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SUMMARY 

 

The objective of this work is the development of quantitative methods, based on LC-MS, targeting 

small intracellular metabolites in yeast and yeast derived products. Development covers all aspects 

from sample preparation to detection by complementary separation and mass spectrometric detection 

systems. 

The first presented method is dedicated to the quantitative profiling of nucleotides, nucleosides and 

nucleobases by LC-MS/MS. Excellent separation of these analytes was found using a reversed phase 

material which is compatible with 100 % aqueous eluent and which can be applied for polar analytes. 

Comparison with other separations revealed superior separation efficiency than hydrophilic interaction 

liquid chromatography (HILIC) and lower limits of detection compared to ion pair chromatography 

which is the most frequently used separation of nucleotides. Moreover separation of the isomer 5', 3' 

and 2' ribonucleotides was achieved. Employment of ESI-triple quadrupole MS enabled selective and 

interference-free detection of nucleotides, nucleosides and nucleobases. The method was applied in 

nucleotide enriched yeast autolysates which are used as feed supplements. These products are 

provided in freeze dried powderous form which made sample preparation simple and straightforward. 

The main focus was put – due to the absence of certified reference material – on the development and 

validation of a complementary mass spectrometric method. The reversed phase separation was 

therefore combined to complementary detection via inductively coupled plasma MS and determination 

of nucleotides was conducted via phosphorous detection.  

The second presented method deals with quantitative metabolite profiling of living yeast cells from the 

bioreactor. Fast sampling, the arrest of metabolic activity, efficient cell extraction and the avoidance or 

compensation of any losses were the main challenges here for accurate quantification. The established 

sample preparation, which was optimized for the yeast Pichia pastoris, consists of quenching with 

cold methanol, separation and washing of the biomass, cell extraction with boiling ethanol, 

evaporation of the extraction solvent, reconstitution and dilution. The multitarget analysis of a wide 

range of intracellular metabolites (organic acids, amino acids, nucleotides and vitamins) was carried 

out via LC-MS/MS employing reversed phase LC, HILIC and triple quadrupole MS. Furthermore, a 

fully 13C labeled yeast extract was produced and its suitability as internal standard was evaluated. 

Within this work, this labeled cell extract was used as a tool to evaluate the recoveries and 

repeatability precisions of the cell extraction and the extract treatment. For this purpose the labeled 

cell extract was spiked to a set of cell samples at three distinct steps of sample preparation procedure 

and the metabolites were measured both in monoisotopic 12C and fully labeled 13C form. Finally the 

total combined uncertainties of the sample preparation procedure for yeast could be estimated using a 

model equation for uncertainty budgeting and error propagation for all input variables.  
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ZUSAMMENFASSUNG 

 

Ziel der vorliegenden Dissertation war die Entwicklung analytischer Methoden zur Quantifizierung 

von Metaboliten in Hefe und Hefeprodukten. Die Methodenentwicklung umfasste hierbei sowohl die 

Probenvorbereitung zur Extraktion intrazellulärer Metabolite als auch die quantitative Messung dieser 

Metabolite mittels Flüssigkeitschromatographie (LC) in Kombination mit massenspektrometrischen 

Detektionsmethoden (MS). 

Der erste Teil der Dissertation beschäftigt sich mit der Quantifizierung von Nukleotiden in 

Hefeprodukten, welche wegen ihres hohen Nukleotidgehaltes als Nahrungsergänzungsmittel in der 

Tierzucht zur Anwendung kommen. Verschiedenste chromatographische Trennmethoden wurden 

untersucht, mit dem Ziel möglichst das gesamte Spektrum von Nukleotiden, Nukleosiden und 

Nukleobasen mit einer Methode zu erfassen. Eine Umkehrphasen-Trennung erwies sich im Vergleich 

zu anderen Techniken (Hydrophile Interaktions Chromatographie (HILIC), 

Ionenpaarchromatographie) als überlegen, da hier hohe Robustheit, niedrigste Nachweisgrenzen und 

effiziente Trennung - bis hin zu Isomerentrennungen - erreicht werden konnten. Zur Validierung der 

quantitativen Methode, welche auf molekülmassenspektrometrischer Detektion (Triple Quadrupol 

Massenspektrometer) basiert, wurde eine komplementäre Methode basierend auf anorganischer 

Massenspektrometrie (Induktiv gekoppeltes Plasma-MS, ICP-MS) entwickelt. Die letztere Methode, 

eine neue Phosphor Speziationsmethode, wurde zur Vergleichsmessung herangezogen. 

