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Abstract

Metabolomics aims to provide knowledge about metabolism occurring in
biological systems based on comprehensive analysis of the metabolomes in various type
of samples using appropriate analytical tools. In this work, current challenges in
metabolomics including maximizing metabolome coverage and sensitive quantitative
analysis of polar metabolite classes are highlighted. Several efforts to overcome these
challenges are proposed, tested, validated, and further discussed. The results include a
study on the impact of column choice on metabolomics data, and the development of a

selective analysis method for important intracellular phosphorylated metabolites.

The first part of the work presents a comparison of several fully-wettable
reversed-phase (RP) liquid chromatography (LC) stationary phases. Its purpose is to
address the difficulties and potential of currently available separation technologies for
extending metabolome coverage in metabolomics. All columns were tested under the
same analytical conditions with LC-Time-of-Flight-mass spectrometry (LC-TOFMS),
using a wide range of authentic metabolite standards and biotechnologically-relevant
yeast cell extracts. Data on total workflow performance considering for both non-
targeted screening and differential metabolomics workflows include retention behavior,
peak capacity, coverage, and molecular feature extraction repeatability from these
columns are presented for both authentic standards and Pichia pastoris (yeast) cell

extract samples.

The second part of the work addresses challenges in cleanup and enrichment for
targeted analysis of metabolite classes; specifically, the phosphorylated primary
metabolites related to pathways of glycolysis and pentose phosphate. Following
screening of several commercially available metal oxide-based solid phase extractions
(SPE) materials, all steps of selective enrichment processes were optimized for 12
phosphorylated compounds, and the simultaneous removal of highly abundant matrix
components like organic acids and sugars. The full analytical workflow was then
validated with the best performing material and included a procedure satisfying absolute
quantification demands using isotopologue dilution strategies for determination of

phosphorylated metabolites present in wild type yeast cell extracts.



Zusammenfassung

Ziel der Erforschung des Metabolismus (Metabolomik) ist die Generierung von
neuen Erkenntnissen Uber biologische Systeme. Anhand umfangreicher metabolischer
Analysen, mithilfe von geeigneten analytischen Techniken, kodnnen in Zellen
phanotypische Variationen durch Unterschiede im Metabolom aufgedeckt werden. Das
Ziel dieser Dissertation ist es bestimmte analytische Probleme innerhalb der
Metabolomik zu verstehen und Herausforderungen in der Metabolismusforschung zu

bewaltigen.

Der erste Teil der Arbeit umfasst eine Vergleichsstudie von verschiedenen voll
benetzbaren Umkehrphasen (RP) in der Flissigkeitschromatographie (LC). Dabei
werden die Problematiken und das Potential der aktuell vorhandenen
Séulentechnologien diskutiert, um das erfasste Substanzspektrum in der Metabolomik
zu erweitern. Jede chronographische Phase wurde unter denselben analytischen
Bedingungen mittels Flussigkeitschromatographie gekoppelter
Flugzeitmassenspektrometrie (LC-TOFMS) getestet. Daftir wurde ein breites Spektrum
von authentischen  Metabolitenstandards und  biotechnologisch  relevante
Hefezellenextrakte injiziert. Die Kenndaten der Trennmethoden werden anhand von
Retentionszeitstabilitat, Peakkapazitdat, Komponentenerfassung und Wiederholbarkeit
der Datenextraktion dargestellt. Hierfir missen die unterschiedlichen Arbeitsweisen
von non-targeted Screening und spezifischer metabolomischer Methoden bei
authentischen Standards sowie in Zellextraktproben von Pichia pastoris (Hefe)

berticksichtigt werden.

Im zweiten Teil werden Herausforderungen in der Aufreinigung und Anreichung
von spezifischen Metabolitklassen besprochen. Im Fokus stehen dabei phosphorylierte
Prim&rmetaboliten, welche in Stoffwechselwegen wie dem Pentosephosphateweg und
Glykolyse vorkommen. Als Ausgangsbasis flr die Optimierungen der Reinigungs- und
Anreicherungsprozesse wurde zundchst ein Screening von kommerziell erhaltlichen
metalloxidbasierten Festphasenextraktionsmaterialien durchgefuhrt. Darauffolgend
wurden 12 phosphorylierte  Komponenten selektiv angereichert und hdaufig

vorkommende Matrixinhaltsstoffe, wie organische S&uren oder Zucker, simultan



abgetrennt. Der gesamte analytische Arbeitsprozess wurde fiir das geeignetste Material
und jene Methode validiert, welche die geforderte Bestimmungsgrenze der Analyten
nach der Probenpraparation erreichte und beinhaltete die
Isotoplogenverdinnungsanalyse zu der Bestimmung von phosphorylierten Metaboliten

in natdrlich vorkommenden Hefezellenextrakten..
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1. INTRODUCTION

1.1 Metabolome and Metabolomics

Metabolism is defined as a sum of life-sustaining cellular regulatory processes in
living organisms, included biochemical reactions (more than 11,000 reactions with 18,000
annotated metabolites are currently listed in Kyoto Encyclopedia of Genes and Genomes
(https://www.genome.jp/kegg/docs/statistics.html)) that convert food to energy for cellular
processes, or to build blocks for proteins, or lipids, or to eliminate nitrogenous wastes in
organisms [1]. Metabolism modulates protein trafficking, localization and enzyme activity,
and can affect cell signaling. Two major categories of metabolism include catabolism and
anabolism. Catabolism is the breaking down of organic matter to archive the energy, while
anabolism uses the energy to build up of components of proteins and nucleic acids. When
one chemical compound follows a series of biochemical reactions of metabolism to become
another compound using enzymes, the series can be categorized as a metabolic pathway. For
example, glycolysis, pentose phosphate pathway, citric acid cycle, urea cycle, carbon fixation
are some important metabolic pathways in the cell. Metabolites are therefore simply the end
products of metabolism in a biological system such as in the cell, body fluids, or tissue [2—
4], whereby their level can indicate the ultimate response of biological systems to genetic or
environmental changes (or phenotypes) [2,5,6]. In another way, the metabolite level in an
organism can reflect its character and give us understanding of phenotype. Fiehn et al. used
term ‘metabolome’ in their yeast metabolism work, in which metabolome can be defined as
the full complement of small molecular weights metabolites (< 2 kDa) [7,8]. For example,
glutathione is one major component of antioxidant defense, xenobiotic and eicosanoid
metabolism, related to thiol metabolism [9]. S-adenosylmethionine is an intermediate formed

enzymatically from methionine and adenosinetriphosphate (ATP) [10].
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Figure 1. List and categories of some metabolites

Metabolomics was initially defined as the comprehensive (qualitative and
guantitative) analysis of the metabolome: the intermediates and products of biological
processes small molecule in a wide range of samples including tissue, biofluids or cell
extracts [2,4,11-13]. Together with proteomics and genomics, metabolomics studies can
reveal the functional of gene, address/diagnostic biological problems in many living
organisms [1,14-18] by understanding connections between metabolite variations and
changes in gene expression, protein expression and enzyme activity [19-21]. One key issue
in metabolomics is to distinguish the phenotypic difference of the cells from metabolome
differences [3], and to do this it requires sensitive, quantitative, and rugged analysis methods.
However, due to the wide range of metabolite concentrations, compound classes of interest
in biological samples (e.g. Fig. 1), it is challenging to develop a “one-ring-to-rule-them-all”
analysis method. In other words, none of the individual methods can cover whole range of

metabolites present in cells [3].



Some of the main applications of metabolomics focus on diagnostic, functional
genomics, systems biology, which rely heavily on analytical data [18,22]. One of first
examples reported was the use of metabolite profiling to estimate successfully modes of
actions of various herbicides on plant seeds using gas chromatography (GC) [23]. Aranibar
et al. [24] combined nuclear magnetic resonance (NMR) spectroscopy with bioinformatics
to successfully classify herbicides with unknown modes of action. Jones and colleagues also
successfully developed metabolite models of cardiac disease through metabolic profiling
using NMR [14]. Lutz et al. [25] reported a method for determination of specific 3C
enrichment phosphorylated glucose metabolites by using **C-coupled, *H-decoupled 3!P-
NMR spectroscopy in tissue. Andreas et al. [26] used a multiplatform strategy including *H-
NMR, liquid chromatography mass spectrometry (LC-MS), and capillary electrophoresis
mass spectrometry (CE-MS) for comprehensive characterization of metabolic profiles from
seventy breast milk samples. Abdersson et al. [27] proposed an ion pair reversed-phase
(RP)LC method for the quantitative determination of the redox status of homocysteine in
plasma of healthy subjects and patients. Guozhu and Yonezawa also reported the use of
metabolite profiling of tissue and body fluid samples from head and neck squamous cell
carcinoma patients, and effectively discovered biomarkers potentially for disease detection
[28,29]. The results from Dang et al. [30] using LC-MS showed that the changes in levels of
tricarboxylic acid (TCA) cycle intermediates were not related to the presence of mutated
cytosolic isocitrate dehydrogenase 1 enzyme. Metabolomics applications also extend to
microorganisms such as yeast, which plays an important role in modern biotechnology for
the production of foods, enzymes, chemicals, and pharmaceutical reagents (i.e. arming yeast)
[31]. Metabolic profiling study from Kondo’s group using gas chromatography time of flight
mass spectrometry (GC-TOFMS) combined with principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis (OPLS-DA) was used for the discovery
of several potential biomarkers to distinguish several groups of commercial yeast culture
samples [32]. Seifar et al. [33] reported a method to analyze metabolites from TCA cycle for
yeast and bacteria using GC-MS/MS, applying isotope dilution strategies for potential error

correction from sample preparation, matrix effects, derivatization and liner contamination.



Indeed, metabolomics is both a highly interesting and a challenging field. Therefore,
several analytical platforms have been utilized, and suitable methods have been developed
for these challenges. These methods are often targeted toward particular metabolite classes
enabling us to obtain better understanding about different metabolomic systems in various
types of sample. Additionally, to increase the total coverage of metabolomics studies, so-

called “non-targeted” metabolomics strategies have emerged over the last 15-20 years.

1.1.1 Nuclear magnetic resonance spectroscopy- and high-resolution mass

spectrometry- based metabolomics

Due to the great diversity in physical and chemical properties and the huge number of
cellular metabolites, it is impossible to cover the whole range of compounds even with a
combination of many analytical tools. The two most common analytical techniques in
metabolomics are NMR and MS due to their high selectivity and ability to analyze hundreds

of metabolites in a single measurement [18,34,35].

1.1.2.1 Nuclear magnetic resonance

NMR spectroscopy is the most useful tool to determine the absolute structure for both
organic and inorganic compounds. It is a non-destructive technique allowing the analysis of
biofluids and tissues without sample separation or preparation. Therefore, NMR is able to
trace metabolic pathways and can even measure metabolic fluxes utilizing isotope labeled
substrates [36-38]. NMR detects atomic nuclei that spin in presence of a strong external
electromagnetic field [7]. If the number of nuclear particles in atom is even, then the spin of
atom is zero (no net magnetic moment). Other atoms (e.g. *H, 3C, °F, and 3!P) have a net
spin, which results in a magnetic moment [39]. In the presence of the magnetic field (Bo),
99.99% of nuclei tend to align with the field (parallel spin state). The Bo causes a small

energy difference between parallel (spin-up) and antiparallel (spin-down) spin states (AE).
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The stronger the Bo, the larger the AE. Moreover, the spin-up nuclei also precess around the
axis of Bo. By applying a proper radio-frequency (RF) pulse (B1) perpendicular to Bo
direction, nuclei precessing with same frequency as RF pulse can be excited to the higher
energy state (spin-down). Also the net magnetic vectors are shifted away from the axis of Bo
an angle (flip angle 6) [39]. After B; is turned off, the nutated nuclei continues to precess
around Bo, and generates a small induced current in the receiver coil. Natural abundance and
resonance frequency affect the sensitivity of NMR observation. For example, proton (*H) has
the highest sensitivity due to its high natural abundance (~100%) and nearly 4-fold higher
Larmor frequency compared to low natural abundance 3C (1.1%). NMR requires a large
amount of sample, and has limitations in sensitivity and dynamic range for metabolomics
due to the presence of water (inside living tissues) signal. The method also has lower
sensitivity for isotopes such as 3P compared to *H [34,40,41], which can create a bias toward
higher abundance metabolites. One additional drawback of NMR is that the coupling with
chromatographic separation is not easy. For on-line coupling of LC with NMR, several
attempts were carried out during early 1980s. However, the coupling methods suffered from
low sensitivity and high cost due to the using of expensive deuterated solvents (e.g. CCla).
Recently, a new LC-NMR probe design has become available, and the use of D>O and
acetonitrile (for which the signal could be easily suppressed) as solvents reduced the cost per
measurement [42]. The complexity of biological samples, limited resolution, and sensitivity
of NMR have restricted both the number and the quantitative accuracy of detected
metabolites [34]. In order to overcome current limitations of NMR methods for
comprehensive metabolomics measurements, many efforts have been reported. For example,
to deal with presence of several high concentration species (e.g. glucose, lactose), which can
overlap with a large number of metabolites signals, a method termed “Add-to-Subtract” was
proposed [34]. Basically, the subtraction is based on spectra before and after concentrated
glucose addition into sample. The combining of 1D/2D NMR experiments, database
matching, and authentic compounds spiking allows approximately 70 metabolites in blood
to be identified in the NMR spectra of blood [43]. Despite of many efforts to overcome

bottlenecks, current NMR application in metabolomics is still out weighted especially for



non-targeted analysis. Therefore, mass spectrometry, which has better metabolome coverage,

has become more and more dominant in metabolomics recently.

1.1.2.2 Mass spectrometry

MS is currently the most popular analytical instrumental approach used in
metabolomics. Compared to NMR, MS is more flexible and can be coupled with a range of
separation platforms and ionization sources relevant for analytical metabolomics. A mass
spectrometer is composed of three main parts: ionization source, mass analyzer, and detector.
Several ionization techniques can be employed for metabolomics studies depending on the
separation mode and analytical goals at hand. However soft ionization techniques, which can
generate molecular or pseudomolecular ions (i.e. [M+H]* or [M-H]"), are very valuable for
metabolomics as they allow the determination of accurate mass information for a wider range
of metabolites. This is indeed the case for LC-MS approaches, where the most popular
ionization techniques are electrospray ionization (ESI), atmospheric pressure chemical
ionization (APCI), and atmospheric pressure photoionization (APPI). ESI is the most
commonly employed soft ionization process for metabolomics studies and involves the
following steps. First, sample solution is sprayed into the source chamber to from droplets
with help of a drying gas. Then droplets go through a capillary, which has a potential
difference of approximately 3000V, and get charged after exit. As soon as the solvent
vaporizes, the droplets shrink until they disappear (undergo Coulombic explosion) leaving
highly charged analyte molecules. ESI is suitable for wide-range of both charged, polar and
moderately non-polar metabolites [13,44,45]. APCI and APPI also create less in-source
fragmentation due to the ion activation/cooling under atmospheric conditions allowing
production of less energetically charged molecular species [44]. APCI is a gas phase
chemical ionization, which uses HPLC mobile phase (e.g. H20, methanol) to form chemical
ionization reagents. The vaporized mobile phase gas then reacts with electrons from corona
discharge to from adduct ions [46]. These ions will transfer protons to the analyte molecules

(positive mode). In APPI, the sample solution is vaporized prior entering ionization chamber
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at atmospheric pressure, then mixture of solvent and sample molecules is exposed to
ultraviolet light (e.g. from krypton lamp which emits photons with energy of 10 eV). These
photons have enough energy to ionize the target molecules, but not enough to ionize air and
other unwanted molecules. APCI and APPI are used mainly for analysis of uncharged, non-
polar, and thermally stable compounds. Therefore, they are less suited for broad
metabolomics applications. For gas chromatography (GC)-MS approaches, electron
ionization (EI, hard ionization) and chemical ionization (ClI, soft ionization) are used. El is
the easiest to perform and is most suitable for routine GC analysis. El involves a process, in
which gaseous analyte molecules entering the source are bombarded with electrons at 70 eV
under high vacuum. In this environment, the molecules have excess energy and form many
fragments (thus different and more selective fragment ions may be formed). El has its own
drawbacks such as dominance of highly trimethylsilylated phosphate ions in the case of
trimethylsilylated phosphorylated metabolites (e.g. at m/z 299 and 315) while normally
offering low abundance of a molecular ion, as well as similar ionization fragmentation
patterns for many metabolite isomers. In comparison, Cl is relatively soft and exhibits more
selective ionization compared to El [47]. In positive CI (PCI), the ionization involves the
collision of analyte molecule with a reagent gas (e.g. hydrogen, methane, isobutane,
ammonia). Methane is suitable as a reagent gas for analytes that have proton affinity (PA)
greater than 552 kJ mol, and therefore is more popular in Cl (isobutene and ammonia are
suitable for analytes with PA > 820 kJ mol~and 854 kJ mol, hydrogen requires special care
to prevent explosion). While in negative CI (NCI), the ionization first involves bombardment
of reagent gas with high energy electrons to produce thermal electrons (with lower energy
levels). Then thermal electrons react with sample molecules to create negative charged

analyte ions.

Following ionization, the mass analyzer separates the ions according to their m/z
values. Based on detected ion signals, determination of molecular masses is performed with
help of instrument calibration, and can also allow metabolite identity confirmation usually
relying on tandem or two-stage mass analyzer systems (i.e. combinations of two or more

mass analyzers). In addition to this, signal intensities at the detector can be used for



determining the metabolite concentrations with (absolute quantification) or without (relative
quantification) application of external calibration with authentic standards. Currently, four
major mass analyzers are used that are relevant to metabolomics: quadrupole, time-of-flight
(TOF), orbital ion trap (marketed as “Orbitrap”), and Fourier-transform ion cyclotron
resonance (FT-ICR). For each of these types of mass analyzer, the principle of separation,
detection approach and performance characteristics vary. One of the most critical parameters
for measurement of unknown molecules is mass resolving power. Mass resolving power is a
parameter used for broadly categorizing mass analyzers into low-resolution and high-
resolution. Specifically, the mass resolving power, which reflects the capacity to separate
ions with a small difference in m/z, is equals to the ratio of the measured mass (m) to the full
width of the peak at half maximum height (Am) (although more strict models may also be
used). For example, low-resolution analyzers such as quadrupole instruments have mass
resolving power less than 500 at m/z of 250. This level of resolution is suitable for
guantitative metabolomics using tandem mass spectrometry (e.g. triple quadrupole MS),
whereby analytical selectivity is achieved by implementation of selective mass transitions
across the first and third quadrupole with an optimized collision induced fragmentation
energy applied in the second quadrupole. While offering low resolution, such instruments
offer excellent sensitivity and low limits of detection can be achieved for targeted
metabolomics studies. In the case of non-targeted metabolomics, high-resolution mass
analyzers (HRMS) are beneficial. For example, TOF instruments have a resolving power
ranging from 5,000 to 60,000 (even R > 100,000 at m/z of 400 on a multireflecting TOF
[48,49]). Orbital ion traps, in which trap ions in stable trajectories between an inner spindle
electrode and an outer cylindrical electrode, have mass resolution related to scan time. For
example, the resolving power at m/z of 400 is 7500, 60,000, and 100,000 with 0.1 s, 1 s, and
1.9 s scan cycle time respectively and can be even higher with longer dwell times [48,50,51].
This means to reach the higher mass resolution, it is need to have a compromise with
acquisition speed (number of spectra per second), which becomes one limit of this
technology [52]. Moreover, to avoid overfilling the trap (due to space charge effect), Orbitrap
measurements may be biased against low abundance ions, thus may affect the apparent

isotope pattern of some compounds [23]. Finally, FT-ICR instruments, which can trap ions
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in a strong magnetic field combined with a weak electric field, provide very high mass
resolving power greater than 500,000 [53]. While FT-ICR-MS also has very high mass
accuracy (<1 ppm error in terms of difference between measured m/z and true m/z of ion),
the inability to resolve isomers via chromatographic separation due to the long scan times
required, and high cost (due to expensive superconducting magnet and liquid helium for

cooling [54]) are the main hindrances for routine non-targeted metabolomics studies.

