selectivity can be achieved and by comparing the fragmentation pattern with those in a 

database, identification of the compound can be achieved [71,72]. 

Auto MS/MS approach is used for obtaining MS/MS data of complex samples where the 

operator does not know which precursor ions to choose. The auto MS/MS mode provides MS 

and MS/MS data from a single run, by combining MS scan cycles with MS/MS scans of 

selected precursor ions depending on their abundance in the MS scan (Figure 6D) [65]. The 

disadvantage of this mode is that not all metabolites detected will be fragmented and the 

more concentrated metabolites will be preferred for fragmentation than the less concentrated. 

However, exclusion or inclusion lists for selection of precursor ions can help in increasing the 

fraction of metabolites that can be fragmented thus providing useful MS/MS data.  

The advantage of all ions MS/MS approach is that all the ions despite of their intensity will 

be fragmented which eliminates the need of specifying the precursor ions (Figure 6E) [64]. 

The data are acquired at both low and high collision energy. The low value produces the 

precursor ions for the compounds and the high value generates the precursor and their 
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of 0.80-0.95 and indicates high amount of ATP relative to ADP and AMP, thus a 

physiologically healthy cell [75].  In general there are two quenching strategies [28]. The first 

strategy allows separation of the quenching supernatant from the biomass, whereas the 

second one does not allow that separation, thus the quenching and extraction are combined. 

In both cases the quenching is usually done by changes in the pH (below 2 or above 10) or 

temperature (-40°C or 80°C) [25]. During this study, quenching using cold MeOH /water, 

cold MeOH/glycerol, formic acid, cold buffered and non-buffered saline (0.9% (w/v) NaCl) 

were tested. 

In the literature there is no agreement on which quenching technique gives the best balance 

between the main problems that arise during the quenching such as physical or chemical 

alterations of the metabolites, metabolite leakage and contamination. Table 3 lists some of the 

quenching procedures found in the literature, together with their advantages and 

disadvantages.
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One important requirement for the quenching approach is to avoid losses of the metabolites 

due to leakage or residual metabolic activity. The chemical alteration of the metabolites 

during the sample preparation is also an issue and it is not always taken into consideration 

during the method development. Ortmayr et al. [87] and Sporty et al. [88] showed that the 

sample preparation procedure is the major contributor to the overall measurement uncertainty 

of the redox cofactors. Therefore detailed study on the stability of the analytes during the 

sample preparation is necessary for better accuracy.  

Yeast has been considered to be more stable during the quenching when compared to the 

bacteria. The first attempt at separation of the quenching supernatant from the yeast cells was 

done by Sáez and Lagunas [89] by using fast filtration followed by washing the cells with -40 

°C MeOH/H2O (60/40, v/v). Later De Konin and Van Dam [90] improved this technique by 

sampling yeast directly into -40 °C MeOH/H2O (60/40, v/v) followed by centrifugation to 

separate the cells. Nowadays this quenching technique is one of the most frequently used 

methods for sub second arrest of the enzymatic activities in the cells. However it has been 

shown that yeast is also prone to leakage during the conventional cold MeOH/H2O quenching 

which can be reduced by using pure MeOH at -40 °C or lower [81]. Furthermore, decreasing 

the exposure time of the yeast cells to the cold MeOH/H2O quenching solution will decrease 

the loss of the intracellular metabolites as a result of leakage during the quenching. Several 

other alternatives to the cold methanol technique have also been suggested in the literature. 

Villas-Bôas et al. [84] showed that by using cold glycerol/saline solution for quenching of 

yeast and bacteria better metabolite recoveries can be obtained when compared to the 

MeOH/H2O. Link et al. [85] showed that the combination of glycerol and methanol is a better 

option due to the lower viscosity of the quenching solution as well as possibilities for sample 

handling at temperatures lower than -40 °C. The glycerol/MeOH combination showed 

reduced leakage especially for ATP in E. coli when compared to the MeOH/H2O quenching.  
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Today bacteria and filamentous fungi are known to be more susceptible to leakage when 

using the current quenching procedures than for example yeast and thus the quenching of 

bacteria is a challenging task [83,91]. If possible cell separation from the quenching solution 

is usually avoided for bacteria. Thus the measurement of the intracellular metabolites requires 

preparation of two different samples, one from the entire culture and one from the culture 

supernatant. The intracellular metabolites are then determined by subtraction of the levels of 

extracellular metabolites from the sum of intra and extracellular metabolites [82]. However 

this has been shown to suffer from large standard deviations. More recent example of a 

quenching method based on pH change, where the quenching and the extraction were 

combined, was reported by Jendersen et al. for L. lactis using cold 10 M formic acid [92]. 

The quenching showed to be suitable for analysis of nucleotide phosphates.  

Due to the low amount of the intracellular metabolites and high amount of the extracellular 

compounds e.g. media components, the separation of the cells from the quenching 

supernatant is a critical issue. In general the separation of the biomass from the quenching 

supernatant is achieved by either centrifugation or filtration [24]. In this respect, the time used 

for separation is the crucial parameter. During the centrifugation the cells are exposed to low 

temperatures and a cold shock phenomenon might induce leak of the metabolites in the 

quenching supernatant [91]. Fast filtration of the bacterial cells without quenching followed 

by wash using saline solution have been shown to be a reliable quenching method for 

analysis of amino acid pools [91]. However, the washing step that is used to remove the 

residues from the extracellular metabolites can also induce leakage and loss of the 

intracellular metabolites [93,94]. Some studies showed that filtration is not a fast enough 

quenching method for analysis of the metabolites with fast turn-over rate such as the 

phosphorylated metabolites [91]. Furthermore blockage of the filter, limits the amount of 

biomass that can be separated from the quenching supernatant [24]. Care must also be taken 
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regarding the pore size of the filters that might result in loss of the cells into the filtrate. In 

respect to the quenching of filamentous fungi, Jonge et al. [95] showed that cold MeOH/H2O 

used for arresting the yeast metabolism, can also be applied for quenching of Penicillium 

chrysogenum. In this study decreasing the MeOH percentage from 60% to 40% (v/v), 

consequently the temperature from -40 to -25°C, resulted in reduced leakage. 

Mammalian cells have been shown to be more fragile than bacteria and yeast due to the lack 

of a cell wall [24]. Thus, a rapid quenching method for animal cells should retain cell 

integrity and be compatible with the separation steps used to remove culture medium from 

the cells. The conventional cold MeOH/H2O method has been shown to damage the cell 

membrane of the mammalian cells resulting in leakage and loss of the intracellular 

metabolites in the quenching medium [24]. Dietmar et al. [24] tested several different 

quenching solutions for mammalian cells such as buffered and non-buffered -40 °C 

MeOH/H2O (60/40, v/v) and 0.9 % (w/v) NaCl (0 °C), with the latter showing the least 

damage of the cell membrane and lowest leakage of the intracellular metabolites into the 

quenching solution. Furthermore, the centrifugation has been shown to be more suitable for 

the cell separation from the quenching supernatant than the filtration. The reason for the 

reduced efficiency of the filtration when compared to centrifugation was speculated to be the 

three-way interaction among cells, filter, and the quenching solution. 

Other quenching procedures given in the literature use cold EtOH/H2O mixture or liquid 

nitrogen as quenching solutions [96,97].  

1.4.2 Extraction 

The step following the metabolism arrest is the extraction of the intracellular metabolites that 

aims to disrupt the cell structure and release the metabolites from the interior of the cell. The 

extraction method should extract the metabolites in their original state in a quantitative 

manner and should prevent any chemical or physical alterations. As for the quenching there is 
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no standardized extraction method and a range of different solutions and procedures have 

been described in the literature (for references see Table 4). Furthermore, due to the high 

chemical and physical diversity of the intracellular metabolites, each solution and condition 

for extraction may favor a limited range of metabolites and work best with a certain cell type. 

Combinations of different organic solvents, elevated temperature in combination with boiling 

solvent (H2O, EtOH or MeOH), acidic or basic solutions and freeze-thaw cycles are some of 

the extraction methods for intracellular metabolites (for references see Table 4). Table 4 

summarizes the advantages and disadvantages of the commonly used procedures their 

advantages and disadvantages. 
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Combination of different polar and non-polar organic solvents is frequently used for 

extraction of intracellular metabolites. The combination of buffered methanol-water mixture 

together with chloroform at low temperatures has been used for extraction of intracellular 

metabolites from yeast and bacteria [27,34,101]. The advantage of this extraction is that it 

allows extraction of two big groups of metabolites, polar and non-polar, under mild 

conditions at low temperature but it has been considered as tedious and time consuming. 

Although some studies report that this combination of solvents result in poor recovery of 

some of the metabolites [102], others find this method to be optimal and comparable with the 

other extraction methods [24,101]. Boiling ethanol is a very popular extraction method 

especially for yeast [35-37,61,81]. The high temperature increases the extraction efficiency of 

ethanol as well as the denaturation of the enzymes. Furthermore ethanol is less toxic than 

chloroform. However some studies have reported poor recoveries of the phosphorylated 

metabolites and tricarboxylic acids due to high temperatures applied during extraction [24,27]. 

On the contrary, Canelas et al. [101] reported that the metabolite recoveries were similar 

when boiling ethanol and MeOH/chloroform were used for extraction of the intracellular 

metabolites from yeast. Acids (perchloric and hydrochloric acid) or alkali solutions 

(potassium and sodium hydroxide) have also been used for extraction of the metabolites that 

are stable at extreme high or low pH. Losses of many primary metabolites have been 

demonstrated by using the extraction at extreme pH [27,99]. Furthermore the acid-base 

methods due to salt production during neutralization are problematic for mass spectrometry 

applications [27,99,101]. To increase the permeability of the cells, freeze-thawing is often 

included in the extraction processes and has also been combined with the approaches where 

the cells are not separated from the quenching supernatant prior to extraction [76,92]. 

Mechanical disruption of the cell with a bead beater was used by Sporty et al. [88] for 
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analysis of NAD+ and NADH from yeast in combination with ice cold nitrogen saturated 

ammonium acetate to reduce the oxidation of NADH to NAD+.  

However, it should be noted that it is practically impossible to avoid losses of the metabolites 

during the extraction. Furthermore the diversity of the analytes makes the simultaneous 

extraction and determination of all intracellular metabolites impossible. Therefore the 

extraction method applied should be a compromise between the reproducibility, metabolite 

recoveries and compatibility with the analytical method.  

1.4.3 Concentration of the extract 

The most commonly used approaches for sample concentration is freeze drying 

(lyophilization), vacuum and nitrogen evaporation. Freeze-drying is commonly used for 

aqueous samples and has the advantages that the solvent is evaporated without using heat 

which reduces the possibility of heat degradation of the metabolites. However the freeze-

drying can be time consuming and is not very suitable if organic solvents have been used 

during the extraction [25].   

An alternative to the freeze-drying is the vacuum or nitrogen evaporation. This type of 

evaporation is more suitable for organic solvents than aqueous samples. The evaporation of 

the aqueous samples can take a longer time and usually requires heating which is not suitable 

for thermally labile compounds. 

For sample purification solid phase extraction (SPE, DSPE) is commonly applied especially 

in the case of complex matrices such as biofluids, tissue samples and environmental samples 

(lake sediment) where the quantification can be hampered by matrix effects [103-105]. Anion 

exchange SPE has also been shown to work well for phosphate removal, which can interfere 

with the analysis of the intracellular metabolites causing ion suppression [105].  Charcoal has 

been used in dispersive solid extraction to separate the aromatic from the non-aromatic 

intracellular metabolites [78,92].  
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1.5 Analytical method validation and quantification 

The main objective of any analytical measurement is to obtain reliable and reproducible data 

avoiding false positive or negative results. The validation of the analytical methods provides 

information on the quality, reliability and reproducibility of the established analytical 

method. When using LC-MS, the general validation approach involves determination of: i) 

linearity, ii) precision and accuracy/recovery, iii) limit of detection, iv) matrix effects [106-

109]. 

Linearity. The linearity of the analytical method is investigated by creating calibration 

curves in at least three orders of magnitude. In general three approaches for creating the 

calibration curves were used during this Ph.D.: i) external calibration, ii) the standard 

addition approach and iii) calibration using internal standards (Figure 8) [110]. 

 

Figure 8. Schematic illustration of the calibrations using the A. external calibration; B. standard addition and C. 

calibration using internal standard 

 

In the extracellular calibration approach, the calibration curve is prepared in a surrogate 

matrix. The surrogate matrix can be a neat solution, growth media, extract from a mutant etc. 

that does not contain the compound or contains traces of it. In this approach a stock solution 

of the compound of interest is prepared in the surrogate matrix which is then diluted to 

prepare the calibrants.  
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Luo et al. [17] and Bennette et al. [57] used the standard addition method to quantify 

metabolites from the central carbon metabolism in E. coli and Synechococcus sp., 

respectively, where known increasing concentrations of analytes were added to individual 

aliquots of the sample of interest. The concentration of the analyte in the sample was 

determined from the intercept of the calibration curve (Figure 8B). However, the standard 

addition approach can be quite laborious, time consuming and require extensive amounts of 

samples, especially when multiple samples need to be quantified. Furthermore, for 

compounds that are present in high amounts in the sample such as ATP, saturation of the 

detector might occur at the high concentration end when using the standard addition method. 

