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SUMMARY

SUMMARY

Legionnaires” disease is a life-threatening illness caused by the facultative intracellular
bacterium Legionella pneumophila. This pathogen preferably uses amino acids, especially
serine as prime carbon and energy source, but recent transcriptome and proteome data as well
as genome analysis and labeling experiments suggest a greater metabolic capacity.
Accordingly, expression of the glycerol kinase (glpK) and the glycerol 3-phosphate
dehydrogenase (glpD) was found to be upregulated during infection of macrophages,
indicating that glycerol represents an additional substrate in the nutrition of L. pneumophila.
In the present thesis, the metabolic potentials of L. pneumophila and its close relative Coxiella
burnetii were investigated. The goal of this study was to determine a general metabolic concept
for these bacteria as an aspect of their survival strategy in their environmental niches. This is
of special interest, as a broad knowledge about the metabolism of intracellular bacteria can be

helpful to identify potential targets for the developments of new antibiotics.

We found that glycerol does not enhance extracellular growth of L. pneumophila, but promotes
intracellular replication in Acanthamoeba castellanii and macrophages dependent on glpD.
Furthermore, a L. pneumophila glpD deletion mutant was outcompeted by the wild-type strain
during coinfection in amoeba, illustrating the importance of further substrates besides amino
acids during intracellular replication. For a detailed investigation of the glycerol metabolism
in L. pneumophila, a novel minimal defined medium (MDM) was designed, which includes
essential amino acids, proline and phenylalanine. Isotopologue profiling experiments were
performed in MDM using [U-Cs]glycerol, [U-*Cg]glucose or [U-13Cs]serine as tracers in a
time dependent manner. Glycerol and glucose were predominantly utilized by L. pneumophila
at later growth phases for gluconeogenetic reactions and in the pentose phosphate pathway
(PPP), since *C-label was predominantly shuffled into histidine (His) and mannose (Man). On
the other hand, serine was used at earlier time points predominantly in the tricarboxylic acid
cycle (TCA cycle) for energy generation. Similar results were obtained using the same *C-
tracers in in vivo labeling experiments with L. pneumophila wild-type and AglpD mutant
bacteria in A. castellanii. Collectively, these data reflect a bipartite metabolism in which amino
acids and especially serine are predominantly used for energy generation in early

developmental stages, whereas glycerol and carbohydrates like glucose are mainly employed
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in anabolic processes at later growth phases. Furthermore, the role of the central carbon storage
regulator A (CsrA) in the adjustment of core metabolic fluxes within the bipartite metabolism
of this pathogen was investigated. CsrA is crucial for the developmental switch from the
replicative to the transmissive stage in the life cycle of L. pneumophila. Comparative labeling
and oxygen consumption experiments were performed with the L. pneumophila wild-type and
its CsrA knock down mutant to determine its role in the growth phase dependent metabolism.
Isotopologue profiling experiments using [U-3Cs]serine, [U-*Cs]glucose or [U-13C3]glycerol
demonstrated that CsrA induces serine incorporation and metabolism via the TCA cycle and
glucose degradation via the Entner-Doudoroff pathway (ED pathway) during replication.
Simultaneously, CsrA represses glycerol incorporation and catabolism via gluconeogenetic
reactions and the PPP during the exponential growth phase. Using [1,2,3,4-1*C4]palmitic acid
as tracer, we demonstrated that this fatty acid can efficiently serve as a substrate for L.
pneumophila nutrition. Thereby, the fatty acid is predominantly used for the biosynthesis of
the storage compound polyhydroxybutyrate (PHB) via 13C,-acetyl-CoA. Notably, comparative
labeling experiments using [1,2,3,4-13C4]palmitic acid with the wild-type and the CsrA knock
down mutant revealed higher *C-incorporation rates in the csrA mutant especially at earlier
growth phases, indicating that CsrA is repressing fatty acid degradation and/or PHB
biosynthesis, predominantly during exponential growth. Collectively, this study demonstrated
the crucial role of CsrA in the life stage specific coordination of substrate usage and carbon

flux regulation in L. pneumophila.

As a bipartite metabolism might be a general strategy of intracellular bacteria, isotopologue
profiling experiments with [U-*Cs]serine, [U-*Ces]glucose or [U-*Cs]glycerol were also
performed with C. burnetii RSA 439 NMII in a recently developed axenic medium. From
today’s perspective, the metabolic potential of C. burnetii seems to be highly diverse.
Nevertheless, metabolism of this pathogen is still only poorly investigated and predominantly
inferred from genome analysis. This thesis now shows that similar to L. pneumophila, C.
burnetii metabolizes all three above *C-tracers in a bipartite type metabolic network.
However, carbon fluxes and metabolic potential also differed in some aspects compared to L.

pneumophila.
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Taken together, this thesis expanded the understanding of L. pneumophila metabolism and
proved that the bacteria use glycerol and fatty acids as substrates. The concept of a bipartite
metabolism was established and the crucial role of CsrA in the regulation of growth phase
dependent carbon fluxes was determined. Comparative analysis of the metabolic capacity in
C. burnetii and L. pneumophila revealed a similar topology of a bipartite metabolic network,
which could be the result of an effective adaption strategy of intracellular bacteria to replication

and survival under intracellular conditions.
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ZUSAMMENFASSUNG

Die lebensbedrohliche Legionarskrankheit wird durch das fakultativ intrazellulare Bakterium
L. pneumophila verursacht. Dieses Pathogen bevorzugt Aminoséuren, im Speziellen Serin als
Kohlenstoff- und Energiequelle. Jungste Transkriptom- und Proteomdaten sowie
Genomanalysen und Markierungsexperimente weisen jedoch auf ein weitaus groReres
metabolisches Potential hin. Dementsprechend war die Expression der fir den Abbau von
Glycerol wichtigen Enzyme Glycerolkinase (glpK) und Glycerol-3-phosphat-Dehydrogenase
(glpD) wahrend der Infektion von Makrophagen hochreguliert, was darauf schlieen lasst, dass
Glycerol ein Substrat fir die intrazelluldre Erndhrung von L. pneumophila darstellt. In der
vorliegenden Arbeit wurde das metabolische Potential von L. pneumophila sowie seines nahen
Verwandten Coxiella burnetii mit dem Ziel untersucht, ein generelles Konzept im
Metabolismus dieser Bakterien zu identifizieren, welches die jeweilige Uberlebensstrategie in
ihren Replikationsnischen reflektieren konnte. Dies ist von besonderem Interesse, da ein
fundiertes Wissen tber die metabolische Struktur von intrazellulér replizierenden Bakterien
hilfreich bei der Identifizierung potentieller Angriffspunkte fir die Entwicklung neuer
Antibiotika ist.

Wir konnten zeigen, dass Glycerol die intrazelluldre Replikation von L. pneumophila in
Abhangigkeit von glpD in A. castellanii sowie in Makrophagen fordert, obwohl kein positiver
Effekt auf das extrazellulare Wachstum zu erkennen war. Des Weiteren unterlag eine L.
pneumophila AglpD Mutante dem Wildtyp wahrend der Co-Infektion in Amdben, was den
Stellenwert weiterer Substrate neben Aminosdauren in der intrazellularen Erndhrung von
Legionellen hervorhebt. Zur eingehenden Untersuchung des Metabolismus von Glycerol in L.
pneumophila wurde ein neues Minimalmedium (MDM) entwickelt, welches essentielle
Aminosauren sowie Prolin und Phenylalanine beinhaltet. Dieses Medium wurde fir
zeitabhingige Markierungsexperimente in  Anwesenheit von [U-*C3]Glycerol, [U-
13Cg]Glukose oder [U-13C3]Serin verwendet. L. pneumophila verstoffwechselte dabei Glukose
und v.a. Glycerol bevorzugt wahrend spéteren Wachstumsphasen in Reaktionen der
Glukoneogenese und des Pentosephosphatwegs (PPP), da die meiste **C-Markierung in diesen
Versuchen in His und Man detektiert werden konnte. Im Gegensatz dazu wurde Serin effektiv

wéhrend frihen Wachstumsphasen verwendet und dabei bevorzugt im Citratzyklus zur
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Energiegewinnung verstoffwechselt. Diese Ergebnisse konnten durch Infektionsexperimente
unter Verwendung derselben **C-Vorlaufer mit dem L. pneumophila Wildtyp sowie der AglpD
Mutante in A. castellanii in vivo bestétigt werden. Zusammengefasst konnte dadurch fiir L.
pneumophila das Konzept eines zweigeteilten Metabolismus etabliert werden. Dabei werden
in der replikativen Wachstumsphase bevorzugt Aminosdauren, wie z.B. Serin, zur
Energiegewinnung im Citratzyklus verwendet, wohingegen Glycerol und Kohlenwasserstoffe
wie Glukose speziell in spateren Wachstumsphasen in anabolen Reaktionen metabolisiert
werden. Des Weiteren wurde die Rolle des ,,central carbon storage regulators A“ (CsrA) in der
Koordination von Hauptkohlenstofffliissen im zweigeteilten Metabolismus dieses Pathogens
untersucht. CsrA ist der zentrale Modulator im Ubergang von der replikativen zur
transmissiven Wachstumsphase im Lebenszyklus von L. pneumophila. Zur Auflésung seiner
Rolle im  wachstumsphasenabhangigen = Metabolismus  wurden  vergleichende
Markierungsexperimente sowie Untersuchungen zum Sauerstoffverbrauch mit dem L.
pneumophila Wildtyp sowie einer CsrA Knockdown-Mutante durchgefuhrt. In den
Markierungsexperimenten mit [U-3C3]Serin, [U-2*Cs]Glukose oder [U-*C3]Glycerol konnte
gezeigt werden, dass CsrA die Aufnahme von Serin und die Verstoffwechselung im
Citratzyklus sowie den Metabolismus von Glukose Uber den Entner-Doudoroff
Biosyntheseweg wéhrend der Replikation induziert. Gleichzeitig wird durch CsrA die
Aufnahme und die Verstoffwechselung von Glycerol in der Glukoneogenese sowie tber den
PPP wéhrend der replikativen Wachstumsphase gehemmt. Zudem konnte durch
Markierungsexperimente mit [1,2,3,4-*C4]Palmitinsiure gezeigt werden, dass Fettsauren als
Substrate in der Ernahrung von L. pneumophila eine Rolle spielen. Die bei dem Abbau der
Fettsaure entstenenden 3C,-acetyl-CoA Einheiten werden dabei fast ausschlieRlich fiir die
Bildung des Speicherstoffs Polyhydroxybutyrat (PHB) verwendet. Vergleichende
Markierungsexperimente in Anwesenheit von [1,2,3,4-13Cs]Palmitinsdure mit dem L.
pneumophila Wildtyp sowie der CsrA Knockdown-Mutante fiihrten zu erhéhten °C-
Anreicherungen in PHB im Experiment mit der csrA Mutante, speziell wahrend der
replikativen Wachstumsphase. Dies lasst auf eine inhibierende Rolle von CsrA im
Fettsdurestoffwechsel und/oder in der Biosynthese von PHB wahrend der exponentiellen Phase

schliefen. Zusammengefasst verdeutlicht diese Studie die essentielle Rolle von CsrA in der
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Koordination der wachstumsphasenabhéngigen Substratnutzung und in der Regulation von

Kohlenstoffflissen im Lebenszyklus von L. pneumophila.

Zur Validierung des Modells des zweigeteilten Metabolismus als generelle Strategie flr
intrazellular replizierende Bakterien wurden zudem Markierungsexperimente in Anwesenheit
von [U-13Cs]Serin, [U-13Cg]Glucose oder [U-13C3]Glycerol mit C. burnetii RSA 439 NMII in
einem vor kurzem entwickelten axenischen Wachstumsmedium durchgefuhrt. Aus heutiger
Sicht zeigt C. burnetii ein hohes metabolisches Potential. Trotzdem ist das Wissen Uber das
Stoffwechselnetzwerk dieses Pathogens bis dato begrenzt, da es fast ausschlieRlich auf
genombasierten Analysen beruht. Mit Hilfe der in dieser Arbeit durchgefuhrten Versuche
konnte die Verstoffwechselung der drei obigen 3C-Vorlaufer in einem zweitgeteilten
Metabolismus in C. burnetii gezeigt werden. Im Vergleich zu dem in L. pneumophila
identifizierten metabolischen Konzepts waren jedoch auch Unterschiede in den

Hauptkohlenstofffliissen sowie in der metabolischen Kapazitét zu erkennen.

Zusammengefasst leistet diese Arbeit einen essentiellen Beitrag zum Verstandnis des
Stoffwechselnetzwerks und der Kohlenstoffflisse in L. pneumophila. Zudem konnte gezeigt
werden, dass dieses Bakterium Glycerol sowie Fettsduren als Nahrungsquelle nutzt. Das
metabolische Konzept eines zweigeteilten Metabolismus wurde etabliert und zudem die
zentrale Rolle des posttranskriptionellen Regulators CsrA in der wachstumsphasenabhangigen
Koordination der Hauptkohlenstofffliisse demonstriert. Eine vergleichende Studie der
Stoffwechselstrategie in C. burnetii zeigte eine dem in L. pneumophila présenten zweigeteilten
Metabolismus ahnliche Topologie. Diese metabolische Strategie konnte daher das Ergebnis
einer effizienten Anpassungsstrategie dieser Bakterien sein, welche eine erfolgreiche

Vermehrung sowie das Uberleben in intrazelluldren Nischen ermdglicht.
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1. INTRODUCTON

1 INTRODUCTION

1.1 Evolution, lifestyle, and nutrition of intracellular pathogens

1.1.1 Evolution and lifestyle of obligate and facultative intracellular pathogens

In general, the term “intracellular” in combination with bacteria refers to pathogens which are
able to reside and/or replicate inside a cell. However, since a high portion of these numerous
pathogens also spend time in the extracellular milieu before or after the residence inside a host,
the term “intracellular” mostly refers to a defined period in the life cycle of these pathogens
(Casadevall, 2008).

In addition, intracellular pathogens are organized in two groups: obligate and facultative.
Thereby, the term “obligate intracellular” summarizes pathogens which are not able to live
outside their host cells. This includes all kinds of viruses as well as bacterial pathogens like
Chlamydia spp. or C. burnetii (Hackstadt and Williams, 1981b; Amann et al., 1997;
Casadevall, 2008). On the other hand, facultative intracellular pathogens like fungi or bacteria
such as L. pneumophila or Francisella tularensis are capable of replicating outside their hosts
for example on biofilms (Casadevall, 2008; Hindre et al., 2008; Durham-Colleran et al., 2010).
Additionally, obligates can be separated from the facultative pathogens via their action of
infection, since they are required to be transferred directly from one host cell to another host

while facultative bacteria can be acquired also from the environment (Casadevall, 2008).

It is difficult to define the origin of an intracellular lifestyle for bacteria since no fossil is
reported that could give a hint to the time point at which the capacity of replication or survival
inside a host cell was acquired. Furthermore, there are various intracellular microbes which
hardly differ from each other in their survival strategy and additionally feature very
characteristic host-microbe interactions, which makes it challenging to carve out general
strategies and solutions of the intracellular lifestyle (Casadevall, 2008). However, if we
consider the endosymbiotic theory as origin of some organelles in eukaryotic cell it can be
concluded that the intracellular survival is an ancient process which appeared prior to the
appearance of eukaryotic cells (Margulis, 1971; 1973; Casadevall, 2008).

Nevertheless, some basic requirements had to be present in the ancient cells to manage the

establishment of this intracellular life. This concerns the difference in size of the invading cell
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and the host cell or the availability of mechanisms that allowed the uptake of a cell or at least
of some small particles. Also the possibility to survive autophagy mechanisms inside a host
cell had to be present (Casadevall, 2008). This important membrane transport pathway is
known to be crucial for the elimination of intracellular pathogens in eukaryotic cells and it is

seen as an evolutionarily conserved defense strategy to avoid infection (Choy and Roy, 2013).

Replication of facultative or obligate intracellular bacteria usually takes place in the cytosol of
their respective host cells or in a special compartment, a pathogen containing vacuole, which
is established by the bacteria inside their hosts. The latter survival and replication strategy can
be found e.g. with L. pneumophila or C. burnetii (Howe and Heinzen, 2006; Isberg et al.,
2009). However, some bacteria are also capable of escaping e.g. the phagosome or further
compartments derived from the invasion procedure and replicate in the cytosol of their host
cells, as is observed for Listeria monocytogenes or Shigella (Isberg et al., 2009). This fact leads

to a further classification of facultative and obligate intracellular bacteria.

Depending on the intracellular living mode of the bacteria, vesicular or within the cytosol, the
intracellular environment offers different challenges. Firstly, phagosomal compartments
exhibit extreme conditions since they include various degradation and antimicrobial proteins
but also a reduced pH value and high amounts of free-radicals (Karupiah et al., 1999;
Casadevall, 2008). The same is true in vacuolar compartments derived from internalization
which is mediated by the bacteria due to fusion with endosomes and/or lysosomes (O'Riordan
and Portnoy, 2002; Casadevall, 2008). Furthermore, the acquisition of sustainable amounts of
nutrients is more complex in a vesicular compartment, since bacteria are separated by a
membrane from the nutrient rich cytosol. Therefore, bacteria which are surviving in a vacuolar
compartment must be capable of specific defense mechanism like prevention of fusion with
e.g. lysosomes or other vesicles of endocytosis and additionally be able to establish the
acquisition of sustainable amounts of nutrients from the cytosol e.g. via degradation of proteins
in the cytosolic compartment and subsequent transport into the respective vesicular replication
niche (O'Riordan and Portnoy, 2002; Casadevall, 2008). In general, the cytosol is seen as a
nutrient rich milieu with less antimicrobial defense mechanisms leading to the question if this
environment is permissive for growth of any bacteria (O'Riordan and Portnoy, 2002;

Casadevall, 2008). However, experiments with a bunch of different extracellular and
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intracellular bacteria, which were directly injected into the cytosolic compartment of
mammalian cells showed that only microorganism usually replicating in the cytosol are
capable to survive in this environment whereas bacteria which are usually replicating in a
vacuolar compartment are not. This indicates that the survival strategy of escaping the
phagosomal compartment and replication in the cytosol, which is only featured by very few

bacterial pathogens, relies on specifically evolved mechanisms (Goetz et al., 2001).

In general, resistance or replication inside a cell can result in three different kinds of interaction
modes between the host and the invading pathogen. Firstly, the host could benefit from this
process like it is observed for endosymbiotic bacteria. Secondly, the two antagonists could live
together in a symbiotic way. Nevertheless, most of the time this interplay results in the death
of the intracellular pathogen or in the damage of the host cell, thus the latter scenario defines
the action of an intracellular pathogen (Casadevall, 2008). Thereby, the death of the invading
bacteria is predominantly related to mechanisms of the immune defense system of the host
whereas the death of the host cell is related to degrading mechanisms, which are established
by the intracellular microbe, or to apoptosis (Casadevall and Pirofski, 1999).

1.1.2 Nutritional adaption of intracellular pathogens

Concepts of intracellular nutrition are manifold within the group of intracellular pathogens.
This is due to very different types of microbes, which are adapted to various intracellular niches
in different host cells, thereby using diverse nutrients from their hosts (metal ions, carbon,
nitrogen or energy) at very different rates (Abu Kwaik and Bumann, 2015). However, every
intracellular pathogen has to acquire enormous levels of energy (ATP) whether directly from
their hosts or from catabolic processes via metabolites which are directly incorporated from
the host cell, to provide sufficient amounts of energy for their replication processes (Orth et
al., 2011). Simultaneously, the high efflux of the respective metabolites from the host to the
microbe needs to be balanced by the host itself, otherwise nutrients would be exhausted very
quickly (Orth et al., 2011; Kentner et al., 2014). This leads to unique metabolic adaptions of
both antagonists in a complex metabolic network. Furthermore, the high efflux of the
respective preferred nutrient also has to be established across the pathogen-containing vacuole
in case of vacuolar replicating intracellular pathogens (Abu Kwaik and Bumann, 2015). Most
of the time, amino acids represent the main energy sources of the latter group e.g. in case of L.
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pneumophila (Pine et al., 1979; Ristroph et al., 1981; Tesh and Miller, 1981; Tesh et al., 1983)
or Anaplasma phagocytophilum (Niu et al., 2012). Glucose in case of Brucella (Essenberg et
al., 2002) or glycerol and fatty acids in case of Salmonella enterica (Steeb et al., 2013) can
also serve as preferred carbon and energy supply for this group of intracellular microbes.

The nutritional evolution of these pathogens, meaning the specific metabolic adaption to the
intracellular lifestyle and the respective nutrient supply, is thereby probably related to the
different prototrophies and auxotrophies of their respective host cells, especially concerning
amino acids (Price et al., 2014; Abu Kwaik, 2015). The intracellular pathogen L. pneumophila
predominantly uses amino acids, especially Ser and Cys, as preferred carbon and energy
source, when replicating inside amoeba or human macrophages (George et al., 1980; Ristroph
et al., 1981; Tesh and Miller, 1981; Eylert et al., 2010). Therefore, this microbe triggers host
cell degradation of proteins to elevate amino acid concentrations in the cytosol (Price et al.,
2014). Subsequently, amino acids are carried into the replication vacuole via numerous
transporters and amino acid permeases (Cazalet et al., 2004; Chien et al., 2004). Genome
analysis and labeling experiments with L. pneumophila revealed, that this pathogen is
auxotroph for Cys as well as for Arg, lle, Leu, Met, Thr and Val (Cazalet et al., 2004; Chien
et al., 2004; Eylert et al., 2010). Interestingly, their preferred host for replication in aquatic
environments Acanthamoeba is also auxotroph for Arg, lle, Leu, Met and Val (Ingalls and
Brent, 1983; Price et al., 2014). Furthermore, Dictyostelium discoideum, which is another host
of L. pneumophila, shows auxotrophy for 11 amino acids, including the same amino acids
which were classified as auxotroph for L. pneumophila, except for Cys (Payne and Loomis,
2006; Price et al., 2014). However, this amino acid is the most absent one in this amoebic host
and in vitro growth experiments in a minimal defined medium devoid of Cys revealed reduced
growth rates of D. discoideum (Franke and Kessin, 1977). Interestingly, L. pneumophila
prefers Cys as carbon and energy source (George et al., 1980; Ristroph et al., 1981; Tesh and
Miller, 1981). Similar microbial adaption of auxotrophy to their hosts have also been found in
further intracellular pathogens like e.g. Francisella tularensis (Alkhuder et al., 2009),
especially concerning Cys. Therefore, the synchronization of auxotrophies for certain amino
acids between the intracellular microbe and their amoebic or mammalian host seems to be a
general adaption process which is likely beneficial for the pathogens for their intracellular
survival (Abu Kwaik and Bumann, 2013; Price et al., 2014).
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Furthermore, intracellular pathogens feature different systems to enhance nutrient levels in
their host cell. The general strategies which are used by most of the known intracellular
pathogens to establish sufficient nutrient supply are predominantly based on targeting host
protein degradation systems like e.g. proteasomes, autophagy or lysosomes. This finally leads
to higher concentrations of low molecular weight nutrients, which are then incorporated and
metabolized by the pathogen. The combination of these processes with further microbial
strategies, which target alternative nutrient sources like e.g. glutathione, was recently termed
as “nutritional virulence” (Abu Kwaik and Bumann, 2013). However, the respective carbon
and energy sources need to be transported into the pathogen itself or additionally thought the
vacuolar membrane in case of intracellular microbes that are replicating in a specific membrane
bound compartment. Therefore, the microbe must establish numerous carbon transport systems
to get access to sufficient amounts of nutrients.

1.1.3 Nutrient transport systems of bacteria

In general, beside the uptake of sufficient amounts of nutrients from the respective environment
of the bacteria, transport systems are also important for the interaction between cells, iron
acquisition or excretion of substrates (Mitchell, 1967). However, this chapter will concentrate
on the most abundant transporter systems that play a certain role in bacterial nutrient
acquisition. One important system of sugar transport in bacterial pathogens is the
phosphoenolpyruvate: carbohydrate phosphotransferase system (PTS), which was discovered
in 1964 in Escherichia coli (Kundig et al., 1964). Extracellular sugars are thereby transported
into the cell by simultaneously transferring one phosphoryl group derived from
phosphoenolpyruvate (PEP) upon glucose or further carbohydrates like fructose, Man or
galactose (Gal) (Kotrba et al., 2001; Deutscher et al., 2014). Phosphotransfer of the phosphoryl
group from PEP onto hexose thereby occurs via a cascade reaction of three enzymes, which
are termed enzyme | (EI), heat-stable or histidinephosphorylatable protein (HPr) and enzyme
Il (EIl) (Kundig et al., 1964; Deutscher et al., 2006; Saier Jr, 2015). The EIl comprises an
enzyme complex, which is carbohydrate specific for one or more hexoses, whereas the
cytoplasmic enzymes HPr and EI are universal participants of the PTS (Robillard and Broos,
1999; Saier, 2000a; Kotrba et al., 2001). In general, the EIl complex includes membrane
associated domains as well as domains that are soluble in the cytosol. However, this complex

is needed for the effective transport of the respective sugars through the membrane and
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simultaneous phosphorylation, whereas the PEP/HPr/El seems to be a general phosphoryl
transfer system (Deutscher et al., 2006). Since the EIl complexes are carbohydrate specific,
bacteria have a set of different Ells. For example, E. coli features fifteen different complexes
of Ell, but studies of further bacteria revealed numerous homologues like e.g. in Bacillus
subtilis, where genome and further biological studies revealed similar numbers like in E. coli
for this transport complex (Reizer et al., 1999; Deutscher et al., 2002; Deutscher et al., 2006).
However, homologs are present in a bunch of bacterial pathogens (Barabote and Saier, 2005).
The PTS is additionally crucial to the regulation of catabolic repression mechanisms and the
regulation of carbohydrate metabolism in microbes (Stllke and Hillen, 1999; Deutscher et al.,
2006). Furthermore, it has been recently demonstrated, that the PTS is responsible for gene
transcription as well as for the regulation of virulence factors in numerous bacteria e.g. in
Borrelia burgdorferi or Vibrio cholerae (Wang et al., 2015; Khajanchi et al., 2016). In
addition, an alternative PTS system called Nitrogen PTS system, which is not responsible for
substrate transport but features a regulatory task, has been found in several bacteria (Powell et
al., 1995; Reizer et al., 1996).

Pore-forming membrane bound proteins (porins) represent a second big family of bacterial
constructs, which facilitate the uptake of nutrients via the outer membrane (Koebnik et al.,
2000). Such hydrophilic channels were first reported in E. coli and termed OmpC and OmpF
(Nikaido, 1996). Since then, numerous porins have been identified in Gram positive and Gram
negative bacteria as well as in eukaryotic cells. These protein channels are responsible either
for the uptake of a specific substrate or represent a non-specific gateway (Achouak et al.,
2001). Thereby, the amount of porins in the outer membrane of the bacteria is related to their
environment e.g. to salt-concentrations or availability of certain nutrients, adjusting the
permeability of the cell wall (Achouak et al., 2001). The direct link between the permeability
of the outer membrane and persistence of intracellular pathogens inside their host was
demonstrated e.g. for Mycobacterium smegmatis (Sharbati-Tehrani et al., 2005). Furthermore,
they are crucial for the regulation of intracellular transition metal concentrations, since they
ensure that sufficient amounts are available but simultaneously avoid harmful effects (Hood
and Skaar, 2012).
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A further big group of membrane transporters represent the major facilitator superfamily
(MFS). These transporters are ubiquitary, thereby translocating single molecules or acting as
symporter or antiporter (Marger and Saier, 1993; Piao et al., 2006). These types of transporters
do not bind ATP, but translocation occurs via direct binding and subsequently conformational
changes of this protein, thereby addressing a high number of different substrates (Pao et al.,
1998; Law et al., 2008).

Same as the MFS, the ATP-binding cassette (ABC) transporters are also present in all living
organisms (Higgins, 1992; Dean and Allikmets, 1995). These two groups of membrane
transport systems are the most abundant ones present in microorganism, comprising almost
fifty percent (Paulsen et al., 1998). However, in contrast to the MFS, ABC transporter systems
do actively import or export small molecules or macromolecules, using the energy of ATP
hydrolysis (Fath and Kolter, 1993). Nevertheless, both transporter systems show high diversity
concerning their targeted substrates, including almost every biological important compound
(Pao et al., 1998).

In contrast, there are also numerous membrane transporters, which show a high substrate
specialization e.g. nucleoside transporters. In general, two groups of these transporters have
been described: concentrative nucleoside transporters and equilibrative nucleoside transporters
(Molina-Arcas et al., 2009). Thereby, members of the latter group act as diffusion facilitators
in both directions, whereas the unidirectional acting concentrative nucleoside transporters are
energy consuming, utilizing the potential energy of a transmembrane sodium gradient
(Baldwin et al., 2004; Gray et al., 2004; Molina-Arcas et al., 2009). However, nucleoside
transporters are found in eukaryotes and prokaryotes, enabling the usage of nucleosides as
carbon and nitrogen source (Acimovic and Coe, 2002). Remarkably, intracellular bacteria
seem to use these kinds of carriers predominantly for “energy parasitism”, importing adenosine
triphosphate (ATP) from the cytosol by simultaneously exporting adenosine diphosphate
(ADP), thereby acting in the opposite direction than the well-known mitochondrial ADP/ATP
carrier (Winkler and Neuhaus, 1999; Linka et al., 2003). Interestingly, high sequence
similarities between these transport proteins and ATP/ADP carriers from chloroplast have been
identified (Winkler and Neuhaus, 1999).
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However, besides the transporter system discussed so far, many further transport proteins have
been classified in bacterial pathogens, like e.g. decarboxylation-driven, oxidoreduction-driven

or methyltransferase-driven active transporters (Saier, 2000b).

1.1.4 Genome reduction as a concept of metabolic adaption and virulence

The common idea of the evolutional process is, that it somehow results in more complex
organisms, starting from simple protocells which have finally developed into humans.
Therefore, the development of genomes in the direction of higher complexity is expected (Wolf
and Koonin, 2013). However, some time ago it was found, that the opposite event takes place
in numerous microorganisms, especially in intracellular bacteria, although they show a high
diversity in their adaption and survival strategies inside their respective host cells (Moran,
2002; Wolf and Koonin, 2013). However, genome-sequencing experiments in very different
groups of bacteria like e.g. Alphaproteobacteria, Gammaproteobacteria, Mollicutes or
Spirochaetes revealed, that all of them show genome reduction, indicating that this is a
widespread ability of bacteria (McCutcheon and Moran, 2012). Simplification is therefore
probably a general concept in the evolution from a free-living bacterium to an intracellular
living pathogen (obligate or facultative), that leads to the deficiency of large parts of their
genome (Gil et al., 2004; Fraser-Liggett, 2005; Casadevall, 2008). Up to 95% of bacterial
genes can thereby be depleted, whereas a core set of genes related to basic cellular functions
(host cell invasion or core metabolic functions) remain (Moran, 2002; McCutcheon and Moran,
2012; Wolf and Koonin, 2013).

However, bacterial symbionts predominantly show massive reduction in their genomes
(McCutcheon and Moran, 2012). For example Mycoplasma features one of the smallest
genomes evolved from a bacterial ancestor (Woese et al., 1980). Interestingly, the smallest
bacterial genome overlaps extensively with viral genomes as well as with that of organelles.
Therefore, the assignment of symbiotic intracellular pathogens and organelles is starting to
blur (McCutcheon, 2010). However, mitochondria as well as chloroplasts are probably the
result of extensive genome reduction processes, which directly demonstrates the significance

of this process in evolution (Wolf and Koonin, 2013).

The deleted genes or gene sets are often related to central biosynthetic pathways which are

responsible e.g. for the biosynthesis of sugars or amino acids, since the respective end product
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can be probably taken up easily from the hosts which are offering a rich nutrient source
(Casadevall, 2008). The obligate intracellular growing Rickettsia show e.g. loss of genes
involved in amino acid biosynthesis, purine biosynthesis or the formation of sugars (Renesto
et al., 2005). Furthermore, genes related to DNA repair mechanisms are often depleted, though
a specific set of repair genes always is retained in the genome in the respective pathogens
(Moran et al., 2008).

In general, the intracellular bacteria might benefit from this process of genome reduction, since
it increases the fitness of the bacteria inside the host due to improvements in the bacterial-host
interactions (pathoadaption) (Casadevall, 2008). This is for example seen in Shigella spp.,
which has lost the lysine decarboxylase enzyme, which converts lysine to cadaverine. This
reaction product normally inhibits certain violence factors of bacteria. Due to this gene loss,
the inhibitory effect is depleted, which leads to an improved virulence and therefore probably
enhanced fitness of Shigella in the interaction with its host (Maurelli et al., 1998). Interestingly,
the presence of this gene is characteristic for non-pathogenic bacteria and it is present in most
of the E. coli strains (Edwards and Ewing, 1972). Furthermore, a high number of intracellularly
living microbes have lost their mobility due to the loss of flagellation. This might be beneficial,
since the flagellin protein might be recognized by the immune system. However, the loss of
this protein could also be a result of changes in the bacterial metabolism (Pallen and Wren,
2007; Casadevall, 2008).

Nevertheless, gene acquisition by the intracellular pathogens from the eukaryotic host is also
possible, as it was discovered e.g. for L. pneumophila. Amoeba represent the preferred host of
this microbe. However, it could be shown that L. pneumophila feature numerous eukaryotic-
like genes, which are probably derived from their amoeba host though horizontal gene transfer
(Cazalet et al., 2004).

1.2 Legionella pneumophila

1.2.1 History and clinical relevance

L. pneumophila is a Gram negative, flagellated, facultative intracellular bacterium, which
owned its name from its first epidemic outbreak in 1979 in Philadelphia. Thereby, 180 people
got infected during a convention of the American Legion and developed pneumonia symptoms.

In consequence, 29 people died due to the infection with this pathogen, which was identified

23



1. INTRODUCTION

3 years later (Brenner et al., 1979). The disease was therefore termed Legionnaires” disease
while the causative agent was named Legionella pneumophila (Fraser et al., 1977; McDade et
al., 1977). However, the first isolation occurred earlier in 1943 from guinea pigs as a bacteria,
which showed high similarity to Rickettsia (Tatlock, 1944). Furthermore, a second
documented isolation from a sick guinea pig occurred only four years later in 1947 (McDade
et al., 1979). Interestingly, this guinea pig got infected by human blood derived from a patient,
who showed symptoms of pneumonia (McDade et al., 1979). In addition, Drozanski was able
to isolate a further strain in 1954 from a soil sample, which was a first demonstration that this
bacteria has the ability for amoeba infection (Drozanski, 1956). All these strains where
identified as L. pneumophila several years later in 1996 (Hookey et al., 1996).

In general, L. pneumophila is widespread in natural aquatic systems, normally replicating in
numerous free-living protozoan hosts (Rowbotham, 1980; Steinert et al., 2002; Steinert and
Heuner, 2005; Valster et al., 2010). Until now, 14 different amoeba species like e.g. A.
castellanii or Hartmannella vermiformis, two ciliated protozoa species and furthermore one
slime mold species have been identified as potential hosts for this intracellular pathogen
(Rowbotham, 1980; Fields, 1996). L. pneumophila is often found in human made artificial
aquatic systems like air conditioners, water towers or whirlpools (Fields, 1996; Nguyen et al.,
2006). Therefore, these bacteria are able to replicate at temperatures between 25°C and 42°C,
but prefer a replication temperature of 35°C, which is higher than the normal ambient
temperature (Katz and Hammel, 1987). This explains the increased presence of this microbe
in artificial water systems, which often offer higher water temperatures, what subsequently
leads to higher transmission rates upon humans (Fields et al., 2002). Due to the inhalation of
contaminated aerosols derived from these artificial bacterial reservoirs, L. pneumophila is also
able to infect human alveolar macrophages, thereby causing the severe pneumonia
Legionnaires” disease (Fraser et al., 1977; Fields, 1996; Nguyen et al., 2006). Since a direct
transfer from one person to another was not reported for a long time, human alveolar
macrophages have been seen as the dead end of L. pneumophila replication (Ensminger et al.,
2012). Nevertheless, in 2016 a first person-to-person transition was reported (Correia et al.,
2016).

The infection with L. pneumophila does not necessarily lead to any disease symptoms

(Boshuizen et al., 2001). However, immunodeficient patients can develop severe pneumonia,
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or a weaker flu like infection (Fraser et al., 1977; Glick et al., 1978). Currently, more than 50
members of the Legionella species have been identified and almost half of them can cause
human illness. However, most of the clinical cases are related to infections with L.
pneumophila or L. longbeachae (Newton et al., 2010; Hilbi et al., 2011).

1.2.2 Infection of host cells and developmental life cycle

As mentioned before, L. pneumophila is an intracellular pathogen, which replicates in various
protozoan hosts, but is also able to survive extracellularly in biofilms (Rowbotham, 1980;
Fields, 1996; Declerck, 2010). In both cases, this microbe alters between at least two
morphological forms, that differ in e.g. shape or motility (Molofsky and Swanson, 2004). This
biphasic life cycle of L. pneumophila comprises a non-virulent replicative phase, in which the
bacteria appear as rod shaped, non-motile and metabolically active microbes. In the second
growth phase, the transmissive stage, L. pneumophila appears as a shorter thicker rod, which
is motile, stress resistant and infectious (Rowbotham, 1986; Byrne and Swanson, 1998;
Molofsky and Swanson, 2004; Briiggemann et al., 2006). The developmental switch is thereby
triggered by the respective environment and nutrient conditions. This means that, after host
cell invasion, the nutrient rich surrounding triggers the expression of replicative traits, leading
to proliferating and metabolically active bacteria. In contrast, if nutrients are getting limited,
the expression of transmissive traits is induced, leading to shortened and motile microbes,
which are now able to leave their host cell and infect new ones, subsequently developing into
the replicative form (Byrne and Swanson, 1998; Molofsky and Swanson, 2004; Briiggemann
et al., 2006; Faucher et al., 2011). This biphasic life cycle can be remodeled in broth culture,
were L. pneumophila switches between an exponential phase form (EPF) and a stationary phase
form (SPF). Thereby, the EPF resembles the replicative phase form (RPF) inside a host cell
and the SPF resembles the virulent and motile transmissive form, also called the mature
infections form (MIF), which is developed in vivo (Molofsky and Swanson, 2004; Robertson
et al., 2014). The two morphological forms which developed during replication in vitro (EPS)
or in vivo (RPF) do not differ from each other, whereas the in vitro infectious form (SPF) is
not as resistant to e.g. antibiotics, does not show as many inclusions of the bacterial storage
compound PHB and is furthermore not as infectious as the in vivo developed MIF (Faulkner
and Garduno, 2002; Garduno et al., 2002). Therefore, the SPF is presumably more similar to

the transmissive forms which are produced in biofilms in the natural replication cycle of this
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pathogen (Robertson et al., 2014). However, further developmental forms like e.g. a non-
cultivatable spore like form or a filamentous form, have been reported, which indicates that
the life cycle of L. pneumophila rather resembles a developmental network (Al-Bana et al.,
2014; Robertson et al., 2014).

The infection of protozoan hosts as well as of macrophages by L. pneumophila occurs via
phagocytosis (Horwitz, 1984). This process and furthermore the establishment of a special
replication compartment inside the host cell, the so-called Legionella-containing vacuole
(LCV), is dependent on a functional Icm/Dot (intracellular multiplication/defective organelle
trafficking) type IV secretion system (T4SS), which enables the translocation of more than 300
effectors (Ensminger and Isberg, 2009; Zhu et al., 2011; Isaac and Isberg, 2014; Burstein et
al., 2016). The indispensability of this secretory machinery in this microbe was demonstrated
via deletion mutants, which were unable to replicate inside a host cell and in contrast were
soon degraded by the host cell lysosomal system (Roy and Isberg, 1997; Zink et al., 2002).
The numerous translocated effectors target various cellular processes of the host cell, thereby
also inducing the recruitment of endoplasmic reticulum-derived compartments, which are used
to establish the replication niche (LCV) of L. pneumophila (Shin and Roy, 2008). Furthermore,
the effector proteins directly target signaling molecules in the host, like small GTPases or
phosphoinositide lipids as well as ubiquitination of apoptosis related factors (Hubber and Roy,
2010; Rolando and Buchrieser, 2012; Haneburger and Hilbi, 2013; Rothmeier et al., 2013;
Hoffmann et al., 2014a). Also secretory mechanisms of the host cell as well as retrograde
trafficking mechanisms are manipulated by this predator (Hubber and Roy, 2010; Rolando and
Buchrieser, 2012; Horenkamp et al., 2014; Weber et al., 2014). However, most of the functions
of this high number of effector proteins are still unknown, although some show functional
redundancy, which is probably related to the adaption to various host systems (O’Connor et
al., 2011; Isaac and Isberg, 2014). However, L. pneumophila features further secretory systems
besides the well-studied Icm/Dot T4SS. It was shown that also a type V, a Lss type | and a Lss
type Il secretory system is present in this intracellular pathogen. It was furthermore
demonstrated that the latter one is also essential for intracellular replication of this microbe in

amoeba and macrophages (Hales and Shuman, 1999; Liles et al., 1999).
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1.2.3 CsrA as a key player in the developmental regulatory network

During the developmental switch from the transmissive to the replicative phase or the other
way around, L. pneumophila undergoes a transcriptional switch, which leads to morphological
and metabolic changes, which are characteristic for the respective growth phase (Briiggemann
et al., 2006; Faucher et al., 2011). Thereby, the availability of certain nutrients like amino
acids, iron or nucleosides represent a key regulatory trigger, inducing changes in the
developmental life cycle (Byrne and Swanson, 1998; Wieland et al., 2005; Cianciotto, 2007
Faucher et al., 2011; Fonseca et al., 2014). However, various regulatory proteins have been
identified in L. pneumophila, interacting within a complex regulatory network, which is under
the control of the life stage specific appearance of this intracellular pathogen. One of the key
players for the developmental switch is CsrA, which acts on a post-transcriptional level. During
replication, this protein induces the expression of replicative traits by simultaneously
repressing transmissive traits, like motility or virulence (Molofsky and Swanson, 2003;
Vakulskas et al., 2015). Nevertheless, further regulatory factors take part in the developmental
system of L. pneumophila, which are, amongst others also responsible for the regulation of
CsrA. This network will schematically be described in the following passage.

Under nutrient starvation, the production of the second messenger guanosine-3",5 -
bispyrophosphate (ppGpp) is induced, which leads to further downstream regulatory processes
(Hammer and Swanson, 1999; Dalebroux et al., 2010). Thereby, this alarmone is synthesized
via two enzymes. The first one is RelA, which is induced due to low amino acid concentrations
leading to higher amounts of uncharged tRNAs, which are recognized by this ribosome-
associated enzyme due to accumulation at the ribosome (Dalebroux et al., 2009; Dalebroux et
al., 2010). The second ppGpp synthesizing protein is SpoT, which is induced when the
concentration of short chain fatty acids increases, thereby directly linking reduced fatty acid
biosynthesis with the induction of virulence traits (Edwards et al., 2009). In consequence of
high levels of the alarmone ppGpp, activity and stability of the central regulator RpoS is
induced. This alternative sigma factor represents a further key regulator, besides CsrA, for the
developmental switch of L. pneumophila (Bachman and Swanson, 2001; Zusman et al., 2002;
Molofsky and Swanson, 2003). Besides others, RpoS is responsible for gene regulation,
activation of the quorum sensing system or the induction of the two-component system
LetA/LetS (Hammer and Swanson, 1999; Bachman and Swanson, 2001; Tiaden et al., 2007;
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Hovel-Miner et al., 2009; Dalebroux et al., 2010). It has been shown earlier, that the latter one,
the two-component system LetA/LetS, is crucial for the induction of transmissive traits
(Hammer et al., 2002). Furthermore, experiments with a LetA deletion mutant demonstrated
that besides the significance of this system in intracellular replication in A. castellanii
numerous icm/dot virulence genes showed altered expression in a LetA dependent manner
(Gal-Mor and Segal, 2003). However, the most important effect of the induction of LetA/LetS
via RposS is, that in consequence the transcription of the three small non-coding RNAs RsmX,
RsmY and RsmZ is induced, which leads to the downregulation of CsrA (Rasis and Segal,
2009; Sahr et al., 2009; Sahr et al., 2012). As mentioned above, CsrA acts as a post-
transcriptional regulator, thereby activating genes important for replication while
simultaneously repressing transmissive trait proteins. In presence of high amounts of the three
non-coding RNAs, the concentration of CsrA is reduced due to the binding of this central
regulator by RsmX, RsmY and RsmZ. In consequence, this leads to the induction of the
developmental switch towards the transmissive phenotype while simultaneously replicative
traits are repressed (Rasis and Segal, 2009; Sahr et al., 2009; Sahr et al., 2012). Beside these
non-coding RNAs, further systems are responsible for the adjustments of CsrA levels in L.
pneumophila. One is the two-component system PmrA/PmrB, which itself is regulated by
RpoS (Hovel-Miner et al., 2009). PmrA/PmrB depletion mutants showed reduced levels of
CsrA and replication defects, confirming its role in this regulatory network (Al-Khodor et al.,
2009). Another participant in this network, that determines the developmental switch of L.
pneumophila by the adjustment of CsrA concentrations, is the integration host factor (IHF)
(Morash et al., 2009). Its expression is again controlled by RpoS and it enhances, together with
the LetA/LetS two-component system, the production of the small non-coding and CsrA
binding RNASs (Zhao et al., 2007).

1.2.4 Metabolic potential of L. pneumophila

Early metabolic studies revealed, that amino acids represent the main carbon and energy source
for the facultative intracellular pathogen L. pneumophila, whereas especially serine but also
threonine were supposed to be the major metabolic substrates (Pine et al., 1979; George et al.,
1980; Tesh and Miller, 1981). This was in agreement with later investigations, which
demonstrated high activities for the serine dehydratase enzyme (Ipp0854) as well as for the

pyruvate carboxylase enzyme (Ipp0531), again highlighting the importance of this amino acid
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as nutrient for this microbe (Keen and Hoffman, 1984). Thereby, serine is presumably taken
up via the serine transporter Lpp2269 (Cazalet et al., 2004; Eylert et al., 2010). Recent labelling
experiments with 3C-serine revealed, that this amino acid is indeed incorporated and
metabolized in high rates, subsequently feeding energy generating metabolic pathways, but
also serving as precursor for de novo biosynthesis of amino acids and PHB (Eylert et al., 2010;
Gillmaier et al., 2016).

Nevertheless, experiments in defined media as well as labeling experiments revealed, that this
pathogen is also auxotroph for several amino acids including arginine, cysteine, isoleucine,
leucine, methionine, valine, serine and threonine (Pine et al., 1979; George et al., 1980; Tesh
and Miller, 1981; Eylert et al., 2010). This is in agreement with later conducted genome
analysis experiments with several strains of L. pneumophila as well as with L. longbeachae
(Cazalet et al., 2004; Chien et al., 2004; Steinert et al., 2007; Cazalet et al., 2010; D'Auria et
al., 2010). However, the dependency on amino acids as nutrients is also reflected in the genome
of this pathogen, where a bunch of amino acid and protein transporters like e.g. ATP dependent
transporters, permeases or proteases have been identified (Cazalet et al., 2004; Chien et al.,
2004).

The whole metabolic potential of L. pneumophila for the usage of further substrates, like
carbohydrates or fatty acids besides amino acids, remained unclear for a long time, although
enzymes of all core metabolic pathway e.g. the glycolytic pathway, the TCA cycle, the non-
oxidative part of the PPP, with the exception of a transaldolase, or the ED pathway are present
in the genome of this pathogen (Cazalet et al., 2004; Chien et al., 2004; Cazalet et al., 2010).
In addition, early studies with *C labeled glucose and further substrates like glycerol or acetate
indicated the usage of these precursors by L. pneumophila, although glucose did not support
bacterial growth in vitro (Pine et al., 1979; Warren and Miller, 1979; Weiss et al., 1980; Tesh
et al., 1983). Furthermore, the preferred degradation pathway of glucose was unclear.
However, it was suggested that L. pneumophila uses more efficiently the PPP and the ED
pathway for glucose degradation than glycolytic reactions (Weiss et al., 1980; Tesh et al.,
1983). Using isotopologue profiling experiments it could finally be demonstrated that this
microbe is indeed able to efficiently incorporate and metabolize glucose predominantly via the
ED pathway (Eylert et al., 2010). Mutants concerning enzymes of this biosynthetic pathway

were unable to efficiently metabolize this hexose and furthermore showed significant
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replication defects inside Acantamoeba castellanii, also highlighting the importance of this
metabolic pathway (Harada et al., 2010). Besides glucose, L. pneumophila is also able to use
exogenous polysaccharides as carbon source. Experiments with the eukaryotic-like
glucoamylase (GamA) revealed, that this enzyme enables the effective degradation and
therefore metabolisation of glycogen and starch probably during intracellular replication in A.
castellanii, although this enzyme is not essential for in vitro or in vivo replication (Herrmann
et al., 2011). In addition, this bacterium is equipped with a chitinase as well as with an
endoglucanase, which enables the degradation of cellulose and underlines the importance of
polysaccharides in the L. pneumophila nutrition (DebRoy et al., 2006; Pearce and Cianciotto,
2009).

