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mRNA

messenger ribonucleic acid

°N

degrees north

°S

degrees south
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proton nuclear magnetic resonance spectroscopy

ATP

adenosine triphosphate

AZA

azaserine

B. pseudomallei

Burkholderia pseudomallei

BSH

bacillithiol

C

carbon

CTP

cytidine triphosphate

Da

Dalton

DON

6-diazo-5-oxo-L-norleucin

et al.

et alii (lat. "and others")

GC

gas chromatography

GlcNAc

N-Acetylglucosamine

UDP-GlcA

UDP-glucoronate

GSH

glutathione

GSSG

glutathione disulfide

H

hydrogen

Hla

alpha-hemolysin
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human metabolome database
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high performance liquid chromatography

IL

interleukin
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kilo base pairs

LMW-thiol

low molecular weight thiol
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methicillin-resistant Staphylococcus aureus

MS

mass spectrometry

N

nitrogen
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nicotinamide adenine dinucleotide

NADPH

nicotinamide adenine dinucleotide phosphate

NFkB

nuclear factor kappa-light-chain-enhancer of activated B cells

O

oxygen

P

phosphorus

H-NMR

6

List of abbreviations
PAMP

pathogen associated molecular patterns

PP-Pathway

pentose phosphate pathway
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TCA-cycle
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Zusammenfassung

Zusammenfassung
Interaktionen zwischen Bakterien und dem menschlichen Körper finden ständig und in großer
Vielzahl statt. Weite Teile der Haut und des Gastrointestinaltraktes, Speichel, orale Schleimhäute,
Bindehaut sowie vaginale Schleimhäute sind besiedelt mit einer Vielzahl von Bakterien, der
sogenannten Normalflora. Insgesamt wird geschätzt, dass die bakterielle Zellzahl im Körper die des
Menschen um ein 10-faches übersteigt. Die meisten Bakterien besiedeln den Menschen jedoch ohne
größere Auswirkungen und werden als Kommensale bezeichnet.
Bei 25 % bis 30 % der Menschen ist das Gram positive Bakterium Staphylococcus aureus Teil der
Normalflora. Allerdings ist S. aureus ein sogenannter opportunistischer Pathogen und kann bei
immungeschwächten Menschen Lungen-, Haut- und Herzmuskelinfektionen hervorrufen. S. aureus
sekretiert eine Vielzahl von Virulenzfaktoren, die auf verschiedene Arten mit dem Wirt interagieren.
Sie machen das Bakterium dem Immunsystem des Wirtes unzugänglich, greifen die Integrität der
Wirtszellmembran an und bauen wirtseigene Makromoleküle ab um Nährstoffe für S. aureus
bereitzustellen. Des Weiteren ist S. aureus in der Lage Wirtszellen zu infizieren und sich intrazellulär
zu vermehren. Diese pathogenität-vermittelnden Eigenschaften machen, in Kombination mit der
starken Verbreitung von Antibiotika-resistente Stämmen, S. aureus zu einem der weitverbreitetsten
Krankenhauskeime.
Das Gram negative Proteobakterium Burkholderia pseudomallei gehört nicht zur Normalflora des
Menschen, ist aber in der Lage diesen bei Zugang über Körperöffnungen oder Wunden zu infizieren.
Durch seine Eigenschaft, sehr effizient in Wirtszellen einzudringen und intrazelluläre wirtseigene
Strukturen zur Verbreitung zu nutzen, verläuft die durch B. pseudomallei verursachte Erkrankung
„Melioidose“ oft schwerwiegend bis tödlich. Da das Bakterium natürlicherweise in wässrigen Böden
vorkommt, erfordert der Umgebungswechsel nach Infektion eine hohe Anpassungsfähigkeit des
Keims. Eine Besonderheit von B. pseudomallei ist die Veränderung seiner Kolonieform auf Festagar in
Abhängigkeit

von

äußeren

Faktoren

wie

Temperatur,

pH,

Nahrungsverfügbarkeit

oder

Antibiotikabehandlung. Es wird angenommen, dass Veränderungen der Koloniemorphologie eine
Anpassung an verschiedene Umweltbedingungen darstellt.
Das

Immunsystem

des

Menschen

verfügt

über

Abwehrmechanismen

um

bakterielle

Krankheitserreger unschädlich zu machen. Auf molekularer Ebene werden bakterielle Strukturen
erkannt und durch die Sekretion von antimikrobiellen Proteinen und mittels reaktiver Sauerstoff- und
Stickoxid-Radikale abgetötet. Diese Aktionen und Reaktionen auf beiden Seiten werden als WirtsPathogen-Interaktionen zusammengefasst.
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Zusammenfassung
Das Forschungsfeld der Funktionellen Genomforschung hat in der Vergangenheit Methoden
bereitgestellt um verschiedene Ebenen dieser Wirts-Pathogen Interaktionen zu verstehen. Durch die
ganzheitliche Analyse der vorhandenen mRNA (das Transkriptom) oder der translatierten Proteine
(das Proteom) konnten bereits auf Wirts- und Erregerseite entscheidende zelluläre Prozesse
aufgeklärt werden. Hingegen ist die Ebene der Stoffwechselprodukte, der Metabolite, in Bezug auf
Wirts-Pathogen Interaktionen bisher weitgehend unbeachtet geblieben.
In dieser Dissertation wurden Zusammensetzungen von Metaboliten sowohl im intrazellulären
Kompartiment von Wirt und Erreger als auch im Medium, in welchem die Organismen kultiviert
wurden,

untersucht.

Dabei

wurden

biochemische

Analyserverfahren

wie

1

H-

Kernspinmagnetresonanzspektroskopie und chromatographische Trennverfahren in Verbindung mit
Massenspektrometrie

verwendet

um

möglichst

umfassende

Informationen

über

die

Metabolitenzusammensetzung und deren Konzentration zu bekommen. In Analogie zu den oben
genannten biochemischen Ebenen der mRNA oder der Proteine wird die Gesamtheit der
vorhandenen Metabolite „Metabolom“ genannt. Ebenso wird die Analyse des Metaboloms in
Analogie zu „Transcriptomics“ und „Proteomics“ „Metabolomics“ genannt.
Es wurden in drei Ansätzen „infektionsrelevante“ Aspekte im Metabolom der Wirts-Pathogen
Beziehung von S. aureus und humanen Lungenzellen untersucht. Zunächst wurde in S. aureus die
Verteilung von niedrigmolekularen Thiolen mittels HPLC und einer Fluoreszenz-basierten
Thioldetektion analysiert. Besonderes Augenmerk wurde auf das erst kürzlich identifizierte
Bacillithiol und dessen Rolle während der Infektion gelegt (Artikel I). Im Anschluss wurden zwei
Arbeiten durchgeführt, die Einblicke in den Wirtsmetabolismus unter dem Einfluss von S. aureus
liefern sollten. Dabei wurden humane Lungenepithelzellen als Wirtssystem gewählt, da die Lunge ein
von S. aureus oft besiedeltes Habitat ist. Als erstes wurde ein artifizielles Interaktionssystem gewählt
um die Komplexität der möglichen Effekte zu reduzieren. Dazu wurden die Lungenzellen mit AlphaHämolysin, einem von S. aureus sekretiertem Virulenzfaktor, welcher in der Wirtzellmembran Poren
bildet, behandelt. Dabei wurde ein ganzheitlicher Metabolom-Ansatz durchgeführt, wobei sowohl
das Medium als auch das intrazelluläre Kompartiment der Wirtzellen untersucht wurde (Artikel II).
Mit diesem Ansatz konnte zunächst der Metabolom-Ansatz für eukaryotische Zellkulturen etabliert
und erste, durch S. aureus verursachte, Änderungen im Wirtsmetabolom beschrieben werden. Da
dieser Ansatz jedoch lediglich allein die Auswirkungen von Alpha-Hämolysin beschreibt, wurden als
nächstes humane Lungenzellen mit einem S. aureus Stamm infiziert und erneut in einem MetabolomAnsatz untersucht um der in vivo Situation einer Staphylokokkeninfektion näher zu kommen (Artikel
III). Des Weiteren wurden metabolische Inhibitoren und zudem markierte Ausgangsmetabolite
verwendet um Stoffwechselaktivitäten nachvollziehen zu können.
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Zusammenfassung
Die letzte Arbeit dieser Dissertation beschäftigt sich mit dem Anpassungsverhalten von B.
pseudomallei und dessen Bildung verschiedener Koloniemorphotypen. Dabei wurden durch
Nährstofflimitation zunächst verschiedene Morphotypen generiert und Nährstoffaufnahmeprofile
erstellt. Mit diesen Morphotypen wurden in vitro und in vivo Infektionen durchgeführt und nach
Isolation

wurde

wieder

die

Kolonieform

bestimmt.