The approach using internal standards usually involves addition of known amounts of SIL-IS 

to each of the calibration solutions and to the samples to be quantified.  The quantification is 

then based on the construction of a calibration curve by plotting the ratio of the peak area of 

the unlabeled and labeled analyte versus the concentration [61]. 

Precision and accuracy/recovery. The precision and accuracy/recovery can be assessed 

using spiked and unspiked samples that are processed through the sample preparation that are 

quantified against a calibration curve. The unspiked samples in this case are used to check for 

any presence of the analyte in the spiking matrix. Usually the precision and the accuracy/ 

recovery are determined on three different levels in triplicates and on three different days in 

order to check for inter- and intra-batch variability.    

Limit of detection (LOD). LOD is the smallest amount of analyte in the sample that can be 

detected. There are several approaches for determination of the LOD such as using the S/N 

ratio, from the standard deviation of the blank or from the calibration curve [111].   

Matrix effects. As previously mentioned when ESI is used for ionization, suppression or 

enchancement (matrix effects) of the analyte signal might be observed due to coeluting 

compounds present in the biological sample [66,76,112]. When using external calibration, due 
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to differences in the matrix the obtained MS signals will be different for the same compound 

in the calibrants and the samples. This can cause over or underestimation of the 

concentration. The suppression or enhancement of the signal is especially observed when 

quenched whole broth samples of leaky cells are analyzed and even more prominent when 

rich media is used for cultivations. Therefore the validation and quantification methods for 

intracellular metabolites are more complicated and less straightforward since it is difficult if 

not impossible to find a true biological matrix that will be free of the analytes of interest. 

The standard addition method corrects for possible matrix effects because it uses the 

authentic matrix to prepare the calibrants. The method using internal standards is also capable 

of correcting for matrix effects. Both the standard and its SIL-IS will be equally affected by 

the matrix effects resulting in unchanged peak ratio that is plotted against the concentration to 

create the calibration curve. 

The suppression/enhancement of the signal depends on the chemical structure of the molecule 

thus SIL-IS are used due to their structural and physico-chemical similarity with the analyte 

of interest. However, SIL-IS are not always available and they can be very expensive 

therefore structural analogues are sometimes used as internal standards [112]. Stokvis et al. 

[67] compared the use of structural analogues and SIL-IS for several anticancer agents using 

ESI-MS and MS/MS techniques. SIL-IS showed to be preferred over the structural analogue 

for accurate quantification. In some of the case studies, performance of the assay improved 

significantly after substitution of a well-functioning analogous internal standard with a SIL-

IS. Due to the unavailability of SIL-IS for many of the intracellular metabolites, Mashego et 

al. [113] proposed an alternative way of obtaining SIL by cultivating microorganisms on U-

13C labeled substrates and subsequent extraction of the metabolites. The U-13C labeled 

extracts can serve as SIL-IS and can be added before the extraction to the unlabeled cell 

samples to correct for any possible losses during the sample preparation and for matrix 
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effects. However it should be noted that some of the labeled metabolites can be present in 

very small amounts in the cell extracts and this can create difficulties related to their 

detection and their use as SIL-IS.  

1.6 Data analysis 

The workflow used for analysis of the data depends on the question that needs to be answered 

and the type of the data acquired. The metabolomics studies usually aim for assessing or 

discovering important differences between groups of samples. The analytical technologies 

used in metabolomics such as LC-MS produce large amounts of data where statistical and 

computational methods are used to evaluate this data. This typically includes univariate 

(ANOVA, t-tests etc.) or multivariate statistical approaches (principle component analysis 

(PCA), clustering, partial least square regression (PLS) etc.) [44,114]. 

During this Ph.D. study, software by the instrument vendor (Agilent Technologies) was used 

for data processing e.g. Mass Hunter Qualitative and Quantitative analysis. For targeted 

analysis, qualitative analysis software was mainly used for reviewing chromatograms, peak 

finding, evaluation of baseline etc.. For the multitargeted approach this software was used for 

putative identification of the known unknowns extracted from different matrices. In this 

respect data were processed using the find by formula algorithm where the empirical formula 

was used to find matching masses in the data. Quantitative analysis program was used for 

creating calibration curves and quantification. For the multitargeted approach this program 

was used fast screening of compounds between different samples.  

Although statistical data analysis was not performed during this Ph.D., it is worth mentioning 

the application of the commonly used statistical tools for mass spectrometry data analysis. 

Clustering (shown as a heat map) is a statistical method that involves dividing observed 

datasets into several subclasses or clusters. This method was use by Hou et al. [34] to 

investigate the impact of decreased NADH levels to the concentration of the metabolites 
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involved in the central carbon metabolism when grown on glucose and ethanol. The statistical 

analysis showed that the growth conditions had a bigger impact on the metabolic profiles than 

the perturbations. Furthermore when grown on glucose the concentration of many glycolytic 

and TCA metabolites was increased compared to when grown on ethanol.   

Principle component analysis (PCA) is another statistical tool used to discover and visualize 

important differences between groups of samples. PCA together with clustering were used to 

investigate the effects of i) loss of cytosolic superoxide dismutase function and ii) chemical-

induced oxidative stress as well as iii) the metabolic profiles of different fly species of 

Drosophila melanogaster [56]. Clustered heat map was also used by Brauer et al. [115] to 

investigate the changes in the concentrations of the intracellular metabolites in S. cerevisiae 

and E. coli after glucose and nitrogen starvation.  
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while hydrolysis of acetyl coenzyme A (Ac-CoA) resulted in only one peak in the 

chromatogram that corresponded to CoA. Dihydroxyacetone phosphate (DHAP) and 

glyceraldehyde 3-phosphate (G3P) showed to be unstable during the chromatography as well. 

Phosphate was the main peak detected in the DHAP standard, while two peaks were detected 

in the chromatogram of G3P, one corresponding to G3P and the other one to phosphate.  

Due to the lack of time no further experiments were carried out using the IC-Q-TOF MS 

technique. Despite the issues regarding the instability of some of the intracellular metabolites, 

IC showed a promising potential as a technique for analysis of intracellular metabolites. It 

gave good retention and separation of the various phosphorylated and carboxylated 

metabolites and showed to be suitable for analysis carboxydrates as well. In future it can be 

considered as a complementary technique to the IP-RP.  

2.1.1.1 Ion-pair chromatography 

Ion-pair chromatography has previously been proven to be a good separation technique for 

phosphorylated and carboxylated compounds [17,57,62,63,80] and was also used during this 

study. Paper 1 outlines the main part of the work related to the development of the ion-pair 

chromatographic method. Several parameters such as type of ion-pair reagent, concentration 

of ion-pair reagent and acetic acid, pH, organic solvent and column chemistry were 

previously shown to influence the retention of the anionic compounds when ion-pair 

chromatography was used [17]. Therefore during the development process these parameters 

had to be tested.   

Volatile alkylamines with diverse alkyl chain length such as triethylamine (TEA), DBA and 

TBA, were firstly tested in order to find the best compromise between the retention and 

separation of the metabolites of interest. Ten millimolar TEA gave slightly increased 

retention but not enough to be able to separate for example the sugar phosphates. Increasing 

the concentration of the TEA in the aqueous mobile phase (from 10 to 35 mM) and the 
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addition of the ion pair reagent into the organic mobile phase did not increase the RT of for 

example G6P. Neither the incorporation of an isocratic part at the beginning of the run nor 

the lowering of the percentage of organic solvent during the run improved the retention. The 

length of the alkyl chain was considered to be responsible for the poor retention of the 

metabolites, therefore two other ion-pair reagents with longer hydrophobic chains were 

tested: DBA and TBA. Bothe DBA and TBA resulted in improved retention. In the case of 

DBA the intensity of the nucleotides was decreased when compared to TBA. In addition 

better separation for AMP and deoxyguanosine 5'-monophosphate (dGMP) was obtained 

with TBA than with DBA when using the same gradient. Therefore TBA was chosen for 

further optimizations. The changes of the TBA concentration while keeping the ratio between 

the ion-pair reagent and the acetic acid unchanged, in order to keep the pH constant, gave 

interesting results on the retention of the different groups of compounds tested (Figure 10).  
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As described in Paper 1 the concentration of the acetic acid, consequently the pH, had also 

an influence on the retention and separation of the intracellular metabolites. Due to the 

competitive effect of the acetate ion, by increasing the concentration of the acetic acid, 

decrease of the retention was observed. Furthermore, by changing the pH from 5.5 to 7.5 

changes in the intensity ratio between the monophosphates, diphosphates and triphosphates 

occurred. At lower pH the MS signal intensity of the monophosphates and diphosphates was 

higher than the triphosphates while an opposite trend was observed with higher pH. However 

taking into account the investigations made with changing the concentration of TBA and 

acetic acid, 10 mM TBA and 10 mM acetic acid was found to give a reasonable compromise 

between elution time, resolution and sensitivity. 

Isopropanol and MeOH were tested as organic solvents. Due to the stronger elution power of 

isopropanol, the separation of the compounds was affected and therefore MeOH was chosen 

for further optimizations. In addition, different reverse phase columns were also tested such 

as Phenomenex Luna C18(2)-HST, Onyx Monilithic C18, Agilent Zorbax extended C18 and 

Poroshell 120 Phenyl-Hexyl. The effect of the column chemistry was mostly on the peak 

shape and the spreading of the compounds with Poroshell 120 Phenyl-Hexyl column giving 

the best performance.  

It should be mentioned that, a newly installed column on the system was equilibrated 

overnight with the eluent containing the TBA. Furthermore, it was noted that when using the 

36 min. gradient (Paper 1) shifting of retention times occurred only when changing to new 

eluents. There was a shift in the RT for the compound eluting in the middle of the gradient 

e.g. monophosphorylated compounds. This was assumed to be due to the very slow gradient 

in the region where the monophosphorylated compounds were usually eluting.   

Furthermore, the effect of the TBA addition in the injection vial on the analysis of the 

nucleotides was tested as well. By injecting a mixture of the nucleotides with and without 
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two compounds into eluent A which contained TBA. It was noted that the addition of TBA 

did increase the sensitivity especially for NADPH, while the intensity of NADH was 

practically not affected. Furthermore, there was a minor increase of the NAD+ LC-MS peak 

in the NADH standard, while no peak of NADP+ was detected in the NADPH standard. 

However further investigations are necessary in order to check the long term stability of the 

NADH and NADPH solutions prepared in the ammonium acetate as well as the dilutions of 

these stocks into TBA.   

Within the intracellular metabolites, there are many compounds (sugar phosphates, 

ATP/dGTP, sugar nucleotides etc.) with the same elemental composition which has been a 

challenge during the method development. These compounds can often be indistinguishable 

by MS due to their identical elemental composition as well as similar fragmentation pattern. 

Therefore the gradient used during the analysis was crucial for the separation especially for 

the sugar phosphates. The 5 min isocratic run at the beginning of the 36 min gradient given in 

Paper 1 was necessary for achieving the separation of the sugar phosphates. By introducing 

even 5 % of the organic phase at the beginning of the gradient, the separation of the sugar 

phosphates was impaired. In addition, increasing the percentage of the organic phase up to 

100 % and keeping it for 1.5 min was necessary for a complete elution of the more retained 

compounds.  

In the case of the nucleotides, some of the isomers such as AMP/dGMP were 

chromatographically separated, while that was not the case for ATP/dGTP. Due to the fact 

that ATP and dGTP were chromatographically not separated, specific fragments that 

correspond to the guanine or adenine moiety were chosen in order to be able to quantify these 

compounds.  

The thirty six minutes gradient allowed a good separation of many of the isomers, but in 

general it was considered as time consuming and not very practical when long lists of 
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samples had to be analyzed. Therefore, compromise between the analysis time and the 

separation of the nucleotides was found by a 19.5 min gradient (Paper 5). However this 

gradient could not be used for separation of the sugar phosphates. The separation of the 

isomers was also considered as a parameter for the performance of the column. The impaired 

separation for example of the sugar phosphates was a sign that the column had to be changed. 

The retention of the compounds when using ion-pair chromatography depends on the number 

of charged groups present in the molecule that could interact with the ion-pair reagent. In the 

case of the phosphorylated and/or carboxylated compounds, correlation between the retention 

time (RT) and the number of the phosphate and/or carboxylic groups was observed. The 

order of elution for example of the phosphorylated nucleotides was monophosphates < 

diphosphates < triphosphates. The same was observed for the carboxylated compounds. 

