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Summary

Dinoroseobacter shibae is a member of the Roseobacter clade, a dominant group of
marine bacteria. This study investigated the intracellular differences in its metabolism,
while reacting on environmental changes, often hampering its living conditions.
Metabolic flux analysis with D. shibae revealed a highly conserved and effective glucose
metabolism, with degradation solely via the Entner-Doudoroff pathway, while anaplerotic
reactions and TCA cycle were more flexible. Using succinic acid it is totally different,
and only small fluxes over the ED pathway remained, to adapt fast on environmental
changes. In experiments using diamide, a substrate-independent and positive effect of
the ED pathway in handling oxidative stress was confirmed for D. shibae.

Labeling studies showed no influence of changing light regimes on the metabolism. Using
different substrates revealed, that D. shibae used substrate-specific heterotrophic carbon
incorporation via anaplerotic reactions, most effective with propionate. Further analysis
of the acetate metabolism discovered the use of the ethylmalonyl-CoA pathway for its
assimilation.

For analysis of quorum sensing mutants, which do not communicate at all, the estab-
lished metabolic flux anaysis was adapted and revealed only small changes in central
carbon metabolism. Consequently, D. shibae seemed to be highly adapted to the marine

environment and able to react flexible on changing environmental conditions.

Xl



Zusammenfassung

Dinoroseobacter shibae gehort zu den Roseobacteria, einer weit verbreiteten Gruppe
mariner Bakterien. In dieser Arbeit wurden die metabolischen Unterschiede untersucht,
die durch wechselnde Umwelteinfliisse entstehen.

Mittels metabolischer Flussanalyse konnte ein hoch konservierter und effektiver Glu-
cosemetabolismus gezeigt werden, der ausschlieBlich den Entner-Doudoroff Weg nutzt,
wahrend anaplerotische Reaktionen und der Citrat Zyklus flexibler sind. Der Stoffwechsel
auf Succinat zeigt groRe Unterschiede, sodass nur noch kleine Fliisse iiber den ED Weg
fithren. Dies bietet die Mdglichkeit einer schnellen Anpassung an wechselnde Bedingun-
gen. Experimente mit Diamid zeigten einen Substrat unabhangigen und positiven Effekt
des ED Weges beim Umgang mit oxidativem Stress.

Markierungsstudien zeigten keinen Einfluss wechselnder Lichtbedingungen auf den Metabolis-
mus. Werden dagegen unterschiedliche Substrate verwendet, zeigt D. shibae einen Sub-
strat spezifischen heterotrophen Kohlenstoffeinbau iiber anaplerotische Reaktionen, am
effektivsten fiir Propionat. Analysen des Acetatmetabolismus enthiillen die Nutzung des
Ethylmalonyl-CoA Weges.

Analyse mittels metabolischer Flussanalyse von Quorum Sensing Mutanten, die kein AHL
mehr produzieren, zeigt nur geringe Unterschiede im zentralen Kohlenstoffmetabolismus.
Zusammenfassend scheint D. shibae sehr gut an den marinen Lebensraum angepasst zu
sein und dabei fahig, sehr flexibel auf sich verandernde Umweltbedingungen reagieren zu

kdnnen.

Xl



1. Introduction and Objectives

1.1. General Introduction

Oceans are covering a large part of the earth’s surface and offer a wide range of habitats
for different organisms with a great diversity of environmental conditions (Pepper et al.
2014). But, astonishingly, there exists only little knowledge about this huge habitat.
One conspicuous fact is, that the marine environment is not affected by good conditions
for growth or survival and long periods of low nutrient concentrations are often found
in the open sea (Hahnke et al. 2013). In addition, changes in salt levels (Kirst 1990),
different light regimes and oxidative stress are also influencing marine habitats and their
residents (Tomasch et al. 2011). Although these conditions seem unsuitable, diverse
bacteria are abundant all over the oceans and contribute to the different nutrient cycles
(Zinger et al. 2011). One of these interesting and dominant groups of bacteria are the
Roseobacteria (Brinkhoff et al. 2008, Buchan et al. 2005). Members of this versatile
bacterial group are wide spread over the oceans and live in different habitats, like coastal
water, open sea or deep sea sediments (Buchan et al. 2005, Giebel et al. 2009, Tada
et al. 2011, Lenk et al. 2012 or B. Wang et al. 2009). They appear in different shapes
and colors and most of them are heterotrophic and mesophilic (Brinkhoff et al. 2008).
Furthermore, they show various habits linked to the carbon core metabolism and have
interesting survival strategies for such nutrient-poor environments.

Dinoroseobacter shibae, as one of the most studied representative of the Roseobacter
group, seems to be a good candidate for investigations of this bacterial group. It is
known for planktonic and biofilm forming growth, attached to algae (Biebl et al. 2005)
and belongs to the group of aerobic anoxygenic phototrophic bacteria (AAnP bacteria).
Due to their high abundance, especially AAnP bacteria are ecologically important mi-
croorganisms and great interest exists in understanding their metabolism. Changes in
light regimes leads for AAnP bacteria to the building of a photosystem in the dark and to
generation of additional energy during phases of light exposure (Tomasch et al. 2011).
These photoheterotrophic bacteria play therefore, a complex role in the marine carbon

cycle (Koblizek 2011). Other interesting metabolic traits of D. shibae are the exclusively



1.2. Objectives of this work

use of the Entner-Doudoroff pathway for glucose degradation (Tomasch et al. 2011),
the possibility of DMSP degradation or the cell communication over quorum sensing
(Wagner-Daobler et al. 2010).

For the detailed analysis of metabolic functions in bacteria, the systems biology pro-
vide a powerful tool to show directly the intracellular fluxes of the involved metabolites.
Metabolic flux analysis (MFA) can be used to calculate the intracellular flux distribution
with stable isotopes and for bacteria often 13C labeled carbon sources were used. These
labelings were distributed through the different metabolic pathways into the amino acids
of the cell protein and their analysis can identify used pathways. For Roseobacter litoralis
first qualitative labeling studies on carbon fixation and on identification of pathways were
done, using GC-MS analysis of amino acids (Tang et al. 2009). In a different approach
the identification of DMSP and acetate assimilation pathways used by Ruegeria pomeroyi
were analyzed by NMR analysis of labeled nucleosides and amino acids and a metabolic
model calculated (Reisch et al. 2013). First qualitative studies with GC-MS analysis
of labeled amino acids in D. shibae revealed the use of the ED pathway for glucose
degradation, but quantitative studies are still missing (Fiirch et al. 2009).

To address the identification of metabolic networks used under different environmental
conditions, the metabolic flux analysis combined with other omics data seems to be a
suitable technique to analyze this in Roseobacteria. This can provide novel insights into
used metabolic traits and mechanisms to survive in the different habitats of the nutrient

poor marine environment.

1.2. Objectives of this work

The aim of this thesis was the investigation of the metabolism of D. shibae under
environmental changes. The first part focused on glucose as substrate, known as most
common carbon source for marine environments. After the establishment of suitable
cultivation settings and medium optimization, the metabolism was studied in detail.
Therefore metabolic flux analysis was used as state of the art technique, to determine the
in vivo reaction rates of the central carbon metabolism for D. shibae. In further analyses
of the central carbon metabolism succinic acid was used, to unravel the differences
occuring in the central carbon core metabolism, when a different carbon source is used.
Detailed flux maps elucidated the fluxes through the main pathways for both substrates.
These results were combined with analyses on the reaction on oxidative stress, to provide
information about the advantages of D. shibae preferring the Entner-Doudoroff pathway

(EDP) in its environment. Additionally, differences of the robustness against oxidative
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stress for both substrates completed these analyses.

It is a fact, that the marine environment is not affected by good conditions for growth or
survival and the availability of nutrients are often changing during the year. Especially,
for AAnPs the changes in light regimes are relevant growth parameters. To investigate
these topics it was interesting to study, how bacteria react on environmental changes
in their marine habitats. Therefore the main change during algal bloom, the availability
of different carbon sources, were studied. Additionally to glucose and succinic acid, the
more reduced substrates acetate and propionate seemed to be promising candidates for
pathway analyses. Especially for acetate metabolism, it was interesting to show, that
the ethylmalonyl-CoA pathway is the used pathway in D. shibae as also known for R.
pomeroyi. To address this question, stationary labeling experiments with 13C carbonate
were conducted. Then a set of static and dynamic 13C isotope labeling experiments
were designed with D. shibae as model organism, to provide information about the
contribution of the clade and D. shibae to CO, fixation and to investigate whether
Roseobacter members act as a sink or source of CO5. In a next step, to account for
the light-induced transcriptional changes of the proposed 3-HP cycle (Tomasch et al.
2011), the influence of different illumination conditions on growth and metabolism were
analyzed.

Another wide spread property under Roseobacters is quorum sensing, a technique, that
controls divers physiologies in cell populations. This interesting behavior might have also
influences on metabolic traits and the analysis of the in vivo fluxes is a prospective way
to investigate the communication of the cell population on a metabolic level. Therefore
the established analysis on metabolic fluxes for the wildtype strain were adapted for two
mutant strains, lacking AHL production, the necessary molecule for cell communication.
The resulted flux maps gave more information on metabolic changes linked with quorum

sensing.




2. Theoretical Background

Over 70 % of the earth’s surface is covered with oceans and the enormous volume under-
lines its importance for life in general and as an important habitat for different organisms.
However, there is still limited knowledge about this ecosystem with its great diversity of
environmental conditions (Pepper et al. 2014). The variety of habitats, such as coastal
water, pelagic zones and deep sea sediments is being subject to continuous fluctuations
in temperature, pressure, light and nutrient supply (Pepper et al. 2014). Especially,
the open sea is an area with long periods of low nutrient concentrations (Hahnke et al.
2013). Although these starving conditions seem unsuitable, diverse bacteria are abun-
dant all over the oceans and contribute to the different nutrient cycles (Zinger et al.
2011).

2.1. The Roseobacter clade - a most prevalent

and versatile bacterial group in the oceans

Most bacteria, living in the marine ecosystem, belong to the group of Alpha- or Gammapro-
teobacteria (Zinger et al. 2011). The Roseobacter clade, affiliated to the Alphapro-
teobacteria, represents one of the dominating and prevalent groups and can constitute
up to 25 % of the bacterioplankton community (Brinkhoff et al. 2008, Buchan et al.
2005). Bacteria, belonging to this clade, are wide spread and live in different habitats
like coastal water, open oceans, coastal sediments or deep sea sediments, but exclusively
in marine or hypersaline environments (Buchan et al. 2005, Giebel et al. 2009, Tada
et al. 2011, Lenk et al. 2012 or B. Wang et al. 2009). Thereby, they appear free-living
and surface-associated on algae, sponges or corals (Wagner-Débler et al. 2010, Buchan
et al. 2005).

They occur as small rods (Biebl et al. 2005), spirilla e. g. Roseobacter denitrificans
(Shiba 1991) and as rosette forming colonies, e. g. Phaeobacter species (Bruhn et al.
2007). Many species are pigmented and belong to the aerobic anoxygenic phototrophs
(AANP) showing a red color from bacteriochlorophyll a, when cultivated in the dark, e. g.
D. shibae or Roseobacter litoralis (Tomasch et al. 2011, Allgaier et al. 2003). Other
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members show dark brownish pigments, e. g. Phaeobacter inhibens (Dogs et al. 2013).
The prosperous group of Alphaproteobacteria seems to be highly adapted to their
nutrient-poor environment. While autotrophic growth could not be observed (Shiba
1991), most Roseobacter are heterotrophic and mesophilic (Brinkhoff et al. 2008). The
diversity of metabolic traits includes aerobic anoxygenic phototrophy (Shiba 1991), car-
bon monoxide degradation (Cunliffe 2011), aromatic compound degradation (Buchan
et al. 2010), DMSP degradation (Reisch et al. 2013) or denitrification (Moran et al.
2007a). Other organisms of this group are able to produce storage compounds such as
polyhydroxyalkanoates (Xiao et al. 2011), antibiotics (Brinkhoff et al. 2004, Dogs et al.
2013) or acetylated homoserine lactones (AHL) (Patzelt et al. 2013, Gram et al. 2002,
Cude et al. 2013, Wagner-Dobler et al. 2005, Zan et al. 2012). Many of these diverse
habits of the Roseobacter clade are linked to the carbon core metabolism. To obtain a
deeper insight in the dominance of this clade in bacterioplankton communities, it appears
promising to investigate suitable model organisms, e. g. D. shibae, R. denitrificans or

P. inhibens as prominent and interesting members of this group.

2.2. Dinoroseobacter shibae - a prominent

member of the Roseobacter clade

D. shibae DFL-12 is one of the most prominent and most studied members of the
Roseobacter clade, a subgroup of the Alphaproteobacteria. The Gram-negative small
oval rod bacterium has first been isolated from the toxic marine algae Prorocentrum lima
occurring in sand and sediment (Pradella et al. 2004, Wagner-Débler et al. 2010, Biebl
et al. 2005). It is known for both planktonic and biofilm forming growth (Biebl et al.
2005). It belongs to the group of AAnP and has a dark red pigmentation, when grown
in darkness (Biebl et al. 2006, Allgaier et al. 2003). Its adaptation to dark-light cycles
results in additional energy generation from light under heterotrophic, especially under
starving conditions (Soora et al. 2013). Transcriptional dynamics follow the day and
night cycle, revealing the adaptation (Tomasch et al. 2011). Furthermore, D. shibae
produces polyhydroxybutyrate (PHB) as storage compound in high concentrations of
cell dry mass as many AAnP (Xiao et al. 2011).

D. shibae shows interesting metabolic traits, such as the ability to grow anaerobically, via
arginine fermentation or nitrate respiration (Laass et al. 2014). In symbiosis with algae,
D. shibae is able to synthesize vitamin By and By, to support the algal growth (Wagner-
Dobler et al. 2010). Furthermore, traits known for the Roseobacter clade are present in

the genome of D. shibae, e. g. carbon monoxide oxidation, aromatic compound degrada-
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tion or dimethylsulfoniopropionate degradation (Wagner-Débler et al. 2010). D. shibae
is able to degrade various organic acids, especially intermediates from the TCA cycle (fu-
marate, succinate, or citrate), possibly released from the algal host (Biebl et al. 2005).
Additionally, acetate, pyruvate and glucose can be metabolized as prevalent compounds
of marine dissolved organic carbon (Amon et al. 2003, Aluwihare et al. 2002, Biersmith
et al. 1998).

For the uptake of nutrients from the environment, D. shibae does not utilize a PTS
or ABC transport system, but seems to prefer tripartite ATP-independent periplasmic
transporters (TRAP) (Wagner-Ddbler et al. 2010). Genomic studies of D. shibae re-
vealed the EMP pathway and the ED pathway as pathways for glucose degradation,
while the 6-phosphogluconate dehydrogenase for the oxidative PP pathway is not an-
notated (Wagner-Débler et al. 2010). In recent studies, labeling analysis with [1-13C]
glucose revealed the exclusive degradation of glucose via the ED pathway (Fiirch et al.
2009). PEP synthesis via pyruvate orthophosphate dikinase or PEP carboxykinase was
not identified (Fiirch et al. 2009), but heterotrophic CO, fixation seems only be possible
via pyruvate carboxylase, because PEP carboxylase is not annotated (Fiirch et al. 2009).
Additional transcriptomic studies to identify the role of D. shibae in marine carbon fixa-
tion path-ways, revealed a possible activity of the 3-hydroxypropionate cycle for carbon
fixation during day and night cycles (Tomasch et al. 2011).

Quorum sensing is a mechanism to control physiology among cell populations and is
wide spread within Roseobacters (Cude et al. 2013). It is also responsible for changes in
morphology of D. shibae (Patzelt et al. 2013, Wagner-Débler et al. 2010, Wagner-Débler
et al. 2005). Genome analysis revealed the rule of Jux/ genes as autoinducer and that of
luxR genes as regulator of AHL production. A fux/ deficiency mutant showed complete
lack of AHL production and a change in morphology to only small cells (Patzelt et al.
2013).

2.3. The carbon core metabolism

Central metabolic pathways are used by bacteria to convert carbohydrates or carboxylic
acids to precursors for cell components and energy generation (ATP and NAD(P)H)
(Romano et al. 1996). Depending on the substrate, different pathways are active. While
glucose can be metabolized via three amphibolic glycolytic routes, followed by the TCA
cycle, many organic acids enter the central carbon metabolism directly via the TCA cycle.
Carbon-two compounds like acetate also feed into the TCA cycle i.e. via the glyoxylate
shunt or ethylmalonyl-CoA pathway (EMC pathway) (Tang et al. 2011). Pathways have
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been studied by genomics, transcriptomics, metabolomics, proteomics and fluxomics i.e.
to identify unknown reactions (Peyraud et al. 2009), flux distributions (Sauer et al. 2005),
adaptation processes (Kohlstedt et al. 2014) or even genetic optimization potential of
production strains (Becker et al. 2011).

The central metabolic carbon metabolism of D. shibae is shown in Figure: 2.1 and will

be shortly described below.
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Figure 2.1.: The central carbon metabolism including the EMP pathway, the ED pathway, the
oxidative and non-oxidative PP pathway, the glyoxylate-shunt, the TCA cycle, the
anaplerosis and the EMC pathway. Additionally, the gene names are given. Blue
colored gene names are annotated genes for D. shibae, based on information from
KEGG database, gray colored genes are not registered so far.




2.3. The carbon core metabolism

2.3.1. Glucose metabolism

Glucose can be metabolized via three different glycolytic pathways, the Emden-Meyerhoff-
Parnas pathway (EMP pathway), the pentose phosphate pathway (PP pathway) and the
Entner-Doudoroff pathway (ED pathway), respectively, to generate pyruvate and differ-
ent cell component precursors (Moat et al. 2002). The pathways differ in stoichiometry
and generation of energy and reduction equivalents. Further degradation of pyruvate via
the tricarboxylicacid cycle (TCA cycle) leads to additional energy and precursors. To
replenish the TCA cycle with oxaloacetate, anaplerotic reactions are used (Sauer et al.
2005).

EMP pathway

In the well studied organisms Escherichia coli and Bacillus subtilis, glucose is mainly
metabolized via the EMP pathway (Fuhrer et al. 2005) and is known as one of the main
pathways for glucose assimilation in various other bacteria. Glucose is degraded in the
EMP pathway via glyceraldehyde 3-phosphate and dihydroxyacetone phosphate to pyru-
vate. In these reactions energy and reduction equivalents are generated (Formula: 2.1).
In the upper part of the EMP pathway two ATPs are invested for phosphorylating glu-
cose and fructose 6-phosphate catalyzed by hexokinase (glk) and phosphofructokinase
(pfk) (Moat et al. 2002). These catalyze irreversible steps of this pathway. Finally two
molecules of pyruvate, two molecules of NADH and four molecules of ATP are generated
(Moat et al. 2002). Obviously no NADPH is generated in this pathway.
Embden-Meyerhof-Parnas pathway:

Glucose + 2 NADT + 2 ADP + 2 P; —

2.1
2 Pyruvate + 2 NADH + 2 HT + 2 ATP + 2 H,0 (1)

While in AAnP bacteria, the EMP pathway was found active (Tang et al. 2011), inves-
tigations suggested its inactivity in Roseobacteria (Fiirch et al. 2009, Tang et al. 2009),
although in D. shibae all involved enzymes are annotated (Figure: 2.1). This conclusion
has been been drawn because of the lacking enzymatic activity for phosphofructokinase,
a key enzyme of this pathway (Fiirch et al. 2009).

PP pathway

The main function of the PP pathway is the supply of NADPH, ribose 5-phosphate
and erythrose 4-phosphate for the organism (Michal et al. 2012). Therefore the reac-

tions are divided in an oxidative and non-oxidative branch. The oxidative part comprises
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the conversion of glucose 6-phosphate over 6-phosphogluconate to ribulose 5 phosphate
through the release of one carbon dioxide. Thereby, the key enzymes glucose 6-phosphate
(zwf) and 6-phosphogluconate dehydrogenase (gnd) generate one molecule of NADPH
each. Ribulose 5-phosphate itself is a precursor for nucleotides and intermediate of the
non-oxidative part of the pathway. First, it is converted to ribose 5-phosphate and xy-
lulose 5-phosphate via isomerase and epimerase. Followed by a rearrangement of the
carbon atoms by transketolase (tktA) and transaldolase (tal) to produce erythrose 4-
phosphate, fructose 6-phosphate and glyceraldehyde 3-phosphate. erythrose 4-phosphate
is a precursor for aromatic amino acids and fructose 6-phosphate and glyceraldehyde 3-
phosphate are intermediates of the EMP pathway, which connects both pathways. The
further degradation to pyruvate is part of to the EMP pathway. In total three glucose
react to five pyruvate and three carbon dioxide, while generating eight ATP, six NADPH
and five NADH (Formula: 2.2).

This pathway is often used additionally to the EMP pathway, due to the lack of NADPH
production along this pathway as shown for the well studied organisms E. coli (Wittmann
et al. 2007), B. subtilis (Dauner et al. 2001) and Corynebacterium glutamicum (Marx et
al. 1996). In some organisms, fructose 6-phosphate and glyceraldehyde 3-phosphate can
be reconverted to glucose 6-phosphate, resulting in a gluconeogenetic backflux (Fuhrer
et al. 2005, Conway 1992). While in organisms, lacking the key enzyme of the oxida-
tive part of the PP pathway (6-phosphogluconate dehydrogenase), the non-oxidative PP
pathway is operating in the reverse direction for precursor generation, as proposed for
R. denitrificans (Tang et al. 2009). This is also common for many phototrophic bacteria,
including the AAnP (Tang et al. 2011). Some phototrophic bacteria, able to fix inorganic
carbon autotrophically, have an active RuBisCO part of the reductive PP pathway. This
variation of the PP pathway is also known as Calvin-Benson cycle (Tang et al. 2011).
However, for photoheterotrophic bacteria belonging to the group of Roseobacteria, this
pathway is missing, because the RuBisCO is not annotated (Swingley et al. 2007). For
D. shibae and many other Roseobacteria, the 6-phosphogluconate dehydrogenase is also
missing (Figure: 2.1) resulting in zero flux through the oxidative part of the PP pathway,
while the non-oxidative part is used for precursor generation (Fiirch et al. 2009).
Pentose-Phosphate pathway:

3 Glucose + 6 NADP' + 5 NADT 4+ 8 ADP + 5 P; — 5 Pyruvate (22)
+ 3COy + 6 NADPH + 5 NADH + 8 HY + 8 ATP + 2 H,0
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ED pathway

As alternative pathway for glucose assimilation the ED pathway has been first reported in
1952 for Pseudomonas saccharophila (Peekhaus et al. 1998). Over the years it has been
shown that many Gram-negative bacteria mainly use this pathway for glucose assimila-
tion including Pseudomonas species e. g. Pseudomonas fluorescens (Fuhrer et al. 2005),
Pseudomonas putida (Chavarria et al. 2013) and Pseudomonas aeruginosa (Berger et
al. 2014), but also Rhodobacter sphaeroides (Imam et al. 2013), Zymomonas mobilis
(Rutkis et al. 2013) and Roseobacteria like D. shibae, Phaeobacter gallaeciensis (Fiirch
et al. 2009) or R. denitrificans (Tang et al. 2009). In E. coli, the ED pathway is mainly
used for gluconate, glucuronate or galacturonate degradation, which might give advan-
tages in colonization of mammalian intestinal parts (Peekhaus et al. 1998). As one of
a few Actinobacteria as well as Gram-positive bacteria, Streptomyces tenebrarius shows
an active ED pathway, when grown on glycerol (Borodina et al. 2005).

Glucose is degraded via 6-phosphogluconate and KDPG to pyruvate and glyceraldehyde
3-phosphate. Hereby, one molecule of NADPH is generated by glucose 6-phosphate
dehydrogenase (zwf), also part of the pentose phosphate pathway. The key enzymes
are 6-phosphogluconate dehydratase (edd), converting 6-phosphogluconate to KDPG,
and the KDPG aldolase, further degrading KDPG to pyruvate and glyceraldehyde 3-
phosphate, which is then further metabolized to pyruvate as part of the EMP pathway.
Additionally, one molecule of NADH and ATP are produced during these reactions, re-
spectively (Formula: 2.3).

Entner-Doudoroff pathway:

Glucose + NADPT + NAD™ 4+ ADP + P; + 2 H,0 —

(2.3)
2 Pyruvate + NADPH + NADH + ATP

TCA cycle

The TCA cycle is almost ubiquitously distributed in the bacterial kingdom for energy
generation from various substrates. Sugars, organic acids, amino acids or fatty acids,
entering the TCA cycle via different intermediates, are oxidized, which results in the
generation of reduction equivalents (NADH/NADPH) and carbon dioxide. Furthermore,
the TCA cycle provides precursors for amino acid synthesis and biomass generation. The
pathway is directly coupled with the glycolysis, via pyruvate dehydrogenase (aceEF),
generating acetyl-CoA. To replenish metabolites, used for anabolic purposes, anaplerotic
reactions are utilized (Michal et al. 2012).

10
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TCA cycle:

Acetyl-CoA + 2 NADT + NADP' + FAD + GDP + P; — 2.4
CoA + 2 NADH + NADPH + FADH, + HT + GTP

As starting reaction acetyl-CoA and oxaloacetate are condensed to citrate (gltA). After
rearrangement to isocitrate, two decarboxylation steps follow, which are catalyzed by
isocitrate dehydrogenase (icd) and by a-ketoglutarate dehydrogenase (sucAB). In the
next step, succinate is synthesized (sucCD) and then further oxidized to fumarate (sd-
hAB). Fumarate is hydrated to malate (fumC), which is finally oxidized to oxaloacetate
again (mdh). In total two molecules of NADH, one molecule of NADPH, FADH, and
GTP are generated per cycle and acetyl-CoA (Formula: 2.4).

For R. denitrificans and D. shibae, belonging to the Roseobacteria, a fully active TCA
has been shown (Tang et al. 2009, Fiirch et al. 2009). In addition, the TCA is a key
pathway in the central carbon metabolism for energy generation for many other AAnP
bacteria (Tang et al. 2011, Yurkov et al. 1998).

Anaplerosis

Under the designation of anaplerosis a couple of enzymatic reactions are summarized,
linking the glycolysis, the gluconeogenesis and the TCA cycle at the phosphoenolpyruvate-
pyruvate-oxaloacetate node. These carboxylating and decarboxylating enzymes are used
to distribute the carbon fluxes within the major pathways of carbon metabolism (Sauer
et al. 2005). For growth on carbohydrates the main pathways used are the EMP and the
ED pathway. These are followed by carboxylation of phosphoenolpyruvate and pyruvate
to replenish compounds deprived from the TCA cycle for anabolic purposes. As these car-
boxylating enzymes pyruvate and phosphoenolpyruvate carboxylase are described (For-
mula: 2.5 and 2.6). Additionally, acetyl-CoA, as starting component of the TCA cycle,
is produced by decarboxylation of pyruvate (Michal et al. 2012, Petersen et al. 2000).
For break down of TCA cycle intermediates or substrates entering the central carbon
metabolism via acetyl-CoA the gluconeogenesis is active (Sauer et al. 2005). To con-
nect both pathways malate or oxaloacetate are decarboxylated by phosphoenolpyruvate
carboxykinase (Formula: 2.7) or malic enzyme (Formula: 2.8) to provide pyruvate and
phosphoenolpyruvate (Michal et al. 2012, Petersen et al. 2000).

All together, these enzymes are able to catalyze the incorporation of inorganic carbon.
Thereby, only the two carboxylases are generally responsible for the carboxylation dur-
ing glycolytic growth (Sauer et al. 2005), while malic enzyme and phosphoenolpyruvate
carboxykinase strongly prefer the direction of decarboxylation (Bar-Even et al. 2010).

11
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Pyruvate carboxylase:

Pyruvate + ATP + CO; — Oxaloacetate + ADP + P; (2.5)

Phosphoenolpyruvate carboxylase:

Phosphoenolpyruvate + COp + HpO — Oxaloacetate + P; (2.6)

Phosphoenolpyruvate carboxykinase:

Oxaloacetate + GTP = Phosphoenolpyruvate + GDP + CO» (2.7)

Malic enzyme:

Malate + NADP' < Pyruvate + NADPH + CO» (2.8)

Heterotrophic bacteria require organic carbon sources for growth. Understanding of the
utilization and especially the assimilation of CO might result in a deeper insight into
the bio-energy metabolism and the role of the marine wide-spread Roseobacteria in the
global carbon cycle (Tang et al. 2009). For photoheterotrophic bacteria like AAnPs, the
four anaplerotic enzymes are reported (Tang et al. 2011). The reactions catalyzed by
these enzymes are also known to be a possible alternative mechanism for heterotrophic
CO» fixation in the Roseobacter clade (Swingley et al. 2007, Tang et al. 2009), but
the actual impact has not been verified experimentally. First studies of R. denitrificans
revealed, that it fixes approximately 10-15 % of protein carbon from CO5 over anaplerotic
pathways, mainly through malic enzyme from pyruvate to malate (Tang et al. 2009),
although this is not the preferred direction for this enzyme. These first evidences support
the assumption of heterotrophic CO5 fixation via anaplerotic reactions in R. denitrificans,
member of the Roseobacter clade (Swingley et al. 2007).

