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1 Introduction 

1.1 Motivation and overview of thesis 

The scientific discipline of metabolomics offers recently enormous possibilities to 

study the metabolism of human cells and microorganisms on a systems level. One 

very fascinating field of application is the investigation of host-pathogen interactions 

in order to learn more about in the underlying biology. How do microorganisms 

intertwine and manipulated their human host and how does the host respond? 

Alterations in the metabolome after infection are hereby of special interest, since the 

metabolome describes the ultimate phenotype deduced by permutations in gene 

expression, modulation of protein function and environmental factors (Mashego et 

al., 2007). Therefore, metabolomic investigations, together with the availability of 

complete genomes as well as proteomic and transcriptomic data, promises a much 

more comprehensive understanding of host-pathogen interactions (Forst, 2006, 

Mashego et al., 2007, Kafsack et al., Eisenreich et al.). An improved knowledge of 

biological processes during an infection is essentially required for new therapeutic 

intervention opportunities and drug development (Forst, 2006), which are obviously 

necessary considering the facts that infectious diseases are still one of the world’s 

most leading causes of death (WHO, 2008), that drug resistances against our 

current antibiotics are an increasing phenomenon (Barie, 2012) and that several 

chronic diseases are linked to bacterial persistent infections and their long-term 

complications (Monack et al., 2004).  

Within this thesis novel multi-parallel analytical approaches have been developed 

and applied to investigate metabolic host-pathogen interactions between Chlamydia 

and human host cells. Chlamydia are pathogens with prevalence of up to 70% in the 

western hemisphere. They are currently only diagnosable and treatable during their 

active infection, but especially persistent and recurring infections are associated with 

serious health problems, like COPD (chronic obstructive pulmonary disease) or 

Asthma in case of Chlamydia pneumoniae (Branden et al., 2005, Hahn et al., 2012) 

or like pelvic inflammatory disease and infertility after infection with Chlamydia 

trachomatis (Schachter, 1999, WHO, 2001, WHO, 2012a). Both strains C. 

pneumoniae and C. trachomatis have been studied in cell culture within this thesis 

(Figure 1). Since Chlamydia are intracellular replicating pathogens, their metabolism 

and the interactions with the human host has been hardly investigated to this day. In 
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consequence, our current knowledge about these fascinating pathogens is quite 

limited. 

Chlamydia pneumonia infection – non-
targeted investigation of active and 

persistent infection
CHAPTER 2

Chlamydia trachomatis infection -
hypothesis-driven investigation of lipid 

alterations after infection, identification of a 
peroxisomal contribution

CHAPTER 3

organism organ or tissue cell culture experiments

knowledge and hypothesis generation, enabling of  targeted studies when dealing with the complex 
organism

verif ication of  hypothesis in simplif ied systems

Study of  the cellular metabolome under the inf luence of  :
-specif ic microenvironments
-variation of   cell culturing medium
-mutant cells
… 

Metabolome, inf luenced by:
life style (nutrition, sports…)
genomic variation (inter-individual variation)
disease /health status
environment
….

healthy infected

 

Figure 1: Overview of applied metabolomics-strategies and tissue tropism of studied 
Chlamydia strains  

 

In the first part of the thesis, C. pneumoniae infections are studied in a non-targeted 

manner. Within this first part the strength of non-targeted metabolomics as a 

powerful screening tool for hypothesis generation based on most important 

metabolome alterations after infection is illustrated. The non-targeted investigation 

of the metabolic host-pathogen interactions in active and persistent C. pneumoniae 

infection has been carried out in collaboration with Inga Dietz and Prof. Dr. Jan 

Rupp (Institute for Medical Microbiology and Hygiene, University of Lübeck, Lübeck, 

Germany). Thereafter, C. trachomatis infections are deeper investigated with a 

focus on lipid permutations, which has been done in cooperation with Agathe Subtil 

and Paul Lazarow (Unit of Biology of Cell Interactions, Institute Pasteur, Paris, 
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France). The second part presents metabolomics as a promising tool for verification 

of a priory hypothesis. In both parts the reader is introduced in the development of 

the methodology, before the biological results and their interpretation are presented.  

Non-targeted metabolomics reaches towards the simultaneous detection of all 

metabolites in at least two different phenotypes, e.g. infected and non-infected cells. 

It aims at a “snapshot” of the metabolism in both systems. Metabolites showing the 

highest variations in these two phenotypes are explored by statistical analysis in 

order to determine the most relevant cellular modulations. This concept of non-

targeted analysis is often helpful when conventional investigations grope in the dark. 

In addition, it is beneficial in studies combining several phenotypes, like during the 

investigation of different influencing factors to an infection (Figure 2).  

nucleus

environmental condition like 
oxygen content 

nutrition

therapeutic treatments

immune system

 non-targeted analysis of metabolite pattern in different conditions
 specification of altered metabolite pattern 
 hypothesis generation for targeted follow-up studies

human cell

inclusion

Chlamydia

human peroxisomes

metabolic 
interaction

 

Figure 2: Illustration of a human cell infected with the intracellular pathogen Chlamydia: 
Several external stimuli and conditions, like the oxygen concentration in the surrounding 
atmosphere, nutrition, treatment or activation of the immune system influences the 
pathogenesis. Consequently, differences in the metabolite pattern can be observed and 
deeper investigated.  

 

Such multi-condition experiments are particularly important to simulate and 

understand processes and interactions occurring in real life. Accordingly, we 

combined several culturing conditions to investigate an active, a persistent and a 
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non-persistent C. pneumoniae infection. After developing the analytical concept, 

which integrates several state-of-the-art analytical methods and data elaboration 

tools, the host–pathogen interactions are explored. This part of the thesis aims at 

enhanced biological understanding of an active and persistent Chlamydia infection, 

at the definition of starting points for future targeted studies and at the discovery of 

discriminating markers for new diagnostic and therapeutic concepts. The obtained 

results give complete new insights into chlamydial infections and validate previous 

evidence. 

The second part of this thesis serves mainly for hypothesis verification, thus it 

illustrates the power of metabolomics in follow-up investigations. It contracts 

furthermore to the results of the non-targeted investigation, which shows an impact 

of Chlamydia infection to the cellular lipid homeostasis. Moreover, we have been 

further motivated to built up a targeted lipidomics investigation since human 

peroxisomes, which are main compartments essentially required for etherlipid 

biosynthesis, have been recently found inside the chlamydial inclusion by Agathe 

Subtil et al. (Unit of Biology of Cell Interactions, Institute Pasteur, Paris, France) 

(Figure 2). A methodology based on two-dimensional liquid chromatography in 

combination with ultrahigh resolution mass spectrometry has been developed and 

the obtained results are illustrated. 

Such non-targeted and lipidomics investigations of complex systems like infected 

cells, which contain a huge number of metabolites characterized by different 

physicochemical properties and various concentrations, is an analytical challenge 

only enabled by recent progress in the instrumental development. Nevertheless, no 

current analytical technique can detect all compounds abundant in a human cell or 

bacteria (Saito et al., 2009). Thus, new concepts combining several analytical 

techniques (multi-parallel approaches) and the data integration need to be 

elaborated. The analytical workflow in the non-targeted as well as in the targeted 

investigations of this work integrate state-of-the-art direct-injection ultrahigh 

resolution mass spectrometry and ultrahigh performance liquid chromatography 

based on two separation principles. For the data elaboration and interpretation 

sophisticated statistical analysis as well as new visualization tools are implemented. 

Since the rising and promising, but still quite young, scientific discipline of 

metabolomics, needs the implementation of guidelines and standards to avoid false 

positive discoveries, recommendations of consortia like Metabolomics Standard 
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Initiative (MSI) have been considered during the experimental work and data 

reporting (Fernie et al., Castle et al., 2006, Fiehn et al., 2006, Dunn et al.). In 

summary, the thesis is located in the intersection of analytical chemistry, infection 

biology and fields of data analysis. An overview of the general structure of the 

presented work is illustrated in Figure 3: 

introduction (chapter 1)

motivation, objective and overview of thesis

fundamentals about 

metabolomics

 applied analytical and data elaboration techniques

Chlamydia biology

development and application of multi-parallel approaches for: 

NON-TARGETED INVESTIGATION 

of an active and persistent Chlamydia infection (chapter 2)

TARGETED, HYPOTHESIS-DRIVEN INVESTIGATION 

of lipid permutations in Chlamydia infection (chapter 3)

concluding remarks (chapter 4)

annex (chapter 5)

illustration of further required analytical work using the example of 

diacylglycerol gasphase reactions  

supplementary data (chapter 6)

bibliography (chapter 7)  

Figure 3: Structure of presented thesis 

 

1.2 Metabolites 

Metabolites are low molecular weight compounds participating in metabolic 

reactions. They are attributed with very diverse physicochemical characteristics, 

ranging from ionic to hydrophobic properties. Furthermore, their concentrations vary 

in a broad dynamic range (Villas-Boas et al., 2005). The cellular pool of all 

metabolites, termed as metabolome, results from a permanent chemical 

transformation, in which metabolites are precursors, intermediates or end products. 
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Any chemical transformation is hereby subjected to the general mass balance 

constrain (Bhalla et al., 2005, Soh et al., 2010). The constant input of nutrients from 

the environment and their assimilation through the metabolism is essential to 

acquire energy and building blocks for cellular growth, homeostasis and survival 

(Soh et al., 2010).  

The number of existing metabolites in mammalians, plants and microbes is still fairly 

unknown. However, some estimations vary between several hundred thousand and 

one million (Ott et al., 2006, Dixon et al., 2003). These numbers indicate that our 

current knowledge may cover only approximately 10% of all existing metabolites.  

enzyme A

enzyme C

enzyme D

enzyme E

enzyme B

precursor

end product (I)

fe
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d
b
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Enzyme F Enzyme G
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known pathways and
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feedforward

 

Figure 4: Assembly of metabolites into pathways and highly connected metabolic network: 
The metabolism underlies feedback and feedforward regulations. Considering the huge 
proportion of non-identified metabolites, complete “unknown” pathways are to be expected, 
which might also influence the “known” metabolism.  

 

Sets of metabolites are traditionally assembled in pathways, in which the product of 

one reaction serves as substrate for the next one. The interconnections between 

such pathways lead to the construction of highly linked metabolic networks (Gruning 

et al., 2010) (Figure 4). Regulation of this metabolic network occurs at the cellular 

level of transcription, translation, post-translational modifications or by metabolites. 

The rate of enzymatic reactions depended on enzyme availability and -properties as 
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well as substrate and product concentrations. Small important effectors metabolites 

have been termed “reporter metabolites” (Gruning et al., 2010, Patil et al., 2005). A 

categorization into two classes is suggested: global and specialized reporters. 

Whereas global reporter metabolites represent the interconnection between several 

pathways like ATP or NAD(H), specialized reporters are intermediates in distinct 

pathways (Fujita, 2009). Changes in global reporter metabolite concentrations or 

their ratio to each other pinpoints a strong alteration of the metabolism. Instantly, a 

decreased ratio of ATP:AMP indicates a shortage of cellular energy. Feedback and 

feedforward control mechanisms are hereby characteristic for metabolic self-

regulations, and lead to an adaption of the metabolic processes according to the 

cellular demand (Gruning et al., 2010).  

Taken the above mentioned fact into account, that our current knowledge covers 

only approximately 10% of existing metabolites, it is very assumable that currently 

“unknown” compounds might truncate and modulate known pathways. Additionally, 

this fact shows the existence of completely new metabolic pathways (Breitling et al., 

2008). To give just two examples: a novel carbohydrate anabolism and a new 

pyrimidine catabolism have been discovered in Escherichia coli (Fischer et al., 2003, 

Loh et al., 2006). In consequence, it is absolutely logical that metabolic adaption 

processes to an external stimulus, like an infection, might affect such „unknown“ 

metabolites. Another quite reasonable aspect is the influence of intermediates from 

a novel pathway on the regulation, activation or inhibition of known pathways (Figure 

4). The discovery of such „unknown“ intermediates in any infection or disease would 

offer new therapeutic intervention opportunities. 

 

1.3 Metabolomics 

1.3.1 Definition 

As the functional phenotype of a system is characterized by its metabolites, changes 

in the metabolite pattern reflect environmental and genetic perturbations (Dettmer et 

al., 2007). The analysis of the entity of metabolites, in general termed as 

metabolomics, is therefore an important step towards deeper understanding of 

cellular regulation and adaption processes. This idea was introduced by Oliver and 

Nicholson in the late 1990ies (Oliver et al., 1998, Nicholson et al., 1999) and the 
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fascinating scientific discipline of metabolomics has been developing rapidly since 

that.  

Originally, the term metabonomics as “the quantitative measurement of the dynamic 

multiparametric metabolic response of living systems to pathophysiological stimuli or 

genetic modification” (Nicholson et al., 1999) has been separated from the terminus 

of metabolomics, as “a comprehensive analysis, in which all the metabolites of a 

biological system are identified and quantified” (Fiehn, 2002). Recently, the scientific 

community mostly uses the phrase metabolomics.  

Several termini have been established in the field of metabolomics. Table 1 gives an 

overview of the used terms and the main applied techniques (Goodacre, 2007): 

terminus aim 
preferred analytical 

technique 

targeted metabolite 
analysis 

restricted analysis of several metabolites 
for verification of a priori hypothesis 

HPLC, GS-MS, LC-MS, 
NMR 

metabolite profiling focus on distinct group of metabolites 
LC-MS, CE-MS, LC-

NMR, LC-EC  

metabolomics  
comprehensive analysis of the entire 

metabolome 
LCn-MS, GC-MS, 
ICR/FT-MS, NMR 

metabolite flux 
analysis 

analysis of metabolites derived from 
stable isotope labeled substrates  

NMR, MS 

metabolic finger-/ 
footprinting 

classification of organisms based on their 
intracellular or extracellular metabolite 

profile  

NMR, MS, MALDI MS, 
FT IR, RAMAN 

Table 1: Terms in metabolomics (Goodarce 2007 modified) 

 

Furthermore, subforms of metabolomics have been developed; according to the 

analyzed metabolite class several termini are common, like lipidomics for lipid 

investigations or glycomics for studies of sugar derivates. In particular lipidomics is 
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growing very fast since lipids are increasingly seen as modulators of cellular 

functions and second messengers, not to forget their function as structural 

components.  

 

1.3.2 General workflow in metabolomics 

The initial step in all metabolomic investigations is the decision of the objective: 

Shall the study serve the hypothesis generation or shall it verify a priory theory? 

Thus, either a non-targeted or targeted design has to be chosen. Figure 5 illustrates 

a typical workflow for a non-targeted study.  

sampling

sample analysis

-quenching
-extraction
-storage

sample preparation

-data cleaning 
-normalization and transformation
-data modeling and visualization
-data reduction
-validation
-feature extraction
-annotation

data analysis

-choice of  technique
-optimization 
-multi-parallel analysis

candidate 
biomarker

set-up
 o

f targ
eted

, fo
llow

-up
 stud

y for m
arker verificatio

n

-f ragmentation and structure elucidation
-de novo identif ication

 

Figure 5: Typical workflow in non-targeted metabolomics: Prior any practical work a 
sophisticated study design and the number of sufficient biological and technical replicates 
need to be ensured. Important steps during sampling are quenching, choice of extraction 
solvents and decision of sample storage. After the sample preparation, which is done 
according to the needs of the used analytic technique, and sample analysis, a statistical 
modeling is performed. The data analysis aims at defining of putative biomarkers, which are 
afterwards identified by MS² and/or NMR. Based on the results targeted follow-up studies 
might be built up.  
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Moreover, according to the metabolites of interest special requirements need to be 

considered, for example several lipid species are known to be oxygen and UV 

radiation sensitive. In consequence, the samples have to be stored in the dark 

coolness under nitrogen atmosphere or they have to be prepared freshly. 

 

1.3.3  Applications and benefit of metabolomics 

Nowadays, metabolomics enables to monitor changes in metabolic activity in 

response to genetic and nutrient perturbations, to decode unknown gene functions 

(Patil et al., 2005, Saito et al., Ihmels et al., 2004) and investigate processes in 

disease, infection and during therapeutic treatments (Robertson et al., 2011). 

Metabolomics will thus improve diagnosis and therapy of divers diseases by e.g.: 

- discovery of (pre-) disease markers inferred by metabolite shifting as well as 
monitoring of health/disease status 

- easy and fast differentiation between cancerogenious and healthy tissue  

- monitoring and adaption of drug responses, which is required for 
personalized therapeutic regimes (“personalized medicine”) 

- discovery of new lead structures for novel therapeutic agents 

- identification of microorganisms via fingerprinting techniques 

All these examples might also lead to time-, labor and cost savings and holds 

therefore economic advantages. Besides its tremendous potential for medicine and 

biology, also applications in environmental science and bioengineering stand to 

benefit from metabolomics.  

The integration of metabolomics data in the other omics disciplines (proteomics, 

transcriptomics and genomics), as imposed by systems biology (Figure 6), and thus 

the combination of all available molecular-biological and phenotypic knowledge will 

provide by far a more comprehensive understanding of biological processes (Kell, 

2006).  
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METABOLOME
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What can happen?
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What makes it happen?

What happens?

systems biology

DNA

RNA

PROTEINS

METABOLITES

transcription
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regulation and 
enzymatic reaction

PHENOTYPE  

Figure 6: OMICS cascade and central dogma of molecular biology (Dettmer et al. 2007, 
modified, with permission): The genetic information is transcribed into RNA and thereafter 
translated into proteins. Proteins may interact with each other, exhibit regulatory functions, 
serve as structural elements or act as enzymes in chemical transformations of metabolites. 
The cell’s metabolite interior reflects in consequence the final phenotype resulting from 
regulation and adaption processes.  

 

1.3.4 Metabolomics of host-pathogen interactions 

This thesis is based on medical-biological oriented metabolomics and focuses on 

host-pathogen interactions. Host-pathogen interactions occur between at least two 

distinct organisms: between microbes, which can either be pathogens or 

commensials, and their mammalian host. The ultimate goal of such investigations is 

the understanding of the underlying biology next to the establishment of a robust 

framework for therapeutic intervention opportunities and drug development (Forst, 

2006). The metabolomic analysis of intracellular pathogens is hereby extremely 

reasonable, since the host’s and pathogen’s metabolisms are likely to be strongly 

intertwined. The parasite needs nutrients derived from the host while the host 

struggles to maintain its homeostasis (Forst, 2006). Furthermore, the host may have 

to cope with waste products, toxins and pathogenic factors altering its cell 

architecture (Forst, 2006). In other words, the infection of a human cell leads 

probably to a deregulation of its metabolism. Previously, several studies have 
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focused on the identification of host-pathogen interaction and diagnostic markers for 

intracellular pathogens like e.g. Schistosoma (Wang et al., 2004), Trichinella (Martin 

et al., 2006), Plasmodium (Teng et al., 2009b, Olszewski et al., 2009, Li et al., 2008) 

and Trypanosoma brucei (Coustou et al., 2008), but to this day Chlamydia-host 

interactions on a metabolic level have been hardly investigated.  

 

1.4 Technologies in metabolomics  

Investigations of host-pathogen metabolomics benefit from recent improvements in 

sampling technologies and analytical developments, like multidimensional 

chromatography, ultrahigh pressure liquid chromatography and ultrahigh resolution 

mass spectrometry. Such enhanced analytical possibilities allow the sensitive and 

simultaneous detection of up to several thousand metabolites (Saito et al., 2009). 

However, there is no single analytical technique currently capable to detect and 

quantify all metabolites in one system. This is mainly due to the chemical diversity of 

metabolites. Nevertheless, technical progress and the development of multi-parallel 

approaches have made many advances and may lead to the detection of all 

metabolites in the future. Mass spectrometry (MS), either as standalone instrument 

or coupled to separation techniques like capillary electrophoresis (CE) or liquid 

chromatography (LC), and nuclear magnetic resonance spectroscopy (NMR) are the 

most commonly applied technologies in metabolomic research (Saito et al., 2009).  

 

1.4.1 Liquid chromatography 

Any chromatography bases on interactions, which do occur between the analytes in 

the sample and the mobile/stationary phase. These interactions are either of 

chemical or physical nature. Predominate ones are hydrogen-bridging, dipol-dipol or 

ion-dipole interactions, van-der-Waals-forces and hydrophobic interactions 

(reviewed in Buszewski et al., 2011). Based on this multitude of possible interactions 

and their different strength the partitioning of each analyte in the mobile phase 

strongly depends on its physicochemical characteristics. Subsequently, the different 

retention behaviors on the stationary phase can be used for separation of the 

analytes. 
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The efficiency of a chromatographic separation can be measured by the number of 

theoretical plates or (normalized to the length of the column) by the theoretical plate 

height (HEPT). It is influenced by various factors. This is theoretically explained by 

the Van Deemter equation. The equation reflects the influences of the lateral or 

Eddy diffusion (A term), longitunal diffusion (B term) and mass transfer (C term) on 

the separation efficiency. Main parameters to be considered are accordingly the 

particle size (dp) and characteristics of the packing material, the velocity (v) and 

viscosity (γ) of the mobile phase, as well as the diffusions coefficient (Dm) of the 

analyte in the mobile phase, the retention factor and temperature.  

HEPT=A+B/v+Cv 

A=2λdp 
B=2γDm 

C=ωdp
2/Dm 

Additionally, aspects like column dimension, column material, mobile phase and 

gradient set-up need to be considered during the development of LC-MS methods 

and the ionization process after LC separation should not been forgotten, since a 

sufficient choice of solvents, additives and pH of the mobile phase can support the 

ionization (Kostiainen et al., 2009).  

In the past years substantial improvements in chromatographic equipment and 

instrumentation enhanced the separation efficiency and its speed (Guillarme et al., 

2009, Lu et al., 2008). The development of UPLC® techniques as well as 

improvements in particle science are to be mentioned at first. They enable high-

throughput analysis of very complex samples in short run times. The package of 

analytical columns with small and homogenous distributed particles results in 

enhanced efficiency, optimum velocity and mass transfer, but causes also a higher 

back pressure (Guillarme et al., 2009). UPLC® systems usually use sub-2µm particle 

sizes and allow a pressure of up to 1000bar. One of the first examples of enhancing 

the analytical separation and speed by applying of an UPLC® instead of a HPLC has 

been given by Guillarme et al. 2008 (Guillarme et al., 2008).  