The advantage of HRMS instruments is not only to provide accurate masses in high-
resolution at high mass accuracy, but also enable the analyst to assess metabolite isotopic
distribution (or pattern) based on their natural distribution ratios [55,56]. Additional
isotopologue ions (M+1, M+2, M+3) will be found together with each monoisotopic
molecular ion (denoted as M+0). This set of peaks create particular pattern associated with
the relative abundance of the isotopes in the chemical formula [44,57]. Moreover, the charge
state can be easily determined based on the distance of isotopologue ions on m/z scale.
However, interference and saturation effects caused by the matrix and the experimental
conditions may also influence the accuracy of isotope ratio measurements. Bocker et al. [55]
reported using isotope patterns obtained from HR-MS to correctly identify sum formula for
>90% of the small molecules with mass less than 1000 Da. Kind and Fiehn [56] showed that
accurate interpretation of isotopic abundance patterns helps to remove >95% of false
candidate molecule formulas (in range of 0-500 Da) for database annotations. Also the
combination of isotopologues and a reasonable mass accuracy (3 ppm) is more effective in

annotation than relying only on high mass accuracy.

Recently, application of Orbitrap-MS application has increased in metabolomics
studies relying on high resolution mass spectrometry [58]. For example, Liu et al. [59]
applied an analysis method coupling an amide column with Orbitrap, simultaneously and
robustly targeted 168 polar metabolites, and thousands of additional features. Weidt et al.
[60] proposed a novel targeted/non-targeted GC-Orbitrap method for study of interaction
between Candida albicans and Staphylococcus aureus microorganisms. One advantage of
the Orbitrap is the low chemical background noise free due to the fact the background (which

caused by stray, or incoherent ions) was broad, smooth, and easily be subtracted by software
9



[48]. Orbitrap resolution is inversely proportional to the square root of m/z (due to frequency
of ion oscillation along z-axis is equal to square root of (k*(z/m)), which is favorable for
metabolomics where most mass of interest are below 500 g/mol. TOF also remains one of
the most popular mass analyzers with extensive application in various type of biological
samples (e.g. plant tissue, serum, urine, tissue) [61-64]. In TOF-MS, when ion beam reaches
the pulser, the ions are accelerated into a flight tube, which has a defined flight length. The
time taken for an ion to reach the detector placed at the end of flight path (flight time), is
proportional to the square root of the mass to charge. It means that ions arrive in order of
increasing mass, light ions travel faster and have shorter flight time than heavy ions. Using
ions of known m/z to calibrate the instrument, the flight time of every ion can be converted
to a corresponding m/z value. Theoretically, ions with same m/z value will have the same
Kinetic energy in the flight tube. However, due to the difference in position of these ions in
space at the beginning (broadening of the ion package), the kinetic energies are slightly
different, causing the spreading of the ion package in flight time. Hence, to improve the
repeatability of flight time and increase the resolution, a reflectron (ion mirror) is always
employed to refocus the ion package. Some advantages of TOF are the good selectivity,
ruggedness in terms of long-term effects and speed especially enabling the combination with
high-throughput or high resolution LC, CE, or GC separations. Furthermore, TOF remains
competitive in terms of mass accuracy in range of 1-2 ppm, at the same time gives good
resolving power for the whole mass range needed for metabolomics studies [19,44]. While
low resolution instruments such as triple quadrupole MS continue retain their place as a
mainstay for targeted metabolomics, the field can clearly benefit from the use of HRMS
making this technology increasingly popular. However, these approaches are not error-free
and some problems still need to be considered such as isomeric or isobaric metabolite
separation, in-source fragmentation, signal suppression, instrument noise, chemical
background noise and matrix interference [65,66]. Furthermore, ESI or APCI sources are
often used in LC-based metabolomics as this combination provides the most coverage with
minimal sample preparation. However, when encountering a wide range of metabolites, a
clear problem is that the ionization conditions cannot be optimized for every compound.

Fragmentation occurring during ionization can create additional fragment ion species,
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adducts (such as non-covalent species from alkali metals, or radicals) resulting in
misinterpretation during data processing [64,65,67]. Also, in the case of complex biological
samples that include a lot of salts, proteins, or for moderately and highly polar metabolites
that elute in the void volume, ion suppression/enhancement is known to occur due to poor

ionization efficiency, overlapping molecule signals, and extremely poor selectivity [68].

1.1.2 Separation techniques in MS-based metabolomics

As stated earlier, HRMS indeed has many advantages in metabolomics, however it
cannot resolve all issues relevant for metabolomics alone. Perhaps the best way to extend its
advantages at the same time overcome disadvantages is to combine HRMS with
chromatographic or electrophoretic separation techniques. Certainly, applying separation
techniques prior to MS detection brings a lot of benefit. First, taking advantage of the
additional selectivity of chromatographic separation together with m/z selectivity, isomers
and other compounds that have identical exact masses can be resolved. Second,
multidimensional separation methods also enable the flexibility for dealing with the high
diversity in physicochemical properties of the metabolome [26,69]. Lastly, chromatography
also helps to remove sample matrix components, and other interfering compounds from
complex biological samples due to the fact that retention of target analytes can be achieved
while interferences from unwanted components can be avoided [70]. Three major separation
techniques that have been widely used for metabolite separation in biological samples with
hyphenation with HRMS are capillary electrophoresis (CE), gas chromatography (GC), and
liquid chromatography (LC).

1.1.3.1 Capillary electrophoresis

CE is powerful and fast separation tool for highly polar, charged metabolites such as

nucleic acids, amino acids, carboxylic acids, and sugar phosphates in various biological
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samples [71-73]. In CE, analyte ions from a given sample will migrate through a narrow
capillary when an electric field is applied across the capillary tube. The most frequently used
capillary tubing material is bare fused silica (BFS). However various coating can be
employed at the wall of the capillary to reduce the analyte adsorption and allow fine tuning
of the electroendosmotic flow (EOF) such as amines, oligoamines, cationic surfactant,
carboxymethyl chitosan, or methacrylate copolymer [74]. Two factors affect the velocity of
a migrating ion: electrophoretic mobility, which is the solute’s characteristic response to the
applied electrical field, and the phenomenon of EOF, which results in the bulk flow of
background electrolyte through the capillary in response to applied electrical field. The net
migration velocity (i.e. including direction) of the ion is given by the sum of these two
contributions. Taking advantage of the difference in intrinsic electrophoretic mobility of
compounds, which is dependent on the charge and size of analytes in solution, CE is
generally suitable for separation and analysis of polar and charged metabolites [75]. Despite
the excellent separation performance, the general drawbacks of CE for metabolomics are the
poor sensitivity, migration time variability, and low method ruggedness [75,76]. Despite of
all disadvantages, CE is still considered as a quick and cheap method characterized by high
separation efficiency without requiring complex sample preparation, and can be preferred

when dealing with samples that are volume-limited [77].

1.1.3.2 Gas chromatography

GC-MS was used commonly in early metabolomics studies due to highly efficient
separations, sensitivity and reproducibility. On the other hand, GC-MS often requires
derivatization for non-volatile (or polar) compounds, and tailored sample preparation is
required [78-80]. GC capillary columns were introduced in 1959, whereby the column is not
filled with packing material, but rather a thin film of liquid (wax) stationary phase is coated
to the inner wall. The fused silica capillary column is given a polyimide coating to provide
better flexibility and column lengths of typically up to 60 m [81]. The narrower inner

diameters (1.D) of the capillary column, the higher separation efficiency it offers (e.g.
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theoretical value calculated for 30 m column, 0.1 mm 1.D offers 7300 theoretical plates per
meter, while 0.53 mm only offers 1300 plates per meter). Retention in GC is mainly
dominated by the vapor pressure of analytes. Nevertheless, there are many variations of GC
capillary column chemistry allowing important variation in retention and selectivity. Typical
stationary phases used in GC capillary columns are 100% dimethylpolysiloxane, 5%
phenylpolysiloxane with 95% dimethylpolysiloxane (for separation of non-polar
compounds), 50% phenylpolysiloxane with 50% dimethylpolysiloxane (for mid-polar
compounds  separation), 14% cyanopropylphenylpolysiloxane  with 86%
dimethylpolysiloxane (for low/mid-polar compounds separation), and polyethylene glycol
(for fatty acid methyl esters separation) [82]. Possible interactions between analytes and the
stationary phases including dispersive interaction, dipole interaction, and hydrogen bonding.
The mobile phase in capillary GC (carrier gas) normally is inert gas such as helium, nitrogen,
or hydrogen. GC-MS can be used for measurement of a wide range of samples relevant for
metabolomics such as plants, urine, plasma, and yeast cell extracts [28,32,33,83-91]. GC is
favorable method for the analysis of volatile, thermally stable metabolites. Chemical
derivatization can also be used to extend the coverage of GC-MS by attaching relative large,
non-polar structures to the targeted molecules. The polarity of derivatized molecules is
decreased while the volatility is improved [3,47]. For example, alkylsilylation is used to
convert problematic functional groups (i.e. hydroxyl, amide, amine, phosphate, thiol groups)
to alkylsilyl derivatives. Oximation prior to silylation can prevent cyclization of sugar
compounds (less peaks per sugar), and protect keto groups in alpha-ketoacids [3]. However,
adding more steps in derivatization will increase total analysis time [84]. Despite these
practical challenges, with a suitable, validated derivatization strategy, GC-MS is an
extremely powerful technique for metabolomics due to its broad metabolite coverage. GC-
MS has the power to resolve many organic acids, amino acids, sugars, and sugar-related
compounds with high efficiency and repeatability [92,93]. Furthermore, the combination of
GC separation with EI spectra is unsurpassed in terms of identity confirmation potential due

to the excellent coverage and reproducibility of GC-MS spectral libraries in metabolomics.
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1.1.3.3 Liquid chromatography

In contrast to GC-MS, high-performance LC and ultrahigh-performance LC allow
analysis of a wide range of metabolites without complicated sample preparation steps such
as derivatization. While a large range of retention modes are available for LC, reversed-phase
liquid chromatography (RPLC) remains the most popular mode for practical broad scale
metabolome coverage as the retention characteristics of these materials are well-suited to a
range of moderately polar and non-polar metabolites [71]. RPLC employs an organic-
agueous mobile phase and a non-polar stationary phase (i.e. silica particles derivatized with
hydrophobic chains) in the form of spherical particles (1-5 um) packed into analytical
dimensions (1-5 mm internal diameter). The hydrophobic compounds in the polar mobile
phase will be absorbed onto or partitioned into the non-polar stationary phase, while the
hydrophilic compounds will experience weaker interactions. The more hydrophobic a
compound, the more strongly it will interact with the non-polar stationary phase. By
increasing organic solvent gradient, the polarity of mobile phase decreases and the
hydrophobic compounds are eluted from the columns. The fact is that polar charged
metabolites, which are not retained on reversed-phase column. These compounds often co-
elute near to the column void volume and may be affected by signal suppression within the
MS ionization and ion transmission processes. For this reason, ion-exchange
chromatography (IC) [47,58,94-97] and hydrophilic interaction liquid chromatography
(HILIC) have been introduced as alternative separation mechanisms to address this problem
for metabolomics [98-102].

In IC, analyte molecules are separated based on the exchanging of analyte ions for
species of the same charge (counterions) electrostatically held to chemical groups, which are
immobilized on stationary phase. The ion exchanger is usually a base matrix (in a form of
porous beads to provide enough adsorption surface), and charged ligands or ionizable
functional groups (positively or negatively charged) immobilized onto the matrix [103].
Various chemical groups have been used for different types of ion exchanger such as
quaternary ammonium, quaternary aminoethyl, diethylaminoethyl for anion exchange, and

sulfopropyl, sulfoethyl, carboxymethyl for cation exchange. Since the neutrality in system
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must be preserved, there must be an exchangeable counterion associated with the
immobilized groups (e.g. Na*, H* in case of cation exchangers, and OH-, CI" in case of anion
exchanger). Changing pH or increasing ionic strength of mobile phase is needed to elute the
analytes that bind to stationary phase. A pH change may alter the charge on particular
molecules, therefore changes the binding. While increasing the concentration of similar
charge species in mobile will compete with analytes in order to bind to stationary phase
[104]. As an additional complication for metabolomics, IC coupling with MS requires that a
suppressor is placed between column and detector to reduce background conductivity of the
eluent. This is desirable for conventional IC measurements and essential for IC-MS as it

prevents nonvolatile salts entering the ionization source.

The term “HILIC” broadly covers a combination of hydrophilic stationary phases (e.qg.
silica, amino, cyano, diol, alkylamide...) with organic-rich eluents. In HILIC, analytes are
eluted in order of increasing polarity [105]. HILIC stationary phases include classical bare
silica, modified silica gels with polar functional groups, or polymer-based stationary phases
with analogous polar chemistry. HILIC mobile phases comprise water-miscible polar organic
solvents such as acetonitrile, alcohols, or dioxane with a low amount of water in isocratic
mode, or with gradually increasing amount of water in gradient mode. The relative solvent
strengths in HILIC are: acetone < isopropanol < acetonitrile < ethanol < dioxane < methanol
< water. If the pH and ionic strength of mobile phase are not suitably adjusted, asymmetric
peak shape, peak tailing or poor recovery from the stationary phase may be observed [105].
The widely acceptable mechanism of HILIC can be described as a liquid/liquid system. In
which the analyte is distributed between a water-rich layer on the surface of polar stationary
phase and water-deficient mobile phase [106]. The more hydrophilic the analyte, the more it
interacts with immobilized water-layer on the surface of stationary phase, therefore it is more
strongly retained. However, the efficiency of HILIC separations also depend on the choice
of stationary phases, potential ion exchange effects, separation conditions including sample
solvent, mobile phase pH and composition. The popularity of IC and HILIC for
metabolomics applications continues to increase due to improvements in column technology

and the overriding need for suitable methods covering the polar metabolome.
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Despite of all remained obstacles, coupling chromatographic separation with HRMS
clearly benefits metabolomics studies. Especially for non-targeted metabolomics, when high
mass resolving power alone is not enough to deal with hundreds, thousands co-eluted

unknown molecular features.

1.2. Non-targeted metabolomics: chromatography with high-resolution mass
spectrometry

Untargeted
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Figure 2. Goals of metabolomics (from Schirimpe-Rutledge, 2016) [107]

Analytical metabolomics using mass spectrometry as a key technology can be broadly
divided into two approaches, which have their own advantages and disadvantages. The first

is “targeted metabolomics”, which focus on the analysis of a set of known metabolites, is
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highly favored for quantitative studies. The other approach aims toward the “unbiased”
analysis of metabolome of interest under a given set of conditions and is known as “non-
targeted metabolomics” (or untargeted metabolomics) [108]. Using HRMS in combination
with chromatography, non-targeted metabolomics™ purpose is to analyze all measurable
analytes in a sample, including unknowns [109]. Therefore, all parameters relevant to the
final result (i.e. sample type, number of samples, sample preparation, chromatographic
separation, and analytical system) need to be considered carefully before designing the
analytical method so that the number of detected metabolite features can be maximized, and
the obtained results are unbiased, and reproducible. This task is challenging and does not
have a global solution. Each step leading to the final result is considered in the following

section (Fig. 3).
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Figure 3. Non-targeted metabolomics workflow (graphic adapted from ThermoFisher

Scientific untargeted metabolomics workflows)
1.2.1 Sample collection and sample preparation

Collection of samples, which involves biofluids (e.g. blood, urine, plasma), and cell

or tissue extracts is the most critical and first step dictating the quality of following
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metabolomics studies. Depending on the analytical goals and the sample types considered,
different standard protocols have been proposed and must be applied strictly. Following
sample collection is preparation of samples, the choice of which is dependent on sample type,
the analytical method to be used, and overall cost. As a rule of thumb, the sample preparation
strategy should be minimal but effective, and compatible with the selected analytical method

without losing valuable information for metabolite classes of interest.

In the case of cellular metabolomics studies, sample collection requires that metabolic
activity must be stopped, and cells must be separated from media, which involving several
steps such as quenching, filtration, extraction, and concentration. Quenching, which stops
rapid cell metabolism and extracellular enzymatic activity, can be achieved by rapid change
in pH, solvent, and/or temperature. The quenching mixture is separated from the cells by
centrifugation at low temperature to avoid further turnover of metabolites (or degradation).
A common quenching method in microbiological studies, which was validated for reliable
separate intra- and extracellular metabolites is using cold aqueous methanol solution as
proposed by Koning et al. [110] in 1992. Later, other authors reported the leakage of some
metabolites from yeast cells during the quenching using Koning’s method and proposed a
new quenching condition (with pure methanol) to prevent the leakage [111,112]. The next
step is separation of the extracellular metabolites from biomass, then subsequent extraction
of the intracellular metabolite with minimal losses. There have been considerable efforts to
develop reliable and reproducible methods for extraction of metabolites. Various strategies
were applied i.e. combining methanol-water with chloroform mixture, boiling ethanol, or
cold methanol extraction, in which cold methanol extraction has been quite popular recently
[40,111-114]. Finally, the extracted solutions are concentrated due to dilution of previous
steps. Freeze-drying and lyophilization are common methods to concentrate samples without
thermal degradation, and remove water from aqueous samples. Non-agueous extracts can
also be concentrated using evaporation, or selective enrichment steps such as solid phase

extraction can also be applied for metabolomics, which are discussed in section 1.3.
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1.2.2 Data acquisition

The combination of LC with MS can routinely detect of thousands of peaks
representing metabolites from biological samples, making this approach the most popular for
non-targeted metabolomics [107,115]. Common data acquisition approaches for non-
targeted metabolomics analysis (NTA) include full-scan (full-spectrum), data-dependent
acquisition (DDA), and data-independent acquisition (DIA). Full-scan is the general mode
of data acquisition of HRMS, in which mass spectra are continually acquired in a certain
range of m/z values (from low to high) in a certain period of time (<1 s). The content of the
spectrum varies depends on the ionization method, instrument resolution, and method
parameters. DDA is mode of data collection in tandem or two-stage mass spectrometry, (e.g.
MS and MS/MS). In this way, MS fragment data of unknown compounds of a sample can be
acquired alongside with precursor data within one chromatographic run. In DDA, a certain
number or precursor ions, whose m/z values were recorded in preliminary scans are chosen
automatically by the acquisition software using a certain set of rules, isolated, and subjected
to a second stage of mass selection (e.g. QTOF) analysis [116]. The switching between MS
and MS/MS stage is triggered by a certain set of predefined rules based on (commonly) the
intensity of precursor ion observed, and additional criteria e.g. isotope pattern, charge states,
or preferred m/z values on a list. DIA is an alternative to DDA, in which all precursor ions
within certain m/z ranges (windows) will be sequentially fragmented and analyzed in second
stage [117]. For example, Tsugawa et al. [118] suggested DIA parameters for hydrophilic
metabolites analysis using an AB Sciex Triple TOF 5600+ system as: MS1 accumulation
time, 50 ms; MS2 accumulation time, 30 ms; collision energy, 45 V; collision energy spread,
15 V; cycle time, 640 ms; Q1 window, 25 Da; mass range, m/z 50-500. The acquisition is
repeated in stepped selection windows, and generally results more complex spectrum with
high number of product ions created from multiple precursor ions contained in a same chosen
window. While fragment level information from DDA or DIA is extremely important for
identity confirmation workflows, full-scan HRMS data remains the cornerstone of NTA and

subsequent statistical analysis for metabolomics studies.
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1.2.3 Data processing

After data acquisition, the first data processing step is peak picking and compound
extraction (or feature extraction) [119]. Following these steps, each peak now reflects a group
of ions with unique m/z properties and retention time (RT) value, and is considered as a
metabolite feature (or “molecular feature” or “compound”). Dedicated software for
interpretation is required to automatically perform the above steps, and to generate a
simplified data matrix suitable for statistical analysis. The software used for these tasks may
use their own algorithms or integrate several popular algorithms. For example, to align peaks
in XCMS, ion features with same m/z values and RTs are placed in clusters, it then calculates
the deviation from median RT of their respective cluster, warps the remaining of ion features.
Another option, LCMSWARRP sets a certain confidence for MS/MS identification as a criteria
to warp samples, etc. [120]. Finally, the metabolite feature list, which includes information
about the m/z value and intensity of all aligned isotopologue and adducts as well as the
compounds RTis created and assessed based on several parameters such as: accuracy of mass
measurement to group ions related to the charge-state envelope, isotopic distribution, and/or
the presence of adducts and dimers, as well as potential neutral loss of molecules, peak
alignment, and feature frequency [121]. For subsequent statistical analysis, additional
processing steps such as scaling, normalization may also be used to help identify significantly

changing of features between sample groups [64,115].

