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Summary

I. Summary

Recent technical improvements in the area of mass spectrometry enabled quantitative meas-
urements of small molecules. The present work used these advancements to develop a
method for the quantification of metabolites of the central carbon metabolism in the nanomolar
range. Sample analysis by tandem mass spectrometry hyphenated with liquid chromatography
enabled measurements of 33 metabolites in 25 min. Performed measurements were validated
by thermodynamic and energetic constraints, which proved that datasets were of high quality.
Combination of metabolomics and fluxomics approaches enabled a holistic and systems-ori-
ented view during analysis of the metabolic datasets. The new method was first applied to
identify changes in the energy charge of E. coli during different cultivation modes. Analysis
showed that the adenylate energy charge was actively controlled by secretion or synthesis of
adenylate phosphates. Thus, a strong imbalance between energy generation and consumption
was necessary to distort the energy charge permanently. The novel technique was further used
to identify changes in the central carbon metabolism of microorganisms as a consequence of
genetic modifications, stress inducing cultivation conditions and changes in carbon source.
Surprisingly, genetic modifications and stress inducing cultivation conditions resulted only in
minor changes of intracellular metabolite levels. Hence, it seems that microorganisms put great

efforts into the homeostasis of metabolite ratios and fluxes.
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Zusammenfassung

II. Zusammenfassung

Neue Entwicklungen im Bereich der Massenspektroskopie erméglichen quantitative Messun-
gen von Molekulen mit sehr kleinen Massen. In der vorliegenden Arbeit wurden diese Neuent-
wicklungen genutzt um Metabolite des zentralen Kohlenstoffwechsels im nanomolaren Be-
reich nachzuweisen. Die Kopplung von Tandem-Massenspektroskopie und Fliissigchromato-
graphie ermoglichte den Nachweis von 33 Metaboliten in 25 min. So gewonnene Datensétze
wurden anschlie3en mittels Thermodynamik validiert, wodurch die hohe Qualitét der Datens-
atze deutlich wurde. Bei der Analyse der Datenséatze wurden dann Ergebnisse aus Metabolom-
und Fluxomforschung kombiniert um einen ganzheitlichen Ansatz zu schaffen. Die neue Tech-
nik wurde zuerst angewandt um den Einfluss verschiedener Kultivierungsverfahren auf das
Energielevel von E. coli zu untersuchen. Die Untersuchungen zeigten, dass E. coli seinen
Energielevel aktiv durch die Sekretion und Synthese von Energiemetaboliten steuern kann.
Nur extreme Ungleichgewichte bei Verbrauch und Generierung von Energie konnten den
Energiehaushalt nachhaltig stéren. Weitere Messungen untersuchten den Einfluss von gene-
tischen Veranderungen, Stress und unterschiedlichen C-Quellen auf den zentralen Kohlen-
stoffwechsel von Mikroorganismen. Uberraschenderweise fiihrten weder genetische Verande-
rungen noch Stress zu starken Veranderungen der Metabolitkonzentrationen. Dies zeigt das
Mikroorganismen viel Aufwand in die Homodostase von Metabolit-Verhaltnissen und intrazellu-

laren Flisse stecken.

Vi



Introduction

1 Introduction

Metabolic pathways are the very essence of life and the understanding of their functioning and
their regulation has been a major goal of the natural sciences, since the discovery of metabo-
lism itself. Interestingly, central carbon metabolism is highly conserved in most living organ-
isms due to its efficiency (Smith & Morowitz 2004; Ebenhoh & Heinrich 2001). It channels
various nutrients through pathways to provide energy and reducing power for cell maintenance
and reproduction as well as precursor metabolites for biomass formation (Noor et al. 2010). As
such, this core piece of metabolism is in the heart of biotechnology. Elucidation of central car-
bon metabolism during the past decades (Entner & Doudoroff 1952; Gunsalus et al. 1955;
Krebs & Johnson 1980; Barnett 2003) laid the foundation for modern biotechnology. The mean-
while even deeper understanding of metabolism and its regulatory elements is a valuable
knowledge base to enhance bio-production processes, as it enables the rational design of
metabolic pathways towards high titers and yields of desired products of choice (Akinterinwa
et al. 2008; Buchinger et al. 2009; Becker et al. 2011; Becker & Wittmann 2012b). Particularly,
sophisticated methods, which allow the detection of imbalances in levels of energy or precursor
metabolites and the identification of even unknown cellular intermediates, appear most useful
to identify genetic targets for tailor-made modifications of microorganisms towards improved
performance (Lee et al. 2005; Wendisch et al. 2006; Becker et al. 2007).

More fundamentally, the exact quantification of intracellular metabolites allows describing and
modeling of the complex underlying metabolic pathway networks. Such systems-oriented ap-
proaches heavily rely on suitable technologies, which provide accurate data of the studied
system. Experimental techniques that provide such systems wide insights are therefore well
suited to collect quantitative data to construct, adjust and validate systems biology models.
These techniques are referred to as “omics” and involve genomics, transcriptomics, prote-
omics, fluxomics and metabolomics according to their target analytes (Romualdi & Gerolamo
2009). Hence, the field of metabolomics intends to study the profiles of metabolites, which are
products of specific cellular processes (Jordan et al. 2009) and thereby provides a snapshot
of cellular physiology at a certain point of time. As a subcategory, metabonomics is by definition
“the quantitative measurement of the dynamic multiparametric metabolic response of living

systems to pathophysiological stimuli or genetic modifications” (Nicholson 2006).

The recent decades have seen a tremendous progress in the field of metabolite analysis. In
the pioneering days, colorimetric, manometric and enzymatic assays were employed for iden-
tification and quantification of metabolites (Entner & Doudoroff 1952; Krebs & Johnson 1980).
The elucidation of the central pathways of metabolism by utilization of these methods took an

enormous effort, as such techniques required large amounts of the analytes of interest and
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multiple steps of purification prior to the actual measurement. The coupling of metabolite anal-
ysis to chromatographic separation processes, such as thin-layer chromatography (TLC) and
high performance liquid chromatography (HPLC), led to drastically lowered detection limits,
thus displaying a milestone in the analysis of sample mixtures (Touchstone 1993). This was
even improved by coupling of mass spectrometry (MS) to chromatographic separation pro-
cesses. The use of highly sensitive tandem mass spectrometry for detection led to a further
decrease of detection limits, while simultaneously allowing quantification of complex metabolite
mixtures, due to the identification of specific metabolite fragments by their mass to charge ratio
(Luo et al. 2007; Balcke et al. 2011). In addition, mass spectrometry allows distinguishing be-
tween different isotopically labeled versions of a metabolite, as a consequence of the change
in mass, thereby enabling approaches like **C metabolic flux analysis (Wittmann & Heinzle
1999; Dauner & Sauer 2000). Most recently, the utilization of ion mobility mass spectrometry
enables the determination the ratios of isomers, which are inseparable by chromatography
(Far et al. 2014). These recent instrumental developments now provide an excellent basis to

perform metabolite analysis.

Basically, it has become relatively easy to generate larger datasets of intracellular metabolite
concentrations. However, remaining questions revolve around the challenge that the meas-
ured levels indeed reflect the studied in vivo system (Bolten et al. 2007). Particularly, the quality
of metabolic datasets is strongly dependent on the preceding steps of sampling, sample treat-
ment and processing. It is crucial to stop the metabolism instantaneously due to high turnover
rates and small pool sizes of the metabolites of interest, which might otherwise be distorted
(Wittmann et al. 2005). Furthermore, the avoidance of potential unwanted side effects of the
sample treatment, such as metabolite leakage (Bolten et al. 2007), co-precipitation
(Zakhartsev et al. 2015) and the degradation or interconversion of metabolites during the ex-
traction, has to be considered. Combined with the largely varying physico-chemical properties
of metabolites and differences in concentrations of several orders of magnitudes these prob-
lems still pose as a serious challenge when developing a reliable quantitative method for me-

tabolite analysis.
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2 Objectives

The aim of the present study was to develop a method for the quantification of intermediates
from central carbon metabolism via liquid chromatography coupled with tandem mass spec-
trometry, suitable to be applied to a variety of different microorganisms. Among the analytes
of interest were metabolites of the glycolysis, the Entner-Doudoroff (ED) pathway, the pentose
phosphate (PP) pathway and the tricarboxylic acid (TCA) cycle, as well as energy metabolites
and redox equivalents. Preferably, the analysis of cellular extracts should be faster as com-
monly reported time periods of up to 90 minutes and exhibit a high-resolution capacity for the
complex cellular extracts of interest, which should be aimed for by optimization of the liquid
chromatography and the coupling to mass spectrometric detection. The developed method
should generate reproducible results and combine high separation efficiency with high sensi-
tivity and short analysis times. Starting initially with standard mixtures from synthetic com-
pounds the approach should be transferred to living cells. This should involve the estimation
of the limits of detection (LOD) and quantification (LOQ) in the presence of relevant biological
matrices. Additionally, different protocols for sampling and metabolite extraction should be ap-
plied and validated. Careful inspection of the obtained datasets from thermodynamic and en-

ergetic perspective should then provide a clear basis for validation.

Finally, the novel quantitative method should be applied to address relevant biological ques-
tions. Hence, the central carbon metabolome of seven biotechnological relevant Gram-nega-
tive and Gram-positive microbial strains should be studied under different growth conditions.
The gained insight should then be combined with results from metabolic flux analysis to inves-
tigate the impact of genetic modifications, environmental stress or changes of substrate on

selected strains.
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3 Theoretical Background

3.1 Quantitative Measurements in Microbial Metabolomics

Generally, metabolomics investigates the endo- and exo-metabolome by qualitative, semi-
guantitative and quantitative approaches respectively. Hereby, quantitative analysis gives the
most accurate picture. In contrast to semi-quantitative approaches (Zamboni et al. 2008),
guantitative datasets can be validated by thermodynamic inspection and used for kinetic and
metabolic modeling (de Jonge et al. 2014; Wiechert & Noack 2011). Metabolomics itself is a
relatively young component in the field of systems biology. Since the year 2000 more and more
studies involve metabolomic measurements, indicating a fast-growing interest in this field (Fig-
ure 3.1). Obviously, metabolomics is becoming a valuable tool of research in the fields of met-
abolic engineering (Trethewey 2004; Toya & Shimizu 2013) and bioprocess optimization
(Sonntag et al. 2011) over the last decade. However, compared to e.g. transcriptomics, ge-
nomics and proteomics, the number of metabolomic studies seems still rather low (Kohlstedt
et al. 2010). Particularly, open questions remain and involve suitable protocols for sampling,
guenching and extraction procedures as well as analytical methods to guarantee validity and
comparability of metabolic datasets. Without doubt, metabolome analysis remains an analyti-

cal challenge (van der Werf et al. 2007).
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Figure 3.1: Increase in the number of publications in the field of metabolomics over the past 14 years ac-
cording to the PubMed database (2015).

A powerful and robust quantitative method for the measurement of intracellular metabolites
has to meet several key criteria. The method should provide high resolution, short measure-
ment time and high reproducibility. The first challenge, which has to be overcome to achieve
this goal, is the complexity of biological samples, which comprise multiple compounds with

great variance in concentration and chemical properties. As example, the metabolome of
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E. coli consists out of about 1000 different metabolites, whereby intracellular concentrations
range from picomolar to millimolar (Dunn & Ellis 2005; Feist et al. 2007). Thus, the applied
analytical instruments have to enable high separation efficiency, while at the same time provid-
ing a high dynamic detection range.

Biol. Data ;
: : : Sample ; Interpretation
Question & Experiment Sampling : Processing & alidation )
Exp. Design > > AIEIEE Analysis LA 5

: Metabolite Sample
> =R >> Extraction>> Analysis >

Quenching (Methanol) with cell Quantification by:
separation (de Koning & van Dam,

Sample
Processing

Hot water

1992) (Bagnara and Finch, 1972) LC-MS
Quenching (Glycerol) with cell Chloroform methanol buffer
separation (Villas Boas & Bruheim, (de Koning & van Dam, 1992) GC-MS
2007)

Boiling ethanol
Quenching (liquid N,) without cell (Gonzales et al., 1997) CE
separation (Dominguez et al., 1998)

Freeze Thaw Cycles and Methanol
Fast Filtration with cell separation (Maharajan and Ferenci, 2003) HPLC

& washing (Wittman et al., 2004)
Acidic acetonitrile methanol
Differential Method with cell (Rabinowitz and Kimball, 2007)

separation (Taymaz-Nikerel, 2009)

Enzymatic Assays

Figure 3.2: Standard workflow of a metabolomics experiment with emphasis on critical choices during
method development.

Immediately emerging from the general metabolomics workflow (Figure 3.2) the establishment
of reproducible sampling and extraction methods becomes mandatory. Turnover rates of me-
tabolites of the central carbon metabolism are in the range of seconds to sub-seconds, making
it crucial to stop all enzyme activities immediately during sampling, while at the same time
avoiding metabolite leakage (Wittmann et al. 2004; van Gulik 2010). Subsequently, an extrac-
tion method has to be chosen, which combines reproducibility and extraction efficacy, while
simultaneously avoiding degradation of metabolites as a consequence of harsh extraction con-
ditions (Villas-Bbas et al. 2005; Canelas et al. 2009). Furthermore, the application of a uni-
formly 13C labeled internal standard, prior to the extraction process, has been proven a pow-
erful tool to compensate for effects of biological matrices in the sample, as well as effects of

degradation during the extraction process (Mashego et al. 2007).
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Table 3.1: Strengths and weaknesses of the hyphenation of gas and liquid chromatography to mass spec-
trometry for metabolomics

GC LC

- electron impact (EI) ionization highly reproducible - high variety of separation mechanisms enable de-

§ and robust tection of a wide range of analytes

& - high separation efficiency - applicable to non-volatile, thermally labile and po-

] lar compounds

>

2 - spectral libraries available - electrospray-ionization (ESI) is a soft ionization
type (no fragmentation)

¢ - limited applicability to non-volatile, thermally labile - sensible to matrix dependent suppression effects

= and polar compounds

S - derivatization necessary - limited flexibility in eluent composition due to ESI

g

'8 - fragmentation during the ionization step

As stated above, microbial extracts contain up to 1000 different low molecular weight com-
pounds, thereby requesting for efficient separation mechanisms prior to quantification of se-
lected molecules of interest. Different separation techniques, hyphenated with mass spectrom-
etry (MS), have emerged in quantitative metabolomics. Gas chromatography (GC) and liquid
chromatography (LC) are the most prominent separation mechanism, which offer complemen-
tary advantages (Table 3.1). The GC unites the benefits of a wide compound range and high
separation efficiency with the high reproducibility of electron impact (El) ionization. As a con-
sequence, a variety of spectral libraries can be found, which enable the easy identification of
a huge variety of metabolites. Due to its high sensitivity, mass accuracy and reproducibility
GC-MS has become a standard tool, which is widely applied to study fluxes in prokaryotic
(Park et al. 1997) and eukaryotic cells (Christensen et al. 2000) or to elucidate biosynthetic
pathways (Hellerstein et al. 1991; Kelleher et al. 1994). GC of nonvolatile or polar metabolites,
however, requires an additional derivatization step to render these compounds amendable to
gas phase separation, thus adding a potential bias due to incomplete derivatization (Blischer
et al. 2009). Moreover, the subsequent vaporization hinders the successful measurement of
thermally labile metabolites and the hard ionization techniques limit the gain of additional struc-

tural information.

However, these drawbacks can be overcome by coupling liquid chromatography to mass spec-
trometry. In contrast to GC-MS, LC coupled MS uses soft ionization techniques, such as elec-
trospray ionization (ESI) and atmospheric-pressure chemical ionization (APCI). Thus, it is es-
pecially useful for the analysis of thermally labile, polar and nonvolatile compounds, of which
many are found in the central carbon metabolism. Consequently, recent technical improve-

ments in the coupling of liquid chromatography and mass spectrometry led to an increasing

6



Theoretical Background

interest in this technology, due to its broad application potential in dynamic flux analysis
(Oldiges et al. 2004; Kiefer et al. 2007) and high throughput screenings (Sauer 2004). A major
drawback of LC methods is the susceptibility of separation and ionization quality to matrix ef-
fects. Fortunately, matrix effects can be lowered by addition of ion-pairing reagents, which
prolong the retention times of metabolites on the column, thereby enhancing the separation
process. As a consequence, the analytical method should be chosen carefully. The quantita-
tive approach of targeted metabolomics focuses on the measurement of defined sets of inter-
mediates or end products of metabolic pathways as in studies of drug induced metabolism (Li
et al. 2012; Spagagiari et al. 2014). Further application fields are the identification of biomarkers
in cells, tissues or body fluids (Alberice et al. 2013; Quinones & Kaddurah-Daouk 2009) and
the utilization in forensic sciences. Here, the LC-MS is used to identify synthetic drugs in blood,
urine or hair samples which cannot be identified by GC-MS (Thevis et al. 2008; Maurer 2005;
Broecker et al. 2012) or to detect trace levels of chemical warfare agents (Hayes et al. 2004)

and explosives (DeTata et al. 2013) due to its high sensitivity.

3.2 Tandem Mass Spectrometry hyphenated with Liquid Chromatography

3.2.1 Liquid Chromatography for Metabolite Separation

As stated above, the coupling of liquid chromatography to mass spectrometers allows the anal-
ysis of nonvolatile, polar, charged and thermally labile metabolites. Meanwhile, the develop-
ment of ultra-high performance liquid chromatography (UHPLC) enables shorter analysis times
(Plumb et al. 2005), while also improving chromatographic resolution (Guillarme et al. 2010)
and peak capacity (Wilson et al. 2005). Liquid chromatography offers different kinds of station-
ary phases providing a highly versatile platform for the separation of chemicals with different
properties. To date, reversed phase (RP) columns, combined with a gradient elution, represent
the most favored separation mode (Theodoridis et al. 2012). However, when applied to polar
or ionic metabolites, such as organic acids and amino acids, it is important to use additional
separation mechanisms. One possibility is the use of specific stationary phases like hydrophilic
interaction liquid chromatography (HILIC) (Spagou et al. 2011), aqueous normal phase chro-
matography (ANP) (Pesek & Matyska 2005; Callahan et al. 2009) or reversed phase penta-
fluorophenylpropyl (PFPP) columns (Yang et al. 2010), respectively. HILIC columns combine
the separation mechanisms of ion chromatography, normal phase and reversed phase and
perform well in the analysis of uncharged highly hydrophilic and amphiphilic metabolites. The
disadvantages of this technigue are time consuming re-equilibration, column bleeding, de-
creasing resolution and instable retention times of metabolites (Walker et al. 2012; Snyder et
al. 2010).
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Figure 3.3: Working principle of reversed phase ion pairing (RP-IP) chromatography. lonic compounds are
badly retained by reversed phase chromatography. lon pairing agents consist of an ionic end and a hydro-
phobic tail. Thus, the ion pairing reagent acts as mediator between hydrophobic stationary phase and the
ionic analytes, thereby enhancing the interaction between the compound of interest and stationary phase.
As aresult, ionic compounds are retained much more efficient, resulting in a higher separation efficiency
of the chromatographic method.

An interesting alternative is the use of ion pairing reagents (IP-LC) (Balcke et al. 2011), such
as tributylamine (TBA) (Figure 3.3). lon pairing reagents are often used to prolong the retention
times of anionic compounds on HPLC-columns, in order to achieve a better separation and
peak resolution. The acidic groups of the metabolites form ion pairs with the amine groups of
the alkyl amines at a neutral pH, while the butyl residues interact with the hydrophobic tails of
the stationary phase. The longer the alkyl chain, the stronger the hydrophobicity gets, resulting
in better resolution. It was shown, that the use of alkyl chains with optimal length is crucial to
obtain good resolution and peak shape. Short alkyl chains, as found in triethylamine, do not
provide sufficient resolution for separation of structural isomers like G6P/F6P, while longer
alkyl chains, such as octylamine, (Huck et al. 2003), can lead to peak broadening and therefore
lower sensitivity. However, non-volatile ion pair reagents can lead to ion suppression, source
pollution and the generation of high background signals (Gustavsson et al. 2001; HolCapek et
al. 2004).

3.2.2 Mass Spectrometry for Metabolite Detection

Mass spectrometers (MS) are sensitive and precise detectors, which lifted the analysis of com-
plex biological samples to a new level (Yates 2001). Prominent examples involve the quantifi-
cation of intracellular fluxes towards resolving complex cellular responses to environmental

and genetic perturbation (Wittmann et al. 2007). In addition, specific pulse response
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experiments combined with labeling information enable the investigation of new metabolic
pathways (Peyraud et al. 2009). Gained knowledge is subsequently applied in targeted strain
improvement (Becker et al. 2005) and metabolic engineering (Becker et al. 2007). Summariz-
ing, application of mass spectrometry in quantitative metabolomics has become one of the key
technologies of the last decade (Wittmann 2007).
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Figure 3.4: Working principle of Electrospray lonization (ESI) operated in positive mode, used during me-
tabolite quantification via LC-MS/MS measurements.

Due to its mild ionization conditions, the electrospray ionization (Figure 3.4) is preferred for the
analysis of small molecules, which could otherwise fragment, before reaching the collision cell.
It can be used in positive or negative mode, resulting in molecular ions which are protonated
or deprotonated, respectively. As a consequence of the mild ionization conditions, the for-
mation of adduct ions with constituents of mobile phase or sample matrices as well as dimeri-
zation of analytes have been reported (Schug & McNair 2002; Zhou et al. 2013). Formation of
multiple charged ions is also possible, which leads to a drastic change in the mass to charge
ratio. Both phenomena should therefore be taken into account, while determining the settings
for the analysis of metabolites (Lynn et al. 2015). A minor problem that can be overcome by
careful sample preparation is the sensitivity to contaminations by detergents or salts. With
electron impact, atmospheric pressure chemical ionization, atmospheric pressure photo ioni-
zation or electro spray ionization, there are various different ionization types available for cou-
pling of mass spectrometry to liquid chromatography, from which the latter is most suitable for

metabolic profiling studies (Ho et al. 2003; Mortier et al. 2004).

The working principle of mass spectrometry allows differentiation of compounds, which are
otherwise inseparable by conventional separation mechanisms, such as chromatography. The
differentiation between coeluting substances according to their mass to charge ratio (m/z-ratio)
has several advantages over more common identification by UV-spectra or refractive index. It
enables a reduction of time needed per measurement, as complex chromatographic methods

become unnecessary as long as the analytes of interest show differing masses. Several
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different technologies have evolved in the field of mass spectrometry, which should be chosen
carefully according to the goal of the planned studies. Time of flight (TOF) and Fourier trans-
form (FT) mass spectrometers, for example, show high resolution and mass accuracy, but
require longer duty cycles to achieve the high resolutions, which potentially leads to a loss of
information if these instruments are combined with UHPLC or other fast LC systems (Breitling
et al. 2006; Makarov & Scigelova 2010). Accordingly, they have limited potential for the fast
analysis of complex mixtures and a compromise has to be met between a good peak coverage
and high resolution. In contrast, the utilization of tandem mass spectrometry generates highly
specific fragmentation patterns, thus enhancing the signal to noise ratio and thereby sensitivity
in complex samples (de Hoffmann 1996; Kuze et al. 2013). Additionally, the measurement of
fragmentation patterns allows the quantitative measurement of mass or even positional isoto-
pomers, which enables generation of highly resolved flux maps due to the gain of structural

information (Polce et al. 1996).
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Figure 3.5: Schematic view of an LC-MS/MS system, combining Electrospray lonization (ESI) and a triple
stage quadrupole mass filter. Every Q-section is a single quadrupole

A quadrupole mass spectrometer consists of four metal rods aligned in parallel, with opposing
rods being connected electrically. lons are forced to travel down the quadrupole by an applied
static electrical field. In addition, a radio frequency is applied to each of the opposing rod pairs.
Depending on the radio frequency, only ions with a certain mass to charge ratio can pass the
guadrupole on stable oscillating trajectories without colliding with the rods or even leaving the
guadrupole. This allows the explicit selection of ions of interest or the scanning of a range of
mass to charge ratios. In a triple quadrupole, the precursor ion is selected in the first quadru-
pole, fragmented in the second, while a specific fragment is selected in the third quadrupole,

which is then conducted to the detector (Figure 3.5). To achieve high sensitivity, the fine
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adjustment of three parameters is of utmost importance. The first parameter is called the de-
clustering potential (DP). The DP prevents ions from clustering together before entering the
guadrupole. Optimization of the declustering potential guarantees a higher number of single
molecules entering the mass spectrometer, thereby enhancing the overall sensitivity. The sec-
ond parameter which needs optimization in a triple quadrupole is the collision energy (CE).
Here the amount of energy is determined, which leads to a maximal yield of the fragment ion
of choice. After the collision, the fragment ions have to be focused and accelerated into the
third quadrupole. Here, the cell exit potential (CXP) needs to be optimized to allow a maximal
number of fragment ions to enter the third quadrupole and subsequently the detector. The
arrangement of three consecutive quadrupoles enables analysis of complex biological samples

in various measurement modes (Figure 3.6).
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Figure 3.6: Important scan modes of atriple quadrupole mass spectrometer. (A) Q1 Scan, gives an overview
of all m/z-ratios in a defined mass range, (B) Single lon Monitoring (SIM), allows the specific detection of a
metabolite of choice by its specific m/z-ratio, (C) Product lon Scan, enables generation of structural infor-
mation by measurement of fragmentation patterns of specific metabolites, (D) Multiple Reaction Monitoring
(MRM), Scan mode for highly specific metabolite fragments, most commonly used for quantitative meas-
urements.

The easiest way to get an overview of all chemical compounds available in a sample is the Q1
Scan. Here, a defined mass range is scanned and the abundance of all compounds which lie
within the mass range is measured, thus enabling a quick overview which actual m/z-ratios
can be found in the sample. If the m/z-ratio of the compound of choice is known, the single ion
monitoring mode allows the specific measurement of the ion. The settings of the quadrupole
allow only the specific ion to pass through the mass spectrometer and into the detector, while
all others oscillate on unstable trajectories and subsequently leave the spectrometer. In the
product ion scan a single ion is chosen in the first quadrupole, fragmented in the second and

all resulting fragments are measured afterwards. This mode allows screening for fragment ions
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which are highly specific for the compounds of interest and additionally generates structural
information of the measured substances. Multiple reaction monitoring (MRM) is heavily utilized
in quantitative metabolomics. Here, a specific ion is selected in Q1, fragmented in Q2 and only
specific fragment ions are stabilized in Q3 and allowed into the detector. The coupling of a
specific molecular ion to its specific fragment ion is called transition. Measurement of these
transitions is highly compound specific and therefore predestined for quantitative measure-
ment of complex biological samples.

The selection via fragmentation patterns results in a robust, fast and sensitive analytical per-
formance. Thus, mass spectrometry allows differentiation of compounds, which are otherwise
inseparable, however even this technique has limitations if isomeric substances come into
play. Isomeric compounds, which are not separable by chromatography, can be differentiated
if the fragmentation patterns differ. However, substances like hexose- or pentose-phosphates
tend to fragment in similar patterns. Here, a new approach to enable differentiation of isomeric
compounds is the utilization of ion-mobility mass spectrometry as an additional separation
mechanism after chromatography and before mass spectrometry (Far et al. 2014). This ana-
Iytical technique enables the separation and identification of ionized compounds by their move-
ment through a carrier buffer gas of which the flow direction opposes the ion motion in an
applied electrical field. After retention time and mass to charge ratio, the separation by mass
to size ratio adds a third dimension of selectivity to the field of LC-MS/MS, thereby allowing the

separation of isomeric metabolites.

3.2.3 Application of LC-MS/MS for Microbial Metabolomics

The use of LC-MS/MS systems in microbial metabolomics enables the elucidation of new bio-
logical questions. As the high sensitivity and selectivity of these systems allows the measure-
ment and identification of intracellular metabolites at lowest abundancies. Thus, the develop-
ment of a quantification method for the central carbon metabolism seems a promising ap-
proach. To date the method developed by Luo et al. (2007) is one of the most promising ap-
proaches in the simultaneous quantification of metabolites. Here, an LC-MS/MS approach
combined with ion pairing reagents was used to quantify 29 metabolites of the central carbon
metabolism in a single run. Evaluation of different ion pairing reagents showed that application
of tributylamine resulted in the best compromise between elution time, resolution and sensitiv-
ity. However, the run time of 90 minutes left the method hardly feasible for a high throughput
approach. In addition, it was shown that application of a fully labeled cell extract, as an internal
standard, results in a greatly enhanced reproducibility and resolution of metabolic measure-
ments (Wu et al. 2005). Simultaneous extraction of labeled standard and unlabeled sample

made elaborate recovery checks redundant, as the isotopomers react similar to the conditions
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during sample preparation. Hence, a constant ratio of unlabeled compound to labeled standard
is maintained for every metabolite of interest independent of the preparation conditions. Fur-
thermore, isotopomers are equally influenced by effects of the biological matrix, thus enabling
easy identification of false positive peaks and shifts in retention time. Even though it is still a
long way to the quantitative analysis of the whole metabolome, the coupling of liquid chroma-
tography to a mass spectrometer is already used for a broad range of applications in microbial
metabolomics. This is a consequence of its high versatility due to many possible combinations
of different types of separation, ionization and detection mechanisms. LC-MS/MS measure-
ments are already used to estimate the total concentration of metabolites in microorganisms
(Bennett et al. 2009) or to supervise in vivo dynamics of metabolites as a reaction to sudden
changes in substrate concentrations with pulse-response experiments (Buchholz et al. 2002;
Wu et al. 2006; Yuan et al. 2009). These in vivo measurements, unlike in vitro estimations,
include the effect of regulatory active substances inside the cell and can therefore be used to
develop more accurate kinetic and metabolic models of cells (de Jonge et al. 2014; Wiechert
& Noack 2011). Combined with the knowledge about metabolite pool sizes and regulatory ef-
fects, production strains with higher efficiencies or even new pathways can be constructed
(Hasunuma et al. 2011). Taken together, these publications show the huge potential of quan-

titative metabolomics in systems biotechnology.

3.3 Sample Processing for Metabolite Quantification

Obviously, the analysis of intracellular metabolites requires a humber of carefully optimized
steps to ensure the acquisition of valid, precise and reproducible datasets (Figure 3.7). The
high conversion rates of enzymes require a sampling method, which stops conversions as fast
as possible. Additionally, the processing method should ensure complete and unbiased ex-
traction of metabolites, while simultaneously avoiding further changes in metabolite concen-

tration due to physical, chemical or biological effects.

13



Theoretical Background

) ' ‘
Culture with OD~1 i . AnaIyS|s (LC-MS/MS, HPLC)
(salt reduced medium) Cooling on ice of Broth (cells + medium)
and Flltrate (medium)

AN ¢

Filtrate Broth . Centrifugation uantlflcatlon of Brot1lg and Filtrate
medium) | |(cells + medium) (on basis of internal "“C standard)
§ J

'

Data Processmg
Substraction:
Broth - Filtrate

Quenching Lyophilisation

(**C labeled cell extract) + Resuspension
Extraction in boiling ethanol

—— | —— |
[ |

Intracellular Level

—

Addition of internal standard (

Figure 3.7: Paradigm of a workflow for sample processing during metabolite quantification.

3.3.1 Quenching of the Metabolome during Sampling

In metabolomics, quenching is used to stop all metabolite conversions upon sampling. If pos-
sible, even before separating the cells from the surrounding medium. One of the most popular
procedures to quench samples is the use of cold aqueous 60% methanol (de Koning & van
Dam 1992), while keeping the temperature below -10 °C (Gonzalez et al. 1997). This approach
is particularly useful for eukaryotic microorganisms (Bolten & Wittmann 2008) but fails for most
bacteria due to the fact that the used solvent damages the cell membrane and results in un-
specific metabolite leakage out of the cell (Bolten et al. 2007; Winder et al. 2008).Yeasts and
fungi for instance have a more stable cell wall and are therefore less affected by leakage than

prokaryotes (Mashego et al. 2007; de Koning & van Dam 1992; Gonzalez et al. 1997).

Different variations of the methanol quenching process, like the addition of buffer salts (Winder
et al. 2008), tricine (Castrillo et al. 2003) or glycine salts (Marcellin et al. 2009), proved to be
ineffective to prevent cell leakage. An attractive approach to overcome these hurdles involves
the separation of cells and medium by filtration and centrifugation, respectively (Bolten &
Wittmann 2008). Hereby, it is important to use solutions of similar ionic strength during the
washing step (Bolten et al. 2007). However, care has to be taken, when analyzing metabolites
with high turnover rates due to the long time needed for sampling, so that fast filtration and
centrifugation are mostly applied for amino acids, but not for intermediary metabolites of the

central carbon metabolism (Bolten et al. 2007).
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To date, the most appropriate method to sample sensible compounds is differential analysis
(Taymaz-Nikerel et al. 2009). Shortly, two parallel samples are needed. One sample consists
of the complete culture broth, while the other one represents the supernatant, obtained via fast
filtration. The metabolite concentrations in both samples are then determined independently
and the intracellular levels are computed by subtraction. This differential method was success-
fully implemented to quantify the metabolome of Aspergillus niger, Penicillium chrysogenum
(de Jonge et al. 2012; Lameiras et al. 2015), as well as for E. coli in chemostat (Taymaz-
Nikerel et al. 2009) and during glucose pulse experiments (De Mey et al. 2010), but has not
been extended to other bacteria so far. The correction for metabolites present in the surround-
ing medium, possible by this approach, is indeed important. Interestingly, almost all metabo-
lites of the central carbon metabolism are present in the supernatant of bacterial cultures in

significant amounts (Bolten et al. 2007).