Understanding the mechanism of the chromatographic retention allowed prediction of the RT 

of the known unknowns and helped in their identification in the sample extract although 

standards for these compounds were not available in house (Paper 6).  

The fact that the reversed phase mechanism of action is also involved in the retention was 

shown by the analysis of the amino acids (Paper 6). The aromatic amino acids, tyrosine (RT 

1.3 min) and phenylalanine (RT 2.2 min) were retained using ion-pair chromatography 

(Figure 12), although their overall charge was 0. 
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Figure 12. Chromatogram showing the reversed phase mechanism of retention during the IP-RP by retaining 

the tyrosine (RT 1.3 min) and phenylalanine (RT 2.2 min) which overall charge was 0. (Dead volume = 0.8 

min). Column used: Poroshell 120 Phenyl-Hexyl. Eluent A:10 mM TBA and 10 mM acetic acid, eluent B: 90 

% MeOH containing 10 mM TBA and 10 mM acetic acid. Gradient: 0-5 min 0 % B, 5-10 min 0-2 % B, 10-11 

min 2-9 % B, 11-16 min 9 % B, 16-24 min 9-50 % B, 24-28 min 50 % B, 28-28.5 min 100 % B, 28.5-30 min 

100 % B, 30-30.5 min 100-0 % B, 30.5-36 min 0 % B. 

This could be explained by the reversed phase interactions between the aromatic part of the 

amino acids and the phenyl hexyl groups from the stationary phase. Although the column was 

covered by the ion-pair reagent, the reverse phase mechanism of interaction was also 

responsible for the retention. Furthermore the tyrosine was eluting earlier due to the presence 

of the polar hydroxyl group.  

Summary of the tested conditions during the optimization of the ion-pair separation of the 

intracellular metabolites and the results obtained is given in Table 5. Furthermore, a list of 

standard metabolites for which detection was optimized is given in Supplementary material. 
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2.1.2 Establishment of  quenching and extraction procedures 

This section outlines the work done during this Ph.D. study related to the testing of different 

sample preparation methods for yeast, bacteria, filamentous fungi and mammalian cells. ECR 

of 0.80-0.95 was taken as criteria for a successful quenching. The organisms for which 

several different quenching and extraction procedures were tested during this Ph.D. study as 

well as the aim of the studies are given in Table 6. 
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 Table 6. Continued 
 

Organism Aim of  the study Quenching Extraction ECR (SD) Metabolites 
measured 

Aspergilus nidulans Testing different 
quenching and extraction 
procedures (master thesis 
project) 

1. -40 °C MeOH/ H2O (40/60, v/v)  

2. 0°C 0.9% (w/v) NaCl  

 

1.1 Centrifugation; MeOH/H2O (40/60, v/v), 3x freeze/thaw 

1.2 Filtration,  MeOH/H2O (40/60, v/v), 3x freeze/thaw 

1.3 Centrifugation, MeOH/CH3Cl (2:1,v/v) 

1.4. Filtration,  MeOH/CH3Cl (2:1,v/v) 

 

2.1 Centrifugation; MeOH/H2O (40/60, v/v), 3x freeze/thaw 

2.2 Filtration,  MeOH/H2O (40/60, v/v), 3x freeze/thaw 

2.3 Centrifugation, MeOH/CH3Cl (2:1,v/v) 

2.4. Filtration,  MeOH/CH3Cl (2:1,v/v) 

 0.79 (0.01)  

0.24 

 0.80 (0.04)  

 0.85(0.02) 

  

 0.79 (0.08)  

 0.24 

 0.85 (0.02)  

 0.84 

ATP, ADP, AMP 
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Yeast. Establishment of quenching and extraction procedures for S. cerevisiae has been a part 

of the work during this thesis. S. cerevisiae is a widely studied organism [27,34-37,79-81]. 

One of the most commonly applied quenching method for this organism is -40 °C MeOH/ 

H2O (60/40, v/v). In order to check the leakage during the cold MeOH quenching, four 

different types of S. cerevisiae samples were quenched and extracted: whole broth, quenching 

supernatant, culture filtrate and the biomass. The results are shown in Figure 13.      

 

 

 

 

 

Figure 13. Concentrations of ATP measured in the culture filtrate, the whole broth, quenching supernatant and 

in the biomass of S. cerevisiae using -40 °C MeOH/ H2O (60/40, v/v) as a quenching combined with boiling 

EtOH/H2O (75/25, v/v) or MeOH/chloroform (2:1, v/v) as extraction. 

The low concentration measured in the quenching supernatant indicated that the leakage 

percentage was very low. This was confirmed with the similar concentrations measured 

intracellular and in the whole broth.  

This method was applied in two different studies (Paper 4 and 5) in combination with two 

different extraction methods: boiling ethanol and MeOH/chloroform. In both cases high ECR 

was obtained (in the range of 0.80-0.95). 

Bacteria. As previously mentioned in the introduction part, bacteria are more prone to 

leakage during the quenching when compared to for example yeast [82,91].  Thus approaches 

where the cells are not divided from the medium were tested firstly. Change of the pH by 

addition of 10 M formic acid followed by 3x freeze thaw was shown to work very well for 
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ice followed by addition of boiling EtOH/H2O (75/25, v/v) which resulted in more clean 

samples and detection of the intracellular c-diGMP in R. mobilis (Paper 2). 

As previously mentioned, formic acid was also tested for quenching of the metabolic 

activities in M. corallina and S. coelicolor but without acceptable results. For M. corallina 

the main problem was the reproducibility of the acceptable values for the ECR (Table 6). 

Different values for the ECR were obtained on different days and were in the range between 

0.28-0.80 showing that the method was not reproducible. The reason for the non-reproducible 

results was speculated to be morphology related. M. corallina is filamentous bacteria that can 

exist in more dispersed or pelleted form depending on the nitrogen source used for growth. 

When sampling from the fermentors with pelleted growth (Figure 14), the cells settled on the 

bottom of the spin tube immediately after the sampling.  

 

 

 

 

 

Figure 14. Microscopic pictures of M. coralline pellets2 (magnified 60x). 

This together with the pelleting itself was speculated to result in non-reproducible dispersion 

of the formic acid around the cells thus non reproducible quenching (ECR between 0.28-

0.60). When existing in more dispersed phase better ECR was obtained but it was not 

reproducible (ECR in the range 0.64-0.80). It was speculated that this was due to grouping of 

the filaments. 

S. coelicolor is also a filamentous bacteria thus clump formation by the filaments was 

expected. Similar as for M. corallina the clump formation resulted in less effective quenching 

                                                           
2 Pictures taken from Subir Nandy, PostDoc at the section for Eukaryotic Biotechnology, Department of Systems Biology,   
Technical University of Denmark and collaborator in the Microbispora corallina project. 
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thus low ECR quenching with formic acid as a quenching solution. The low pH applied 

resulted in ECR of 0.54 which was not within the acceptance criteria (ECR of 0.80-0.95). 

Therefore other quenching and extraction methods were tested.  

As previously mentioned in the introduction part, glycerol combined with saline or MeOH 

has been shown to be a promising quenching mixture for microbial cells [84,85] and was 

therefore chosen for testing. However during this study, several problems were encountered 

with the glycerol based quenching solution: i) difficulties to determining leakage ii) longer 

time for separation of the cells from the supernatant by centrifugation; and iii) residues of the 

glycerol in the extract. The high amounts of glycerol present in the quenching supernatant 

could not be removed due to the high boiling point of glycerol. Therefore it was impossible to 

check the leakage during the quenching. Furthermore, the high viscosity of the saline/glycerol 

solution slowed down the decanting process and removal of the quenching supernatant from 

the cells. This was considered as a major drawback of this procedure due to the longer 

exposure of the cells to the quenching solution and therefore increasing the probability of 

leakage. Even exchanging the water with MeOH to decrease the viscosity and to allow 

operation at even lower temperatures did not improve the whole quenching process. 

Furthermore, the residues of the glycerol in the samples made them more viscose after the 

concentration causing problems in the analysis step (it was impossible to inject the samples 

into the LC-MS). Therefore the cells were washed twice with cold 0.9 % (w/v) NaCl in order 

to remove the glycerol residues. However, the ECR obtained was extremely low showing that 

the quenching was not successful. Due to the technical problems encountered, the 

MeOH/glycerol quenching was not further investigated as a quenching solution for S. 

coelicolor. 

Since one of the aims of the studies for M. corallina and S. coelicolor was also measurement 

of the redox pairs, quenching and extraction methods that will prevent the 
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oxidation/reduction of the redox compounds were necessary. Therefore a sample preparation 

procedure previously reported by Sporty et al. [88] for accurate measurement of NAD+ and 

NADH redox state was tested for M. corallina. Phosphate buffered saline was used for 

quenching the cells while the nitrogen saturated ammonium acetate used during the extraction 

was expected to prevent the oxidation of NADH to NAD+. However the concentrations of 

NAD+ and NADH obtained with this method were similar to the ones obtained with the other 

quenching methods. Furthermore, slightly higher concentration of NADP+ and quite low 

ECR values were obtained with this method when compared to the other quenching and 

extraction procedures tested for M. corallina.  

Kassama et al. [97] applied the commonly used quenching method for yeast (-40 °C 

MeOH/H2O (60/40, v/v)) to quench the metabolism of another species from the Streptomyces 

genus but the authors did not present data regarding the leakage. Due to the difficulties to 

find a method that will give an acceptable ECR value for M. corallina and S. coelicolor the 

yeast quenching method was further tested although leakage was expected to occur. This was 

done in order to inspect if the low ECR obtained using the previous quenching methods, were 

due to physiology reasons or due to the method used for quenching. When testing the cold  

-40 °C MeOH/H2O (60/40, v/v) quenching in combination with boiling EtOH as an 

extraction method ECR of 0.6 was obtained. This was unexpected result since it is well 

known that this type of quenching is able to stop the metabolic activities within a second and 

the problems are mainly related to the leakage. It was suspected that the high temperatures 

used during the extraction might cause conversion of ATP to ADP and AMP, leading to a 

low ECR. An additional attempt for improving the ECR value was done by changing the 

boiling EtOH extraction with MeOH/chloroform instead, which resulted in ECR values of 

around 0.87. In order to check the leakage the quenching supernatants were collected. Since 

the biomass pellet obtained after centrifugation was easily re-suspended in the quenching 
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solution, some of the biomass was lost during decanting. Thus there was a limited number of 

quenching supernatant samples that were free of the cells that could be used to check the 

leakage. However, the peak area of ATP, ADP and AMP detected in the supernatant was the 

same as in the biomass, indicating a severe leakage.  

Since sever leakage was observed for M. corallina an attempt was made to decrease the 

possible leakage that might occur in the case for S. coelicolor. As previously reported by 

Wellerdiek et al. [118] the metabolic reactions in quenched Corynebacterium glutamicum 

were stopped at -20 °C. Furthermore, Jonge et al. [95] showed that by increasing the 

temperature of the cold MeOH from -40 to -25 °C, successful quenching of Penicillium 

chrysogenum was achieved with decreased leakage. Therefore the MeOH/H2O (60/40, v/v) 

quenching method was tested using two temperatures: -40 and -25 °C both with boiling EtOH 

and MeOH/chloroform as an extraction methods. As for M. corallina, an acceptable ECR was 

observed only when MeOH/H2O (60/40, v/v) was combined with MeOH/chloroform. Similar 

concentrations were obtained for ATP, ADP, AMP and the redox compounds despite of the 

quenching temperature used for extraction. In all cases ECR of 0.80-0.95 was obtained. To 

investigate if any significant leakage occurs during the quenching, the adenylates ATP, ADP 

and AMP were measured in the quenching supernatant. Leakage was observed despite of the 

temperature tested and there was not difference in the leakage percentage between the two 

different temperatures. The highest leakage was observed for AMP (Figure 15). The 

differences in leakage between the compounds was explain by the fact that relatively smaller 

molecules permeate the cell membrane more easily than the larger polar molecules 

[28,81,82].  
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Figure 15. Concentrations of ATP, ADP and AMP measured intracellular and in the quenching supernatant 

from the WT strain of S. coelicolor at three time points during the exponential phase. The data presented are 

from the quenching at -40 °C.  The error bars indicate standard deviations from three technical replicates. 

The high concentration of AMP measured in WT time point (TP) 3 (Figure 15) was probably 

due to quenching problems. This was also reflected in the lower concentration of ATP 

measured in the same sample.  

Mammalian cells. The work related to the mammalian CHO cells was a part of a master 

project which main goal was to investigate if the additional metabolic burden induced by 

recombinant protein production affects the central carbon metabolism (Paper 3) (the analysis 

of the intracellular metabolites in this project was supervised by me). Dietmar et al. [24] 

showed that ice cold 0.9 % (w/v) NaCl did not to damage the membrane of the mammalian 

cells and was capable of arresting the cell metabolism. Therefore ice cold 0.9 % (w/v) NaCl 

as a quenching solution was combined with cold MeOH and ACN/H2O (50/50, v/v) as 
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extraction solvents which resulted in ECR values ranging from 0.8 to 0.9. No further 

optimization of the sample preparation was done due to the limited time that was available 

for this project.  