2.3.2. Growth on organic acids

Many bacteria are able to use organic acids, amino acids or alcohols for growth, which
are entering the main metabolic carbon metabolism at the TCA cycle. This comprises
many organic acids like succinate, malate and citrate, direct intermediates of the TCA
cycle. Other substances (propionate, glutamate or acetate) are first converted to these
intermediates or enter via pyruvate and acetyl-CoA the TCA (acetate, lactate, alanine or
ethanol). The further metabolization progresses via gluconeogenesis, which is coupled
through anaplerosis with the TCA cycle (Michal et al. 2012).

12



2.3. The carbon core metabolism

Gluconeogenesis

Bacteria, growing on substrates, that enter the metabolism via the TCA cycle have
to be able to derive sugars for storage purposes and precursors e. g. for purines via
gluconeogenesis. Mainly, gluconeogenesis recruits reversible enzymes from glycolysis,
while irreversible steps are by-passed through specific enzymes. These key enzymes are
glucose 6-phosphatase, generating glucose from glucose 6-phosphate, and fructose bis-
phosphatase replacing phosphofructokinase (Michal et al. 2012). To concatenate the
TCA cycle with gluconeogenesis, anaplerotic reactions are involved. Starting from pyru-
vate, two different ways are possible to generate phosphoenolpyruvate. The pyruvate
phosphate dikinase is able to produce phosphoenolpyruvate directly. Another possibility
is the conversion to oxaloacetate by pyruvate carboxylase, followed by phosphoenolpyru-
vate carboxykinase, producing phosphoenolpyruvate, the starting point of further glu-
conengenesis (Sauer et al. 2005). If the initial metabolite is an intermediate from the
TCA cycle, the connection to gluconeogenesis can function via phosphoenolpyruvate
carboxykinase or a combination of malic enzyme and pyruvate phosphate dikinase, as
known for E. coli (Netzer et al. 2004, Kao 2005).

Gluconeogenesis:

2 Pyruvate + 4 ATP + 2 GTP + 2 NADH + 6 HO —

2.9
Glucose + 4 ADP + 2 GDP + 6 P; + 2 NADT 4+ 2H™ (29)

Gluconeogenesis is a highly energy consuming process (Equation: 2.9) using four ATP,

two GTP and two NADH to generate one glucose, but it is necessary for growth.

The different pathways known for acetate assimilation

Various organisms are able to metabolize carbon-two compounds e. g. acetate. Two dif-
ferent ways of acetate degradation are so far known. Substances entering the metabolism
via acetyl-CoA (e. g. alcohols, PHA and DMSP) also uses the assimilation pathway of
acetate, as connection to the TCA cycle (Schneider et al. 2012). Under these substances,
especially DMSP is known as an osmolyte of algae and is therefore a prevalent carbon
source for Roseobacter (Reisch et al. 2013). From this point of view, it seems important
to study the metabolism of acetate.

Glyoxylate shunt:

4 Acetyl-CoA + 2 NAD' + 6 H,O —

(2.10)
2 Malate + 4 HS=CoA + 6 HT + 2 NADH

13
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The problem arising during aerobic acetate assimilation is a lack of oxaloacetate, which
is necessary for the TCA cycle. One pathway to assimilate acetate is the glyoxylate shunt
(Alber et al. 2006). This pathway comprises first the cleavage of isocitrate to glyoxylate
and succinate catalyzed by isocitrate lyase. This is followed by synthesis of malate from
glyoxylate and acetyl-CoA catalyzed by malate synthase (Figure: 2.1). The assimilation
of four molecules of acetyl-CoA produces two molecules of malate and two molecules of
NADH (Formula: 2.10) (Hadicke et al. 2011). This common pathway for acetate assim-
ilation is active in many bacteria containing the isocitrate lyase (Alber et al. 2006). The
strategy of anaerobic bacteria is the utilization of the pyruvate:ferredoxin oxidoreduc-
tase to generate pyruvate directly. Furthermore, the reductive acetyl-CoA pathway was
described as a possible route. However, under aerobic conditions, the involved enzymes
of these pathways are inhibited by oxygen (Erb 2011). For organisms without isocitrate
lyase, alternative routes for acetate assimilation e. g. EMC pathway and methylaspar-
tate cycle, were detected (Erb 2011). While the methylaspartate cycle is only known
for haloarchaea, the EMC pathway seems to be wide spread and it is the only acetate
assimilation pathway reported for AAnPs Tang et al. 2011.

Ethylmalonyl-CoA pathway:

3 Acetyl-CoA + 2 COy + 2 NADPH + H,0 — o
2 Malate + 3 HS—CoA + 6 Ht + 2 NADPT

For many bacteria, belonging to the group of Rhizobiales, Actinomycetales and Rhodobac-
terales, the potential of the EMC pathway was shown (Erb et al. 2009) and some of
the first studies of this pathway were done for R. sphaeroides by Alber et al. (2006)
and Erb et al. (2007). Via this pathway, three molecules of acetyl-CoA are assimilated
into two molecules of malate, one acetyl-CoA less than required for the glyoxylate shunt.
The EMC pathway is known to involve the incorporation of inorganic carbon, catalyzed
by crotonyl-CoA carboxylase/reductase (ccr) and propionyl-CoA carboxylase (pccAB)
(Formula: 2.11) (Héadicke et al. 2011). For this, two molecules of NADPH are neces-
sary. The first step of this pathway is the condensation of two acetyl-CoA molecules into
acetoacetyl-CoA, which is further modified into crotonoyl-CoA, the substrate for the first
carboxylation reaction. Further modifications result in methylmalyl-CoA, which is cleaved
by B-methylmalyl-CoA/(3S)-malyl-CoA (mcl-1) lyase into glyoxylate and propionyl-CoA.
While glyoxylate is metabolized to malate by malate synthase (glc) propionyl-CoA is de-
carboxylated into methylmalonyl-CoA and enters the TCA cycle via succinyl-CoA (Alber
2011). For this pathway, unique reactions catalieze the conversion of crotonoyl-CoA and

mesaconyl-CoA. This involves a coenzyme Bjy-dependent mutase, recently discovered
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as new subclade of mutases (Erb et al. 2008).

The activity of this pathway was demonstrated for Methylobacterium extorquens using
dynamic labeling experiments (Peyraud et al. 2009, Schneider et al. 2012). The first
Roseobacter, supposed to use the EMC pathway, is Ruegeria pomeroyi (Reisch et al.
2013). It was shown, that during DMSP degradation, this route is used to catabolize
acetyl-CoA. For AAnP bacteria, the EMC pathway is the only acetate assimilation path-
way, so far reported (Tang et al. 2011). First studies, concerning the genomic potential
of D. shibae, revealed all enzymes of this pathway as illustrated in Table: 2.1 (Erb et al.
2009). So it seems possible that D. shibae is using this pathway for acetate assimilation.

2.3.3. Carbon fixation in the marine environment and the
potential connection to aerobic anoxygenic

phototrophy

Global warming due to greenhouse gases is an important issue, affecting today’s industri-
alized society, which relies on fossil resources to supply energy, materials and chemicals
(Buschke et al. 2013b). In particular, anthropogenic carbon dioxide production signif-
icantly contributes to the increasing temperature worldwide and influences the global
carbon cycle (Liu et al. 2008). Approximately half of the released CO, is re-absorbed
by the marine and terrestrial biosphere (Liu et al. 2008). These major CO5 sinks sig-
nificantly lower greenhouse gas emissions. In addition, they are key factors in balancing

autotrophic and heterotrophic life on Earth (Hugler et al. 2011). It is estimated that

Table 2.1.: Annotated genes of D. shibae for the potential EMC pathway extracted from KEGG
and Erb et al. (2009).

Gene Gene ID

phaA Dshi_ 3066
phaB Dshi 3067

croR Dshi_ 2926
ccr Dshi_ 2853
epi Dshi_ 2630
ecm Dshi_ 2855
mcd Dshi_ 0204
mch Dshi_ 2871

mel-1 Dshi_ 3050
pccAB  Dshi_0723/0718
mcm Dshi_ 0726
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2.3. The carbon core metabolism

the marine biota is responsible for approximately half of the annual primary production
of COy (Higler et al. 2011), highlighting their global importance for ecosystems and
nutrient cycles. Overall, this results in a net carbon uptake flux by the oceans of 2 Pg
of carbon per year (Takahashi et al. 2002).

Among the bacteria of the Roseobacter clade, aerobic anoxygenic photoheterotrophic
bacteria (AAnP) appear particularly relevant, as they contribute a large portion of car-
bon to the upper trophic levels related to their fast growth and cell size (Xiao et al.
2011). They are lysed by numerous AAnP-specific viruses (Bergh et al. 1989) thereby
releasing dissolved organic carbon (DOC) into the environment (Xiao et al. 2011). Due
to their high abundance, AAnP are ecologically important microorganisms and great
interest exists in understanding their metabolism.

For phototrophic bacteria, different pathways are known for carbon dioxide assimila-
tion, and the most effective incorporation of CO5 occurs during autotrophic growth.
One of the most studied pathways is the Calvin-Benson cycle (reductive PP pathway),
with RuBisCO as key enzyme (Hiigler et al. 2011). This cycle is active in many pho-
toheterotrophic bacteria, e. g. Rhodopseudomonas palustris, and is most effective on
substrates with a low oxidation state (McKinlay et al. 2011). For autotrophic carbon
fixation in bacteria, five additional pathways have been discovered (reductive TCA cycle,
reductive acetyl-CoA pathway, 3-hydroxypropionate cycle, the 3-hydroxypropionate/4-
hydroxybutyrate cycle, the dicarboxylate/4-hydroxybutyrate cycle) (Tang et al. 2011).
So far no AAnP bacteria, which possesses a known with a completely annotated au-
totrophic carbon fixation pathway (Tang et al. 2011).

Recently, transcriptional profiling in different light regimes revealed expression changes
of potential genes of the 3-hydroxypropionate (3-HP) cycle in D. shibae DFL-12, a
member of the AAnP of the Roseobacter clade (Tomasch et al. 2011). The 3-HP cy-
cle is one of three CO fixation pathways discovered in photosynthetic bacteria to date
(Hiigler et al. 2011). In light of the high abundance of Roseobacter in the marine en-
vironment, there is high interest in quantifying their ability to fix CO5. In addition to
D. shibae, other Roseobacter members possess genes of this pathway and a mixotrophic
co-metabolization of CO» and organic carbon emerges from their genomic repertoire
(Swingley et al. 2007). It is tempting to conclude, but not scientifically proven, that
there is a significant contribution of the clade to CO5 fixation, which would have a strong

impact on our understanding of marine carbon cycling.
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2.4. Strategies against oxidative stress in the

marine environment

In the marine environment, oxidative stress is prevalent. Especially the exposure to visi-
ble and ultraviolet radiation (Lesser 2012) or to phototrophic organisms (Berghoff et al.
2011), results in the generation of reactive oxygen species (ROS). Predominantly, free
radicals of oxygen, known to be toxic, belong to ROS (Lesser 2006) and are produced
during the reduction of molecular oxygen to water via superoxide radicals, singlet oxy-
gen, hydrogen peroxide and hydroxyl radicals (Halliwell et al. 1984). Organisms try to
keep these intermediates on a low level, to avoid damages of DNA, proteins and lipids,
especially caused by hydroxyl radicals (Lesser 2006). For organisms, living in the ma-
rine realm, it is important to be adapted to such oxidative conditions. Thus they have
developed antioxidant defence mechanisms. One mechanism is the reduction of ROS
by different enzymes, the superoxide dismutase, peroxidases or catalases (Lesser 2006,
Morano et al. 2012). High amounts of reduction potential in form of NADPH is used
by many of these mechanisms (Pollak et al. 2007, Krdmer et al. 2008) and supports
the defense of oxidative stress (Storz et al. 1999, Singh et al. 2007, Storz et al. 1990).
The production of this cofactor correlates the metabolic pathway directly to oxidative
stress tolerance. The PP pathway and the ED pathway are known to provide enhanced
redox power in form of NADPH and P. putida is known to have a robust resistance to
oxidative stress mainly because it uses these pathways to metabolize glucose (Chavarria
et al. 2013). During the same study, forcing P. putida to use the EMP pathway instead,
decreased the resistance to oxidative stress significantly. Also P. aeruginosa, another ex-
ceedingly ED pathway pathway using organism, provides more NADPH than needed for
anabolism and shows a better tolerance to oxidative stress (Berger et al. 2014). Among
marine bacteria, resistance against UV radiation is common for Gammaproteobacteria
and Bacteroidetes, while Alphaproteobacteria show a higher sensitivity. The Roseobacter
clade especially seems to be better equipped with defense mechanisms against photo-
oxidative stress (Alonso-Séaez et al. 2006) and also well prepared to live in strong as-
sociation to marine algae, another stress causing situation (Wagner-Débler et al. 2010,
Seyedsayamdost et al. 2011).

To study resistance against oxidative stress, it is possible to quantify the supply of reduc-
ing power (NADPH) from the intensively studied stoichiometry of the central metabolic
pathways combined with metabolic flux data (Berger et al. 2014). Another way is to in-
vestigate the tolerance to diamide or hydrogenperoxide (Chavarria et al. 2013), known as

oxidative stress causing reagents (Pdcsi et al. 2005). Diamide is known to be membrane-
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permeable, it oxidizes sulfhydryl bonds in the cytoplasm of the cell and is in the following
reduced by NADPH (Cumming et al. 2004, Storz et al. 1999, Morano et al. 2012). This
can be measured in a plate-based assay including a filter disc supplemented with diamide
causing an area of growth inhibition corresponding to the sensitivity to oxidative stress
(Chavarria et al. 2013). In microtiter plate assays with diamide, added in the middle of
the exponential growth phase, the inhibition/degradation time is used as direct correla-

tion to oxidative stress sensitivity (Chavarria et al. 2013).

2.5. 13C metabolic flux analysis

The field of systems biology, to understand microorganisms in total, increased enor-
mously during the last years. Beyond focusing on only genomic, transcriptomic, pro-
teomic, metabolomic or fluxomic data, the interpretation of these data reveals another
level of information hiding in these multi-omics data (Kohlstedt et al. 2010, Zhang et al.
2010). Especially in the field of systems metabolic engineering, these technologies get a
high level of attention (Kohlstedt et al. 2014, Stephanopoulos 1999) and the importance
of fluxome analysis increased (S. Kind et al. 2013, Becker et al. 2013).

Metabolic flux analysis is about the investigation of in vivo flux distributions using sub-
strates labeled with stable isotopes. For bacterial research, organic substrates are fre-
quently used with 13C labeled carbon atoms. Feeding the studied cells with these labeled
substrates leads to incorporation into metabolites and furthermore into cell components,
which can then be analyzed and used to deduce flux distributions within the cell. So,
these informations can elucidate the flux through metabolic pathways (Wittmann 2007,
Sauer 2006, Tang et al. 2012) or even identify new pathways (Reisch et al. 2013, Peyraud
et al. 2009, Christensen et al. 2000).

2.5.1. 13C MFA under steady state conditions

The aim of metabolic flux analysis (MFA) is the quantification of in vivo carbon fluxes.
The 13C labeling measurements are mostly performed by GC-MS analysis of all con-
stituents derived from tracer studies and were originally used for biomedical purposes
(Wittmann 2007, Antoniewicz 2013). Thereby 13C metabolic flux analysis generally
consists of two different parts, one experimental and one computational part (Figure:
2.2). In the experimental part, labeling studies are carried out, using stable isotopes.
During the experimental part, the organism is cultivated on a defined medium, supple-
mented with the labeled carbon source (Wittmann 2007, Tang et al. 2012, Sauer 2006).
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Figure 2.2.: Scheme of metabolic flux analysis, comprising an experimental part with labeling
studies and a computational part simulating the metabolic network to determine
the intracellular flux distribution (Wittmann 2007).

A common substrate is glucose used with labeling in different carbon atoms: [1-13C],
[6-13C], [1,2-13C5], [1,6-13C5], [U-13Cg] or mixtures of different labellings (Yang et al.
2005, Antoniewicz 2013). The substrate is metabolized during growth and the labeled
carbon atoms are transferred into metabolites and finally into cell components, such as
proteins. During metabolic steady state, generally occurring during exponential growth
or in a chemostat, all internal fluxes remain stable, ending in a stable isotopic label-
ing pattern of all substances, involved in the metabolic network (isotopic steady state)
(Wittmann 2007, Wiechert 2001, Schmidt et al. 1999). This timely stable state of the
cell can be used not only to use the labeling information of small pool size metabo-
lites, but also that from amino acids incorporated into cell protein, representing mostly
30-50 % of cell dry weight. Labeling of these protein bound amino acids refers to
precursors of the central carbon metabolism and gives indirect information about the
labeling in these intermediates (Szyperski 1995, Sauer 2006). Figure: 2.3 shows, which
precursors leads to which amino acid during growth. The most important amino acids
correspond directly to the carbon backbone of the precursor (alanine — pyruvate, ser-
ine — 3-phosphoglycerate, aspartate — oxaloacetate, glutamate — a-ketoglutarate and
histidine — ribulose 5-phosphate). The complete relation of carbon skeleton between
amino acid and precursor can be found at Wittmann (2007).

An easy way to determine the labeling in the protein bound amino acids is GC-MS
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Figure 2.3.: Amino acid precursors of the central metabolic pathways (Wittmann 2007).

(Wittmann et al. 2002, Dauner et al. 2000). After hydrolysis of all protein into amino
acids these are derivatized with MBDSTFA (N-methyl-N-tert-butyldimethylsilyl-trifluoro-
acet-amide) to get TBDMS (tert-butyldimethylsilyl) derivates through silylation of -NH,
-OH and -SH groups of the amino acid (Figure: 2.4). The derivates are more volatile
for GC analysis (Dauner et al. 2000, Leighty et al. 2012, Wittmann 2007). During anal-
ysis substances are fragmented in the MS, with the post prominent fragments shown in
Figure: 2.4. Fragment a (M-15)% and b (M-57)7 contain the entire carbon backbone
of the amino acid, while in fragment, ¢ (M-85)% and d (M-159)" the carbon atom 1

is missing. The two last fragments, generated by cracking at e, contain C; and C» for
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Figure 2.4.: TBDMS derivate of an amino acid (in gray) with fragments detected in GC-MS
comprising the following fragments: a = (M-15)*, b = (M-57)%, ¢ = (M-85)™,
d = (M-159)%, e = (f302)T consisting of the upper part and (sc)™ containing
only the -R group (Dauner et al. 2000).

(f302)™ and the side chain R of the amino acid in (sc)™. From such fragments, the
abundance of the different masses containing 12C and 13C in different counts are mea-
sured to get the ratio of Mg (completely unlabeled), to M4 (fully labeled) (Dauner
et al. 2000). These data provides enough information for network modeling. They can
also be used for qualitative analysis on pathway usage as shown by Fiirch et al. (2009)
and Berger et al. (2014).

The first step of the computational part is the creation of a metabolic model describing
all reactions of the central metabolic pathway, extracted from genomic data and vali-
dated by specific tests on activity of key enzymes. The model contains the determinable
fluxes into biomass, products and from substrates. Information of theses reactions is
extracted from biomass composition, product formation rates and substrate uptake rate,
respectively, generated during labeling experiments. All other fluxes are calculated by
a balancing analysis based on the measurements of selected mass isotopomer distribu-
tions by varying the free fluxes of the stoichiometric matrix until the deviation of the
measured and simulated labeling data reaches a specific cut off value (Kohlstedt et al.
2010, Wittmann 2007). One favorite and current tool for calculation of these fluxes
is the MATLAB based open source modeling software OpenFLUX (Quek et al. 2009,
Berger et al. 2014, Becker et al. 2013, Nocon et al. 2014). This software uses one of the
most efficient modeling strategies of elementary metabolite units (EMU) (Antoniewicz
et al. 2007a, Young et al. 2008), a correction for naturally occurring labellings and a
tool for statistical evaluation of the results (Quek et al. 2009). In the end, the fluxes

and deviation can be assembled to a metabolic flux map.
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2.5.2. Dynamic labeling incorporation for pathway

identification

Another possibility for analysis of metabolic pathways is a dynamical, non-stationary
approach (Hérl et al. 2013, N&h et al. 2007, Peyraud et al. 2009, Wiechert et al. 2013).
As described in Figure: 2.5, cells are first cultivated in unlabeled defined medium. At
the time point of metabolic steady state, labeled substrate is added or the cells are
transferred into labeled medium. To determine the successive labeling enrichment in
the metabolome, a short time sampling is necessary (Peyraud et al. 2009, N&h et al.
2007). Therefore different quenching methods are established to stop the metabolism
instantaneously after sampling (Schneider et al. 2012, Bolten et al. 2008). The labeling
of metabolites of the central carbon metabolism, free amino acids (Noh et al. 2007,
Okahashi et al. 2014, Kromer et al. 2004) or CoA-esters (Peyraud et al. 2009) are
determined. Depending on the information needed, another possibility is to additionally
specify the slower incorporation for example in the cell protein (Antoniewicz et al. 2007b).
Measuring the labeling of metabolites can either be done by LC-MS or GC-MS analysis
as described above (Chapter: 2.5.1). The time dependent incorporation of the labeling

provides different information. Fluxes and pool sizes can be calculated as well as networks
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Figure 2.5.: Scheme of dynamic labeling experiment for pathway identification, comprising an
experimental part with fast labeling studies and an analytical part determining the
intracellular labeling incorporation over the time period to get information about
the sequence of reactions of incorporation as pathway (Peyraud et al. 2009).
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can be identified (Wiechert et al. 2013, Nicolae et al. 2014, N&h et al. 2007). The
data can also be used for MFA (Okahashi et al. 2014, Jorda et al. 2013, Young et al.
2008). Especially for network identification, the calculation of the complete labeling
enrichment and the sum fractional labeling is necessary, to increase the information gain
from labeling data. For example, the time dependent increase of the sum fractional
labeling in metabolites within the sequence of a certain pathway is used for pathway
identification, as described by Peyraud et al. (2009).

Both methods were successfully used in the past for analyzing bacterial metabolisms and
will be applied in the following work to elucidate the central carbon core metabolism of

the marine bacterium D. shibae.
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3. Material and Methods

3.1. Bacterial strains

In Table 3.1 all used strains from the present work were listed. The genome-sequenced
wild type strain D. shibae DFL-12 (DSM 16493) was obtained from the German Col-
lection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). The
quorum sensing mutants D. shibae Alux/1 and AluxR1 were provided by the Helmholtz
Centre for Infection Research from their previous work (Patzelt et al. 2013). C. glutam-
icum (ATCC 13032) was obtained from the American Type Culture Collection (Manassas,
Virginia, USA) and P. putida (DSM 6125) from the German Collection of Microorgan-
isms and Cell Cultures (DSMZ, Braunschweig, Germany).

Table 3.1.: Bacterial strains used in this study

Strain Modification Reference
Dinoroseobacter shibae DFL-12 (DSM 16493)  Wild-type DSMZ Braunschweig
Dinoroseobacter shibae DFL-12 Aluxlq -luxly (Patzelt et al. 2013)
Dinoroseobacter shibae DFL-12 AluxR; -luxRy (Patzelt et al. 2013)
Corynebacterium glutamicum (ATCC 13032)  Wild-type ATCC Manassas, USA
Pseudomonas putida KT 2440 (DSM 6125) Wild-type DSMZ Braunschweig

3.2. Medium composition

All chemicals were purchased from Sigma Aldrich (Steinheim, Germany), Merck (Darm-
stadt, Germany) and Fluka (Buchs, Switzerland), respectively, and were of analytical
grade. In pre-cultures of D. shibae and P. putida the complex medium Marine broth
(MB 2216, Becton Dickinson Franklin Lakes, USA) was applied and for agar plates, the
medium was supplemented with 1.5 % agar (Table: 3.2). The second pre-cultivation
and main cultivations were conducted in an optimized synthetic mineral salt seawater
medium (SWM, Table: 3.3). Therefore all solutions were mixed at room temperature

prior to inoculation (Table: 3.4). This medium was developed in this work based on

24



3.2. Medium composition

original artificial seawater medium (oSWM, Table: 3.6) mixed prior to inoculation (Ta-
ble: 3.5). The medium is supplemented with the suitable substrate listed in Table 3.7.
For labeling experiments, 99 % ['3C] sodium bicarbonate, 98-99 % [1-13C] D-Glucose
and 99 % [1,413C5] succinic acid (Cambridge Isotope Laboratories Inc., Andover, USA)
were used.

Cultivations of C. glutamicum were conducted in complex brain heart infusion medium
(BHI, Becton Dickinson Franklin Lakes, USA) and was applied and for agar plates, the
medium was supplemented with 1.5 % agar (Table: 3.8). For the detection of substrate

specific enzyme activities a minimal medium supplemented with the suitable substrate
was used (Table: 3.9).

Table 3.2.: Composition of complex medium Marine Broth

Component Concentration
Difco Marine Broth (MB 2216) 37.4¢gl!
Agar (Agar plates) 15g 1

In aqua dest., autoclaved (121°C, 20 min)

Table 3.3.: Solutions for modified artificial seawater medium (SWM) developed in this work

Solution 2 Component Concentration
KH2PO4 05g Il
In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 3  Component Concentration
NH4Cl 25gl1
NaSO4 40.0g !

In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 4  Component Concentration
MgCly x 6 HyO 300.0 g I
In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 5 Component Concentration
CaCly x 2 Hy0 150¢g 7!
In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 6 Component Concentration
NaHCO3 19.0g !
In aqua dest., pH 8, autoclaved (121°C, 20 min)
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Solution 7  Component Concentration

NaCl 200.0 g I

KCl 50g !

In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 8 Component Concentration

Triplex Il (NazEDTA) 52¢g 1

In aqua dest., pH 12, sterile filtered

Solution 9  Component Concentration

Fe(S04) x 7 Hy0 21glt

H3BO3 0.03g It

MnCly x 4 H,0 01gl?

CoCly x 6 Hy0 0.19 g I

NiCl, x 6 HyO 0.024 g I

CuCly x 2 Hy0 0.002 g I

ZnSO4 x 7 H,0 0.144 g I’

NaoMoQO4 x 2 HyO 0.036 g I

In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 10 Component Concentration

Biotin 02gl™

Niacin 20g I

4-Aminobenzoic acid 08gl!

In aqua dest., pH 8, sterile filtered

Table 3.4.: Final composition of SWM Table 3.5.: Final composition of original
Solution  Volume SWM
1 25 ml Solution Volume
2 400 mL 1 10 ml
347 100 ml 2 100 mL
4 30 ml 3 10 ml
546 10 ml 4 1 ml
8+9 2 ml 5 10 ml
10 20 ml Aqua dest. 869 ml
Aqua dest. 301 ml 1000 ml
1000 ml
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Table 3.6.: Solutions for original artificial seawater medium (0SWM)

Solution 2: SWM-Basis Component Concentration
KH,PO4 20gl?!
NH4Cl 25gl1
NaSO4 40.0¢g 1!
MgCly x 6 HoO 30.0g !
CaCly x 2 H>O 15¢g -1
NaCl 200.0 g I
KCl 50g I

In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 3: Carbonate Component Concentration

NaHCO3 190 g !

In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 4: Trace elements Component Concentration
Triplex 1l (NazEDTA) 52¢glt
Fe(SO4) x 7 Ho0 21¢gl!
H3BO3 0.03 g I
MnCly x 4 H>0 01lg -1
CoCly x 6 H,0 0.19 g It
NiCly x 6 Hy0 0.024 g I
CuCly x 2 Hp0 0.002 g I
ZnSO4 x 7 Hy0 0.144 g I’
NaoMoO4 x 2 Hy0 0.036 g I

In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 5: Vitamins Component Concentration
Biotin 02gl!
Niacin 20gl™

4-Aminobenzoic acid

08 gl

In aqua dest., pH 8, sterile filtered

Table 3.7.: Substrate solutions for minimal medium

Solution 1a

Component Concentration

Succinic acid 472 g1

In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 1b

Component Concentration

Glucosemonohydrate 792 ¢g !
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In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 1c Component Concentration
Acetic acid Na-salt 3275 g I
In aqua dest., pH 8, autoclaved (121°C, 20 min)

Solution 1d Component Concentration

Propionate Na-salt 38.4 g I
In aqua dest., pH 8, autoclaved (121°C, 20 min)

Table 3.8.: Composition of complex medium BHI

Component Concentration
BHI 37 gl
Agar (Agar plates) 15gl1!