3.3.2 Metabolite Extraction

To date, there are different extraction protocols available. The basic principles used in these
protocols to disrupt cells and extract metabolites are extreme changes in temperature
(Gonzalez et al. 1997) and pH (Schneider et al. 2002), the application of mechanical force
(Pette & Reichmann 1982) and the use of organic solvents (Bligh & Dyer 1959), respectively.
However, it appears difficult to identify a particularly beneficial approach out of these possibil-
ities. Extraction with cold methanol and freeze-thaw cycles lead, compared to most other meth-
ods, to stable results for most metabolites (Villas-Bbas et al. 2005; Winder et al. 2008; Canelas
et al. 2009). Sugars and sugar-phosphates, however, are hardly soluble in pure methanol,
while aqueous methanol combined with thawing processes might not fully stop enzymatic ac-
tivities, thus, leading to potentially falsified concentrations. As an alternative acidic acetonitrile-
methanol extraction was used for E. coli (Rabinowitz & Kimball 2007) and S. cerevisiae
(Canelas et al. 2009). For E. coli acidic acetonitrile-methanol extraction resulted in higher
yields than extraction with methanol water mixtures. Canelas et al. (2009), on the contrary,
reported limited efficiency to extract metabolites of higher molecular weight, as well as polar
and phosphorylated compounds from S. cerevisiae. These contrasting results can be ex-
plained by the different properties of the cell walls of E. coli and S. cerevisiae. The milder
conditions of the acidic acetonitrile-methanol protocol lead to an incomplete extraction from
eukaryotes and in particular from their cellular compartments, such as mitochondria. The ex-
traction with methanol-chloroform solutions utilizes the denaturation of proteins by chloroform
to guarantee the inactivation of enzymes (de Koning & van Dam 1992; Winder et al. 2008). It
shows good reproducibility and is especially suitable for sugar phosphates, but not for lipids,
because these are retained in the chloroform phase together with the cell pellet (Villas-Bbas

et al. 2005; Winder et al. 2008). Extraction with acidic or alkaline solutions, such as perchloric
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acid or potassium hydroxide can only be used for metabolites that are stable at these extreme
pH-values. Villas-Bbas et al. (2005) showed that in perchloric acid only peptides, sugars and
sugar alcohols remain stable, whereas amino acids, fatty acids and sugar alcohols are stable
in the alkaline extractions. Moreover, such extraction methods have only a rather low repro-
ducibility (Gonzalez et al. 1997; Winder et al. 2008). Furthermore the high salt concentration
leads to ion suppression effects during the mass spectrometry (Winder et al. 2008).

A systematic comparison of different extraction methods investigated the reproducibility and
the extraction efficiency for 44 metabolites from yeast (Canelas et al. 2009). Extraction with
hot water, boiling aqueous ethanol and cold chloroform-methanol, respectively, provided sim-
ilar metabolite quantities at good reproducibility. In contrast, extraction by freeze-thaw cycles
and by acetic-acetonitrile-methanol resulted in lower metabolite abundance and poor repro-
ducibility. Taken together, it can be stated that there is not a single method available to extract
the complete metabolome at once, due to the different properties of metabolites. For each
particular question, the extraction method has to be chosen and validated individually. At pre-
sent the most suitable extraction protocol is simple boiling of cells in water or in aqueous eth-
anol (Villas-Bbas et al. 2005; Winder et al. 2008). Both methods show a high reproducibility,
are easy to realize and fast, thus being an excellent starting point for metabolite extraction from

bacteria.

3.4 Fundamentals of Metabolism

3.4.1 Central Carbon Metabolic Pathways

The central carbon metabolism is a highly conserved set of amphibolic pathways that occur
almost ubiquitous in nature. Core routes of this pathway network are the Embden-Meyerhof-
Parnas (EMP) pathway, the pentose phosphate (PP) pathway, the Entner-Doudoroff (ED)
pathway and the tricarboxylic (TCA) acid cycle (Figure 3.8). These pathways generate energy,
in form of ATP and GTP, redox equivalents, such as NADH, NADPH and FADH, as well as
precursor metabolites for biosynthesis. Most of the reactions catalyzed by the enzymes are
reversible, thereby, enabling the flexible funneling of different nutrients from varying entry
points. To which extent a certain pathway is used, depends on the available carbon source,

the needs of the organism and the enzymes that are encoded in the genome.

16



Theoretical Background

( Glucose (ex.) )

NADPH  NADP

NADPH  NADP

Y
Glucose 6-
phosphate

ATP
Y ADP + Pi

Fructose 6-
phosphate

A 4
Fructose 1,6-

bisphosphate j

'_ Glyceraldehyde 3- « Dihydroxyacetone
phosphate phosphate

NAD

w NADH
1,3-Bisphospho-
glycerate
ADP + Pi

Phosphoenol-

coz \ -= pyruvate

ADP + Pi
ATP

ATP

3-Phospho-
glycerate

v

2-Phospho-
glycerate

ATP

A
./ o)

NADPH

Isocitrate

NADP

NADP

NADPH
Glycolysis/
Citric acid cycle

a -Ketoglutarate

Fumarate

FAD

FADH2

Figure 3.8: Overview of major reactions of the central carbon metabolism, consisting of glycolysis and
tricarboxylic acid cycle (white), pentose phosphate pathway (green), Entner-Doudoroff pathway (blue), gly-
oxylate shunt (red) and other anaplerotic reactions (violet). Production and consumption of energy metab-

olites and of redox equivalents are shown in yellow.

Many microorganisms assimilate glucose via the phosphotransferase system which transfers
a phosphoryl group from phosphoenolpyruvate (PEP) onto the sugar, resulting in glucose 6-
phosphate (G6P) (Kotrba et al. 2001). Alternatively, G6P can be acquired by the use of glucose
transporter systems and hexokinase activity (Cirillo 1961). G6P is metabolized via different
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glycolytic routes, i.e. the EMP, the PP and the ED pathway, which all converge at the pyruvate
(PYR) node. In the EMP pathway, the irreversible phosphorylation of glucose and fructose 6-
phosphate (F6P) by hexokinase and phosphofructokinase, respectively, consumes two mole-
cules of ATP. The lower glycolysis generates four molecules of ATP as well as two molecules
of NADH. In addition, the EMP pathway provides 3-phosphoglycerate (3PG), PEP and PYR,
which all are metabolic precursors for the synthesis of amino acids, lipids and fatty acids.

The PP pathway consists of an oxidative and a non-oxidative part, respectively. The reactions
of the oxidative PP pathway convert G6P into ribulose 5-phosphate (RIBU5P) and generate
reducing power. Mostly, NADPH is formed. However, specific bacteria can alternatively gen-
erate NADH due to isoenzymes or relaxed substrate specific of the involved enzymes
(Tonouchi et al. 2003; Tannler et al. 2008; Klingner et al. 2015). In the non-oxidative part of
the PP pathway, RIBU5SP is converted into ribose 5-phosphate (R5P) and xylulose 5-phos-
phate (X5P), respectively. A rearrangement of carbon two and carbon three units further forms
F6P and GAP, hereby linking the EMP and the PP pathway. The entire PP pathway stoichio-
metrically forms 5 molecules of pyruvate and 3 molecules of carbon dioxide out of 3 glucose
molecules, while generating 8 ATP, 6 NADPH and 5 NADH. The flux through the PP pathway
is highly versatile. The enhanced use of the pathway e.g. to overcome shortage of NADPH
has been shown for several microorganisms (Marx et al. 1996; Dauner et al. 2001). For anab-
olism, the PP pathway provides the building blocks R5P and erythrose 4-phosphate (E4P),

needed for the synthesis of amino acids, nucleotides and energy metabolites, respectively.

The ED pathway decomposes glucose via 6-phosphogluconate (6PG) and 2-keto-3-deoxy-
phosphogluconate (KDPG) and yields PYR and GAP. The conversion of G6P to 6PG results
in the generation of NADPH, while further reactions towards GAP and PYR lead to the for-
mation of NADH and ATP. An active ED pathway is found in Archea-bacteria, which lack a
functional EMP pathway, thus, indicating an early evolution of the ED pathway as the first form
of glucose degradation (Romano & Conway 1996). It is also found in bacteria of the Pseudo-
monas family, like Pseudomonas putida (Blank et al. 2008) and Pseudomonas aeruginosa
(Berger et al. 2014). Although some bacteria, such as E. coli, contain all enzymes required for
the ED pathway, they favor the EMP pathway to gain energy and precursor metabolites from
glucose, due to its higher efficiency in energy generation (Wittmann et al. 2007). In contrast,
the ED pathway seems to be preferred under conditions of elevated stress (Klingner et al.
2015).

The TCA cycle can be found throughout almost all bacterial species, because of its importance
as starting and end point for diverse anabolic and catabolic reactions. On the one hand, it

provides reduction equivalents by the complete oxidation of PYR into three molecules of
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carbon dioxide. On the other hand, it supplies the building blocks a-ketoglutarate (a-KG) and
oxaloacetate (OA). Overall, the TCA cycle decomposes PYR to carbon dioxide while producing
two molecules of NADH and one molecule of NADPH, FADH; and GTP each. Similar to the
PP pathway, certain flexibility in coenzyme specificity of isocitrate dehydrogenase and suc-
cinyl-coenzyme A synthetase has been reported for specific microorganisms (Kapatral et al.
2000; Banerjee et al. 2005). Furthermore, the cycle provides the amino acid building blocks
a-KG and OA. In addition, anaplerotic reactions replenish the TCA cycle. The phosphoenolpy-
ruvate-oxaloacetate-pyruvate-node functions as a link between anabolic and catabolic reac-
tions and is responsible for adapting the distribution of PYR, OA and PEP to fit cellular needs
(Sauer & Eikmanns 2005). Enzymes involved are PYR carboxylase, PEP carboxylase, PEP
carboxykinase and malic enzyme, whereby the presence of each of these enzymes differs
strongly among bacteria. The glyoxylate (GA) shunt enables microorganisms to grow on car-
bon two substrates (Kornberg 1966). It also refills the TCA cycle via formation of succinate
(SUC) and malate (MAL).

3.4.2 Regulation of Metabolism by the Intracellular Energy Level

As described, the main purpose of central carbon metabolism is the supply of sufficient
amounts of energy, reducing power and precursors at the very heart of cellular functioning. It
has turned out, that this highly interconnected network is strongly controlled by the energy level
of the cell (Atkinson & Walton 1967). Key enzymes of the pathways, which are either partici-
pating in biosynthesis, energy storage and degradation of energy rich compounds, respec-
tively, are controlled by the ratio of energy rich adenylates to the sum of all adenylates
(Atkinson 1968). To describe this important mechanism quantitatively, the adenylate energy
charge (AEC) was introduced as fundamental parameter (Atkinson and Walton 1967). It is

defined as follows (Equation 3.1).

AEC = [ATP] + 0.5 - [ADP]
[AMP] + [ADP] + [ATP]

(Equation 3.1)

The AEC can vary between 0 and 1, depending on the ratio between AMP, ADP and ATP. It
was initially postulated that enzymes are not only controlled by the availability of their sub-
strates, but also by the overall energy charge available to the cell, hereby, generating an evo-
lutionary advantage. Exemplified for the activity of the ATP-consuming citrate cleavage en-
zyme, which plays a major role in the synthesis of fatty acids, a strong dependence on the
AEC could be shown. The higher the AEC gets, the higher the reaction rate of the enzyme
becomes (Atkinson & Walton 1967). Likewise, ATP-consuming phosphofructokinase is con-
trolled by the energy level. Here, reaction rate drastically decreases with increasing AEC val-

ues (Ramaiah et al. 1964). The behavior of these two enzymes is typical for many enzymes
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involved in the energy metabolism as further measurements of the reaction rate of ATP con-
suming or regenerating enzymes showed (Shen et al. 1968; Klungsoyr et al. 1968). It was
deduced that the intersection of the curves for rates of consuming and regenerating enzymes
represents a metabolic steady state (Figure 3.9). A change in the AEC level leads to downreg-
ulation of inducing enzymes, while upregulating the counteracting enzymes at the same time,
thus buffering the AEC at a value of around 0.85 (Atkinson 1968).
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Figure 3.9: Generalized response of ATP-regenerating (solid line) and ATP-consuming (dashed line) en-
zymes. Figure adapted from Atkinson (1968).

Exceptions might be given in extreme case, e.g. if the balance between ATP utilization and
regeneration becomes distorted. It is for example possible to lower the ATP generation rate of
the respiratory chain by the addition of the protonophore dinitrophenol. Dinitrophenol acts as
a shuttle for protons to cross the biological membranes, thus, leading to a collapse of the proton
motive force used by the cell to generate ATP. To compensate the resulting decrease of the
ATP-level, the microorganism raises the velocity of other ATP generating pathways like the
glycolysis (Dietzler et al. 1979). If this is not possible due to other limitations, the AEC wiill
decrease (Williams & Weiss 1978).

Chapman et al. (1971) examined the shifting of the AEC in E. coli depending on the change of
the cultivation conditions. The AEC decreased almost instantaneously to a value of 0.5 as a
reaction to starvation, but relaxed back to a value of 0.85, immediately after replenishment of
the carbon source. In parallel, the overall adenylate concentration decreased in phases of
starvation. Obviously, cells remained viable, but probably rather dormant, during periods of

starvation. More recently, AEC has been used to validate quantitative metabolome data
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(Bolten et al. 2007). Here, AEC values between 0.7-0.95 were considered as physiologically

meaningful.

3.4.3 Thermodynamic Constraints

Apart from regulatory constraints of the adenylate energy charge, the second law of thermo-
dynamics can be applied as an even more fundamental approach to evaluate metabolomic
datasets. Thermodynamic constraints rely on a physical principle and have to be obeyed, irre-
spective of the surrounding conditions. Thermodynamic constraints were identified as one of
the major driving forces in the evolution of metabolic pathways (Weber et al. 1989; Meléndez-
Hevia et al. 1997). Moreover, thermodynamic considerations enable a link between physical
laws and complex systems of enzymatic reactions, thus allowing the evaluation of pathway
feasibility, based on thermodynamics and measured metabolite concentrations (Cornish-
Bowden 1981; Mavrovouniotis 1993).

Shortly, the second law of thermodynamics states that metabolic conversions can only com-
mence if entropy is produced in the process. Thermodynamic feasibility of metabolic reactions
is evaluated by changes in the Gibbs energies, which is defined as the difference in Gibbs
energies stored in substrates and products of the conversion, namely the Gibbs formation en-
ergy (AG) (Gibbs 1873). Thus, a reaction will only proceed if AG becomes negative (Kimmel
et al. 2006). As soon as the Gibbs formation energy becomes positive, the reaction will com-
mence in the backward direction, while a value of zero equals a state of equilibrium. The Gibbs
energy of formation is connected to the law of mass action (Equation 3.2), with R being the
ideal gas constant, T the ambient temperature and AG® the standardized free Gibbs energy
(Cornish-Bowden 1981).
n[p]

AG = AG® + RTlnﬁ (Equation 3.2)

Utilization of the standardized free Gibbs energy is an effective way to consider the impact of
ionic strength and pH of the surrounding medium on the actual Gibbs energies of the reaction.
Consequently, standard free Gibbs energies are mandatory to evaluate the feasibility of met-
abolic conversions, as the reactant concentrations can be drawn from the measured metabolic
data. Lately, several databases were established, which provide the standard free Gibbs en-
ergies of reactions of the central carbon metabolism under physiological conditions, thus ena-
bling the specification of changes in flow direction of metabolic networks, pathways or reac-
tions (Li et al. 2011; Flamholz et al. 2012).

Due to their importance in the proceeding of metabolism, thermodynamic constraints have

been applied in the elucidation of several scientific questions. Cornish-Bowden (1981) used
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such constraints to elucidate, why certain enzymes of the glycolytic pathway function as a
bottleneck at differing concentrations of the involved reactants. With increasing computational
power, the applications of thermodynamics recently became more complex. Nowadays, ther-
modynamic constraints are applied to enhance metabolic flux analysis (Henry et al. 2007), to
evaluate quantitative metabolome data via computation (anNET) (Zamboni et al. 2008), to as-
sign reaction directionality (Fleming et al. 2009), to evaluate the impact of fluctuations in pH
and ionic strength (Vojinovi¢ & von Stockar 2009) or to study the regulation of metabolic net-
works (Garg et al. 2010). One of the youngest application fields of thermodynamic considera-
tions is the improvement of existing pathways (Ducat & Silver 2012) or even the design of
synthetic pathways to fit industrial demands (Bar-Even et al. 2010). Hence, thermodynamic
considerations have proven to be a powerful tool for the evaluation and elucidation of metabolic
datasets. Due to its wide area of applications and its robustness, thermodynamic analysis has

become inseparable from metabolomics (Martinez & Nielsen 2014).

3.5 Pathway repertoire of microorganisms

To date, a broad spectrum of microorganisms is heavily researched, engineered and utilized
in the biotechnological industry due to their enormous potential in synthesis of high value or
bulk chemicals. The variety among the carbon core metabolism of these microorganisms is

large, as can be seen in Figure 3.10 (Becker & Wittmann 2015).
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Figure 3.10: Comparative overview depicting the pathway configuration of the central carbon metabolism
of various production strains, which were investigated in the course of the present work. (A) Escherichia
coli and Yersinia pseudotuberculosis, (B) Corynebacterium glutamicum and Bacillus megaterium, (C) Pseu-
domonas putida, (D) Rhodopseudomonas palustris and (E) Dinoroseobacter shibae

3.5.1 Escherichia coli

Escherichia coli is a Gram-negative, rod-shaped, non-sporulating and facultative anaerobic
bacterium that was first described by the pediatrician Escherich in 1885 and can be found in
the lower intestine of warm-blooded organisms (Shulman et al. 2007). Since its discovery, it
has advanced to one of the best researched prokaryotic model organisms. Today, it is heavily
utilized in the biotechnological industry and in microbiological research because of the ame-
nability to manipulation and culture (Huang et al. 2012). These characteristics have led to the

discovery of biological principles, such as bacterial conjugation (Lederberg & Tatum 1946),
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topography of gene structure (Benzer 1961) and the foundation of modern biotechnology by
Cohen and Boyer (Russo 2003). The production of human insulin using E. coli as a host
(Williams et al. 1982) was then the first application of genetic engineering in the pharmaceutical
industry. The sequencing of the complete genome of strain E. coli K12 in 1997 (Blattner et al.
1997) enabled further developments in the production of recombinant proteins, like the correct
folding of proteins together with formation of disulfide bonds (Bessette et al. 1999) and the N-
linked glycosylation (Wacker et al. 2002). Since then, E. coli has become a workhorse of bio-
technology and is being used for the production of bulk chemicals as well as highly specific
pharmaceuticals (Rodrigues et al. 2014; Becker & Wittmann 2015). E. coli itself can grow on
different carbon sources and has a highly versatile carbon metabolism (Figure 3.10 A). When
growing on glucose, E. coli utilizes the EMP-, PP-, and the TCA pathway along with the glyox-
ylate-shunt and in a minor manner the ED pathway (Rui et al. 2010) to generate energy and
metabolic precursors. In the presence of gluconate or gluconic acid the flux distribution shifts
from the EMP pathway to an enforced usage of the ED pathway (Fliege et al. 1992). Further-
more, E. coli is one of the few microorganisms, for which datasets of the intracellular levels of
the central carbon metabolism have been published (De Mey et al. 2010; Hoque et al. 2011).
Hence and due to its function as a model organism, E. coli was used during the development

and validation process of the quantification method in this work.

3.5.2 Corynebacterium glutamicum

The Gram-positive bacterium Corynebacterium glutamicum was first described by (Udaka
1960). The wild type strain C. glutamicum ATCC 13032 was isolated from a soil sample from
the elephant cage in the Ueno Zoo in 1957, but can also be found in sewage, manure or on
fruits and vegetables. C. glutamicum is an aerobic, fast-growing, non-sporulating, non-motile,
non-pathogenic, rod-like microorganism. Due to its GRAS-status and based on metabolic en-
gineering, it has been used extensively for the production of amino acids, which are required
as food additives for human and animal nutrition as well as pharmaceutical products
(Leuchtenberger et al. 2005). The ability to assimilate raw sugars, molasses or lactate from
fermented green cuttings (Becker et al. 2005; Andersen & Kiel 2000) together with a completely
sequenced genome have made it extremely valuable for biotechnological production. Once
discovered as natural glutamate producer, C. glutamicum is nowadays utilized for industrial
production of a wide variety of amino acids, vitamins and nucleotides (Vertes et al. 2005;
Becker & Wittmann 2012a). For growth on glucose as carbon source, C. glutamicum uses the
EMP- , the PP pathway and the TCA cycle (Marx et al. 1996) (Figure 3.10 B). Activity of the
ED pathway could neither be shown for growth on glucose nor gluconate as carbon source
(Vallino & Stephanopoulos 1994). As consequence of its industrial relevance, C. glutamicum

is a well investigated production strain. However, only few metabolite datasets of central
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carbon metabolism are available so far (Moritz et al. 2002; Bolten et al. 2007). The datasets
are hereby limited to certain energy and redox equivalents, while omitting most intermediary
metabolites of the core metabolism. In the course of this work, C. glutamicum was used to
validate the applicability of the quantification method to Gram positive microorganisms.

3.5.3 Pseudomonas putida

Pseudomonas putida is a rod-shaped, flagellated, aerobically fast growing, and Gram-negative
bacterium which can be easily isolated from soil and water samples as well as plants and
animals. The saprotrophic bacterium often functions as a biological control agent for plants,
while benefitting from nutrients in their rhizosphere. It induces plant growth and protects the
plants from pathogens by secretion of siderophores in exchange (Dupler & Baker 1984; Gravel
et al. 2007). Research on P. putida is used to elucidate biological principles typical for the
Pseudomonas clade, thereby, helping to understand pathogenic strains like the closely related
Pseudomonas aeruginosa, a predominant cause of nosocomial infections. The metabolism of
P. putida shows high versatility in regard to different nutrients, making it interesting for indus-
trial purposes. On one hand, P. putida is capable of degradation of alkyl-benzoates and even
polycyclic aromatic compounds like naphthalene and is, therefore, applied for bioremediation
of polluted soil (Ronchel et al. 1995; Gomes et al. 2005). On the other hand, P. putida is a
natural producer of polyhydroxyalkanoates (PHA), a biodegradable plastic. The ease of ge-
nomic manipulation in addition to the more recent availability of the complete genome se-
guence (Nelson et al. 2002) enabled the development of further production strains of biotech-
nological interest (Poblete-Castro et al. 2012). The central carbon metabolism of P. putida dif-
fers from that of most bacteria because it lacks the enzyme 6-phosphofructokinase and, con-
sequently, a fully functional EMP pathway (Del Castillo et al. 2007) (Figure 3.10 C). Moreover,
P. putida uses the PP pathway to generate biomass precursors, but not in a catabolic manner
(Ebert et al. 2011). The bacterium instead uses the ED pathway to catabolize glucose and
other sugars to generate energy and redox equivalents (Fuhrer et al. 2005). P. putida prefera-
bly utilizes intermediates of the TCA cycle and therefore suppresses glucose uptake in the
presence of TCA cycle metabolites (Wolff et al. 1991). Furthermore, it is capable of degrada-
tion of fatty acid via the glyoxylate shunt (Ebert et al. 2011). So far only a few metabolic da-
tasets have been published on P. putida, which cover only parts of the central carbon metab-
olism (Bolten et al. 2007; van der Werf et al. 2008). In the present work, the core metabolome
of P. putida was quantified, validated by thermodynamic constraints and subsequently com-

pared to the metabolic data of other ED pathway users.
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3.5.4 Yersinia pseudotuberculosis

Yersinia pseudotuberculosis can be isolated from mammalians with wild rodent being the his-
torically most prominent host (Isaacson et al. 1983). The facultative anaerobe is a Gram-neg-
ative, rod-shaped, non-sporulating and motile pathogen (Zurek et al. 2001). The genome of
Y. pseudotubercolosis was sequenced by Chain et al. (2004) and compared to the genome of
Yersinia pestis, the bacteria responsible for the bubonic plague. The comparison showed a
matching rate of 75 %, indicating a genetic relationship of Y. pestis and Y. pseudotuberculosis
despite drastic differences in pathogenicity and transmission. Motility of the bacterium is regu-
lated by a quorum-sensing system, allowing it to estimate its concentration in the close vicinity
and to react accordingly (Atkinson et al. 1999). An infection with Y. pseudotuberculosis often
results in diarrhea and abdominal pain combined with strong proinflammatory reactions in the
infected tissues (Jalava et al. 2006; Logsdon & Mecsas 2006). The bacterium is used as a
model organism to study the infection process during which the bacteria survive in different
environments. The effect of changes in substrate availability on the virulence of Y. pseudotu-
berculosis has recently been clarified (Bulicker et al. 2014). Under glucose excess, Y. pseudo-
tuberculosis employs a combination of glycolysis and the PP pathway in combination with the
tricarboxylic acid cycle to generate energy and biomass for maintenance and replication
(Bucker et al. 2014) (Figure 3.10 A). In the absence of glucose, the bacterium is capable of
expressing isocitrate lyase and malate synthase, thereby, enabling the utilization of two-carbon
molecules or fatty acids as a carbon source via the GA-shunt (Hillier & Charnetzky 1981). An
active ED pathway has not been reported in the presence of glucose, even though small
amounts of the participating enzymes could be shown. In the presence of gluconate, however,
the ED pathway is active (Brubaker 1968). It has been shown that the pathogen tends to ac-
cumulate large amounts of extracellular PYR (Bucker et al. 2014). The present work was used
to elucidate how Y. pseudotuberculosis achieves these high concentrations of PYR. This ap-
peared especially interesting, as to date, no metabolic datasets of the central carbon metabo-

lism of the human pathogen Y. pseudotuberculosis have been published.

3.5.5 Bacillus megaterium

In 1884, Anton de Bary described a Gram-positive soil bacterium and named it, due to its
enormous cell size, Bacillus megaterium (de Bary 1884). It was this characteristic that made
B. megaterium the perfect candidate for investigations of bacterial structure, membrane prop-
erties, protein localization and sporulation principles (Foerster & Foster 1966; Christie et al.
2010), thus, B. megaterium became a model organism long before Bacillus subtilis. The rod-
like, non-pathogenic, motile bacterium is aerobically fast growing and capable of sporulation
to endure harmful conditions (Eppinger et al. 2011). B. megaterium is ubiquitous in the envi-

ronment and tolerating extreme conditions as well as using numerous different carbon sources
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to sustain its growth (Vary et al. 2007; Luders et al. 2011; Khan 2011). These features in com-
bination with the absence of endotoxins and alkaline proteases made the bacterium a promis-
ing target for the development of biotechnological production processes (Bunk et al. 2010). It
has proven to be easily accessible for genetic modification by different techniques. Thus, it has
been used for the production of enzymes, such as amylase and penicillin amidase and for
aerobic and anaerobic vitamin B12 generation (Vary et al. 2007; Korneli et al. 2013). The ge-
nome sequence of two important B. megaterium strains were recently published (Eppinger et
al. (2011), thus facilitating a deeper understanding of its intracellular fluxes and their regulation.
Application of glucose as carbon source results in energy generation by a combination of the
EMP and PP pathway followed by the TCA cycle (Wang et al. 2005) (Figure 3.10 B). Addition-
ally, B. megaterium carries genes encoding for the glyoxylate-shunt, allowing growth on 2-car-
bon compounds (Eppinger et al. 2011). An active ED pathway could neither be shown for
glucose- nor gluconate-dependent growth (Otani et al. 1986; Otani et al. 1987). B. megaterium
is heavily utilized for industrial production of proteins. During such production processes the
microorganism is constantly stressed, which might influence productivity negatively. Thus,
guantitative metabolomics was applied to identify the consequences of stress on the central
metabolism. Despite its industrial relevance, no metabolic datasets of the core metabolism of

B. megaterium are available at present.

3.5.6 Rhodopseudomonas palustris

One of the metabolically most versatile microorganisms described so far, is the Gram-negative,
purple non-sulfur bacterium Rhodopseudomonas palustris (Larimer et al. 2004). The rod-
shaped, motile, non-pathogenic and facultative anaerobe prokaryote is widely spread as the
isolation from different aquatic habitats, coastal sediments and even swine waste lagoons
demonstrates (Larimer et al. 2004). The bacterium utilizes energy, generated from light or or-
ganic compounds, to maintain growth. It is capable to assimilate carbon from organic and in-
organic compounds as well as elemental nitrogen (Klemme et al. 1980). Additionally, the ver-
satile carbon metabolism of R. palustris enables the bacterium to degrade sugars, acetates,
but also more complex compounds like lignin and benzoate (Hadicke et al. 2011). The genome
of R. palustris was recently sequenced (Larimer et al. 2004), thereby allowing its use as a
model organism for the response of microorganisms to environmental changes. The bacterium
is used to elucidate the working principles of bacterial photosynthesis (Roszak et al. 2003) and
to generate electricity by biological fuel cells (Xing et al. 2008). Moreover, the capability of
benzoate degradation in combination with the production of hydrogen makes it a promising
candidate for bioremediation and generation of clean energy (FiBler et al. 1995). Another pos-
sible application field of purple non-sulfur bacteria is their usage as biological control agents

for aquacultures as a sustainable replacement of antibiotics and vitamins (Kim & Lee 2000).
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R. palustris favorably uses succinate as carbon source for its growth by assimilation via the
oxidative TCA cycle, but is also capable of energy and biomass generation from sugars with
glycolysis, PP pathway and glyoxylate shunt (Eley et al. 1979; Imai et al. 1984; Hadicke et al.
2011) (Figure 3.10 D). Under anaerobic conditions, R. palustris assimilates carbon dioxide by
the Calvin-Benson-Bessham (CBB) cycle (Joshi et al. 2009). Probably due to the fact, that
industrial relevance of purple non-sulfur bacteria is still low, no datasets of metabolite levels
are available yet. In the course of this work, metabolite levels of the photoheterotrophically
growing R. palustris were compared to metabolite levels of microorganisms employing gluco-

neogenesis.

3.5.7 Dinoroseobacter shibae

Dinoroseobacter shibae is a Gram-negative, marine, small oval rod-shaped bacterium. It be-
longs to the group of aerobic anoxygenic phototrophs (AAP) and develops a dark red pigmen-
tation if grown in darkness. It can either grow planktonic or form a biofilm on phytoplankton, as
its first isolation by washing of the dinoflagellate Prorocentrum lima proves (Biebl et al. 2005).
The motile, non-pathogenic bacterium is capable of aerobic and anaerobic photosynthesis,
which is used to generate additional energy under heterotrophic conditions (Wagner-Ddbler et
al. 2010). Moreover, D. shibae is adapted to light-dark cycles as shown by analysis of its tran-
scriptional dynamics and long term starvation experiments (Tomasch et al. 2011; Soora &
Cypionka 2013). These features, together with the ability to produce storage compounds dur-
ing excess conditions show the perfect adaption of D. shibae to its marine habitat (Rex et al.
2013). The bacterium, furthermore, resorts to arginine fermentation or nitrate reduction to cope
with anaerobic conditions (Laass et al. 2014; Ebert et al. 2013). The available genome se-
guence reveals additional metabolic traits, like degradation of aromatic compounds and the
oxidation of carbon monoxide (Wagner-Ddébler et al. 2010). If living in a symbiotic relationship
with microalgae, D. shibae produces the vitamins B1 and B12 in exchange for organic acids,
which are converted into energy and biomass building blocks by the TCA cycle (Wagner-
Dobler et al. 2010). In addition, labeling studies showed, that D. shibae, while having the ED-
and the EMP pathway at its disposal, exclusively degrades glucose via the ED pathway (Flrch
et al. 2009) (Figure 3.10 E). The reductive PP pathway is solely used for the generation of
metabolic precursors, as the 6-phosphogluconate dehydrogenase is not annotated (Wagner-
Dobler et al. 2010). The assimilation of acetate via the GA cycle is also not possible, as the
isocitrate lyase is not encoded in its genome. D. shibae was only recently isolated, thus no
metabolic data covering the central carbon metabolism is available so far. However, the un-
conventional pathway usage, the scarce habitat and its broad substrate specificity made it an
interesting candidate for metabolite quantitation. Here the influence of a change of substrates

on the intracellular metabolite pools could be elucidated.
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4 Material and Methods

4.1 Strains

Different wild type microorganisms, used in the present work, were obtained from public strain

collections, such as the American Type Culture Collection (ATCC) and the German Collection

of Microorganisms and Cell Cultures (DSMZ), respectively (Table 4.1). In addition, specifically

designed mutants of Y. pseudotuberculosis were derived from a previous work (Blicker et al.

2014) (Table 4.2).

Table 4.1: Wild type bacterial strains used in the present work

Strain Source
Escherichia coli K12 DSM 2670 DSMz
Corynebacterium glutamicum ATCC 13032 ATCC
Pseudomonas putida KT2440 DSM 6125 DSMz
Yersinia pseudotuberculosis YPIII DSM 8992 DSMz
Bacillus megaterium DSM 319 DSMz
Rhodopseudomonas palustris DSM 123 DSMz
Dinoroseobacter shibae DFL-12 DSM16493 DSMz

For long term cryoconservation, strains were grown in their corresponding complex medium

and under permanent light if necessary (D. shibae and R. palustris). Cell suspension (500 uL)

was harvested in mid exponential phase, transferred into stock culture tubes and mixed with

500 pL of a 60 % glycerol solution. After thorough mixing, the tubes were transferred into liquid

nitrogen, thereby shock freezing the culture. Cryo-cultures were subsequently stored at -80 °C.