Anschließend

wurden

die

Nährstoffaufnahmeprofile der Isolate mit den ursprünglichen Morphotypen verglichen (Artikel IV).
Insgesamt konnten innerhalb dieser Dissertation Erkenntnisse gewonnen werden die zu einem
besseren und auch komplexerem Verständnis der Wirts-Pathogen Interaktion von S. aureus und B.
pseudomallei und dem Wirt beitragen. Des Weiteren bilden diese Daten die Basis für fortführende
Projekte und Untersuchungen um die Verknüpfung von Infektion und Metabolismus in den hier
dargestellten aber auch anderen Wirts-Pathogen-Modellen aufzuklären.
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Summary
Interactions between bacteria and the human body are manifold and happen constantly. Most parts
of the skin and gastrointestinal tract, the saliva, the oral mucosa, the conjunctiva and the vaginal
mucosa are colonized with a multitude of bacterial species forming the human microbiota. Strikingly,
the estimated amount of bacterial cells outnumbers the human body by 10 to 1. However, most of
these bacteria colonize the human body without positive or negative effects and are regarded as
commensals.
Staphylococcus aureus a Gram positive bacterium is such a commensal bacterium of 25 % to 30 % of
the world population. It is also an opportunistic pathogen and is able to cause infections in the lung,
skin and heart and to induce sepsis. Its pathogenicity is mainly facilitated by the secretion of a broad
spectrum of virulence factors which interact with the host. Some are distracting the immune system,
others are targeting the host cell membrane or degrade macromolecular structures of the host in
order to provide nutrients. Furthermore S. aureus is able to invade the host cell and to survive and
replicate in the host cell cytosol or other compartments.
The Gram negative proteobacterium Burkholderia pseudomallei is an environmental bacterium but
still has the ability to enter the human body via body orifices or skin wounds. In a very efficient way it
penetrates the host cell, replicates intracellular and the uses host structures to spread from cell to
cell thereby causing the disease melioidosis often with fatal outcomes. Since the natural habitats of
B. pseudomallei are wet soils, the change to the environment in the human body is drastic and
requires a high degree of flexibility of the bacterium. Environmental stress conditions such as
temperature, pH, nutrient limitation or presence of antibiotics induce a switch of colony morphology
which is a special characteristic of this bacterium. Since it is assumed, that changes in colony
morphology are connected to adaptive processes to the environmental changes, these morphology
switches might also be important during infection.
The host organism and the host cell on the other side try to kill and remove the bacterial threat by
activating the immune system and cellular defence mechanisms. This includes generation of reactive
oxygen and nitrogen species, production of antimicrobial peptides and cellular processes such as
phagocytosis, autophagy, apoptosis and activation of the immune response. The actions and
reactions on both, the pathogen side and the host side, are summarized as host-pathogen
interactions.
In the field of functional genomics, methods were developed to understand various levels of hostpathogen interactions. The holistic analysis of the mRNA (the transcriptome) or translated proteins
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(the proteome) were already very useful tools to describe important cellular processes on the host
and the pathogen site. The level of metabolites with regard to host-pathogen interactions however,
has been neglected so far.
In this dissertation the metabolic composition in the intracellular and extracellular space of the host
and the pathogen was analyzed. For this matter biochemical analytical tools were used such as 1Hnuclear magnetic resonance spectroscopy and chromatographic methods (GC and HPLC) coupled to
mass spectrometry. The combination of these methods allows a broad coverage of physicochemical
diverse metabolites. In accordance to the above mentioned biological levels like mRNA and proteins,
the sum of all metabolites is referred as the metabolome. Consequently to transcriptomics and
proteomics the analysis of the metabolome is referred as metabolomics.
To gain insights into the infection relevant metabolome of the host-pathogen relationship between S.
aureus and human lung cells several approaches were developed. First the distribution of the
recently identified bacillithiol in different S. aureus strains was investigated with regard to its role
during the infection. For that matter a HPLC-methodology was used with fluorescence based
detection of labelled low molecular weight thiols (article I: Distribution and infection-related
functions of bacillithiol in Staphylococcus aureus). After that the next aim was to reveal the effect of
S. aureus on the host cell metabolism. To reduce the complexity of effects on the host cells an
artificial model was chosen in a first approach. The lung cells were treated with the staphylococcal
virulence factor alpha-hemolysin, a pore forming toxin and a holistic metabolomics approach was
performed (article II: Staphylococcus aureus Alpha-Toxin Mediates General and Cell Type-Specific
Changes in Metabolite Concentrations of Immortalized Human Airway Epithelial Cells). Using this
approach, a protocol for cell culture metabolomics was established and first changes in the host cell
metabolome that could be caused by S. aureus were described. However, this only describes specific
changes caused by one single virulence factor and does not necessarily describes the reality during a
S. aureus infection. Therefore in a next approach, an infection model using a human lung epithelial
cell line and the S. aureus strain USA300 was established and used for metabolome analysis.
Furthermore a combination of inhibitor treatment and metabolic labelling was used to clarify the
metabolic activity in the host cell after exposure to S. aureus (article III: Metabolic features of a
human airway epithelial cell line infected with Staphylococcus aureus revealed by a metabolomics
approach).
Finally this thesis deals with the host-pathogen interaction of B. pseudomallei and its host with a
focus on the role of the switch in colony morphology in basic metabolism. Various morphotypes of
two strains were generated by nutrient limitation and their uptake of nutrients was monitored.
Furthermore the morphotypes were used in in vitro and in vivo infections and subsequently isolated
12
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out of the cell line and mice respectively. After isolation, the colony morphology was determined and
again the nutrient uptake profile was monitored (article IV: Burkholderia pseudomallei morphotypes
show a synchronized metabolic pattern after acute infection).
The information provided by this thesis adds a new complexity to the knowledge about the hostpathogen interactions of S. aureus and B. pseudomallei and their hosts. It furthermore lays the
groundwork for future studies, which will deal with these and other bacterial host-pathogen
interactions in order to understand the interdependencies of infection and metabolism.
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Introduction
Metabolism
The ability to perform chemical transformation of organic molecules in a cell is one of the necessary
requirements in the definition of life [1]. It allows storage of energy in form of chemical energy and
by transferring that energy to build up molecular structures. These two aspects of cellular
metabolism can be divided in catabolism (the breakdown of molecules to harvest energy) and
anabolism (using the stored energy for biosynthesis of complex molecules such as proteins, lipids and
nucleic acids). Evolution has driven the complexity of metabolic pathways for more than 3.5 billion
years since the tree of life developed from the last universal common ancestor [2] and several
metabolic types have evolved ranging from anaerobic to aerobic, from phototroph to chemotroph,
from organotroph to lithotroph. Yet common metabolic principles are found among all living
organisms. The universal genetic code consists out of 4 “letters” the nucleotides with the bases
adenine, guanine, cytosine and thymine and is translated into the 20 proteinogenic amino acids.
Biosynthesis of these metabolic products must therefore also be universal among organisms. And
indeed, intermediates of the tricarboxylic acid cycle (TCA-cycle) which are involved in many anabolic
pathways such as amino acid synthesis and purine and pyrimidine synthesis are universal present
within the tree of life [3]. Evolution has not only driven metabolic complexity, but also led to
reduction of metabolic activity if beneficial for the organism. Therefore, depending on the metabolic
potential, organisms may rely on other organisms in their environment which provide nutrients as
building blocks. Thereby relationships between organisms have evolved, which might be mutualistic
(both partners benefit), commensalistic (one partner benefits, one is unaffected) and parasitic (one
partner benefits at the expanse of the other). Interestingly humans exhibit all three kinds of
relationships with a huge variety of bacteria as a part of their “microbiome”. The total cell amount of
the microbiome outnumbers the host by 10 to 1 [4,5]. This adds a new level of complexity to the host
metabolism, since the microflora is able to interact with the host cell metabolism by secreting and
catabolising organic compounds, which could not be accomplished by the host itself.