Early in vitro studies indicated, that L. pneumophila uses glycerol as carbon source (Tesh et
al., 1983). These findings were emphasized by following transcriptome experiments, which
showed that genes responsible for glycerol metabolism e.g. glpK or glpD were highly
upregulated during intracellular replication in macrophages (Faucher et al., 2011).
Furthermore, a mutant concerning glpD in L. oakridgensis was not able to replicate in A.
castellanii (Brzuszkiewicz et al., 2013). However, the metabolic potential of L. pneumophila
for glycerol metabolism remained unknown. Nevertheless, it was demonstrated for further
intracellular pathogens that glycerol nutrition plays a central role in the metabolic concept of
e.g. Listeria monocytogenes (Grubmiiller et al., 2014) or Salmonella enterica (Steeb et al.,
2013).

Currently, the metabolic potential of fatty acids as nutrients is not well studied for L.
pneumophila. However, genes involved in the biosynthesis as well as in the degradation of
fatty acids have been found to be present due to genome analysis (Cazalet et al., 2004; Chien
et al., 2004). In addition, this pathogen features numerous phospholipases which are largely
known to be involved in L. pneumophila virulence and are predominantly expressed in the mid
exponential or transmissive growth phase (Flieger et al., 2000; Flieger et al., 2004; Schunder
et al., 2010). Thereby, the cell-associated hemolytic phospholipase A (PlaB), which preferably
hydrolyzes long-chain fatty acids with more than twelve carbon atoms, represents the main
hydrolytic activity of this intracellular pathogen. In general, the hydrolytic potential of L.
pneumophila could be crucial in L. pneumophila pathogenicity (Bender et al., 2009).

Furthermore, short chain fatty acids seem to trigger the switch between the two growth phases,
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the replicative and the transmissive phase, again indicating that fatty acid metabolism and
virulence are linked in this pathogen (Edwards et al., 2009). Further studies now suggest a
metabolic role of fatty acids in the core metabolism of L. pneumophila, especially concerning
the biosynthesis of the bacterial carbon and energy storage compound PHB (Edwards et al.,
2009; Hayashi et al., 2010; Gillmaier et al., 2016).

1.3 Coxiella burnetii

1.3.1 History and clinical relevance

The intracellular pathogen C. burnetii was first described in 1937 as the causative agent of a
newly recognized fever which appeared in numerous abattoir workers in Queensland, Australia
(Derrick, 1937). In the same year the causative organism was defined as a new type of the
Rickettsia species (Burnet and Freeman, 1937) and subsequently the first isolation from ticks
occurred in 1938 in the USA (Davis et al., 1938). However, due to genomic and phylogenetic
studies this pathogen is no longer categorized in the a-proteobacteria Rickettsia group but was
identified as a y-proteobacteria with L. pneumophila as its closest relative (Roux et al., 1997;
Seshadri et al., 2003; Beare et al., 2009). Nevertheless, recent studies revealed that these two
intracellular pathogens developed in a rather distant evolutionary process (Pearson et al., 2013;
Duron et al., 2015). Thereby, an endosymbiont of ticks was recently identified as the ancestor
of C. burnetii (Duron et al., 2015).

It is now known that this obligate intracellular Gram negative bacterium is distributed
worldwide and capable of infecting various hosts including diverse vertebrate and invertebrate
species as well as a multitude of mammalian tissues (Babudieri, 1959; Weber et al., 2013;
Larson et al., 2016). In humans, this pathogen causes a worldwide-distributed zoonosis called
Q-fever, which is characterized by typical flu-like symptoms, but could also lead to pneumonia
in its acute form or to hepatitis and endocarditis if the infection becomes chronical (Maurin
and Raoult, 1999; Arricau-Bouvery and Rodolakis, 2005; van Schaik et al., 2013; Larson et
al., 2016). Human outbreaks of Q-fever are predominantly related to infected goats, sheep or
dairy cattle which spread C. burnetii into the environment via contaminated fluids like milk,
urine, amniotic fluids or feces (Raoult et al., 2000; Angelakis and Raoult, 2010). Therefore,
humans mainly get infected via the direct contact to infected animals due to the inhalation of
contaminated aerosols. Besides that no direct contact to a farm animal can also lead to an

infection due to the fact that this very robust bacteria can be spread by the wind and is thereby
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able to cover long distances (Raoult et al., 2000). Oral infection (via contaminated food) as
well as direct human to human transfer has also been reported but appear rarely (Marrie and
Raoult, 1997; Raoult et al., 2000). Animals predominantly carry chronical infections of C.
burnetii but predominantly do not show any symptoms (Maurin and Raoult, 1999).
Distribution between animals generally occurs via tick bites (Philip et al., 1966). The fact, that
only one bacterium is sufficient to cause an infection and its ability to form very robust
bacterial spores, makes this pathogen a type-B bioweapon (Fournier et al., 1998; Madariaga et
al., 2003; Cogliati et al., 2016).

1.3.2 Infection and developmental life cycle

As mentioned above, the intracellular pathogen C. burnetii can form specific small-cell
variants (SCVs), which are capable to survive long time-periods in the environment due to
high robustness to various harsh environmental conditions e.g. heat or dryness (Coleman et al.,
2004; Coleman et al., 2007). After host cell invasion the transition into the large-cell variants,
which are metabolically active, is induced (Coleman et al., 2004).

Alveolar macrophages represent the prime target of C. burnetii in the natural host cell invasion,
but these bacteria are also capable of subsequently invading further cells and tissues (Khavkin
and Tabibzadeh, 1988; Stein et al., 2005; Calverley et al., 2012; Graham et al., 2013; Graham
et al., 2016). For example, adipocytes serve as a reservoir for the persistence of this pathogen
whereas trophoblasts are favored targets of C. burnetii in female hosts (Sanchez et al., 2006;
Bechah et al., 2014). The internalization of host cells occurs passively due to invasion studies
with macrophages and fibroblasts, which revealed that internalization of both, living or dead
C. burnetii, was comparably effective (Baca et al., 1992; Tujulin et al., 1998). This is in
agreement with experiments with protease treated C. burnetii, which were subsequently unable
to invade host cells, indicating that proteins on the surface of this bacteria act as invasins (Baca
et al., 1992). Using a microscopy-based high-throughput screening, the surface protein OmpA
could recently be identified as an invasin of this intracellular pathogen (Martinez et al., 2014).
After the invasion process, this pathogen establishes a replicative niche in the respective host
cell, which is termed Coxiella-containing vacuole (CCV) and which occupies most of the
cytosolic space at later developmental stages (Howe et al., 2003; Larson et al., 2016). This
phagolysosome-like replication compartment is unique compared to the replication niches of

other intracellular bacteria due to the acidic conditions which are present in the CCV (Howe et
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al., 2010; Schulze-Luehrmann et al., 2016). The CCV also differs to the replication
compartment of the close relative L. pneumophila, the LCV, which is predominantly derived
from the endoplasmic reticulum and comprises a neutral environment (Hubber and Roy, 2010).
However, C. burnetii depends on acidic conditions since they trigger the developmental switch
from the SCV to the LCV and therefore induce metabolic activity of the pathogen as well as
the induction of protein expression of various effectors, which are involved in numerous
infection processes as well as inhibition of apoptosis (Howe et al., 2003; Coleman et al., 2004;
Voth et al., 2007; Larson et al., 2016).

Intracellular survival, acquisition of sufficient amounts of nutrients and in particular the
establishment of the specific intracellular replication compartment CCV is dependent on a type
IVB secretion system (T4BSS), which is a homologue of the secretion system used by
L. pneumophila (Seshadri et al., 2003; Beare et al., 2011; Carey et al., 2011). Both systems
translocate high numbers of effector proteins into the host cell. Up to now, more than 300
effector proteins are known for L. pneumophila (Burstein et al., 2016; Hofer, 2016) whereas
the secretion system of C. burnetii is responsible for the translocation of a smaller number of
60 effector proteins, most of which the function is still not known of (Chen et al., 2010; Carey
etal., 2011; Newton et al., 2013; Weber et al., 2013).

Intracellular nutrient acquisition as well as vacuolar expansion during maturation of the CCV,
which takes place over several days, is furthermore dependent on extensive fusion with
autophagosomes (Winchell et al., 2014). Furthermore, this pathogen interacts with endocytic
and secretory pathways (Larson et al., 2016). However, during the maturation process the host
cell morphology is only minimally effected since this pathogen is adapted to maintain host cell
viability (Coleman et al., 2004).

1.3.3 Role of CsrA in the regulatory network of C. burnetii

Currently, only four regulatory two-component systems have been identified for C. burnetii,
which illustrate a small number compared to other Gram-negative intracellular bacteria
(Seshadri et al., 2003; Beare et al., 2009). However, the two-component system GacA/Gacs,
which is a homolog of the two-component system LetA/LetS of L. pneumophila, is present
(Seshadri et al., 2003; Chien et al., 2004; Beare et al., 2009). The LetA/LetS system is crucial
in the CsrA-regulatory cascade in L. pneumophila, which was already discussed in section

1.2.3. In short, CsrA induces replicative traits by simultaneously repressing transmissive traits
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on a post-transcriptional level during the replicative phase in L. pneumophila (Molofsky and
Swanson, 2003). Nutrient limited conditions lead to the production of the alarmone ppGpp
under the control of SpoT and RelA. Subsequently, activity and stability of the alternative
sigma factor RopS is induced, which leads besides others to the induction of the two-
component system LetA/LetS (Molofsky and Swanson, 2003; 2004). The LetA/LetS system is
then responsible for the production of small non-coding RNAs, which bind and therefore
inactivate CsrA, leading to the activation of transmissive traits (Rasis and Segal, 2009; Sahr et
al., 2009; Sahr et al., 2012). Since one or two genes for all of these regulators are conserved in
C. burnetii isolates (spoT: CBUO0303; relA: CBU1375; rpoS: CBU1609; csrA: CBU0024 and
CBU1050), a similar role to that in L. pneumophila appears likely. Therefore, also the function
of GacA/GacS in C. burnetii is probably similar to that of the LetA/LetS system in L.
pneumophila (Seshadri et al., 2003; Mercante et al., 2006; Beare et al., 2009). Furthermore,
the two-component system QseB/QseC of C. burnetii seems to be similar to the PmrA/PmrB
system of L. pneumophila, which is also part of the CsrA-regulatory cascade in L. pneumophila
(Seshadri et al., 2003; Al-Khodor et al., 2009; Beare et al., 2009; Hovel-Miner et al., 2009).
In addition, it is also important in the regulation of the Dot/lcm type IV secretion in both
pathogens (Zusman et al., 2007; Beare et al., 2009). On the other hand, the two-component
system CpsA/CpxR, which is present in L. pneumophila and also involved in the Dot/Icm T4SS
regulation, could not be found in the genome of C. burnetii until now (Feldman et al., 2005;
Beare et al., 2009). Nevertheless, the developmental switch between the different
morphological forms (SCV and LCV) in the biphasic life cycle is likely regulated by the
interplay within the CsrA-regulatory network, similar to that reported for L. pneumophila
(Coleman et al., 2004).

1.3.4 Metabolic potential of C. burnetii

Since the possibility to grow this intracellular pathogen in an axenic medium has only been
developed recently, the metabolic potential of C. burnetii is only poorly understood (Omsland
et al., 2009; Omsland et al., 2011; Omsland et al., 2013). However, the composition of the
newly developed Acidified Citrate Cysteine Medium 2 (ACCM-2) as well as genome based
analysis give a first idea about the preferred nutrients and the metabolic concept of this
pathogen (Seshadri et al., 2003; Omsland et al., 2009; Omsland et al., 2011). Compared to
other intracellular bacteria, the process of genome reduction is at an early stage, since a high
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percentage (more than 89.1%) of the genome is still coding for proteins (Andersson and
Kurland, 1998; Seshadri et al., 2003). Enzymes of the glycolytic cascade, gluconeogenesis, the
PPP and the TCA cycle as well as some enzymes of the ED pathway are present in the genome
of C. burnetii (Seshadri et al., 2003). However, in contrast to its close relative L. pneumophila,
which preferably uses the ED pathway for glucose degradation, C. burnetii seems to prefer
glycolytic reactions, although a classical hexokinase has not been identified based on genome
analysis of this pathogen (McDonald and Mallavia, 1971; Hackstadt and Williams, 1981a;
Hackstadt and Williams, 1981b). Anyway, the activity of a hexokinase as well as the
conversion of glucose 6-phosphate (Glu-6-P) to 6-phosphogluconate (6-PG) and ribulose 5-
phosphate have been demonstrated, although the respective enzymes have not been identified
based on genome analysis (Consigli and Paretsky, 1962; Paretsky et al., 1962; McDonald and
Mallavia, 1970). Furthermore, also the shikimate/chorismate pathway is present in C. burnetii,
although enzymes for the final steps in the biosynthesis of aromatic amino acids have not been
identified (Seshadri et al., 2003; Walter et al., 2014). Nevertheless, enzymes for the production
of further amino acids and fatty acids and the biosynthesis of vitamins and nucleic acids are
present, whereas enzymes of the glyoxylate pathway are not (Seshadri et al., 2003).
Additionally, C. burnetii features a transporter for long chain fatty acids (CBU1242) as well
as two sugar transporters (CBU0265 and CBU0347) and numerous amino acid and peptide
transporters (Seshadri et al., 2003; Kuley et al., 2015). In combination with the composition
of the recently developed axenic medium ACCM-2, which comprises high amounts of amino
acids and peptides, this suggests that amino acids are among the major substrates of this
pathogen (Seshadri et al., 2003; Sandoz et al., 2016). However, also further substrates seem to
be used by C. burnetii, since glucose is present in ACCM-2 and since enzymes responsible for
the degradation of glycerol are present in its genome (Seshadri et al., 2003; Omsland et al.,
2009; Omsland et al., 2011).

1.4 Aims of the thesis

The two closely related bacteria L. pneumophila and C. burnetii represent two examples of
intracellular replicating pathogens featuring a biphasic life cycle (Coleman et al., 2004,
Molofsky and Swanson, 2004; Beare et al., 2009). During their life cycle, both bacteria are
exposed to numerous extra- and intracellular niches, thereby undergoing different

morphological changes, which are controlled by a complex CsrA-dependent regulatory
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network (Coleman et al., 2004; Molofsky and Swanson, 2004). This regulatory network is
triggered by the nutritional composition of the environment which changes permanently during
the life cycle (Byrne and Swanson, 1998; Wieland et al., 2005; Cianciotto, 2007; Faucher et
al., 2011; Fonseca et al., 2014). Since there is not much known about nutrition and the
metabolic potential of L. pneumophila and C. burnetii, the aim of this thesis was the
metabolically characterization and the investigation of a general metabolic concept in a growth
phase dependent manner. Thereby, also the role of CsrA in the regulation of substrate usage

and of metabolic fluxes in L. pneumophila was studied.

To investigate the relevance of glycerol in the nutrition of L. pneumophila, a AglpD mutant
was used in extra- and intracellular growth assays comparative to the wild-type. Furthermore,
an new minimal defined medium (MDM) was developed and used to perform growth phase
dependent isotopologue profiling experiments with [U-*Cs]glycerol, [U-*Cs]serine and [U-
13Ce]glucose as tracers. Based on these experiments, detailed information about the glycerol
catabolism in comparison with further substrates could be obtained. Furthermore, in vivo

infection experiments were performed with all three *C-tracers in A. castellanii.

The importance of CsrA in the regulation of the metabolic network and main carbon fluxes in
a growth phase dependent manner was determined using comparative labeling and oxygen
consumption experiments with the L. pneumophila wild-type and a CsrA knock down mutant.
Isotopologue profiling experiments were performed with [U-3Cs]serine, [U-'3Cs]glucose and
[U-13C3]glycerol as tracers in a time dependent manner. In addition, the importance of fatty
acids as further substrates of L. pneumophila and the role of CsrA in the regulation of fatty
acid degradation and carbon flux was investigated performing labeling experiments with
[1,2,3,4-*C4]palmitic acid with the L. pneumophila wild-type and the CsrA knock out mutant.
In total, the crucial role of CsrA in the life stage specific coordination of substrate usage and

carbon flux in L. pneumophila could be demonstrated.

In order to compare the metabolic concept of L. pneumophila to further intracellular pathogens,
nutrient usage and metabolic fluxes in its close relative C. burnetii were analyzed. Therefore,
in vitro labeling experiments were performed in a recently developed axenic medium, using
[U-'3Cg]glucose, [U-13Cs]serine and [U-3Cs]glycerol as tracer. Similar metabolic concepts

could be a result of effective adaption and survival strategies to their respective intracellular
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replicative niches and help to understand the complex interactions between intracellular
pathogens and their host, which could in consequence give essential information for the

development of new antibiotics.
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2 MATERIALS AND METHODS
2.1 Materials

2.1.1 Laboratory Equipment
Table 2-1: Laboratory Equipment

Alpha 2-4 LD plus
Freeze-dryer Vacuum pump: RC 5

Gas Chromatograph GC-2010

Mass Spectrometer QP-2010

Auto Injector AOC-20i

GC/MS Auto Sampler AOC-20s

GC Column: Equity™-5, FUSED SILICA
Capillary Column, 30 m x 0.25 mm x
0.25 um film thickness

Glass beads 0.25-0.55 mm

Heating block Techne DRI-Block® DB 2A
Magnetic stirrer MR Hei-Standard

Micro scales VWR-503B, (0.001 g — 500 g)
Ribolyser

Rotavapor-R

Rotary evaporator Diaphragm vacuum pump
Water bath

Thermostat IKATRON® ETS-D4 fuzzy

Ultrasonic bath USC 300T

Vortex mixer Reax 2000

Item Manufacturer
Benchtop centrifuge A-14 Jouan GmbH (Unterhaching,
Germany)
Centrifuge Biofuge primo R Heraeus (Traunstein, Germany)
Drying oven £28 Binder GmbH (Tuttlingen,

Germany)

Christ (Osterrode, Germany)
Vacuurbrand GmbH & Co. KG
(Staufen, Germany)

Shimadzu (Neufahrn, Germany)
Shimadzu (Neufahrn, Germany)
Shimadzu (Neufahrn, Germany)
Shimadzu (Neufahrn, Germany)
SUPELCO (Bellefonte, USA)

Roth (Karlsruhe, Germany)

Thermo-DUX GmbH (Wertheim,
Germany)

Heidolph (Schwabach, Germany)

VWR (Radnor, USA)

Hybaid (Kalletal, Germany)

Buchli (Flawil, Switzerland)
Vacuubrand GmbH & Co. KG
(Wertheim, Germany)

Heidolph (Schwabach, Germany)
IKA-Werke GmbH & Co. KG
(Staufen, Germany)

VWR (Radnor, USA)

Heidolph Elektro GmbH & Co.
KG (Kelheim, Germany)
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2.1.2 Software used
Table 2-2: Software used

Software

Manufacturer

Adobe Illustrator

ChemOffice 2015

CoreDRAW  Graphics
Suite X7 (64-bit)
EndNote

GCMS Solution

GraphPad Prism

Adobe lllustrator CS4

ChemDraw Professional 15.0
ChemFinder 15.0

CoreIDRAW X7 (64-bit)

EndNote Version X8 (Windows)

GCMS Analysis Editor
GCMS Postrun Analysis
GCMS Real Time Analysis

Prism 4.03 (Windows)

Adobe Systems GmbH (Munich,
Germany)

CambridgeSoft (Massachusetts;
USA)

Corel GmbH (Munich, Germany)

Clarivate Analytics (New York,
USA)

Shimadzu Corporation (Kyoto,
Japan)

GraphPad Software (La Jolla,

USA)
Excel 2013
Word 2013
PowerPoint 2013

Microsoft Office 2013 Microsoft (Redmond, USA)

2.1.3 Chemicals
Labeled precursors ([U-13Cg]glucose, [U-13Cs]glycerol, [U-BCs]serine and [1,2,3,4-
13C,]palmitic acid) were received from Isotec/Sigma-Aldrich (St. Louis, USA) or Cambridge

Isotope Laboratories (Tewksbury, USA).

Further chemicals used in this work where received from AppliChem GmbH (Darmstadt,
Germany), BD Biosciences (Franklin Lakes), Bio-Rad (Munich, Germany), Eppendorf
(Hamburg, Germany), Merck (Darmstadt, Germany), Carl Roth GmbH & Co. KG (Karlsruhe,
Deutschland), Sigma-Aldrich (St. Louis, USA), Thermo Fisher Scientific (Waltham, USA)
and VWR (Radnor, USA).

All the solvents used were at least of HPLC grade.

2.2 Methods

2.2.1 Experiments with L. pneumophila JR32 Philadelphia-1 serogroup 1 and its AglpD
mutant

Construction of a L. pneumophila JR32 AglpD mutant, development of the MDM, extracellular

growth of L. pneumophila, infection assays with A. castellanii and Murine Raw 264.7
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macrophages as well as in vitro and in vivo cultivation in presents of *C tracers ([U-
13Ce]glucose, [U-13Cs]serine and [U-*3Cs]glycerol) were performed by Christian Manske at the
Max von Pettenkofer Institut at the Ludwig-Maximilians Universitat in Munich under the
supervision of Prof. Dr. Hubert Hilbi. Sample preparations, GC/MS measurements,
establishment of a new isotopologue profiling method for analyzing polar metabolites,
isotopologue analysis and calculations (see sections 2.2.4.1-2.2.4.5) were performed by Ina
Hé&uslein in the laboratory of Prof. Dr. Wolfgang Eisenreich (TUM). The experimental setups
of all experiments were developed and evaluated by Christian Manske and Ina Hauslein under
the supervision of Prof. Dr. Hubert Hilbi and Prof. Dr. Wolfgang Eisenreich. For further details
see ,,Hauslein, 1., Manske, C., Goebel, Eisenreich, W., and Hilbi, H. (2015). Pathway analysis
using C-glycerol and other carbon tracers reveals a bipartite metabolism of Legionella
pneumophila. Molecular Microbiology 100, 229-246.

2.2.2 Experiments with L. pneumophila Paris and its csrA mutant

Construction of a csrA mutant of L. pneumophila Paris, bacterial cultivation, oxygen
consumption experiments and labeling experiments with [U-13Cg]glucose, [U-*Cs]serine, [U-
13C5]glycerol and [1,2,3,4-13C4]palmitic acid were performed by Tobias Sahr at the Institut
Pasteur in Paris. Sample preparations, GC/MS measurements, isotopologue analysis and
calculations (see sections 2.2.4.1-2.2.4.5) were performed by Ina Hauslein in the laboratory of
Prof. Dr. Wolfgang Eisenreich (TUM). The experimental setups were developed and evaluated
by Tobias Sahr and Ina H&uslein under the supervision of Prof. Dr. Carmen Buchrieser and
apl. Prof. Dr. Wolfgang Eisenreich. Further details will be published in ,,Hauslein, I., Sahr,
T., Escoll, P., Klausner, N., Eisenreich, W., and Buchrieser, C., (2017). Legionella

pneumophila CsrA regulates a metabolic switch from amino acid to glycerolipid metabolism”.

2.2.2.1 Bacteria, cells and growth conditions
L. pneumophila strains were grown in N-(2-acetamido)-2-aminoethanesulfonic acid (ACES)-
buffered yeast extract broth or an ACES-buffered charcoal-yeast extract (BCYE) agar under
aerobic conditions at 37°C (Table 2-3 and 2-4).

In case of labeling experiments, L. pneumophila was grown at 37°C in a carbon enriched
minimal defined media (CE MDM) (Table 2-5).
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Table 2-3: Composition and operating instructions for the preparation of ACES-buffered yeast extract broth

ACES-buffered yeast extract broth (Horwitz and Maxfield, 1984)

Component [g/L]
ACES 10.00
Yeast extract 10.00
L-cysteine 0.40
FeNs3Og x 9 H20 0.25

Dissolve ACES and yeast extract in 900 mL ddH,0. L-Cysteine
and Fe(NQOg3)s are dissolved in 10 mL ddH,O respectively and
added dropwise. Adjust pH to 6.9 using 10 M KOH and fill up
to 1 L using ddH;O. Add antibiotics at the indicated
concentrations if needed. Medium is filter sterilized through a
0.2 pum filter and store it at 4°C in the dark.

Table 2-4: Composition and operating instructions for the preparation of BCYE agar

BCYE agar (Feeley et al., 1979)

Component [g/L]
ACES 10.00
Yeast extract 10.00
Activated charcoal 2.00
Agar 15.00
L-cysteine 0.40
FeNsOg x 9 H20 0.25

Dissolve ACES and yeast extract in 900 mL ddH,O. Adjust pH
to 6.9 using 10 M KOH and fill up to 1 L with ddH»O. Weigh
out agar and activated charcoal, add ACES/yeast extract
solution and autoclave. L-Cysteine and Fe(NOs)s are dissolved
in 10 mL ddH,O respectively, filter-sterilized and added
dropwise to the cooled down solution. Add antibiotics at the
indicated concentrations if needed. The mixture is distributed
standard petri dishes and dried for 1 day at room temperature.
Agar plates can be stored in the dark at 4°C.

Table 2-5: Composition and operating instructions for the preparation of CE MDM

CE MDM

42

Component [g/L]
ACES 10.00
L-arginine 0.35
L-cysteine 0.40
L-isoleucine 0.47
L-leucine 0.64
L-methionine 0.20
L-threonine 0.33
L-valine 0.48
L-serine (6 mM) 0.65

All components are weigh out and dissolved in 950 mL ddH-0,
except of Fe-pyrophosphate. Adjust pH to 6.9 with 10 M KOH,
dissolve Fe-pyrophosphate and fill up to 1 L using ddH.O

afterwards. Filter sterilise and store in the dark at 4°C.
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L-proline 0.115
L-phenylalanine 0.35
D-glucose (11 mM) 1.98
Glycerol (50 mM) 4.60g (3.7 mL)
NH4CI 0.315
NaCl 0.05
CaCl2x 2 H20 0.025
KH2PO4 1.18
MgSO4 x 7 H20 0.07
E;pr);zzphosphate 0.25

2.2.2.2 Constructions of a csrA mutant strain

The construction of the csrA mutant strain of L. pneumophila Paris was performed by Tobias
Sahr at the Institut Pasteur in Paris by inserting an apramycin-resistance cassette after the
amino acid Tyr48 of the Ipp0845 gene encoding the major CsrA in L. pneumophila Paris
(Lomma et al., 2010; Sahr et al., 2017).

2.2.2.3 Oxygen consumption experiments

Oxygen consumption experiments with the L. pneumophila Paris wild-type and the csrA
mutant strain were performed by Tobias Sahr at the Institut Pasteur in Paris according to the
following protocol: L. pneumophila were cultivated in BYE to exponential phase (ODgoo = 2 -
2.5) at 37°C and 170 rpm in a light-protected and humidity-controlled incubator shaker. After
centrifugation, bacteria were resuspended to a final concentration of ODeoyo = 0.1 using
Phosphate-Buffered Saline (PBS) (Table 2-6). Following, 90 puL of the resuspended bacterial
cells were transferred to wells of the Poly-D-lysine- (PDL) coated Microplate. To coat XF Cell
Culture Microplate (Seahorse Bioscience), 15 pL of 1 mg/mL PDL in 100 mM Tris-HCI
(Table 2-7) was added to each well. After drying overnight, the XF Cell Culture Microplate

was washed two times with ddH-0.
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Table 2-6: Composition and operating instructions for the preparation of PBS

PBS (10 x stock solution)
Component [g/L]
MgSO4x 7 H20 80.00 All components are dissolved in 950 mL ddH,O. Adjust pH to
CaCl, 200 7.4 using 1 M NaOH or 1 M HCI and fill up to 1 L afterwards.
Autoclave and store at room temperature.
Sodium citrate x 2 H20 14.20
Na:HPO4 x 7 H20 2.40

Table 2-7: Composition and operating instructions for the preparation of 100 mM Tris-HCI buffer

100 mM Tris-HCI

Tris Base is dissolved in 900 mL ddH,O. Adjust pH to 8.4 using 1 M HCI

Tris Base 12.11 g/L
and fill up to 1 L afterwards. Autoclave and store at room temperature.

Attachment of bacterial cells occurred via 10 min centrifugation at 4,000 rpm using a benchtop
swinging bucket centrifuge. The volume in each well was raised to 175 puL by adding PBS
afterwards.

Bacterial respiration was measured in oxygen consumption rates (OCR) according to the
manufacturer instructions. For quantification, a XFe96 Extracellular Flux Analyzer (Seahorse
Bioscience) was used. To assure uniform cellular seeding, basal OCR were measured for
approximately 30 min prior to the injections.

The final concentration of the different substances added was as follows: L-serine, L-alanine
and L-glutamate: 0.1 g/L; D-glucose, glycerol, butanoate, a-ketoglutarate (a-KGL) and
pyruvate: 0.2 g/L; palmitate, oleate and arachidonic acid: 0.1 mM.

2.2.2.4 Labeling experiments with L. pneumophila Paris wild-type and csrA mutant

For labeling experiments with [U-'Cs]serine, [U-*Ce]glucose, [U-*3Cs]glycerol and [1,2,3,4-
13C,Jpalmitic acid as **C-precursor, L. pneumophila strains were grown in CE MDM. Thereby
the amount of the respective unlabeled compound was displaced with 6 mM [U-'3Cs]serine,
11 mM [U-BCg]glucose and 50 mM [U-Cs]glycerol respectively. In case of labeling
experiments with [1,2,3,4-13C4]palmitic acid, CE MDM was supplemented with additional
0.02% (0.8 mM) of this *C-precursor. The respective L. pneumophila strain was grown over
night in 50 mL unlabeled CE MDM. The inoculum was suspended in 50 mL of CE MDM
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comprising the respective *C-tracer and diluted to an ODgoo of 0.1. For every labeling
experiment, bacteria were harvested at E (ODsgoo = 0.35) and PE (ODsoo = 0.80) growth phase
by centrifugation at 5000 g for 5 min at 4°C. Cells were autoclaved for 30 min at 120°C, freeze-
dried and stored at —80°C until further analysis.

2.2.3 Experiments with C. burnetii RSA 439 NMII

Bacterial cultivation and labeling experiments with [U-*Cg]glucose, [U-*3Cs]serine and [U-
13C3]glycerol were performed by Franck Cantet at the Infectious Disease Research Institute in
Montpellier. GC/MS measurements, isotopologue analysis and calculations (see sections
2.2.4.1-2.2.4.5) were performed by Ina Hauslein under the supervision of Prof. Dr. Wolfgang
Eisenreich (TUM). The experimental setups of all experiments were developed and evaluated
by Franck Cantet and Ina Hauslein under the supervision of Dr. Matteo Bonazzi and apl. Prof.
Dr. Wolfgang Eisenreich. For further details see “Hauslein, 1., Cantet, F., Reschke, S., Chen,
F., Bonazzi, M., and Eisenreich, W. (2017). Multiple substrate usage of Coxiella burnetii to
feed a bipartite metabolic network. Frontiers in Cellular and Infection Microbiology 7.”

2.2.4 Sample preparation and derivatization for GC/MS based isotopologue profiling

2.2.4.1 Sample preparation of protein derived amino acids, DAP and PHB

For isotopologue profiling of protein derived amino acid, DAP and PHB, 1 mg of the freeze
dried bacterial cell pellet was resolved in 0.5 mL of 6 N HCI. Following, the sample was
incubated for 24 h at 105°C, as described earlier (Eylert et al., 2010). Removal of the HCI
occurred under a stream of nitrogen at 70°C. The remaining residue was resolved in 200 pL
acetic acid. Purification of the sampled was done via a cation exchange column of Dowex
50Wx8 (H+ form, 200-400 mesh, 5 x 10 mm). For this purpose, the column was washed
previously with 1 mL of MeOH and 1 mL ddH20. After addition of the sample the column
was evolved with 2 mL of ddH20 (eluate 1) and 1 mL of 4 M ammonium hydroxide (eluate
2). Both samples were dried at 70°C under a steam of nitrogen. The remaining residue of eluate
1 was used for PHB analysis, whereas the residue of eluate 2 was used for the analysis of
protein derived amino acids and DAP.

For derivatization of 3-hydroxybutyrate (3-HBA), derived from hydrolysis of PHB during
treatment with HCI, 100 pL of N-methyl-N-(trimethylsilyl)-trifluoroacetamide were added to

the dried samples of eluate 1. Samples were incubated overnight at 60°C in a shaking incubator
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at 110 rpm. The resulting trimethylsilyl (TMS) derivative of 3-HBA was used in following

GC/MS analysis and calculations for isotopologue profiling.

For analysis of protein derived amino acids and DAP, 50 uL dry acetonitrile and 50 pL N-(tert-
butyldimethylsilyl)-N-methyl-trifluoroacetamide were added to the dry residue of eluate 2.
Samples were incubated for 30 min at 70°C. The resulting tert-butyl-dimethylsilyl (TBDMS)
derivatives were used in following GC/MS analysis and calculations for isotopologue

profiling.

The amino acids tryptophan, arginine, methionine and cysteine could not be analyzed due to
degradation by acid hydrolysis. Furthermore, conversion of glutamine and asparagine to
glutamate and aspartate occurred due to acid hydrolyzation. Therefore, results for aspartate and

glutamate correspond to asparagine/aspartate and glutamine/glutamate, respectively.

2.2.4.2 Sample preparation of methanol-soluble polar metabolites including fatty acids

For isotopologue profiling of methanol-soluble polar metabolites, approximately 5 mg of the
freeze-dried bacteria were mixed with 0.8 g of glass beads (0.25-0.05 mm) and 1 mL of pre-
cooled 100% methanol. Mechanical cell lysis occurred for 3 x 20 s at 6.5 m/s using a ribolyser
(Hybaid). Samples were immediately cooled down on ice for 5 min. After centrifugation at
2.300 x g for 10 min the supernatant was dried under a stream of nitrogen. 50 pL of dry
acetonitrile and 50 pL N-(tert-butyldimethyl-silyl)-N-methyl-trifluoroacetamide containing
1% tert-butyl-dimethyl-silylchlorid were added to the remaining residue and incubated at 70°C
for 30 min. The resulting TBDMS derivates of methanol-soluble polar metabolites and fatty
acids were used in following GC/MS analysis and calculations for isotopologue profiling.

2.2.4.3 Sample preparation of Man and Gal

For isotopologue profiling of Man and Gal, 5 mg of the freeze-dried bacteria sample were
methanolized by adding 0.5 mL of methanolic HCI (3 M). The samples were kept at 80°C over
night. Following, the supernatant was dried at 25°C under a stream of nitrogen. 1 mL acetone
containing 20 pL concentrated H.SO4 was added to the remaining residue and kept at 25°C for
1 h. After the addition of 2 mL of saturated NaCl and 2 mL of saturated Na,CQOs3, extraction
occurred 2 x with 3 mL ethyl acetate. Organic phases were combined and dried under a stream
of nitrogen. The dry residue was incubated overnight at 60°C with 200 pL of a 1:1 mixture of

dry ethyl acetate and acetic anhydride. Reagents were removed under a stream of nitrogen and
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the remaining residue was resolved in 100 pL anhydrous ethyl acetate. Resulting
diisopropylidene/acetate derivatives were used for GC/MS analysis and calculations for
isotopologue profiling.

2.2.4.4 Sample preparation of cell wall-derived glucosamine (GIcN) and muramic acid

(Mur)

For isotopologue profiling of GIcN and Mur, approximately 15 mg of the freeze-dried bacterial
sample was used in cell wall hydrolyzation with 0.5 mL of 6 M HCI overnight at 105°C.
Afterwards, solid components were removed by filtration. Subsequently, the filtrate was dried
under a stream of nitrogen. 100 puL of hexamethyldisilazane (HMDS) was added to the
remaining residues and kept at 120°C for 3 h. Resulting TMS-derivatives were used for GC/MS

analysis and calculations for isotopologue profiling.

2.2.4.5 Gas chromatography/mass spectrometry

Samples were prepared as mentioned in sections 2.2.4.1-2.2.4.4 and subsequently used in
GC/MS-analysis using a QP2010 Plus gas chromatograph/mass spectrometer equipped with a
30 m long and 0.25 mm wide fused silica capillary column comprising a 0.25 pum film
thickness. For m/z detection, a quadrupole detector working with electron impact ionization at
70 eV was used. Detailed information is listed in Table 2-1. For sample analysis, an aliquot
(0.1 to 6 uL) of the respective derivatized samples (sections 2.2.4.1-2.2.4.4) were injected (1:5
split mode) at an interface temperature of 260°C and a helium inlet pressure of 70 kPa. For
isotopologue profiling, GC/MS measurements were run in Selected lon Monitoring mode (SIM
mode), with a sampling rate of 0.5 s. GCMS-Solution software (Table 2-2) was used for data
collection and analysis. Samples were measured three times respectively to generate technical
replicates. Overall 3C-excess values (**C-excess) and isotopologue distribution in the
respective metabolites where calculated as described previously (Eylert et al., 2008). This
includes (i) the detection of unlabeled derivatized metabolites via GC/MS analysis, (ii) the
evaluation of the absolute 3C enrichments and distributions in the respective labeled
metabolites of the experiment and (iii) correction of the absolute *3C-incorporation by
subtracting the heavy isotopologue contributions due to the natural abundances to calculate

13C-excess and isotopologue distribution.
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To analyze protein-derived amino acid and the cell wall component DAP (section 2.2.4.1), the
column was held at 150°C for 3 min after sample injection. Following, the column was
developed with a temperature gradient of 7°C min! to a final temperature of 280°C which was
held for further 3 min. TBDMS-derivatives of alanine (6.7 min), glycine (7.0 min), valine (8.5
min), leucine (9.1 min), isoleucine (9.5 min), proline (10.1 min), serine (13.2 min),
phenylalanine (14.5 min), aspartate (15.4 min), glutamate (16.8 min), lysine (18.1 min),
histidine (20.4 min), tyrosine (21.0 min), and the cell wall component DAP (23.4 min) were
detected and isotopologue calculations were performed with m/z [M-57]" or m/z [M-85]".

For the analysis of 3-hydroxybutyric acid derived from PHB (section 2.2.4.1), the column was
held at 70°C for 3 min after sample injection. Afterwards, the column was developed with a
first temperature gradient of 10°C/min to a final temperature of 150°C followed by a second
temperature gradient of 50°C min! to a final temperature of 280°C, which was held for further
3 min. The respective TMS-derivative of 3-hydroxybutyric acid, was detected at a retention

time of 9.1 min. Isotopologue calculations were performed with m/z [M-15]* fragments.

For analysis of methanol-soluble metabolites including fatty acids (section 2.2.4.2), the silica
column first was kept at 100°C for 2 min after the injection of the sample. Following, the
column was developed with a first temperature gradient of 3°C min! to a final temperature of
234°C. Afterwards, column development occurred with a second temperature gradient of 1°C
min~! to a final temperature of 237°C, followed by a third gradient of 3°C min! until the final
temperature of 260°C was reached. TBDMS-derivatives of lactate (17.8 min), succinic acid
(27.5 min), fumaric acid (28.7 min), malic acid (39.1 min), palmitic acid (44.0 min), stearic
acid (49.4 min) and citric acid (53.3 min) were detected. Isotopologue calculations were

performed with m/z [M-57]" respectively.

For the analysis of diisopropylidene/acetate derivatives of Man and Gal (section 2.2.4.3), the
silica column was hold at 150°C for 3 min after the injection of the sample. This was then
followed by a first temperature gradient of 10°C min™* until a final temperature of 220°C.
Afterwards, the column was developed with a second temperature gradient of 50°C mint until
the final temperature of 280°C was reached, which was then held for further 3 min.
Isotopologue calculations were performed with m/z 287 [M-15]", since these fragments still

contain all six C-atoms of the hexoses.
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For analysis of the cell wall sugars GIcN and Mur as TMS-derivatives (section 2.2.4.4), the

silica column was held at 70°C for 5 min after sample injection. This was followed by a

temperature gradient of 5°C min* to a final temperature of 310°C. The final temperature was

held for 1 min. Isotopologue calculations of the respective TMS-derivatives were performed

with m/z [M-452]* and m/z [M-434]*. Retention times and mass fragments that were used for

calculations of overall **C-exces values and isotopologue composition are shown in Table 2-8.

Table 2-8: Retention times and mass fragments used for isotopologue calculations

Metabolite RT 2 [min] [M-15]* [M-577* [M-85]* [M-176]*
Ala 6.7 m/z 260

Gly 7.0 m/z 246

Val 8.5 m/z 288

Leu 9.1 m/z 274
lle 9.5 m/z 274
Pro 10.1 m/z 286

Ser 13.2 m/z 390

Phe 14.5 m/z 336

Asp 154 m/z 418

Glu 16.8 m/z 432

Lys 18.1 m/z 431

His 204 m/z 440

Tyr 21.0 m/z 466

DAP 23.4 m/z 589

PHB 9.1 m/z 233

Lactate 17.8 m/z 261
3-Hydroxybutyric acid 21.6 m/z 275

Succinic acid 27.5 m/z 289

Fumaric acid 28.7 m/z 287

Malic acid 39.1 m/z 419

Palmitic acid 44.0 m/z 313

Stearic acid 49.4 m/z 341

Citric acid 53.3 m/z 591

Man 8.7 m/z 287

GlcN 32.6 m/z 452

Mur 36.7 m/z 434
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3 RESULTS

3.1 Pathway analysis using 2*C-glycerol and other carbon tracers reveals
a bipartite metabolism of Legionella pneumophila
Hauslein, 1.#, Manske, C.#, Goebel, W., Eisenreich W.*, and Hilbi, H'. (2015). Molecular microbiology 100, 229-246.

In this section, L. pneumophila JR32 was used for all experiments. L. pneumophila is an
intracellular pathogen which can replicate in numerous protozoan hosts in its natural
environment, thereby showing a biphasic life cycle which comprises a transmissive and a
replicative phase (Molofsky and Swanson, 2004; Steinert and Heuner, 2005; Hoffmann et al.,
2014b). This bacterium can accidentally infect human alveolar macrophages, causing a life-
threatening pneumonia called Legionnaires” disease (Molofsky and Swanson, 2004). Although
it is known that amino acids, especially serine, represent the main carbon and energy source of
L. pneumophila (Pine et al., 1979; Ristroph et al., 1981; Tesh and Miller, 1981; Tesh et al.,
1983), carbon metabolism of this pathogen is only poorly investigated. However, recent
proteome and transcriptome data indicated that L. pneumophila can use glycerol as further
substrate (Faucher et al., 2011). This agrees with genome based analysis and recent labeling
experiments, confirming a greater metabolic potential of L. pneumophila (Cazalet et al., 2004;
Chien et al., 2004; Steinert et al., 2007; Cazalet et al., 2010). In this work, it was shown that,
although glycerol does not support extracellular growth of L. pneumophila, this substrate
promotes replication inside A. castellanii or macrophages dependent on glpD. The importance
of glycerol as an intracellular substrate was also demonstrated in competition assays with the
L. pneumophila wild-type and a mutant strain lacking glpD, since the mutant was outcompeted
upon coinfection. For a detailed analysis of the glycerol metabolism in comparison to carbon
metabolism of further substrates in L. pneumophila, in vitro labeling experiments were
performed with [U-'3Cs]glycerol and further 3C-precursors ([U-3Cs]glucose and [U-
13Cs]serine) in the newly developed MDM comprising essential amino acids, proline and
phenylalanine. The results of the labeling experiments revealed a bipartite metabolism in which
serine is predominantly used in the TCA cycle for energy generation during replication
whereas further carbon sources like glucose and glycerol are shuffled into gluconeogenetic
reactions at later growth phases. This bipartite metabolism is also present during intracellular
replication, since similar results were obtained during in vivo labeling experiment with L.

pneumophila wild-type and the AglpD mutant in A. castellanii using the same three **C-tracers.
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Summary

Amino acids represent the prime carbon and energy
source for Legionella pneumophila, a facultative intra-
cellular pathogen, which can cause a life-threatening
pneumonia termed Legionnaires’ disease. Genome,
transcriptome and proteome studies indicate that
L. pneumophila also utilizes carbon substrates other
than amino acids. We show here that glycerol pro-
motes intracellular replication of L. pneumophila in
amoeba or macrophages (but not extracellular growth)
dependent on glycerol-3-phosphate dehydrogenase,
GIpD. An L. pneumophila mutant strain lacking glpD
was outcompeted by wild-type bacteria upon co-
infection of amoeba, indicating an important role of
glycerol during infection. Isotopologue profiling stud-
ies using '°C-labelled substrates were performed in a
novel minimal defined medium, MDM, comprising
essential amino acids, proline and phenylalanine. In
MDM, L. pneumophila utilized **C-labelled glycerol or
glucose predominantly for gluconeogenesis and the
pentose phosphate pathway, while the amino acid ser-
ine was used for energy generation via the citrate
cycle. Similar results were obtained for L. pneumo-
phila growing intracellularly in amoeba fed with '3C-
labelled glycerol, glucose or serine. Collectively, these
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results reveal a bipartite metabolism of L. pneumo-
phila, where glycerol and carbohydrates like glucose
are mainly fed into anabolic processes, while serine
serves as major energy supply.

Introduction

Legionella pneumophila is a facultative intracellular
pathogen that can replicate in a wide range of protozoan
host cells, including Acanthamoeba and Hartmanella
spp. (Steinert and Heuner, 2005; Hoffmann et al,
2014b). L. pneumophila can also infect humans, as the
bacteria are able to replicate within alveolar macro-
phages, causing a severe pneumonia called Legion-
naires’ disease. The pathogen adopts a biphasic life
style, which comprises a replicative and a transmissive
(virulent) stage and is regulated by the growth phase
(Molofsky and Swanson, 2004). While exponentially
growing bacteria repress transmissive features such as
virulence, motility and stress resistance, bacteria in
post-exponential phase induce these traits (Byrne and
Swanson, 1998; Briggemann et al, 2006; Faucher
et al., 2011).

The mechanism underlying intracellular survival of the
bacteria in different phagocytic host cells seem to be
evolutionarily conserved (Hoffmann et al, 2014b) and
includes the formation of a replication-permissive com-
partment termed the Legionella-containing vacuole
(LCV). The LCV acquires components of early and late
endosomes, mitochondria, the endoplasmic reticulum as
well as ribosomes, yet it avoids fusion with lysosomes
and concomitant degradation (Isberg et al., 2009; Hub-
ber and Roy, 2010; Hilbi and Haas, 2012; Sherwood
and Roy, 2013; Hoffmann et al., 2014a). To establish its
replicative intracellular niche, L. pneumophila uses the
lcm/Dot type IV secretion system (T4SS), which translo-
cates a plethora of ‘effector’ proteins into the host cell.
These effectors target central eukaryotic pathways like
endocytic, secretory or retrograde vesicle trafficking and
modulate host factors such as small GTPases,
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phosphoinositide lipids or phytate (Finsel et al., 2013;
Haneburger and Hilbi, 2013; Rothmeier et al, 2013;
Weber et al., 2014; Finsel and Hilbi, 2015).