1.2.4 Statistical analysis and confirmation of metabolite identification

The metabolite feature list generated from initial data processing is further interpreted
using statistical analysis or utilized for subsequent identity confirmation workflows.
Statistical processing such as multivariate analysis, differential analysis, and cluster analysis
iIs now commonplace for NTA [65]. These chemometric techniques are integrated in many
metabolomics software such as MetAlign (omicX), MZMine (http://mzmine.github.io/),
XCMS (The Scripps Research Institute), MetaboAnalyst 4.0
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(https://lwww.metaboanalyst.ca), R package mixOmics (http://mixomics.org/), and Mass
Profiler Professional (Agilent Technologies). These techniques allow interpretation of the
datasets, reduction of dataset size without losing valuable MS information, and finally
revealing valuable information about metabolites in specific biological samples [38]. Both
unsupervised and supervised chemometric techniques can be integrated in the software [64].
Unsupervised techniques, which work without pre-knowledge about class information,
include cluster analysis (CA) and principal component analysis (PCA) [122]. CA considers
the similarity between sets of samples on the basis of their metabolite profiles, then classifies
the samples into groups based on degree of association strength between groups involving
hierarchically and non-hierarchically ordered clusters. To decide the similarity, Euclidean
distance measure is often used, in which the distance is given by di2 = [(X11 - X21)? + (X12 —
X22)?]2. Others distance measures methods are Minkowski, city-block, and Mahalanobis
distances [123]. In contrast, PCA sample grouping is based on the transformation of the
original data to new coordinate system, which reflects the relationships among the data. In
PCA, each sample is considered as a point in an n-dimensional space (n is number of
monitoring parameters), then the coordinator of space is normally translated to the center of
data set (mean centering). A line through coordinator (PC 1) is fitted among the points in
space until the sum of square of distance between the projection of each point on PC 1 and
coordinator is maximum. Then the second line (PC 2) which is perpendicular to PC 1, and
PC 3 which is perpendicular to PC 1 and PC 2, and so on PC n" are constructed. The set of
coordinators of the points in new coordinate system is now score matrix (T), in which X =
T*LT (where L is loading matrix, which provides projection of the points onto the PCs, T is
transpose of a matrix). The original matrix (X) is transformed into a new coordinate system
constructed by PCs, which allows a maximization the variation between groups of sample

while total variance of data is unchanged [108].

In contrast, supervised methods such as discriminant analysis (DA), partial least
square (PLS), principle components regression (PCR), or artificial neural networks (ANNS),
class information is needed to construct model, and estimate necessary parameters [124]. For

example, in PLS, the data measure is put in X matrix, while Y is response matrix where the
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class assignment is described by in term of zero and one. PLS tries to find the relations
between X and Y matrices, by maximizing the covariance of their latent variables.
Furthermore, orthogonal-PLS (OPLS), a modification of PLS even provides better
interpretation of the relevant variables, as it decomposes the predictive information related
to the response Y, and “orthogonal” structured information not related to the response, and
residual variation [125]. These multivariate techniques may help to determine peaks with
significant differences across sample groups, i.e., potential biomarkers. However, none of
the techniques is currently considered as the optimum for all applications [19]. Thus instead
of relying on only one technique, the combination of several techniques is more favorable,
and specific for individual metabolomics challenges. For example, study of Arapitsas et al.
[126] focused on the effect of storage conditions on the metabolite content of wine, using
PCA for data quality control, and orthogonal partial least-squares discriminant analysis
(OPLS-DA) was used to find features markers. Rombouts et al. [22] established a validated
Orbitrap method in combination with OPLS-DA models for non-targeted metabolomics and
lipidomics analysis of colon tissue and cell lines. The author successfully reported 15,000
components with CV < 30% (in term of peak area), and discriminated the non-transformed
and transformed state in human colon tissues and cell lines. Bade et al. [127] reported a
method for suspect screening of larger number contaminants in environmental waters using
artificial neural networks for RT prediction and HR-MS data analysis. Using training (n =
344) and verification (n = 100) datasets, the optimized 4-layer back-propagation multi-layer
perceptron model predicted successfully 85% of all compounds to within 2 min of their
measured RT, revealed 95% prediction accuracy of 100 randomly selected compounds and
within the 2-minute elution interval. Recently, Samaraweera et al. [124] proposed an ANNSs
retention index (RI) model for chemical structure identification in NTA. In which the model
was able to filter off 58% fail candidates from PubChem candidate sets, resulted

approximately 2-fold improvement in average rankings in comparisons with other software.

In addition to statistical analysis, identity confirmation of metabolites is finally
essential to draw biological conclusions from NTA data. To address the question, Schirimpe-

Rutledge and Schymanski [107,128] proposed a 5-level workflow for metabolite
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identification confidence using multidimensional MS including exact mass measurement
(level 5), generating molecular formula (level 4), matching MS data with databases (level 3),
matching MS/MS data with databases (level 2), and validated identification using reference
standards (Level 1) (Fig. 4). At level 5, exact mass measurement for a unique feature is
obtained. At level 4, information of isotope abundance distribution, charge state, adduct ion,
etc. are used to generate molecular formula. To generate molecular formulas, Kind and Fiehn
[129] proposed seven heuristic rules including: number element restriction, LEWIS and
SENIOR chemical rules, isotopic patterns, hydrogen/carbon ratios, element ratio of N, O, P,
S versus C, element ratio probabilities, and trimethylsilylated compounds. At level 3,
experimental mass measurement of feature (MS1) was compared to a database of known
metabolites (e.g. HMDB, METLIN) within a mass tolerance window (e.g. 10 ppm) with
support of diagnostic fragment ions. At level 2, experimental MS/MS spectra are matched
against reference fragmentation spectra. Across level 2 up to level 5, matching scores can be
generated to represent how good the matching between experimental data from unknown
feature and experimental data from the standard is. At the last level, level 1, the validated
identification, reference standard is used to confirm structure, which is a gold standard for
analytical chemistry. However, it is important to note that to differentiate structural and
stereo-isomers, MS/MS data is still not enough, additional separation (i.e. GC, LC, or ion
mobility), and sample information is required. The lack of experimental spectral data sets for
metabolomics is also a challenge for this task, as less than 2% of human metabolites are
possible to be identified via non-targeted MS-based metabolomics techniques, and 90% of
known human metabolites don’t have authentic standards, or experimentally collected NMR,
GC-MS or MS/MS spectra [130]. Fortunately, many commercial software packages for in
silico metabolite and spectral prediction have been developed to overcome this problem, in
which the software could predict physiologically practical metabolites and to accurately
predict NMR, GC-MS or MS/MS spectra of both known and predicted metabolite structure.
For example, the developers of the human metabolome database (HMDB) claim that using
in silico approaches in comparison with traditional manual approach enables an increase of
nearly three times the number of metabolite confirmations (known, expected, and predicted)

in HMDB 4.0 [130]. Finally, at all levels described here, it is important to remember that
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chromatographic retention time (or electrophoretic migration time) is also an essential part

of the identity confirmation workflow. To this end, the retention properties as well as the

repeatability of the separation method are of key importance in development of rugged

workflows suitable for metabolomics applications.
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Figure 4. Confidence levels for metabolites identification (adapted from Schirimpe-

1.2.5 Challenges in non-targeted

In non-targeted metabolomi

steps, choice of separation method

Rutledge, 2016) [107]

metabolomics

cs, the experiment design involving sample preparation

, data processing approach, and other analytical method

parameters has great impact to the quality of biological conclusion that could be drawn from

the study. Non-targeted metabolomics also faces other challenges that are well-described in

contemporary studies. Due to the highly diversity of physicochemical properties, it is
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Impossible to assess every metabolite using a single sample preparation process. The large
numbers of components derived from the growth medium/quenching buffer, and/or
concentration variance between samples in different growth medium, in different harvesting
stages make the challenges even greater. The fact is that none of current single analytical
technique in NTA is suitable for the detection, identification, and quantification of all
metabolites. Therefore, combinations of techniques, or advanced multidimensional (2D-LC,
2D-GC) approaches must be applied [18,98,108,131]. Another critical point in metabolomics
Is that all assessments will only be valid if the samples are studied under the same conditions
with a validated method, and the change of recorded signal should be related to the metabolite
concentration [108,132,133]. Nevertheless, for chromatographic separation, RT and m/z
value variation of each metabolite feature are prone to happen due to random variation, signal
intensity variation, accurate mass measurement drift, sample collection/preparation bias,
sample instability, temperature fluctuation, column age, ion suppression, ionization
efficiency, etc. These variations cannot be reliably predicted or easily modeled. Hence,
uncertainty increases, and accumulates from the beginning to later stages of the analytical
process [120,134]. Each step of assessment must be therefore well-understood, and designed

carefully to avoid significantly affecting the data interpretation.

Other challenges for NTA are the high number of isomeric metabolites, lack of
standard reference materials, difficulties in achieving highly confident metabolite identity
confirmation, unpredictable fragmentation pattern for ESI, and finally the commonness of
many metabolites across species create difficulties for discerning the biological source [107].
Moreover, poor data quality may fail to reveal biological differences between sample sets,
or create false hypothesis. Thus, NTA needs to apply several analytical validation methods
(or guidelines) to be considered as fit for purpose and avoid false conclusions due to
inadequate data quality. To this end, using “biological QC” samples made from pooling
aliquots of all samples, or QC sample consisting of the blank matrix spiked with known
concentrations of various analytes, is an important strategy for ensuring data quality over
long measurement sequences [135,136]. QC samples are analyzed during the measurement

series in order to confirm repeatability of RT, peak area, and mass accuracy throughout the
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measurement sequence. The FDA recommends for NTA by LC-MS values close to 30%
RSD could be allowed [108]. While, Zelena et al. [63] noted an RSD of <20 % for the peak
area of QC samples during analysis time was acceptable. Another challenge is software for
interpretation. Myers et al. [119] provide a detailed comparison about chromatogram
construction and peak detection between two open source software packages (XCMS and
MZmine 2) on four sets of data. The comparison showed that two software packages
employing the same continuous wavelet transform (CWT)-based centWave algorithm (a
combination of density based feature detection approach and Wavelet based approach [137]),
generated feature lists with significant differences including both false positive EIC peaks
and failure to detect real EIC peaks. To the end, despite continuous effort across a wide range
of metabolomics studies, a comprehensive, and detailed guideline for demonstrating a high
analytical quality results for every metabolomics application is still lacking [138]. Since
2005, international metabolomics communities (i.e. Metabolomics Society, Metabolomics
Standards Initiative - MSI) have gathered for the purpose of standardization of metabolomics
studies. A lot of efforts have been made to establish standards in metabolomics including
data evaluation, method validation and reporting, most importantly to support an extension

of existing workflows or assure reproducibility of published work[139].
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1.3 Selective enrichment in Metabolomics
1.3.1 Primary phosphorylated metabolites involved in central carbon metabolism

As discussed in the introduction, targeted metabolomics studies focused on subsets of
metabolites are essential for understanding key pathways in cellular metabolism. One
prominent example of this is the central carbon metabolism, which includes a complex series
of enzymatic reactions to convert sugars into metabolic precursors for entire biomass
generation of the cell [140]. The metabolism comprises several precursor metabolites that
form the basis for biomass (e.g. D-glucose 6-phosphate (G6P) for glycogen, D-fructose 6-
phosphate (F6P) for cell wall, D-glyceraldehyde 3-phosphate (GAP) for lipids, etc.), and one
precursor (glycerate 1,3-bisphosphate) essential for the positive balance in glycolysis (Fig.
5). Glycolysis, pentose phosphate pathway, and tricarboxylic acid cycle (TCA) are the three

pathways of the central carbon metabolism.

27



- Pentose Phosphate

H:O
glycogen, LPS (<—| GEGP J—b’ n-glumm-lactona-ﬁPM o-gluconate-6P Ir—--.hx '3‘0?-2"3 B 26"
.................... ! 9
; : = ko

iHis, H.“".l"!f" ML |E'l::|-l..|l.'-. kY
' 3 mp’*
RSN SN _ 1 9 |
{cell wall -«—] FEP :__ T | e-sedohepllose-7P | L
Y ““"a%__ J *\ Py RSP p-ribulose-5P
ATP —] A T NS —

b s
' """’f““ / ADP ATP

ADP = \ | Eap .
o-iyctoze-1,6F "\. / / hia xylules&ﬁp I'(—|l. nbulos&ﬁPH L=xylulose- SPM sylulose)
— _,,_,-" r::,f"" rh Fr 3, 'If : f‘
glycerone-3P /// "'-———
s #,f' ADP L= rlhulosa-EP ADP
LA e are " M}pq 1 ATP
pids < | GAP D—xyluiuse o eytiiose]
f
i P —ﬁ 29 |' "'“H-.
=,
S BPG
o m Input Sugars
G A—»ADP
¥ "AlP
2e”
P
—ho cons
w
Ty Trp < | PEP | - Pi,ADP
—op iMet, Lys, tetrapyrroles |
v ATP SCAlT1C5 s tElapyTaes
PYR '“'__.—l- CO:2a”
TCA Cycle > Cai,
|—— Co&
¥—rCO:2e” 2KG
y __.-—-"'-"H‘L\q *Glu, Gin, Arg, Pro |
Lew, lipids <« | ACAH ( coa {2ty N, g, FTo
) — N
e CO:.28

H:0

Figure 5. The central carbohydrate metabolic network (from Noor, 2010) [140]

Within the central carbon metabolism, phosphorylated metabolites play very
important roles in substrate degradation, energy budget, cofactor regeneration, biosynthetic
precursor supply, even regulation of tumor energetic metabolism, and are therefore essential
in all life processes [94,141]. In glycolysis, glucose is converted into pyruvate, and generates
energy in form of adenosine triphosphate (ATP) and reducing power in form of nicotinamide
adenine dinucleotide (NADH) [142]. Its products includes many important precursor

metabolites such as six-carbon compounds of G6P, F6P, and three-carbon compounds of
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glycerol phosphates, glyceraldehyde 3-phosphate (GAP), glycerate 3-phosphate (Gro3P),
phosphoenolpyruvate (PEP), and pyruvate. At the beginning, glucose is phosphorylated to
G6P. G6P is polymerized and serves as a storage location for chemical energy in form of
glycogen. If the body needs energy, it could be isomerized to form F6P and then
phosphorylated to fructose 1,6-bisphosphate (FBP). FBP is quite common in cells as a key
component in the glycolysis metabolic pathway. The enzyme aldolase splits FBP into
dihydroxyacetone phosphate (DHAP) and glyceraldehyde phosphate. Then, FBP acts as an
allosteric activator of pyruvate kinase enzyme, which later catalyzes the transfer of PEP
(another important chemical compound involved in glycolysis and gluconeogenesis
pathway) to adenosine diphosphate (ADP), producing pyruvate and ATP [143]. G6P also
plays a role in the pentose phosphate pathway (PPP). PPP includes two different phases,
irreversible oxidative phase and reversible non-oxidative phase. Oxidative phase is a main
source of reducing power and metabolic intermediates for biosynthetic processes [144]. In
this phase, G6P is converted into ribulose 5-phosphate (RI5P), and producing NADPH
(reducing equivalents). Later, RISP followed by reversible non-oxidative phase converted
back to G6P using transketolase and transaldolase enzymes [145]. In this phase, pentose
phosphates (i.e. ribose 5-phosphate (R5P), RI5P, and Xxylulose-5-phosphate (XI5P) are
employed as building blocks of nucleotides and deoxynucleotides in deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) [142].

Clearly, phosphorylated compounds play an important role in biological systems,
involving many important metabolic pathways. By understanding their variations in a
biological system, many valuable biological conclusions can be made. However, challenges
with the measurements of these metabolites are not only very low concentration level (trace,
ultra-trace), but also many of them are isomeric compounds, highly polar, rapid in metabolic
inter-conversion and are not easily chromatographically separated [146]. For example, R5P,
RISP and XI5P elute very close to each other due to their stereoisometric structures, while
pentose phosphates and hexose phosphates can exist in both opened chain and closed ring
forms. Both MS and NMR [147,148] methods can be used to analyze the phosphorylated

compounds. As already mentioned, due to the very low sensitivity of 3P NMR signal
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(meaning that more sample and longer measurement time will be required), MS methods are
currently essential for such metabolomics studies. Different separation techniques in
combination with MS have been applied to overcome the challenges in analysis of
phosphorylated metabolites within different type of biological samples, with LC-MS and

GC-MS being the most common examples.

1.3.2 Quantitative analysis of primary phosphorylated metabolites of the central carbon

metabolism

As stateed earlier, metabolomics aims at the (comprehensive) qualitative and
guantitative analysis of the metabolome. Quantitative result from metabolomics
measurement can be used as diagnostic- or bio- markers for an extensive range of biological
studies. In the context of metabolomics, the term “metabolite profiles” was described first by
Horning et al. [149] as multicomponent GC analyses that describe metabolic patterns for a
certain group or class of metabolites. Since then, many methods involving both elemental
and molecular mass spectrometry have been developed and validated for quantitative
analysis of primary phosphorylated metabolites such as sugar phosphates from the central

carbon metabolism.