In aqua dest., autoclaved (121°C, 20 min)

Table 3.9.: Solutions for minimal medium used for the cultivation of C. glutamicum

Solution A Component Concentration
NaCl 2.00 g I
CaCl, 011 glI?
MgS0O4 x 7 Hy0 0.40 g I't

In aqua dest., autoclaved (121°C, 20 min)

Solution B Component Concentration
(NH4)2S04 150.0 g I
In aqua dest., pH 7, autoclaved (121°C, 20 min)

Buffer solution Component Concentration
KoHPO, 316.0 g I
KH,PO4 770gI™!

In aqua dest., pH 7.8, autoclaved (121°C, 20 min)

Fe Solution Component Concentration
Fe(SO4) x 7 H20 20gl!
In aqua dest., pH 1, sterile filtered
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Trace element solution Component Concentration
FeCl3 x 6 H»0 020 g I
MnSO4 x H>0 020¢gl1
ZnSO4 x H,0 0.05 g1
CuCly x 2 Hy0 0.02 gl
NasB407 x 10 H,0 0.02 g It
NasMoOg x 4 H,O 001lg -1

In aqua dest., sterile filtered

Vitamin solution Component Concentration
Biotin 0.025 g I
Thiamin x HCI 0.05 g It
Pantothenic acid Ca-salt 0.05¢gl?!

In aqua dest., pH 1, sterile filtered

DHB solution

Component

Concentration

3,4-dihydroxybenzoic acid
NaOH (6M)

30.0 g I
50 mL

In aqua dest., sterile filtered

Glucose solution

Component

Concentration

Glucose

0.10gl?

In aqua dest., autoclaved (121°C, 20 min)

Acetate solution

Component

Concentration

Acetate Na-salt

3275 g !

In aqua dest., autoclaved (121°C, 20 min)

Table 3.10.: Composition of minimal medium used for the cultivation of C. glutamicum

Solution Volume
A 500 mL
B + Buffer 100 ml
Glucose or Acetate 100 ml
Vitamin 20 ml
Fe + Trace element 10 ml
DHB 1ml
Aqua dest. 301 ml

1000 ml
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3.3. Cultivation

3.3.1. Cryoconservation

For long-time cryoconservation, D. shibae was grown in complex medium (MB medium)
under permanent light. In the exponential growth phase, 0.5 ml of broth were harvested
at an ODgg of 0.8 and mixed with 0.5 ml of 60 % glycerol stock solution. After shaking
of the tubes, the cells were frozen directly at -80°C. All strains of D. shibae were stored
at -80°C.

3.3.2. Cultivation in shake flasks

For standard cultivations in shake flasks, cells from glycerol stocks were first streaked out
on MB agar plates, incubated for 2 days at 30°C, and were then used as the inoculum
for pre-cultivation in liquid culture. lllumination settings (dark or light) were adjusted to
the subsequent settings of the cultivation. To this end, the shaker was equipped with an
illumination unit (3 x 18 W Biolux, Osram, Munich, Germany). For main cultivations in
permanent light, the illumination condition of the pre-culture was accordingly adjusted.
All other pre-cultures were grown in the dark.

Pre-cultivation was inoculated with a colony of D. shibae, and conducted for 12 h in
25 ml of MB medium in 250-ml baffled shake flasks. The cells were then harvested by
centrifugation (5,000 x g, 5 min, 4°C), washed with sterile 0.9 % NaCl and used as
inoculum for the second pre-cultivation in SWM. The second pre-culture was inoculated
to an ODggg of 0.05. After 24 h, cells were harvested as described above. The main
cultivation (25 ml of SWM medium in 250-ml baffled shake flasks) was then inoculated
to an initial ODggg of 0.001. All main cultivations were conducted in triplicate at 30°C
on an orbital shaker (180 rpm, Certomat BS-1, shaking diameter 50 mm, Sartorius AG,
Gottingen, Germany).

3.3.3. Cultivation of C. glutamicum as control for enzymatic

assays

For standard cultivations in shake flasks cells from glycerol stocks were first streaked on
BHI agar plates, incubated for 1 day at 30°C and then used as the inoculum for pre-
cultivation in liquid culture. Pre-cultivation was conducted with one colony of C. glu-
tamicum for 12 h in 25 ml of BHI medium in 250-ml baffled shake flasks. The cells were
then harvested by centrifugation (5,000 x g, 5 min, 4°C), washed with sterile 0.9 % NaCl

and used as inoculum for the second pre-cultivation in minimal medium. The second
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pre-culture was inoculated to an initial optical density of 0.05 and after 12 h, the cells
were harvested for the main cultivation. The main cultivation (25 ml of minimal medium
in 250-ml baffled shake flasks) was then inoculated with an initial ODggg of 0.05. All
main cultivations were conducted at 30°C on an orbital shaker (180 rpm, Certomat BS-1,
shaking diameter 50 mm, Sartorius AG, Géttingen, Germany). During main cultivations

the growth is monitored by measuring the optical density.

3.4. Analytical methods

3.4.1. Quantification of cell concentration
Measurement of optical density

Cell concentration was measured as optical density at 650 nm (ODggg) using a photome-
ter (Libra S11, Biochrom Ltd, Cambridge, England). To avoid osmotic effects during
measurement, samples were diluted with 24 g I"1 of NaCl solution, corresponding to the

salinity of the medium.

Determination of bio dry weight

The bio dry weight (BDW) for D. shibae grown on SWM with succinic acid and glucose
as carbon source, respectively, was determined gravimetrically. To this end, cells from
15 ml of cultivation broth were harvested by centrifugation (10 min, 5,000 x g, room
temperature) in pre-dried and weighted falcon tubes (80°C, 2 days) and washed once
with water. Then, the washed cells were dried at 80°C until constant weight (Driouch
et al. 2010).

Correlation of optical density and bio dry weight

The correlation factor between BDW and ODggsg was determined to 0.383 ggpw per
ODgsg for glucose and 0.323 ggpw per ODgsg for succinic acid (Figure: 3.1). The
difference between the correlations for two carbon sources based on differences in the
shape of the cells (Patzelt et al. 2013) and their PHB content (see below).

3.4.2. Quantification of organic acids

Organic acids in the cultivation broth were quantified by HPLC (La Chrome Elite(®
HPLC, HWR-Hitachi International HPLC, Darmstadt, Germany). Therefore 500 pl cul-
tivation broth was harvested (10 min, 5,000 x g, 4°C) and the supernatant was frozen at
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Figure 3.1.: Correlation of bio dry weight and optical density for D. shibae SWM with glucose
(A) and succinic acid (B) as sole carbon source

-18°C. After thawing of the sample, 10 pl 1 M HySO4 were added and precipitated pro-
teins were removed by centrifugation (10 min, 5,000 x g, 4°C). For the quantification,
the samples and standards with defined concentrations were separated on an Aminex
HPX-87H column (300 mm x 7.8 mm; Bio-Rad, Hercules, USA) at 45°C with 12 mM
H,SO, as mobile phase with a flow rate of 0.5 ml min™!. For detection, the refraction

index or UV absorption at a wavelength of 220 nm was used.

3.4.3. Quantification of glucose

The concentration of glucose in the cultivation broth was measured by a glucose analyser
(YSI 2700 select, YSI Incorporated, Yellow Spring, USA). Before measurement, 500
pl cultivation broth was centrifuged (10 min, 5,000 x g, 4°C) and then the glucose

concentration of the supernatant was measured.

3.4.4. Quantification of amino acids

To determine the concentration of amino acids in the cultivation broth, 500 pl were
harvested (10 min, 5,000 x g, 4°C). Therefrom, a 100 pl aliquot was dried under constant
airflow and resuspended in 1 ml 200 mM ABU (a-aminobutyric acid) as internal standard.
Quantification was then conducted via HPLC (Agilent 1200 Series, Agilent Technologies
GmbH, Santa Clara Californien, USA) as described before (Kromer et al. 2005). To

avoid the interfering of disulfide bridges with the derivatisation reagent, the samples were
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pretreated with 2-mercaptopropionate (0.5 % in 0.4 M borat buffer) and then capped
with iodacetic acid (50 mg mI™! in 0.4 M borat buffer) as described earlier (Carducci
et al. 1999). Afterwards, the analytes were derivatised using O-phtaldialdehyde (OPA)
before seperating them via a reversed phase column (Gemini 5p C18 110A, 150 x 4.6
mm, Phenomenex, Aschaffenburg, Germany) equipped with a pre-column (Gemini C18,
MAX-RP, 4 x 3 mm; Phenomenex, Aschaffenburg, Germany) with a gradient of eluent
A (40 mM NaH,POy, pH 7.8) and eluent B (45 % methanol, 45 % acetonitrile, 10 %
water) with a flow rate of 1 ml min™! at 40 °C (Table: 3.11). For the detection of
the OPA-derivated amino acids, a fluorescence detector (340 nm excitation, 540 nm

emission; Agilent, Waldbronn, Germany) was used.

Table 3.11.: Gradient of eluent A and B for the determination of amino acids with HPLC
Time [min] Eluent A [%] Eluent B [%]

0.0 100.0 0.0

40.5 59.5 40.5
41.0 39.0 61.0
43.0 39.0 61.0
57.5 0.0 100.0
59.5 0.0 100.0
60.5 25.0 75.0
61.5 50.0 50.0
62.5 75.0 25.0
63.5 100.0 0.0

65.5 100.0 0.0

3.4.5. Enzymatic assays

The cultivation of D. shibae and C. glutamicum for enzymatic assays was carried out
the same way as described in chapters: 3.3.2 and 3.3.3 with slight differences: The main
cultivation was carried out in 500 ml baffled shake flasks filled with 50 ml broth and
started with an initial optical density of 0.02 for succinic acid and acetate medium and 0.1
for minimal medium supplemented with glucose. In the middle of the exponential growth
phase at ODggq of 1.0 the cells were harvested (5,000 x g, 5 min, 4°C) and washed twice
with 0.9 % NaCl solution cooled to 4°C. Afterwards the cells were resuspended in 2 ml cell
disruption buffer per g cell wet weight and then disrupted using a FastPrep (FastPrep®—
24 Instrument, MP Biomedicals, Santa Ana, California, USA) for 20 s with glass beads
(@ 0.15 - 0.25 mm). In the following, the cell debris was centrifuged (5,000 x g, 5
min, 4°C) and the supernatant was used for enzyme activity tests. To assure a sufficient

protein concentration for further analysis, the protein content of the cell extract was
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determined with bicinchoninic acid by using a commercial kit (Thermo Fisher Scientific,

Rockford, USA). To minimize enzyme degradation, all steps were carried out on ice.

Quantification of enzyme activity

Enzyme activities were determined in micro plate based assays. Usually, a master mix was
prepared from stock solutions of cell disruption buffer, cofactors and coupling enzymes
and incubated for 10 min at reaction temperature of 30 °C to avoid influences of changing
temperatures. For the enzymatic reaction, 5 plL of substrate solution and 5 pL cell extract
were provided in a 96 well microtest plate (Kisker Biotech GmbH & Co. KG, Steinfurth,
Germany ) and the measurement was started by addition of 190 pl master mix to a total
volume of 200 pL. The time rate of change in absorbance was monitored in a Tecan
Microplate Reader (SunriseTM, Tecan Trading AG, Mannedorf, Switzerland). Negative
controls were carried out without substrate and without cell extract, respectively, and
all measurements were performed in triplicate.

Enzyme activity was generally calculated as specific enzyme activity [U mg™!] with 1
U = 1 pmol min~! at 30 °C from the change in absorbance [A min~!] and the specific
extinction coefficient (£349 = 6.22 L mmol™ cm™ for NAD(P)H and €410 = 13.6 L
mmol™1 cm™1 for DTNB).

Table 3.12.: Composition of the standard cell disruption buffer

Component Concentration

Tris 100 mM
MgCl, 10 mM
DTT 0.75 mM
EDTA 1 mM

pH 7.8

Glucose 6-phosphate dehydrogenase

The harvesting of the cells was carried out in standard cell disruption buffer. NADP
or NAD were added as cofactor to determine the cofactor dependency. The reaction
mix for measuring the glucose 6-phosphate dehydrogenase activity contained 100 mM
Tris/HCI (pH 7.8), 10 mM MgCl, 0.75 mM DTT, 1 mM EDTA, 5 mM NADP/NAD,
1 mM glucose 6-phosphate and 5 pl crude cell extract.

34



3.4. Analytical methods

6-Phosphogluconate dehydrogenase

The harvesting of the cells was carried out in standard cell disruption buffer. NADP
or NAD were added as cofactor to determine the cofactor dependency. The reaction
mix for measuring the 6-phosphogluconate dehydrogenase activity contained 100 mM
Tris/HCI (pH 7.8), 10 mM MgCly, 0.75 mM DTT, 1 mM EDTA, 5 mM NADP/NAD,
1 mM 6-phosphogluconate and 5 pl crude cell extract.

Isocitrate dehydrogenase

The harvesting of the cells was carried out in standard cell disruption buffer. NADP or
NAD were added as cofactor to determine the cofactor dependency. The reaction mix for
measuring the isocitrate dehydrogenase activity contained 100 mM Tris/HCI (pH 7.8),
10 mM MgClp, 0.75 mM DTT, 1 mM EDTA, 5 mM NADP/NAD, 10 mM isocitrate

and 5 pl crude cell extract.

6-Phosphogluconate dehydratase and KDPG aldolase

The harvesting of the cells was carried out in standard cell disruption buffer. NADH was
added as cofactor, LDH was used as coupling enzyme and the reaction mix for measuring
the activity of the 6-Phosphogluconate dehydratase and KDPG aldolase contained 100
mM Tris/HCI (pH 7.8), 10 mM MgCl,, 0.75 mM DTT, 1 mM EDTA, 0.25 mM NADH,
20 U LDH, 2.5 mM glucose 6-phosphate and 5 pl crude cell extract. Due to conversion
of NADH to NAD without cell extract added a high protein concentration of 6 mg ml_;

is essential for the measurement to overlay the high background activity.

Phosphofructokinase

The harvesting of the cells was carried out in a cell disruption buffer containing 150 mM
Tris/HCI (pH 8.0), 0.2 M KCI, 1 mM ATP, 0.75 mM DTT, 5 % (v/v) glycerin, 5 mM
MgCLy, 50 mM K3PO4. NADH was added as cofactor and the reaction mix contained
100 mM Tris/HCI (pH 8.0), 5 mM MgCly, 195 mM KCI, 10 mM K3POy4, 0.25 mM
NADH, 0.2 mM ATP, 0.5 U aldolase, 0.5 U glycerol 3-phosphate dehydrogenase, 1 U

triosephosphate isomerase, 4 mM fructose 6-phosphate and 10 pl crude cell extract.

Fructose bisphophatase

The harvesting of the cells was carried out in standard cell disruption buffer. NADP was
added as cofactor and the reaction mix for measuring the fructose bisphosphatase activity
contained 100 mM Tris/HCI (pH 7.8), 10 mM MgCly, 0.75 mM DTT, 1 mM EDTA,
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3.5. Determination of biomass composition

5 mM NADP, 2 U Phosphoglucose isomerase, 1 U glucose 6-phosphate dehydrogenase,
50 mM fructose-1,6-bisphosphate and 5 pl crude cell extract.

Malic enzyme

The harvesting of the cells was carried out in standard cell disruption buffer. NADP
was added as cofactor and the reaction mix for measuring the malic enzyme activity
contained 100 mM Tris/HCI (pH 7.8), 10 mM MgCl,, 200 mM KCl, 0.75 mM DTT, 1
mM EDTA, 5 mM NADP, 40 mM malate and 5 pl crude cell extract.

Malate synthase

The harvesting of the cells was carried out in standard cell disruption buffer. DTNB
was added as cofactor and the reaction mix for measuring the malate synthase activity
contained 100 mM Tris/HCI (pH 7.8), 10 mM MgCly, 0.75 mM DTT, 1 mM EDTA,
0.2 mM DTNB, 0.25 mM acetyl-CoA, 1 mM glyoxylate and 5 pl crude cell extract.

Isocitrate lyase

The harvesting of the cells was carried out in standard cell disruption buffer. NADH was
added as cofactor, LDH was used as coupling enzyme and the reaction mix for measuring
the isocitrate lyase activity contained 100 mM Tris/HCI (pH 7.8), 10 mM MgCl,, 0.75
mM DTT, 1 mM EDTA, 0.25 mM NADH, 20 U LDH, 10 mM Isocitrate and 5 pl crude
cell extract. Due to conversion of NADH to NAD without cell extract added a high

protein concentration of 6 mg ml_; is essential for the measurement.

3.5. Determination of biomass composition

To determine fluxes in the carbon metabolism to biomass precursor, the main composi-
tion of biomass had to be determined. For this purpose, cells were grown as described
above in a mineral salt medium with succinate or glucose as a carbon source. In the
mid-exponential growth phase, the biomass was harvested by centrifugation (5,000 x g,
5 min, 4°C) and used for the quantification of protein, DNA, RNA, PHB and lipids. All
analytics were conducted for three biological replicates with three technical replicates,

each.
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3.5.1. DNA content

To determine the DNA content, cells corresponding to 1.2 mg BDW, were first incubated
for 30 min in 560 pl of lysis buffer (25 mM tris, 25 mM EDTA, 300 mM saccharose,
50 mg I"T lysozyme) at 30°C. This was followed by mechanical disruption (2 x 4 min,
30 Hz, Ribolyzer MM301, Retsch, Haan, Germany) using glass beads with a diameter
of 0.15 — 0.25 mm, and RNase treatment (140 pl of RES Buffer, 60 pg ml~! of RNase
A, Macherey-Nagel, Diiren, Germany) for 30 min at 30°C. DNA was then extracted
with 700 pl of phenol-chloroform-isoamyl alcohol (25:24:1, Carl-Roth GmbH, Karlsruhe,
Germany), and phase separation was conducted by centrifugation (5,000 x g, 10 min,
4°C). The DNA-containing aqueous phase was transferred in a novel reaction tube. The
DNA was then precipitated by adding 65 pl of sodium acetate (3 mol I™1) and 1.3 ml of
100 % ethanol (5,000 x g, 20 min, 4°C). After a washing step with 70 % (v/v) ethanol,
the dried DNA pellet was resuspended in 300 pl of ultra-pure water. Quantification
was conducted with the Nanodrop photospectrometer at 260 nm (ND-1000, Peglab
Biotechnology GmbH, Erlangen, Germany). ODggg of 1 was equivalent to 50 ng pl™!
DNA.

3.5.2. RNA content

RNA extraction from 0.4 mg BDW and subsequent quantification was conducted as
described previously (Dauner et al. 2001). The cell pellet was initially washed twice
with 1 ml 0.7 M HCIO4. After resuspending the pellet in 1 ml 0.3 M KOH, it was
incubated for 60 minutes at 37°C for hydrolysis. Then 100 pl 3 M HCIO4 was added,
the solution was centrifuged (5,000 x g, 2 min, room temperature) and the supernatant
was collected. The pellet was washed twice with 450 pl HClIO4 and the supernatant
was pooled. The RNA content was determined at wavelength of 260 nm with Nanodrop
1000 photospectrometer (ND-1000, Peglab Biotechnology GmbH, Erlangen, Germany).
ODogg of 1 was equivalent to 40 ng pl™t RNA.

3.5.3. PHB content

For quantification of the PHB content, cells corresponding to 0.4 mg BDW were hy-
drolyzed as previously described (Don et al. 1994), resuspended in 1 mL 2 M NaOH and
incubated for 30 minutes at 100°C. The hydrolysis was stopped on ice and the sample
was neutralized with an equivalent amount of 2 M HCI. After centrifugation (5,000 x

g, 5 min, room temperature), the PHB content in the supernatant was determined by
HPLC. PHB was quantified by HPLC (La Chrome Elite® HPLC, HWR-Hitachi Inter-
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national HPLC, Darmstadt, Germany) using an Aminex HPX-87H column (300 mm x
7.8 mm; Bio-Rad, Hercules, USA) at 45°C with 12 mM H»SO,4 as mobile phase, with a
flow rate of 0.5 ml min™! and UV detection at 210 nm. In parallel, standards with pure

PHB (Sigma Aldrich, Steinheim, Germany) were analyzed in the same way.

3.5.4. Protein content

The cell protein from 0.4 mg BDW was extracted using the BugBuster® Protein Ex-
traction Reagent (Novagene(R), Leuven, Belgium) as recommended by the supplier. The
harvested cells were resuspended in 200 pL of BugBuster® with 2 pL ml™! Lysonase
solution (LysonaseTNI Bioprocessing Reagent, Merck KGaA, Darstadt, Germany) and
shaked 30 min at 27°C. Subsequently the dell debris were seperated by centrifugation
(5,000 x g, 5 min, 4°C) and the protein quantification was performed according to
the bicinchoninic acid method using a Pierce commercial kit (Thermo Fisher Scientific,
Rockford, USA).

3.5.5. Lipid content

Biomass, corresponding to 8 mg BDW, was resuspended in 200 pl of ultra-pure water.
Lipids were extracted with methyl tert-butyl ether as described before (Matyash et al.
2008). Then, 1.5 ml methanol was added to the resuspended cells and the mixture was
transferred to glass tubes. After addition of 5 mL MTBE, the solution was shaken for
one hour at 30°C. Then, 1.25 ml ultra-pure water was added for phase separation and
the sample was centrifuged (1,000 x g, 4°C, 10 min). The upper organic phase was
collected in a dried and weighed glass tube. In the following, the aqueous phase was
extracted again with 1290 pyl MTBE, 387 pl methanol and 323 pl ultra-pure water as
described before. The upper organic phases was pooled and dried at 80°C until con-
stant weight. The lipid content was then quantified gravimetrically (Analytical balance
BP210D, Sartorius, Géttingen, Germany).

3.6. Determination of metabolic fluxes

For the determination of the in vivo fluxes of the central carbon metabolism of D. shibae
stationary metabolic flux analysis was performed as described before (Wittmann 2007).
This method comprised an experimental and a computational part. During the experi-
mental part, labeling experiments with 13C labeled substrates were performed and the in

vivo incorporation into the proteinogenic amino acids were measured using GC-MS. In
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the computational part a model of the metabolic network simulated the labeling of these
amino acids. By variation of free fluxes of the model these simulated labeling data is
optimized until a minimum of deviation to the experimental measurements was reached
and the flux distribution was calculated (Wittmann 2007 and Kohlstedt et al. 2010).

3.6.1. Metabolic modeling

To create the metabolic network model for D. shibae, all relevant reactions of the central
carbon metabolism were implemented adapted from genome annotations based on infor-
mation from databases like KEGG (Kyoto Encyclopedia of Genes and Genomes) or IMG
of the JGI (Intergated Microbial Genomes of DOE Joint Genome Institute) and validated
by enzymatic activity assays (Fiirch et al. 2009). The implemented reactions for the flux
calculations were dependent on the used carbon source (glucose, succinic acid). Addi-
tionally, information of directly measured intracellular fluxes was incorporated. Under
metabolic and isotopic constant growth conditions, the product building rates, substrate
uptake rate, biomass yield and biomass composition were determined and the anabolic
precursor demand was calculated. Furthermore, mass spectrometric data from amino
acids of the cell protein, produced in 13C labeling studies were included to calculate the
unknown fluxes. For these calculations mass spectra from the following amino acids were
used: alanine, valine, aspartate, threonine, glutamate, serine, glycine, lysine and tyrosine.
Other signals were not used because of low abundance (cysteine, methionine, asparagine
and glutamine), unambiguous fragment ions (leucine, isoleucine), isobaric interference
(proline) or overlapping substances (phenylalanine). The mass isotopomer distributions
were corrected for natural abundance of stable isotopes (Wittmann et al. 1999). The
flux calculations was conducted with OpenFlux (Quek et al. 2009), implemented in Mat-
lab 2010 (Mathworks Inc., Natick, USA) until a minimum deviation between simulated
and experimental mass isotopomer distributions was reached. To validate the results
statistically, a Monte-Carlo approach was used (Quek et al. 2009, Schmidt et al. 1999).

3.6.2. Isotope labeling studies

To investigate the central carbon metabolism of D. shibae DFL-12, the main cultivation
was carried out with [1-13C] glucose or [1,413C5] succinic acid. The mass isotopomer
fractions of amino acids from cell protein were determined by GC-MS and the metabolic
fluxes of the central carbon metabolism were calculated via OpenFlux (Wittmann et al.
2002, Quek et al. 2009).
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Quantification of 13C labeling in amino acids

To determine the 13C-labeling pattern of protein-bound amino acids 10 ml of culture was
harvested and the obtained pellet was washed once with 0.9 % NaCl. The washed cells
were hydrolyzed with 500 pl 6 M HCI at 105°C for 20 h. After clearing the hydrolyzate
from insoluble matter (0.2-pm centrifugal filter device, Ultrafree MC, Millipore, Bedford,
MA, USA), 20 pl of the sample was lyophilized and used for GC-MS analysis (Fiirch
et al. 2009).

The 13C-labeling enrichment in amino acids was determined by GC-MS analysis of their
tert-butyl-dimethylsilyl-derivatives (Becker et al. 2011). For this purpose, the lyophilized
samples were derivatised with 50 pl 0.1 % pyridine in dimethylformamide and 50 pl
N-methyl-N-tert-butyldimethylsilyl-trifluoroacetamide (MBDSTFA) for 30 min at 80°C.
After centrifugation (1 min, 5,000 x g) to remove insoluble salts, the samples were
analyzed by GC-MS.

The measurement of the labeling in amino acids was conducted on a GC-MS with an
HP5MS capillary column (5 % phenyl-methyl-siloxane diphenylpolysiloxane, 30 m x 250
pm), electron impact ionization at 70 eV, and a triple quadrupole detector (Agilent
Technologies, Waldbronn, Germany). The optimized conditions for the measurement
of amino acids in cell extracts were as follows. The injected volume was 1 pl with a
split ratio of 30:1, and the carrier gas flow was helium at 1 ml min™L. The temperature
gradient for the separation was 120°C for 2 min, 8°C min™! up to 200°C and 10°C min~!
to 325°C. Further operation temperatures were 250°C (inlet), 280°C (interface) and
230°C (quadrupole). As standard, a mixture of amino acids was measured (Figure: 3.2)
and the labeling pattern was compared to abundances of natural isotopes (Wittmann
et al. 2002). The deviation should be under 1 %.

3.6.3. Dynamic isotope labeling studies

To investigate the carbon dioxide fixation capacity of D. shibae DFL-12, the culture
broth for the main cultivation was supplemented with 3.5 g I"1 of 13C-labeled and with
naturally labeled sodium bicarbonate, respectively. Cells were harvested after five days
of incubation. For dynamic labeling experiments, main cultures were grown until an
ODgsg of 0.5. Subsequently, 13C sodium bicarbonate was added from a sterile stock
solution to a final concentration of 3.5 g I™1. The cells were harvested by rapid sampling

to investigate the dynamic labeling incorporation over a time course of 8 h.
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Figure 3.2.: Total ion chromatogram of a standard measurement of amino acid mixture with
GC-MS

13C labeling analysis in CoA thioesters

The 13C labeling patterns of intracellular CoA thioesters were determined as recently
described (Buschke et al. 2013a, Peyraud et al. 2009). For sampling via fast filtration,
a culture volume that contained approximately 0.6 mg bio dry weight was harvested by
vacuum filtration (cellulose acetate filter, 0.2-pym pore size, Sartorius AG, Gottingen,
Germany). The filters were then immediately transferred into 8 ml of precooled quench-
ing solution (-20°C) containing 0.1 M formic acid in 80 % (v/v) acetonitrile/water. The
cells were disrupted by sonication (2 x 30 seconds, Snorex Super RK 31 with 35 kHz,
Bandelin electronic GmbH & Co. KG, Berlin, Germany). After incubation for 15 min
on ice the obtained extract was chilled with liquid nitrogen, cooled down to -80°C and
then freeze dried. Subsequently, samples were dissolved in 100 pl of ammonium formate
buffer (50 mM, pH 3.5, 2 % MeOH). After mixing, the samples were centrifuged (20,000
x g, 5 min, 4°C). The collected supernatant was used for LC-MS analysis.