Filamentous fungi. Testing different quenching and extraction methods for filamentous 

fungi in this case, Aspergillus nidulans, was a part of a master project [119] in which I was 

involved as a supervisor. For this purpose, two types of quenching procedures: i) -40 °C 

MeOH/H2O and ii) 0 °C 0.9% (w/v) NaCl were combined with two extraction procedures i) 

MeOH combined with freeze thaw in liquid nitrogen and ii) MeOH/chloroform as given in 

Table 6. In addition both centrifugation and filtration were tested for separating the cells from 

the quenching solution. 

The reason for testing cold MeOH as a quenching method was due to the wide applicability 

of this method for quenching the metabolism of various microorganisms including 

Penicillium chrysogenum [95]. On the other hand, the isotonic water was considered to be a 

less aggressive quenching method consequently less leakage was expected during the 

quenching. Furthermore isotonic water has previously been shown to be a good quenching 

method for mammalian cells (Paper 3).  

In general, the problems that occurred were related to the technique itself and the leakage. 

The incomplete separation of the biomass from the quenching supernatant, when 

centrifugation was used, made the measurements of the leakage unreliable. Therefore all the 

methods that included centrifugation as separation were not taken into account for further 

optimization. From the methods that used filtration as a separation technique, the best energy 

charge ratio (~ 0.8) was observed with both the -40 °C MeOH/H2O (40/60, v/v) and isotonic 

water combined with MeOH/CH3Cl (2:1, v/v) as an extraction method. The -40 °C 

MeOH/H2O (40/60, v/v) was further investigated for leakage by comparing the amounts of 

the ATP, ADP and AMP detected in the quenching supernatant with those measured in the 
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biomass. Leakage was observed and was more pronounced for AMP and ADP than for ATP. 

The amounts of ADP and AMP found in the supernatant were around 30 % of the sum of the 

amounts detected in the supernatant and the biomass while for ATP it was 3 %. Furthermore, 

the concentrations of AMP and ADP in the supernatant were 10 times higher than those 

detected for ATP. This was considered to be due to the higher diffusion rate of smaller 

metabolites with lower net charge.  

This study showed that isotonic water can also be used for quenching of filamentous fungi. 

However, further investigations regarding the reproducibility of this method and the leakage 

percentage will be beneficial. 

The work covered in this section once more demonstrates the challenges related to the 

establishment of quenching and extraction methods, especially for bacteria and filamentous 

fungi. Furthermore, the transfer of sample preparation methods from the literature to the lab 

is not an easy task due to: i) the difference in the microorganism of interest, ii) sampling 

technique, iii) quenching equipment and iv) operator. Validation of the quenching method is 

necessary for the different organisms in order to obtain reliable data that represent the 

metabolic state of interest. When the cells are not separated from the quenching supernatant, 

special care needs to be taken due to the contaminants introduced to the sample, for example 

from the growth media. As shown for R. mobilis, the analysis might be significantly impaired 

by the sample preparation method, thus minimal growth media are preferred over complex 

media when the quenching and extraction is combined. Yeast has shown to be the easiest 

organism to work with however leakage during the quenching does occur as previously 

reported by other groups [81].   

2.1.3 Method validation and quantification 

In this section, the approaches for preparing the calibration curves and the quality control 

samples, used for quantification and validation are discussed. All the validation and 
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quantification experiments during this Ph.D. were based on i) the standard addition or ii) the 

external calibration approach (either matrix matched or calibrants prepared in the neat 

solution). In each of the approaches commercially available SIL-IS were used.   

Paper 1 discusses the challenges related to the quantitative measurement of the nucleotides 

in L. lactis. In this paper the validation and the quantitative measurements were performed 

using: i) the standard addition approach as suggested by Tsikas et al. [108]  and ii) the 

external calibration approach where the growth media was used as a matrix for spiking and 

preparing the calibration curves and the quality control samples. Furthermore SIL-IS were 

used in both approaches which showed to be very important for improvement of the linearity, 

accuracy/recovery and precision of the analytical method.  

The two major challenges when the standard addition approach was used were: i) the choice 

of the spiking concentrations and ii) the non-linearity of the calibration curves. Tsikas et al. 

[108] approach was used to determine the spiking concentration levels and the amounts added 

were approximately ranging from 50-250 % of the analyte concentration determined in the 

matrix, using an external calibration approach and corrected for the recovery.  

A narrow linear range, due to the detector saturation at the high concentration end of the 

calibration curve was especially prominent for the nucleotides that were present in a high 

concentration in the spiking matrix. The addition of SIL-IS improved the linearity (Figure 16) 

and resulted in calibration curves with correlation coefficients higher than 0.99, for most of 

the nucleotides. 
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In the case of the external calibration approach (with the growth media as a spiking matrix), 

the major problem was considered to be related to the difference in the matrix effects 

between the matrix used to prepare the calibration standards and the matrix in which the 

compounds of interest needed to be quantified. In the standard addition approach the matrix 

effects were corrected. However, this was not the case for the external calibration approach, 

since the matrix used for preparation of the calibration standards was not the authentic one. 

Nevertheless, the addition of SIL-IS corrected for the possible differences in the matrix 

effects between the calibrants and the samples. Therefore for the compound for which SIL-IS 

was added, similar concentrations were obtained with the standard addition and the external 

calibration approach. However, this was not the case for the compounds for which no SIL-IS. 

was added. This was considered to be due to the difference in the matrix effects between the 

calibrants and the samples. In the case of UDP-Glc the validation failed when using the 

standard addition approach due to the high background amounts of this compound in the 

spiking matrix. This was not the case with the external calibration since UDP-Glc was not 

present in the spiking matrix. Good linearity was obtained in the concentration range between 

0.1-1.2 µg/ml.  

An example of an application where matrix matched calibration was used for quantification is 

given in Paper 2. Since more than one sample needed to be quantified, the standard addition 

approach was not taken into account in this study. A mutant that contained small amounts of 

c-diGMP was obtained and therefore the extract of this mutant was used as the spiking matrix 

for preparing the calibrants. The advantage of having such a matrix allowed preparation of 

matrix matched calibration curve (R2 of 0.99, Figure 8) without having saturation problems of 

the detector and linearity issues as in the case with UDP-Glc. Additionally, the results from 

the intraday precision experiments showed an RSD <15 % (n=3). SIL-IS for c-diGMP was 

not available. Therefore matrix matched calibrants that are processed through the sample 
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preparation were necessary in order to correct not only for the losses during the sample 

preparation procedure but also for the possible ion-suppression as a result of the matrix 

effects. Furthermore, the approach used for quantification is more straightforward when 

compared to the standard addition. The standard addition approach becomes more time 

consuming and requires more sample volume when multiple samples need to be quantified as 

in the case with Ruegeria mobilis. 

However, it is not always possible to create a mutant that contains low background amounts 

of the compound of interest. Alternative to this could be the use of a fully 13C labeled 

biomass to spike the standards for the calibration curve [61,80,113]. In that respect the 

standards will be prepared in the authentic matrix. However, in order to be able to use the 

commercially purchased 13C SIL-IS e.g. [13C10]ATP that were already available in-house, an 

alternative approach for creating an authentic matrix was investigated (Paper 5). The 

authentic matrix was prepared by growing S. cerevisiae in a medium that contained [13C6]-

glucose/non labeled glucose (50/50, w/w) which, as expected, resulted in pools of metabolites 

with labeling in different carbon positions. The advantage of this matrix was that the pools of 

the compounds with only 12C or 13C carbons were very low or even not measurable and 

showed minimal or no interference to the spiked amount of non-labeled standards and their 

SIL-IS (Figure 16).  

 

Figure 16. Measured (dashed line) and calculated (bars) isotopic patter of ATP extracted from S. cerevisiae 

cultivated in medium containing 50 % (w/w) [13C6]glucose/non-labelled glucose.  
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Inspection of the matrix effects showed that the signal suppression at the beginning of the 

gradient (0-3 min) was related to the non-retained compounds that elute at the beginning of 

the analysis (Figure 20). 

 

Figure 20. Overlaid chromatograms of post column infusion of 10 µg/ml ATP into the MS after injecting eluent 

A or matrix blank with superimposed chromatograms of all the analyzed compounds. 

The suppression of the signal between 7 - 8 min. was due to the elution of PIPES, one of the 

buffering agents used during the extraction. Phosphate and EDTA affected the ion-signals of 

AMP and ADP, respectively. The phosphate was coming from the sample itself, while EDTA 

was used as a second buffering agent during the extraction. Furthermore, the validation 

showed that the SIL-IS successfully corrects for any matrix suppression and loss of analytes 

during the sample preparation, which indicates that a calibration curve could be prepared in 

the neat solution for the compounds for which SIL-IS is available.  

Due to the absence of a matrix free of the analyte, the quantitation of the analytes in Paper 3 

and Paper 4 was done using external calibration with standards prepared in the clean solvent. 

The main disadvantage of this approach is that the loss of the compounds during the sample 

preparation procedure and the matrix suppression will not be corrected unless a SIL-IS is 

added to both the samples and the calibration standards.  
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concentrations were found to be very similar to the literature [123], while 5 times lower 

concentrations of UDP-Glc were measured in our study.   

The slightly higher absolute values for ATP and AMP were speculated to be due to lab to lab 

differences. The slightly lower concentration of ADP measured in our study was speculated 

to be due to the absence of IS. Thus, the losses during the sample preparation, as well as the 

possible ionization suppression, were not corrected which might lead to underestimation of 

the concentration. The same was speculated for UDP-Glc. Therefore, inspection of the HR-

MS spectra of the samples was performed. This was done, in order to investigate if there is 

another compound that elutes at the same time as ADP and UDP-Glc which might cause 

suppression and therefore underestimation of the concentration. At an RT where ADP elutes 

no other major ions were detected except for m/z 426.0221 that corresponds to ADP. Thus, 

the slightly lower concentration measured in our study might be due to losses during the 

sample preparation. However, at the RT where UDP-Glc elutes, high intensity peak with m/z 

of 96.96 was observed which corresponds to phosphate, thus causing strong suppression of 

the UDP-Glc MS signal. Regarding the concentrations of the redox compounds, Canelas et 

al. [123] reported only relative amounts and there was no clear explanation how these 

amounts were calculated. Therefore it was not possible to compare the values obtained for the 

redox compound in our study to those in the literature.  

2.1.4.2 Measurement of nucleotides in L. lactis 

The applicability of the developed ion-pair LC-QqQ method was assessed by measurement of 

ribo- and deoxyribonucleotides in L. lactis. In the current study 15 nucleotides were 

quantified including ATP, ADP and AMP which allowed determination of the ECR as a 

measure for the quality of the metabolomics data. In general, the intracellular pools of the 

ribonucleotides were higher than the deoxyribonucleotides. The deoxyribonucleotides were   

either close to the limit of detection or non-detectable. However, the concentrations of all 
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measured nucleotides using the ion-pair LC-QqQ method were higher than the concentration 

obtained using the 33P labeling followed by thin layer chromatography (TLC) [92]  (Figure 

22).  

 

Figure 122. Comparison of the measured intracellular concentrations by ion-pair LCiMS/MS using two 

quantification approaches with the concentrations determined using 33P labeling followed by TLC (dCMP, 

CMP, TMP, and UMP were not measured by TLC) [92]. 