Elemental mass spectrometry is an important analytical technique allowing accurate
determination of isotope concentration [150]. Of most relevance to metabolomics,
inductively coupled plasma mass spectrometry (ICP-MS) employs a high temperature
(8000 K) ionization source, which is the plasma of ionized argon gas generated in an intense
electromagnetic field. This ionization source allows efficient vaporization, drying,
dissociation, atomization and ionization of all atoms, ions and molecules present in the
sample into elemental constituents [151]. In principle, ICP-MS can detect most elements
except the ones that have high ionization potentials or high background noise (e.g. H, O, N,
F) or suffer from polyatomic interferences, which are usually formed in argon plasma (e.g.

P, S, Se, Ca, Fe). These interferences can be overcome by use of high-resolution instruments
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such as sector-field (SF) ICP-MS or collision/reaction cell technologies [152]. Thus, for
phosphorus measurement, ICP-MS can be used in combination with chromatographic
separation techniques for the analysis of phosphorylated compounds related to central carbon
metabolism [153,154]. Chu et al. [146] applied anion exchange chromatography in
combination with ICP-MS for separation and accurate quantification of several sugar
phosphates in cell extract including G6P, M6P, F6P, R5P, 6PGA, 3PG, 2PG, and FBP. In
this study, the sugar phosphates were separated on Dionex CarboPAC PA1 column, then on-
line transferred to ICP-MS for detection of m/z value of 47 (PO*). The reported method has
a very good short-term and long-term repeatability with relative standard deviation (in term
of peak area) below 3.0% and 10.0% respectively. The authors also optimized the method,
resulting the absolute on-column LODs and LOQs of interested compounds in sub-pmol L*
range. However, phosphorus measurement using ICP-MS has also has some limitations. Due
to the hard ionization source, the advantage of ICP-MS regarding phosphorylated compounds
analysis is a disadvantage for speciation as all structural information of compounds is lost.
Furthermore, phosphorus measurement by ICP-MS suffers from polyatomic interference
caused by atomic or molecular ions, which have the same mass-to-charge as phosphorus (e.g.
I5N0*, 1NYO*, 1“NQOH"Y). Current ICP-MS instrumental software can correct for all
known atomic isobaric interferences, however it does not correct for most polyatomic
interferences [155]. Therefore, the reaction cell technique using oxygen gas, or collision cell
quadrupole mass spectrometry are required for selective phosphorus measurement.
Moreover, phosphorus only has only one stable isotope 3P, which make absolute

quantification via an isotope dilution strategy impossible.

In contrast to elemental mass spectrometry, molecular mass spectrometry employing
soft ionization techniques e.g. ESI (for LC), CI (for GC), provides more information about
compound structure. Molecular mass spectrometry in combination with chromatographic
separation techniques (e.g. LC, and GC) has extensively expanded the capacity of chemical
analysis for highly complex biological samples. Compared to GC-MS, LC-MS can be
applied for a wider range of molecules without complex sample preparation [18]. For
example, Vizan et al. [156] proposed a LC-MS/MS method for quantification of
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phosphorylated carbohydrates in HT29 human colon adenocarcinoma cell line to understand
the role of sugar phosphates in regulating tumor energetic metabolism. Huck et al. [145]
profiled PPP intermediates in blood spots using liquid chromatography combined with MS
and successfully established reference values for intermediates of pentose phosphate
pathway in human blood spots. In 2007, Antonio et al. [157] developed an on-line LC-ESI-
MS/MS method using a porous graphitic carbon (PGC) stationary phase for sensitive targeted
analysis of the main glycolytic intermediates, sugars and sugar phosphates in plants. Luo et
al. [158] reported a highly selective and sensitive LC-MS/MS method for identification and
quantification of intracellular metabolites in the central carbon metabolism using the volatile
ion pair modifier tributylammonium acetate (TBAA). However, the disadvantage for LC,
under typical reversed-phase conditions is that many phosphorylated central carbon
metabolites have poor separation and sensitivity due to their retention near to column void
volume. Addition of ion-pairing agents i.e. tributylamine (TBA) to the mobile phase may
help to extend coverage of these metabolites [53]. Nevertheless, the severe drawback of ion-
pairing reagents is sustainable mass spectrometer contamination, which will limit use of the
instrument for other methods [65,159]. Covalent coating of ion-pairing agents on a RP-
stationary phase could be another choice [65], but has not yet proven rugged enough for
commercialization. Another way to extend the coverage is using different stationary phases
I.e. porous graphitic carbon (PGC), or HILIC [105,160]. PGC stationary phases offer strong
retention of phosphorylated metabolites, but these columns are easily chemical modified over
time, causing significantly reduction in performance and RT stability [65]. HILIC phases
also offer good retention of relevant metabolites, but suffers from decreased chromatographic
performance, lack of selectivity to discriminate key metabolite isomers, poor reproducibility,
and longer equilibrium time compared to RP phases [70,159]. A final option for LC is to
increase the hydrophobicity, which results improvement in retention and ESI ionization
efficiency of targeted metabolites through derivatization [161]. However, derivatization
steps increase the complexity of both analytical workflow, and sample matrix. Furthermore,
no established protocols for selective derivatization of phosphate group-bearing metabolites

is currently available.
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Despite the advantages of LC-MS for broadest coverage of phosphorylated
metabolites based on measurement of underivatized samples, GC-MS has proved to be the
gold standard for separation and quantification of key phosphorylated metabolites. For
example, Koek et al. [3] set up a GC-MS method consisting of an oximation and silylation
derivatization reaction for the analysis of microbial metabolomes. The method was
extensively validated using many other microorganisms, and showed the ability to analyze
many metabolite classes including many sugars and sugar phosphates. Vielhauer et al. [162]
established a simplified GC-isotope dilution MS method for absolute quantification of intra-
and extra- celluar metabolites including not only the phosphorylated sugars but also other
metabolite classes. Mairinger et al. [93] successfully reported the use of GC-QTOFMS with
chemical ionization for *C-based flux for analysis of 42 free intracellular metabolites
including sugar phosphates. Chu et al. [92] reported a method for isotopologue analysis of
sugar phosphates in yeast cell extracts using GC-TOFMS, which employed automated
ethoxymation (in which the keto groups (-C=0) will become —C=N-O-R, therefore keeps
sugars stay in open chain structure vyielding to less derivatives and hence less
chromatographic peaks) and followed by trimethylsilylation (in which active hydrogen in
hydroxyl- , carboxylic- , amine- and thiol groups are replaced by trimethylsilyl groups). The
proposed method successfully separated many of sugar phosphates in cell extracts and
allowed accurate determination of isotopologue with maximum bias, and average bias of

4.6% and 1.4% respectively.

Despite the already significant advances made, the analysis of intracellular central
carbon metabolites by MS-based methods still faces several practical challenges such as: the
low concentration of phosphorylated metabolites, complex matrix components, separation of
highly polar sugar related metabolites and isomeric compound. These challenges again

emphasize the important of sample preparation steps prior to the analysis in metabolomics.
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1.3.3 Cleanup and selective enrichment methods in metabolomics

As mentioned earlier, challenges for primary phosphorylated metabolites involving
central carbon metabolism, includes wide range of metabolite concentration (from sub
umol Lt to mmol L) and a highly complex sample matrix. Indeed, coupling MS with
chromatographic separation techniques could help to partly remove sample matrix, but may
not be enough in many cases. Therefore, prior to the separation, further sample cleanup,
enrichment, and derivatization steps for specific classes of metabolites, especially those
present in low concentrations or exhibiting poor stability, may be involved [13]. The most
popular method to enrich metabolites in samples prior to MS-based measurements is removal
of extraction solvent from the initial volume and subsequent re-constitution in a lower
volume of (more) suitable solvent. However, metabolite losses may occur due to oxidation
or decomposition during these steps, while both desired and interfering components are
enriched [163,164]. For this reason, development of sample cleanup/enrichment procedures

may be required for sensitive and selective MS-based analysis of targeted metabolite classes.

A review from Causon et al. in 2016 [13] about sample preparation strategies for MS-
based metabolomics studies in industrial biotechnology, classified methods of enrichment in
to 3 main categories including liquid-liquid extraction (LLE), solid-phase extraction (SPE),
and dispersive SPE (dSPE). In LLE (or solvent extraction), compounds are separated based
on their relative solubility in two liquids that are not dissolved in each other. The choice of
extraction is critical to reduce unspecific extraction from sample matrix i.e. halogenated
solvents are commonly combined with hydrophilic solvents for extraction of polar
compounds, while non-ionized analytes are usually extracted by organic solvents than
charged species [164]. In addition, pH should be controlled in the range of pKa £2 as a
general rule. The extraction is primary limited to lipid analysis where polarity trends can be
best exploited. SPE has become one of the most essential sample preparation techniques,
widely used for metabolite extraction from biological fluids in metabolomics [165,166]. SPE
and dSPE involve the affinity of solutes dissolved in a mobile phase to solid phase (stationary
phase). The process may include several steps i.e. conditioning, loading, washing, and

eluting. First, sample is loaded onto SPE material, then retained analytes are consequently
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eluted using a solvent or solvent mixtures with sufficient elution strength. The interaction
between sorbent and analyte could be explained by several mechanisms, i.e. Van der Waals
interactions, dipole—dipole interactions, hydrogen bonding, electrostatic forces, or
combination of several interactions. The difference between dSPE and SPE is that sorbent
material is added directly to organic phase in dSPE, while SPE involves flowing of sample
over material packed into a cartridge. Generally, dSPE aims to promote the separation of
compounds of interest from matrix and uses a centrifugation step to remove the solid phase.
In addition to offline SPE, online sample extraction using a pre-column coupled to LC-MS
also has been successfully used for metabolomics investigations [95]. Both SPE and dSPE
have some potential disadvantages such as the weakness for direct enrichment of limited
retention of polar metabolites (sugars, sugar related compounds, etc.), non-specific

interactions and instability under extreme pH of C18 modified silica phase.

Applying cleanup and selective enrichment strategy prior to chromatographic
separation will make the overall workflow more complex, increases the chance to introduce
error. However, using a suitable and effective cleanup and enrichment method indeed helps
to remove high concentration matrix components and promotes the sensitivity and selectivity
for low concentration phosphorylated metabolites of interest. Among strategies mentioned
earlier, sample cleanup and enrichment for phosphorylated metabolites employing SPE is
one of the most popular. Not only because of a wide range of SPE materials for cleanup and
enrichment purpose has been developed and validated for a longtime, but also the methods
shows the potential to overcome challenges in phosphorylated metabolites analysis.
Especially, SPE based on metal oxide affinity chromatography was reported since many

years ago as highly potential enrichment method for phosphor related compounds.
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1.3.4 Metal oxide affinity chromatography for selective enrichment of primary

phosphorylated metabolites

Of relevance to the enrichment of phosphorylated compounds, the review of Fila et
al. [167] summarizes several techniques applied in phosphoprotein and phosphopeptide
enrichment, including immunoprecipitation (using phosphoamino acid-selective antibodies),
immobilized metal affinity chromatography (IMAC, employing a matrix of resins with
associated positive metal ions can catch negatively charged phosphate group), phos-tag
(IMAC variation, in which the matrix composed of Phos-Tag, chemically named 1,3-bis
[bis(pyridin-2-ylmethyl)amino]propan-2-olato dizinc(ll) complex, that is anchored to
agarose), metal oxide affinity chromatography (MOAC, using matrix composed of metal
oxide or hydroxide), polymer-based metal ion affinity capture (PolyMAC, using a soluble
dendrimer attaches two types of side group), phosphopeptide chemical modification, and
phosphopeptide precipitation (using calcium phosphate precipitation). The review
highlighted that the main problem for these enrichment strategies is the non-specific binding
and the challenge to improve these protocols still remains. The authors also concluded that
the most promising methods for phosphoproteomics studies are IMAC and MOAC, where
Ti02/ZrO,-MOAC is considered more promising due to its ruggedness, selectivity, and

sensitivity.

MOAC using materials such as titanium and zirconium oxides has been reported as a
useful strategy for solid phase extraction (SPE)-based enrichment for phosphorylated peptide
and phosphoprotein due to the particular affinity of metal oxides surfaces toward phosphate-
group containing compounds [167-172]. The binding mode of the phosphate anion, mono-
substituted phosphates and carboxylic acids to the TiO> surface was explained as bidentate
nature, which bases on the donation of two electron pairs to a metal atom, or particular
retention mechanism due to the fact that metal oxide could act as a Lewis acid [173,174]. In
the past decade, TiO2- and ZrO»- based materials have also been recognized as an alternative
stationary phase for LC due to its high adsorption capacity, selectivity and chemical stability
when used under extreme pH and temperature conditions [175-177]. Due to nature of the

phosphate-metal oxide interaction, the phosphorylated enrichment is more selective under
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low pH conditions (pH 2-3) as phosphate group remains negatively charged, while the
protonation of carboxylic acids should prevent their binding to the sorbent [167,178].
Ikeguchi et al. [179] reported online enrichment of 6 organic phosphate compounds that
included guanosine 3',5'-cyclic monophosphate (cGMP); guanosine monophosphate (GMP),
guanosine diphosphate (GDP), adenosine 3',5'-cyclic monophosphate (cAMP); adenosine 5°-
monophosphate (AMP), O-phospho-DL-tyrosine (P-Tyr) using a titanium oxide pre-column,
in which the organic phosphates were retained under acidic conditions and eluted under
alkaline condition. Other groups also reported different approaches using metal oxide
materials, allowing the separate analysis of phosphorylated and non-phosphorylated peptides

from an enzymatic digest of proteins [168,180].

While there are already many works dedicated to phosphoproteomics, the enrichment
of phosphorylated primary metabolites using MOAC has not received so much attention. In
2004, Sekiguchi’s group demonstrated the use of TiO2 columns to trap sugar phosphates
(galactose 1-phosphate, glucose 1-phosphate, sucrose 6-phosphate, F6P, glucose 1,6-
diphosphate, UDP-glucose) present in plant extracts for analysis using anion exchange
chromatography with pulsed amperometric detector and MS/MS [95,181]. The results also
highlighted some difficulties regarding the quantitative determination of some sugar
phosphates (e.g. degradation of FBP during microwave-assisted extraction, moderate
recovery of F6P, several peaks for erythrose 4-phosphate). Since then, new commercial
MOAC (TiO2, ZrOy) products were available from many manufacturers, but their usage for

metabolomics applications has not yet been reported.
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2. Publications
2.1 Chromatographic selectivity for broad non-targeted metabolome coverage

In this study, a range of commercially-available RPLC columns suitable for LC-MS
based metabolome assessment were taken with an aim of carrying out a practical assessment
of chromatographic performance and also the range and repeatability of metabolome
coverage possible using a uniform LC-TOFMS platform. Seven different analytical columns
packed with 3 um and sub-2 um fully-wettable RPLC particles were investigated to
determine quality of chromatographic separation, inter-sample molecular feature alignment,
metabolome coverage, and overall suitability for various metabolomics workflows. For each
column, a wide range of relevant central carbon metabolism standards as well as yeast
samples were used to ascertain baseline chromatographic performance and the suitability of
columns for realistic metabolomics workflows. A special focus in this study concerned
column performance achieved for polar metabolites. As part of ongoing efforts to move
towards validation in non-targeted metabolomics approaches, this work aims to provide an
informed overview on the role of RPLC column selection upon the quality of LC-based
metabolomics workflows using cell extracts relevant to fermentation biotechnology as a

suitable example.

63



Electrophoresis 2017, 38, 2287-2295

Le Si-Hung
Tim J. Causon
Stephan Hann

Division of Analytical Chemistry,
Department of Chemistry,
University of Natural Resources
and Life Sciences (BOKU
Vienna), Vienna, Austria

Received April 9, 2017
Revised June 20, 2017
Accepted June 24, 2017

1 Introduction
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Comparison of fully wettable RPLC
stationary phases for LC-MS-based cellular
metabolomics

Reversed-phase LC combined with high-resolution mass spectrometry (HRMS) is one
of the most popular methods for cellular metabolomics studies. Due to the difficulties
in analyzing a wide range of polarities encountered in the metabolome, 100%-wettable
reversed-phase materials are frequently used to maximize metabolome coverage within
a single analysis. Packed with silica-based sub-3 wm diameter particles, these columns
allow high separation efficiency and offer a reasonable compromise for metabolome cov-
erage within a single analysis. While direct performance comparison can be made using
classical chromatographic characterization approaches, a comprehensive assessment of
the column’s performance for cellular metabolomics requires use of a full LC-HRMS
workflow in order to reflect realistic study conditions used for cellular metabolomics. In
this study, a comparison of several reversed-phase LC columns for metabolome analysis
using such a dedicated workflow is presented. All columns were tested under the same
analytical conditions on an LC-TOF-MS platform using a variety of authentic metabo-
lite standards and biotechnologically relevant yeast cell extracts. Data on total workflow
performance including retention behavior, peak capacity, coverage, and molecular feature
extraction repeatability from these columns are presented with consideration for both non-
targeted screening and differential metabolomics workflows using authentic standards and
Pichia pastoris cell extract samples,
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metabolites. Moreover, advances in column chemistry lead-
ing to the development of fully wettable phases that can be

Metabolomics studies are focused on the analysis of low
molecular weight intermediates and products of biological
processes in a wide range of samples including tissue, bioflu-
ids, or cell extracts [1-3]. RPLC remains the most popular
mode of HPLC for practical broad scale metabolome cov-
erage as the retention characteristics of these materials are
well-suited to a range of moderately polar and nonpolar
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routinely used with 100% aqueous mobile-phase conditions
without risk of phase collapse [4], have further extended the
effective polarity range available in a single analysis [5]. There
are several ways to make silica-based columns fully wettable
such as having more available space between the alkyl chains
that allows the chains to bend without forming a matted sur-
face [6], or using polar-embedded groups [7]. However, due
to the difference of packing material, packing quality, and
the particle size, each column has its own characteristics and
differences in chromatographic separation performance [8].
Furthermore, the introduction of sub-2 pm particles and
systems able to work at very high pressures (UHPLC) has
yielded significant improvements in both the efficiency of
high resolution separations and decrease of analysis time
for the analysis of complex biological matrices [9]. There-
fore, choosing the right columns can be seen as a first an-
alytical consideration in method development for LC-based
metabolomics.
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Several previous studies have focused on metabolome
coverage, peak capacity, and overall performance of differ-
ent columns suitable for LC-based metabolomics applications
[10]. For example, in the study of Wernisch et al., the com-
parison focused on investigation of metabolome coverage,
retention time profile, peak shape, and selectivity from differ-
ent hydrophilic interaction liquid chromatography (HILIC)
columns [11]. Walles et al. also compared separation effi-
ciency and precision of two metabolites: norverapamil and
o-demethylverapamil in human-liver microsomal incubates
analysis on two sub-2 pm particle columns, with results in-
dicating that there was no substantial improvement when
changing from 1.8 pm to 1.7 pum particle size [12]. Analy-
sis results of reduced glutathione, glutathione disulfide, and
ophthalmic acid analysis by Lee-Sun et al. indicated the per-
formance of Acquity HSS T3 1.8 p.m was better than Acquity
UPLC BEH C18 1.7 wm columns [13]. Bajad et al. calculated a
score for different columns based on sensitivity, peak sharp-
ness, peak symmetry, and retention time [14]. In a similar
study, Contrepois et al. applied a score system to classify five
different LC columns into three groups: good, acceptable,
and unacceptable in which a good score was characterized by
a good retention time to avoid ion suppression in the void
volume zone, a narrow elution profile to provide optimal sen-
sitivity and simplify accurate peak integration, and an intense
MS signal to be accurately extracted, aligned, quantified, and
identified [15]. A critical point of undertaking such compar-
isons for metabolomics is that assessment using such work-
flows will only be valid as long as all the samples are studied
under the same conditions using a well-controlled method
and the change in the signal should be related to the concen-
tration of the components [16, 17]. Furthermore, for method
quality control purposes, the concept of using a “biological
QC” sample made from pooling aliquots of all samples [18,19]
and a QC sample consisting of the blank matrix spiked with
known concentrations of various analytes are critical for en-
suring data quality over long measurement sequences. QC
samples are analyzed during the run in order to confirm re-
peatability of retention time, peak area, and mass accuracy in
samples throughout the measurement sequence. The FDA
recommends for single analyte tests that tolerance limits are
set such that the measured response detected in two-thirds of
QC samples is within 15% of the QC mean, except for com-
pounds with concentrations at or near the LOQ [20]. How-
ever, Zelena et al. noted an RSD of <20% for the peak area of
QC samples during analysis time was acceptable [21], while
Shama Naz et al. accepted an RSD of <30% in nontargeted
metabolomics analysis [16].