Der zweite Teil der Dissertation befasst sich mit der Quantifizierung von intrazellulären Metaboliten 

(organische Säuren, Aminosäuren, Nukleotide und Vitamine) in Hefe. Um den Stoffwechselzustand 

lebender Zellen beschreiben zu können, sind eine schnelle Probennahme der intakten Zellen aus dem 

Fermenter, sofortige und vollständige Inaktivierung aller Enzyme und effiziente Zellextraktion 

unumgänglich. Verluste während der Extraktion müssen gering gehalten oder berücksichtigt werden. 

Ein all diesen Anforderungen entsprechendes Probenvorbereitungsprotokoll wurde für die Hefe Pichia 

pastoris entwickelt. Zusätzlich schuf die Herstellung vollständig 13C markierter Zellextrakte den 

Zugang zu 13C markierten Metaboliten. Als interner Standard verwendet ermöglichen 13C Extrakte die 

Anwendung des Prinzips der Isotopenverdünnung zur Quantifizierung. Zudem wurde der 

isotopenmarkierte Zellextrakt zur Bestimmung von Wiederfindungsraten sowohl einzelner 

Probenvorbereitungsschritte als auch der gesamten Probenvorbereitung eingesetzt. Die Messung der 

Proben erfolgte mittels zweier orthogonaler Trennmethoden (Umkehrphasenchromatographie und 

HILIC) in Kombination mit MS/MS Detektion. Die hiermit für 27 Metaboliten gewonnenen Daten 

zeigen Wiederfindungsraten der gesamten Probenvorbereitung von 60 % bis 100 % mit 

Wiederholpräzisionen von unter 10 %. Weiters wurden diese Daten zur Berechnung der 

Messunsicherheit herangezogen. 
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PREFACE 

 

The analytical methods developed during this work imply targeted quantification of selected 

metabolites in yeast. The methodology can be termed quantitative metabolite profiling, an integral part 

of metabolomics. In the following section the relevant terms in the field of metabolomics are described 

including system biology. The brief glossary is followed by an introduction to metabolome analysis of 

microorganisms with a focus on the challenges of sampling and sample preparation. Finally recent 

developments in mass spectrometry and separation techniques used in metabolomic studies are 

explained. 

 

1 INTRODUCTION TO METABOLOMICS 

 

A great leap forward in biological sciences over the past few years was enabled by the fast 

improvement in analytical procedures and bioinformatics. Comprehensive investigation of living 

organisms at the molecular level was initialized by sequencing the DNA of whole genomes and was 

advanced by identification of all RNA molecules present in a cell (the transcriptome) and all proteins 

expressed by a genome (the proteome). Expansion of this hierarchic ladder proposed the analysis of all 

metabolites in an organism (metabolomics) because metabolite levels in living cells are regulated by 

the concentration and activity of enzymes that are themselves dependant on the transcription and 

translation of genes [1][2][3][4][5][6]. 

Thus, metabolomics in its original meaning is the comprehensive (qualitative and quantitative) 

analysis of all metabolites present in the investigated biological system. The very holistic approach 

demands identification and quantification of the complete set of all low molecular weight (< 1000 Da) 

metabolites [2][3][5][6]. This ultimate goal has not been reached yet because of the high chemical, 

physical and structural diversity of metabolites. The spectrum of metabolites comprises inorganic 

ionic species, small organic compounds like organic acids, alcohols and ketones, the monomeric units 

of biopolymers like monosaccharides, amino acids and nucleotides as well as hydrophobic lipids. 