Quantification of 13C labeling in CoA esters

The 13C-labeling incorporation into CoA thioesters was determined by LC-MS on a
Rheos 2200 HPLC system (Flux Instruments, Basel, Switzerland), equipped with an
electrospray ionization probe, that was coupled to an LTQ Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The measurement was conducted by
Dr. Patrick Kiefer (Institute of Microbiology, ETH Ziirich). The quantification of CoA
thioesters was determined as described previously (Buschke et al. 2013a) with slight
modifications (Kuntze et al. 2011). To desalt the samples prior to LC separation two

C18 analytical columns (Gemini 50 x 2.0 mm and 100 x 2.0 mm, particle size 3 mm;
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Phenomenex, Torrance, CA, USA) were used (flow rate 220 |/min, solvent A: 50 mM
formic acid adjusted to pH 8.1 with NH4OH, solvent B: methanol, Injection volume: 10
uL). The samples were then loaded on 50 x 2.0 mm C18 column and washed for 5 min
with 100 % solvent A. The short column was connected to waste and in the meantime
the 100 x 2.0 mm column was equilibrated with solvent A by an additional pump. In a
next step, after complete desalting, both columns were connected in series. To separate
CoA thioesters a gradient of solvent B was applied (Table: 3.13). The equilibration time
between two measurement was 6 min at initial elution conditions. For detection, the LC
was coupled to the mass spectrometer with sheath gas flow rate of 40, auxiliary gas flow
rate of 30, tube lens of 80 V, capillary voltage of 35 V, and ion spray voltage of 4.3 kV.
For the MS analysis the positive FTMS mode at a resolution of 60000 (m/z 400) was

used.

Table 3.13.: Gradient for solvent B used for quantification of CoA esters by LC-MS

Time Solvent B

5 min 5%
15 min 23 %
25 min 80 %
27 min 80 %

Identification of intermediates of 3-hydroxypropionate cycle and

ethylmalonyl-CoA pathway

Potential CoA thioesters and metabolites were analyzed using two different approaches to
search for intermediates of the 3-hydroxypropionate cycle and ethylmalonyl-CoA pathway
in LC-MS data as described before (Kuntze et al. 2011). These analysis was conducted by
Dr. Patrick Kiefer (Institute of Microbiology, ETH Ziirich). In the first approach a mass
lists of potential CoA thioesters was calculated and compared to exact measurements of
[M+H]™ ions. Only comparisons with a deviation below 5 ppm were selected as positive
match. In a second approach a targeted LC-MS/MS analysis was conducted. Therefore
only selected mass ions were fragmented and searched for specific CoA thioester fragment
ions. Lists of molecular formulas to detect these mass peaks were extracted from the
PubChem compound database (http://pubchem.ncbi.nlm.nih.gov) from all compounds
of category metabolic pathways composed of C and H, N, O, P, or S. In a further
step, a ‘CoA thioester solution space’ was calculated (T. Kind et al. 2007). Only when
two condition were fulfilled for triplicates of measurements, a molecular formula of the

database was assigned to a mass peak. On the one hand, the differences between
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3.6. Determination of metabolic fluxes

theoretical and measured m/z values of the monoisotopic peak MO were below 1.5
mmu, and on the other hand the requirements of an M0 peak in an isotopic pattern were
fulfilled. Furthermore the LC-MS data were searched for the predicted CoA thioesters
of the 3-hydroxypropionate cycle and ethylmalonyl-CoA pathway.

13C labeling analysis in intracellular amino acids

The 13C labeling pattern of intracellular amino acids was measured by GC-MS (Becker
et al. 2011, Wittmann et al. 2002). For sampling via fast filtration, a culture volume
that contained approximately 2.5 mg bio dry weight was harvested by vacuum filtration
(cellulose acetate filter, 0.2-pm pore size, Sartorius, Gottingen, Germany) including a
washing step with 1 ml of NaCl solution (24 g I1), which corresponded to the ionic
strength of the medium (S. Kind et al. 2010, Wittmann et al. 2004). The filters were
then directly transferred into 2 ml of deionized water and incubated for 15 min at 100°C
for metabolite extraction. The obtained extracts were cooled on ice and centrifuged (5
min 13,000 x g, 4°C, centrifuge 4515R, Eppendorf AG, Hamburg, Germany) to remove
cell debris. The supernatant was chilled with liquid nitrogen, frozen at -80°C and freeze
dried before GC-MS analysis.

Quantification of 13C labeling in amino acids

The 13C-labeling enrichment in amino acids was determined by GC-MS analysis of their
tert-butyl-dimethylsilyl-derivatives (Becker et al. 2011). Measurement was conducted on
a GC with an HP5MS capillary column (5 % phenyl-methyl-siloxane diphenylpolysilox-
ane, 30 m x 250 pm), electron impact ionization at 70 eV, and a triple quadrupole
detector (Agilent Technologies, Waldbronn, Germany). The optimized conditions for
the measurement of amino acids in cell extracts were as follows. The injected volume
was 0.5 pl with a split ratio of 30:1, and the carrier gas flow was helium at 1 ml min~L.
The temperature gradient for the separation was 120°C for 2 min, 8°C min™! up to
200°C and 10°C min~! to 325°C. Further operation temperatures were 250°C (inlet),
280°C (interface) and 230°C (quadrupole). The labeling enrichment determined for
the protein-bound amino acids was identical with the maximum 13C enrichment of the
free amino acid pools. These results indicated sufficient supply of the 13C bicarbonate

throughout the entire tracer cultivation.
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3.6. Determination of metabolic fluxes

3.6.4. Quantification of intermediates of the central carbon

metabolism

For analysis of intracellular intermediates, e. g. from EMP pathway (Glucose 6-
phosphate, Fructose 6-phosphate, Fructose 1,6-bisphosphate, dihydroxyacetonephos-
phate, Glyceraldehyde 3-phosphate, 3-phosphoglycerate, 2-phosphoglycerate, Phospho-
enolpyruvate, Pyruvate), PP pathway (Ribose 5-phosphate, Ribulose 5-phosphate, Xy-
lose 5-phosphate, Seduheptulose 7-phosphate), ED pathway (6-phosphogluconate, KDPG)
and TCA cycle (Acetyl-CoA, Citrate, Isocitrate, a-Ketoglutarate, Succinyl-CoA, Succi-
nate, Fumarate, Malate). In addition the method allowed the analysis of energy metabo-
lites (AMP, ADP, ATP) and of reducing equivalents (NAD, NADH, NADP, NADPH).
For identification and quantification of intermediates of the central carbon metabolism in
D. shibae DFL-12 on different substrates, the culture broth for the main cultivation was
supplemented with 10 mM glucose and succinic acid, respectively. Cells were harvested
by fast filtration and quenching. Then further identification and quantification was con-
ducted by LC-MS/MS. Shortly, the LC-MS/MS measurements and data processing were
conducted by Dipl. Biotechnol. Georg Richter (Institute of Biochemical Engineering,
TU Braunschweig).

Analysis of intracellular intermediates of the central carbon metabolism

The amount of intracellular intermediates of the central carbon metabolism was measured
by LC-MS/MS. For sampling via fast filtration, a 1 mL cultivation broth was harvested
by vacuum filtration (cellulose acetate filter, 0.2-um pore size, Sartorius, Gottingen, Ger-
many). The filtrates were transferred into 5 ml of precooled quenching solution (-20°C)
containing 60 % methanol in water, mixed and frozen in liquid nitrogen. During quench-
ing 1 mL cultivation broth was directly transferred into 5 ml of precooled quenching
solution (-20°C), mixed and chilled with liquid nitrogen. To extract the metabolites
2.5 mL extraction solution (75 % ethanol in water) and 100 pL intern standard were
added to 500 pL sample or filtrate. After boiling for 3 minutes, the samples were cooled
on ice for 5 minutes and centrifuged (5 min 13,000 x g, 4°C, centrifuge 4515R, Eppendorf
AG, Hamburg, Germany) to remove cell debris. The supernatant was chilled with liquid
nitrogen, frozen at -80°C and freeze dried. Before LC-MS/MS analysis the samples were
solved in 500 pL eluent A. For metabolite analysis, a liquid chromatography (LC, Agilent
1290, Agilent Technologies, Waldbronn, Germany) was coupled to a triple quadrupole
mass spectrometer (QTRAP 5500 , AB Sciex, Darmstadt, Germany), equipped with a

TurbolonSpray source. The chromatic procedure (16 min) recruited a reversed phase
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3.7. Monitoring of oxidative stress response

Table 3.14.: Gradient profile applied in the LC-MS/MS method for the identification of inter-
mediates of the central carbon metabolism

Total time Eluent A Eluent B

Step [min] [vol. %] [vol. %]
1 00 95.0 5.0
2 20 95.0 5.0
3 22.0 100 90.0
4 23.0 95.0 5.0
5 28.0 95.0 5.0

Eluent A: 6 mM tributylamine aqueous solution adjusted to pH 6.2 with 6 mM acetic acid,
Eluent B: 6 mM tributylamine in a mixture of water/acetonitrile 50:50 (v/v) adjusted to pH 6.2 with
6 mM acetic acid.

column (VisionHT C18 HL, 100 mm x 2 mm I.D., 1.5 pm, Grace, Columbia, MD,
United States). Separation was performed by ion exclusion chromatography usage 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 gradient profile is shown in
Table 3.14. The injection volume was 10 puL. The mobile phase was introduced into the
mass spectrometer via the turbo ionspray source at a flow rate of 350 pL min™L.

The MS was operated in the negative ionization mode, using multiple reaction moni-
toring (MRM) mode. The entrance potential (EP) was fixed at -10 V. The dwell time
was 5 ms for all transitions. The source dependent parameters were set as follows: ion-
spray voltage -4500 V, nebulizer gas (GS1) auxiliary gas (GS2), curtain gas (CUR) and
collision gas CAD were 60, 60, 35 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.

3.7. Monitoring of oxidative stress response

Two different methods were used to investigate the influence of oxidative stress on
growth of D. shibae (Chavarria et al. 2013, Sternberg et al. 1991). In a microtiter
plate experiment, different diamide concentrations were used to determine the growth
inhibition in SWM with glucose or succinic acid as sole carbon source. The soft-agar
plates were also treated with diamide to measure the zone of inhibition as described in
Klingner et al. 2015. These analysis were conducted and developed in cooperation with

Dipl. Biotechnol. Arne Klingner (TU Braunschweig).
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3.7. Monitoring of oxidative stress response

3.5
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Figure 3.3.: Full spectrum of diamide in water with a maximum of absorption at 310 nm and
obviously no influence on measurements of the optical density at 620 nm

3.7.1. Analysis in microtiter plates

The pre-cultivation was carried out as described for cultivations in shake flasks (Chap-
ter: 3.3.2). The main cultivation (200 pl of SWM medium per well in an 96 well plate)
was then inoculated with an initial ODggg of 0.005 for succinic acid and of 0.05 for
glucose. After 20 hours, diamide was added to a concentration of 1, 2, 3, 35, 4, 5
and 8 mM. All cultivations were conducted in triplicate at 30°C in an microplate reader
(Infinite® 200 PRO series, Tecan Trading AG, Switzerland). The ODgpg was recorded
and adjusted to the measurement at ODgg on the photometer (Figure: 3.4), while the

diamide degradation could be observed at 310 nm, confirmed by the complete spectrum

0.8
ODrecanreader = 0461 * ODpnotometer + 0.095

R?=0.9977

0.6

0.4 —

Tecan Reader

0.2

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Photometer

Figure 3.4.: Correlation of the optical density of the photometer used for growth analytic and
of the Tecan Reader
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3.7. Monitoring of oxidative stress response

of the diamide solution (Figure: 3.3). The time between diamide addition and restarting

growth or complete degradation of diamide was used as indicator for inhibition.

3.7.2. Analysis on soft-agar plates

For soft agar plates, petri dishes (@ 60 mm) were filled with 8 mL SWM agar with glucose
or succinic acid as carbon source. The pre-cultivation in marine broth was carried out
as described for cultivations in shake flasks (Chapter: 3.3.2). After harvesting, the cells
were resuspended in SWM with an initial ODggg of 0.02 and then mixed with soft agar
(24 g "1 NaCl and 7.5 g I agar in water). 3 mL of this solution was filled on the SWM
plates. Small filters (& 6 mm) immersed with 110 g I™! diamide in water were placed in
the middle of the plate. After 2 days of incubation at 30°C the zone of inhibition was

measured.

47



4. Results and Discussion

D. shibae was chosen as model to study metabolic pathways of a representative of
the Roseobacter clade, wide spread in the marine realm. Previous analysis of its carbon
metabolism on glucose elucidated the exclusive use of the Entner-Doudoroff pathway, but
did not further resolve the fluxome (Fiirch et al. 2009). However, such detailed knowl-
edge appears crucial to understand which pathways are preferred under which growth
condition and how the metabolism responds to changes during adaptation. Stationary
and dynamic labeling studies, performed in this work, provide such insights into the
metabolism of D. shibae on different substrates and clarify the contribution of different
metabolic reactions to carbon dioxide fixation in this AAnP. Additionally, these results
are interpreted with oxidative stress defense mechanisms and quorum sensing to provide

a carefully created picture of the physiology of this marine model bacterium.

Environmental
condition

A AAL

optimisation

Cultivation
conditions

Reproducible
conditions

determination modification

Metabolic
fluxes

Metabolic
model

Biomass
composition

cultivation

adaptation
Tracer

experiments

Figure 4.1.: Established work-flow for metabolic flux analysis of D. shibae under changing en-
vironmental conditions. For each condition, the cultivation set-up was optimized
to reach reproducible growth profiles. After determination of biomass composi-
tion, tracer experiments were conducted and the metabolic model adapted for the
calculation of the corresponding metabolic fluxes.
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

4.1. Analysis of the glucose metabolism of

D. shibae in permanent darkness.

For 13C metabolic flux analysis of D. shibae, a suitable work-flow was established (Fig-
ure: 4.1). First, it was necessary to optimize the cultivation parameters for reproducible
growth at metabolic and isotopic steady state. In addition, the biomass composition
had to be precisely determined to provide valid information on extracellular and anabolic
fluxes. These data were then interpreted with 13C labeling information from the cell
protein to estimate the intracellular fluxes. Thereby the metabolic model was adapted

to the conditions of the labeling experiment.

4.1.1. Growth physiology of D. shibae.

To investigate the carbohydrate metabolism of D. shibae, glucose was chosen as carbon
source, because it is known as the most abundant free aldose in seawater (Alonso et al.
2006). Like in other AAnP bacteria, the metabolism of D. shibae is influenced by the
illumination conditions. During the night, photosynthetic complexes and pigments are
produced, which then enhance metabolism by additional energy generation during the
day, changing bacterial growth from heterotrophic to photoheterotrophic (Tomasch et
al. 2011). Especially under starving conditions, wide spread in the nutrient poor oceans,
growth is thereby enhanced (Soora et al. 2013). Cells of D. shibae grown in permanent
dark, however, show a dark red coloring (Figure: 4.2). This suppresses the influence of

dark-light cycles on energy level as described previously by Tomasch et al. (2011). Here,

Figure 4.2.: Agar plate with D. shibae cells cultivated at permanent darkness, showing char-
acteristic red pigmentation.
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Table 4.1.: Growth rate on SWM with 10 mM succinate as carbon source with and without
pH regulation

growth condition growth rate [h7!]
without pH regulation 0.14
with pH regulation 0.17

metabolic flux analysis was conducted in permanent dark to exclude influence with these
dynamic changes.

The first focus in this work was now the establishment of suitable cultivation conditions
for D. shibae. First cultivations of D. shibae in original SWM did not allow a reproducible
growth profile, which, however, was necessary for metabolic flux analysis. At higher cell
concentrations, growth was rather linear because of three key problems: changing pH

values, evaporation and inefficient nutrient supply.

In a first step, to reduce the influence of changing pH values during growth, the pH was
adjusted by adding 0.2 M NaOH or HCI manually over the time. The correct amount was
determined by titration of the medium (Figure: 4.3). Control of the pH value resulted in
a higher growth rate (Table: 4.1). The use of a carbonate or phosphate buffer appeared
not feasible. Higher concentrations of carbonate or phosphate led to precipitation of
magnesium and calcium carbonate, which was disturbing the photometric measurement

of the optical density.
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Figure 4.3.: Titration curve of 25 mL SWM with glucose (A) and succinic acid (B) as sole
carbon source with 0.2 M HCI
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Table 4.2.: Evaporation rates of cultivations with and without parafilm for D. shibae in SWM
with glucose in light and dark. These analysis were conducted in cooperation with

Sebastian Tesche during his bachelor thesis.

growth condition

evaporation rate [ml h™1]

loss of liquid in 80 h [%]

. . light 0.20 63.7
without parafilm dark 0.14 45.4
. : light 0.01 2.2
with parafilm dark 0.01 45

In a second step, the evaporation rate for standard cultivations in light and in dark
were considered (Table: 4.2). Especially for cultivations on glucose in the light with
cultivation times up to 80 h a loss of 63.7 % of liquid was detected, which showed the
necessity of minimisation.

As practical possibility to assure constant medium composition and avoid evaporation

an additional sealing of the flasks with parafilm (Pechiney Plastic Packaging, Chicago,

USA) was established. This still allowed sufficient oxygen supply as validated by online
monitoring of the dissolved oxygen saturation (Figure: 4.4) (Schiefelbein et al. 2013).

The examination of the evaporation rates showed also an effective decrease of the loss

of liquid. For all cultivations the evaporation rate was reduced to 0.01 ml h™! and the

loss of liquid with parafilm was only 4.5 % at a standard cultivation time of 80 h.
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Figure 4.4.: Dissolved oxygen saturation in cultivations of D. shibae in SWM with 10 mM
glucose (A) and 50 mM succinic acid (B) as sole carbon source in cultivations
with parafilm. A = optical density, A = substrate concentration, solid line =

oxygen saturation.
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Table 4.3.: Composition of standard seawater, original SWM and modified SWM by compari-
son. The concentrations of substances were given in g I

Media CI-  Nat K* Mg?* Ca’* SO;- HCO;
standard seawater?® 19.35 10.75 0.39 1.30 0.42 2.70 0.15
original SWM 1365 9.22 026 0.36 0.04 2.71 0.14
modified SWM 1574 922 0.26 1.07 0.04 2.71 0.14

@ Micale et al. (2009)

In a third step, to optimize the nutrient supply of D. shibae, the composition of the
original SWM was compared to the growth conditions in the oceans (Table: 4.3). Re-
markably, most concentrations were lower than in the oceans, especially for magnesium
and calcium. To investigate the influence of these components on growth of D. shibae,
the concentrations of all components were changed (Table: 4.4). Most substances
showed no effect on growth of D. shibae. However, one key nutrient was identified that
improved growth of D. shibae. An increased MgCly concentration resulted in a longer
exponential growth phase and higher growth rate for cultivations in SWM with glucose
and succinate as sole carbon source (Figure: 4.5). The growth rate for cultivations
on glucose increased from 0.09 h™! to 0.11 h™! and for succinic acid from 0.20 h™! to
0.22 h™! in SWM with an threefold increased magnesium concentration. Higher con-
centrations of vitamins and trace elements showed a positive effect on growth over long

time periods. With an optimized glucose-based artificial seawater medium (SWM with
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Figure 4.5.: Growth profiles of D. shibae in original (A) and modified SWM (¢) with glu-
cose (A) and succinic acid (B) as sole carbon source. A represent the substrate
concentration in original and ¢ in modified SWM.
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Table 4.4.: Differences in growth behaviour for D. shibae with changing medium composition

Nutrient Effect on growth

Carbonate
Phosphate
Sulfate

Sodium
Kalium
Calcium
Magnesium
Vitamins

Trace elements

—~
~—

+ 4+ 4+ 000 o o o

—~~
~—

10 mM glucose), representing the nutrient state of the marine environment, it was possi-

ble to get a satisfying reproducibility, as confirmed by small standard deviations between

three biological replicates (Figure: 4.6 A). D. shibae grew exponentially with a specific

growth rate of p = 0.11 h™!, until a maximum optical density of ODgsg 1.8 was reached
after 55 h (Figure: 4.6). This coincided with the depletion of the supplied glucose.

A quantification of the biomass yield (70.3 g mol™) revealed efficient carbon utiliza-

tion for anabolism (Table: 4.5), which was confirmed by the fact that biomass was the

only product, formed during the cultivation. No extracellular products were detected by

HPLC analysis, when screened for typical microbial excreted metabolites (e. g. acetate,

pyruvate, ethanol, formate, lactate, acetoin).

During the exponential growth phase, metabolic and isotopic steady state was proven.
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Figure 4.6.: Cultivation profile of D. shibae on SWM with glucose as carbon source grown in
permanent darkness (A). The linear dependency of the natural logarithm of the
optical density on time indicated exponential growth (B).
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Table 4.5.: Growth kinetics and stoichiometry of D. shibae, grown in minimal medium with
10 mM glucose as sole carbon source at permanent darkness. Data include the
specific growth rate (p), the biomass yield YX/Sv the specific substrate uptake rate
(gs). Data represent mean values with standard deviations (n = 3).

lllumination p[h] Yxs [& mol™!] Yxs l& Cmol™] qs [mmol g™! h™!]

Glucose dark  0.11 + 0.00 703 +1.0 117 £ 0.2 1.59 + 0.17

This fulfilled an important prerequisite for 13C metabolic flux analysis. Metabolic steady
state was indicated by constant growth stoichiometry, i.e. the linear correlation between
biomass production and glucose consumption (Figure: 4.7 A). The constant 13C labeling
pattern of proteinogenic amino acids over time confirmed isotopic steady state (Figure:
4.7 B).

The biomass composition was then analyzed to great detail at the level of cell pro-
tein, DNA, RNA, Lipids, carbohydrates and other storage compounds (Table: 4.6).
Interestingly, analysis revealed that polyhydroxybutyric acid (PHB) was a major biomass
component, constituted 8 % of the total biomass during exponential growth phase and
up to 28 % in stationary phase. This is not uncommon among marine bacteria (Arun
et al. 2009). Especially for Dinoroseobacter species grown on glucose, PHB contents
of up to 68 % have been found (Xiao et al. 2011). No further other carbohydrate

storage compounds like glycogen, were identified. In total, 94.9 % of the total biomass
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Figure 4.7.: Biomass yield as indicator for metabolic steady state (A) and stable isotopic
labeling patterns of several amino acids at different optical densities as indicator
for isotopic steady state (B) for D. shibae grown in SWM with 10 mM glucose
at permanent dark. Data represent the mean values with standard deviations (n
= 3).
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Table 4.6.: Macromolecular biomass composition of D. shibae grown on minimal medium
with 10 mM glucose as sole carbon source at permanent dark. Values given for
Protein, PHB, Lipids, RNA and DNA were determined in total [g] and related to
the produced biomass [g]. Data represent the mean values with standard deviations
for three biological replicates.

PHB Lipids
646 +28 76+15 54+22

Protein RNA DNA

101 +07 73+04 949 +83

Component Total

Amount [%]

could be recovered. To resolve the corresponding precursor demand, the monomeric
composition of the macromolecules was investigated. Amino acids obtained from hy-
drolyzed protein of the protein fraction were measured by HPLC (Table: 4.7). The pool
of glutamate/glutamine displayed the largest amino acid fraction (18.5 %), followed by
alanine (11.7 %), glycine (9.7 %) and aspartate/asparagine (8.9 %). These amino acids
belong also to the major fractions in E. coli (Neidhardt et al. 1990) or C. glutamicum
(Marx et al. 1996). Cysteine, methionine and tryptophane could not be measured due
to their degradation during hydrolysis of the protein. Therefore, published values from

Table 4.7.: Amino acid composition of the cell protein from D. shibae grown on glucose as sole
carbon source at permanent light for the determination of the precursor demand.
The values were determined in cooperation with Samuel Hauf during his bachelor

thesis. Data represent the mean values with standard deviations (n = 3)

Amino acid

Amount [pmol I"!]

Share of protein fraction [%]

Alanine 156.3 + 20.2 11.75 + 0.02
Arginine 61.7 + 8.7 4.63 £ 0.14
Aspartate/Asparagine 1189 + 157 8.94 £ 0.09
Cysteine - 1.71°

Glutamate/Glutamine 246.6 + 32.8 1853 + 0.24
Glycine 128.6 + 15.2 9.68 + 0.11
Histidine 223 +26 1.68 + 0.04
Isoleucine 55.0 + 7.3 414 +0.11
Leucine 98.9 + 13.4 7.43 + 0.13
Lysine 575+ 7.3 4.32 + 0.09
Methionine - 2.872

Phenylalanine 424 + 52 3.19 + 0.06
Proline 365 +71 2.68 £ 0.44
Serine 58.6 + 6.8 441 + 0.06
Threonine 66.3 + 8.9 4.98 + 0.05
Tryptophan - 1.062

Tyrosine 226 +£29 1.70 + 0.03
Valine 83.6 + 11.0 6.29 + 0.03

2 values for E. coli (Neidhardt et al. 1990)
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

E. coli were used for these selected compounds (Neidhardt et al. 1990). The monomeric
composition of the DNA, was based on the GC content (Wagner-Débler et al. 2010).
The demand of nucleotides for RNA was obtained from the sequence of th rRNA genes
Dshi_ 6006, Dshi 6009, Dshi 6010, Dshi 6013, Dshi_ 6016 and Dshi 6017, the main
RNA fraction. Other minor components, like lipopolysaccharides (Neumann et al. 1995),
photosynthetic pigments (Biebl et al. 2006), cell wall components and polyamines (Nei-
dhardt et al. 1990), as well as the lipid composition (Biebl et al. 2005) were obtained
from literature. The values are given in the appendix (Table: A.1). The overall an-
abolic precursor demand of D. shibae is summarized in Table 4.8. Interestingly, the flux
from acetyl-CoA to biomass is the highest, whereas the demand for glucose-6 phosphate
is small because the major storage compound (PHB) was produced from acetyl-CoA,

whereas the cells did not contain glycogen.

Table 4.8.: Precursor demand for D. shibae grown on glucose in permanent dark calculated
from biomass composition in pmol g1 with a definite biomass yield (YX/S =703
g mol™). The determined precursor were glucose 6-phosphate (G6P), fructose 6-
phosphate (F6P), ribose 5-phosphate (R5P), erythrose 4-phosphate (E4P), glyc-
erinaldehyde 3-phosphate (GAP), 3-phosphoglycerate (PGA), phosphoenolpyru-
vate(PEP), pyruvate (PYR), acetyl-CoA(AcCoA), oxaloacetate (OAA), oxoglu-
tarate (AKG).

precursor G6P F6P RbP E4P GAP PGA PEP PYR AcCoA OAA AKG NADPH

amount

", 27 38 661 303 65 1222 565 2465 3098 2031 1410 13574
[pmol g7°]

4.1.2. Metabolic model generation for D. shibae.

Previous studies provided first interesting insights into the glucose catabolism of selected
members of the Roseobacter clade (Fiirch et al. 2009, Tang et al. 2009, Reisch et al.
2013). A major finding was the exclusive use of the Entner-Doudoroff pathway (EDP)
for glucose assimilation (Fiirch et al. 2009), which was coincided with a lack enzymatic
activity of phosphofructokinase, the key enzyme of glycolysis. Furthermore, high activity
of 6-phosphogluconate dehydratase and of KDPG aldolase within the Entner-Doudoroff
pathway were detected.

The first draft of the central carbon metabolism of D. shibae (Figure: 4.8) con-
sidered the information based on functional annotation of genome data published on
KEGG (Kyoto Encyclopedia of Genes and Genomes) and IMG of the JGI (Integrated
Microbial Genomes of DOE Joint Genome Institute). Surprisingly, 6-phosphogluconate
dehydrogenase, the key enzyme of the pentose phosphate pathway was not annotated.
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Figure 4.8.: Central metabolic pathways of D. shibae comprising the Embden-Meyerhof-Parnas
pathway (EMP pathway), the Entner-Doudoroff pathway (ED pathway), the pen-
tose phosphate pathway (PP pathway), anaplerosis, the tricarboxylic acid cy-
cle (TCA cycle), the urea cycle, the polyhydroxybutyric acid cycle (PHB cycle)
and the ethylmalonyl-CoA pathway based on annotated genomic information.
Metabolites shown in green were determined in labeling studies, metabolites given
in red were used as substrates, CO5 (given in blue) shows incorporated and re-
leased carbon dioxide, while reduction equivalents are shown in orange.
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Moreover, it was interesting to note that the isocitrate lyase was not annotated, while
the ethylmalonyl-CoA pathway for the assimilation of acetate was completely annotated
(Figure: 4.8).