Matrix effects from which direct injection MS may suffer are decreased by 

performing LC separation prior to MS injection. Moreover, a differentiation of 

isobaric compounds can be achieved by chromatographic analysis. The availability 

of stationary phases with different column chemistries allows the optimal separation 
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condition for each class of metabolites in classical targeted studies. In non-targeted 

analysis it becomes much more complicated, since a multitude of different 

metabolites needs to be retained. The parallel or sequential combination of two 

orthogonal separation principles provides here an increased chromatographic 

resolving power. This is particularly required for complex samples and groups of 

metabolites with a high degree of homology. Instantly, the separation of 

phospholipids is illustrated for HILIC (hydrophilic interaction liquid chromatography) 

and RP (reversed phase) chromatography. Whereas in HILIC the hydrophilic head 

groups interact with the column and aqueous layer, the characteristics of the 

carbonyl chains are the underlying fundament for RP LC separation (Figure 7). 
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Figure 7: Illustration of retention mechanisms of glycerophospholipids in (A) HILIC and (B) 
RP separation: HILIC separation bases on interactions between the hydrophilic head group 
of glycerophospholipids with the column and the aqueous layer. In RP chromatography the 
fatty acid tails of glycerophospholipids are important for retention. By combination of both 
techniques the resolving power can be increased. (glycerophospholipids are schematically 
illustrated as head-tail molecules) 

 

Within the first, non-targeted part of this thesis two UPLC®-MS methods (HILIC and 

RP) have been separately optimized to maximize the metabolite recovery of the 

investigated samples. In the second part, a two dimensional LC separation has been 

developed to improve the separation power in terms of peak capacity and resolution 

of a very complex metabolite class, namely glycerophospholipids.  
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1.4.2 Mass spectrometry  

Continuous development of mass detectors, improved pumping technologies and 

stronger magnetic fields enable recently enormous mass resolution and enhanced 

mass accuracy in mass spectrometry. This is especially the case for ion cyclotron 

resonance Fourier transform mass spectrometers (ICR/FT-MS), but also other 

detector types, such as Time of Flight mass spectrometers (ToF), have undergone a 

large development. During this work the absolutely outstanding ICR/FT-MS 

(solariXTM, Bruker, Bremen, Germany) equipped with a 12 Tesla superconducting 

magnet has been applied for direct injection experiment and a modern UHR-qTOF 

mass spectrometer (maXisTM, Bruker, Bremen, Germany) served for LC-MS 

analysis, as it offers the required detection speed.   

Mass resolution (R) is extremely important when dealing with complex samples, 

since it describes the ability to differentiate closely located signals from each other 

(m/z - mass per charge). It is defined as the smallest difference in m/z that can be 

separated (Gross, 2011):  

R=(m/z)/(∆m/z). 

The resolution power of an instrument is defined as the peak width at a specific 

percentage of the peak height, usually at 50% (FWHM) (Gross, 2011). Mass 

accuracy increases with enlarged resolution and determines how precise the 

measured mass reflects the exact mass. The mass error is commonly calculated as: 

relative error [ppm]=( ∆m/z)/(m/z)x106. 

The implemented ICR/FT-MS instrument provides a resolution power of 

approximately 300,000 (FWHM) at m/z 300 and a mass accuracy <100ppb, and 

thus allows direct calculation of the elemental composition out of a detected signal. 

The maXisTM UHR-qTOF instrument on the other hand shows mass accuracies 

<1ppm and a resolution power of 50,000 FWHM. 
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1.4.2.1 Electrospray ionization 

Electrospray ionization (ESI) is an atmospheric pressure soft ionization technique, 

like also APPI (atmospheric pressure photo ionization) and APCI (atmospheric 

pressure chemical ionization). It enables almost fragment free ionization of a wide 

range of polar, hydrophilic compounds, which makes ESI the preferred ionization 

source in metabolomics (Lu et al., 2008).  

The basic working principle of ESI is schematically illustrated in Figure 8. The 

applied high voltage (3-5kV) at the tip of the ESI needle supplies charge for the 

analytes. The nebulization of the liquid sample is supported by the nebulizer gas, 

which is typically nitrogen. Nitrogen is furthermore applied as dry gas, which is 

heated up to 200°C and supports the solvent evaporization. As a result of gradual 

solvent evaporization of the nebulized sample the droplet size shrinks and the 

repulsive coulombic forces between ions in the droplet increase. This leads to a 

disruption of the charged droplets and production of desolvated ions. A very 

interesting review about our current knowledge of ESI ionization has been recently 

given by Kebarle et al. (Kebarle et al., 2009). 
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Figure 8: Electrospray ionization (Gross, 2011): The analytes are charged by the applied 
high voltage at the ESI needle tip. During evaporization of the solvent, which is supported by 
heated dry gas, the formed ions suffer from increased repulsive coloumbic forces. This leads 
eventually to a disruption of the droplets. 

 

Dependant on the polarity of the applied high voltage analytes of different 

characteristics can be preferably ionized. If positive ionization is chosen basic 

compounds, such as amines and amides, are very well ionizable, whereas in 
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negative mode acidic structures and sugars derivates are favored to be ionized. The 

sensitivity is in general better in positive ionization since in this mode ions can be 

generated by a variety of different mechanisms, like proton or alkali attachments. 

Further important influencing factors on the ionization process are the ion polarity, 

pH, presence of salts and concentration of the intrinsic analytes in the sprayed 

solution (Gross, 2011). 

 

1.4.2.2  Ion cyclotron resonance Fourier transform mass spectrometry 

Ion cyclotron resonance Fourier transform mass spectrometry combines excellent 

mass accuracy (<100ppb) and ultrahigh resolution. It enables therefore the 

distinction of several thousands of ions and the determination of the elemental 

composition for the detected masses. ICR/FT-MS furthermore offers a high dynamic 

range, allowing the detection of analytes with very different concentrations. This 

makes ICR/FT-MS an ideal tool for non-targeted metabolomic analysis. When 

properly used, similarities and dissimilarities between numerous types of biological 

samples can be rapidly identified with this outstanding technique (Bhalla et al., 

2005). Applications of ICR/FT-MS in the field of metabolomics have been reviewed 

by Ohta et al. 2010 (Ohta et al., 2010). 

A detailed description of ICR/FT-MS fundamentals is beyond this thesis and is given 

in a number of excellent publications (Marshall et al., 1998, Marshall, 2000, 

Hendrickson et al., 1999, Heeren et al., 2004, Guan et al., 1995), but a short 

overview of the instrumentation and principles should be given (Figure 9). An 

ICR/FT-MS instrument is divided into four main parts, namely the ionization unit, the 

ion optics, the quadrupole interface and the detector cell. The electrospray 

generated ions are focused and forwarded through a number of funnel systems and 

an octapole, where the ions are bunched. A selective ion filtering in the quadrupole 

is possible. Further accumulation and dissociation of ions can be obtained in the 

hexapole, before the ionized analytes reach the ICR detection cell.  
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Figure 9: Illustration of ICR/FT-MS (solariXTM Bruker) (Daltonics, 2009): Ions are generated 
in the ionization source and forwarded through the ion optics unit and the quadrupole 
interface into the ICR detection cell. The detected signals are frequencies of currents 
induced by orbiting ions. A Fourier transformation is applied to calculate the corresponding 
mass spectrum. 

 

The heart of any ICR/FT-MS is the ICR cell, which is embedded in a spatial uniform 

magnetic field. Within the magnetic field moving charged particles are subjected to 

the Lorentz Force, which is perpendicular to the magnetic field vector. The magnetic 

field thus bends the moving ions into orbits (Hendrickson et al., 1999). The Lorentz 

Force is defined as:  

F=qvB=ma 

 (F…force; q…charge; v…velocity of the ions;  
B…magnetic field strength; m…mass; a…acceleration) 

The second term in the equation gives the general definition of a Newton force. 

Considering the angular acceleration (a=ν²/r) and the angular velocity (ω=ν/r) the 

equation can be transformed into: 

ω=qB/m, 
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which defines the cyclotron frequency of an ion within the ICR cell (Hendrickson et 

al., 1999). Consequently, the cyclotron frequency is only dependent on the magnetic 

field strength and on the mass to charge ratio. 
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Figure 10: Illustration of (A) excitation and (B) image current detection inside an ICR cell 
(Gross, 2011). The ion cyclotron motion is indicated by the circular arrow. Two excitation 
plates are positioned in front of each other and orthogonal to the two excitation plates. (A) 
The implementation of RF electric field results in ion excitation. (B) Ion detection occurs by 
current induction in the detector plates.  

 

When entering the detection cell each ion moiety is furthermore excited since the 

initial orbits are too small for detection. Radio frequency (RF) potentials are applied 

through the excitation plates, which are two outer segments in front of each other 

and orthogonal positioned to the detector plates (Figure 10). Each m/z unit will cope 

with the excitation frequency reaching the resonance. Thus the ions are brought in 

phase and the orbiting radius of the cycling ions becomes larger and detectable 

(Barrow et al., 2005). 

The detection happens through the induction of current in the detector plates, which 

is caused by the ion movements. The frequency of the induced current reflects the 

cyclotron frequency and its intensity corresponds to the number of ions. The 

frequencies are then converted into a mass spectrum using a mathematical 

procedure known as Fourier transformation (Barrow et al., 2005).  

Another outstanding characteristic of ICR/FT-MS is the MS/MS opportunity. Besides 

the possibility to perform CID fragmentations (collision induces dissociation) in the 

hexapole, ICR/FT-MS enables SORI (sustained off-resonance irradiation) 

experiments inside the ICR cell. The advantage of SORI is the precise isolation of 
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m/z units. Furthermore, multi-fragmentations (MSn) are possible. The precision in 

isolation and fragmentation is of high value when dealing with complex samples. 

 

1.4.2.3  Time of flight mass spectrometry 

The first Time of flight mass spectrometer (ToF) was constructed and presented by 

Stephens in 1946 (Gross, 2011). ToF instruments provide several advantages, like 

e.g.: (i) their speed of detection, (ii) scan free detection of all m/z, (iii) comparable 

simple construction, design and inexpensiveness relative to ICR/FT-MS and (iv) 

detection of very small masses (>80 Da) (Gross, 2011). These advantages have 

presented ToF instruments as one of the most widely used techniques in 

metabolomics research especially when coupled with LC systems.  

The basic principle of ToF-MS is to measure the difference in the required flying 

times of ions with different mass to charge ratios. Hereby the ions fly along a field 

free drift path of defined length. Lighter particles will be faster than equally charged 

heavier ones. The time of flight is proportional to the square root of m/z:  

 

(t…time; s…distance; U…voltage; e…electron charge; 
m…mass; z…integer number of charge) 

 

A general overview of the used maXisTM UHR-ToF (UHR - ultrahigh resolution) is 

given in Figure 11. It is a hybrid QqToF, dual stage reflector instrument, which uses 

orthogonal ion acceleration. “Q” (capital letter) refers to a mass selective mass 

resolving quadrupole, whereas “q” indicates a quadrupole collision cell. In this work 

the hybrid instrument will be generally named ToF.  



Introduction Technologies in metabolomics 

| 21 

 

ion source

TOF-tube

ion optics and quadruplol

funnel systems quadruploe and 
collision cell

reflector

detector

multipole

TOF spectrometer

 

Figure 11: Illustration of maXis™ UHR-ToF (Daltonics, 2008) 

 

Once formed, the ions are forwarded through the funnel system and the multipole. 

Thereafter a mass-selective quadrupole allows focusing on single m/z ranges, which 

can subsequently be fragmented inside the collision cell as a result of linear ion 

acceleration and collision with argon atoms (CID). The cooling cell is a multipole ion 

guide, which reduces pressure in the orthogonal acceleration stage (Daltonics, 

2008). The ToF tube includes an orthogonal acceleration, reflector and detector unit 

(Daltonics, 2008). The orthogonal acceleration is used to accelerate ions towards 

the reflector and ensure hereby that all ions start the journey almost simultaneously 

(Chernushevich et al., 2001). But even though, they have different linear velocities 

and positions, which cause slight differences in final kinetic energy. To normalize 

these energy differences, the implementation of a reflector is crucial (Chernushevich 

et al., 2001). The reflector, which acts as an ion mirror, improves therefore the mass 

resolution. M/z of the same mass having different kinetic energies will penetrate the 

reflector to different depths, which compensates for their varying starting energies 

(Daltonics, 2008). 
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1.4.3 Data analysis 

Non-targeted analysis generates a tremendous amount of data and requires 

therefore the application of statistical tools, firstly to discover occurring patterns in 

the data set and secondly to compress the very large amount of data into smaller, 

more discernable, informative datasets (Boccard et al., 2010, Lucio, 2008). Two 

general concepts are here to be distinguished: unsupervised and supervised 

methods. Unsupervised techniques are usually applied in the first step of data 

analysis to explore the data set in terms of pattern recognition, as well as to identify 

outliers and reduce the dimensionality of the data. Supervised techniques are 

applied to find features that fit a predetermined grouping (Butte, 2002, Boccard et 

al., 2010). Both techniques allow a visualization of the data.  

Prior to modeling a data pre-treatment is usually necessary. This is important when 

the detected features vary in their intensities in several orders of magnitudes: By 

performing centering, scaling or/and transformation the features of the data are 

transformed into the same scale and thus it can be avoided that the resulting model 

is mainly influenced by high abundant species (Boccard et al., 2010).  

 

1.4.3.1  Unsupervised methods 

Principal Component Analysis (PCA) is a strong and frequently used multivariate 

statistical model. The dimensionality of the data is reduced by transforming the 

original data into a few linear principle components that account for the maximal 

variation in a dataset (Lucio, 2008, Boccard et al., 2010). The main information in 

the data set is hereby conserved (Figure 12). Another advantage of PCA is the fast 

and powerful visualization of the data, in which samples with comparable metabolite 

profiles are grouped closely together, whereas those with different metabolite 

profiles separate from each other. Consequently, PCA also allows the rapid 

exploration of outliers (Brereton, 2009). It is a key technology in metabolomics.  



Introduction Technologies in metabolomics 

| 23 

 

 

Figure 12: Illustration of PCA and HCA learning principles (Boccard et al. 2010, with 
permission): PCA projects the multivariate data into a few principal components which 
account for the maximal variance. HCA clusters the objects by similarity measures. The 
similarity is calculated by distance and linkage functions.  

 

One further method to reduce the complexity of datasets is Hierarchical Cluster 

Analyses (HCA). The data is organized into clusters based on similarity and 

distance measures (Figure 12). The outcome is a dendogram and a heat map, 

which illustrates the clusters and the corresponding expression profiles (Butte, 

2002).  

 

1.4.3.2 Supervised method 

A Partial Least Square-Discriminative Analysis (PLS-DA) can be understood as the 

regression extension of the PCA (Wold, 1978). In this supervised method the latent 

variables (X) are calculated in purpose to gain a good correlation with the Y block; 

the covariance between X and Y is maximized. The X block contains the 

observations and variables. The Y block includes the class information. In other 

words: with the supervised PLS-DA it is possible to extract observations, which are 

discriminative for one class or the other (Lucio, 2008). Unfortunately, PLS-DA 

models tend to overfitting, therefore cross-validation and permutation test are 

essential. For cross-validation parts of the data are kept out during model 
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development and the model is built up using the remaining data. The kept out data 

is afterwards predicted based on the generated model, and the predicted and actual 

values for this data are compared with each other. The difference between the 

predicted and actual values are squared, summed and expressed as Q² (goodness 

of prediction), which is therefore an index of the validity of the model. The value 

varies between 0 (no fit) and 1 (perfect fit), values higher than 0.5 are in principally 

understood as good; if Q² >0.9 the model is excellent (Eriksson, 2006). Furthermore, 

a permutation test should be performed to verify the model’s validity. In this test 

information from the Y block is randomly permuted. A model is valid, if the values of 

permuted Y vectors are lower than the original value and the regression of Q² 

intersects below 0.05 (Eriksson, 2006).  

 

1.4.3.3  Network visualization and elemental formula calculation 

Network calculation has been enabled by an in-house written Matlab program based 

on an undirected graph (Tziotis et al., 2011), in which the vertices represent the 

exact masses and the edges are predefined by differences according to common 

biochemical reactions. A polynomial-time algorithm compares all mass differences in 

the provided mass list with defined mass differences corresponding to biochemical 

modulations. A highly connected network and/or several sub-networks are resulting. 

By knowing the modulation of the elementary composition of each biochemical 

transformation, it is feasible to calculate the elemental compositions of connected 

masses as long as at least one single elemental formula is known for the sub-graph. 

During visualization highly connected nodes are centered and less connected ones 

are assembled in the periphery. The number of neighbors for one node is referred to 

as the degree of connectivity. The development and further application of the 

network calculations is an ongoing work within the dissertation of Dimitrios Tziotis 

(Research unit Analytical BioGeoChemistry, Helmholtz Zentrum München, Munich, 

Germany). 

The investigation of metabolic networks enables next to visualization the 

identification of highly connected metabolites. These are probably due to their 

central position important precursors, intermediates or end products in several 

pathways. Additionally, novel pathways may be discovered by following along the 

mass transformation routes. 
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1.4.3.4  Van Krevelen diagram and Kendrick plot 

Due to the expected high complexity of the metabolome data, visualization 

strategies from scientific disciplines dealing with very complex data matrices have 

been adapted (Hertkorn et al., 2008, Hughey et al., 2001, Kim et al., 2003). The Van 

Krevelen diagram displays the hydrogen/carbon (H/C) ratio of molecules against 

their oxygen/carbon (O/C) ratio. This plot has been initially developed to describe 

the composition of coal and is currently widely used in the fields of petroleomics and 

NOM research (Kim et al., 2003, Hertkorn et al., 2008). Applications in metabolomic 

research have been reviewed by Ohta et al. (Ohta et al., 2010).  

In a Van Krevelen diagram it is possible to localize areas of metabolite classes. 

Since classes of metabolites are specified by different molecular compositions, a 

first impression of the sample’s composition can be obtained. However, even though 

classes of compounds tend to appear in specific areas, a molecule with a 

corresponding H/C and O/C ratio does not necessarily belong to this class. 
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Figure 13: Van Krevelen diagram for (+)ICR/FT-MS data of Chlamydia infected human cells. 
Distinctive areas and lines represent regions of predominant appearance of metabolite 
classes and formal chemical alterations: (A) methylation/demethylation (±CH2); (B) 
hydrogenation/dehydrogenation (±H2); (C) hydration/condensation (±H2O); (D) 
oxidation/reduction (±O) (adapted from Kim et al., 2003, Hertkorn et al., 2008, Schmitt-
Kopplin et al. 2010)  

 

A second common plot for visualization and interpretation of complex, ultrahigh 

resolution mass spectrometry data is the Kendrick plot (Hughey et al., 2001, 
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Hertkorn et al., 2008). It bases on the fact that each nuclide has a distinct mass 

defect, depending on its relative binding energy to carbon 12. Thus, molecules of 

different elemental composition differ in their mass defect and it becomes possible 

to distinguish series of compounds from each other. In the classical Kendrick plot 

homologous serious differing in their number of CH2 units, but having the same 

number of heteroatoms and double bounds are visualized. The mass of CH2 is 

therefor converted from 14.01565 to exactly 14.0000. In other words the molecule’s 

mass is normalized to the mass of CH2 units. Thereafter, the mass defect to the 

closest integer nominal mass is calculated:  

KM=IUPAC mass x (14/14.01565) 

KMD=NM - KM 

(KM…Kendrick mass, KMD...Kendrick mass defect; NM… Nominal mass) 

This conversion is also possible for any characteristic mass difference, e.g. H2, COO 

or H2O (Kim et al., 2003). 

 

1.5 Chlamydia 

The order Chlamydiales is composed of gram negative, obligate intracellular 

bacteria that infect a wide range of species. Besides the human pathogens 

Chlamydia trachomatis, Chlamydia psittaci and Chlamydia pneumoniae, symbiotic 

living and putative pathogenic environmental bacteria exist, such as 

Parachlamydiaceae, Waddliaceae or Simkaniaceae (Everett et al., 1999, Hackstadt, 

1999, Ossewaarde et al., 1999). All in common is a unique biphasic developmental 

cycle (Figure 14), which is next to rRNA data the fundament for the categorization 

into this order (Amann et al., 1997, Hackstadt, 1999).  
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Figure 14: Developmental cycle of Chlamydiales: (1/2) invasion of infectious EBs into the 
host cell; (3) intracellular growth and replication of RBs (0-24h p.i); (4) persistent state (PB); 
(5) differentiation of RBs to EBs; (6/7) lyses of the host cell (48-72h p.i.). The ability of 
Chlamydia to interfere with the host cells programmed cell death (apoptosis) is further 
illustrated (Byrne et al., 2004, with permission). 

 

The metabolic-inactive but infectious elementary bodies (EB; ~0.25-0.3µm) invade 

the host cell by endocytosis. For this invasion two mechanisms are discussed: either 

a zipper-like microfilament-dependent phagocytosis (Finlay et al., 1997) or an 

uptake by receptor mediated endocytosis (Hodinka et al., 1988). However, after the 

entry Chlamydia are surrounded by a host derived vacuole, which is referred to as 

inclusion, and in which Chlamydia stay during the complete developmental cycle. 

After internalization EBs transform into the bigger, metabolic-active but non-

infectious reticulate bodies (RB, ~0.8-1.0µm), which proliferate by cell divisions. In 

the following, RBs transmute back into EBs. This differentiation is asynchronous 

(Wolf et al., 2000, Hackstadt, 1999). Finally, the EBs are released either by host cell 

lyses or by exocytosis and a new infection cycle can start (Hybiske et al., 2007). The 

developmental cycle takes between 36-84 hours in dependency of the strain (Wolf 

et al., 2000, Hackstadt, 1999). 

Additionally, Chlamydia can transmute into a persistent state triggered by external 

stimuli like nutrient depletion, interferon-γ (IFN-γ) addition or antibiotic treatment 

(Beatty et al., 1994a, Beatty et al., 1993, Beatty et al., 1994b, Coles et al., 1993, 
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Harper et al., 2000, Raulston, 1997, Shemer et al., 1985). Persistence is defined as 

a culture-negative long term association between Chlamydia and the host, which 

may remain for years (Rottenberg et al., 2002). The big aberrant bodies show an 

atypical morphology. Their replication is either slowed down or stopped. Persistent 

Chlamydia are non-infectious but metabolic active (Rottenberg et al., 2002). The 

inclusion is smaller than in the active infection. After omission of the causing 

stimulus Chlamydia return to the normal replication (Beatty et al., 1994b). 