Table 4.2: Mutants of Y. pseudotuberculosis used in the present work

Strain

Modifications

Source

Y. pseudotuberculosis YPIII
ApykF

Y. pseudotuberculosis YPIII
AptsN

Y. pseudotuberculosis YPIII
AarcA

Y. pseudotuberculosis YPIII
ApdhR

Deletion of pyruvate kinase F,

Kanamycin resistance

Deletion of the nitrogen regulatory protein PtsN,
Kanamycin resistance

Deletion of the global anaerobiosis response regulator,
Kanamycin resistance

Deletion of the pyruvate dehydrogenase complex regulator
PdhR, Kanamycin resistance

Buicker et al., 2014

Bucker et al., 2014

Buicker et al., 2014

Bucker et al., 2014
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4.2 Chemicals

Tryptone and yeast extract were purchased from BD Biosciences (Heidelberg, Germany).
HAM F-12 Nutrient mixture was obtained from Invitrogen (Carlsbad, California, United States)
and liquid DMEM was obtained from Biochrom (Berlin, Germany). Marine broth supplement
(MB2216) was purchased from Becton Dickinson (Franklin Lakes, New Jersey, United States).
Labeled U'C-glucose was purchased from Eurisotop (Saarbriicken, Germany). All other
chemicals were obtained from Sigma-Aldrich (Steinheim, Germany), Merck (Darmstadt, Ger-
many) and Fluka (Buchs, Switzerland). Usually, chemicals were used at analytical grade. Me-
tabolites and solvents, used for LC-MS/MS tuning, calibration and sample analysis, were ob-
tained in the highest purity available. Ultrapure water (resistivity < 18.2 MQ at 25 °C) was
obtained by utilization of Milli-Q integral water purification system (Millipore, Merck KGaA,

Darmstadt, Germany).

4.3 Growth Media
4.3.1 Complex Media

For cultivation of first pre-cultures of E. coli, B. megaterium, C. glutamicum and P. putida, re-

spectively, LB-medium in baffled shake flasks was used (Table 4.3).

Table 4.3: Composition of the LB-complex medium used for cultivation of E. coli, B. subtilis, B. megaterium,
C. glutamicum and P. putida

Compound Quantity
Tryptone 10g
Yeast extract 59
NacCl 10g

ad 1 L aqua dest.; autoclaved (121 °C, 20 min)

First pre-cultures of Y. pseudotuberculosis were grown in sterile-filtered 1:1 mixture of HAM’s
F-12 nutrient mixture and liquid DMEM. Pre-cultures of D. shibae were grown in marine broth

complex medium (Table 4.4).

Table 4.4: Composition of the complex medium used for cultivation of D. shibae

Compound Quantity
Difco Marine Broth (MB 2216) 37.449g
ad 1 L aqua dest.; autoclaved (121 °C, 20 min)

For preparation of agar plates, 1.5 % (w/v) of agar Difco (Detroit, Michigan, United States) was

added to the corresponding medium, prior to sterilization.
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4.3.2 Minimal Media

For second pre-culture and main culture, different minimal media were used. E. coliand C. glu-

tamicum were grown in glucose minimal medium (Becker et al. 2010) (Table 4.5).

Table 4.5: Composition of the minimal medium used for cultivation of C. glutamicum and E. coli

Compound Quantity
Glucose 10g
NaCl 1g
CaCl, 55 mg
MgSQ4 - 7 H0 0.2g
(NH.)2S04 15¢g
KoHPO4 348¢g
KH2PO4 8.5¢
FeSO4 - 7 HO 20 mg
FeCl; - 6 H,O 2mg
MnSO;4 - H20 2mg
ZnS04 - H20 0.5mg
CuCl; - 2 H,O 0.2mg
Na,B4O7 - 10 H,O 0.2mg
Na:MoO; - 4 H,O 0.1 mg
Biotin 0.5mg
Thiamin - HCI 1mg
Panthothenic acid Ca-Salt 1mg
3,4-Dihydroxybenzoic acid 30 mg

ad 1 L aqua dest.; sterile-filtered; pH 7,2

In selected experiments, the glucose concentration was varied as specified below. Table 4.6

shows the minimal medium used for cultivation of E. coli according to Chapman et al. (1971).

Table 4.6: Composition of the minimal medium for cultivation of E. coli during starvation experiments

Compound Quantity
Glucose 1lg
(NH4)2S04 249
KoHPO, 59
KH2PO4 13 g
MgCl, 0.2g

ad 1 L aqua dest.; autoclaved (121 °C, 20 min); pH 7,2
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Table 4.7 shows the composition of M9 minimal medium, used for the cultivation of B. mega-
terium. During cultivation under osmotic stress, the NaCl concentration was increased from
0.5 g/L to 35.06 g/l and 70.13 g/L to achieve molarities of 0.6 M and 1.2 M, respectively.

Table 4.7: Composition of the minimal medium used for cultivation of B. megaterium

Compound Quantity
Glucose 1049
NazHPO, - 2 H,O 8.5¢
KH2PO4 39
NH4Cl 1lg
NaCl 0.5¢g
MgSQ4 - 7 H0 246 mg
3,4-Dihydroxybenzoic acid 30 mg
CaCl; - 2 H,O 14.7 mg
FeCls - 6 H20O 13.5mg
ZnCl, 1.7 mg
MnCl; - 4 H,O 1 mg
CoCl; - 6 HO 0.6 mg
Na:MoO, - 2H,0 0.6 mg
CuCl; - 2 H,O 0.43mg

ad 1 L aqua dest.; autoclaved (121 °C, 20 min); pH 7,2

Cultivation of P. putida was performed in modified M9 minimal medium (Poblete Castro 2012).

Its composition is depicted in Table 4.8.

Table 4.8: Composition of the minimal medium used for cultivation of P. putida

Compound Quantity
Glucose 10g
NazHPO, - 2 H,O 85¢g
KH2PO4 39
(NH4)2S04 474
NacCl 05¢g
MgSOs4 * 7 H.0O 0.12¢g
FeSO,4 - 7 H,O 6 mg
CaCOs 2.7mg
ZnS0O;4 " HO 2mg
MnSO, - H,O 1,16 mg
CoS0O4 * 7 HO 0.37 mg
CuSO, " 5 H0 0.33mg
H3BOs 0.08 mg

ad 1 L aqua dest.; autoclaved (121 °C, 20 min); pH 7,2
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Cultivation of Y. pseudotuberculosis was carried out in Yersinia Minimal Medium (YMM)
(Bucker et al. 2014). The medium composition is shown in Table 4.9.

Table 4.9: Composition of the Yersinia Minimal Medium used for cultivation of Y. pseudotuberculosis

Compound Quantity
Glucose 8¢9
KH2PO4 13.26 g
KoHPO4 6.62 g
(NH.)2S04 59
NaCl 0.31g
MgSQ4 - 7 H0 0.2g
3,4-Dihydroxybenzoic acid 30 mg
FeCls - 6 H20O 2mg
MnSQO, - H.O 2mg
ZnS04 ° 7 H0 1.3 mg
FeSO, 7 H0 0.5mg
CuCl; - 2 H,O 0.2mg
NazB4O7 - 10 HO 0.2mg
(NH4)6M07024 - 4 H,0O 0.1 mg

ad 1 L aqua dest.; autoclaved (121 °C, 20 min); pH 7,2

Table 4.10 depicts the composition of modified minimal medium, used to grow R. palustris
(Lippe 2008). To enable photoheterotrophic growth, the medium had to be stripped from oxy-
gen. To this end, the medium was heated to the boiling point and simultaneously sparged with
nitrogen (5 min). Afterwards, the vessel was sealed airtight by a butyl-septum and cooled down
to room temperature. Subsequently, vitamins and amino acids were added under sterile con-

ditions.

Table 4.10: Composition of the minimal medium used for cultivation of R. palustris

Compound Quantity
Ethanol 0.5mL
Naz-Succinate 1lg
NHs-Acetate 0549
Ferric(lll)-Citrate 5mg
KH2PO4 05g
MgSO, - 7 H0 0.4g
NaCl 049
NH,4CI 0.4g
CaCl; - 2 H,O 50 mg
ZnS0O4 * 7 H0 0.1 mg
MnCl; - 4 H,O 0.03mg
H3BOs 0.3mg
CoCl; - 6 HO 0.2mg
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Compound Quantity
CuCl; - 2 HO 0.01mg
NiCl; - 2 H20O 0.02mg
Na;MoO, - 2H,0 0.03mg
Vitamin Bi, 0.04 mg
Thiamin (B1) 0.05mg
Nicotinic acid amide (Bsz) 0.05mg
Biotin (B7) 0.001 mg
Alanine 60 mg
Aspartic acid 54 mg
Glutamic acid 90 mg
Leucine 54 mg
Lysine 51 mg

ad 1 L aqua dest.; sterile-filtered; pH 7,2

D. shibae was grown in modified artificial seawater medium (Bartsch 2015). The basic medium
composition is listed in Table 4.11. As sole carbon source, succinate or glucose, respectively,

were added to concentrations of 10 mM.

Table 4.11: Composition of the modified artificial seawater medium used for cultivation of D. shibae

Compound Quantity
KH2PO4 0.2g
NH,4CI 0.25¢
NaSO4 49
MgCl; - 6 H.0 9¢g
CaCl; - 2 H,0O 0.15¢
NaHCO3 0.19¢
NacCl 209
KCI 05¢g
Triplex 11l (Na2EDTA) 10.4mg
FeSO, - 7 H0O 4.2 mg
H3BOs3 0.06 mg
MnClI; - 4 H,0O 0.2mg
CoCl; - 6 H20O 0.38 mg
NiCl - 6 HO 0.048 mg
CuCl, - 2 H,0O 0.004 mg
ZnS0O4 * 7 H0 0.288 mg
Na;MoO, - 2H,O 0.072 mg
Biotin 4 mg
Niacin 40 mg
4-Aminobenzoic acid 16 mg

ad 1 L aqua dest.; sterile-filtered; pH 7,2
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4.4 Cultivation
4.4.1 Shake Flask Cultivation

E. coli, C. glutamicum, B. megaterium, P. putida, Y. pseudotuberculosis and D. shibae were
maintained on agar plates. First pre-cultures were conducted using baffled shake flasks
(100 mL flask volume) containing 10 mL of strain specific complex medium (see above). After
8 h, cells were harvested by centrifugation (10.000 x g, 5min) and washed with saline 1.8 %
(w/v) NaCl solution to remove residues of complex media. Cells were then used to inoculate a
second pre-culture in 25 mL minimal medium using a baffled shake flask (250 mL flask vol-
ume). The cells were grown for 12 h, harvested and washed as described previously and finally

used as the inoculum of the main culture (25 mL filling volume, 250 mL baffled shake flask).

R. palustris was inoculated from cryo-culture into its corresponding anaerobic minimal medium
(50 mL filling volume, airtight sealed 100mL bottles). The shaker was equipped with an illumi-
nation unit (3 x 18 W Biolux, Osram, Munich, Germany) to ensure continuous and consistent
illumination. A brief summary of the cultivation conditions of all seven strains is given in Table
4.12.

Table 4.12: General cultivation parameters used for cultivation

Strain Temperature [°C]  Shaking frequency [rpm] Growth regime

E. coli 30 230 aerobic

C. glutamicum 30 230 aerobic

B. megaterium 37 230 aerobic

P. putida 30 230 aerobic

Y. pseudotuberculosis 25 200 aerobic

D. shibae 30 180 aerobic

R. palustris 25 120 anaerobic, constant light

Main cultures for all experiments were started with an optical density of 0.1 — 0.5 and were
performed in triplicate. Cultivations were performed using a rotary shaker (5 cm shaking diam-
eter, Multitron, Infors, Bottmingen, Switzerland). To avoid oxygen limitation the filling volume

did not exceed 10 % of the total shake flasks volume.

4.4.2 Fed-batch and Chemostat Cultivations in Bioreactors

Fed-batch and chemostat cultivations were performed in a 1L-bioreactor system with a working
volume of 400 mL, kept at a stirring speed of 600 rpm and at an aeration rate of 0.25 vvm
(DASGIP, Julich, Germany). The stirrer speed was adapted to ensure dissolved oxygen levels
of > 20 %. Culture settings were controlled at the corresponding temperature (Table 4.12) and
pH 7, respectively. The pH was maintained by computer-controlled titration with 1 M NH,OH

and with 1 M HCI, respectively. Process variables were monitored and collected by a process
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control system (DASGIP Control, DASGIP, Jilich, Germany) Foam formation was prevented
by addition of sterile-filtered Ucolub (FRAGOL, Milheim, Germany).

For fed-batch cultivations, applied during generation of the labeled internal standard with

C. glutamicum and the investigation of the energy metabolism of E. coli, an exponential feed

profile was utilized to ensure a constant growth rate. The feed rate was calculated with the

help of Equation 4.1 (Yee & Blanch 1992), with 1 being the desired growth rate and So being

the feed concentration. The yield coefficient had to be determined in preliminary experiments.
_ uXXoxVyxehxt

F = (Equation 4.1)
SoXYx/s

Chemostat experiments were conducted at different dilution rates. To achieve dilution rates of
D=0.1 h'!, D=0.2 h! and D=0.4 h', feed medium was pumped into the reactor at pump rates
of 40 mL/h, 80 mL/h and 160 mL/h, respectively. Culture broth was removed from the reactor
through a steel pipe, which was adjusted to the initial fill level, at a slightly higher pump rate,
thereby ensuring constant culture volumes in the reactor. Both reservoirs, the storage tank
containing the fresh medium as well as the collection tank for the removed culture broth, were
placed on analytical balances, thus enabling a continuous control of pump rates for accurate
mass balancing. Samples for quantitative metabolite analysis were taken after five volume

changes to guarantee metabolic and isotopic steady state (Zamboni et al. 2009).

4.5 Analytical Technigues

4.5.1 Cell concentration

Cell concentration was measured by optical density (OD) at specific wavelengths (Table 4.13)
using a photometer (Libra S11, Biochrom Ltd., Cambridge, England). Samples were diluted on
a microbalance (Sartorius, Gottingen, Germany) to values below 0.3 and measured in dupli-

cate against blank medium as reference.

Table 4.13: Wavelengths used for the estimation of cellular growth

Wavelength A

Strain [nm]
E. coli 660
C. glutamicum 660
B. megaterium 600
P. putida 600
Y. pseudotuberculosis 600
D. shibae 650
R. palustris 660
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The cellular dry weight (CDW) was determined after harvesting 10 mL of culture broth by fil-
tration (0.2 um pore size, RC membrane filters, Sartorius, Goéttingen, Germany). Filters were
pre-dried at 80 °C for 24 hours and weighed prior to use. After filtration, two washing steps
with 0.9 % NaCl and deionized water were applied. Subsequently, filters were dried at 80 °C

until constant weight.

For the exact determination of specific intracellular metabolite concentrations and biomass
yield coefficients, it was necessary to establish a correlation between optical density and cel-
lular dry weight. From comparative measurements, the optical density was plotted against the
corresponding cellular dry weight to calculate the correlation factor. This was done for E. coli,
C. glutamicum and R. palustris, as representatively shown for P. putida (Figure 4.1).

12 -
CDW [g L']1=0.372 * ODgy,
10 A R?=0.995
= 87
2
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[m)
O 4 -
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Figure 4.1: Representative correlation of Cellular Dry Weight (CDW) and Optical Density (OD) for P. putida

The factors (Table 4.14) were different for each strain, as a consequence of different cell size,
shape or substrate. Correlation factors of B. megaterium, Y. pseudotuberculosis and D. shibae
were obtained from literature. All measurements were performed with the same photometer
that has been used for the present work (Libra S11, Biochrom Ltd., Cambridge, England).

Table 4.14: List of correlation factors used to estimate the actual biomass present in the biological samples

taken for metabolite quantification. D. shibae exhibits different correlation factors if grown on (a) glucose
and (b) succinate as the carbon source.

Strain f=CDW/OD Reference

E. coli 0.307 This work

C. glutamicum 0.249 This work

B. megaterium 0.217 Godard (2015)
P. putida 0.372 This work

Y. pseudotuberculosis 0.325 Biicker (2014)
D. shibae (a) 0.383 Bartsch (2015)
D. shibae (b) 0.321 Bartsch (2015)
R. palustris 0.302 This work
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4.5.2 Glucose concentration

Concentration of glucose in culture supernatant was measured by a glucose analyzer (YSI
2700 select, YSI Incorporated, Yellow Spring, USA). Prior to measurement, 500 pL of sample
were centrifuged (10.000 x g, 2 min) to remove cells and cell debris from the broth.

4.6 Metabolomics Workflow

4.6.1 Sampling

The differential method was used to avoid metabolite leakage during the quenching procedure
(Taymaz-Nikerel et al. 2009). For this purpose, two samples were taken per sampling point
(Figure 3.7). A broth sample was quenched, thus containing metabolites, which were present
in the supernatant and in the microorganisms at that time. The second sample was sterile-
filtered (0.2 um pore size, Minisart-plus syringe filter, Sartorius, Goéttingen, Germany) into the
guenching solution, thereby retaining microorganisms and allowing only supernatant to pass.
The difference between both samples equals the metabolite concentrations inside the cells at
the time of sampling. To stop cell metabolism as fast as possible, 1 mL sample was directly
injected into a tube which contained 5 mL of pre-cooled aqueous methanol (-30 °C, 60 %
MeOH (aq.)). The tube was immediately vortexed and afterwards transferred into liquid nitro-
gen. The process was monitored gravimetrically on a microscale (Sartorius, Géttingen, Ger-

many), thus enabling the calculation of the exact dilution factor for every quenched sample.

4.6.2 Metabolite Extraction

Two different methods were utilized for metabolite extraction of quenched samples. One
method used boiling ethanol (75 % (v/v) EtOH (ag.)) as the extraction solvent (Gonzalez et al.
1997), while the second method utilized pre-cooled acidic acetonitrile-ethanol (0.1 M formic
acid, 60 % (v/v) acetonitrile, 20 % MeOH (v/v) (ag.)) as metabolite solvent (Rabinowitz &
Kimball 2007).

For extraction in boiling ethanol, 0.5 mL of quenched sample was mixed with 100 pL of internal
UC-standard and 2.5 mL of the 75 % EtOH (v/v) (ag.) solution. The mixture was incubated at

80 °C for 3 min and afterwards cooled down on ice to minimize degradation.

The acidic acetonitrile-methanol (ag.) solution was cooled down to -20 °C, prior to extraction.
Similar to the protocol with boiling ethanol, 2.5 mL extraction solvent was then mixed with
100 pL internal 3C- standard and 0.5 mL of the quenched sample and incubated at -20 °C for
15 min. Afterwards, 50 pL of a 10 % NH4OH solution was added to neutralize the pH.

After extraction, extracts were centrifuged (5 min, 3000 x g) (Heraeus Multifuge 4 KR, Thermo
Fisher Scientific Inc, Waltham, United States) to remove remaining cell debris. The superna-

tant was carefully decanted, frozen at -80 °C and finally lyophilized. The dried extracts were
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kept at -80 °C until measurement. Prior to measurement, dried extracts were dissolved in
500 pL of eluent A (6 mM tributylamine (ag.) adjusted to pH 6.2 with 6 mM acetic acid). As
previously described, all dilution steps were monitored gravimetrically to ensure exact quanti-

fication.

4.6.3 Generation of an U*C-labeled Internal Standard

For generation of an U*3C-labeled internal standard, C. glutamicum was grown in 0.4 L of min-
imal medium, which contained 32 g/L of [*3Ce] glucose as sole carbon source. To minimize the
input of 12C carbon, the second pre-culture was also grown on [**C¢]-glucose. During the main
cultivation in the bioreactor, inlet air was purged through 4M KOH before entering the bioreac-
tor, to remove ambient carbon dioxide (Wu et al. 2005). At an ODeggsonm Of 60, 300 mL of culture
broth was directly transferred into a precooled (-40 °C) aqueous MeOH solution (1,5 L; 60 %
(v/v)). The quenched culture broth was transferred into 15 mL tubes and centrifuged (2000 x g,
5 min, -20 °C). The supernatant was carefully discarded and the cell pellet was extracted
(3 min) in 10 mL of boiling aqueous ethanol (75 % (v/v)). The extract was then cooled down.
Cell debris was removed by another centrifugation step (2000 x g, 5 min, - 20 °C). The super-
natant was collected, lyophilized to remove the remaining ethanol and afterwards dissolved in
100 mL of ultrapure water. Aliquots (1 mL each) of the internal standard were prepared and
stored at -80 °C.

4.6.4 LC-MS/MS Measurement

All measurements were accomplished with an Agilent 1290 series binary HPLC system (Ag-
ilent Technologies, Waldbronn, Germany) coupled with an AB Sciex QTRAP® 5500 linear ion
trap mass spectrometer (MS) (AB Sciex, Darmstadt, Germany), equipped with a Tur-
bolonSpray source. Data was acquired and evaluated with the Analyst software (version 1.6,
AB Sciex, Darmstadt, Germany). The MS was operated in negative ionization mode and in
multiple reaction monitoring (MRM) mode. Single metabolite standards, dissolved in eluent A,
were infused at a flow rate of 7 uL min to tune compound dependent MS parameters. The
MS/MS fragmentation pattern of each analyte was determined and the declustering potential
(DP), collision energy (CE) and cell exit potential (CXP) were optimized for maximal intensity.
The entrance potential (EP) was fixed at -10 V and the dwell time was set to 5 ms for all
transitions. Source dependent MS parameters were set as follows: ion spray voltage
(IS) -4500 V, nebulizer gas (GS1) auxiliary gas (GS2), curtain gas (CUR) and collision gas
(CAD) were set 60, 60, 35 and medium, respectively. The auxiliary gas temperature was set
to 550 °C. The mass spectrometer was run in unit resolution to obtain adequate selectivity and

sensitivity.
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Table 4.15: Gradient profile applied in the developed LC-MS/MS method. Eluent A: 6mM tributylamine aque-
ous solution adjusted to pH 6.2 with 6 mM acetic acid, Eluent B: 6mM tributylamine in a mixture of water/ac-
etonitrile 50:50 (v/v) adjusted to pH 6.2 with 6 mM acetic acid.

Step  Total time [min] Eluent A [vol. %] Eluent B [vol. %]

1 0.00 95.0 5.0
2 2.00 95.0 5.0
3 22.00 10.0 90.0
4 23.00 95.0 5.0
5 28.00 95.0 5.0

Comparative measurements were done with a previously developed chromatographic separa-
tion method (Luo et al. 2007). For optimized chromatic separation, a VisionHT C18 HL 100 mm
x 2 mm I.D:, 1.5 um particles column (Grace, Columbia, MD, United States) at 50 °C was used
with eluent A (6 mM aqueous tributylamine solution, adjusted to pH 6.2 with acetic acid) and
eluent B (aqueous acetonitrile solution (50% v/v) with 6 mM tributylamine, adjusted to pH 6.2
with acetic acid) The exact gradient profile is shown in Table 4.15. The injection volume was
10 uL. The mobile phase was introduced into the mass spectrometer via the turbo ion spray

source at a flow rate of 350 pL min.

4.7 Limits of Detection and Quantitation

It is inevitable for successful implementation of analytical methods to determine the limit of
detection (LOD) and the limit of quantitation (LOQ). According to their definition in DIN 32645
(German Institute for Standardization), LOD and LOQ are parameters, which describe the low-

est concentration of an analyte that can be measured in an analytical process.

Molt & Telgheder (2010) have proven that it is possible to calculate the limits of detection and
guantitation according to the DIN 32645 by the help of calibration measurements and the re-
sulting regression curve, a standard procedure in instrumental analytics. Shortly, primary stock
solutions were prepared in eluent A (6 mM tributylamine aqueous solution adjusted to pH 6.2
with 6 mM acetic acid) at a concentration of 1 g L™ for each metabolite. From these solutions,
a stock solution of 80 uM standard mixture was prepared. Aliquots of this standard mixture
were used for calibration standards. A serial dilution of the standard mixture with 37 concen-
trations ranging from 1 nM to 10 uM was analyzed (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, 4000, 5000,
6000, 7000, 8000, 9000, 10000 nM). The dilution was controlled gravimetrically to calculate
the exact concentration of each analyte in every sample. Calibration curves were later obtained
by plotting the logarithm of the peak area against the logarithm of the concentration of each
metabolite. Linear regression was used to fit the calibration curve and the linearity for each

compound was derived from it. The intra-assay precision was evaluated by determination of a
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QC sample at 5 uM (n=3) in one analytical batch. The precision is expressed as coefficient of
variation (CV) in percent. The limit of detection and the limit of quantification (LOQ) were de-
termined with the Excel-based program Dintest of the University Heidelberg according to the
calibration method in DIN 32645 guidelines.

4.8 Validation of Metabolic Datasets by Energetic Constraints

Metabolic datasets were validated by the comparison of mass action ratio’s (MAR’s) of reaction
and their corresponding equilibrium constant (Keq) (Wittmann et al. 2005; Taymaz-Nikerel et
al. 2009). The ratio (MAR/Keg) of the mass action ratio to the equilibrium constant equals the
distance of a reaction from its state of equilibrium, thereby allowing determination of the be-
havior of reaction networks (Hofmeyr & Cornish-Bowden 2000). A low MAR/Keq ratio indicates
a driving force into the forward direction, while the reverse reaction will be favored at values

above 1.

In addition, Gibbs energies (AG) were calculated for every reaction by application of the MAR’s

to Equation 5.1.
AG = AG” +RT In(MAR) (Equation 5.1)

This equation allows not only to determinate the direction in which the particular mixture of
metabolites will be able to react according to its driving force, but also shows if the driving force
is strong enough to overcome the standard Gibbs energy AG° in the first place (Cornish-
Bowden 1981). Therefore, not only the driving force but also the Gibbs energy was calculated
for every reaction to validate the obtained datasets. Negative Gibbs energy implies a forward
directed reaction, while positive values indicate that the reaction will proceed backwards under

the investigated conditions.

In order to render the metabolic reaction network as precisely as possible, selected assump-
tions were made. The intracellular concentration of carbon dioxide was estimated to be
0.0133 mM in the culture broth by the utilization of Henry’s law at a partial pressure of CO; of
0.039 kPa. Followed by the assumption of equally high concentration inside and outside of the
cells this allowed computing the MAR of reactions which included the release or incorporation
of a carbon dioxide molecule. Changes of the assumed carbon dioxide concentration by a
1000-fold did not affect the reactional direction, thus showing the robustness of the estimated
carbon dioxide concentration. The concentration of coenzyme A was set to be 25 % of the
measured AcCoA level (Jackowski & Rock 1986; Boynton et al. 1994; Chohnan et al. 1997).
The concentration of FADH was set to 1 nmol/gcow, assuming that the FADH/FAD ratio is
similar to the NADH/NAD ratio in viable cells.
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5 Results and Discussion

5.1 Method Development and Optimization

It was the major goal of this work, to develop a fast and sensitive quantification method for
metabolites from central carbon metabolism by coupling UHPLC and tandem mass spectrom-
etry. As mentioned above, the development had to consider a number of successive steps,
which had to be evaluated and optimized (Figure 5.1).

Biomass
determination

Cultivation

Metabolite @ _ | Removal of |

Sampling —> Quenching —>¢ axtraction | ™ solvent et Reconstitution

Internal
standard

Figure 5.1: Metabolomics workflow. Figure adapted from Lammerhofer & Weckwerth (2013)

In detail, the mass spectrometric set up had to be optimized for compounds of interest to gain
maximal sensitivity. The assumed fragmentation patterns were later verified by measurement
of U3C-labeled cell extracts. Subsequently, the chromatographic separation efficiency should
be optimized, in order to achieve maximal separation in a short period of time and in the pres-
ence of a biological matrix. After the analytical method had been established, the protocols of
sample processing, quenching of cellular metabolism and extraction of metabolites had to be

optimized, respectively.

5.1.1 Improvement of the Mass Spectrometric Set-Up for Metabolite Analysis

As specified above, multiple reaction monitoring (MRM) is a highly specific and sensitive meas-
urement mode in mass spectrometry. In order to enable unambiguous identification of the me-
tabolites of the central carbon metabolism important parameters had to be estimated for every
compound of interest. These compound specific parameters were the m/z-ratios of the domi-
nant molecular ion and of fragment ions. Afterwards, the declustering potential (DP), the colli-
sion energy (CE) and the cell exit potential (CXP) needed to be optimized to enable optimal
ionization, fragmentation and detection. For this purpose, solutions of chemically pure metab-
olites in water (500 ng/mL) were prepared. The solutions were injected into the mass spec-
trometer individually via a syringe pump. A Q1 scan was used to identify the molecular ion and

to determine its optimal DP. Afterwards, the fragmentation pattern of the molecular ion was
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measured via a product ion scan. Subsequently, the most prominent fragment was chosen.
The CE, which resulted in the highest fragment ion intensity, was determined. If possible, the
two most prominent transitions of every metabolite were optimized to be considered for later
measurements. In the last step, the obtained parameters were applied to a MRM measurement
for each metabolite in order to identify its optimal CXP. The consecutive optimization steps
were conducted for different metabolites (Table 5.1) of the central carbon metabolism. These
measurements yielded thoroughly fine-tuned mass spectrometer settings that enabled maxi-
mal sensitivity. One of the transitions, in most cases the main product ion, was taken for quan-
tification (qualifier), while the other one was used as identifier. As negative ionization mode
was used, the dominant molecular ion typically was [M-H]. Table 5.1 depicts the obtained
mass-to-charge (m/z) ratios of the molecular ion [M-H], the corresponding main product ion
and the optimized potentials for each investigated metabolite. In all cases, the [M-H] ion was
found as molecular ion, except for acetyl-coenzyme A and succinyl-coenzyme A, which were
ionized twice, resulting in a dominant molecular ion at a m/z-ratio of [M-2H]?/2. Main product
ions of phosphorylated compounds were found at m/z=79 and m/z=97, reflecting the fragments
[POs] and [H2POs], respectively. Similar fragmentation patterns were observed for structural
isomers, such as the hexose phosphates and pentose phosphates. These required a later
chromatographic separation step prior to mass spectrometric analysis as the MS analysis
alone could not be used for differentiation. For organic acids, decarboxylation and/or the loss
of water were the most prominent fragmentation patterns.

Table 5.1: Transitions of 33 unlabeled and U'3C-labeled metabolites with the corresponding declustering

potential (DP), collision energy (CE) and cell exit potential (CXP) used for multiple reaction monitoring
(MRM).

Compound Molecular lon Fragment lon Structure of Cleavage DP CE CXP

Std. [UsC] Std. [UsC]

[m/Z] [m/Z] [m/Z] [m/Z] VM VI V]
GA 72.8 74.8 44.9 45,9 [COOH] -50 -14 -13
PYR 86.8 89.8 43.0 45.0 [M-CO,]7 -38 -14 -19
FUM 114.8 118.8 71.0 74.0 [M-COg] -35 -10 -12
SucC 116.9 120.9 99.1 103.1 [M-H O] -36 -20 -13
MAL 132.9 136.9 115.0 119.0 [M-H20] -41 -15 -10
AKG 144.9 149.9 101.0 105.0 [M-CO,J -45 -12 -14
PEP 166.8 169.8 78.9 78.9 [POs] -31 -22 -12
DHAP 169.0 172.0 97.0 97.0 [H2PO4] -54 -12 -7
GAP 169.0 172.0 97.0 97.0 [HPOs  -35  -16 -9
2PG 1849 187.9 79.0 79.0 [POs] -24  -58 -13
3PG 1849 187.9 79.0 79.0 [POs] -67 -64 -8
ISOCIT/CIT 190.8 196.8 129.0 134.0 [M- H:0, -CO;] -60 -20 -18
ISOCIT 1909 196.9 72.9 74.9 [CoHOs -50  -32 -27
R5P 228.8 233.8 79.0 79.0 [POs] -55 -54 -10
X5P 229.1 2341 78.9 78.9 [POs] -45 -50 -8
RIBU5SP 229.1 234.1 97.0 97.0 [H2PO4] -44 -16 -16
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Compound Molecular lon Fragment lon Structure of Cleavage DP CE CXP

Std. [uC] Std. [uc]

[m/z]  [m/z]  [m/z]  [m/Z] M [V V]
KDPG 257.2  263.2 97.1 97.1 [H2PO4] -25 -26 -7
G6P 259.1 265.1 97.0 97.0 [HoPO4s  -58  -23 -17
F6P 259.1 265.1 97.0 97.0 [HoPOs-  -86  -17 -8
F1P 259.3 265.3 97.0 97.0 [HPO4  -32 -22 -6
6PG 275.0 281.0 79.0 79.0 [POs] -73  -68 -7
S7P 289.1 296.1 96.9 96.9 [HoPO4s  -10  -30 -13
FBP 339.2 345.2 97.0 97.0 [H:PO4- -80 -36 -14
AMP 346.0 356.0 79.0 79.0 [POs]7 -70  -56 -6
AcCoA 403.6  415.3 78.8 78.8 [POs] -45 -94 -11
ADP 426.0 436.0 79.0 79.0 [POs] -76 -82 -11
SucCoA 432.8 4453 79.1 79.1 [POg3] -11 -116 -10
ATP 506.2 516.2 78.9 78.9 [POs] -99  -130 -19
NAD 662.2 683.2 540.1 555.1 [M-Nicotinamide] -92 -24 -34
NADH 664.2 685.2 78.9 78.9 [POs]” -120 -136 -9
NADP 742.0 763.0 620.1 635.1 [M-Nicotinamide] -75 -30 -29
NADPH 744.0 765.0 79.0 79.0 [POs] -132 -116 -5
FAD 784.0 811.0 437.2  454.2 [C17H18N4OgP] -150 -38 -25

As desired, all 33 metabolites of interest could be successfully tuned in the negative ionization
mode. The assumed structures of cleavage were later confirmed by analysis of [U**C] labeled
metabolite extracts of C. glutamicum (see chapter 0). Here, transitions, which were corrected
for the number of labeled carbon atoms, resulted in peaks at retention times similar to the
measurement of the unlabeled metabolite mix during tuning. It became obvious that the opti-
mization of DP, CE and CXP resulted in signal intensities, which were more than 10-fold in-
creased, for selected transitions. Thus, the successful tuning process enabled the detection of

even smallest abundancies of the metabolites in biological samples.