Metabolome - Metabolomics
In the post genomic era functional analysis such as genomics, transcriptomics and proteomics were
used to investigate different biochemical levels and to describe the phenotype of a biological system.
Of these biological levels, metabolites within regulatory pathways can be seen as the ultimate
response of a biological system to genetic factors and environmental changes. Metabolomics is
therefore a complementary approach, which qualitatively and quantitatively describes metabolites
displaying in their entirety the “metabolome” of an organism, a compartment or a cell [6,7]. The
14
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metabolome of an organism not only consists of the metabolites that are substrates or products of
reactions that can be concluded from the genome sequence. Also all additional organic small
molecules, that derive from food or, as described above, from interaction with other organisms (e.g.
the microflora of the human gut) have to be taken to account. The Human Metabolome Database
(HMDB) (www.hmdb.ca) was first released in 2007 and grew from 6500 assigned metabolite entries
to more than 40,000 entries in 2013 by combining knowledge of all sources that provide metabolites
to the human body [8].
Bioanalytical tools
A metabolite is defined as a small molecule (<1500 Da) mostly consistent out of the elements C, H, N,
O, P and S [9,10]. Despite these limitations, the molecular diversity and therefore the diversity of
physico - chemical properties is nearly unlimited [9]. Beside the physico-chemical variation within the
class of metabolites, the large range of intracellular quantities impedes the analysis of complete
biochemical pathways, since end products of biochemical pathways are often higher concentrated
than intermediates. Hence, analyzing the metabolome requires a combination of various
bioanalytical techniques to cover as many metabolites as possible, whereby a complete coverage is
virtually impossible. Facing these challenges, state of the art analytical techniques as nuclear
magnetic resonance spectroscopy and mass spectrometry coupled to chromatographic systems like
LC-MS and GC-MS are commonly used [11]. Every technique, depending on configuration and
method, has its own advantages and disadvantages with regard to detection sensitivity and stability
and only delivers a fragment of the total metabolic information (Table 1) [12,13]. Thus a combined
approach of these methods is most promising in giving a broad overview over the metabolite
composition and their quantities in a biological sample.
1

LC-MS

GC-MS

sensitivity

low

very high

high

concentration range

large and linear

large

medium

measurement time

short (20min)

long (>40 min)

long (>40 min)

sample preparation

none

none

derivatization

H-NMR

(~120

min)
separation

none

weak

good

stability

high

low

medium

re-use of the sample

yes

residue of sample

no

Table 1: Advantages and disadvantages of the bioanalytical methods used in this study (modified after Shulaev et al.
[14])
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Applications
Using the above mentioned techniques, different approaches are possible to investigate the
metabolome of a biological system. The metabolic composition of the medium of growing cells
overtime gives information about nutrient usage. Additionally, from secreted metabolic
intermediates and endproducts the activity of intracellular pathways can be concluded. The
extracellular metabolite composition is referred as “exometabolome”, and the qualitative analysis of
the exometabolome is called “metabolic footprinting” [15,16]. Complementary, the entirety of
intracellular metabolites is referred as the “endometabolome” with the qualitative analysis of the
intracellular metabolites being the “metabolic fingerprint” [16]. Biological systems which can be
targeted by a metabolomic approach range from unicellular organisms including archaea [17],
eubacteria [18], fungi [19], protozoa [20] to invertebrates [21], plants [22] and tissues and body fluids
of vertebrates including human [23,24]. In vitro experiments with different cell culture systems allow
insights into the human metabolome and also enable pharmacological research on human
metabolism [12]. Recently, the metabolomics approach has been applied to study interactions of
diverse host-pathogen systems like bacteria-plant interactions [25], protozoan-animal interactions
[20,26], and bacteria-animal interactions [27,28].

Metabolic aspects of host-pathogen interactions
Host-pathogen interactions between a human host and a bacterial pathogen start with the pathogen
entering the human body, which might be at any orifice of the body or a skin wound to reach the
target site of infection. In order to replicate inside the host, which is required for colonization and
further transmission, the pathogen has to cope with the changed nutrient situation. Obligate
pathogens depend on the host environment therefore they only grow inside the host, whereas
facultative pathogens have the ability to adapt to the new environment, which strongly differs from
the external environment. Various strategies have evolved among pathogens to acquire the
necessary organic and inorganic nutrients which differ from symbiotic microbiota-host interactions
by causing host cell damage [29]. One of these strategies is the secretion of exoproteins by the
pathogen such as proteases, lipases, nucleases but also cytolytic toxins that support induction of
apoptosis and necrosis in host cells [30]. Thus host structures are converted into available nutrients.
Consistently, the expression of these virulence factors is often regulated by the metabolic state of
the pathogen and the nutrients available, which is assumed to serve as an “inside-host” signal
[31,32]. The extracellular space within the host might be sufficient for some pathogens to grow but in
this surrounding bacteria are exposed to the host immune response. Therefore the intracellular host
environment displays a growth niche that not only satisfies the nutrition needs but also provides
protection from the host defence mechanisms [27]. However the intracellular environment cannot
16