For subsequent flux calculations, all reactions were implemented into the software
platform OpenFlux (Table: A.2). This comprised the Embden-Meyerhof-Parnas path-
way , the Entner-Doudoroff pathway and the pentose phosphate pathway as well as
the anaplerotic reactions and the TCA cycle. Additionally, analysis of the degradation
of DMSP in R. pomeroyi revealed an involvement of the ethylmalonyl-CoA pathway in
acetate metabolism (Reisch et al. 2013). Therefore this pathway was also considered.
Where needed, the presence of specific enzymes was validated by enzymatic activity
assays (Table: 4.9). This confirmed the lack of 6-phosphogluconate dehydrogenase (ox-
idative PP pathway), because no in vitro activity was observed. In contrast, the glu-
cose 6-phosphate dehydrogenase as well as the 6-phosphogluconate dehydratase and the
KDPG aldolase within the Entner-Doudoroff pathway were found active. This suggested
an inactive oxidative PPP. Interestingly, the glucose 6-phosphate dehydrogenase, the 6-
phosphogluconate dehydratase and the KDPG aldolase showed high activity suggesting
a high possible flux through the ED pathway. As shown before (Fiirch et al. 2009), no
PFK activity was detected indicating an inactive EMP pathway. Low activity of fructose
bisphosphatase (22 %) suggested a possible small gluconeogenetic backflux and cycling
through the ED pathway, which is also found for R. sphaeroides (Fuhrer et al. 2005) and
seems to be common for AAnP bacteria (Tang et al. 2011). A high activity of isocitrate
dehydrogenase pointed to an extensive use of the TCA cycle. A potential flux through

Table 4.9.: In vitro activity of glucose 6-phosphate dehydrogenase (G6P-DH), 6-
phosphogluconate dehydrogenase (6PG-DH), 6-phosphogluconate dehydratase and
KDPG aldolase the enzymes of the Entner Doudoroff Pathway (EDP-E), phospho-
fructokinase (PFK), fructose bisphosphatase (FBPase), isocitrate dehydrogenase
(ICI-DH), malic enzyme (MAL-E) and isocitrate lyase. For the analysis D. shibae
was grown on SWM with glucose as carbon source. Data represent mean values
with standard deviations (n = 3) and the resulting maximum flux, given as relative
enzymatic activity, normalized to the specific glucose uptake rate.

Enzymatic activity Relative enzymatic activity

Enzyme [u mgplrot] [%]
G6P-DH 0.057 + 0.001 139.0
6PG-DH < 0.001 0
EDP-E 0.040 + 0.004 97.5
PFK < 0.001 0
FBPase 0.009 + 0.001 21.9
ICI-DH 0.246 + 0.008 599.7
MAL-E 0.008 + 0.000 195
ICI-LY < 0.001 0
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

the glyoxylate shunt, as shown for P. aeruginosa (Berger et al. 2014), was not detected,
because of the inactivity of isocitrate lyase.

Further metabolome analysis revealed, that intermediates of all major pathways could
be detected by LC-MS/MS analysis (Table: A.9). Only the intermediates of the PP
pathway, succinyl-CoA, glyceraldyhyde 3-phosphate and glyoxylate were under the limit
of detection. An determined AEC of 0.86 showed a good energy handling.

4.1.3. Systems-wide pathway analysis of D. shibae.

D. shibae was grown in grown in SWM supplemented with 1-13C-glucose and the in-
corporation of this labeled glucose into cell protein was measured by analysing TBDMS
derivated amino acid fragments with GC-MS (Table: A.3). Based on the experimental
data of growth physiology (Table: 4.5) and amino acid labeling data (Table: A.3) and
the metabolic network of D. shibae (Figure: 4.8), the global flux distribution was then
computed, considering full stoichiometric and isotopomer balancing (Table: A.2). Fluxes
were determined with high precision, as reflected by the narrow 90 % confidence intervals
(Figure: 4.10) and the excellent agreement of calculated and measured mass isotopomer
fractions of the amino acids from hydrolyzed cell protein (Figure: 4.9). The correspond-
ing raw data from measurement and simulation are given in the appendix (Table: A.4).

Obviously, D. shibae channeled the complete carbon into the ED pathway. The oxidative
pentose phosphate pathway (PP pathway) and the Emden-Meyerhoff-Parnas pathway
(EMP pahway) were, in contrast, inactive. This agreed with the lack of phosphofruc-
tokinase and 6-phosphogluconate dehydrogenase (Table: 4.9). The anabolic demand for
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Simulated mass isotopomer fraction

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Experimental mass isotopomer fraction

Figure 4.9.: Experimental and simulated mass isotopomer fractions of the labeling experiment
of D. shibae, cultivated on glucose minimal medium in the dark.
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

Glucosegy,

100.0 £ 0.0

0.0%041 G6P
0.0+0.4

998 03
3.0£01 P5P

0.8+0.1
E4P---.,

102.3 = 0.1

1]
.
: 112.2+ 0.1
H
[
1]

SUC
N aKG

Figure 4.10.: Intracellular flux distribution of D. shibae grown in SWM with 10 mM glucose.
The fluxes are given in molar percentage of the mean specific glucose uptake
rate (qs = 1.59 mmol g1 h™1, set to 100 %). The corresponding errors were
determined by Monte-Carlo analysis, and display the 90 % confidence intervals.

erythrose 4-phosphate and ribulose 5-phosphate, was completely covered by the regen-
erative PP pathway. In most other bacteria, grown on glucose, with a fully functioning

PP pathway, the flux through transketolase 1 and 2, and transaldolase was thereby in-
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4.1. Analysis of the glucose metabolism of D. shibae in permanent darkness.

verted. Similarly, this has been proposed for R. denitrificans and for other organisms,
lacking the 6-phosphogluconate dehydrogenase (Tang et al. 2009). Glyceraldehyde 3-
phosphate (GAP), formed in the ED pathway, was mainly recruited to feed the pyruvate
pool through the lower glycolysis. However, a small fraction also entered gluconeogenesis
mainly to supply fructose 6-phosphate for anabolism. A gluconeogenetic flux through
the ED pathway was not observed.

High flux resulted for the lower glycolytic chain and the TCA cycle. A flux was withdrawn
from the acetyl-CoA pool into PHB synthesis. Anaplerotic replenishment of the TCA
cycle occurred via pyruvate carboxylase. The metabolic flux estimation further revealed
in vivo activity of PEP carboxykinase and malic enzyme. Overall this resulted in an
exchange flux between the C3 and C4 metabolites of glycolysis and TCA cycle.

The prevalence of the ED pathway for glucose assimilation seems common for AAnP
(Tang et al. 2011) and Roseobacteria (Tang et al. 2009). Such a metabolism is also
observed for Pseudomonas, lacking phosphofructokinase (Fuhrer et al. 2005, Chavar-
ria et al. 2013, Berger et al. 2014). The high activity of the ED pathway provides
an increased NADPH amount, which was found to mediate oxidative stress tolerance
(Chavarria et al. 2013). The use of the ED pathway might give D. shibae an advantage
to survive in its marine environment, where it typically has to deal with photo-oxidative
stress (Alonso-Saez et al. 2006).
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4.2. Analysis of succinic acid metabolism of D. shibae at permanent darkness.

4.2. Analysis of succinic acid metabolism of

D. shibae at permanent darkness.

Another interesting and common carbon source in the marine environment is succinic
acid, often released in algal blooms (Biebl et al. 2005), and this carbon source has been
widely used to study D. shibae (Tomasch et al. 2011, Wiegmann et al. 2014, Doi et al.
1991, Soora et al. 2013).

4.2.1. Growth physiology of D. shibae on succinic acid.

Cultivation of D. shibae on SWM with 10 mM succinic acid as sole carbon source could
be established with a high reproducibility (Figure: 4.11). D. shibae grew exponentially
with a specific growth rate of y = 0.21 h™!, nearly twice as fast as on glucose. A
maximum optical density (ODg5) of 1.3 was reached after 30 h (Figure: 4.11), which
coincided with the depletion of succinic acid. A quantification of the biomass yield of
42.2 g mol™! revealed a rather efficient carbon utilization for anabolism (Table: 4.10).
The fact that, next to biomass only low levels of fumarate were formed confirmed this
observation.

Metabolic steady state during the exponential growth was validated by constant growth
stoichiometry, i.e. linear correlation between biomass production and succinic acid con-

sumption (Figure: 4.12 A). The constant 13C labeling pattern of diverse proteinogenic
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Figure 4.11.: Cultivation profile of D. shibae on SWM with succinic acid as carbon source
grown in permanent darkness (A). The linear dependency of the natural loga-
rithm of the optical density on time indicated exponential growth (B)
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SWM with 10 mM succinic acid at permanent dark. Data represent the mean
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amino acids over time confirmed isotopic steady state (Figure: 4.7 B). The macromolec-
ular composition was then quantified to subsequently implement the anabolic demand
in the metabolic model. For this purpose the amount of DNA, RNA, protein, lipids and
PHB in the cell was determined (Table: 4.11). Interestingly, the amount of polyhy-
droxybutyric acid (50.2 %) was much higher than for glucose. This high PHB content
was live visible under the microscope. Corresponding to the high PHB content, other
macromolecules were less present. Remarkable was the relatively low protein content
(40.6 %).

The monomeric precursor demand for the anabolism was determined as described for
glucose (Table: A.5). For a cultivation of D. shibae on SWM with 10 mM succinic acid,

the resulted fluxes for the metabolites in permanent dark were displayed in Table 4.12.

Table 4.10.: Growth kinetics and stoichiometry of D. shibae, grown in minimal medium with
10 mM succinic acid as sole carbon source at permanent darkness. Data include
the specific growth rate (), the biomass yield Yx /s, the specific substrate uptake
rate (qg). Data represent mean values with standard deviations (n = 3).

lllumination p [h] Yx/s I8 mol™] Yx/s l& Cmol™] qs [mmol g7! h™]

Succinic acid dark  0.21 + 0.00 422 +£0.3 106 £ 0.1 5.09 + 0.23
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4.2. Analysis of succinic acid metabolism of D. shibae at permanent darkness.

Table 4.11.: Macromolecular biomass composition of D. shibae grown on minimal medium
with 10 mM succinic acid as sole carbon source at permanent dark. Values given
for Protein, PHB, Lipids, RNA and DNA were determined in total [g] and related
to the produced biomass [g]. Data represent the mean values with standard
deviations for three biological replicates.

component protein PHB lipids RNA DNA Total
amount [%] 406 +48 502+53 40+13 67+10 46+06 1062+ 129

4.2.2. Metabolic model generation for D. shibae.

All previous studies of Roseobacter species considered glucose, pyruvate, acetate, MMPA
or DMSP to analyze the catabolism (Fiirch et al. 2009, Tang et al. 2009, Reisch et al.
2013). To date, nothing is known in detail about the metabolism of succinic acid, despite
this compound is a preferred substrate for this organisms (Soora et al. 2013, Tomasch
et al. 2011, H. Wang et al. 2014, Laass et al. 2014, Rex et al. 2013, Ebert et al. 2013,
Biebl et al. 2006, Holert et al. 2011). As for glucose the specific activity of key enzymes
was validated by enzymatic assays (Table: 4.13). This allowed to draw first conclusions
on the metabolism of D. shibae

Here, only small activities for fructose bisphosphatase, glucose 6-phosphate dehydroge-
nase as well as for enzymes of the EDP (Glucose 6-phosphate dehydratase and KDPG
aldolase) were observed. This indicated rather small fluxes through these pathways,
which likely only covered precursor demand for biomass formation, but were not major
supplier of NADPH. As noted for glucose, the oxidative part of the PP pathway was
inactive and thus, did not contribute to NADPH supply. A high activity of isocitrate
dehydrogenase suggested an extensive use of the TCA cycle. Surprisingly, the activity
of malic enzyme was very low. As a consequence, the quantity of pyruvate required for

PHB synthesis was created by phosphoenolpyruvate carboxykinase and pyruvate kinase

Table 4.12.: Precursor demand for D. shibae grown on succinic acid in permanent dark
calculated from biomass composition pmol g1 with a definite biomass yield
(YX/S =422g mol_l). The determined precursor were glucose 6-phosphate
(G6P), fructose 6-phosphate (F6P), ribose 5-phosphate (R5P), erytrose 4-
phosphate (E4P), glycerinaldehyde 3-phosphate (GAP), 3-phosphoglycerate
(PGA), phosphoenolpyruvate(PEP), pyruvate (PYR), acetyl-CoA(AcCoA), ox-
aloacetate (OAA), oxoglutarate (AKG).

precursor G6P F6P R5P E4P GAP PGA PEP PYR AcCoA OAA AKG NADPH

amount

“. 27 38 430 190 49 812 361 1566 10858 979 922 13325
[umol g77]
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4.2. Analysis of succinic acid metabolism of D. shibae at permanent darkness.

Table 4.13.: In vitro enzymatic activity for D. shibae grown on SWM with succinic acid as car-
bon source, determined for the key enzymes glucose 6-phosphate dehydrogenase
(G6P-DH), 6-phosphogluconate dehydrogenase (6PG-DH), 6-phosphogluconate
dehydratase and KDPG aldolase the enzymes of the Entner Doudoroff Pathway
(EDP-E), fructose bisphosphatase (FBPase), isocitrate dehydrogenase (ICI-DH),
malic enzyme (MAL-E). Data represent the mean values with standard deviations
(n = 3) and the maximum possible flux as relative enzymatic activity.

Enzymatic activity Relative enzymatic activity

Enzyme [mU mg;ﬁot] [%]
G6P-DH 0.013 + 0.001 6.2
6PG-DH < 0.001 0.0
EDP-E 0.006 + 0.002 2.9
FBPase 0.013 + 0.001 6.2
ICI-DH 0.287 + 0.001 137.4
MAL-E 0.011 + 0.000 53

while the major NADPH production was carried out by isocitrate dehydrogenase.
Further metabolome analysis revealed, that intermediates of the major pathway, TCA
cycle, could be detected by LC-MS/MS analysis (Table: A.9). Only few intermediates
of the glyconegenesis and ED pathway over the limit of detection. An determined AEC
of 0.74 showed a also good energy handling.

Simulated mass isotopomer fraction

0.0 T T T T
0.0 0.2 0.4 06 08 1.0

Experimental mass isotopomer fraction

Figure 4.13.: Experimental and simulated mass isotopomer fractions of the labeling experi-
ment of D. shibae cultivated on succinic acid minimal medium in the dark. A
linear correlation with an slope of 1 stood for precise determination of the flux
distribution by the used model.
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Figure 4.14.: Fluxmap for D. shibae in SWM with 10 mM succinic acid. The in vivo flux
distribution were given in as molar percentage of the mean specific succinic acid
uptake rate g5 = 5.09 mmol g7 h™! set to 100 %. The corresponding error
were determined by Monte-Carlo analysis with 90 % confidence interval.

4.2.3. Systems-wide pathway analysis of D. shibae.

For the system wide pathway analysis with succinic acid as carbon source, the incorpo-

ration of 1,4-13Cy-succinic acid into the cell protein was measured by analysing TBDMS
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4.2. Analysis of succinic acid metabolism of D. shibae at permanent darkness.

derivated amino acid fragments with GC-MS (Table: A.7). Combined with the experi-
mental data on growth physiology (Table: 4.10) and the metabolic network of D. shibae
(4.8), the global flux distribution was then computed involving full stoichiometric and iso-
topomer balancing (Table: A.6). Fluxes were determined with high precision as reflected
by the narrow 90 % confidence intervals (Figure: 4.14) and the excellent agreement of
the calculated and measured mass isotopomer fractions of the amino acids from hy-
drolyzed cell protein (Figure: 4.13). The raw data from measurement and simulation of
mass isotopomer fractions are depicted in the appendix (Table: A.8).

In contrast to glucose, the complete carbon flux entered the metabolism at the level
of succinic acid, an intermediate of the TCA cycle. However, only a small flux circled
through the entire TCA cycle. At the level of oxaloacetate a huge flux was directed
to phosphoenolpyruvate and the pyruvate pool. Partly, it was re-channeled to oxaloac-
etate, but the major fraction of carbon was channeled into PHB production. From
phosphoenolpyruvate only a small flux through gluconeogenesis was able, which obvi-
ously satisfied the anabolic demand. The lack of the oxidative PPP and the inverted flux
through the reductive PPP were similar as observed on glucose. It is interesting to note
that the gluconeogenetic flux was re-channeled through the EDP to pyruvate again.
The small flux through the ED pathway might prepare the organism to cope with fast
changes in nutrient level, often seen in marine environments (Hahnke et al. 2013).
Similarly, a maintained activity of G6P-DH might facilitate the change of the carbon
metabolism from organic acid, to sugar, or to increase NADPH formation, i. e. oxida-
tive stress condition (Bériault et al. 2007). High amounts of acetyl-CoA were provided
during growth on succinic acid, mostly stored in high intracellular PHB concentration as

back-up for starving conditions.
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4.3. Analysis of oxidative stress of D. shibae.

4.3. Analysis of oxidative stress of D. shibae.

Oxidative stress is a wide spread phenomenon in the oceans, so that marine microorgan-
ism need efficient mechanisms to protect against damage caused by such stress (Lesser
2006). As described recently for P. putida (Chavarria et al. 2013) the ED pathway can
have a positive influence on the robustness against oxidative stress. This is due to high
NADPH levels, provided through this pathway. Generally, four enzymes are involved in
NADPH generation: glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydro-
genase, isocitrate dehydrogenase and malic enzyme (Berger et al. 2014). It was therefore
interesting to study their contribution to the NADPH metabolism in D. shibae.

Capability of D. shibae to produce NADPH

In order to integrate metabolic in vivo fluxes with in vitro enzymatic activities, the latter
values were related to the bio dry weight of the cells (protein content for glucose grown
cells: 64.6 g g_BlDW / for succinic acid grown cells: 40.6 g g_BlDW ). Similarly, the
metabolic fluxes were normalized to the substrate uptake rate (qg [mmol g~ min~!] for
glucose: 0.0265; for succinic acid: 0.0848), to get the molecular flux values. The relation
then directly showed the capacity of utilization. In case the in vitro activity of the enzyme
exceeded the real flux, this would indicate that the enzyme could potentially provide more
NADPH. Figure 4.15 shows the data for D. shibae. Malic enzyme showed low levels of
activity, which were nearly identical for both conditions. The flux and enzymatic activity
determined for G6P-DH were significantly higher as for malic enzyme and were dependent
on the substrate used. On glucose, the enzymatic activity was seven times higher than
of succinic acid. Generally, this enzyme operated never with its full capacity. Among
all enzymes, isocitrate dehydrogenase was an exception. On both substrates high in
vitro activity was observed (glucose: 159 U g_BlDW succinic acid: 116 U g_BlDW)' which
strongly exceeded the in vivo flux. As a consequence, ICI-DH appeared as the most
potent reaction to deliver additional NADPH under stress conditions.

Subsequently NADPH consuming and generating reactions were balanced (Berger et al.
2014). The NADPH supply of D. shibae using glucose as substrate was calculated to
245.2 %, while the demand for anabolism was only 95.4 % (Chapter: 4.1.3), resulting
a high apparent overproduction of NADPH under these growth conditions. For succinic
acid grown cells, this was completely different. Here The ED pathway was nearly inactive,
and also, the TCA cycle carried much lower flux than on glucose (Chapter: 4.2.3).
Accordingly, the NADPH supply was 23.7 %, while the demand was 56.2 %. The
apparent imbalance of NADPH supply and demand suggests, that likely a compensating
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4.3. Analysis of oxidative stress of D. shibae.
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Figure 4.15.: Analysis of enzymatic activities and metabolic fluxes of D. shibae, involved in
NADPH production. The enzymatic activities (EA in blue) and metabolic fluxes
(MF in light blue), related to bio dry weight, were determined for glucose 6-
phosphate dehydrogenase (G6P DH), 6-phosphogluconate dehydrogenase (6PG
DH), isocitrate dehydrogenase (ICI DH) and malic enzyme (ME), all providing

NADPH.
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4.3. Analysis of oxidative stress of D. shibae.
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Figure 4.16.: Oxidative stress test of D. shibae on SWM agar plates supplemented with suc-
cinic acid (A) and glucose (B) treated with filter immersed with 0.11 g I"1 di-
amide solution. The diameter of growth inhibition is used as direct measurement
of the robustness against oxidative stress, determined to 3.90 ¢cm for glucose and
3.57 cm for succinic acid.

mechanism is involved. In this regard, NADPH is the nicotinamide adenine dinucleotide
(phosphate) transhydrogenase is annotated for D. shibae and it appears likely for the
flux data, that this enzyme plays an important role to balance the redox metabolism in
D. shibae.

Agar plate based assay

To determine the ability of D. shibae to tolerate oxidative stress, cells were treated with
diamide. Diamide oxidizes sulphydryl bonds in the cytoplasm which then are reduced
by enzymes using NADPH as cofactor (Chavarria et al. 2013, Cumming et al. 2004).
In a plate-based assay with SWM and 10 mM substrate (glucose or succinic acid),
D. shibae was treated with a filter immersed with 0.11 g I™1 diamide solution. On
glucose supplemented medium, a zone of inhibition of 3.9 cm could be observed around
the filter (Figure: 4.16 B), while succinic acid resulted in a smaller zone of inhibition of
3.6 cm (Figure: 4.16 A). The diameter was taken as direct measure of the sensitivity

against diamide and the robustness to oxidative stress.

Microtiter plate based assay

Next, oxidative stress resistance was monitored in a microtiter plate experiment. Here,
diamide was added in different concentrations to growing D. shibae cells on SWM with

glucose. The growth inhibition and diamide degradation was then recovered on-line.
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Figure 4.17.: Diamide degradation as indicator for oxidative stress defense of D. shibae grown
on SWM with succinic acid (A) and glucose (B) as carbon source. The culti-
vations were conducted with different diamide concentrations (0 mM, 1 mM,
2 mM, 3 mM, 3.5 mM, 4 mM, 5 mM).

While bacterial growth was determined at 650 nm, the diamide degradation was moni-
tored at 310 nm. The degradation of diamide by glucose grown cells is shown in Figure
4.17 B. With higher diamide concentrations added, the time of degradation increased.
For concentrations of 4 mM diamide the degradation was not complete. For 5 mM
diamide no degradation could be observed at all. No bacterial growth was observed at
both concentrations. At lower levels, between 1 mM and 3.5 mM diamide the time of
degradation corresponded to the lag phase of growth. This time was used to calculate
the specific degradation rate for diamide. The microtiterplate experiment with D. shibae
cultures, growing on SWM with succinic acid, showed a similar result. The degradation
of diamide by succinic acid grown cells is depicted in Figure 4.17 A. Here the degradation
of diamide also increased in correlation to its concentrations.

Glucose-grown D. shibae showed a specific diamide degradation rate of 4.9 mmol g™ h™1,
while succinic acid grown cells had a degradation rate of 3.7 mmol g™ h™L. As control,

P. putida showed a degradation rate of only 1.5 mmol g™t h™! (data not shown).

D. shibae is able to reduce diamide and handle oxidative stress

In the oceans, damages caused by reduced oxygen species are wide spread and resistance

mechanisms in marine organisms are necessary (Lesser 2006). A positive effect of the
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4.3. Analysis of oxidative stress of D. shibae.

EDP on oxidative stress tolerance was recently proposed for P. putida by Chavarria et
al. (2013). Similarly, P. aeruginosa exhibits high NADPH supply, which likely enhances
its tolerance against oxidative stress imposed by the host (Berger et al. 2014). Also,
P. aeruginosa it is also known to use the ED pathway exclusively (Berger et al. 2014).
Regarding stoichiometry, the EMP pathway (Equation: 2.1) provides more ATP, but no
NADPH in contrast to the ED pathway (Equation: 2.3). NADPH is involved in different
defense mechanisms (Pollak et al. 2007, Krdmer et al. 2008). Recently, it has been
revealed for P. fluorescens, that especially the NADPH producing enzymes ICI-DH and
G6P-DH show higher activities under oxidative stress conditions (Bériault et al. 2007),
opposite to the other two NADPH producing enzymes 6PG-DH and MAL-E (Bériault
et al. 2007).

As shown, D. shibae is able to reduce diamide during growth. The specific degradation
rate for D. shibae (4.88 mmol g_BlDW h™1) was more effective in oxidative stress defense
than for P. putida (1.47 mmol g_BlDW h_l). Regarding the supplied capacity of ICI-DH
and G6P-DH, D. shibae also might profit from the high potential activity of these two
enzymes producing high amounts of NADPH (Bériault et al. 2007).

All together D. shibae showed a high robustness against oxidative stress for both sub-
strates tested, although differences in metabolic fluxes occurred. A highly used ED
pathway and TCA cycle were shown for glucose, while for succinic acid grown cellsonly
show small fluxes over ED pathway and TCA cycle, revealing in a different NADPH gener-
ation. The use of a transhydrogenase enabled the fast adaptation on different conditions
and provided reduction equivalents missing. Furthermore, different other mechanisms

(e.g. Superoxide dismutase) can have a positive impact on oxidative stress response.
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4.4. Influence of environmental changes on

metabolic pathways of D. shibae

Interesting questions for marine environments revolve around their response to environ-
mental changes. In the next chapter, growth of D. shibae under different light regimes

as well as on different substrates was investigated to address these questions.

4.4.1. Growth physiology of D. shibae under environmental

changes

In a first act of experiments, cells were cultivated under different light conditions, i.e.
permanent light, permanent dark and dark-light-cycles of 20 h each to simulate day
and night, respectively. Furthermore, different carbon sources were tested: succinic acid
as common carbon source and acetate and propionate as more reduced carbon sources
with a higher potential to incorporate inorganic carbon(McKinlay et al. 2011, McKinlay
et al. 2010). To investigate potential incorporation of inorganic carbon, high bicarbonate
levels were chosen for these cultivations. In addition, the ability for autotrophic growth

was tested.

Growth physiology of D. shibae under different light regimes

The illumination conditions strongly affected the pigmentation of D. shibae. When
cells grew under permanent light, they exhibited a pale beige color (Figure: 4.18 A).
The pigmentation was dark red, when the cultivation was under permanent dark or
under dark-light cycles. At high carbon concentrations (50 mM succinate and 2.3 mM
NaHCO3), the cultivation profile of D. shibae appeared rather similar in the light and

Table 4.14.: Kinetics and stoichiometry of D. shibae grown in a mineral salt medium with
succinate as the sole carbon source. Data comprise the specific growth rate (p),
the biomass yield (Yx/s) and the specific substrate uptake rate (qs) for three
different illumination settings comprising permanent light, permanent dark, and
dark-light cycles of 20 h, each. Data represent the mean values with correspond-
ing standard deviations (n = 3).

lllumination p[h] Yx/s [& mol] qs [mmol g h7!]

Light 0.18 £ 0.00 434+ 1.0 4.19 + 0.05
Dark 0.18 + 0.00 46.3 + 0.6 395+ 0.19
Dark-light 0.18 +£ 0.00 46.3 + 0.9 3.93 £ 0.07
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Figure 4.18.: Cultivation profile of D. shibae grown in permanent light (B), dark-light cycles
(C) or permanent dark (D). Experiments were conducted using a mineral salt
medium with succinate as the carbon source, and the data represent mean values
with corresponding standard deviations (n = 3). Biomass was the only product
formed. Photographs (A) show cells from five days old agar plates that have been
grown at permanent dark (red colonies) or at permanent light (beige colonies).

in the dark, despite the strong change in color (Figure: 4.18 A-D). For all illumination
conditions, D. shibae exhibited a specific growth rate of 0.18 h™L. At an ODgsq of 4,
growth slowed down slightly until a maximum ODgsg of 6.7 was reached after 42 h,
which coincided with the depletion of the supplied succinate. Increasing the bicarbonate
concentration to 42 mM — as later required for the labeling studies — had no significant
influence on the growth performance of D. shibae, as indicated by the unaffected growth
rate of 0.18 h™l. Independent cultivations without succinate revealed that D. shibae
was not able to grow on bicarbonate alone. Quantification of the biomass yield revealed
slight differences in growth efficiency depending on the light settings (Table: 4.14). In
permanent light, a biomass yield of 44.9 g mol™! was achieved. This was somewhat
lower than the biomass yield of 47.9 g mol™ in permanent dark or the dark-light cycles.
Biomass was the only product that was formed during the cultivation. None of the

cultures secreted extracellular products, as verified by HPLC analysis. On glucose and
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Table 4.15.: Kinetics and stoichiometry of D. shibae grown in a mineral salt medium with
glucose, succinate, acetate and propionate, respectively, as the sole carbon source.
Data denote the specific growth rate (p), the biomass yield (Yy/s) and the
specific substrate uptake rate (qg) for growth in permanent dark. Data represent
the mean values with standard deviations (n = 3).