 

1.5.1 Chlamydia-associated diseases 

Chlamydia are among the most prevalent bacteria worldwide. They are responsible 

for millions of infections as well as an economic burden of billions of dollars year by 

year (Wyrick, 2000). The prevalence, tissue tropism and clinical consequence of 

Chlamydia infections are strongly strain dependent. The most prominent human 

pathogenic strains are C. trachomatis and C. pneumoniae (Wyrick, 2000).  

The current gold standard in the diagnosis of Chlamydia infection is a combination 

of PCR (polymerase chain reaction), LCR (ligase chain reactions) and cell culturing. 

An active infection is treated with antibiotics like, macrolides (e.g. azithromycin) or 

tetracyclines (e.g. doxycyline). In a persistent infection the sensitivity against 

antibiotics is strongly decreased (Reveneau et al., 2005).  

 

1.5.1.1 Chlamydia trachomatis  

C. trachomatis serovar A-C are the worldwide leading causes for infection caused 

blindness. More than 84 million people in 56 countries suffer from an active 

trachoma and more than 8 millions are visually impaired (WHO, 2012b). The highest 

prevalence occurs in very poor regions, where especially children under five years 

of age and their mothers are infected. The infection is transmitted from person to 

person by close contact e.g. through infectious eye discharge or contaminated 

personal belongings like towels. Additionally, the infection can be spread by insects 

(Schachter, 1999). A characteristic roughening of the inner surface of the eyelid is 

caused. If the so called granular conjunctivitis stays untreated and breaks out 
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recurrently a painful form of permanent blindness is the consequence (Schachter, 

1999). The eyelid turns inward and makes the eyelashes scratching the cornea.  

Serovar D-K are causative agents of sexual transmitted diseases. An infection leads 

to an inflammation of the urogenital tract. Unfortunately, most infections (70-75%) 

are asymptomatic for both men and women (Schachter, 1999, WHO, 2012a, WHO, 

2001). Anyway, in most cases males only serve as carriers of the bacteria, spread 

the infection and do not suffer from long term consequences. In contrast females are 

at high risk for complications like pelvic inflammatory disease, ectopic pregnancy, 

infertility and chronic pelvic pain if the probably unnoticed infection becomes chronic 

(Schachter, 1999, WHO, 2012a, WHO, 2001). C. trachomatis infections are the 

most frequent reason for unintentional childlessness in the western hemisphere 

(WHO, 2012a, Schachter, 1999, Peeling et al., 1996). The prevalence is especially 

high amongst young women (24-27%) (WHO, 2001).  

Further sexual transmitted servovars are L1-L3, which lead to a Lymphogranuloma 

venereum, an infection of local lymph nodes. Most cases are diagnosed in tropic 

and subtropic regions (Schachter, 1999).  

 

1.5.1.2  Chlamydia pneumoniae  

The spread of C. pneumoniae is estimated to 50-70% of the population in western 

countries. The first infection usually occurs during the childhood and youth. In the 

age class of young adults the prevalence reaches 20% and increases thereafter 

further to around 70% (Schachter, 1999, Kuo et al., 1995). Re-infections are a 

common phenomenon and the infection is transmitted from human to human (Blasi 

et al., 1998).  

The C. pneumoniae cause different respiratory diseases. Infections are responsible 

for approximately 5% of all bronchitis and sinusitis cases, as well as for 5-10% of the 

community acquired pneumoniae worldwide (Lim et al., 2001). Typical symptoms 

are unspecific, like during a cold, but anyway most infections are asymptomatic. C. 

pneumoniae recurring or persistent infections are linked to chronic pulmonary 

diseases, such as COPD and Asthma (Blasi et al., 1998, Branden et al., 2005, Hahn 

et al., 2012). In fact, a systematic spread of Chlamydia in the organism can occur 
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through infection of circulating monocytes, macrophages or lymphocytes (Quinn et 

al., 1999, Moazed et al., 1998, Gieffers et al., 2004), which may contribute to the 

development of Atherosclerosis, Alzheimer’s disease or cardio vascular diseases 

(Blasi et al., 1998, Fazio et al., 2009, Shima et al., 2010). 

 

1.5.2 Previously described metabolic host-pathogen interactions between 

Chlamydia and the human host cell 

Analysis of obligate intracellular bacteria suffer from the absence of host free 

cultivation systems and lack of genetic manipulation opportunities. Investigations of 

the chlamydial metabolism need strategies to overcome these drawbacks. This is 

achieved by e.g. comparison of infected cells and non-infected ones, or inhibition of 

specific pathways either in the eukaryote or prokaryote (McClarty, 1999).  

Despite the limitations several specific aspects of the metabolism of intracellular 

Chlamydia have been investigated and our knowledge of these fascinating bacteria 

has been increased during the last years. Previously, a number of excellent reviews 

have been given on the topic (Wyrick, 2000, Pavelka, 2007, Moulder, 1991, La et 

al., 2008, Cocchiaro et al., 2009, Blasi et al., 1998, McClarty, 1999). Sequencing of 

the chlamydial genome additionally delivered information about the putative 

metabolism (McClarty, 1999, Kalman et al., 1999, Stephens et al., 1998). Now, a 

short summary of our current knowledge about chlamydial metabolism and host-

interactions should be given. Earlier studies have mainly focused on: 

(i) lipid modulation and -trafficking in infected cells 

(ii) influence of amino acid availability from the cell culturing media on bacterial 
development 

(iii) Chlamydia as an “energy parasite”   

(iv) the “peptidoglycan paradox” of the gram-negative Chlamydia 

 

(i) Typical eukaryotic lipid species have been detected in purified Chlamydia, like 

several glycerophospholipids, sphingomyelins and cholesterol (Wylie et al., 1997, 

Hatch et al., 1998, Hackstadt et al., 1996, Carabeo et al., 2003, Su et al., 2004, 

Moore et al., 2008, Liu et al., 2010, Heuer et al., 2009). The eukaryotic nature of 



Introduction Chlamydia 

| 31 

 

these lipids suggests that they are host-derived. A vesicular transport from the 

human Golgi apparatus to the chlamydial inclusion is discussed (Heuer et al., 2009, 

Carabeo et al., 2003). Alternatively, a transport by multivesicular bodies or lipid 

droplets may also be involved in lipid delivery to the inclusion (Kumar et al., 2006, 

Beatty, 2008). Whereas sphingolipids and sterols are utilized by Chlamydia without 

any modification (Wylie et al., 1997), an incorporation of branched-chain fatty acids 

in sn-2 position has been described for glycerophospholipids. The necessity of 

sphingolipids for chlamydial growth, inclusion biogenesis and reactivation of a 

persistent infection has been revealed by Van Ooij et al. (van Ooij et al., 2000). 

Azenabor et al. have investigated the cholesterol depletion in macrophages related 

to the biosyntheses of glycerophospholipids after infection. The experiments 

indicated a shift in the ratio of sterol:phospholipid content in the host cell membrane 

from 1:2 to more than 1:4. This leads to an increased membrane fluidity, enhanced 

membrane fragility and higher adherence to epithelial cells. All these effects are 

linked to the progression of several disease (Azenabor et al., 2005). A further study 

has evidenced a diacylglycerol accumulation in the inclusion, which influences the 

host cell apoptosis mechanisms (Tse et al., 2005). 

(ii) Chlamydia are capable of de-novo protein synthesis (Becker, 1978), thus 

experiments modulating the ingredients of the cell culture media have been 

performed analyzing the influence on the bacterial development. Allan et al. have 

used culturing media missing one amino acid to study the effect on chlamydial 

growth and transformation during the developmental cycle (EBRBEB). It has 

been described that a leakage of cysteine hinders the transformation of Chlamydia 

RBs to EBs. A reasonable explanation might be the requirement of cysteine for 

cysteine-rich proteins (Allan et al., 1985). Furthermore, an omission of leucine, 

glutamine, histidine, phenylalanine or valine reduces the inclusion size and interfere 

substantially with bacterial growth. In another study the authors have shown that 

leucine, phenylalanine und valine omission inhibits chlamydial multiplication, 

whereas, isoleucine, glutamine and tryptophan absence leads to a reduction of 

infection progeny without influencing the number of infected cells (Allan et al., 1983).  

Abromaitis et al. have described an aromatic acid hydroxylase for the hydroxylation 

of phenylalanine, tyrosine and tryptophan (Abromaitis et al., 2009). They have 

speculated that the enzyme may have an important role in shaping the metabolism 

due to the high conversion in several Chlamydia strains. Furthermore, they have 
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described that minor changes in Chlamydia metabolism can strongly influence strain 

specific biology.  

(iii) For nearly 40 years it has been believed that Chlamydia are energy parasites 

incapable of the biosynthesis of ATP (adenosine triphosphate) and high energy 

intermediates. This hypothesis has mainly based on the missing detection of 

enzymes in glycolysis, ATP generation and electron transport chain in Chlamydia 

(Moulder, 1991). In 1999 IIiffe-Lee and McClarty identified enzymes for 

carbohydrate catabolism (glycolysis and pentose phosphate pathway) and ATP 

generation in C. trachomatis (Iliffe-Lee et al., 2000, Iliffe-Lee et al., 1999). These 

findings have been supported by a shotgun proteomics approach (Skipp et al., 

2005), which has revealed enzymes for glycolysis und pentose phosphate pathway 

in both RBs and EBs. Saka et al. have further investigated the proteome of C. 

trachomatis (Saka et al., 2011). Proteins of the central metabolism and of the 

glucose catabolism have been identified predominantly in EBs. RBs are geared 

towards nutrient utilization, increasing cellular mass and securing the resources for 

a transformation back into EBs. An investigation of the ATP related metabolism and 

glycolysis has been presented by Ojcius et al. (Ojcius et al., 1998). C. psittaci have 

been cultured for two days and investigated by NMR. An increased ATP level in the 

mid cultivation time has been described. In addition glutamate levels have been 

elevated and the glutamate synthesis correlated with the developmental cycle. 

Glucose consumption and enhanced lactate levels as well as a high expression of 

GLUT-1 (glucose transporter 1) have been found. However, even though we know 

now, that Chlamydia are in general capable of ATP synthesis, the major amount of 

ATP is delivered from the host in exchange for ADP (adenosine diphosphate) 

through nucleotide transporters. This transport has been initially described by Hatch 

et al. for C. psittaci and has been further verified by Trentmann et al. (Hatch et al., 

1982, Trentmann et al., 2007). Whereas in a persistent infection the ATP production 

relies mainly on the host, in an acute infection the hosts’ ATP is supplemented by 

the bacterias’ own ATP synthesis (Gerard et al., 2002).  

(iv) Chlamydia are sensitive to penicillin, equipped with the genes for peptidoglycan 

synthesis via aminotransferase pathway (McCoy et al., 2006) and important 

enzymes have been detected in a proteome analysis (Skipp et al., 2005), but it has 

never been achieved to detect chlamydial peptidoglycans. A very interesting review 

on this part of chlamydial metabolism has been given by Pavelka (Pavelka, 2007). 
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Moreover, a dependency of chlamydial growth on cofactors and vitamins has been 

examined. It has been described that Chlamydia fail to grow and replicate in 

thiamine lacking cell culturing media, but the deficiency of other B vitamins have not 

shown any comparable effect (Moulder, 1991). Lazarev et al. have identified 

decreased glutathione (GSH) levels after infection due to utilization of GSH for 

reduction of disulfide bonds during the initial stage of infection (Lazarev et al., 2010). 

Additionally, it has been described that host cells infected with Chlamydia produce 

proinflammatory chemokines, cytokines, growth factors and other cellular 

modulators (Stephens, 2003).  
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Figure 15: Summary and illustration of the described metabolic processes in infected human 
cells as well as important medium components (in green ellipses) (PPP pentose phosphate 
pathway, SM sphingolipids, PL glycerophospholipids, PE glycerophosphoethanolamines, PS 
glycerophosphoserines, PG glycerophosphoglycerols, T3SS type three secretion system) 

 

1.5.3 Hypoxia and the impact of oxygen environment on Chlamydia infection 

The oxygen content in different tissues of the human body varies between 0.5 and 

14% (reviewed in Carreau et al., 2011). Under hypoxia the oxygen requirement in 

the tissue exceed the oxygen abundance (Bosco et al., 2008). A hypoxic 

environment can be found in several pathophysiological processes, like in 

inflammation, fast growing solid tumors, vascular blockage like in apoplexic stroke or 

heart attack. Hypoxia results in an activation of several adaption mechanisms, which 
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all aim at the maintenance of cellular functions and homeostasis. The most 

important one is the stabilization of the transcriptional factor HIF-1 (hypoxia-

inducible factor). HIF-1 consists of two heterodimers, HIF-1α and HIF-1β. In 

presence of oxygen HIF-1α is iron-dependent degraded, whereas in the absence of 

oxygen this subunit is stabilized and binds to HIF-1β after translocation in the 

nucleus. As a result a multitude of hypoxia relevant cellular processes are activated 

to maintain homeostasis (Bruick et al., 2001, Carreau et al., 2011, Dietz et al., 2011, 

Peyssonnaux et al., 2005).  

Recent studies evidence the stabilization of HIF-1 also in normoxic environment 

during an infection with several bacteria, viruses, fungi and parasites (reviewed in 

Dehne et al., 2009, Dietz et al., 2011). Underlying mechanisms seem to involve the 

reduction of intracellular oxygen content after bacterial infection, the competition for 

iron between the human cell and the pathogen, direct ligand-receptor or 

transcriptional interactions. A stabilization of HIF-1 in the early development of 

Chlamydia has been described under hypoxic and normoxic environment (Rupp et 

al., 2007). In the later chlamydial developmental HIF-1 has been depleted probably 

to avoid host cell apoptosis. Additionally, an increased chlamydial inclusion size as 

well as accelerated replication has been documented under hypoxia (Juul et al., 

2007). Moreover, when HIF-1 had been blocked during the early stage of Chlamydia 

infection under normoxic conditions, a decreased number of infected cells have 

been found (Rupp et al., 2007). Since HIF-1 leads to an increased expression of 

glucose transporter GLUT-1 and thus enhances glucose uptake, the chlamydial 

growth is enhanced (Rupp et al., 2007). 

Now, a brief overview of previous studies focusing on the effect of hypoxia on the 

cell metabolism is given. This is important to understand the results of the later 

presented non-targeted metabolomics approach:  

Glucose can be metabolized into pyruvate via glycolysis in aerobic and anaerobic 

condition. Under normoxia pyruvate is transported into the mitochondria and is 

completely degraded into carbon dioxide and water within the TCA cycle 

(tricarboxylic acid cycle) and respiratory chain. In contrast under hypoxia, HIF-1 

induces the expression of PDK1 (pyruvate dehydrogenase kinase 1), limiting the 

transformation of pyruvate into acetyl-CoA via inhibition of PDH (pyruvate 

dehydrogenase). In consequence, the TCA cycle activity and oxygen consumption is 
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reduced. The glycolysis remains the main source of ATP and declined ATP levels 

are evidenced in lower oxygen atmosphere since the glycolysis delivers much less 

ATP. Furthermore, an activation of LDHA (lactate dehydrogenase A) is stimulated 

via HIF-1, lactate is therefore increasingly produced (Semenza, 2007) and an 

intracellular acidosis is resulting.  

An additional cellular process occurring under hypoxia is autophagy. Autophagy is a 

catabolic process involving the degradation of cellular components through the 

lysosomal machinery (Kroemer et al., 2010, Wilkinson et al., 2009). An enrichment 

of metabolites originating from protein- and lipid catabolism can be found, like e.g. 

kynurenine (tryptophan catabolite) and acyl-carnitine derivatives (fatty acid 

catabolites) (Frezza et al., 2011).  

Moreover, an increased glutamine and leucine import has been revealed under 

hypoxic conditions (Soh et al., 2007). The cellular pools of aromatic amino acids, 

like phenylalanine and tyrosine, as well as alanine and valine are elevated, whereas 

cellular levels of leucine, methionine and glutamate have been found to be 

decreased. The concentration of histidine stays unaltered (Gleason et al., 2011, 

Perrin et al., 2002). A glucose independent glutamineolysis has been proposed by 

Le et al. (Le et al., 2012). In another study the concentrations of leucine, 

phenylalanine, tyrosine, lysine as well as hydroxybuturate, a downstream product of 

amino acid catabolism, has been increased (Weljie et al., 2010). Furthermore, a 

cellular glycogen accumulation under hypoxic conditions has been revealed by 

Pescador et al. (Pescador et al., 2010). 

Studies investigating lipid modulations under hypoxia have shown an accumulation 

of dihydroceramide and a decrease in unsaturated very long fatty acids (Yin et al., 

2009), as well as a modulation of eicosanoids (Shalinsky et al., 1989) and 

phospholipids (Stubbs et al., 2003, Griffiths et al., 2003, Glunde et al., 2008). A loss 

of essential sterols and unsaturated fatty acids has been found under hypoxia in 

yeast by Gleason et al. (Gleason et al., 2011).  

The first global analysis of hypoxia induced processes has been performed by 

Swiderek et al. (Swiderek et al., 2008), who have shown an up-regulation of 53 

genes and down regulation of 154 genes. Pathways that have been significantly 

changed are pyrimidine metabolism, purine metabolism, pentose phosphate 

pathway, fructose and mannose metabolism, glycolysis/gluconeogenesis, galactose 
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metabolism, inositol metabolism and one carbon pool by folate. A further profiling of 

the modulated metabolism under hypoxia has been given by Frezza et al. (Frezza et 

al., 2011).  

Additionally, inflammatory processes are promoted under hypoxia and this might be 

important particularly in connection with Chlamydia infections (reviewed in Eltzschig, 

2011). 
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homeostasis, purine - and pyrimidine metabolism

HIF-1α
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H+
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H+autophagy
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Figure 16: Summary and illustration of the described metabolic processes under hypoxia 

 

1.5.4 The role of IFN-γ in the human immune response to Chlamydia 

infection 

Intracellular pathogens pose a high challenge for the defense mechanisms of the 

immune system. After invasion and infection of epithelial cells proinflammatory 

interleukins and chemoattractants are released (Lu et al., 2000, Rasmussen et al., 

1997), thus cells of the innate immune response are recruited to the areas of 

primary local infection. The immune cells recognize Chlamydia through so-called 

pathogen-associated molecular patterns (PAMPs) and phagocyte the pathogen 

(Darville, 2006). In consequence, effector molecules like IFN-γ are released by the 

immune cells (Darville, 2006). Additionally, the adaptive immune system, in 

particular CD4+ T cells, plays a key role in the host response (Rank, 2006). 

Stimulated CD4+ T cells differentiate into Th1 and Th2 cells (Rank, 2006). The Th1 

response is important for eradication of Chlamydia, since Th1 cells secrete IFN-γ, 

which shows anti-chlamydial activity (Rank, 2006). IFN-γ is a strong activator of IDO 
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(indoleamine 2,3-dioxygenase) leading in a depletion of tryptophan. The activation 

of IDO has been shown to inhibit the chlamydial growth (Summersgill et al., 1995, 

Thomas et al., 1993). Interestingly, the effect of IFN-γ is concentration dependent, 

higher levels lead to an eradication of the pathogen, lower ones induce persistence 

(Beatty et al., 1993).  

Recurring and persistent infections suggest an escape of Chlamydia from the 

defense mechanism. Instantly, Chlamydia can internalize, survive and replicate in a 

multitude of immune cells like monocytes, macrophages, dendritic cells lymphocytes 

and granulocytes (Gieffers et al., 2004, Moazed et al., 1998, Quinn et al., 1999). An 

infection of immune cells may cause a systemic spread of Chlamydia infection and 

contributes to the progression of chronic diseases (Blasi et al., 1998, Gieffers et al., 

2004, Azenabor et al., 2005). Furthermore, Chlamydia are capable to inhibit the 

fusion of the inclusion with the host cells’ lysosome, which would normally occur  

and mimic the host’s lipids composition by incorporation of sphingolipids, 

glycerophosphocholines, glycerophosphoinositols or cholesterol into the inclusion 

(Carabeo et al., 2003, Hackstadt et al., 1996, Hatch et al., 1998, Wylie et al., 1997, 

Fields et al., 2002). Additionally, Chlamydia trigger already during its early 

internalization a series of events priming the host cell for a productive infection, e.g. 

rearrangement of the host cell cytoskeleton (Wyrick, 2000). The chlamydial type 

three secretion system (T3SS) functions hereby as a 'molecular syringe', providing 

the opportunity to inject virulence-related proteins into the cytoplasm of host cells 

(Hueck, 1998, Wyrick, 2000). Additionally, a secretion of the chlamydial protease 

CPAF (chlamydia protease-like activity factor) into the host cell reduces the 

expression of MHC class II complexes (major histocompatibility complex) by 

degradation of a human transcription factor (Zhong et al., 2001, Zhong et al., 1999). 

Another example is the ability to either provoke or inhibit the host cell apoptosis 

during different developmental phases (Byrne et al., 2004). 
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2 Molecular cartography in acute and persistent C. pneumoniae 

infections – a non-targeted metabolomic approach 

2.1 Introduction 

Metabolites play an important role in cell biology. They reflect genetic and 

environmental perturbations, and exhibit regulatory functions. In non-targeted 

studies the metabolism is investigated on a holistic level. Usually two, e.g. ill or 

healthy, or more phenotypes are compared with each other and statistically 

significant different metabolite patterns are determined. Investigations on the 

metabolism of the intracellular pathogen Chlamydia, have been in general rated as 

challenging, since host free cultivation and genetic transformation models are 

missing (McClarty, 1999). In consequence, our current knowledge about this 

interesting pathogen and its interactions with the human host cell is quite limited.  