In addition to the role of RPLC column quality, the abil-
ity to provide suitable metabolome assessment depends on
the quality and repeatability of high-resolution mass spec-
tra for molecular features that can be obtained. For exam-
ple, Godzien et al. reported a substantial reduction from ap-
proximately 30 000 found chromatographic features in a first
step extraction down to 20 confirmed compounds following
exhaustive filtering and metabolite annotation. Therefore,
each step of assessment must be well-understood and data

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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processed carefully to avoid significantly affecting the data
interpretation due to the enhancement and accumulation of
error from the beginning to later stages [22]. To this end, com-
parison of column performance for LC-based metabolomics
necessitates a holistic study encompassing the influence of
both analytical aspects, with a focus on chromatographic
performance and analytical method parameters (e.g. preci-
sion under repeatability conditions) with relation back to the
original objective of the analytical task (i.e., maximization of
metabolome coverage).

Thus in the present study, a range of commercially avail-
able RPLC columns suitable for LC-MS based metabolome
assessment were taken with an aim of carrying out a prac-
tical assessment of chromatographic performance and also
the range and repeatability of metabolome coverage possible
using a uniform LC-TOFMS platform. Seven different ana-
Iytical columns packed with 3 um and sub-2 pm fully wet-
table RPLC particles were investigated to determine quality
of chromatographic separation, intersample molecular fea-
ture alignment, metabolome coverage, and overall suitability
for various metabolomics workflows. For each column, a wide
range of relevant central carbon metabolism standards as well
as yeast samples were used to ascertain baseline chromato-
graphic performance and the suitability of columns for real-
istic metabolomics workflows. A special focus in this study
concerned column performance achieved for polar metabo-
lites. As part of ongoing efforts to move toward validation in
nontargeted metabolomics approaches [23], this work aims to
provide an informed overview on the role of RPLC column se-
lection upon the quality of LC-based metabolomics workflows
using cell extracts relevant to fermentation biotechnology as
a suitable example.

2 Experimental
2.1 Chemicals

All solvents used for mobile phase preparation such as H,0,
methanol, formic acid were LC-MS grade and purchased from
Sigma Aldrich (Vienna, Austria). All standard substances
were purchased from Sigma Aldrich and Merck. First, sin-
gle standard solutions were prepared in LC-MS grade water
containing suitable additives (0.1 M HCI, 0.1 M NaOH) when
necessary. The full list of metabolites used in this study is
provided in the Supporting Information Table 1.

2.2 Sample preparation

Three types of test sample were prepared for LC-TOFMS
experiments, i.e. a mixture of 90 analytical grade authentic
metabolite standards, Pichia pastoris cell extract samples, and
P. pastoris cell extract samples spiked with the metabolite
mixture.

Equimolar mixtures of 90 metabolites were prepared
from single standard solutions with a final concentration
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of 50 uM in 0.1% v/v formic acid. This global QC mixture
is used in our laboratory to support validation of targeted
metabolomics workflows using HILIC, reversed-phase, and
GC-based protocols. All equimolar metabolite standard mix-
tures were immediately centrifuged, evaporated under re-
duced pressure using a GeneVac EZ-2 solvent evaporation
system and stored at —20°C. For each column assessment,
the 50 .M metabolite standards mixtures was diluted down to
1 uM using 0.1% v/v formic acid and measured immediately.

Ethanolic cell extracts from P. pastoris were obtained from
ISOtopic Solutions (Vienna, Austria). The calculated amount
of P. pastoris cell dry weight per injection was 37 pg. Two
additional dilutions of the P. pastoris samples were also pre-
pared in 0.1% v/v formic acid corresponding to 7.4 pg and
1.85 pg of biomass per injection. Spiked cell extract samples
were prepared by adding an aliquot from the 90 metabolite
standard mixture to yeast samples. The final concentration
of spiked metabolites was 1 pM with 37 pg of yeast biomass
per injection.

2.3 Instrumentation

An Agilent model 1290 Infinity IT HPLC system and analytical
columns from several manufacturers (Agilent, Fortis Tech-
nologies, Macherey-Nagel, Phenomenex, Sigma-Aldrich, and
Waters) were utilized in this study. All columns were 150 mm
inlength with an internal diameter of 2.1 mm. Three columns
containing 3 pm particles: Atlantis T3 C18 (ATL) (Waters,
Milford, USA), Discovery HSF5 (DIS) (Sigma-Aldrich), and
Fortis H,O (FOR) (Fortis Technologies). The particle size
for Acquity HSS T3 (ACQ) (Waters), Zorbax SB-AQ (ZOR)
(Agilent), and Nucleodur C18 Gravity-SB (NUC) (Macherey-
Nagel) is 1.8 wm, while the Luna Omega (LUN) (Phe-
nomenex) contains 1.6 pm particles.

For MS detection an Agilent model 6230 TOFMS from
Agilent Technologies equipped with a Dual Jetstream ESI
interface was used.

2.4 LC-TOFMS method

In order to allow a fair comparison of all columns over dif-
ferent measurement days and sequences, samples were al-
ways prepared immediately prior to measurement and stored
at 4°C during the entire measurement sequence. An inline
0.2 um filter from IDEX Health & Science (USA) was used
to protect the columns.

The HPLC method used in this study was adapted from
previous work [24]. Briefly, mobile phase A consisted of water
with 0.1% v/v formic acid, mobile phase B contained 100%
methanol. Initial gradients conditions (100% A) were kept for
2 min, then increased from 0% to 40% B in the next 8 min,
and was held for 2 min before starting the cleaning step.
Following a cleaning step and suitable reequilibration time
(5.9 min), the total analysis time was 20 min per injection.
A constant flow rate of 250 pL/min was used, an injection
volume of 5 pL, and the column temperature was 45°C.
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For TOFMS detection, mass spectra between 50 and
1700 m/z were recorded in positive polarity mode with fol-
lowing settings: drying gas temperature 120°C, drying gas
flow 10 L/min, nebulizer pressure 40 psig, sheath gas tem-
perature 350°C, sheath gas flow 12 L/min, capillary voltage
3500 V, and fragmentor voltage 120 V. The 2 GHz extended
dynamic range detection mode with an acquisition rate of
three TOF spectra/s was used for all measurements.

2.5 Quality control

In order to ensure that batch-to-batch and day-to-day variation
of TOFMS performance were not biasing comparisons, the
metabolite mixture was measured using the ATL column at
the beginning and the end of each standards-mixture batch,
and spiked yeast samples were measured during each batch
of P. pastoris measurements. Measurement of QC samples
was needed to ascertain that the repeatability of retention
time, peak area, and extracted accurate mass of some stable
metabolite compounds confirmed the compliance of results
obtained on that measurement day [19]. The QC data were
evaluated with a maximum allowance of £3% for retention
time, +2 ppm for extracted accurate mass, and +15% of QC
mean for peak area to reflect current FDA guidelines [20].
Supporting Information Fig. 1 demonstrates the peak area
precision obtained over a period of 7 days.

2.6 Chromatographic performance

Chromatographic peak capacity was considered for both the
analysis of authentic standards and yeast extracts using peak
width and retention time data of compounds that could be
reliably determined with each column used in the study. Peak
capacity (n.) was calculated according to Snyder [25]:

- i

= Y o 0
Where t, is the gradient time and FWHM is the average full
peak width at half maximum.

2.7 Data processing and evaluation

In this study, two main metabolomics datasets were collected
for each column. The comparisons made from these datasets
are further divided considering requirements for different an-
alytical strategies employed for metabolome assessment. All
data evaluation was performed using Agilent PCDL Manager
B.07.00, Agilent MassHunter Profinder B.08.00.

Firstly, a dataset based solely on measurements of au-
thentic metabolite standards in a simple matrix (0.1% v/v
formic acid) was treated using a batch-targeted feature extrac-
tion (BTF) workflow. The BTF workflow includes only one
stage of feature extraction and is based on primary (monoiso-
topic) ions, adducts, and isotopologue patterns derived from
the input sum formula. This set of data was used to reveal
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basic information and baseline performance of each column
for a wide range of metabolites relevant to the application at
hand. For development of targeted and nontarget screening
metabolomics workflows, PCDL Manager was used to cre-
ate a column-specific in-house compound database based on
the input chemical formulae and experimentally measured
retention times of the authentic metabolite standards for
each column in the positive mode. These databases could
then be applied using a BTF in Profinder for extracting each
compound’s ion chromatogram (i.e. a sum of extracted sig-
nals representing isotopologues, dimers, and adducts of the
target compound). The extracted compound chromatograms
obtained for the targeted metabolites were considered for de-
termination of the precision under repeatability conditions
(n = 6 replicate injections per column) for retention time,
peak area, mass accuracy, and compound target score. The
extraction width was 420 ppm, while matching tolerance
for mass accuracy (bias) and retention time were +10 ppm
and +0.5 min, respectively. Finally, yeast samples spiked
with authentic metabolites were also analyzed and evalu-
ated under the same conditions to assess the performance of
columns with a real matrix in the context of nontarget screen-
ing using the developed column-specific in-house compound
databases. Molecular features were further filtered (target
score =75, mass precision +2 ppm) to ensure that spiked
compounds were correctly annotated. The quality of batch
molecular feature extraction (MFE) is represented by the so-
called MFE and target scores, which are a weighted averages
reflecting how well the software-extracted molecular feature
matches typical (or target) monoisotopic mass, isotopologue
pattern, retention time, and matching of a target chemical
formula to MS data when available.

The second dataset collected was based on the analysis
of ethanolic yeast extracts prepared in different dilutions in
order to estimate coverage, and also to gauge the effect of a
complex sample matrix upon performance of the column and
potential use in a nontargeted differential analysis workflow.
Results for this set were extracted using a batch recursive
feature extraction (BRE) workflow in MassHunter Profinder.
The BRE includes two stages: The MFE and Batch Find by lon
feature extraction (Fbl). MFE removes unwanted informa-
tion such as background noise, and summarizes all extracted
features in each sample considering accuracy of mass mea-
surements, the grouping of ions related to the charge-state
envelope, isotopologue pattern, and the presence of adducts
or dimers [19]. Then, these molecular features are aligned
across all of the selected samples using mass and retention
time characteristics. The total compound abundance is cal-
culated as a sum of areas stemming from all relevant sin-
gle ion features. Next, Fbl uses the median values derived
from the MFE process to perform a targeted extraction to im-
prove the reliability of finding and reporting features from
complex datasets used for differential analysis. In the BRE,
samples were grouped, aligned, and checked for extraction
quality based on narrow retention time and mass-to-charge
windows (+0.15 min and 20 ppm +2.0 mDa, respectively).
Extracted ion chromatograms with symmetric extraction
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windows (m/z = 10 ppm and expected retention time
+0.5 min) were then extracted for all compounds. In order
to be considered as a compound of interest for further evalu-
ation in a differential analysis workflow, appearance in all of
the yeast samples with an MFE score and target score greater
than 75 were required.

Finally, separate comparisons using solvent blanks and
three different biomass concentrations were used to make
a general evaluation of these aspects for performance and
coverage for each column.

3 Results
3.1 Initial column screening and study design

Isocratic experiments with UV/VIS detection were conducted
to assess the primary suitability of columns considered of in-
terest to LC-MS based metabolome assessment (i.e. retention
capacity and number of theoretical plates). The mobile phase
flow-rate chosen for the remainder of study was found to
represent a good compromise for throughput and sensitivity
of ESI-MS detection for 2.1 mm id columns (250 pL/min).
While UHPLC conditions for columns packed with sub-2 pm
particles could be employed to yield faster analysis with the
same quality of separation (i.e. peak capacity, resolution),
this parameter was kept constant to allow fair comparison for
practical metabolomics workflow using the same LC-TOFMS
platform including the electrospray conditions. Based on the
performance (i.e. retention capacity, peak shape, efficiency)
during initial screening (data not shown), seven columns
packed with fully wettable silica-based particles were selected
for further testing using the LC-TOFMS platform.

Using a standardized LC-TOFMS method, columns were
tested with a mixture containing 90 relevant intracellular
metabolites representing the central carbon, energy, and re-
dox metabolism. As already mentioned in the experimental
section, this mixture represents an enhanced QC standard
that is used to check all LC-MS and GC-MS based separa-
tions. Evidently, several compounds in this mixture were not
amenable to reversed-phase liquid chromatography, and did
not show significant retention on these columns. Measure-
ments of this mixture (six technical replicates per column)
were used to assess the separation quality, repeatability, and
estimate the metabolome coverage obtainable using each col-
umn. All separation conditions including column tempera-
ture, flow rate, and gradient profile were kept constant as all
columns were characterized by the same dimensions, while
void volumes were estimated to be 1.2 min + 15% for all
columns (see Supporting Information Table 1). To further as-
sess performance and repeatability for the analysis of biotech-
nologically relevant cellular extracts, six technical replicates
for the analysis of yeast samples with 37 g biomass per in-
jection, three each for 7.4 and 1.85 g biomass, and three for
spiked yeast samples were collected. In order to allow a fair
comparison of all columns using chromatographic and MS-
based parameters, 12 representative metabolites, all of which
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showed an acceptable chromatographic retention time and a
high score (MFE score >75) regarding molecular feature ex-
traction, were selected and identified in both the metabolite
standard mixture and spiked yeast samples for all columns
assessed in this study.

3.2 Chromatographic performance
3.2.1 Retention time distribution

This evaluation considered the number of compounds from
a set of authentic metabolites that could be reliably retained,
extracted, and identified using the columns assessed in this
study. In case of the metabolite standards mixture, of the 90
metabolites contained in this mixture, approximately 40% of
metabolites eluted within less than 2.5 min for all columns
assessed that is close to the void volume of approximately
1.2 min for all investigated columns. Within this retention
range are several polar metabolite classes including some
amino acids, sugar phosphates, and other sugar-related com-
pounds. The fraction of sample eluting within or close to the
column void volume is prone to suffer from ion suppression
effects, or, in some cases, ion enhancement in ESI-MS due to
coelution of matrix components [26]. In this study, many of
the early-eluting compounds were characterized by broader
peak widths and lower software-based compound extraction
reliability due to retention time misalignment.

For the majority of columns in this study, more than
50% of the total number of software-extracted compounds
was retained for less than 3 min except on the ATL and
ACQ columns. The ATL was characterized by the lowest frac-
tion of metabolites eluting in this region (<40%). Overall,
the retention behavior of the columns studied was found
to be very similar with almost 80% of total compounds ex-
tracted eluting within 6 min in all cases. All retention data for
software-extracted compounds are provided in the Support-
ing Information Table 1. Furthermore, based on the number
of compounds eluted in each retention time window, a com-
pound elution distribution profile for each column could be
created (Fig. 1). Ideally, assuming that each 1 min window
should contain 8.33% of the total number of compounds,
an elution distribution factor was calculated based on the
summed square of residuals between each retention distri-
bution profile and the ideal profile. Thus, the smaller the
factor is, the better the performance. Using this assessment,
the ATL (75.6) and DIS (76.2) columns were found to be the
closet to the ideal elution profile compared to other columns,
e.g. NUC (80.3), ACQ (81.7), FOR (95.2), LUN (92.1), and
ZOR (108.2).

3.2.2 Peak capacity
Among the 12 compounds reliably found on each col-

umn, only compounds with a retention time greater than
3.5 min were chosen to calculate peak capacity (thymine,
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Figure 1. Frequency distribution reflecting the retention profile of
metabolites reliably software-extracted from 90 metabolite mix-
ture for the seven columns assessed in this study.

phenylalanine, uridine, inosine, guanosine, and S-adenosyl-
homocysteine)cc. In most cases, column peak capacity
showed no significant difference between standard-mixture
and spiked samples except for LUN (Table 1). ACQ showed
the highest peak capacity in both cases (166 and 173), while
ZOR and DIS had the lowest peak capacity. It was interesting
to note that there was also no apparent strong relationship be-
tween particle size and the calculated peak capacity. Finally,
based on these results, we suggest that comparing peak capac-
ity values as a standalone metric using such a wide range of
metabolite classes should be interpreted carefully due to peak
shape variations observed when using a complex mixture of
standards, in comparison to a real sample matrix.

3.2.3 Retention time repeatability

Considering the metabolite standard mixture, the average
retention time RSD was 0.34% across all columns and com-
pounds, and the maximum retention time RSD was 1.23%
{for L-cystathionine in case of NUC). NUC and ZOR were
characterized by a slightly higher average retention time

Table 1. Chromatographic performance parameters assessed for
columns used in this study

ACQ ATL DIS FOR NUC LUN ZOR

n. (standards-mixture) 166 147 110 142 150 132 114
ne (spiked sample) 173 156 107 156 156 163 130
Positive mode coverage 36 37 3% 38 30 40 37

Recovered in spiked samples 34 34 30 36 27 37 32

Metabolome coverage was calculated by considering the
number of reliably extracted compounds from the 90 metabolite
mixture. The fraction of these metabolites correctly annotated in
the spiked samples is also given.
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RSD than other columns (0.85 and 0.81%, respectively). With
the analytical platform analyzing only metabolite standards
undisturbed over a single batch (several hours of continuous
measurement), the retention time stability was found to be
very good for all columns used in this study. It is noteworthy
that column equilibration with the ethanolic extracts was not
critical concerning retention time repeatability and that the
injection of three samples for system equilibration prior to
each sequence was sufficient. This is due to the fact that the
matrix content of ethanolic cell extracts is generally much
lower as the matrix content of plasma or other biofluids.

3.3 Assessment of columns with full data
processing workflows

3.3.1 Positive mode coverage of metabolite standards
mixture

The targeted metabolomics workflow revealed the number of
metabolites in the standard mixture that could be reliably ex-
tracted for each column in the positive ionization mode. The
range of compound coverage obtained was 30-40 compounds
from the 90 metabolite standards injected. However, of the 90
metabolites contained in this sample, assessment of chemi-
cal structures and confirmation with negative mode ioniza-
tion measurements indicated thatapproximately 50% of these
metabolites cannot reliably form a protonated molecular ion
under these measurement conditions employed. Moreover,
some metabolites (e.g. sugar phosphates) were observed to
suffer from insufficient retention and/or poor resolution on
all columns (see Supporting Information). Among the sub-
2 pm particle columns, LUN had the highest number of the
metabolites that could be reliably extracted by software (40),
while the lowest number was software-extracted for the NUC
(30). Among the 3 pm particle columns, FOR showed the
highest coverage of the test compounds (38). Interestingly,
the ATL (37) exhibited almost the same degree of compound
coverage as ACQ (36). In general, it can be said that little dif-
ference in the coverage using the same HPLC gradient was
observed for the different columns and also with respect to the
particle size. In terms of critical pair (isobaric) separations,
isomeric sugar phosphates could not be reliably separated
on any of the columns considered, while only ZOR could not
separate leucine and isoleucine under the gradient conditions
employed in this study. This might be in part due to the lower
retention capacity of this column at the moderately high col-
umn temperature employed in this study (45°C). Conversely,
the pentafluorophenyl phase (DIS) exhibits extremely strong
retention of these compounds with a peak-to-peak resolution
of approximately 3.