5.1.2 Chromatographic Separation of Standard Mixtures

During the initial tuning studies, it turned out that certain metabolites mimicked the fragmenta-
tion patterns of other metabolites, even though both compounds possessed different molecular
masses and thus different molecular ions. This behavior obviously reflected collision induced
dissociation (CID), which takes place in the ion source or in the interface of the LC-MS. A
prominent example was the observed molecule ion of ATP, exhibiting a m/z-ratio of 506 and a
transition of m/z=506->79 under optimal conditions. If, however, ATP becomes dephosphory-
lated in the ion source by CID before entering the first quadrupole, this will result in an addi-
tional molecular ion with m/z=426, which is then decomposed in the collision cell to the main
product ion m/z=79 ([POs]). The result is the measured transition (426->79), thereby mimick-
ing the transition of ADP, even though no ADP is present in the sample. This can be seen in

the MRM chromatogram (Figure 5.2A). Here the mentioned in-source dephosphorylation of
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ATP resulted in a second peak of the ADP specific transition (426->79) at the retention time of
ATP (t=14.2 min). Additionally, CID was observed for MAL and FUM as well as SUC and aKG
(Figure 5.2B). Likewise, the sugar-phosphate FBP caused a false peak in the extracted ion
chromatogram (XIC) of the transition of dihydroxy-acetone-phosphate and glyceraldehyde-3-
phosphate. Vice versa, the transition m/z=339->97 (FBP) showed two additional peaks at the
retention times of DHAP and GAP, respectively. This finding could be caused by a temperature
induced aldol-formation of FBP from DHAP and GAP during the ionization process. Even
though it might be possible to diminish interfering signals by tuning of the ion source or inter-
face settings (i.e. temperature, solvent, flow rate), it is unlikely that all of the undesired reac-
tions could be suppressed to full extent, while maintaining high sensitivity. These false positive
peaks show the importance of employing a powerful chromatographic method, by which me-
tabolites like ADP and ATP can be separated. Otherwise the quantification of ADP could easily

become corrupted by the CID transition of ATP.
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Figure 5.2: Extracted lon Chromatogram (XIC) of metabolite measurements using the Multiple Reaction
Monitoring (MRM) mode of the LC-MS/MS system. Combination of chromatography and mass spectrometry
enables specific identification of AMP (346>79), ADP (426->79) and ATP (506>79) as well as SUC (117->99),
MAL (133->115), AKG (145>101) and FUM (115> 71) by retention time and fragmentation pattern. (A) Two
peaks rise at the retention time of ATP, the metabolite specific transition of ATP (506>79) and the ADP
(426>79) specific signal as a consequence of CID of ATP (506>426) in the LC-MS interface. (B) CID was
also monitored for MAL, resulting in an additional FUM signal and for AKG, resulting in an additional SUC
peak.

For chromatographic separation of the metabolites of interest, a reversed phase UHPLC in
combination with the ion pairing reagent TBA was chosen. For the following optimization, 2 pL
of a standard mixture, which contained 1 uM of each metabolite, was repeatedly injected into
the LC-MS/MS system. Measurements were repeated three times for each experimental set
up. In the course of method optimization, two parameters were identified, which heavily influ-

enced separation and sensitivity of the quantification method. The first parameter, which
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Figure 5.3: Combined selective ion chromatograms of 32 metabolites in a 1 uM standard mixture (injection
volume 2 pL) at a column temperature of 25 °C. Separation was achieved by application of VisionHT UHPLC-
column (Grace), while detection was performed with the QTRAP5500 LC-MS/MS (AB/Sciex). Eluents con-
tained 10 mM TBA (A) and 1 mM TBA (B). Further details on the used LC-MS/MS method, eluent composition
and gradient profile are described in the experimental part. Peak identification: (1) GA; (2) G6P; (3) GAP; (4)
R5P; (5) S7P; (6) F6P; (7) RIBUSP; (8) X5P; (9) PYR; (10) DHAP; (11) NAD; (12) SUC; (13) AMP; (14) MAL; (15)
FUM; (16) AKG; (17) 6PG; (18) 2PG; (19) 3PG; (20) KDPG; (21) FBP; (22) CIT; (23) ISOCIT; (24) PEP; (25)
NADP; (26) ADP; (27) NADH; (28) ATP; (29) NADPH; (30) FAD; (31) AcCoA; (32) SucCoA
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needed optimization, was the concentration of the ion pairing reagent. As previously men-
tioned, (see chapter 3.2.1), the use of ion pairing reagents is helpful to prolong the retention of
metabolites by RP-columns. However, the ion pairing reagent obviously caused ion suppres-
sion and loss in sensitivity. Therefore, the effect of TBA concentrations, ranging from 1 mM to
10 mM, on separation efficiency and sensitivity were tested. The resulting chromatograms for
measurements with (A) 10 mM TBA and (B) 1 mM TBA, respectively, are shown in Figure 5.3.

Obviously, the lowered TBA concentration of 1 mM led to a signal intensity, which was up to
five times higher than in the presence of 10 mM TBA. Simultaneously, peaks became narrower
and background noise was drastically reduced. These findings were accompanied by a still
sufficient separation of most stereochemically isomeric compounds, which allowed successful
differentiation by retention time. Consequently, all further experiments were conducted using
1 mM TBA. However, not all substances were fully resolved. In order to widen the elution
window, while keeping the low concentrations of TBA, the column temperature was raised in
steps of 5 °C. As an example, resulting chromatograms at column temperatures of 25 °C and

50 °C are shown in Figure 5.4.

Higher temperatures resulted in a broadened range of retention times for all metabolites of
interest and even enhanced the separation of metabolites eluting early. Figure 5.4 A shows,
that metabolites mainly elute in two large clusters at 25 °C. The first cluster at a retention time
window of 8 to 10 minutes, consists of the sugar phosphates and the organic acids MAL, FUM,
SUC and AKG. The second cluster eluting between 12 to 16 minutes consisted of energy
metabolites, redoxequivalents and CoA esters. In Figure 5.4 B the positive effect of the higher
temperature on separation power can be seen, as the peaks elute well separated. Higher
temperatures result in a decrease in viscosity of the mobile phase and an increased analyte
diffusivity (Greibrokk & Andersen 2003). Both effects lead to a better interaction of column
material, ion-pairing reagent and metabolites. Obviously, the seperation of metabolites, which
were susceptible to the retaining effect of TBA, were seperated more efficiently at higher
temperature. Measurements at 30 °C, 35 °C, 40 °C and 45 °C showed, that every temperature
increase resulted in a better separation of the sugar phosphate cluster. Overall, the
temperature increase from 25 °C to 50 °C resulted in a 2.5 times wider elution window for these
compounds, thereby enhancing separation efficiency of the method. However, a further
increase of the temperature was not considered, as some metabolites are known to be
thermolabile. Consequently, a higher temperature might result in reduced sensitivity, a fact that
was observed for PYR (Figure 5.4). Hence, all further measurements were performed at a

column temperature of 50 °C.
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Figure 5.4: Combined selective ion chromatograms of 32 metabolites in a 1 uM standard mixture (injection
volume 2 pL) using eluents containing 1 mM TBA at a column temperature of 25 °C (A) and 50 °C (B).
Separation was achieved by application of VisionHT UHPLC-column (Grace), while detection was per-
formed with the QTRAP5500 LC-MS/MS (AB/Sciex). Further details on the used LC-MS/MS method, eluent
composition and gradient profile are described in the experimental part. Peak identification: (1) GA; (2)
G6P; (3) GAP; (4) R5P; (5) S7P; (6) F6P; (7) RIBUSP; (8) X5P; (9) PYR; (10) DHAP; (11) NAD; (12) SUC; (13)
AMP; (14) MAL; (15) FUM; (16) AKG; (17) 6PG; (18) 2PG; (19) 3PG; (20) KDPG; (21) FBP; (22) CIT; (23) ISOCIT;
(24) PEP; (25) NADP; (26) ADP; (27) NADH; (28) ATP; (29) NADPH; (30) FAD; (31) AcCoA; (32) SucCoA
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Figure 5.5: Combined selective ion chromatograms of 33 metabolites in a 1 uM standard mixture. According
to the method published by Luo et al. (2007) (A) and according to the newly developed method (B). For (A)
10 pL standard mixture were injected, while for (B) 2 pL standard mixture were injected, thus resulting in
substantially lower signal intensities for the novel method. For (B) separation was achieved by application
of VisionHT UHPLC-column (Grace), while detection was performed with the QTRAP5500 LC-MS/MS
(AB/Sciex). Further details on the used LC-MS/MS method, eluent composition and gradient profile are de-
scribed in the experimental part. Peak identification: (1) GA; (2) G6P; (3) GAP; (4) R5P; (5) S7P; (6) F6P; (7)
RIBUSP; (8) X5P; (9) PYR; (10) DHAP; (11) NAD; (12) SUC; (13) AMP; (14) MAL; (15) FUM; (16) AKG; (17)
6PG; (18) 2PG; (19) 3PG; (20) KDPG; (21) FBP; (22) CIT; (23) ISOCIT; (24) PEP; (25) NADP; (26) ADP; (27)
NADH; (28) ATP; (29) NADPH; (30) FAD; (31) AcCoA; (32) SucCoA; (33) F1P
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Next, the developed approach was compared to the state of the art, i.e. the analysis of intra-
cellular metabolites by LC-MS/MS recently described (Luo et al. 2007). The novel method al-
lowed a 70% reduction in analysis time at high separation efficiency (Figure 5.5). The applica-
tion of a UHPLC separation column, with eluents containing equimolar concentrations of TBA
and acetic acid (pH 6.2), allowed a flow rate as high as 400 uL min** and the separation of the
analytes of interest within 28 min with defined and highly resolved peaks. The rather low con-
centration of TBA used here resulted in reduced ion suppression and increased sensitivity.
Moreover, the use of a mixture of 50 % aqueous acetonitrile instead of pure methanol provided
stronger elution strength as compared to previous work (Luo et al. 2007). This further en-
hanced the separation of the structural isomers G6P and F6P, which is particularly important
as they cannot be differentiated by their MS/MS transitions. A remaining limitation, however,
was the co-elution of RIBUSP and X5P. These sugar isomers could not be separated by ap-
plication of TBA (Balcke et al. 2011). A possible solution for the future might be the additional
utilization of ion mobility mass spectrometry as additional separation mechanism. The fully
separated peaks of 2PG and 3PG allow for the first time a separate estimation of their pool
sizes. This opens the possibility to get insights into split ratios of anabolic and catabolic reac-
tions, as 3PG is the branching point between the EMP pathway and the biosynthesis of the
amino acids serine, glycine and cysteine, respectively. The high selectivity is important as nu-
merous organic acids are present in biological cell extracts, which could otherwise act as con-

taminants due to their MS/MS transitions, typically decarboxylation.

Taken together, the newly developed method allows fast and efficient separation and quantifi-

cation of key metabolites involved in the major pathways of central carbon metabolism.
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5.1.3 Chromatographic Separation of Cellular Extracts

After optimization of the chromatographic separation for standard mixtures, an important next
step was to evaluate the influence of the biological matrix of real samples on the separation
efficiency. For this purpose, a standard mixture was spiked with ubiquitously *C-labeled ex-
tract of C. glutamicum (see chapter 4.6.3). For evaluation 2 pL of the obtained mixture was
injected into the LC-MS/MS system. In short, the spiking with labeled extract allowed differen-
tiating between the analyte from the biological sample and the standard mixture, thus enabling
a fast identification of the metabolites and their corresponding peaks in the presence of the

biological matrix.

First measurements with 1 mM TBA and 1 mM AA in the eluent revealed a drastic effect of
biological matrix on separation efficiency (Figure 5.6 A). Obviously, a concentration of 1 mM
TBA was optimal to separate pure standard mixtures, but appeared insufficient to achieve ad-
equate separations for cell extracts. The concentration of TBA seemed not high enough to
interact with the much higher number of molecules, contained in the biological samples. Con-
sequently, the metabolites of interest were not separated as effectively as in the pure standard
mixture (Figure 5.5 B), thereby resulting in a rather clustered elution between 11 to 15 min of
analysis. In addition, the signal to noise ratio decreased. Hence, metabolites with lower signal
intensities, such as GA and PYR, were strongly overlaid by background noise. To compensate
this undesired behavior the concentration of TBA was increased stepwise. This finally resulted
in optimal separation at around 6 mM TBA in the mobile phase (Figure 5.6 B). Comparable to
the separation of standard mixture with 1 mM TBA (Figure 5.5 B), the analytes eluted regularly
from the column. Differentiation of stereo isomeric substances, like G6P and F6P, could be
regained. Additional measurements with 10 mM of TBA, however, caused again reduced sig-
nal intensity. All following measurements were therefore performed using 6 mM TBA and AA
to allow optimal distinction between single metabolites, at minimal loss of sensitivity due to ion

suppression.
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Figure 5.6: Combined selective ion chromatograms of 32 metabolites in a 1 uM standard mixture (injection
volume 2uL) spiked with labeled cell extract (1:1) at a column temperature of 50 °C. Using eluents containing
1 mM TBA (A) and using eluents containing 6 mM TBA (B). Separation was achieved by application of
VisionHT UHPLC-column (Grace), while detection was performed with the QTRAP5500 LC-MS/MS
(AB/Sciex). Further details on the used LC-MS/MS method, eluent composition and gradient profile are de-
scribed in the experimental part. Peak identification: (1) GA; (2) G6P; (3) GAP; (4) R5P; (5) S7P; (6) F6P; (7)
RIBUSP; (8) X5P; (9) PYR; (10) DHAP; (11) NAD; (12) SUC; (13) AMP; (14) MAL; (15) FUM; (16) AKG; (17)
6PG; (18) 2PG; (19) 3PG; (20) KDPG; (21) FBP; (22) CIT; (23) ISOCIT; (24) PEP; (25) NADP; (26) ADP; (27)
NADH; (28) ATP; (29) NADPH; (30) FAD; (31) AcCoA; (32) SucCoA
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Additionally, the effects caused by of the biological matrix illustrated the importance of using
multiple transitions for unambiguous identification of a metabolite. As can be seen, biological
samples contained metabolites with similar molecular ions and fragmentation patterns which
cause unspecific peaks, so called matrix effects (Figure 5.7).
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Figure 5.7: Extracted lon Chromatogram (XIC) of G6P, F6P and F1P in a standard mixture (A and C) and
cellular extracts of C. glutamicum ATCC 13032 (B and D). The colored lines represent the different transi-
tions used for the measurement of G6P and F6P: Green: 259.1->78.9, blue: 259.12>97, red: 259.1->138.8.
LC-MS/MS conditions: Eluents were prepared equimolar: (A) and (B) 1ImM TBA mixed with ImM AA, pH 6.2;
(C) and (D) 6mM TBA mixed with 6mM AA, pH 6.2. All other LC-MS/MS conditions were left unchanged.

Figure 5.7 depicts the three extracted ion chromatograms (XIC’s) of G6P/F6P specific transi-
tions in a standard mixture of G6P and F6P and a cellular extract, whereby the mobile phase
contained 1 mM and 6 mM TBA, respectively. Figure 5.7 A and C depict measurements of the
standard mixture and Figure 5.7 B and D show chromatograms of cellular extracts. For the
standard mixture, a concentration of 1 mM TBA was sufficient to fully separate G6P and F6P
(Figure 5.7A). Higher TBA concentration led to even better separation of the isomers, but
somewhat reduced the overall intensity due to peak broadening and ion suppression (Figure
5.7C). The analysis of a biological sample, however, strongly differed. The measurement at
1 mM TBA showed two broad peaks at the correct retention times for G6P and F6P with low
signal intensity (Figure 5.7B), while 6 mM TBA resulted in three defined and sharp peaks at

high signal intensity (Figure 5.7D). A closer look to the ratio between the transitions for the cell
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extract revealed that the ratio for the peak eluting at 9 min in Figure 5.7 B and peak eluting at
7 min in Figure 5.7 D did not resemble the expected ratio for G6P and F6P. These peaks were
obviously matrix derived signals. The results emphasized the importance of multiple transitions
for the clear identification of chromatographic peaks by mass spectrometry. It was therefore
decided to always use one quantifying transition and at least one identifying transition. The
guantifying transition was used to quantify the metabolite concentration, while the ratio be-
tween quantifying and identifying transition was used to identify potentially falsifying matrix

effects.

5.1.4 Verification of lon Fragmentation Patterns

Isotope dilution mass spectrometry has proven to greatly enhance the robustness of quantita-
tive analysis of atoms or molecules via mass spectrometry (Heumann 1992; Wu et al. 2005).
Thus, C. glutamicum cells, grown on [*3Cs]-glucose as sole carbon source, were used to obtain
a fully 3C-labeled cell extract with the metabolites of interest (see chapter 4.6.3). Figure 5.8
shows the extracted ion chromatograms of all 33 metabolites in the standard mixture compared
to the XIC’s of the *3C labeled cell extract. Overall, the retention time for all metabolites was
stable for the standard mixture as well as for the cell extract. Thus, the intracellular matrix and
possible residues of the medium had no effect on the retention time. The high specificity of the
MRM mode enabled detecting only single peaks for the majority of metabolites in the cell ex-
tract. The organic acids SUC, MAL and FUM as well as ADP showed additional peaks, as a
consequence of false positive transitions and crosstalk, as discussed above (Figure 5.2). The
chromatogram for NADH revealed a second peak at the retention time for NADP (12.66 min),
i.e. a false positive signal resulting from dephosphorylation of NADP. Furthermore, NADPH
exhibited an additional peak at the retention time of NADP (12.66 min). This observation could
be explained by the mass spectrometric resolution. All measurements were conducted in unit
resolution, which allowed a window of one Da below and above of the actual atomic mass,
which could lead to false positive signals for substances with almost equal molar masses. The
isomers RIBUSP and X5P could not be separated, neither in the extract nor in the standard
mixture. It was nevertheless possible to distinguish between the isomeric compounds ISOCIT
and CIT, by retention time and their specific fragmentation pattern. In contrast to all other iso-
mers applied in this method, ISOCIT and CIT could be identified by their specific transitions of
m/z=191->73 and m/z=191->129, respectively. The differentiation between these two isomers
is interesting for metabolic research, as it provides access on reactions from citrate into the
biosynthesis of fatty acids (Ratledge 2004).
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Figure 5.8: Extracted lon Chromatograms (XIC) of 33 metabolites of central carbon metabolism with result-
ing retention times in minutes. The solid lines represent the XIC’s of the metabolites in a standard mixture
and the dashed lines stand for the XIC’s of the corresponding metabolites in extracts of the gram-positive
soil bacterium Corynebacterium glutamicum ATCC 13032.
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The 3C-labeled extract and the unlabeled standard mixture resulted in peaks at similar reten-
tion times for all metabolites of interest despite different m/z-ratios, which are a consequence
of labeled carbon atoms. The fragmentation patterns, which had been deducted for each me-
tabolite from their corresponding product ions during the tuning process, were confirmed by
the analysis of the labeled metabolite extract of C. glutamicum. Consequently, the transitions
can now be modified to allow detection of labeling states from partially labeled to completely
labeled metabolites of interest. The *C-labeled internal standard now allowed the precise de-
termination of limits of detection and quantification. Moreover, the internal standard was after-
wards applied for exact quantification of intracellular metabolites by isotope dilution mass spec-

trometry.

5.1.5 Detection and Quantification Limits

Limits of detection and quantification were evaluated according to DIN 32645. To obtain the
required calibration curves, a serial dilution of a standard mixture, which contained synthetic
standards of the 33 metabolites of interest at 37 different concentrations, from 1 nM to 10 pM,
was prepared and analyzed using the **C-labeled internal standard. From experimental data,
calibration curves were obtained by plotting the logarithm of the resulting peak area against
the logarithm of the known concentration. Linear regression was used to fit the calibration
curve. The linearity for each compound could then be derived from there. Generally, limits of
detection and quantification were low (Table 5.2). The LOD’s ranged from 10 - 2210 fmol and
the LOQ’s ranged from 20 - 7470 fmol. Obviously, the LOD’s and LOQ’s of the organic acids
and of SucCoA were found to be rather high, while metabolites of EMP and PP pathway, as
well as energy and redox equivalents could be detected in traces. This finding is a conse-
guence of the available transitions. The large molecules of glycolysis and PP pathway exhib-
ited highly specific transitions, which resulted in low detection limits due to a good signal to
noise ratio. The transitions of the smaller molecules, however, were rather unspecific, thus
resulting in a bad signal to noise ratio and consequently high detection limits. Most of the cali-
bration graphs showed good linearity with correlation factors (R?) higher than 0.9796 as can
be seen in Table 5.2. The coefficient of variation was calculated from the results of three injec-
tions at a concentration of 5 UM to evaluate repeatability of the new method. The relative
standard deviation was lower than 5 % for all metabolites with the exception of SucCoA prob-

ably due to its instability at room temperature and at neutral pH values (Table 5.2).
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Table 5.2: Detection and quantification limits of 33 metabolites of the central carbon metabolism. Retention
Time (RT), range of regression, relative standard deviation (R?) of the 5 uM standard mixture (n=3) and
Limits of Detection (LOD) and Quantification (LOQ) as determined by the established LC-MS/MS method
(10 pL injection volume).

Compound RT Regression Repeatability LOD LOQ

[min] Dynamic Range R2 [n=3, CV %] [fmol] [fmol]
GA 2.47 2000 fmol - 1000 nmol  0.9973 1.77 2210 7470
PYR 4.15 500 fmol - 100 nmol  0.9999 0.60 810 2870
FUM 9.84 400 fmol - 100 nmol  0.9935 0.61 340 1120
SucC 9.31 400 fmol - 100 nmol  0.9938 1.02 700 2110
MAL 9.52 200 fmol - 100 nmol  0.9999 4.06 130 460
AKG 9.91 50 fmol - 100 nmol  0.9999 0.95 60 230
PEP 12.80 10 fmol - 100 nmol  0.9998 1.96 10 20
DHAP 6.50 10 fmol - 100 nmol 0.9968 2.22 20 80
GAP 7.91 50 fmol - 100 nmol  0.9998 0.32 50 160
2PG 11.76 10 fmol - 100 nmol  0.9999 3.56 10 20
3PG 12.04 100 fmol - 100 nmol  0.9995 3.83 80 280
CIT 13.50 500 fmol - 100 nmol  0.9939 2.17 660 1950
ISOCIT 13.51 10 fmol - 100 nmol  0.9975 2.33 30 110
R5P 6.29 50 fmol - 100 nmol  0.9996 2.35 70 240
X5P 7.28 10 fmol - 100 nmol  0.9987 3.12 20 50
RIBU5SP 7.28 10 fmol - 100 nmol  0.9997 2.02 10 20
KDPG 12.30 50 fmol - 100 nmol 0.9973 3.77 40 120
G6P 6.26 10 fmol - 100 nmol  0.9996 0.70 10 30
F6P 6.61 10 fmol - 100 nmol  0.9991 3.13 20 70
F1P 7.57 30 fmol - 100 nmol  0.9999 0.38 10 20
6PG 12.34 10 fmol - 100 nmol  0.9986 2.38 20 60
S7P 6.63 10 fmol - 100 nmol  0.9994 1.56 30 90
FBP 14.23 10 fmol - 100 nmol  0.9999 2.55 30 110
AMP 8.49 40 fmol - 100 nmol  0.9996 2.29 10 30
AcCoA 16.54 10 fmol - 100 nmol  0.9991 2.80 10 50
ADP 12.42 10 fmol - 100 nmol  0.9999 1.56 10 20
SucCoA 17.41 3000 fmol - 100 nmol  0.9852 15.02 1460 3890
ATP 14.87 10 fmol - 100 nmol  0.9994 5.09 10 50
NAD 4.85 10 fmol - 100 nmol  0.9997 3.01 10 20
NADH 10.71 10 fmol - 100 nmol  0.9990 7.64 10 20
NADP 12.66 10 fmol - 100 nmol  0.9997 0.99 10 30
NADPH 15.47 50 fmol - 100 nmol 0.9998 2.21 50 160
FAD 12.77 10 fmol - 100 nmol  0.9963 2.71 30 90

PYR and GA were overlaid by high background noise, as a consequence of their small and
unspecific fragment ions. The product ions of PYR and GA, m/z=43 and m/z=44.9, additionally
exhibited low intensities. The combination of both effects resulted in relatively high LODs and
LOQs. Taking all metabolites into account, most LODs and LOQs were similar to previous
estimates using LC-MS/MS by Luo et al. (2007) and up to 100-fold lower than reported for
previous LC-MS/MS methods (van Dam 2002; Huck et al. 2003). Most LODs were below

100 fmol. This enables the detection of even traces of the metabolites in biological samples.
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Consequently, cultures could be sampled at low cell concentrations without any loss of infor-
mation. Moreover, the high dynamic range of the quantitation method now enabled direct
measurement of cell extracts without further need for concentration or dilution, thus eliminating

possible error sources during sample pretreatment.

5.1.6 Optimization of Sample Pretreatment

As mentioned before, sample pretreatment is a crucial step of metabolite analysis (see chapter
3.3) and appropriate protocols are the key to high reproducibility and correctness of data. It
was therefore important to verify that quenching during sampling was fast enough to prevent
falsification of metabolite data. This was studied by a simple experiment. In short, 1 g/L [**Cg]
glucose was added to the quenching solution prior to sampling. The labeling analysis of intra-
cellular metabolites then allowed following ongoing glucose uptake during quenching. Figure
5.9 depicts the relative *C-labeling of intracellular G6P and FBP. The experiment was con-
ducted with E. coli K12 DSM 2670 cultures, which were grown on glucose. For the first exper-
iment, E. coli was grown in batch mode, while the second culture was grown under growth
limiting fed-batch conditions. While the cells were growing with pumax during the batch experi-
ment, the fed-batch process allowed only a reduced growth rate of p=0.17 h*. In both cases,

significant labeling enrichment was observed for intracellular metabolites.
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Figure 5.9: Quenching efficiency of pre-cooled aqueous methanol (60% v/v) under batch and fed-batch
conditions. E. coli K12 DSM 2670 was grown in a bioreactor using defined medium with unlabeled glucose
as the sole carbon source. The quenching solution, which was used to stop cell metabolism during the
sampling process, was spiked with 1 g/L [*3Ce]-glucose. Analysis of the resulting intracellular labeling state
of (A) G6P and (B) FBP enabled evaluation of the glucose uptake and thus the quenching efficiency. Anal-
ysis was performed in duplicate; mean values from there are shown.
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The relative fraction of *C-labeled G6P after quenching of a fed-batch derived sample was
almost three times higher than that from a batch cultivation sample (Figure 5.9), a trend also
observed for FBP. This observation can be explained by the relative fraction of the labeled
glucose in the quenching solution in comparison to the residual unlabeled glucose re maining
in the surrounding medium. The remaining glucose concentration of the batch sample was 10-
fold higher (1.03 £ 0.02 g/L) than for the fed-batch sample (0.11 + 0.002 g/L), thereby lowering
the probability of the uptake of labeled glucose from the quenching solution. In both cases, the
glucose uptake was not stopped instantaneously when the cells were transferred into the
guenching solution. The relative fraction of the *C-labeled metabolites, however, was below
50 %. The complete quenching took less than a second. Consequently, the metabolism was
stopped before the cells, having a specific glucose uptake rate of 15.2 mmol/(g-h) and
2.7 mmol/(g-h) for batch and fed-batch cultivation (derived from monitored process data, Ap-
pendix: Figure 9.1), respectively, could consume the available glucose in the sample. In both
cases, the present amount of glucose was high enough to suffice for several minutes of growth.
Next, the AEC of the samples was determined, similarly with and without the addition of glu-
cose into the quenching solution, respectively. The obtained values (Table 5.3) were well within
the range of viable cells defined by Chapman et al. (1971).

Table 5.3: Adenylate Energy Charge (AEC) of E. coli K12 DSM 2670 cultures grown in a bioreactor using
defined minimal medium with unlabeled glucose as the sole carbon source. Measurements (n=2) were per-
formed for cultures growing in batch and fed-batch mode, respectively. The quenching solution, which was

used to stop cell metabolism during the sampling process, was spiked with 1 g/L glucose (QS + Glc) or
lacked additional glucose (QS - Glc).

AEC [-]
Mode
QS +Glc QS-Glc
batch 0.77 +0.003 0.88 + 0.003
fed-batch 0.91 + 0.000 0.79 + 0,002

In a next step, two extraction protocols were tested and compared. In short, the extraction
efficacy of boiling ethanol was compared with that of cold acidic acetonitrile methanol. As test
scenario, C. glutamicum was cultivated in baffled shake flasks (n=3) using defined minimal
medium with glucose as the sole carbon source. The culture was sampled during exponential
growth (at a CDW of about 3.5 g/L), extracted according to the two protocols and the extracts
were analyzed by LC-MS/MS. The extraction efficacy was deduced from the obtained metab-
olite pools (Table 5.4) obtained by application of both approaches. Obviously, the softer con-
dition produced higher errors. This could be a consequence of residual metabolic activity and

precipitation of polar compounds.
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Table 5.4: Comparison of intracellular levels of metabolites of the central carbon metabolism obtained by
extractions (n=2) using Acidic Acetonitrile Methanol (AAM) mixture and Boiling Ethanol (BE), respectively.
C. glutamicum ATCC 13032 was grown in baffled shake flasks containing minimal medium using glucose
as sole carbon source. Samples were taken during exponential growth at an ODseo Of 6.

AAM BE
Compound Conc. [umol/gcow]  Conc. [umol/gcow]
G6P 196 =+ 3.4 244 + 3.2
F6P 1.2 =+ 0.2 1.8 = 0.3
FBP 118.8 + 74.2 189.4 + 44.1
DHAP 0.7 =« 0.1 0.8 =+ 0.1
GAP 05 =+ 0.2 05 =+ 0.1
3PG 10.8 + 135 36.8 + 19.8
2PG 0.8 + 2.1 22 £ 0.8
PEP 1.2 =+ 0.5 1.6 =+ 1.5
6PG 23 £ 0.8 3.0 £ 1.3
X5P/RIBUSP 01 =+ 0.0 0.0 =+ 0.1
R5P 0.0 = 0.0 0.0 = 0.1
S7P 33 £ 0.8 6.8 =+ 1.9
AcCoA 0.2 =+ 0.1 0.2 + 0.1
a-KG 0.7 =« 2.2 09 + 0.2
SucCoA 109 =+ 2.9 115 =+ 2.6
NAD 0.3 0.1 05 =+ 0.1
NADH 19.7 % 8.2 149 + 4.3
NADP 09 + 0.4 23 0.3
NADPH 9.0 + 2.9 6.7 15
FAD 01 + 0.1 03 + 0.0
AMP 31 + 1.9 04 + 0.0
ADP 26.2 = 106 589 = 7.7
ATP 453 + 141 97.7 + 194

Figure 5.10 depicts the relative extraction efficacy. For the vast majority of metabolites, higher
concentrations were achieved using boiling ethanol, suggesting this extraction method as pref-
erable. A possible reason for the reduced extraction efficacy might be the high amount of sol-
vent in the acetic-acetonitrile-methanol mixture, which might lead to precipitation of polar com-
pounds during the extraction (Canelas et al. 2009). Exceptions were phosphorylated pentoses,
NADH, NADPH and AMP, which seemed to be better extracted by acidic acetonitrile methanol.
The apparently higher concentrations of NADH, NADPH and AMP while using softer extraction
conditions, could be a consequence of the slower inactivation of enzymes in cold acetic-ace-
tonitrile-methanol in contrast to the almost sudden degradation of enzymes in boiling ethanol.

Thus, boiling ethanol was selected as most suitable extraction liquid for further studies.
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Figure 5.10: Comparison of the relative extraction efficacy of cooled Acidic Acetonitrile Methanol (AAM)
mixture and Boiling Ethanol (BE), using C. glutamicum ATCC 13032 as the representative strain. The mi-
croorganism was grown in baffled shake flasks containing minimal medium with glucose as carbon source.

To enhance the extraction efficacy of boiling ethanol for AMP, NADH and NADPH, the extrac-
tion time was varied (Figure 5.11). For this purpose, C. glutamicum was cultivated in shake
flasks (n=3) using minimal medium with glucose as carbon source. The cultures were sampled
during the exponential growth phase and extracted with boiling ethanol for 1, 2.5 and 4 min,
respectively. With increasing extraction periods, the concentration of ATP decreased while
AMP and ADP concentrations increased. This seems to be a consequence of dephosphoryla-
tion of ATP to ADP and further on to AMP due to the prolonged heat treatment. This effect was
particularly visible for an extraction time of 4 minutes. However, the short extraction period of
1 min caused substantially high variation between replicates, thus the medium extraction pe-
riod of 2.5 min was chosen to provide a reproducible extraction process. A similar behavior
was observed for the NADPH/NADP ratio (Table 5.5). With increasing extraction time, the ratio
of NADPH/NADP decreased by more than 50%. However, the ratio of NADH/NAD remained

stable.

61



Results and Discussion

0.8 - - 1.8
=
507 - M ADP | 47
= i
o = | a
20.6 1.6 é’)
y | (o]
§0.5 1.5 g
-(8“0.4— ATP [ 14%
%0.3- - 1.3‘3
w 0.2 4 F 1.2 €
S __ —%AWP S
O
c 0.1 4 — F 1.1
0.0 T T 1.0
1.0 2.5 4.0

Extraction Time [min]

Figure 5.11: Intracellular concentrations of AMP, ADP, ATP after different periods of extraction with boiling
ethanol, obtained from C. glutamicum ATCC 13032 (n=3) grown in minimal medium with glucose as carbon
source. Experiments were conducted using baffled shake flasks and sampled at an ODsso Of 6 during expo-
nential growth.