Despite these primary metabolites, which are present in every living cell, a huge number of secundary 

metabolites – depending on the organism – can be added, resulting in around 1000 metabolites for 

Saccharomyces cerevisiae [7][8], or up to 200,000 metabolites in plants [2][3][9]. Furthermore, a 

metabolite level is a complex function of many regulatory processes inside cells e.g. regulation of 

transcription and translation or allosteric regulation of enzymes; it is highly dynamic and dependant to 

genetic and environmental changes. Summing up, the diversity of analytes makes simultaneous 

extraction and determination of the complete metabolome impossible and the complexity of a 

biological system impedes straightforward integration of metabolome data with transcriptome and 

proteome data. 
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Alternatively, various analytical strategies have been designed up to now to study the different aspects 

of the whole metabolism. Therefore the term metabolomics (or metabolome analysis) is considered 

also as the umbrella term for the different analytical approaches and data evaluation to achieve 

information about metabolites in a biological system [4][5]. The analytical strategies can be 

categorized in (1) targeted approaches; a limited number of predefined metabolites are investigated 

and often quantified, and (2) non targeted approaches; samples are rapidly classified by global 

metabolite patterns usually without quantification or even identification of individual metabolites. 

Further classification leads to a metabolomics related terminology which is yet not consistent in 

literature. Six frequently used expressions for analytical approaches in metabolomics are discussed 

briefly below: 

(1) Metabolite target analysis is restricted exclusively to the substrate or the direct product of the 

corresponded enzyme. Extensive sample cleanup protocols can be implemented in order to improve 

signal to noise ratio [2][3]. 

(2) In Metabolite profiling (or sometimes metabolic profiling), a number of metabolites according to a 

class of compounds or to their association with a specific pathway are predefined. Sample preparation 

considers the chemical properties of the target compounds and aims mainly at reduction of matrix 

effects. Quantification is often included [2][3][5]. Confusingly the term metabolite profiling was also 

used as the synonym for non targeted approaches [4]. 

(3) Metabolic fingerprinting is a non targeted approach where a large number of intracellular 

metabolites are screened and metabolite patterns are compared [2][3][5]. 

(4) Metabolic footprinting is a similar approach to metabolic fingerprinting aiming at the extracellular 

metabolites [2][3][5]. In microbial metabolomics intra- and extracellular metabolites are also called 

endometabolome and exometabolome respectively [10]. 

(5) In Metabolic flux analysis (MFA), enzymatic steady-state reaction rates are integrated in order to 

describe metabolic flux networks. MFA is usually accomplished by use of 13C tracer experiments [11]. 

(6) Metabonomics is often used for monitoring in biofluids of non-plant systems [6] whereas it is also 

equivocally used as a synonym for metabolomics [12]. 

 

2 QUANTITATIVE METABOLIC PROFILING OF MICROORGANISMS 

 

2.1. Introduction to microbial metabolomics 

 

In industrial biotechnology, sometimes also referred to as white biotechnology, micro-organisms are 

used for production of a wide range of bio-products such as enzymes, antibiotics, food additives and 

bulk chemicals. These processes typically start with the cultivation of optimized microbial strains in 

bioreactors at ideal production conditions followed by the downstream processing where the desired 

products are separated from the cultivation broth and purified. Great potentials of optimized 
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biotechnological production processes are the limitation of the consumption of fossil raw materials by 

the replacement of established chemical production processes or the production of new and high value 

added products such as enzymes and pharmaceuticals. The employed microbial strains are either 

obtained from classical strain development based on random mutagenesis and selection procedures 

(e.g. citric acid from Aspergillus niger, penicillin from certain species of Penicillium) or from 

recombinant DNA technology (e.g. insulin from E. coli). The production rates and concentrations are 

always linked to primary metabolism independent if primary or secondary metabolic products are in 

demand. The primary central carbon metabolism provides precursors, cofactors and biochemical 

energy in the form of ATP. Hence the understanding of the primary cellular metabolism is required for 

optimization of biotechnological process in general and engineering of superior microbial cells 

(metabolic engineering) in particular [10][13]. 