Introduction
be considered as a “land of plenty” for intracellular bacteria since only adapted microorganisms are
able to replicate in the host cytosol [33]. On the other hand, many successful intracellular pathogens
were found to exhibit genome reduction. The loss of genes for anabolic pathways, suggests that the
cytosol provides sufficient amounts of certain nutrients to the bacterial invader [34].
The host organism on the other site exhibits strategies to restrict bacterial growth and finally clear
the bacterial thread which can be summarized under the term “host response”. The host is able to
recognize foreign biological organisms and activates several cellular processes, like phagocytosis
(uptake and degradation of extracellular biological structures), autophagy (degradation of host
derived structures such as protein, organelles and membranes), secretion of antimicrobial proteins,
apoptosis (controlled host-cell death), restriction of nutrient availability (secretion of siderophores)
and induction of a pro-inflammatory response by secreting cytokines and chemokines. All these
actions are orchestrated by a complex regulatory network of signal cascades which controls gene
expression by several transcription factors. Most of these antimicrobial strategies are directly
connected to the host cell metabolism and many key players of the regulatory network also function
as metabolic regulators which will be discussed in further sections.
Methodical challenges in host-pathogen metabolomics
One major challenge in studying host-pathogen interaction on a metabolic level is the separation of
the host and the pathogenic metabolism since most primary metabolites are ubiquitous in all
organisms. Viral interactions with human cell lines are the less complicated system, since viruses lack
an own metabolism. Therefore the metabolism of virus infected host cells can be analyzed without
special treatment of the samples [35,36]. Nevertheless other host-pathogen systems using bacteria
and protozoa are also able to investigate by using metabolomics. Thereby either a separation of the
organisms has to be accomplished in order to analyze the each metabolome separately or the entire
infection system is analyzed containing the metabolites of both the host and the pathogen. This is
also referred as the “co-metabolome” [37]. The separation of the two organisms after infection is
difficult to accomplish, since any metabolic stress response has to be avoided during the sampling
procedure thus preventing artificial metabolic profiles. Protocols for efficient separations are rare
and mostly optimized for a specific host-pathogen system [25] and therefore hard to transfer to
other host-pathogen systems. Exometabolic data can circumvent this problem and also reflect the
metabolic host response. This approach is of special interest when in vivo host-pathogen systems are
investigated. In response to the infection the metabolic flux or complete pathways within the host
cells might be affected, therefore leading to metabolic changes in body fluids (e.g. serum, plasma,
bone marrow, cerebrospinal fluid, urine or saliva). Moreover, pathogen derived metabolic by-
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products could be released into the host environment creating unique metabolic patterns and might
therefore serve as biomarkers for infection [38-40].
Host-pathogen interactions in the lung
From the mammalian perspective the lung is one of the most important interaction sites between
human cells and bacteria. By breathing we consume approximately 10.000 L of air every day with a
lung surface of around 70 m2 (that corresponds to the area of a badminton court). Beside fresh air
also particles and microorganisms are inhaled. In healthy individuals the bacterial burden is cleared
by sophisticated host defence mechanisms. The host defence in the lung relies on innate immune
mechanisms initiated by the airway epithelium, the so called “first line in defence”[41,42]. It is
responsible for a multiplicity of actions that allows the host to react appropriately to the bacterial
thread. To accomplish this, the interplay of diverse airway epithelial cells is necessary which includes
bronchial epithelial cells, alveolar epithelial cells (Type I and Type II) and goblet cells, but also cells of
the innate immune system such as alveolar macrophages and dendritic cells [41]. At first, the airway
epithelium acts as a physical barrier between the lung tissue and the inhaled air. This is based on
intercellular connections which comprise tight junctions, adherence junctions and desmosomes [43].
Additionally to the cellular barrier, the constant secretion of mucus by goblet cells acts as a trap for
particles and microorganisms [44]. Mucus consists of water, ions, serum protein transudates and
mucins, which are highly glycosylated large proteins being responsible for the trapping capacity.
Furthermore mucus contains many secreted antimicrobial compounds including lysozyme, defensins,
cytokines and antioxidant proteins [45]. By the action of the mucociliated bronchial epithelium
mucus, particles and microorganisms are cleared from the lumen [46]. Besides functioning as a
barrier the airway epithelium is a sensor of pathogens as both, alveolar macrophages as well as
epithelial cells recognize extra and intracellular bacteria by pattern recognition receptors (PRRs) [47].
PRRs can be transmembrane receptors like toll-like-receptors (TLRs) or cytosolic receptors like
nucleotide-binding oligomerization domain (NOD)-like receptors, which recognize so called pathogen
associated molecular patterns (PAMPs) of extracellular and intracellular pathogens [48]. Recognition
of PAMPs leads to the activation of intracellular signal cascades involving MyD88-cascade or the
“inflammasome” resulting in a proinflammatory response [49,50]. An important player in the
regulation of the proinflammatory response is the transcription factor NF-kB. Activated by TLRs NFkB activates proinflammatory genes including chemokines, that act as chemo-attractants for
neutrophils [51]. Besides chemokines the release of other pro-inflammatory cytokines such as
interferones and interleukines, tumor necrosis factors and defensins, facilitates innate immune
response. The proinflammatory response also stimulates adaptive immunity mechanisms that might
result in a harmful overreaction and tissue damage. Therefore epithelial cells also secrete antiinflammatory mediators such as IL-10 to downregulate inflammatory response [52].
18
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Cell (line) metabolism
Investigations on the host site of host-pathogen interaction have been carried out for many infection
relevant processes such as pathogen recognition, inflammatory response, survival and apoptosis
(reviewed in [53,54]). The metabolism of host-cells on the other hand, has by far not been uncovered
to the same degree. The host-cell metabolome should not only be of special interest with regard to
the host response, it is also the environment for the intracellular pathogen. Consequences of host
pathogen interaction on the metabolome therefore affect the host as well as the pathogen. Many
intracellular pathogens have developed strategies to cope efficiently with the intracellular
environment as a source for nutrients [27,55,56].
Central carbon and nitrogen metabolism of mammalian cells is mostly fuelled by glucose and
glutamine. Intracellular organic carbon is distributed via the conserved catabolic and anabolic
pathways of glycolysis and gluconeogenesis, tricarboxylic acid cycle and pentose phosphate pathway.
This results in the generation of i) NADH which is needed to generate ATP via oxidative
phosphorylation, ii) NADPH via the oxidative part of the pentose phosphate pathway and the malic
enzyme, iii) building blocks for the synthesis of nonessential amino acids, purines, pyrimidines and
fatty acids. Glutamine serves as a nitrogen donor in the biosynthesis of purines and pyrimidines
thereby generating glutamate, which in turn is the main nitrogen donor in non-essential amino acid
biosynthesis. In this reaction, 2-oxoglutarate is produced, which can fuel the TCA-cycle with
additional carbon as an anaplerotic sequence. This allows drainage of other TCA-metabolites from
the cycle to generate NADPH in the case of malic enzyme, or to contribute to fatty acid synthesis.
Most differentiated cells are quiescent cells and have a low cell division rate. This results in a low rate
of anabolic biosynthesis and macromolecule turnover, therefore glucose is mostly fully oxidized to
CO2 and H20 via glycolysis and the TCA-cycle [57].
To study the host-cell metabolism a model is needed that is easy to handle, reproducible in growth
and analyzable with present methods. In order to analyze a direct response of the infected cell one
would have to extract the metabolites out of the infected tissue. Since this is hardly to accomplish in
an in vivo model, most studies have been carried out using eukaryotic cell lines [12,58-60]. Human
cell culture models, however, mostly originate from cancer tissue or are immortalized by
transformation. Metabolic rates and fluxes of proliferating cells differ strongly compared to
quiescent cells (Figure 1). One long known metabolic characteristic of cancer cells is the high rate of
glucose consumption combined with a high rate of lactate secretion even under aerobic conditions,
also known as the Warburg effect [61]. It has been shown, that not only cancer cells but fast
proliferating cells in general rather exhibit an incomplete glucose oxidation combined with a high
consumption rate [62-65]. At first the high rate of glycolysis was thought to be connected to an
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inactive or impaired oxidative phosphorylation, but for many cancer cell lines, this has been refuted
[66]. The yield of ATP per molecule of glucose might be lower during glycolysis (2 mol of ATP per mol
of glucose vs. 34 mol + 2 mol ATP per mol of glucose when pyruvate is further oxidized via TCA cycle).
However, due to the high rate of consumption and glycolytic flux, the total amount of produced ATP
is higher [61,67]. Additionally growing cells have a high demand for biosynthesis precursors, to fuel
anabolic pathways like nucleotide synthesis, hexosamines, nucleotide sugars and non-essential
amino acids. The glycolysis pathway itself provides precursors for these anabolic pathways but also
fuels other carbon distributing pathways like the TCA-cycle and the pentose-phosphate pathway.
Since the flux rates into biosynthesis-pathways are lower compared to the glycolytic flux, it has to be
constantly high to ensure a sufficient concentration of glycolysis intermediates to enter other
pathways [68]. NADH+H+ drives oxidative phosphorylation and is mainly produced in the TCA-cycle by
oxidation of acetyl-CoA derived from pyruvate. In proliferating cells intermediates of the TCA-cycle
are mainly bypassed into anabolic pathways. Citric acid is the precursor for lipid biosynthesis, a
crucial pathway for cell proliferation and membrane synthesis [69] whereas oxaloacetate and 2oxoglutarate are used for the generation of non-essential amino acids, that are important for
synthesis of proteins and nucleotides. This loss of intermediates needs to be compensated by the
cells by introducing additional carbon units into the TCA-cycle to restore the oxaloacetate
concentration for citrate generation (anaplerosis). This is accomplished in large parts by a process
called “glutaminolysis”. Thus proliferating cells do consume a large amount of glutamine during
growth [70]. The import of glutamine into the TCA-cycle requires a deamidation step in which
glutamate is generated. Glutamate is used for many transaminase reactions to generate nonessential amino acids including aspartate, which itself is neccessary for purine and pyrimidine
synthesis [71]. Glutamine derived carbon is rather partially oxidized to lactate in a similar manner as
glucose but can also be fully oxidized to CO2 depending on the proliferating cells [71-74]. By doing so,
NADH+H+ and ATP is produced by the TCA-cycle reactions, and by the export of the carbon units into
the cytosol and the malic enzyme reaction NADPH+H+ can be generated [71].
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Figure 1 Metabolic fluxes in quiescent and proliferating cells. In differentiated cells
A) Glucose is taken up and mainly introduced into glycolysis. The produced pyruvate is then transported into the
mitochondria introduced into the TCA-cycle, where it is oxidized to CO2 and NADH+H+ is generated. In proliferating cells B)
glucose uptake and glycolytic flux are enhanced. Pyruvate is mainly reduced to lactate thereby regenerates NAD+. The TCAcycle is fueled mainly by glutaminolysis and provides together with the PP-Pathway building blocks for anabolic pathways.