While the mechanisms of intracellular survival of L.
pneumophila are rather well studied, the carbon meta-
bolism of intracellular and extracellular bacteria is still
poorly understood. Early in vitro studies of L. pneumo-
phila metabolism showed a preference for amino acids
as main source of carbon and energy, and auxotrophy
for several amino acids including arginine, cysteine, iso-
leucine, leucine, methionine, serine and threonine was
reported (Pine et al., 1979; Ristroph et al., 1981; Tesh
and Miller, 1981; Tesh et al., 1983). The L. pneumophila
genome encodes various amino acid transporters and
proteases, which is further highlighting the importance
of amino acids for the bacterial metabolism (Cazalet
et al., 2004; Chien et al., 2004). The identification of the
phagosomal transporter family (Pht) revealed a role of
amino acid metabolism during intracellular growth, as
L. pneumophila mutants lacking the threonine trans-
porter PhtA, the valine transporter PhtJ or the thymidine
transporters PhtC and PhtD no longer grow inside mac-
rophages (Sauer et al, 2005; Chen et al., 2008; Fon-
seca et al., 2014). Also, lcm/Dot-translocated effectors
seem to promote the usage of amino acids during intra-
cellular growth. The L. pneumophila ubiquitin ligase
AnkB highjacks host cell amino acid metabolism by
exploiting the proteasome to create a pool of free amino
acids within the host cell (Price et al, 2009; Lomma
et al., 2010; Price et al, 2011). Using host cell trans-
porters, these amino acids can then be shuttled into the
LCV. The eukaryotic neutral amino acid transporter
SLC1AS5, for example, is upregulated in infected cells
and essential for intracellular growth of L. pneumophila
(Wieland et al., 2005).

In addition to amino acids, L. pneumophila is also able
to metabolize carbohydrates. This is reflected in the
genomes of sequenced Legionella species, which encode
complete Embden-Meyerhof-Parnas (EMP) and Entner-
Doudoroff (ED) pathways, but only the non-oxidative part
of the pentose phosphate pathway (PPP) (Chien et al.,
2004; D'Auria et al., 2010; Cazalet et al, 2010). The
incomplete PPP lacking 6-phosphogluconate dehydrogen-
ase suffices to catalyze the interconversion of sugars
needed for cell wall biosynthesis, but does not yield
NADPH/H®. L. pneumophila mutants lacking different
genes of the ED pathway are defective for intracellular
growth in amoeba and mammalian cells, and wild-type
bacteria indeed catabolize glucose via the ED pathway,
as shown by transcriptome and proteome studies as well
as by isotopologue profiling (Eylert et al, 2010; Harada
et al., 2010; Schunder et al, 2014; Hoffmann et al.,
2014b).

Isotopologue profiling is a powerful tool for metabolic
studies and can give detailed insights into metabolic
pathways and fluxes. The method is based upon
3C-incorporation derived from labelled precursors that
are metabolized by bacteria or eukaryotic cells. To this
end, the overall '*C-enrichment and the isotopologue
composition in key metabolic products are determined,
preferably using gas chromatography/mass spectrome-
try (GC/MS). This technique has been used for a range
of bacteria, including Listeria monocytogenes (Gillmaier
et al, 2012), Streptococcus pneumonia (Hartel et al.,
2012), Staphylococcus aureus (Kriegeskorte et al.,
2014), Campylobacter jejuni (Vorwerk et al., 2014) or
Xanthomonas campestris (Schatschneider et al., 2014).

Glycerol is an important carbon source for different
intracellular pathogens, such as L. monocytogenes
(Grubmliller et al., 2014) or Salmonella enterica (Steeb
et al., 2013). Upon intracellular growth of L. pneumophila
in macrophages, the expression of glycerol kinase
(lpg1414, glpK) and glycerol-3-phosphate dehydrogenase
(glpD) is highly upregulated (Faucher et al, 2011), and
early studies using a defined medium indicated that gly-
cerol might also be metabolized by L. pneumophila (Tesh
et al.,, 1983). In this study, we analysed glycerol metabo-
lism of extra- and intracellularly growing L. pneumophila
using different growth assays, isotopologue profiling and
a newly developed Legionella minimal growth medium.
The use of [U-"3C,]glycerol as a tracer indicated that the
compound indeed serves as a nutrient for L. pneumophila
and is predominantly metabolized via gluconeogenesis and
the PPP. Furthermore, '*C-incorporation into key meta-
bolites of L. pneumophila growing either with [U-'C]gly-
cerol, [U-"*Cglglucose or [U-'°Cj]serine revealed a bipartite
metabolism, where glycerol and carbohydrates such as
glucose are predominantly channelled into glycolysis,
gluconeogenesis and the PPP respectively, and hence are
used mainly for anabolic reactions, while especially serine
is used effectively in the TCA cycle to deliver reducing
equivalents for energy production in the electron transport
chain.

Results

Designing a new chemically defined Legionella growth
medium

In initial attempts, we used chemically defined medium
(CDM) (Eylert et al, 2010) modified from ‘Ristroph
medium’ (Ristroph et al., 1981) to assess with different
microbiological assays and by isotopologue profiling the
effect of glycerol on extracellular growth of L. pneumo-
phila strains (Supporting Information Table S1). However,
under the conditions used no significant '*C-enrichment
was detectable in any metabolite (data not shown). To

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 100, 229-246
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develop a new Legionella growth medium, we minimized
the carbon sources in CDM as far as possible but did not
alter salt composition and iron concentration. A medium
that contained only essential amino acids (arginine, cyste-
ine, isoleucine, leucine, methionine, serine, threonine,
valine) was not suitable, as L. pneumophila did not repli-
cate in this medium anymore (data not shown).

Next, we depleted single non-essential amino acids
from CDM. Depletion of histidine, lysine, proline, trypto-
phan and aspartate did not alter L. pneumophila growth
compared to normal CDM (Supporting Information Fig.
S1A). CDM lacking serine did not support growth of
L. pneumophila, highlighting the importance of serine for
Legionella growth. Leaving out pairs of amino acids
such as aspartate and histidine or aspartate and trypto-
phan yielded a medium that supported robust growth of
L. pneumophila similar to CDM. Depletion of aspartate
and lysine or aspartate and proline resulted in reduced
growth compared to CDM. We then used a medium,
lacking all amino acids that had no significant influence
on L. pneumophila growth, namely histidine, aspartate,
tryptophan, lysine and glutamate. The medium still con-
tained proline, as depletion of this amino acid signifi-
cantly reduced growth. In this medium, L. pneumophila
did not reach optical densities as high as in CDM (Sup-
porting Information Fig. S1B), but the bacteria did reach
stationary growth phase as judged by the production of
the brown pigment, motility and shape of the bacteria
(data not shown). Finally, the omission of the aromatic
amino acid tyrosine from CDM had no effect on growth,
but leaving out phenylalanine or both, phenylalanine and
tyrosine, significantly reduced growth (Supporting Infor-
mation Fig. S1C). Tyrosine can be directly synthesised
from phenylalanine in the reaction catalyzed by phenyl-
alanine hydroxylase (phhA), explaining why depletion of
tyrosine had no growth effect and why phenylalanine is
more required in the medium than tyrosine. In summary,
the optimized new medium termed minimal defined
medium (MDM) was composed of CDM lacking aspar-
tate, glutamate, histidine, lysine, tryptophan and tyrosine
(Supporting Information Table S2).

Glycerol promotes intracellular growth of L. pneumophila

To analyse the role of glycerol in the metabolism of
L. pneumophila, we constructed the deletion mutant
AglpD, lacking the glycerol-3-phosphate dehydrogenase
GIpD (strain CMO1, Supporting Information Table S1).
The growth of L. pneumophila AglpD was indistinguish-
able from wild-type bacteria in AYE broth (data not
shown) and slightly reduced in CDM (Fig. 1A) or MDM
(Fig 1B). The addition of glycerol had no effect on
extracellular growth of L. pneumophila in AYE (data not

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 100, 229-246
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shown), CDM (Fig. 1A) or MDM (Fig. 1B). Moreover, the
addition of 10 mM or 20 mM glycerol-3-phosphate did
not affect the growth of L. pneumophila in MDM, but
50 mM of the compound decreased the growth of wild-
type or AglpD mutant bacteria (Fig. 1C and Supporting
Information Fig. S2). Thus, under the conditions tested,
neither glycerol nor glycerol-3-phosphate promotes the
extracellular growth of L. pneumophila in different
media.

The effect of glycerol on intracellular growth of
L. pneumophila was determined by fluorescence-based
assays and colony-forming units (cfu). As expression of
glpD was upregulated upon growth in macrophages
(Faucher et al., 2011), we used RAW 264.7 macro-
phages to analyse intracellular growth. The addition of
50 mM glycerol 4 h post infection increased the cell
numbers of wild-type L. pneumophila in stationary
growth phase (Fig. 1D and E). The AgipD mutant strain
grew intracellularly like wild-type L. pneumophila, but
glycerol did not promote growth. The mutant phenotype
was complemented by providing glpD on a plasmid
(Fig. 1E). Furthermore, glycerol promoted the growth of
L. pneumophila not only in macrophages, but also in
A. castellanii (Fig. 1F). Interestingly, upon co-infection of
A. castellanii with L. pneumophila wild-type and AgipD,
the mutant was outcompeted within 3-6 days, indicating
that lack of glpD reduced intracellular growth and/or per-
sistence in presence of the amoeba (Fig. 1G, Supporting
Information Fig. S3). The competition defect was com-
plemented by providing gipD on a plasmid (Fig. 1H).
Taken together, glycerol does not have an effect on
extracellular growth of L. pneumophila in complex or
defined minimal media, but promotes intracellular growth
in macrophages and amoeba.

Glycerol metabolism of L. pneumophila growing in MDM

To further study glycerol metabolism of L. pneumophila
we used isotopologue profiling, which is a sensitive
method to monitor also minor carbon flows. Initial experi-
ments with L. pneumophila grown in CDM and fed with
[U-'3C,]glycerol did not yield significant '*C-enrichments
in any metabolite (data not shown). However, isotopo-
logue measurements of L. pneumophila growing in the
newly developed MDM revealed that glycerol was indeed
metabolized (Fig. 2A). Under the experimental conditions
used, "3C-label derived from [U-"3Ca]glycerol was primarily
found in histidine (3.01%), a marker of the PPP (through
its precursor phosphoribosyl pyrophosphate, PRPP), and
in mannose (5.75%), a valid reporter metabolite for gluco-
neogenesis. To a small amount, 13C-enrichment was also
detectable in lactate (0.97%) and in diaminopimelic acid
(DAP) (0.74%) as well as in malate (0.70%), 3-
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Fig. 1. Glycerol promotes intracellular growth of L. pneumophila. Extracellular growth of L. pneumophila wild-type or mutant AglpDin (A) CDM or (B)
MDM with and without 50 mM glycerol or (C) in MDM with and without 50 mM glycerol-3-phosphate. Optical density at 600 nm was determined at the
time points indicated. (D) Murine RAW 264.7 macrophages were infected (MOI 20) with L. pneumophila wild-type or AglpD harboring pNT-28
(constitutive GFP). Glycerol was added 4 h post infection, and replication was determined by fluorescence. (E) Macrophages were infected (MOI 0.1)
with L. pneumophila wild-type, AgipD or AgipD harboring pCR33 (vector) or pPCM021 (gipD). Glycerol was added 4 h post infection, and cfu were
determined 2 days post infection (1 way ANOVA test with Dunett's multiple comparison test: * < 0.05, **<0.01, *** < 0.0001). (F) A. castellaniiamoeba
were infected (MOI 20) with L. pneumophila wild-type or AglpD harboring pNT-28 (constitutive GFP). Glycerol was added 4 h post infection, and
replication was determined by fluorescence. (G) Competition defect of AgipD. A. castellanii were infected with L. pneumophila wild-type and AglpD at a
1:1 ratio (MOI 0.01 each). After 3 days, cells were lysed and bacteria were used to infect new amoeba. cfu were quantified by plating aliquots on CYE
agar plates. (H) Complementation of AgipD competition defect. A. castellaniiamoeba were infected with L. pneumophila wild-type and AgipD harboring
pCMO021 at a 1:1 ratio (MOI 0.1 each). After 1, 2 and 3 days, the infected cells were lysed, and cfu were quantified by plating aliquots on CYE agar
plates. Mean and SD of triplicates are shown. Data are representative of three independent experiments.
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Fig. 2. Glycerol metabolism of L. pneumophila grown in MDM.
A. L. pneumophila wild-type or AglpD were grown in MDM with
50 mM [U»‘3C:;]glycerol as precursor, and cells were harvested
after 48 h. '3C-Excess (in mol% as colour map) of protein-derived
amino acids, diaminopimelic acid (DAP), polyhydroxybutyrate
(PHB), methanol soluble metabolites and mannose was quantified
by isotopologue profiling.

B. The isotopologue pattern of histidine, mannose and lactate from
L. pneumophila wild-type or AglpD was determined. The columns
indicate the relative fraction (in %) of the '*C-isotopologues (M+1
to M+6). Data shown are mean and SD from three independent
experiments. For numerical values, see Supporting Information.

hydroxybutyric acid (0.61%), stearic acid (0.60%) and glu-
tamate (0.55%). With the exception of lactate (0.71%),
incorporation of '°C-label was not detected in these
metabolites using the mutant strain AgipD (Fig. 2A). These
results provided a strong indication that glycerol was
metabolized by L. pneumophila wild-type dependent on
the glycerol-3-phosphate dehydrogenase GlpD.

The isotopologue profile of mannose mainly displayed
M+3 (i.e. specimens that carry 3 '3C-atoms) and to minor
extent M+6 (i.e. specimens that carry 6 '*C-atoms), sug-
gesting that glycerol was metabolized via gluconeogenesis
to yield hexoses (Fig. 2B). Histidine as a marker amino
acid for the PPP, showed mainly M+2 and M+3 labelling.
This pattern supports the notion that the gluconeogenetic
pathway is active. Here, fully labelled glyceraldehyde-3-
phosphate or dihydroxyacetone-phosphate derived from
[U-"*Caglycerol is used for the synthesis of fructose-
1,6-bisphosphate and fructose-6-phosphate, the direct pre-
cursor of mannose-6-phosphate. Due to one or two
8C-precursors used for the assembly, these hexoses are
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M+3 or M+6 labelled. Subsequently, Cs-sugars are built in
transketolase reactions in the PPP, yielding M+3 and M+2
labels of Cs-sugars, such as PRPP. This pentose is a pre-
cursor unit in histidine biosynthesis, in agreement with the
observed labelling pattern of histidine (Fig. 2B). Transketo-
lase reactions also lead to M+3 or M+1 label in erythrose-
4-phosphate, M+1 supposedly at position C-1. The single
label in mannose, which was detected in minor amounts, is
then the result of a transketolase reaction that transfers
the M+1 label at position C-1 onto xylulose-5-phosphate
(Fig. 2B).

No '®C-label was detected in essential amino acids
(isoleucine, leucine, serine, valine) and in most of the
amino acids derived from the TCA cycle (alanine, aspar-
tate, lysine, proline) or TCA cycle intermediates (succi-
nate, fumarate, citrate) (Fig. 2A). Collectively, these
results implied that glycerol is metabolized by the TCA
cycle only to a minor extent and instead is used pre-
dominantly for gluconeogenesis and the PPP. Notably,
lactate was the only metabolite that showed some '3C-
enrichment in the AglpD mutant strain (0.71%, Fig. 2A).
The labelling pattern for lactate was identical in wild-
type L. pneumophila and the AglpD mutant and showed
only completely labelled isotopologues (M+3, Fig. 2B).
13C-Excess and isotopologue profiles of endpoint experi-
ments are shown in Supporting Information Table S3.

Time-dependent usage of glycerol by L. pneumophila

For an in-depth analysis of the determinants of glycerol
metabolism by L. pneumophila, we assessed glycerol
utilization in a time-dependent manner in comparison to
other carbon sources used by the bacteria. To this end,
we chose serine and glucose, as it is known that both
compounds are metabolized by L. pneumophila in vitro
(Eylert et al., 2010). To compare the metabolism of
these substrates in parallel, we added 11 mM glucose
and 50 mM glycerol to MDM, which already contained
6 mM serine as an essential amino acid. This adjusted
medium was termed ‘carbon-enriched minimal defined
medium’ (CE MDM). In the following time series experi-
ments, one of these substrates was added as '3C-
labelled compound. After 12 h, 24 h, 36 h or 48 h of
growth, the bacteria were harvested. '3C-Enrichment
and isotopologue pattern of protein-derived amino acids,
mannose and DAP (both compounds presumably pro-
duced by cell wall hydrolysis), 3-hydroxybutyrate (named
polyhydroxybutyrate (PHB) in the following, as presum-
ably derived from PHB hydrolysis) and other polar
metabolites, as well as fatty acids were analysed as
described above. The time points were chosen to repre-
sent early exponential (12 h), exponential (24 h), late
exponential (36 h) and stationary (48 h) growth phase of
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Fig. 3. '3C-Excess in key metabolites of L. pneumophila grown with [U-'*Ca]glycerol, [U-"*Cglglucose or [U-'*Cy]serine as precursors.

L. pneumophila wild-type was grown in CE MDM with either (A) 50 mM [U-"*Cz]glycerol, (B) 11 mM [U-"C¢]glucose or (C) 6 mM
[U-"3Cg]serine as precursors in the medium. Samples were taken after 12 h, 24 h, 36 h and 48 h. '*C-Incorporation (A-C) into protein-derived
amino acids, diaminopimelic acid (DAP) and polyhydroxybutyrate (PHB) for all time points and (D) into methanol-soluble metabolites and
mannose after 48 h was quantified. Colour map correlates to mean value and SD of three independent experiments. For numerical values,

see Supporting Information.

L. pneumophila growing in MDM (Fig. 1B). '®C-Excess
and isotopologue profiles of all time-series experiments
are documented in Supporting Information Table S4.
The time-series experiment with L. pneumophila grown
in CE MDM with [U-'®C,]glycerol as precursor yielded
significant enrichments especially in histidine (3.00% after
48 h) and mannose (4.51% after 48 h) (Fig. 3A and D).
Although this medium contained glucose as possible car-
bon source besides glycerol, the '*C-enrichment in histi-
dine was similar compared to the experiment in MDM
after 48 h (Fig. 2A). The '®C-abundance in mannose was
decreased by only approximately 20%, suggesting that
glucose had only a minor influence on the metabolism of
glycerol. Additionally, '3C-enrichments were also found to
a minor extent in alanine (0.61%), aspartate (0.49%),
glutamate (0.77%), DAP (0.80%), PHB (0.52%), lactate
(1.44%) and malate (0.55%) after 48 h of growth. Nota-
bly, significant enrichment in any metabolite was only
detectable after 36 h incubation, indicating that glycerol
was only used in later stages of exponential growth and
in the stationary growth phase (48 h), where the highest
3C-abundances were measured. Furthermore, the isoto-
pologue pattern in histidine, mannose and lactate were
almost identical compared to their isotopologue pattern
during growth in MDM (Supporting Information Fig. S4A),

indicating that also in CE MDM glycerol was predomi-
nantly used for gluconeogenesis and the PPP and only
to a minor extent in the TCA cycle.

Similar to the time-series experiments with
[U-13Cg]glycerol, [U-'°C¢lglucose added as a supple-
ment to the medium yielded the highest "*C-enrichments
in histidine and mannose (20.72% and 31.88% after
48 h). Additionally, several other metabolites were also
significantly labelled when grown with '3C-glucose,
including alanine, aspartate, glutamate, lysine, proline,
DAP, PHB, succinate, fumarate, palmitate and stearate
(ranging from 4.26% to 1.38% overall excess after 48 h)
(Fig. 3B and D). The isotopologue profile of histidine did
not differ from labelling experiments with [U-'3Cg]glycerol
and mainly showed M+2 and M+3. The label of man-
nose was primarily M+3 and M+6 (Supporting Informa-
tion Fig. S4B). This data confirmed that glucose was
predominantly metabolized via the ED pathway (Eylert
et al., 2010; Harada et al., 2010), gluconeogenesis and
the PPP, and was also used to a minor extent via the
TCA cycle to yield precursors for amino acids and fatty
acids. Different to glycerol, glucose was moderately
used as a carbon source already at earlier stages of
L. pneumophila growth (significant enrichment after
12 h). Intermediates of the TCA cycle (succinate,
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fumarate, malate) and amino acids derived from the
TCA cycle (aspartate, glutamate) were mainly M+1 and
M+2 labelled (Supporting Information Fig. S4B). The
M+2 label is derived from fully labelled acetyl-CoA, while
M+1 label could reflect the decarboxylation reaction of
the a-ketoglutarate-dehydrogenase or multiple rounds of
TCA cycle, where unlabelled acetyl-CoA is transferred
onto labelled oxaloacetate. Besides histidine, alanine
was the highest labelled amino acid (4.26%) with mainly
M+3, which indicates that this compound was directly
derived from fully labelled pyruvate presumably derived
from reactions of the ED pathway as the major route of
glucose metabolism in L. pneumophila (Eylert et al.,
2010; Harada et al., 2010). Interestingly, lactate showed
no significant '*C-enrichment, thus differing from label-
ling experiments with glycerol.

To rule out that the metabolism of glycerol and glu-
cose was mutually influenced by the presence of the
other carbon substrate, we also performed time series
experiments in MDM where either glycerol or glucose
was added as '°C-labelled precursor in absence of the
other substrate. The change in setup resulted in no sig-
nificant change in "*C-incorporation and labelling pattern
(data not shown), compared to time series experiments
in CE MDM, where the metabolism of one labelled car-
bon source was analyzed in presence of the other, unla-
belled substrate. These findings indicate that serine,
glycerol and glucose are co-metabolized independently
by L. pneumophila.

When incubated with [U-'°Cg]serine as precursor, '3C-
enrichment was detected in the same metabolites as in the
time series experiment with labelled glucose. Additionally,
also glycine was highly '*C-enriched (28.58% after 24 h)
(Fig. 3C and D). The isotopologue pattern of glycine showed
that it was directly synthesised from serine, as it was almost
completely M+2 labelled (Supporting Information Fig. S4C).
In difference to the above labelling experiments the overall
'3C-enrichment reached its peak already after 24 h and
dropped steadily afterwards. The '*C-excess from signifi-
cantly labelled amino acids, DAP and PHB after 24 h ranged
between 91.61% in serine to 28.58% in glycine (serine
> alanine > histidine > DAP > lysine > PHB > aspartate >
glutamate > glycine). This shows that serine was very
efficiently taken up from the medium and metabolized
(Fig. 3C). After 48 h of growth, also intermediates of the
TCA cycle, fatty acids and mannose were highly labelled,
ranging between 3.53% and 40.40% overall enrichment
(Fig. 3D). The high enrichment in alanine (74.60% after
24 h) and in amino acids derived from the TCA cycle
could reflect that serine was mainly fed into the TCA
cycle. This notion is in agreement with the high abun-
dance of 'C-label in succinate, fumarate and malate, as
well as in fatty acids, which also indicates a high carbon
flow into the TCA cycle. The isotopologue profile of pal-
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mitate and stearate mainly showed M+2, M+4, M+6,
M+8, M+10 and M+12 labelling (Supporting Information
Fig. S4C). This fractional profile shows high carbon flux
from serine to acetyl-CoA, which is then incorporated as
C2-building blocks into fatty acids. The profile was differ-
ent in experiments with '*C-glucose, where mostly M+2
labelling was detected in the isotopologue pattern of fatty
acids, suggesting a lower flow of acetyl-CoA into fatty
acid biosynthesis. Labelled acetyl-CoA derived from '3C-
labelled serine was also used for the synthesis of PHB
and its precursor 3-hydroxybutyrate. The isotopologue
pattern of both metabolites was identical (mostly M+2)
and contained also a fraction of M+4 derived from the
condensation of two fully labelled acetyl-CoA. Again, the
profile was different from experiments with '*C-glucose,
where the M+4 fraction was not detectable (Supporting
Information Figs. S4B and S4C).

Aspartate is synthesized from oxaloacetate which is
either derived from the TCA cycle or directly by carbox-
ylation of pyruvate via pyruvate carboxylase. This is also
reflected in the isotopologue pattern of aspartate, where
we found fractions of M+1, M+2 and M+4 as a result
of one or more rounds of TCA cycle and also a fraction
of M+3 derived directly from fully labelled pyruvate.
Since DAP is synthesized from aspartate and pyruvate,
the pattern of DAP also showed a large fraction of M+3,
again derived from fully labelled pyruvate. The other
fractions resulted from differentially labelled pyruvate
and aspartate. Also, a small fraction of M+7 was found,
derived from fully labelled aspartate and fully labelled
pyruvate. Lysine is made by a decarboxylation of DAP,
and therefore, all fractions except M+7 were also found
in the isotopologue pattern of lysine (Supporting Infor-
mation Fig. S4C).

The isotopologue pattern of glutamate as a derivative
of a-ketoglutarate was different from the pattern of glu-
tamate in the time series experiments with '3C-glucose,
since in addition to M+1 and M+2, also M+3, M+4
and M+5 label was found. This could be explained by
the high flux of serine into acetyl-CoA and then into the
TCA cycle. Proline is made directly from glutamate, and
therefore, the isotopologue pattern of proline was almost
identical to that of glutamate. Proline (but not glutamate)
was also a component of the growth medium, and '3C-
enrichment in proline was detected only after 36 h
(4.70%). This finding is in agreement with the notion
that proline from the medium was consumed at that
time and had to be synthesized de novo by L. pneumo-
phila (Fig. 3C and Supporting Information Fig. S4C).

Finally, upon incubation with [U-'2Cj]serine as precur-
sor also histidine and mannose were found to be highly
13C-enriched (55.88% and 40.40% after 48 h), although
also unlabelled glucose and glycerol were present in the
medium. Mannose showed the same isotopologue
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pattern as in the labelling experiments with '*C-glucose
being mostly M+3 and M+6 labelled. Histidine on the
other hand also had a larger M+6 fraction derived from
fully labelled ribose via the PPP and a 'C-labelled atom
from ATP that is finally transferred onto the PRPP unit
in the course of this biosynthetic pathway (Fig. 3C and
D; Supporting Information Fig. S4C).

Carbon flux of substrates into different metabolic
markers

For an overview of the time-dependent metabolism of
glycerol, glucose and serine by L. pneumophila in CE
MDM, we chose four metabolites that are characteristic
for different metabolic pathways and not present in the
medium, so that they had to be synthesized de novo by
the bacteria. Thus, the overall '®C-excess of alanine
(from pyruvate), histidine (through the PPP), DAP
(through the TCA cycle and from pyruvate) and PHB
(from acetyl-CoA) was followed over time in the period
of 12-48 h (Fig. 4).

When grown with 'C-glycerol as precursor, only histi-
dine showed high '*C-abundances and only after 36 h
and 48 h growth (Fig. 4A). In time series with '*C-glucose,
histidine also showed by far the highest "*C-enrichment of
the four metabolites. However, significant enrichment in
histidine was found already after 12 h of growth. Also, the
overall enrichment in all metabolites was higher compared
with '3C-glycerol as precursor, and it increased continu-
ously over the entire time course (Fig. 4B). When fed with

5 10 15 20 25 30 35 40 45 50

time [h]

3C-serine, the overall enrichment peaked after 24 h and
dropped afterwards for all metabolites. In general, the
overall enrichment was much higher in this case com-
pared with glycerol or glucose as precursor, and alanine
was the highest labelled metabolite (Fig. 4C). Taken
together, these findings illustrate how different carbon
sources are used in specific ways by L. pneumophila. Se-
rine serves as an effective carbon source that is metabo-
lized during all growth phases, while glycerol does not
seem to be used during the exponential but only in the
stationary growth phase. The same holds true for glucose,
although this compound is already partly shuffled into the
PPP during earlier growth phases, providing the precur-
sors for histidine.

To illustrate the different carbon flow from glycerol,
glucose and serine, we calculated the ratio of '*C-
excess in histidine and alanine and plotted it against
time (Fig. 4D). These amino acids were chosen as
markers for different metabolic pathways: alanine as
marker for carbon flux directed towards the TCA cycle
and histidine for the PPP. Thus, the ratio between these
amino acids shows how a carbon source is preferentially
used. A high ratio value indicates a strong carbon flux
into the PPP, while a small value indicates preferential
flow into the TCA cycle. With '*C-serine as a precursor,
the ratio always stayed below 1, indicating that the main
carbon flow was directed into the TCA cycle. In contrast,
when fed with "3C-glycerol or '3C-glucose, the ratio was
high, reaching a value of 5 after 36 h, demonstrating
that the carbon flow was mainly directed to the PPP.
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Glycerol was only used after 36 h of growth, and incor-
poration into alanine and histidine was not significant at
earlier time points, resulting in a low ratio of histidine to
alanine. However, this is a mere result of the low overall
'3C-excesses in histidine and alanine and does not indi-
cate that the carbon flow was directed towards the TCA
cycle (Fig. 4D). In summary, these results clearly show
that serine is used as a major carbon source by
L. pneumophila and carbon flow from serine is mainly
directed towards the TCA cycle, while glucose and
especially glycerol are not used as effectively as serine
and carbon flow from these compounds is preferentially
directed towards gluconeogenesis and the PPP.

Intracellular production of mannose by L. pneumophila
growing in A. castellanii

To analyse the role and fate of different substrates dur-
ing intracellular growth of L. pneumophila, we performed
in vivo growth assays with A. castellanii. To this end, we
infected A. castellanii with either L. pneumophila wild-
type or the mutant strain AglpD. The infected amoeba
were washed and incubated in Ac buffer, which does
not contain any nutrients. Immediately after infection,
more than 90% of the bacteria localized intracellularly
(Supporting Information Fig. S5; data not shown). Five
hours post infection, '3C-glycerol, '*C-glucose or '°C-
serine was added to the infected amoeba and it was
assessed whether the compounds affect the growth of
L. pneumophila residing in the LCV and how they are
metabolized. The infection was stopped before the bac-
teria could lyse the LCV or the host cell to prevent con-
tact of the bacteria with labelled substrate in the
extracellular milieu. This was tested by microscopy,
before the samples were further processed.

At 15 h post infection, the infected amoeba were
lysed and eukaryotic cell debris and bacteria were sepa-
rated using an established protocol (Schunder et al.,
2014). This procedure yielded 3 fractions, containing
eukaryotic components (F1), L. pneumophila bacteria
(F2) or soluble proteins/factors (F3). '*C-Excess and
isotopologue profiles of amino acids, DAP, PHB and
mannose from all fractions were measured. As '°C-
excess and isotopologue profiles in the fractions F1 and
F3 were always identical (data not shown), we focussed
only on F1 and F2. Furthermore, to rule out possible
bacterial cross contamination in F1, samples were
always visually inspected by microscopy, and aliquots
were plated on CYE agar. As an internal control, we
also monitored the amount of DAP in F1 and F2, as
DAP is a cell wall component specific for bacteria. The
amount of DAP in fraction F1 did never exceed 10%, so
we concluded that bacterial contamination in F1 was
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always below 10%. Lastly, we also used uninfected
amoeba fed either with "*C-glycerol, '*C-glucose or '°C-
serine to assess the influence of L. pneumophila infec-
tion on the metabolism of the amoeba. '>C-Excess and
isotopologue profiles of all in vivo experiments are docu-
mented in Supporting Information Table S5.

Uninfected A. castellanii incorporated '3C-glycerol
very efficiently into the amino acids alanine, aspartate,
glutamate, glycine and serine, indicating that glycerol is
a good carbon substrate for A. castellanii. Upon infec-
tion with L. pneumophila wild-type or AglpD, the incorpo-
ration of label into amino acids was completely
abolished (Supporting Information Fig. S6A, F1). Also,
in the fraction F2 containing L. pneumophila wild-type or
AglpD, no significant incorporation of '3C-label into any
of the measured amino acids was detectable.

The bacterial fraction F2 of '*C-glycerol-fed amoeba
infected with wild-type L. pneumophila yielded significant
label in mannose (Fig. 5A). Substantially less mannose
was labelled in fraction F1 of wild-type-infected or in F1
and F2 of AglpD-infected A. castellanii. The isotopologue
profile of mannose in fraction F2 of amoeba infected with
wild-type L. pneumophila revealed that the sugar was
mostly M+3 labelled (Fig. 5D). This result is in line with
our in vitro experiments, suggesting that also in vivo
glycerol was used in gluconeogenesis for the production
of hexoses. Moreover, the fact that no label was found in
the AglpD mutant indicates that incorporation of '3C-
label into mannose in wild-type bacteria was a result of
the direct uptake of glycerol into the LCV and the synthe-
sis of mannose from glycerol by L. pneumophila via the
glycerol-3-phosphate dehydrogenase GIpD (Fig. 5A).

13C-Glucose was also efficiently metabolized by unin-
fected A. castellanii, as already observed in previous
studies (Schunder et al., 2014). Again, an infection with
wild-type L. pneumophila resulted in a significant drop in
13C-incorporation in fraction F1. In contrast, the bacterial
fraction F2 yielded significant 'C-label in alanine, gluta-
mate, DAP and PHB (Supporting Information Fig. S6B).
Notably, fracton F1 of wild-type-infected amoeba
showed only minor '®C-enrichment in mannose, while
this carbohydrate was highly enriched in the bacterial
fraction F2 (4.47%) (Fig. 5B). The isotopologue pattern
of mannose in F2 was characterized by M+3 and M+6
labels (Fig. 5D), and therefore, almost identical to
L. pneumophila grown in MDM. These results indicate
that also glucose was taken up directly from the host
(M+6) and metabolized by the bacteria. The M+3 label
reflects glycolytic cycling via glycolysis and/or the ED
pathway, followed by gluconeogenesis and/or the PPP
using a '3Cg-triose phosphate unit and an unlabelled
substrate in the assembly process.

Finally, 'C-serine was not as efficiently metabolized
by uninfected amoeba as glucose and glycerol, since
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Fig. 5. Analysis of mannose from L. pneumophila grown in A. castellanii. A. castellanii amoeba were infected with either L. pneumophila wild-
type or AglpD (MOI 50) and washed 1 h post infection to remove extracellular bacteria. 5 h post infection (A) 50 mM [U-'3Cj]glycerol, (B)

11 mM [U-"3Cq¢]glucose or (C) 6 mM [U-1°Cs]serine were added. 15 h post infection, the cells were lysed and eukaryotic cell debris and
bacteria were separated, resulting in fractions F1, containing eukaryotic cell debris and fraction F2, containing L. pneumophila. (D) The
isotopologue pattern of mannose from fraction F2 of wild-type-infected amoeba fed with [U-'*Ca]glycerol (left bar) or [U-'*Cg]glucose (right
bar) was determined. Mean and SD of two independent experiments are shown. For numerical values, see Supporting Information.

'3C-incorporation was observed only in serine and its direct
derivative glycine. Significantly more ®C-incorporation was
detected in fraction F1 of A. castellanii infected with wild-
type L. pneumophila. However, the highest values of label
from [U-'3CJserine were observed in F2, especially in ala-
nine, serine, DAP and PHB (Supporting Information
Fig. S6C), in agreement with earlier observations (Schun-
der et al, 2014). Interestingly, absolutely no incorporation
occurred into mannose neither in F1 nor in F2, indicating
that serine was not used for synthesis of this hexose by
L. pneumophila or A. castellanii respectively (Fig. 5C).
Notably, in all in vivo experiments, no label occurred in histi-
dine, suggesting that this amino acid was efficiently taken
up from the host cell and not synthesised de novo by
L. pneumnophila growing intracellularly.

Taken together, the data show that glycerol and glu-
cose were taken up by A. castellanii, transported to the
LCV predominantly without being metabolized and then
directly utilized by L. pneumophila. Using this experi-
mental setup, we proved that L. pneumophila also uses
glycerol intracellularly as a substrate and exclusively in
anabolic reactions, as shown in MDM minimal growth
medium. The absence of label in mannose, when fed
with 3C-serine, suggests that similar to growth in vitro
(Fig. 4), L. pneumophila growing in vivo preferentially
directs the flow of carbon from different substrates to
distinct metabolic branches.

Discussion

Using genetic and biochemical approaches we show in
this study that L. pneumophila catabolizes glycerol under
extracellular and intracellular conditions. To our knowl-

edge this is the first study to show the direct usage of
glycerol (or glucose) by intracellularly growing
L. pneumophila. The AgipD mutant showed a replication
and competition defect compared with wild-type
L. pneumophila, suggesting that glycerol might be used
as an intracellular carbon source by the bacteria. In
agreement with this notion, the gpsA gene encoding
glycerol-3-phosphate dehydrogenase in Legionella oak-
ridgensis, was recently identified as a virulence factor
using Acanthamoeba lenticulata as a host (Brzuszkiewicz
et al., 2013).

Isotopologue profiling of L. pneumophila grown in
MDM with [U-'2Cg]glycerol revealed carbon flux from
glycerol through gluconeogenesis (for the production of
mannose) and through the PPP (for the de novo synthe-
sis of histidine). L. pneumophila metabolizes glucose
preferentially via the ED pathway, and thus, the EMP
pathway is not the preferred route for carbohydrate
catabolism (Eylert et al., 2010; Harada et al., 2010). Our
study now proves that the gluconeogenic pathway is
active in L. pneumophila. A critical step in this pathway
is the conversion of fructose-1,6-diphosphate to
fructose-6-phosphate catalyzed by fructose-1,6-bisphos-
phatase. A corresponding homologue is not found in
Legionella spp. genomes, and only phosphofructokinase
(lpg1913 alias pfkA) is annotated (Chien et al., 2004;
Cazalet et al, 2010). Yet, fructose-1,6-bisphosphatase
activity in L. pneumophila cell extracts is 10-fold higher
than phosphofructokinase activity, indicating that this
step in the EMP pathway favors the gluconeogenic
rather than the glycolytic direction (Keen and Hoffman,
1984). Interestingly, the putative L. pneumophila phos-
phofructokinase is homologous to eukaryotic and bacte-
rial PfkA enzymes that do not use ATP but
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Fig. 6. The bipartite metabolism of
L. pneumophila. The metabolism of
L. pneumophila is divided into two
modules, containing the ED pathway,
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pyro-phosphate as cofactor and are reversible (Arimoto
et al, 2002; Costa dos Santos et al, 2003). Thus,
L. pneumophila PfkA might also catalyze both the forward
(glycolytic) and the reverse (gluconeogenic) reaction.

Our data show for the first time activity of at least
parts of the PPP in L. pneumophila. The genome of
L. pneumophila encodes complete EMP and ED path-
ways, but only an incomplete PPP lacking the oxidative
branch (6-phosphogluconate-dehydrogenase) and trans-
aldolase (Cazalet et al, 2004; Chien et al, 2004).
Accordingly, the key metabolite for entry into the PPP is
likely fructose-6-phosphate rather than glucose-6-
phosphate. The non-oxidative branch of the PPP is
essential for the conversion of carbohydrates. The C5-
sugars required for the synthesis of histidine, purines
and pyrimidines can be made directly from fructose-6-
phosphate (together with glyceraldehyde-3-phosphate)
in the transketolase reaction. Ribose-5-phosphate is
then produced through reactions catalyzed by ribulose-
5-phopsphate isomerase and epimerase. While the non-
oxidative PPP branch is sufficient for the interconversion
of sugars, it cannot provide NADPH/H™. L. pneumophila
can compensate the lack of the oxidative PPP branch

isomerase; [pg1414, glycerol kinase;
glpD, glycerol-3-phosphate
dehydrogenase.

by utilizing the ED pathway, which also generates
NADPH/MH™.

Unexpectedly, when the L. pneumophila AglpD mutant
strain was grown in vitro in the presence of "*C-glycerol,
lactate (but no other metabolites) showed some '°C-
enrichment. Lactate could be produced by a detoxifica-
tion reaction of methylglyoxal, which is a byproduct of
glycerol metabolism. Methylglyoxal can be generated
non-enzymatically from glyceraldehyde-3-phosphate or
dihydroxyacetone-phosphate in wild-type bacteria. As
this route is blocked in the mutant lacking g/pD, the bac-
teria might use glycerol dehydrogenase to make dihy-
droxyacetone, which is converted non-enzymatically to
methylglyoxal. Since this intermediate is toxic, it is con-
verted to lactate via the glyoxalase system (Supporting
Information Fig. S7) (Riddle and Lorenz, 1973; Cooper,
1984; Subedi et al., 2008).

L. pneumophila utilized glycerol only in the stationary
growth phase, while serine and (to a lower extent) glu-
cose were metabolized already in early growth phases.
The amount of '*C-incorporation from these substrates
indicates that serine is indeed the preferred carbon
source for L. pneumophila as shown also in previous
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studies (Eylert et al., 2010). '*C-Incorporation from '3C-
labelled glucose was high (20.72% in histidine after 48 h),
while '*C-incorporation from '3C-glycerol was rather low
(8.00% in histidine after 48 h). These findings suggest
that glycerol plays only a minor role for L. pneumophila in
the hierarchy of carbon substrates, at least under extrac-
ellular conditions. The ratio of '*C-excess, calculated from
histidine as marker of the PPP and alanine as marker of
the energy-generating lower part of glycolysis and the
TCA cycle, showed that glycerol and glucose were pre-
dominantly used for gluconeogenesis and the PPP
respectively, while serine was fed mainly into the lower
part of the glycolytic pathway and the TCA cycle.

Based on these results, we propose a bipartite model
for the metabolism of L. pneumophila (Fig. 6). According
to this model, the carbon metabolism of L. pneumophila
can be divided into two modules: module 1, comprising
the ED pathway, gluconeogenesis and the PPP, provides
essentialy NADPH/H™ and the precursors for the ana-
bolic, energy-consuming pathways, leading to cell wall
components, nucleotides, histidine and aromatic amino
acids and module 2, comprising the lower part of the gly-
colytic pathway and the TCA cycle, which provides ATP,
NADH/H", FADH, and the precursors for the biosynthesis
of aliphatic amino acids and fatty acids/lipids. Module 1 is
thus the energy-consuming part, essential for cell wall bio-
synthesis and hence cell division and proliferation, while
module 2 is the major energy-generating part of the
metabolism, which supplies ATP by substrate phosphoryl-
ation and by oxidative phosphorylation via NADH/H™-
dependent aerobic respiration. In L. pneumophila, the met-
abolic flow of glycerol and glucose is predominantly
directed towards gluconeogenesis and PPP thus serving
module 1, while serine is mainly used for energy-
generating reactions and thus serves module 2 (Fig. 6).

Noteworthy, our in vivo data also support a bipartite
metabolism of intracellularly growing L. pneumophila.
Addition of '3C-glycerol to infected A. castellanii resulted
in the exclusive incorporation of '*C-label into mannose
in the bacterial fraction. This was dependent on GIpD
and did not occur in the host cell. Moreover, 'C-glucose
was also metabolized mainly to mannose by intracellular
L. pneumophila. Interestingly, no 'C-incorporation from
13C-serine into mannose was detectable in vivo, neither
in the host nor in intracellular L. pneumophila, while sub-
stantial incorporation was observed into amino acids,
DAP and PHB.

A modular metabolism is also employed by other intra-
cellular bacterial pathogens, and thus, seems to repre-
sent a general concept. However, depending on the
microorganism, the same substrate might be metabolized
by different modules. Other than L. pneumophila, L.
monocytogenes can grow on glycerol as sole carbon
source in vitro (Schneebeli and Egli, 2013). Intracellularly,

L. monocytogenes uses amino acids, glucose-6-
phosphate and glycerol imported from the host cell
(Grubmilller et al., 2014). Yet, amino acids are not cata-
bolized by L. monocytogenes but directly used for protein
synthesis, while glycerol is efficiently used for energy
generation, and glucose-6-phosphate predominantly
serves anabolic purposes (Grubmiiller et al., 2014). Intra-
cellularly growing Mycobacterium tuberculosis also
employs a modular metabolism, such that acetate is used
for energy generation, while an unknown Cj substrate is
used for anabolic purposes and in the PPP (de Carvalho
et al., 2010). Furthermore, carbon flux from dextrose only
occurs in the PPP, and the sugar is not used for energy
generation. Under these conditions, M. tuberculosis also
imports amino acids from the host, but uses these com-
pounds only for protein synthesis (Beste et al., 2013).

As L. pneumophila seems to metabolize glycerol in
later growth phases, a prominent source of intracellular
glycerol might be the disintegration of host cell mem-
branes upon LCV lysis through secreted phospholipases
(Lang and Flieger, 2011). The finding that glycerol and
glucose are directly metabolized by intracellular
L. pneumophila suggests that the LCV is also accessible
for substrates from the extracellular milieu of infected
cells. Yet, the mode of uptake of these compounds into
LCVs is unclear. Glycerol could enter the host cell via
diffusion or transport. Aquaglyceroporines are common
transporters in eukaryotes that facilitate uptake of water
and glycerol and were also shown to be involved in
innate immunity (Zhu et al., 2011). Intracellularly growing
L. pneumophila exploits host cell transporters (Wieland
et al., 2005), and the proteome of purified LCVs revealed
a large number of eukaryotic transporters (Hoffmann
et al, 2014a), including glucose transporters (Slc2at,
Slc2a6) and a glycerol transporter (Slc37al). Thus,
these transporters likely associate with the LCV mem-
brane and facilitate the uptake of substrates into the
pathogen compartment.

Phosphorylated carbon substrates might play an
important role for the nutrition of L. pneumophila. In the
genome of L. pneumophila only a glycerol-3-phosphate
transporter (GIpT) is annotated, suggesting that the bac-
teria transport glycerol-3-phosphate rather than glycerol,
even though the growth of L. pneumophila in MDM was
not enhanced by glycerol-3-phosphate (Fig. 1C). The
proteome of purified LCVs indicates that the eukaryotic
glycerol kinase (Gk) might be associated with the LCV
membrane (Hoffmann et al., 2014a). This enzyme could
phosphorylate cytoplasmic glycerol to glycerol-3-
phosphate, which could be taken up into the LCV and
subsequently transported into the bacteria. Isotopologue
profiling experiments revealed that L. pneumophila
growing extracellularly in presence of '°C-glucose and
unlabelled glucose-6-phosphate incorporated much less
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3C-label compared to '3C-glucose alone (data not
shown). Thus, intracellular L. pneumophila might also
prefer glucose-6-phosphate as a growth substrate rather
than glucose. To transport glucose-6-phosphate, the
intracellular bacterium Chlamydia pneumoniae uses the
transporter UhpC (alias HPTcp) (Schwoppe et al,
2002), which also seems to be encoded in the
L. pneumophila genome. Finally, L. monocytogenes also
relies on glucose-6-phosphate rather than glucose for
intracellular growth (Chico-Calero et al., 2002; Grubmiil-
ler et al., 2014).

L. pneumophila’s metabolic strategy that relies on
amino acids as substrates for energy production and
uses carbohydrates mainly for anabolic purposes might
put less nutritional stress on the host cell and therefore
ensure successful infection and prolonged intracellular
replication. Intracellular levels of glucose are a regulator
of apoptosis in eukaryotes (Zhao et al., 2008). As long
as intracellular glucose levels are normal, antiapoptotic
proteins of the Bcl-2 family prevent cell death through
apoptosis. The loss of glucose leads to decreased levels
of Bcl-2 regulators (Alves et al, 2006; Zhao et al.,
2007), which in consequence causes the activation of
pro-apoptotic proteins (Chi et al., 2000). Further studies
are required to elucidate the intricate links between
metabolism and virulence of L. pneumophila.

Experimental procedures
Bacteria, cells and growth conditions

L. pneumophila strains (Supporting Information Table S1)
were cultured under aerobic conditions at 37°C in AYE
broth or grown on CYE agar plates supplemented with
chloramphenicol (Cm; 5 pg mL ) or kanamycin (Km; 50
pug mL " in broth or 10 ug mL~" in agar plates), if neces-
sary. Alternatively, L. pneumophila was cultivated at 37°C in
chemically defined medium (CDM) (Eylert et al, 2010)
modified from ‘Ristroph medium’ (Ristroph et al, 1981),
minimal defined medium (MDM) (Supporting Information
Table S2) or, in case of time series experiments, in MDM
containing 50 mM glycerol and 11 mM glucose (carbon-
enriched minimal defined medium; CE MDM) (Supporting
Information Table S2). The media were prepared by dissol-
ving all components except Fe-pyrophosphate in 950 mi
ddH,0. The pH was adjusted to 6.3 (CDM) or 6.5 (MDM
and CE MDM) using KOH, Fe-pyrophosphate was dissolved
and filled up to 1 L.