 

Furthermore, the ratio between cytidine 5'-triphosphate (CTP) and deoxycytidine 5'-

triphosphate (dCTP) has been found to be between 5 and 8 in the cells [124], however in this 

case slightly higher concentration of dCTP was measured giving a CTP/dCTP ratio close to 

1. Even by growing L. lactis in a media that contained cytidine that should boost the CTP 

pool, the same ratio was obtained. On the contrary, the CTP/dCTP ratio in S. cerevisiae and 

CHO cells was found to have the expected value (between 5 and 8). In addition, similar 

concentration for CTP and dCTP were obtained with the two different quantification 

approaches (standard addition and external calibration). Therefore, the difference in the 

CTP/dCTP ratio between the current study and the literature was assumed to be due to 

physiology difference and not a technical error related to the analytical method.  
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2.1.4.3 Measurement of c-diGMP in R. mobilis 

The main idea of this study (Paper 2) was to investigate whether the shift between motile and 

sessile life in the marine bacteria, R. mobilis F1926, is correlated to the intracellular 

concentration of c-diGMP. It has previously been shown that c-diGMP regulates the 

transition between planktonic and attached phenotype in other bacteria [125]. Therefore 

intracellular levels of c-diGMP were measured in: i) the wild type (WT) strain, ii) the pYedQ 

plasmid carrying mutant that contained a gene encoding c-diGMP synthesizing diguanylate 

cyclase, iii) the pYhjH plasmid carrying mutant that contained a gene encoding c-diGMP-

degrading phosphodiesterase and iv) vector control strains F1926 pRK404A and F1926 

pBBR1MCS3. It should be noted that for all of the strains, both shaken and static cultures 

were grown in order to mimic the motile and sessile lifestyle. In general for all the strains, the 

film forming static cultures contained higher amounts of c-diGMP than the shaken cultures, 

where no film was formed. Furthermore, the introduction of pYedQ plasmid into Ruegeria 

mobilis F1926 increased the levels of c-diGMP under both shaken and static conditions when 

compared to the other strains. In addition, more aggregates were formed in the pYedQ 

plasmid carrying mutants than in the WT in both shaken and stagnant cultures. The static 

cultures of pYhjH plasmid carrying mutant, showed decreased concentrations of c-diGMP 

when compared to the vector control strain. The addition of the pYhjH plasmid caused 

formation of more motile cells in the static cultures and prevented formation of aggregates in 

the static cultures. The data obtained showed that the developed IP-RP LC-QqQ method was 

capable of detecting the altered levels of c-diGMP in the mutants. Moreover, the data 

obtained, confirmed the hypothesis that c-diGMP is the key second messenger in the 

transition between motile and sessile life also in R. mobilis. 
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2.1.4.4 Measurement of the intracellular metabolites in CHO cells 

The aim of this study was to investigate the effect on the central metabolism of an additional 

metabolic burden induced by recombinant protein production. Therefore seven clones with 

different EPO productivities were quenched followed by extraction of their metabolites. 

Different intracellular metabolites from the central carbon metabolism ranging from sugar 

phosphates, redox compounds as well as nucleotides were measured using the developed ion-

pair LC-QqQ method. As described in Paper 3 no differences in the ECR were detected 

among the CHO cells, showing that the cells energy metabolism is keeping up with the 

energy demand.   

2.1.4.5 Measurement of intracellular metabolites in M. corallina 

It should be mentioned that this was an EU project in collaboration with an italian company 

and due to confidentiality issues and lack of information, the data will be discussed only from 

analytical point of view.  

The main idea of this project was to develop an economically viable production process for a 

lantibiotic which is produced by M. corallina. Two different strains were used: i) WT that 

was able to produce the lantibiotic and ii) a null strain that did not produce the lantibiotic. 

When growing on nitrate as a nitrogen source, the two strains showed difference in the 

production of the lantabiotic. In order to check if the differences in the lantibiotic production 

between the two strains results in any differences in the energy metabolism, IP-RP LC-QqQ 

was used to determine the intracellular pools of ATP, ADP, AMP and the redox pairs: 

NAD+/NADH and NADP+/NADPH. For this purpose both the WT and the null strain were 

grown in the same minimal medium with glucose as a carbon source in continuous 

cultivations and samples were taken from the chemostat when steady state was reached. The 
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samples were quenched using -40 °C MeOH/H2O (60/40, v/v) and extracted using 

MeOH/CH3Cl (2:1, v/v) 

The results from the measurements of the intracellular metabolites are given in Table 7. 

Table 7. Intracellular concentration of the measured metabolites in M. corallina expressed in 

nmol/mgDW.  

  1The numbers in the brackets are the standard deviations
 
calculated from three technical replicates and two biological replicates. 

 

The main problems encountered during this study were both organism and sample 

preparation method related. The organism dependent problems were related to the slow 

growth of this organism. The generation of the biomass was a long process (doubling time ~ 

35 h), thus creating difficulties in the cases when some of the fermentations needed to be 

repeated. Consequently the frequency of sample generation was not as high as with the other 

organisms during this Ph.D. study, thus limiting the number of different sample preparation 

protocols that could be tested. The method dependent problems were related to the 

centrifugation as a technique for separation of the cells from the quenching supernatant. As 

explained in the sample preparation part, the pellet formed during the centrifugation was very 

easily re suspended in the quenching supernatant, thus resulting in losses of the biomass 

during the decanting.  This was considered to be the reason for the big standard deviations 

observed between the technical (n=3) and the biological (n=2) replicates (Table 7). Longer 

time than 5 min for centrifugation was not considered in order to avoid exposure of the cells 

to the quenching supernatant and loss of the metabolites due to leakage. Furthermore, 

 nmol/mgDW 

Strain  ATP ADP AMP NAD+ NADH NADP+ NADPH 

WT  2.9 (1.4)1 1.7 (0.8) 0.2 (0.1) 1.4 (0.7) ND 0.3 (0.1) 0.03 (0.009) 

Null strain 1.5 (0.8) 0.5 (0.3) 0.1 (0.03) 0.7 (0.6) 0.05 (0.04) 0.2 (0.03) 0.03 (0.01) 
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quantification of the NAD/NADH and NADP/NADPH pairs was considered to be very 

challenging. As previously explained in the development of IP-RP part, oxidation of NADH 

and NADPH into NAD+ and NADP+, respectively was happening in the injection vial. This 

resulted in very high NAD+/NADH and NADP+/NADPH ratios. As previously explained re-

dissolving the pure standards of NADH and NADPH in ammonium acetate pH 8, prevented 

the oxidation of these two compounds. Therefore re-dissolving the extracts into ammonium 

acetate pH 8 might solve the problem, however this needs to be further investigated.  

2.1.4.6 Measurement of intracellular metabolites in S. coelicolor 

The main idea behind the development of a method for quenching and extraction of 

intracellular metabolites from S. coelicolor was to investigate the effects of altered redox and 

energy levels in the metabolism on the production of the antibiotic actinorhodin (ACT). 

However, both the establishment of the sample preparation method (quenching and 

extraction) as well as the analysis of the redox compounds were challenging as explained 

previously. 

ACT synthesis is a high energy demanding process, where 6 molecules of NADPH, 16 

molecules of Ac-CoA and 16 molecules of ATP are utilized to produce one molecule of 

ACT. Consequently, it was expected that the production of ACT will be affected when the 

energy levels are perturbed. In this respect, two mutants were constructed by: i) 

overexpression of a nox gene that encodes an NADH oxidase that can oxidize NADH to 

NAD+ (oxp-nox) and ii) overexpression of a pos5 gene that encodes an NADH kinase that 

catalyzes the conversion of ATP and NADH into ADP and NADPH (oxp-pos5). The 

measurements of ACT in the two strains showed that the oxp-nox strain had an increased 

production of ACT while the oxp-pos5 showed decreased ACT production. Since the 

perturbations made were expected to also have an impact on the energy metabolism, the 

concentrations of ATP, ADP, AMP and the redox compounds were measured in the WT, the 
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oxp-nox and oxp-pos5 strains. The sampling was done at 6 different TP during batch 

fermentation: i) 3 TP during the exponential and ii) 3 TP during the antibiotic producing 

phase. It should be mentioned that the data regarding the redox compounds were not 

processed at the time when the thesis was written due to the lack of time. Therefore, only the 

concentrations of ATP, ADP and AMP are presented in this thesis.  

As explained previously in the part regarding the establishment of the quenching and 

extraction procedures, leakage was observed when S. coelicolor was quenched with the cold 

MeOH. Figure 23 shows the measured concentrations of the ATP, ADP and AMP in the 

biomass and the supernatant of the WT and the oxp-nox mutant. It should also be noted that 

due to lack of time the supernatants from the oxp-pos5 strain were not processed and 

therefore data on the leakage is presented only for the WT and the oxp-nox. Although leakage 

was observed, when looking at Figure 23, trend could be seen for the measured 

concentrations of ATP, ADP and AMP in the WT and the oxp-nox mutant.   
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Figure 23. Concentrations of ATP, ADP and AMP measured intracellular and in the quenching supernatant at 3 

TP in exponential phase from the WT and the oxp-nox strain of S. coelicolor.  The error bars indicate standard 

deviations from three technical replicates. 

Furthermore, the data from the measured concentrations of ATP, ADP and AMP in the 

biomass form the three strains (WT, oxp-nox, oxp-pos5) at 3 TP (TP1-3) during the 

exponential and 3 TP during the antibiotic production phase are given in Table 8.  
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in the thesis, problem with the oxidation of NADH and NADPH was observed. Since re-

dissolving the standards of these compounds into ammonium acetate pH 8 decreased the 

oxidation, re-dissolving the extract into the same solution might be taken into consideration 

in order to inspect if this will reduce the oxidation in the samples as well.  However, in order 

to get reliable data and confirm the assumptions presented here, quenching method that will 

result in less leakage needs to be established. 

2.2 Multitargeted approach using IP-RP LC-Q-TOF MS 

The main idea of the coupling the ion-pair method to the Q-TOF-MS instrument was to 

explore the applicability of the high resolution instrument for simultaneous identification of 

as many intracellular metabolites as possible (Paper 6). The feasibility of using the Q-TOF 

was evaluated with identification of compounds from three different organisms: S. cerevisiae, 

M. corallina and S. coelicolor.  

The multitargeted approach in this study included: i) aggressive dereplication of the full scan 

HR-MS data using search lists of known compounds and ii) MS/HRMS data searched in 

METLIN library. Both auto and all ions MS/MS approaches were investigated for obtaining 

fragmentation spectra. As previously explained in the introduction part, the auto MS/MS 

approach was based on the selection of a precursor ion by the quadrupole that is further on 

fragmented in the collision cell, while in the all ions MS/MS (MSE) approach all the ions 

generated are fragmented using low and high CE values. However, the all ions MS/MS 

approach was not suitable for the current study due to the similarities in the fragmentation 

patterns between the intracellular metabolites. For example all phosphorylated metabolites 

gave m/z 96.96 and m/z 78.959 and were primarily chosen by the software as qualifier ions. 

These two ions were considered to not be specific enough to confirm the identity of the 

compounds. Therefore, auto MS/MS approach was used for acquiring the MS/HRMS data.  
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The principle of the screening method was firstly to analyze the sample extract from the 

organism of interest using the ion-pair Q-TOF MS. Aggressive dereplication was done as 

described in Kildegaard et al. [126] by creating *.csv files that contained the empirical 

formula and the name of the compounds listed in an in-house database created in the ACD 

chemfolder format. This database was created by importing the online available metabolom 

databases of Escherichia coli (E. coli metabolome database, http://www.ecmdb.ca/) and yeast 

(Yeast Metabolome Database, http://www.ymdb.ca/) in the sdf format. Tentative 

identification was based on matching the accurate mass and isotopic pattern of the 

compounds in the search lists to that measured by the instrument. If a compound from the 

search lists was detected in the samples, the chromatographic peak that corresponds to that 

compound was colored. The aggressive dereplication was shown to be a fast approach for 

tentative identification of hundreds of compounds by using their accurate mass and isotopic 

pattern. The search lists could easily be changed and made more specific, which was an 

advantage when screening for only one group of compounds (e.g. nucleotides) was needed. 

Furthermore, the aggressive dereplication using search lists provided an ability to quickly get 

an overview of the possible isomers assigned to one peak.  

Although the data analysis approach described in this study yielded putative identifications 

for several hundreds of compounds in a very short time, one should also be aware of the 

pitfalls of this approach. Very often one peak was assigned to more than one compound and 

vice versa. If the adduct of one compound had the same mass as the molecular ion of another 

compound, the software was reporting two hits for the same peak. Therefore a manual 

inspection of the results was required which was considered as a bottleneck of the approach. 

Even though the approach was helpful in giving a quick overview of the structural isomers 

present in the sample, it was not able to distinguish between them unless an RT was 

available. Furthermore, an in-source fragmentation was also shown to lead to miss-
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Figure 24. Extracted ion chromatograms of the most intense peaks identified in S. cerevisiae, M. corallina and 

S. coelicolor using the aggressive dereplication in combination with the MS/HRMS data searched in METLIN 

library.  

 

In general the coupling of the ion-pair chromatography with Q-TOF-MS was shown to 

provide an opportunity to detect and identify many compounds. Having the full scan HR-MS 

data is very beneficial since they allow retrospective data analysis and search for other 

interesting target compounds that have been measured but have not been of interest for the 

current study. Processing the data using statistical tools can help in finding metabolites which 
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concentrations have been changed due to genetic manipulations or stress conditions. 

Furthermore, having the HR-MS and MS/HRMS data identification of the compounds can 

often be achieved without the need of standard compounds. The full scan data can help to 

identify the causes for suppression/enhancement of the MS signal. This information may help 

in improvement of the sample preparation method.     
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3. Future perspectives 

Despite the great progress within the microbial metabolomics, further research, especially on 

the sample preparation techniques, is highly required. This will help in understanding which 

sample preparation methods should be used for which type of organisms and analysis. 

Furthermore, knowing the shortcomings of the methods applied will help in understanding 

the limitations of the data collected. To minimize the variability between the laboratories and 

analysts, more standardized methods are highly needed. 