3.3.2 Mass precision

In term of MS quality parameters, all columns tested exhib-
ited good repeatability with mass precision of below 2.0 ppm,
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which was calculated by standard deviation divided by the
average monoisotopic mass of n replicates for the 12 metabo-
lites that could be software-extracted reliably on all columns.
Average mass precision for all columns was 0.27 ppm, and the
worst precision was 0.88 ppm for S-adenosyl-homocysteine
in the case of NUC. Among the seven columns, NUC showed
a slightly worse than average mass precision (0.52 ppm), LUN
had the best average mass precision (0.21 ppm), but it can
be concluded that the choice of column did not apparently
influence the accuracy of TOFMS detection.

3.3.3 Peak area repeatability

Considering the set of 12 representative metabolites from
the standard mixture that could be reliable analyzed using all
seven columns, the average peak area RSD for all columns
was less than 5.0% except for NUC (6.2%). Some particu-
lar compounds stood out as outliers in this dataset. For ex-
ample, poor repeatability was observed for thymine using
NUC (12.7%), L-cystathionine and cystine for FOR (8.3%),
S-adenosyl-homocysteine using ZOR (8.2%), respectively. It
is worth noting here that many sulfur-containing metabolites
are known to be prone to degradation and are usually assessed
with deriviatization-based workflows [27].

3.3.4 Quality control

For quality control of the standards mixture measurements,
data of several compounds measured with the ATL column
alongside each batch were assessed. All tested metabolites
were characterized by good batch-to-batch repeatability with
maximum RT RSD of 2.2%, a maximum extracted accurate
mass RSD of 1.6 ppm in the case of 5’UMP, and a maximum
RT bias of 1.2% (leucine). In terms of peak area, there was
significant observable changes over the measurement days,
but this variation was nonlinear (i.e. not all the metabolites in
the sample followed the same trend). Examining the detected
peak areas of several stable metabolites revealed values within
20% RSD (see Supporting Information Fig. 1) and therefore
the observed variation was considered to be acceptable for
comparing columns on the same platform.

3.4 Performance test for a nontarget screening
approach

The same six targeted compounds that had retention time
greater than 3.5 min were used for peak capacity determina-
tion in spiked samples. Peak capacity values were observed
to be marginally improved over the standards-mixture in a
number of the studied columns (Table 1). This may be in
part caused by the higher concentration of the metabolites,
mild changes in chromatographic processes due to the sam-
ple matrix, and/or ionization enhancement effects arising
from the sample matrix.
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However, lower repeatability of software-based com-
pound extraction was observed for the spiked samples com-
pared to the metabolite standards alone. The maximum re-
tention time RSD was 1.5% for 3AMP using ACQ. In terms
of extracted mass, the worst extracted mass precision was
0.96 ppm in case of S-adenosyl-homocysteine for NUC. In
term of peak area, ACQ exhibited the lowest average peak area
RSD of 2.1% calculated for the 12 selected compounds. For
the other columns, the average peak area RSD ranged from
4.6% to 10.9%. Poor repeatability was observed for some par-
ticular compounds such as inosine and guanosine for ATL
(8.6%, 9.3%), S-adenosyl-homocysteine for DIS, LUN, NUC
(13.5,25.5, and 20.1%), guanosine for NUC and ZOR (37.5%,
52.8%), and thymine for ZOR (12.8%). All of these cases were
manually checked with software to ensure that no integration
errors had occurred. In some cases, the width of the mass
extraction window was found to be a major contribution to
this variation (i.e. employing a wider mass extraction window
reduced the RSD substantially). The increased complexity
of the sample matrix can lead to suppression of reference
ion signal and/or interferences with the target compound
ions.

Furthermore, the results from analysis of spiked samples
revealed a shifting of retention times away from those ob-
served in the standard mixture recorded in separate batches
(Fig. 2). The minimum and maximum average RT biases
were 0.3% (ACQ) and 2.9% (DIS), respectively. A maxi-
mum RT bias of 6.98% for adenine using DIS was observed,
which, although very large, is not unexpected for a weakly
retained compound. Retention time matching (bias against
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Figure 2. RT bias versus retention time of seven columns based
on database value against the measured value from spiked yeast
samples.
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column-specific in-house compound databases) was variable
for the different columns with values reaching >5% in some
cases mostly within the elution time window of 4-6 min.
This may indicate that, in some cases, the columns should be
given more time to reequilibrate or this could be due to the
retention of methanol under initial 100% aqueous conditions
disturbing compounds eluting near the solvent front and thus
increasing the RT bias in the middle of the gradient. This re-
sult again highlights that the selectivity of the high-resolution
mass spectrum and retention time is often not sufficient for
metabolite identity confirmation using databases based on
authentic standards in some cases, and MS/MS or a method
with complementary selectivity may be required [28]. More-
over, the building of column-specific in-house compound
databases is better carried out by using measurements of
spiked samples, rather than authentic standards alone. Nev-
ertheless, based on the number of standard compounds that
could be found using the column-specific in-house databases
following spiking, the software-based compound recovery in
a nontarget screening workflow could be calculated, with re-
sults showing that approximately 90% of metabolites could
be reliably identified in spiked yeast extracts for all tested
columns (Table 1).

3.5 Practical implications of column choice for
nontargeted metabolome assessment

Nontargeted differential analysis relies on a relative quan-
tification of software-extracted, aligned, and averaged molec-
ular features found across multiple samples. For such as-
sessments, data need to be carefully checked manually, and
statistically processed to avoid model overfitting and/or re-
sult distortion due to the risks associated with small num-
bers of observations with a much larger number of variables
[22].

An initial assessment with moderate filtering was ap-
plied to generate a baseline dataset for completely nontar-
geted molecular feature extraction for metabolome assess-
ment. This assessment considered only the six technical
replicates of yeast sample (37 pg of extracted biomass per
injection) without retention time restrictions. Confirmed
molecular features had to be found in five out of six replicates,
while MFE and target scores had to both be greater than 75.
Using this workflow, the number of molecular features that
could be found in each column varied from 720 to 966 fea-
tures. LUN showed the highest number of molecular features
{966), while ZOR had the lowest number of features (720).
The number of molecular features that could be extracted us-
ing the other columns were 826 for ACQ, 840 for ATL, 878
for DIS, 812 for FOR, and 820 for NUC, indicating that no
clear correlation between particle size and number of molec-
ular features extracted was discernible. While the number of
molecular features determined using each column appears
promising for nontargeted LC-MS metabolomics workflows,
a large percentage of the molecular features eluted between
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1.2 and 1.5 min whereby the elution of matrix components
can severely impede relative quantification.

To investigate additional factors including variation in in-
jected biomass with consideration of ion suppression effects
for early-eluting compounds and potential background com-
pound arising from HPLC-grade solvents, a second assess-
ment using three different biomass concentrations and cor-
responding blanks was carried out. Decreasing the amount of
injected (extracted) biomass reduces the overall matrix load
on the HPLC column and also the possibility of medium to
long-term source contamination in the MS. However, these
improvements come at the clear cost of losing metabolite
signals as ion counting statistics and absolute sensitivity lim-
itations of the analytical platform are reached. Furthermore,
principally superfluous/unwanted molecular features found
to be present in blank samples can also be expected to be
found in the yeast extract samples regardless of biomass
concentration. However, ion suppression arising from in-
creasing the injected biomass (viz. sample matrix) was ob-
served to reduce the number of background compounds
reliably found for all columns studied. With consideration
of a reliable retention time window for relative quantifica-
tion tasks (i.e. =3.5 min), the number of molecular features
that could be found in the highest biomass concentration
was considered as the reference number of molecular fea-
tures in the Pichia sample. DIS and LUN had the high-
est number of total features with 624 and 576, while the
number of molecular features of other columns were 455
for ACQ, 400 for NUC, 384 for ZOR, 295 for FOR and 343
for ATL, respectively. Reducing the biomass sample caused
an expected decrease in number of molecular features that
could be reliably analyzed. When one fifth of the biomass
was injected, approximately 50% of total molecular features
were lost, and with one-twentieth injected, approximately
20% of molecular features were remaining for all columns
(Fig. 3).

Blank samples also were treated with BRE separately us-
ing the same software settings and filtering. DIS accounted
for highest number of molecular features from the blank
samples (81), the runner up was ACQ (35), while less than 20
molecular features were determined for the other columns.
The results seem to indicate that the PFP group (DIS)
may lead to increased retention of background compounds,
thereby increasing the total number of molecular features
that could be consistently found.

In summary, the chosen biomass concentration em-
ployed for a particular LC-MS metabolomics method depends
finally on a combination of the influence of sample matrix
on chromatographic and MS aspects of the total measure-
ment. Moreover, the total number of samples to be analyzed
and the ruggedness of the method are additional concerns
for which due consideration must be given during method
development. It can be concluded that the analysis of sol-
vent or procedural blanks was found to be critical for all
columns used in this study, even though the total number of
molecular features arising from the solvent was very low in
many cases.
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Figure 3. Number of molecular features determined for differ-
ent total amounts of extracted yeast biomass (three technical
replicates) and comparison to solvent blanks (three technical
replicates).

4 Conclusions

For the LC-TOFMS platform employed in this study, results
indicated that the 3 pm columns had comparable perfor-
mance to the sub-2 pm columns when considering the entire
analytical platform. Interestingly, particle size and chromato-
graphic peak capacity were not found to exhibit a strong cor-
relation with estimates of metabolome coverage using this
common analytical platform and method. However, it should
also be noted that the performance of all individual columns
examined in this study could be further optimized by adjust-
ment of gradient, flow-rate, temperature, and reequilibration
time. Furthermore, the long-term stability of columns for
real samples was not assessed in this work, which is an addi-
tional consideration for future studies. Overall, DIS and LUN
were the two columns that showed the best performance,
while ACQ and ATL also provided very good characteristics.
DIS performed very well in this study primarily due to its dif-
ferent retention characteristics, which could be very beneficial
for the analysis of polar metabolites.

This work also highlights that building of compound li-
braries for metabolite identification based on measurement
of standards alone is prone to errors with retention time
matching, and we suggest that such libraries should be built
on spiked samples wherever possible. Furthermore, some
additional challenges still remain for LC-HRMS in cellu-
lar metabolomics such as the difficulty of retention time
matching when beginning measurements with 100% aque-
ous conditions, lack of retention of important classes of
metabolites, and challenges for validating differential analysis
workflows. Based on the results of this study and the general
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shortcomings encountered with all columns, we suggest that
improving retention capacity for polar metabolite classes and
separation selectivity are more critical for improving cover-
age, repeatability, and method ruggedness rather than selec-
tion of the optimum HPLC column. Finally, it can be con-
cluded that all columns tested in this study were found to
be suitable for LC-MS metabolomics workflows as described
in this study. However, based on separation considerations,
we suggest that PFP phases present an interesting choice
for further studies in this area, particularly as part of mul-
tidimensional methods using chromatography or ion mobil-
ity as a second separation step in order to improve overall
metabolome coverage.
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2.2 Selectivity cleanup/enrichment of phosphorylate primary metabolites

In this study, several commercially-available MOAC materials were tested for
selective enrichment of intracellular phosphorylated metabolites in yeast cell extract samples.
The best material was chosen through a preliminary screening based on phosphorylated
metabolites trapping ability, and the removal of unwanted compounds in real samples. The
sample cleanup and phosphorylated metabolites enrichment workflow using the best SPE
material was then optimized and validated using GC-MS/MS. As part of efforts to overcome
challenges in sensitive and quantitative analysis of central carbon metabolites, this work
proposes a validated efficiency sample cleanup and selective phosphorylated metabolite

enrichment method using ZrO»-based SPE material.
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ARTICLE INFO ABSTRACT

Keywords In this study, we present a novel selective cleanup/enrichment method based on metal oxide solid phase extrac-
Mass spectrometry tion bined with qu ive gas ch grapl dem mass spectrometry and ion exchange chromatog-
Metabolomics raphy-tandem mass spectrometry for the analysis of phosphorylated metabolites in yeast cell extracts relevant to
Quantification biotechnological processes. Following screening of several cc cially available metal oxide-based enrichment

Sample preparation
Solid phase extraction
Sugar phosphate

materials, all steps of the enrichment process (loading, washing and elution) were optimized for both the selec-
tive enrichment of 12 phosphorylated compounds from the glycolysis and p phosphate pathways, and the
simultaneous r | of highly abundant matrix c such as organic acids and sugars. The full analytical
workflow was then validated to meet the demands of accurate quantification of phosphorylated metabolites in
yeast (Pichia pastoris) cell extracts using the best performing material and cleanup/enrichment method combined
with quantification strategies based on internal standardization with isotopically labeled internal standards and
external calibration. A good recovery (=>70%) for 5 of the 12 targeted phosphorylated compounds with RSDs of
less than 6.0% was obtained while many sugars, organic acids and amino acids were removed (> 99% of glucose,
and >95% of aspartate, succinate, glutamate, alanine, glycine, serine, threonine, proline, and valine). The use of
isotopically labeled internal standards added to the samples prior to SPE, enables accurate quantification of the

bolites as it comp for errors introduced during sample pretreatment and GC-MS or LC-MS analysis.
To the best of our knowledge, this is the first time an effective and selective metal oxide-based affinity chro-

matography cleanup/enrichment

metabolites.

hod was d d and d successfully for intracellular phosphorylated

1. Introduction

Metabolomics studies focus on the analysis of a wide range of low
molecular weight intermediates and products of biological processes in
samples including tissues, biofluids or cell extracts [1-3]. Within this
diverse range, phosphorylated metabolites such as intermediates of gly-
colysis and the pentose-phosphate pathway play very important roles
in substrate degradation, energy budget, cofactor regeneration, biosyn-
thetic precursor supply as well as regulation of tumor energetic metab-
olism, and are therefore essential in all life processes. Regarding the
challenging quantitative analysis of phosphorylated compounds, sev-
eral techniques such as capillary electrophoresis (CE)-mass spectrometry
(MS), liquid chromatography (LC)-MS and gas chromatography (GC)-MS
have been applied in the past [4-6]. However, for separation and
quantification of the most important sugar phospt GC-MS r
the gold standard for metabolomics [7,8]. GC-MS combines high sepa-

ration efficiency and sensitivity as well as selective detection and hence
covers - applying efficient derivatization strategies - a broad range of po-
lar metabolites such as organic acids, amino acids, sugars, sugar phos-
phates and phosphorylated compounds within a single chromatographic
run. However, due to the low concentrations of phosphorylated metabo-
lites in cellular samples and potential matrix interferences for GC de-
rivatization [9], the quantitative determination of phosphorylated com-
pounds in biological samples remains analytically challenging. Con-
sequently, reduction of sample complexity using selective enrichment
methods is a step forward for their quantitative analysis, since not only
derivatization in GC-MS is matrix-dependent, but also the electrospray
ionization (ESI) process in LC-MS suffers from matrix-related suppres-
sion.

Metal oxide-based affinity chromatography (MOAC) using materials
such as titanium and zirconium oxides has been reported as a useful
strategy for solid phase extraction (SPE)-based enrichment for phospho-
rylated peptides [10-12] and phosphoproteins [13-15] due to the par-
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ticular affinity of metal oxide surfaces toward phosphate-group contain-
ing compounds. The binding mode of the phosphate anion, mono-substi-
tuted phosphates and carboxylic acids to the TiOy surface was explained
as being of bidentate nature based on the donation of two electron pairs
to a metal atom, and the fact that metal oxide can act as Lewis acids
[16-19]. In the past decade, materials based on TiO, and ZrO, have
also been used as alternative stationary phases for liquid chromatogra-
phy due to their adsorption capacity, selectivity and chemical stability
when used under extreme pH and temperature conditions [20-22].

Due to the nature of the phosphate-metal oxide interaction, the en-
richment of metabolites containing phosphate functional groups is more
selective under low pH conditions (pH 2-3) [23], as non-specific inter-
actions will be minimized. Theoretically, the phosphate group remains
negatively charged under low pH conditions, while the protonation of
carboxylic acids should prevent binding to the sorbent [15]. However,
controlling pH alone is not sufficient to steer selectivity in matrix-loaded
biological samples and optimization of all SPE steps is thus required.
Hence, mixtures of trifluoroacetic acid (TFA) or formic acid (FA) com-
bined with acetonitrile (ACN) or methanol (MeOH) at levels of 50-80%
{v/v) were initially applied. Later, the use of 2,5-dihydroxybenzoic acid,
lactic acid, p-hydroxypropanoic acid and glycolic acid were also re-
ported to control pH and to prevent non-specific hydrophobic interac-
tions with the sorbent [11,20,24-28]. However, the results regarding
efficiency of preventing non-specific binding using these mixtures were
quite contradictory and hence highlight some of the difficulties in select-
ing the optimal SPE conditions, particularly with regard to the role of
the sample matrix.

One crucial step during SPE is the washing of the metal oxide af-
ter the binding of the phosphorylated analytes prior to their elution. In-
appropriate washing conditions can lead to losses of analytes, incom-
plete removal of residual chemicals or non-specifically bound matrix
compounds [26]. As washing solution, pure deionized water, combina-
tions of several organic acids (e.g. TFA, acetic acid, lactic acid), com-
binations of ACN/MeOH or ammonium bicarbonate in ACN were used
[29-32]. After washing, the bound compounds were eluted following
the frequently used approach employing high pH (9-11) inorganic sol-
vents such as NH,0OH [24,29,33,34], ammonium phosphate [32] or
ammonium bicarbonate [10]. Kyono et al. reported that the elution effi-
ciency was independent of pH, and improved for the hydroxyl acid-mod-
ified metal oxides when secondary monoamines such as piperidine or
pyrrolidine were added to the eluents [31].

While much work has been dedicated to phosphoproteomics, the
enrichment of phosphorylated primary metabolites using MOAC has
not received much attention. In 2004, Sekiguchi's group demonstrated
the use of TiOy columns to trap sugar phosphates (galactose 1-phos-
phate, glucose 1-phosphate, sucrose 6-phosphate, glucose 6-phosphate,
fructose 6-phosphate, fructose 1,6-diphosphate, UDP-glucose) present
in plant extracts for subsequent analysis using anion exchange chro-
matography with pulsed amperometric detection [35] and MS/MS [36].
These studies also highlighted some difficulties regarding the guantita-
tive determination of some sugar phosphates (e.g. degradation of fruc-
tose 1,6-disphosphate during microwave-assisted extraction, moderate
recovery of fructose 6-phosphate, several peaks for erythrose 4-phos-
phate). Since then, new commercial MOAC (TiO», Zr0O,) products have
been made available from many manufacturers, but their usage for
metabolomics applications has not yet been investigated.