Quantification of intracellular metabolite levels (metabolite pools), often in connection with data from 

metabolic flux analysis, help to indentify bottlenecks in the metabolic reaction network, and hence to 

predict targets for metabolic engineering. Metabolomic studies require microorganisms grown under 

controlled environment (temperature, pH, medium components and oxygen supply) in order to achieve 

reproducible results. Often continuous cultivations in a laboratory scale are used because the specific 

growth rate (µ) can be fixed by defining the dilution rate (D). After a sufficient cultivation time, when 

"steady state" is assumed, the samples are collected rapidly from the bioreactor and all enzymatic 

activity is arrested (quenching).  

 

2.2. Sampling and sample preparation 

 

The high reactivity of metabolites inside cells requires particular techniques for sampling and sample 

preparation, prominently rapid sampling, cell quenching and cell extraction. Rapid sampling of 

fermentations is achieved by devices which are predominantly in-house developments and not 

commercially available. The main performance parameters of these constructions are the sampling 

time and the reproducibility of sampling [14][15]. Rapid sampling is critical for capturing an unbiased 

in vivo snapshot of the metabolite levels of the cells, and the sampling time has to be adapted 

according to the analyzed metabolites and their enzymatic turnover rates. Turnover times of central 

carbon metabolism for example are in the range of seconds whereas for amino acids turnover is in the 

range of minutes. Hence quick filtration without quenching may still be suitable for amino acid 

analysis [16]. In pulse response experiments, where the medium composition is instantly changed and 

the dynamics of metabolism is recorded by subsequent sampling of the same culture, rapid sampling 

and instantaneous quenching is even more critical [17]. 

After the sampling time, the metabolism is inactivated (quenched) through rapid changes of the 

temperature or pH. A common technique for quenching biological samples is sampling the culture 

broth directly into a cold quenching solution, most popular sampling into cold methanol / water 
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[18][19][20][21][22]. The quenched cells and the supernatant are subsequently separated either 

through centrifugation or filtration whereat the cell fraction (the cell pellet) is washed, extracted and 

finally used for the analysis of intracellular metabolites and the supernatant fraction is used for the 

analysis of extracellular metabolites. This method requires that the metabolites remain in the cells 

during quenching whereas extracellular metabolites and interfering salts are easily removed from cell 

surface by washing the cells, often with similar quenching solution. Leakage into the quenching 

solution was checked for different microorganisms. It was found for bacteria that significant amounts 

of metabolites leak into cold methanol [23]. In another work leakage was entirely prevented by 

optimizing cold methanol quenching of S. cerevisiae [18].  

Techniques where cells and medium are extracted together do not allow their separation, thus a sum of 

intracellular and extracellular metabolites are analyzed. This so called whole broth analysis has some 

disadvantages. The addition of extracellular medium often results in a dilution of the metabolite; hence 

one has to cope with either large sample volumes or low analyte concentrations. Furthermore high salt 

contents present in the medium, like phosphates or sulphates, may interfere with the applied analysis 

e.g. ion suppression in electrospray interface [10]. 

When intracellular metabolites are measured, those metabolites are extracted from cells usually with 

organic solvents. Polar solvents (water, methanol, ethanol or buffer) are used for extraction of 

hydrophilic metabolites and non-polar solvents (chloroform, ethylacetate or hexane) are used for 

extraction of lipophilic components. Extraction of acid- and alkaline- stable metabolites, require acidic 

or alkaline conditions respectively. Extraction solvents are often used at elevated temperatures 

whereas thermo labile metabolites require low temperatures. Some extraction protocols include 

physical principles such as mechanical disruption, freeze thaw, microwave or sonic waves. An often 

used extraction method that covers a wide range of polar compounds uses boiling ethanol 75 % 

[18][19][20]. In any extraction method, a compromise has to be made between complete extraction 

(high extraction efficiency) of as many metabolites as possible, and low physical and chemical 

modification and low biochemical degradation (high extraction recovery). The addition of proper 

internal standard prior to the extraction corrects for low extraction recovery. The use of fully 13C 

labeled cell extracts was introduced in metabolic profiling because internal standardization of any 

desired metabolite in the proper concentration can be achieved [24][25]. 