In order to improve the quenching of the bacteria the alternatives could include: i) measuring 

the intracellular metabolites in the total broth using the cold methanol quenching or ii) fast 

filtration since it could also solve the problem with instability of the biomass pellet of M. 

corallina obtained after centrifugation which resulted in biomass losses during decanting. 

Furthermore, standardized sampling system is highly required for future analysis of 

intracellular metabolites. This will increase the sampling frequency and will decrease the 

variations in the sample volume taken.  

For improving the analysis, lowering the amount of buffers used during the sample 

preparation would be very beneficial, especially in the MeOH/chloroform extraction. In the 

case when organic acids need to be analyzed a selective removal of phosphate using anion 

exchange SPE and low pH could be considered as a solution [105].  

Ammonium acetate (pH 8) showed to reduce the oxidation of NADH to NAD+ and NADPH 

to NADP+. By processing the standards prepared in the ammonium acetate through the 

sample preparation, one can investigate if oxidation occurs during the sample handling. 

Furthermore, re-dissolving of the sample extracts into ammonium acetate (pH 8) instead of 

TBA might improve the analysis of these compounds. However, further investigation of the 

long term stability of these compounds in the ammonium acetate solution is highly required. 
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Moreover, standardized analytical method validation strategies and reference materials for 

intracellular metabolites are sorely missing. These strategies are highly needed in order to 

confirm the accuracy and validity of the quantitative data acquired. Therefore, a debate in 

order to define the conditions and the metabolites for which this material will be produced is 

necessary in future. In respect to the validation of the analytical methods, the approach 

reported by Mashego et al. [113] which is an alternative to the SIL-IS approach used during 

this thesis, could be taken into consideration for future studies. In this approach extracts form 

cells grown on 13C labeled glucose are used as SIL-IS. The advantage of the Mashego et al. 

[113] approach is that SIL-IS will be obtained for compound for which there are no 

commercially available SIL-IS, thus improving the reliability of the quantitative data for 

those compounds. 

Finally, as proposed by Nielsen and Oliver [127] and Griffin [128], building a database that 

will contain accurately measured metabolites under standardized conditions can serve as a 

good reference and a good assessment of the developed methods used for quantifying 

intracellular metabolites. 
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4. Conclusion  

An IP-RP LC-MS based method was established for targeted and multitargeted analysis of 

intracellular metabolites from various microorganisms. 

The optimization of the detection resulted in optimized MRM transitions for more than 50 

metabolites including nucleotides, coenzymes, sugar phosphates and organic acids. IP-PR 

chromatography showed to give a good compromise between the retention and the separation 

of the metabolites of interest. The IP-RP method allowed separation of compounds with the 

same elemental composition (e.g. sugar phosphates, AMP/dGMP, G3P/DHAP) which was an 

advantage due to their similar fragmentation pattern. 

Several different quenching and extraction methods were tested for yeast, bacteria, 

filamentous fungi and mammalian cells. High ECR values (0.80-0.95) were obtained for 

yeast when cold MeOH was combined with either boiling EtOH or MeOH/chloroform as 

extraction methods. Formic acid showed to be a good quenching method for L. lactis but not 

for the filamentous bacteria M. corallina and S. coelicolor. The reason for this was speculated 

to be morphology related. Several other quenching techniques were tested for the filamentous 

bacteria based on saline, glycerol or cold methanol. The main problems observed were either 

low ECR or leakage during the quenching. As in the case for the filamentous bacteria, 

leakage during the cold methanol quenching was also observed for filamentous fungi. Ice 

cold 0.9 % (w/v) NaCl combined with MeOH/ACN as an extraction was shown to be able to 

stop the mammalian cell metabolism (ECR of 0.92). In this study, metabolites from 

glycolysis, TCA and PPP pathway were analyzed.  

The sample preparation showed to be very important step not only for obtaining meaningful 

metabolomics data but also for the analysis step itself. The buffering agents (e.g. EDTA or 

PIPES) used in the sample preparation as well as the highly abundant compounds present in 

the cells, such as phosphate, were shown to cause suppression of the LC-MS signal.   
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a b s t r a c t

Analysis of intracellular metabolites in bacteria is of utmost importance for systems biology and at the
same time analytically challenging due to the large difference in concentrations, multiple negative
charges, and high polarity of these compounds. To challenge this, a method based on dispersive solid
phase extraction with charcoal and subsequent analysis with ion-pair liquid chromatography coupled
with electrospray ionization tandem mass spectrometry was established for quanti�cation of intracellu-
lar pools of the 28 most important nucleotides. The method can handle extracts where cells leak during
the quenching. Using a Phenyl-Hexyl column and tributylamine as volatile ion-pair reagent, suf�cient
retention and separation was achieved for mono-, di-, and triphosphorylated nucleotides. Stable isotope
labeled nucleotides were used as internal standards for some analytes. The method was validated by
determination of the recovery, matrix effects, accuracy, linearity, and limit of detection based on spiking
of medium blank as well as standard addition to quenched Lactococcus lactis samples. For standard addi-
tion experiments, the isotope-labeled standards needed to be added in similar or higher concentrations
as the analytes. L. lactis samples had an energy charge of 0.97 – 0.001 which was consistent with litera-
ture, whereas some differences were observed compared with legacy data based on 33P labeling.

� 2013 Elsevier Inc. All rights reserved.

The nucleotides are particularly important parts of the intracel-
lular metabolome not only because of their role as substrates in the
synthesis of RNA and DNA but also because they are involved in
virtually every metabolic pathway either directly as providers of
energy or as allosteric effectors. Cyclic nucleotides have been
shown to be a part of many signaling pathways, guanine nucleo-
tides are involved in protein synthesis, and adenosine 50-triphos-
phate serves as a primary energy supply for transport, cell
motion, and many biosynthetic processes [1�4]. Thus, knowing
the intracellular concentration of nucleotides is important for
understanding many biological processes within the cell.

For quantitative measurement of nucleotide pools, the sample
preparation is of utmost importance because instant quenching
of the cell metabolism is required due to the very fast turnover
rates of the nucleotide pools within the cell [5,6]. This step can eas-
ily be a source of errors due to the possible enzymatic change of
nucleotide pools as well as cell leakage in cases where the cells
are separated from the growth medium [7]. Thus, merging the
quenching and extraction steps is a solution for leaky cells, as
shown by Martinussen and coworkers [8], where formic acid was

added to Lactococcus lactis cells and subsequently three freeze�
thaw cycles were used to extract the intracellular metabolites [9].

Puri�cation of the extracted intracellular metabolites is a dif�-
cult task, considering both the wide range of concentrations and
the diverse physiochemical properties of the intracellular metabo-
lites. Solid phase extraction (SPE)1 is a widely used method for
either sample cleanup or trace enrichment in a variety of matrices,
from environmental to biological samples [10�12]. Anastassiades
and coworkers [13] proposed an SPE method for cleanup of food
and environmental samples called dispersive solid phase extraction
(DSPE). In DSPE, the sorbent material is added to the extract to sep-
arate the compounds of interest from the matrix components and
then is removed from the extract by centrifugation. One of the main
advantages of using DSPE is the small amounts of sorbent and sol-
vent that are required, reducing handling and costs [11]. In this re-
gard, charcoal has been proven to be a suitable sorbent that is able
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to retain nucleotides from biological extracts [9,14]. Nucleotide
adsorption on charcoal is based on interaction of the aromatic ring
electrons from the purine or pyrimidine moiety with the p electrons
from the charcoal.

Quanti�cation methods for nucleotides, given in the literature,
involve incorporation of radioactive phosphate followed by one-
or two-dimensional thin-layer chromatography (TLC) [9,15] as well
as less sensitive and selective ion-pair, ion-exchange, and ion chro-
matography with �uorescence, ultraviolet, and conductivity detec-
tion [16�19]. In addition, the combination of liquid
chromatography (LC) and mass spectrometry (MS) has been shown
to be a powerful analytical technique for quantitative analysis of
nucleotides in Saccharomyces cerevisiae, Bacillus subtilis, Escherichia
coli, human plasma, and animal tissue [20�23]. In addition, LC�
MS/MS (tandem mass spectrometry) with porous graphitic carbon
as a stationary phase has been used for analysis of araCTP, CTP,
and dCTP [24]. LC�MS/MS ful�lls three important requirements
when dealing with analysis of intracellular metabolites: (i) sensitiv-
ity, (ii) wide linear range, and (iii) no need to form thermally stable
derivatives of the tri-, di-, or monophosphorylated nucleotides as re-
quired for gas chromatography mass spectrometry [6,25]. Due to the
high polarity and multiple charges, nucleotides are not well retained
under reversed phase conditions, and therefore methods such as
hydrophilic interaction chromatography (HILIC) and ion-exchange
chromatography are needed for their separation [26,27]. A subtype
of the latter is ion-pair chromatography that is made by dynamic
modi�cation of a reversed phase separation by coating the surface
with charged but still hydrophobic ion-pair reagent added to the
mobile phase [20,21,28,29]. Ion-pair chromatography is a promising
alternative especially when dealing with isomeric compounds that
any other chromatography technique fails to separate. Furthermore,
the hydrophobic parts of the nucleotides can also interact with the
hydrophobic parts of the reversed phase column, thereby giving
mixed-mode conditions. For compatibility with atmospheric ioniza-
tion techniques used for LC�MS, volatile ion-pairing reagents such
as tributyl-, dibutyl-, and triethylamine are required because the
ion source will clog within minutes of operation if a nonvolatile re-
agent such as tetrabutylamine is used [30].

When using LC�MS as a detection technique for analysis of
complex biological extracts, enhancement or suppression of the
ionization is often observed, resulting in different responses for
the compounds of interest than are seen from pure standard solu-
tions [31,32]. This occurs when target compounds coelute with
matrix interferences and, therefore, the modulation of the LC�MS
signal (i) affects reproducibility, (ii) leads to systematic errors,
and (iii) can obscure the detection of the target compound in ex-
treme cases.

To prevent the signal modulation especially observed in electro-
spray ionization (ESI), four alternatives exist: (i) development of
more selective chromatographic separation, (ii) better sample
puri�cation (e.g., by SPE), (iii) use of more sensitive MS instru-
ments that allow sample dilution, and (iv) use of stable isotope-la-
beled internal standards (ISs) that can compensate for matrix
effects [33]. Due to the similar physicochemical properties, the iso-
tope-labeled ISs also correct for losses and decomposition during
sample preparation.

In this study, we present an ion-pair LC isotope dilution MS/MS
method combined with charcoal sample puri�cations for analysis
of nucleotide pools. Tributylamine (TBA) was used as ion-pair re-
agent to modify the mobile phase and facilitate the retention of
the nucleotides. Subsequently the applicability of the method
was demonstrated by analysis of nucleotide pools in L. lactis. To
the best of the authors� knowledge, there is no previous report
regarding the combination of DSPE puri�cation using charcoal
and ion-pair LC�MS/MS analysis for determination of nucleotide
pool sizes.

Materials and methods

Materials

Nucleotide standards were purchased from Sigma�Aldrich
(Steinheim, Germany). Uniformly isotope-labeled (13C and/or 15N)
nucleotides were used as ISs and were purchased from Silantes
(Munich, Germany) and Sigma�Aldrich. The chemical purity and
isotope enrichment of the isotope-labeled nucleotides were more
than 90 and 98%, respectively, except for [U-13C]ATP, [U-13C]GTP,
and [U-13C15N]CTP, which had a chemical purity of 95%. Amino
acids, vitamins, glucose, inorganic salts, active charcoal (C3345),
hydrochloric acid (HCl), TBA (puriss. plus grade), 0.5 M dibutyl-
amine acetate (DBAA) concentrate (LC�MS grade), ethanol, metha-
nol, acetonitrile, and acetic acid (LC�MS grade) were obtained from
Sigma�Aldrich. Water was puri�ed using a Milli-Q system (Milli-
pore, Bedford, MA, USA).

Stock solutions

Stock solutions of the nucleotides with concentration of 1 mg/
ml were prepared in water and stored under �20 �C until use. Ali-
quots of the stock solutions were used to prepare the daily working
solutions by further dilution in 10 mM TBA and 10 mM acetic acid
solution. Stock solutions (1 and/or 0.2 mg/ml) of labeled ISs were
prepared in water and kept under �20 �C until use. The concentra-
tion of the labeled nucleotides used to prepare the IS mixture for
spiking the calibration standards and the extracts is given in
Table 1.