In this work, we address the challenging quantitative determination
of phosphorylated metabolites at low concentrations in complex bio-
logical matrices. We present a workflow combining GC- and IC-MS/MS
analysis with a novel selective MOAC solid phase extraction method for
cleanup/enrichment and quantification of 12 phosphorylated primary
metabolites from glycolysis and pentose phosphate pathways. Several
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SPE materials designed for either application in phosphopeptide enrich-
ment or phospholipid depletion workflows were tested for their suitabil-
ity. Due to the fact that diverse errors can easily be introduced through-
out the whole analytical workflow including solid phase extraction, de-
rivatization and GC-MS/MS as well as IC-MS/MS analysis [37,38], an
uniformly U®C-labeled biological cell extract was employed as internal
standard (U'3C ISTD) for all analyses during method development and
evaluation.,

2. Material and methods
2.1. Chemicals

2-Phosphoglyceric acid disodium salt hydrate (2PG), 3-phosphoglyc-
eric acid disodium salt (3PG), dihydroxyacetone phosphate lithium salt
(DHAP), erythrose 4-phosphate sodium salt (E4P), fructose 6-phosphate
disodium salt hydrate (F6P), fructosel,6-bisphosphate trisodium salt
(FBP), glucose 6-phosphate dilithium salt (G6P), glycerol 3-phosphate
bis(cyclohexylammonium) salt (Gro3P), mannose 6-phosphate disodium
salt hydrate (M6P), phosphoenolpyruvic acid (PEP), ribose 5-phosphate
disodium salt hydrate (R5P), D-sedoheptulose 7-phosphate lithium salt
(57P), alpha-aminoadipic acid (AAA), alpha-ketoglutaric acid (AKG), cit-
ric acid monohydrate (Cit), DL-isocitric acid trisodium salt (i-Cit), fruc-
tose (Fru), glucose (Glc), L-lysine (Lys), L-proline (Pro), fumaric acid
(Fum), DL-serine (Ser), L-cystathionine (LCT), mannitol (Man-OL), man-
nose (Man), galactose (Gal), succinic acid (Suc), and L-tryptophan (Trp)
were purchased from Sigma Aldrich (Vienna, Austria). L-aspartic acid
(Asp), glycine (Gly), DL-malic acid (Mali), L-methionine (Met), and
L-valine (Val) were purchased from Merk (Darmstadt, Germany). Sin-
gle stock solutions were prepared in amber glass vials in LC-MS grade
water (CHROMASOLV™ LC-MS, Honeywell) containing suitable addi-
tives (0.1molL™! HCI, 0.1 molL~! NaOH) when necessary. All single
stocks were stored at —80°C. The working standards were prepared
daily in LC-MS grade water. Formic acid (FA), and trifluoroacetic acid
(TFA) were purchased from Sigma Aldrich. Ethoxyamine hydrochloride
(EtOx) was purchased from Sigma Aldrich, N-methyl-N-(trimethylsi-
lyDtrifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS)
from Thermo Scientific (Waltham, MA, USA). The EtOx solution was
prepared daily by dissolving an appropriate amount of solid substance
in water-free pyridine (Sigma Aldrich).

2.2, Internal standards

UC fructose 1,6-bisphosphate (U'3C FBP) was purchased from Omi-
cron Biochemicals (South Bend, USA), U'C-labeled metabolites inter-
nal standard derived from fully '*C-labeled P. pastoris extraction (U'*C
ISTD) was obtained from ISOtopic Solutions (Vienna, Austria).

2.3. Reconstitution of P, Pastoris samples and U'3C ISTD

Ethanolic cell extracts of P. pastoris were obtained from 1SOtopic So-
lutions (Vienna, Austria) and were stored at —80°C. These P. pastoris
samples contain a dried extract of more than 2 x 107 cells (correspond-
ing to approximately 15mg cell dry weight (CDW)). Before use, the nat-
ural yeast extract and the U'C labeled yveast extract (ISTD) were recon-
stituted to 2.0mL with LC-MS grade water. The U'3C ISTD was further
diluted by a factor of 10 with LC-MS grade water before further use in

SOMe experiments.
2.4. Quantitative determination of primary metabolites in P. pastoris

2.4.1. Quantitative GC-MS/MS analysis

Sample aliquots of 60 pL. were pipetted into 200 plL flat bottom glass
inserts in 1.5mL GC-vials. After addition of 60uL of EtOx in pyridine
(cgox = 18.7mgmL~") for protection of carbonyl groups during evapo-
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ration step [39], all samples were dried using a vacuum centrifuge and
then transferred to a Gerstel MPS2 robot (Gerstel, Germany) for auto-
mated just-in-time online two-step derivatization before measurement
with GC-MS/MS.

The two-step derivatization procedure was modified based on the
derivatization parameters published by Koek et al. [9]. First, the dried
sample was reconstituted in 18pl EtOx in water-free pyridine
(criox = 18.7mgmL™") and incubated at 40°C for 90 min for ethoxima-
tion, followed by silylation with 42puL MSTFA with 1% TMCS at 40°C
for 50 min. The derivatized samples were kept at 4°C for 5min for sam-
ple cool down and were then injected into the GC-MS/MS system.

For the analysis by GC-MS/MS, an Agilent Technologies 7010B
GC-MS/MS Triple Quadrupole system (Agilent, Waldbronn, Germany)
with electron ionization (ED) source was used. A multipurpose sampler
(MPS2, Gerstel, Germany) was used for automated two-step derivatiza-
tion of the analytes and injection into a programmed temperature va-
porizer (KAS6, Gerstel). The sensitivity and mass accuracy of the mass
spectrometer was checked before starting analysis with an internal cal-
ibrant solution containing perfluorotributylamine (PFTBA) and perflu-
oro-5,8-dimethyl-3,6,9-trioxydodecane (PFDTD) applying the mass cal-
ibration protocol of the system. Multi Baffled PTV Liners with Siltek
coating (Gerstel) were changed after approximately one hundred injec-
tions. The derivatives were separated on a nonpolar Optima 1 MS Accent
analytical column (Macherey - Nagel, Germany, 60m x 0.25mm i.d.,
0.25pm film thickness, 100% dimethylpolysiloxane stationary phase).
For protection of the analytical column, a deactivated nonpolar guard
column (3m x 0.25mm i.d., Phenomenex) was used. For the analyti-
cal column, helium was used as carrier gas at a constant flow rate of
1.3mLmin"", Injection of 1.0pL aliquots of sample solution was per-
formed applying programmable temperature vaporization (PTV) (70°C
for 0.1min, 12°C min~! to 260°C (hold 1min), 12°C min" to 300°C,
Smin hold). A splitless inlet mode was used with purge flow to split
vent is 50mLmin~! at 2min. The GC temperature gradient was started
at 70°C (hald 1 min), then ramped at 15°Cmin~! to 190°C, at 5°C min™"
to 225°C, at 3°C min~' to 255°C and finally at 25°C min~! to 310°C
(hold 5min). Total cycle time was 33.2min. Information of all precursor
and produet ions as well as collision energy used can be found in sup-
plementary material (Table S1).

2.4.2, Quantitative IC-MS/MS analysis of FBP and PEP

FBF was reported not to be stable during trimethylsilylation deriva-
tization and hence suffers from poor derivatization efficiency (< 10%)
[39]. Furthermore, PEP shows very low sensitivity when analyzed with
GC-MS/MS. For the measurement of FBP and PEP an IC-MS/MS method
was thus employed.

Before 1C-MS/MS analysis, 375 pL aliguots of the effluents containing
30 L of UMC FBP (with a concentration of 25umol L™!) were pipetted
into 1.5 mL vials. An HPIC system (Thermo Fisher Scientific IC5000+)
with suppressed conductivity and mass spectrometric detection was
used. The instrument was operated in external water mode (in which
a second pump system was used to supply the electrolytic membrane
suppressor with regenerant water) and was coupled with a Thermo
T5Q Vantage Triple Quadrupole Mass Spectrometer (Thermo Fisher Sci-
entific). The samples were injected via an AS-AP autosampler with
push-full injection mode using a 30 pL fixed loop (overfill factor 2). A
Dionex TonPac AS11-HC column (4 pm, 2 % 250 mm) preceded by a
Dionex lonPac AG11-HC guard column (4 pm, 2 x 50 mm) was used
for anion exchange chromatography with an AERS 500e 2 mm elec-
trolytic membrane suppressor (Thermo Fisher Scientific) placed be-
tween the column and the conductivity detector. A suppressor current
of 30 mA was applied for the entire analytical run. A multistep elec-
trolytically generated gradient program was used with an initial con-

76

Talanta xex (xexx) xcx-xex

centration of 10 mmol L' KOH ramped up to 60mmolL~! from 0 to
0.5min, then held isocratic until 5,5min, returned to 10mmol ™! KOH
at 6.1 min and held until 13min. The analytical and suppressor regen-
erant flow rate were both set to 0.2mLmin~!, Temperature of the col-
umn compartment and cell heater were 30°C and 35°C, respectively.
The suppressed effluent exiting the conductivity cell was directly con-
nected to the heated electrospray ionization (HESI) source of a Thermo
TSQ Vantage. Another pumping system was used to supply the ACN and
mixed with effluent before entering HESI for enhancing ionization (flow
rate of 0.1 mLmin~'). The vaporizer and capillary temperature were set
to 350°C, sprayer voltage to 3000V, aux gas pressure to 15 arbitrary
units, sheath gas pressure to 40 arbitrary units and collision gas pressure
for multiple reaction monitoring to 1.5 mTorr. Using negative ionization
mode, transitions for FBP were 339 — 241 (15V CE) and 339 — 97 (20V
CE), transitions for PEP were 167 =79 (37V CE) and 167 - 63 (66V
CE). A MRM chromatogram of the PEP and FBP separation is shown in
Supplementary material (Fig. S1).

2.5. SPE materials

The tested MOAC materials were HybridSPE®-Phospholipid (Zr0s)
cartridges (SUP) purchased from Sigma-Aldrich (Vienna, Austria), Phos-
phopeptide Purification ZrO; iTip (PET) purchased from GlySci (Colum-
bia, USA), MagReSyn”™ Ti0, (MTO) and MagReSyn™ Zr0, (MZO) mate-
rials obtained from ReSyn Biosciences (Gauteng, South Africa). We addi-
tionally tested immobilized metal affinity chromatography (IMAC) ma-
terials, which are resins with associated metal ions [15]: Phosphopep-
tide Enrichment Spin Columns (PES) purchased from Takara (CA, USA),
MagReSyn® Ti-IMAC (MTI) and MagReSyn” Zr-IMAC (MZI) obtained
from ReSyn Biosciences (Gauteng, South Africa). Further information for
all materials can be found in the Supplementary material (Table S2).

2.6. Preliminary comparison of MOAC materials with regard to
breakthrough during loading

For the comparison of different cleanup/enrichment materials, three
conditioning/loading procedures (referred to as A, B, Clwere selected
based on recommend procedures from respective manufacturers, then
maodified to fit for the purpose. These procedures were tested with P.
pastoris cell extracts to assess their performance for selective cleanup/
enrichment of phosphorylated metabolites while maintaining simplicity,
speed, low cost and compatibility with the measurement methods em-
ployed. A summary of the three procedures is provided in Supplemen-
tary material (Table S3). In procedure A, the samples were acidified
with concentrated FA to a final FA concentration of 2% and then diluted
by a factor of 2 with 1% FA in MeOH (loading solution) prior to loading.
The materials were conditioned with 780 uL of loading solution. Then,
780 pL of the diluted sample (amount of cell extract corresponding to
2.8mg CDW) was loaded to each material. Procedure B was similar to
procedure A with the exception that the loading solution was 1% (v/
v) FA in 45% (v/v) MeOH, 45% (v/v) ACN, 9% (v/v) water. In proce-
dure C, the samples were acidified with 10% TFA to a final TFA con-
centration of 0.4%, then diluted by a factor of 2 with a loading solu-
tion comprising 0.1% (v/v) TFA in 90% (v/v) ACN. A volume of 780 puL
of loading solution was used for conditioning. For these initial compar-
isons, only GC-MS/MS was used for measurements, 60 uL aliquots of the
eluents and 60 pL of the 1:10 diluted ISTD were pipetted into 200 uL flat
bottom glass inserts in 1.5mL GC-vial. After addition of 60 pL of EtOx in
pyridine (cgo, = 18.7mgmL~"), all samples were dried using a vacuum
centrifuge and then transferred to a Gerstel MPS2 robot (Gerstel, Ger-
many) for automated just-in-time online two-step derivatization before
measurement with GC-MS/MS.
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2.7, Assessment of breakthrough, washing and elution recoveries

For MOAC material comparison and later method development, the
SPE was performed with the pure samples diluted with loading solution
only. Diluted U'3C ISTD was spiked into the effluents of the loading,
washing, and elution steps after SPE and prior to analysis. For the cal-
culation of recovery, reference samples were spiked with the U'3C ISTD
and analyzed directly omitting the SPE steps. All samples used for recov-
ery determination are referred to as R-samples,

For these experiments, the cartridges were first conditioned with
conditioning solution. Yeast cell extracts were acidified according to the
loading procedures, diluted by a factor of two with the loading solu-
tion and subsequently loaded onto the cartridges. 100 pL aliquots of the
eluents and 100pL of the 1:10 diluted ISTD were pipetted into 200 pL
flat bottom glass inserts in 1.5 mL GC-vials and were then analyzed by
GC-MS/MS. For IC-MS/MS analysis see section 2.4.2. The compound
fractions in the breakthrough, washing and eluent solutions were then
calculated using equations (1)-(3) (in which the compound fraction
quantified in the eluent represent the overall compound recovery of the
method for the respective analyses):

Ap, %
= %100 (€]
L, %
_ Ty
A @
w
® 100
e %
_ Cp
A @
w100

where xp, x,, x, are the recoveries in effluents of loading, washing and
eluting steps expressed as molar fractions (%), ¢, €y, ¢ are compound
concentrations (pmol L) in the effluents; V; V,, V, are the volumes of
the sample, washing and elution fractions.

2.8, U'C ISTD addition for the correction of errors caused by the analytical
workflow

For the assessment of precision under repeatability conditions of
measurement, the yeast cell extracts were subjected to the optimized
SPE procedure.

The samples were either spiked with the undiluted U'3C ISTD prior to
the sample loading. These samples are referred to as P-samples. 100puL
aliguots of the effluents were dried for GC-MS,/MS analysis (n = 5).

In a second, alternate approach, effluents of unspiked samples were
spiked with the diluted ISTD after SPE (R-samples). 100pL aliquots of
these samples were spiked with 100 pL diluted ISTD before GC-MS/MS
analysis for determination of recovery and assessment of precision un-
der repeatability conditions (n = 3).

2.9. Data processing and evaluation

Data acquisition and evaluation for GC-MS/MS were carried out with
MassHunter Acquisition B.07.05.2479, MassHunter Quantitative QQQ
B.09.00 (Agilent Technologies, CA, USA). IC-MS/MS data acquisition
and evaluation were performed using Xcalibur 2.3 and Tracefinder 3.1
(Thermo Fisher Scientific).
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3. Results and discussion
3.1. Selection of MOAC materials for cleanup/enrichment

The P. pastoris cell extract used for this set of experiments is known
to have a complex matrix that includes highly concentrated non-phos-
phorylated compounds such as carboxylic acids, amino acids and sugars
[40-42]. On the other hand, intracellular concentrations of phosphory-
lated metabolites are comparatively low from sub-umal L~ to few pmol
L7! [7,43]. The initial goal of SPE cleanup/enrichment was to achieve
efficient enrichment in the loading step, and at the same time, high
breakthrough for non-phosphorylated matrix compounds (i.e. amino
acids, carboxylic acids and sugars). Although MTI, MZI, and PES are
IMAC materials, they were nevertheless tested in our initial experiments.
Based on the adsorption efficiency of the phosphorylated compounds
of interest in the loading step and the degree of removal of non-phos-
phorylated compounds, the most suitable material and procedure were
selected and further optimized. Parameters like loading amount, elu-
tion volume and elution order were tested with regard to their impact
on analyte recovery in the eluent. The fractions of the phosphorylated
compounds in the breakthrough solutions were calculated according to
equation (1) for all materials and procedures. Results revealed more
efficient adsorption of phosphorylated compounds on SUP, which is a
2r0s-based cartridge containing a high amount of solid phase (see Sup-
plementary material, Table $2) in comparison to the other materials
(see Supplementary material, Figs. 52a and b). Furthermore, increas-
ing ACN concentration in the loading solution (procedure B) resulted
in slightly lower concentrations of the phosphorylated metabolites in
the breakthrough solution of SUP. For the non-phosphorylated matrix
compounds, all materials exhibited high breakthrough with more than
70% for the studied compounds using procedure A and B, except for
SUP (see Table S4). Regardless of the procedure employed, SUP tended
to efficiently bind Cit, Mali, and Lys. Adding ACN to the loading solu-
tion (procedure B) increased the breakthrough of Cit and Mali from 4%
to 40% and from 17% to 44%, respectively. Breakthrough fractions of
other non-phosphorylated compounds are provided in the Supplemen-
tary material (Table S4). These results are in accordance with the find-
ing that increasing ACN concentration in the loading solution helps to
prevent unwanted binding of some compounds for SUP [11,32,44]. For
other materials, no effect was apparent. Possible explanations for the
more efficient binding of Cit, Mali and Lys using SUP could be either
the higher binding capacity due to the higher amount of SPE material
(30mg) in the cartridge compared to others materials, or the relatively
strong Lewis basicity of Cit and Mali, which can influence retention on
zirconia materials [44]. From the point of view of ion exchange-type
interactions, the pK; values of these acids may also influence retention
processes [23], which would be reflected by the fact that Cit (pK, of 3.1
and 4.7) and Mali (pK, of 3.5 and 5.03) are more efficiently bound than
Suc (pK, of 4.2 and 5.6). Like SUP, the investigated PET tips contain
a Zr0O; phase, but a very low mass of material (75pg), which could be
the main reason for the high breakthrough of both phosphorylated and
non-phosphorylated compounds on this material.

Using 0.1% TFA in 90% ACN as loading/conditioning solution (pro-
cedure C), all materials yielded good results concerning the removal of
interfering matrix compounds with approximately 100% breakthrough
for the studied non-phosphorylated metabolites, except for some or-
ganic acids on SUP (Table $4). For SUP cartridges, low breakthrough
was observed for Cit (3%), Mali (26%), AKG (63%) and Lys (70%).
Again, an attempt to explain the results for binding of interfering com-
pounds based on pH only is unconvincing due to the fact that the pH
of the sample was already lower than the pK, values of the carboxylic
acids (although adjusted to be greater than the pK, value of the phos-
phorylated metabolites) in order to prevent unwanted binding. This
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may indicate the important role of the analyte functional groups, since
compounds that contain multiple carboxylic acid or amine groups may
exhibit better retention on Zr0O, materials [44-46]. However, for im-
portant phosphorylated metabolites, SUP exhibited best results with no
detectable breakthrough for 3PG and G6P, 5% for 2PG, 7% for DHAP
and 10% for M6P (Fig. 1).

Hence, compared to other tested materials, the use of SUP with pro-
cedure C showed the lowest breakthrough for the primary phosphory-
lated compounds, while at the same time provided partial removal of
sugars, organic acids and amino acids. Therefore, SUP was chosen for
further procedure optimization and validation.