Substrate p [h1] Yx/s I8 mol!] Yx/s I8 C-mol™'] qs [mmol g7! h7!]

Glucose 0.11 + 0.00 703+ 1.0 117+ 0.2 1.59 + 0.17
Succinate 0.18 £+ 0.00 46.3 £ 0.6 116 £ 0.2 3.95 £ 0.19
Propionate 0.16 + 0.00 505 £ 0.9 16.8 £ 0.3 3.18 £ 0.18

Acetate 0.15 + 0.00 206 £ 0.4 10.3 £ 0.2 7.46 + 0.36

propionate no differences in growth rate and only small changes in biomass yield and

specific substrate uptake rate were observed (Table: 4.15).

Growth physiology of D. shibae on different carbon sources

D. shibae grows on a wide range of carbon sources, especially organic acids (Biebl et al.
2005). To investigate carbon uptake of D. shibae in more detail, reduced carbon sources
were chosen in addition to succinate and glucose. As Hadicke et al. (2011) described for
purple non-sulfur bacteria, the CO> production rate correlates with the carbon oxidation
state of the substrate in the media. Succinate as well as acetate led to a netto CO» efflux,
while propionate showed a netto CO» influx. The calculated carbon oxidation/reduction
states for the three different substrates are shown in Table 4.16. Succinate was the only
carbon source with an positive carbon oxidation/reduction state: i.e. a value of +0.5 per
carbon atom. Acetate and glucose are neutral, while propionate was chosen as example
for a negative state of —-0.67. All together, propionate as substrate might be the most
possible candidate for carbon incorporation in D. shibae, while succinate is too oxidized.

Prior to labeling studies, D. shibae was cultivated at high carbon (2.3 mM NaHCO3)

Table 4.16.: Oxidation/reduction state of the carbon in substrates for the analysis of inorganic
carbon incorporation of D. shibae. The relative values were averaged by dividing
the value of the carbon oxidation/reduction state by the number of carbon atoms
(McKinlay et al. 2011).

Substrate Formula Carbon oxidation state Relative carbon oxidation state

Succinate C4HgO4 +2 +0.5
Acetate CoH405 0 0
Glucose CeH120¢6 0 0
Propionate  C3HgO» -2 -0.67
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and substrate concentrations (5.9 g/L succinate, 1.8 g/L glucose, 3 g/L acetate or
3.7 g/L propionate). All cultivations unraveled an exponential growth behavior. The
highest specific growth rate (0.18 h_l) was observed on succinic acid, followed by pro-
pionate (0.16 h™1). On acetate, the cells grew with a specific growth rate of 0.15 h™L.
The slowest growth rate (0.11 h™') was observed on glucose (Table: 4.16).

Quantification of the C-mol dependent biomass yield showed the highest value on propi-
onate (16.8 g C-mol™), which indicated that 73 % of this substrate were used for biomass
formation. The biomass yields for succinate (11.6 g C-mol™), acetate (10.3 g C-mol™)
and glucose (11.7 g C-mol™!) were lower and corresponded to only 34-39 % of substrate
use. Probably unlike to its reduced state, cells grown on propionate produced the highest
amount of biomass per C-Atom. This indicated an effective use of propionate as carbon

source, nearly twice as high as the other tested substrates.

4.4.2. Potential carbondioxide incorporation in D. shibae

grown on succinic acid

It was now interesting to see, to which extent carbon dioxide fixation contributed to the
growth of D. shibae. The inspection of the genomic repertoire of D. shibae revealed
an extended set of annotated genes that are potentially involved in autotrophic and
anaplerotic CO» fixation. Most key genes of the putative 3-HP cycle (Tomasch et al.
2011) are annotated, including acetyl-CoA carboxylase and propionyl-CoA carboxylase,
putative involved in COs fixation. Acetyl-CoA carboxylase is also part of fatty acid
production pathway and the propionyl-CoA carboxylase also belongs to the overlapping
ethylmalonyl-CoA pathway (EMC pathway). In addition, all genes of this pathway were
identified, especially the second CO» fixating enzyme crotonyl-CoA carboxylase (Table:
2.1), which can be taken as a marker for the presence of the EMC pathway (Erb et al.
2009). Two of the three key enzymes of the reductive TCA cycle, another autotrophic
CO, fixation route in photosynthetic bacteria, i.e. oxoglutarate synthase and fumarate
reductase were not annotated. This indicated rather no activity of this cycle in D. shibae.
Also known to incorporate inorganic carbon is pyruvate carboxylase, an anaplerotic en-
zyme at the entry into the TCA cycle. Moreover, incorporation of inorganic carbon
during carboxylation reactions occurred in the biosynthetic pathways involving purine

and pyrimidine bases, and the amino acid arginine.
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Carbon dioxide incorporation into cellular polymers of D. shibae

To investigate the general ability of D. shibae to assimilate inorganic carbon from CO»,
isotope tracer experiments were conducted with 41 mM NaH3COj3. In parallel, reference
experiments with NaHCO3, having the natural isotope composition, were conducted.
Cells were then analyzed for 13C incorporation into the two major biomass constituents,
i.e., cell protein and PHB. Most obviously, 13¢ incorporation occurred for amino acids of
the aspartate- and glutamate-family, originating from TCA cycle intermediates (Table:
4.17). Compared with the reference on non-labeled NaHCO3, the amino acids aspar-
tate, threonine, glutamate, lysine, and arginine significantly contained 13C. The 13C
labeling exclusively referred to the single-labeled amino acids (Table: 4.17). This was
a first hint concerning the functional contribution of anaplerotic pyruvate carboxylase,
which is closely connected to the pool of TCA cycle intermediates. Arginine was the
only exception. Here, also the double-labeled mass isotopomer occurred, most likely
due to incorporation via the urea cycle (Fig. 4.8). However, the single-labeled mass
isotopomer represented the major fraction. Aromatic amino acids and amino acids, that
were derived from glycolytic C3 precursors such as pyruvate, phosphoenolpyruvate and
3-phosphoglycerate, respectively, did not reveal an altered labeling pattern between the
tracer and the reference cultivation (Table: 4.17). Regarding PHB biosynthesis, the
monomer building block, hydroxybutyrate, displayed no 13C incorporation (Table: 4.17).
Overall, the results revealed the general ability of D. shibae to fix inorganic carbon by
assimilating carbon dioxide. The 13C pattern of all metabolites was independent of the

illumination settings of the culture.

Experimental design — portfolio of intracellular metabolites to resolving CO»
fixation fluxes

The contribution of different pathways to carbon fixation from CO; was next resolved in
detail by dynamic labeling studies. This required the measurement of key intermediates
to obtain pathway-specific information. As displayed in Figure 4.8, the different path-
ways, potentially contributing to CO» fixation, include specific metabolites. As a first
step, metabolite profiling of D. shibae was conducted to clarify, if these analytes of inter-
est were accessible in sufficient amounts for quantitative determination of 13C incorpora-
tion. Key intermediates of the 3-HP cycle comprised different CoA esters (Zarzycki et al.
2009). Several of them were detected by LC-MS in suitable amounts for all light con-
ditions (Figure: 4.19 A-B). This included malonyl-CoA, acetyl-CoA, succinyl-CoA, and
methylmalonyl-CoA. Malonyl-CoA also allowed studying fatty acid biosynthesis. Other
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Table 4.17.: Relative mass isotopomer fractions of amino acids and of hydroxybutyrate from
hydrolyzed cells of succinate-grown D. shibae. The medium was supplemented
with non-labeled NaHCO3 and labeled NaH13CO3, respectively. Tracer studies
were performed in permanent dark and permanent light conditions. Derivatisation
of GC-MS analysis was conducted with MBDSTFA. Standard values refer to
MBDSTFA-derivatives of the pure substances. Mg denotes the non-labeled and
M1 the single-labeled mass isotopomer. Higher numbers accordingly refer to
higher labeling. Data are given as the mean values (n = 2). The relative deviation
for the mass isotopomer fractions was < 2 %. As related to the small signal
intensity of arginine, the relative error was somewhat higher (< 4 %).

Non-labeled labeled
Analyte Standard Dark Light Dark Light

Alanine (m/z 260)

Mo 0.746 0.748 0.746 0.734 0.729

M1 0.172 0.171 0.172 0.182 0.186

Mo 0.072 0.071 0.072 0.073 0.074
Serine (m/z 390)

Mg 0.643 0.648 0.647 0.637 0.623

M1 0.225 0.223 0.223 0.231 0.240

Mo 0.107 0.105 0.106 0.107 0.110
Aspartate (m/z 418)

Mg 0.632 0.636 0.633 0.559 0.563

M1 0.227 0.226 0.227 0.275 0.272

Mo 0.110 0.107 0.108 0.122 0.122
Glutamate (m/z 432)

Mg 0.623 0.627 0.623 0.562 0.567

M1 0.231 0.230 0.231 0.272 0.268

Mo 0.111 0.109 0.111 0.121 0.121
Arginine (m/z 442)

Mo 0.622 0.585 0.594 0.276 0.171

My 0.238 0.224 0.229 0.413 0.446

Mo 0.107 0.102 0.103 0.193 0.216
Tyrosine (m/z 466)

Mg 0.605 0.604 0.606 0.579 0.570

M1 0.246 0.245 0.246 0.262 0.265

Mo 0.112 0.111 0.111 0.117 0.119
PHB (m/z 275)

Mg 0.741 0.730 0.727 0.735 0.725

M1 0.174 0.180 0.181 0.177 0.182

Mo 0.072 0.076 0.077 0.074 0.078

CoA-esters were hardly detectable (Figure: 4.19 A-B). Their 3C enrichment could not
be quantified properly, related to their small pool sizes. This included intermediates
of the ECM pathway (Erb et al. 2009). Beyond the CoA thioesters, the successful
measurement of coenzyme A itself allowed insights into coenzyme A biosynthesis and
related reactions of the purine pathway (Figure: 4.8). To determine the contribution of

remaining pathways to carbon dioxide assimilation, free intracellular amino acids were
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used. In particular, amino acids of the aspartate family provided insights into a potential

contribution of anaplerotic carboxylation activity. Arginine enabled a functional analysis

of the urea cycle. For the aspartate- and glutamate-derived amino acids, adequate signal

sizes for the free intracellular pools allowed quantitative 13C analysis and thus dynamic

labeling studies (Figure: 4.19 C-D). Lysine and arginine, however, only yielded suffi-

cient signals for cells grown in the dark-light cycle. Overall, the spectrum of measurable

metabolites provided a substantial basis to unravel the functional contribution of the

proposed pathways to CO5 fixation using dynamic labeling studies.
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Figure 4.19.: Metabolite profiling of intracellular CoA esters and free amino acids in D. shibae.

Pool sizes were analyzed with regard to their suitability for dynamic labeling stud-
ies. Appropriate pool sizes allowing quantitative analysis of 13C enrichment are
indicated by ‘+'. The label ‘(+)" denotes detection of the metabolites but not
sufficient data quality to quantify 13C enrichment. Metabolites that could not
be detected are indicated by ‘-'. To account for potential light-dependent devia-
tions, the metabolite profiling was conducted for the three relevant illumination
conditions (n = 2). The LC-MS results were determined in cooperation with
Dr. Patrick Kiefer (ETH Ziirich).
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Dynamic 13CO, incorporation into CoA esters

To investigate the in vivo activity of the 3-HP cycle, the sequential incorporation of
the 13C-labeling into the corresponding key CoA ester intermediates was analyzed. This
revealed a time-dependent increase of the 13C enrichment as shown in Figure 4.20 A.
The labeling increased rather slowly until a plateau after 4 h. It became obvious that
the labeling dynamics were identical for almost all investigated CoA esters and also for
the coenzyme A molecule itself (Figure: 4.20 A). For each compound, the maximal 13C
enrichment after 4 h of incubation corresponded to the presence of 70 % of the single-
labeled thioester or coenzyme A, respectively. No multi-labeled mass isotopomer frac-
tions were detected. In this regard, malonyl-CoA represented a unique exception. Both
the time course of label incorporation as well as the overall 13C enrichment differed from
the other thioesters. Within the first hours, 13C incorporation was significantly faster
compared with the other analytes (Figure: 4.20 A). Still, it took 4 h until the labeling
pattern of malonyl-CoA became constant. The final 13C enrichment was approximately
twice as high as that of coenzyme A and the other thioesters (Figure: 4.20 A). The illu-
mination conditions did not influence the pattern or dynamics of the 13C incorporation,
for all tested analytes. The 13C labeling profile for cells grown in permanent light or

permanent dark was identical to the profile for dark-light cycles (Figure: 4.20 A).

Dynamic 13C incorporation into amino acids

Beyond the stationary 13C experiment, labeling dynamics were assessed for free intra-
cellular amino acids representing the Cz-family, the aspartate family and the glutamate
family. The time profile of the label incorporation immediately revealed different dy-
namics compared with the CoA esters (Figure: 4.20 B). This was mainly reflected by a
saturation of 13C enrichment within only 1 - 2 h. This labeling enrichment determined
for the maximum 13C enrichment of the free amino acid pools was identical with the
protein-bound amino acids. These results indicated sufficient supply of the 13C bicarbon-
ate throughout the entire tracer cultivation. For free aspartate and glutamate, only the
single-labeled mass isotopomer fraction was detected. In addition, for arginine, however,
the amount of the double-labeled molecules significantly increased. The labeling profile
of alanine and serine, representatives for the C3-derived amino acids, did not reveal any
13C incorporation. As already found for the CoA esters, the different light regimes did
not influence the labeling profiles. In general, the relative 13C enrichment was lower

compared with the CoA esters.
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Figure 4.20.: Dynamic 13C incorporation from carbon dioxide into CoA thioesters (left, n =
3) and free intracellular amino acids (right, n = 2). Dynamic labeling profiles
are displayed for cells grown at dark-light cycles. Independent experiments are
indicated by different symbols. The dynamic 13C profiles were identical for cells
grown in permanent light or permanent dark (data not shown).

The 3-HP cycle does not contribute to CO, fixation in succinate-grown
D. shibae

At first glance, the increase of the 13C labeling into the CoA esters suggested a func-
tional contribution of the 3-HP cycle to CO, fixation, a picture that faded upon closer
inspection of the 13C labeling dynamics. Obviously, the time profile for all investigated
intermediates of this pathway was identical. In contrast, subsequent incorporation of
the labeled carbon into the different metabolites along their position within the path-
way would be expected for full in vivo activity, as previously observed for methanol

assimilation via the ethylmalonyl-CoA pathway by M. extorquens (Peyraud et al. 2009).
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Furthermore, the time for label incorporation into the CoA esters was much longer than
the values expected for such low intracellular pool sizes. Indeed, it required several hours
to achieve constant labeling. In M. extorquens, though, 13¢ incorporation results within
a few seconds (Peyraud et al. 2009). The most obvious proof for 13C incorporation,
independent from 3-HP cycle was the labeling enrichment of coenzyme A itself, which
was identical to all investigated thioesters. Without doubt, the 13C labeling within the
thioester originated from the CoA backbone, but not from the CoA-bound metabolites.
As displayed in Figure 4.8, the CoA biosynthesis involves CO5 incorporation by phospho-
ribosylaminoimidazole carboxylase as part of the purine pathway (Michal 1999), which
is the reason for the observed 13C enrichment.

In summary, the proposed 3-HP cycle does not contribute to CO» fixation under the
investigated conditions. Together with the fact that two metabolites weren't detected
at all and one gene of the 3-HP cycle has not been identified to date; thus, it is possible
that the cells do not have a functional 3-HP cycle (Figure: 4.8). Still, it was interesting
to see that most of the related metabolites were present in D. shibae. It can believed
that they most likely belong to pathways with other functions like the ethylmalonyl-CoA
pathway lately described for R. pomeroyi, another Roseobacter (Reisch et al. 2013). For
growth on acetate or dimethylsulfoniopropionate (DMSP) medium, this pathway is used
in organisms, lacking the isocitrate lyase, as alternative route for the glyoxylate shunt
and as part of the DMSP degradation route (Reisch et al. 2013, Alber et al. 2006,Erb
et al. 2010). Accordingly, the corresponding genes could encode part of the DMSP
utilization pathway. DMSP is regarded as an important nutrient for the Roseobacter
clade, due to their symbiosis with DMSP-producing algae (Curson et al. 2011). It is
interesting to note that DMSP formation by macro algae is induced in light (Karsten
et al. 1990). The light-induced expression of the corresponding genes might thus reflect
a fine-tuned response of a symbiotic bacterium to the nutrient supply by its partner.
This hypothesis, however, has to be tested. D. shibae is not a mixotroph, i.e., does
not co-metabolize carbon dioxide and organics, as shown for other photosynthetic ma-
rine bacteria (Mufioz-Marin et al. 2013). However, it cannot fully be excluded, that
the 3-HP cycle under environmental conditions different from our experiments might be
active. In this study, higher levels of COo and succinate were used. Organic excess in
the sea is observed under certain conditions such as algal blooms or eutrophic coastal
waters (Anderson et al. 2002), but such conditions are not representative for the marine

environment, which is widely deprived in nutrients (Sharp 1993).
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Figure 4.21.:
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irreversible (B) interconversion of C4 intermediates while growing on unlabeled
succinate and 13C-labeled carbonate. The closed circles indicate 13C-labeled
carbon atoms, open circles indicate non-labeled carbon atoms.
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Anaplerotic carboxylation significantly contributes to carbon dioxide fixation

labeling profiling of free intracellular metabolites revealed 13C incorporation into amino
acids of the aspartate and glutamate family. C3-derived amino acids were, however, unla-
beled. Therefore, carbon dioxide fixation is likely linked to the activity of C3-carboxylating
enzymes. Given the existing genome annotation (Wagner-Débler et al. 2010), the pres-
ence of different reactions for C3/C4 interconversion, including pyruvate carboxylase,
malic enzyme and phosphoenolpyruvate (PEP) carboxykinase, is expected. Previous
studies of a spectrum of phylogenetically diverse organisms disclosed that they generally
catalyse the decarboxylation of oxaloacetate (OAA) and malate (Becker et al. 2008,
Sauer et al. 2005, Petersen et al. 2000). Here, this is likely related to the utilization of
succinate as a carbon source, requiring gluconeogenesis. The major role for anaplerotic
carboxylation in D. shibae was, thus, attributed to pyruvate carboxylase, thereby form-
ing single-labeled OAA. This is a direct precursor of aspartate and related amino acids,
which, as a result, exhibit 13C labeling (Figure: 4.21). Through the activity of citrate
synthase and isocitrate dehydrogenase, the glutamate precursor 2-oxoglutarate originates
from OAA, whereby the 13C-labeling is conserved and is, thus, found in glutamate (Fig-
ure: 4.21). Still, a substantial portion of aspartate and glutamate was unlabeled. These
results indicate that the major OAA pool was fed by the externally supplied carbon
source, succinate. This is also confirmed by metabolic flux analysis revealing 94 % flux

from succinate and only 43 % from pyruvate through carboxylation.

Carbon dioxide fixation is linked to biosynthetic routes

As illustrated above for coenzyme A, specific biosynthetic reactions contributed to car-
bon dioxide fixation. Indeed, the label incorporation during coenzyme A formation was
attributed to purine biosynthesis (Figure: 4.8). Related to this, all purine-based metabo-
lites including the DNA and RNA building blocks as well as energy compounds such as
ATP or GTP rely on carbon dioxide. From the dynamic labeling incorporation into the
CoA thioesters it became obvious that the 13C enrichment in malonyl-CoA was sig-
nificantly higher than that in other CoA-bound metabolites. This indicated additional
carbon fixation during malonyl-CoA formation. Malonyl-CoA is formed in the first reac-
tion of the fatty acid biosynthesis via the activity of acetyl-CoA carboxylase, assimilating
inorganic COy (Michal 1999). However, in the next step, the condensation with acetyl-
CoA, this CO» is released again. Consequently, the malonyl-CoA based molecules, i.e.,
fatty acids, lipids and polyhydroxyalkanoate (PHA) in some species, did not contain in-
corporated CO» (Escapa et al. 2012). In this regard, it is interesting that D. shibae can
accumulate up to 72 % polyhydroxybutyrate (PHB) (Xiao et al. 2011), a C4 PHA. As ex-
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pected, 13C enrichment in the monomer building block of PHB was not detected (Table:
4.17). For this reason, for D. shibae, a malonyl-CoA independent PHB biosynthesis via
acetoacetyl-CoA seems likely, as described for Ralstonia eutropha (Escapa et al. 2012).
The lack of 13C incorporation into PHB additionally indicated that the accumulation of
storage compounds in D. shibae strictly depends on the presence of organic carbon. The
cells appear to be unable to take benefit from assimilating inorganic carbon to bridge
phases of starvation. labeling analysis of the proteogenic amino acids revealed a clear
contribution of pyruvate carboxylase to carbon dioxide fixation as discussed above. The
high labeling enrichment observed for arginine, however, might be attributed not to this
reaction, but to biosynthesis in the urea cycle and, thus, carbon dioxide fixation via
carbamoylphosphate synthase (Figure: 4.8). This is also one of the initial steps for the
biosynthesis of pyrimidines (Figure: 4.8). Consequently, these building blocks of DNA
and RNA also rely on CO» fixation as already discussed above for the purine precursors.
As anticipated before, the absence of the rTCA cycle becomes obvious from the label-
ing pattern of several amino acids. Its contribution would have yielded double-labeled
oxaloacetate derived amino acids, i.e. aspartate and threonine, as well as single-labeled
amino acids, originating from pyruvate (Figure: 4.21). However, these were not found,

which yet confirms the absence of the cycle.

Carbon dioxide fixation accounts for 1.4 % of total carbon assimilation in
D. shibae

Based on the macromolecular biomass composition (Table: 4.18), pathway stoichiome-
try and 13C enrichment of the individual building blocks, i.e., amino acids, nucleotides,
and fatty acids, the overall contribution of CO5 to biomass formation was determined
to be 1.4 % (Table: 4.18). The dominating fraction of the cell was, thus, built from
organic carbon. In the context of carbon dioxide assimilation by the marine biota and
global carbon cycle, this is an important finding. So far, it has been speculated that
the Roseobacter clade, especially the bacteria able to perform aerobic anoxygenic pho-
tosynthesis, play a substantial role in marine CO5 fixation and cycling of organic and
inorganic carbon (Kolber et al. 2001). This work provides evidence that, despite their
dominant presence within the marine ecosystem, the Roseobacter clade only contributes
to a minor extent to carbon dioxide assimilation. In the conditions tested, the growth
of D. shibae can, indeed, not be stimulated or boosted by CO», but almost exclusively
relies on the presence of organic carbon. This might explain the symbiotic growth with
dinoflagellates, which may provide organic carbon, often observed in the natural habitat
(Biebl et al. 2005).
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4.4.3. Differences in the central metabolic pathways under

environmental changes

The next interesting questions were the carbon dioxide incorporation subjected to chang-
ing environmental conditions and which pathways might then be activated. The most
obvious alteration was the coloration of the cells under different light regimes. It seemed
to be also interesting to know how the carbon oxidation state was involved in carbon

dioxide incorporation and which pathways were used to metabolize other substrates.

labeling studies for the investigation of related pathways for assimilating
different carbon sources

Isotope tracer experiments were conducted for different substrates (glucose, acetate,

propionate) as described above (Chapter 4.4.2). Table: 4.19 summarizes the corrected

Table 4.18.: Macromolecular biomass composition of succinate-grown D. shibae. Data are
given as the mean values with corresponding standard deviation (n = 3). In
addition, the relative CO9 incorporation for each compound is given. This was
calculated from the monomeric composition of the corresponding polymer frac-
tion and the fractional 13C enrichment. The latter was determined experimen-
tally (amino acids, PHB) or was deduced from pathway stoichiometry (lipids,
nucleotides).

Polymer Biomass frac- Metabolites Polymer fraction Fractional Relative CO»
Component tion [g g71] I3 g;{)lymer] 13C enrichment  incorporation [%]
AspartateP 0.20 0.094
Protein? 0.406 + 0.04g | hreonine 0.05 0.130 1.43
Glutamate® 0.21 0.103
Arginine 0.05 0.655
PHB 0.502 + 0.053 3-hydroxybutyrate 1.00 0.000 0.00
30H 10:0 fatty acid 0.02 0.004
12:1 fatty acid 0.03 0.005
- 30H 14:1 fatty acid 0.03 0.005
a
Lipids 0.040 +0.013 151 ,7¢ fatty acid 0.53 0.068 0.00
18:0 fatty acid 0.04 0.005
cyclo 19:0 fatty acid 0.03 0.003
Purine 0.50 0.069 d
DNA 0.047 £ 0.006 Prrmidine 0.50 0.076 7.25
Purine 0.56 0.069 d
RNA 0.067 £ 0.010 Pyrimidine 0.44 0.076 7.20
Others 0.042 £ 0.015 -
Sum of 1.105 + 0.144 1.41
organics

@ monomeric composition was taken from Neidhardt et al. (1990)

b given as lumped pool of aspartate and thereof derived amino acids methionine and isoleucine

¢ given as lumped pool of glutamate and proline

d given as relative fraction of the purine ring and pyrimidine ring, respectively. Relative fraction of purines and
pyrimidines was determined from the GC content (Wagner-Dd&bler et al. 2010).
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relative mass isotopomer fractions of amino acids and of hydroxybutyrate from hydrolyzed
cells of D. shibae grown on the different substrates. In all cases, the medium was sup-
plemented with labeled NaH3CO3 and the tracer studies were performed in permanent
dark conditions.

To get an insight into the total labeling of cells, grown on different substrates, the
summed fractional labeling was calculated (Table: 4.20). The results presented in Ta-
ble 4.19 demonstrated, that the incorporation of inorganic carbon into amino acids was
higher on glucose, acetate and propionate, than on succinic acid. For glucose, the most
pronounced 13C incorporation occurred for amino acids of the aspartate- and glutamate-
family built from TCA cycle intermediates. In total, aspartate, threonine, glutamate,
lysine, and arginine significantly contained 13C labeled molecules, when grown in pres-
ence of NaH!3CO3. This was even more obvious for the calculated summed fractional
labeling (Table: 4.20). Here, the total labeling of aspartate and glutamate was 5 and
3 times higher, respectively, as for succinic acid. For glutamate, the 13C labeling ex-
clusively referred to the single-labeled amino acid (Table: 4.19), while the other amino
acids showed also double-labeled patterns. Again, the labeling in all TCA cycle derived
amino acids referred to the functional contribution of anaplerotic pyruvate carboxylase.
The m+2 labeling for aspartate and threonine, both derived from oxaloacetate, indicated
flux reversibility of the TCA cycle reactions between succinic acid and oxaloacetate. For
arginine, the double-labeled mass isotope indicated an incorporation via the urea cycle
(Figure: 4.8). Aromatic amino acids and amino acids that were derived from glycolytic
C3 precursors, such as pyruvate, phosphoenolpyruvate and 3-phosphoglycerate as well as
PHB, did not reveal an altered labeling pattern between the tracer cultivation on glucose
and on succinic acid. They were all unlabeled (Table: 4.19 and 4.20). In conclusion
5.3 % of the carbon atoms from the protein fraction was labeled, which was 3.7 times
higher as for succininc acid (Table: 4.21).

Regarding acetate-grown cells, an equal distribution of the labeling for all amino acids
was observed (Table: 4.19). In total, 3.1 % of the carbon atoms from the protein
fraction were labeled (Table: 4.21). As exception, PHB was unlabeled. Obviously, also
C3 derived amino acids like alanine, valine, serine and glycine showed an incorporation
of NaH13CO3. Here, the C; carbon atom of the molecules was labeled, which was
not released as COy by malic enzyme or phosphoenolpyruvate carboxykinase and was
incorporated before entering the TCA cycle. More apparent was the 13C incorporation
into the aspartate- and glutamate-family amino acids, derived from the TCA cycle. For
glutamate, nearly the same mass isotopomer fractions were found as for succinic acid
grown cells, while aspartate showed a 13C enrichment, which was twice as high (Table:
4.19 and 4.20).
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Table 4.19.: Corrected relative mass isotopomer fractions of amino acids and of hydroxybu-
tyrate from hydrolyzed cells of D. shibae grown on different substrates. The
medium was supplemented with labeled NaH!3CO3 and the tracer studies were
performed in permanent dark conditions. Derivatisation prior to GC-MS analysis
was conducted with MBDSTFA. Standard values refer to MBDSTFA-derivatives
of the pure substances. Mg denotes the non-labeled and M; the single-labeled
mass isotopomer. Higher numbers accordingly refer to higher labeling. Data
are given as the mean values (n = 2). The relative deviation for the mass iso-
topomer fractions was < 2 %. As related to the small signal intensity of arginine,
the relative error was somewhat higher (< 4 %).