In particular persistent Chlamydia infections are a huge clinical problem. The 

underlying biology has never been investigated on a metabolome level. Therefore, a 

non-targeted metabolomics cell study has been initiated in collaboration with Inga 

Dietz and Prof. Dr. Jan Rupp and is presented. The study design includes different 

oxygen conditions as well as the addition of IFN-γ to the cell cultures to stimulate 

both active and persistent infections (Figure 17). The investigation of the host-

pathogen interactions in active and persistent Chlamydia infection promises an 

improved biological understanding, new diagnostic markers as well as therapeutic 

intervention options. Additionally, the study aims at the discovery of new details as 

starting points for future targeted follow-up studies.  

non-infected 
control

active 
infection

20% O2 2% O2

+ IFN-γ

- IFN-γ

- Cpn + Cpn

non-infected 
control

active
infection

non-infected 
control

enhanced active 
infection

- Cpn + Cpn

persistent 
infection

non-infected 
control

 

Figure 17: Illustration of experimental design: C. pneumoniae (Cpn) infection in different 
environmental conditions (oxygen content of 20% and 2%, and combination with IFN-γ 
addition). The cultivation of infected cells in these different conditions leads to an active, a 
persistent or an enhanced active infection. Under hypoxia (2% O2) the effect of IFN-γ is 
abolished and persistence does not occur. 
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A contribution of hypoxia to many pathophysiological processes and to the 

pathogenesis of several microorganisms is well evidenced (reviewed in Dehne et al., 

2009, Dietz et al., 2011). Chlamydia stabilizes HIF-1, the major transcription factor 

to maintain cell homeostasis in low oxygen atmosphere, during the early 

developmental stage (Rupp et al., 2007). Furthermore, an increased infection rate 

and faster developmental cycle of the pathogen under hypoxia have been reported 

(Juul et al., 2007). IFN-γ is a common agent to induce chlamydial persistence. 

Physiologically, IFN-γ is the predominant cytokine provided by immune cells against 

Chlamydia, thus the addition of IFN-γ in cell culture can be understood as simulation 

of one part of immune response to infection. Interestingly, the antichlamydial effect 

of IFN-γ is inhibited under hypoxic conditions, resulting in a sustained active 

infection (Roth et al., 2010, Dietz et al, submitted) (Figure 18).  

active infection
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Figure 18: Effect of the investigated conditions on chlamydial development: (A) 
immunofluorescence staining 48h p.i. (FITC-labeled anti-Chlamydia LPS antibody) (Dietz et 
al. 2012, submitted); (B) infection forming units (IFU) after 72h p.i. (Dietz et al. 2012, 
submitted). The antichlamydial effect of IFN-γ is abrogated in 2% oxygen atmosphere. 

 

The metabolic alterations after Chlamydia infection is investigated analyzing human 

cells and the intracellular Chlamydia, together. Thus, it should be clarified that any 

(A) 

(B) 
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detected modification of the metabolism compared to non-infected cells can result 

either from bacterial or human cellular processes alone, or from their combined 

activity. The origin might be deeper investigated in follow-up studies.  

Four main reasons led to the decision:  

- (i) A clean-up of Chlamydia e.g. by density gradient centrifugation causes 

enormous mechanical stress for the bacteria and thus might induce changes 

in their metabolite profile. However, human contaminations are anyways 

unavoidable, since chlamydial reticulate bodies (RB) tend to have the same 

density like human mitochondria (McClarty, 1999).  

- (ii) A distinction between bacterial and human metabolism is not necessarily 

required to discover putative biomarkers and drug target candidates.  

- (iii) It is well known, that Chlamydia as intracellular bacteria lack many 

enzymes of the core metabolism and interact heavily with the host cell. The 

corresponding modulation of human host metabolism is not of less 

importance for a deeper understanding of biological processes.  

- (iv) The inclusion membrane, which surrounds the pathogen, is lost during 

any clean-up of the bacterial cells.  

From an analytical point of view the work is based on modern, state-of-the-art 

ultrahigh resolution mass spectrometry and ultrahigh performance liquid 

chromatography hyphenated to mass spectrometry. The obtained data is integrated 

and analyzed with multi- and univariate statistics. Furthermore, a Kendrick-

analogous network analysis as novel visualization and interpretation tool is 

integrated.  

 

2.2 Objectives 

The initially aim of the study is the development of an analytical concept integrating 

several state-of-the-art techniques of metabolomics and apply this concept to 

investigate the metabolite variations in active and persistent C. pneumoniae 

infections. This includes the characterization of infection relevant metabolite 

alterations in non-infected cells under different treatments. The strategy and 

objectives, which need to be successively achieved is illustrated in Figure 19: 
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Figure 19: Illustration of objectives, which need to be successively achieved  

 

2.3 Materials and method development 

2.3.1 Materials 

Methanol, acetonitrile and water have been purchased in LC-MS quality (trade 

name: CROMASOLVE®) from Fluka® Analytical (Sigma-Aldrich-Aldrich, St. Louis, 

USA). Standard compounds for UPLC®-ToF-MS methods are listed in the appendix 

(Supplementary table 1). An ESI tuning mix for MS calibration has been bought from 

Agilent (Santa Clara, USA).  

C. pneumoniae (CWL 029) has been propagated in conventionally used HEp-2 cells 

(ATTC). The first cell culturing medium (medium A) has contained Eagle’s minimum 

essential medium (RPMI 1640 PAA Laboratories, Cölbe, Germany), 5% fetal calf 

serum (FCS) (PAA Laboratories), 0.1mg/ml L-glutamine (PAA Laboratories) and 

1xNEAA (Non-Essential Amino Acid, PAA Laboratories). The second cell culturing 

medium (medium B) has been composed of Eagle’s minimum essential medium 

(RPMI 1640 PAA Laboratories), 0.1mg/ml L-glutamine (PAA Laboratories) and 

1xNEAA (PAA Laboratories). Additionally, 0.1µg/ml cycloheximide (Sigma-Aldrich-

Aldrich, St. Lois, USA) has been added to support the infection through the inhibition 

of eukaryotic protein biosynthesis. All cell cultivations and infections have been 
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performed by Inga Dietz (Group of Prof. Dr. Jan Rupp, Institute for Medical 

Microbiology and Hygiene, University of Lübeck, Lübeck, Germany). 

 

2.3.2 Methods and method development  

2.3.2.1  General considerations 

A multi-parallel approach has been built up for the investigation of Chlamydia 

infection caused metabolite alterations. The combination of different instrumentation 

improves the general scope of detectable metabolites. Putative drawbacks can be 

minimized, while the advantages of the single methods are conserved (Table 2) and 

thus the analytical concept is improved. Moreover, results obtained with one 

analysis can directly be validated with the data from the other instrument. 

main advantage ICR/FT-MS main advantage UPLC®-ToF-MS 

- ultrahigh mass resolution and thus 
distinction of several thousand ions 

- separation and differentiation of isomers 

- ultrahigh mass accuracy - retention time as an additional 
characteristic resulting from physico- 

chemical attributes of analytes 

- very sensitive and fast analysis - less ion suppression effects in comparison 
to direct injection experiments 

Table 2: Comparison of main advantages of ICR/FT-MS and UPLC®-ToF-MS 

 

The cell extracts have been analyzed by direct injection ICR/FT-MS in positive and 

negative electrospray mode, as well as with UPLC®-ToF-MS applying two 

orthogonal separation techniques, HILIC and RP, in positive electrospray. The two 

extracts of one sample have been pooled and either diluted or concentrated 

according to the need of the analytical method. The data analysis has been 

performed separately for the different instruments. Afterwards, the data for important 

discriminative metabolites from the different methods has been aligned and 
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compared with each other. The following section presents the applied methodology 

and required developments in more detail, divided into the main parts: sample 

preparation, analytical methods and data analysis (Figure 20).  

time
human 
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culture

infection with 
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24h p.i. 48h p.i.
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ICR/FT-MS (+)/(-)

HILIC –UPLC-MS (+)

RP – UPLC-MS (+)

- calibration
- alignment
- matrix     
generation

- cleaning 
- retention time  
filter

-PCA
-PLS-DA
-non-parametric test
-fold-change analysis
-networking/ netcalc
-MassTRIX annotation/  
KEGG mapping

- MetaboAnalyst

interpretation

specification 
of metabolic 
changes and 
discriminative 
biomarkers

data 
merging 
and 
integration

storage of 
samples at   
-80°C

sample preparation analytical methods data analysis

-separation of medium 
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metabolism
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Figure 20: Overview of applied analytical concept and necessary steps during the study 

 

2.3.2.2 Sample preparation procedures 

2.3.2.2.1 Cell cultivation, infection and metabolite extraction 

All cell cultivations, infections and metabolite extractions have been done by Inga 

Dietz (Group of Prof. Dr. Jan Rupp, Institute for Medical Microbiology and Hygiene, 

University of Lübeck, Lübeck, Germany). Human cells have been cultivated in 

175cm² cell culturing flasks at 37°C and 5% CO2 for 3-4 days. The cell numbers 

have been counted and 2.5*105 cells have been transferred into 6 well plates. The 

following experiments have either been done in an incubator without oxygen 

regulation (in the following referred to as normoxia) or in a hypoxic chamber with 2% 

oxygen (in the following referred to as hypoxia). 

After 7 hours of cultivation the FCS containing medium A has been replaced by 

medium B without FCS. 10U/ml IFN-γ has been added to the medium for 

experiments investigating the IFN-γ effect. HEp-2 cells have been further cultivated 

and infected with C. pneumoniae CWL029 (5.6 IFUs/cell) by centrifugation (1h, 

2000rpm, 30°C). Cycloheximide (0.2µg/ml) has been used to improve the infection. 
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24 hours post infection (p.i.) cells and media have been separated and the adherent 

cells have been quenched with 1ml ice-cold methanol (Teng et al., 2009a). 

Thereafter, 1ml of ice-cold methanol-water mixture (50/50) has been added to the 

cells, which then have been scrapped from the plates and transferred into 

EppendorfTM reaction cups. Mainly polar metabolites have been extracted in this 

methanol-water mixture within a cooled sonic bath for 30 minutes. Cell constituents 

have been separated by 5 minutes centrifugation (2000*g, 4°C), followed by a 

second extraction for mid non-polar metabolites in 1ml methanol. This two step 

extraction procedure has been chosen to enhance the extraction efficiency and 

metabolite recovery. Both extracts have been separately stored at -80°C and pooled 

prior to analysis. 

2,5x105 HEp2/well in 5ml medium B

incubation for 24h in 20% O2 or 2% O2

infection with Cpn CWL029: 1,5x106 ifus/well
+ 0,1µg/ml cycloheximid

centrifugation: 1h, 2000rpm

incubation for 24h in 20% O2 or 2% O2

medium (5ml)

+ 5ml  ice cold 
methanol

30min sonification in cooled 
water bath

centrifugation: 10min 1500rpm

scraping and  
transfer in Eppendorf TM cups

cells

extract 1 
(polar metabolites)

quenching of 
cell metabolism

1ml ice cold
methanol-water
mixture

1ml ice cold
methanol

1ml ice cold
methanol

30min sonification in cooled 
water bath

centrifugation: 10min 1500rpm

disposal of 
methanol

extract 2 
(mid non-polare

metabolites)
 

Figure 21: Developed workflow in cell culturing, quenching and metabolite extraction 
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For each cultivation condition ten biological replicates have been prepared, carried 

out on three different days. The number of cells and the infection rate has been 

monitored to ensure comparability of cell cultivation (Table 3). However, it needs to 

be mentioned that cells under hypoxia in general show an enhanced infection rate 

(Juul et al., 2007, Rupp et al., 2007).  

 cell number (x106) infection rate (% of big inclusions) 

condition 

replicate 
1-3 

(day 1) 

replicate 
4-6 

(day 2) 

replicate 
7-10 

(day 3) 

replicate  
1-3 

(day 1) 

replicate  
4-6 

(day 2) 

replicate  
7-10 

(day 3) 

20% O2 
- IFN-γ 

6.25 7.25 8 5 5 5 

20% O2 
+ IFN-γ 

5 7.75 7.25 persistence persistence persistence

2% O2 
- IFN-γ 

4.5 6.25 6.75 50 50 70 

2% O2 
+ IFN-γ 

3.75 5 4.75 50 50 60 

Table 3: Cell numbers and infection rates 

 

2.3.2.2.2 Determination of optimal infection time 

The developmental cycle of C. pneumoniae takes approximately 72 hours. The 

metabolic active RBs appear mainly between 24 hours and 48 hours after infection. 

Within the first experiments, it has been investigated at which time the highest 

divergence in the cell metabolism compared to non-infected cells can be observed 

and should be in consequence chosen for the study. Positive direct injection 

ICR/FT-MS has been used. The detected molecular features as well as their 

annotations (1ppm error, MassTRIX (Suhre et al., 2008)) have been compared to 

each other in infected and non-infected cells. Samples infected for 24 hours have 

shown a higher variation in the detected signal intensities, resulting in an increased 

spreading of data points in the log ratio plot (Figure 22). The same trend has been 

observed when comparing the annotated metabolites (Figure 23); here samples 
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infected for 24 hours show approximately 70% conformance in the metabolite 

pattern in infected and non-infected samples and approximately 19% of the 

annotated metabolites are unique in infected cell extracts. In 48 hours infected cells 

about 80% of the metabolites are commonly detected in infected and non-infected 

samples and only 11% are exclusively present in infection. According to these 

observations, 24 hours of infection has been chosen for the non-targeted study. 
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Figure 22: Logarithmic ratio of detected signal intensities for all commonly detected 
metabolites in infected and non-infected samples 24h p.i. and 48h p.i. 
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Figure 23: Comparison of annotated metabolites in infected and non-infected cells 24h p.i. 
and 48h p.i. 

  

2.3.2.2.3 Investigation and selection of cell disruption procedure 

Cell disruption is mandatory for the release of intracellular metabolites into the 

extraction solvent. Commonly used are mechanical forces or enzymatic reactions to 

destroy cell membranes and -walls (Villas-Boas et al., 2007). It needs to be ensured 

that no alterations of the metabolite profile occur during such procedures.  

Chlamydia infected human cells contain three main barriers, the human cell 

membrane, the intracellular inclusion membrane and the bacterial gram negative 

cell wall, while the last named one is the strongest. To ensure a complete cleaving 

of the gram negative cell wall three mechanical disruption protocols, sonic bath 

(SB), shearing with sharp particles (P) and sonic finger (SF) have been investigated 

and compared. A two step experimental set-up has been used. The combination of 

the techniques in the second step should identify putative metabolite alterations and 

sources of contamination.  

In the first step the cells have been disrupted by SB, P or SF. One third of each 

gained extract has been analyzed by direct injection (+)ICR/FT-MS. The remains 

have been divided, diluted and treated with another disruption method (SB or SF). 

Thereby, the sonification power has been either switched on or off. This has been 

done in order to be able to monitor metabolite alterations and contamination risks 

(Figure 24). All extracts from the second step have been also investigated by 

(+)ICR/FT-MS. The disruption experiments have been carried out with a model gram 

negative bacterium (Pseudomonas aeruginosa), since the cell wall characteristics 

are comparable to Chlamydia, but Pseudomonas are harmless for persons with 
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healthy immune status. Three technical replications have been included in the 

experimental design. 

5*10E6 – 1*10E7 bacteria cells

SF
on ice, 4 min, 
power of f

SB
on ice, 30 min

sharp particles
0.1g 1min vortex

SF
on ice, 4 min, power on

SF
on ice, 4 min 
power on

SF
on ice, 4 min 
power on

SB
on ice, 
30 min

SB
on ice, 30 min

on ice, 
30 min

in 1ml MeOH

1/3 1/3 1/3

BLOCK A - SB BLOCK B - P BLOCK C - SF

1/3 1/3 1/31/3 1/3 1/3

 

Figure 24: Experimental set-up to define the best suitable cell disruption method. SB, P and 
SF have been investigated. The obtained cell extracts have been divided into three equal 
parts, one has been directly analyzed, the other two have been used to identify metabolite 
alterations or contaminations. They have been subjected to an additional extraction. 

 

  SB P SF 

detected features 4605 3579 4657

annotated meta- 
bolites 

607 454 631 

 

Table 4: Numbers of detected and 
annotated metabolites after the first step 
of disruption experiments 

SB

SF 

P

 

Figure 25: Comparison of detected m/z 
features after first step of disruption 
experiments

 

The numbers of detected molecular features after the first extraction are comparable 

in SB and SF, but in P extracts approximately 1000 features less have been 

detected (Table 4). The same trend can be observed for the annotated metabolites. 

The intersection of the detected features is visualized in the Venn diagram (Figure 
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25). Almost all features found in the particle extracts are also detected in the SF and 

SB extracts. SB and SF show additionally several unique features. The results 

suggest therefore an insufficient disruption of gram negative bacteria cell walls by 

shearing with sharp particles. SB and SF have been further monitored in the second 

step extraction experiments, one section of the obtained spectra is exemplarily 

illustrated in Figure 26 and the results are summarized in Table 5.  
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Figure 26: Section of (+)ICR/FT-MS mass spectra for disruption experiments in the mass 
range of 347.08 to 347.22 (blue arrows highlight peaks only occurring after SF treatment)  
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cell treatment observation 

BLOCK A - SB                
followed by SF on/off 

several additional peaks appear after treatment of SB 
extracts with the SF (power on and off), interestingly the 

peak intensities of almost all peaks increased even though 
the dilution factor has been adapted 

BLOCK B - particles        
followed by SB or SF treatment 

the particle extract has been hardly altered after SB and 
SF treatment, only a few additional peaks have been 

observed after SF treatment 

BLOCK C - SF               
followed by SB on/off 

a high consistency between the initial extract and the 
extracts after additional treatment has been found 

Table 5: Summary of observations after the second step of disruption experiments  

 

In all experiments, that included SF, additional peaks have been detected. This 

suggests that the tip of sonic finger might be either a source of contaminations (even 

though it had been cleaned with care), or the metal surface of the tip might enhance 

several chemical reactions. All extracts from “Block C – SF” have been very 

comparable to each other, which indicates that no alteration of the samples has 

occurred during SB treatment. Following these results and considering the additional 

advantages of easy handling, labor costs and most importantly the very small risk of 

contaminations, SB has been chosen for the disruption of cells in this study. 

 

2.3.2.3 Analytical methods 

2.3.2.3.1 ICR/FT-MS analysis 

Ultrahigh resolution mass spectra have been acquired on a solariXTM ion cyclotron 

resonance Fourier transform mass spectrometer (Bruker Daltonics GmbH, Bremen, 

Germany) equipped with an Apollo II electrospray source (Bruker Daltonics GmbH, 

Bremen, Germany) and a 12 Tesla super conducting magnet (magnex scientific Inc., 

Yarnton, GB). Both extracts of one sample have been pooled and diluted in 

methanol (ESI(+) 1to50 and ESI(-) 1to20). Afterwards, they have been injected with 

a flow rate of 2µl/min through a Gilson autosampler (sample changer 223, Gilson 

Inc., Middleton, USA). Additionally, the samples have been cooled (8°C) by this 
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autosampler unit during the analysis. The sample order has been randomized in 

blocks. One block consisted of the ten biological replicates of one cell culture 

conditions. After analyzing each block three spectra of pure methanol have been 

acquired to minimize the risk for cross-contamination and ion memory effects. In the 

same respect methanol has been further injected after acquisition of three biological 

replicates. Prior to analysis the instrument has been calibrated with a 1ppm arginine 

solution reaching a mass error below 100ppb. The instrument has been tuned in 

order to obtain highest sensitivity for metabolites in the m/z range of approximately 

150 to 500Da in broad band detection mode and with a time domain transient of 2 

MW (megaword) (Supplementary table 2). 300 and 380 scans have been acquired 

for one spectrum in positive and negative electrospray. The resolving power of the 

obtained spectra is of ~300000 at m/z 300 for both modes. The spectra have been 

elaborated in DataAnalysis 4.0 SP2 (Bruker Daltonics GmbH, Bremen, Germany).  

One spectrum out of ten replicates has been internally calibrated according to 

endogenous abundant metabolites. The required mass calibration list has been 

elaborated after acquisition of a spiked sample. The obtained calibration has been 

conveyed to the other spectra. The mass lists have been generated with a signal-to-

noise ratio (S/N) of four in ESI(+) or of two in ESI(-), exported and aligned within a 

1ppm window (Matrix generator 0.4, in house written, M. Lucio).  

 

2.3.2.3.2 RP separation 

Four chromatographic columns have been compared running a 20 minute water-

acetonitrile gradient from 5% to 99% solvent B (solvent A: 100% water, 0.1% formic 

acid; solvent B 100% acetonitrile, 0.1% formic acid). Acetonitrile has been chosen 

because the elution of metabolites had been distributed over the complete run time 

in preliminary experiments. In contrast, when using methanol, metabolites had been 

mainly eluted in the last part of the run. According to the inner diameter of the 

column the flow rates have been adapted. This has been necessary to gain a 

comparable pressure profile for the different stationary phases. The column 

temperature has been set to 40°C.  

In Table 6 the tested columns are ranked according to the number of molecular 

features detected in a test sample. A test sample has been preferred for method 

development and optimization, since the preparation of a quality control (QC) 

composed of an aliquot of each sample, would have led in multiple thawing freezing 
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cycles. The sample 1.6 (non-infected, 20% O2) has been randomly taken. It has 

been ten-fold concentrated (SpeedVac Concentrator, Savant SPD 121P, 

ThermoFisher Scientific, Waltham, USA) before analysis.  

column supplier 
particle size 

[µm] 
dimension 

[mm] 
flow rate 
[ml/min] 

number of 
detected 

molecular 
features 

ACQUITY 
UPLC® BEH 

C8 
Waters 1.7 1.0*150 0.11 1416 

ACQUITY 
UPLC® HSS 

T3 
Waters 1.8 1.0*150 0.11 1346 

ACQUITY 
UPLC® BEH 

C18 
Waters 1.7 1.0*150 0.11 1142 

Kinetex® C18 Phenomenex 1.7 2.1*150 0.3 840 

Table 6: Summary of RP column parameters and numbers of detected features  

 

The highest number of molecular features has been detected with an ACQUITY 

UPLC® BEH C8 column, which has thus been chosen for the non-targeted 

metabolite analysis of cell extracts.  

After defining the stationary and mobile phase a set of additives (acetic acid, formic 

acid, ammonium formate and ammonium hydroxide) have been tested to evaluate 

the performance during chromatographic separation and support of electrospray 

ionization in positive and negative mode. A variety of standard compounds 

(Supplementary table 1) with different physicochemical properties have been 

analyzed. The detected intensities as well as the peak shapes have served as 

criteria to evaluate the chromatographic separation. Furthermore, the test sample 

(pellet 1.6) has been analyzed and the number of detected molecular features has 

been calculated as additional evaluation criterion. In contrast to the other additives, 

ammonium hydroxide has been used in a concentration of 0.02% (pH 9) to protect 

the chromatographic material and analytes from high pH values. This ensures a long 
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lifetime of the chromatographic column and avoids pH depended metabolite 

degradation. 

additive concentration [%] 
number of detected molecular features 

ESI(+)                       ESI(-) 

acetic acid 0.1 1167 494 

formic acid 0.1 1422 403 

ammonium formate 0.1 504 195 

ammonium hydroxide 0.02 1665 119 

Table 7: Numbers of detected features for different additives in RP separation (molecular 
features, which have also been detected in the blank run have been subtracted) 

 

Ammonium hydroxide shows the best peak shapes and baseline separation for most 

standard compounds (Supplementary figure 1). Their elution is spread over the 

complete chromatographic run according to the physicochemical attributes of each 

standard compound. The analysis applying ammonium hydroxide delivers the 

highest numbers of molecular features (Table 7). Consequently, ammonium 

hydroxide has been chosen as best suitable additive. Since in positive mode a much 

higher sensitivity has been observed in all tested conditions, the following analysis 

have been done in positive electrospray mode. 