3.2, Optimi: of SPE ¢l for phosphorylated
metabolites in P. pastoris cell extracts using SUP

st
p/enr

3.2.1. Optimization of washing solution composition

Various washing solutions were investigated for SUP including 0.1%
TFA in 90% ACN, pure MeOH and pure Hz0. The compound losses dur-
ing the washing step were calculated using equation (2). Washing car-
tridges with 0.1% TFA in 90% ACN, which is also the composition of
the loading solution of procedure C, yielded the lowest losses (less than
5%) for all investigated phosphorylated metabolites (except for Gro3P),
while washing with MeOH caused higher losses such as 12% of 3PG,
14% of G6P and 7% of M6P. Washing with HyO caused losses of up
to 38% for 3PG 35% for G6P, and 16% for M6P. Therefore, 0.1% TFA
in 90% ACN remained the best choice for the washing step of the SPE
cleanup/enrichment procedure.

3.2.2. Optimization of SPE elution

It was reported that the recovery of phosphopeptides can henefit
from the addition of secondary monoamines such as piperidine and
pyrrolidine to the eluent for the hydroxyl acid-modified metal oxides
[31]. Since pyridine was used in our GC derivation procedure, pyridine
was tested as elution solvent for the first time. Compound recovery in
the elution step was calculated using equation (3). Preliminary results
with 100 pL of 10% pyridine in MeOH showed low recovery of the ana-
lytes, in more detail 23% for 2PG, 14% for DHAP, 17% for F6P, 29% for
Gro3P, 21% for G6P and 22% for M6P. Preliminary results showed that
washing with H,0 and MeOH also eluted the phosphorylated metabo-
lites from the cartridge, hence both of these solvents were included in
the optimization of a sequential elution procedure.

One important factor for sequential elution is the order of elu-
tion due to the influence of the previous eluent upon subsequent elu-
tion steps. Therefore, two elution protocols with different orders were
tested. Procedure E1 used the order: (1) 130, (2) 20% NIH4OH, (3)
MeOH and (4) 10% pyridine in MeOH, while the order of the E2 proce-

140 + BPES WSUP @MTO oMZO sMTI @Mzl

in bre

solution (%)

Gop BT

Fig. 1. Compound fractions in the breakthrough solution (%) using 0.1% TFA in 90% ACN
as conditioning and loading solution (procedure C), n = 3 for SUP, 7 = 1 for all other ma-
terials, loaded amount of cell extract corresponding to 2.8 mg CDW of P. pastoris.

0
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dure was: (1) 10% pyridine in MeOH, (2} MeOH, (3) HzO and (4) 20%
NH4OH. Each elution step was carried out using a volume of 100 L, re-
sulting in a total elution volume of 400 uL, which was collected in a sin-
gle vial. The results showed that procedure E1 led to significantly higher
recoveries for all phosphorylated compounds with recoveries ranging
from 46% (S7P) to 92% (Gro3P), while the maximum recovery of pro-
cedure E2 procedure was only 58% (Gro3P). Hence, elution protocol E1
was chosen for all further work.

Next, the volume of the elution fractions needed to be adjusted to
provide a compromise regarding repeatability, enrichment factor and
elution efficiency. For this purpose, six cartridges were loaded with a
CDW of 2.8mg of P. pastoris using the loading/conditioning/washing
conditions of procedure C. Then three cartridges were eluted employing
elution procedure E1 with a total elution volume of 200uL (50 uL per
elution step), while the other three cartridges were eluted with a total
volume of 400 pL (100 pL per clution step). The results showed higher
amount (nmol) for most of the studied phosphorylated compounds in
eluents when using 100pL for each step (Fig. 2). Thus, a total elu-
tion volume of 400puL was employed (4 x 100pL) for all further ex-
periments, resulting in an enrichment factor of approximately 2. This
two-fold reduction of the enrichment factor in comparison to a total vol-
ume of 200 pL can easily be compensated by doubling the volume of the
aliquots, which are dried for GC-MS/MS analysis.

3.2.3. Effect of the loaded sample amount

Six SUP cartridges were loaded with two different sample amounts
(corresponding to CDW of 2.8 mg and 6.0mg of P. pastoris, respectively)
using procedure C, washed with same conditioning solution and eluted
with elution procedure E1. As more sample loaded onto the cartridge
implies a higher amount of loaded matrix, a cartridge will eventually
reach its binding capacity and breakthrough will occur. Fig. 3 shows
the concentration of phosphorylated metabolites (umol L™! CDW™1) re-
covered from eluents using SUP cartridges with two loaded sample
amounts. Results (n = 3) showed that the concentration of all com-
pounds were higher using a sample amount of 2.8 mg CDW, and signif-
icantly lower using a sample amount of 6.0 mg CDW. For this reason, a
CDW of 2.8 mg of yeast cell extract was used for all further experiments.

In summary, the optimized SPE conditions are as follows (Fig. 4):
conditioning of the cartridge with 780pL of 0.1% TFA in 90% ACN,
acidification of the sample (sample amount = 2.8 mg CDW) with 10%
TFA to a final TFA concentration of 0.4%, dilution of the sample by fac-
tor of two with the conditioning solution, loading of the sample onto
the cartridge, washing of the cartridges with 780 pL of conditioning so-

8400uL  ©200 pL

0.6

03 +

Amount of analyte in eluent (nmol)

S &I"‘I

M6P 7P

o

PG

BaE
S \ ﬂ
DHAP F&6P GoP

Fig. 2, Effect of total elution volume using four-step sequential elution on recovery of
phosphorylated metabolites in the eluent from SUP cartridges (n= 3, loaded sample
amount corresponding to 2,8 mg COW),
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Fig. 3. Concentration of phosphorylated metabolites recovered in the eluent using
four-step sequential elution in dependence of sample amount loaded onto SUP cartridges
(n=3).
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lution, then sequential eluting using a four-steps elution with H,0, 20%
NH4OH, MeOH, and 10% pyridine in MeOH (100 pL each).

3.2.4. Influence of matrix on GC-MS/MS

As the SPE cleanup procedure is expected to have a strong effect
on the composition of the sample matrices, this should in turn posi-
tively affect the later GC derivatization. By calculating the peak area ra-
tio (Ryac) of phosphorylated U'3C ISTD compounds spiked in samples
which have undergone the SPE procedure and also in samples which
were not subjected to cleanup/enrichment (n = 3), the effect could be
revealed in terms of derivatization efficiency (in which Rjsc is equal
to 1 means no effect, greater than 1 means enhancement, and 11
than 1 means reduction). The results showed a significant improvement
in dervatization efficiency (according to Rysc) for some phosphorylated
compounds such as 2PG (Ryac = 2.0 = 0.6) and 3PG (1.4 = 0.3). How-
ever, the peak area ratio for other phosphorylated compounds ranged
from 0.31 = 0.04 (S7P) to 0.92 = 0.06 (Gro3P), thus indicating a de-
crease in derivatization efficiency (see Fig. $3). Moreover, in com-
parison to the calibration standards, the GC retention times in sam-
ples, which were not subjected to SPE shift significantly (approximately
0.2min) for some early eluting phosphorylated metabolites (Fig. 5)

Conditioning of SPE column with 780 pL of 0.1% (v/v) TFA in 90% (v/v)
ACN

¥

Acidification of samples with 10% (v/v) TFA to final ¢y¢, = 0.4%
Dilution of samples by a factor of 2 with 0.1% (v/v) TFA in 90% (v/v) ACN

N

Addition of 78 uL of URC ISTD (cy;ss1p = 7.5 mg mL-')

NS

Sample loading (total sample amount = 2.8 mg CDW)

N

Washing of the SPE column with 780 pL 0.1% (v/v) TFA in 90% (v/v) ACN

NT

Elution with 100 pL of H,0

S

Elution with 100 pL of 20% (v/v) NH,OH

RS

Elution with 100 pL of MeOH

L ¥

Elution with 100 pL of 10% (v/v) pyridine in MeOH

Fig. 4. Final SPE cleanup/enrichment procedure with U'*C ISTD correction for the analysis of P. pastoris cell extract.
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Fig. 5. GC-MS/MS total ion chromatogram (TIC of MEM transitions) obtained of P. pastoris cell extracts without SPE cleanup (solid line) and with SPE cleanup (dashed line) using SUP

(loaded sample amount, cell extract corresponding to 2.8 mg of P pastoris CDW).

due to the matrix influence. In contrast to this, the eluent of the SPE
cleanup procedure yielded the same retention times as measured in the
standards, thereby assisting data evaluation.

In terms of removal of unwanted compounds, the results (n=3)
showed efficient removal of Gle as well as most of the measured amino
acids. Organic acids like Glu, Asp, Fum and Suc were also substantially
removed (see Fig. 5 and Table S5 in the Supplementary material).

Fig. 5 shows GC-MS/MS total ion chromatograms (TICs, calculated
from the MRM transitions measured) for cell extracts corresponding to a
CDW of 2.8mg of P. pastoris. Both a cell extract which was measured di-
rectly as well as a cell extract, which was measured after SUP cleanup/
enrichment are shown. A significant reduction in intensity of highly
abundant matrix peaks such as organic acids (e.g. Suc, Fum, Glu) and
sugars was observed, while the phosphorylated metabolite peaks (e.g.
Gro3P, 2PG and 3PG) were enriched and the intensity is increased in
comparison to the non-treated sample.

3.3. Assessment of recovery, precision and correction of errors using U°C
labeled isotop for internal i

1, PP

¢

For the compensation of errors contributing to the overall trueness
and precision of the entire analytical workflow (from SPE to GC-MS/MS
or IC-MS/MS analysis), it is necessary to add U'®C isotopologues as ISTD
at the beginning of the sample preparation process prior to SPE.

The biolagically generated U'3C P. pastoris cell extract offers the ad-
vantage that it contains all yeast metabolites contained in and extracted
from the cells under production conditions. As P. pastoris can be grown
on '3C glucose as sole carbons source, the cell extract contains a multi-
tude of metabolites from diverse metabolic pathways, thereby contain-
ing also the '3C labeled isotopologues of all analytes of interest this
study focuses on. When using internal standardization with '*C isotopo-
logues, one must be aware of two factors strongly affecting the accu-
racy of the correction and hence the entire work{low. First, only inter-
nal standardization with an isotopologue, which is chemically identical
to the analyte, can compensate for compound-specific effects. Second,
accurate internal standardization is based on the addition of the same
internal standard to all samples and standards, hence all standards and
samples must be spiked at the same time point in order to avoid alter-
ation of unstable compounds in the sample or standard.
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For the final assessment of the optimized procedure, two sets of sam-
ples (R and P), applying the same optimized SPE cleanup/enrichment
conditions, were collected simultaneously. R-samples were used for the
assessment of the recovery and repeatability of the SPE steps adding the
internal standard after the SPE procedure, while P-samples were used to
investigate the improvement of repeatability by addition of ISTD prior to
sample loading on the SUP cartridge, thereby also compensating for SPE
eTTOrs,

To assess precision under repeatability conditions of measurement
eompound fractions in the different SPE steps, all effluents from the SPE
steps (R-samples) were collected separately and spiked as described in
section 2.8 before measurement by GC-MS,/MS or IC-MS/MS (n = 3).

The quantitative results for the SPE [ractions showed that there was
no measurable breakthrough for 3PG, G6P, PEP and FEP and less than
5% breakthrough for 2PG and R5P. The highest breakthrough among
the remaining phosphorylated metabolites was 21% for Gro3P. There
were no measurable washing losses for 2PG, 3PG, G6P, M6P, PEP, and
FBP, and a maximum loss during washing of 4% for F6P (Fig. 6). Con-
cerning recovery in the eluent, the highest recovery (n = 3) was 92%
for Gro3P. Four phosphorylated compounds exhibited good recovery
(=70%) including 2PG, 3PG, DHAP, and G6P, while moderate recover-
ies were obtained for FGP, FBP, MGP, PEP, R5P, and S7P (Table 1). Peak
distortion and reduction in intensity was observed in both breakthrough
and eluting samples for F6P, which may indicate that compound degra-
dation occurred during the cleanup/enrichment. The sum of compound
fractions in breakthrough, washing and eluting selutions being signifi-
cantly less than 100% as observed for FBP, M6P, PEP, R5P, and S7P on
SUP indicates chemical alteration (e.g. decomposition) and/or perma-
nent binding of these compounds onto the ZrO, surface. GAP showed a
recovery of more than 100% indicating the decomposition of a matrix
constituent during SPE finally resulting in formation of GAP.

P-samples were used to check whether SPE introduces errors, which
cannot be compensated by the ISTD. For this purpose, P-samples were
spiked with U'C ISTD and measured directly (n = 3) as well as their
eluent (n = 3). Theoretically, the measured concentrations of the ana-
Iytes should be similar for these two types of samples (independent of
the fact that one set of samples has undergone SPE) since these concen-
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Fig. 6. Sum of fractions (%) of phosphorylated metabolites in the SPE solutions using SUP for cleanup/enrichment (measurements carried out by GC-MS/MS except for PEP and FBP).

Table 1
Recovery of phosphorylated metabolites in the SPE eluent using SUP and the optimized
cleanup/enrichment procedure (n = 3), loaded amount of cell extract corresponding to
2.8mg CDW of P. pastoris. Standard deviaticn was caleulated using the law of error prop-
agation.

Compound recovery in eluent (%) Method

GAP 277 + 9 GC-MS5/MS
DIHAP 727 GC-MS/MS
Gro3pP G2+8 GC-MS/MS
2PG TRET GC-MS/MS5
IPG B4+9 GC-MS/MS5
RSP 6l1+5 GC-MS/MS
F&P 457 GC-MS/MS5
GEP B8l1+9 GC-M5,/M5
Me&P 61+8 GC-MS/MS
57P 46%5 GC-MS,/MS
FEP 53+2 TC-MS5/M5

FBP 54+5 IC-MS/MS

trations were determined by external calibration and internal standard-
ization before SPE. All errors introduced by SPE should be compensated
by the use of the U'*C ISTD. Hence, the ratio of the concentrations of the
two types of samples should be 1, expressing the fact that the measured
concentrations of the phospherylated metabolites are the same for sam-
ples with and without SPE treatment, which is a precondition for reli-
able guantification. Among all studied phosphorylated compounds, only
GAP was found to show significant deviations from 1 (see Supplemen-
tary material, Table $6). The GAP amount in the eluent of the SPE was
increased by a factor of 4 in comparison to the original sample. The high
recovery value for GAP in the eluent (Fig. 6) is most likely explained by
the degradation of matrix constituents forming GAP, which cannot be
compensated by the use of internal standards.

By adding the internal standard early in the sample preparation
workflow, degradation of analytes, recovery of SPE, matrix-dependent
derivatization efficiency, losses during injection (GC) and ion suppres-
ston (IC-ESI-MS) can be compensated. A comparison of RSDs obtained
spiking the samples before and after the SPE procedure is shown in
Fig. 7. The Maximum RSD value obtained in R-samples was 11%

81

OISTD addition afier SPE

@1STD addition before SPE

RSD (%)

RN

FaP

Gro3P =g
MoP RS

Fig. 7. Repeatability of GC-MS,/MS analysis of i i 1 phosy pounds af-
ter SPE (n = 3, loaded sample amount = 2.8 mg COW). U'*C ISTD addition before SPE (#)
compensates for errors of SPE as well as GC-MS/MS analysis, while addition of U'*C ISTD
after SPE ({l) compensates only for errors of GC-MS,/MS analysis. All compounds were cor-
rected using the U3¢ I1STD,

ylated

(F6P), while highest RSD value obtained in P-samples is only 6.0%
(DHAP). The results showed that although there was no significant im-
provement in precision for DHAP and 3PG when the U'3C ISTD was
added prior to SPE, a significant improvement was observed for all other
phosphorylated metabolite under investigation. Clearly, by spiking the
U'3C ISTD at the beginning of the workflow, a general improvement
in precision under repeatability conditions of measurement could be
achieved resulting in RSD values of less than 6.0% for all investigated
phosphorylated compounds.

Adding the UPC ISTD to the yeast cell extract before SPE indeeden-
ables accurate quantitative analysis of the phosphorylated primary
metabolites (with the exception of GAF) and improved repeatability pre-
cision for GC-MS/MS and IC-MS,/MS measurements by compensating for
errors and short-term fluctuation during sample preparation and mea-
surement.

4. Conclusions
The present work demonstrates the benefits of the combination of a

phosphate selective cleanup,/enrichment for quantitative assessment of
phosphorylated metabolites in cell samples.
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Although the enrichment factor of the proposed procedure is low
(approximately a factor of 2) the removal of the majority of the matrix
compounds improves the method significantly with regard to rugged-
ness, e.g. GC retention time shifts between sample and standards were
fully eliminated. The observed impact of the matrix on the derivatiza-
tion efficiency of the phosphorylated compounds, showing both shifts
towards higher and towards lower efficiencies depending on the com-
pound, clearly underlines the need of internal standardization with la-
beled isotopologues.

Evidently, the method could be scaled up to higher enrichment fac-
tors and hence sensitivity using higher sample volumes and SUP bed
weights, As a drawback, the analysis cost per sample would increase sig-
nificantly due to the higher consumption of U'3C ISTD. Nevertheless, the
efficient removal of sample matrix enables a significant enhancement of
the amount of sample subjected to GC-MS/MS analysis employing the
proposed procedure without further scale-up.

Finally, it could be shown that the compound-specific internal stan-
dardization using stable isotope labeled isotopologues enables quantifi-
cation based on a ratio method as defined by the Consultative Commit-
tee for Amount of Substance (CCQM) in 1998, thereby improving preci-
sion under repeatability conditions. Hence it can be concluded that the
precision under intermediate and reproducibility conditions of measure-
ment will also be significantly improved by the proposed standardiza-
tion based on U'*C isotopologues.
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3. Summary and Conclusion

Analytical metabolomics can help to reveal a lot of useful information about
metabolism in biological systems using both targeted and non-targeted approaches. Together
with proteomics, transcriptomics and genomics, mass spectrometry-based metabolomics
studies help to provide new information relevant to biological questions in many organisms.
Several analytical challenges still exist for metabolomics studies due to the high diversity of
the metabolome, the wide dynamic range of the metabolites” concentration, drawbacks of
each analytical platform, and the lack of harmonized validation guidelines and reports. While
there have been substantial advances already made in the field, the work in this thesis
highlights important analytical challenges and suggests methods to meet the requirements of

current and future metabolomics studies.

In the case of non-targeted metabolomics, the availability of high-resolution mass
spectrometry instrumentation used in combination with the broad coverage of reversed-phase
liquid chromatography separation is identified to remain as a key pillar of broad
metabolomics studies. The type of chromatographic stationary phases for extending
metabolome coverage in context of RPLC combined with high resolution mass spectrometry
was shown to yield only minor differences in overall method performance for non-targeted
metabolomics. This is certainly, in part, due to the overall improvements in column
technology and fundamental limitation for coverage of polar metabolites shared by columns
with similar chemical properties. Improvements in retention capacity and selectivity for key
isomers rather than chromatographic efficiency are identified as key areas of development

for improving coverage with RPLC-HRMS.

Validated sample preparation workflows addressing key metabolite classes were also
demonstrated to be essential in cases where detailed, quantitative data are required. Twelve
phosphorylated metabolites present in low abundance in samples were successfully enriched
in a validated workflow based on metal oxide affinity solid phase extraction. This sensitive
and selective cleanup/enrichment method developed in this work dealt not only with
glycolysis and pentose phosphate pathways, but also provides a basis for method

development requiring selective enrichment of other phosphorylated metabolites.
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