Analyte Standard Succinate Glucose Acetate Propionate

Alanine (m/z 260)

Mo 0.965 0.950 0.949 0.879 0.658

M1 0.032 0.049 0.050 0.118 0.335

Mo 0.002 0.001 0.000 0.002 0.007
Valine (m/z 288)

Mo 0.948 0.933 0.930 0.859 0.619

M1 0.050 0.065 0.069 0.136 0.365

Mo 0.002 0.002 0.001 0.005 0.015
Serine (m/z 390)

Mo 0.964 0.952 0.948 0.859 0.637

M1 0.033 0.046 0.051 0.139 0.356

Ma 0.003 0.001 0.000 0.002 0.007
Glycine (m/z 246)

Mo 0.977 0.958 0.947 0.850 0.634

M1 0.022 0.042 0.052 0.148 0.362
Aspartate (m/z 418)

Mo 0.956 0.846 0.469 0.780 0.351

M1 0.041 0.148 0.457 0.207 0.600

Ma 0.004 0.006 0.072 0.012 0.047
Glutamate (m/z 432)

Mo 0.944 0.850 0.618 0.857 0.627

M1 0.052 0.143 0.368 0.138 0.359

Mo 0.004 0.007 0.013 0.004 0.014
Arginine (m/z 442)

Mo 0.949 0.425 0.121 0.321 0.127

M1 0.051 0.496 0.564 0.589 0.532

Mo 0.000 0.072 0.301 0.087 0.324
Tyrosine (m/z 466)

Mo 0.911 0.853 0.900 0.705 0.303

M1 0.084 0.121 0.095 0.255 0.430

M» 0.003 0.010 0.004 0.037 0.221
PHB (m/z 275)

Mo 0.959 0.951 0.962 0.959 0.958

M1 0.041 0.047 0.038 0.040 0.041

Mo 0.001 0.003 0.000 0.000 0.000

The highest labeling incorporation resulted for the cultivation on propionate, supple-

mented with NaH13CO3, where 10.6 % of the carbon atoms from the protein fraction
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was labeled, which was 7.6 times higher than for succinic acid (Table: 4.21). All amino
acids showed similar high labeling enrichments of the M+1 fragment (Table: 4.19).

This might be caused by propionyl-CoA carboxylase, catalyzing the first carboxylation

step of the assimilation of propionate. The molecule then enters the TCA cycle via

succinyl-CoA. As described for acetate, the next step was the hydrolysis catalyzed by

succinyl-CoA synthase to succinic acid. Since succinic acid is a symmetric molecule, the

Table 4.20.: Summed fractional labeling of amino acids and of hydroxybutyrate from hy-
drolyzed cells of D. shibae grown on succinate, glucose, acetate and propionate.
The medium was supplemented with labeled NaH!3CO3 and the tracer studies
were performed in permanent dark. The sum fractional labeling was then cal-
culated from corrected relative mass isotopomer fractions as described before
(Wittmann 2007). The values were corrected for natural labeling and higher
numbers accordingly refer to higher labeling. Data are given as the mean values
(n = 3). The relative deviation for the mass isotopomer fractions was < 2 %. As
related to the small signal intensity of arginine, the relative error was somewhat

higher (< 4 %).

Analyte Succinate Glucose Acetate Propionate
Alanine (m/z 260) 0.015 0.015 0.086 0.312
Valin (m/z 390) 0.015 0.018 0.092 0.344
Serine (m/z 390) 0.010 0.014 0.105 0.331
Glycin (m/z 390) 0.019 0.030 0.128 0.345
Aspartate (m/z 418) 0.113 0.560 0.185 0.651
Glutamate (m/z 432) 0.097 0.335 0.087 0.327
Arginine (m/z 442) 0.618 1.160 0.723 1.187
Tyrosine (m/z 466) 0.105 0.005 0.238 0.911
PHB (m/z 275) 0.010 0.000 0.000 0.000
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Figure 4.22.: Total labeling of carbon atoms of the protein fraction for D. shibae in relation

to the relative oxidation state of the used substrate.
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Table 4.21.: Relative CO» incorporation in the protein fraction of D. shibae cells grown on
different carbon sources. This was calculated from the monomeric composition
of the protein fraction and the fractional 13C enrichment. The amino acids were
determined experimentally.

Succinate Glucose Acetate Propionate

total Iabeling of caljbon atoms 1.43 505 3.41 10.58
of the protein fraction [%]

incorporated labeled carbon atom can be found on either the C; or C4 of this molecule.
The labeling would further be spread by anaplerosis and could be found again in amino
acids derived from glycolytic C3 precursors. Analysis exposed that only arginine showed
a slightly higher total labeling in the same amount as for glucose (Table: 4.20).

Overall, the results revealed the general ability of D. shibae to incorporate inorganic car-
bon into cell protein by assimilating carbon dioxide. Obviously, the ability to incorporate
inorganic carbon shows a dependency on the carbon oxidation state of the used carbon
source (Figure: 4.22). The higher reduced the used carbon source for growth is, the
more carbon dioxide is incorporated into cell protein. Furthermore it turned out, that
the 13C pattern of all metabolites, were independent of the illumination settings of the

culture.

Enzymatic assays for the unravelling of the assimilation route used for

acetate metabolism

Different pathways for aerobic acetate assimilation are known, the glyoxylate shunt, the
ethylmalonyl-CoA pathway and the methylaspartate cycle (Erb 2011). Here, it should
be analysed which pathways were active in D. shibae. While for the ethyl-CoA pathway
all genes were annotated, the isocitrate lyase, the key enzyme from glyoxylate shunt,
was missing (Figure: 4.8). But as seen in the previous chapter, the labeling pattern
fits for both pathways. To validate the absence of the isocitrate lyase and therefore
the inactivity of the glyoxylate shunt, enzymatic assays for both key enzymes, malate
synthase and isocitrate lyase, were established. C. glutamicum was used as positive
control for the functionality of the assay for the isocitrate lyase.

As expected by analyzing the genomic repertoire of D. shibae, no activity for isocitrate
lyase was determined for growth on minimal medium supplemented with acetate (Figure:
4.23), while the positive control depicted an activity of 55 mU mg;tot also grown on
acetate medium. In contrast, for malate synthase an activity of 222 mU mg|_31rot was

measured. This corresponds to 93.6 % of the substrate uptake rate and is part of both
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possible metabolic pathways. Taken together, the ethylmalonyl-CoA pathway seems to

be the pathway, that is involved in acetate assimilation in D. shibae.

The incorporation of inorganic carbon depends on the metabolized substrate

Bacteria use different pathways for the assimilation of different carbon sources and there-
fore the incorporation of inorganic carbon changes. It was shown that during growth on
succinic acid, only anaplerotic reactions lead to incorporation of 13C bicarbonate (Table:
4.19). When the cells were cultivated on glucose, however, the metabolic pathways
used were different. When carbon entered the citrate cycle from the pyruvate node, the
activity of pyruvate carboxylase increases significantly to fill up the TCA cycle with the
intermediate oxaloacetate (Sauer et al. 2005). The results showed furthermore an higher
enrichment in labeling of TCA cycle derived amino acids than for succinic acid grown cells
indicating an increased activity of pyruvate carboxylase, since it is the only possible en-
zyme for labeling incorporation (Figure: 4.24). This observation is especially important,
regarding the growth behavior of a pyruvate carboxylase knockout mutant (A PYC). On
glucose, no growth could be observed, while the cells were still able to grow on succinic
acid, but without labeling incorporation (data not shown). The phosphoenolpuruvate
carboxylase, another possible enzyme to replenish the citrate cycle, is not annotated for
D. shibae and it also seems not to be expressed under these conditions. In conclusion for
growth on glucose, pyruvate carboxylase is essential in D. shibae and responsible for the

main labeling incorporation. For B. subtilis, pyruvate carboxylase was also reported as
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Figure 4.23.: Enzymatic activity for the key enzymes of the glyoxylate shunt, malate synthase
and isocitrate lyase for D. shibae grown on acetate minimal medium. As positive
control the activity for the isocitrate lyse of C. glutamicum was determined in
the same way.
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essential enzyme for bacterial growth in the absence of phosphoenolpyruvate carboxylase
and was mainly responsible for carbonate incorporation (Diesterhaft et al. 1973). It is
interesting to note that alanine was unlabeled. This indicated a nearly fully inactivity of
malic enzyme and phosphoenolpyruvate carboxykinase during growth on glucose.

As most potential carbon source to incorporate inorganic carbon, propionate was stud-
ied. Since on propionate the highest biomass yield was achieved, it seemed reasonable
that this might also result in the highest amount of fixed inorganic carbon. Propionate
usually enters the TCA cycle at succinyl-CoA, as shown for R. palustris (Wampler et
al. 2005). Previous to this reaction one carboxylation step is involved, so that every
molecule entering the TCA cycle would be single labeled (Figure: 4.25). This labeling
was then spread over the TCA cycle equally distributed to the C; and C4 based on the
symmetry of succinate. By anaplerotic reactions, labeling reached also the upper part
of glycolysis. As a result, the highest labeling incorporation for all tested substrates was
determined.

In conclusion, anaplerotic carboxylation and biosynthetic reactions contribute to in-
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Figure 4.25.: Carbon transition resulting from the oxidative TCA cycle with reversible (A) and
irreversible (B) interconversion of C4 intermediates while growth on unlabeled
propionate and 13C-labeled carbonate. The closed circles indicate 13C-labeled
carbon atoms, open circles indicate non-labeled carbon atoms.

corporation of inorganic CO5 for all tested substrates. This was already proposed by
Swingley et al. (2007) and Tang et al. (2009). The most efficient growth and the high-
est inorganic carbon incorporation could be found for propionate, as expected from the

carbon oxidation state of the molecule.

93



4.4. Influence of environmental changes on metabolic pathways of D. shibae

(0000)

( PHB |
4

» ACET-CoA 0000

v
CROT-CoA 0coo

rcoz 0

ETH-CoA >

v
B-METH-CoA 008

ol @ PROP-CoA (000

o8 suc s e3555AKG € ®

0000
o0 H
0000 H
Ethylmalon :—\ A/Covz/g :
y Y SUC-CoA4« ' ®:  METH-CoA 03¢
v

CoA pathway

(Glutamate|
&5
€000

(6000
o (e
A

: l
(Co;) [©
(<o | g o)

AC-CoA === »ACET-CoA 0000

jkf o
co:| ®
[6)

suc” coo B AKG &

co0e .
€000 i

\ — />
Glyoxylate SUC-CoA Co2l o i

shunt v
Glutamate

00000

80000)

Figure 4.26.: Carbon transition resulting from the oxidative TCA cycle with reversible (A)
and irreversible (B) interconversion of C4 intermediates while growth on unla-
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D. shibae uses the ethylmalonyl-CoA pathway for acetate assimilation

For the assimilation of acetate different pathways were known (Erb 2011). Most interest-
ing for D. shibae was the EMC pathway, known as alternative to the glyoxylate shunt for
organisms lacking the isocitrate lyase (Alber et al. 2006, Erb et al. 2010). As described
in the previous chapters, a lot of metabolites of the EMC pathway could be found by
LC-MS/MS analysis for D. shibae. Especially ethylmalonyl-CoA, mesaconyl-CoA and B-
methylmalyl-CoA, the pathway specific intermediates, could be detected (Peyraud et al.
2009), even on succinate as carbon source. Theoretical analysis revealed a complete an-
notation of this pathway using KEGG database. Thus, its activity for acetate grown cells
was suggested. Labeling studies of D. shibae with 13C bicarbonate and acetate as car-
bon source revealed a single labeling of pyruvate, oxoglutarate and 3-phosphoglycerate
derived amino acids of one C atom, while oxaloacetate derived amino acids were labeled
either on Cq or C4. Figure 4.26 demonstrated, that these labeling pattern fit for EMC
pathway and glyoxylate shunt (Figure: 4.26). The theoretical labeling incorporation
for the glyoxylate shunt exclusively came from pyruvate carboxylase during anaplerotic
reactions. For the EMC pathway, incorporation additionally occurred by crotonoyl-CoA
reductase/carboxylase and propionylCoA carboxylase. While the glyoxylate shunt would
result in similar enrichment as succinate, the increased incorporation of CO» unravels
functional contribution of the EMC pathway to acetate assimilation in D. shibae. These
results were confirmed by enzymatic inactivity of the isocitrate lyase, the key enzyme of
the glyoxylate shunt.

Investigations of the metabolism of R. pomeroyi revealed that the EMC pathway might
also play a role by DMSP degradation and is assumed to be used for acetate assimilation
(Reisch et al. 2013) in this Roseobacter. Interestingly, R. sphaeroides, located in the
same family of Rhodobacteraceae, also uses the EMC pathway (Alber 2011, Alber et al.
2006). The lack of isocitrate lyase seems to be wide spread under Roseobacteria and the

EMC pathway might be a carbon saving strategy of this group for acetate assimilation.

The light-dependent metabolism of D. shibae does not involve increased
carbon dioxide assimilation

The difference in pigmentation (Figure: 4.18) and biomass formation (Table: 4.14) in-
dicates that the metabolism of D. shibae differs in the light. Indeed, light plays an
important role for this Roseobacter member. Dark-light cycles are required to enable
photosynthesis (Holert et al. 2011) and globally influence the expression of genes in

D. shibae (Tomasch et al. 2011). Moreover, D. shibae is able to change its energetic
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status in response to the light regime (Holert et al. 2011). Under conditions of nutrient
limitation in a chemostat, D. shibae reacts to illumination by instantaneous reduction
of aerobic respiration and an increase in biomass (Tomasch et al. 2011). The previous
results indicate that D. shibae did not use other carbon dioxide assimilation pathways
than those required for anaplerotic reactions, and these were independent of the illumi-
nation conditions. It can be concluded that the light adapted metabolism of this marine
bacterium is completely independent from carbon dioxide fixation. The reduced growth
yield in constant light was most likely caused by oxidative stress. The more efficient
growth, observed during dark-light cycles (Table: 4.14), might here been stimulated
by extra ATP, generated by photosynthesis. However, the exact reason for the equally
effective growth in permanent darkness remains unclear. Comparative investigations
with non-pigmented and pigmented cells in dark conditions are, so far, not available for
D. shibae (Holert et al. 2011), but might give new insights into its metabolic adaptation.
Overall, D. shibae differs from the photosynthetic bacterium Acidiphilium rubrum, which
exhibits an enhanced CO, fixation capacity under lighted conditions (Kishimoto et al.
1995). Carbon dioxide fixation, at least on the level of pyruvate carboxylase, appears
to be more similar to that of R. denitrificans, another AAnP member, where it is also
light-independent (Tang et al. 2009). There is evidence that the Roseobacter clade
relies on a mixed, flexible combination of different energy sources and benefits (Swingley
et al. 2007). The most important sources are organic nutrients, which are complemented
by light and CO oxidation (Moran et al. 2007b). However, no evidence for the costly
fixation of COy has been obtained so far. The macromolecular biomass composition
of D. shibae revealed strong formation of PHB. PHB formation is a well-known strat-
egy of different organisms for carbon storage, particularly when inorganic nutrients are
limiting. As example, PHB synthesis is triggered or initiated by nitrogen or phosphate
starvation (Poblete-Castro et al. 2012, Johnson et al. 2010). In contrast, D. shibae used
a substantial fractions of carbon for PHB formation even during non-limited exponential
growth. Obviously, the cells constitutively accumulate an intracellular carbon and energy
reservoir, relying on organic nutrients. This might be a strategy of the bacterium, relying
on organic nutrients, to survive in its natural habitat, which is typically low in organic
carbon (Sharp 1993). Still, there are phases with increased nutrient availability. The
uptake and storage of the additionally available carbon as PHB might be advantageous
for D. shibae, as it could facilitate survival of the cells during subsequent starvation
phases. Considering the dominance of the Roseobacter clade among the marine bac-
terial community, constitutive carbon storage may represent yet another feature of this

microbial group.

96



4.5. Changes in the central metabolic pathways for quorum sensing mutants.

4.5. Changes in the central metabolic pathways for

gquorum sensing mutants.

Quorum sensing is a common technique, wide spread under Roseobacters, regulating cell
populations and their physiologies (Cude et al. 2013). In D. shibae several new long chain
AHLs could be identified being involved in quorum sensing (Wagner-Débler et al. 2005).
These were responsible for changes in morphology of D. shibae from small rods to long
filamentous cells with several copies of the chromosome (Patzelt et al. 2013). Deletions
of genes involved in the AHL production could re-establish the standard morphology
of small rods (Patzelt et al. 2013). Jux/ and /uxR genes were further investigated and
deletion mutants showed differences in growth behavior (Patzelt et al. 2013). This
interesting fact might have also influence on metabolic traits. By analysis of the in vivo
fluxes, the communication of the cell population should be investigated on a metabolic

level.

4.5.1. Metabolic flux analysis reveals only slight changes in

central carbon fluxes

The adaptation of the established procedure for metabolic flux analysis of D. shibae was
conducted with 1-13C glucose as carbon source for the two mutant strains Alux/ and
AluxR. Growth experiments revealed no big changes in growth characteristic parameters
(Table: 4.22) as seen in Patzelt et al. (2013) for growth on succinic acid. The Alux/
mutant showed the same growth rate as the wild-type strain, while AluxR was slightly
faster. In addition, biomass yield and substrate uptake rate were nearly identical. Both
mutant strains also showed exponential growth and the maximal optical density coin-
cided with the depletion of glucose (Figures: A.1 and A.2). The reproducibility is given

Table 4.22.: Growth characteristic parameters for D. shibae and two Alux mutants grown
in minimal medium with 10 mM glucose as sole carbon source at permanent
dark. Data denote the specific growth rate (p), the biomass yield Yy g, The
biomass yield YX/S divided by the number of C-atoms from the substrate and
the specific substrate uptake rate qg. Data represent the mean values with
standard deviations (n = 3).

lllumination p [h1] Yx/s [8 mol™!] Yx/s [g Cmol™] qs [mmol g™! h71]

WT 0.11 £ 0.00 703+ 1.0 117 £ 0.2 1.59 + 0.17
Aluxl 0.11 £ 0.00 706 £ 2.8 11.8 + 0.5 1.52 + 0.03
AluxR 0.12 £ 0.00 69.7 + 3.0 116 + 0.5 1.72 + 0.04
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Figure 4.27.: Fluxmap for D. shibae Alux/ on the left and AluxR on the right in SWM
supplemented with 10 mM glucose. The in vivo flux distribution were given in
as molar percentage of the mean specific glucose uptake rates qg set to 100 %.
The corresponding error were determined by Monte-Carlo analysis with 90 %
confidence interval.

by small standard deviations for both strains from three cultivations. As required for
metabolic flux analysis, metabolic and isotopic steady state was verified (Figures: A.1
and A.2) showing no time dependent changes for biomass formation from glucose (B)
and for the labeling pattern (C).

Flux analysis of the mutant strains revealed that the complete carbon, entering the
metabolism at the glucose 6-phophate node, was channeled through the ED pathway as
seen for the wild-type strain. In contrast, the oxidative pentose phosphate pathway (PP
pathway) and the Emden-Meyerhoff-Parnas pathway (EMP pathway) were found inac-
tive. Changes were only observed in the variable part of the anaplerotic reactions. Both
strains showed a slightly minor flux through malic enzyme going with with an increased
flux through pyruvate carboxylase and phosphoenolpyruvate carboxykinase. In bacteria,
this phosphoenolpyruvate-pyruvate-oxaloacetate node is used to distribute the carbon
flux among the catabolic, anabolic and energy supply pathways (Sauer et al. 2005). The
anaplerotic replenishment occurred only via pyruvate carboxylase and was 10 % higher
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for AluxR and 23 % for Alux/ mutants. The in vivo activity of PEP carboxykinase,
resulting in an exchange flux between the C3 and C4 metabolites of glycolysis and TCA
cycle, was further increased by 10 % for AluxR and 23 % for Alux/ mutants.

Production of long chain AHL causes changes in morphology for D. shibae (Patzelt
et al. 2013, Wagner-Débler et al. 2010, Wagner-Débler et al. 2005), which might have
resulted in an augmented usage of anaplerotic reactions. Knocking out the autoinducer
lux! increased fluxes towards anaplerosis in a greater manner than for the knock-out
of the regulator luxR for AHL production. This is interesting, because the fux/ defi-
cient mutants showed a complete inactivation of AHL production which changed their
morphology to normal shape again (Patzelt et al. 2013). This high variability of the
anaplerotic node seems to be advantageous for D. shibae to adapt to different situation

and shows the high conservation of the remaining pathways.
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5. Conclusions and Outlook

The marine environment is one of the largest habitats on earth, but the investigation of
life in such a variable environment is still in the beginning. Although the nutrient supply
is usually weak and environmental changes hamper living conditions, various bacterial
communities can be found. One of the dominant groups is the Roseobacter clade, show-
ing interesting habits linked to the carbon core metabolism. Dinoroseobacter shibae is
one of the model organisms belonging to this group of Alphaproteobacteria, known for
either planktonic or biofilm forming growth attached to algae. This organism seems to
be a good candidate for investigations of metabolism, because it further belongs to the
group of aerobic anoxigenic phototrophs. Challenges for living in marine environments
are versatile, especially under enormous changes of the nutrient level and under oxidative
stress caused by radiation or photosynthesis of algae.

In the present work, the central carbon metabolism of D. shibae was investigated, re-
ferring to changes in the environment and oxidative stress by using systems biological
techniques. To unravel the use of the central carbon core metabolism on glucose and
succinic acid, both prevalent carbon sources in the oceans, 13C metabolic flux analysis
were performed. Detailed flux maps of in vivo reaction rates combined with enzymatic
assays elucidated the carbon core metabolism and gave information about the enormous
success of this bacterial group.

The results of the 13C metabolic flux analysis revealed a highly conserved glucose
metabolism, allowing degradation solely via the Entner-Doudoroff pathway. The phos-
phofructokinase, key enzyme of the Embden-Meyerhof-Parnas pathway, showed no activ-
ity under the tested conditions and the 6-phosphogluconate dehydrogenase, key enzyme
of the oxidative pentose phosphate pathway, was neither annotated nor showed any en-
zymatic activity. The non-oxidative part of the pentose phosphate pathway was only
used for the generation of anabolic precursors. Furthermore, degradation via anaplerotic
reactions and TCA cycle was more flexible. For replenishment of TCA cycle, mainly the
two anaplerotic enzymes pyruvate carboxylase and phosphoenolpyruvate carboxykinase
were responsible, while malic enzyme exposed only weak activities. The highly used
TCA cycle was generating reduction equivalents for energy supply as well as precursors

for anabolic demands. The NADPH demand was satisfied by glucose-6-phosphate and
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isocitrate dehydrogenase being highly used. As storage compound, D. shibae produces
polyhydroxybutyrate which results in high fluxes to acetyl-CoA, generating reduction
equivalents as well. Other by-products were not produced revealing a highly efficient
metabolism.

Using succinic acid as carbon source changed the metabolism entirely, because it enters
the central carbon metabolism directly at the TCA cycle. From oxaloacetate the fluxes
split into anaplerotic reactions and to further degradation via TCA cyle. Thus, only
small fluxes remained. For anaplerosis, pyruvate carboxylase and phosphoenolpyruvate
carboxykinase were still used resulting in high fluxes in the direction of acetyl-CoA. This
was due to PHB contents of over 50 % cell dry weight, not uncommon for Roseobacteria
and AAnP bacteria. The non-oxidative part of the pentose phosphate pathway was still
generating precursors while small fluxes over the Entner-Doudoroff pathway revealed its
ability to react fast on environmental changes. For this reason, the organism is able to
reactivate sugar metabolism as soon as needed.

Regarding the high production rate for NADPH and the unused capacity of the NADPH
generating enzymes, glucose-6-phosphate and isocitrate dehydrogenase, D. shibae showed
good abilities to handle oxidative stress. Experiments using diamide to induce oxidative
stress revealed good tolerance and a positive effect of the mainly used Entner-Doudoroff
pathway. Additionally, the resistance against oxidative stress was independent from the
substrate used for bacterial growth.

Labeling studies under different environmental changes showed no influence of changing
light regimes on the central carbon metabolism. This was curious because the pigmen-
tation changed from dark red, when cultivated in the dark, to light beige for cells grown
in permanent light. During night the establishment of a photosynthesis complex, in-
cluding bacteriochlorophyll a production, colored the cells. Additionally, no changes in
heterotrophic carbon incorporation could be detected under different light conditions.
For the proposed carbon fixation via 3-hydroxypropionate cycle no activity was deter-
mined under nutrient rich conditions as well as changing light regimes. But it was shown
that D. shibae used heterotrophic carbon incorporation via anaplerotic reactions. As a
result different amounts of incorporated inorganic carbon were provided dependent on
the metabolized substrate. While with succinic acid only small amount were incorpo-
rated, the growth on glucose and acetate revealed higher amounts. The most effective
carbon fixation occurred using propionate as sole carbon source. Further analysis of
the acetate metabolism discovered the use of the ethylmalonyl-CoA pathway instead of
glyoxylate shunt for assimilation shown by enzymatic activity assays and labeling studies,
known to be active for AAnP.

The analysis of quorum sensing mutants, which do not produce AHL at all, revealed only
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small changes in central carbon metabolism. Only slight variations in use of anaplerotic
reactions occurred, while the main degradation routes were used equally. Consequently,
D. shibae seemed to be highly adapted to the marine environment and able to react
flexible on changing environmental conditions.

In future research it would be interesting to investigate the central carbon fluxes under
further changes of environmental conditions. As described before, times of low nutrient
contents were common for marine environments, but the influence on metabolism is not
understood very well. For this reason analysis on multi-omics level for starving condi-
tions would be very elucidating. Maybe carbon fixation pathways will be up-regulated
and used under these condition.