Finally, the pre-concentration factor of the samples has been optimized. Detectable 

metabolites and the available sample volume have been considered. A five-fold 

concentration in connection with 10µl injection volume has been chosen (Table 8). 

 
pre-concentration factor 

0 2-fold 5-fold 10-fold 

molecular 

features 397 513 843 1088 

Table 8: Numbers of detected molecular features for different pre-concentrations (RP 
UPLC®-ToF-MS) 
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According to the illustrated optimizations reversed phase UPLC®-ToF-MS analyses 

have been performed applying the following conditions: 

Column:   ACQUITY UPLC® BEH C8; 1.7µm; 1.0*150mm 

Solvent A:  water, 0.02% ammonium hydroxide 

Solvent B:  acetonitrile, 0.02% ammonium hydroxide 

Gradient:  5% B to 99% B in 20min, followed by 3min equilibration 
(Figure 27 C) 

Flow rate:  0.11ml/min 

Sample volume: 10µl 

 

One obtained BPC (base peak chromatogram) (A), density map (B), the applied 

gradient (C) and resulting pressure profile (D) are illustrated in Figure 27. 
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Figure 27: Illustration of : (A) BPC; (B) density map; (C) applied gradient; (D) obtained 
pressure profile in RP UPLC®-ToF-MS analysis  

 

Both cell pellet extracts (water/methanol and pure methanol) have been pooled and 

five-fold concentrated prior to injection. Each sample has been measured in 

triplicate. The order of samples has been randomized blockwise according to the 

cultivation conditions. Furthermore, QC samples as well as a sample composed of 

standards have been integrated for column equilibration and monitoring of 

chromatographic quality. The acquired chromatograms have been calibrated 

reaching a mass error ≤0.004Da (DataAnalysis 4.0 SP2, Bruker Daltonics GmbH, 
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Bremen, Germany). MZmine 2.6 (Pluskal et al., 2010) has been applied for 

alignment and peak extraction (see chapter 2.3.2.4.2). 

 

2.3.2.3.3 HILIC separation 

The chromatographic performance of an ACQUTITY UPLC® BEH HILIC (Waters 

1.7µm; 1.0*150mm) and of a Vision HTTM HILIC (Grace®, 1.5µm; 2.0*150mm) has 

been compared by analyzing the mixture of different standard compounds. 

Additionally, the experiments have been carried out with a randomly taken sample 

4.3 (infected, 20% O2). A 30 minute acetonitrile-water gradient from 0% to 50% 

solvent B (solvent A: 95% acetonitrile, 5% water; solvent B: 90% water, 10% 

acetonitrile) has been applied. The column temperature has been adapted to 25°C. 

The basis of a stable and well working HILIC separation is the interaction between 

the analytical column material and the mobile phase, which facilitate the formation of 

a very thin aqueous layer (Buszewski et al., 2011). Since the buffer system is very 

important in this respect, both parameters, stationary phase and buffer system, have 

been optimized together. The choice of chromatographic columns has based on 

previous tests. The implemented buffers (10mM ammonium formate and 10mM 

ammonium acetate) have been selected as they are most frequently described in 

literature (e.g. in Buszewski et al., 2011, Preinerstorfer et al., 2009). The criteria to 

evaluate the quality of the chromatographic system have been in accordance with 

the RP UPLC®-ToF-MS development, namely detection of standards, distribution of 

their elution over the chromatographic run, baseline separation, peak shape and 

number of molecular features in test sample.  

ammonium formate ammonium acetate 

Grace® Vision HTTM HILIC 947 957 

ACQUTITY UPLC® BEH HILIC 1135 650 

Table 9: Numbers of detected features for evaluation of the column/buffer system in HILIC 
separation  

 

The Grace® Vision HTTM HILIC column in combination with the ammonium formate 

buffer delivers the sharpest peaks and best baseline separation for the analyzed 
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standard compounds. The elution is spread over the first 17 minutes of the run. In 

contrast, when applying the ACQUTITY UPLC® BEH HILIC under the same 

conditions elution of standards only occurrs within the first 12 minutes. Thus, even 

though the number of detected features in the sample is lower when utilizing a 

Grace® Vision HTTM HILIC compared to an ACQUTITY UPLC® BEH HILIC (Table 9), 

the Grace® column has been chosen for further optimization. 

In the following the chromatographic conditions have been kept constant and 

methanol-water system as mobile phase, as well as different buffer concentrations 

(5mM, 10mM and 15mM) have been tested (Table 10). The numbers of detected 

molecular features are comparable in all acetonitrile runs, but strongly decreased 

when using methanol. However, taking the peak shapes of standards and the 

distribution of their elution over the run into account (Figure 28), best results are 

delivered by the acetonitrile gradient in combination with 5mM ammonium formate. 

 
5mM 

acetonitrile 
10mM 

acetonitrile 
15mM 

acetonitrile 
10mM 

methanol 

molecular 
features 

1092 947 1004 560 

Table 10: Numbers of detected features for evaluation of optimal additive concentration and 
choice of organic solvent in HILIC separation  
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Figure 28: Retention time window of standard compounds for evaluation of additive 
concentration in HILIC separation  
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Afterwards, the gradient has been shortened and optimized leading to a final content 

of 30% solvent B (Figure 29C). Additionally, an isocratic step prior to the gradient 

elution has been inserted. Optimized run conditions and one resulting BPC, density 

map and pressure profile are furthermore illustrated in Figure 29. In summary HILIC 

UPLC®-TOF-MS analyses have been performed applying the following conditions: 

Column:   Grace® Vision HTTM HILIC; 1.5µm; 2.0*150mm 

Solvent A:  95% acetonitrile, 5% water, 5mM ammonium formate 

Solvent B:  90% water 10% acetonitrile, 5mM ammonium formate 

Gradient:  2min 0% B, from 0% to 30% B in 10min, 2min 30% B, followed 
by 5min equilibration 

Flowrate:   0.3ml/min 

Sample volume:  10µl 
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Figure 29: Illustration of (A) BPC; (B) density map; (C) applied gradient; (D) obtained 
pressure profile in HILIC UPLC®-TOF-MS analysis 

 

Both extracts for one sample have been pooled, five-fold concentrated and three 

times injected. The randomization of the injection order has been done blockwise. 

Biological replicates are injected within one block. A sample consisting of standard 

compounds has been used to monitor drifts in retention time and mass accuracy. 

The acquired spectra have been calibrated to a maximal absolute mass error 

<0.003Da (DataAnalysis 4.0 SP2, Bruker Daltonics GmbH, Bremen, Germany) and 

exported to MZmine 2.6 (Pluskal et al., 2010) for data elaboration (see chapter 

2.3.2.4.2)  
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2.3.2.3.4 UPLC®-ToF-MS analyses  

The UPLC®-ToF-MS measurements have been achieved on a ToF-MS (maXisTM, 

Bruker, Bremen, Germany) featured with an Apollo II electrospray source (Bruker, 

Bremen, Germany). The ToF-MS has been coupled to an ACQUITY UPLC® 

(Waters, Manchester, UK). Prior to analyses the instrument has been calibrated with 

an ESI tuning mix in positive mode. Nevertheless, the acquired spectra have also 

been carefully calibrated, since mass shifts must be suspected for analysis over 

several days. The acquisitions have been carried out in profile spectra mode with 

1Hz accumulation time. Instrument tuning has focused on detection and resolution 

of low molecular weight compounds in the mass range of 80-500Da. The main 

parameters are displayed in Supplementary table 3. 

 

2.3.2.4  Data analysis 

RP UPLC®-(+)ToF-MS, HILIC UPLC®-(+)ToF-MS and (+)/(-)ICR/FT-MS data has 

been separately analyzed. The principle workflow for the data analysis is illustrated 

in Figure 30.  

After data pre-treatment, like calibration, matrix generation, data cleaning and 

annotation, unsupervised multivariate statistics (PCA and HCA) have been applied 

for visualization and exploration of naturally occurring clusters. Afterwards, 

according to the biological questions, sub-groups of the sample set-up have been 

chosen and analyzed using different PLS-DA models. The discriminative markers 

obtained in the different models have been further tested with the non-parametric 

Wilcoxon-Mann-Whitney test and manually checked within the spectra and 

chromatograms. In addition to this “classical” data elaboration pipeline of 

metabolomics, network calculations as well as van Krevelen and Kendrick plots 

have been included. Networking, Van Krevelen and Kendrick plots have been used 

exclusively for ICR/FT-MS data, since only ICR/FT-MS provides the required mass 

resolution and accuracy.  

The results delivered by the different applied instrumentations have been compared 

with each other. In this purpose the data of important metabolites, which have been 

identified as statistically significant altered after infection in the different analyses, 

have been merged.  
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generation
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of condition-specific metabolites and 
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Figure 30: Overview of data analysis: Elaboration procedures illustrated on the left side have 
been separately done for RP UPLC®-ToF-MS, HILIC UPLC®-ToF-MS and (+)/(-)ICR/FT-MS 
data before the lists of important markers have been merged. UPLC®-ToF-MS data needed 
several extra working steps, which are shown in italic letters. The workflow shown at the right 
side has been exclusively performed for ICR/FT-MS data. 

 

2.3.2.4.1 Cleaning of ICR/FT-MS data  

The extracted mass lists (S/N4 ESI(+) and S/N2 ESI(-)) from ICR/FT-MS spectra 

have been aligned applying a 1ppm window (Matrix generator 0.4, inhouse written, 

M. Lucio). Masses detected in the blank samples have been excluded from the data 

set if their detected intensity in the samples have not exceed ten times the detected 

intensity in the blank. Blanks are pure solvents, which have been equally treated like 

the samples from beginning of the cell cultivation and during the complete sample 

preparation and analyses. Furthermore, masses found in less than three out of ten 

biological repetitions have been excluded.  
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2.3.2.4.2 Treatment of UPLC®-ToF-MS data and MZmine elaboration 

UPLC®-ToF-MS data have been analyzed with MZmine 2.6. (Pluskal et al., 2010). A 

noise level of 100 (HILIC) or 200 (RP) has been set. Peaks needed to exceed the 

intensity amplitude of 150 (HILIC) or 200 (RP) for at least 5 seconds (5 scans) to be 

considered during chromatogram construction. A noise amplitude algorithm has 

been used for data deconvolution, followed by de-isotoping and duplicate filtering. 

Thereafter, the samples’ chromatograms have been aligned by the join align 

algorithm with a m/z window of 0.005 and time span of 30 (HILIC) or 20 (RP) 

seconds. The described parameters had been optimized using the QC and LC-MS 

monitoring sample, which consisted of several standards. The aligned matrix has 

been exported in csv. format and imported to Excel 2007 (Microsoft©, Redmond, 

USA). Detected peak areas in three technical repetitions of one biological replicate 

have been averaged, if detected in at least two repetitions. This is necessary since 

technical replicates are not independent and thus might bias the statistical analyses. 

Afterwards, masses detected in the blank samples have been excluded if not 

meeting a ten-fold higher peak area in the samples. Peaks detected in less than 

three out of ten biological repetitions have been expelled from data analysis. 

 

2.3.2.4.3 HCA 

Hierarchical cluster analysis has been performed using the open source software 

Hierarchical cluster explorer© (HCE) 3.0 (Human computer interaction lab, Maryland, 

USA). HCA is a non-supervised multivariate analysis to discover clusters (groups of 

samples) in the data set, which do exhibit comparable metabolite intensity profiles. 

The Pearson correlation coefficient has been used. 

 

2.3.2.4.4 PCA 

PCA models have been used for data visualization and for discovery of naturally 

occurring patterns as well as for identification of putative outliers. The original data is 

hereby transferred into a few orthogonal variables called principal components, 

which still contain the main variation of the data set. Mean centering in combination 

with unit variance scaling has been applied for the data of this study. The 

multivariate modeling has been done in SIMCA-P© 9 (Umetrics, Umea, Sweden). 
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2.3.2.4.5 PLS-DA 

After exploration of naturally occurring patterns with unsupervised methods, the data 

has been further analyzed with PLS-DA in SIMCA-P© 9 (Umetrics, Umea, Sweden). 

Cross-validation and permutations test are essential to detect possible overfittings. 

The calculated Q2 (goodness of prediction) varies between 0 and 1, whereas 0 

indicates no fit and 1 a perfect fit. In general values of Q² > 0.9 are understood as 

excellent (Eriksson, 2006). A seven-fold cross-validation has been applied. 

Furthermore, a permutation test for validation of each model is necessary and has 

been done with 200 permutations. If the PLS-DA model has met all the required 

quality criteria the most discriminative m/z for the group separation have been 

extracted. M/z with a VIP-VALUE (variable importance in projection) >1 has been 

considered relevant. 

 

2.3.2.4.6 Wilcoxon-Mann-Whitney test 

The non-parametric Wilcoxon-Mann-Whitney test has been further used to vet, if the 

extracted observations (m/z) differ statistically significant from each other within two 

groups of samples. The calculated p-values give thereby the statistical confidence to 

reject the null hypothesis, which claims that the means are equal in the different 

samples. P-values <0.05 have been considered sufficient. The advantage of such 

non-parametric test is that a normal distribution is not required. The test has been 

done with the open source software Multi experiment viewer (MeV) 4.6.2 (Saeed et 

al., 2006). 

 

2.3.2.4.7 Correlation analysis 

The averaged signal intensities of ten biological replicates have been investigated to 

identify trends in metabolite abundance. Correlation analysis has been performed in 

Excel 2007 (Microsoft© Redmond, USA). The correlation coefficient indicates the 

strength and direction of association between the expression profiles of two 

metabolites. A correlation coefficient of 0 implies no correlation at all, -1 inverse and 

+1 complete correlation. Metabolites showing a correlation coefficient >+0.8 have 

been considered as interrelated, the p-value of these correlations have been 

<0.017.  
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2.3.2.4.8 Annotation and pathway mapping  

Mass lists have been submitted to MassTRIX for annotation of detected m/z 

features (http://metabolomics.helmholtz-muenchen.de/masstrix2/) (Suhre et al., 

2008). A 1ppm error window has been used for ICR/FT-MS and 0.005Da for 

UPLC®-ToF-MS data. The submitted m/z values are on the fly corrected for proton 

or sodium attachment or abstraction of one proton according to the ionization mode, 

followed by data base search in HMDB (Human Metabolome Database), KEGG 

(Kyoto Encyclopedia of Genes and Genomes) and LIPID MAPS for corresponding 

metabolite masses. The annotated KEGG CIDS and HMDB IDs have been exported 

and plotted for further pathway analysis into the KEGG atlas (http://www.genome.jp/ 

kegg/tool/map_pathway2.html) or uploaded to MetaboAnalyst 2.0 (Xia et al., 2009) 

(http://www.metaboanalyst.ca). 

 

2.3.2.4.9 MetaboAnalyst  

Besides the classical data analyzing methods for MS, LC-MS and NMR data (like 

univariate, multivariate and machine-learning methods as well as normalization and 

transformation) the web based tool MetaboAnalyst includes new developed 

approaches for interpretation of metabolomics data, namely “Metabolite set 

enrichment analysis” and “Metabolic pathway analysis” (Xia et al., 2009). In 

particular these two functions help to identify biological meaningful sets of 

metabolites and pathways.  

Lists of compounds (KEGG CID or HMDB ID) statistically significant increased or 

decreased in the different conditions have been uploaded to MetaboAnalyst and 

pathway analysis has been performed. The analysis is based on Kegg pathway 

topology, and the following tests are performed: 

(i) over-representation analysis (The systems tests, if the uploaded compounds 

are over-represented in a particular pathway. In this purpose a comparison 

of the data set to a list of random hits is performed.) 

(ii) pathway enrichment analysis for quantitative data according to the over-

representation test 

(iii) topological analysis (The importance in terms of betweenness centrality and 

degree centrality) of metabolites in their pathway is evaluated. 
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The final result is a "metabolome view" (Figure 31), which contains all the matched 

pathways arranged by their p-values (calculated from (i) and (ii)) on the Y-axis, and 

pathway impact values (calculated from iii) on the X-axis (FAQ (2012) 

http://www.metaboanalyst.ca). 

 

Figure 31: Exemplary illustration of resulting metabolome overview after pathway analysis 
with MetaboAnalyst. The colors are based on the p-value from pathway enrichment analysis. 
Bubbles’ sizes correspond to the impact values from pathway topology analysis (source FAQ 
(2012) http://www.metaboanalyst.ca)  

 

2.3.2.4.10 Venn diagram 

Venn diagrams are useful tools to visualize the intersections of different data. The 

Venn Diagram plotter version 1.4.3740.38143 (Kyle Littlefield, Matthew Monroe, 

USA) has been used in this work. 

 

2.3.2.4.11 Network visualization and elemental formula calculation 

The inhouse written Matlab program netcalc (Tziotis et al., 2011) enables the 

calculation and illustration of ultrahigh resolution mass spectrometry data based on 

distinct mass differences. Within the network, vertices reflect the exact masses and 

the edges correspond to predefined mass differences according to common 

biochemical reactions. Additionally, elemental formula calculation is possible based 

on the high connectivity in such a network, as far as one formula is a-priory known. 

For the calculation a 0.1ppm error has been used for (+)ICR/FT-MS data and 

0.2ppm for (-)ICR/FT-MS data. For the elemental composition carbon, hydrogen, 
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nitrogen, oxygen, sulfur as well as phosphorous have been considered. 

Visualization has been achieved in the open source Excel add in NodeXL 1.0.1.179 

(Microsoft© Redmond, USA), using a Harel-Koren Fast Multiscale algorithm. Highly 

connected nodes are centered and less connected ones are assembled in the 

periphery. 

During the non-targeted study of Chlamydia infection, at first all detected 

metabolites and thereafter metabolites only increased after infection have been 

investigated. 

 

2.3.2.4.12 Filtering of UPLC®-ToF-MS annotations based on retention time-logD 

regression 

Due to the lower mass accuracy of ToF instruments compared to ICR/FT-MS and 

the consequently higher tolerated error during mass annotation (0.005Da), false 

positive annotations must be suspected. To enable the filtering of such false positive 

annotations a logD retention time corrrelation has been used. Retention times of 

standards (supplementary table 1) have been plotted against their logD value at pH 

9 (RP) and pH 5 (HILIC). For reversed phase separation a linear correlation fitted 

the plot (r² >0.9), but for the HILIC separation no correlation could be observed. 

Consequently, only for RP UPLC®-ToF-MS runs a filtering of annotated metabolites 

has been performed. KEGG CIDs of detected metabolites have been submitted to 

chemical translation service (CTS) (Wohlgemuth et al., 2010) to get InChI- and 

smiles codes. Afterwards, the logD values for the annotated metabolites have been 

calculated with JChem for Excel 5.8.2.272 (ChemAxon, Budapest, Hungary). The 

calculated logDs have been plotted against the detected retention times. The 

metabolite annotation has been rated as false positive if its logD-retention time 

relation has not followed the regression of standards. A maximum tolerance of 

±2logD units has been accepted (Figure 32).  
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Figure 32: Plot of RP retention times of standard compounds against their predicted logD: 
Due to a linear correlation of retention times and logD values a filtering of putative metabolite 
annotations could be performed in order to minimize the risk of false positive annotations. 

 

2.3.2.4.13 Data alignment 

After identification of discriminative markers in RP UPLC®-ToF-MS, HILIC UPLC®-

ToF-MS and ICR/FT-MS data, the important masses have been merged. For this 

purpose the KEGG CIDs have been used for annotated metabolites. This keeps the 

advantage that KEGG CIDS are unique for each metabolite and independent from 

detected ion adducts. For “unknowns” the detected masses have been compared in 

Excel 2007 (Microsoft© Redmond, USA) applying a 0.005Da mass tolerance. During 

alignment it needs to be considered, that ions may be detected as different adduct 

ions in the different used methods. Instantly, glycerophospholipids tend to form 

sodium adducts in direct-injection (+)ICR/FT-MS but proton adducts in UPLC®-

(+)ToF-MS analysis.  
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Figure 33: Summary and decision tree of data cleaning and -elaboration  

 

2.4 Results and discussion 

Due to the complex data set the results and discussion chapter is structured in three 

parts. At first, a principal data overview is given (chapter 2.4.1), thereafter important 

alterations in an active normoxic infection are documented and discussed (chapter 

2.4.2). In the last part a deeper investigation of active and persistent infection is 

presented (chapter 2.4.3), this includes also the effects of different cultivation 

conditions to the non-infected cells (Figure 34). 
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2.4.1. Data overview

2.4.2. Metabolic permutations after an active, normoxic infection

• overview of  pathway modulations

• main modulations of  metabolites

• key “unknown” compounds af fected by infection

2.4.3. Metabolic permutations after an active and persistent infection

• investigation of  non-infected cells

• Chlamydia-specif ic metabolic alterations in active and persistent infection

- amino acids metabolism
- lipids metabolism
- carbohydrates and nucleosides
- summary 

 

Figure 34: Structure of results and discussion section 

 

2.4.1 Data overview  

2.4.1.1 Reproducibility 

The spectra and the chromatograms have been at first visually investigated for 

technical and biological reproducibility, as well as for putative contaminations. Three 

randomly chosen replicates from non-infected and infected samples cultivated in 

normoxia are exemplarily illustrated for positive ionization (Figure 35). Next to the 

good biological and analytical reproducibility the spectra show the abundance of 

different metabolite profiles in non-infected and infected samples and the enormous 

resolution power of ICR/FT-MS spectra (A-C) in comparison to ToF-MS 

measurements (D and E). Mass resolution and sensitivity of ToF-MS are not 

sufficient to detect and separate all the ICR/FT-MS m/z features, but the general 

mass profiles are comparable. Nevertheless, as mentioned previously, UPLC®-MS 

analyses are very helpful to verify putative markers and deliver further information 

based on the separation prior to ionization.  
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Figure 35: Illustration of spectra for three randomly chosen biological repetitions of non-
infected (blue) and infected (red) samples cultivated under 20% oxygen atmosphere in (A) 
broad band (+)ICR/FT-MS spectra; (B) zoom in the mass range of 302 to 316 and (C) to the 
nominal mass 309. The nominal mass 309 is further illustrated in the summed up mass 
spectra of (D) HILIC UPLC®-ToF-MS and (E) RP UPLC®-ToF-MS analyses 

(A) 

(B) 

(C) 

(D) 

(E) 
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The reproducibility of ICR/FT-MS measurements has been further evaluated by the 

detection frequencies of m/z features. For instance, 71% of all peaks are detected in 

at least 50% of the biological replicates of normoxic infected samples 

(Supplementary figure 2). The coefficient of variation (CV) of detected intensities for 

m/z detected in these biological replicates are very good. 90% of the peaks show an 

intensity variation of less than 44%. UPLC®-ToF-MS measurements have been 

monitored by injection of standard compounds over the complete analysis. The peak 

areas of standard compounds vary in both RP UPLC®-ToF-MS and HILIC UPLC®-

ToF-MS analysis maximal about 32% (CV). The retention times drift in average 7.5 

seconds (RP) or 9 seconds (HILIC) (Supplementary figure 3 and 4). In both 

separation modes the highest shift has been observed after addition of freshly 

prepared solvents. In this respect, it is especially important to ensure a proper 

randomization, which assures the distribution of all samples over the complete 

analysis. The detected mass errors vary about maximal 0.004Da in RP and 0.003Da 

in HILIC UPLC®-ToF-MS analysis (Supplementary figure 3 and 4). In summary, 

these data illustrates that a further analysis of the obtained data is reasonable since 

the biological and analytical reproducibility can be taken for granted. The developed 

UPLC®-ToF-MS platforms are stable.  