Table 5.5: Ratios of energy metabolites and of redox equivalents after different periods of extraction with
boiling ethanol. Metabolite data was obtained from wild type C. glutamicum ATCC 13032 (n=3) grown in
minimal medium with glucose as carbon source. Experiments were conducted in baffled shake flasks and
sampled at an ODeeo Of 6 during exponential growth.

Time [min] AEC [1] NADH/NAD []  NADPH/NADP [-]
1.0 088 + 009 003 * 0004 1.08 * 0.12
2.5 084 + 001 002 * 0004 0.87 =+ 0.03
4.0 077 + 001 003 % 0005 041 * 0.05

Summarizing it can be stated, that the extraction of prokaryotes with boiling ethanol showed
higher extraction efficacy and better reproducibility than the acetic-acetonitrile-methanol
method. Consequently, all further extractions were performed using boiling ethanol as the ex-
traction method. Furthermore, it could be shown, that an extraction time of 2.5 minutes resulted
in reproducible results for energy metabolites and redox equivalents and only minor changes

in metabolite levels.

5.1.7 Validation by thermodynamic constraints

The new protocol was next used to quantify intracellular metabolites of two model organisms:
C. glutamicum ATCC 13032 and E. coli K12 DSM 2670. Both organisms were cultivated in
shake flasks (n=3) using defined media with glucose as carbon source. Both cultures were
harvested during exponential growth phase. At the time point of sampling more than 1 g/L
glucose was still left in the medium (data not shown) so that glucose starvation during the
sampling process was avoided. The samples were quenched, extracted and analyzed by LC-
MS/MS as described above (Table 5.6).
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Table 5.6: Intracellular concentrations of 29 metabolites from central carbon metabolism for the strains
C. glutamicum ATCC 13032 and E. coli K12 DSM 2670 (n=3). Both strains were grown in baffled shake flasks
using minimal medium with glucose as carbon source. Strains were sampled during exponential growth.
The 3C-labeled extract (100 pL) was added to the biological sample as an internal standard, before extrac-
tion of metabolites by boiling ethanol (t=2.5 min) was performed.

C. glutamicum E. coli
Compound
[nmol/gcow] [nmol/gcow]

PYR 195 + 96 2044 + 2838
FUM 4611 =+ 11351 880 =+ 63
SuUC 254 1702 761 + 69
MAL 1379 =+ 9040 4265 + 753
a-KG 7700 = 10296 3474 371
PEP 116 = 66 1368 = 119
DHAP 5803 1035 2673 £ 378
GAP 45 = 131 504 =+ 191
2PG 61 + 46 439 = 37
3PG 3114 = 1602 2765 + 149
CIT 5932 6212 988 + 1808
ISOCIT 671 = 446 <LOD

R5P 1000 =+ 114 525 + 51
RIBUSP 748 163 108 =+ 29
G6P 4248 + 434 4257 + 150
F6P 790 % 283 733 + 70
6PG 1131 + 577 425 + 5
S7P 1858 + 677 840 + 56
FBP 38158 + 5578 5059 + 383
AMP 1687 = 716 691 + 45
AcCoA 130 + 11 778 + 17
ADP 2453 + 460 2562 + 27
SucCoA 731 + 245 6 =+ 5
ATP 5434 + 1481 7268 + 245
NAD 1001 + 59 1588 + 49
NADH 302 % 36 421 + 41
NADP 540 % 43 575 + 7
NADPH 569 91 608 = 47
FAD 211 21 166 + 10

Obviously, the quantitation method was sensitive enough to detect the majority of metabolites
from central carbon metabolism for both microorganisms. Significantly higher errors for organic
acids probably result from the fact, that these compounds were also found outside the cells,
which interferes with the differential estimation (Zakhartsev et al. 2015). A first inspection of
the data revealed an energy level of 0.70 (C. glutamicum) and 0.81 (E. coli), indicating physi-

ologically viable cells (Bolten et al. 2007) and a suitable analytical approach.
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Table 5.7: Optimal reaction free energies for biochemical reactions of the central carbon metabolism un-
der physiological conditions (Li et al. 2011)

Pathway Reaction AG® [kJ/mol]
G6P — F6P 2.78
F6P — FBP -15.82
FBP — GAP + DHAP 24.64
DHAP — GAP 7.57
EMP GAP — 3PG -19.00
3PG — 2PG 6.35
2PG — PEP -4.47
PEP — PYR -27.18
PYR — AcCoA -39.26
G6P — 6PG -21.89
pp 6PG — RIBU5SP 1.23
2 6PG — GAP + S7P -0.62
GAP + S7P — F6P + GAP -6.08
MAL — AcCoA+ OA — CIT -8.56
CIT — ISOCIT 0.92
ISOCIT — AKG -3.29
TCA cycle
AKG — SUC -43.18
SUC — FUM -0.59
FUM — MAL -3.52

Next, a fundamental thermodynamic evaluation of all metabolite data was conducted. For both

organisms the direction of pathway fluxes during growth on glucose is well known from direct
13C metabolic flux analysis (Wittmann & Heinzle 2002; Hiller 2006). Using the free Gibbs en-

ergies for each biochemical reaction (Table 5.7) (Cornish-Bowden 1981), the measured me-

tabolite data were used to prove if they provide driving forces, which support a reaction in

agreement with the known metabolic fluxes.
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Figure 5.12: Results of the evaluation of the metabolic datasets of C. glutamicum ATCC 13032 (A) and E. coli K12 DSM 2670 (B) by thermodynamic constraints and
driving force, which were computed from the measured metabolite concentrations. Color and size of the letters of the metabolites and the adjacent circles represent the
measured pool size. The color of the connecting arrows indicates in which direction the reaction would proceed for the measured metabolite concentrations, while the
adjacent values represent the computed Gibbs energies for the corresponding reaction. Negative Gibbs energies support a forward directed reaction, positive energies
resultin aback reaction. Both microorganisms were grown in baffled shake flasks containing minimal medium with glucose as the carbon source. Cultures were sampled
during exponential growth at an optical density of 6. GA and KDPG could not be found in the metabolic samples due to the inactivity of the ED pathway and the GA
cycle. Consequently, no driving forces were calculated for reactions using these two metabolites.
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Here, analysis of the flux direction was performed by calculation of driving forces and Gibbs
energies for every reaction as described earlier (see chapter 4.8). The results are shown in
Figure 5.12. All reactions proven thermodynamically feasible on basis of the metabolite levels
are given in green, whereby the metabolite levels themselves are visualized as circles. Most
important, the evaluation by thermodynamics proved that the obtained intracellular concentra-
tions were at reasonable levels (Figure 5.12). The metabolite pools were far from the equilib-
rium, thus providing a driving force to push metabolism. This is indicated by the resulting neg-
ative values for the Gibbs energies. Consequently, the newly developed metabolomics ap-
proach provided datasets of high quality for Gram-negative and Gram-positive microorgan-

isms.

5.2 Quantitative Analysis of the Energy Metabolism of E. coli

5.2.1 Dynamics of the Energy Level during Carbon Deprivation

The AEC of microorganisms, especially E. coli, is buffered at a value around 0.8. Its dynamics
are correlated with growth conditions, such as the availability of an energy source or oxygen
in the surrounding medium (Chapman et al. 1971). It is generally assumed that growing cells
exhibit an AEC between 0.7-0.9 (Atkinson 1968). Early experiments, however, demonstrate
that energy levels transiently drop to values of about 0.5 upon starvation (Chapman et al.
1971). The developed approach now allowed the precise quantitation of underlying energy

metabolites which was an excellent basis to further explore the energy dynamics of E. coli.
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Figure 5.13: Growth and oxygen consumption of E. coli K12 DSM 2670 during periods of glucose excess
and depletion. E. coli grew in baffled shake flasks filled with minimal medium (Chapman et al., 1971), con-
taining glucose as sole carbon source. The initial amount of glucose (1 g/L) was depleted after 6 hours
resulting in starvation of E. coli. After 1.5 hours of starvation, the glucose pool was repleted by external
addition of a glucose pulse. A more detailed look at the starvation period (grey marked area) is given in
Figure 5.14.
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Consequently, E. coli was cultivated under glucose excess conditions (Chapman et al. 1971)
in a lab scale bioreactor. During the cultivation, pH value (pH 7+0.05), oxygen saturation
(>30%) and temperature (37+0.2 °C) were tightly controlled. The cultivation profile is depicted
in Figure 5.13.

Cells grew exponentially (u=0.69 h) during the first 6 hours until the available glucose was
depleted. This caused an immediate cessation of growth. After 1.5 hours of starvation a glu-
cose pulse was added, thereby restarting growth (u=0.07 h). The level of dissolved oxygen
declined constantly during both growth phases, but showed a rapid increase back to 95 % of
saturation during the starvation period. Metabolite samples (n=2) were around the glucose
starvation period to determinate intracellular and extracellular concentrations of AMP, ADP
and ATP as well as the resulting adenylate energy charge (Figure 5.14).
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Figure 5.14: Detailed analysis of the behavior of the intracellular adenylate pool and adenylate energy
charge exhibited by E. coli K12 DSM 2670 during times of glucose excess and starvation. E. coli grew in
baffled shake flasks filled with minimal medium (Chapman et al., 1971), containing glucose as sole carbon
source. Metabolite samples (n=2) were taken in a narrow window around glucose starvation. The trend of
the energy charge and the total adenylate phosphate concentration is visualized by the method of running
average.
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During the first 6 hours of the cultivation the energy level was within the expected range for
growing cells of 0.8 (Atkinson & Walton 1967). As soon as the glucose concentration became
limiting, the AEC dropped to a value of about 0.5, where it remained during the starvation
period. The carbon replenishment after 1.5 hours of starvation induced the recovery of the
AEC. The total concentration of all adenylate phosphates (AMP, ADP and ATP) showed a
similar behavior. While it was stable during growth, a rapid decline by more than 50% was
observed upon starvation. As soon as the conditions supported further growth, the overall con-
centration of the adenylate phosphates increased again. These findings were in good agree-
ment with the previous studies of starving E. coli cells by Chapman et al. (1971). Beyond these
data, a closer look on the individual intracellular and extracellular concentrations of AMP, ADP
and ATP was taken (Figure 5.15).
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Figure 5.15: Detailed analysis of the composition of the intracellular and extracellular adenylate pool of
E. coli K12 DSM 2670 during periods of starvation. E. coli grew in baffled shake flasks filled with minimal
medium (Chapman et al., 1971), containing glucose as sole carbon source. Glucose depletion was reflected
by a sudden drop of the intracellular concentration of ATP, simultaneously extracellular amounts of AMP
and ADP started increasing. The glucose pulse slowed the secretion rate, while intracellular energy metab-
olite concentrations increased.

The intracellular concentration of AMP remained at values around 1 pM/gcpw throughout the
complete starvation period with only minor fluctuations, while the concentration of ATP de-
creased immensely upon starvation. The level of ADP dropped slightly delayed. Furthermore,
E. coli accumulated larger amounts of AMP and ADP during starvation, while ATP was effec-
tively retained inside the cells. As soon as glucose was available again, the secretion of AMP
and ADP decreased. Obviously, E. coli used the secretion of adenylates of lower energy levels
to maintain the AEC in a viable range. Summarizing, the adenylate energy charge of E. coli
was buffered at a value around 0.7 under optimal growth conditions, but reacted to the deple-
tion of the carbon source. Furthermore, E. coli counteracted the accumulation of adenylates
with low energy level during starvation periods by secretion, thereby stabilizing the AEC in a

viable range.
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5.2.2 Dynamics of Energy Metabolism during Chemostat Experiments
Next, the adenylate phosphate levels were assessed for E. coli K12 DSM 2670 growing in
chemostat cultures at different dilution rates (D). Cultivation profiles obtained for the tested
dilution rates of D=0.1 h, D=0.2 h** and D=0.4 h'! are depicted in Figure 5.16 A, B and C,
respectively. The cultivations were sampled (n=3) after five residence times.

69



Results and Discussion

100 3 A 15 r 3.0
. {5 25
E - - P [
-~
H i | l
$ o i F20 g
. ” | '
= b s - 0.9
& A [
&
= ) 1.5 -
< 2 2
6 - 0.6 § §
° 1.0
k: 5 5
§ o )
2 - 0.3
2 05
XI— - —— — - ——— =
T T T — 0.0 L 0.0
20 30 40 50
Cultivation Time [h]
100 1.5 r 3.0
B
25
. L 1.2
. ]
s | |
. i F2.0 ,
< s et s el 09 | .
= A kMuc_“""-ﬂl i | I
) 1¥“5 : e L1s
= ; [ 3 e S SRRy R =5 2 gy
) < o)
= 40 4 /! L 0.6 o 5
@] . % 2
E 1 . S 1.0 i:"’
§ v 3 3] (O]
a 20 A A - 0.3
a )y \ Los
\
s -0——— —a—— 8 — .-
0 T T T T + 0.0 - 0.0
0 5 10 15 20 25
Cultivation Time [h]
100 1:5 r 3.0
Cc
PRI,
. 25
. 80 4 1.2
. 1
H g . | |
E u k F20 4
* 60 "'~._ 0.9 : T
2 “\ ______ —Adrdd A L 15
5 s s
2 N Vs 2 2
<40 . 7 F06 o ©
o L} [} @ 8
3 s £ 1.0 8
= S 3
[ / 4 H o O]
& 20 g N\ L 0.3
" \ 0.5
AL.‘_*_‘_A"
— — — — —....-1
0 T T T T T + 0.0 - 0.0
0 4 8 12 16 20 24

Cultivation Time [h]

Figure 5.16: Cultivation profiles of E. coli K12 DSM 2670 grown in chemostat at differing dilution rates D=0.1
h (A), D=0.2 h'! (B) and D=0.4 h'' (C) in a 1L-bioreactor filled with 0.4 L minimal medium, containing 2.5 g/L
glucose as carbon source. The minimal medium was continuously pumped into the reactor at a preset rate,
while the effluent was drained by a slightly higher pump rate, thereby keeping the volume constant. Dis-
solved oxygen was always maintained above 30 % by control of stirrer speed and aeration rate. During the
cultivation at a dilution rate of D=0.1 h*! the drain pipe slid slightly into the reactor. The decrease in cultiva-
tion volume resulted in a higher glucose concentration in the reaction vessel and consequently in an en-
hanced biomass formation and a drop of oxygen saturation (Figure 5.16A). However, the culture was sam-
pled as the biomass formation had adapted to the changed conditions and no further biomass growth had
been monitored for 4 consecutive hours.
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Table 5.8: Intracellular concentrations of AMP, ADP, ATP of E. coli K12 DSM 2670 growing in minimal me-
dium (0.4 L) with glucose as the carbon source. Cells were grown in 1L-bioreactors operated in chemostat
at differing dilution rates, which were sampled after 5 residence times. All measurements were performed
as triplicates (n=3).

Dilution Rate D Metabolite Concentration [uM]
[h] AMP ADP ATP
0.1 044 <+ 007 122 = 0.08 170 = 0.12
0.2 036 £ 002 273 = 121 7.30 = 2.00
0.4 057 £ 020 288 =+ 0.79 6.08 =+ 1.67

The energy charge (AEC) and the overall adenylate concentration, derived from the corre-
sponding AMP, ADP and ATP level (Table 5.8), are shown in Figure 5.17. For all dilution rates,
the energy charge was well within range of growing cells (Figure 5.17A). The concentration of
the adenylate phosphates, however, responded to the change in growth rate. At the lowest
growth rate of D=0.1 h'%, the overall concentration of adenylate phosphates was only 30 % of
the level observed at higher growth rates. An explanation of these results could be the de-
creased metabolic activity at the lower growth rate. From an economical point of view, it seems
logical, that a cell produces only as much adenylate phosphates, as are needed to store the
energy produced under the given conditions. These correlations of AEC, adenylate pool and
dilution rate are in good agreement with other prokaryotes (Swedes et al. 1975; Marriott et al.
1981) and fungi (Vu-Trong & Gray 1982).
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Figure 5.17: Influence of dilution rates on the adenylate energy charge (A) and total adenylate phosphate
pool (B) of E. coli K12 DSM 2670 growing in minimal medium (0.4 L) with glucose as carbon source. Cells
were grown in 1L-bioreactors operated in chemostat at differing dilution rates, which were sampled after 5
residence times. All measurements were performed as triplicates (n=3).
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5.2.3
Dinitrophenol was next used to induce an artificial distortion of the energy metabolism (Dietzler

Inhibition of the Respiratory Chain and Impact on the Energy Charge

et al. 1979; Dills & Klaassen 1986), thereby enabling the investigation of effects on the intra-
cellular energy level. The compound functions as uncoupling agent of the respiratory chain
and the phosphorylation system, resulting in reduced ATP synthesis and thus an imbalanced
energy charge. In short, E. coli was cultivated in a fed-batch process using an exponential feed
profile, which supported a constant growth rate of u=0.2 h'* (Figure 5.18).
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Figure 5.18: Cultivation profile of a fed-batch process of E. coli K12 DSM 2670. Cells were grown in a 1L-
bioreactor filled with 0.4 L defined medium with glucose as the carbon source. The applied feed profile
supported exponential growth at a growth rate of p=0.2 h. The dissolved oxygen level was kept at 25 % by
control of stirrer speed and aeration rate. After 4 hours of exponential feeding (t=8 h), dinitrophenol was
added to afinal concentration of 1 mM, thus inhibiting the respiratory chain.

The initial glucose level was depleted after 4 hours. Subsequently, the exponential feed profile
was started and operated for another 4 hours to adapt the cells to the imposed growth condi-
tions. During this time the glucose concentration remained stable at about 0.1 g/L. The level
of dissolved oxygen was maintained at 25 % of saturation, to ensure sufficient aeration (Figure
5.18). Dinitrophenol was added to the culture to a final concentration of 1 mM. The addition of
dinitrophenol immediately reduced growth. However, glucose and oxygen did not accumulate,
indicating that the specific glucose and oxygen uptake rates remained constant (Figure 5.18).
Samples for the measurement of the intracellular adenylate phosphate pools (n=3) were taken
directly before the addition of dinitrophenol and one hour later (Figure 5.19 A and B). Obvi-
ously, the uncoupling of the respiratory chain was accompanied by a substantial decrease of

the energy level, while the total adenylate pool decreased only little.
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Table 5.9: Intracellular concentrations of AMP, ADP and ATP obtained from exponentially growing E. coli
K12 DSM 2670 (u=0.2 h'') prior to and after the addition of 1 mM dinitrophenol to the culture. Cells were
grown in a 1L-bioreactor filled with 0.4 L defined medium with glucose as the carbon source. Measurements
were performed as triplicates (n=3).
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Figure 5.19: Effect of dinitrophenol (1 mM) on the energy metabolism of E. coli K12 DSM 2670, i.e. adenyl-
ate energy charge (A) and the total amount of intracellular adenylate phosphates (B) of E. coli (n=3). Cells
were grown in a 1L-bioreactor filled with 0.4 L defined medium with glucose as the carbon source.

It is known that dinitrophenol leads to a collapse of the proton gradient, thereby disabling the
generation of ATP via the respiratory chain. Thus, the major reaction to generate ATP was no
longer functional after the addition of the uncoupling agent. This is reflected by the lowered
AEC (Figure 5.19A). The reduced AEC value leads to higher activities of regulatory enzymes,
such as phosphofructokinase, and consequently to an upregulated flux through glycolysis to
compensate for the inefficient energy generation (Atkinson & Walton 1967; Wittmann et al.
2007). These results point out that E. coli can still grow at low energy levels as long as a carbon
source is available. The observed low AEC value further indicates an imbalance of the ener-
getic state, but seems not ultimately linked to complete cessation of growth as previously sug-
gested (Chapman et al. 1971). Hence, such low AEC values are fully conclusive for corrupted
datasets, but could also be the consequence of an imbalanced energy metabolism. Extreme
growth conditions would be expected to generate such imbalances. As example, energy de-
manding genetic modifications or biosynthetic demands might lead to imbalances between

energy demand and supply, thereby lowering the AEC (Wittmann et al. 2007). Similarly, it was
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reported that Penicillium simplicissimum, which were grown in glucose-limited chemostat cul-
tures, respond to sudden glucose excess with short termed fluctuations of adenylate phos-
phate concentrations and AEC (Ganzera et al. 2006). As shown above, the AEC seems to be
more variable than previously thought.

5.2.4 Adenylate Energy Charge during Fed-batch Cultivations

Following the previous results, an experiment was conducted to investigate the effects of limi-
tation and excess conditions, regarding glucose and oxygen supply, in more detail. For this
purpose, E. coli was grown in fed-batch mode using an exponential feed profile, which sup-
ported a growth rate of p=0.17 h'1. At a certain point of time, a glucose pulse was added to the
reactor, leading to sudden glucose excess. During both cultivation modes the oxygen regula-
tion was suspended for a two-hour period to induce oxygen limitation. Throughout the whole
experiment, samples were taken to track the response of E. coli to the limitations. The obtained

data can be seen in Figure 5.20.

Figure 5.20 A depicts the time course of dissolved oxygen, glucose concentration and cellular
dry weight over cultivation time. Initially, the dissolved oxygen level decreased with increasing
biomass and then remained at about 30%. A first oxygen peak after 6.5 hours marks the de-
pletion of the starting amount of glucose, after which the feed profile was started. The pump
rate was too high during the first hour, thus glucose transiently accumulated. However, a sec-
ond oxygen peak at t=9.3 h marked the point from which the glucose-limitation controlled the
growth rate. The growth rate was maintained at p=0.17 h* by the feed. The glucose pulse at
t=17.5 h led to a glucose concentration of about 10 g/L, thereby ending the carbon limitation
and resulting in an increased growth rate. Furthermore, it can be seen that the suspended
dissolved oxygen control resulted in an immediate drop of the oxygen level to 0 % during both
two-hour periods of oxygen limitation (t=13-15 h and t=20-22 h). Reactivation of the oxygen
regulation led to an immediate increase to the preset saturation of 30 % dissolved oxygen in
the culture broth. Obviously, ATP was the predominant species of the adenylates during the
batch and the early feed phase (Figure 5.20B). The intracellular levels of AMP, ADP and ATP
increase proportionally with the biomass during these first 6 hours of cultivation. However, a
significant drop of the intracellular ATP concentration was monitored, as soon as the feed was
started. During the following hours, the ATP level decreased constantly until it reached a min-
imum of about 0.6 pmol/gcpw after t=14 h. The ATP level was then maintained at this value.
The amounts of AMP and ADP, on the other hand, continuously increased and peaked after
13 hours of cultivation, before the first period of oxygen limitation was started. Both periods of
oxygen limitation were accompanied by a sudden decrease in the concentration of AMP and

ADP, respectively. However, the concentrations of both metabolites increased immediately,
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Figure 5.20: (A) Time profile of dissolved oxygen level, glucose concentration and biomass formation of
E. coli K12 DSM 2670 during a fed-batch cultivation. Cells were grown in a 1L-bioreactor filled with 0.4 L
minimal medium with glucose as the carbon source. After 6 hours, the initial glucose was depleted. Sub-
sequently an exponential feed profile was started (red dashed line), which supported a specific growth rate
of u=0.17 h-l. At t=17 h, a glucose pulse was added. During glucose limited growth and glucose excess the
aeration was stopped for 2 hours, to induce oxygen limitation. (B) Time course of intracellular AMP, ADP
and ATP. (C) Adenylate energy charge. All measurements were performed as duplicate (n=2).
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when the oxygen control was re-activated. A comparison of both phases of oxygen limitation
shows, that the negative effect of oxygen depletion on the A(X)P level was stronger during
glucose excess (t=20 h) than during glucose limitation (t=13 h). The AEC of E. coli during the
experiment can be seen in Figure 5.20C. The AEC correlates partly with the ATP concentra-
tion. During the batch phase, the AEC of E. coli was within the range for viable cells (0.7 to
0.9). The decrease of the energy charge from 0.73 to 0.34 coincided with the depletion of
glucose and the initiation of the feed. The AEC reached its minimum after t=15 h of cultivation,
neither the glucose excess nor the second oxygen limitation led to further negative effects. A
closer look at the time slots of oxygen depletion indicates that the decrease of AEC was slowed
down or even stopped by the limitation, which might be explained by the rather unchanged
ATP level in contrast to the decreasing concentrations of AMP and ADP during these periods.
Furthermore, the AEC remained almost unchanged after addition of the massive glucose
pulse, which was unexpected, as the availability of glucose should result in a regenerating
AEC and rising ATP levels.

Summarizing it can be stated that the glucose limitation resulted in a constant decrease of the
AEC of E. coli which stopped at a substantially lower value than found by Chapman et al.
(1971). However, the preset growth rate of u=0.17 h'1, controlled by the feed profile, was main-
tained by E. coli despite an AEC as low as 0.33. Itis likely, that the constant glucose limitation
resulted in the formation of subpopulations, which oscillate between states of starvation and
ATP regeneration. Similar states of oscillation have been modeled (Cortassa 1990) and are
reported for the energetic metabolism of yeast suspensions and Klebsiella aerogenes under
starvation (Hess & Boiteux 1968; Harrison 1976). As the cells remained growing throughout
the whole experiment, the fraction of starving cells possibly became higher with time, which
could explain the continuously increasing levels of AMP and ADP. In addition, the fraction of
cells exhibiting an optimal AEC became smaller compared to the fraction of starving cells,
thereby further lowering the total AEC. According to Atkinson (1968) a lowered AEC results in
reduced rates of energy utilizing enzymes, while at the same time enhancing the rates of en-
ergy regenerating enzymes. Thus, the drastically lowered AEC, exhibited by the starving cells,
should actually be an advantage in the competition for the carbon source, as it accelerates the
combustion of glucose. The oxygen limitation, on the other hand, led to a decrease in total
concentration of adenylate phosphates, from which ATP was affected least. It is likely, that the
decreased availability of oxygen led to an enhanced Crabtree effect, thereby enabling the cells
to generate energy from glucose through by-product formation. The energy generated by over-
flow metabolism is drastically lower than the use of the respiratory chain. Thus, the cells re-
duced the intracellular adenylate phosphate pool to optimize their energy level. The effect of

oxygen limitation was damped by the lower availability of glucose during the fed-batch process,
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which explains why the reduction of the adenylate phosphates is less drastic during the first
phase of limitation. The observation that the energy charge of E. coli remained at a value of
0.33, despite the sudden glucose excess, could indicate that the cells remain in states of os-
cillation between energy regenerating and utilizing reactions, as proposed by the model of
Cortassa (1990). Furthermore, the low energy charge could be the reason why the growth rate
remained at about 0.2 h* during the glucose excess instead of increasing to pmax, as a low AEC
lowers the activity of anabolic enzymes.

Taken together, glucose limitation during fed-batch cultivations, led to changes in the energy
charge of cells. Therefore, the question arose, to which extent E. coli can counteract the glu-
cose limitation by degradation of redundant proteins and stored glycogen to maintain a high
AEC as long as possible. To elucidate this in more detail, further fed-batch cultivations were
necessary. However, in order to enable the LC-MS/MS method to distinguish between metab-
olites originating from degraded storage proteins and those from freshly added external glu-
cose, isotopically labeled glucose was used in the feed. Furthermore, the analytical LC-MS/MS
method was adapted to detect different mass isotopomers of the metabolites of the central
carbon metabolism. An exception had to be made for molecules, consisting of more than seven
carbon atoms, such as AMP, ADP and ATP. Here, only unlabeled and fully labeled fractions
were supervised, as monitoring of all possible labeling states would have resulted in poor data
guality as a consequence of a serious reduction of collected data points per minute due to

longer measurement cycles.
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Figure 5.21: Development of oxygen saturation, glucose concentration and biomass during fed-batch cul-
tivation of E. coli K12 DSM 2670 in a 1L-bioreactor filled with 0.4 L of minimal medium using [*?Ce] glucose
as the carbon source. The oxygen level was maintained above 25% by control of stirrer speed and aeration
rate. The feed solution contained [*3C¢] glucose to enable differentiation between carbon from storage pol-
ymers and carbon from the feed solution. The applied feed profile supported a specific growth rate of p=0.18
hand was started at t = 4.3 h. Additionally, the total amount of added [*3C¢] glucose is depicted.
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Figure 5.21 displays the cultivation parameters of the fed-batch experiment conducted for this
purpose. The starting concentration of glucose was set to 2.3 g/L to achieve a high cell density
during the initial batch phase, which was needed to ensure a precise measurement of the less
abundant fractions of mass isotopomers of the metabolites of the central carbon metabolism.
After glucose was depleted, the exponential feed profile was started to maintain controlled
growth of E. coli. Hereby the substrate was switched from [*?Cg] glucose to [*3C¢] glucose.
E. coli grew with a specific growth rate of u=0. 33 h during batch phase, while during the feed
phase, cells exhibited a lower growth rate of u=0.18 h. The oxygen level was kept above
30 % by control of stirrer speed and aeration rate. The total amount of added [**Ce] glucose is
illustrated in Figure 5.21. As can be seen, the glucose concentration remained at a level of
0.1 g/L during the feed phase. Thus, the medium still contained 0.1 g/L [*?Cg] glucose as the
feed profile was started. Consequently, the controlled slow feeding rate of [**C¢] glucose com-
bined with the residual 0.1 g/L of [*2Cs] glucose in the culture broth, led to a slow replacement
of [*2C¢] glucose by [**Cg] glucose (Figure 5.22). Calculations showed that a complete labeling
of the residual glucose was achieved after 2.5 h of feeding, according to the feed profile and
glucose uptake rate of the cells. Obviously, the slow replacement of the residual [*2C¢] glucose
by its *C isotopomer played a major role in the labeling distribution of the intracellular metab-
olites, which had to be considered carefully while investigating the possible backflow from pro-

tein synthesis.
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Figure 5.22: Relative fraction of labeled glucose in the supernatant of a fed-batch culture of E. coli K12 DSM
2670. During the batch phase only [*?C¢] glucose was present, while the feed solution contained [*3Ce] glu-
cose. Thus, a slow replacement of [12Cs] glucose by its [3Ce] isotopomer began as soon as the exponential
feed profile was started.
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The obtained labeling patterns of all measured metabolites resemble one of the four exemplary
distribution types shown in Figure 5.23. The complete set of labeling distributions can be found
in the appendix (Figure 9.2 and Figure 9.3).
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Figure 5.23: Differences in the 3C labeling of metabolites from the central carbon metabolism of E. coli K12
DSM 2670 during the fed-batch experiment. The cells were grown in a 1L-bioreactor filled with 0.4 L minimal
medium containing [*2Cs] glucose as carbon source. The feed profile supported a growth rate of 0.18 h1.
The feed contained [**Cs] glucose as the carbon source and was started as soon as the initial glucose
concentration was depleted at t=4.3 h. The dotted line marks the point of time at which 50 % of the metab-
olites were labeled. (A) Metabolites of glycolysis and PP pathway exhibited an immediate increase of the
labeled fraction of metabolites (t=4.3 h). 100% of labeling was reached at t=8 h. (B) Labeling of energy
equivalents started 1 hour delayed (t=5 h), but was almost completely labeled within two hours (t=7 h).
(C) Labeling of redox equivalents began 2 hours after feed start (t=6 h) and was not completed at the end
of the experiment. (D) Labeling of metabolites of the TCA cycle could be seen immediately (t=4.3 h) but was
not completed at the end of the experiment. Furthermore, various labeling states of the TCA cycle metabo-
lites could be detected.
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In detail, metabolites of glycolysis and PP pathway showed a strong increase of their fully
labeled isotopologues, shortly after starting the feed, while only minor amounts of partially la-
beled isotopologues were detected (Figure 5.23 A). The labeling of the energy metabolites
AMP, ADP and ATP showed a similar increase of fully labeled isotopologues. However, their
dynamics were about one hour delayed, when compared to metabolites of PP pathway and
glycolysis (Figure 5.23 B). This could reflect that the energy metabolites had to be synthesized
from scratch, unlike metabolites of glycolysis and PP pathway, which originate directly from
the labeled glucose. Furthermore, Figure 5.23 B shows that more than 50 % of the adenylate
pool was fully labeled within 2 hours of feeding with [*3Ce] glucose. If the labeling pattern would
have originated only from newly grown cells, a value of 50 % should have been reached
4 hours after start of the feed phase, as cells doubled every 3.85 hours (u=0.18 ht). Conse-
guently, the labeling rate of the energy metabolites was influenced by already existing cells.
These results indicate, in good agreement with chapter 5.2.1, that E. coli actively regulates its
adenylate pool by synthesis, excretion and degradation to maintain an optimal AEC, thereby
increasing the labeling rate of AMP, ADP and ATP. In contrast, the relative fractions of mass
isotopomers of redox equivalents showed the slowest response. Full [**C] labeling had not
been achieved at the end of the experiment after 11 hours (Figure 5.23 C). In good agreement
with the calculated doubling time (t=3.85 h) of the cell population, all redox equivalent pools
were labeled to 50 % after 4 hours of feeding [**Cs] glucose. Thereby indicating that intracel-
lular levels of the redox equivalents are not continuously adapted to fit cellular needs, but re-
main rather constant throughout the life cycle of E. coli. Hence, the fraction of labeled redox
equivalents increased slower than the labeling state of energy metabolites, glycolysis and PP
pathway. Furthermore, substantial amounts of all labeling states of metabolites of the TCA
cycle could be detected (Figure 5.23 D). It became apparent, that a complete labeling of the
TCA metabolites had not been reached at the end of the experiment. The partially labeled
isotopologues are likely a consequence of the citrate synthase reaction, which synthesizes CIT
from unlabeled oxaloacetate and the labeled acetate residue of AcCoA, and the anaplerotic
reactions, which refill the oxaloacetate pool by coupling of unlabeled carbon dioxide to labeled
PEP or PYR. Consequently, these reactions result in the observed high variation of possible
labeling states of metabolites of the TCA cycle metabolites. However, these reactions did not
explain the slow increase of the fraction of completely labeled metabolites of the TCA cycle. It
was found that during the batch phase substantial amounts of unlabeled organic acids had
been secreted into the medium, which were later used as a carbon source in the feed phase.
In addition, backflows from large intracellular pools of amino acids, such as glutamate, could
have decreased the labeling rate even further (Kromer et al. 2004). The exchange with unla-

beled pools of carbon dioxide, extracellular organic acids and the backflow from large
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unlabeled intracellular pools, like glutamate, resulted in the slow increase of fully labeled CIT,
ISOCIT, aKG, SUC, FUM and MAL.