Another interesting topic could be the investigation of stress conditions in more detail.
Oxidative and salt stress are very common in marine environments and organisms from
these habitats could provide more information on mechanisms for protection. These
analysis combined with multi-omics data could lead to a better understanding of the
great success of bacteria belonging to the Roseobacter clade in marine environments.
To better understand the relations of algae and bacteria analysis regarding the symbiosis
would be fascinating. Substances provided by the algae host could be analyzed with
metabolic flux analysis for incorporation in bacterial metabolism and clarify the prof-
its for the bacteria in this symbiosis. Combining these analysis with investigations on
substances flowing back from bacteria to algal host will provide new insights into the

symbiotic relationship.
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A. Appendix

A.1l. Precursor demand for glucose

Table A.1.: Building blocks for anabolic precursor demand for biomass synthesis in D. shibae
in pmol g_BlTM for growth on SWM supplemented with 10 mM glucose as carbon

source.
pmol S_BITM G6P F6P R5P E4P GAP PGA PEP PYR AcCoA OAA AKG NADPH

Amino acid 5086 0 0 139 303 0 804 551 2424 378 1776 1314 9775
Alanine 11.8 598 1 1
Arginine 4.6 235 1 4
Aspartate 8.9 454 1 1
Cysteine 1.7 87 1 1
Glutamate 18.5 942 1 1
Glycine 9.7 492 1 1
Histidine 1.7 85 1 1
Isoleucine 4.1 211 1 1 6
Leucine 7.4 378 2 1 2
Lysine 4.3 220 1 1 4
Methionine 29 146 1 4
Phenylalanine 3.2 162 1 2 2
Proline 2.7 136 1 3
Serine 4.4 225 1 1
Threonine 5.0 253 1 3
Tryptophane 1.1 54 1 1 1 3
Tyrosine 1.7 86 1 2 2
Valine 6.3 320 2 2
RNA 294 0 0 294 0 0 165 0 0 0 129 0 203
ATP 25 74 1 1 1
UTP 20 59 1 1 1
GTP 31 91 1 1
CTP 24 71 1 1 1
DNA 224 0 0 224 0 0 112 0 0 0 112 0 413
dATP 17 38 1 1 2
dTTP 17 38 1 1 3
dGTP 33 74 1 1 1
dCTP 33 74 1 1 2
Lipids 260 0 0 0 0 65 65 0 0 1129 0 0 1998
Glycerine-P 25.0 65 1 1
Serine 25.0 65 1 1
3-OH 10:0 1.2 3 5 7
12:1 2.0 5 6 9
3-OH 14:1 2.4 6 7 10
18:1w7c 39.9 104 9 15
18:0 2.7 7 9 16
Cyclo 19:0 1.9 5 10 15

Average 130 8.7 14.4
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A.1. Precursor demand for glucose

pmol g_B:EI'M G6P F6P R5P E4P GAP PGA PEP PYR AcCoA OAA AKG NADPH

LPS 71 27 10 3 0 0 4 0 0 93 0 0 137
Ribose 3.0 2 1

Arabinose 1.4 1 1

Mannose 9.9 7 1

Glucose 9.7 7 1

Glucosamine 28.7 20 1

Glucosamine-6P 4.1 3 1

Glycine 5.5 4 1 1
Alanine 0.2 0 1 1
KDO 0.0 0 1 1

3-HD 9.6 7 5 7
3-oxo-TD 11.9 8 7 10

Peptidoglycan

monomers 83 0 28 0 0 0 0 14 42 28 14 14 111
UDP-GlcNAc 14 1 1

UDP-MurNAc 14 1 1 1 1
Alanine 28 1 1
DAP 14 1 1 4
Glutamate 14 1 1
PHB 733 0 0 0 0 0 0 0 0 1466 0 0 733
3-HB 733 2 1
Bacterio-

chlorophyll 3 0 0 0 0 0 23 0 0 0 0 23 29
Bchl a 3 8 8 10
1-Carbon

requirement 49 0 0 0 0 0 49 0 0 0 0 0 0
Serine 49 1

Polyamines 59 0 0 0 0 0 0 0 0 0 0 59 176
ornithine eq. 59 1 3
Sum 6862 27 38 661 303 65 1222 565 2465 3098 2031 1410 13574
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A.2. Reactions for pathway analysis on glucose

A.2. Reactions for pathway analysis on glucose

Table A.2.: Metabolic model for analysis of intracellular free fluxes of D. shibae with OpenFlux

rxnlD rxnEQ cTrans rates type basis deviation
RO1 GLC_EX = GLC6P abcdef = abcdef F 100 0
RO2 GLC6P = F6P abcdef = abcdef F
RO3 F16P = F6P abcdef = abcdef F
RO4 F16P = DHAP + G3P abcdef = cba + def FR
RO5 DHAP + G3P = F16P cba + def = abcdef R X
R06 DHAP = G3P abc = abc + def FR
RO7 G3P = DHAP abc + abc = abcdef R X
RO8 GLC6P = 6PG abcdef = abcdef F X
R0O9 6PG = PYR + G3P abcdef = abc + def F
R10 6PG = P5P + CO2 abcdef = bcdef + a F
R11 P5P + P5P = S7P + G3P abcde + fghij = fgabcde + hij FR
R12 S7P + G3P = P5P + P5P fgabcde + hij = abcde + fghij R X
R13 S7P + G3P = E4P + F6P abcdefg + hij = defg + abchij FR
R14 E4P + F6P = S7P + G3P defg + abchij = abcdefg + hij R X
R15 E4P + P5P = F6P + G3P abed + efghi = efabed + ghi FR
R16 F6P + G3P = E4P + P5P efabed + ghi = abed + efghi R X
R17 G3P = 3PG abc = abc FR
R18 3PG = G3P abc = abc R X
R19 3PG = PEP abc = abc FR
R20 PEP = 3PG abc = abc R X
R21 PEP = PYR abc = abc F
R22 PYR = ACCOA + CO2 abc = bc + a F
R23 ACCOA + OAA =CIT ab + cdef = fedbac F
R24 CIT = ICI abcdef = abcdef F
R25 ICI = AKG + CO2 abcdef = abcde + f F
R26 AKG = 0.5 SUC + 0.5 SUC + CO2 abcde = 0.5 bcde + 0.5 edcb + a F
R27 SUC = MAL abed = abed F
R28 MAL = OAA abed = abed F
R29 PYR + CO2 = OAA abc + d = abed F X
R30 MAL = PYR + CO2 abcd = abc + d F X
R31 OAA = PEP + CO2 abed = abc + d F X
R32 GLC6P = GLC6P_B B 0.193 0.002
R33 F6P = F6P_B B 0.265 0.003
R34 PsP = P5P B B 4.646 0.046
R35 E4P = E4P_B abcd = abed F 2.127 0.021
R36 G3P =G3P_B B 0.457 0.005
R37 3PG =3PG_B abc = abc F 8.590 0.086
R38 PEP = PEP_B abc = abc F 3.973 0.040
R39 PYR = PYR_B abc = abc F 17.331 0.173
R40 OAA = OAA B abecd = abed F 14.280 0.143
R41 ACCOA = ACCOA B B 21.780 0.218
R42 AKG = AKG_B B 9.911 0.099
R43  E4P_B = E4P_BT B
R44  3PG_B = 3PG_BT B
R45  PEP_B = PEP_BT B
R46  PYR_B =PYR_BT B
R47  OAA_B = OAA_BT B
R48 3PG_B = SER abc = abc F
R49 SER = GLYX + MTHF abc = ab + ¢ F
RS0 OAA_B + PYR_B = 0.5 LYSX + abcd + efg = 0.5 abcdfg + F
0.5 LYSX + 0.5 CO2 + 0.5 CO2 0.5 efgdcb + 0.5e + 05 a
R51 PYR B + PYR_ B = VALX + CO2 abc + def = abefc + d F
R52 E4P B + PEP_B = SHKM abcd + efg = efgabcd F
R53 SHKM + PEP_B = CHRM abcdefg + hij = abcdefghij F
R54 CHRM = TYRX + CO2 abcdefghij = hijbcdefg + a F
R55 CO2 = CO2_EX a=a FR
R56 CO2 EX = CO2 a=a R X
R57 0.492 GLYX + 0.086 TYRX + 0.320 B 7.030 0.070
VALX + 0.220 LYSX = BIOMASS
R58 PYR = ALAX abc = abc S
R59 OAA = ASPX abed = abed S
R60 AKG = GLUX abcde = abcde S
R61 OAA = THR abed = abed S
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A.3. Metabolic flux analysis data for glucose

A.3. Metabolic flux analysis data for glucose

Table A.3.: Labelling data for D. shibae grown on SWM with glucose

Amino acid Fragment Measurement 1 Measurement 2 Measurement 3
M+0 M+1 M+2 M+0 M+1 M+2 M+0 M+1 M+2
Alanine 260 0.3797 0.4569 0.1221 0.3823 0.4545 0.1221 0.3846 0.4522 0.1222
232 0.7540 0.1754 0.7536 0.1759 0.7530 0.1764
288 0.3600 0.4532 0.1333 0.3615 0.4511 0.1336 0.3644 0.4491 0.1332
Valine 260 0.7162 0.1927 0.0753 0.7155 0.1929 0.0756 0.7149 0.1936 0.0755
186 0.7921 0.1523 0.0427 0.7915 0.1527 0.0428 0.7906 0.1533 0.0429
Threonine 404 0.4657 0.3154 0.1535 0.4619 0.3167 0.1551 0.4577 0.3174 0.1571
376 0.5608 0.2836 0.1206 0.5559 0.2869 0.1216 0.5509 0.2903 0.1225
418 0.4597 0.3126 0.1588 0.4589 0.3163 0.1567 0.4544 0.3176 0.1587
Aspartate 390 0.5566 0.2856 0.1219 0.5532 0.2879 0.1225 0.5482 0.2913 0.1234
316 0.6112 0.2681 0.0938 0.6063 0.2718 0.0946 0.6010 0.2754 0.0965
Glutamate 432 0.5321 0.2902 0.1270 0.5267 0.2939 0.1280 0.5202 0.2971 0.1298
330 0.6848 0.2155 0.0804 0.6835 0.2163 0.0807 0.6824 0.2173 0.0808
390 0.6384 0.2305 0.1056 0.6386 0.2303 0.1056 0.6375 0.2311 0.1059
Serine 362 0.6694 0.2263 0.6700 0.2263 0.6698 0.2264
288 0.7327 0.1938 0.7324 0.1941 0.7324 0.1940
Glycine 246 0.7504 0.1774 0.7504 0.1775 0.7494 0.1782
218 0.8253 0.1747 0.8254 0.1746 0.8251 0.1749
Tz 466 0.5701 0.2625 0.1185 0.5714 0.2644 0.1182 0.5725 0.2641 0.1178
302 0.7281 0.1978 0.7307 0.1960 0.7279 0.1983
Lysine 431 0.3555 0.3657 0.1840 0.3552 0.3656 0.1845 0.3519 0.3658 0.1864
329 0.5843 0.2804 0.1010 0.5844 0.2817 0.1002 0.5790 0.2855 0.1012

Table A.4.: Experimental determined and simulated mass isotopomer fractions for D. shibae
grown on SWM with glucose

Amino acid Fragment Simulated data Experimental data
min i ragmen
& M+0 M+l M42 | M40 M1 M42
Alani 260 0.4030 0.4446 0.1144 0.3823 0.4545 0.1221
anine 232 0.7656  0.1660 0.7536  0.1759
288 0.3917 0.4408 0.1208 0.3615 0.4511 0.1336
Valine 260 0.7406 0.1769 0.0698 0.7155 0.1929 0.0756
186 0.8229 0.1361 0.0373 0.7915 0.1527 0.0428
. 404 0.4531 0.3117 0.1649 0.4619 0.3167 0.1551
Threonine
376 0.5689 0.2792 0.1183 0.5559 0.2869 0.1216
418 0.4522 0.3111 0.1655 0.4589 0.3163 0.1567
Aspartate 390 0.5677 0.2788 0.1193 0.5532 0.2879 0.1225
316 0.6277 0.2620 0.0895 0.6063 0.2718 0.0946
432 0.5492 0.2818 0.1226 0.5267 0.2939 0.1280
Glutamate
330 0.7073 0.2003 0.0761 0.6835 0.2163 0.0807
390 0.6386 0.2300 0.1062 0.6386 0.2303 0.1056
Serine 362 0.6711 0.2244 0.6700 0.2263
288 0.7350 0.1918 0.7324 0.1941
. 246 0.7542 0.1746 0.7504 0.1775
Glycine
218 0.8294 0.1706 0.8254 0.1746
. 466 0.5775 0.2626 0.1178 0.5714 0.2644 0.1182
Tyrosine
302 0.7240 0.1706 0.7307 0.1960
Lysi 431 0.3661 0.3616 0.1825 0.3552 0.3656 0.1845
sine
Y 329 0.6120 0.2710 0.0914 0.5844 0.2817 0.1002

121



A.4. Precursor demand for succinic acid

A.4. Precursor demand for succinic acid

Table A.5.: Building blocks for anabolic precursor demand for biomass synthesis in D. shibae
in pmol g_BlTI\/I for growth on SWM supplemented with 10 mM succinic acid as
carbon source.

pmol g_BlTM G6P F6P R5P E4P GAP PGA PEP PYR AcCoA OAA AKG NADPH

Amino acid 3199 0 0 88 190 0 506 347 1524 238 807 827 6149
Alanine 11.8 376 1 1
Arginine 4.6 148 1 4
Aspartate 8.9 286 1 1
Cysteine 1.7 55 1 1
Glutamate 18.5 593 1 1
Glycine 9.7 310 1 1
Histidine 1.7 54 1 1
Isoleucine 4.1 132 1 1 6
Leucine 7.4 238 2 1 2
Lysine 43 138 1 1 4
Methionine 2.9 92 1 4
Phenylalanine 3.2 102 1 2 2
Proline 27 86 1 3
Serine 4.4 141 1 1
Threonine 5.0 159 1 3
Tryptophane 1.1 34 1 1 3
Tyrosine 1.7 54 1 2 2
Valine 6.3 201 2 2
RNA 197 0 0 197 0 0 110 0 0 0 87 0 136
ATP 25 49 1 1 1
UTP 20 39 1 1 1
GTP 31 61 1 1
CTP 24 47 1 1 1
DNA 143 0 0 143 0 0 71 0 0 0 71 0 263
dATP 17 24 1 1 2
dTTP 17 24 1 1 3
dGTP 33 a7 1 1 1
dCTP 33 a7 1 1 2
Lipids 195 0 0 0 0 49 49 0 0 852 0 0 1502
Glycerine-P 25.0 49 1 1
Serine 25.0 49 1 1
3-OH 10:0 1.2 2 5 7
12:1 2.0 4 6 9
3-OH 14:1 2.4 5 7 10
18:1w7c 39.9 78 9 15
18:0 2.7 5 9 16
Cyclo 19:0 1.9 4 10 15
Average 98 8.7 14.4
LPS 71 27 10 3 0 0 4 0 0 93 0 0 137
Ribose 3.0 2
Arabinose 1.4 1 1
Mannose 9.9 7 1
Glucose 9.7 7 1
Glucosamine 28.7 20 1
Glucosamine-6P 4.1 3 1
Glycine 55 4 1 1
Alanine 0.2 0 1 1
KDO 0.0 0 1 1
3-HD 9.6 7 5 7
3-oxo-TD 11.9 8 7 10

Peptidoglycan

monomers 83 0 28 0 0 0 0 14 42 28 14 14 11
UDP-GlcNAc 14 1 1

UDP-MurNAc 14 1 1 1 1
Alanine 28 1 1
DAP 14 1 1 4
Glutamate 14 1 1
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A.4. Precursor demand for succinic acid

umol g5

E4P GAP PGA

AKG

NADPH

PHB
3-HB

Bacterio-
chlorophyll
Bchl a

1-Carbon
requirement

Serine

Polyamines

ornithine eq.

Sum

4823
4823

49
49

59
59

8823

0 0 0
0 0 23
8
0 0 49
1
0 0 0
190 49 812

23

59

922

4823

29
10
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A.5. Reactions for metabolic pathway analysis on succinic acid

A.5. Reactions for metabolic pathway analysis on

succinic acid

Table A.6.: Metabolic model for analysis of intracellular free fluxes of D. shibae with OpenFlux

rxnlD rxnEQ cTrans rates type basis deviation
RO1 SUC_EX = SuUC abcd = abcd F 100 o]
RO2 SUC = SUC_EX abcd = abed F X
RO3 SUC = MAL abcd = abed F
RO4 MAL = OAA abcd = abed F
RO5 ACCOA + OAA = ICI ab 4+ cdef = fedbac F
R06 ICl = CIT abcdef = abcdef F
RO7 CIT = AKG + CO2 abcdef = abcde + f F
RO8 AKG = 0.5 SUC + 0.5 SUC + CO2 abcde = 0.5 bcde + 0.5 edcb + a F
R09 PYR + CO2 = OAA abc + d = abcd F X
R10 MAL = PYR + CO2 abcd = abc + d F 5.26 0.48
R11 OAA = PEP + CO2 abed = abc + d F X
R12 PYR = ACCOA + CO2 abc = bc + a F
R13 PEP = PYR abc = abc F
R14 PEP = 3PG abc = abc FR
R15 3PG = PEP abc = abc R X
R16 3PG = G3P abc = abc FR
R17 G3P = 3PG abc = abc R X
R18 G3P = DHAP abc = abc FR
R19 DHAP = G3P abc = abc R X
R20 DHAP + G3P = F16P cba + def = abcdef FR
R21 F16P = DHAP + G3P abcdef = cba + def R X
R22 F16P = F6P abcdef = abcdef F
R23 F6P = GLC6P abcdef = abcdef F
R24 GLC6P = 6PG abcdef = abcdef F X
R25 6PG = KDPG abcdef = abcdef F
R26 KDPG = PYR + G3P abcdef = abc + def F
R27 6PG = P5P + CO2 abcdef = bcdef + a F 0 0
R28 P5P + P5P = S7P + G3P abcde + fghij = fgabcde + hij FR
R29 S7P + G3P = P5P + P5P fgabcde + hij abcde + fghij R X
R30 S7P + G3P = E4P + F6P abcdefg + hij defg + abchij FR
R31 E4P + F6P = S7P + G3P defg + abchij = abcdefg + hij R X
R32 E4P + P5P = F6P + G3P abed + efghi = efabed + ghi FR
R33 F6P + G3P = E4P + P5P efabed + ghi = abed + efghi R X
R34 GLC6P = GLC6P_B B 0.116 0.001
R35 F6P = F6P_B B 0.159 0.002
R36 P5P = P5P_B B 1.816 0.018
R37 E4P = E4P_B abcd = abed F 0.803 0.008
R38 G3P =G3P_B B 0.206 0.002
R39 3PG =3PG_B abc = abc F 3.428 0.034
R40 PEP = PEP_B abc = abc F 1.522 0.015
R41 PYR = PYR_B abc = abc F 6.609 0.066
R42 OAA = OAA B abecd = abed F 4.132 0.041
R43 ACCOA = ACCOA_B B 45.820 0.458
R44 AKG = AKG_B B 3.892 0.039
R45  E4P_B = E4P_BT B
R46  3PG_B = 3PG_BT B
R47  PEP_B = PEP_BT B
R48  PYR_B =PYR_BT B
R49  OAA_B = OAA_BT B
R50 3PG_B = SER abec = abc F
R51 SER = GLYX + MTHF abc = ab + ¢ F
R51 OAA B + PYR_B =05 LYSX + abcd + efg = 0.5 abcdfg + F
0.5 LYSX + 0.5 CO2 + 0.5 CO2 0.5 efgdcb + 0.5e + 05 a
R52 PYR B + PYR_ B = VALX + CO2 abc + def = abefc + d F
R53 E4P B + PEP_B = SHKM abcd + efg = efgabcd F
R54 SHKM + PEP_B = CHRM abcdefg + hij = abcdefghij F
R55 CHRM = TYRX + CO2 abcdefghij = hijbcdefg + a F
R56 CO2 = CO2_EX a=a FR
R57 CO2_EX = CO2 a=a R X
0.279 GLYX + 0.049 TYRX + 0.181
Rs8 VALX + 0.125 LYSX = BIOMASS B 422 0.0422
R59 PYR = ALAX abc = abc S
R60 OAA = ASPX abed = abed S
R61 AKG = GLUX abcde = abcde S
R62 OAA = THR abed = abed S

124
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A.6. Metabolic flux analysis data for succinic acid

Table A.7.: Labelling data for D. shibae grown on SWM with succinic acid

Amino acid Fragment Measurement 1 Measurement 2 Measurement 3
M+0 M+1 M+2 M+0 M+1 M+2 M+0 M+1 M+2
Alanine 260 0.1070 0.6805 0.1513 0.1036 0.6828 0.1519 0.1042 0.6824 0.1517
232 0.7634 0.1678 0.7631 0.1678 0.7630 0.1679
288 0.0945 0.6677 0.1630 0.0918 0.6694 0.1632 0.0922 0.6693 0.1631
Valine 260 0.7350 0.1775 0.0734 0.7341 0.1780 0.0738 0.7342 0.1778 0.0737
186 0.8104 0.1364 0.0409 0.8114 0.1366 0.0399 0.8118 0.1363 0.0398
Threonine 404 0.0440 0.0645 0.5993 0.0443 0.0628 0.6000 0.0432 0.0628 0.6003
376 0.0823 0.6124 0.2108 0.0802 0.6139 0.2112 0.0793 0.6148 0.2112
418 0.0447 0.0700 0.5931 0.0462 0.0687 0.5936 0.0441 0.0684 0.5951
Aspartate 390 0.0847 0.6124 0.2080 0.0832 0.6133 0.2081 0.0821 0.6143 0.2082
316 0.0949 0.6614 0.1756 0.0930 0.6626 0.1760 0.0924 0.6629 0.1762
Glutamate 432 0.0846 0.5814 0.2104 0.0844 0.5822 0.2103 0.0826 0.5828 0.2108
330 0.7059 0.2012 0.0759 0.7051 0.2014 0.0764 0.7055 0.2013 0.0761
390 0.0796 0.6174 0.2082 0.0781 0.6184 0.2083 0.0770 0.6189 0.2086
Serine 362 0.6695 0.2267 0.6695 0.2267 0.6701 0.2264
288 0.7358 0.1917 0.7355 0.1915 0.7357 0.1913
Glycine 246 0.1266 0.7197 0.1231 0.7228 0.1232 0.7225
218 0.8272 0.1728 0.8270 0.1730 0.8270 0.1730
Tyrosine 466 0.0069 0.0383 0.2231 0.0067 0.0372 0.2220 0.0056 0.0368 0.2223
302 0.0937 0.7289 0.0925 0.7298 0.0909 0.7324
Lysine 431 0.0324 0.0957 0.5561 0.0318 0.0946 0.5560 0.0306 0.0940 0.05565
329 0.0850 0.6394 0.1848 0.0826 0.6373 0.1851 0.0816 0.6388 0.1853

Table A.8.: Experimental determined and simulated mass isotopomer fractions for D. shibae
grown on SWM with succinic acid

Amino acid Fragment Experimental data Simulated data
M-+0 M1 M-+2 M+0 M+1 M2
Aoni 260 0.1036  0.6828  0.1519 | 0.0919 0.6892  0.1550
anine 232 0.7631  0.1678 00691 | 0.7522 0.1761  0.0716
288 0.0918 0.6694 0.1632 | 0.0872 0.6576  0.1732
Valine 260 0.7341 0.1780 00738 | 0.7127 0.1950  0.0763
186 0.8114  0.1366 0.0399 | 0.7919  0.1584  0.0440
Threonine 204 0.0443 0.0628 06000 | 0.0525 00729  0.5857
376 0.0802 0.6139 02112 | 0.0802 0.6128 0.2116
418 00462 00687 05936 | 0.0524 00727  0.5849
Aspartate 390 0.0832 0.6133 02081 | 0.0801 0.6117 0.2116
316 0.0930 0.6626 0.1760 | 0.0878 06643  0.1799
Clutamate 32 0.0844 0.5822 02103 | 0.0747 0.5735  0.2202
330 07051 02014 00764 | 0.6890 02116  0.0808
390 0.0781  0.6184 02083 | 0.0793 0.6140  0.2097
Serine 362 0.6695 0.2267 0.1038 | 0.6669 0.2274  0.1057
288 0.7355  0.1915  0.0730 | 0.7302 0.1953  0.0745
Cvei 246 0.1231 07228 0.1541 | 0.1018 0.7402  0.1580

yeine 218 0.8270  0.1730 0.8280  0.1720

Torosi 466 0.0067 0.0372 02220 | 0.0024 0.0428  0.2421
S 302 0.0925 07298 0.1777 | 0.0982 0.7179  0.1839
Lysine 431 00318 00946 05560 | 0.0291 0.1036  0.5442
329 00826 0.6373 01851 | 0.0832 06328 0.1972
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A.7. Metabolome data for glucose and succinic acid grown cells.

A.7. Metabolome data for glucose and succinic

acid grown cells.

Table A.9.: LC/MS data of metabolites from the central carbon metabolism of D. shibae
grown on SWM with glucose or succinic acid as sole carbon source. The values
were given in nmol g_BlTM' The LC-MS/MS results were determined in cooperation
with Dipl. Biotechnol. Georg Richter (TU Braunschweig).

Pathway Metabolite Glucose [nmol g_BlTM] Succinic acid [nmol g_BlTM]
Glucose-6-phosphate 682.1 1667.9
Fructose 6-phosphate 248.6 903.7
Fructose 1,6-bisphosphate 377.0 -
Dihydroxyacetonphosphate 449.5 -

EMPP Glyceraldehyde 3-phosphate - -
3-Phosphoglycerate 1115.8 -
2-Phosphoglycerate 61.1 -
Phosphoenolpyruvate 161.0 1240.7
Pyruvate 645.0 -

EDP 6-Phosphogluconate 200.9 -
KDPG + +

Ribose-5-phosphate - -
Xylose 5-phosphate - -

PPP Ribulose 5-phosphate - -
Seduheptulose 7-phosphate - -
Acetyl-CoA 2696.7 521.9
Citrate + +
Isocitrate + +
Oxoglutarate 1478.6 1277.2
TCA cycle SuccinylCoA - -
Succinate + +
Fumarate + +
Malate + +
EMCP Glyoxylate - -
AMP 117.7 689.5
ADP 1267.8 2544.8
ATP 3997.1 4438.2
) NAD 2650.2 1820.2
Energy metabolism
NADH - 74.6
NADP 661.0 623.9
NADPH 400.7 359.8
FAD 161.8 148.5
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Figure A.1.: Cultivation profile of Dinoroseobacter shibae Aluxl grown in permanent dark
(A), metabolic steady state (B) and isotopic steady state (C). Experiments were
conducted using a mineral salt medium with glucose as carbon source, and the
data represent mean values with corresponding standard deviations (n = 3).
Biomass was the only product formed.
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Figure A.2.: Cultivation profile of Dinoroseobacter shibae Aluxl grown in permanent dark

(A), metabolic steady state (B) and isotopic steady state (C). Experiments were
conducted using a mineral salt medium with glucose as carbon source, and the
data represent mean values with corresponding standard deviations (n = 3).
Biomass was the only product formed.
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Table A.10.: Experimental determined and simulated mass isotopomer fractions for D. shibae
Aluxl grown on SWM with glucose

Amino acid Fragment Simulated data Experimental data
min i ragmen
& M+0 M+l M42 | M40 M+l M42
Alani 260 0.4310 0.4224 0.1108 0.4046 0.4387 0.1176
anine
232 0.7656 0.1660 0.7562 0.1737
288 0.4190 0.4200 0.1169 0.3778 0.4422 0.1287
Valine 260 0.7406 0.1769 0.0698 0.7205 0.1893 0.0747
186 0.8229 0.1361 0.0373 0.7966 0.1483 0.0422
. 404 0.4069 0.3349 0.1785 0.4153 0.3312 0.1746
Threonine
376 0.5447 0.2959 0.1228 0.5323 0.3032 0.1258
418 0.4061 0.3343 0.1790 0.4137 0.3309 0.1754
Aspartate 390 0.5436 0.2955 0.1238 0.5293 0.3040 0.1272
316 0.6007 0.2822 0.0939 0.5814 0.2912 0.0983
432 0.5254 0.2971 0.1271 0.5071 0.3061 0.1319
Glutamate
330 0.7073 0.2003 0.0761 0.6906 0.2115 0.0792
390 0.6393 0.2295 0.1061 0.6404 0.2292 0.1051
Serine 362 0.6711 0.2244 0.6703 0.2257
288 0.7350 0.1918 0.7327 0.1935
. 246 0.7550 0.1739 0.7519 0.1761
Glycine
218 0.8294 0.1706 0.8254 0.1746
. 466 0.5832 0.2593 0.1164 0.5769 0.2616 0.1163
Tyrosine
302 0.7248 0.1990 0.7268 0.1985
Lysi 431 0.3469 0.3665 0.1910 0.3372 0.3673 0.1966
ysine 329 05855 02899 00962 | 05579  0.2007  0.1053

Table A.11.: Experimental determined and simulated mass isotopomer fractions for D. shibae
AluxR grown on SWM with glucose

Amino acid Fragment Simulated data Experimental data
min i ragmen
& M+0 M+l M42 | M40 M+l M42
Alani 260 0.4172 0.4334 0.1126 0.3951 0.4455 0.1194
anine
232 0.7656 0.1660 0.7552 0.1745
288 0.4056 0.4302 0.1188 0.3708 0.4461 0.1307
Valine 260 0.7406 0.1769 0.0698 0.7187 0.1906 0.0750
186 0.8229 0.1361 0.0373 0.7948 0.1498 0.0423
. 404 0.4331 0.3220 0.1706 0.4407 0.3223 0.1645
Threonine
376 0.5588 0.2862 0.1202 0.5458 0.2936 0.1234
418 0.4322 0.3214 0.1712 0.4399 0.3218 0.1650
Aspartate 390 0.5576 0.2858 0.1212 0.5974 0.2791 0.1243
316 0.6163 0.2705 0.0913 0.5974 0.2791 0.0956
432 0.5392 0.2883 0.1245 0.5196 0.2979 0.1297
Glutamate
330 0.7073 0.2003 0.0761 0.6880 0.2130 0.0799
390 0.6388 0.2299 0.1062 0.6403 0.2291 0.1053
Serine 362 0.6711 0.2244 0.6701 0.2258
288 0.7350 0.1918 0.7322 0.1940
. 246 0.7544 0.1745 0.7515 0.1765
Glycine
218 0.8294 0.1706 0.8253 0.1747
. 466 0.5803 0.2610 0.1171 0.5749 0.2628 0.1170
Tyrosine
302 0.7233 0.2003 0.7250 0.2000
Lysi 431 0.3587 0.3633 0.1859 0.3460 0.3661 0.1893
ysine 320 0.6009 02789 00934 | 05742 0.2887  0.1020
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