 

2.4.1.2 Mass detection, metabolite recovery and convergence between different 

instrumentations 

In this section a short overview of the detected metabolite recovery and comparison 

of the different applied analytical technologies is given. The molecular composition 

of all m/z features detected in (+)/(-)ICR/FT-MS has been calculated and illustrated 

in the Van Krevelen diagrams and KEGG pathways. The Van Krevelen diagram 

(Figure 36) illustrates the nature of detected metabolites as mainly hydrogen rich 

and oxygen poor. Additionally, spectra acquired in negative mode are rich in 

unsaturated (hydrogen deficient) molecules. The cell composition appears to be 

very complex in CHO and CHONS containing compounds. In particular regions of 

lipids are extremely occupied. Even though a convergence between ionization in 

positive and negative mode can be observed; only by the combined data the 

metabolome can be comprehensively approached. 
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Figure 36: Van Krevelen diagram of (+)/(-)ICR/FT-MS detected masses  

 

ICR/FT-MS detected masses have been additionally categorized according to the 

main pathways, in which they are involved in to monitor the general metabolite 

recovery (Figure 37A). Detected metabolites are distributed in all major pathways, 

from carbohydrates to cofactors and vitamins. Nevertheless, main classes are 

carbohydrates, lipids and amino acids. Classes of mostly detected lipids are sterols, 

fatty acyls and phospholipids. 

The convergence between the different applied technologies in terms of metabolite 

recovery has been compared by means of KEGG CIDs. The Venn diagram and the 

glycolysis pathway show the intersections of metabolite annotations (Figure 37 B 

and C). 60% of all annotations have been detected in at least two analytical 

procedures. Unique annotations are up to 15% in RP UPLC®-ToF-MS, 13% in HILIC 

UPLC®-ToF-MS and 11% in (+)/(-)ICR/FT-MS. 55% of RP UPLC®-ToF-MS and 

HILIC UPLC®-ToF-MS annotated metabolites are common in both analyses. It 

should be clarified, that due to the different tolerated mass errors for the annotation 

(ICR/FT-MS 1ppm, UPLC®-ToF-MS 0.005Da), the numbers of UPLC®-ToF-MS 

detected metabolites might tend to be over-represented and a number of false 

positive annotations must be suspected. Thus, the RP UPLC®-Tof-MS data has 

been filtered prior to KEGG mapping. In the exemplarily illustrated glycolysis (Figure 

37C) several metabolites have been directly verified by at least two applied 

methods. However, a much more comprehensive picture is delivered when the data 

from all methods is integrated.  
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Figure 37: (A) Metabolite recovery of (+)/(-)ICR/FT-MS data; (B) Venn diagram showing the 
convergence between data of different applied instrumentations; (C) glycolysis illustrating the 
enhanced metabolite recovery in multi-parallel analysis (ICR/FT-MS-red, HILIC-green, RP-
blue, black-verified in at least two methods).  
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2.4.2 Metabolic permutations after an active, normoxic infection  

Since most experiments dealing with cell cultures are done under normoxia, this 

condition serves also in this work as starting point to investigate the metabolism of 

Chlamydia infected cells (Figure 38).  

non-infected 
control

active 
infection

20% O2 2% O2

+ IFN-γ

- IFN-γ

- Cpn + Cpn

non-infected 
control

active
infection

non-infected 
control

enhanced active 
infection

- Cpn + Cpn

persistent 
infection

non-infected 
control

 

Figure 38: Illustration of the study design and data analysis: The active infection in normoxic 
atmosphere has been initially chosen to study metabolic alterations after C. pneumoniae 
(Cpn) infection.  

 

Metabolite alterations after infection compared to the non-infected control samples 

have been elaborated with multivariate and univariate statistics. For multivariate 

analysis the data have been mean centered and unit variance scaled. It could be 

observed that in particular (+)ICR/FT-MS and RP UPLC®-ToF-MS delivered 

excellent PLS-DA models, in which infected and non-infected cells separate with 

statistical validity (Figure 39). No overfitting in the first component has been 

observed in both models during cross-validation with 200 permutations 

(Supplementary figure 5). The models calculated for (-)ICR/FT-MS and HILIC 

UPLC-ToF-MS separate also non-infected and infected samples (Figure 39). 

However, it needs to be mentioned that a slide trend for overfitting has been seen 

for these models (Supplementary figure 5). Discriminative variables (m/z) of all 

models have been chosen according to their VIP-value and further validated with a 

non-parametric Wilcoxon-Mann-Whitney test. A p-value <0.05 has been considered 

statistically significant. Within the ICR/FT-MS analysis 1911 discriminative masses 

have been discovered, in RP UPLC®-ToF-MS 2601 and in HILIC UPLC®-ToF-MS 

1104. The masses have been classified into annotated and „unknown“ metabolites, 

according to existance of data base entries. An overview of the numbers of 

statistically significant metabolites in each applied technique is given in the Table 

11. In particular, the RP UPLC®-ToF-MS analysis of non-infected and infected cell 

extracts reveals a high number of significant discriminative metabolites. Due to the 
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high number of statistically significant variation in the metabolite pattern after 

infection, a fold change ratio of detected intensities in the two sample groups has 

been calculated and metabolites varying in at least 100% in their detected intensity 

in infected and non-infected samples are further illustrated in the table.  
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Figure 39: PLS-DA models separating infected and non-infected cells (R2Y/Q2 (+)ICR/FT-MS 
0.961/0.917, (-)ICR/FT-MS 0.774/0.47, HILIC UPLC®-ToF-MS 0.971/0.622 and RP UPLC®-
ToF-MS 0.986/0.875)  

 
(+)/(-) 

ICR/FT-MS  
RP UPLC®-
(+)ToF-MS 

HILIC UPLC®-
(+)ToF-MS 

discriminative m/z 1911 2601 1104 

annotated discriminative metabolites 186 1281 563 

annotated discriminative metabolites     
fold change >100% 

140 621 209 

Table 11: Numbers of discriminative m/z detected with different techniques  



Chapter 2 Results and discussion 

Page | 74 

 

The discriminative annotated metabolites have been thereafter mapped into the 

KEGG pathways and categorized into main metabolite classes in order to obtain a 

general overview of affected metabolite groups. The same trend in the data can be 

observed for all analytical methods (Figure 40). All in all, classes of metabolites with 

a high number of variations are carbohydrates, lipids and intermediates from the 

amino acid metabolism. However, it should be kept in mind that several metabolites 

are annotated for one detected mass. This might influence especially the metabolite 

classes of carbohydrates and lipids, since they are very rich in isomeric compounds. 

Nevertheless, altered lipid profiles after infection are reasonable, because cell wall 

and cellular membranes as well as the inclusion membrane of Chlamydia contain 

lipid species. The same accounts for carbohydrates since carbohydrates are major 

cellular energy sources and after infection the demand for energy might be 

increased as two instead of one organism need to survive in infected cells. The 

variations in the amino acid metabolism can result from amino acid de novo 

biosynthesis, protein biosynthesis and -degradation. 

0

20

40

60

80

100

120

140

160

nu
m

b
er

 o
f 

an
no

ta
te

d
 m

et
ab

o
lit

es RP

HILIC

FT POS/NEG

 

Figure 40: Distribution of statistically significant metabolites over the KEGG metabolite 
classes  

 

Based on this general overview, single pathways containing discriminative masses 

have been examined (Figure 41). The metabolism of arachidonic acid, arginine and 

proline as well as amino sugars is mainly influenced after Chlamydia infection. 25% 

of all discriminative annotated metabolites found in HILIC UPLC®-ToF-MS are within 

these pathways, for RP UPLC®-ToF-MS and ICR/FT-MS it is 15% and 18%. Further 
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important modulated pathways are the steroid biosynthesis, glycerophospholipid- 

and sphingolipid metabolism, alpha-linolenic acid and fatty acid biosynthesis; 

several pathways from the carbohydrate metabolism (galactose-, starch/sucrose- 

and fructose/mannose metabolism), histidine and tryptophan metabolism. Besides 

these, the thiamine and ubiquinone as well as the purine and pyrimidine 

metabolisms contain a high number of important metabolites. For the first time this 

data gives an overview of metabolic modulations in a human cell after infection. 

Previous studies only focused mainly on single aspects, which have been 

summarized in the introduction (chapter 1.5.2). The observed modulations within 

this non-targeted study reflect these previous results very well and expand our 

knowledge. 
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Figure 41: Distribution of statistically significant metabolites over the KEGG pathways  
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To accommodate the very high numbers of significantly affected metabolites, in the 

following data analysis only metabolites with a variation of at least 100% signal 

intensity in infected and non-infected cells have been further investigated. The 

metabolite annotations of RP UPLC®-ToF-MS data have been filtered to minimize 

false positive annotations. The data from ICR/FT-MS, RP UPLC®-ToF-MS and 

HILIC UPLC®-ToF-MS analyses have been merged and statistically significant 

annotated metabolites have been compared. At first the focus is on annotated 

metabolites, an extension to „unknown“ species will be given later (see chapter 

2.4.2.5).  

The KEGG CIDs of important regulated metabolites (Supplementary table 4) have 

been uploaded in the web-based metabolomics platform MetaboAnalyst (Xia et al., 

2009) and a pathway analysis has been performed (Figure 42). This is useful to 

visualize the data and determine mainly modulated pathways based on pathway 

topology and over-representation tests (Xia et al., 2009).  
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metabolism

Lysine metabolism

Starch and sucrose 
metabolism

Trypophane metabolism

Ubiquinone metabolism

Phenylalanine metabolism

Linoleic acid metabolism
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Figure 42: Pathway analysis of statistically significant discriminative metabolites with a signal 
intensity fold-change ≥100% in infected and non-infected cells. The size of the bubbles 
demonstrates the number and position of important metabolites within the pathway. (aligned 
data from ICR/FT-MS and UPLC®-ToF-MS analyses, after filtering) 

 

The pathway analysis revealed that metabolites varying in at least 100% of their 

detected intensity are mainly contributors in the amino acid and lipid metabolism. 

Furthermore, disaccharides and nucleoside diphosphates (NDP) have been 

importantly altered after infection. 
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2.4.2.1 Important modifications in amino acid metabolism 

Chlamydia encode a few genes for biosynthesis of some amino acids itself, although 

mostly with truncated pathways (McClarty, 1999). But the bacterium still depends 

strongly on nutrients delivered from the host cell cytosol, accordingly a substantial 

number of transporters are also encoded in its genome (McClarty, 1999). It is in 

consequence not surprising that reduced levels of several amino acids have been 

found in infected cells, like e.g. threonine, tyrosine and leucine/isoleucine (Figure 

43). Probably, most of these amino acids are utilized as building blocks during 

protein biosynthesis; furthermore leucine, isoleucine or valine might be consumed 

as precursors for branched-chain fatty acids.  
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Figure 43: Mainly affected amino acids and -derivates (the origin of the data is shown in the 
color code, levels of C6H13NO2 (leucine/isoleucine/valine) and several additional 
metabolites drop below limit of detection in infected samples) 

 

In contrast to the above mentioned amino acids, glutamate has been detected with 

increased signal intensity after infection (Figure 43). This is consistent with the 

earlier work of Ojcius et al., who have found an increased level of glutamate 

occurring midway during the developmental cycle of Chlamydia psittaci (Ojcius et 

al., 1998). Glutamate is of outstanding importance for the connection between 

nitrogen and carbon metabolism. An increased glutamate level indicates furthermore 
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an elevated glutamineolysis, which is evidenced for hypoxia (Le et al., 2012) and 

might be in case of Chlamydia infection an effect of the activation of HIF-1 during 

chlamydial development (Rupp et al., 2007). Furthermore, cystine, the oxidized 

dimeric form of cysteine (cys-S-S-cys) has been detected increased by 30% after 

infection. Cysteine and cystine levels are highly connected: while cystine is the 

dominant form in the extracellular space, cysteine occurs mainly inside cells 

(Conrad et al., 2011). Even though cysteine may be biosynthesized from methionine 

in some cell lines, most cells import either of the forms from extracellular space to 

manage the intracellular cysteine demand (Conrad et al., 2011). Several chlamydial 

proteins are very rich in cysteine, they are strongly interconnected by disulfide 

bonds. A dependency of the chlamydial development from cysteine has been 

identified earlier (Allan et al., 1985). The transformation of Chlamydia morphological 

forms EB and RB is inhibited, when cysteine is absent in the cell culturing medium 

(Allan et al., 1985). The cysteine/cystine system is moreover important for 

maintaining the cellular physiological redox conditions (Conrad et al., 2011). 

Furthermore, both are important precursors for glutathione (GSH), which is also a 

major compound in the cellular redox system. GSH has a key role at the initial stage 

of the infection (Lazarev et al., 2010). Consistent with the literature, decreased GSH 

levels after infection have been seen in the data. In addition, reduced levels of 

oxidized glutathione (GSSG) (Figure 43) have been identified. Moreover, we found 

an increase in lactoyl-glutathione, which is a known modulator of the microtubule 

assembly (HMDB, 2012b) and consequently also of the cytoskeleton and 

intracellular transport processes. In summary, next to alterations in the amino acid 

pool the results clearly suggest a modification of the cellular redox system after 

infection.  

Moreover, metabolites like phenyl-acetaldehyde, phenyl-ethylamine, hydroxyl-

phenyllactate, hydroxyl-indoleacetaldehyde as well as hydroxylthreonine indicate an 

effect of Chlamydia infection on the metabolism of aromatic amino acids. The 

catabolism of the essential amino acid phenylalanine to phenyl-ethylamine and 

phenyl-acetaldehyde and further to phenylacetic acid (PAA) is encoded in the 

human genome. A further catabolism of PAA to phenylacetyl-CoA and later acetyl-

CoA and succinyl-CoA and consequently the introduction into the TCA cycle has 

been shown for gram negative bacteria like Pseudomonas putida and Escherichia 

coli (Arias et al., 2008, Navarro-Llorens et al., 2005, Olivera et al., 1998, 

Panoutsopoulos et al., 2004, Arias-Barrau et al., 2004) (Figure 44). Based on these 
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results the investigations of aromatic amino acids metabolism might be very 

interesting for targeted follow-up studies. 

Phenylalanine Phenyl-ethylamine

Phenylacetic acid

Phenyl-acetaldehyde

Phenylacetyl-CoA

Acetyl-CoA and succinyl-CoA

TCA cycle

p < 0.0027 p < 0.0032

S
ig

n
al

 in
te

ns
ity

 (I
C

R
/F

T
-M

S
)

P
ea

k 
ar

ea
 (H

IL
IC

 L
C

-M
S

)

P
ea

k 
ar

ea
 (R

P
 L

C
-M

S
)

 

Figure 44: Detected metabolite abundance in Chlamydia infection in the proposed 
phenylalanine catabolism and connection to the TCA cycle in gram-negative bacteria  

 

2.4.2.2 Important modifications in the lipid metabolism 

A depletion of the host cell’s lipid homeostasis is further indicated by our data, 

particularly an activated metabolism of arachidonic acid and linoleic acid. The 

arachidonic acid metabolism is a key pathway in inflammatory processes, thus the 

detection of increased levels of eicosanoids suggests an inflammation in the host 

cell (Figure 45). The differentiation between the isomeric prostaglandins, however, 

needs further targeted optimization of UPLC® separation, for that reason only the 

elemental composition of the putative derivates are illustrated. 
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Figure 45: Eicosanoid metabolism affected by infection: Increased levels of putative 
metabolites are indicated by red errors and their elemental compositions (COX 
cyclooxygenase, LOX lipoxygenase, NSAIDs non-steroidal anti-inflammatory drugs) 

 

Even though an inflammation is a physiological reaction against a potential harmful 

stimulus and it is very important for the eradication of such a stimulus, a deregulated 

inflammation is connected to many pathophysiological processes and diseases. A 

promotion of proinflammatory chemokines, cytokines and growth factors has been 

previously discussed after Chlamydia infection on a protein level (Stephens, 2003). 

In addition, Hyvarinen et al. have found increased levels of C20H34O2 in the hepatic 

fatty acid content of chronic chlamydial infected mice, but observed a reduction of its 

precursor C18H30O2 (Hyvarinen et al., 2009). An induction of COX-2 by C. 

pneumoniae in immune cells has been additionally reported as a potential risk factor 

for the development and the progression of chronic vascular diseases (Rupp et al., 

2004). The presented results further name and confirm inflammatory processes 

within the host cell, which might also be targets for therapeutic intervention, since 

the blocking of the arachidonic acid cascade can be achieved by NSAIDs.  

A further detected modulation in the lipid balance points towards the cholesterol 

biosynthesis (Figure 46). Cholesterol, a typical eukaryotic lipid, has been identified 

in the pathogen by previous work (chapter 1.5.2). Since Chlamydia do not encode 

for the enzymatic biosynthesis, cholesterol must be of human origin (Carabeo et al., 
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2003). Cholesterol is synthesized in the human endoplasmic reticulum (ER) and 

transported with the Golgi apparatus to the chlamydial inclusion. There the Golgi 

apparatus is fragmented into ministacks and such ministracks surround the inclusion 

(Heuer et al., 2009). Cholesterol is due to its rigid planar structure an essential 

compound to maintain membrane fluidity. A decreased cholesterol level after 

Chlamydia infection is known and affects the membrane fluidity, as well as cellular 

functions including surface receptor binding, chemotaxis, signal transduction and 

susceptibility to microbial invasion (Azenabor et al., 2005, Tappia et al., 1997). 

 

Figure 46: Cholesterol biosynthesis (red dots illustrate statistically significant decreased 
metabolites, which met the strict criteria of at least two fold decrease in infected cells, blue 
dots show further statistically significant metabolites decreased after infection, but to a lower 
extent. (data inferred from ICR/FT-MS and RP UPLC®-ToF-MS analyses) 

 

The data also shows a modulation of sphinganine levels (dihydro-sphingosine) 

(Figure 47). Sphinganine is a blocker of post-lysosomal cholesterol transport 

(HMDB, 2012c). It has been described that sphingoid base backbones, like 

sphingosine and sphinganine are highly bioactive compounds for the regulation of 

second messengers important for cell proliferation, apoptosis, and differentiation 
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(Hannun et al., 2001, Shayman, 2000) as well as for membrane traffic (Friant et al., 

2001, Friant et al., 2000, Zanolari et al., 2000). In the scope of this work sphinganine 

has been annotated by its exact mass, furthermore the predicted and detected 

retention times in RP UPLC®-ToF-MS have been in good accordance to each other, 

nevertheless a targeted study needs to confirm the finding. 
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Figure 47: RP UPLC®-ToF-MS EIC of putative sphinganine [m/z 302.305±0.02] for one 
technical of each biological repetition 

 

2.4.2.3 Important modifications in the carbohydrate metabolism and nucleosides 

A putative storage of carbon sources for the later development of Chlamydia or the 

extracellular state is indicated by an increase of the detected intensities of 

disaccharides about 600% after infection. Decreased levels of glucose phosphate 

and glucose might be explained by the activation of carbohydrate catabolism after 

infection (Ojcius et al., 1998). 

Furthermore, drops in all NDPs are identified, either statistically significant or as a 

trend. NDPs and their energy richer analogs NTPs (nucleoside triphosphates) are 

usually in equilibrium (NDP/NTP~constant). Thus, decreased levels of NDPs 

indicate elevated levels of NTP, which is consistent with former studies (Ojcius et 

al., 1998). The detected intensities of NTPs themselves have been very low and 

very close to the limit of detection. In consequence, they are not interpreted. 
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Nucleotides are required for DNA and RNA synthesis and especially adenosine 

nucleotides are universal energy transducers.  
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Figure 48: ICR/FT-MS NDP signal intensities (average ± STD) in infected and non-infected 
cells (ADP and UDP decrease is UPLC®-ToF-MS confirmed) 

 

2.4.2.4 Summary of important permutations in the central metabolism  

Discriminative metabolites are spread all over the complete known metabolic 

pathways. However, mainly modulated metabolite classes in infection are lipids, 

carbohydrates and amino acids. Due to the high amount of discriminative markers, a 

focusing on mainly altered compounds has been necessary. This could be achieved 

by strengthening the elaboration criteria. The data delivered complete new insights 

in infection specific alterations of amino acid, redox and lipid homeostasis and 

pinpointed several metabolites as key metabolites. The data is in very good 

consistency with previously described metabolic alterations after Chlamydia 

infection.  

The above presented and discussed results regarding the amino acid, redox, 

carbohydrate and lipid metabolism are summarized in the Figure 49.  
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Figure 49: Summary of main metabolites affected by C. pneumoniae infection. The illustrated 
metabolites have been determined by strict elaboration criteria (VIP-value >1, p-value <0.05, 
two-fold ratio in infected and non-infected cells). Essential amino acids are framed in boxes. 