The obtained relative isotopomer distributions of metabolites of glycolysis and TCA cycle indi-
cated active degradation of storage proteins. To enable a more qualitative insight, the dynam-
ics of the metabolite labeling, depending on the feed profile and the ratio of [**Cg]/[**C¢] glu-
cose, was simulated. Shortly, it was assumed that the sequential metabolite pools behave like
a set of sequential stirred tank reactors. Hence, it was possible to compute the relative fraction
of the uniformly labeled mass isotopomer by applying the equation for residence time distribu-
tions in continuously stirred tank reactors (Equation 5.2), with N being the position of the me-
tabolite in the sequence of its pathway and T being the residence time of the same metabolite
under the applied cultivation conditions.

)Nl

F(t) =1—e N ayy &0

1 (N—1)! (Equation 5.2)

The method of Wittmann et al. (2004) was utilized to calculate the required residence times for
each measured metabolite. The glucose uptake rate (2.7 mmol/(gcow-h)) was derived from the
experimental data and was multiplied with the flux ratios of E. coli grown at u=0.125 h* (Hiller
2006). To compute the residence times (Table 5.10), the metabolite pools obtained from che-
mostat cultivations (D=0.1 h?) (chapter 5.2.2) were divided by the estimated flux.

Table 5.10: Intracellular fluxes of E. coli at a growth rate of u=0.125 h* derived from Hiller (2006), the intra-

cellular pool sizes of metabolites of the central carbon metabolism of E. coli K12 DSM 2670 at a growth rate
of u=0.1 h* (experimental data) and the resulting residence time T1.

. Flux Flux Pool Size Residence Time T
Pathway Metabolite ]
[%] [umol/(gcow*h)]  [umol/gcow] [min]
G6P 100.0 2695 1.46 0.032
F6P 87.3 2353 0.09 0.002
FBP 89.3 2407 2.44 0.061
EMP DHAP 89.3 2407 0.74 0.018
Pathway 3PG 167.4 4511 1.82 0.024
2PG 167.4 4511 0.20 0.003
PEP 167.4 4511 0.57 0.008
AcCoA 124.3 3350 0.11 0.002
CIT 98.5 2655 45.01 1.017
ISOCIT 98.5 2655 0.03 0.001
AKG 98.5 2655 1.92 0.043
TCA cycle
sSucC 91.1 2455 0.33 0.008
FUM 91.1 2455 2.15 0.053
MAL 91.1 2455 0.35 0.009
PP 6PG 11.2 302 0.23 0.046
Pathway P5P 11.2 302 0.18 0.036

81



Results and Discussion

The obtained residence times differed widely in a range from 60 ms to 1 min, as a consequence
of large differences in intracellular pool sizes. The calculated residence times were applied to
Equation 5.2. Here, the labeled glucose was treated as the pulse signal, which flows through
sequential stirred tank reactors. Thereby it was possible to compute the relative fraction of fully
labeled mass isotopomers as a function of time, which simulated the labeling patterns without
backflows from proteins or glycogen. The simulated relative fractions were almost alike, de-
spite the differing residence times. It became obvious, that the slow interchange from [*2Cq] to
[3Cé] glucose had a far stronger impact on the computed data than the actual residence times.
Obviously, it took more than an hour to replace the majority of unlabeled glucose in the culture
broth by the fully labeled glucose, as a consequence of the feed profile. Consequently, the

impact of the residence times of less than a minute was rather small.

The comparison of simulated and experimental data revealed a great discrepancy, indicating
that E. coli utilizes degradation of proteins or glycogen to compensate for carbon limitation
(Figure 5.24). It was possible to identify three types of differences between experimental and
simulated data. Characteristically the [U*3C] isotopomer fraction of the first type increased
drastically during the first 20 min of the feeding process and converged towards 100 % after-
wards, as the [*2C] labeled backflows slowed complete labeling. This type was associated with
metabolites of upper glycolysis and the PP pathway and therefore influenced by additional
metabolization of glycogen, histidine and eventually nucleotides. The second type was found
for metabolites of the lower glycolysis and strongly resembled the first type. However, poten-
tially additional backflow from protein degradation, which entered through the 3PG node,
slowed labeling dynamics down. As a result of the additional [*2C] backflow, entering through
the 3PG node, the labeling distribution of 3PG, 2PG and PEP became indented (Figure 5.24).
Metabolites of the TCA cycle showed only a slow increase of the [U**C] labeled isotopomers,
as discussed earlier. The exchange of small intracellular and large extracellular pools of carbon
dioxide and organic acids, as well as the potential backflow from glutamate and other amino
acids could be the major reason of this finding. Probably supported by the backflow of carbon
from proteins and storage polymers into central carbon metabolism, the AEC remained in the
optimal range of 0.7 to 0.85 throughout the complete experiment. However, towards the end,
the AEC decreased (AEC=0.71 at t=11h). This could indicate that the carbon reserves origi-
nating from glycogen and protein degradation were depleted. Likely, the AEC would have
dropped to similar levels as obtained by the previously analyzed long term fed-batch cultiva-

tions.

82



Results and Discussion

Glucose (ex.)

3 F6P ) P5P

0 R 0 125

)
-
-

.' FBP

0 125

ivs

L] DHAP J

0 125

0 . PEP .-"ACCOA
et
S 125 e 125
- — 1 — ——
- - . -
’/ fo"
J ’
r 4
r L
; L
0 4 MAL 0 N CIT
0 125 0 125
1 — —— = = =
’
0o o4
'
f :
’ !
J ’
. J FUM . .-+ 1ISOCIT
0 125 0 125

Figure 5.24 Comparison of measured and computed labeling patterns of selected metabolites measured for
E. coli K12 DSM 2670 grown in fed-batch mode using [**Cs] glucose as carbon source during the feeding
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computed labeling pattern and was also not completed at the end of the experiment (highlighted in blue).

..-.--.-.--.-.---.-.--.-.--.-.-.--.-.--.-.-..-.-.--.-.--.-.----.-.--.-.--.-.--.-.-.--.-.---.-.--.-.--.-.----.-.--.-.--.-_
- o
i
I
> | f==-
~
!
1
‘
%
1
RS
- A'U - -
0
r
- o
|
|
| fe=s
\y
T w
>~ .| D
5@
‘-_-_._._-._._-._-._-._._-._._.._._.-_._._-._._._-._._-._._-._._-_-._._-._._-._._.._._._-._-._-._._-._._-._._._-._._-._._.

83



Results and Discussion

Summarizing, it seemed that E. coli utilized available carbon storages to maintain its energy
level above 0.7. These results correlate with the findings of Reeve et al. (1984), who showed
that cells of E. coli and Salmonella thypimurium degrade protein to prolong their survival during
carbon starvation. However, as soon as all available carbon sources like glycogen, redundant
proteins and extracellular organic acids have been consumed, the population might divide into
oscillating subpopulations, thus exhibiting a drastically lowered AEC, as reported for yeast
suspension and Klebsiella aerogenes (Hess & Boiteux 1968; Harrison 1976). The present data
also indicated that a low AEC is not mandatorily a sign of cell death or errors during sample
processing. Thus, cells can seemingly exhibit an extremely low AEC while being perfectly via-
ble at the same time. This finding could be explained by subpopulations which oscillate be-
tween states of ATP utilization and regeneration. Additionally, the long-term fed-batch experi-
ments indicated that an AEC below 0.3 equals a dying population, as the AEC did not fall below
this threshold despite the formation of oscillating subpopulations. This finding has to be kept
in mind, when evaluating metabolic datasets of larger cell populations, in order to avoid false
conclusions. Noack & Wiechert (2014) already addressed this major issue of current methods
of metabolite quantification, as they remarked that even small subpopulations, of less than

10 %, would result in serious variations of the average metabolite concentrations.

5.3 Central Carbon Metabolism of Y. pseudotuberculosis

As previously shown the developed quantitation method allowed generation of highly reliable
datasets for Gram-positive and Gram-negative microorganisms. The method was now applied
to compare the central carbon metabolism of the pathogen Y. pseudotuberculosis and the ge-
netically close relative E. coli. Furthermore, four knock-out mutants of Y. pseudotuberculosis

(AarcA, ApdhR, AptsN, ApykF), affected on their virulence, were analyzed.

5.3.1 Generation and Validation of Metabolic Profiles of Y. pseudotuberculosis

Y. pseudotuberculosis and the four deletion mutants were cultivated in shake flasks (n=3) us-
ing a minimal glucose medium. The cultures were sampled as soon as a biomass concentra-
tion of about 0.7 g/L had been reached (Figure 5.25).
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Figure 5.25: Cultivation profiles of Y. pseudotuberculosis wild type and the deletion strains AarcA, ApykF,
ApdhR and AptsN. All strains were grown in baffled shake flasks (n=3). Y. pseudotuberculosis was culti-
vated under optimal conditions using defined medium with glucose as carbon source. Metabolite samples
were taken during the late exponential phase as soon as a biomass of about 0.7 g/L had been reached
(black arrows).

All strains exhibited exponential growth throughout the experiment. In addition, excess glucose
was still present in the media at the time point of sampling. Samples were quenched and ex-
tracted as described above. Subsequently LC-MS/MS analysis was performed. The obtained
metabolic datasets were validated by rigorous estimation of the reaction driving forces and
Gibbs free energies (Figure 5.26). Neither the ED pathway nor the glyoxylate shunt seemed
to be active in the wild type and its mutants, as KDPG and GA were not detected. These results

are consistent with metabolic flux data (Blcker et al. 2014).

For almost all reactions, the obtained metabolite levels, driving forces (Figure 5.26) and Gibbs
energies (Table 5.11) matched with the observed flux profiles (Blicker et al. 2014). As excep-
tion, the reaction from DHAP to GAP seemed to support the backward reaction of the triose
phosphate isomerase and the phosphoglycerate mutase. It is likely that this single incon-
sistency is a consequence of an overestimated GAP pool. It is known that the GAP/DHAP ratio
has to be lower than 0.048 to overcome the standard Gibbs energy of 7.5 kJ/mol (Cornish-
Bowden 1981). The peak of GAP in the chromatogram, however, was small and broad, thus
making a precise differentiation between background noise and signal difficult. Thus, further
optimization of the method is needed to allow precise quantification of the GAP pool size, also
other data sets (Luo et al. 2007; van der Werf et al. 2008) show this potential problem. Other,

so far unrecognized sources of error remain also possible.
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Figure 5.26: Evaluation of metabolic datasets
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Table 5.11: Comparison of the standard Gibbs energy (AG’") of reactions of the central carbon metabolism to Gibbs energies (AG) computed of the measured metabolite
pools by application of Equation 3.2. Standard Gibbs energies were obtained from the database for thermodynamic properties (Li et al. 2011). Metabolite levels were
obtained from samples of E. coli K12 DSM 2670, the wild type of Y. pseudotuberculosis and the Y. pseudotuberculosis knockout strains AarcA, ApdhR, AptsN and ApykF.
All cultivations were performed in baffled shake flasks (n=3), using the corresponding minimal medium with glucose as the carbon source. Metabolite samples were
taken during exponential growth phase, as soon as a biomass of 0.7 g/L had been reached.

AG AG AG AG AG AG AG™
Pathway Reaction E. coli K12 Y. pseudo. WT  AarcA AptsN ApdhR ApykF Reference
[kd/mol] [kd/mol] [kd/mol] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

G6P — F6P -1.6 -2.4 -2.4 -2.1 -3.1 -1.9 2.78 Li etal., 2011
F6P — FBP -13.0 -5.4 -4.6 -2.9 -5.1 -7.9 -15.62 Li etal., 2011
FBP — GAP + DHAP -13.2 -17.7 -14.0 -16.4 -12.6 -12.7 24.64 Li etal., 2011
DHAP — GAP 3.4 0.8 4.7 2.0 4.8 3.3 7.57 Li etal., 2011
EMP GAP — 1,3-bPG — 3PG -15.5 -20.9 -28.0 -235 -29.1 -19.2 -19 Li etal., 2011
3PG — 2PG 1.8 1.3 1.0 1.3 0.8 2.2 6.35 Li etal., 2011
2PG — PEP -1.7 -5.8 -5.8 -4.8 -4.6 -2.4 -4.47 Li etal., 2011
PEP — PYR -23.6 -14.2 -15.0 -13.8 -12.1 -15.6 -27.18 Li etal., 2011
PYR — AcCoA -34.5 -46.8 -48.8 -48.3 -53.7 -47.9 -39.26 Li etal., 2011
G6P — 6PG -27.5 -25.7 -27.0 -24.5 -26.8 -24.2 -21.89 Li etal., 2011
pp 6PG — P5P -29.8 -33.6 -33.1 -31.1 -32.7 -28.8 1.23 Li etal., 2011
2 6PG — GAP + S7P -53.8 -73.1 -68.9 -67.6 -68.3 -63.2 -0.62 Li etal., 2011
GAP + S7P — F6P + GAP -6.4 -6.7 -6.1 -5.5 -6.3 -5.3 -6.08 Li etal, 2011
MAL — SUC 1212 1365 1298  -130.9  -1420  -1242  -g56 - ova 20k
Metacyc, 2015
TeAeyde  suc o Fum 12,9 143 189  -100  -123  -157  -059  Lietal, 2011
FUM — MAL 0.4 34 -3.7 -3.0 -1.9 1.5 -3.52 Li etal, 2011
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5.3.2 Comparison of the Core Metabolism of Y. pseudotuberculosis and E. coli

The metabolome of Y. pseudotuberculosis was further compared to E. coli, which had been
analyzed during method development. In a first step, the ratios of the energy and redox equiv-
alents were compared (Table 5.12).

Table 5.12: Adenylate phosphates pool (A(X)P), adenylate energy charge (AEC) and redox equivalent ratios
measured for E. coli K12 DSM 2670, the Y. pseudotuberculosis wild type and the four mutant strains
Y. pseudotuberculosis AarcA, Y. pseudotuberculosis ApdhR, Y. pseudotuberculosis AptsN and Y. pseudo-
tuberculosis ApykF. All cultivations were performed in baffled shake flasks (n=3), using the corresponding
minimal medium with glucose as the carbon source. Metabolite samples were taken during exponential
growth phase, as soon as a biomass of 0.7 g/L had been reached.

u AX)P AEC NADH/NAD NADPH/NADP
[h?]  [umol/g cow] [] [-] [-]

E. coli K12 0.13 10.52 0.81 0.26 1.06
Y. pseudotuberculosis 0.29 9.39 0.56 0.07 0.31
Y. pseudotuberculosis AarcA 0.28 9.53 0.46 0.04 0.27
Y. pseudotuberculosis ApykF 0.20 8.54 0.59 0.20 0.92
Y. pseudotuberculosis ApdhR 0.27 8.57 0.54 0.02 0.30
Y. pseudotuberculosis AptsN 0.23 10.21 0.46 0.16 0.64

Ratios of the redox equivalents resulted in values below one, thereby enhancing the driving
forces of redox equivalent coupled reactions indicating an effective usage of catabolic path-
ways. Compared to the data obtained for E. coli the NADPH/NADP ratios of Y. pseudotuber-
culosis were substantially lower. The shortcoming of NADPH resulted in higher driving forces
for NADPH producing reactions and might therefore result in an enhanced utilization of the
oxidative part of the PP pathway. Additionally, two mutants (darcA, ApdhR) exhibited an ex-
tremely low NADH/NAD ratio. This might be correlated with an upregulated respiratory chain,
which was reported for AarcA and ApdhR mutants of E. coli (Spiro & Guest 1991; Trotter et al.
2011). In contrast to E. coli, Y. pseudotuberculosis and its knockout mutants exhibited an AEC
below 0.6, while the overall adenylate phosphate concentration was about 9 pmol/gcow. This
finding was unexpected, as the cells grew exponentially, while the AEC indicated rather starv-
ing cells. However, thermodynamic validation showed that the metabolite levels were physio-
logically meaningful. As cells were viable at the point of sampling, these results indicate that
Y. pseudotuberculosis lowers its AEC, possibly to enhance the rate of glycolysis. It is known,
that Y. pseudotuberculosis secretes large amounts of PYR into the surrounding medium
(Bucker et al. 2014). This overflow might be the consequence of an enhanced flow through
glycolysis, which could not be completely channeled into the TCA cycle. The high amounts of
extracellular PYR might be a countermeasure against the reactive oxygen species, which are
produced by macrophages to attack pathogens. It has been shown that PYR acts as a protect-
ant against reactive oxygen species, such as hydrogen peroxide (Desagher et al. 1997; Troxell
et al. 2014). Thus, Y. pseudotuberculosis might use the low AEC to stimulate the formation of

PYR during enzootic cycles. To evaluate these hypotheses further, a closer look at the
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prominent differences between the wild types of Y. pseudotuberculosis and E. coli was taken
and compared to the metabolite levels after deletion of arcA, pdhR, ptsN and pykF.

mE. coli mWT mAarcA mApykF ®mApdhR = AptsN
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Figure 5.27: Metabolite pools of glycolysis and PP pathway (n=3), which differed greatly between E. coli
K12 DSM 2670 and wild type Y. pseudotuberculosis or which were strongly affected by knockout of arcA,
pdhR, ptsN and pykF in Y. pseudotuberculosis. All cultivations were performed in baffled shake flasks
(n=3), using the corresponding minimal medium with glucose as the carbon source. Metabolite samples
were taken during exponential growth phase, as soon as a biomass of 0.7 g/L had been reached.

Figure 5.27 depicts the pool sizes of the four mutants in comparison to the two wild types for
relevant metabolites of glycolysis and the PP pathway. The majority of metabolite concentra-
tions upstream of PYR remain at a constant level, almost equal to the pool sizes observed for
E. coli. In contrast pools downstream of PYR, i.e. AcCoA (Figure 5.27) and the organic acids
(Figure 5.28), were more strongly perturbed by the genetic alterations and differed widely from
E. coli. Furthermore, the quantitative analysis identified 6 metabolites from glycolysis and PP
pathway, which differed greatly between E. coli and Y. pseudotuberculosis, while the genetic
alterations showed almost no effect. The intracellular FBP level in Y. pseudotuberculosis was
five times higher than in E. coli, probably as a consequence of the low AEC of Y. pseudotu-
berculosis. The key enzyme of glycolysis, the phosphofructokinase, shows higher activity at
low energy charges, as the enzyme is activated by AMP (Atkinson & Walton 1967). As conse-
guence of the activation, a higher FBP level was measured. In addition, metabolite levels of
6PG and the pentose-5-phosphate pool were markedly higher compared to E. coli. This might
be a direct consequence of a lowered NADPH/NADP ratio, found for Y. pseudotuberculosis
(Table 5.12). The low NADPH/NAPD ratio favors reactions which produce NADPH, thus an
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elevated utilization of the oxidative PP pathway to synthesize NADPH seems likely. Conse-
guently, the glucose-6-phopshate dehydrogenase and 6-phosphogluconate dehydrogenase
rates were elevated, resulting in the elevated pools of 6PG and P5P. These findings were in
good agreement with results of metabolic flux analysis, which showed an increased use of the
PP pathway for Y. pseudotuberculosis (Blcker et al. 2014). However, the most prominent dif-
ference between E. coliand Y. pseudotuberculosis was the amount of intracellular PYR, which
was found to be more than 40 times higher in all samples of Y. pseudotuberculosis. These
large amounts of PYR even affected the adjacent AcCoA pool, which was also markedly ele-
vated compared to the pool size found in E. coli as a consequence of the changed mass action
ratio. The PEP pool, which precedes PYR in glycolysis, showed a different picture. Compared
to E. coli, the levels of PEP were found to be substantially lowered in Y. pseudotuberculosis
(Figure 5.27). This might be a consequence of the low abundance of intracellular ATP, as the
lack of ATP shifts the equilibrium of the conversion of PEP to PYR to the product side. As a
result, more PEP is converted to PYR, thereby lowering the PEP pool and simultaneously

increasing the PYR pool.

For the glycolysis and PP pathway it can be stated, that genetic modifications of Y. pseudotu-
berculosis resulted only in minor perturbations of the intracellular metabolite levels. Only the
deletion of pyruvate kinase led to a relevant change in the level of intracellular PEP. As a
consequence of the deletion of pyruvate kinase F, the interconversion of PEP to PYR is slowed
down, which probably caused a 10-fold increase of the intracellular PEP concentration. PEP
itself is known to act as an inhibitor of glycolytic enzymes, which might explain the observed
increase of metabolite pools of the preceding reactions of glycolysis found for the ApykF strain
(Kelly & Turner 1969). E. coli reacts to the knockout of the pyruvate kinase by redirecting the
flux through PEP carboxylase and the malic enzyme, thus circumventing the arising bottleneck
(Al Zaid Siddiguee et al. 2004). The closely related Y. pseudotuberculosis seems to react in a
similar way. This hypothesis is supported by two observations. Firstly, even though the py-
ruvate secretion was lowered by knockout of pyruvate kinase, the intracellular concentration
of pyruvate was three times higher in the mutant compared to the wild type. Secondly, a
strongly increased malate pool (20-fold) (Figure 5.28), which is likely a consequence of a redi-
rected flux of PEP to PYR via PEP carboxylase and malic enzyme. The 20-fold higher intra-
cellular malate concentration additionally resulted in substantially higher intracellular concen-
trations of SUC and FUM as a consequence of backlog in the TCA cycle. Thus, the metabolite
measurements indicate, that the deletion of pyruvate kinase F had no negative effect on the
PYR formation of Y. pseudotuberculosis. It is likely that the missing pyruvate kinase F was

compensated by the utilization of PEP carboxylase and malic enzyme.
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In response to the deletion pykF, metabolite pools of the TCA cycle and PYR itself showed
larger differences. The intracellular PYR concentration of the strains ApykF, ApdhR, and AptsN
was three times higher than in the wild type of Y. pseudotuberculosis, while the PYR level of
the AarcA strain remained constant (Figure 5.27). Previously, it has been reported for E. coli
that the phosphorylation state of EIIA® is coupled to the growth rate and is furthermore
strongly dependent on the PEP/PYR-ratio (Hogema et al. 1998; Gabor et al. 2011). As the
PEP to pyruvate ratios of Y. pseudotuberculosis were apparently perturbed by the genetic mu-
tations, the influence of the altered ratios on the growth rate had to be evaluated. The
PEP/PYR-ratios calculated for the knockout mutants can be seen in Table 5.13. On the one
hand, the ApykF strain exhibits the highest ratio (8.55-103), as a consequence of its drastically
increased PEP pool. On the other hand, the knockout of the metabolic regulators ArcA, PtsN
and PdhR resulted in substantially lowered ratios. Bettenbrock et al. (2007) showed that a
PEP/PYR ratio below 0.4 is correlated with low phosphorylation states of EIIA®'® and high
growth rates in E. coli. The PEP/PYR ratios of the knockout strains of Y. pseudotuberculosis
did not exceed this critical value (Table 5.13), thus a negative influence of the altered PEP and
PYR pools of Y. pseudotuberculosis on growth rate and virulence seems unlikely.

Table 5.13: PEP/PYR ratios derived from measured intracellular pools of Y. pseudotuberculosis wild type
and Y. pseudotuberculosis mutant strains AarcA, ApdhR, AptsN and ApykF. Cultivations were performed
in baffled shake flasks (n=3), using the corresponding minimal medium with glucose as the carbon source.

Metabolite samples were taken during exponential growth phase, as soon as a biomass of 0.7 g/L had been
reached.

WT AarcA AptsN  ApdhR ApykF
PEP/PYR [] 0.0030 0.0021 0.0009 0.0009 0.0085
u [h? 0.29 0.28 0.23 0.27 0.20

The levels of TCA cycle intermediates showed a different picture (Figure 5.28). Here, strong
fluctuations in pool size resulted from genetic modifications of Y. pseudotuberculosis. The in-
tracellular concentrations of CIT, ISOCIT and aKG, however, were so low that the pool size

could not be precisely estimated.
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Figure 5.28: Metabolite pools of the TCA cycle (n=3), which differ greatly between E. coli K12 DSM 2670 and
Y. pseudotuberculosis or which were strongly affected by knockout of arcA, pdhR, ptsN and pykF in
Y. pseudotuberculosis. Cultivations were performed in baffled shake flasks (n=3), using the corresponding
minimal medium with glucose as the carbon source. Metabolite samples were taken during exponential
growth phase, as soon as a biomass of 0.7 g/L had been reached.

The intracellular metabolite levels showed that the pools of SUC, FUM and MAL were lower in
wild type Y. pseudotuberculosis than in wild type E. coli. These findings correlate with the re-
sults of metabolic flux analysis, which indicate a higher TCA flux for E. coli (Hiller 2006; Blicker
et al. 2014). Quantitative analysis of the metabolite levels of SUC, FUM and MAL showed that
these pools were several times higher in the knockout mutants. Thereby the metabolic profile
resembled more the metabolite levels of E. coli than that of the wild type of Y. pseudotubercu-
losis. The increase of these pools as a consequence of the genetic modifications, however,
seemed not the result of an elevated flux through the TCA cycle. Thus, a closer look at the

genetic modifications had to be taken.

The redox regulator ArcA (anoxic redox control) is known to control TCA cycle fluxes in E. coli
during aerobic batch growth on glucose (Perrenoud & Sauer 2005). Apart from modulating the
transcription of enzymes which are actively participating in the TCA cycle, ArcA is responsible
for the fine tuning of the respiratory chain. The regulator is activated under microaerobic con-
ditions and then represses the transcription of cytochrome oxidase while simultaneously acti-
vating transcription of cytochrome d oxidase, which shows a higher affinity to oxygen (Spiro &
Guest 1991). Furthermore it has been shown that ArcA is responsible for the flux distribution
ratio in E. coli at the branching point between acetate secretion and TCA cycle (Haverkorn van
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Rijsewijk et al. 2011). Response of Y. pseudotuberculosis to the deletion of arcA varied slightly
from the response of E. coli. Redox equivalents ratios of the AarcA strain (Table 5.12) were
slightly lowered if compared to redox equivalent ratios of wild type Y. pseudotuberculosis. This
finding indicates, in good agreement with earlier findings (Spiro & Guest 1991; Haverkorn van
Rijsewijk et al. 2011), an upregulated respiratory chain. Additionally, the accumulation of intra-
cellular SUC and FUM, combined with a lowered MAL pool (Figure 5.28), could be a conse-
guence of higher transcription rates of the enzymes 2-oxoglutarate-, succinate-dehydrogenase
and fumarase due to the lacking repression by activated ArcA. In contrast to the results of
Haverkorn van Rijsewijk et al. (2011), which were obtained for AarcA mutants of E. coli, no
indication for an upregulation of other enzymes of the TCA cycle were found. A possible ex-
planation could be that the Y. pseudotuberculosis wild type already operates at a high effi-
ciency for the reactions leading from MAL to aKG, thus an upregulation of the partaking en-
zymes had no effect on the metabolite levels. This result could also explain why the intracellular
concentrations of CIT, ISOCIT and aKG could not be determined by application of the differ-
ential method, as a high enzymatic activity of the enzymes would inevitably keep the concen-
trations of CIT, ISOCIT and aKG close to zero.

Deletion of the pyruvate kinase F (PykF), one of the core enzymes of the pyruvate node, re-
sulted in drastic changes in the pool sizes of the central carbon metabolism, as discussed
above. It became apparent that the knockout of pykF led to a backlog of metabolites of the
preceding reactions in EMP- and PP pathway. The ratios of substrate to product, however,
remained constant. Consequently, most conversion rates of glycolysis and PP pathway were
found to be unchanged. The conversion of PEP to PYR by the utilization of phosphoenolpy-
ruvate carboxylase and malic enzyme resulted in a 20-fold increased MAL pool. The increase
of the MAL level resulted in a further backlog, leading to increasing pools of the preceding
metabolites of the TCA cycle, namely SUC and FUM (Figure 5.28). The co-infection experi-
ments showed that the deletion of pykF was a disadvantage for Y. pseudotuberculosis in the
deeper tissues, while it was of no effect during first colonization of the host organism (Blcker
et al. 2014). The cause of these results could be the continuously high demand of PYR which
forces the cells to circumvent the pyruvate kinase by utilization of PEP-carboxylase and malic
enzyme. The usage of this futile cycle results in the loss of 1 mol ATP per generated mol of
PYR, a waste of energy that consequently reduces the virulence of the knockout strain in
deeper tissues. Energy efficiency is crucial in later phases of infection, while futile cycles can
be compensated under glucose excess during colonization of the host. This conclusion is also
supported by the relatively high AEC of the PykF knockout strain (Table 5.12).
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The pyruvate dehydrogenase complex regulator (PdhR) functions as a transcriptional regulator
for the pyruvate dehydrogenase complex (PDHC), which catalyzes the conversion from PYR
to AcCoA. Recently it has been shown that PdhR additionally acts as a sensor of the intracel-
lular pyruvate concentration and that it fulfills a key role in the reprogramming of E. coli during
the transition from an anaerobic to a microaerobic environment (Trotter et al. 2011). Further-
more, it has been shown that, apart from controlling the PDHC, PdhR has additional function-
ality as a transcriptional regulator of enzymes of the TCA cycle, the glyoxylate bypass, the
respiratory chain and even links cell replication to the nutritional status of the cell (Gohler et al.
2011). A closer look at the changes in metabolite pool sizes reveals that the central carbon
metabolism of the ApdhR strain was successfully perturbed at the pyruvate node, as the con-
centrations of PYR, AcCoA and the metabolites of the TCA cycle differ greatly from the con-
centrations of the wild type (Figure 5.27, Figure 5.28). In good agreement with the reported
upregulation of the NADH dehydrogenase and the respiratory chain (Trotter et al. 2011), the
NADH/NAD ratio of the ApdhR mutant drops to a value of 0.02 (Table 5.12). Moreover, in-
creased metabolite levels of SUC, FUM and MAL of the PdhR knockout strain could be a
consequence of elevated conversion rates of the TCA cycle. Gohler et al. (2011) reported
higher transcription rates for most enzymes of the TCA for E. coli cultures grown on pyruvate,
while transcription of succinate dehydrogenase was lowered at the same time, thus supporting

the results of the metabolome analysis performed in this work.

Previous transcriptome and flux analyses of Y. pseudotuberculosis had shown that deletions
of the transcriptional and post-transcriptional regulators RovA, CsrA and Crp strongly affect
the central carbon metabolism (Blcker et al. 2014). Especially pyruvate metabolism and the
entrance of carbon into the TCA cycle were perturbed by these mutations, thus leading to a
reduced virulence of the pathogen. In a next step, knockouts of the central enzyme of the
pyruvate-TCA cycle node, pyruvate kinase (ApykF), and essential regulators of this metabolic
branching point (AarcA, ApdhR, AptsN) were therefore established and analyzed in respect of
the resulting changes in the central metabolism and virulence. Overall, it can be noted that the
metabolome analysis indicates a perturbation of pyruvate metabolism and TCA cycle of
Y. pseudotuberculosis as consequence of the genetic modifications. Furthermore, it was
shown, that of the four introduced mutations only ApykF exhibited changes throughout the
complete set of metabolites, whereas alterations in AarcA, AptsN and ApdhR were restricted
to the TCA cycle metabolites, PYR and AcCoA. The PEP/PYR-ratio, which was previously
identified as a possible target to reduce the virulence of Y. pseudotuberculosis, showed no
negative influence on growth rate or virulence. However, it could be shown that the ApykF
strain utilized a futile cycle to maintain a high PYR pool. This loss of energy results in a disad-

vantage for the knockout strain when competing for resources. The deletions of ptsN and pdhR
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resulted only in minor changes of metabolome and driving forces, therefore a link between
virulence and metabolism could not be established.

However, it has to be noted that the metabolome of the wild type and all four knockout mutants
was sampled under glucose excess conditions and from fully aerobic cultures. These condi-
tions are certainly not representative for conditions in the lymphatic system, the liver or the
spleen. Recently, it was demonstrated that the ability to convert SUC via FUM, MAL and OA
to PYR plays a major role in the virulence of Salmonella enterica (Yimga et al. 2006; Mercado-
Lubo et al. 2008; Mercado-Lubo et al. 2009). It was reported that the complete loss of one of
these conversion steps rendered S. enterica growing in all deeper tissues, but at the same
time being fully avirulent. To explain these findings, it was hypothesized that S. enterica me-
tabolizes succinate, arginine or ornithine, which are still available in deeper tissues and phag-
ocytes, as soon as glucose becomes scarce. It was proposed, that maintenance of high PYR
levels is important for the virulence of S. enterica, as it is a precursor for amino acids and
AcCoA. The metabolite levels of SUC, FUM, MAL and PYR, which were measured for
Y. pseudotuberculosis and its knockout mutants show large variations, thereby indicating a
deregulating effect of the gene deletions. Hence, it is likely that metabolite quantification and
flux analysis of Y. pseudotuberculosis strains, grown using succinate, arginine or ornithine as
the sole carbon source, would give a more representative picture of the metabolic changes
induced by the gene deletions. The additional information might enable elucidation of the re-

duced virulence of the AarcA, AptsN and ApykF strain in lymph nodes, liver and spleen.