Regulation of metabolic pathways
The uptake and utilization of nutrients in mammalian cells is mostly controlled by extracellular signals
such as hormones and growth factors in combination with many transcription regulators and
regulatory signal cascades. When we consider the high rates of nutrient consumption and metabolic
fluxes of cancer cells and transformed cell lines, it is not surprising, that many of these transcriptional
regulators were first identified as proto-oncogenes and tumor suppressor genes [57]. The
phosphatidylinositol-3-Kinase (PI3K) - Akt-pathway stimulates glycolysis by activating glucose import
and glucose channelling into glycolysis via hexokinase. Furthermore it enhances the glycolytic flux by
activating phosphofructokinase 2, thereby producing the phosphofructokinase 1 activator fructose2,6-bP [75]. The Akt kinase also activates the ATP-citrate-lyase (ACL) thereby increasing fatty acid
biosynthesis [75]. Cancer cells rely on high glycolytic rates and increased rates of fatty acid synthesis
for replication and consequently Akt kinase is constitutively active in human tumor cells [76]. Akt
kinase also activates other proto-oncogenes, that are involved in metabolism such as MYC and
hypoxia induced factor (HIF-1) thereby enhancing glutamine metabolism and lactate production
[77,78]. Other key regulators of cell metabolism that have also been identified as proto-oncogenes
are the mammalian target of rapamycin (mTOR), nuclear factor κB (NF-κB), and tyrosine kinase
receptors (e.g. epidermal growth factor receptor, EGFR). Together with other activating and
deactivating regulators, they form a complex regulatory network influencing the most important and
central catabolic and anabolic pathways [28,57]. Additional complexity is added to the regulation by
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the action of regulatory microRNAs [79] and post-translational modification of enzymes, like addition
of the N-acetylglucosamine (GlcNAc) moiety to the hydroxyl groups of serines or threonines also
called “GlcNacylation” [80].
How infection events can alter host cell metabolism
Activation of resting immune cells like macrophages, dendritic cells and T cells is coupled to a switch
from low glycolysis and high rates of oxidative phosphorylation to high glycolysis and lactate
production [81]. Responsible for these changes are alterations in the above mentioned regulatory
network [81]. It is tightly connected to cellular processes that are involved in host-pathogen
interactions starting with the recognition of bacterial pathogens. Due to the recognition of bacteria
by TLRs signal cascades are activated leading to NF-κB activation and other activators with central
roles in metabolism such as the PI3K - Akt pathway [82]. Moreover the regulatory kinase mTOR
responses to bacteria and bacterial effector molecules by regulating cytokine production and NF-κB
activation [83]. It also senses amino acid levels and energy status of the cell and activates the
intracellular recycling process autophagy [84]. Both events, invading bacteria and nutrient limitation
can trigger autophagy [85,86]. Additionally, induction of the autophagy pathway also mediates
tolerance to membrane active bacterial toxins such as staphylococcal alpha toxin [87]. Apparently,
autophagy can also be mTOR independently induced by decreased intracellular concentration of
inositol and elevated inositol-1,4,5-P amounts [88,89]. Given these facts, the metabolic activity of a
cell and its interactions with the pathogen are tightly connected due to the use of the same
regulatory elements. Unsurprisingly, inhibition of these signal cascades is a common strategy
amongst bacterial pathogens to disturb cellular processes such as the induction of the
proinflammatory response, the destroy of focal adhesions or the inhibition or the induction
apoptosis [90]. Other pathogens target the host metabolism directly. Francisella tularensis, an
intracellular pathogen that is auxotroph for 13 amino acids and is able to induce autophagy inside
the host cell thereby elevating the intracellular amount of available amino acids, which can be
harvested by the pathogen [91]. The extracellular pathogen Streptococcus pyogenes was found to
increase the asparagine level inside host cells, which, after being released to the extracellular
environment, serves as a signal for the pathogenic bacteria [92]. Mycobycterium tuberculosis
virulence correlates with its ability to regulate host cell glycolysis as it was shown for diverse strains
with varying virulence [60]. Consequently, one has to consider that the host cell metabolism of
infected cells is influenced by both sites, the host and the pathogen. More studies targeting
metabolic changes in the host cell are needed to understand the pathogen specific impact on the
host cell metabolism.
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Metabolic aspects of host pathogen interactions between Staphyloccocus aureus
and airway epithelial cells
Staphylococcus aureus and its role in lung infections
Staphyloccocus aureus is a Gram positive bacterium and an opportunistic pathogen that colonizes
30% of the world population of which 20% are permanent carriers [93]. Clinical manifestations of S.
aureus infections range from skin lesions to toxic shock syndrome, endocarditis, osteomyelitis and
also pneumonia [94]. The major challenge in treatment of S. aureus infection is its high ability to
acquire resistances against antibiotics in a fast manner [95,96]. Since clinical isolates of S. aureus
resistant to methicillin (MRSA) appeared in the early 1960´s it has become the most important cause
of antibiotic-resistant healthcare-associated infections worldwide and remains a major health issue
in European hospitals as hospital acquired MRSA. The MRSA burden has further arose in the last 20
years also within the community (community acquired MRSA) and livestock (livestock acquired MRSA) [97]. In 2013, the population weighted mean of invasive S. aureus MRSA isolates in EU and
EEA countries was 18% [98].
Figure 2 Distribution of invasive
Staphylocccus

aureus

(MRSA)

isolates in European countries.
The graphic shows the proportion
of recorded invasive S. aureus
MRSA

isolates

in

European

countries in 2013. Values are
presented in percentage values
indicated by color according to the
legend. The graphic and numbers
are taken from the surveillance
report “Antimicrobial resistance
surveillance in Europe (2013)” by
the European Centre for Disease Prevention and Control [98].

Even if the number were significantly lower compared to 2010, seven out of the 30 reporting
countries reported MRSA percentages of above 25 % (Figure 2) [98]. S. aureus of both types MSSA
(methicillin sensitive S. aureus) and MRSA is responsible for about 32% (16% each type) of
nosocomial pneumonia in Europe´s intensive health care units [99,100]. The causal microorganisms
can come from the hospital environment or from the normal flora of the patient. S. aureus
commonly colonizes the nasal passages but in cases of chronic obstructive pulmonary disease or
when the natural defences are breached (as in the case of endotracheal intubation) colonization of
the lower respiratory tract can also occur, leading to pneumonia [101].
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Oxidative stress in the lung and metabolic adaptations of S. aureus
The aerobic lifestyle of microorganisms and higher organisms yields on the one hand in a very
effective use of the stored energy within organic molecules during the process of oxidative
phosphorylation. On the other hand it burdens the cells with hazardous reactive oxygen species
(ROS) like H2O2, O2- and OH-. In humans, superoxide is mostly produced by NADPH-oxidases,
xanthine-oxidase or non-enzymatically by redox-reactive compounds such as semi-quinone that are
part of the respiratory chain in mitochondria. A complex detoxification system converts superoxide
via superoxide dismutase (SOD) to the more reactive hydrogen peroxide and further to H2O and O2
by using reduced glutathione (GSH) as an electron donor via glutathione peroxidase. The formed
glutathione disulfide (GSSG) is then reduced to GSH by a glutathione reductase using NADPH as an
electron donor. This system prevents H2O2 from breakdown by transition metals such as Fe2+ in a so
called Fenton-reaction creating the OH- radical which leads due to its high reactivity to damages in
macromolecules like DNA, proteins and lipids. Another source of O2- is a microbial killing process, the
oxidative burst in phagocytic cells. After bacteria are trapped in phagosomes, these phagosomes
undergo a maturation process in which an enzymatic complex forms the phagosomal NADPHoxidase. Under these conditions the NADPH-oxidase converts O2 to O2- which is secreted into the
phagosome [102]. Thereby the oxygen consumption of cells increases about 100-fold [103]. The
acidic environment inside the phagosome favours the reaction to H2O2 which than in turn react
directly with bacterial structures or forms the even higher reactive ROS OH-. A lack of this
phagosomal enzyme system due to inherited disorders results in a disease called chronic
granulomatous disease. Without the produced superoxide bacterial killing within the phagosome is
not as effective and therefore chronic infections occur more often. Not only professional phagocytes
generate ROS but also epithelial cells express ROS generating enzymes like xanthine oxidase, NADPH
oxidase and the dual oxidases 1 and 2. H2O2 is mostly generated by Duox enzymes and secreted in
amounts that are sufficient to produce bacteriocidal hypothiocyanate [104].
Since the production of ROS is an important instrument for bacterial clearance, pathogens have
developed strategies to enhance the resistance against ROS. Similar to higher organisms, many
bacteria are producing GSH as the major active low molecular weight (LMW) thiol. Many Gram
positive bacteria however do not produce GSH but other LMW-thiols to balance the intracellular
redox status [105]. Beside other LMW-thiols that play major roles in catabolic and anabolic pathways
like cysteine and coenzyme A, secondary metabolites were discovered like trypanothione. This
compound is composed of two GSH-molecules peptide-bonded at the glycinyl carboxylic groups with
spermidine, which was found in the protozoon parasite Leishmania. Moreover mycothiol (MSH;
AcCys-GlcN-myo-inositol) acts as the major LMW-thiol in actinomycetes [106,107]. Another LMWthiol first found in Bacillus species named Bacillithiol (cys-GlcN-malate) is present in many firmicutes
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including S. aureus [108,109]. Functional studies in various BSH producing firmicutes discovered
many physiological roles of BSH (Figure 3). It has been connected to antibiotic resistance by reacting
with the epoxide-ring of fosfomycin in a FosB (BSH-dependent S-transferase) dependent manner
[110]. Another BSH-dependent S-transferase BstA forms conjugates with electrophiles like
monobromobimane, cerulenin and 1-chloro-2,4-dinitrobenzene and is thought to play a role in
detoxification of xenobiotics [111]. Recently, mutants defective in BSH synthesis were shown to be
more susceptible to alkylating agents (iodoacetamide and CDNB), methylglyoxal, peroxide and
superoxide, diamide, fosfomycin, cerulenin, rifamycin and metals ions, like copper and cadmium
[112,113].
In our study “Distribution and infection-related functions of bacillithiol in Staphylococcus aureus”
(article I) [114], we aimed to profile the S. aureus strain Newman, and two strains of the S. aureus
NCTC8325 lineage 8325-4 and SH1000 with regard to the intracellular LMW-thiol composition. At the
time the study was in progress another study be Newton et al. was published, showing, that S.
aureus NCTC8325 and its derivatives 8325-4 and SH1000 lack BSH [115]. Our study confirms these
data but furthermore delivers the genetic explanation for the impaired BSH synthesis. Moreover, we
were able to restore BSH synthesis and to perform functional studies during fosfomycin stress,
oxidative stress and in an infection model. Our study confirms a BSH dependent resistance to
fosfomycin, hypochloride and also shows a survival benefit of BSH-synthesis during infection in
professional and non-professional phagocytic cells. As a surprising result we discovered the ability of
S. aureus to take up glutathione from the extracellular environment. However since no GSSG
reduction system is present in S. aureus, an antioxidative role of GSH in S. aureus is unlikely.