 

2.4.2.5 Key „unknown“ metabolites affected by infection 

The above described results only reflect one part of the detected alterations in the 

metabolome of human cells after infection. Due to the high amount of statistically 

significant modified metabolites strict criteria have been used to focus on main 

effects of Chlamydia infection. However, annotated metabolites represent only 

approximately 10 to 20% of the data set. A huge number of discriminated 

compounds are “unknown” metabolites (Figure 50) and in particular these 

“unknowns” seem to be promising diagnostic biomarkers. In the following part a 

deeper analysis of those metabolites is presented. The results base on data, which 

has been detected with ICR/FT-MS.  
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Figure 50: Logarithmic ratio of detected intensities of statistically significant affected 
metabolites (p-value <0.05, VIP-VALUE >1, annotated metabolites are colored in red and 
“unknowns” in black) 

 

The elemental compositions of detected m/z have been calculated within a 0.1ppm 

error window by applying netcalc for ICR/FT-MS data (Tziotis et al. 2011). The 

ultrahigh mass accuracy and resolution of ICR/FT-MS enables such calculations. A 

list of common biotransformation and thus mass differences has been elaborated for 

the calculation of the network. The purpose of such network is on the one hand 

visualization of the connectivity of a data set, on the other hand it enables an 

association between the annotated and „unknown“ metabolism. For visualization 

m/z features showing a high connectivity are centered, whereas m/z with four or less 

connections are put in the lower periphery. The network for m/z detected in positive 

electrospray mode is illustrated in Figure 51. Masses annotated by MassTRIX 

(Suhre et al., 2008) are colored red, while „unknown“ metabolites are indicated by 
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black coloration. Discriminative compounds with a VIP-VALUE >1 and p-value <0.05 

are represented by bigger bubbles. 

 

Figure 51: Kendrick-analogous mass difference network based on (+)ICR/FT-MS data 
(annotated metabolites are shown in red, „unknown“ compounds are illustrated in black, 
discriminated metabolites are indicated by bigger bubbles) 

 

A dense network indicates a high connectivity of the detected masses within the 

data set. Several regions, where discriminative masses are concentrated, can be 

identified in the presented network, thus it can be suspected that those masses are 

closely related to each other. Furthermore, a local concentration of annotated 

important metabolites exists.  

In the next step all pairs of connected masses, which do not include any 

discriminative m/z, have been excluded from the data set. This has been done in 

order to reduce the complexity of the network and simplify the data elaboration and 

interpretation. The resulting network still shows a high degree of connectivity (not 

shown). The above described local concentrations of discriminative masses have 

been conserved during the simplification. Therefore, it seems that the Chlamydia-

affected part of the metabolism is quite connected in a biochemical manner. If the 

metabolic changes after infection appear in separated parts of the metabolome, a 

disconnected network would result. For a further data reduction only masses, which 

had been increased after infection, have been included (Figure 52). The resulting 

network reveals a very high connectivity for a set of markers. Above all, such 
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markers might be involved in many biochemical modulations, which do only appear 

in infected cells. Masses significantly increased after infection have been 

additionally illustrated in a Kendrick plot to spot homologous series of markers 

(Figure 53).  

 

Figure 52: Kendrick-analogous mass difference network only including statistically significant 
increased metabolites (annotated metabolites are shown in red, „unknown“ compounds are 
illustrated in black) 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

150 250 350 450 550 650

K
M

D

NM

 

Figure 53: Kendrick plot of statistically significant increased compounds after infection: 
Several homologous series can be observed, which contain known (red) and „unknown“ 
(black) compounds  
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Taking both illustrations together, human cells infected with C. pneumoniae are 

characterized by putative structural related families of markers. Furthermore, both 

diagrams nicely illustrate the connection between annotated and „unknown“ 

metabolites, which offers the possibility to further characterize “unknowns”.   

Interestingly, some of the discriminative masses have shown a very high 

connectivity (>10) (Figure 54) and might therefore play a key role in biochemical 

processes mediated by Chlamydia. For instance, the m/z 437.3600, which has been 

annotated as monoacylglycerol [M+Na]+ with the elemental composition C25H50O4, 

show 38 connections. These important key metabolites have been searched 

afterwards in the UPLC®-Tof-MS data and are highlighted with bold letters, if verified 

(applied error 0.005Da) (Table 12).  

Within the presented workflow it has been possible to focus on mainly affected key 

“unknown” metabolites, which might be very promising diagnositic markers. The 

isolation and structure elucidation of these important markers is a very interesting 

analytical task for my future research.  

 

Figure 54: Zoom in the center Kendrick-analogous mass difference network only including 
statistically significant increased metabolites (annotated metabolites are shown in red, 
„unknown“ compounds are illustrated in black) 
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detected m/z elemental composition  log ratio (inf/non inf) connectivity 

437.360043 C25H50O4 0.22 38 

453.318618 C24H46O6 0.39 30 

347.167571 C14H28O8 1.01 29 

559.396854 C32H56O6 0.40 25 

311.219228 C16H32O4 INF 22 

363.198851 C15H32O8 0.51 21 

459.13551 C18H19O10P1 INF 19 

313.234881 C16H34O4 INF 18 

411.34436 C23H48O4 0.76 18 

421.240754 C18H38O9 0.55 18 

462.146476 C19H24O10N1P1 1.50 18 

613.443726 C36H62O6 INF 18 

241.177362 C12H26O3 INF 17 

525.412588 C29H58O6 INF 17 

527.261405 C28H40O8 0.65 17 

327.25053 C17H36O4 INF 15 

513.245768 C27H38O8 1.08 15 

529.117476 C18H21O11P1 INF 15 

434.287605 C23H41O5N1 0.83 14 

439.375607 C25H52O4 0.72 14 

557.381116 C32H54O6 1.10 14 

553.27705 C30H42O8 1.54 13 

555.292702 C30H44O8 1.15 13 

293.120584 C10H22O8 INF 12 

315.250549 C16H36O4 INF 12 

329.266106 C17H38O4 INF 12 

550.162497 C29H45O13N1 INF 12 

422.360314 C24H49O3N1 INF 11 

426.108864 C25H31O10N1 INF 11 

504.438534 C30H59NO3  0.59 11 

564.178177 C30H47O13N1 INF 11 

257.172206 C6H14O4 INF 10 

376.209453 C19H31O5N1 0.51 10 

445.119923 C17H17O10P1 1.69 10 

506.172561 C28H45O11N1 INF 10 

532.188228 C21H26O11N1P1 INF 10 

562.198812 C22H28O12N1P1 INF 10 

  576.21446 C23H30O12N1P1 2.02 10 

Table 12: Statistically significant increased metabolites with a very high connectivity (>10) in 
the network analysis (UPLC®-Tof-MS verified masses are given in bold letters) 
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2.4.3 Metabolic permutations after an active and persistent infection  

The extracted ICR/FT-MS mass lists for all samples have been aligned (Matrix 

generator 0.4, inhouse written, M. Lucio) with 1ppm error. Masses detected in at 

least 3 biological replicates have been included in the multivariante analysis and 

annotated by MassTRIX (Suhre et al., 2008). An overview of natural ocurring 

patterns is given in the PCA models (Figure 55). For reasons of visualization the 

data set has been devided in normoxic and hypoxic cultivated samples.  
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Figure 55: PCA for cells cultivated and infected under 20% or 2% oxygen atmosphere 
((+)ICR/FT-MS data) 

 

Obviously, all cultivation conditions cause a shifting in the metabolite pattern, thus a 

nice separation can be observed. Under normoxic conditions both, the non-infected 

cells cultivated with an addition of IFN-γ and the infected cells, separate from the 

non-infected controls (Figure 55 20% O2). But cells with a persistent infection do not 

separate within the first two principal components from non-infected controls. This 

degree in commonality of persistent infected samples and non-infected controls 

without IFN-γ rather than with those with IFN-γ is quite surprising, but might indicate 
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an interaction of Chlamydia and IFN-γ signaling pathways at earlier cellular 

regulation levels (compare Figure 4).  

Under hypoxia (Figure 55 2% O2) all samples show a clear separation. The IFN-γ 

treated, infected samples are closely located to the infected samples without IFN-γ, 

indicating a partly common metabolite pattern in both infections.  

A further fact to be observed is the good reproducibility of the samples, for each 

group all ten biological repetitions cluster nicely together, the only exceptions are 

pellet 1.2 (non infected 20% O2, second replicate), 5.1 (non-infected 2% O2, first 

replicate) and three replicates of pellet 7 (infected, 2% O2, fourth, eight and tenth 

replicate). The spectra of these extracts have been manually checked and it has 

been observed that even though the general metabolite profile of these samples is 

comparable to the other samples, they are characterized by several contamination 

peaks. Thus, these samples have been excluded from the multivariate data 

analysis, but not from univariate testings performed afterwards. Moreover, in 

particular the addition of IFN-γ has a strong influence to shift the metabolism in one 

direction, pointed out by the very tight location of all samples in the first two principal 

components. 

In the now following part of the thesis metabolic variations in active and persistent 

infection are addressed. Furthermore, reasons leading to the development of an 

active infection in IFN-γ treated cells under hypoxia are investigated. Main question 

to be answered are thus:  

(i) Can we identify metabolites that lead to the enhanced growth (without IFN-γ) 

and a sustained active infection (with IFN-γ) under hypoxia, but to the 

development of persistence under normoxic IFN-γ treatment? “Environmental” 

influences like nutrient bargain in the non-infected cells in different cultivation 

conditions might be very important in this regard. (chapter 2.4.3.1) 

(ii) What happens during infection in the different cultivations and how adapts 

Chlamydia to the different conditions existing in non-infected cells? Can we 

discover differences in the persistent and non-persistent infection leading to 

new ideas for targeted studies? (chapter 2.4.3.2) 

(iii) Can we spot biomarker candidates for the clinical problematic persistent 

infection? (chapter 2.4.3.2) 
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Due to the amount of data and complexity of data analysis a different data 

integration strategy than in the just presented part (chapter 2.4.2 – Important 

variations in the metabolome in an active, normoxic infection) has been used. 

Whereas in chapter 2.4.2 all analytical techniques have been included in the data 

analysis from the beginning and have been equally ranked, in the now following 

chapters the results base on ICR/FT-MS data and have only be verified with UPLC®-

ToF-MS analyses. 

 

2.4.3.1 Better growth, higher infectivity and persistence of Chlamydia as an 

environmental effect – investigation of metabolic adaption in non-infected 

cells to different cultivation conditions 

To answer the first question the metabolite equipment in non-infected cells and the 

shifting in the metabolic pattern caused by the cultivation conditions may play a key 

role, especially since Chlamydia strongly depends on nutrient input from the host 

cell cytosol. Thus, the non-infected samples have been analyzed deeper at first. 

The non-infected samples have been investigated by PCA. Separation of all 

cultivation conditions could be achieved in the first three principal components 

(Supplementary figure 6), but cells cultivated under normoxia and cells cultivated 

under hypoxia with an addition of IFN-γ do not separate within the first two principal 

components indicating a higher similarity of these cells (Figure 56A und B). One 

explanation might be opposite directed effects of hypoxia and IFN-γ, which cancel 

each other when both conditions are combined.  

Based on this hypothesis the data set has been analyzed in regard to identify 

metabolites anti-correlated under hypoxia and under normoxic IFN-γ treatment. 

PLS-DA models (normoxic vs. hypoxic cells; and normoxic vs. normoxic IFN-γ cells) 

have been built and the statistical significance of discriminative metabolites has 

been vetted with a Wilcoxon-Mann-Whitney test. A p-value <0.05 has been 

considered sufficient. No overfitting has been observed during cross-validation with 

200 permutations (Supplementary figure 6). 486 annotated metabolites have been 

discriminative in both PLS-DA models. Their averaged (n=10) signal intensities are 

illustrated in the heat map (Figure 56 C). Cells cultivated under hypoxia and 

cultivated under normoxia with IFN-γ addition, both contain a certain number of 

unique or increased concentrated metabolites (framed with white ellipses).  
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Clusters of metabolites inversely regulated under hypoxia and under normoxic IFN-γ 

treatment, but showing the same abundance behaviors in the other two cultivation 

conditions have been extracted. In the heat map these metabolites are framed with 

white boxes. They might be essentially required nutrients/compounds for the 

development of an active or persistence infection, and responsible for an enhanced 

growth and infection rate under hypoxia. 
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Figure 56: Investigation of non-infected cells: (A) PCA score plot; (B) PCA loading plot; (C) 
heat map of statistically significant (p-value <0.05) altered metabolites (clusters of opposite 
regulated metabolites are framed on white boxes, white ellipses mark either unique or 
increased metabolites in normoxia + IFN-γ or hypoxia) 

 

For confirmation of these important metabolites the UPLC®-ToF-MS data sets have 

been searched and a filtering to minimize false positive annotations has been 

performed (see chapter 2.3.2.4.12). 21 metabolites show a clear modulation in 

opposite direction under hypoxia and under IFN-γ treatment, but no alteration in 

samples treated with both conditions (hypoxia + IFN-γ). Now at first, metabolites 

increased under hypoxia and decreased in normoxic IFN-γ addition are presented, 

before compounds elevated in IFN-γ treated samples are discussed.  

Nutrient depletion as stimulus for persistence of Chlamydia is a well described 

phenomenon (Coles et al., 1993, Harper et al., 2000). Therefore, metabolites with 

(A) (B) 

< discriminative metabolites > (C) 
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higher detected intensities under hypoxia and reduced levels in normoxic IFN-γ 

treated samples might be very important and essentially required for chlamydial 

growth. Tryptophan, acetyl-aspartate as well as glycerophosphoethanolamine and -

choline derivates have shown such an abundance behavior (Figure 57A).  
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Figure 57: (A) Elemental composition with one annotation of metabolites increased in cells 
cultivated under hypoxia, and decreased in IFN-γ treated normoxic cells, (B) IFN-γ mediated 
signaling pathway, leading to chlamydial persistence; (C) IDO mRNA expression levels 4h 
p.i. (Dietz et al. 2012, submitted) (D) western blot of IDO protein expression 4h p.i. (Dietz et. 
al. 2012, submitted) 

 

A drop of tryptophan levels after IFN-γ treatment could be expected since IFN-γ 

stimulates IDO and leads consequently in a degradation of tryptophan (Pantoja et 

al., 2001, Beatty et al., 1994a) (Figure 57B). Additionally, we observed increased 

(A) 
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levels (p=0.012) of trypophan in hypoxic cultivated samples, which has been also 

verified by IDO expression levels revealed by targeted investigations of our partners 

Inga Dietz and Prof. Dr. Jan Rupp (University of Lübeck) (Figure 57C/D). In samples 

cultivated in the combined condition (hypoxia + addition of IFN-γ) the tryptophan 

level has been comparable to normoxic controls. 

The same trend as for tryptophan has been observed for C6H9NO5, annotated as 

acetyl-aspartate or formyl-glutamate. Both are intermediates in the alanine, 

asparatate, glutamine or histidine metabolism. Acetyl-asparatate is additionally 

discussed as precursor in lipid- and myelin biosynthesis, as well as in the synthesis 

of the important neuronal dipeptide N-acetyl-aspartyl-glutamate or as intermediate in 

the glutamineolysis (HMDB, 2012a). An increased glutamineolysis during hypoxia 

has been recently evidenced (Le et al., 2012). 

An impact of IFN-γ and oxygen environment to the cellular glycerophospholipid pool, 

as observed in our data set, might be also a strong factor for chlamydial persistence, 

especially since glycerophospholipids are able to trigger divers cellular signaling 

pathways, and a connection between Chlamydia infection and glycerophospholipid 

modulation is well evidenced (Wylie et al., 1997, Su et al., 2004, Kumar et al., 2006, 

Hatch et al., 1998, Azenabor et al., 2005) (see also chapter 3).  

On the other hand, several metabolites show an increased abundance in IFN-γ 

treated samples cultivated under normoxia (Figure 58), while their signal intensities 

are reduced under hypoxia. This might indicate that those compounds can influence 

cellular processes leading to a persistent infection. Within this very interesting group 

of metabolites lipids like VLCFAs (very long chain fatty acids), wax monoesters, 

monoacylglycerols and diacylglyerols are annotated. 
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Figure 58: Elemental composition with one annotation of metabolites increased in IFN-γ 
treated normoxic cells and decreased in cells cultivated under hypoxia (averaged intensities 
+ standard deviation (n=10), (FA fatty acyl, DAG diacylglycerol, MAG monoacylglycerol) 
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The elemental compositions of some of these lipids suggest odd carbon chains, 

which are classically understood to be only abundant in plants and some 

microorganisms. Recent investigations of mammalian lipid species with modern 

techniques have also suggested an abundance of such odd-chains in human cells 

and tissues (Ivanova et al., 2010). Nevertheless, the identification by targeted 

approaches and MSn as well as NMR is absolutely inevitable. From a biochemical 

point of view in particular diacylglycerols as second messenger are very attractive 

findings. Diacylglyerols are products of enzymatic hydrolysis of glycerophospholipids 

by phospholipase C (PLA C). They activate proteinkinase C, which is a key regulator 

of cellular signaling. A study of the ionization and fragmentation behavior of 

diacylglyerols has been performed to enable a deeper investigation in future. It is 

presented in the annex. 

In summary, several metabolites inversely regulated in the different non-infected 

samples have been detected. Those might be part of regulatory processes leading 

in a persistent, a sustained infection or even in an enhanced infection in the different 

environments. Interestingly, in particular IFN-γ and hypoxia effects seem to cancel 

each other for several metabolites. The identification of the underlying regulatory 

processes might be very attractive research fields.  

 

2.4.3.2 Chlamydia-specific metabolite alterations in active and persistent infection 

Infected samples and their non-infected controls have been analyzed by multivariate 

statistics to evaluate the existence of metabolic alterations for the different 

infections. For each cultivation condition a PLS-DA model has been built and 

validated by 200 permutations (Supplementary figure 7). All models are valid. 

Discriminative markers (VIP-VALUE >1) have been exported and vetted by the 

Wilcoxon-Mann-Whitney test. The numbers of statistically significant metabolites in 

the different infection models are illustrated in Table 13. It has been of special 

interest, if the persistent infection exhibit a different pattern of statistically significant 

modulated metabolites compared to an active infection. The number of statistically 

significant altered metabolites in an active and persistent infection is comparable. 

Surprisingly, the proportion of annotated metabolites increased in infected samples 

is very high in the persistent infection (89%). Cells, cultivated and infected under 

hypoxia tend to have higher numbers in both annotated and “unknown” 

discriminative metabolites compared to normoxic samples.  
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- IFN-γ + IFN-γ 

20% O2 2% O2 20% O2 2% O2 

active 
infection 

enhanced 
active 

infection 

persistent 
infection 

active 
infection 

altered metabolites 1911 1852 2486 3022 

annotated metabolites 240 252 329 451 

annotated metabolites decreased after 
infection 

164 82 160 322 

annotated metabolites increased after 
infection 

76 170 169 129 

Table 13: Numbers of statistically significant altered metabolites in infected cells under 
different cultivation conditions compared to the according non-infected controls 

 

To be able to concentrate on infection-specific effects occurring in the different 

cultivation conditions, first the infected cells have been compared (Figure 59 (i)), 

followed by the non-infected samples (Figure 59 (ii)), and afterwards both lists of 

important modulations have been compared with each other (Figure 59 (iii)). Figure 

59 and Figure 60 illustrate and explain this principle of data analysis further. 
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Figure 59: Overview of sample set and structure of data analysis; (i) comparison of infected 
samples (ii) same procedure for non-infected samples and (iii) subsequently comparison of 
results from infected and non-infected samples  
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Figure 60: Principe of data analysis: The non-infected and infected samples cultivated under 
normoxia and hypoxia are separately analyzed, afterwards the resulting list of statistically 
significant alterations have been compared. Three observations can be made. (A) 
Metabolite’s intensity does not significantly differ under normoxia and hypoxia in non-infected 
cells, but in infected cells, either an increased intensity under hypoxia (continuous line) or 
under normoxia (truncated line) has been observed. (B) A statistical significant difference in 
metabolite’s intensity in non-infected cells exists and it is also detected (continuous line), 
absent (dotted line) or even inverted (truncated line) in infected samples. In the first 
mentioned case, the effect is caused by the environment and is not infection-specific.  

 

The infection relevant alterations of the metabolome have been mapped into the 

KEGG pathways (Table 14). Statistically significant differences in the mass 

intensities in non-infected cells, which do not appear after infection, have been 

included (like explained in Figure 60B). Such modulations indicate an intervention of 

Chlamydia in the adaption mechanisms of non-infected cells to the cultivation 

condition or similar effects in Chlamydia infections. Statistically significant 

metabolome alterations, which only exist in infected cells are written in brackets.  
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- IFN-γ + IFN-γ 

 

20% O2 2% O2 20% O2 2% O2 

active 
infection 

enhanced 
active 

infection 

persistent 
infection 

non-
persistent, 

active 
infection 

carbohydrate metabolism 89 (8) 47 (3) 93 (80) 25 (-) 

energy metabolism 7 (5) 1 (-) 2 (2) - 

lipid metabolism 39 (6) 32 (30) 47 (47) 11 (-) 

nucleotide metabolism 12 (8) 4 (1) 10 (6) 1 (-) 

amino acids 11 (11) 12 (7) 2 (2) 4 (3) 

glycan biosynthesis and 
metabolism 

2 (2) - 5 (5) - 

cofactors and vitamins 12 (8) 13 (5) 8 (7) 8 (-) 

Table 14: Pathway contributions of metabolites differently regulated in infected cells 
cultivated under different conditions (modulations, which only appear in infected cells, but not 
in non-infected ones are given in brackets) 

 

As pointed out in chapter 2.4.2 isomeric compounds cannot be distinguished within 

this analysis; and thus in particular the metabolite classes of carbohydrates and 

lipids might be over-represented. Nevertheless, the analysis gives important insights 

in the infection-specific metabolite alterations. In this manner it can be seen, that a 

quite huge number of metabolites has been detected with decreased levels when 

the non-infected cells had been cultivated under hypoxia compared to normoxia. But 

no alteration has been observed for infected samples. This can be explained by the 

expression of HIF-1 during the early developmental cycle of C. pneumoniae under 

normoxic and hypoxic conditions (Rupp et al., 2007) and has been observed mainly 

for carbohydrates and lipids, nucleotides and coactors. 