Escherichia coli TOP10 was used for cloning and grown
in LB medium at 37°C containing 30 ug mL~" Cm or 50 ug
mL " Km, if necessary. A. castellanii (ATCC 30234, lab col-
lection) was grown in PYG medium at 23°C. Murine RAW
264.7 macrophages (ATCC: TIB-71"™, lab collection) were
cultivated in RPMI 1640 medium containing 10% heat inac-
tivated fetal bovine serum (FBS) and 2 mM glutamine at
37°C and 5% CO..
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Construction of chromosomal deletion mutant strain

Chromosomal deletion of glpD in L. pneumophila wild-type
JR32 was performed as described previously (Wiater et al.,
1994; Tiaden et al., 2007), yielding strain CMO1. The allelic
exchange vector pCM018 (Supporting Information Table
S1) was constructed in a four-way ligation using 0.8 kb of
the 5’ and 0.8 kb of the 3 flanking region of gipD and a Km
resistance cassette from vector pUC4K. The flanking
regions were amplified using the primer pairs glpD-LB-
Xbal-fo, glpD-LB-Sall-re and glpD-RB-Sall-fo, gipD-RB-
Xbal-re (Supporting Information Table S1) respectively, and
digested using the restriction enzymes Sall and Xbal. The
plasmid pUC4K was digested using Sall resulting in a 1.4
kB fragment containing the Km resistance cassette. The
flanking regions and Km resistance cassette were then
cloned into vector pLAW344 in a four-way ligation and
transformed into E.coli TOP10. Clones were analysed by
restriction digestion and sequenced using the primers
Kan2-fo and Kan2-re. L. pneumophila JR32 was trans-
formed with pCM018 by electroporation. Km® colonies were
selected after 5 days growth at 30°C, grown overnight in
AYE broth containing 50 pg mL~"' Km and then spotted on
CYE/Km, CYE/Km/2% sucrose and CYE/Cm plates, and
grown at 30°C to select for CmS/Km™/Suc® colonies.
Double-cross-over mutants were confirmed by PCR and
sequenced. The Legionella homepage of the Pasteur Insti-
tute (http://genolist.pasteur.fr/Legiolist/) and the NCBI data-
base (http://www.ncbi.nim.nih.gov/) were used for sequence
comparison.

The vector pCM021 (Supporting Information Table S1)
for complementation of mutant strain CMO1 was con-
structed using primer pair glpD-BamHI-fo-Kompl and glpD-
Sall-re-Kompl. PCR products were digested using BamH]I
and Sall, cloned into vector pCR33 and transformed into
E. coli TOP10. Cells were plated on LB/Cm plates, plas-
mids were re-isolated from single colonies, analysed by
restriction digestion and sequenced.

Extracellular growth of L. pneumophila

To investigate the influence of glycerol on extracellular
growing bacteria, L. pneumophila wild-type or AglpD were
resuspended from CYE agar plates and grown in CDM
overnight at 37°C (starting ODggp of 0.1) to an ODggo of
maximum 1.0. Cultures were then diluted to ODgoo = 0.1 in
CDM or MDM with and without 50 mM glycerol or 50 mM
glycerol-3-phosphate and further incubated for 48 h at
37°C. The optical density was assessed at several time
points.

Intracellular replication of L. pneumophila

To analyse intracellular replication of L. pneumophila, we
used previously published protocols (Harrison et al., 2013).
In brief, A. castellanii were grown in PYG medium, seeded
in 96 well plates at 4 X 10° cells per well and incubated
overnight at 23°C to allow replication (doubling) of the
amoeba. L. pneumophila strains harboring plasmid pNT-28
(constitutive GFP production) were resuspended from AYE
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plates in AYE/Cm (5 ug mL ") and grown overnight at 37°C
from a starting ODggo Of 0.1 to an ODgo, of 3. Bacteria
were diluted in LoFlo medium (ForMedium), and amoeba
were infected with L. pneumophila (MOl 20). Infections
were synchronised by centrifugation at 500 X g for 10 min.
50 mM glycerol was added 4 h post infection to certain
wells and infected amoeba were incubated at 30°C. GFP
fluorescence was measured in a plate spectrophotometer
(Optima FluoStar, BMG Labtech) at specific intervals.
Murine RAW 264.7 macrophages were grown in RPMI
medium containing 10% FBS and 2 mM glutamine at 37°C/
5% CO.. Infections were performed as described above for
assays with A. castellanii, but the bacteria were diluted in
RPMI 1640 medium prior to infection, and the plates were
incubated at 37°C/5% CO,. As the cell culture media used
do not support growth of L. pneumophila, GFP fluores-
cence only reflects intracellular bacteria replication.

Intracellular growth of L. pneumophila was also assessed
by determining cfu. To this end, A. castellanii or RAW 264.7
macrophages were suspended in Ac buffer [4 mM MgSO,
X 7 H,0, 0.4 mM CaCl,, 3.4 mM sodium citrate dihydrate,
0.05 mM Fe(NH4)»(S0.), X 6 HxO, 0.05 mM Na,HPO, X
7 Hx0, 2.5 mM KH,POy,, 0.05 mM NH,CI, pH 6.5] or RPMI
1640 medium respectively. 5 X 10* cells per well were
seeded into 96-well plates and incubated at 23°C (amoeba)
or 37°C/5% CO, (macrophages) for 1 h. The cells were
then infected with L. pneumophila (MOI 0.1), and the infec-
tion was synchronized by centrifugation at 500 X g for 10
min. The cells were further incubated for 1 h and washed
with Ac buffer or RPMI 1640 medium. 50 mM glycerol was
added 4 h post infection to certain wells. For complementa-
tion assays, the AglpD mutant strain harboring plasmid
pCMO021 was grown overnight with 1 mM IPTG to induce
expression of glpD. Infection was performed as described
above. After 48 h (macrophages) or 72 h (amoeba), the
L. pneumophila-infected cells were lysed with 0.8% sapo-
nin, and appropriate dilutions were plated on CYE agar
plates to determine cfu.

Intracellular growth of L. pneumophila in competition
assays

For the competition assay, we used a previously published
protocol (Kessler et al., 2013). Briefly, A. castellanii (5 X
10* per well, 96-well plate) amoeba were infected at a 1:1
ratio with L. pneumophila wild-type and mutant strain AglpD
(MOI 0.01 each) in Ac buffer. After centrifugation (500 X g,
10 min) and 1 h of infection, the amoeba were washed and
fresh Ac buffer was added. The infection continued for 3
days at 37°C. After 3 days, the supernatant and lysed
amoeba (0.8% saponin) were combined, diluted 1:1000 and
used to infect fresh amoeba (5 X 10* per well, 96-well
plate; 50 uL homogenate per 200 uL amoeba culture). Ali-
quots of the homogenates were plated in parallel on CYE
agar plates with and without Km (10 ug mL ") to determine
cfu and to distinguish between wild-type and Km-resistant
mutants. Cells were then further incubated at 37°C for
another 3 days, and lysis and reinfection was repeated. For
complementation assays, the AglpD mutant harboring plas-
mid pCM021 was grown overnight with 1 mM IPTG to

induce expression of glpD. A. castellanii were infected at a
1:1 ratio with wild-type L. pneumophila and AglpD harboring
pCMO021 (MOI 0.1 each) as described above. After 1, 2 and
3 days samples were taken as described above and ali-
quots were plated in parallel on CYE agar plates with and
without Km (10 pg mL™").

Labelling of extracellular growing L. pneumophila

For isotopologue profiling, L. pneumophila wild-type or
AglpD mutant bacteria were grown overnight in CDM (start-
ing ODggo = 0.1). The next day, bacteria were diluted to an
ODgyy of 0.1 in 100 mL MDM containing 50 mM
[U-3Cj]glycerol and incubated in a shaking incubator at
180 rpm and 37°C for 48 h. The cells were harvested by
centrifugation at 3500 X g for 15 min at 4°C and washed
three times with cold Ac buffer (2 X 50 mL, 1 X 1 mL). An
aliquot was plated on CYE agar plates. The resulting bacte-
rial cell pellet was autoclaved at 120°C for 20 min, freeze-
dried and then stored at —20°C until analysis.

For time course experiments, an overnight culture of
L. pneumophila wild-type grown in CDM was diluted in CE
MDM to a starting ODgqoo of 0.1. The CE MDM contained
either 50 mM [U-"3Cg]glycerol, 11 mM [U-'3Cg]glucose or
6 mM [U-'3Cy]serine as a labelled substrate. Bacteria were
cultivated in a shaking incubator at 180 rpm and 37°C.
30 mL samples were taken after 12 h, 24 h, 36 h and 48 h,
ODgoo Was determined, and an aliquot was plated on CYE
agar plates. Cells were harvested as described above.

Labelling of L. pneumophila growing in A. castellanii

To label intracellularly growing L. pneumophila with *C-sub-
strates, we used previously published protocols with minor modifi-
cations (Heuner and Eisenreich, 2013). In brief, A. castellanii was
cultivated in 8 T75 cell culture flasks per bacterial strain (10 mL
PYG/75 cm? flask). After the cells reached confluency (~2 X 107
cells per flask), the amoeba were infected with L. pneumophila
wild-type or AgipD (MOI 50), by adding bacteria grown in AYE to
an ODgq of 3 at appropriate dilutions. The flasks were then cen-
trifuged to synchronize infection (500 X g, 10 min) and incubated
for 1 h at 37°C. To remove extracellular bacteria, cells were
washed once with 10 mL pre-warmed Ac buffer, overlaid with
10 mL pre-warmed Ac buffer and further incubated at 37°C. 5 h
post infection, either 50 mM [U-"°CyJglycerol, 11 mM [U-"*Cglglu-
cose or 6 mM [U-"®CgJserine was added to the flasks, and the
cells were further incubated for 10 h. To determine the portion of
extracellular L. pneumophila, the infected amoeba were washed
as described above, spun onto microscopy slides, fixed with PFA,
and extracellular bacteria were stained with a rabbit polyclonal
FITC-conjugated anti-L. pneumophila antibody (Thermo Scien-
tific; 1:50 in 5% FBS/Ac buffer, 1 h room temperature).

Fifteen hours post infection the amoeba were detached
using a cell scraper, transferred into 50 mL reaction tubes,
frozen at —80°C for 1 h and again thawed to room temper-
ature. The suspension was then centrifuged at 200 X g for
10 min at 4°C, and the supernatant was transferred to new
50 mL reaction tubes. The pellet, representing eukaryotic
cell debris (F1) was washed twice with 50 mL and once
with 1 mL cold Ac buffer. The supernatant harvested after
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the first centrifugation step contained L. pneumophila bac-
teria (F2). This fraction was centrifuged at 3500 X g for
15 min at 4°C, and the resulting pellet was washed twice
with 50 mL and once with 1 mL cold Ac buffer. The super-
natant of F2 was filtered through a 0.22 um pore filter to
remove bacteria, and then 100% trichloroacetic acid was
added to a final concentration of 10%. The supernatant
was incubated on ice for 1 h and centrifuged at 4600 X g
for 30 min at 4°C. The resulting pellet (F3) contained cyto-
solic proteins of A. castellanii. The pellets of F1, F2 and F3
were autoclaved at 120°C for 20 min, freeze-dried and
stored at —20°C until analysis. To monitor cell lysis and the
purity of F1 and F2, samples were analyzed by microscopy,
and aliquots were plated on CYE agar plates.

Sample preparation of protein-derived amino acids, DAP
and PHB

For isotopologue profiling of amino acids, diaminopimelic
acid (DAP) and polyhydroxybutyrate (PHB), bacterial cells
(approximately 10% or 1 mg of the freeze-dried host protein
fraction were hydrolyzed in 0.5 mL of 6 M HCI for 24 h at
105°C, as described earlier (Eylert et al, 2010). The HCI
was removed under a stream of nitrogen, and the remain-
der was dissolved in 200 pL acetic acid. The sample was
purified on a cation exchange column of Dowex 50Wx8 (H"
form, 200-400 mesh, 5 X 10 mm), which was washed pre-
viously with 1 mL methanol and 1 mL ultrapure water. The
column was eluted with 2 mL distilled water (eluate 1) and
1 mL 4 M ammonium hydroxide (eluate 2). An aliquot of the
respective eluates was dried under a stream of nitrogen at
70°C.

The dried remainder of eluate 2 was dissolved in 50 pL dry
acetonitrile and 50 pL N-(tert-butyldimethylsilyl)-A-methyl-
trifluoroacetamide  containing 1% tert-butyldimethylsilyl
chloride (Sigma) and kept at 70°C for 30 min. The resulting
mixture of tert-butyldimethylsilyl derivates (TBDMS) of amino
acids and DAP was used for further GC/MS analysis. Due to
acid degradation, the amino acids tryptophan and cysteine
could not be detected with this method. Furthermore, the
hydrolysis condition led to the conversion of glutamine and
asparagine to glutamate and aspartate. PHB was hydrolyzed
to its monomeric component 3-hydroxybutyric acid. For deri-
vatization of 3-hydroxybutyric acid, the dried aliquot of eluate
1 was dissolved in 100 pL N-methyl-N-(trimethyisilyl)-trifluor-
oacetamide (Sigma) and incubated in a shaking incubator at
110 rpm (30 min, 40°C). The resulting trimethylsilyl derivative
(TMS) of 3-hydroxybutyric acid derived from PHB was used
for GC/MS analysis without further treatment.

Sample preparation of methanol soluble metabolites
including fatty acids

For isotopologue profiling of methanol soluble metabolites,
5 mg of the freeze-dried bacterial cells were mixed with
0.8 g of glass beads (0.25-0.05 mm) and 1 mL cooled
100% methanol. The mechanical cell lysis was performed
for 3 X 20 s at 6.5 m/s using a ribolyser (Hybaid). After
centrifugation at 2300 X g for 10 min, the supernatant was
dried under a stream of nitrogen. The remainder was dis-
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solved in 50 pL dry acetonitrile and 50 uL N-(tert-butyldi-
methylsilyl)-N-methyl-trifluoroacetamide  containing 1%
tert-butyldimethylsilyl chloride (Sigma) and kept at 70°C for
30 min. The resulting mixture of tert-butyldimethylsilyl deri-
vates (TBDMS) of polar metabolites and fatty acids was
used for GC/MS analysis without further treatment.

Sample preparation of mannose

For isotopologue profiling of mannose, 5 mg of the freeze-
dried bacterial cells were dissolved in 0.5 mL 3 M methano-
lic HCI and kept at 80°C overnight. After cooling to room
temperature, the supernatant was dried under a stream of
nitrogen. For derivatization, the residue was dissolved in
1 mL acetone containing 20 uL concentrated H,SO, and
kept at room temperature for 1 h. After addition of 2 mL
saturated NaCl solution and 2 mL saturated Na,COj3 solu-
tion the mixture was extracted twice with 3 mL ethyl ace-
tate. The organic phases were combined and dried under a
stream of nitrogen. The residue was dissolved in a mixture
of 100 pL ethyl acetate and 100 pL acetic anhydride and
kept at 60°C overnight. The derivatization reagent was
removed under a stream of nitrogen, and the sample was
dissolved in 100 pL anhydrous ethyl acetate. The resulting
mixture of diisopropylidene/acetate derivatives was used for
further GC/MS analysis. As this procedure leads to the
dephosphorylation of sugar-phosphates, the mannose
detected could also originate from mannose-6-phosphate
and mannose-1-phosphate.

Gas chromatography/mass spectrometry and
isotopologue analysis

GC/MS-analysis was performed with a QP2010 Plus gas
chromatograph/mass spectrometer (Shimadzu) equipped
with a fused silica capillary column (Equity TM-5; 30 m X
0.25 mm, 0.25 um film thickness; SUPELCO) and a quad-
rupol detector working with electron impact ionization at 70
eV. A volume of 0.1-6 pL of the sample was injected in 1:5
split mode at an interface temperature of 260°C and a
helium inlet pressure of 70 kPa. With a sampling rate of
0.5 s, selected ion monitoring was used. Data was collected
using LabSolution software (Shimadzu). All samples were
measured three times (technical replicates). '°C-Excess
values and isotopologue compositions were calculated as
described before (Eylert et al., 2008) including: (i) determi-
nation of the spectrum of unlabelled derivatized metabo-
lites, (ii) determination of mass isotopologue distributions of
labelled metabolites and (jii) correction of '3C-incorporation
concerning the heavy isotopologue contributions due to the
natural abundances in the derivatized metabolites.

For analysis of amino acids, the column was kept at
150°C for 3 min and then developed with a temperature
gradient of 7°C min~' to a final temperature of 280°C that
was held for 3 min. The amino acids alanine (6.7 min), gly-
cine (7.0 min), valine (8.5 min), leucine (9.1 min), isoleucine
(9.5 min), proline (10.1 min), serine (13.2 min), phenylala-
nine (14.5 min), aspartate (15.4 min), glutamate (16.8 min),
lysine (18.1 min), histidine (20.4 min) and tyrosine (21.0
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min) were detected, and isotopologue calculations were
performed with m/z [M-57]" or m/z [M-85]*.

For analysis of DAP, the column was developed at 280°C
for 3 min and then with a temperature gradient of 10°C
min~" to a final temperature of 300°C that was held for
3 min. The TBDMS-derivative of DAP was detected at a
retention time of 6.2 min, and isotopologue calculations
were performed with m/z [M-57]". For the detection of
3-hydroxybutyric acid derived from PHB, the column was
heated at 70°C for 3 min and then developed with a first
temperature gradient of 10°C min~" to a final temperature
of 150°C. This was followed by a second temperature gradi-
ent of 50°C min~" to a final temperature of 280°C, which
was held for 3 min. The TMS-derivative of 3-hydroxybutyric
acid, was detected at a retention time of 9.1 min, and isoto-
pologue calculations were performed with m/z [M-15]".

For the analysis of methanol soluble metabolites, the col-
umn was heated at 100°C for 2 min and then developed
with a first temperature gradient of 3°C min~' to a final
temperature of 234°C, a second temperature gradient of
1°C min " to a final temperature of 237°C, and a third tem-
perature gradient of 3°C min~' to a final temperature of
260°C. TBDMS-derivatives of lactate (17.8 min), 3-
hydroxybutyric acid (21.6 min), succinic acid (27.5 min),
fumaric acid (28.7 min), malic acid (39.1 min), palmitic acid
(44.0 min), stearic acid (49.4 min) and citric acid (53.25
min) were detected, and isotopologue calculations were
performed with m/z [M-57]".

For diisopropylidene/acetate derivatives of sugars, the
column was heated at 150°C for 3 min and then developed
with a first temperature gradient of 10°C min~' to a final
temperature of 220°C, and with a second temperature gra-
dient of 50°C min~' to a final temperature of 280°C, which
was held for 3 min. Isotopologue calculations were per-
formed with m/z 287 [M-15]*, a fragment which still con-
tains all C-atoms of mannose. Retention times and mass
fragments of derivatized metabolites that were used for all
isotopologue calculations are documented in Supporting
Information Table S3A.
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3.2 Regulation of core metabolic fluxes by CsrA in L. pneumophila

Hauslein, 1., Sahr, T., Escoll, P., Klausner, N., Eisenreich, W., and Buchrieser, C., (2017). Submitted

3.2.1 Introduction

The central role of CsrA in the regulatory network, which determines the developmental switch
from the replicative to the transmissive phase dependent on e.g. nutrient availability or
population density, is well known for L. pneumophila (Byrne and Swanson, 1998; Molofsky
and Swanson, 2003; Rasis and Segal, 2009; Manske and Hilbi, 2014). Thereby, this regulator
acts on a post-transcriptional level, repressing virulence traits by simultaneously inducing
replicative traits during exponential growth (Molofsky and Swanson, 2003; Rasis and Segal,
2009). It has been shown recently that the respective CsrA related regulatory mechanisms to

alter RNA stability or the transcription effectivity are various (Sahr et al., 2017).

As described in section 3.1, L. pneumophila features a bipartite metabolism in which amino
acids like serine are used for energy generating processes in the TCA cycle, whereas
carbohydrates like glucose and glycerol are shuffled into the upper part of metabolism serving
anabolic reactions. This bipartite metabolism is furthermore growth phase dependent, since
serine is preferred at early developmental stages by L. pneumophila as carbon and energy
source, whereas glucose and especially glycerol are used at later growth phases (see section
3.1).

The role of CsrA in the regulation of core carbon fluxes derived from different substrates
within this bipartite metabolism was now investigated by oxygen consumption experiments as
well as by labeling experiments using four different *C-precusrors: [U-13Cs]serine, [U-
13Ce]glucose, [U-13Cs]glycerol and [1,2,3,4-1*C4]palmitic acid. Experiments were performed
with L. pneumophila Paris and its CsrA knock down mutant.

3.2.2 Oxygen consumption experiments

All experiments in this section were performed with L. pneumophila Paris and the respective
csrA mutant. To evaluate changes in core metabolic fluxes in L. pneumophila dependent on
CsrA, bacterial respiration of the wild-type compared to the csrA mutant were analyzed by
measuring the oxygen consumption rates (OCR) as it was described in section 2.2.2.3. For this
purpose, both bacterial strains were grown in presents of various carbon sources: L-serine, L-

alanine and L-glutamate were used in a final concentration of 0.1 g/L. For experiments with
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D-glucose, glycerol, butanoate, a-ketoglutarate, and pyruvate a concentration of 0.2 g/L was
used. Palmitic acid was used in a concentration of 0.025 g/L. Results of these experiments are
shown in Figure 3-1. Furthermore, experiments with oleic acid and arachidonic acid were

performed with a concentration of 0.1 g/L (Figure 5-1).

200 L-serine 200 D-glucose 200 glycerol

180 - ——wt 180 - 180 -
= 160 —a-csrA = 160 ——nt = 160 ——wt
£ 140 £ 140 7 —a—csrA £ 140 ~8-CcsrA
3 120 J S 120 ¢ =120

[=]
£ 100 £ 100 £ 100
£ 8o - & 80§ £ g0
o o o
& 9 & 60 & 60
O 40 O 40 O 40 =

0 20 40 60 80 100 0 20

) 40 60 80 100 0 20 40 60 80 100
(min) (min) (min)
200 L-alanine 200 pyruvate 200 butanoate
180 180 180
2160 | =160 1 s = 160 - ——wt
E 140 £ 140 e E 140 —8-csrA
b ) =
S 120 S 120 S 120
£ 100 + 1 — £ 100 £ 100 ——— -
£ 80 ! & g0 £ 80
o & 60 pAtrt o
o 60 k# gy, o0 @ 80 M_’
O 40 O 40+ O 40 4
20 20 20
0 ) 0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
(min) (min) (min)
200 L-glutamate 200 a-ketoglutarate 200
180 180 + i = 180 +
wi
=160 = 160 = 160 ==
= = —a—csrA =
£ 140 £ 140 £ 140 —8—csrA
= .= =
S 120 S 120 S 120
£ 100 £ 100 £ 100
£ 80 F YL & g0 VR - SR T 7%7
x 4 o«
& 60 ——wt &5 60+ & 60 %
O 40 —a—CsrA O 40 O 40 -
20 20 20
0 0+ 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
(min) (min) (min)

Figure 3-1: Oxygen consumption experiments. Bacterial respiration, expressed as OCR, was quantified using an XFe96
Extracellular Flux Analyzer according to the manufacturer instructions (Seahorse Bioscience). Basal OCR was measured prior
to the injection to assure uniform cellular seeding (see section 2.2.2.3). Oxygen consumption experiments were performed
with L. pneumophila wild-type and the csrA mutant in presence of serine (0.1 g/L), alanine (0.1 g/L), glutamate (0.1 g/L),
glucose (0.2 g/L), pyruvate (0.2 g/L), a-ketoglutarate (0.2 g/L), glycerol (0.2 g/L) butanoate (0.2 g/L) and palmitic acid
(0.025 g/L) (Adapted from Tobias Sahr, Institute Pasteur in Paris).

High respiration rates were obtained with L. pneumophila wild-type in presence of serine,
alanine and glutamate, confirming that amino acids, especially serine are the preferred carbon
source of this pathogen for energy generation (George et al., 1980; Eylert et al., 2010). The
OCR in the comparative experiments with the csrA mutant was significantly downregulated in
case of serine and alanine, indicating that CsrA induces their utilization in conjunction with
respiration in the wild-type. However, respiration rates of the mutant strain in the experiment

with glutamate was not reduced. In addition, oxygen consumption of L. pneumophila wild-
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type slightly increased using pyruvate and a-KGA and only to a minor amount with glucose
and glycerol, indicating that the latter ones are not used in high rates for bacterial respiration.
Similar experiments with the csrA mutant revealed lower OCR with pyruvate and a-KGA but
not with glucose and glycerol. Therefore, CsrA seems to have a positive effect on metabolism

and/or uptake of pyruvate and a-KGA in conjunction with respiration (Figure 3-1).

Oxygen consumption experiments with palmitic acid resulted in increased OCR, indicating the
usage of this substrate in respiration by L. pneumophila wild-type. This was also observed to
a lesser extent using butanoate but not in experiments with unsaturated fatty acids (arachidonic
acid and oleic acid, Figure 5-1). Furthermore, comparative experiments with the csrA mutant
revealed a positive effect of CsrA on the metabolism and uptake of palmitic acid and butanoate
(Figure 3-1).

In summary, OCR of L. pneumophila wild-type and its csrA mutant using different substrates
show reduced respiration dependent on the CsrA knock down. Thereby, CsrA seems to induce
utilization of serine, alanine, pyruvate and a-KGA in conjunction with respiration. On the other
hand, the CsrA knock down has only minor effects on the utilization of glucose and glycerol.
Furthermore, L. pneumophila seems to use palmitic acid and butanoate as substrate although
metabolism and carbon fluxes from these compounds have not been reported so far for this
pathogen. For a more detailed understanding of carbon fluxes and their regulation by CsrA,
comparative labeling experiments with the L. pneumophila wild-type and its csrA mutant were
performed, using $3C-serine, 1*C-glucose, 3C-glycerol and **C-palmitic acid as *C-tracers (see
section 3.2.2).

3.2.3 Differential analysis of metabolism in L. pneumophila and its csrA mutant

For a detailed investigation of the role of CsrA in the regulation of central carbon fluxes derived
from different substrates in the bipartite metabolic network of L. pneumophila, isotopologue
profiling experiments were performed with the wild-type (L. pneumophila Paris) and the csrA
mutant. Labeling experiments were performed in CE MDM using [U-'3Cs]serine, [U-
13Ce]glucose, [U-1Cs]glycerol and [1,2,3,4-*C4]palmitic acid. Harvest of bacterial cell
occurred at exponential growth phase (E phase) and post-exponential growth phase (PE phase)
to evaluate the growth phase dependent effect of CsrA, since this regulator is crucial for the

developmental switch from the replicative to the transmissive stage (Molofsky and Swanson,
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2003; Vakulskas et al., 2015). Overall **C-excess values and isotopologue compositions were
determined in key metabolites as reported earlier (Eylert et al., 2008) for each time point of
cell harvest. 33C-Excess values for all labeling experiments are summarized in Figure 3-2.
Isotopologue patterns in the key metabolites Ala (derived from pyruvate), Glu (derived from
the TCA cycle), His (derived from the PPP) and Man (derived from gluconeogenetic reaction)
are summarized in Figure 3-3. Isotopologue distributions of further analyzed metabolites are

shown in Figure 5-2, 5-3, and 5-4. For numerical values see Table 5-1, 5-2, 5 -3 and 5-4.
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Figure 3-2: Overall excess values (mol%) in key metabolites from experiments with the L. pneumophila wild-type and its
csrA mutant in CE MDM in presents of (A) 6 mM [U-13Cs]serine, (B) 11 mM [U-13Cs]glucose, (C) 50 mM [U-13Cs]glycerol
or (D) 0.8 mM [1,2,3,4-13C4]palmitic acid. Bacterial harvest occurred at the exponential (E) and post-exponential (PE) growth
phase respectively. 3C-Excess values (mol%) in protein-derived amino acids, diaminopimelic acid (DAP),
polyhydroxybutyrate (PHB), mannose (Man), glucosamine (GIcN), muramic acid (Mur), lactate (LACT) and stearic acid
(STE) where determined by isotopologue profiling. Data calculation is based on two independent biological experiments (x3

technical replicates). For numerical values, see Table 5-1, 5-2, 5-3, and 5-4.
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Figure 3-3: Relative isotopologue distributions (%) detected in key metabolites from experiments with the L. pneumophila
wild-type and its csrA mutant. For labeling experiments, bacteria were grown in CE MDM using (A) 6 mM [U-13Cs]serine,
(B) 11 mM [U-13Ce]glucose, (C) 50 mM [U-23Cs]glycerol or (D) 0.8 mM [1,2,3,4-13C4]palmitic acid as *C-tracers. Bacteria
harvested occurred at E phase and post-exponential PE phase growth phase. Shown are the relative fraction (in%) of
isotopologues. Thereby, M+X represents the mass of the unlabeled metabolite plus X labeled 13C-atoms. Data are means and
standard deviations (SDs) of six values (3 technical replicates x 2 biological replicates). For numerical values, see Table 5-1,
5-2,5-3, and 5-4.

3.2.3.1 Differential analysis of serine metabolism in L. pneumophila and its csrA mutant
The fact that serine is the preferred amino acid serving as main carbon and energy source for
L. pneumophila is underlined by early investigations, demonstrating high activities of the
serine dehydratase enzyme (Lpp0854) as well as of the pyruvate carboxylase enzyme
(Lpp0531) (Keen and Hoffman, 1984). Besides numerous amino acid transporters and
proteases, which have been identified in the genome of this bacteria, the putative serine
transporter protein Lpp2269 is probably responsible for serine incorporation in L. pneumophila
(Cazaletetal., 2004; Eylert et al., 2010). The central role of this substrate for energy generation
in this pathogen was furthermore confirmed by resent labeling experiments (Eylert et al., 2010;
Gillmaier et al., 2016). However, additional carbon fluxes into PHB biosynthesis have also

been identified (Gillmaier et al., 2016).
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Differential analysis of L. pneumophila wild-type and its csrA mutant using isotopologue
profiling experiments in a growth phase depended manner were now performed to evaluate the
role of CsrA in serine metabolism. Therefore, both strains were grown in CE MDM
supplemented with 6 mM [U-13Cs]serine and harvested at E and PE phase. Overall 3C-
enrichments of protein derived amino acids, DAP, PHB, Man, GIcN and Mur are shown in

Figure 3-2A. The respective isotopologue distribution is shown in Figure 3-3A and 5-2.

The amino acids Ala, Asp, Glu, Gly, Lys, Ser and His, the cell wall component DAP as well
as the carbon storage compound PHB showed high 3C-Excess values in all experiments.
Furthermore, *C-label was detectable in the cell wall sugars GIcN and Mur as well as in Man.
These data confirm that the bipartite metabolism is present in L. pneumophila wild-type as well
as in the mutant (see section 3.1), since highest *3C-enrichments were found in Ala (besides
Ser) and not in His or Man, since Ser is predominantly shuffled into the TCA cycle for energy
generation. In both bacterial strains *3C-lable increased from E to PE growth phase in Ala, Asp,
Glu, Lys, DAP and PHB. Otherwise, Gly, His as well as detected sugars showed similar or
slightly decreased enrichments in E and PE phase in both strains. The decrease of labeling in
these metabolites indicate a reduced carbon flux from serine into gluconeogenetic reaction

and/or into the PPP at later growth phases.

Comparative analysis of L. pneumophila wild-type and the csrA mutant revealed reduced **C-
label in the detected metabolites during exponential growth. 3C-enrichments in Asp, Glu, Gly,
Lys and DAP were only slightly reduced whereas higher labeling was detectable in His as well
as in Man, GIcN and Mur. Same effects were observable at later growth phases, but to a lesser
extent. In total, these results reflect a downregulated uptake and metabolism of serine
dependent on csrA. Since major differences have been observed in metabolites related to
gluconeogenetic reactions and the PPP in E and in PE growth phase, CsrA seems to have a
distinctive regulatory effect on the carbon flux from serine into these pathways. However,
metabolites related to the TCA cycle did only show small differences compared to the wild-
type, indicating a smaller regulatory effect of CsrA on carbon flux from serine towards the
TCA cycle (Figure 3-2A).

These results were confirmed by the respective isotopologue distributions in marker

metabolites reflecting distinct metabolic pathways (Figure 3-3A). Thereby, similar or slightly
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different isotopologue patterns are observable in Ala and Glu in the wild-type compared to the
csrA mutant, reflecting lower regulatory effects of CsrA on serine metabolism and carbon flux
into the biosynthesis of these amino acids. This was not the case for His and Man, since
experiments with the csrA mutant revealed clear differences in their isotopologue patterns,
especially during the E phase. Especially the amount of M+6 but also of M+5 label was
significantly reduced in the experiments with the mutant. These highly labeled isotopologues
resulted from an intense carbon flux from serine into gluconeogenetic reaction and into the
PPP, since a combination reaction of two fully labeled Cs-precursors is required for their
formation. In detail, high amounts of fully labeled glyceraldehyde 3-phosphate (GAP) needs
to be generated, which is subsequently used in gluconeogenetic reactions for the biosynthesis
of Man and in the PPP for His formation. In addition, high amounts of M+6 label in His is a
result of an intense carbon flux of serine into ATP biosynthesis, since one carbon atom of ATP
is needed for His biosynthesis. Since experiments with the L. pneumophila csrA mutant strain
revealed reduced amounts of M+5 and M+6 isotopologues in both, His and Man, carbon flux

from serine into gluconeogenetic reactions and into the PPP was reduced in these experiments.

3.2.3.2 Differential analysis of glucose metabolism in L. pneumophila and its csrA mutant
Genome analysis of L. pneumophila reveals the metabolic potential of this pathogen to use
glucose as substrate (glycolysis and ED pathway), since related enzymes have been identified
(Chien et al., 2004; D'Auria et al., 2010). However, this substrate as well as polysaccharides
did not support extracellular growth of this pathogen (Pine et al., 1979; Warren and Miller,
1979). Nevertheless, the usage of glucose by L. pneumophila was proven recently using
labeling experiments. (Eylert et al., 2010; Gillmaier et al., 2016). It was furthermore
demonstrated, that degradation predominantly occurs via the ED pathway and only to a minor
amount via glycolytic reactions (Eylert et al., 2010; Harada et al., 2010). In addition, the
preferred usage of glucose in gluconeogenetic reaction and in the PPP as well as the low carbon
flux from glucose into energy generating processes in the TCA cycle has been demonstrated
(see section 3.1). Interestingly, L. pneumophila does not comprise a complete PPP since only
genes for the transketolase (Ipp0154) and no transaldolase has been identified. Furthermore, a
direct link between the PPP and the ED pathway is missing, since the 6-phophogluconate

dehydrogenase is missing in the genome of L. pneumophila (Chien et al., 2004).

76



3. RESULTS

To now evaluate the role of CsrA in the glucose metabolism, differential analysis of L.
pneumophila wild-type and its csrA mutant was performed using labeling experiments in a
growth phase dependent manner. Therefore both strains were grown in CE MDM
supplemented with 11 mM [U-Cg]glucose and harvested at E and PE phase. Overall 3C-
enrichments of protein derived amino acids, DAP, PHB, Man, GIcN and Mur are shown in

Figure 3-2B. The respective isotopologue distribution are shown in Figure 3-3B and 5-3.

In contrast to labeling experiments with *C-serine, highest enrichments were detectable in His
and the sugars Man, GIcN and Mur. Lower 3C-lable occurred into Ala, Asp, Glu, Lys, DAP
and PHB. These results again confirm the bipartite metabolism in L. pneumophila (see section
3.1). B3C-Excess was higher at PE growth phase in almost every metabolite in the wild-type
and in the csrA mutant. Only *3C label in Man and GIcN remained constant or was slightly

reduced in the csrA mutant from E to PE phase (Figure 3-2B).

Amino acids related to the TCA cycle such as Ala, Asp, Glu, Lys as well as DAP and PHB
revealed similar *3C-enrichments in the exponential growth phases in experiments with L.
pneumophila wild-type and with its csrA mutant. This was different in metabolites related to
gluconeogenetic reactions (Man and GIcN) as well as in His, which is a marker metabolite of
the PPP, since partly higher labeling was detectable in these metabolites in experiments with
the mutant during E phase. This indicates that carbon flux directed towards the TCA cycle was
not affected in this early growth phase in the mutant, whereas metabolic flux into
gluconeogenetic reactions and into the PPP was slightly increased. At later growth phases,
metabolites related to the TCA cycle (Ala, Asp, Glu, Lys), DAP and PHB showed reduced **C
incorporation in the experiments with the csrA mutant, whereas His, Man and GIcN
incorporated slightly higher similar *C-enrichments. Only Mur showed slightly reduced
overall enrichment values. In summary, the CsrA knock down seems to predominantly effect
the carbon flux from glucose into the TCA cycle on both growth phases, whereas carbon flux
into gluconeogenetic reactions and into the PPP seems to be induced dependent on the CsrA
knock down (Figure 3-2B).

This is also reflected in the respective isotopologue distributions in the key metabolites Ala
(derived from pyruvate), Glu (TCA related), His (derived from PPP) and Man

(gluconeogenetic reactions), as shown in Figure 3-3B. Induced carbon flux from glucose into
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the PPP and gluconeogenetic reactions is thereby reflected in increased amounts of M+5
isotopologues in His and M+6 isotopologues in Man during E and PE growth of the L.
pneumophila csrA mutant. M+6 isotopologue in Man can thereby be directly formed from fully
labeled glucose or via combination of two fully labeled Cz precursors, which are built
previously from degradation reactions of fully labeled glucose via glycolysis or the ED
pathway. M+5 isotopologues in His can result from fully labeled fructose 6-phosphate (Fru-6-
P), which is used in reactions of the PPP. Again, also the combination of two fully labeled C3
precursors in gluconeogenetic reactions can result in M+5 labeling. In total, this indicates an
induced carbon flux from glucose into the biosynthesis of sugars and into the PPP in the csrA

mutant.

3.2.3.3 Differential analysis of glycerol metabolism in L. pneumophila and its csrA mutant
Recent transcriptome data showed that genes responsible for glycerol degradation (Ipp1369:
glpK, lpp2257: glpD) are upregulated in L. pneumophila during intracellular replication in
macrophages (Faucher et al., 2011). Also, early experiments using [U-1*Cs]glycerol indicated
the usage of glycerol by L. pneumophila (Tesh et al., 1983). Labeling experiments using [U-
13Cs]glycerol, which were performed in this work, now proofed that this intracellular pathogen
indeed uses glycerol as a substrate predominantly at later growth phases. Thereby, carbon flux

from glycerol is almost restricted to gluconeogenetic reactions and the PPP (see section 3.1).

To elucidate the regulatory role of CsrA in the glycerol metabolism, differential analysis of L.
pneumophila wild-type and its csrA mutant was performed using labeling experiments in a
growth phase depended manner. Therefore wild-type bacteria and the csrA mutant were grown
in CE MDM supplemented with 50 mM [U-3Cs]glycerol and harvested at E and PE phase.
Overall *3C-enrichments of protein derived amino acids, DAP, PHB, Man, GIcN and Mur are
shown in Figure 3-2C. The respective isotopologue distributions are shown in Figure 3-3C
and 5-4.

Like in the experiments with fully labeled glucose, highest *C-enrichment values were again
found in the sugars Man, GIcN and Mur, which are derived from gluconeogenetic reactions,
as well as in His, which is derived from the PPP. This again confirms the bipartite metabolism,
which is present in L. pneumophila (see section 3.1). Notably, $3C-labeling increased in every

metabolite in the experiments with both strains from E to PE phase except for His in the
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experiment with the csrA mutant. There enrichment values remain constant from E to PE

growth phase (Figure 3-2C).

Compared to the wild-type, 3C-enrichments increased in every metabolite in the experiment
with the mutant in E phase as well as in PE phase. However, CsrA knock down resulted in
dramatically increased incorporation of *3C-label into His. Thereby, overall **C-excess values
increased from 45% in the wild-type to 13.79% in the csrA mutant in the E phase, whereas an
increase from 6.40% in the wild-type to 13.99% in the csrA mutant was detectable in PE phase.
Furthermore, the detected sugars (Man, GIcN and Mur), which are predominantly derived from
the bacterial cell wall, also showed dramatically increased labeling related to the CsrA knock
down mutation. In total, these results indicate that glycerol is already used in earlier growth
phases in the csrA mutant, whereas it is predominantly used at later growth phases in the L.
pneumophila wild-type. In addition, the uptake as well as the catabolism of glycerol is
dramatically induced in the csrA mutant, emphasizing the crucial role of CsrA in the regulation
of carbon fluxes derived from this substrate. In L. pneumophila wild-type, CsrA seems to
repress the uptake and degradation of glycerol during E phase, which leads to a downregulated
carbon flux in general. However, carbon flux into gluconeogenetic reactions and into the PPP

seem to be particularly affected (Figure 3-2C).

This agrees with the respective isotopologue compositions in key metabolites (Ala, Glu, His
and Man), which are illustrated in Figure 3-3C. Thereby, the upregulated incorporation and
catabolism of glycerol in absence of CsrA is e.g. reflected in the increased amount of M+3
label in Ala, since this indicates direct formation of a fully labeled pyruvate intermediate,
which is built from a fully labeled *C-glycerol molecule. Same is true for isotopologue
distributions in TCA cycle related amino acids, which showed an increased amount of M+2
label, which is derived from M+2 labeled acetyl-CoA in the csrA mutant. Higher amounts of
fully labeled acetyl-CoA in absents of CsrA is again built from a fully labeled pyruvate which
is derived from fully labeled *3C-glycerol, and subsequently shuffled into reactions of the TCA
cycle. Major differences in the isotopologue composition have also been detected in His and
Man, metabolites which are related to the PPP and to gluconeogenetic reactions, respectively.
Thereby, higher amounts of M+6 isotopologues in Man as well as of M+5 isotopologues in
His have been observed in E and PE growth phase in absence of CsrA. These highly labeled
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metabolites can only be formed in combination reactions of two fully labeled Csz-precursors in
gluconeogenetic reactions to generate M+6 in Man, as it was mentioned for the labeling
experiments with 13C-glucose. Same is true for M+5 labeling in His, which can be the result of
fully labeled Fru-6-P entering the PPP. Furthermore, also combination reaction in the PPP

including two fully labeled Cs-precursors can result in M+5 label in His.

These data clearly show that in absence of CsrA, glycerol uptake and metabolism is
dramatically upregulated. Besides an increased carbon flux towards the TCA cycle, especially
the carbon flux into gluconeogenetic reaction and into the PPP was dramatically affected. This
indicates, that CsrA is responsible for the repression of glycerol metabolism in L. pneumophila
wild-type, especially during the exponential growth phase.

3.2.3.4 Differential analysis of palmitic acid and PHB metabolism in L. pneumophila and
its csrA mutant

The carbon and energy storage compound PHB was first discovered in the 1920s in Bacillus
megaterium (Lemoigne, 1926). Until now, numerous bacteria were identified using this
compound for energy storage (Anderson and Dawes, 1990; Anderson et al., 1990; Steinbuichel
and Schlegel, 1991; Poirier, 2002; Kadouri et al., 2005). Also L. pneumophila uses PHB for
energy storage and long-term survival (James et al., 1999; Al-Banaet al., 2014). Thereby, PHB
is stored in cytoplasmic inclusions or granules, which predominantly appear at later growth
phases of this pathogen (James et al., 1999; Garduno et al., 2002). The biosynthetic route which
appears in most of the PHB building bacteria starts from two acetyl-CoA molecules, which are
used to build (R)-3-hydroxybutanoyl-CoA, which is subsequently used to form PHB
(Steinblchel and Schlegel, 1991; Poirier, 2002; Gillmaier et al., 2016). Investigations of the
PHB metabolism in L. pneumophila during this work (see section 3.1) in combination with
earlier studies using labeling experiments revealed, that the acetyl-CoA molecules, which are
used for PHB formation, are predominantly derived from serine catabolism. However, also
glucose served as a substrate for its biosynthesis (Gillmaier et al., 2016). Interestingly, during
early growth phases serine is preferably used for PHB formation, whereas carbon supply into
PHB from glucose mainly occurs at later developmental stages (Gillmaier et al., 2016). The
respective regulatory mechanism, which is responsible for the adjustment of carbon supply and
biosynthesis of this carbon and energy storage compound in a growth phase dependent manner,

is still unknown.
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An extensive characterization of the csrA mutant, which was also used in this work, revealed
higher PHB concentrations during exponential and stationary growth phase (Sahr et al., 2017).
Furthermore, transcriptome and proteome analysis in combination with RNA-Co-
immunoprecipitation experiments followed by deep sequencing of the wild-type and the csrA
strain uncovered numerous direct targets of CsrA, which are involved in PHB biosynthesis
(Figure 5-7) (Sahr et al., 2017). This emphasizes the role of this regulator in the growth phase
dependent formation of PHB. However, since the extensive differential analysis of the carbon
fluxes in L. pneumophila wild-type and its csrA mutant using the three **C-precursors [U-
13Cs]serine, [U-13Cg]glucose and [U-*3Cs]glycerol didn’t result in upregulated **C-enrichments
in PHB (see section 3.2.3.1 - 3.2.3.3), the increased amount of this storage compound in the

mutant is presumably synthesized from a further substrate.

Therefore, differential carbon flux analysis with L. pneumophila wild-type and its csrA mutant
using [1,2,3,4-C4]palmitic acid as *3C-tracer was performed, since all genes needed for fatty
acid degradation are present in this pathogen based on genome analysis (Chien et al., 2004).
Nevertheless, usage of fatty acids by L. pneumophila has not been investigated until now.
However, the acetyl-CoA molecules, which are derived from fatty acid degradation could serve
as precursors for PHB biosynthesis in this pathogen. For this purpose, both bacterial strains
were grown in CE MDM supplemented with 0.8 mM [1,2,3,4-3C4]palmitic acid and harvested
at E and PE phase. Overall *C-enrichment values and isotopologue compositions were
determined for protein derived amino acids, DAP and PHB as well as for lactate and stearic
acid (Figure 3-2D and Figure 3-3D).

13C-label in the experiments using [1,2,3,4-13C4]palmitic acid as *C-tracer was exclusively
transferred into the carbon storage compound PHB in the experiments with the L. pneumophila
wild-type and the csrA mutant. On the one hand, this clearly shows for the first time the
effective incorporation and degradation of a fatty acid by this pathogen. On the other hand, the
acetyl-CoA molecules which are derived from fatty acid degradation are indeed directly used
to form PHB in L. pneumophila. Besides that, small but significant **C-label was also
detectable in Glu in the experiment with the wild-type. Since Glu is directly derived from an
intermediate of the TCA cycle, this indicates that the acetyl-CoA monomers derived from
degradation of [1,2,3,4-13C4]palmitic acid are also partly shuffled into the TCA cycle.
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Interestingly, the csrA mutant showed slightly increased carbon flux from 3C-palmitic acid
into the TCA cycle during exponential growth, since **C-enrichment in Glu was increased
compared to the wild-type (wild-type: 0.50%, csrA mutant: 0.78%). Furthermore, a minor
carbon flux into the biosynthesis of stearic acid was also detectable in the csrA mutant. More
importantly, overall enrichment values in the storage compound PHB increased in both growth
phases in the csrA strain compared to the wild-type (E phase-wild-type: 2.79%, E phase- csrA
mutant: 4.93%; PE phase-wild-type: 3.36%, PE phase-csrA mutant: 6.32%) (Figure 3-2D and
Table 5-4).

In summary, these data indicate that fatty acids might be preferably serve as a carbon source
for PHB biosynthesis in L. pneumophila. The comparative analysis with a CsrA knock down
strain furthermore demonstrated that this regulator is involved in the regulatory network, which
determines the growth phase dependent formation of the carbon and energy storage compound
PHB.