Figure 3 Physiological roles of bacillithiol in Staphylococcus aureus
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Interaction of S. aureus with the host by secretion of alpha-toxin and the metabolic consequences
for the host cell
In healthy individuals epithelial cells are mostly protected from inhaled bacteria by the process of
mucociliary clearance, indicating the important and effective function of the lung mucosa [46]. This is
further proven by the chronic colonialization with opportunistic pathogens in humans with an
impaired mucociliary clearance, like patients suffering from cystic fibrosis (CF) [116]. In CF patients,
especially in their early life, S. aureus is one of the first pathogens that colonizes and infects the lung
tissue [117]. One harmful feature of S. aureus is the expression of virulence factors that interact with
the human airway epithelium thus allowing infection [118] and induction of a pro-inflammatory host
response [119]. Adherence factors mediate cell binding and immune evasion, secreted enzymes like
proteases and lipases degrade host macromolecules, and pore forming exotoxins such as alpha
haemolysin (Hla) target the host cell membrane integrity. Experimental data indicate that
staphylococcal Hla is a major contributor the pathogenesis in the lung [120-122]. Like other toxin
genes, the hla locus is present in the non-mobile core genome of S. aureus and is therefore almost
ubiquitously expressed by S. aureus [123]. Hla is secreted as a protein monomer and resembles to a
heptamer in the membrane of susceptible cells to a small β-barrel pore [124,125]. Integration into
the membrane requires most likely interaction with host cell components like specific plasma
membrane lipids [126] or the metalloproteinase domain-containing protein ADAM10 [127,128].
Depending on the cell type and the concentration of secreted Hla the pore formation leads to
trafficking of monovalent ions [129,130], increased intracellular calcium levels [131,132] and
induction of apoptosis [130] or proliferation [133]. Human alveolar epithelial cells (A549 cells) were
shown to react quickly on osmotic stress caused by the trafficking of ions, thus they are able to sense
the action of pore forming toxins [134]. The action of Hla induces furthermore a pro-inflammatory
host response due to activation of ERK-type and p38 MAP kinases [135], and influences cell-cell and
cell-matrix interactions [136,137]. Activation of the EGF-receptor was identified as a key mediator of
resistance to Hla, indicating that the cell response is important to overcome Hla mediated injury
[137]. Another key finding of many studies is the Hla mediated intracellular drop in ATP
concentration [129,130,138-140]. A recent study revealed that the drop in ATP concentration is due
to ATP leakage and preventing of ATP leakage by induction of phospholipid scramblase 1 reduced Hla
mediated cell death [140]. Extracellular ATP serves as a signal for lung epithelial cells and plays a role
in the regulation of mucin production, surface liquid depth and ciliary beat frequency [141] and
furthermore activates dendritic cells [142]. Extracellular adenosine, derived from ATP, can bind to
specific receptors with pro- and anti-inflammatory properties on epithelial and immune cells
[143,144]. As mentioned before, ATP is mainly produced by aerobic glycolysis in cell lines. A drop in
intracellular ATP caused by the action of Hla might therefore affect glycolysis and connected
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pathways. Furthermore the release of ATP hints to a broader range of metabolites that may pass the
pore which might influence cell metabolism even stronger. In our study “Staphylococcus aureus
Alpha-Toxin Mediates General and Cell Type-Specific Changes in Metabolite Concentrations of
Immortalized Human Airway Epithelial Cells” (article II) [145] we applied recombinant Hla (rHla) to
human airway epithelial cell lines (S9 and 14HBE16o-) and monitored extra- and intracellular changes
in the metabolite composition in a two hour time frame. Thereby we confirmed high glycolytic
activity for both cell lines, as they consumed glucose and secreted most of the amount as lactate. In
addition we observed high uptake rates of glutamine confirming the cancer cell typical metabolism as
described previously. Interestingly we found that both cell lines reacted differently when rHla was
applied (Figure 4). S9 cells showed an increase in glycolytic activity, whereas 14HBE16o- cells
consumed less glucose but showed a higher uptake of glutamine. In both cell lines the already
described drop in ATP level was observed, but was delayed in S9 cells. Additionally, extracellular
appearance of nucleotides was detected in both rHla treated cultures, but in significantly higher
amounts in 14HBE16o- cells, indicating an elevated susceptibility of these cells. Interestingly this was
also reflected by the surface expression of the metalloproteinase ADAM10, which was higher in
14HBE16o- cells. Moreover no cytotoxic effect was observed in rHla treated S9 cells whereas
14HBE16o- survival was clearly affected. As a general effect in both cell lines we observed a strong
decrease in metabolite concentrations overall and no recovery within two hours. Our data indicate
that there is a general effect of rHla on the intracellular metabolite pool, most likely due to poretrafficking of metabolites. Additionally there is a cell specific response which might counteract the
action of rHla at least in S9 cells. This is further confirmed in a study using these two cell lines,
revealing a special role of the activated EGF-receptor, which was only found in S9 cells [137].

Figure 4 Affected Pathways by the action of
staphylococcal alpha toxin.
Arrowhead sizes indicate the relative activity
in S9 cells (blue) and in 14HBE16o- cells (red)
upon rHla treatment. S9 cells showed an
enhanced glycolytic flux, whereas 14HBE16ocells showed increased glutamine uptake and
glutamate secretion. Both cell lines secreted
nucleotides

and

amino

acids

into

the

extracellular space after rHla treatment.