After extraction, intracellular metabolites are often recovered in diluted solutions. Furthermore some 

chromatographic methods (reversed phase) require organic free samples (e.g. dissolved in initial 

mobile phase). Solvent evaporation under vacuum and subsequent reconstitution with the desired 

solvent is a proper solution whereat degradation of the metabolites under the temperatures required for 

solvent evaporation should be evaluated and – if possible – corrected for. Other options for sample 

concentration are lyophilization or solid-phase extraction (SPE). 
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3. INSTRUMENTAL PLATFORMS EMPLOYED IN METABOLOMICS 

 

Mass spectrometry, in combination with a separation method (GC, LC, CE), is nowadays the key 

technology for quantification of small organic molecules. The ongoing development of efficient and 

novel separations on the one hand and mass spectrometers with excellent sensitivity or mass resolution 

on the other hand, offers new opportunities in quantitative metabolomics. The determination and 

identification of a large number of metabolites in a complex biological sample can be achieved in one 

single analysis by GC-MS or LC-MS. The frequently used enzyme-based assays for metabolite 

quantification avoid the use of expensive instruments [26][27], but they are limited to few metabolites 

per sample and they often lack reliable quantification of low intracellular concentrations; hence their 

application became less frequent in comprehensive metabolomic studies. 

NMR is the other core technology used for metabolomic studies. It exhibits the potential of structural 

characterization of unknown compounds, however this can be challenging in complex biological 

samples. NMR is often employed for high throughput fingerprinting, and – utilized as 13C NMR in 13C 

tracer experiments – for metabolic flux analysis [28]. The benefits of NMR are minimal requirements 

regarding sample preparation and the character of being non-discriminating and non-destructive. MS 

on the other hand as key advantages features high sensitivity, selectivity and linear range – therefore it 

is often used for quantification – but it requires generally extensive sample clean-up. The following 

chapters will explain in more detail the methodologies of applied separation techniques and mass 

spectrometers in metabolic studies. 

 

3.1 Separation techniques 

 

Mass analyzers allow a selective detection of many analytes at the same time because of their ability to 

separate ions according their mass to charge ratio (m/z). In high-resolution mass spectrometry it is 

even possible to distinguish between compounds with the same nominal mass. Nevertheless, the use of 

proper separation techniques is essential in metabolomics assays, especially when metabolites are to 

be quantified. Chromatographic or electrophoretic separations in combination with mass spectrometers 

allow the detection of individual analytes without interference from other analytes or matrix 

components. Improved limits of detection are the result. The choice, which type/s of gas 

chromatography (GC), liquid chromatography (LC) or capillary electrophoresis (CE) is/are finally 

used in the metabolic study, depends on the initial goal of analysis (targeted / non targeted) and on the 

metabolite class of interest. Some metabolite classes may be discriminated by the instrumental 

technique or special sample preparation steps may be required. Hence the whole metabolomics 

experiment is planned all in one, from sample preparation to detection.  

The separation technique with the longest tradition in combining with mass spectrometry based 

metabolomics is GC because of its high separation efficiency and the easy interfacing of GC with MS. 
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It is primarily used for thermal stable and volatile compounds, but if chemically derivatized, also for 

some non-volatile compounds whereas larger and very polar metabolites are excluded. Only a few 

metabolites are volatile in their native state but a wide range of the metabolome is accessible to GC 

after silylation or alkylation. Quantitative metabolic profiling via GC-MS was recently achieved for 

amino acids and organic acids based on chloroformate derivatization [29], for various intermediates of 

the central carbon metabolites based on trimethyl silyl derivatization [30][31] and for several 

sugarphosphates of the pentose phosphate pathway based on silylation [32]. Furthermore, GC-MS was 

used for analysis of 13C labeled sugars in metabolic flux analysis [33]. A maximum of separation 

efficiency is achieved by combining two GC columns (GC×GC), which is applied in non targeted 

metabolomics [34].  