3.24 Comparative analysis of carbon fluxes from 3C-serine, ¥C-glucose and 3C-
glycerol in L. pneumophila wild-type and csrA mutant

All experiments in this section were performed with L. pneumophila Paris and the respective
csrA mutant. For a more detailed elucidation of the changes in the carbon flux derived from
the three different substrates [U-3Cs]serine, [U-**Cs]glucose and [U-'*Cs]glycerol dependent
on the CsrA knock down, ratios were calculated from 3C-excess values in specific marker
metabolites. Following marker metabolites have been chosen to represent the carbon flux into
specific biosynthetic pathway: His, Ala and Glu. His served as a marker for *3C-carbon flux
into the PPP, since it is synthesized from PRPP, an intermediate biosynthetic pathway. Since
Ala is synthesized directly from pyruvate and Glu is derived from o-ketoglutaric acid, these
marker metabolites represent *C-carbon flux directed towards the TCA cycle. Both ratios
“13C-excess (mol%) His/Ala” and “3C-excess (mol%) His/Glu” were calculated for the
experiments with the L. pneumophila wild-type and its csrA mutant for E and PE phase for
labeling experiments with [U-3Cs]serine, [U-*Cs]glucose and [U-13Cs]glycerol, respectively.
High carbon fluxes directed towards energy generation in the TCA cycle is thereby indicated
by small values of these ratios, whereas high values show an intense carbon flux towards

gluconeogenetic reactions and the PPP (Figure 3-4).
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Calculations for carbon fluxes in the labeling experiment with *3C-serine revealed small values
for both ratios at E and PE growth phase in both, the wild-type and the csrA mutant. This is in
accordance with previous described results (see section 3.1) and again illustrates the extensive
carbon flux from this substrate toward energy generation in the TCA cycle. Nevertheless, small
differences were detectable comparing the wild-type to the csrA mutant, since ratios are
slightly reduced in the mutant, indicating that the carbon flux from serine towards the TCA
cycle was partly upregulated compared to the wild-type. In combination with reduced overall
enrichment values that had been observed in the experiments with the csrA mutant (see section
3.2.3.1) this illustrates a downregulated uptake and metabolism of serine in the mutant by a
mountainously more restricted carbon flux towards the TCA cycle for energy generation. This
indicates that CsrA induces serine metabolism and usage for energy generation in the wild-
type. However, at later growth phases, where the amount of active CsrA is reduced in the
bacterial cell due to binding to non-coding small mMRNAs (Rasis and Segal, 2009; Sahr et al.,
2009; Sahr et al., 2012), carbon flux from serine into gluconeogenetic reactions and the PPP is

downregulated (Figure 3-4).

Ratios calculated for the experiments performed with [U-*Cg]glucose as a tracer were high in
both growth phases in the experiments with the L. pneumophila wild-type and with its CsrA
knock down mutant. This agrees with previously discussed results (see section 3.1) and again
shows the presence of a bipartite metabolism in this pathogen. In this bipartite metabolism
glucose is predominantly shuffled into the PPP, ED pathway and gluconeogenetic reactions.
Since values for both ratios, “**C-excess (mol%) His/Ala” and “**C-excess (mol%) His/Glu”
increased in both growth phases in the experiment with the csrA mutant, carbon flux from
glucose is more directed towards anabolic processes in this strain. Simultaneously,
incorporation and metabolism of glucose is slightly reduced in the mutant strain (see section
3.2.3.2). This indicates that carbon flux from glucose differs in the L. pneumophila wild-type
from E to PE phase. The presence of CsrA, glucose is also partly used for energy generation
in the TCA cycle while absence of CsrA results in a more restricted usage in the upper part of

metabolism (Figure 3-4).
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Figure 3-4: Comparative analysis of carbon fluxes in L. pneumophila wild-type and its csrA mutant. Bacterial cultivation
occurred in CE MDM using (a) 6 mM [U-'3Cs]serine, (b) 11 mM [U-23Cs]glucose or (c) 50 mM [U-'3Cs]glycerol as *3C-tracer.
Harvest of cell cultures occurred at E phase and PE growth phase. (A) Overall 3C-excess values (%) in the key metabolites
Ala (derived from pyruvate), Glu (TCA cycle) and His (PPP). Shown are data from two independent experiments. (B) Shown
are ratios of 3C-excess in His (PPP) to Ala (pyruvate) or Glu (TCA cycle) for E and PE phase, respectively. For numerical
values, see Table 5-9 and 5-10.

Comparing the ratios of the labeling experiments with 3C-serine, **C-glucose and *C-
glycerol, highest values for both ratios were obtained in the experiment with [U-*Cs]glycerol.
This again demonstrates that carbon flux from this substrate is almost restricted to
gluconeogenetic reactions and the PPP in the bipartite metabolism of L. pneumophila (see
section 3.1). However, experiments with the csrA mutant showed increased values for both
ratios in the E and PE growth phase. This clearly shows that carbon flux is even more directed
to gluconeogenesis and PPP in absence of CsrA. Simultaneously, incorporation and
metabolism of glycerol was upregulated extensively (see section 3.2.3.3) in the csrA strain.
This clearly shows that this regulator is responsible for the repression of glycerol metabolism

especially during exponential growth in the L. pneumophila wild-type (Figure 3-4).
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3.3 Multiple substrate usage of Coxiella burnetii to feed a bipartite
metabolic network

Hauslein, 1., Cantet, F., Reschke, S., Chen, F., Bonazzi, M., and Eisenreich, W. (2017). Frontiers in Cellular and Infection
Microbiology 7.

C. burnetii represents a human pathogen, which is categorized as a bio-weapon (Madariaga et
al., 2003). Based on genome analysis, this bacterium seems to have great metabolic potential
(Seshadri et al., 2003). However, its metabolism is still only poorly investigated. In this study,
labeling experiments with [U-'Cs]serine, [U-*3Cs]glucose and [U-'3Cs]glycerol were
performed with the C. burnetii RSA 439 NMI|I strain in the recently developed axenic growth
medium ACCM-2 to investigate the full metabolic potential of this pathogen. Using GC/MS
based isotopologue profiling the effective usage of all three precursors by C. burnetii could be
demonstrated. Therefore, overall **C-enrichment values and isotopologue compositions were
analyzed in numerous key metabolites e.g. protein derived amino acids or specific cell wall
components. Dependent on the respective tracer, 3C-label was shuffled into different
biosynthetic pathways. Glucose preferably served as a precursor for cell wall formation but it
was also efficiently converted into pyruvate and subsequently shuffled into reactions of the
TCA cycle. Furthermore, carbon flux from glucose occurred into erythrose 4-phosphate via
the non-oxidative PPP, which was subsequently used in the shikimate/chorismate pathway for
the formation of aromatic amino acids. In contrast, serine was predominantly converted into
acetyl-CoA, which was shuffled into the TCA cycle and fatty acid biosynthesis, and did not
serve efficiently as gluconeogenetic substrate. On the other hand, carbon flux from glycerol
almost exclusively occurred towards gluconeogenetic reactions serving as a substrate for cell
wall biosynthesis. In addition, glycerol could also partly be converted into PEP or pyruvate,
again predominantly serving cell wall formation via the synthesis of diaminopimelic acid
(DAP). Comparing the concept of the core metabolic fluxes in C. burnetii to the network which
is present in L. pneumophila, a similar but not identical bipartite topology could be identified.
This emphasizes the idea that this strategy might be in general a beneficial concept for
intracellular replication and survival of these pathogens as a result of specific adaption
processes on the respective nutrient supply and metabolism of the host. However, the lifestyle
of these two pathogens is similar but not identical resulting in partly different bipartite

metabolic concepts, which is presumably dependent on the respective replication niche.
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The human pathogen Coxiella burnetii causes Q-fever and is classified as a category
B bio-weapon. Exploiting the development of the axenic growth medium ACCM-2, we
have now used 'SC-labeling experiments and isotopolog profiling to investigate the
highly diverse metabolic network of C. burnetii. To this aim, C. burneti RSA 439 NMII
was cultured in ACCM-2 containing 5 mM of either [U-'2Ca]serine, [U-'3Cg]glucose, or
[U-13Cg]glycerol until the late-logarithmic phase. GC/MS-based isotopolog profiing of
protein-derived amino acids, methanol-soluble polar metabolites, fatty acids, and cell
wall components (e.g., diaminopimelate and sugars) from the labeled bacteria revealed
differential incorporation rates and isotopolog profiles. These data served to decipher
the diverse usages of the labeled substrates and the relative carbon fluxes into the
core metabolism of the pathogen. Whereas, de novo biosynthesis from any of these
substrates could not be found for histidine, isoleucine, leucine, lysine, phenylalanine,
proline and valine, the other amino acids and metabolites under study acquired '3C-label
at specific rates depending on the nature of the tracer compound. Glucose was
directly used for cell wall biosynthesis, but was also converted into pyruvate (and its
downstream metabolites) through the glycolytic pathway or into erythrose 4-phosphate
(e.g., for the biosynthesis of tyrosine) via the non-oxidative pentose phosphate pathway.
Glycerol efficiently served as a gluconeogenetic substrate and could also be used
via phosphoenolpyruvate and diaminopimelate as a major carbon source for cell
wall biosynthesis. In contrast, exogenous serine was mainly utilized in downstream
metabolic processes, e.g., via acetyl-CoA in a complete citrate cycle with fluxes in the
oxidative direction and as a carbon feed for fatty acid biosynthesis. In summary, the
data reflect multiple and differential substrate usages by C. burnetii in a bipartite-type
metabolic network, resembling the overall topology of the related pathogen Legionella
pneumophila. These strategies could benefit the metabolic capacities of the pathogens
also as a trait to adapt for replication under intracellular conditions.

Key : Coxiella, i
Legionella

profiling, nutrition,

bipartite metabolism,
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INTRODUCTION

The obligate intracellular Gram negative bacterium Coxiella
burnetii is the causative agent of Q-fever, a worldwide-distributed
zoonosis, except New Zealand (Maurin and Raoult, 1999;
Arricau-Bouvery and Rodolakis, 2005). The disease can cause
acute or chronic infections when the bacteria invade alveolar
macrophages or other phagocytic and non-phagocytic cells in
different tissues and organs, finally leading to endocarditis and
hepatitis in its chronical form (Van Schaik et al., 2013). C. burnetii
represents a category B bio-weapon due to its remarkable low
infectious dose, since one bacterial cell in the lung is enough to
cause the acute infection (Fournier et al., 1998; Madariaga et al.,
2003). In addition, C. burnetii can form specific small cell variants
(SCVs) that are stable for long time periods in the environment,
also under harsh conditions (Coleman et al., 2004, 2007). After
having invaded their target cells by passive phagocytosis, C.
burnetii establishes an acidic phagolysosome-like replication
compartment called Coxiella-containing vacuole (CCV) (Larson
et al., 2016). Vacuolar acidification triggers the transition from
SCV into the replicative large-cell variant (LCV) (Coleman
et al., 2004). Establishment of the CCV as well as intracellular
replication of C. burnetii inside of this specific compartment
depends on a type IVB secretion system (T4SS), a homolog
of the Icm/Dot secretion system in Legionella pneumophila, a
closely relative of Coxiella (Seshadri et al., 2003; Beare et al.,, 2011;
Carey et al, 2011). In both pathogens, these analog secretion
systems translocate numerous effector proteins into their host
cells to trigger the establishment of the replicative niche, to avoid
degradation and to get access to sufficient amounts of nutrients
(Zhu et al, 2011; Segal, 2013; Moffatt et al., 2015; Martinez
etal, 2016). To date, more than 300 effector proteins are known
for L. pneumophila and there seem to be even more along the
Legionella species (Burstein et al., 2016; Hofer, 2016), whereas
only about 60 proteins have been identified as effectors for C.
burnetii (Chen et al,, 2010; Carey et al., 2011; Newton et al.,
2013). Still, the function of most of these effector proteins are not
known, especially for C. burnetii (Chen et al., 2010; Weber et al.,
2013).

However, these two pathogens also feature some major
differences. Beside the fact that only few of the effector
proteins are conserved, also the characteristics of the two
replicative vacuoles differ. While L. pneumophila is replicating
in a neutral environment within a compartment that is
predominantly derived from the endoplasmatic reticulum, C.
burnetii requires acidic conditions in its phagolysosome-like
replication compartment (Hubber and Roy, 2010; Weber et al.,
2013). Moreover, the invading pathogens target very different
host cells for their multiplication. While L. pneumophila is
specialized for replication inside protozoa and only accidentally
infects human alveolar macrophages, C. burnetii is adapted
for the infection of numerous mammalian species and tissues
(Babudieri, 1959; Weber et al., 2013; Larson et al., 2016).

By now, it is well known that L. pneumophila preferably uses
amino acids, especially serine as carbon and energy source (Tesh
and Miller, 1981; Tesh et al., 1983). Recent studies showed that
in addition to amino acids, Legionella uses further substrates
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like glucose and glycerol in a bipartite metabolic network
(Eylert et al., 2010; Hauslein et al., 2015). Thereby, glucose is
predominantly metabolized via the Entner-Doudoroff pathway
(ED pathway) and not via glycolytic reactions (Schunder et al.,
2014). However, glycerol predominantly serves gluconeogenetic
reactions and is shuffled into the pentose phosphate pathway
(PPP) (Hiuslein et al., 2015).

In contrast to L. pneumophila, carbon metabolism of C.
burnetii has been poorly investigated, since the possibility to
grow this intracellular pathogen in an axenic medium has been
developed only recently (Omsland et al., 2009, 2011).

On the basis of its genome, the pathogen shows high
metabolic capacities, especially when compared to other
intracellular replicating bacteria. This is probably due to a
relatively low genome reduction process in C. burnetii, since
more than 89.1% of its genome encode proteins (Andersson
and Kurland, 1998; Seshadri et al., 2003). Different to L.
pneumophila, which predominately utilizes the ED pathway
for glucose degradation, C. burnetii seems to use glycolytic
reactions for glucose catabolism, although a classical hexokinase
is missing in the glycolytic cascade on the basis of the
genome sequence (McDonald and Mallavia, 1971; Hackstadt and
Williams, 1981a,b). Nevertheless, hexokinase activity has been
demonstrated in cell-free extracts (Paretsky et al., 1962). Also,
the conversion of glucose 6-phosphate to 6-phosphogluconate
and ribulose 5-phosphate has been detected, although genes
encoding these reactions have not yet been annotated (Consigli
and Paretsky, 1962; McDonald and Mallavia, 1970). Enzymes
important for fatty acid or amino acid biosynthesis, synthesis
of vitamins and nucleic acids, and a complete TCA cycle
are also present in Coxiella (Seshadri et al., 2003). Otherwise,
enzymes for the glyoxylate pathway have not been identified
until now, indicating that Coxiella does not use fatty acids for
energy generation in contrast to Mycobacterium tuberculosis
(Schnappinger et al.,, 2003; Seshadri et al., 2003), although a
putative transporter for long chain fatty acids (CBU1242) was
assigned in the genome of C. burnetii (Kuley et al., 2015).
Notably, the shikimate/chorismate pathway is also evident from
the genome sequence although some late steps leading to the
aromatic amino acids appear to be missing (Seshadri et al., 2003;
Walter et al., 2014) (Figure 1).

Based on the prediction of numerous amino acid and peptide
transporters, amino acids seem to be among the major carbon
and energy source of C. burnetii (Sandoz et al., 2016b). Moreover,
the predicted presence of two sugar transporters (CBU0265
and CBU0347) indicates the uptake and subsequent metabolism
of sugars (Seshadri et al, 2003). Additionally, although no
glycerol transporter has been predicted, enzymes responsible
for glycerol degradation (glpK: glycerol kinase, gipD: glycerol 3-
phosphate dehydrogenase) are present in C. burnetii, indicating
that glycerol could also serve as a nutrient (Seshadri et al., 2003)
(Figure 1). Compared to Chlamydia or Rickettsia, intracellular
Coxiella seems unable to import ATP from its host, since an
ATP/ADP exchanger has not been identified (Zomorodipour and
Andersson, 1999; Miller and Thompson, 2002).

Despite considerable efforts in investigating the usage of some
substrates like glutamate, pyruvate, succinate and glucose by
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C. burnetii (Hackstadt and Williams, 1981a, 1983), the nutritional
diversity remains unknown. Nevertheless, the composition of the
recently developed axenic medium is giving a welcome hint to
the preferred metabolites of this pathogen, since it carries high
amounts of peptides and amino acids. Furthermore, glucose is
also present in ACCM-2 (Omsland et al., 2009, 2011), however
not in ACCM-D (Sandoz et al., 2016a).

In recent years, isotopolog profiling has proven to be a
powerful approach to describe substrate and pathway usages
for a number of pathogens including L. prneumophila (Eylert
et al, 2010; Schunder et al, 2014; Hauslein et al, 2015;
Gillmaier et al, 2016; Kern et al, 2016). The method is
based on *C-incorporation experiments using completely or
selectively '*C-labeled substrates such as glucose, serine or
glycerol. Due to the isotopic labels, specific '*C-enrichments and
isotopolog compositions are generated in downstream metabolic
products (e.g., amino acids, fatty acids and sugars) which
can be determined by gas chromatography/mass spectrometry
(GC/MS). By comparison of these patterns, the differential
substrate usage and the metabolic pathways can be reconstructed.
Here, we have used isotopolog profiling approaches to investigate
the highly diverse metabolic network of C. burnetii. For
this purpose, we grew C. burnetii RSA 439 NMII in the
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FIGURE 1 | Hypothetical metabolic network of Coxiella burnetii RSA 439 NMII. The pathways are predicted on the basis of the genome sequence (Seshadri et al.,
2003) and earlier biochemical studies (McDonald and Mallavia, 1971; Hackstadt and Williams, 1981a,b). Amino acids seem to be the main carbon and energy source

and oligopeptide transporters have been predicted. Furthermore, some sugar
(CBU1242) have been identified, indicating that the metabolic potential of

C. burnetii is versatile. In addition, enzymes responsible for glycerol metabolism (glpK: glycerol kinase, glpD: glycerol 3-phosphate dehydrogenase) are present in
C. bumnetii, although a glycerol transporter has not been identified yet. Black or red arrows represent amino acids prototrophies or auxotrophies. Potential carbon
nutrients are indicated by boxes. a-KGA, a-ketoglutarate; Man, mannose; Gal, galactose; GlcN, glucosamine; Mur, muramic acid; PRPP, 5-phosphoribosyl

axenic medium ACCM-2 in the presence of either 5 mM [U-
13Cg]glucose, [U-13Cslserine or [U-'*Cs]glycerol. Isotopolog
profiling revealed that the pathogen is capable to efficiently use
all of these substrates in a bipartite-type metabolic network.

MATERIALS AND METHODS

Bacteria Strains and Growth Conditions

For each growth condition, Acidified Citrate Cysteine Medium
2 (ACCM-2, Table S1) was inoculated with C. burnetii RSA 439
NMII at 1 x 10° genome equivalents GE/mL. Bacteria were
grown in a humidified atmosphere of 5% CO, and 2.5% O,
at 37°C for the indicated times. GE/mL were calculated using
the PicoGreen assay according to manufacturers’ instructions.
Briefly, 50 uL of bacterial culture were mixed to 5pL of
10% Triton X-100 in a well of a 96-wells microplate with
black bottom and sides and incubated 10 min at room
temperature on a plate shaker. PicoGreen was then added
to the mixture and the plates were incubated at room
temperature and in the dark for 10 min. Sample fluorescence
was measured using a fluorescence microplate reader using
filters for standard fluorescein wavelengths (excitation ~480 nm,
emission ~520nm). DNA concentrations were obtained by
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plotting the fluorescence readings on a standard curve obtained
applying the same approach to a dilution of a plasmid of known
concentration. Data were converted to GE/mL by dividing the
DNA concentration by the mass of the Coxiella genome (2.2 fg).

Labeling and Growth Experiments of

Coxiella burnetii RSA 439 NMII

[U-13C3]Serine,  [U-"*Cglglucose  and  [U-'2Cs]glycerol
were purchased from Isotec/Sigma-Aldrich. 1 L ACCM-2
supplemented either with 5 M [U-13C;]serine, 5mM [U-
13Cg]glucose or 5mM [U~”C3]glycerol was inoculated with
C. burnetii RSA 439 NMII as indicated above. Seven days
post-inoculation, bacteria were harvested by centrifugation at
4.500g for 45min at 4°C. Bacterial pellet (ca. 10' bacteria
per condition) was autoclaved for 30 min at 120°C. Cells were
freeze-dried and stored at —80°C until further analysis. To
evaluate the impact of each compound on bacterial growth,
ACCM-2 was supplemented with the corresponding unlabeled
compounds at 5mM and inoculated with C. burnetii RSA 439
NMII at 10° GE/mL. Bacterial growth was assessed at 0, 3, 5, and
7 days post-inoculation using the PicoGreen assay as previously
described (Martinez et al., 2014).

Sample Preparation and Derivatization of
Protein-Derived Amino Acids and Cell
Wall-Derived Diaminopimelate (DAP)

For isotopolog profiling of protein-derived amino acids and
cell wall-derived DAP, approximately 10° bacterial cells (about
1mg of freeze-dried pellet) were hydrolyzed in 0.5 mL of 6
M HCI for 24 h at 105°C, as described earlier (Eylert et al.,
2010). Samples were dried under a stream of nitrogen at 70°C.
The residue was solved in 200 pL of acetic acid and purified
on a cation exchange column of Dowex 50WX8 (H+-form,
200-400 mesh, 5 x 10 mM), which was previously washed with
1mL MeOH and 1 mL ddH,O. Elution occurred after washing
with 2mL of ddH,O with 1 mL of 4 M ammonium hydroxide.
200 pL of the eluate were dried at 70°C under a stream of
nitrogen and dissolved in 50 L dry acetonitrile and 50 L
N-(tert-butyldimethyl-silyl)-N-methyl-trifluoroacetamide
containing 1% tert-butyl-dimethyl-silylchlorid  (Sigma).
Derivatization occurred at 70°C for 30min. The resulting
tert-butyl-dimethylsilyl (TBDMS) derivates of protein-derived
amino acids and cell wall-derived DAP were analyzed by
GC/MS. Due to degradation during acid hydrolysis, tryptophan,
methionine and cysteine could not be analyzed with this method.
Furthermore, acid hydrolysis leads to conversion of glutamine
and asparagine to glutamate and aspartate, respectively.
Therefore, results given for aspartate and glutamate correspond
to asparagine/aspartate and glutamine/glutamate, respectively.
Due to inefficient derivatization, TBDMS-arginine could not be
detected in sufficient amounts for isotopolog profiling.

Sample Preparation and Derivatization of
Methanol-Soluble Polar Metabolites

For isotopolog profiling of methanol-soluble polar metabolites
including fatty acids, approximately 5mg of the freeze-dried
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bacteria were mixed with 0.8 g of glass beads (0.25-0.05 mM).
I mL of pre-cooled 100% methanol was added and mechanical
cell lysis occurred for 3 x 20s at 6.5m/s using a ribolyser
instrument (Hybaid). Samples were immediately cooled down
on ice for 5 min followed by centrifugation at 2.300 x g
for 10 min. The supernatant was dried under a stream of
nitrogen. The residue was dissolved in 50 pL dry acetonitrile and
50 L N-(tert-butyldimethyl-silyl)-N-methyl-trifluoroacetamide
containing 1% tert-butyl-dimethyl-silylchlorid (Sigma) and kept
at 70°C for 30 min. The resulting tert-butyl-dimethylsilyl
(TBDMS) derivates of methanol-soluble polar metabolites and
fatty acids were used in GC/MS analysis.

Sample Preparation and Derivatization of

Mannose (Man) and Galactose (Gal)

For isotopolog profiling of Man and Gal, 5mg of the freeze-
dried bacteria were methanolized over night at 80°C with 0.5 mL
methanolic HCI (3 M). Samples were cooled down and the
supernatant was dried at 25°C under a stream of nitrogen.
The first step of derivatization occurred at 25°C for 1 h in
1 mL acetone containing 20 uL concentrated H,SOy. After that,
2mL of saturated NaCl and saturated Na,CO; solution was
added. The aqueous solution was extracted 2x with 3 mL ethyl
acetate. The combined organic phases were dried under a
stream of nitrogen. Dry residue was incubated overnight at
60°C with 200 L of a 1:1 mixture of dry ethyl acetate and
acetic anhydride in a second derivatization step. Derivatization
reagents were removed under a stream of nitrogen and the
remaining residue was resolved in 100 pL anhydrous ethyl
acetate. Resulting diisopropylidene/acetate derivatives were used
for GC/MS analysis.

Sample Preparation and Derivatization of
Cell Wall-Derived Glucosamine (GilcN) and

Muramic Acid (Mur)

For isotopolog profiling of GlcN and Mur, cell wall hydrolyzation
was performed with approximately 15mg of freeze-dried
bacterial in 0.5mL of 6 M HCI overnight at 105°C. Solid
components were removed by filtration. The filtrate was dried
under a stream of nitrogen and 100 pL of hexamethyldisilazane
(HMDS) was added. Derivatization occurred for 3 h at 120°C.
Resulting TMS-derivatives were used for GC/MS analysis.

Gas Chromatography/Mass Spectrometry

GC/MS-analysis was performed with a QP2010 Plus gas
chromatograph/mass spectrometer (Shimadzu) equipped with a
fused silica capillary column (Equity TM-5; 30m x 0.25mM,
0.25 pm film thickness; SUPELCO) and a quadrupole detector
working with electron impact ionization at 70 V. An aliquot (0.1
to 6 L) of the derivatized samples were injected in 1:5 split mode
at an interface temperature of 260°C and a helium inlet pressure
of 70 kPa. Selected ion monitoring was used with a sampling rate
of 0.5s and LabSolution software (Shimadzu) was used for data
collection and analysis. For technical replicates, samples were
measured three times, respectively. Overall '*C-excess values and
isotopolog compositions where calculated as described earlier
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(Eylert et al., 2008). This involved (i) determination of GC/MS
spectra of unlabeled derivatized metabolites, (ii) determination of
the absolute mass of isotopolog enrichments and distributions of
labeled metabolites of the experiment and (iii) correction of the
absolute '*C-incorporation by subtracting the heavy isotopolog
contributions due to the natural abundances in the derivatized
metabolites.

For amino acid and DAP analysis, the following temperature
program was used: After sample injection, the column was
first kept at 150°C for 3 min and then developed with a
temperature gradient of 7°C min~! to a final temperature
of 280°C. This temperature was held for further 3 min.
TBDMS-derivatives of alanine (6.7 min), glycine (7.0min),
valine (8.5 min), leucine (9.1 min), isoleucine (9.5 min), proline
(10.1 min), serine (13.2 min), phenylalanine (14.5 min), aspartate
(15.4 min), glutamate (16.8 min), lysine (18.1 min), histidine
(20.4 min), tyrosine (21.0min), and the cell wall component
DAP (23.4 min) were detected and isotopolog calculations were
performed with m/z [M-57] or m/z [M-85]*.

For analysis of methanol-soluble metabolites including
palmitate and stearate, the column was kept at 100°C for
2min after sample injection. This was followed by a first
temperature gradient, in which the column was heated to a
final temperature of 234°C in rates of 3°Cmin ™. Subsequently,
a second temperature gradient of 1°Cmin~! was used until a
final temperature of 237°C, and a third temperature gradient of
3°Cmin~! to a final temperature of 260°C. TBDMS-derivatives
of lactate (17.8 min), succinate (27.5 min), fumarate (28.7 min),
malate (39.1 min), palmitate (44.0 min) and stearate (49.4 min)
were detected. Tsotopolog calculations were performed with m/z
[M-57]7.

For diisopropylidene/acetate derivatives of the hexoses, Man
and Gal, the column was kept at 150°C for 3 min after sample
injection followed by a first temperature gradient of 10°C min~!
to a final temperature of 220°C, and a second temperature
gradient of 50°C min~! to a final temperature of 280°C. The final
temperature was held for further 3 min. isotopolog calculations
were performed with a fragment which still contains all six
C-atoms of the hexoses (m/z 287 [M-15]").

For analysis of the TMS-derivatives of the cell wall
components GlcN and Mur, the column was kept at 70°C
for 5min followed by a temperature gradient of 5°Cmin~!
to a final temperature of 310°C, which was then kept for an
additional minute. isotopolog calculations were performed with
m/z [M-452]% and m/z [M-434]". Retention times and mass
fragments of derivatized metabolites that were used for all
isotopolog calculations are summarized in Table S2.

RESULTS

Axenic Growth of C. burnetii Is Not
Affected by Exogenous Serine, Glucose,
and Glycerol

To investigate the effects of additional amounts of serine, glucose
or glycerol on the axenic growth of C. burnetii, growth curves
were calculated from ACCM-2 cultures supplemented with
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5mM of each substrate and compared to the growth curves
of C. burnetii growing in standard ACCM-2. Cell densities
were determined by calculating the genome equivalents/mL
(GE/mL) at 3, 5, and 7 days post inoculation. No significant
effect on the growth rates of C. burnetii could be observed
under this experimental setup (Figure S1). To study the usage of
serine, glucose and glycerol by this pathogen, we subsequently
performed labeling experiments with [U-'*Cs]serine, [U-
13C6]glucose and [U-”C;]glycerol.

Utilization of Serine by C. burnetii Growing
in ACCM-2

To study serine metabolism in C. burnetii, we performed
labeling experiments in ACCM-2 supplemented with 5mM
[U-13C;3]serine. '*C-Enrichments and isotopolog fractions of
protein-derived amino acids, polar metabolites, fatty acids, DAP
and amino sugars derived from cell wall biosynthesis were
measured by GC/MS. No '*C-incorporation occurred into His,
Ile, Leu, Lys, Phe, Pro, Tyr, and Val that are obviously taken in
unlabeled form from the respective amino acids and peptides
present in the axenic medium. Only small fractions of 1*C-label
(<5%) could be found in sugars (from cell wall hydrolysates).
In sharp contrast, very high '*C-enrichments were detected in
Ser (76.3%) and Gly (34.6%) from the cell hydrolysates. This
indicates that exogenous Ser was efficiently taken up from the
axenic medium and might be converted into Gly by serine
hydroxymethyltransferase (CBU1419). Furthermore, metabolites
due to Ser conversion into pyruvate, acetyl-CoA, intermediates
of the TCA cycle and their downstream products showed high
13C-enrichments (palmitate: 24.0% > stearate: 21.8% > DAP:
16.3% > Ala: 13.8% > Asp: 9.0% > Glu: 7.5% > fumarate:
5.2% > succinate: 4.4% > malate: 3.8%) (Figure 2A, Tables S3
and S5). On the basis of the fractional isotopolog abundances, a
more detailed analysis of the metabolic pathways affording the
observed patterns (for numerical values, see Table $3) was now
done.

Ser and Gly

Ser from the hydrolysate was mainly found as the '3Cs-
isotopolog (i.e., carrying three '*C-labels; M+3 in Figure 2A,
Table S5). However, Ser also showed minor amounts of M+2
(ie., the PCy- isotopolog) as an indication of metabolic turnover
(i.e., degradation to e.g., M+2 Gly and resynthesis of Ser finally
leading to M+2 Ser). This is confirmed by the detected isotopolog
profile of Gly characterized by the M+2 species.

Ala

High enrichment values in Ala (13.8%) with predominantly
M-+3 label reflect the formation of its precursor pyruvate from
fully labeled M+3 Ser via serine dehydratase (CBU0194). Minor
fractions of M+2 and M+1 in Ala also indicate the biosynthesis
of this amino acid from M+2 or M+1 labeled pyruvate. This
could be explained by pyruvate formation from M+1 and
M+2 malate through the action of the malate dehydrogenase
(oxaloacetate  decarboxylating, ~CBU0823).  Alternatively,
or in addition, reactions via the phosphoenolpyruvate
carboxykinase (CBU2092) could result in M+2 or M+1
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FIGURE 2 | 13C-Excess (mol%) and the fractional isotopolog distributions (%) in key metabolites of Coxiella burnetii RSA 439 NMII grown in an axenic ACCM-2
medium supplied with a 13G-labeled tracers. The bacteria were supplemented either with (A) 5mM [U-‘aca]serine. (B) 5mM (U-13C6]glucose or (C) 5mM

[U- ‘3(33]grycerol, The bacteria were harvested after 7 days of growth. 13C-Excess (mol%) and relative fractions of isotopologs (%) into protein-derived amino acids,
methanol-soluble polar metabolites and cell wall components (DAP, Man/Gal, GlcN and Mur) were determined by GC/MS. Error bars indicate standard deviations from
the means of six values (2 x biological replicates, 3 x technical GC/MS). For numerical values, see Tables S3 and S5. DAP, diaminopimelate; Man, mannose; Gal,

label in phosphoenolpyruvate and subsequently in pyruvate due
to reactions via pyruvate kinase (CBU1781).

Succinate, Fumarate, Malate, Asp, Glu

Asp (9.0%) directly derived from oxaloacetate and Glu (7.5%)
synthesized from a-ketoglutarate were highly '*C-enriched.
High levels of M+2 fractions, especially in Glu, are in line
with a TCA cycle operating in the oxidative direction, starting
from 13Cy-acetyl-CoA. Assuming Si-specificity of the citrate
synthase reaction, both labels from acetyl-CoA are retained in
position 4 and 5 of a-ketoglutarate and its product Glu. On
the basis of the sequence in the C. burnetii genome, the citrate
synthase (CBU1410) is indeed expected to be Si-specific. Further
reaction of [4,5-13Cz]0(»ketoglutarate via the TCA cycle then
results in the detected [1,2-13C;]succinate, [1,2-1*C;]fumarate,
and [1,2-13C;]malate. [1,2-'3C;]oxaloacetate is reflected by the

Frontiers in Cellular and Infection Microbiology

v.frontiersin.org

observed [1,2-'3C,]Asp isotopolog. It should be noted that
the intrinsic symmetry of succinate randomizes the M+2
label between positions 1,2 and 3,4 finally also leading to
[3,4-13C;Jisotopologs in malate, oxaloacetate and Asp. The
detected minor amounts of M+1 label could then easily be
explained by multiple cycling in the TCA. Notably, significant
amounts of M+3 isotopologs were also detected in Glu and
Asp probably due to *C-carbon flux from fully labeled pyruvate
into M+3 malate via the malate dehydrogenase enzyme (malic
enzyme, CBU0823).

Fatty Acids

Palmitate (24.0%) and stearate (21.8%) were highly enriched,
again indicating a high carbon flux from the labeled Ser tracer
into [13CyJacetyl-CoA. Indeed, the isotopolog profiles of both
fatty acids mainly showed M+2 or a multiple of M+2 due to the
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combination of fully labeled acetyl-CoA building blocks in fatty
acid biosynthesis.

DAP

The biosynthesis of the cell wall component DAP, which is also
an intermediate for lysine biosynthesis, depends on pyruvate and
Asp as precursors. In contrast to Lys, where no '*C-enrichment
was detectable, DAP showed high '*C-enrichment (16.3%). This
indicates highly active enzymes to form DAP for cell wall
formation, but not for Lys biosynthesis. This is remarkable
since only one additional step catalyzed by diaminopimelate
decarboxylase would be required to form Lys from DAP.
Isotopolog distribution in DAP from the experiment with [U-
13C;]serine mainly showed M+3 label, which is easily explained
by the usage of M+3 labeled pyruvate (see above). Furthermore,
some M+2 and M+1 fractions in DAP were also detected,
probably due to M+2 and M+1 labeled Asp as a building unit
(see above). Isotopologs carrying more than three *C-atoms may
be due to statistical combinations of labeled pyruvate and Asp.

Lactate

Interestingly, also lactate showed someminor '*C-enrichment
in the experiment with labeled serine (Figure2A). However,
enzymes responsible for lactate biosynthesis from pyruvate seem
not to be present in C. burnetii based on the genome sequence
(Seshadri et al., 2003; Walter et al., 2014). Hypothetically, lactate
could be produced from methylglyoxal due to detoxification
reactions in this pathogen (Figure S2, for more details, see also
below).

Utilization of Glucose

Uptake and incorporation of exogenous glucose were
investigated by growth experiments in ACCM-2 supplemented
with 5mM [U-"*Cg]glucose. Workup and isotope analysis
of metabolites was done as described above for the labeling
experiments with 13C-Ser. High BC-excess values (40-50%)
could be detected in cell wall sugars indicating that the exogenous
glucose tracer was efficiently taken up and metabolized
(Figure 2B). On this basis, it is obvious that the pathogen can
use glucose as a main carbon substrate under the experimental
conditions. More specifically, significant '*C-enrichments from
[U—'3C6]glucose were detected in muramic acid (Mur: 59.1%)
> glucosamine (GIcN: 47.2%) > mannose/galactose (Man/Gal:
46.3%) > diaminopimelate (DAP: 17.5%) as well as in fatty acids
(stearate: 18.3% > palmitate: 17.3%) and metabolites related to
pyruvate biosynthesis and reactions in the TCA cycle (succinate:
9.3% > fumarate: 9.2% > Asp: 7.8% > Ala: 7.7% > malate: 7.5%
> Glu: 6.8%). Additionally, low but significant 13C-excess values
were detected in Ser (1.4%) and Gly (0.5%), which clearly shows
some de novo biosynthesis of Ser directly from a fully labeled
Cs-precursor (pyruvate or 3-phosphoglycerate). Labeled Ser is
then directly converted into Gly. This is also reflected by the
appearance of almost exclusive M+-3 label in Ser and M+-2 label
in Gly. Low, but significant enrichments could be found in Tyr
(1.7%), an amino acid derived from the shikimate pathway. No
de novo biosynthesis could again be found for His, Ile, Leu, Lys,
Phe, Pro and Val (Figure 2B, Tables S3 and S6).
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Compared to the labeling experiment with [U-13C;3]serine,
Ala showed lower *C-enrichments in the experiment with [U-
13C(,]glucose. However, similar overall *C-enrichment values
appeared in Asp and Glu as well as in fatty acids and DAP in both
labeling experiments. This indicates that C. burnetii uses glucose
as a carbon and energy source at similar rates as Ser. However,
glucose is used more efficiently in the formation of amino sugars
for cell wall biosynthesis directly or via glycolytic cycling, and
serves as a precursor for the de novo synthesis of Ser, Gly
and Tyr. On the contrary, Ser is almost exclusively metabolized
in the TCA cycle for energy generation (Figures2A,B). Like
in the labeling experiments with '3C-Ser, also lactate sowed
significant 13C-excess values (11.3%). The labeled lactate was
again characterized by the M+-3 isotopolog although enzymes
for the direct biosynthesis via pyruvate are not annotated in C.
burnetii. However, it can be assumed that this labeling appears
due to detoxification reactions via methylglyoxal, which can be
formed non-enzymatically from intermediates of glycolytic and
gluconeogenetic reactions (Riddle and Lorenz, 1973; Omsland
and Heinzen, 2011) (Figure S2). Furthermore, C. burnetii features
a methylglyoxal synthase (CBU0853), which could catalyze the
formation of methylglyoxal from dihydroxyacetone phosphate.
The appearance of high amounts of methylglyoxal can therefore
be related to high levels of glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate. Nevertheless, since methylglyoxal
is toxic it has to be degraded via the glyoxalase system resulting
in labeled lactate (Booth et al., 2003). However, C. burnetii lacks
one enzyme of this detoxification system (glyoxalase I) (Seshadri
et al., 2003; Omsland and Heinzen, 2011). The slow growth of
this intracellular pathogen could therefore be due to avoiding the
formation of high levels of methylglyoxal.

Sugars

The highly '*C-enriched amino sugars GlcN and Mur, which are
directly derived from cell wall biosynthesis as well as Man/Gal
predominantly showed M+3 and M+6 label. M+6 isotopologs
indicate the direct usage of fully labeled '*C-glucose for cell wall
biosynthesis, whereas M4-3 suggests that glucose is efficiently
used in glycolytic reactions to form fully labeled triose phosphates
and related C3-metabolites. The latter ones can recombine with
unlabeled C3-metabolites in gluconeogenetic reactions to form
M+3 in Man/Gal and M+3 in GlcN and Mur for cell wall
biosynthesis. M+2 label in these compounds could be explained
by fully labeled acetyl-CoA entering the TCA cycle generating
M-+2 malate that could result in M+2 pyruvate by reaction of
the malate dehydrogenase enzyme (malic enzyme, CBU0823).
Gluconeogenetic reactions could then incorporate the M+-2
label into the cell wall sugars. M+4 and M+5 isotopologs
might result from combination of two labeled Cz-precursors in
gluconeogenetic reactions (Figure 2B and Table S6).

Fatty Acids

Beside cell wall sugars, also fatty acids carried high amounts
of 13C-label demonstrating the efficient conversion of
[U—”Cdglucose into fully labeled acetyl-CoA which is
subsequently used in de novo biosynthesis of fatty acids.
This is also represented by the isotopolog patterns, since
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predominantly M+2 or a multiple of M+2 label was detected in
palmitate and stearate (Figure 2B and Table S6).

Amino Acids and Polar Metabolites

High rates of carbon flux from glucose via pyruvate and acetyl-
CoA is also reflected by the '*C-enrichments of Ala (7.7%),
succinate (9.4%), fumarate (9.2%), malate (7.6%), Asp (7.8%) and
Glu (6.8%) (Figure 2B). High amounts of M+2 isotopologs in
these metabolites are related to reactions in the TCA cycle. This
clearly showed the usage of fully labeled acetyl-CoA, i.e., M+2, as
a precursor, which is combined with oxaloacetate to form M+2
citrate and its M+2 downstream products a-ketoglutarate/Glu,
succinate, fumarate, malate, and oxaloacetate/Asp, respectively.
Furthermore, M+3 label in succinate, fumarate and malate, but
also in Glu and Asp demonstrate the direct carbon flux of
fully labeled Cs-precursors (as seen in M+3 pyruvate/Ala) into
reactions of the TCA cycle via the malic enzyme (CBU0823),
which can interconvert malate and pyruvate (Figure 2B).

DAP

High values of '*C-enrichment in the cell wall component
DAP (17.5%) result from high carbon flux of [U-'*Cg]glucose
into its precursors pyruvate and Asp. In accordance, DAP
predominantly showed M+3 label, indicating that fully labeled
pyruvate is efficiently used for the biosynthesis of this compound.
Nevertheless, also high quantities of M+2 and M+1 label were
detectable in DAP, originating from M+2 and M+1 label in Asp.
Additionally, also M+5 isotopologs of DAP were detectable in
significant amounts, which is due to a combination reaction of
fully labeled pyruvate and Asp carrying M+2 label. Similar to
the experiments with '3C-Ser, no '*C-label was detectable in Lys,
again demonstrating that diaminopimelate decarboxylase, which
is responsible for the biosynthesis of this amino acid via DAP, is
not present or active in C. burnetii (Figure 2B).

Tyr
Low, but significant '3C-enrichments were detectable in
Tyr (1.8%), an aromatic amino acid derived from the
shikimate pathway. Shikimate is made by combination
of phosphoenolpyruvate, which is built in glycolytic and
gluconeogenetic reactions, and erythrose 4-phosphate, which is a
key metabolite of the PPP. Subsequently, formation of chorismate
occurs by reaction of shikimate with one more molecule of
phosphoenolpyruvate (Figure 3C). Biosynthesis of tyrosine then
occurs either directly from chorismate or via phenylalanine
depending on the metabolic potential of the respective
organism (Figure1). Since no enrichment was detectable
in phenylalanine in the labeling experiments of C. burnetii with
13C-glucose (Figure 2B), it can be concluded that this pathogen
is auxotrophic for phenylalanine, but nevertheless can use the
shikimate/chorismate pathway for direct biosynthesis of tyrosine.
The isotopolog profile of Tyr showed a complex mixture
of M+1 to M+8 isotopologs (Figure 3D). The high amounts
of M+3 in Tyr can be explained by the incorporation of
M+3 PEP. Since one of the PEP precursors is decarboxylated
during the biosynthetic pathway, the high fractions of M+2
labeling are also obvious (Figure 3). The high fraction of M+4
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in Tyr could reflect erythrose 4-phosphate formation from
fully labeled M+6 fructose 6-phosphate via the transketolase
reactions. Furthermore, M+3 label in erythrose 4-phosphate
can occur due to glycolytic reactions that form fully labeled
glyceraldehyde 3-phosphate which is subsequently entering the
PPP. Labeled glyceraldehyde 3-phosphate can also be used
in gluconeogenetic reactions to form M+3 isotopologs of
fructose which is subsequently leading to M+3 or M+1 labeled
erythrose 4-phosphate due to further transketolase conversions
(Figure 3A). Higher labeling (M+5 to M+8) is a result from
various combination reactions from differently labeled C, and C;3
precursors in Tyr biosynthesis (Figure 3).

Utilization of Glycerol

To investigate whether C. burnetii can use further carbon sources
besides Ser and glucose, labeling experiments were performed
in ACCM-2 supplemented with 5mM [U-'3Cs]glycerol.
Bacteria were again harvested 7 days post inoculation and
13C-enrichments and isotopolog profiles in key metabolites
were determined by GC/MS. High 'C-excess values were
predominantly found in the cell wall sugars Mur (27.5%), GIcN
(23.5%) as well as in Man/Gal (24.1%). The cell wall component
DAP however, acquired '*C-label at 3.1% (Figure 2C).

Some !*C-enrichments were also detected in fatty acids
(stearate: 2.6%; palmitate: 2.6%). Additionally, minor labeling
was found in Ala, Asp, Glu, Ser and Tyr (1.0-0.6%) as well as in
intermediates of the TCA cycle (1.6-1.0%). Furthermore, lactate
(1.9%) showed low but significant enrichment. No carbon flux
occurred into Gly, His, Ile, Leu, Lys, Phe, Pro and Val (Figure 2C,
Tables S3 and S7).

Sugars

Since hexoses and amino sugars derived from the cell wall
showed by far the highest '*C-incorporation (twenty-fold
more '*C-enrichment than in amino acids related to the
TCA cycle), glycerol is predominantly used by C. burnetii
for gluconeogenetic reactions obviously to provide precursors
for cell wall biosynthesis. This is also represented by the
isotopolog profiles of the sugars under study, all of which mainly
showed M+3 indicating the direct usage of fully labeled *Cs-
precursors. Furthermore, the formation of M+6 isotopologs in
these sugars could only occur if two fully labeled **C;3-precursors
are combined, again representing the high carbon flux from
[U-13C;]glycerol into gluconeogenetic reactions and cell wall
biosynthesis (Figure 2C).

Fatty Acids and TCA Cycle-Derived Intermediates
and Products

Fatty acids like palmitate and stearate as well as amino acids
related to the TCA cycle showed minor 'C-enrichments. On
this basis, it can be assumed that some labeled glycerol was
also directed toward the biosynthesis of acetyl-CoA, which is
subsequently used in biosynthetic formation of fatty acids or
in the TCA cycle for energy generation, respectively. This is
also represented by the isotopolog profiles of these metabolites,
mainly displaying the M+2 molecules. Fatty acids additionally
showed low amounts of M+4 isotopologs due to combination of
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two fully labeled acetyl-CoA precursors. However, no isotopologs
carrying more than four '3C-atoms were detectable in contrast to
the experiments with 1*C-Ser and *C-glucose, again illustrating
the lower carbon flux from glycerol toward the TCA cycle. Similar
to the previously discussed labeling experiments, M+3 label
occurred in intermediates of the TCA cycle due to reactions of
the malic enzyme, which can transfer M+3 label from pyruvate
into malate and subsequently into oxaloacetate (Figure 2C).

Ser and Tyr

Low, but significant enrichment in Ser with exclusive M43
label again shows de novo biosynthesis of this amino acids
via fully labeled Cs-precursors in C. burnetii. Interestingly,
glycerol, like glucose, was also used in the shikimate pathway
for some de novo biosynthesis of Tyr (Figures2C,3D). The
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predominant M+3 label could be explained by the usage of
M-+3 phosphoenolpyruvate and/or M+3 erythrose 4-phosphate
in the biosynthetic pathway as described above for the glucose
experiment (Figures 3B,C).

DAP

Compared to the *C-enrichments in further amino acids,
relatively high amounts of *C were found in the cell wall
component DAP (3.1%). Thereby, M+1, M+2, and M+3 were
the highest fractions in this metabolite. This was different to
the labeling experiments with Ser and glucose, where also M+4
and M+5 isotopologs were observed. The high amounts of
M-+3 isotopologs are directly derived from fully labeled pyruvate
whereas M+2 and M+1 label is explained from Asp due to M+4-2
and M+1 labeling in oxaloacetate. Since no M+4 and M+5
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isotopologs were detected, it can be assumed that no combination
reaction with labeled pyruvate and labeled Asp occurred in this
experiment. Again, no enrichment was detectable in Lys due
to the missing diaminopimelate decarboxylase in C. burnetii.
(Figure 2C).

Differential Substrate Usage of C. burnetii
To compare the relative contributions of serine, glucose and
glycerol as carbon nutrients for C. burnetii, we have used
concentrations of 5mM for each of the labeled compounds
as supplements to the medium. However, it can be expected
that minor amounts of these compounds in unlabeled form
are present in ACMM-2. Therefore, we have estimated these
concentrations on the basis of the published data (Sales et al.,
1995; Omsland et al., 2011; Sandoz et al., 2016a). Glycerol does
not seem to be present in ACMM-2 and the concentrations
of unlabeled serine and glucose are reported as 1.68 mM and
1.39mM, respectively. Taking into account the amounts of
unlabeled serine and glucose, the incorporation rates for serine
and glucose can be estimated as 13C-excess (determined in
the experiment with [U-'>Cs]serine) x 1.34 or '*C-excess
(determined in the experiment with [U—”Cdglucose) % 1.27
(Table S4, Figure S3).