Cell growth and sampling

L. lactis wild-type strain was grown overnight at 30 �C on agar
plates containing M17 broth medium obtained from Oxoid sup-
plied with 1% glucose (GM17) [34]. Ten single colonies were used
to inoculate synthetic amino acid (SA) medium [35] containing
0.5% glucose. The culture was subjected to 10-fold dilution series
(up to 10�7) and grown overnight at 30 �C. Then 50 ml of culture
from the dilution where the cells were still in exponential growth
was transferred into 500 ml of preheated SA medium at 30 �C. The
OD450 of the cultures was measured continuously, starting from
0.03 until 0.5, when 5 ml of culture was quenched with 1 ml of
10 M cold formic acid, followed by the addition of 65 l l of IS mix-
ture. After vigorous mixing, the cultures were stored at �80 �C. For
extraction of the metabolites, the cultures were subjected to three
freeze�thaw cycles by placing the samples from a �80 �C freezer to
an icewater bath, followed by mixing. Then the samples were cen-
trifuged at 4248g and the supernatant (6.0 ml) was transferred to a
chilled Falcon tube.

Charcoal sample cleanup

Activated charcoal (0.75 g) was suspended in 5 ml of 96% etha-
nol and 45 ml of water and was vortexed. The suspension was cen-
trifuged for 20 min at 4248g and 4 �C, and the supernatant was
discarded. The pellet was then mixed with 1.5 ml of 1 M HCl and
centrifuged. After discarding the supernatant, the charcoal pellet
was washed with 10 ml of water three times and �nally resus-
pended in 1 ml of water.

The quenched bacterial sample was transferred to a chilled tube
containing 0.6 ml of the activated charcoal suspension and was
vigorously mixed and kept on ice. The suspension was centrifuged
for 20 min at 4248g and 4 �C. The supernatant was transferred to a
chilled Falcon tube and stored at �80 �C. The charcoal pellet was
washed two times with ice-cold water and centrifuged for
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20 min at 4248g and 4 �C. The nucleotides were eluted from the
charcoal with ice-cold solvent containing 2% NH3 and 50% acetoni-
trile in water. The samples were evaporated under nitrogen and �-
nally resuspended in 325 l l of 10 mM TBA and 10 mM acetic acid
solution.

UHPLC�MS/MS analysis

Analysis was performed on an Agilent 1290 binary ultra high-
performance liquid chromatography (UHPLC) system coupled with
an Agilent 6460 triple quadrupole system (Torrance, CA, USA)
equipped with an Agilent jet stream ESI source and was operated
in negative ion mode. Nitrogen was used as collision gas. The
source and fragmentation parameter were optimized for each of
the nucleotides using 10 l g/ml single standard dissolved in mobile
phase A (10 mM TBA containing 10 mM acetic acid), bypassing the
column. The most intense product ions were selected by increasing
the collision energy voltage in the product ion scan and monitoring
the intensity of their MS signal. The optimized ion-source-depen-
dent parameters were as follows: gas temperature, 300 �C; sheath
gas temperature, 400 �C; nebulizer gas �ow rate, 8 L/min; nebu-
lizer pressure, 50 psi; and capillary voltage, 4500 V. The entrance
potential (DEMV, electron multiplier voltage) was kept at 500 V
for all of the transitions. The mass spectrometer resolution was
set to ��unit�� in both Q1 (�rst quadrupole) and Q3 (third quadru-
pole). Unless otherwise stated, separation was performed by using
an Agilent Poroshell 120 Phenyl-Hexyl column (2.7 l m,
100 � 2.1 mm, operated at 40 �C). An Agilent 1290 In�nity in-line
�lter (0.3 l m) was used to protect the column. Mobile phase A
was 10 mM TBA and 10 mM acetic acid (pH 5.5), and mobile phase

B was 90% (v/v) methanol containing 10 mM TBA and 10 mM acetic
acid. The gradient used was as follows: 0 to 5 min of 0% B, 5 to
10 min of 0 to 2% B, 10 to 11 min of 2 to 9% B, 11 to 16 min of
9% B, 16 to 24 min of 9 to 50% B, 24 to 28.5 min of 100% B, 28.5
to 30 min of 100% B, 30 to 30.5 min of 100 to 0% B, and 30.5 to
36 min of 0% B. The injection volume was 10 l l. The LC�MS/MS
run was divided into three time segments. During the �rst (0�
11 min) and third (32�36 min) time segments, the valve from the
mass spectrometer was diverted to waste in order to minimize
the contamination of the source. The intracellular concentrations
were determined assuming an intracellular volume of 1.67 ml for
1 g (dry weight) of cells [36].

UHPLC accurate mass veri�cation

To investigate sample purity and adduct pattern and to verify the
dCTP/CTP ratio, few representative extracts were analyzed by pass-
ing the ef�uent coming from the Agilent 1290 binary UHPLC system
to an Agilent 6550 quadrupole time-of-�ight (QTOF) instrument
operated in ESI� in the 2-GHz extended dynamic mode at a resolu-
tion of 25,000 full width at half-maximum (FWHM). The QTOF
instrument was tuned for fragile molecules by lowering all of the
potentials in the ion path by 5 V relative to the autotune values.

Method validation and quanti�cation

For calculating the accuracy/recovery and precision, two ap-
proaches were used: (i) the standard addition approach for endog-
enous compounds proposed by Tsikas [37] and (ii) validation based
on spiking of the medium used for growing the cells. For the �rst

Table 1
Precursor and product ions of the labeled and unlabeled standards used in the analysis.

Nucleotide RT(min) Precursor
ion (m/z)

Product
ion (m/z)

Collision
energy (V)

Fragmentor
voltage (V)

Cell acceleration
voltage (V)

Labeled
nucleotides

Precursor
ion (m/z)

Product
ion (m/z)

Concentration
(l g/ml)a

AMP 22.1 346 79 20 130 3 [U-15N]AMP 350.8 79 2.5
ATP 26 505.9 273 30 95 3 [U-13C]ATP 515.9 278 100
CMP 18.5 322 79 40 120 4 [U-13C15N]CMP 334 79 2.5
CTP 25.6 481.9 159 30 125 4 [U-13C15N]CTP 493.9 159 6
dATP 26.2 489.9 158.9 35 130 3 [U-15N]dATP 495 158.7 2
dCMP 19.8 306 79 40 130 4 [U-13C15N]dCMP 318 79 1.25
dCTP 25.6 465.9 158.9 25 120 3 [U-13C15N]dCTP 477.9 158.9 5
dGMP 21.8 346 79 30 90 4 [U-13C15N]dGMP 361.1 79 2
dGTP 25.8 505.9 257 35 115 3 [U-13C15N]dGTP 521.1 262 2.5
TMP 21.9 321 124.9 20 110 4 [U-13C15N]TMP 333 131.8 1.5
GMP 20.8 362 79 25 110 4 [U-13C15N]GMP 377.1 79 2.5
GTP 25.7 521.9 159 35 100 3 [U-13C]GTP 531.9 159 60
TTP 26 480.9 159 25 100 3 [U-13C15N]TTP 493 159 1.5
UMP 20 323 79 40 100 4 [U-13C15N]UMP 334 79 2.5
UTP 25.8 482.9 159 30 95 4 [U-15N]UTP 485.1 158.9 50
ADP 24.7 425.9 134 25 115 3 � � � �
cAMP 21.1 328.1 134 25 115 4 � � � �
c-diGMP 23.5 689 149.9 35 100 4 � � � �
CDP 24.4 401.9 79 40 90 4 � � � �
cGMP 19.3 344 150 25 115 3 � � � �
dUMP 21.1 307 195 15 110 4 � � � �
IMP 21 347 79 35 115 4 � � � �
OMP 24.4 367 79 25 95 3 � � � �
UDP-Glc 21.8 564.9 323 30 120 3 � � � �
UDP 24.4 402.9 79 40 115 3 � � � �
XMP 24.5 363 211.1 20 100 4 � � � �
ZMP 20.7 337 78.9 35 115 3 � � � �
GDP 24.3 442 159 30 120 3 � � � �

Note: Retention time (RT), optimized collision energy, fragmentor voltage, and cell acceleration voltage of the multiple reaction monitoring transitions are also given in the
table. c-di-GMP, cyclic diguanylate; UDP-Glc, uridine diphosphate glucose; GTP, guanosine-50-triphosphate; ATP, adenosine-50-triphosphate; dGTP, deoxyguanosine tri-
phosphate; dATP, deoxyadenosine triphosphate; UTP, uridine-50-triphosphate; CTP, cytidine-50-triphosphate; TTP, thymidine triphosphate; dCTP, deoxycytidine triphos-
phate; GDP, guanosine-50-diphosphate; ADP, adenosine-50-diphosphate; UDP, uridine-50-diphosphate; CDP, cytidine-50-diphosphate; OMP, orotidine-50-monophosphate;
XMP, xanthosine monophosphate; GMP, guanosine-50-monophosphate; IMP, inosine-50-monophosphate; AMP, adenosine-50-monophosphate; dGMP, deoxyguanosine
monophosphate; cGMP, guanosine cyclic-30 ,50-monophosphate; ZMP, 5-aminoimidazole-4-carboxamide ribotide; cAMP, adenosine cyclic-30 ,50-monophosphate; UMP, uri-
dine-50-monophosphate; CMP, cytidine-50-monophosphate; TMP, thymidine monophosphate; dUMP, deoxyuridine monophosphate; dCMP, deoxycytidine monophosphate.
The experimental details are given in Materials and Methods.

a Concentration of the labeled nucleotides in the IS mixture used to spike the calibration standards and the extracts for the quanti�cation experiments.

168 Quanti�cation of nucleotide pools / O. Magdenoska et al. / Anal. Biochem. 440 (2013) 166�177



Table 2
Accuracy and precision of the standard addition experiment including the determined intracellular nucleotide amounts in L. lactis.

Nucleotide R2 LOD
(l g)

Measureda

(l g)
Added amountb (l g) Day 1 Day 2 Day 3 nmol/mg

dry
weight

Intracellular
concentration
(l M) dAccuracyc(%) Precisionc(RSD%) Accuracy

(%)
Precision
(RSD%)

Accuracy
(%)

Precision
(RSD%)

With IS AMP 0.992 0.004 0.07 0.05 0.11 0.16 0.22 0.27 87 17 95 9 87 2 0.4 0.2
ATP 0.995 0.004 4 1.66 3.33 4.99 6.66 8.32 88 17 88 15 87 15 16 10
CMP 0.995 0.03 0.01 0.08 0.16 0.24 0.32 0.40 94 7 84 19 94 6 0.1 0.1
CTP 0.985 0.001 0.3 0.11 0.21 0.32 0.43 0.53 88 16 85 17 82 19 1 0.6

dATP 0.987 0.001 0.1 0.02 0.05 0.07 0.09 0.12 95 6 95 1 94 10 0.4 0.2
dCMP 0.994 0.002 0.005 0.02 0.04 0.06 0.08 0.10 91 13 91 14 88 8 0.03 0.02
dCTP 0.993 0.003 0.3 0.17 0.33 0.50 0.67 0.83 93 9 90 11 93 10 1.4 0.9
dGMP 0.990 0.015 ND 0.17 0.33 0.50 0.67 0.84 94 4 93 12 94 7 ND ND
dGTP 0.95 0.008 0.01 0.10 0.20 0.29 0.39 0.49 92 5 89 17 86 23 0.04 0.03
dTMP 0.991 0.003 0.05 0.08 0.15 0.23 0.30 0.38 95 7 94 8 90 7 0.3 0.2
GMP 0.992 0.005 0.02 0.03 0.07 0.10 0.13 0.16 89 2 84 18 89 12 0.1 0.05
GTP 0.994 0.003 3 1.68 3.36 5.04 6.72 8.40 93 8 86 11 96 0.4 10 6

TTP 0.991 0.001 0.2 0.17 0.34 0.51 0.68 0.85 84 19 92 9 85 11 0.8 0.5
UMP 0.991 0.001 0.1 0.09 0.17 0.26 0.35 0.43 86 11 92 14 89 8 0.5 0.3
UTP 0.992 0.001 1 0.79 1.59 2.38 3.17 3.96 84 22 98 1 86 13 5 3

Without
IS

ADP 0.975 0.004 0.4 0.02 0.04 0.06 0.08 0.10 87 2 95 1 99 2 1.7 1
cAMP 0.987 0.001 ND 0.02 0.04 0.07 0.09 0.11 92 14 76 14 89 7 ND ND
cdiGMP 0.988 0.001 ND 0.05 0.10 0.15 0.19 0.24 87 6 91 14 91 11 ND ND

CDP 0.99 0.009 0.003 0.08 0.16 0.25 0.33 0.41 85 19 66 34 84 6 0.02 0.01
cGMP 0.986 0.001 ND 0.02 0.04 0.05 0.07 0.09 86 12 85 19 88 14 ND ND
dUMP 0.982 0.002 ND 0.08 0.17 0.25 0.33 0.41 84 4 84 4 96 8 ND ND
IMP 0.798 0.002 0.1 0.05 0.10 0.15 0.20 0.25 79 7 80 2 80 8 0.6 0.4
OMP 0.981 0.003 ND 0.06 0.12 0.17 0.23 0.29 85 9 84 15 91 8 ND ND
UDP-Glc Failed 0.00001 0.04 0.08 0.12 0.16 0.20 255 59 115 87 862 173 � �
UDP 0.987 0.004 0.04 0.07 0.14 0.22 0.29 0.36 89 11 95 1 83 21 0.2 0.1
XMP 0.984 0.002 0.1 0.16 0.32 0.49 0.65 0.81 89 3 86 20 86 16 0.5 0.3

ZMP 0.923 0.09 0.02 0.15 0.30 0.45 0.60 0.75 88 16 86 5 85 2 0.12 0.07
GDP 0.99 0.003 0.002 0.04 0.08 0.12 0.16 0.20 85 18 91 9 91 13 0.003 0.002

a Amount measured in the sample before spiking.
b Externally added amounts of a particular nucleotide.
c Accuracy and precision of the measurement of the underlined added amount of a particular nucleotide on 3 different days.
d Concentration determined assuming an intracellular volume of 1.67 ml for 1 g dry weight of cells [29]. ND not detected.
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approach, a mixture containing 28 target nucleotides at different
concentrations was prepared in levels of approximately 0, 40, 80,
120, 160, and 200% of the mass (Table 2) determined in L. lactis
samples via external calibration. For the compounds that were
not detected in the L. lactis samples, the concentration in the mix-
ture was approximately 50 times the limit of detection (LOD) in
spiked growth medium.