27

Introduction
The metabolome of airway epithelium cells after being exposed to S. aureus
Within the last two decades of research, S. aureus has been recognized not only as an extracellular
pathogen but as an invasive pathogen with an intracellular lifestyle [146-148]. Depending on the host
cell type and the S. aureus strain intracellular replication inside the phagosome and inside the cytosol
after phagosomal escape are reported, indicating that S. aureus is able to acquire host derived
nutrients [149,150]. Indeed, it was shown by proteomic and transcriptomic studies that intracellular
S. aureus undergo changes in gene expression of metabolic genes, protein synthesis, expression, of
virulence factors and nutrient transporters to adapt to the intracellular environment [151,152].
Moreover, S. aureus is able to intervene in host cell processes like phagosomal maturation and
autophagy which allows survival, escape and replication inside the host cell [153].
The host cell is able to recognize S. aureus cells at the extracellular site via TLR2, which binds to
lipoproteins and lipoteichoic acids, and at the intracellular site via Nod-receptors which bind
peptidoglycan [154-156]. After recognition, a cascade of protein activation results in the activation of
NF-kB and other transcription factors and promote the proinflammatory response including the
expression of chemokines, cytokines and MAP-kinase activation [157-159]. The consequences of
bacterial actions as well as of the host response on the host metabolism are so far unknown.
However there is a close connection between various cellular processes that are influenced by the S.
aureus infection and metabolism. As described above the autophagy pathway is closely coupled to
intracellular metabolism due to mTOR and intracellular concentrations of inositol and inositol-1,4,5-P
[88,89]. TLR2 and Nod2 activates a signalling pathway, including MyD88 - PI3K - Akt1, of which the
latter two are known to also modulate metabolism [160]. Furthermore programmed cell death called
apoptosis can be induced during infection with S. aureus [148,161]. This process relies on a sufficient
intracellular amount of ATP to be carried out [162] and is therefore also dependent on metabolism.
In between this complex interplay of cellular processes and signalling events, metabolites serve as
signal molecules, precursors for antimicrobial effector molecules such as antimicrobial peptides, and
also fuel primary anabolic and catabolic pathways. In our study “Alterations in the metabolome of
human airway epithelial cells in response to S. aureus infection” (article III) we used the human
airway epithelial cell line A549 which derived from a lung carcinoma. These cells were frequently
used as a host system for S. aureus infection to monitor bacterial survival and adaptation as well as
host responses to S. aureus and its toxins [135,136,151,152,163]. To elucidate which alterations in
host cell metabolism occur due to a S. aureus infection, we performed a metabolic approach in which
we analyzed the exometabolome as well as the endometabolome to get the most holistic view on
host cell metabolism.
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The extracellular metabolic data present clear evidence, that due to S. aureus infection growth of the
host cells is arrested, which is visible not only in host cell numbers, but also in the strong reduction of
essential amino acid consumption. Besides that, we detected enhanced secretion of metabolites
involved in glutaminolysis, such as glutamate, aspartate and pyruvate indicating a diminished use of
glutamine derived metabolites. Since glutaminolysis is the pathway, that fuels many anabolic
pathways, a stop in growth is likely to lead to an excess of these intermediates which than might
rather be secreted. This is in accordance to recent studies showing, that S. aureus is able to induce
growth arrest in host cells via a G2/M phase transition by the secretion of phenol soluble modulins
[164,165]. In addition to that, the analysis revealed time dependent changes in the intracellular
metabolome. After a short time of 2 hours we found a strong decrease in metabolite concentrations,
similar to the results we already observed in airway epithelial cells treated with staphyloccocal alphatoxin [145]. However, over time the intracellular metabolic profile changed within 12 hours towards
increased concentrations mainly of amino acids, and surprisingly the nucleotide CTP. Whereas the
increased amounts of amino acids might be explained by higher proteasomal activity, the elevated
CTP content was not expected. To inhibit de novo CTP synthesis we therefore applied glutamine
analoga as inhibitors of glutamine dependent aminotransferase reactions. Whereas under control
conditions CTP synthesis was successfully inhibited, the increase of intracellular CTP concentration
during infection could not be prevented. Additionally several other reactions, mainly involved in
purine and pyrimidine synthesis, were inhibited under control conditions, but not under infection
conditions, in the presence of the inhibitors. We concluded, that either the inhibitors are not able to
reach their target site during infection, or that the pathways are not active under infection
conditions. To ensure that rather the latter is true, we applied labeled L-glutamine-(amide-15N) and
D-glucose-13C6 to the infected cells and compared the amount of labeled metabolites to a control
approach with uninfected cells. We found that the increased amounts of CTP are unlabelled to the
greatest extant. Therefore our data suggest i) a shut down in pyrimidine and purine de novo
synthesis during S. aureus infection and ii) an internal source of CTP or its derivates that can be used
for CTP production via the CTP-salvage pathway, which is glutamine independent. Beside DNA and
RNA synthesis CTP is an important metabolite for lipid synthesis and proteoglycan synthesis
however, since we were not able to inhibit CTP-synthesis we cannot state the importance of its
elevated concentrations during infection.
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Figure 5 Metabolic activity of the host cell after exposure to Staphylococcus aureus deduces from metabolic data.
Metabolites are written in regular font, metabolic pathways in bold font and cellular processes in italic font. Green coloured
labels indicate increased concentrations or higher activity and red labels indicate decreased concentrations or reduced
activity. The pentose-phosphate pathway (PP-pathway) is coloured blue to indicate a changed flux of carbon during
infection, which is only detectable, when azaserine, a metabolic inhibitor, is present.

Metabolic adaptation of Burkholderia pseudomallei during acute infection
Burkholderia pseudomallei, a Gram negative environmental and soil bacterium is the causative agent
of melioidosis, a severe disease that occurs in a broad range of animals and humans [166]. The
natural habitats of this bacterium are rice paddies, still or stagnant waters, and moist tropical soils
[167]. Once B. pseudomallei has entered the human body by inhalation, cutaneous inoculation or
ingestion, the infection can result in various clinical manifestations ranging from local soft tissue
infections to severe sepsis and pneumonia [166,168]. This disease occurs predominantly in Northern
Australia, Southeast Asia, China and Taiwan but additional cases and environmental isolates have
been reported from several regions between latitude 20°N and 20°S [168-170]. B pseudomallei
exhibit various characteristics, which contribute to its pathogenicity. As an environmental and soil
bacterium, B. pseudomallei can adapt to a variety of environmental stresses and is able to survive
under harsh conditions, such as changing temperature, pH, osmolarity and nutrient depletion
[171,172]. Since adaptation needs flexibility in gene expression it is not surprising, that the genome
of B. pseudomallei is 1.31 kB larger than the genome of Burkholderia mallei, a closely related obligate
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pathogen without an environmental lifestyle [173]. The metabolic potential of B. pseudomallei, that
is inherited in the large genome, has not been fully uncovered yet, but it enables the organism to
synthesize all necessary metabolites required for growth, as it grows in minimal media [174]. Similar
large genomes of two close relatives Burkholderia cenocepacia and Burkholderia multivorans, which
are both part of the pathogenic Burkholderia cepacia complex, account for 1506 and 1473 metabolic
reactions respectively [175]. Furthermore the genetic repertoire contains many genes involved in
carbon metabolism and secondary metabolism that contribute to its pathogenicity by utilizing host
derived nutrients and interacting with host cellular pathways [176]. Recent studies have raised
evidence that, besides its variability in metabolism, the ability to form various colony morphology
variants is connected to the pathogenicity of this pathogen [177-181]. So far only few functional
studies have been carried out, indicating a role of morphotype switching with regard to infection
relevant parameters like adhesion and intracellular replication [174]. Moreover a higher
susceptibility to reactive oxygen species, overexpression of the arginine deiminase system and
flagellin were observed [177-179]. A possible adaptive role of these morphotypes during human
melioidosis is indicated by clinical isogenic isolates with variation in morphology [177]. Whereas a
clear connection between metabolism and colony morphotypes are described for other bacteria like
S. aureus [182] and B. cepacia complex [183] and Pseudomonas aeroginosa [184], so far no such link
has been found in B. pseudomallei. In fact most metabolic information for this bacterium are
concluded from genetic, transcriptomic or proteomic data but no metabolome approach has been
carried out so far. We were therefore encouraged to shed some light on this neglected field with our
study "A metabolic footprint approach reveals metabolic synchronization of Burkholderia
pseudomallei morphotypes due to infection” (article IV). The study provides important information
on nutrition uptake and metabolite secretion of various starvation induced B. pseudomallei
morphotypes of two strains. In addition, it shows the effect of acute infection on these metabolic
characteristics by using an acute mouse pneumonia model (in vivo approach) and a murine
macrophage cell line (in vitro approach). As a key result of the study, we found that the provided
amino acids in the culture medium can be divided into two sets, of which one is taken up faster than
the other. This was observed for all morphotypes, whereas individual uptake rates differed among
them. Gluconate production and subsequent consumption was a common feature in all morphotypes
cultures again with individual intensities. This finding is of special interest, since the gluconate
production genes, as found in the genome of the close relative B. cepacia, are not assigned so far in
the genome of B. pseudomallei. Beside these basic metabolic findings, we identified a
synchronization effect that was exhibited by all morphotypes after infection, regardless if the in vitro
or the in vivo approach was chosen. The reduction of variability in growth, and metabolic behaviour
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after infection points towards an infection related trigger that causes the uniformity of B.
pseudomallei and might display an important step of adaptation to the host environment.