To illustrate the differential carbon flux from the three
labeled precursors [U-'3Cs]serine, [U-'*Cglglucose and [U-
13C;]glycerol, we selected four metabolic markers that are
characteristic for specific carbon fluxes toward distinct metabolic
pathways. Specifically, Ala was chosen as a marker metabolite for
pyruvate biosynthesis and carbon flux toward e.g., the TCA cycle.
Asp reflects a marker metabolite for the TCA cycle since it is
directly derived from oxaloacetate, DAP is a marker metabolite
for cell wall biosynthesis and finally GIcN represents a central
cell wall component which is built from sugars including their
formation via gluconeogenetic reactions. The %-incorporation
values into these marker metabolites are compared in Figure 4A.

When grown with 5mM '*C-Ser as a tracer, only marker
metabolites related to '*C-carbon flux directed toward the
TCA cycle display high '*C-incoroporation, whereas only
very low '*C-incorporation was detectable in GIcN. In
contrast, predominantly the amino sugar GlcN derived
from gluconeogenetic reactions and cell wall biosynthesis reveal
high enrichment values in the experiment with 5mM '*C-
glycerol, whereas Ala and Asp showed lower '*C-excess values.
Nevertheless, also the cell wall component DAP showed higher
incorporation values compared to other metabolites derived
from the TCA cycle in the experiment with [U-'*Cs]glycerol.
The labeling experiments with 5mM '3C-glucose revealed high
enrichment values in both groups (TCA cycle related markers
and cell wall components) (Figure 4A). It turns out that serine
and glucose are used as carbon nutrients at similar rates for
feeding the glycolytic pathway providing pyruvate (for example,
as a precursor for Ala and DAP) and acetyl-CoA (as a precursor
for fatty acids and as a substrate for the TCA cycle). A major
fraction of glucose is directly shuffled into hexose precursors for
cell wall biosynthesis, as evident from the high incorporation
rate into glucosamine. Glycerol, however, is rarely utilized as
a carbon substrate for feeding glycolysis or the TCA, but is
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FIGURE 4 | Differential usage of carbon substrates by C. burnetii.

(A) 13C»Incorpcxration (mol%) into key metabolites related to carbon flux via
glycolysis (Ala), the TCA cycle (Asp) or into cell wall derived components (DAP
or GIcN). C. bumnetii RSA 439 NMII wild-type was grown in ACCM-2
supplemented either with 5mM [U-13Cg]serine, 5 mM [U-13Cg]glucose or
5mM [U-‘3C3]g\ycerol. For numerical values, see Tables S3, S4. (B) Relative
carbon flux from [U-13Ca]serine, [U-13Cglglucose or [U-'3Caglycerol
calculated from the ratio of 13C-excess values of key metabolites related to
glycolysis (Ala) or the TCA cycle (Asp) in relation to '3C-excess values from cell
wall components (DAP and GIcN). High values indicate that carbon flux is
directed toward cell wall biosynthesis whereas low values indicate a high flux
toward the TCA cycle.

mainly used as a glucogenic source to fill up the pool of hexose
phosphates required in cell wall biosynthesis, e.g., glucosamine
(i.e., when glucose is not present at high concentrations in the
environment). Interestingly, serine cannot serve as an efficient
glucogenic substrate even at low glucose concentrations in the
medium, as gleaned from the low incorporation of '*C-serine
into glucosamine (Figure 4A).

To better display the relative carbon fluxes from a given
substrate toward pyruvate biosynthesis, the TCA cycle and cell
wall components, we now calculated the ratios of the '*C-excess
values in DAP and GlcN over the '*C-excess values of Ala
(Tables S8 and $9). High values indicate that 13C-carbon flux is
directed toward cell wall biosynthesis e.g., of GIcN or DAP. Low
values reflect high '3C-carbon fluxes into the TCA cycle e.g., for
energy generation.

In the experiment with [U-*Cj]serine as a precursor, the
lowest values for both of these ratios were obtained, indicating
the preferential usage of serine in the TCA cycle for energy
generation by C. burnetii. Especially, the ratio “'3C-excess
GIcN/AlQ” was very low, again reflecting the missing carbon
flux from Ser into gluconeogenetic reactions and biosynthesis of

June 2017 | Volume 7 | Article 285

95



3. RESULTS

96

Héuslein et al

GlcN. Minor carbon flux from Ser into DAP via the TCA cycle
is also evident. In contrast, highest values for both ratios (1*C-
excess DAP/Ala and '*C-excess GlcN/Ala) were obtained when
[U-'3Cs]glycerol was used as precursor. Therefore, this precursor
seems to be especially fed into gluconeogenetic reactions for
biosynthesis of cell wall sugars. However, glycerol is also shuffled
into the TCA cycle albeit at lower rates, again predominantly
serving the biosynthesis of the cell wall component DAP. Ratios
were also high when [U-”C(,]glucose was used as a precursor
but did not reach the levels in the experiment with labeled
glycerol. However, also glucose seems to be shuffled prevalently
into cell wall biosynthesis directly or via glycolytic turnover
(i.e., degradation by glycolysis and gluconeogenesis from Cs-
substrates). Moreover, the ratio “!*C-excess DAP/Ala” was higher
in this labeling experiment compared to that with '*C-Ser as
a precursor. This indicates that glucose is also preferred for
DAP biosynthesis although carbon flux into the TCA cycle
seems to be similar in the experiments with glucose and Ser
(Figure 4B).

In summary, these results show that carbohydrates and
predominantly glycerol are preferred substrates of C. burnetii
for the formation of cell wall components either directly using
exogenous sugars or via gluconeogenetic reactions and via the
TCA cycle to synthesize DAP. In contrast, serine serves as a
substrate which is predominantly shuffled into the TCA cycle for
energy generation and does not serve gluconeogenetic reactions
efficiently. These findings support the model of a bipartite
metabolic network which is discussed below.

DISCUSSION

In contrast to the genomes of other strictly intracellular
bacteria, such as Chlamydia trachomatis or Rickeltsia, the
genome of C. burnetii reflects a high degree of metabolic
capacities in a highly interconnected metabolic network with
the potential usage of a single carbon substrate. On the
other hand, its capacity to grow extracellularly inminimal
media is restricted and indicates multiple substrate usages as
described before for several intracellular bacteria (Grubmiiller
et al, 2014; Hiuslein et al, 2015; Mehlitz et al., 2016).
Here, we indeed show usage of exogenous serine, glucose
and glycerol by C. burnetii during axenic growth with these
substrates feeding specific sections of a partite metabolic
network.

Incorporation rates and isotopolog profiles of amino
acids, fatty acids, sugars and further metabolic intermediates
demonstrate that glucose is efficiently taken up and utilized
by C. burnetii, however, glucose alone does not support axenic
growth of this pathogen in ACCM-2 (Figure S1) or in a minimal
defined medium (ACCM-D) (Sandoz et al., 2016a). Furthermore,
a classical hexokinase has not been identified in the genome
of C. burnetii. The virtual absence of this essential enzymatic
reaction for glucose catabolism could be by-passed by enzyme I
of the bacterial phosphoenolpyruvate: sugar phosphotransferase
system (PTS, CBU1550) and the histidine phosphocarrier
protein (HPr, CBU0743) which are both present in C. burnetii
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(Seshadri et al, 2003). In line with our findings, differential
gene expression studies also suggest that glucose is among the
major substrates under in vivo conditions (Kuley et al., 2015).
Our data confirm that C. burnetii can use glucose directly for
the biosynthesis of cell wall compounds, but also to generate
energy via glycolysis and the TCA cycle. This metabolic strategy
is different to that of its close relative L. pneumophila, which
mainly uses amino acids as energy source, as a possible strategy
to limit the metabolic stress on the host cell, since disturbed
glucose levels in eukaryotic cells are directly linked to apoptosis
(Zhao et al., 2008). Considering that growth of C. burnetii is
slower than that of L. pneumophila, a continuous low-rate usage
of glucose by intracellular C. burnetii could therefore be possible
without a further disturbance of host cell regulatory effects.

The labeling data show, for the first time, the effective
uptake and usage of glycerol by C. burnetii. This provides direct
evidence that, besides amino acids and glucose, further carbon
sources not present in the currently used axenic media can
comprise nutritional factors in the growth of this pathogen.
Despite the identification of genes encoding enzymes involved
in the catabolism of glycerol in the genome of C. burnetii,
no glycerol transporter has been identified until now (Seshadri
et al,, 2003). Nevertheless, incorporation of this nutrient could
also occur via passive diffusion through the bacterial membrane
(Romijn et al, 1972; McElhaney et al, 1973). Our data
now show that glycerol is preferably used in gluconeogenetic
reactions, thereby predominantly serving the biosynthesis of
peptidoglycan building units, like GIcN and Mur. A minor
fraction of the glycerol supply is used for pyruvate formation
as a precursor in DAP biosynthesis which is also required
for the peptidoglycan layer of C. burnetii. Interestingly, the
amount of peptidoglycan in the SCV of this pathogen is
about 2.7-fold higher than the amount in the LCV (Amano
et al,, 1984). This could indicate that glycerol becomes a more
important substrate at later stages during the developmental
cycle of C. burnetii, e.g., when the formation of the SCV
is initialized. Like L. pneumophila, also C. burnetii uses Ser
for energy generation in the TCA cycle (Eylert et al, 2010;
Hiuslein et al., 2015; Gillmaier et al., 2016). In contrast to L.
pneumophila, however, almost no carbon flux occurred from Ser
into gluconeogenetic reactions, indicating that the metabolism of
Ser is more restricted to energy generation in C. burnetii than in
L. pneumophila.

Altogether, C. burnetii features a bipartite-type metabolic
network which is similar but not identical to that reported
recently for its close relative L. pneumophila (Schunder et al.,
2014; Hauslein et al., 2015) (Figure 5). Section 1 of the partite
model comprises glycolytic and gluconeogenetic reactions, cell
wall biosynthesis derived from hexoses, the ED pathway (in
the case of L. pneumophila), the PPP and the shikimate
pathway (in the case of C. burnetii). On the other hand,
section 2 includes the TCA cycle, fatty acid and amino
acid biosynthesis using acetyl-CoA or TCA cycle derived
intermediates as precursors. On this basis, section 2 of the
model represents more the energy generating part, since high
amounts of ATP, NADH/H' and FADH, are derived from
the TCA cycle and the electron transfer chain. In section
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FIGURE 5 | The bipartite metabolic model of C. burnetii (A) and L. pneumophila (B). The network is divided into two modules. Module 1 comprises glycolytic and
gluconeogenetic reactions, the ED pathway, the shikimate/chorismate pathway as well as the biosynthesis of cell wall components. Module 2 includes the TCA cycle,
fatty acid and PHB biosynthesis as well as the biosynthesis of the central cell wall component DAP. Color and size of arrows indicate direction and intensity of carbon
flux from serine (green), glucose (blue) and glycerol (red). Serine serves as a main carbon and energy source which is predominantly metabolized in the TCA cycle for
energy generation in both pathogens (Module 2). Nevertheless, in C. burnetii serine is not metabolized in as high rates as in L. pneumophila. Furthermore, carbon flux
from this amino acid occurs exclusively into the second part of metabolism (TCA cycle) in C. burnetii, whereas carbon flux from serine also occurs into the upper part
of metabolism in L. pneumophila. Glucose catabolism differs in both pathogenic bacteria. While C. burnetii degrades glucose in glycolytic reactions, L. pneumophila
uses predominantly the Entner-Doudoroff pathway. Thereby, C. bumnetii uses glucose very efficiently in both parts of metabolism, also for tyrosine biosynthesis via the
shikimate pathway. In contrast, usage of glucose by L. pneunophila is much lower and more restricted toward the upper part of metabolism. Glycerol is metabolized
at very low rates by L. pneumophila and thereby used exclusively in gluconeogenetic reactions and the PPP. In contrast, it effectively serves as carbon source for both
modules in C. burnetii, and also for tyrosine biosynthesis in the shikimate pathway. Furthermore, glycerol is preferably used for cell wall biosynthesis by C. burnetii.
a-KGA, a-ketoglutarate; DAP, diaminopimelate; Pyr, pyruvate; OAA, oxaloacetate; Acyl-CoA, acetyl-CoA, Man, mannose; Gal, galactose; 3-HB, 3-hydroxybutyrate;

1, however, high amounts of NADPH/H' are produced
via the PPP, and this section predominantly serves anabolic
purposes and more represents the energy consuming part of
metabolism.

In C. burnetii and L. pneumophila, glycerol and glucose are
preferably shuffled into section 1 of the metabolic network
predominantly serving anabolic processes, especially cell wall
biosynthesis. Serine on the other hand is used in section 2
of the network with the TCA cycle for energy generation
(Eylert et al., 2010; Hauslein et al., 2015; Gillmaier et al., 2016)
(Figure 5).

Notably and despite the fact that C. burnetii and L.
pneumophila are close relatives, there are also considerable
differences in their metabolic concepts, since glucose and glycerol
are more important nutrients for C. burnetii than for L.
pneumophila. Specifically, in C. burnetii, glucose can also be
shuffled efficiently into section 2 of the metabolism while in L.
pneumophila this section is quite restricted for the usage of serine
as carbon supply (Keen and Hoffman, 1984).
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In L. pneumophila, all enzymes for glycolytic reactions as well
as for the ED pathway are reflected in their genomes (Cazalet
et al, 2004; Chien et al,, 2004), whereas in C. burnetii genes
encoding the ED pathway are partly missing (Seshadri et al.,
2003). However, in a striking difference, glucose catabolism
occurs via the ED pathway in L. pneumophila and via glycolysis
in C. burnetii (McDonald and Mallavia, 1971; Eylert et al., 2010)
(Figure 5).

The directed carbon flux from the carbon substrates under
study furthermore suggests a growth phase dependent utilization
of these nutrients under intracellular conditions. Since Ser
is predominantly shuffled into the TCA cycle via pyruvate
and acetyl-CoA for e.g., energy generation via NADH and
respiration, these metabolic processes are predominantly induced
during early replication in the CCV, when C. burnetii appears
in its LCV (Coleman et al, 2007). In contrast, glucose and
glycerol could preferably be used at later growth phases than
serine, probably when the cells start to develop into the SCV,
since these precursors predominantly serve the biosynthesis
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of peptidoglycan, which is present in higher amounts in this
morphological form (Amano et al., 1984).

Interestingly, enzymes for the biosynthesis of the energy
storage compound poly-3-hydroxybutyrate (PHB) are not
present in C. burnetii (Seshadri et al., 2003), whereas its
biosynthesis plays a central role in the metabolism and life cycle
of L. pneumophila (Keen and Hoffman, 1984; Gillmaier et al.,
2016). Furthermore, degradation of PHB by L. pneumophila
seems to be an important factor for long term survival of
this intracellular pathogen in the environment (Li et al,
2015). For biosynthesis of this storage compound, which is
predominantly produced during the late growth phase, L.
pneumophila preferably uses serine and glucose to provide acetyl-
CoA as the building units for 3-hydroxybutyrate and its polymer
(Eisenreich and Heuner, 2016; Gillmaier et al., 2016). The reason
for the apparent inability of C. burnetii to build PHB is unknown,
but could be linked to the acidified conditions in the CCV.
Nevertheless, this raises questions about the long-term survival
strategies of C. burnetii (Seshadri et al., 2003).

A further difference in the metabolic potential of these two
intracellular pathogens is the active shikimate pathway in C.
burnetii. Our data clearly show that C. burnetii is able to
synthesize Tyr de novo via this metabolic pathway and is thus
not auxotroph for Tyr as it was concluded from recent growth
experiments in the minimal defined medium ACCM-D (Sandoz
et al., 2016a). In contrast, L. pneumophila seems to be auxotroph
for the biosynthesis of aromatic amino acids (Eylert et al., 2010;
Hiuslein et al., 2015; Gillmaier et al., 2016) at least under in
vitro conditions, although almost all enzymes of this biosynthetic
route appear to be present based on the genome sequence (Chien
et al., 2004). However, the metabolic role or importance of the
shikimate pathway in C. burnetii or L. pneumophila has not been
studied extensively until now. On one hand, in vitro grown L.
pneumophila does not need to use this pathway for the de novo
biosynthesis of aromatic amino acids and rather imports these
amino acids from the medium. On the other hand, recent studies
demonstrated that mutants of L. pneumophila concerning two
enzymes of the shikimate pathway, aroB and aroE, were defective
in infection and replication inside of human macrophages (Jones
etal., 2015).

Since the shikimate pathway is not present in mammalian,
this biosynthetic pathway is a potential target for drug
development agains pathogenic bacteria (Consigli and Paretsky,
1962).  Especially the enolpyruvylshikimate = 3-phosphate
synthase (EPSP synthase) that catalyzes the biosynthesis of 5-
enolpyruvylshikimate 3-phosphate from shikimate 3-phosphate
and PEP, which is subsequently converted to chorismate in the
downstream reactions of this metabolic pathway, could be a
promising target for new antibiotics against C. burnetii and
further pathogens (Ferreras et al., 2005; Lemaitre et al., 2014;
Light etal., 2016). In general, the EPSP synthases are divided into
two classes dependent on their sensitivity toward the herbicide
glyphosate. Thereby, class I EPSP synthases, which are present
in plants and some Gram positive bacteria, are highly sensitive
toward this herbicide, whereas class IT EPSP synthases retain
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their catalytic activity in the presence of glyphosate (Franklin
et al,, 2015; Light et al., 2016). These class IT EPSP synthases,
which have been found in some glyphosate-tolerant bacteria, also
differ in their genome sequence compared to the class T enzymes
(Duke and Powles, 2008; Pollegioni et al., 2011). However, class
IT EPSP synthases, like the synthase of C. burnetii (CBU0526)
are not as well studied as the well-known class I EPSP synthases
(Duke and Powles, 2008; Pollegioni et al., 2011).

Nevertheless, besides the EPSP synthases also other enzymes
of this biosynthetic pathway represent potential drug targets
in various pathogens including Mycobacterium tuberculosis and
Helicobacter pylori and are in the focus of current research
(Parish and Stoker, 2002; Ducati et al., 2007; Vianna and
De Azevedo, 2012; Blanco et al,, 2013). Notably, mutations
in the gene encoding the type-II EPSP synthase (CBU0526)
and the shikimate dehydrogenase of C. burnetii (CBU0010)
also showed significant intracellular growth defects (Martinez
et al, 2014, and unpublished results), strongly suggesting
that the shikimate route is indeed essential for intracellular
C. burnetii.

In summary, C. burnetii features a bipartite metabolic network
resembling the topology of its closely relative L. pneumophila
with amino acids as major nutrients. However, in comparison
to L. pneumophila, C. burnetii shows higher rates in the usages
of glucose and glycerol, especially for cell wall biosynthesis and
for the synthesis of tyrosine. These differences could reflect
the lower replication rates of C. burnetii in comparison to
L. pneumophila, thereby imprinting a lower burden to adapt
to the limited nutrient supply under intracellular conditions.
However, the general concept of multi-substrate usage in a
bipartite metabolic network is also valid for C. burnetii and
could benefit the robustness and survival of the intracellular
pathogen.
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4 DISCUSSION
4.1 The bipartite metabolism of L. pneumophila

For a long time, the common opinion about the metabolic potential of L. pneumophila was,
that this intracellular replicating pathogen is only capable of efficiently metabolizing amino
acids. Indeed, amino acids and especially serine represent the preferred carbon and energy
source (Pine et al., 1979; George et al., 1980; Tesh and Miller, 1981). However, labeling
experiments proved the potential of L. pneumophila to efficiently use further carbon sources
like glucose (Eylert et al., 2010; Gillmaier et al., 2016). Furthermore, the expression of glpK
and glpD has been shown to be upregulated during intracellular replication of L. pneumophila
in macrophages, indicating the usage of glycerol in the nutrition of this pathogen (Faucher et
al., 2011). In this study, detailed analysis of the metabolic potential of L. pneumophila JR32
was performed using different in vitro and in vivo experimental setups. Although glycerol did
not support extracellular replication, labeling experiments using [U-3Cs]glycerol in the newly
developed MDM demonstrated that this substrate is indeed metabolized by this pathogen.
Glycerol did furthermore support in vivo replication in A. castellanii and macrophages when
added 4 h post infection and a L. pneumophila glpD deletion mutant was outcompeted during
co-infection in amoeba with the wild-type. Furthermore, using extensive growth phase
dependent in vitro and in vivo isotopologue profiling experiments with [U-*Cs]glycerol, [U-
13Cg]glucose and [U-13Cs]serine it was demonstrated that certain nutrients are serving distinct
metabolic pathways in this pathogen. Thereby, the respective carbon fluxes are partitioned in
a bipartite metabolic network, which could be a beneficial adaption strategy for the intracellular
survival of L. pneumophila. This bipartite metabolism is divided into two modules. Module 1
comprises gluconeogenetic reactions, the PPP as well as reactions of the ED pathway.
Although the PPP is incomplete in L. pneumophila since the oxidative branch (6-
phophogluconate-dehydrogenase) as well as the transaldolase are missing, the non-oxidative
part is still sufficient for carbohydrate conversion and supply of C5 sugars, which are essential
precursors for histidine, purine and pyrimidine biosynthesis (Cazalet et al., 2004; Chien et al.,
2004). Besides that, module 1 provides the precursors for cell wall biosynthesis as well as
NADPH/H". In total this module represents the energy consuming anabolic part of L.
pneumophila metabolism. On the other hand, module 2 represents the energy generating part
since it comprises the lower part of glycolysis as well as reactions of the TCA cycle which
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generate high amounts of ATP, NADH/H" and FADH.. In this bipartite metabolism carbon
flow from glycerol and glucose is predominantly directed towards gluconeogenetic reactions
and the PPP (module 1) while serine is used for energy generation in module 2 (see section
3.1). Carbon flux is furthermore dependent on the developmental stage, since serine is
extensively used during replication while glucose and glycerol are preferred substrates at later

growth phases.

The concept of a modular metabolism has also been identified in further intracellular
replicating pathogens like Listeria monocytogenes or Mycobacterium tuberculosis. Thus, this
metabolic concept in which carbon flux derived from different carbon sources is
predetermined, seems to be a general concept and could be beneficial in intracellular
replication. However, there appears to be differences in the modulated carbon fluxes dependent
on the respective replication niche of the pathogen. In contrast to L. pneumophila, glycerol is
efficiently used for energy generation in L. monocytogenes, a pathogen which replicates in the
cytosolic compartment (Schneebeli and Egli, 2013). In contrast to Legionella, L.
monocytogenes is able to grow on glucose and glycerol as sole carbon source, whereas labeling
experiments showed incorporation of amino acids but only usage for protein biosynthesis and
not in catabolic reactions, as it is the case for L. pneumophila (Eylert et al., 2010; Schneebeli
and Egli, 2013; Grubmuller et al., 2014). However, similar to the bipartite metabolism
observed in L. pneumophila, carbohydrates like Glu-6-P are shuffled into the PPP (modulel)
(Grubmiller et al., 2014). The modulated metabolism of M. tuberculosis also shows high
carbon fluxes from glucose into module 1 (PPP and early steps of the glycolytic pathway).
Like L. monocytogenes, M. tuberculosis also incorporates amino acids from the host but only
uses them directly for protein biosynthesis. In contrast, acetate represents the main carbon
source for energy generation in module 2 (TCA cycle). Dependent on the co-substrate, carbon
flux from glycerol occurs towards module 1 (in presence of glucose) or module 2 (in presence
of acetate) (de Carvalho et al., 2010; Beste et al., 2013)

In L. pneumophila, glycerol seems to play only a minor role in the nutrition of this pathogen,
since lowest *C-enrichment values were obtained in the experiments with *3C-glycerol and
only at later growth phases. However, it seems to be important at later developmental stages,

when the bacteria develop into its transmissive form. This is triggered by nutrient starvation,
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in particular limited amino acids concentration, inside the host. In its virulent transmissive
form, this pathogen is flagellated and probably capable of lysing the LCV and host cell
membranes, which could result in an increased excess to glycerol as an alternative carbon
source at later growth phases. Furthermore, in vivo labeling experiments performed in this
study using *3C-glycerol proofed that this substrate reaches the LCV and directly serves Man
formation. However, the genome of L. pneumophila only reveals a glycerol 3-phosphate
transporter (GIpT), indicating that rather glycerol 3-phosphate (G3P) than glycerol is used in
vivo (Cazalet et al., 2004; Chien et al., 2004). An eukaryotic GlpK (NP_997609) from
experiments with RAW 264.7 macrophages has been identified in proteome analysis of
purified LCV, indicating that glycerol which could reach the host cytosol by diffusion is
phosphorylated and subsequently transported into the LCV (Hoffmann et al., 2014b). The
importance of glycerol as an in vivo substrate was also shown when a L. pneumophila AglpD
mutant was outcompeted during coinfection with the wild-type in A. castellanii. Since, this
substrate is almost exclusively used in gluconeogenetic reactions and in the PPP during in vivo
as well as in vivo replication, this also underlines the importance of these biosynthetic routes
and effective carbon flux into these pathways during late stages of infection. This study proofs
that the gluconeogenetic pathway is active in L. pneumophila although a homologue of a
fructose 1,6-bisphosphatase has not been found in the Legionella spp. and only a
phosphofructokinase has been annotated (Chien et al., 2004; Cazalet et al., 2010).
Nevertheless, this enzyme could favor gluconeogenetic reactions since fructose 1,6-
bisphosphatase activity has been determined as 10-fold higher than phosphofructokinase
activity (Keen and Hoffman, 1984). Furthermore, the annotated phosphofructokinase in L.
pneumophila (Ipd1913; pfkA) shows homology to bacterial and eukaryotic ones, which are
pyrophosphate dependent and reversible PfkA enzymes. Therefore, this annotated

phosphofructokinase could possibly catalyze reactions in both directions.

4.2 CsrA dependent regulation of the bipartite metabolism in L.
pneumophila

Performing comparative metabolic analysis with the L. pneumophila Paris wild-type and the
respective CsrA knock down mutant, the regulatory role of CsrA has been investigated in this
work. The csrA mutant used in this study has been characterized in a previous study. Thereby

extensive transcriptome and proteome analysis in combination with RNA-Co-
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immunoprecipitation experiments were performed, followed by deep sequencing of the wild-
type and its csrA mutant (Sahr et al., 2017). Most importantly, this mutant is characterized by
a transmissive phenotype, which appears already during exponential growth. Additionally, the
CsrA knock down affected numerous enzymes involved in serine metabolism, the preferred
carbon and energy source of L. pneumophila during replication (George et al., 1980; Tesh et
al., 1983). Particularly, the putative serine transporter (Ipp2269) and the serine dehydratase
(Ipp0854) as well as numerous enzymes involved in pyruvate metabolism and in the TCA cycle
were downregulated on transcriptome and/or proteome level during E phase dependent on the
CsrA knock down (Sahr et al., 2017) (Figure 5-5). This indicated a reduced metabolism of
serine in the csrA mutant which was confirmed in oxygen consumption experiments performed
in this work. Determination of OCR revealed a downregulated bacterial respiration when serine
was added to the L. pneumophila csrA mutant. CsrA is therefore crucial for the wild-type, since
it clearly enhances serine uptake and metabolism and therefore energy supply during
replication of this pathogen. The regulation of serine metabolism by CsrA furthermore affects
the bipartite metabolism in L. pneumophila. In both bacterial strains, carbon flux from serine
predominantly occurred towards the TCA cycle for energy generation during exponential
growth (Figure 3-4). However, carbon flux from serine was even more restricted to module 2
of metabolism in the csrA mutant while simultaneously carbon flux into module 2 was reduced
(Figure 4-1). However, since it was observed that bacterial respiration is in general reduced in
this mutant (Figure 3-1), serine is more likely used to form metabolic intermediates instead of
energy production. To sum this up, serine metabolism is downregulated dependent on the CsrA
knock down, whereas carbon flux is even more restricted to the TCA cycle in the csrA mutant
(Figure 4-1).

In contrast to the experiments with *C-serine, comparative isotopologue analysis using [U-
13Cq]glucose with the L. pneumophila wild-type and its csrA mutant showed a reduced carbon
flux into the energy generating part of metabolism. On the other hand, usage of glucose in
gluconeogenetic reactions and in the PPP was not affected in absence of CsrA (Figure 3-4).
Effects of the CsrA knock down were investigated on a transcriptome and proteome level in
combination with RNA-Co-immunoprecipitation and revealed numerous affected genes in the
ED pathway, glycolysis and in glucose incorporation in the csrA mutant (Sahr et al., 2017)
(Figure 5-6). These data revealed that in presence of CsrA the putative glucose transporter
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(Lpp0488), which was identified as direct target of CsrA, is downregulated during exponential
growth on protein level. Simultaneously, enzymes related to glucose metabolism were
positively affected in presence of CsrA. In detail, all genes of the ED pathway (Ipp0483,
Ipp0484, 1pp0485, and Ipp0487) where downregulated on transcriptome level in the csrA
mutant, whereas Ipp0483, Ipp0484 and Ipp0485 could additionally be identified as direct
targets of CsrA. Also all enzymes of the second part of glycolysis (Ipp0535, Ipp2838, Ipp0153,
Ipp0152, Ipp2020, and Ipp0151) have shown to be directly targeted by this post-transcriptional
regulator, but only 1pp2838 was additionally reduced on transcriptome level. Same was true
for one enzyme of the PPP (Ipp0108) during E phase in the csrA mutant (Sahr et al., 2017)
(Figure 5-6). The fact that glucose is more preferred as a substrate at later growth phases in L.
pneumophila wild-type (see section 3.1) might be related to the negative effect of CsrA on
glucose incorporation, since high concentrations of CsrA are present in the bacteria during
replication. On the other hand, CsrA levels are reduced at transmissive stage due to binding of
this global regulator to small non-coding SRNAs Rsm X, Y, Z, which are built as a result of
low nutrient conditions. This also leads to a reduced carbon flux directed towards module 2,
since the positive effects of CsrA on biosynthetic pathways responsible for glucose catabolism
(ED pathway, glycolysis, PPP) are reduced. However, at the same time also the reductive effect

of CsrA on glucose uptake is reduced at PE phase.

Interestingly, the operon Ipp0151-lpp0154 comprises three genes of the second part of the
glycolytic cascade (glyceraldehyde 3-phoshate, phosphoglycerate kinase, pyruvate kinase) and
additionally the transketolase enzyme of the PPP (Figure 5-6). Furthermore, this operon has
been identified as a direct target of CsrA, which induces the transcription level of the three
glycolytic enzymes by simultaneously not affecting transcription levels of the transketolase
enzyme (Sahr et al., 2017). CsrA therefore enhances the carbon flux from glucose into module
1 in L. pneumophila wild-type during replication but it also represses the uptake of glucose at
the same time. In contrast, the amount of pyruvate derived from glucose degradation via GAP
is reduced in the csrA mutant. However, GAP derived from glucose is still shuffled into
reactions of the PPP in same amounts as in the wild-type. Therefore, this operon seems to be a
key target of CsrA in the regulation of metabolic fluxes in the bipartite metabolism of L.
pneumophila. This is also in agreement with the isotopologue analysis of L. pneumophila wild-
type and its csrA mutant. Unchanged or slightly induced *C-enrichment values in His (PPP)
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or sugars (gluconeogenesis) in contrast to reduced *C-lable in pyruvate (Ala) or TCA cycle
related metabolites (Glu) in absence of CsrA supports the idea that glucose uptake is induced
in the csrA mutant but the amount of GAP build from glucose degradation is more efficiently
shuffled into reactions of the PPP by the transketolase (direct usage of GAP) which is not
affected by CsrA. Carbon flux into the TCA cycle is reduced due to the missing inductive
effect of CsrA on pyruvate biosynthesis from GAP (Sahr et al., 2017). Since this does surely
also affect reactions in the opposite gluconeogenetic direction (biosynthesis of glyceraldehyde
3-phophate from pyruvate), carbon flux from serine into the upper part of metabolism is
reduced, which was demonstrated by the labeling experiments with [U-*Cs]serine. This again
emphasizes the crucial role of the CsrA regulation of the operon Ipp0151-1pp0154 in the growth
phase dependent adjustment of carbon fluxes from different substrates.

The CsrA knock down in L. pneumophila dramatically affected the metabolism of glycerol.
Comparative labeling experiments with the wild-type and the csrA mutant using [U-
13C3]glycerol revealed dramatically induced *C-incorporation levels in marker metabolites
leading to *C-excess values in the csrA mutant which were more than twice as high as in the
wild-type. This clearly shows that in absence of CsrA glycerol metabolism is dramatically
upregulated. A growth phase dependent metabolism of glycerol was already observed in
labeling experiments with the L. pneumophila wild-type (see section 3.1). Labeling
experiments with the csrA mutant now elucidate the crucial role of CsrA in glycerol
metabolism dependent on the respective developmental stage. This is furthermore supported
by comparative proteome analysis of the L. pneumophila wild-type and the csrA mutant during
E phase, since the amount of the GlpK enzyme (Lpp1369) has shown to be significantly
upregulated dependent on the CsrA knock down (Figure 5-6) (Sahr et al., 2017). This emerges
the role of CsrA as a repressor of glycerol metabolism during the replicative phase in the L.
pneumophila wild-type. Since the amount of CsrA is reduced in the bacteria at later stages, this
effect decreases. This agrees with the low *C-incorporation rates derived from [U-
13C3]glycerol during replication and the increased carbon flux at transmissive stage in the wild-
type. Since the csrA mutant already shows a transmissive phenotype during exponential growth
due to lower amounts of CsrA, the amount of GIpK is probably already upregulated at early
developmental stages leading to a dramatically increased carbon flux derived from glycerol.
Furthermore, 3C flux into the TCA cycle slightly increased in the csrA mutant due to the
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dramatically upregulated incorporation and metabolism of [U-'*Cs]glycerol. However,
simultaneously the carbon flux from this substrate was even more restricted to module 1 (PPP,
ED pathway, gluconeogenesis) in absence of CsrA (Figure 3-4). This effect might be related
to the reduced biosynthesis of pyruvate from GAP in absence of CsrA, due to the missing
induction of the three glycolytic enzymes in the operon Ipp0151-1pp0154. At the same time,
carbon flux into gluconeogenetic reactions and into the PPP (directly via GAP) is not affected
(Figure 5-6).

Legionella pneumophila wild-type Legionella pneumophifa ACsrA
¢ |Glucose — Glu-6-P Glucose — Glu-6-P
Ei ~ -~
o 6-PG Fru-s-P\—- Man 6-PG Fru-6-P\—: Man
| F>eep—m | = >eep —~pm
e KDPG — GAP KDPG — GAP
! £
S DHAP=— GaP-E Glycerol DHAP== GSP! Glycerol
BR = B ~ =
< Serine — Pyr — [XB] Serine = Pyr —
<
(&)
5 Acetyl-CoA - PHB Acetyl-CoA - PHB
2 DAP«~ TCA — [N DAP+~ TCA — [N

Figure 4-1: Regulation of core metabolic fluxes by CsrA in the bipartite metabolism in L. pneumophila Paris. The bipartite
metabolism comprises two modules. Module 1 includes reactions of the ED pathway, glycolytic and gluconeogenetic reactions
as well as the PPP. Module comprises the TCA cycle. Main carbon fluxes are indicated in coloured arrows (blue: glucose;
red: glycerol; green: serine). The left side illustrates carbon fluxes in the L. pneumophila wild-type whereas the right side
represents the main carbon fluxes in the csrA mutant. In both strains, serine is used in the second module (TCA cycle) for
energy generation, although carbon flux is partly reduced in the csrA mutant. In addition, serine usage in module 1 is also
lowered dependent on CsrA. In contrast to serine metabolism, carbon flux from glucose is predominantly directed towards
module 1 and only partly towards energy generation. The carbon flux from glucose into module 2 was reduced in the csrA
mutant, whereas no differences could be observed in the carbon flux directed towards module 1. Glycerol metabolism was
very low in the L. pneumophila wild type and almost exclusively restricted to module 1. In contrast, carbon flux from glycerol
was dramatically increased in the csrA strain and did also partly occur towards module 2, although the main carbon flux was
still directed towards the first module of metabolism. Up- or downregulated enzymes dependent on CsrA are indicated in
framed plus [+] or minus [-] sings. CsrA induces glycolytic enzymes (Ipp0151, Ipp0152, Ipp0153) by simultaneously
downregulating enzymes related to glycerol metabolism (Ipp1369) in the L. pneumophila wild-type. Abbreviations: Glu-6-P,
glucose 6-phosphate; Fru-6-P, fructose 6-phosphate; 6-PG, 6-phosphogluconate; KDPG, 2-keto-3-desoxy-phosphogluconate;
GAP, Glyceraldehyde 3-phosphate; DHAP, Dihydroxyacetone phosphate; G3P, Glycerol 3-phosphate; Pyr, pyruvate; PPP,
pentose phosphate pathway; PHB, polyhydroxybutyrate; DAP, diaminopimelate; Man, mannose; ED pathway, Entner-
Doudoroff pathway; TCA, tricarboxylic acid cycle.
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In summary, these data highlight the crucial role of CsrA in the life stage specific metabolism
of L. pneumophila besides its well-known function as a central regulator of the developmental
switch in the biphasic life cycle of this intracellular pathogen. During replication, CsrA induces
the uptake and metabolism of serine, the main carbon and energy source of L. pneumophila
(George et al., 1980; Tesh and Miller, 1981), thereby ensuring a sufficient nutrient supply into
the TCA cycle for effective energy generation and therefore intracellular replication. At later
developmental stages, if favored nutrients are getting limited, CsrA induces the uptake and
metabolism of alternative carbon sources like glucose but especially glycerol. At the same time
carbon flux from these substrates into the TCA cycle is reduced by CsrA, whereas their usage
in anabolic processes is enhanced. This key regulatory role of CsrA in the bipartite metabolism
of L. pneumophila is thereby predominantly related to its regulation of the operon Ipp0151-
Ipp0154, which comprises three glycolytic enzymes at the interface of module 1 and module 2
(Figure 4-1).

Such a regulatory role of the CsrA-system on metabolic processes in a growth phase dependent
manner has also been reported for E. coli. Early studies revealed that in this pathogen,
biosynthesis of glycogen is inhibited during exponential growth (Romeo et al., 1993; Yang et
al., 1996). Further investigations in this bacterium identified CsrA as a global director of
carbon flux derived from glucose since it activates carbon flow into glycolytic reactions by
simultaneously repressing the gluconeogenetic pathway (Sabnis et al., 1995; Romeo, 1998).
Recent experiments with numerous CsrA related mutant strains using E. coli Nissle 1917
clearly identified CsrA as the only crucial regulator in carbon nutrition in this pathogen. This
study also confirmed previous results, since a AcsrA51 mutant strain comprising reduced
amounts of this regulator showed a downregulation in carbon flux from glucose directed
towards glycolytic reactions and oxidative metabolism (Revelles et al., 2013). This agrees with
the previously reported inductive effect of CsrA on glycolysis in E. coli (Sabnis et al., 1995;
Romeo, 1998). However, this AcsrA51 mutant also showed significant growth defects while
growing on further carbon sources like e.g. acetate, emphasizing the central role of this post-
transcriptional regulator in nutrient utilization. Moreover, acetate was shown to additionally
inhibit the growth of an E. coil csrA mutant in rich media (Wei et al., 2000; Revelles et al.,
2013). However, although no enzyme of the ED pathway has been identified yet as a direct
target of CsrA in E. coli, the respective csrA mutant showed significant growth defects on
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compounds which are utilized by this pathway (Murray and Conway, 2005; Revelles et al.,
2013). The influence of this post-transcriptional regulator on the ED pathway is furthermore
emphasized by the observation that this route is predominantly used in the AcsrA51 mutant for
gluconate catabolism (Revelles et al., 2013). Taken together, CsrA is identified as the global
regulator in carbon metabolism in E. coli although direct targets of CsrA related to biosynthetic
processes are widely unknown in this pathogen, except of glycolytic and gluconeogenetic
targets as well as some identified targets in the TCA cycle and glycolate shunt (Wei et al.,
2000; Edwards et al., 2011; Revelles et al., 2013; Morin et al., 2016).

Besides E. coli, the influence of CsrA on core metabolic processes has been investigated in
further pathogenic bacteria like Campylobacter jejuni or Pseudomonas aeruginosa.
Experiments with C. jejuni wild-type and a csrA mutant using comparative proteome analysis
revealed, besides induced expressions of virulence related proteins, also differential expression
levels of numerous enzymes, which are involved to core metabolic processes e.g. amino acid
metabolism of TCA cycle related enzymes (Fields et al., 2016). Transcriptome studies in P.
aeruginosa identified an enzyme involved in the methylglyoxal detoxification process as a
direct target of CsrA/RsmA in this pathogen. Furthermore, using a sequence-based prediction
approach several direct targets of this global regulator have been identified in P. aeruginosa,

including an enzyme of the gluconeogenetic cascade (Kulkarni et al., 2014).

In Yersinia pseudotuberculosis, an ancestor of Yersinia pestis, **C-fluxome experiments with
the wild-type and various mutants concerning specific virulence factors including CsrA were
recently performed. When this pathogen was grown on glucose as sole carbon source high
conversion rates of this substrate into pyruvate have been detected for the wild-type. This rate
was even higher in the respective csrA mutant (13% increase), which showed a reduction of
56% in growth and substrate uptake. Simultaneously, the amount of all other detected by-
products was reduced. Interestingly, the TCA cycle was upregulated in absence of CsrA by 10
% in Y. pseudotuberculosis whereas the PPP was downregulated in the csrA mutant. This
indicates a repressive effect of CsrA on carbon flux into the TCA cycle but an inductive effect
on reactions in the PPP at the same time (Bucker et al., 2014). This metabolic concept seems
to be contrarious to the regulatory concept of CsrA present in L. pneumophila (Figure 4-1).
However, these different regulatory concepts controlled by CsrA emphasizes its global role in
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the metabolic adaption of different bacteria to enable efficient nutrient supply in their
respective environmental niches and growth phase. In case of intracellular pathogens, this also
involves the adaption on the host metabolism. Since this post-transcriptional regulator also
controls virulence traits in bacteria, there could also be a direct link to the pathogenicity
dependent on metabolic processes in the respective organism. In total, the very specific
“pathometabolism” of the respective bacteria is probably partly a result of adaptive
evolutionary processes of the CsrA-regulatory system dependent on the different environments
(Eisenreich et al., 2015; Vakulskas et al., 2015; Van Assche et al., 2015).

4.3 Growth phase dependent carbon flux derived from fatty acid
degradation in L. pneumophila

In this study the effective degradation and carbon flux into core metabolic processes derived
from a fatty acid was show for the first time in L. pneumophila, identifying this substrate as a
nutrient of this intracellular pathogen. Labeling experiments using [1,2,3,4-1*C4]palmitic acid
revealed that this long-chain fatty acid predominantly serves the biosynthesis of PHB (see
section 3.2.3). This carbon and energy storage compound is crucial for the long-term survival
of this pathogen and is predominantly built at later developmental stages (James et al., 1999;
Garduno et al., 2002; Al-Bana et al., 2014). The fact that B-oxidation and formation of PHB is
metabolically linked was already investigated in further bacteria like Pseudomonas putida
(Huijberts et al., 1994) and was assumed to be present in L. pneumophila recently (Eisenreich
and Heuner, 2016). Furthermore, this pathogen also features numerous phospholipases, which
have been partly characterized as virulence factors. Since they are predominantly expressed at
later growth phases, metabolisation of fatty acids could be linked to later developmental stages
of L. pneumophila (Flieger et al., 2000; Flieger et al., 2004; Schunder et al., 2010). A link
between the development of virulence trains and fatty acid degradation is furthermore
emphasized by the fact that short-chain fatty acids are triggering the switch from replication to
the transmissive virulent stage (Edwards et al., 2009). Additionally, lipolytic activities have
also been detected for L. pneumophila cell-associated enzymes, indicating that host-
membrane-lysis could be a key virulence factor of this intracellular pathogen (Bender et al.,
2009). The high phospholipolytic potential is furthermore linked to Legionnaires disease
development in the patient (Kuhle and Flieger, 2013). Thereby, the major lipolytic activity of
L. pneumophila is related to the cell-associated hemolytic phospholipase A (PlaB), which
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preferably hydrolyzes long-chain fatty acids with more than twelve carbon atoms (Bender et
al., 2009). In summary, this could indicate that this pathogen lyses the host cell membranes at
transmissive virulent stage and could subsequently use the released cell-wall derived substrates
(fatty acids and glycerol) as nutrients and for PHB biosynthesis. A coordination of nutrient
usage for PHB biosynthesis dependent on the developmental stage has been reported recently
based on labeling experiments (Gillmaier et al., 2016) and supports the idea of and increased

carbon supply from fatty acids into PHB biosynthesis at later growth phases.

This hypothesis was investigated using oxygen consumption experiments as well as labeling
experiments with the csrA mutant in comparison to the L. pneumophila wild-type. Thereby,
the OCR of the wild-type indicated the usage of palmitic acid as well as of butanoate already
in the aerobic respiration during exponential growth. Since contrarious results were obtained
during the experiments with the CsrA knock down mutant, a positive effect of this regulator
on the uptake and metabolism of fatty acids was implicated. However, proteome and
transcriptome data as well as comparative labeling experiments with [1,2,3,4-13C4]palmitic
acid revealed a more complex role of CsrA in the metabolism of fatty acids especially
concerning the preferred usage for the biosynthesis of PHB dependent on the developmental
stage of this pathogen (Briggemann et al., 2006; Sahr et al., 2017). It was shown that enzymes
responsible for the formation of this carbon and energy storage compound are upregulated
during post-exponential growth of L. pneumophila (Hindre et al., 2008; Hayashi et al., 2010).
A crucial role of CsrA in the regulation of these enzymes was demonstrated recently using
proteome and transcriptome analysis. Particularly, this post-transcriptional regulator
negatively affected the acetoacetyl-CoA reductase genes Ipp0620, Ipp0621 and Ipp2322 on
transcriptome (except of Ipp0620) and proteome level whereas Ipp0620 and Ipp2322 and a
polyhydroxyalkanoate synthase (Ipp2038) could additionally be identified as direct targets of
CsrA in L. pneumophila (Briiggemann et al., 2006; Sahr et al., 2017) (Figure 5-7). This
indicates that CsrA is crucial for the growth phase dependent formation of PHB, since it
inhibits its biosynthesis during replication whereas the respective enzymes seem to be

upregulated in absence of CsrA.
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Figure 4-2: Carbon fluxes derived from palmitic acid degradation in L. pneumophila. Acetyl-CoA derived from palmitic acid

degradation is almost exclusively shuffled into module 2 in both strains. Thereby, this substrate predominantly serves for PHB
biosynthesis (red arrows and framed metabolites). In the csrA mutant a minor carbon flux into the TCA cycle was also
detectable (green arrows and framed metabolites).

Using a Co-immunoprecipitation approach, it was furthermore demonstrated that most of the
respective enzymes involved in PHB biosynthesis are indeed directly targeted by CsrA. This
also applies for a long-chain fatty acid transporter (Ipp1773), emphasizing the link between
PHB formation and fatty acid metabolism (Sahr et al., 2017). A coordinative role of CsrA in
the growth phase dependent usage of acetyl-CoA derived from fatty acid degradation was also
demonstrated in the labeling experiments using [1,2,3,4-1*C4]palmitic acid which revealed
increased *3C-label in PHB in the experiments with the csrA mutant (Figure 4-2).

In summary, these data show for the first time the effective usage of palmitic acid by L.
pneumophila. Thereby, carbon flux from this substrate predominantly served PHB
biosynthesis. The crucial coordinative role of CsrA in the growth phase dependent PHB
formation and fatty acid degradation was elucidated using a CsrA knock down mutant.

Thereby, this post-transcriptional regulator represses the biosynthesis of PHB during
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replication. At later developmental stages carbon flux from fatty acid degradation into PHB
biosynthesis is induced, since the amount of CsrA is reduced due to the binding on SRNA Rsm
X, Y, Z. This leads to an increased incorporation of fatty acids by a simultaneously upregulated
PHB production.