5.4 Stress Induced Changes in the Metabolome of B. megaterium

The following chapter elucidates the response of the central carbon metabolome of B. mega-
terium to stress, by temperature or by salt concentration. For this investigation, metabolite
analysis was performed using cultures growing at temperatures ranging from 15 °C to 45 °C
as well as cultures growing in media containing 0.6 M and 1.2 M of sodium chloride. The ob-
tained metabolic datasets were compared to the metabolite levels of B. megaterium, grown

under optimal conditions (37 °C, 0 M), to elucidate the effects of stress on metabolism.

5.4.1 Generation and Validation of Metabolic Profiles of B. megaterium
B. megaterium was grown in shake flasks as described above. All cultivations were performed
as triplicate and sampled as soon as a biomass level of 1.0 g/L had been reached. Biomass

and glucose concentration were monitored throughout the complete cultivation (Figure 5.29).
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Figure 5.29: Cultivation profiles of B. megaterium grown in shake flasks (n=3). B. megaterium was culti-
vated under optimal conditions using modified M9 medium. To stress the bacterium, different salt concen-
trations (0.6 M, 1.2 M) were added to the medium or the temperature was changed into suboptimal ranges
(15 °C, 45 °C). Metabolite samples were taken during exponential growth, as soon as a biomass of 1 g/L had
been reached (black arrows).

Obviously, B. megaterium exhibited exponential growth under all conditions. However, it can
be seen that the different growth conditions resulted in different growth rates. Furthermore, it
can be seen that the glucose concentration was above 2.0 g/L at the time of metabolome
sampling. In addition, the samples were taken at low biomass concentrations to assure suffi-
cient oxygen saturation of the culture broth throughout the complete cultivation. Thereby, it
should be assured that measured fluctuations in the metabolic datasets were exclusively re-
sults of the intended variations of temperature or salt concentration. The samples were then
extracted and analyzed as previously described. In accordance with results of the metabolic
flux analysis (Godard 2015), KDPG and GA could not be detected. Thus, ED pathway and GA
shunt seemed to be inactive in B. megaterium under all conditions. As can be seen in Figure
5.30 and Table 5.14, validation of the measured metabolite levels by driving force and Gibbs
energies indicated that the central carbon metabolism of B. megaterium was functional despite

the stressing conditions.

96



Results and Discussion

A (2382) (&)
—— =
.G$P = pg!
(034) §pgi T PPP co.
ol e 6PG@
= pn
EMPP @F6pP ey ®P5P (&{1‘ »
(-3099)
(3177) § ok E4P TRLA B

@FrBP

(arr)y
foa.

)

@DHAP™ «—wi— "GAP@
(@EED) V(2
@3PG  ¢sp=p 138PC
(188)¢ ipgm (208
@2PG ¢—eo—b PEP@®

- ~ -
-361) (2534)4 pykA
3 & %

®PYR

@®s7P

tal 4 756)

KDPG

=
(38.10)

(1289 v o) OA
mdh

{(ze9)

gitA

dre

acnAB ¥ -12.28)

C C=2) (€)]
[ Yeli = i,
P
(087) ¥pgt (&%) EPR > i
EMPP Y=L ,:;i. P5P (gf 6PG @
—— (-2908)
(1381) § ok E4P A | E
edd D
.FBP @® s7P | ws7)| P
(= tal K 592)
gt 03 gy
@DHAP™ ¢—vri=> "GAP@® KOPG
(a21) GV
@®3PG dcgim) 138PG
(308)4 ipgm Cz=z)
@®2PG ¢——eo— PEP@
i ——
(348) (1986 KA
34 AL
®PYR AcCoA@
(zo1) v {2
mdh
s b |
ONMAL —9¢ C|I.
R—— R
179 acn, 9.07)
L 1fy.,i,,c TCA cycle A 4B Y(_007)
a:e_A*-' ISOCIT@
. ) Com) i@ J(ame)
¥ 34
a-KG@
= sucAB
W i T )
G SucCoA ”m,
E (2558) (2558
—> —»
@G6P > ¢ :
Pg
4 o PP @ 3
EMPP ®FcP &gy ®P5SP Q@'SPG.
(1304) § otk E4P m\}:qessw | E
orsp 4
)| P
(eoa)y 580)
fbaA,
@DHAP i 3P0 KOPG
(es3) @Pﬁ -26.85) 000)
@3PG  ¢mimmp 138PG
(102)4 ipgm (-2685)
@2PG ¢——ero—> PEP@
— .
(389) ((2373)§ pykA
v
AcCoA@
L(236)
b |
o ClIT@®
oo0)f, n -12,16)
rfnlmc TCA cycle GA\ acnAB Y{( 1216
FUM aceA~— 1SOCIT @
L —5 - r N
(—o00)4 sanas Co) g #(50)
2% 3
@sucC aKC®

sucAB
o/ (7903)
h-4

) VECD
N W o 4

@DHAP

(7.0)
@3PG g 138PC

(3804 iogm (C2455)

@2PG +—eo—> PEP@

e
[ 5) (2483)4 pykA
v

—vi= GAP@

B 20,81) (-2081)
@GeP o e
1
Coobey o PPP 3
¥ (881)
EMPP @ FoP A @®Ps5P gi‘SPG.
(-3040)
(1424) § pfi E4p ThtA E
i3 edd D
®rspP ®s7P | P
(19.18)y &l 4 881)
—/baA
@DHAP™ +—wia— » W e KDPG
G wEn [Com
@3PG  —zp—> 138PC
(073)§ ipgm (1500)
@2°PG +—eo— PEP@
- -
((234) (-19.07)4 pykA
- A
®PYR AcCOA@
(1040} v L1040
7 (o00) tA
- b 1
ol dre
[@ECXE)) AN TCA cycle G;’\\ acnaB Y 1324)
®FuMm aceA~— |SOCIT@
2 . ( o e ¥ (281
(-1e52)} sdnas (L €
¥ e
SucC a-KG@®
o x g
SUSCD. SucAB /
(78.89) ("7889)
ED N Sk 4
D &) (Bw)
-
@G6P b & ’
(53 4opl . PPP 3
EMEP @®F6P :m‘.PSP anim6PG@
-14.27) § pfk E4p _,k,l,,'m"' ‘ E
y eddD
@®FBP | P
o
/IbsA\

KDPG
wﬁ 2455)

OFYR K= BPACCOA@
%) v __ OA 5D
F 0,00) £
OMAL ——0ic C|T'

— N

(Caso)p, 1 TCA cycle GA ,C,,ig Y(1es)
@ Fum aceA~— 1SOCIT@
-

; =5 4 ( ) i ¥(30%6)
-1556)4 sdhas — i
D ¥ 1e

@suc a-KG@®
e sucAB
suc TR
€LY &)
SucCoA co;

Figure 5.30: Validation of metabolic datasets of
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Table 5.14: Comparison of the standard Gibbs energy (AG") of reactions of the central carbon metabolism to Gibbs energies (AG) computed of the measured metabolite
pools by application of Equation 3.2. Standard Gibbs energies were obtained from the database for thermodynamic properties (Li et al. 2011). Metabolite levels were
obtained from samples of B. megaterium grown under optimal conditions (37 °C, 0 M NaCl) and under temperature induced (15 °C, 45 °C) or salt induced (0.6 M, 1.2 M)
stress. All cultivations were performed in baffled shake flasks (n=3), using minimal medium with glucose as the carbon source. Metabolite samples were taken during
exponential growth phase at a biomass of 1 g/L.

AG AG AG AG AG AG™
Pathway Reaction B. megaterium 15°C 45 °C 0.6 M 1.2M Reference
[kd/mol] [kd/mol] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]
G6P — F6P -0.8 -0.7 -1.3 -0.3 -0.6 2.78 Lietal., 2011
F6P — FBP -13.0 -13.8 -14.3 -11.8 -14.2 -15.62 Lietal., 2011
FBP — GAP + DHAP -9.9 -15.4 -10.2 -14.8 -19.2 24.64 Lietal., 2011
DHAP — GAP 6.5 4.2 7.8 2.3 -1.6 7.57 Lietal., 2011
EMP GAP — 1,3-bPG — 3PG -26.9 -23.2 -24.5 -21.0 -15.0 -19 Lietal., 2011
3PG — 2PG 1.0 1.1 3.1 1.9 0.7 6.35 Li etal., 2011
2PG — PEP -3.9 -3.5 -3.6 -3.6 -2.3 -4.47 Li etal., 2011
PEP — PYR -23.7 -19.6 -24.6 -25.3 -19.1 -27.18 Li etal, 2011
PYR — AcCoA -42.4 -44.7 -40.3 -39.1 -44.9 -39.26 Li etal, 2011
G6P — 6PG -25.6 -25.5 -25.0 -23.6 -20.8 -21.89 Li etal, 2011
PP 6PG — P5P -28.6 -29.1 -26.7 -31.0 -30.4 1.23 Li etal, 2011
2 6PG — GAP + S7P -62.2 -60.6 -61.3 -68.8 -69.2 -0.62 Lietal., 2011
GAP + S7P — F6P + GAP -5.8 -5.9 -7.8 -7.6 -8.8 -6.08 Lietal, 2011
MAL — CIT -12.4 -12.0 -8.4 -12.7 -10.4 -8.56 Lietal., 2011
CIT — ISOCIT -12.2 -9.1 -11.7 -12.3 -13.2 0.92  Metacyc, 2015
TCA cycle ISOCIT — AKG -26.5 -27.6 -31.0 -27.0 -25.6 -3.29 Lietal, 2011
AKG — SUC -79.0 -86.6 -77.9 -77.2 -78.9 -43.18  Metacyc, 2015
SUC —» MAL -24.4 -16.9 -20.1 -20.5 -19.0 -4.11 Lietal., 2011
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Similar to the validation of Y. pseudotuberculosis and E. coli, the ratio of GAP and DHAP was
the only reaction which did not match with the expected flux direction. As described above, this
could be a consequence of an overestimation of the GAP pool. Subsequently, the energetic
state and the redox state of the cells were analyzed (Table 5.15).

Table 5.15: Adenylate phosphate pools, adenylate energy charge and redox equivalent ratios measured for
B. megaterium grown under optimal conditions (37 °C, OM NaCl) and under temperature induced (15 °C,
45 °C) or salt induced (0.6 M, 1.2 M) stress. All cultivations were performed in baffled shake flasks (n=3),

using minimal medium with glucose as the carbon source. Metabolite samples were taken during exponen-
tial growth phase at a biomass of 1 g/L.

H AX)P AEC NADH/NAD NADPH/NADP
[h?]  [umol/gcow] [] [-] [-]
B. megaterium at 37 °C, 0 M 1.19 12.00 0.84 0.01 0.52
B. megaterium at 15 °C, 0 M 0.15 6.03 0.88 0.01 0.81
B. megaterium at 45 °C, 0 M 0.65 14.67 0.84 0.02 0.57
B. megaterium at 37 °C, 0.6 M 0.69 11.91 0.77 0.03 0.43
B. megaterium at 37 °C,1.2 M 0.39 12.26 0.86 0.02 1.06

AEC values were never below 0.75, thus all cells were viable at the point of sampling despite
the imposed stress (Table 5.15). These values were found to be in good agreement with data
previously published for B. megaterium by Chapman et al. (1971) and Rubia et al. (1986). The
overall concentrations of adenylate phosphates per cellular dry weight, however, correlated
with the applied cultivation temperature. These results indicate that B. megaterium adapts the
available adenylate phosphate concentration to fit the actual needs of the cell. Low tempera-
tures result in lowered reaction velocities (Beales 2004). Therefore, high amounts of adenylate
phosphates become redundant, especially since a high amount of AMP would lead to a low-
ered AEC and thus in a downregulation of anabolic reactions. Hence, the results indicate that
the active regulation of the intracellular adenylate phosphate pool is not limited to starvation
processes of E. coli (Chapman et al. 1971), but is a reaction of all microorganisms to environ-
mental changes. In addition, the NADH/NAD ratio of B. megaterium remained stable at values
below 0.05. The NADH/NAD measured ratios were in good agreement with data published for
B. megaterium (Setlow & Setlow 1977). A low NADH/NAD ratio supports effective and rapid
metabolization of glucose via glycolysis and TCA cycle, as it controls important parameters,
such as the activity of the PDH and the respiratory chain (Pettit et al. 1975; Vemuri et al. 2007).
Concluding, it can be stated that the metabolic datasets were successfully validated. Addition-
ally, the AEC-values as well as the ratios of redox-equivalents lie well within the range previ-
ously published by Chapman et al. (1971) and Bolten (2010). Thus, the data were now applied
to further investigate the influence of temperature and salt stress on the core metabolism of

B. megaterium. However, as temperature shifts result in changes of the reaction rate and
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protein degradation, while changes in the salt concentration lead to problems with osmolarity,
both conditions provoke different cellular responses.

5.4.2 Response of B. megaterium to Temperature Induced Stress

A first impact of the differing cultivation temperatures could be seen in the specific growth rates,
which were drastically lowered compared to the specific growth rate under optimal conditions
(37 °C). The PEP/PYR ratio at 15 °C and 45 °C was 0.17 and 0.92, respectively (Table 5.16).
Consequently, a negative influence of the PEP/PYR-ratio on the phosphorylation state of the
Glc-PTS could be excluded for cultivation at 15 °C. However, the glucose uptake of B. mega-
terium was decreased at 15 °C, despite the feasible PEP/PYR ratio. This might be a conse-
guence of reduced affinity of membrane transporters to their substrates and stiffening of the
cellular membrane at low temperatures (Nedwell 1999; Los & Murata 2004). The high ratio of
0.92 at 45 °C, on the other hand, indicated a lowered phosphorylation state of the Glc-PTS.
The resulting decrease in glucose uptake is possibly one of the reasons for the observed de-
crease of the growth rate at higher temperatures.

Table 5.16: Growth rates and measured PEP/PYR ratios exhibited by B. megaterium grown at optimal con-
ditions (37 °C) and at stress inducing temperatures (15 °C, 45 °C). Cultivations were performed in baffled

shake flasks (n=3), using minimal medium with glucose as carbon source. Metabolite samples were taken
during exponential growth phase at a biomass of 1 g/L.

37°C_ 15°C_ 45°C
PEP/PYR[] 0.62 017 0.92
u[hY] 119  0.15  0.65

To identify further effects of extreme temperatures on the central carbon metabolism of
B. megaterium, a closer look at the complete metabolic profile was taken (Figure 5.31). The
majority of the measured metabolites of PP and EMP pathway increased with increasing tem-
perature. This might be the result of a change in reaction velocity. The reaction velocity of
biochemical reaction depends on the temperature of the surrounding medium. An increase in
temperature of 10 K will result in a two to three-fold increase of the reaction velocity. On the
other hand, high temperatures lead to reduction or even complete loss of enzymatic activity
due to protein degradation, thereby reducing the velocity of intracellular glucose conversion.
Both phenomena have to be considered, when analyzing the development of the intracellular
metabolite pools as a reaction towards the cultivation of B. megaterium at 15 °C and 45 °C,
respectively. The analysis is additionally aggravated by differing heat stabilities of the partaking
enzymes, as it is hard to distinguish if the metabolite pool is changing as a consequence of
altered enzyme activities of incoming or outgoing reactions. However, as most metabolite con-
centrations increased with increasing temperatures, the effect of protein denaturation seemed

to be negligible.
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Figure 5.31: Effect of different temperatures (15°C, 37 °C, 45 °C) on metabolite pools of the central carbon
metabolism measured in B. megaterium. B. megaterium was grown in shake flasks (h=3) containing modi-
fied M9 medium with glucose as carbon source. Metabolite samples were taken during exponential growth
phase at a biomass of 1 g/L.

In contrast to the majority of metabolites, the pools of GAP and PYR respond differently to the
change in temperature. Both pools additionally influence the adjacent metabolite levels, as
incoming and outgoing reactions respond to the change in metabolite concentrations. Thus,
the measured intracellular metabolite concentrations, driving force and flux analysis were com-

bined to identify the cause of the variable PYR and GAP levels.

Looking at Gibbs energies (Table 5.14), it became obvious that B. megaterium successfully
compensated most effects of temperature induced changes of the carbon metabolism. It can
be seen that the cleavage of FBP to DHAP and GAP at a temperature of 15 °C is the only
reaction of glycolysis and pentose phosphate pathway which is affected by changing metabo-
lite levels. These results are in good agreement with the relative flux maps computed for growth
under temperature induced stress. Flux analysis showed that the synthesis of glycogen and
peptidoglycan is upregulated at low temperatures, thereby lowering the flux into EMP - and PP
pathway. As a result of the reduced flux, B. megaterium lowers the rates of nucleotide and
amino acid synthesis from intermediates of the PP pathway, thus keeping the relative flow
rates through both pathways constant (Godard 2015). The GAP level at a temperature of
15 °C, however, exhibited a disproportionate decrease despite the constant flux ratios (Figure
5.31), hence resulting in a lowered Gibbs energy for the conversion of FBP to GAP and DHAP.

The response of B. megaterium to cultivations at 45 °C differs greatly. Flux analysis indicated
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that the flux towards glycogen is reduced and peptidoglycan synthesis remains unchanged,
thus more carbon is flowing through the central carbon metabolism. A closer look at the me-
tabolite concentrations of FBP, DHAP, GAP and 3PG shows that all concentrations were lower
than under optimal conditions (37 °C, OM), while the PEP pool was increased. These findings
could be a consequence of an inhibition of the phosphofructokinase by high concentrations of
PEP shown in an earlier publication (Kelly & Turner 1969). Inhibition by thermodynamic con-
straints could be excluded, as the calculated Gibbs energies were equally low as the ones
computed for the cultivation at 37 °C (Table 5.14).

Explanation of the behavior of the PYR pool is somewhat more complicated, as PYR is an
important branching point, which is connected to the TCA cycle by pyruvate dehydrogenase
and the anaplerotic reactions. Flux analysis of cultivations performed at 15 °C showed that the
synthesis of all amino acids, with the exception of glutamine and glutamic acid, is reduced at
low temperatures. This could result in a rising AEC, as a consequence of an elevated usage
of the TCA cycle and thus an enhanced ATP synthesis. However, an AEC value 0.9 or higher
would result in a serious down regulation of ATP-regenerating reactions, while at the same
time up regulating ATP-utilizing reactions (Atkinson 1968). In order to maintain the AEC in the
optimal range, cells use futile cycles to fine tune their energy level (Qian & Beard 2006). For
B. megaterium it could be shown that the flux through malic enzyme, PYR-carboxylase and
PEP-carboxykinase was increased by more than 50 % at a temperature of 15 °C (Godard
2015). Thus, the microorganism seemed to use anaplerotic reactions to regulate its AEC and
to reduce the excess carbon of the TCA cycle by redirecting the flux towards PYR and PEP.
Redirection of carbon combined with reduced synthesis of amino acids results in the dispro-
portionate increase of the intracellular PYR concentration (Figure 5.31). In an attempt to re-
duce the amount of carbon, which enters the TCA cycle, the formation of biomass from PEP
(Godard 2015) and secretion of PYR into the surrounding medium were increased. Both
measures could not completely compensate the increased carbon influx, thus leading to lower
driving force for the conversion of PEP to PYR. Additionally, disproportionately high amounts
of AcCoA, CIT, ISOCIT and aKG have been measured, which might result from the reduced
amino acid synthesis (Figure 5.31). The intracellular concentration of SUC at a temperature of
15 °C, however, was found to be ten times lower than the SUC pool measured for cultivations
at optimal conditions (37 °C). Here, the increased synthesis of glutamic acid and biomass from
aKG (Godard 2015) and the high amount of extracellular akG measured via LC-MS/MS seem
to function as an effective carbon sink. Reaction of the metabolic profile to temperatures of
45 °C was less extreme if compared to changes at 15 °C. Flux analysis had shown that the
relative flux through the TCA cycle remained unchanged even though the amino acid synthesis

was again reduced. Only an increase of the malic enzyme activity was monitored, as a

102



Results and Discussion

consequence of the backlog from OA, which is then converted to AcCoA and subsequently
secreted as acetate. In contrast to cultivations at low temperatures the excess carbon is used
to generate more energy instead of plain secretion. Moreover, measurements of the metabo-
lites of the TCA cycle revealed smaller intracellular concentrations of SUC and aKG than ex-
pected, while the extracellular amounts were increasing. As a result, the mass action ratios
favored the formation of aKG, while the conversion of SUC to MAL was lowered. This phe-
nomenon seemed an effective measure to reduce the stress of excess carbon resulting from

the lowered anabolic reactions rates.

In summary, it can be noted that the combination of flux analysis, quantitative metabolomics
and thermodynamics was successfully applied to elucidate effects of temperature induced
stress on the central carbon metabolism of B. megaterium. It could be shown that extreme
temperatures led to lowered growth rates accompanied by a reduced synthesis of amino acids.
The resulting carbon backlog led to a perturbation of metabolite pools and thereby altered the
existing driving forces. However, in good agreement with the response of B. subtilis to salt
stress (Kohlstedt 2014), it could be shown that B. megaterium tries to maintain the intracellular
metabolite ratios at all costs. Here, it could be shown that the distribution of relative fluxes
through EMP- and PP pathway remains stable, while fluxes of the TCA cycle, secretion of
organic acids and biomass generation showed a strong reaction to stress (Godard 2015). At a
temperature of 15 °C B. megaterium used anaplerotic reactions in combination with biomass
formation and increased secretion of PYR and aKG to stabilize the energetic state and the
metabolite ratios. At 45 °C B. megaterium showed a higher growth rate, thus the carbon ex-
cess, due to reduced anabolic reaction rates, was smaller and the energy demand higher.
Consequently, B. megaterium used the secretion of aKG and SUC to balance the metabolite
profiles and converted AcCoA to acetate to supply additional energy, while simultaneously

reducing the carbon influx into the TCA cycle.

5.4.3 Response of B. megaterium to Salt Induced Stress

The most obvious reaction of B. megaterium to the salt induced stress was the reduced growth
rate in highly saline medium. The higher the salt concentration, the lower the measured growth
rate (Table 5.17). It is known that the activity of the Glc-PTS in E. coli is linked to the PEP/PYR
ratio (Hogema et al. 1998; Gabor et al. 2011), thus existence of a similar mechanism for
B. megaterium seemed plausible. High PEP/PYR ratios indicate a low phosphorylation state
of the Glc-PTS, which equals a low glucose phosphorylation rate. In contrast to the growth
rate, measurements of the intracellular concentrations of PEP und PYR showed that the
PEP/PYR ratio was slightly increased at a concentration of 0.6 M sodium chloride, but was

strongly decreased at salt concentrations of 1.2 M (Table 5.17). Thus, the PEP/PYR ratio
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indicated towards a higher glucose uptake rate under highly saline conditions, while the growth
rate was reduced under these conditions.

Table 5.17: Compilation of measured PEP/PYR ratios and growth rates exhibited by B. megaterium grown
at optimal conditions (OM NaCl) and at stress inducing salt concentrations (0.6 M, 1.2 M). Cultivations were
performed in baffled shake flasks (n=3), using minimal medium with glucose as carbon source. Metabolite
samples were taken during exponential growth phase at a biomass of 1 g/L.

OM 0.6M 1.2M
PEP/PYR[] 0.62 073 0.1
u[hY] 119  0.69  0.39

Previous publications showed that salt stress induces lowered membrane fluidity in microor-
ganisms, which hinders the glucose uptake rate (Hosono 1992; Los & Murata 2004). Hence,
the lowered growth rate in highly saline media might be a result of lowered membrane fluidity
and not a consequence of changes in the central carbon metabolism. Quite contrary, the low
PEP/PYR ratio measured for cultivations in media containing 1.2 M sodium chloride indicates
an enhanced phosphorylation of the Glc-PTS, in order to overcome the hindering fluidity. As
discussed in chapter 5.3.2.1, the AEC value and the NADH/NAD ratio remained in optimal
range despite the heightened salt concentrations. Conversely, a slightly decreased
NADPH/NADP was measured in cells growing in medium containing 0.6 M sodium chloride
and a strong increase of the ratio was detected for in medium containing 1.2 M sodium chloride
(Table 5.15). Prokaryotes react very sensitive to substantial changes in the osmolarity caused
by ions or organic solutes, as hypertonic conditions lead to dehydration while the cell bursts
under hypotonic conditions. An initial response of most prokaryotes to salt induced stress is
the enhanced de novo synthesis of proline, which functions as an osmoprotectant
(Empadinhas & Da Costa 2008). In addition, B. megaterium is known to accumulate high levels
of the storage polymer polyhydroxybutyrate (PHB) under the influence of high salt concentra-
tions (Wang et al. 2005). Both responses demand high levels of carbon and NADPH, thereby
explaining the distorted NADPH/NADP ratio. It could be seen that rising salt concentrations
were accompanied by a strong increase of the total concentration of the redox pair NADPH
and NADP, hereby indicating an increased demand of NADPH for synthesis of proline and
PHB. However, the response barely compensated the demand of NADPH at the 0.6 M salt
concentration and strongly over compensated it at high salt concentrations (Table 5.15).
Hence, it seems that the cells had problems to fit the NADPH/NADP ratio to the actual demand

at highly saline conditions.
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Figure 5.32: Effect of different salt concentrations (0 M, 0.6 M, 1.2 M) on metabolite pools of the central
carbon metabolism measured in B. megaterium. B. megaterium was grown in shake flasks (n=3) containing
modified M9 medium with glucose as carbon source. Metabolite samples were taken during exponential
growth phase at a biomass of 1 g/L.

Combination of metabolite quantification, flux analysis and thermodynamics was then used to
analyze the cellular response towards salt stress and to identify possible limitations and bot-
tlenecks. Figure 5.32 depicts the intracellular concentrations of all metabolites of the central
carbon metabolism at differing salinities of the medium. It becomes apparent that the pool size
of metabolites of upper glycolysis and most metabolites of the pentose phosphate pathway
decreased with rising salt concentration as a consequence of the diminished carbon uptake.
The intracellular pools of 6PG and sedoheptulose 7-phosphate (S7P) on the other hand in-
creased with rising salt concentration. It is likely, that the 6PG level was higher due to an
elevated activity of glucose-6-phosphate dehydrogenase and 6-phosphogluconolactonase as
a consequence of the higher NADPH demand. Accumulation of S7P on the other hand is not
connected to a higher demand of redox equivalents or carbon at that point of the PP pathway.
It seems more likely, that S7P accumulates because of the especially low GAP pool at high
salt concentrations. The transaldolase reaction needs equal amounts of GAP and S7P to trans-
form them to E4P and F6P. If one of the educts is missing, the other will accumulate as the
reaction comes to a halt. A closer look into the calculated Gibbs energies confirms these ob-
servations. It can be seen that the extreme reduction of the GAP pool, the crucial connection
of glycolysis and PP pathway, led to an increasing driving force for GAP forming reactions and
simultaneously lowered driving forces for GAP consuming steps (Table 5.14). These findings
were in good agreement with the performed flux analysis, which showed a reduced formation

of glycogen, nucleotides and amino acids as a consequence of the reduced carbon uptake and
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an increased flow through the PP pathway to raise the NADPH/NADP ratio at both salt con-
centrations. Moreover, the synthesis of peptidoglycan from G6P and F6P, formation of bio-
mass from the GAP pool and even the flux through glucose-6-phosphate isomerase were re-
duced at concentrations of 1.2 M sodium chloride, thereby enforcing flux through the PP path-
way (Godard 2015).

As can be seen in Figure 5.32 the majority of the measured metabolites remained at a level
similar to the level under optimal conditions. Drastic changes in the intracellular pool size could
be shown for the metabolites PYR, GAP, MAL and FUM. Hence it was assumed that these
pools play a major role in the reaction of B. megaterium towards salt induced stress. Flux anal-
ysis and HPLC measurements of the broth showed reduced synthesis of amino acids, with
exception of the osmoprotectant proline, as well as lowered secretion of organic acids, apart
from lactate, in lower glycolysis and the TCA cycle during cultivation in highly saline media
(Godard 2015). In addition, the increase of salt concentration from 0.6 M to 1.2 M resulted in
a lowered flux through anaplerotic reactions of malic enzyme and PEP-carboxykinase and re-
duced biomass formation from PEP and aKG (Godard 2015). Combination of the reduced rate
of anaplerotic reactions and the lowered rates of anabolic reaction could explain the drastically
higher levels of MAL and especially FUM. Reduction of the biomass formation from PEP com-
bined with the lowered rate of amino acid synthesis from PYR led to a 10-fold increase of the
intracellular PYR concentration at the highest salinity (Figure 5.32). The excess PYR was then
used to form lactate. Thereby, maintaining the extremely low NADH/NAD ratio (Table 5.15),
while simultaneously reducing the intracellular level of PYR. A high concentration of NAD leads
to higher driving forces for NAD dependent reactions, thus facilitating glycolysis and the TCA
cycle and here especially the conversion of PYR to AcCoA. The surplus of carbon was thus
redirected into the metabolites AcCoA, CIT, ISOCIT up to the branching point aKG at which it
was used for the enhanced formation of proline. Consequently, the metabolite pools increased
with increasing salinity of the medium (Figure 5.32). A closer look at the metabolite pools of
AcCoA, SUC, FUM and MAL shows, that the intracellular accumulation of these metabolites
was higher in cells which were cultivated at a salinity of 0.6 M sodium chloride and notat 1.2 M.
This is probably a consequence of the previously discussed NADPH/NADP ratio, which was
the lowest in cells cultivated in 0.6 M medium. NADPH is needed during the synthesis of PHB
from AcCoA (Dawes 1988) and during synthesis of proline from aKG (Pedersen et al. 1999).
Consequently, the low availability of NADPH is followed by declining rates of PHB and proline
formation. The resulting reduction of the carbon drain subsequently leads to an accumulation
of the follow up reactions. In respect of proline and PHB formation, it has to be noted that
B. megaterium seems to put the emphasis on generation of the compatible solute proline in-

stead of the storage protein PHB. Cultivation of the microorganism in 0.6 M medium resulted
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in a 30-fold increase of proline and 15 % of the biomass being PHB. A further doubling of the
osmolarity from 0.6 M to 1.2 M led to a smaller increase of proline but a doubling of the PHB
proportion (Table 5.18). This setting of priorities seems reasonable, as proline ensures the
immediate survival of the cell in its struggle with osmolarity, while the storage protein PHB
becomes only important in the case of glucose depletion.

Table 5.18: Effect of salt induced stress on the intracellular accumulation of the osmoprotectant proline
and the storage polymer PHB by B. megaterium. Cultivations were performed in baffled shake flasks (n=3),

using minimal medium with glucose as carbon source. Metabolite samples were taken during exponential
growth phase at a biomass of 1 g/L.

OM 06M 1.2M
Proline [umol/gcow] 34 922 1339
PHB [%] - 15 30

Summarizing, it can be stated that the combination of flux analysis, quantitative metabolomics
and thermodynamics proved to be a powerful tool for the identification of changes in the central
carbon metabolism of B. megaterium as a reaction towards stress induced by high salinity. It
could be shown that extreme salt concentrations led to reduced growth rates which were ac-
companied by lowered rates for anabolic reactions. Higher salt concentrations resulted in lower
anabolic activities of the cell. The excess carbon was redirected into the synthesis of the com-
patible solute proline and the storage protein PHB, still a massive accumulation of PYR could
be identified. Furthermore, it was shown that B. megaterium uses lactate formation to maintain
its NADH/NAD ratio and enforces the utilization of PP pathway to generate high amount of
NADPH, which is needed in the formation of PHB and proline. The NADPH/NADP ratio was
moreover identified to limit the generation of PHB and proline at salt concentrations of 0.6 M.
At higher salt concentrations (1.2 M) the NADPH content was disproportionately high, while
activity of the non-oxidative PP pathway seemed to be controlled by the availability of GAP.

Both findings indicate dysregulation of B. megaterium in highly saline environments.

5.5 Impact of Nutrient Levels on the Central Carbon Metabolism of D. shibae

The previous chapters have shown that metabolite quantification combined with thermody-
namics is a powerful tool for the elucidation of consequences of genetic modifications or envi-
ronmental changes. Therefore, the method was used to investigate the effect of differing car-
bon sources on the central carbon metabolism of the marine organism D. shibae. Cultures of
the microorganism were grown on the carbon sources succinate or glucose to enforce signifi-
cant changes of metabolite levels. The results were then compared to metabolite levels of
P. putida and R. palustris which were grown on glucose and succinate, respectively. Both mi-
croorganisms were used due to the similarity of their core metabolism under the applied con-
ditions. D. shibae and P. putida degrade glucose exclusively via the ED pathway, while R. pal-

ustris utilizes succinate as the favorable carbon source.
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Figure 5.33: Cultivation profiles of D. shibae, P. putida and R. palustris grown in the corresponding minimal
media. D. shibae was cultivated in shake flasks (n=3) using glucose or succinate as the sole carbon source.
P. putida was grown in a 1L DASGIP reactor in fed-batch mode to minimize the formation of secondary
metabolites. After the batch phase an exponential feed profile was applied, which supported growth at a
rate of p=0.15 ht. Samples were taken when the desired biomass of 0.3-0.8 g/L had been reached. R. pal-
ustris was cultivated under photoheterotrophic conditions, therefore anaerobic bottles were used (n=3).