Figure 6 Metabolic footprint analysis of Burkholderia pseudomallei morphotypes before and after infection.
a) Strains E8 and K96243 were taken from glycerol stocks and different media were inoculated for 24 days. b) Morphotypes
were identified after plating on Ashdown agar and used for inoculation of modified RPMI medium for metabolic footprint
analysis. c) Obtained morphotypes of strain K96243 were further used in in vivo infection experiments with i) BALB/c mice
or ii) for in vitro infection experiments in macrophages. d) Morphotypes after in vivo and in vitro experiments were
identified after plating on Ashdown agar and used for inoculation of modified RPMI medium for metabolic footprint
analysis.
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Concluding remarks
In this thesis metabolic aspects of host pathogen interactions were investigated by applying
metabolomics. Three levels of the interaction of S. aureus and human host cells were investigated
namely the pathogen site, the reaction of the host cell to a secreted virulence factor and finally the
interaction of both organisms in an infection approach. Thereby a broad picture of the role of
metabolism during host pathogen interaction could be drawn. On the pathogen site the secondary
metabolite BSH was identified as being relevant for infection. In future studies BSH synthesis with
regard to S. aureus pathogenisis should be investigated in more detail, to clarify whether BSHsynthesis might be a promising new target site for antimicrobial treatment. The second study showed
that the host cell metabolism strongly reacts to staphyloccocal Hla. There are plenty virulence factors
of S. aureus which impact on the host cells metabolome are unknown. To uncover the potential of S.
aureus to interfere with the host cell metabolism, other virulence factors such as other hemolysins,
phenol soluble modulins and other exotoxins could be investigated in the same manner. Metabolic
patterns of toxin treated cells are likely not only to reveal primary functions of bacterial toxins but
moreover reflect the response of the host cell. However this approach does not reflect the in vivo
situation the host cells faces during a S. aureus infection but only describes the potential effect the
virulence factor might have. To understand the in vivo situation, infection approaches, as performed
in the third study of this thesis, are needed. Although that study demonstrates that metabolic
pathways in the growing host cell are clearly affected by the infection with S. aureus future studies
should also include primary cell cultures to highlight the infection effect in non-growing cells.
Moreover, functional studies including various S. aureus mutants and also knock-down approaches
would be helpful to clarify which genes and which cellular processes are responsible for distinct
metabolic changes. Overall a first important base of knowledge to understand the interdependencies
between S. aureus and the host cell metabolism was established in this thesis and lays the
groundwork for future studies of S. aureus pathogenicity.
The final project in this thesis dealt with the metabolic adaptation of the pathogen Burkholderia
pseudomallei under infection conditions. From the pathogen point of view, this is a crucial step
during infection. The environment changes rapidly after entering the host body. The nutrient
availability might not be sufficient, abiotic factors are different and the immune system is targeting
bacterial cells. Understanding the adaptational processes of the pathogen in this environment might
reveal essential processes or pathways in the bacterial cell that could represent new targets for
antimicrobial treatment. This could be true in the case of the extracellular gluconate production.
Further experiments are needed to reveal the role and the importance of the extracellular
conversion of glucose to gluconate and if an inhibition of this reaction would reduce bacterial
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growth. Moreover, based on the results in this thesis, future studies should target the catabolic and
anabolic requirements of B. pseudomallei under infection conditions to identify essential metabolic
pathways.
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Supplemental data
All supplemental informations are provided on the CD-ROM that was deposited with the thesis
Supplemental table T1.1 Extracellular metabolite concentrations in the cell culture medium of A549
cells over time under control conditions. Data were obtained by 1H-NMR measurements and are
displayed as averages with standard deviation of 6 biological replicates
Supplemental table T1.2 Extracellular metabolite concentrations in the cell culture medium of A549
cells over time after infecton with S. aureus. Data were obtained by 1H-NMR measurements and are
displayed as averages with standard deviation of 6 biological replicates
Supplemental table T1.3 Changes in extracellular concentration over time in relation to the cell
proliferation. The concentration difference between t0 and tx was related to the factor of
proliferation in that time period.
Supplemental table T2. Relative intracellular concentrations of metabolites over time in control and
infected cells. The concentrations are displayed as relative concentrations (with the according
internal standard as a reference) normalized on the cell number (107 cells). Multiple t-tests were
performed for calculating the statistical significance between control and infected cells (n≥3).
Relative concentrations ≤ 0.0017 were replaced with 0.0017, which represents the half maximum
value of the smallest integrated signal and indicated red. Fold changes are presented as the the log2
transformed ratio of (rel conc. of infected / rel conc. of control)
Supplemental table T3. Relative intracellular concentrations of metabolites in control and infected
cells in the presence of glutamine analoga. Control cells and infected cells were cultivated for 12
hours either under control conditions or with DON or AZA present in the medium. The
concentrations are displayed as relative concentrations (with the according internal standard as a
reference) normalized on the cell number. Multiple t-tests were performed for calculating the
statistical significance between control and infected cells (n≥7 out of at least 4 independent
experiments). Relative concentrations ≤ 0.0017 were replaced with 0.0017, which represents the half
maximum value of the smallest integrated signal and indicated red. Fold changes are presented as
the the log2 transformed ratio of (rel conc. of infected / rel conc. of control)
Supplemental table T4.1 Analyzed isotopes of intracellular metabolites after labelling with 13C
Control cells and infected cells were cultivated for 12 hours with 13C-glucose. The most abundant
isotope peaks of the according metabolites were analyzed and the labeling was determined by the
mass. The total amount of a metabolite was determined by the sum of the analyzed isotopes.
Supplemental table T4.2 Analyzed isotopes of intracellular metabolites after labelling with 15N
.Control cells and infected cells were cultivated for 12 hours with 15N-amide-glutamine. The most
abundant isotope peaks of the according metabolites were analyzed and the labeling was
determined by the mass. The total amount of a metabolite was determined by the sum of the
analyzed isotopes.
Supplemental table T5 Metabolites identified by the accurate mass. m/z Values of metabolites were
compared to the monoisotopic mass for these compounds as deposited in the Human Metabolome
DataBase. Furthermore, if available, the retention time was compared with similar compounds.
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Supplemental figure S1. Colour coded chart of extracellular concentrations of all integrated signals
in the medium of starvation induced morphotypes. Average values (n=3; SD in suppl. Table 1) of
absolute concentrations for identified metabolites and of relative concentrations for unknown
metabolites were log2 transformed and displayed as the colour code indicates. Arrows indicate the
time line of cultivation from 5 h to 60 h for each morphotypes and the first column represents initial
values in medium. Unknown signals are named according to their signal multiplicity and chemical
shift.
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Supplemental figure S2. Colour coded chart of extracellular concentrations of all integrated

signals in the medium of infection induced morphotypes. Average values (n=3; SD in suppl.
Table 2 and 3) of absolute concentrations for identified metabolites and of relative
concentrations for unknown metabolites were log2 transformed and displayed as the colour
code indicates. Arrows indicate the time line of cultivation from 5 h to 60 h for each
morphotypes and the first column represents initial values in medium. Unknown signals are
named according to their signal multiplicity and chemical shift.
Supplemental Table T1 Absolute extracellular concentrations of metabolites during the cultivation
measured by 1H-NMR spectroscopy. Morphotypes of the strains E8 and K96243 were cultivated in
supplementaed RPMi for 60 hours. Average values (n=3) of extracellular metabolite concentrations
at the timepoints mentioned for all morphotypes of the strains E8 and K96243 are listed in the first
table. The second table displays the according standard deviation.
Supplemental Table T2 Absolute extracellular concentrations of metabolites during the cultivation
after in vivo infection measured by 1H-NMR spectroscopy. Morphotypes of the strain K96243 were
used for the in vivo infection approach. After isolation out of the lung of BALB/c mice morphotypes
were cultivated in supplementaed RPMi for 60 hours. Average values (n=3) of extracellular
metabolite concentrations at the timepoints mentioned are listed in the first table. The second table
displays the according standard deviation.
Supplemental Table T3 Absolute extracellular concentrations of metabolites during the cultivation
after in vitro infection measured by 1H-NMR spectroscopy. Morphotypes of the strain K96243 were
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used for the in vitro infection approach. After isolation out of the intracellular environment of
RAW264.7 macrophages morphotypes were cultivated in supplementaed RPMi for 60 hours. Average
values (n=3) of extracellular metabolite concentrations at the timepoints mentioned are listed in the
first table. The second table displays the according standard deviation.
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