The combination of HPLC and MS (LC-MS) is the most versatile technique for targeted and non-

targeted metabolomics because a wide spectrum of metabolites, from neutral to polar, can be analyzed 

without a derivatization step. Electrospray ionization (ESI) is most commonly used in LC-MS based 

metabolomics, making ionic and less polar analytes accessible to MS, whereas other ionization 

techniques, auch as APCI are rarely used. One main limitation of ESI-MS is the need for compatible 

eluents. Non-volatile buffer systems and surface active additives should not be used, which impedes 

the straightforward combination of some separation systems with MS. Reversed phase (RP) LC is 

compatible with ESI-MS and it is widely used for metabolomic investigations. Because of high 

separation efficiency and robust retention times, RP-LC is often applied in targeted metabolite 

quantification [35]. However, conventional RP-LC separations lack in retention of very polar analytes. 

The addition of an ion-pair reagent into the mobile phase increases the selectivity for polar analytes on 

RP phases. Ion pair chromatography is a convenient method to analyze acidic, basic and neutral 

metabolites similarly and is therefore often used in metabolome analysis [36][37]. On the other hand a 

lower sensitivity is observed and contamination by the ion pair reagent restricts further use of MS to 

one polarity mode. Ion exchange chromatography is the traditional method for separation of polar and 

charged analytes but the combination with ESI-MS is often hindered due to non volatile mobile phase 

components. Nevertheless, the analysis of highly polar glycolytic intermediates was frequently 

achieved via anion exchange chromatography in combination with ESI-MS as published by Heijnen et 

al. [18][19][20][24][25][38]. Hydrophilic interaction liquid chromatography (HILIC) is the alternative 

LC separation method for polar and charged analytes. It is fully compatible with ESI-MS and is 

therefore often used in metabolic assays. Various HILIC materials exhibiting different selectivities are 

available today which complicates the choice of the proper separation system. Bajad et al. compared 

seven different RP and HILIC columns and found an aminopropyl column capable of separating 141 

cellular metabolites, including amino acids, nucleotides, carboxylic acids and sugar phosphates [39]. 

Furthermore a comprehensive cross-platform comparison was performed where ion pair 

chromatography and HILIC were compared with GC and CE [40]. It was concluded that the LC 

methods are more suitable for a quantitative approach than GC or CE, due to their robustness and 



12 
 

better coverage of more metabolites. Often, orthogal separation modes are employed separately for the 

same sample, in order to cover as much metabolites as possible, e.g. RP-LC for less polar and 

zwitterionic HILIC for polar and ionic analytes [42][43] or ion pair chromatography in negative 

ionization mode and HILIC in positive ionization mode [41]. 

A great potential lays in the application of new packing materials, for example sub 2 µm particles, 

whereupon increased chromatographic resolution provides more significant fingerprints and narrow 

peaks result in lower detection limits. 

CE offers separation of charged metabolites with high resolution. It is fast and it requires little sample 

volumes. When coupled to MS, the applied electrolytes have to be compatible with CE and MS. The 

need of volatile buffer systems restricts the spectrum of electrophoretic separations used in 

combination with MS detection. CE-MS is not often used in metabolomics, however it was used for 

analysis of anionic and cationic metabolites as well as nucleotides and CoA compounds [44].  

Direct injection of the sample into the MS while skipping the separation part is frequently used for 

high-throughput metabolic fingerprinting. In this case high resolution mass spectrometers (e.g. FT-

ICR-MS) are the instruments of choice [45][46]. 

 

3.2. Mass spectrometry 

 

Various types of mass spectrometers are currently used in metabolomics. Simply put, they differ on 

the one hand in the sample introduction system and the ion source, and on the other hand in the 

implemented mass analyzer. For metabolomics, the most relevant ion sources are ESI and electron 

impact ionization (EI). ESI, denoted as soft ionization source, is used in connection with LC or CE. 

Here the liquid sample is nebulised, evaporated and ionized under atmospheric pressure in a strong 

electric field. Small metabolites are usually ionized to single charged molecule ions, either positively 

charged or negatively charged depending on the applied polarity. A well known problem in ESI is ion 

suppression which is ideally alleviated by the use of isotope dilution mass spectrometry (IDMS), e.g. 

by use of fully 13C labeled metabolites as internal standard [24][25]. EI is used in connection with GC, 

where the gaseous eluent and analytes are introduced into the ion source. Positive ionization of 

molecules is achieved under vacuum pressures by use of an electron beam at specific and reproducible 

energy. A typical fragmentation of the analytes occurs which is reproducible between instruments. 