4.4 The bipartite metabolic topology in C. burnetii

Performing in vitro labeling experiments with the C. burnetii RSA 439 NMII strain in a
recently developed axenic growth medium using [U-!3Cs]serine, [U-*Cs]glucose and [U-
13C5]glycerol as tracers, a bipartite metabolic network could be identified in this intracellular
pathogen, resembling the topology of its close relative L. pneumophila (Omsland et al., 2009;
Omsland et al., 2011). Nevertheless, the metabolic concepts also showed some differences. In
both pathogens, serine served as main carbon and energy source, which is efficiently shuffled
into the TCA cycle (module 2 of metabolism). However, while serine represents the main
substrate in the nutrition of L. pneumophila, it is not metabolized in as high rates by C. burnetii.
In addition, carbon derived from serine degradation was almost exclusively used in reactions
of the TCA cycle in C. burnetii, while L. pneumophila additionally uses serine to feed the first
module of metabolism (gluconeogenetic reactions, ED pathway, glycolysis, PPP) besides the
high carbon flux from serine into module 2 (TCA cycle). Glucose on the other hand, is mainly
shuffled into the first module in both pathogens. However, the metabolic concept of this first
module differs since L. pneumophila uses reactions of the ED pathway for glucose degradation
while C. burnetii uses the glycolytic pathway (McDonald and Mallavia, 1971; Seshadri et al.,
2003; Eylert et al., 2010). Furthermore, glucose is metabolized in higher rates by C. burnetii
and is additionally shuffled into reactions of the TCA cycle, whereas carbon flux from glucose
is more restricted towards the upper part of metabolism in L. pneumophila. Interestingly, C.
burnetii shows higher metabolic potential since it is also capable of using this compound for
tyrosine biosynthesis via reactions of the shikimate/chorismate pathway. The usage of glycerol
is very low in case of L. pneumophila and only occurs at later developmental stages of this
pathogen. Thereby, carbon flux is restricted to gluconeogenetic reactions and the PPP. In
contrast, glycerol is efficiently metabolized by C. burnetii but also used in the upper part of
metabolism as a precursor for cell wall biosynthesis in gluconeogenetic reaction as well as via
PEP serving the biosynthesis of DAP. In addition, carbon flux from this substrate also occurred

into the shikimate/chorismate pathway for the biosynthesis of tyrosine in C. burnetii. In
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summary, carbohydrates like glucose and glycerol are more important for the nutritional
concept of C. burnetii than for L. pneumophila. In case of glucose this could be related to the
slower growth of C. burnetii, which could in consequence limit the metabolic stress on the host
cell, since glucose concentrations are directly linked to apoptosis (Zhao et al., 2008). Since
amino acids are present in high amounts in the host, they are used as major carbon and energy
supply in both intracellular pathogens. In total, the general concept of multi-substrate usage in
a bipartite metabolic network, which was identified for L. pneumophila, seems to be also valid
for C. burnetii. This emphasizes the idea that this concept might be beneficial for the robustness

and survival of intracellular pathogens in general.

4.5 Outlook

The observation that intracellular pathogens feature a bipartite metabolic topology, where
serine is used for energy generation but glucose and glycerol preferably for gluconeogenesis
and the PPP, might be a procedure of these pathogens to use carbon supply from the host by
simultaneously avoiding host cell damage and the activation of defense mechanisms. This
knowledge helps to better understand the complex interaction processes of these two
antagonists. The extended knowledge about the metabolic network in the intracellular
pathogens L. pneumophila and C. burnetii could furthermore help to identify novel drug
targets. In case of L. pneumophila the ED pathway attracted some attention since this pathway
is not present in mammalian cells but important for intracellular replication of this pathogen
(Harada et al., 2010). Also, the glpD deletion mutant showed significant intracellular growth
defects, emphasizing the role of glycerol as a substrate and highlight the respective catabolic
pathway as potential target. In case of C. burnetii, it was demonstrated that the
shikimate/chorismate pathway is active and used for tyrosine biosynthesis. Since this
biosynthetic route is also not present in mammalian cells it represents a further potential drug
target for this pathogen. This idea is supported by the observation that respective mutants of
C. burnetii concerning enzymes of this biosynthetic pathway (the type-l11 EPSP synthase
CBUO0526 or the shikimate dehydrogenase CBUO0010) show a significant phenotype (Martinez
etal., 2014) (and unpublished data). Interestingly L. pneumophila deletion mutants concerning
the two enzymes (AroB and AroE) of the shikimate pathway also showed defects in infection
of human macrophages and intracellular replication demonstrating the dependence of this

pathogen on this biosynthetic pathway, although it did not show de novo biosynthesis of
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aromatic amino acids in this study (Jones et al., 2015). Similar results were also observed with
further pathogens like Mycobacterium tuberculosis and Helicobacter pylori (Parish and Stoker,
2002; Ducati et al., 2007; Vianna and de Azevedo, 2012; Blanco et al., 2013). This emphasizes
the role of metabolic pathway in general as potential drug targets, which should be focused on
in future researched to develop new antibiotics. To achieve this goal, global knowledge of the
bacterial metabolism and particularly concerning the interplay and adaption to the host is
crucial and requires further studies including in vivo labeling experiments to its fully

understanding.
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Figure S1. Development of a new chemically defined Legionella growth medium.
L. pneumophila was grown in CDM or CDM depleted of single amino acids or pairs of amino
acids with a starting ODgqo of 0.1. (A) After 48 h, optical density was measured. (B) After 72
h, growth was compared in CDM and DM (defined medium) lacking His, Lys, Asp, Trp and

Glu. (C) Growth curve comparison of L. pneumophila growing in DM or in DM lacking Tyr,
Phe or Tyr and Phe.
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Figure S2
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Figure S2. Extracellular growth of L. pneumophila with glycerol-3-phosphate.
Extracellular growth of L. pneumophila wild-type and mutant AgipD in MDM with and
without (A) 10 mM or (B) 20 mM glycerol-3-phosphate. Optical density at 600 nm was

determined at the time points indicated. Mean and SD of triplicates are shown.
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Figure S3
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Figure S3. Plating efficiency of L. pneumophila AglpD. (A) L. pneumophila wild-type (WT)
or mutant AgipD were grown in AYE overnight and then plated on CYE plates or CYE plates
containing 10 pg/ml kanamycin (Km;). In addition, colonies of AgipD grown on CYE were
transferred to CYE/Km; plates. The plating efficiency [%] was determined for all strains and
conditions. (B) A. castellanii was infected with L. pneumophila AgipD (MOI = 0.01) and
incubated for 3 days. Cells were lysed with 0.8 % saponin and aliquots were plated on CYE
plates and CYE/Km), plates to determine the plating efficiency of AglpD after amoeba

passage. Data are representative of three independent experiments.
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Figure S4. Comparison of *C-profiles of metabolites from time series. Comparison of
isotopologue patterns of protein-derived amino acids, DAP, PHB, methanol-soluble
metabolites and mannose of wild-type L. pneumophila grown in CE MDM with either (A)
50 mM [U-3C;]glycerol, (B) 11 mM [U-3Cg]glucose or (C) 6 mM [U-Cs]serine as
precursor. Shown are only patterns of metabolites that had significant enrichment of *C-label
after 48 h of growth (‘*C-enrichment > 1%). Columns indicate the relative fraction (in %) of
the 13C-isotopologues (M+1 to M+18) from three technical replicates. For numerical values,

see Table S4.
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Figure S5
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Figure S5. Infection efficiency for intracellular isotopologue profiling. Confluent

A. castellanii amoeba (in a 75 cm® cell culture flask) were infected (MOI 50) with
L. pneumophila wild-type harboring plasmid pSWO001 (constitutive DsRed). Cells were
incubated for 1 h, washed once with Ac buffer and detached from the surface using a cell
scraper. Harvested cells were spun onto poly-lysine coated cover slips and fixed with 4%
PFA. The samples were stained using a FITC-conjugated anti-L. pneumophila antibody [a-
Lpn (FITC)] and mounted on microscopy slides. Shown are overview (left) and zoom (right)
of infected cells. Scale bars, 10 pum. Images are representative of three independent

experiments.
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Figure S6
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Figure S6. Analysis of amino acids, DAP and PHB of L. pneumophila grown in
A. castellanii. A. castellanii amoeba were infected (MOI 50) with either wild-type
L. pneumophila or the AglpD mutant strain and washed 1 h p.i. to remove extracellular
bacteria. 5 h post infection (A) 50 mM [U-"3Cs]glycerol, (B) 11 mM [U-'*Cg]glucose or (C)
6 mM [U-"Cs]serine were added, and 15 h p.i. the cells were lysed. Eukaryotic cell debris
and bacteria were separated, resulting in fractions F1 (F1), containing eukaryotic cell debris
and fraction F2 (F2), containing L. pneumophila. BC-excess of Ala, Asp, Glu, Gly, Ser, DAP,
PHB and mannose in F1 and F2 of wild-type- or AglpD-infected amoeba, fed with (A) [U-
BCs)glycerol, (B) [U-"*Cg]glucose or (C) [U-"Cs]serine was analysed. Color map correlates

to mean and SD of two independent experiments. For numerical values, see Table S5.
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Figure S7
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Figure S7. Proposed metabolism of methylglyoxal by L. pneumophila. Methylglyoxal is a
toxic byproduct of several metabolic pathways and can be derived non-enzymatically from
dihydroxyacetone, dihydroxyacetonephosphate or glycerinaldehyde-3-phosphate. In a
detoxification reaction, methylglyoxal is then degraded to lactate within the glyoxalase
system. In the L. pneumophila AglpD mutant strain, methylglyoxal can be derived from
dihydroxyacetone directly made from glycerol. This reaction is catalyzed by a glycerol
dehydrogenase (supposedly /pg2250; annotated as alcohol dehydrogenase with 27% identity
to E. coli GI1dA).
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Table S1. Strains, plasmids and primers used in this study.

Strain, plasmid, primer Relevant properties, sequence * Reference
E. coli
TOP10 Invitrogen

L. pneumophila

JR32 L. pneumophila Philadelphia-1 serogroup 1 1)

CMO1 (AgipD) JR32 gipD::Km This study

GS3011 (AicmT) JR32 icmT3011::Km 2)
Plasmids

pCMO18 pLAW344, gipD::Km This study

pCMO021 pCR33-M45-gipD This study

pCR33 pMMMB207C-RBS, M45-(Gly)s, AmobA, Cm 3)

pLAW344 oriT (RK2), oriR (ColEl), sacB, Cm, Ap 4)

pNT-28 pMMB207C, gfp (constitutive) 5)

pUC4K oriR (pBR322), Ap, MCS::Km Amersham
Primers

glpD-BamHI-fo-Kompl GGAGATGGATCCATGGATCAGGTTTTTGATG

glpD-Sall-re-Kompl TTGATGGTCGACTTAGTGAAATACGAGCTC
glpD-LB-Xbal-fo TATGCTICTAGAAAACTGGTTTATCACCTGTATTGAG
glpD-LB-Sall-re GAACTAGTCGACGCTATTGACCAGGGAACAAG
glpD-RB-Sall-fo CAGCATGTCGACTTGTTGCGCCAATTCTTTTA
glpD-RB-Xbal-re CAAAAATCTAGAGAATCAGGTGGGTTGGTGTC
Kan2-fo ACCTACAACAAAGCTCTCATCAACC

Kan-re GCAATGTAACATCAGAGATTTTGAG

# Restriction sites underlined.

References

1.

Sadosky, A. B., Wiater, L. A., and Shuman, H. A. (1993) Identification of Legionella pneumophila genes
required for growth within and killing of human macrophages. Infect Immun 61, 5361-5373.

. Segal, G., and Shuman, H. A. (1998) Intracellular multiplication and human macrophage killing by

Legionella pneumophila are inhibited by conjugal components of IncQ plasmid RSF1010. Mol Microbiol 30,
197-208.

. Weber, S. S., Ragaz, C., Reus, K., Nyfeler, Y., and Hilbi, H. (2006) Legionella pneumophila exploits P1(4)P

to anchor secreted effector proteins to the replicative vacuole. PLoS Pathog 2, e46.

. Wiater, L. A., Sadosky, A. B., and Shuman, H. A. (1994) Mutagenesis of Legionella pneumophila using

Tn903dlllacZ: identification of a growth-phase-regulated pigmentation gene. Mol Microbiol 11, 641-653.

. Tiaden, A., Spirig, T., Weber, S. S., Briiggemann, H., Bosshard, R., Buchrieser, C., and Hilbi, H. (2007) The

Legionella pneumophila response regulator LqsR promotes host cell interactions as an element of the
virulence regulatory network controlled by RpoS and LetA. Cell Microbiol 9, 2903-2920
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Table S2. Composition of CDM, MDM and CE MDM.

Compound CDM [mg/1] MDM [mg/l] |CE MDM [mg/1]
IACES 10000 10000 10000
lArginine 350 350 350
ICysteine 400 400 400
Isoleucine 470 470 470
ILeucine 640 640 640
[Methionine 200 200 200
Threonine 330 330 330
'Valine 480 480 480
|Serine (6 mM) 650 650 650
IProline 115 115 115
[Phenylalanine 350 350 350
|Aspartate 510 0 0
(Glutamate 600 0 0
Histidine 150 0 0
Lysine 650 0 0
I'ryptophan 100 0 0
I'yrosine 400 0 0

0 0 4605 (3654 pL)

0 0 1982

NH C 315 315 315
INaCl 50 50 50
ICaCl, x 2 H,0 25 25 25

,PO, 1180 1180 1180
S0, x 7H,0 70 70 70

;' d‘:i::‘::‘:g‘:;:) 250 250 250
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Table S3A. Retention time and mass fragments of derivatized metabolites used for
isotopologue calculations.

Metabolite RT * [min] [M-15]" [M-57]" [M-85]"
Ala 6.7 m/z 260

Gly 7.0 m/z 246

Val 8.5 m/z 288

Leu 9.1 m/z 274
Ile 9.5 m/z 274
Pro 10.1 m/z 258
Ser 13:2 m/z 390

Phe 14.5 m/z 336

Asp 15.4 m/z 418

Glu 16.8 m/z 432

Lys 18.1 m/z 431

His 20.4 m/z 432

Tyr 21.0 m/z 466

DAP 6.3 m/z 589

PHB 9.1 m/z 233

Lactate 17.8 m/z 261
3-Hydroxybutyric acid 21.6 m/z 275

Succinic acid 27.5 m/z 289

Fumaric acid 28.7 m/z 287

Malic acid 39.1 m/z 419

Palmitic acid 44.0 m/z 313

Stearic acid 49.4 m/z 341

Citric acid 53.3 m/z 591

Mannose 8.7 m/z 287

® RT, retention time.
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Table S3B. *C-Excess (mol %) from [U-13C3]glycerol at 48 h. C-Excess (mol%) of amino
acids, DAP, PHB, polar metabolites and mannose from experiments with L. pneumophila
wild-type and AglpD grown in MDM supplemented with 50 mM [U-'>C;]glycerol for 48 h.
Mean and SD from three independent experiments are shown.

50 mM [U-"C;]glycerol L. pneumophila WT L. pneumophila AglpD
Ala 0.34% + 0.04% 0.23% +0.21%
Asp 0.36% =+ 0.05% 0.12% = 0.02%
Glu 0.55% + 0.03% 0.20% = 0.04%
Gly 0.11% + 0.04% 0.08% = 0.02%
His 3.01% + 0.05% 0.06% = 0.03%
Ile 0.09% + 0.01% 0.07% = 0.02%
Leu 0.01% =+ 0.00% 0.01% = 0.00%
Lys 0.39% + 0.02% 0.12% = 0.01%
Phe 0.07% = 0.01% 0.06% = 0.01%
Pro 0.18% + 0.01% 0.09% = 0.01%
Ser 0.10% + 0.01% 0.12% = 0.03%
Tyr 0.10% =+ 0.02% 0.08% = 0.02%
Val 0.12%+ 0.01% 0.13% = 0.04%
DAP 0.74% £ 0.09% 0.17% = 0.08%
PHB 0.12% + 0.06% 0.00% = 0.00%
Lactate 0.97% + 0.20% 0.71% = 0.29%
3-Hydroxybutyric acid 0.61% * 0.05% 0.22% + 0.06%
Succinic acid 0.24% £ 0.03% 0.09% = 0.02%
Fumaric acid 0.32% + 0.03% 0.15% = 0.07%
Malic acid 0.70% + 0.16% 0.29% = 0.05%
Palmitic acid 0.15% + 0.01% 0.07% = 0.02%
Stearic acid 0.60% =+ 0.05% 0.44% = 0.06%
Citric acid 0.21% + 0.03% 0.17% = 0.01%
Mannose 5.75% = 0.65% 0.12% = 0.08%
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Table S3C. Relative fractions of isotopologues (mol%) from [U-*C;]glycerol at 48 h.
Relative fractions of isotopologues (mol%) of histidine, lactate and mannose from
L. pneumophila wild-type and AgipD grown in MDM supplemented with 50 mM [U-
BCs)glycerol for 48 h. M+x represents the mass of the unlabelled metabolite plus x labelled

C-atoms. Mean and SD from three independent experiments are shown.

L. pneumophila WT + 50 mM [U-"C;]glycerol

His Lactate Mannose
M+1 | 1.85%+0.23% | 0.00%=0.00% | 2.13%+0.12%
M+2 | 3.41%+0.06% | 0.03%=0.03% | 1.95% +0.26%
M+3 | 2.12%+0.07% | 0.95%=0.19% | 5.40% + 0.58%
M+4 | 0.39% = 0.03% 0.72% £ 0.12%
M+5 | 0.86% = 0.06% 0.66% +0.17%
M+6 | 0.00% = 0.00% 1.02% +0.18%

L. pneumophila AgipD + 50 mM [U-'3C;]glycerol

Lactate
M+1 0.00% = 0.00%
M+2 0.02% = 0.03%
M+3 0.70% = 0.29%
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Table S4A. Kinetics of *C-excess (mol%) from [U-13C3]glycerol. BC-excess (mol%) of
amino acids, DAP, PHB, polar metabolites and mannose from time series experiments with

L. pneumophila wild-type grown in CE MDM supplemented with 50 mM [U-"*Cs]glycerol.

50 mM [U-"2C;]glycerol 12h 24h 36h 48h

Ala 0.36% = 0.13% 0.37% + 0.06% 0.54% + 0.06% 0.61% = 0.08%
Asp 0.37% + 0.04% 0.28% = 0.07% 0.48% + 0.01% 0.49% = 0.03%
Glu 0.68% = 0.05% 0.55% + 0.04% 0.74% + 0.01% 0.77% + 0.02%
Gly 0.44% = 0.16% 0.41% +0.21% 0.32% +0.18% 0.38% + 0.15%
His 0.33%+0.11% 0.66% + 0.03% 2.70% + 0.02% 3.00% + 0.05%
Ile 0.19% = 0.02% 0.20% + 0.04% 0.16% + 0.01% 0.19% + 0.03%
Leu 0.11% £ 0.02% 0.05% + 0.02% 0.10% + 0.05% 0.03% + 0.03%
Lys 0.12% + 0.03% 0.13% + 0.03% 0.36% £ 0.02% 0.46% + 0.01%
Phe 0.17% = 0.02% 0.20% + 0.08% 0.18% + 0.04% 0.15% + 0.06%
Pro 0.09% + 0.04% 0.15% + 0.02% 0.31% £ 0.03% 0.31% + 0.02%
Ser 0.10% = 0.07% 0.17% + 0.05% 0.13% + 0.06% 0.14% = 0.06%
Tyr 0.12% = 0.03% 0.19% + 0.02% 0.10% = 0.04% 0.24% + 0.07%
Val 0.05% =+ 0.02% 0.05% + 0.05% 0.03% +0.01% 0.03% + 0.03%
DAP 0.27% + 0.03% 0.25% + 0.07% 0.72% + 0.15% 0.80% + 0.05%
PHB 0.42% = 0.03% 0.27% +0.19% 0.29% + 0.12% 0.52% +0.17%
Lactate 1.44% + 0.05%

3-Hydroxybutyric acid
Succinic acid

Fumaric acid

Malic acid

Palmitic acid

Stearic acid

Citric acid

Mannose

0.41% + 0.06%
0.22% + 0.01%
0.29% + 0.03%
0.55% + 0.14%
0.19% + 0.02%
0.30% = 0.01%
0.08% = 0.01%
4.51%+0.12%
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Table S4B. Kinetics of >C-excess (mol %) from [U-13C6]glucose. BC-Excess (mol%) of
amino acids, DAP, PHB, polar metabolites and mannose from time series experiments with

130

L. pneumophila wild-type grown in CE MDM supplemented with 11 mM [U-"*Cs]glucose.

11mM [U-"Cg]glucose 12h 24h 36h 48h

Ala 1.44% = 0.03% 2.25% +0.02% 3.57% +0.10% 4.26% +0.07%
Asp 0.88% = 0.02% 1.32% +0.07% 2.31% +0.03% 2.61% +0.04%
Glu 0.94% = 0.03% 1.30% + 0.02% 2.08% +0.03% 2.36% +0.01%
Gly 0.39% + 0.05% 0.40% +0.03% 0.39% + 0.06% 0.50% + 0.04%
His 9.16% = 0.08% 15.15% +£0.04% | 18.74%+0.05% | 20.72% =0.01%
Ile 0.21% = 0.02% 0.20% £ 0.01% 0.22% +0.01% 0.25% + 0.01%
Leu 0.00% = 0.00% 0.37% £ 0.33% 0.15% + 0.02% 0.34% + 0.36%
Lys 0.71% = 0.00% 1.46% = 0.04% 2.47% + 0.05% 2.73% + 0.04%
Phe 0.13% = 0.02% 0.15% +0.03% 0.17% + 0.03% 0.13% + 0.03%
Pro 0.24% + 0.04% 0.32% +0.02% 1.17% £ 0.05% 1.43% £ 0.04%
Ser 0.23% = 0.10% 0.28% +0.03% 0.22% + 0.06% 0.44% +0.01%
Tyr 0.04% = 0.01% 0.07% + 0.02% 0.03% + 0.01% 0.06% = 0.01%
Val 0.04% = 0.04% 0.07% +0.01% 0.04% + 0.02% 0.08% + 0.01%
DAP 1.24% = 0.14% 1.85% +0.13% 3.18% + 0.08% 3.64% + 0.08%
PHB 0.92% +0.11% 1.17% + 0.14% 1.53% £ 0.17% 1.64% +0.20%
Lactate 0.29% + 0.03%
3-Hydroxybutyric acid 1.45% + 0.08%
Succinic acid 1.46% = 0.03%
Fumaric acid 1.50% + 0.14%
Malic acid 2.16% +0.28%
Palmitic acid 1.38% £ 0.03%
Stearic acid 1.52% +0.03%
Citric acid 0.19% + 0.05%
Mannose 31.88% = 0.08%
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Table S4C. Kinetics of C-excess (mol%) from [U-"C;]serine. *C-Excess (mol%) of
amino acids, DAP, PHB, polar metabolites and mannose from time series experiments with

L. pneumophila wild-type grown in CE MDM supplemented with 6 mM [U-">C;]serine.

3-Hydroxybutyric acid
Succinic acid

Fumaric acid

Malic acid

Palmitic acid

Stearic acid

Citric acid

Mannose

6 mM [U-"C;]serine 12h 24h 36h 48h
Ala 56.77%+037% | 74.60% +0.62% | 66.83%+0.26% | 64.03% = 0.28%
Asp 23.90%+0.17% | 34.34%+0.19% | 28.94%+0.14% | 28.20%+0.15%
Glu 21.57%+0.02% | 29.00%+0.38% | 21.99%+0.10% | 20.38% +0.05%
Gly 20.53% +0.14% | 28.58%+0.27% | 22.94%+0.18% | 22.72%=0.05%
His 35.79%+ 1.13% | 62.05%+3.23% | 56.35%+2.55% | 55.88% +3.32%
Ile 0.09%=0.01% | 0.09%+0.00% | 0.04%+0.01% | 0.06% +0.02%
Leu 0.00%=0.00% | 0.01%+001% | 0.00%=0.00% | 0.00% +0.00%
Lys 2524%+0.12% | 5022%+0.22% | 43.86%+021% | 42.45%+021%
Phe 0.17%=0.06% | 0.13%+0.02% | 0.14%+0.02% | 0.12%+0.01%
Pro 0.05%+0.04% | 0.01%+0.02% | 4.70%+0.14% | 4.45% +0.06%
Ser 71.13%+0.17% | 91.61%+0.17% | 64.59%+0.20% | 60.83% = 0.30%
Tyr 0.25%=0.05% | 0.12%+0.08% | 0.11%+0.04% | 0.12% +0.04%
Val 0.16%=0.05% | 0.16%+0.08% | 0.09%=0.02% | 0.07% +0.02%
DAP 46.62%+0.17% | 55.02%+0.12% | 41.05%+021% | 38.31%+0.24%
PHB 29.97%+0.51% | 39.16%+0.56% | 16.75%+021% | 15.70% +0.67%
Lactate 0.31%+0.11%

12.45% = 0.31%
3.53% + 0.09%
5.63% +0.27%
4.34% £ 0.19%
32.64% = 1.73%
34.26% = 1.93%
0.15% + 0.01%
40.40% = 0.59%
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Table S4F. Ratio of *C-excess in histidine to C-excess in alanine calculated from time
series experiments with L. pneumophila wild-type grown in CE MDM with either 50 mM [U-
BCs)glycerol, 11 mM [U-"*Cg]glucose or 6 mM [U-'>C;]serine as precursor. Shown is the
ratio of means from samples taken after 12 h, 24 h, 36 h or 48 h. SD was calculated from the

highest possible (+) and the lowest possible (-) value.

Ratio: *C-Excess [mol%] His/"*C-Excess [mol%] Ala

12h + - 24h + - 36h + - 48 h + -
50 mM [U-"C;]glycerol | 0.94 | 1.05 | 0.48 | 1.79 | 0.49 | 0.34 | 4.99 | 0.71 | 0.56 | 4.92 | 0.89 | 0.67
11 mM [U-Cqlglucose | 6.34 | 0.21 | 0.20 | 6.74 | 0.07 | 0.07 | 5.25 | 0.17 | 0.16 | 4.87 | 0.08 | 0.08
6 mM [U-"C;]serine 0.63 | 0.02 | 0.02 | 0.83 | 0.05 | 0.05 | 0.84 | 0.04 | 0.04 | 0.87 | 0.06 | 0.06
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Table S5A. *C-Excess (mol%) of alanine, aspartate, glutamate, glycine, serine, DAP, PHB and mannose from
experiments with uninfected A. castellanii and amoeba infected with L. pneumophila wild-type or AgipD.
Infections were supplemented with either (i) 50 mM [U-"Cs]glycerol, (ii) 11 mM [U-"*Cq]glucose or (iii) 6 mM
[U-C;]serine 5 h post infection. Cells were lysed and fractionated 15 h post infection, resulting in fraction 1

(F1), containing eukaryotic cell debris and fraction 2 (F2), containing L. pneumophila bacteria.

i) 50 mM [U-"*C;]glycerol

uninfected | WT-infected (F1) | WT-infected (F2) Ag’PD(g'l‘)f“ted Ag’PD(i,i'z‘fected
Ala 17.83%+0.28% | 037%+0.19% | 048%+0.14% | 0.55%=022% | 046%=0.11%
Asp 751%+037% | 0.18%+0.13% | 022%+0.08% | 0.17%+0.09% | 0.19%=0.05%
Glu 10.65% £0.06% | 0.32%+0.10% | 0.61%+0.26% | 0.58%+024% | 0.51%+0.18%
Gly 722%+0.18% | 0.68%=0.89% | 0.12%+0.10% | 0.19%+0.14% | 0.08%=0.10%
Ser 926%+0.18% | 0.20%=0.11% | 020%%0.05% | 0.25%+0.03% | 0.24%=0.02%
DAP 0.52% + 0.04% 0.24% +0.03%
PHB 0.06% % 0.03% 0.07% = 0.10%
Mannose 023%+0.19% | 0.67%=0.07% | 0.11%+0.04% | 0.10% =0.04%

ii) 11 mM [U-"Cj]glucose

uninfected WrT-infected (F1) | WT-infected (F2)
Ala 598%+0.12% | 122%+0.16% | 2.06%+0.44%
Asp 233%+0.04% | 024%+0.00% | 0.54%%0.17%
Glu 3.09%+0.07% | 0.74%+0.16% | 1.28%+0.39%
Gly 057%+0.22% | 027%+0.17% | 0.27%+0.07%
Ser 031%+0.06% | 0.22%+0.01% | 0.22%=0.02%
DAP 5.18% + 1.30%
PHB 391%+1.11%
Mannose 0.60% = 0.27% 4.47% + 0.40%

iii) 6 mM [U-'C;]serine

uninfected WT-infected (F1) | WT-infected (F2)
Ala 132%+0.07% | 6.85%+1.07% | 17.90% +0.44%
Asp 037%+0.09% | 1.36%+0.50% | 3.82%0.05%
Glu 093%+0.10% | 2.66%+135% | 8.18%0.05%
Gly 543%+0.15% | 2.11%+0.59% | 4.64%+0.11%
Ser 12.63%+0.08% | 12.52%+221% | 31.51%+0.16%
DAP 31.35% +0.23%
PHB 33.64% + 1.00%
Mannose 0.10%+0.04% | 0.22% +0.08%




5. SUPPLEMENTARY MATERIAL

%000 F %000 LN
%000 F %000 9+IN
%000 F %000 %000 F %000 SN
%1070 F %100 %200 F %100 %000 F %0070 %00°0 F %00°0 N
%100 F %100 %90°0 F %SS0 %S0°0 F %00 %000 F %00°0 %C0°0 F %500 %E00F %8E0 | €+

%200 F %01°0 %600 F %rL0 %000 F %000 %£0°0 F %90°0 %TT0 F %090 %000 F %000 %¥0°0 F %€0°0 (484

%2070 F %100 %TS 0 F %00 %00°0 F %0070 %1°0 F %C1°0 %L8'0 F %81 %8T0F %SL0 %YT0F %STO T+

gHd dva 138 £19 n dsy B[V
7d PRPAYW- LM
%E00 F %E00 SHIN
%90°0 F %400 %00°0 F %000 PN
%I1°0 F %00 %S0°0 F %S00 %IT0F %10 %TI0F%IED | €N

%00°0 F %000 %60°0 F %80°0 %TT0F %8T0 %000 F %00°0 %00 F %100 THIN
%0070 F %000 %191 F%0T'1 %6€°0 F %650 Y%LT°0 F %0€°0 %81°0 F %ET'0 T+

18 G} g dsy L\
T P31 LA
%00°0 F %CS'1 S+IN
%90°0 F %98'T %90°0 F %6L'T PN
%140 F %9v'T %0 F %69 %IE0F%OTY | %0TOF%I6PI | €+

%S0 F %IEY %800 F %619 %110 F %8L'L %ETOF %IVE %01°0 F %9L'T TN

%SETF %LLTT %61°0 F %90°C %EE0F %LS Y %80°0 F %80°€ %6E0F%0TE | THIN
18 G} o dsy L\

PIIRFUIUN HUD)}215DO Y

[012413[€) -] W 0 (¢

"UMOYS 3IE S)USUILIEdXa Juspuadapur om) WOJ (IS PUE UESJA ‘SWOole-D  PI[[aqe| X snjd ajrjoqelow
pa3[[aqe[un Y3 Jo sseur oy sjuasardor X+ “suLas[)  -n] Ww 9 () 10 vsooni3[°  -N] Wt [T (1) T010A[3[D, -N] AW 0§ (1) Wis P3j ISYIS 2IOM BGIOWIE UD|[2ISDI
'y sjuswadxe uoneredss pue uonosyul oaa u1 Jo (yjow) gHJ pun Jvd ‘ouues ‘ourok(3 ‘areweinyd ‘ojepredse ‘ouruele ur sandojodojost Jo uonoey 2ANR[SY "gSS dqelL

137



5. SUPPLEMENTARY MATERIAL

%100 F %L0°0 SHIN
%E00 F %620 %Z0°0F %00 N
%80°0 F %80 %I10F %T60 %60°0F %PL0 %800F %STy | €+
%000 F %000 %01°0 F %810 %IT0F %99°€ %0T0F %TL'T %600 F %Syl | THN
%LT'0F %010 %8T0F %LL O %190 F %88'€ %0T0F %LY'€ %6T0F %09T | THIN

g £ o dsy ey

PajoRJUIUN HUDYAISDI Y
as0on[3[°;-N] AW TT (¥

%000 F %00°0 LN
%000 F %000 9N
%10°0 F %000 %00°0 F %0070 SHIN
%000 F %000 %00°0 F %100 %00°0 F %00°0 %00°0 F %000 PN
%000 F %000 %b1'0F %LI0 %T0'0 F %0 %10°0 F %000 %10°0 F %000 %LOOF %LED | E+IN
%90°0 F %00 %110 F %TH0 %000 F %000 %E0°0 F %E0°0 %ETO F %0L0 %00°0 F %000 %900 F%L00 | THA
%970 F %070 %100 F %970 %000 F %000 %b1°0F %010 %TYOF %IT'T %TTOF %ELD %TO0F %ET0 | THIN

gHd dava 18 £19 0 dsy e[V

74 PIeYdyul-qd3y

%000 F %100 SHN
%000 F %00°0 %00°0 F %000 PN
%S00 F %ET0 %000 F %00°0 %10°0F %100 %ETOF %EY0 | €+
%000 F %00°0 %L0'0 F %L0°0 %9E0 F %S80 %00°0 F %00°0 %LOOF %LO0 | THN
%LO'0 F %S00 %ET'0F %ET0 %LY'0F %ST'T %PE0F %590 RBITOF%ITO | THIN

18 £19 o dsy B[y

14 PId3RJul-qdi3y

138



5. SUPPLEMENTARY MATERIAL

%000 F %100 SHIN
%00°0 F %000 %00°0 F %000 PN
%PTOF %196 %100 F %100 %50°0 F %900 %I00F %LY0 | €+
%ETOF %ILT %10 F %TSy %IT0F %E60 %01°0F %L00 %900 F %Tr'0 | THA
%EL'DF %EI'E %200 F %T8'1 %ST'0F %SL'T %0¥'0F %ST'T WEEOF%ILT | THIN

1§ £19 o dsy e[V

PajIaJuIUN HuD)|25D0 Y
QULIAS[E), -] JATM 9 (W

%100 F %E0°0 LHIN
%b1°0 F %970 9+
%LO'0F %TS 0 %T0'0 F %00 SHIN
%910 F %970 %TS0F %10 %100 F %100 %00°0 F %000 PN
%TTOF %LI0 %I9TF %8T'L %E0'0 F %L 0 %TI'0F %910 %ZI'0F %910 %TLOF %Y | €+
%LS'T F %6'S %800 F %18C %000 F %000 %10°0 F %60°0 %66 0F %SL'T %b1°0F %rT0 %STOF%ITO | THA
%ST'0F %061 %16'TF %6LT %000 F %000 %LT'0F %SE0 %0E0 F %61°T %SEOF %ITT %9S'0F %090 | THIN

gHd dva g £ n dsy eV

Td PR LM

%T0'0 F %S00 SHIN
%100 F %100 %10°0 F %000 PN
%000 F %1Z0 %IT'0F %S10 %80°0F %110 %PY0F %L60 | EHIN
%00°0 F %000 %€0°0 F %90°0 %690 F %960 %00°0 F %000 %S00 F %LO0 | THN
%000 F %000 %bE0 F %9IE0 %LS'0F %00'1 %ST0F %650 WELOF %T90 | THIN

18 L9 0o dsy L\

Td P1RI3JUI- LM

139



5. SUPPLEMENTARY MATERIAL

%100 F %SET LN
%6T0F %IS9 9+IN
%01°0 F %9T'6 %T0°0 F %60'1 SHIN
%6L0F %IBEL | %TSOF %8LY %60'0 F %E0°T %E0°0 F %EY0 PN
KEEOF%U6T'E | %ELOFAEIIT | %EY0F %8TOE %80°0 F %96 %LOOF%ERT | %ILOF%EEOT | €+
%EI0F %8ITE | %6I'0F %bSh %LT'0F %0T'1 %110 F %0€ Y %LED F %8S'L %010 F %bt'T %000F %901 | THA
%8T0F %0T Y %9T0F %T0°E %L80 F %LET %01°0 F %890 %810 F %IE€E %E00 F %6ET %8T0F %080 | THIA
gHd ava e £19 0o dsy ey
Td PIRIRJ- LM
%970 F %bE0 S+
%TS 0 F %650 %b1°0F %0T0 PN
%ESTF %LETT %69°0 F %80 %SE0F %ILO %SETF%IYY | €+
%10 F %Tr 0 %80 F %98'1 %09'T F %19°T %SY 0 F %990 %800 F %EY0 | THN
%b6'0 F %080 %€E0°0 F %050 %60 F %61 %EE0F %0T T %SEOF %IED | THN
18 £19 o dsy B[y
Td P12JO3JUI- LA

140



5. SUPPLEMENTARY MATERIAL

5.2 Supplementary Material: Legionella pneumophila CsrA regulates a
metabolic switch from amino acid to glycerolipid metabolism

Hauslein, 1., Sahr, T., Escoll, P., Klausner, N., Eisenreich, W., and Buchrieser, C., (2017). Submitted
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Figure 5-1: Oxygen consumption experiments with oleic acid and arachidonic acid. Bacterial respiration, expressed as OCR,

was quantified using an XFe96 Extracellular Flux Analyzer according to the manufacturer instructions (Seahorse Bioscience).

Basal OCR was measured prior to the injection to assure uniform cellular seeding (see section 2.2.2.3). OCR of L. pneumophila

wild-type compared to its csrA mutant were measured in presents of oleic acid and arachidonic acid. Both substrates were

used in a concentration of 0.1 mM. (Adapted from Tobias Sahr, Institut Pasteur in Paris)
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Figure 5-2: 13C Isotopologue patterns from experiments with L. pneumophila using [U-13Cs]serine as precursor. Shown are
relative isotopologue distributions (mol%) in 13C enriched metabolites (:3C-excess > 0.5 mol%) of L. pneumophila wild-type
(A) and the csrA mutant (B). Bacterial stains were cultures in CE MDM in presents of 6 mM [U-'3C3]serine. Harvest of cell
occurred at E phase (ODesoo = 0.35) as well as in PE phase (ODsoo = 0.80). Isotopologue distributions where calculated by
isotopologue profiling and display means and SDs of six values (3 technical replicates x 2 biological replicates). Shown are

relative fractions (%) of isotopologues (M+1 to M+7). For numerical values, see Table 5-5.

142



5. SUPPLEMENTARY MATERIAL

11 mM [U-3Cg]glucose: WT E 11 mM [U-13Cglglucose: WT PE
6 6
g 100 . g 1009
S s
b= 0wl = s owl
2 (== VIV &= w2
= o w2 O w3
© g M+4
2 50 RS- S = w
2 0= W5 2 = w5
I3 & Vw6 s Bl W6
E & w7 8 [
(9] (]
= >
K| H K
[}
& 0 T T T T T T T T T T T T m O
. S S R X \
PR O SR, O\Q% & VR o 3 S Re® O\&@o
B 11mMm [U-13Cg]glucose: ACSrA E 11 mM [U-13Cglglucose: ACsrA PE
= 1009 = 1009
g | g |
S S
= O w1 = O w1
= /= w2 2 & w2
2 = w2 3 w3
[} (3]
% 504 0B w4 5 ool 0B w4
2 08 w5 _g 0 w5
s & W6 2 @ M6
2 = w7 3 = M7
© o
= >
K| k&
& C T T T T T T T T T T T T & C T T T T T T T T T T T T
2 O WO © & N R
PR 0 N0 P B PR o® M0 L RS

Figure 5-3: 13C Isotopologue patterns from experiments with L. pneumophila using [U-13Cs]glucose as precursor. Shown are
relative isotopologue distributions (mol%) in 13C enriched metabolites (:3C-excess > 0.5 mol%) of L. pneumophila wild-type
(A) and the csrA mutant (B). Bacterial stains were cultures in CE MDM in presents of 11 mM [U-Cs]glucose. Harvest of
cell occurred at E phase (ODsoo = 0.35) as well as in PE phase (ODsoo = 0.80). Isotopologue distributions where calculated by
isotopologue profiling and display means and SDs of six values (3 technical replicates x 2 biological replicates). Shown are

relative fractions (%) of isotopologues (M+1 to M+7). For numerical values, see Table 5-6.
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Figure 5-4: 13C Isotopologue patterns from experiments with L. pneumophila using [U-13Cs]glycerol as precursor. Shown are
relative isotopologue distributions (mol%) in 13C enriched metabolites (:3C-excess > 0.5 mol%) of L. pneumophila wild-type
(A) and the csrA mutant (B). Bacterial stains were cultures in CE MDM in presents of 50 mM [U-13Cs]glycerol. Harvest of
cell occurred at E phase (ODsgoo = 0.35) as well as in PE phase (ODsoo = 0.80). Isotopologue distributions where calculated by
isotopologue profiling and display means and SDs of six values (3 technical replicates x 2 biological replicates). Shown are

relative fractions (%) of isotopologues (M+1 to M+7). For numerical values, see Table 5-7.
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Figure 5-5: CsrA related regulation of serine metabolism in L. pneumophila based on extensive transcriptome and proteome

analysis in combination with RNA-Co-immunoprecipitation experiments followed by deep sequencing of the wild-type and
its csrA mutant (Sahr et al., 2017). In total 516 RNAs have been identified to be affected by CsrA. Based on these data, this

figure illustrates positive effects in green and enzymes which are negatively affected are indicated in red (Sahr et al., 2017).

In short, CsrA seems to positively affect enzymes of the TCA cycle as well as serine incorporation during E phase in L.

pneumophila.
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Regulation of glucose and glycerol metabolism by CsrA in Legionella pneumophila

The enzymes Ipp0151-lpp0154 are part of an operon
controlled by CsrA.
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Figure 5-6: CsrA related regulation of glucose and glycerol metabolism in L. pneumophila based on extensive transcriptome
and proteome analysis in combination with RNA-Co-immunoprecipitation experiments followed by deep sequencing of the
wild-type and its csrA mutant (Sahr et al., 2017). In total 516 RNAs have been identified to be affected by CsrA. Based on
these data, this figure illustrates positive effects in green and enzymes which are negatively affected are indicated in red (Sahr

et al., 2017). In short, CsrA seems to positively effect enzymes of the ED pathway, glycolytic and gluconeogenetic reactions

during E growth phase. On the other hand, CsrA negatively affect the uptake of glucose as well as glycerol metabolism.
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Figure 5-7: CsrA related regulation of PHB metabolism in L. pneumophila based on extensive transcriptome and proteome
analysis in combination with RNA-Co-immunoprecipitation experiments followed by deep sequencing of the wild-type and
its csrA mutant (Sahr et al., 2017). In total 516 RNAs have been identified to be affected by CsrA. Based on these data, this
figure illustrates positive effects in green and enzymes which are negatively affected are indicated in red (Sahr et al., 2017).
In short, CsrA seems to negatively affect PHB biosynthesis during E growth phase.
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Table 5-1: 3C-Excess (mol%) of protein-derived amino acids, DAP, PHB, Man, GIcN and Mur from experiments with L.
pneumophila wild-type and its csrA mutant in presents of 6 mM [U-13Cz3]serine. Labeling experiments were performed in CE
MDM. Harvest of bacterial cells occurred at E phase (ODsoo = 0.35) and PE phase (ODsoo = 0.80). Data are means and SDs

of six values (3 technical replicates x 2 biological replicates).

[U-3Cs]serine WTE WT PE ACsrA E ACsrA PE

Ala 59.14% * 2.60% 63.22% = 0.79% 56.73% + 0.62% 62.63% x 1.20%
Asp 23.17% = 1.98% 25.87% = 0.51% 19.03% £ 0.84% 22.13% £ 0.07%
Glu 20.19% = 1.03% 24.77% = 0.15% 16.91% £ 0.19% 21.66% = 0.85%
Gly 18.02% £ 0.70% 16.73% £ 1.33% 14.50% £ 0.15% 14.18% £ 1.51%
lle 0.04% £ 0.01% 0.06% £ 0.02% 0.05% £ 0.02% 0.06% + 0.01%
Leu 0.01% + 0.00% 0.01% £ 0.01% 0.01% £ 0.01% 0.01% = 0.01%
Lys 37.06% = 2.48% 40.66% + 0.80% 33.18% = 1.07% 37.50% % 0.48%
Phe 0.13% £ 0.07% 0.12% £ 0.06% 0.12% £ 0.06% 0.13% = 0.07%
Pro 0.23% + 0.04% 0.35% £ 0.03% 0.25% £ 0.04% 0.28% + 0.05%
Ser 82.59% * 0.61% 82.69% * 0.24% 87.13% = 8.61% 84.91% + 3.21%
Tyr 0.07% £ 0.03% 0.09% £ 0.02% 0.11% £ 0.05% 0.07% + 0.06%
Val 0.04% £ 0.03% 0.03% £ 0.02% 0.01% £ 0.01% 0.04% = 0.02%
DAP 38.48% * 1.44% 43.51% + 0.40% 33.20% = 1.84% 43.41% = 0.78%
PHB 26.98% = 2.98% 28.84% = 0.94% 26.56% = 1.70% 29.73% £ 0.87%
His 37.87% = 2.99% 36.48% + 0.65% 25.91% = 0.72% 28.40% = 2.46%
Man 24.95% * 2.49% 19.56% £ 1.63% 13.13% £ 0.65% 12.99% + 0.75%
GlIcN 24.14% = 2.19% 20.48% * 4.99% 13.99% £ 3.22% 17.08% + 3.99%
Mur 32.62% = 6.07% 31.96% = 6.56% 24.03% = 2.07% 27.54% £ 4.41%
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Table 5-2: 3C-Excess (mol%) of protein-derived amino acids, DAP, PHB, Man, GIcN and Mur from experiments with L.

pneumophila wild-type and its csrA mutant in presents of 11 mM [U-13Cs]glucose. Labeling experiments were performed in
CE MDM. Harvest of bacterial cells occurred at E phase (ODsoo = 0.35) and PE phase (ODsoo = 0.80). Data are means and

SDs of six values (3 technical replicates x 2 biological replicates).

[U-3Ce]glucose WTE WT PE ACsrA E ACsrA PE
Ala 3.95% + 0.23% 6.30% + 0.94% 4.15% £ 0.23% 4.80% £ 0.10%
Asp 1.57% = 0.20% 3.13% £ 0.42% 1.53% * 0.26% 2.09% + 0.07%
Glu 1.50% + 0.04% 2.77% = 0.46% 1.41% = 0.61% 1.86% £ 0.07%
Gly 0.10% £ 0.09% 0.11% £ 0.04% 0.07% £ 0.05% 0.12% + 0.09%
lle 0.06% £ 0.04% 0.05% £ 0.02% 0.06% £ 0.01% 0.06% + 0.03%
Leu 0.02% £ 0.02% 0.01% £ 0.01% 0.01% £ 0.01% 0.01% £ 0.00%
Lys 2.31% +£0.17% 3.98% £ 0.46% 2.55% + 0.18% 3.19% £ 0.04%
Phe 0.09% £ 0.04% 0.12% £ 0.01% 0.09% + 0.04% 0.08% £ 0.02%
Pro 0.22% £ 0.03% 0.24% £ 0.04% 0.22% £ 0.04% 0.24% + 0.04%
Ser 0.22% £ 0.08% 0.36% £ 0.20% 0.19% £ 0.06% 0.16% = 0.03%
Tyr 0.10% £ 0.03% 0.08% £ 0.02% 0.06% £ 0.02% 0.10% = 0.05%
Val 0.04% £ 0.03% 0.02% £ 0.02% 0.02% £ 0.01% 0.05% £ 0.03%
DAP 3.21% + 058% 5.19% £ 1.33% 3.42% £ 0.27% 3.76% £ 0.12%
PHB 1.76% = 0.67% 3.17% £ 1.35% 1.72% = 0.32% 1.99% + 0.28%
His 19.93% £ 0.67% 26.97% = 2.05% 23.62% = 2.53% 28.59% + 0.14%
Man 46.94% + 9.19% 61.03% = 9.50% 61.08% = 2.38% 60.70% = 13.10%
GIcN 31.62% + 4.59% 36.68% * 4.53% 38.91% * 2.25% 34.47% = 1.58%
Mur 16.58% * 2.20% 28.51% + 1.34% 21.57% = 11.48% 25.05% + 2.77%
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Table 5-3: 3C-Excess (mol%) of protein-derived amino acids, DAP, PHB, Man, GIcN and Mur from experiments with L.
pneumophila wild-type and its csrA mutant in presents of 50 mM [U-%3Cs]glycerol. Labeling experiments were performed in
CE MDM. Harvest of bacterial cells occurred at E phase (ODsoo = 0.35) and PE phase (ODsoo = 0.80). Data are means and

SDs of six values (3 technical replicates x 2 biological replicates).