Cultivations of R. palustris were performed in anaerobic bottles, while D. shibae was cultivated
in shake flasks. P. putida was grown in a bioreactor using an exponential feed profile with a
lowered growth rate to avoid overflow metabolism. The Cultivations of D. shibae exhibited ex-
ponential growth for both carbon sources used in the experiment and the exponential feed
profile used for P. putida resulted in the desired growth rate of p=0.15 h during the feeding
phase. The growth rate of R. palustris declined towards the end of the cultivation. As R. palus-
tris grew under photoheterotrophic conditions, it used light to generate energy. However, with
increasing biomass less light became available in the core of the anaerobic bottles. The self-
shading effect could explain the observed decrease in growth rate with increasing biomass.
D. shibae was sampled at a cellular dry weight of 0.3 g/L, R. palustris at a cellular dry weight
of 0.6 g/L and P. putida at a dry weight of 0.8 g/L (n=3). Obviously, enough substrate was left
in the surrounding medium at the time of sampling, as all cultures continued growing afterwards
(Figure 5.33). Hence, a corruption of metabolic datasets, due to depleted carbon pools, could

be excluded.
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Figure 5.34: Validation of metabolic datasets of D. shibae, Glc (A), D. shibae, Suc (B), P. putida, Glc (C)
and R. palustris, Suc (D) by thermodynamic constraints and driving force, both computed from measured
metabolite concentrations. Color and size of the letters of the metabolites and the adjacent circles rep-
resent the measured pool size. The color of the connecting arrows indicates in which direction the reac-
tion would proceed for the measured metabolite concentrations, while the adjacent values represent the
computed Gibbs energies for the corresponding reaction. Negative Gibbs energies support a forward
directed reaction, positive energies result in a back reaction. D. shibae was grown in baffled shake flasks
containing minimal medium with glucose or succinate as carbon source. R. palustris was grown in an-
aerobic bottles filled with minimal medium, using succinate as the carbon source. P. putida was grown
in fed-batch mode using a 1L-bioreactor filled with minimal medium and glucose as the carbon source.
Cultures were sampled during exponential growth at a biomass in range of 0.3-0.8 g/L. GA and KDPG
could not be found in D. shibae and R. palustris, due to the inactivity of the ED pathway and the GA cycle.
Consequently, no driving forces were calculated for reactions using these two metabolites.
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Obviously, succinate enters the central carbon metabolism via the TCA cycle, while glucose is
primarily metabolized via the ED pathway (Furch et al. 2009; Bartsch 2015). Thus, it was in-
vestigated if the forced gluconeogenesis is reflected by the metabolite pools of the core me-
tabolism of the investigated strains and the corresponding driving forces. Figure 5.34 depicts
the results of the validation of the metabolic data sets by calculation of the corresponding driv-
ing forces and Gibbs energies. It can be seen that the differing substrates resulted in drastic
changes of the core metabolism of D. shibae. During growth on glucose D. shibae utilized the
ED pathway and the TCA cycle to generate energy. Additionally, parts of glycolysis were found
to be active. Cultures of D. shibae, which grew with succinate as the carbon source, exhibited
a highly active TCA cycle. Furthermore, the computed driving forces indicated towards the
formation of G6P from F6P. It has to be noted that the majority of metabolites of glycolysis, ED
and PP pathway could not be quantified, due to the extremely low intracellular concentrations.
Validation of the measurements by driving force and Gibbs energy showed no proof of a cor-

ruption of the data. Consequently, the metabolic datasets were used for further analysis.

First a closer look at the growth rates, adenylate pools and energy charges of D. shibae, R. pal-
ustris and P. putida was taken (Table 5.19). Obviously, the obtained growth rates were carbon
source dependent and differed widely between the microorganisms. The photoheterotrophic
growth of R. palustris, which was metabolizing succinate, exhibited the lowest growth rate. In
contrast, the growth rate of D. shibae on succinate was found to be even higher than during
metabolization of glucose. Interestingly, growth rates correlated to the size of the adenylate
pool. The adenylate pool was found to be lower at lower growth rates (Figure 5.35). The size
of the adenylate pool seems to be adapted to fit the cellular needs.

Table 5.19: Growth rate, adenylate phosphate pool and energy charge of P. putida, R. palustris and D. shi-
bae. D. shibae was grown in baffled shake flasks containing minimal medium with glucose or succinate as
carbon source. R. palustris was grown in anaerobic bottles filled with minimal medium, using succinate as
the carbon source. P. putida was grown in fed-batch mode using a 1L-bioreactor filled with minimal medium

and glucose as the carbon source. Cultures were sampled during exponential growth at a biomass between
0.3-0.8 g/L.

. u A(X)P AEC
Strain Substrate
[h*"]  [umol/gcow] [
P. putida Glc 0.15 7.92 0.62
D. shibae Glc 0.11 6.51 0.86
D. shibae Suc 0.21 9.26 0.74
R. palustris Suc 0.05 4.32 0.56
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Figure 5.35: Correlation of adenylate phosphate pool size and growth rate. Measurements of the A(X)P pool
size were obtained from aerobic cultures of D. shibae with succinate or glucose as the carbon source, as
well as anaerobic cultures of R. palustris with succinate. Cultures of P. putida were grown in fed-batch
mode with glucose as the sole carbon source. Cultures were sampled during exponential growth at a bio-
mass between 0.3-0.8 g/L.

Analysis of the energy charge showed that the AEC of D. shibae was well in the range of viable
cells predicted by Atkinson (1968), thereby confirming the preceding validation steps. Even
though the energy charge of P. putida was below the threshold of 0.7, the value was in good

agreement with previous data of fed-batch cultivations (Jenkins et al. 1987).

In a next step the metabolite pools of the cultivations of P. putida and D. shibae, both using
glucose as the sole carbon source, were compared to detect differences in the central carbon
metabolism of both microorganisms (Figure 5.36). It can be seen that levels of glycolysis and
ED pathway metabolites were higher for P. putida, while most metabolite levels of the TCA
cycle were found to be higher in D. shibae. Furthermore, it could be shown that P. putida tends

to accumulate intracellular CIT, while D. shibae accumulated FUM and SUC.
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Figure 5.36: Comparison of intracellular metabolite pools of the central carbon metabolism of P. putida and
D. shibae (n=3). D. shibae was grown in a baffled shake flask, while P. putida was cultivated in a 1L-biore-
actor operated in fed-batch mode to minimize formation of secondary metabolites. Both microorganisms
were grown in their specific minimal medium with glucose as carbon source. Metabolite samples were
taken at a biomass of 0.3 g/L (D. shibae) and 0.8 g/L (P. putida).

The most remarkable difference between both microorganisms was the lack of PP pathway
metabolites in D. shibae compared to the substantial amounts of P5P and S7P in P. putida.
These results are supported by the publication of Klingner et al. (2015), stating that metabolic

flux through the PP pathway could be shown for P. putida but not for D. shibae.

Figure 5.37 depicts the comparison of the intracellular metabolite pools of D. shibae and R. pal-
ustris growing with succinate as the carbon source. It can be seen that all metabolites of gly-
colysis, PP pathway and TCA cycle were present in R. palustris under the applied conditions.
Measurements of D. shibae on the other hand showed, that most metabolites of glycolysis and
the PP pathway were below the detection limit. G6P, F6P, PEP and KDPG were the only de-
tectable metabolites. This could indicate that D. shibae uses these pathways only to a minor

extent, i.e. for anabolic purposes.
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Figure 5.37: Comparison of intracellular metabolite pools of the central carbon metabolism of R. palustris
and D. shibae (n=3). D. shibae was grown in a baffled shake flask, while R. palustris was cultivated in an-
aerobic bottles to enable photoheterotrophic growth. Both microorganisms were grown in their specific
minimal medium with succinate as carbon source. Metabolite samples were taken at a biomass of 0.3 g/L
(D. shibae) and 0.5 g/L (R. palustris).

As a consequence, it was assumed that both microorganisms employ a fully functional TCA
cycle if growing on succinate. The presence of detectable amounts of metabolites of PP path-
way and glycolysis in R. palustris could be the consequence of an active Calvin-Benson-
Bassham cycle, which is used to provide precursors and to regenerate cofactors under anaer-
obic conditions (McKinlay & Harwood 2010).

Summarizing, the change of carbon sources provoked drastic changes in the central carbon
metabolism of D. shibae. Comparison of the metabolic datasets of D. shibae to P. putida and
R. palustris revealed large differences as a consequence of differing pathway utilization, even

though the same carbon sources were metabolized.

5.6 Integrated Analysis of Metabolic Datasets of Different Microbial Strains

In a final step of exploration, all datasets gathered during the experiments were now integrated.
Generally, the measured metabolite levels were found feasible on basis of the underlying ther-
modynamics (Table 5.20). In almost all cases the calculated Gibb’s energies complied with the
observed flux direction. This confirms the validity of the developed approach across all involved

steps from sampling to the final data evaluation.
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Table 5.20: Comparative list of Gibbs energies calculated from metabolite pools of seven different microbial strains by application of Equation 3.2. All microorganisms
were grown in their specific minimal medium with glucose as the carbon source. An exception was R. palustris; here succinate was used as the carbon source. Metabolite
samples (n=3) were taken during exponential growth of the microorganisms and during carbon excess. Standard Gibbs energies were obtained from the database for
thermodynamic properties (Li et al. 2011). Gibbs energies supporting a forward directed reaction are highlighted in green, while a red background equals a backward
directed reaction.

Pathway Reaction C. glutamicum E. coli K12 B. megaterium Y. pseudotuberculosis D. shibae R. palustris  B. subtilis  P. putida
G6P — F6P -1.38 -1.58 -0.84 -2.36 0.28 -0.49 -2.71 -1.21
F6P — FBP -7.99 -13.01 -13.04 -5.44 -17.43 -16.61 -4.49 -12.95
FBP — GAP + DHAP -21.90 -13.24 -9.93 -17.74 -19.52 -7.90 -12.70 -9.12
DHAP — GAP -4.46 3.44 6.53 0.81 -1.32 9.10 3.99 5.79
EMP GAP — 3PG -9.50 -15.49 -26.85 -20.91 -21.38 -20.20 -23.76 -16.49
3PG — 2PG -3.38 1.79 1.02 1.27 -0.84 1.89 2.59 1.61
2PG — PEP -2.88 -1.65 -3.89 -5.81 -2.07 -1.73 -5.32 -2.05
PEP — PYR -23.93 -23.61 -23.73 -14.22 -20.87 -32.28 -26.31 -31.43
PYR — AcCoA -28.33 -34.48 -42.43 -46.76 -45.20 -30.79 -32.49 -26.47
G6P — 6PG -25.04 -27.46 -25.58 -25.65 -26.16 -31.49 -29.92 -27.84
ED KDPG — GAP + PYR - - - - -15.24 - -8.29 -12.70
6PG — RIBUSP -27.46 -29.82 -28.59 -33.61 - -27.88 -32.12 -26.40
PP 2 6PG — GAP + S7P -62.70 -53.82 -62.15 -73.07 - -49.07 -65.15 -47.52
GAP + S7P — F6P + GAP -8.20 -6.42 -5.80 -6.74 - -6.16 -6.59 -11.02
MAL — AcCoA+ OA —
CIT -11.34 -18.90 -12.36 -31.93 -27.71 -11.65 -8.13 -0.01
CIT — ISOCIT -4.47 - -12.16 0.92 - -6.21 -8.58 -10.35
TCAcycle ISOCIT — AKG -24.91 - -26.50 -34.01 - -29.14 -36.96 -25.62
AKG — SUC -80.41 -75.44 -79.03 -71.51 -85.44 -65.37 -72.91 -75.19
SUC — FUM -6.66 -12.89 - -14.32 -14.27 -14.62 -13.79 -16.16
FUM — MAL -6.51 0.39 - 3.44 -7.44 -14.42 -2.33 -4.88
ISOCIT — GA + SUC - - - - - - - -21.47
GA-Shunt
GA + AcCoA — MAL - - - - - - - -44.52
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One should, however, notice that this does not hold for the reaction of triose phosphate iso-
merase (Table 5.20). It is known, that a large excess of DHAP is needed to drive the synthesis
of GAP. The ratio between the two metabolites has been estimated as 96:4 (Cornish-Bowden
1981). The observed ratio between DHAP and GAP was high enough to drive the glycolytic
flux in C. glutamicum and glucose grown D. shibae (Wittmann & Heinzle 2002; Bartsch 2015)
and within a certain error range also appeared acceptable for Y. pseudotuberculosis (Blicker
2014). It also matched with the gluconeogenic flux of P. putida, lacking a functional glycolysis
(Nikel et al. 2015), and of succinate grown R. palustris, employing the Calvin-Benson-
Bassham cycle and gluconeogenesis to supply biomass precursors (Joshi et al. 2009).

E. coli

E. coli (Luo)

C. glutamicum

Y. pseudotuberculosis
B. megaterium

D. shibae (Glc)

P. putida

P. putida (v. d. Werf)

R. palustris GAP to DHAP | DHAP to GAP

0.1 1 10 100
DHAP/GAP-Ratio [-]

Figure 5.38: Intracellular DHAP/GAP ratios exhibited by seven microbial strains, which were acquired in the
course of this work. For comparison ratios computed from metabolic datasets of previous publications
were added for E. coli (Luo et al. 2007)and P. putida (van der Werf et al. 2008). Most strains were grown with
glucose, while R. palustris was cultivated using succinate as the carbon source. Metabolite samples (n=3)
were taken during exponential growth of the microorganisms and during carbon excess. The grey area
equals ratios for which the formation of DHAP from GAP is favored. Higher ratios favor the formation of
GAP from DHAP.

However, a strong mismatch was observed for E. coli and B. megaterium. Here, the metabolite
ratio suggested a backward conversion of GAP into DHAP, which did not agree with the oppo-
site direction of flux, inferred from **C flux data (Wittmann et al. 2007; Godard 2015). The exact
reason remains unclear. Possible limitations in the analytics with a rather broad and shallow
peak for GAP, which was a bit difficult to clearly separate from background noise, can only
partly serve as an explanation. The DHAP/GAP ratio of B. megaterium was simply too low to
be the result of a simple overestimation of the GAP pool. Interestingly, the comparison of the

data with previous metabolome data (Luo et al. 2007; van der Werf et al. 2008) revealed that
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these exhibit an even higher deviation from what is expected on the basis of molecular flux
direction (Figure 5.38). To which extent this is due to a specific phenomenon around triose
phosphate isomerase, such as metabolite channeling, which could explain such an apparent
mismatch, remains to be elucidated. In addition, it can be noticed that most glycolytic reactions
operated close to their equilibrium, exceptions being reactions such as those catalyzed by
phosphofructokinase and pyruvate kinase. This enables the cell to quickly rearrange flux upon
perturbations and agrees well with our current view on this part of carbon core metabolism
(Becker & Wittmann 2015).

Furthermore, a principle component analysis (PCA) was performed to statistically analyze the
metabolic datasets obtained in the present work (Figure 5.39).

1 1 1 1 1 1
14 /‘T?‘\c-f.EL‘(fa- ptsN b
I
/
C. giufammum‘ Y pseudo pdhR
0.5 r
= .‘ pseudo pykF
@ D. shibae QJ‘C -~
8 \ ) palustris
\ o o
g. 0 D. shibae Suc, J
8 .E. coll
o * B meddtseC
8 P.putida 4 €99 BG,
© "B mega0 b M
_g —0.5_ 2 . -
o
o ' B. mega
C%l B mega 12 M
-1 r
-1.54 ‘:“ A_zif.@ga 45°C =
T T T T T T
-1.5 -1 -0.5 0 0.5 1 1.5 2

1st Principal Component

Figure 5.39: Principle Component Analysis (PCA) of the central carbon metabolome of different strains
obtained in the present work. Metabolome datasets were generated during method validation (black), in-
vestigation of mutants of Y. pseudotuberculosis (red), stress inducing cultivations of B. megaterium
(green) and during cultivations of D. shibae using different carbon sources (blue). Metabolite samples (n=3)
were taken during exponential growth of the microorganisms and during carbon excess.
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For this purpose, the metabolite levels were standardized (using R), as concentrations differed
by several orders of magnitudes. The PCA in R then allowed evaluating if intracellular metab-
olite inventories were alike and to which extent genomic alterations and stress conditions led

to change in the metabolome signature.

The PCA resulted in the formation of two distinct and one larger cluster. The core metabolism
of Y. pseudotuberculosis and three of its four mutant strains were highly homologous and
formed a cluster. The metabolome of the ApykF strain differed greatly, as the PCA shows a
clear spatial separation. This is interesting to note, as this genetic modification was only rather
local, whereas the other mutants lacked global regulators. The second cluster consisted of the
metabolome of R. palustris and D. shibae, despite differences in the pathway usage and car-
bon source. A possible explanation is the enhanced usage of the TCA cycle, which was found
in all three cultivations. Interestingly, salt stress affected the metabolome of B. megaterium to
a lesser extent than temperature stress. The relatively conserved metabolic fingerprint
matches with the recent discovery that B. subtilis maintains flux homeostasis at elevated salt
stress (Kohlstedt et al. 2014). C. glutamicum differed from all other organisms and conditions

and obviously exhibits an individual type of metabolism regarding flux and regulation.
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6 Conclusions and Outlook

In the course of this work an extremely powerful method for quantification of metabolites of the
central carbon metabolism was developed and validated, which was then applied to analyze
the effects of genetic modification, stress, different substrates or cultivation techniques on the
central carbon metabolism of various bacterial strains. Evaluation of the gained metabolomic
datasets was performed by thermodynamic and energetic considerations. Combination of
metabolomics and fluxomics approaches enabled a holistic and systems-oriented view during

analysis of the reaction networks.

The novel quantification technique allowed a holistic analysis of the reaction networks by of-
fering a considerable reduction of time per measurement. The drastic reduction of acquisition
time, from more than 90 minutes to 25 minutes, by utilization of ion-pairing reagents and
UHPLC enables a higher sample throughput. Thorough validation of existing techniques in
combination with a set of novel efficient tools resulted in a high throughput method, which is
able to quantify key metabolites involved in the major pathways of central carbon metabolism
with a high dynamic range, down to femtomolar quantities, despite the presence of various

biological matrices.

Concerning extraction protocols, it was found that cold methanol quenching allowed efficient
guenching of all metabolic activities during the sampling process, thereby preventing falsifica-
tion of metabolic data. Problems of metabolite leakage during the quenching process were
successfully avoided by application of the differential method. With boiling ethanol and acidic
acetonitrile methanol two extraction protocols were evaluated for their extraction efficiency.
Boiling ethanol showed the higher extraction efficacy. In addition, the boiling ethanol showed
a higher reproducibility, due to immediate inactivation of all enzymes at high temperatures.
Furthermore, extraction with boiling ethanol consumed less time per extraction and was thus

selected as the method of choice for the high throughput approach.

Evaluation of the metabolic dataset by calculation of adenylate energy charge, driving force
and Gibbs energy, computed from the measured metabolite pools, allowed identification of
datasets within a physiological meaningful range. These evaluations showed the high quality
of the obtained datasets, as all metabolite pools supported ongoing activity of the catabolic

pathways.

As a first application, quantitative metabolite measurements were used to investigate the en-
ergy metabolism of E. coli under various conditions. It could be shown that the energy charge
of E. coli drops during times of glucose deprivation. To maintain the AEC within the optimal

range of 0.7 to 0.9 large amounts of AMP and ADP accumulated in the medium, thereby
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lowering the overall concentration of intracellular adenylate phosphates but simultaneously
increasing the energy charge. Furthermore, it could be shown by analysis of chemostat cul-
tures, that the growth rate is proportional to the adenylate phosphate pool, while the energy
charge was independent. However, inhibition of the respiratory chain by dinitrophenol led to a
measurable decrease of growth rate and energy charge. These observations demonstrate that
microorganisms have effective mechanisms at their disposal to maintain intracellular metabo-
lite ratios at an optimal level. Only serious distortions of energy generation rates resulted in

critical intracellular energy levels.

Furthermore, metabolite quantification was applied to investigate the reaction of E. coli to an
insufficient supply of carbon, as it can be found during fed-batch cultivations. Here, the method
was extended to detect all measurable isotopologues of the metabolites of the central carbon
metabolism. By this extension it was possible to determine the isotopologue ratios throughout
a fed-batch experiment which started with a batch phase using unlabeled glucose while during
the feeding phase only fully labeled glucose was supplied. Consequently, it was possible to
determine if the measured carbon originated from the feeding process or was part of earlier
accumulated storage polymers. Analysis of the isotopologue ratios revealed, that E. coli uses
all accessible carbon sources to maintain its optimal energy charge as long as possible. It
could be shown that glycogen and amino acids, probably originating from protein degradation,
were used to compensate the lack of carbon. In addition, it was shown that the cells remained
growing with the growth rate intended by the applied feeding profile, while the energy charge
dropped to a value of 0.4. The extremely low energy charge could be a consequence of the
formation of subpopulations which oscillate between states of ATP utilization and regeneration,
thus exhibiting an extremely low AEC while being perfectly viable at the same time. However,
the long-term fed-batch experiments indicated that an AEC below 0.3 equals a dying popula-
tion, as the AEC did not fall below this threshold despite the formation of oscillating subpopu-
lations. This finding has to be kept in mind, when evaluating metabolic datasets of larger cell
populations, in order to avoid false conclusions, as even a small subpopulation might result in

serious variations of the average metabolite concentrations.

The new quantification method was further used to evaluate the impact of genetic modification
on the central carbon metabolism of Y. pseudotuberculosis and thus the virulence of the path-
ogen. Comparison of metabolic datasets of E. coli and Y. pseudotuberculosis implicated that
Y. pseudotuberculosis exhibits a lower energy charge, thereby enhancing glucose uptake and
consequently PYR production. High titers of PYR provide protection against reactive oxygen
species which are part of the antibacterial reaction of the mammalian immune system. For

further investigation of the PYR accumulation in Y. pseudotuberculosis, one of the three
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regulators ArcA, PdhR and PtsN or the pyruvate kinase F were knocked out, all of which are
tightly associated with regulation of the pyruvate node. Analysis of the obtained metabolic da-
tasets allowed linking of reduced virulence with changes in the metabolome as a consequence
of the genetic modifications. It could be shown that the deletion of ArcA results in a shift of
fluxes from the energy efficient TCA towards rapid but less efficient fermentation. Additionally,
it could be shown that the ApykF strain circumvented the deletion of pyruvate kinase by utili-
zation of PEP carboxylase and malic enzyme to maintain a high PYR pool despite the high
energy demand of these reactions. Both of these ATP intense modifications of the standard
metabolism lead to a huge disadvantage of the two knockout strains ApykF and AArcA when
competing for resources. The deletions of PtsN and PdhR resulted only in minor changes of
metabolome and driving forces, therefore a link between virulence and metabolism could not
be established. However, it has to be noted that the metabolic datasets were obtained from
aerobically growing bacteria, which used glucose as the sole carbon source. Coinfection ex-
periments have shown that PtsN and PdhR mutants exhibit a lowered virulence in liver and
spleen, where glucose and oxygen are scarce. Hence, it is likely that metabolite quantification
and flux analysis of Y. pseudotuberculosis strains, which were grown using succinate, arginine
or ornithine as the sole carbon source, would give a more representative picture of the meta-

bolic changes induced by the gene deletions.

Application of the new metabolite quantification method for the investigation of the stress re-
sponse of B. megaterium to extreme temperatures or salt concentrations revealed the power
of a combined metabolomics and fluxomics approach. Extreme temperatures led to lowered
growth and amino acid synthesis, which resulted in perturbed metabolite pools and subse-
guently in altered driving forces and thermodynamics. It could be shown that B. megaterium
balanced the carbon excess by enhanced secretion of organic acids and pyruvate to stabilize
the intracellular driving forces. Simultaneously anaplerotic reactions were used for futile cycling
during energy excess, while the enhanced conversion of AcCCoA to acetate was utilized to
generate additional energy. Both reactions to temperature induced stress allow B. megaterium

to maintain an optimal energy level.

High salt concentrations also resulted in lowered anabolic reaction rates. However, the result-
ing carbon excess was redirected into the synthesis of the compatible solute proline and the
storage protein PHB. Instead of the secretion of excess carbon, the metabolite analysis re-
vealed an accumulation of carbon in the lower glycolysis. Furthermore, it was shown that
B. megaterium uses lactate formation to maintain its NADH/NAD ratio and enforces the utili-
zation of PP pathway to generate high amount of NADPH, which is needed in the formation of

PHB and proline. The NADPH/NADP ratio was moreover identified to limit the generation of
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PHB and proline at salt concentrations of 0.6 M. At higher salt concentrations (1.2 M) the
NADPH content was disproportionately high, while activity of the reductive PP pathway was
controlled by the availability of GAP. Both findings indicate dysregulation of B. megaterium in
highly saline environments. Summarizing, it can be stated that the combination of flux analysis,
guantitative metabolomics and thermodynamics proved to be a powerful tool for the identifica-
tion of changes in the central carbon metabolism as a reaction towards stress.

Metabolite analysis of D. shibae growing on different substrates revealed the metabolic varia-
bility of the marine microorganism. It was shown that a change of the carbon source results in
dramatic changes on metabolite level. During the growth on succinate metabolites of glycoly-
sis, Entner-Doudoroff pathway or pentose phosphate pathway are almost completely absent,
thus resulting in a measurable driving force in favor of gluconeogenesis (Figure 5.34 B). Fur-
thermore, it could be shown that D. shibae employs a backward directed non-oxidative PP
pathway to satisfy its needs for the precursor metabolites E4P and R5P. Despite these drastic
changes, the energy charge was in the optimal range. Comparison of the metabolite levels of
D. shibae to metabolite levels of glucose utilizing P. putida and succinate degrading R. palus-
tris showed that the core metabolism of D. shibae is highly efficient at extremely low metabolite

pools.

The power of the developed metabolite analysis tool was demonstrated by integrated analysis
of all datasets gathered during the experiments. Generally, the measured metabolite levels
resulted in Gibb’s energies which complied with the flux direction estimated from **C flux data.
Thus, measured metabolite levels seemed feasible on basis of the underlying laws of thermo-
dynamics. The reaction catalyzed by triose-phosphate-isomerase was found to be an excep-
tion to the rule as the measured metabolite levels supported a flux opposite to the results of
13C flux data. To which extent this is due to a specific phenomenon around triose phosphate
isomerase, such as metabolite channeling, which could explain such an apparent mismatch,

remains to be elucidated.

Statistical analysis of the metabolic datasets by means of PCA allowed evaluation of the influ-
ence of genomic alterations and stress onto the specific metabolome signatures of the inves-
tigated strains. Interestingly, the deletion of regulator proteins in Y. pseudotuberculosis
showed a relatively small impact on the metabolic fingerprint in contrast to the deletion of the
enzyme pyruvate kinase. Furthermore, it could be shown that environmental conditions have
a serious impact on the metabolome. These results emphasize the potential of metabolome
analysis in the investigation of microorganisms and their reaction to environmental changes

and genomic alterations.

121



Conclusions and Outlook

Summarizing it can be stated, that the newly established metabolite quantification method was
successfully applied for investigations on the central carbon metabolism. It proved to be a
resourceful method to gain insights and explain various impacts on the central metabolism,
which could in the future be useful for various applications. Clinically, an improved under-
standing of metabolic changes in microorganisms due to genetic modifications or environ-
mental conditions and the development and assessment of potential treatment measures

based on these insights could prove extremely valuable in the future.

Moreover, the newly developed method is offering potential of high throughput screening,
which could provide valuable insight into the metabolism of microorganisms in a wide area of
application fields in system biotechnology, as it also easily defines metabolic bottlenecks.
Hence, the newly established method has the potential to become a key technology in the

optimization of biotechnological production processes.
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7 Abbreviations and Symbols

Abbreviations

aKG a-Ketoglutarate

1,3-BPG 1,3-Bisphsophoglycerate

2PG 2-Phosphoglcerate

3PG 3-Phosphoglycerate

6PG 6-Phosphogluconate

AA Acetic acid

AAM Acidic acetonitrile methanol

AAP aerobic anoxygenic phototrophs
AcCoA Acetyl-Coenzyme A

ADP Adenosine diphosphate

AEC Adenylate energy charge

AMP Adenosine monophosphate
anNET analytical network evaluation tool
ANP Aqueous normal phase

APCI Atmospheric pressure chemical ionization
ArcA Anoxic redox control regulator
ATCC American type culture collection
ATP Adenosine triphosphate

BE Boiling ethanol

CAD Collision gas

CBB Calvin-Benson-Bessham

CcDW Cellular dry weight

CE Capillary electrophoresis

CE Collision energy

CID Collision induced dissociation
CIT Citrate

CO: Carbon dioxide

CoA Coenzyme A

CUR Curtain gas

CVv Coefficient of variation

CXP Cell exit potential

DHAP Dihydroxyacetone phosphate
DIN German institute of standardization
DNP Dinitrophenol

DP Declustering potential

DSMz German collection of microorganisms and cell cultures
E Educts

E4P Erythrose 4-phosphate

ED Entner-Doudoroff

El Electron impact

EMP Embden-Meyerhof-Parnas/glycolysis
EP Entrance potential
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ESI
EtOH
FipP
F6P
FAD
FADH.
FBP

FT
FUM
G6P
GA
GAP
GC
GC-MS
Glc
Glc-PTS
GS1
GS2
GTP
HILIC
HPLC
IP-LC
IS
ISOCIT
KDPG
LB

LC
LC-MS
LC-MS/MS
LOD
LOQ
m/z-ratio
MAL
MAR
MeOH
MRM
MS
NAD
NADH
NADP
NADPH
OA

oD

=]

PDH
PDHC

Electrospray ionization

Ethanol

Fructose 1-phosphate

Fructose 6-phosphate

Flavine adenine dinucleotide (oxidized)
Flavine adenine dinucleotide (reduced)
Fructose 1,6-bisphosphate

Fourier transform

Fumarate

Glucose 6-phosphate

Glyoxylic acid

Glyceraldehyde 3-phosphate

Gas chromatography

Gas chromatography-mass spectrometry
Glucose

Glucose-phosphotransferase system
Nebulizer gas

Auxiliary gas

Guanosine triphosphate

Hydrophilic interaction liquid chromatography
High pressure liquid chromatography

lon pairing liquid chromatography

lon spray voltage

Isocitric acid
2-Keto-3-deoxyphosphogluconate
Luria-Bertani

Liquid chromatography

Liquid chromatography-mass spectrometry
Liquid chromatography-tandem masspectrometry
Limit of detection

Limit of quantification

Mass to charge ratio

Malate

Mass action ratio

Methanol

Multiple reaction monitoring

Mass spectrometry

Nicotineamide adenine dinucleotide (oxidized)
Nicotineamide adenine dinucleotide (reduced)
Nicotineamide adenine dinucleotide phosphate (oxidized)
Nicotineamide adenine dinucleotide phosphate (reduced)
Oxaloacetate

Optical density

Products

pyruvate dehydrogenase

Pyruvate dehydrogenase complex
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pdhR
PEP
PFPP
PHA
PHB
Pi
PNB
PP

pykF
PYR

Q

R5P
RIBUSP
RP
RP-IP
RT

S7P
SIM
SucC
SucCoA
TBA
TCA
TEM
TLC
TOF
UHPLC
uv

X5P
XIC

Symbols

AG
AGOI

Keq

< X< ™T-Hwa™xo

XIS

Pyruvate dehydrogenase complex regulator
Phosphoenol pyruvate
Pentafluorophenylpropyl
polyhydroxyalkanoates
polyhydroxybutyrate
Phosphor (inorganic)
purple non-sulfur bacteria
Pentose phosphate
Pyruvate kinase F
Pyruvate

Quadrupole

Ribose 5-phosphate
Ribulose 5-phosphate
Reversed phase

Reversed phase ion pairing
Retention time
Seduheptulose 7-phosphate
Single ion monitoring
Succinate
Sucinnyl-Coenzyme A
Tributylamine

Tricarboxylic acid

Heat

Thin-layer chromatography
Time of flight

Ultra-high performance liquid chromatography

Ultra violet
Xylulose 5-phosphate
Extracted ion chromatogram

Gibbs formation energy
Standard Gibbs energy
Specific growth rate
Dilution rate

Feeding rate
Equilibrium constant
Ideal gas constant
Substrate
Temperature

Time

Volume

Biomass

Biomass yield

[J/mol]
[J/mol]
[h]

[h]
[mL/h]
[mol/mol]
[J/(molK )]
[g/L]

[°C]

[h] or [min]
[L]

[o/L]

[9/9]
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Figure 9.1: Development of glucose concentration and biomass during fed-batch cultivation of E. coli K12
DSM 2670 in a 1L-bioreactor filled with 0.4 L of minimal medium using [*?Cs] glucose as the carbon source.
The feed solution contained [*Cs] glucose. The applied feed profile supported a specific growth rate of
u=0.18 h-1 and was started at t = 4.3 h. Additionally, the total amount of added [*3C¢] glucose is depicted.
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Figure 9.2: Differences in the 13C labeling of metabolites from the central carbon metabolism of E. coli K12
DSM 2670 during the fed-batch experiment. The cells were grown in a 1L-bioreactor filled with 0.4 L minimal
medium containing [*?Cs] glucose as carbon source. The feed profile supported a growth rate of 0.18 h.
The feed contained [**Cs] glucose as the carbon source and was started as soon as the initial glucose
concentration was depleted at t=4.3 h. Metabolites of glycolysis and PP pathway exhibited an immediate
increase of the labeled fraction of metabolites (t=4.3 h). 100% of labeling was reached at t=8 h.
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Figure 9.3: Differences in the 13C labeling of metabolites from the central carbon metabolism of E. coli K12
DSM 2670 during the fed-batch experiment. The cells were grown in a 1L-bioreactor filled with 0.4 L minimal
medium containing [*2Cs] glucose as carbon source. The feed profile supported a growth rate of 0.18 h%.
The feed contained [**Cs] glucose as the carbon source and was started as soon as the initial glucose
concentration was depleted at t=4.3 h. Labeling of energy equivalents started 1 hour delayed (t=5 h), but
was almost completely labeled within two hours (t=7 h). Labeling of redox equivalents began 2 hours after
feed start (t=6 h) and was not completed at the end of the experiment. Labeling of metabolites of the TCA
cycle could be seen immediately (t=4.3 h) but was not completed at the end of the experiment. Furthermore,
various labeling states of the TCA cycle metabolites could be detected.
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