A mass analyzer, as an integral part of a mass spectrometer, provides the separation in time or space, 

of ions according their mass-to-charge ratio (m/z). Criteria for mass analyzers are sensitivity, mass 

resolution, mass accuracy, scan speed or acquisition rate and MS/MS capability. 

A robust, simple to use and relative cheap mass analyzer is the single quadrupole. It can act as mass 

filter allowing only ions of a certain m/z to reach the detector (single ion monitoring, SIM), or as 

scanning instrument where ions of different m/z are detected consecutively and the mass spectrum is 

obtained (full scan mode). The instrument sensitivity is lower in full scan mode compared to SIM 
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mode. Generally single quandrupole instruments offer only nominal mass resolution, low mass 

accuracy and limited sensitivity. They are frequently coupled to GC because the obtained EI spectra 

can easily be compared with well established databases [29][30]. 

As comparably reviewed elsewhere [47], the state of the art techniques in metabolomic studies, utilize 

either selected reaction monitoring MS (SRM-MS/MS) or high resolution MS (HRMS). The former 

technique employs triple quadrupoles or triple quadrupoles utilizing linear ion trap functionality and is 

generally used for quantitative approaches whereas the latter tool set addresses fingerprinting by e.g. 

time of flight or Orbitrap instruments. 

In principle triple quadrupole mass spectrometers (QQQ) consist of two quadrupole mass analyzers 

and one collision cell in between. The collision cell is a quadrupole or multipole filled with low 

pressure collision gas such as nitrogen, helium or argon. The molecular ions of the analytes 

(precursors) undergo gas phase fragmentation in the collision cell and the fragment ions are 

subsequently analyzed. This type of analysis is termed tandem MS or MS/MS or MS2. A similar 

measurement strategy is achieved by ion trap instruments where even multiple tandem MS (MSn) 

experiments by multiple gas phase fragmentation are possible. The linear quadrupole ion trap (Qtrap) 

is a hybrid instrument that combines a quadrupole mass analyzer, a collision cell and a linear ion trap 

(LIT). Qtrap and QQQ instruments allow comparable analysis strategies. They can be run in selected 

reaction monitoring or multiple reaction monitoring (SRM, MRM) respectively. Here, the third mass 

filter is set on distinct fragments of certain precursors and not scanned through the fragment pattern. 

SRM methods provide low limits of detection, high dynamic ranges and increased selectivity in 

quantification studies. Accordingly, QQQ and Qtrap instruments are ideal for targeted and quantitative 

metabolomics. E.g. a QQQ instrument was used for quantification of glycolytic intermediates in yeasts 

[19][25][38], and a Qtrap instrument was used for quantification of intracellular metabolites in 

fermentation broths from antibiotics production [42][43]. Modern QQQ instruments with faster scan 

rates can achieve quantification of up to hundreds of metabolites in one chromatographic run. Because 

triple quadrupole and quadrupole ion trap mass spectrometers offer only nominal mass resolution they 

are generally not employed for untargeted global metabolomics. However, beside accurate and 

sensitive quantification, these instruments offer additional tools for metabolic studies. Product ion 

scanning reveals the specific fragment spectrum of a precursor ion and MSn provides detailed 

fragmentation information which is used for metabolite identity confirmation. Tandem MS methods 

are also applied to screen for metabolites exhibiting a common structural motif. For example, a Qtrap 

instrument in this mode was used to screen for glucuronide metabolites as potential biomarkers [48]. 