[U-3Cs]glycerol WTE WT PE ACsrA E ACsrA PE

Ala 0.51% £ 0.11% 0.83% £ 0.27% 1.11% * 0.05% 1.42% = 0.16%
Asp 0.24% £ 0.07% 0.33% £ 0.23% 0.49% £ 0.05% 0.63% = 0.09%
Glu 0.27% + 0.05% 0.48% £ 0.19% 0.48% £ 0.03% 0.77% £ 0.12%
Gly 0.08% £ 0.07% 0.03% £ 0.06% 0.08% £ 0.04% 0.08% + 0.08%
lle 0.08% + 0.04% 0.07% £ 0.05% 0.09% + 0.04% 0.07% + 0.05%
Leu 0.06% + 0.06% 0.06% £ 0.06% 0.06% £ 0.05% 0.04% = 0.04%
Lys 0.33% + 0.06% 0.57% £ 0.18% 0.71% £ 0.04% 0.94% = 0.13%
Phe 0.16% £ 0.11% 0.16% £ 0.09% 0.15% £ 0.08% 0.16% = 0.08%
Pro 0.31% £ 0.05% 0.26% £ 0.07% 0.26% £ 0.07% 0.27% £ 0.14%
Ser 0.14% + 0.04% 0.12% £ 0.06% 0.16% £ 0.06% 0.13% + 0.04%
Tyr 0.12% + 0.05% 0.11% £ 0.06% 0.11% £ 0.03% 0.13% + 0.03%
Val 0.04% £ 0.03% 0.04% £ 0.06% 0.04% £ 0.04% 0.05% + 0.03%
DAP 0.55% £ 0.11% 1.08% = 0.11% 0.98% £ 0.08% 1.56% = 0.14%
PHB 0.57% £ 0.23% 0.49% £ 0.17% 0.49% £ 0.19% 0.68% = 0.19%
His 5.45% + 0.90% 6.40% + 1.08% 13.79% £ 1.35% 13.99% + 0.03%
Man 4.22% £ 0.98% 6.27% + 1.24% 12.70% £ 0.56% 16.00% £ 0.79%
GlIcN 6.56% + 1.42% 18.35% £ 2.44% 13.44% £ 2.03% 23.35% = 5.19%
Mur 8.61% + 1.58% 20.39% = 5.24% 19.65% £ 5.43% 28.21% £ 5.14%
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Table 5-4: 13C-Excess (mol%) of protein-derived amino acids, DAP, PHB, LACT and STE from experiments with L.

pneumophila wild-type and its csrA mutant in present of 0.8 mM [1,2,3,4-13Cs]palmitic acid. Labeling experiments were

performed in CE MDM. Harvest of bacterial cells occurred at E phase (ODsoo = 0.35) and PE phase (17d). Data are means

and SDs of six values (3 technical replicates x 2 biological replicates).

0.8 mM [1.234-
13C,]palmitic acid

WT E

WT PE

ACsrA E

ACsrA PE

Ala
Asp
Glu
Gly
His
lle
Leu
Lys
Phe
Pro
Ser
Tyr
Val
DAP
PHB
LACT
STE

0.14% + 0.07%
0.27% + 0.05%
0.50% + 0.03%
0.06% + 0.06%
0.13% + 0.03%
0.12% + 0.04%
0.07% + 0.03%
0.22% + 0.07%
0.18% + 0.02%
0.00% + 0.00%
0.17% + 0.04%
0.14% + 0.06%
0.04% + 0.03%
0.18% + 0.06%
2.79% = 1.52%
0.16% + 0.06%
0.19% + 0.02%

0.12% + 0.05%
0.17% + 0.06%
0.52% + 0.06%
0.10% + 0.06%
0.15% + 0.09%
0.07% + 0.03%
0.01% + 0.01%
0.18% + 0.09%
0.13% + 0.04%
0.03% + 0.04%
0.14% + 0.05%
0.15% + 0.07%
0.06% + 0.03%
0.11% + 0.10%
3.36% + 0.91%
0.28% + 0.29%
0.35% + 0.23%

0.19% + 0.05%
0.44% + 0.09%
0.78% + 0.08%
0.07% + 0.04%
0.16% + 0.09%
0.14% + 0.05%
0.12% + 0.07%
0.22% + 0.07%
0.19% + 0.04%
0.00% =+ 0.00%
0.17% + 0.26%
0.18% + 0.05%
0.09% + 0.08%
0.56% + 0.23%
4.93% + 0.35%
0.16% + 0.19%
0.41% +0.12%

0.14% + 0.03%
0.23% + 0.04%
0.54% +0.07%
0.07% +0.07%
0.24% + 0.14%
0.07% + 0.02%
0.02% + 0.01%
0.23% + 0.05%
0.22% + 0.02%
0.06% + 0.05%
0.20% + 0.04%
0.15% + 0.09%
0.08% + 0.06%
0.31% + 0.35%
6.32% * 0.76%
0.30% + 0.18%
0.45% + 0.05%
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Table 5-5: Relative fractions of isotopologues (mol%) of protein-derived amino acids, DAP, PHB, Man, GIcN and Mur from
experiments with L. pneumophila wild-type and its csrA mutant in presents of 6 mM [U-13Cs]serine. Labeling experiments
were performed in CE MDM using. M+X represents the mass of the unlabeled metabolite plus X labeled 3C-atoms. Data are

means and SDs of six values (3 technical replicates x 2 biological replicates).

[U-1Cs]serine: WT E
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 455%+0.16% | 4.40%+0.06% | 54.68% *2.63%
Asp | 10.46%*0.39% | 16.43%+0.86% | 10.92%+1.08% | 4.15% * 0.68%
Glu 729%+022% | 17.77%+039% | 8.17%+043% | 559%+052% | 2.24%*0.25%
Gly | 057%+006% | 17.73%*0.71%
His | 17.23%+0.45% | 8.03%*0.32% | 11.93%+0.27% | 14.38%+0.40% | 8.23%*0.86% | 9.91%*2.16%
Lys 492%+032% | 16.87%£0.37% | 20.33%*0.75% | 12.62%+0.79% | 10.06% +1.06% | 3.66% * 0.63%
Ser 175%+0.05% | 2.59%+0.07% | 80.28% *0.59%
DAP | 395%+026% | 591%+0.65% | 28.43%+0.99% | 10.07%+099% | 12.46%+050% | 7.60%+0.26% | 2.87% +0.22%
PHB | 582%+0.78% | 2853%+142% | 3.11%*0.78% | 8.92%* 1.56%
Man | 481%£018% | 522%+030% | 1590%+056% | 4.48%+0.29% | 3.67%+0.68% | 8.41% 2.00%
GIcN | 571%+081% | 6.34%+175% | 13.78%*2.33% | 3.91%+099% | 5.34%+2.84% | 7.13%*177%
Mur | 812%+3.16% | 2.66%+2.33% | 20.05% +11.78% | 5.35%+3.71% | 2.76%*3.86% | 14.48% *4.97%
[U-13Cs]serine: WT PE
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 6.47%+0.28% | 4.87%*0.11% | 57.82%+0.77%
Asp | 14.48%+058% | 18.18% +0.30% | 11.99%*0.45% | 4.17%+0.12%
Glu | 12.66%+0.36% | 21.62%+0.14% | 10.72%+0.18% | 5.96%+027% | 2.38%+0.10%
Gly 056%+0.12% | 16.44% + 1.28%
His | 27.92%+1.97% | 9.63%+0.24% | 13.27%+0.20% | 1525%+0.43% | 6.64%*0.19% | 6.28% +0.17%
Lys 7.40%*0.34% | 19.42%+0.48% | 23.05%+0.87% | 14.11%+0.26% | 10.08%*0.13% | 3.63% * 0.09%
Ser 499% +1.12% | 3.26%+0.19% | 78.85% *0.28%
DAP | 7.77%+053% | 8.38%*0.34% | 3052%+0.32% | 14.03%*0.27% | 12.98% +051% | 8.05%+0.26% | 2.74%+0.16%
PHB | 9.18%+028% | 32.33%+0.73% | 3.62%+0.22% | 7.66% *0.52%
Man | 653%+146% | 571%+047% | 16.44% +1.06% | 3.29%+0.81% | 227%+0.26% | 4.26%+0.92%
GIcN | 11.71%+13.14% | 8.29%+564% | 9.36%+547% | 6.96%+543% | 6.36%+582% | 1.15% +1.00%
Mur | 13.11%+9.66% | 12.85%+ 10.80% | 6.68% +7.67% | 14.87%£9.49% | 4.94%+846% | 8.12% +7.87%
[U-13Cs]serine: ACsrA E
M+1 M+2 M+3 M-+4 M+5 M+6 M+7
Ala 508%+071% | 4.04%+0.35% | 52.34% +1.05%
Asp | 1094%+0.18% | 14.94%+051% | 8.59%*058% | 2.38%*0.22%
Glu 7.80% *0.65% | 17.31%+0.16% | 655%*0.20% | 4.05%*0.12% | 1.25%0.11%
Gly | 037%+006% | 14.31%+0.14%
His | 30.77%+ 1.77% | 6.84% +0.44% | 8.79% +024% | 12.46% +0.77% | 3.48%+052% | 2.90% +0.20%
Lys 6.12%+0.82% | 17.66% +0.38% | 20.550%+0.72% | 11.18%+0.46% | 7.77%*056% | 2.07%*0.21%
Ser 181%+073% | 267%+021% | 84.74% +8.71%
DAP | 495%+1.11% | 592%+0.63% | 29.88%+180% | 8.60%+060% | 9.92%*059% | 527%+0.37% | 1.47%+0.31%
PHB | 549%+034% | 30.61% +181% | 262%+0.11% | 7.92% *0.88%
Man | 467%+037% | 3.92%+015% | 11.99% +093% | 2.00%+0.19% | 132%+0.27% | 2.61%+0.32%
GICN | 6.30%+120% | 4.59%+0.92% | 10.72%+185% | 2.63%+151% | 2.39%+111% | 2.30% * 1.01%
Mur | 4.98%+3.04% | 6.82%+294% | 16.00% +193% | 8.24%+293% | 1.14%+127% | 6.49% +1.65%
[U-13Cs]serine: ACsrA PE
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 558% +1.02% | 4.25%*0.55% | 57.93% 0.53%
Asp | 13.18%+0.86% | 16.81%+0.39% | 10.09%*0.31% | 2.87%*0.18%
Glu | 11.04%+1.29% | 20.35% +0.43% | 9.01%+061% | 519%+0.10% | 1.75% *0.06%
Gly | 043%+007% | 13.97%* 1.49%
His | 36.30%+0.18% | 7.73%+106% | 955%+0.85% | 13.13%+1.05% | 3.70%*0.48% | 3.16% *0.59%
Lys 6.68% +1.10% | 19.050%+0.82% | 22.72%+053% | 12.86%+0.23% | 8.95%*0.26% | 2.65% *0.08%
Ser 3.11%+053% | 2.82%+0.25% | 81.99% *2.88%
DAP | 527%+106% | 654%+121% | 32.62%+171% | 13.19%+062% | 13.63%£0.38% | 8.22%+0.69% | 2.49% 0.29%
PHB | 6.76%*0.77% | 34.25%+049% | 2.96%*0.13% | 8.69%*0.78%
Man | 494%+092% | 410%+039% | 12.65%+020% | 1.79%+038% | 1.16%+0.35% | 2.32% +0.33%
GIcN | 1025%+5.20% | 7.52%+3.06% | 10.03%+3.83% | 4.84%+441% | 1.94%+129% | 3.00% * 2.65%
Mur | 11.72%+4.79% | 3.76%+3.33% | 21.00%+535% | 554%+3.91% | 257%+09%% | 8.00%  4.85%
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Table 5-6: Relative fractions of isotopologues (mol%) of protein-derived amino acids, DAP, PHB, Man, GIcN and Mur from

experiments with L. pneumophila wild-type and its csrA mutant in presents of 11 mM [U-13Cs]glucose. Labeling experiments

were performed in CE MDM. M+X represents the mass of the unlabeled metabolite plus X labeled *C-atoms. Data are means

and SDs of six values (3 technical replicates x 2 biological replicates).

[U-13Cs]glucose: WT E
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 052%+012% | 037%£0.13% | 3.53%*0.20%
Asp 1.98% +0.52% | 1.15%+0.10% | 0.650%+0.06% | 0.01% = 0.01%
Glu 1.65% +0.36% | 243%+0.16% | 0.25%+003% | 0.02%=0.02% | 0.03% *0.01%
Gly
His 572%+031% | 13.44%+0.32% | 9.15%+052% | 3.93%+0.08% | 8.75%=1.00% | 0.00% *0.00%
Lys 231%+013% | 248%+044% | 219%+0.14% | 0.00%+0.00% | 0.00%=0.00% | 0.00% 0.00%
Ser
DAP | 247%+122% | 208%+059% | 449%=0.74% | 0.34%0.15% | 0.13%+008% | 0.04%+004% | 0.01%=0.03%
PHB | 1.23%+071% | 2.67%+0.98% | 0.07%=*0.16% | 0.06% * 0.05%
Man | 242%+105% | 2.25%=*161% | 8.41%+486% | 212%+1.19% | 2.73%=0.62% | 37.89% * 13.91%
GIcN | 4.98%+0.96% | 549%+0.72% | 12.01%*213% | 3.60%+0.32% | 4.85%+0.91% | 16.51% =+ 2.74%
Mur | 1334%+167% | 2.90% +153% | 7.81%+2.76% | 2.28%+240% | 050%*0.78% | 7.55% +1.40%
[U-13Ce]glucose: WT PE
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 1.08%+029% | 067%+0.22% | 550%*0.82%
Asp 402%+030% | 230%0.33% | 121%+0.21% | 0.06% = 0.04%
Glu 371%+045% | 4.01%*0.64% | 050%+0.17% | 0.08%+0.05% | 0.06% *0.02%
Gly
His 6.48% +0.20% | 16.58% +1.00% | 11.21%+1.07% | 5.06%+0.47% | 13.67%=*1.03% | 0.00% * 0.00%
Lys 445%+046% | 430%*051% | 354%+037% | 002%+003% | 0.03%*0.04% | 0.00% +0.00%
Ser
DAP | 484%+095% | 3.65%+089% | 6.28%*164% | 073%+026% | 031%*016% | 0.13%*0.07% | 0.01% +0.01%
PHB | 182%+0.76% | 5.06%+2.09% | 0.07%=0.09% | 0.13% *0.07%
Man | 358%+1.39% | 3.96%*151% | 14.26% +7.23% | 3.92%+1.86% | 4.01%*053% | 46.03% * 16.40%
GIcN | 817%+035% | 7.56%+0.18% | 14.27%+172% | 453%+0.38% | 6.02%+0.77% | 17.63% = 3.24%
Mur | 13.11%+376% | 8.07%£0.73% | 11.08%+2.99% | 9.29%+0.83% | 1.31%*0.3%% | 10.81%  0.46%
[U-13Cs]glucose: ACsrA E
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 0.65%*0.24% | 0.33%0.05% | 3.71%*0.19%
Asp 219%+057% | 115%*0.21% | 054%+0.09% | 0.00% +0.01%
Glu 1.83% +0.40% | 221%+0.22% | 021%+007% | 0.01%=*0.01% | 0.03% *0.00%
Gly
His 535%+026% | 14.78%+130% | 10.12%+0.65% | 508%+0.39% | 11.22%+181% | 0.00% +0.00%
Lys 261%+024% | 272%+023% | 241%+0.22% | 0.00%+0.00% | 0.00%=0.00% | 0.00% 0.00%
Ser
DAP | 263%+083% | 2.25%*0.56% 460%*020 | 044%+0.12%% | 0.17%=0.08% | 0.07%=*0.05% | 0.01% 0.01%
PHB | 116%+057% | 2.74%+043% | 0.01%=0.01% | 0.06% *0.02%
Man | 1.98%*0.67% | 278%+059% | 9.07%+2.37% | 3.26%*0.94% | 3.46%+0.37% | 50.23%  0.55%
GIcN | 410%+090% | 5.32%+056% | 1259%*0.61% | 4.76% +0.36% | 5.65% % 0.82%% | 22.28% =+ 1.23%
Mur | 564%+382% | 356%+214% | 6.29%+242% | 546%+503% | 0.98%+122% | 11.85% +8.81%
[U-13Ce]glucose: ACsrA PE
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 076%+0.14% | 0.44%*0.06% | 4.26% *0.06%
Asp 275%+025% | 157%+0.06% | 0.81%+0.07% | 0.01% +0.02%
Glu 272%+027% | 2.68%£012% | 0.29%+003% | 003%=0.02% | 0.04% +0.00%
Gly
His 558%+0.21% | 17.18% +0.76% | 11.56%+0.49% | 5.92%+0.22% | 14.65%*053% | 0.00% * 0.00%
Lys 362%+021% | 3.45%+0.09% | 2.88%+0.11% | 0.00%+0.00% | 0.00%=0.00% | 0.00% +0.00%
Ser
DAP | 309%+051% | 2.69%+0.31% | 4.90%=*0.25% | 0.39%+0.10% | 0.18%+0.13% | 0.09%+0.04% | 0.02% =*0.03%
PHB | 124%+036% | 3.30%+043% | 0.01%=0.01% | 0.03%  0.04%
Man | 2.35%+101% | 2.78%*0.94% | 9.13%+249% | 255%+0.43% | 3.63%*0.41% | 50.09% * 16.03%
GIcN | 7.68%+023% | 6.65%+024% | 11.99%+0.25% | 4.28%+0.14% | 544%+0.71% | 17.59%* 1.22%
Mur | 978%+152% | 755%+161% | 7.45%+1.19% | 6.80%*1.65% | 0.68%*0.78% | 12.08%  2.48%
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Table 5-7: Relative fractions of isotopologues (mol%) of protein-derived amino acids, DAP, PHB, Man, GIcN and Mur from
experiments with L. pneumophila wild-type and its csrA mutant in presents of 50 mM [U-13Cs]glycerol. Labeling experiments
were performed in CE MDM. M+X represents the mass of the unlabeled metabolite plus X labeled 3C-atoms. Data are means

and SDs of six values (3 technical replicates x 2 biological replicates).

[U-13Cs]glycerol: WT E
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 043%+021% | 0,04%+0,04% | 0,35% +0,03%
Asp
Glu 036%+024% | 047%+0,08% | 001%+003% | 000%=*000% | 0,00% *0,01%
Gly
His 353%+0,75% | 417%+0,67% | 420%+080% | 062%=0,17% | 1,16%=0,09% | 0,00% 0,00%
Lys 023%+025% | 011%+0,13% | 051%+0,04% | 000%=0,00% | 0,00%=0,00% | 0,00% x0,00%
Ser
DAP | 055%+0,62% | 036%+031% | 066%=022% | 005%*0,06% | 006%0,12% | 0,01%+0,02% | 0,01%=0,02%
PHB | 071%+025% | 0,74%+048% | 001%+0,03% | 0,01% *0,02%
Man | 237%=076% | 179%*040% | 541%+138% | 0,16%+008% | 018%=0,04% | 0,26% 0,08%
GIcN | 415%+0,74% | 2,15%+052% | 4,49%+059% | 074%*065% | 158%*0,73% | 1,09% +0,71%
Mur | 215%+307% | 2,95%+279% | 3,77%+217% | 570%+2,05% | 059%=097% | 1,10% *0,88%
[U-13Cs]glycerol: WT PE
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 052%+035% | 0,07%+0,10% | 0,60% +0,12%
Asp
Glu 067%*046% | 081%+028% | 0,02%+002% | 000%*000% | 0,01% +0,01%
Gly
His 398%+092% | 480%+0,75% | 514%+1,09% | 069%=0,12% | 1,34%=0,14% | 0,00% 0,00%
Lys 1,01%+0,66% | 020%+0,14% | 0,67%+0,09% | 0,00%+0,00% | 0,00% 0,00% | 0,00% +0,00%
Ser
DAP | 144%+094% | 080%+039% | 1,39%+020% | 007%*007% | 0,00%+0,00% | 0,0%+0,01% | 0,01%=0,01%
PHB | 056%+039% | 0,68%+016% | 001%=0,01% | 0,00% 0,00%
Man | 2,95%+122% | 2,63%*031% | 741%+133% | 042%+028% | 035%*028% | 0,62% +0,37%
GIcN | 654%+1,18% | 567%+059% | 9,44%+098% | 2,84%+032% | 504%+135% | 4,56% +0,96%
Mur | 622%+313% | 7,14%+336% | 877%+161% | 7,78%+3,13% | 1,62%=132% | 6,05% *2,55%
[U-13Cs]glycerol: ACsrA E
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 048%+013% | 0,19%+0,10% | 0,83% +0,10%
Asp 137%+0,35% | 0,01%+0,02% | 0,19%+0,06% | 0,00% +0,00%
Glu 082%+013% | 071%+0,11% | 0,04%+005% | 000%*000% | 0,01% +0,01%
Gly
His 6,90% *0,47% | 10,25% +0,81% | 9,39%+0,88% | 1,80%+0,23% | 4,00%*052% | 0,00% 0,00%
Lys 098%+03%% | 053%+0,19% | 0,74%+0,09% | 000%=0,00% | 000%=0,00% | 0,00% *0,00%
Ser
DAP | 124%+100% | 092%+036% | 1,19%*030% | 001%*0,02% | 002%0,04% | 0,00%+000% | 0,01% = 0,03%
PHB | 057%+047% | 0,69%+0,16% | 0,00%=0,00% | 0,00% 0,00%
Man | 481%+0,26% | 4,79%+0,41% | 1347%+052% | 123%+0,12% | 0,79%=008% | 2,09%*0,21%
GIcN | 548%+1,68% | 518%+3,98% | 1079%+232% | 173%+228% | 207%£091% | 252%+0,96%
Mur | 580%+794% | 653%+575% | 878%+350% | 10,70%+592% | 2,09%*2,67% | 3,24% +3,76%
[U-13Cs]glycerol: ACsrA PE
M+1 M+2 M+3 M+4 M+5 M+6 M+7
Ala 056%+0,16% | 023%+0,10% | 1,08% +0,08%
Asp 1,45% +0,45% | 0,08%+0,08% | 0,30%+0,04% | 0,00% +0,00%
Glu 1,33%+0,35% | 1,13%+0,14% | 0,06%=+0,05% | 0,00%+0,00% | 0,01% *0,00%
Gly
His 710%+0,16% | 10,38% +0,21% | 9,81%+0,29% | 1,76%+0,11% | 3,93%*0,14% | 0,00%  0,00%
Lys 153%+0,39% | 0,68%+013% | 092%+0,11% | 0,00%+0,00% | 0,00% +0,00% | 0,00% +0,00%
Ser
DAP | 174%+082% | 1,534%+031% | 2,00%+021% | 007%*007% | 003%*0,03% | 0,00%+000% | 0,00% = 0,01%
PHB | 073%+0,16% | 098%+033% | 000%+0,00% | 0,00% 0,00%
Man | 561%+047% | 477%+090% | 1572%+0,93% | 1,93%+031% | 1,30%+0,18% | 3,24% +0,47%
GIcN | 722%+1,15% | 6,62%+050% | 13,27%+1,09% | 3,01%+089% | 568%+185% | 657%*3,11%
Mur | 449%+173% | 672%+192% | 1287%+2,07% | 14,12%+270% | 1,85%+144% | 7,83% +5,26%
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Table 5-8: Relative fractions of isotopologues (mol%) of PHB and glutamic acid from L. pneumophila WT and its csrA mutant

from labeling experiments with 0.8 mM [1,2,3,4-*Cs]palmitic acid. Labeling experiments were performed in CE MDM.

M+X represents the mass of the unlabeled metabolite plus X labeled *C-atoms. Data are means and SDs of six values (3

technical replicates x 2 biological replicates).

PHB

WTE WT PE ACsrA E ACsrA PE
M+1 1.93% + 2.01% 1.21% +1.12% 1.67% £+ 2.03% 1.02% + 0.59%
M+2 3.32% + 2.09% 4.60% +1.11% 7.65% = 1.14% 10.49% + 1.26%
M+3 0.17% £ 0.37% 0.51% + 0.66% 0.09% + 0.18% 0.15% + 0.22%
M+4 0.52% + 0.51% 0.38% + 0.38% 0.62% + 0.57% 0.71% + 0.33%

Glutamic acid

WTE WT PE ACsrA E ACsrA PE
M+1 0.33% + 0.18% 0.30% + 0.17% 0.83% + 0.30% 0.41% + 0.21%
M+2 0.89% + 0.12% 1.05% + 0.20% 1.22% + 0.22% 0.99% + 0.19%
M+3 0.11% + 0.03% 0.01% + 0.03% 0.14% + 0.02% 0.03% + 0.03%
M+4 0.00% + 0.00% 0.01% + 0.02% 0.02% + 0.02% 0.01% + 0.02%
M+6 0.01% + 0.01% 0.02% + 0.01% 0.03% + 0.01% 0.03% + 0.01%
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Table 5-9: Ratio of '3C-excess in histidine to alanine calculated for E phase and PE phase for experiments with L.

pneumophila wild-type and its csrA mutant. Labeling experiments were performed in CE MDM using either 6 mM [U-

13Cs]serine, 11 mM [U-13Cs]glucose or 50 mM [U-*3Cs]glycerol. SDs was calculated from the highest possible (+) and the

lowest possible (-) value.

Ratio: 1*C-Excess (mol%) His/**C-Excess (mol %) Ala

ACsrA ACsrA
WTE + - WT PE + - E + - PE + -
6 mM [U-
B3¢ - 0.64 0.08 | 0.08 0.58 0.02 | 0.02 0.46 0.02 | 0.02 0.45 0.05 | 0.05
3Jserine
1Z3L1mM [U- 5.04 0.49 | 0.44 4.28 113 | 0.84 5.69 0.97 | 0.87 5.95 0.16 | 0.15
Cs]glucose
1350mM [U- 10.67 511 | 3.32 7.76 574 | 2.90 12.39 1.92 | 1.74 9.88 1.28 | 1.02
Cs]glycerol

Table 5-10: Ratio of $3C-excess in histidine to glutamine calculated for E phase and PE phase for experiments with L.

pneumophila wild-type and its csrA mutant. Labeling experiments were performed in CE MDM using either 6 mM [U-

13Cs]serine, 11 mM [U-13Cg]glucose or 50 mM [U-13Cs]glycerol. SDs was calculated from the highest possible (+) and the

lowest possible (-) value.

Ratio: 1*C-Excess (mol%) His/**C-Excess (mol %) Glu

ACsrA ACsrA

WTE + - WT PE + - E + - PE + -

3(;”'\" [.U' 1.88 0.26 | 0.23 1.47 0.04 | 0.03 1.53 0.06 | 0.06 131 0.17 | 0.16
3]serine

élmM [U- 13.33 0.85 | 0.80 9.75 281 | 2.01 16.70 421 | 3.34 15.41 0.70 | 0.65
Cs]glucose

1350mM [U- 19.98 7.96 | 5.69 13.38 12.90 | 5.46 28.86 5.06 | 444 18.25 332 | 244
Cs]glycerol
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Supplementary Figures and Tables
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Supplementary Figure 1: Growth curves of C. burnetii in ACCM-2 in the presence of additional
5 mM glucose, serine or glycerol. To analyze the effect of additional amounts of serine, glucose or
glycerol on the in vitro growth of C. burnetii, Acidified Citrate Cysteine Medium 2 (ACCM-2, Table
S1) was supplemented with each substrate at 5 mM and inoculated with Coxiella burnetii RSA 493
NMII at 2x10” GE/mL. Bacteria were cultured in a humidified atmosphere of 5% CO> and 2.5% O at
37°C and replication was assessed at 0, 3, 5, 7 days post-inoculation using the PicoGreen assay as
previously described (Martinez et al., 2014). Values are means + SD of three independent experiments.
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Supplementary Figure S2: Proposed metabolism of methylglyoxal/lactate by C. burnetii (Wattam
et al., 2013; Kanehisa et al., 2017). Lactate is probably built via methylglyoxal in C. burnetii, since
enzymes for the direct synthesis from pyruvate have not been annotated yet in this pathogen.
Methylglyoxal is a known byproduct of metabolic processes and can be generally built non
enzymatically from intermediates of glycolysis (dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate). Furthermore, C. burnetii features a methylglyoxal synthase (CBU0853), which could
catalyze the formation of methylglyoxal from dihydroxyacetone phosphate. Since methylglyoxal is
toxic, it is typically degraded in a detoxification process via the glyoxalase system. However, one
enzyme (glyoxalase I) seems to be missing, whereas the second enzyme (glyoxalase II, CBU0314) is
annotated in C. burnetii.
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Supplementary Figure S3: Comparison of '*C-excess values (mol%) from labeling experiments
to “normalized” values (mol%). (A) "“C-Excess values (mol%) of protein-derived amine acids,
methanol-soluble polar metabolites, DAP, Gal/Man, GleN and Mur from experiments with Coxiella
burnetii RSA 493 NMII wild-type grown in ACCM-2 supplemented with 5 mM [U-"*Cs)serine, § mM
[U-"Celglucose or 5 mM [U-"*Ci]glycerol. (B) To estimate the carbon fluxes into these key
metabolites under the experimental conditions, the *C-excess values (mol%) from the experiments
were multiplied (“normalized”) with the respective factors (*C-serine: 1.336; *C-glucose: 1.270) to
calculate the values (mol%) that would be reached if only labeled free serine or glucose would be
present in the ACCM-2 medium. ACCM-2 comprises 1.68 mM free serine and 1.39 mM free glucose
(Sales et al., 1995; Omsland et al.. 2011; Sandoz et al., 2016). Since no glycerol is present in this
medium, this calculation is not needed for the experiment with "*C-glycerol. Abbreviations: DAP,
diaminopimelic acid; Man, mannose; Gal, galactose: GleN, glucosamineg; Mur, muramic acid.



5. SUPPLEMENTARY MATERIAL

Table 81: Composition of Acidified Citrate Cysteine Medium 2 (ACCM-2). All components are
dissolved in 1000 mL ddH:0. The pH is adjusted to 4.75 and the solution is sterilized by filtration.

Component [mg/L] [mol/L]
Citric acid 2568.00 0.0134000
Sodium citrate 4740.00 0.0161000

Potassium phosphate 500.00 0.0036700

Magnesium chloride 200.00 0.0009800
Calcium chloride 13.20 0.0000197
[ron sulfate 2.78 0.0000100
Sodium chloride 7280.00 0.1254000
L-cysteine 263.40 0.0015000
Bacto Neopeptone 100.00 n/a
Casamino acids 2500.00 nfa
Cdlodotin 100000

RPMI w/glutamax 125.00 n/a
Deionized HO 865.00 n/a
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Table S2: Retention times in the GC-MS runs and mass fragments of TBDMS-derivatives of
amino acids and methanol soluble polar metabolites and TMS-derivatives of cell wall derived
hexoses (Man/Gal, GlcN and Mur) used for isotopologue calculations.

Metabolite RT [min] | [M-15]" | [M-57]" | [M-85]" | [M-176]"
Ala 6.7 m/z 260

Gly 7.0 m/z 246

Val 8.5 m/z 288

Leu 9.1 m/z 274
Ile 9.5 m/z 274
Pro 10.1 m/z 286

Ser 13.2 m/z 390

Phe 14.5 m/z 336

Asp 15.4 m/z 418

Glu 16.8 m/z 432

Lys 18.1 m/z 431

His 204 m/z 440

Tyr 21.0 m/z 466

DAP 234 m/z 589

Lactate 17.8 m/z 261

Succinate 27.5 m/z 289

Fumarate 28.7 m/z 287

Malate 39.1 m/z 419

Palmitate 44.0 m/z 313

Stearate 494 m/z 341

Man/Gal 8.7 m/z 287

GIcN 32.6 m/z 452

Mur 36.7 m/z 434
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Table S3: '“C-Excess (mol%) of protein-derived amino acids, methanol-soluble polar
metabolites, diaminopimelate (DAP), mannose/galactose (Man/Gal), glucosamine (GleN) and
muramic acid (Mur) from experiments with Coxiella burnetii RSA 493 NMII wild-type grown in
ACCM-2 supplemented with 5 mM [U-"*Ciserine, 5 mM [U-"*Cglglucose or 5 mM [U-
13C3]glycerol. Cells were harvested after 7 days of growth at 37°C. Data are means and standard
deviations of six values (3 technical replicates x 2 biological replicates).

PC-Excess (mol%) [U-"Cs]serine [U-"*Cs]glucose [U-"*Cs]glyeerol
Ala 13.78% + 1.02% T.73% £ 0.11% 104 £ 0.12%
Asp B.99% +0,70% 7.79% £ 0.17% 0,99% £ 0,16%
Glu T7.47% + 0.48% 6.83% + 0.08% 1.02% £ 0.10%
Gly 34.59% + 0.86% 0.48% + 0100 0. 16% + 0.07%
His 0.23% +0.19% 0.11% + 0.05%, 0.10% £ 0.14%
e 0.12% £ 0.08% 0.19% + 0.05% 0.05% £ 0.02%
Len 0.09%: = 0.09% 0.03% + 0.02% 0.0 % = 0.01%
Lys 0. 18% +0.11% 0.11% + 0.03% 0, 10% £ 0,03%
Phe 0.16% +0.10% 0.48% £ 0.11% 0.19% + 0.04%,
Pro 0.25% + 0,06% 0.37% + 0.05% 0.24% £ 0,02%
Ser T6,35% + 0.31% 1.37% + 0.08% 0649 + 0.11%
Tyr 0.26% +0.14% 1.75% =+ 0.09%, (L58% + 0.02%
Val 0.15% +=0.15% 0.08% + 0.03%, 0.08% + 0.04%
Lactate 341%+2.11% 11.27% + 1.44% 1.87% £+ 0.63%
Succinate 4370 £ 0.46% 0.35% £ 0.44% 1.50% £ 0.30%
Fumarate 5.25% +1.51% 9.16% + 0.64% 1.61% + 0.02%
Malate 3.79% 4 0,74% 7.62% + 1.64% 1.01% + 0.63%
Palmitate 23.98% & 2.95% 17.31% £ 0.62% 2585+ 0.23%
Stearate 21.77% + 5.28% 18.27% + 1.01% 2.60% + 0.41%%
DAP 16.32% + 1.18% 17.51% + 0.60%, 3.13% £ 0.30%
Man/Gal 1.84% +0.34% 46.34%, + 0.92% 24 14% = (0.59%
GleN 2.25% +0.14% 47.22% + 1.26% 2347 +327%
Mur 4370+ 1.15% 59.009% + 2.56% 27.53% = 31.45%
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Table S4: Normalized "*C-incorporation (mol%) of protein-derived amino acids, methanol-
soluble polar metabolites, diaminopimelate (DAP), mannose/galactose (Man/Gal), glucosamine
(GleN) and muramic acid (Mur) from experiments with Coxiella burnetii RSA 493 NMII wild-
type grown in ACCM-2 supplemented with 5 mM [U-"3Ci|serine, 5§ mM [U-"*Cs|glucose or 5 mM
|U-13Cs]glycerol. To evaluate the incorporation (%) into these key metabolites under the experimental
conditions, the '*C-excess values (mol%) from the experiments were multiplied with the respective
factor ('*C-serine: 1.336; '*C-glucose: 1.270) to calculate the '*C-excess values (mol%) that would be
reached if only labeled free serine or glucose would be present in the axenic media. ACCM-2 comprises
1.68 mM free serine and 1.39 mM free glucose. Since no glycerol is present in this media, this

calculation is not needed for the experiment with '*C-glycerol.

Supplementary Material

3C-Excess (mol%)

|U-Cs|serine

|U-"Ceglucose

[U-RC;s)glycerol

Ala

Asp

Glu

Gly

His

Ile

Leu

Lys

Phe

Pro

Ser

Tyr

Val
Lactate
Succinate
Fumarate
Malate
Palmitate
Stearate
DAP
Man/Gal
GleN
Mur

18.41% + 1.02%
12.01% + 0.70%
9.98% + 0.48%
46.22% + 0.86%
0.30% = 0.19%
0.16% = 0.08%
0.12% + 0.09%
0.24% £ 0.11%
0.21% +0.10%
0.34% + 0.06%
102.00% = 0.31%
0.35% = 0.14%
0.20% = 0.15%
455%+2.11%
5.84% + 0.46%
7.02% % 1.51%
5.06% + 0.74%
32.03% + 2.95%
29.09% + 5.28%
21.80% + 1.18%
2.46% = 0.34%
3.00% +0.14%
5.84% + 1.15%

9.82% +0.11%
9.89% + 0.17%
8.68% = 0.08%
0.60% = 0.10%
0.14% = 0.05%
0.24% = 0.05%
0.04% + 0.02%
0.14% + 0.03%
0.61% +0.11%
0.47% + 0.05%
1.74% + 0.08%
2.22% = 0.09%
0.10% + 0.03%
14.32% £ 1.44%
11.87% £ 0.44%
11.64% + 0.64%
9.68% + 1.64%
21.99% = 0.62%
23.20% = 1.01%
22.24% = 0.06%
58.86% = 0.92%
59.97% £ 1.26%
75.05% £+ 2.56%

1.04% £ 0.12%
0.99% = 0.16%
1.02% + 0.10%
0.16% = 0.07%
0.10% = 0.14%
0.05% = 0.02%
0.01% + 0.01%
0.10% + 0.03%
0.19% + 0.04%
0.24% = 0.02%
0.64% = 0.11%
0.58% = 0.02%
0.08% = 0.04%
1.87% + 0.63%
1.50% + 0.30%
1.61% £ 0.02%
1.01% + 0.63%
2.58% +0.23%
2.60% = 0.41%%
3.13% £ 0.30%
24.14% = 0.59%
23.47% +3.27%
27.53% + 3.45%




5. SUPPLEMENTARY MATERIAL

Table S5: Relative fractions of isotopologues (mol%) in protein-derived amino acids, methanol-soluble polar metabolites,
diaminopimelate (DAP), mannose/galactose (Man/Gal), glucosamine (GleN) and muramic acid (Mur) from experiments with Coxiella
burnetii RSA 493 NMII wild-type grown in ACCM-2 supplemented with 3 mM [U-"*Ca]serine. M+X represents the mass of the unlabeled
metabolite plus X labeled '*C-atoms. Shown are mean and standard deviations of six values (3 technical replicates x 2 biological replicates

5 mM [U-"Cs|serine

016% + D6

T :
D02 £ 002%

Gy Tyr Lactate Ssccinate Malate
305% £ 1.33% A £ 119
T30 4 070 5200 4 050

[AECE

Mur

0.51% & 0.04%
L08% & 0.03%

LI 0 0BT
304% £ 0824
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Table S6: Relative fractions of isotopologues (mol%) of protein-derived amino acids, methanol-soluble polar metabolites,
diaminopimelate (DAP), mannose/galactose (Man/Gal), glucosamine (GleN) and muramic acid (Mur) from experiments with Coxiella
burnetii RSA 493 NMII wild-type grown in ACCM-2 supplemented with 5 mM [U-"Cs|glucose. M+X represents the mass of the
unlabeled metabolite plus X labeled '*C-atoms. Shown are mean and standard deviations of six values (3 technical replicates x 2 biological

replicates.

5 mM [U-"Ca]glucose

Ser Succinate I

A01% = 005
000 £ 0.00%

1.36% = 0.08% 0.01% 4 010

r P

0,148 4 My,

L0 & B

Pabmitate. Stearute AR ManGial GleN Mur

ST1% 0 L1a%

B04%+ 101%
£ 048%

AL
a2
LU
ai
ars
Ms
AT
arE
pE
A
AT
A1
ML
ML
MIS
M6
M7
A1




5. SUPPLEMENTARY MATERIAL

Table §7: Relative fractions of isotopologues (mol%) of protein-derived amino acids, methanol-soluble polar metabolites,
diaminopimelate (DAP), mannose/galactose (Man/Gal), glucosamine (GleN) and muramic acid (Mur) from experiments with Coxiella
burnetii RSA 493 NMII wild-type grown in ACCM-2 supplemented with 5 mM [U-"*Cs|glycerol. M+X represents the mass of the
unlabeled metabolite plus X labeled '*C-atoms. Shown are mean and standard deviations of six values (3 technical replicates x 2 biological
replicates.

5 mM [U-"Cs]glycerol

Asp Glu Gty Lactatc Fumarnic Malste
1950 045% L15% 0 047 WiT% 0 L19% Wi 020%
[EY e ' % IS £ 0.00% u e 1L81% £ 021%
011% £ 04% 0 DA% £0.11% 141 2 0.43%
001+ 000% 0.00% + 0.00%
[

Mg
M=9

Paliilte ManGal

16.25% = 164%
13:4K% = 14K%
.M LIS5%
3901t £ 01.50%
247 £ 0.25%

36 4 031%

0,065 £ 0.06%
0.01% & 002%

18 1A%

0007

000
00
0.0
0% 4
A0
0.0+ 00
000
a0
0.0
M8 00
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Table S8: Ratio of *C-excess in diaminopimelate (DAP) to “C-excess in Ala calculated from
experiments with Cexiella burnetii RSA 493 NMII wild-type grown in ACCM-2 supplemented
with 5 mM [U-"*Cs|serine, S mM [U-*Cs|glucose or 5 mM [U-*Cs|glycerol. Cells were harvested
after 7 days of growth at 37°C. Standard deviation was calculated from the highest possible (+) and the

lowest possible (-) value.

Supplementary Material

Ratio: “C-excess (mol%) DAP/*C-excess (mol %) Ala

5 mM [U-"*Cs]serine

5 mM [U-"Cglglucose

5 mM [U-""Cs]glycerol

1.18

Table S9: Ratio of "“C-excess in glucosamine (GlcN) to "*C-excess in Ala calculated from
experiments with Coxiella burnetii RSA 493 NMII wild-type grown in ACCM-2 supplemented
with 5§ mM [U-"*C;|serine, S mM [U-"*Cs]glucose or 5 mM [U-"*C;]glycerol. Cells were harvested
afier 7 days of growth at 37°C. Standard deviation was calculated from the highest possible (+) and the

019

lowest possible (-) value.

016

2,27

011

a1l

30l

0,72

0,57

Ratio; *C-excess (mol%) GleN/"*C-excess (mol %) Ala

5 mM |U-"*Ca|serine

5 mM [U-"Celglucose

5 mM |U-"*Cs)glveerol

.16

0.02

00z

6.11

0.25
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22.61
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From: “Ina Hauslein” <Ina.Hacuslein@amy.de>
Date: Mon, Jun 12, 2017 at 12:58 PM

Subject: Approval Letter

To: microbiols ditorial.offic org

Dear Sir or Madam,
1 .am the auther of the following work:

Ina Hauslein, Franck Cantet, Sarah Reschke, Fan Chen, Matteo Bonazzi and Wolfgang Eisenreich. "Multiple
substrate usage of Coxiella burnetii to feed a bipartite-type metabolic network” DOI: 10.3389/feimb.2017.00285
(Original Research, Front. Cell. Infect. Microbiol.; Submitted on: 24 Feb 2017; Research Topic:
Pathometabolism of Intracellular Bacteria).

This work is based on my PhD thesis. [ wish to include this work within the electronic version of my thesis,
which I am required to deposit in the Technische Universitat Minchen °s online repesitory, media TUM
https://mediatum.ub.tum.de/). MediaTUM is a non-commercial facility which is freely and openly available
to all. T would be grateful if you could advise if this will be acceptable.

Sincerely yours,

Ina Hauslein
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Nach dieser intensiven Zeit mdchte ich mich herzlichst bei den folgenden Personen fur Ihre

Unterstutzung bedanken.

Ein besonderer Dank gilt meinem Doktorvater Herrn Prof. Dr. Wolfgang Eisenreich, der mir
die Forschungsarbeit im Rahmen des Infect-ERA/EUGENPATH Projektes ermdglicht hat und

mir stets als Ansprechpartner mit seinem Wissen und mit Interesse zur Seite stand.

Zudem mochte ich mich bei Ihm fir die Ermdglichung und Unterstitzung meiner
Forschungsaufenthalte am CNRS in Montpellier (Frankreich) und am CICY in Merida
(Mexiko) sowie flur die Ermoglichung der Teilnahme an der ,,INBIONET/Infect-ERA
Konferenz 2016 in Belfast (Nordirland) sowie der ,,Synthetic biology for natural products*
Konferenz in Cancun (Mexiko) sehr herzlich bedanken. Neben den téglichen spannenden

Herausforderungen haben diese Erfahrungen die Zeit meiner Doktorarbeit sehr bereichert.

Ich danke meinen Kooperationspartnern Prof. Dr. Carmen Buchrieser, Dr. Tobias Sahr, Dr.
Matteo Bonazzi und ganz besonders Prof. Dr. Huber Hilbi fir die sehr fruchtbare und
spannende Zusammenarbeit im Rahmen des Infect-ERA/EUGENPATH Projektes. Ein groRes
Dankeschon geht an Dr. Christian Manske flr die spaflige und gleichzeitig sehr erfolgreiche
gemeinsame Forschungsarbeit, die das Fundament dieser Arbeit bildet. Bei Herrn Prof. Dr.
Werner Goebel mdochte ich mich fir sein Interesse und die wertvollen Ideen in diversen

Diskussionsrunden bedanken.

Ein herzliches Dankeschdn geht an Herrn Dr. Luis M. Pefia-Rodriguez und Mickel Hiebert fur

eine unvergessliche Zeit am CICY (und Umgebung).

Fur die angenehme Arbeitsatmosphare mdchte ich mich beim gesamten Lehrstuhl und im

speziellen bei Herrn Prof. Dr. Michael Groll bedanken.

Ich danke Frau Dr. Claudia Huber fir ihre fachliche Unterstiitzung im Speziellen zu Fragen
der GC/MS-Analytik. Danke an Frau Christine Schwarz und Frau Lena Schwarzer die immer
eine Losung fir diverse Probleme und Problemchen bereit haben. Mein Dank gilt meinen

Mitdoktoranden Dr. Erika Kutzner, Jessica Sobotta, Thomas Geisberger, Thomas Steiner und
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ganz besonders Herrn Fan Chen, der mir die letzten drei Jahre mit seinem Witz und seinem

chinesischen Scharm versift hat ;)

Danke an Herrn Dr. Christian Gérner fur das intensive Coaching wahrend meiner Masterarbeit
und seine Freundschaft. Danke an Frau Dr. Stephanie Bretzke und Herrn Dr. Karl Heinz

Rimbdock flr diverse erheiternde Kaffeepausen und Feste.

Der gréite Dank gilt meiner Familie, meinen Freunden, Gisi, meiner Mama fir ihre wichtige
seelische Unterstiitzung, Dada und der unvergesslichen Gemeinschaft in der OHL 15. Dickes
Danke an meine Schwester Lena, mit der ich schon so viel durchlebt habe und die auch in
dieser Zeit immer an meiner Seite war. Danke an meinen Freund Patrik fir deine Liebe und
Geduld, mich immer wieder zu motivieren, wenn es mal schwierig war. Ich liebe dich, grof3er

Flausch! Auf ein neues Abenteuer!
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Die experimentellen Arbeiten zur vorliegenden Dissertation wurden von mir, Ina H&uslein,
selbstandig im Zeitraum von Januar 2014 bis Juni 2017 an der Fakultat fir Chemie, Lehrstuhl

fiir Biochemie der Technischen Universitat Minchen durchgefiihrt.

Die vorliegende Dissertation mit dem Titel ,,Nutrition of intracellular bacteria: Investigation
of the metabolic networks in Legionella pneumophila and Coxiella burnetii using GC/MS
based isotopologue profiling” habe ich selbstidndig verfasst und mich auRer der angegebenen

keiner weiteren Hilfsmittel bedient.

Ort, Datum Unterschrift
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