For the standard addition approach, a 500-ml batch of L. lactis
culture was quenched by transferring 20 ml of culture into 100-
ml Erlenmeyer �asks containing cold 4 ml of 10 M formic acid, fol-
lowed by freezing at �80 �C. After thawing, all cultures were pooled
together. The pooled culture was divided by pipetting 6 ml into 15-
ml Falcon tubes. These cultures were used in the spiking experi-
ments done on 3 different days by spiking 0, 30, 60, 90, 120, and
150 l l (each level in triplicates) of the concentrated nucleotide
mixture and 65 l l of IS mixture (Table 1), resulting in 54 validation
samples in total.

For the spiked growth medium validation approach, three
groups of samples were prepared: (i) in the neat solution (eluent
A), (ii) spiking the medium after charcoal puri�cation and (iii) spik-
ing the medium before charcoal puri�cation by adding 65 l l of IS
mixture and all target nucleotides to concentrations of 0, 0.1, 0.3,
0.6, 1.2, and 6 l g/ml. The samples were prepared in triplicates
and analyzed by UHPLC�MS/MS on 3 different days.

The calibration curves, for the nucleotides for which isotope-la-
beled analog was added, were constructed by plotting the peak
area ratios of the unlabeled nucleotide standard to the correspond-
ing labeled one versus the concentrations of the nucleotide stan-
dard added. For the nucleotides where no IS was added, the
calibration curves were constructed by plotting the peak area of
the nucleotide versus the concentration of the nucleotide standard
added. The quanti�cation was done in Excel. The LOD for the nucle-
otides was determined at a signal-to-noise (S/N) ratio of 5 from
samples spiked in the medium, followed by charcoal puri�cation.

Assessment of matrix effects from growth medium

The approach of Matuszewski and coworkers [32] was used for
determination of the matrix effects coming from the medium. Two
groups of samples were prepared: (i) in the neat solution (eluent A)
and (ii) in the medium after charcoal puri�cation (in triplicates) by
adding 65 l l of IS mixture and all target nucleotides to concentra-
tions of 0, 0.1, 0.3, 0.6, 1.2, and 6 l g/ml. The samples were analyzed
by UHPLC�MS/MS on 3 different days.

The matrix effects were determined by the ratio of the slope of
the calibration curve (1/x weighting) of standards in the neat solu-
tion and in the medium spiked after charcoal puri�cation.

Assessment of matrix effects of ATP by T-piece infusion test

To study the total ion suppression, a T-piece infusion test was
conducted [38] using 10 l g/ml ATP standard prepared in the mo-
bile phase. This was continuously infused in the eluent from the
UHPLC using a syringe pump at 5 l l/min. While monitoring the
signal from the infusion, three different samples were injected
and separated on the �nal gradient method: (i) mobile phase, (ii)
medium used for growing the cells previously puri�ed with char-
coal, and (iii) L. lactis extract puri�ed with charcoal.

Results and discussion

Optimization of MS parameters

Due to the strongly ionizing TBA in the eluents, it was only pos-
sible to operate the mass spectrometer in negative mode, where all

target compounds generated [M�H]� as the most intense ion. The
nucleotides with similarities in their structure (e.g., those contain-
ing purine base or mono-, di-, or triphosphate groups) showed a
common fragmentation pattern. The fragments used for quanti�-
cation as well as the optimized collision energy, fragmentor, and
cell accelerator voltage values for each fragment are given in
Table 1.

Optimization of ion-pair chromatography

To �nd the separation conditions for the nucleotides, two vola-
tile ion-pair reagents were tested: 10 mM DBAA (pH 7.3) and
10 mM TBA containing 10 mM acetic acid (pH 5.5). Both ion-pair
reagents gave suf�cient retention for both deoxy- and ribonucleo-
tides that increased in the order of monophosphates < diphos-
phates < triphosphates, as reported previously by others [20]. The
number of phosphate groups, interacting with the ion-pair reagent,
determined the elution pattern. As expected, DBAA gave less reten-
tion of the nucleotides compared with TBA, which was explainable
by the one fewer alkyl chain. During method optimization, various
reversed columns were also tested: Phenomenex Luna C18(2)-HST
and Onyx Monilithic C18, Agilent Zorbax extended C18, and Poro-
shell 120 Phenyl-Hexyl. It was noted that the Onyx Monolithic col-
umn was signi�cantly less retentive than the other columns and
gave broader chromatographic peaks. In general, the Poroshell
120 Phenyl-Hexyl column gave better spreading and less tailing
of the chromatographic peaks (data not shown) and, thus, was se-
lected as our standard column.

For the separation, Buescher and coworkers� chromatographic
gradient [39] was taken as a starting point, but because interfer-
ence was observed from A+1 isotopomer on compounds with a
1-Da higher mass (e.g., UMP and CMP with [M�H]� ions of 323
and 322, respectively), a better separation was needed and it was
necessary to use a less steep gradient between 16 and 24 min.
For total elution of the nucleotides, it was necessary to increase
phase B to 100%.

When conducting the experiments with TBA and dibutylamine,
it was noticed that the analysis in which TBA was used as ion-pair
reagent gave at least a 5-fold increase in intensity of all the nucle-
otides. To investigate the effect of the pH of the eluents, additional
experiments were performed at pHs 7.3 and 5.5 for both dibutyl-
amine and TBA. In these experiments, the concentration of the acid
was changed, whereas the concentration of ion-pair reagent was
kept constant. As expected by reducing the acetic acid concentra-
tion in both TBA and dibutylamine eluent, there was an increase
of nucleotide retention due to the reduced competitive effect of
the acetate [29]. When compared, the results obtained with dibu-
tylamine at two different pHs showed only minor differences in the
nucleotide signal intensities. The decrease in the acetic acid con-
centration (pH 7.3), when TBA was used as eluent, led to a decrease
of the MS signal for the monophosphates and diphosphates when
compared with the analysis obtained with pH 5.5 TBA, but better
peak shape and increased MS signal for the triphosphates were ob-
tained with pH 7.3 TBA. Due to a lack of reproducibility of the chro-
matography obtained using pH 7.3 TBA as eluent and the lower
signal intensity obtained with dibutylamine as ion-pair reagent,
pH 5.5 TBA was chosen as eluent for further experiments.

In addition, the effect of the solvent used to prepare the samples
on the UHPLC�MS/MS analysis was investigated. It was noted that
when standard solutions were prepared in mobile phase A, a 2-fold
increase of the signal intensity for the nucleotides was observed
compared with the standards prepared in water/methanol mix-
ture. This effect was more prominent when higher injection vol-
umes were used. Not only an increase of the intensity but also a
reduction of the peak tailing was observed when preparing the
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standard solutions in mobile phase A, which corresponded to basic
chromatographic rules for achieving better peak shape.

Due to their identical elemental composition, ATP and AMP
had the same precursor m/z as dGTP and dGMP, respectively.
AMP and dGMP were separated, which was not the case for
ATP and dGTP. MS separation was achieved for the latter two
by identifying fragments generated as a result of loss of adenine
and guanine units, respectively. Fig. 1 shows the chromatograms
of the nucleotides obtained by measurement of 1.2 l g/ml stan-
dard mixture.

Due to the one mass unit difference between UMP and CMP, it
was necessary to achieve baseline separation in order to eliminate

the contribution of the [M�H] � A+1 isotopic ion of CMP (m/z 322)
to the [M�H]� ion of UMP (m/z 323). The same was achieved for
dTMP (m/z 321), dUMP (m/z 307), and dCMP (m/z 306), IMP (m/z
347), AMP (m/z 346), and dGMP (m/z 346), and XMP (m/z 363)
and GMP (m/z 362). Suf�cient separation was obtained for CTP
(m/z 482) and dTTP (m/z 481) as well, but not for UTP (m/z 483)
and CTP (m/z 482). Therefore, inspection of the chromatograms
and manual correction of the software automatic integration of
the peaks needed to be done. The latter one was applicable for
UDP and CDP as well.

Fig. 2 shows the chromatograms of the unlabeled nucleotides
from L. lactis together with the added isotope-labeled analogs.
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Fig. 1. Chromatograms of the nucleotides obtained from the analysis of 1.2 l g/ml standard mixture. The second time segment, when the nucleotides elute from the column,
is shown in the �gure. The experimental conditions are given in Materials and Methods. For abbreviations, see note in Table 1.
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The retention times of the nucleotides detected in the extract were
consistent with those from the standard mixture.

Optimization of sample charcoal puri�cation

Jendresen and coworkers [9] used charcoal for sample puri�ca-
tion in combination with TLC detection of radioactively 33P-labeled
nucleotides. On the basis of their �ndings, more detailed investiga-
tion was performed on each step of the charcoal cleanup proce-
dure. By analyzing the second step of elution, it was found that
only a small amount of the nucleotides remained bound to the
charcoal. For ATP, this amount was less than 10% when compared
with the whole amount eluted in the �rst and second elutions
(data not shown). To avoid the possible elution of undesired impu-
rities in the second elution step, further experiments were per-
formed with only one elution step. Moreover, to determine the

amount of unbound nucleotides, the supernatant was subjected
to a second charcoal extraction step. The analysis showed that an
insigni�cant amount (e.g., for ATP, <2% of the total amount de-
tected) of the nucleotides remains in the supernatant unretained
by the charcoal (data not shown).

In addition, different organic modi�ers such as ethanol, metha-
nol, isopropanol, and acetonitrile in combination with 2% ammonia
or 30 mM ion-pair reagent were tested as solvents for eluting the
nucleotides from the charcoal. Fig. 3 summarizes the results ob-
tained using different eluents for the elution of the nucleotides
from the charcoal. It is shown that in combination with 2% ammo-
nia, 50% (v/v) acetonitrile showed slightly better elution power
when compared with the other organic modi�ers. For example,
15% more ATP was eluted from the charcoal by using 2% ammonia
and 50% acetonitrile compared with the ethanol/ammonia mixture.
On the other hand, the combination of organic modi�er and ion-
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Fig. 2. Chromatograms of the unlabeled nucleotides from L. lactis together with the added isotope-labeled analogs.
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lian cells (Chinese hamster ovary [CHO] cells, saline quenched
[42]) as well as S. cerevisiae (60% cold methanol, quenched) showed
the expected CTP/dCTP ratio (results not shown), suggesting that
the unexpected CTP/dCTP ratio is caused by cell physiology and
not a technical error. When compared with the amounts of the
nucleotides determined by TLC detection of radioactively 33P-la-
beled nucleotides by Jendresen and coworkers [9] (Fig. 5), higher
concentrations were measured with the LC�MS/MS method for
most of the compounds. Because both LC�MS/MS calibration meth-
ods gave the same results, this supports the results obtained here
and substantiates that the cells may have been in different physi-
ological states in the two experimental setups. We are currently
pursuing an explanation for these issues.

Conclusion

An analytical method for 28 nucleotides in L. lactis has been
established. The method can, via charcoal puri�cation, handle ex-
tracts where the fragile cells leaks during the quenching. In addi-
tion, separation of isobaric and most of the compounds that
differ in one mass unit (e.g., dTMP, dUMP, dCMP) was achieved
either by MS/MS (speci�c fragments) or chromatographically. The
combination of ion-pair LC�MS/MS together with charcoal sample
preparation proved to be suitable for simultaneous analysis of
mono-, di-, and triphosphorylated deoxy- and ribonucleotides
and partly sugar nucleotides. The method was successfully applied
for analysis of nucleotide pools in L. lactis but also showed that for
the standard addition experiment the isotope-labeled standards
needed to be added in similar or higher concentrations as the
analytes.
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