Time of flight (TOF) mass analyzers determine m/z by measurement of the time the ions need to pass 

the distance to the detector. TOF instruments provide high mass resolution and mass accuracy that 

allows an estimation of molecular formula by accurate mass determination but they provide 

comparably low dynamic range for quantification. In contrast to quadrupole mass analyzers all ions 

are detected simultaneously and are not scanned. Because TOF instruments exhibit high acquisition 
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rates they are ideal detectors for high resolution chromatography, thus GC-TOF-MS systems for 

example are used for fast metabolite detection [34][49]. A hybrid instrument which employs 

quadrupole and TOF mass analyzers as well as a collision cell is the quadrupole-time-of-flight MS (Q-

TOF). It can be operated only as TOF instrument or as 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 and low chemical noise of triple 

quadrupole instument.  

A major technological breakthrough was the introduction of Orbitrap hybrid instruments [50][51]. 

Orbitraps are very versatile instruments providing a high level of mass accuracy and mass resolution 

as well as MSn capability. The highly detailed fragmentation information obtained is used for 

metabolite identity confirmation. TOF, Q-TOF an Orbitrap instruments are high resolution mass 

spectrometers and are therefore dedicated to untargeted analysis and unknown screening [52][53][54]. 

However their application in quantitative metabolomics was also recently reported [47]. 

 

In the course of this Ph.D work novel methods for quantitative metabolite profiling of yeast and yeast 

products by LC-MS have been developed, which resulted in two scientific papers presented in the 

following. Method development included comprehensive sample preparation procedures for yeast 

products as well as for living yeast cells from the bioreactor. Moreover, LC separations (reversed 

phase LC, HILIC) were developed to cover a wide range of small polar metabolites (nucleotides, 

nucleosides, nucleobases, amino acids, organic acids and vitamins). The quantification strategies 

included SRM-MS/MS methods employing a triple quadrupole mass spectrometer and isotope dilution 

mass spectrometry employing isotopically labeled metabolites as internal standards. In publication II 

an in-house produced fully labeled 13C yeast cell extract was characterized and proved to serve as ideal 

internal standard. It was furthermore implemented as a tool to evaluate the recoveries and repeatability 

precisions of the cell extraction and the extract treatment. Calculation of measurement uncertainty 

allowed establishing the main components of uncertainty contributors in this complex quantitative 

task. 
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Fig.1. Extracted chromatograms of U

13
C transitions from a fully labeled cell extract applying the proposed RP-LC-MS/MS method. 
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Fig.1. Extracted chromatograms of U

13
C transitions from a fully labeled cell extract and applying the proposed HILIC-MS/MS method. 
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CONCLUSION 

 

The two presented methods deal with quantification of microbial metabolites in different sample 

matrices. The first presented method is applied in nucleotide enriched yeast autolysates provided in 

freeze dried powderous form. Sample preparation is simple and straightforward, and the main focus is 

put, due to the absence of certified reference material, on the development and validation of two 

complementary mass spectrometric methods for nucleotide determination. A rapid and efficient RP-

LC separation was found and coupled to ESI-MS/MS and phosphorus detection via ICP-DRC-MS. 

Although the obtained detection limits were 1 to 2 orders of magnitude higher for elemental MS 

compared to molecular MS, quantitative results were in good agreement. Furthermore, the LC-MS/MS 

method is able to determine nucleosides and nucleobases, the breakdown products of nucleotides. 

The second method deals with quantification of various intracellular metabolites (amino acids, organic 

acids, nucleotides, vitamins). In this case, the reliable and accurate quantification requires 

sophisticated protocols for sampling, sample preparation and analysis. A workflow procedure is 

presented for the yeast Pichia pastoris comprising fast sampling from the bioreactor, cell quenching, 

sample preparation including cell extraction as well as analysis using RP-LC, HILIC and triple 

quadrupole MS. Furthermore a U13C labeled cell extract is produced and used as a tool for studying 

the recovery and standard uncertainty of cell extraction and extract treatment. The obtained recoveries 

of the sample preparation procedure (extraction and extract treatment) are between 60 % and 100 % 

with repeatability precisions below 10 % for most of the investigated metabolites. Finally, the sample 

preparation process was evaluated by assessment of measurement uncertainty. For the optimum case 

(metabolite easy to extract) a total combined uncertainty of 12 % could be achieved. It could be shown 

that the extraction efficiency and the extraction recovery are the main uncertainty sources contributing 

to the total combined uncertainty. 
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