Samples cultivated with IFN-γ have a very high number of compounds statistically 

significantly increased in the persistent infection compared to the active one, 
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whereas only three metabolites, belonging to the amino acid metabolism, are 

increased in the active infection with IFN-γ under hypoxia. 

These important metabolites have been afterwards verified in the RP UPLC®-ToF-

MS data set and loaded to MetaboAnalyst for pathway analysis (Xia et al., 2009).  
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ether lipid metabolism
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(A) (B)

Figure 61: Pathway analysis of metabolites statistically significantly altered in infected cells 
cultivated without IFN-γ under different oxygen atmosphere: (A) metabolites, which show a 
clear variation in non-infected cells but not in infected cells, (B) statistically significant 
alterations only present in infected samples 

 

The comparison of cells cultivated under the different oxygen atmosphere without 

IFN-γ (Figure 61) revealed the absence of the statistically significant carbohydrate 

variations in infected cells, which have been present in non-infected cells (Figure 

61A). For instance, annotated glucose and glucose phosphate differ statistically 

significant in non-infected cells cultivated under hypoxia and normoxia, but not in 

infected cells. This can be explained by the early stimulation of HIF-1 during the 

infection, as already mentioned. Alterations in the metabolite pattern, which do only 

appear in infected cells cultivated under normoxia and hypoxia (Figure 61B) address 

mainly the sterole-, phospholipid- and amino acid metabolism (phenylalanine, 

tyrosine and leucine). Samples cultivated with IFN-γ have been accordingly 

analyzed. Important compounds clustered into four groups: (i) increased in active 

and persistent infection, (ii) decreased in active infection, (iii) increased in active 

infection and (iv) inversely regulated in persistent and active infection (Table 15). 

Since these compounds are the most important and lead to ideas for targeted 

investigations, a correlation analysis has been additionally performed to discover 

metabolites following the same trend, but have not fulfilled the strict criteria of 
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statistical data elaboration. Correlating metabolites are also given in the Table 15. In 

Figure 62 the intensity behavior of one compound of each group (i-iv) is illustrated 

over the complete sample set.  

   

intensity 
compared to 
non-infected 

controls 

example 
used for 

illustration 
further metabolites  

 

i 

increased in 
active and 
persistent 
infection 

tryptophan 

acetyl-aspartate/formyl-glutamate, 
galactosylsphingosine, glycerophosphoglycerol, 
phosphodimethylethanolamine, amino-methyl-

phosphomethylpyrimidine, carboxyethyl-arginine 

ii 
decreased in 

active infection 
glutathione 

ADP, AMP, cAMP, GDP, GMP, glutamate, cystine, 
glucose-phosphate, acetyl-glucosamine 6-phosphate, 

DGs, PC/PEs (lyso) ... 

iii 
increased in 

active infection 
tyrosine 

phenylalanine, acetyl-arginine, acetyl-leucine, acetyl-
tyrosine, acetyl-muramate, acetyl-neuraminate, 

acetyl-glucosaminate, acetyl-glucoseamine, Succinyl-
glutamate, glycosyl-asparagate, neuraminic acid … 

iv 
inverse in 

persistent and 
active infection 

glucose sterols, e.g. cholesterol, leucine , PC/PEs  

Table 15: Groups of metabolites altered in infected cells with IFN-γ under different oxygen 
atmosphere  
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Figure 62: ICR/FT-MS signal intensities of metabolites statistically significant altered in 
infected cells cultivated with IFN-γ under different oxygen atmosphere for the complete 
sample set: (i) tryptophan, (ii) tyrosine, (iii) glutathione (iv) glucose (n=10, average + STD, * 
p≤0.05, **p≤0.02, ***p≤0.001) 
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Tryptophan, a metabolite from the first group, has been degraded in IFN-γ treated 

samples, which can be explained by the IDO expression (see chapter 2.4.3). The 

degradation of tryptophan has been minimized under hypoxia and abrogated in 

Chlamydia-infected samples under hypoxia. The targeted analysis of IDO 

expression (Inga Dietz and Prof. Dr. Jan Rupp, University of Lübeck, chapter 2.4.3) 

has confirmed these observations very well. Further metabolites correlating with the 

intensity profile are amino acid intermediates (e.g. acetyl-aspartate, see also chapter 

2.4.3) and phospholipids precursors. In particular, the metabolites in this group 

might be markers for Chlamydia infection, an active and persistent one. Because of 

that, the correlation analysis has been extended to the completed data set (including 

„unknown“ metabolites) and 105 further compounds with a correlation coefficient 

>+0.8 have been determined. The deeper investigation of these, including the 

identification of most abundant species might be very interesting in terms of 

diagnostic markers. 

In addition, several metabolites have been discovered, which have either an 

increased or decreased intensity in the active, but not persistent infection. 

Interestingly the first mentioned ones are mostly amino acids (tyrosine, 

phenylalanine) and amino acid intermediates, like acetylated amino acids or 

succinyl-glutamate, as well as intermediates of amino sugar/glycan biosynthesis like 

acetyl-muramate, acetyl-neuraminate, acetyl-glucosaminate, acetyl-glucoseamine 

and neuraminic acid. Metabolites with reduced intensity levels in the active infection 

belong predominantly to glycerophosphoethanolamines and -cholines. Also several 

diacylglycerol species, purine nucleotides and the already as infection relevant 

described compounds glutathione and cystine have been found (chapter 2.4.2).  

A last group of metabolites inversely regulated in active and persistent infection has 

been observed. In this group e.g. glucose or several sterols like cholesterol are to 

mention. A drop in glucose levels in active infection seems to be very reasonable 

since it is the main carbon source and an activated metabolic activity of Chlamydia 

surely increases the energy requirements.  

 

2.5 Summary 

The investigations of C. pneumoniae infections have included different cultivation 

conditions in which an active, a persistent and an enhanced active infection occur. 
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The developed multi-parallel methodology has based on ultrahigh resolution mass 

spectrometry and UPLC®-ToF-MS. The data analysis of the complex data set has 

been performed stepwise.  

After the illustration of the general metabolite recovery, the reproducibility of the 

methods and the advantage of multi-parallel approaches, the metabolic alterations 

in the active infection under normoxic environment have been deeply investigated. 

Discriminative metabolites have been seen to be spread all over the complete 

known metabolic pathways. However, mainly modulated classes of metabolites in 

infection are lipids, carbohydrates and amino acids. Due to the high amount of 

discriminative markers, a focusing on mostly altered compounds has been 

necessary. This could be achieved by strengthening the elaboration criteria. The 

data delivered complete new insights in infection specific alterations of amino acid, 

redox and lipid homeostasis and pinpointed several metabolites (annotated and 

“unknowns”) as key metabolites. Several compounds are mainly abundant after 

infection and show a very high degree of connectivity in the network analysis. The 

data is in very good consistency with previously, sporadically described metabolic 

alterations after C. pneumoniae infection.  

Thereafter, the data analysis has been expanded to the complete sample set. 

Important metabolites, which are inversely regulated in the different cultivation 

conditions and which are thus important for an enhanced active or persistent 

infection, have been identified. Metabolites, that have been depleted in IFN-γ treated 

non-infected cells but increased under hypoxia might be very important nutrients 

essentially required for chlamydial infection. They are consequently of high interest 

for future targeted investigations. Such metabolites are e.g. tryptophan and 

glycerophospholipid derivates. In addition, several metabolites have been 

determined, which are only increased under normoxic IFN-γ treatment, in a milieu 

where a persistent infection appears. Here long chain fatty acids and glycerolipids 

are to be mentioned. These observations indicate a putative inhibition of important 

pathways or cellular processes required for an active infection under normoxic IFN-γ 

treatment.  

In the last part of the presented work, the environmental influences have been 

filtered out, so that only bacterial adaption processes could been analyzed. 

Importantly modulated during the active infection in different oxygen atmosphere are 

metabolites of sterol-, glycerophospholipid- and amino acid metabolism. Moreover, 

at different stages of the data analysis it has been seen, that the infected cells 
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cultivated under hypoxia are geared towards to their non-infected controls, which 

indicates common underlying mechanisms like HIF-1 activation. Under IFN-γ 

treatment some very important metabolites, which are comparably regulated in 

active and persistent infection, as well as putative „unknown“ biomarker candidates 

for both types of infection, have been determined. Furthermore, a clearly different 

metabolic activity of persistent and active infection has been observed. This is not of 

less interest since it can provide further biological knowledge about adaption 

processes triggered by Chlamydia. 

Next to this biological information this chapter of my thesis illustrates the value of 

different data elaboration strategies. If only two conditions shall be analyzed an 

integrative data elaboration based on several analytical techniques is 

recommended. The combination of different techniques provides the advantage to 

be able to focus on main modulations detected with different techniques. The 

integration of logD calculation and retention time prediction, which enables filtering 

of metabolite annotations, has been seen to be very useful to avoid false positive 

annotations in UPLC®-ToF-MS. The visualization of metabolomic data in Van 

Krevelen diagrams, Kendrick plots and networks are very suitable to gain an 

overview of the data set, to identify homologous series of important marker 

compounds and to focus on key metabolites. When using such data elaboration 

tools the advantage of ultra-accurate mass spectrometry has been extremely 

important and thus such analysis may base mainly on ICR/FT-MS measurements 

followed by verification of the results with other techniques. Also for analysis of 

multi-condition experiments the outstanding characteristics of ICR/FT-MS have been 

very valuable and an according workflow is therefore recommended for future 

metabolomic investigations.  

 

2.6 Perspectives  

The identification of the biological function of the determined important metabolites 

in follow-up targeted studies is a future task. Such studies might also include 

investigations of the abundance behavior of these metabolites during the complete 

chlamydial developmental cycle and the localization of such markers inside the 

infected cells. Here, either a differentiation between the Chlamydia, the inclusion 

and the human host cells by clean-up strategies like density centrifugation or 

separation techniques like capillary electrophoreses has to be mentioned. However, 
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such clean-up burdens the discussed drawbacks like possible metabolite alterations. 

Thus, an application of high resolving imaging technologies like NanoSIMS might be 

of advantage.  

The structure elucidation of several important, but currently „unknown“ markers is 

very promising in diagnostic and therapeutic respect. During the analysis several 

key markers have been determined as most important, as they are strongly 

increased in their signal intensity after infection and they are highly connected in the 

metabolic network. Several marker compounds are furthermore part of complete 

homologous series of importantly modulated metabolites. Since (+)ICR/FT-MS data 

has appeared more suitable for the differentiation of infected and non-infected 

samples during the statistical analysis than (-)ICR/FT-MS, the network analysis has 

included only positive electrospray data. As the general workflow has been now 

developed and illustrated, the networking may be extended to negative electrospray 

data, as well.  

In respect of structure elucidation also stereochemical aspects might be an 

interesting topic. 

Moreover, since the multi-parallel approach turned out to be of very high value, it is 

reasonable to extend the integrative concept also to other techniques, e.g. NMR. 

NMR provides several advantages compared to MS techniques, such as the 

possibility of quantification and identification of putative markers. The main 

drawback is nevertheless, the lower sensitivity compared to modern MS 

technologies. This lower sensitivity has hindered the direct application of NMR 

during this work. Within the NMR experiments, which have been realized by Dr. 

Silke Heinzmann and Dr. Norbert Hertkorn (Research unit Analytical 

BioGeoChemistry, Helmholtz Zentrum München, Munich, Germany), only a few 

signals have been detected, thus further optimization and higher cell numbers need 

to be achieved for future analysis. NMR experiments might be further implemented 

to study the metabolic flux of discriminative metabolites. An experimental design 

including stable isotope labeled nutrients and metabolites might be built up.  

The analysis of the cell culturing medium (metabolic “footprint” of Chlamydia 

infection) promises complementary information to the obtained data of infected cell 

pellets. Such analysis of cell culturing requires a special sample clean-up for 

deproteination and desalting. The investigation of cell supernatants, which have 

been also collected during this project, have to be further focused. Moreover follow-
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up studies of elaborated markers in patient samples would be an important step 

towards the implementation of novel diagnostic concepts.  
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3 Effects of C. trachomatis infection on the lipid homeostasis  

3.1 Introduction 

Lipids are hydrophobic compounds essentially required for three main biological 

functions. They serve as  

(i) storage molecules,  

(ii) structural components of cellular membranes, 

(iii) cofactors and signaling molecules (Watson, 2006, van Meer, 2005).  

The scientific interest on lipids increases very fast, since lipids are more and more 

recognized as modifiers of cell homeostasis in health and disease. In this regard an 

alteration in the lipidome has been described e.g. in conjunction with many acute 

and chronic diseases (reviewed in Hu et al., 2009, Shevchenko et al., 2010, Watson, 

2006, Wenk, 2005). Several interesting reviews have focused on the analytical 

needs, purpose and progress in lipidomic research (Gross et al., 2011, Hu et al., 

2009, Roberts et al., 2008, Shevchenko et al., 2010, Wenk, 2005, Wenk, 2006). An 

emerging topic is additionally lipidomics of infections with intracellular pathogens, 

mainly because lipids are key compounds during pathogen invasion, persistence 

and bacterial replication as well as in the human immune response (Walburger et 

al., 2004, Wenk, 2006).  

Naturally abundant lipids are classified in eight distinct categories: fatty acids, 

glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, 

saccharolipids and polyketides (Fahy et al., 2005). Within the class of 

glycerophospholipids we distinguish between glycerophosphocholines, 

glycerophosphoethanolamines, glycerophosphoserines, glyerophosphoglycerols 

and glycerophosphoinositols (van Meer, 2005).  

All glycerophospholipids consist of one or two hydrophobic hydrocarbon chains and 

a hydrophilic phosphorylated polar head group. They are thus amphiphilic 

compounds (Fagone et al., 2009) (Figure 63). The carbon chain in sn-1 position can 

be linked to the glycerol backbone by an ester or ether bond (Brites et al., 2004). In 

case of ester binding the lipid is referred to as diacyl-species, while ether lipids are 

named plasmanyl- or plasmenyl-glycerophospholipids in dependency to the 

presents of an adjacent vinyl-group. If a vinyl-group exists, the lipid is termed 

plasmalogen (plasmenyl-ether). Etherlipids are usually either 

glycerophosphoethanolamines or glycerophosphocholines. Plasmalogens are 
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known to be present in mammalian cells, as well as in anaerobic bacteria, but have 

never been identified in aerobic bacteria, like Chlamydia (Goldfine 2010). 
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Figure 63: Structure of glycerophosphocholines and -ethanolamines (diacyl- and plasmenyl-
compounds): Glycerophospholipids consist of hydrophobic hydrocarbon chains and a 
hydrophilic head group (e.g. ethanolamine: framed in green box or choline: framed in 
magenta box). The linkage of sn-1 hydrocarbon chain to the glycerol backbone can be e.g. 
an ester (red) or vinyl-ether (blue) bond. 

 

Plasmalogens serve as reservoirs for polyunsaturated fatty acids (PUFAs), as 

natural antioxidants and they are important as structural components of cellular 

membranes. One fifth of all lipids in the human body are plasmalogens (Nagan et 

al., 2001). Moreover, they are involved in intracellular signaling and influence 

membrane dynamics, like fusion and ion transports (Albi et al., 2004, Farooqu et al., 

2001, Farooqui et al., 2001, Nagan et al., 2001). Since etherlipids are more lipophilic 

due to the missing carbonyl oxygen in sn-1 position, membranes of high etherlipid 

content undergo faster membrane fusion (Brites et al., 2004). Furthermore, such 

membranes are less fluid than etherlipid deficient membranes. However, the 

complete biological function of both etherlipid classes is still not fully resolved, but 

the recent scientific interest in this special lipid class grows steadily as modulated 

cellular levels are important in various diseases, such as Zellweger’s syndrome, 

Alzheimer’s disease and cancer (reviewed in Brites et al., 2004, Nagan et al., 2001).  

Recently, it has been observed that Chlamydia highjack a complete organelle, which 

is required for etherlipid biosynthesis, the peroxisomes (Dr. Agathe Subtil et. al, Unit 

of Biology of Cell Interactions, Institute Pasteur, Paris, France). Thus, we believe 

that Chlamydia might use peroxisomal activity to synthesize specific etherlipids, or 

to modify some host lipids. Additionally, as presented in the last chapter (Chapter 2 

Molecular cartography in acute and persistent C. pneumoniae infections – a non-

targeted metabolomic approach), an altered cellular lipid composition in infection 

has been observed. Therefore, a targeted approach focusing on both etherlipids and 
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mainly affected lipid class, namely glycerophospholipids, has been built up. In the 

previous chapter diacylglycerols have been also identified as important modulated 

metabolites during chlamydial infection (chapter 2.4.2 and 2.4.3). 

Glycerophospholipids and glycerolipids are tightly connected, thus any perturbation 

in one of these lipids is prone to induce a wider modulation. Due to this and the fact 

that such neutral lipids are known for their low ionization efficiency, a deep 

investigation of the possibilities of ionization and identification of diacylglycerols by 

MS² has been realized, which aimed at the facilitation of rapid targeted approaches 

for Chlamydia-relevant diacylglycerols and is presented later (annex).  

control cells peroxisome-deficient cells purified bacteria

non-infected infected non-infected infected

lipid extraction and analysis

identification of peroxisome-derived plasmalogens increased in infection (chapter 3.5.1) 

identification of main lipids affected by infection (chapter 3.5.2)  

Figure 64: Illustration of sample set-up and objectives 

 

The investigation of etherlipids and general lipid modulations after infection includes 

peroxisome-deficient cells (pex19), which are fibroblasts with approximately 90% 

decreased abundance of peroxisomes, control fibroblasts and purified bacteria 

(Figure 64). Due to their genomic mutation pex19 cells are perfect controls to prove 

a peroxisomal origin of lipids. Furthermore, the isolated chlamydial EBs have been 

used to localize important lipid species inside Chlamydia. 

 

3.2 Objectives 

This study aims at two objectives, first the identification of Chlamydia-specific 

plasmalogens, which evidence a contribution of peroxisomes during the infection, 
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and second, a deep investigation of lipid modulations after infection. The later one 

includes the identification of mainly affected lipid classes and structure elucidation of 

marker lipids for C. trachomatis infections.  

 

3.3 Nomenclature of lipids 

The lipid nomenclature in this work bases on LIPID MAPS 

(http://www.lipidmaps.org/). The class of glycerophospholipids is indicated by two 

capital letters, e.g. PC for glycerophosphocholines or PE for 

glycerophosphoethanolamines. The fatty acid substituents are either given by the 

number of carbon atoms in both fatty acid substituents together or by the illustration 

of fatty acids separately, followed by the number of present double bonds. For 

example PC 33:0 indicates a glycerophosphocholines with two saturated fatty acid 

chains having 33 carbon atoms together. If the fatty acid composition is analyzed in 

more detail, the lipid will be illustrated as e.g. PC (15:0/16:0). The later 

nomenclature gives additionally the stereochemistry, since the fatty acid in sn-1 

position is written firstly, the one in sn-2 position thereafter. Additionally, plasmanyl-

compounds are specified by an “O”, whereas plasmenyls are indicated by a “P”, for 

instance PE (O-14:0/14:0) or PE (P-14:0/14:0). The double bond of the vinyl-ether 

binding is commonly only indicated by the “P” and is not mentioned in the fatty acid 

again.  
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3.4 Materials and method development 

3.4.1 Materials  

A mixture of different glycerophospholipids standards has been used for the method 

development, validation and quality control before and after analysis. Two diacyl-

glycerophosphoethanolamine standards (PE (18:1/18:1); PE (12:0/12:0)) and two 

diacyl-glycerophosphocholine standards (PC (18:0/18:1), PC (10:0/10:0)) have been 

purchased from Sigma-Aldrich Aldrich (St. Louis, USA). One plasmalogen standard 

(PC (P-18:0/18:1) has been ordered from Avanti Polar Lipids, Inc. (Alabama, USA). 

Methanol, acetonitrile and water have been used in LC-MS grade quality 

(CROMASOLVE ®, Fluka® Analytical, Sigma-Aldrich-Aldrich, St. Louis, USA). LC-

MS grade n-propanol has been delivered from BioSolve (Valkenswaard, 

Netherlands), as well as ammonium formate, ammonium acetate and formic acid. 

Furthermore, an Agilent (Santa Clara, USA) ESI tuning mix has been used for 

calibration of the ToF instrument, and an arginine (Sigma-Aldrich Aldrich, St. Louis, 

USA) solution for ICR/FT-MS calibration. Control fibroblast and pex19 deficient 

fibroblasts have been obtained from Dr. R. Wanders (University of Amsterdam, 

Netherlands). Pex19 deficient fibroblasts are isolated from a patient deficient for the 

pex19 gene and the control fibroblasts are isolated from a healthy donor.  

 

3.4.2 Methods and method development 

3.4.2.1 General consideration 

During this study two lipidomic strategies (UPLC®-ToF-MS analysis and direct 

injection MS, which is commonly named shotgun lipidomics) have been pursued 

according to the analytical needs of the different objectives (Table 16). 
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objective 1: targeted 
determination of 

plasmalogens increased 
after infection 

objective 2: 
comprehensive 
investigation of 

(glycerophospho-) lipid 
alterations after infection 

expectation 
a few low abundant 

plasmalogen species 

up to 1000 important 
modulated 

glycerophospholipids 

workflow 

2D UPLC®-ToF-MS 

determination of important 
candidates 

verification via ICR/FT-MS 
and MS² 

ICR/FT-MS 

overview of lipid alteration 

verification and isomer 
differentiation via 2D UPLC®-

ToF-MS 

identification with ICR/FT-
MS² 

reasons for workflow 

expected low abundance of 
plasmalogens and thus 

suspicion of ion suppression 
by higher abundant lipids 

possibility of filter integration 
(mutant cells, hydrolysis) 

minimizes the risk for false 
positive discoveries and 

avoids misleading 
annotations, thus a lower 

mass accuracy can be 
excepted during the first 

analysis 

ultrahigh resolution and 
accuracy offers the best 
condition to enable the 

elaboration of the expected 
high amount of data and 

distinction between closely 
located signals, the low mass 
error minimizes false positive 

annotations  

Table 16: Overview and comparison of applied workflows  

 

3.4.2.2 Protocols for cell cultivation, -disruption and lipid extraction 

All cell cultivations, -disruptions and lipid extractions have been done by Dr. Agathe 

Subtil (Unit of Biology of Cell Interactions, Institute Pasteur, Paris, France). Control 

and pex19 fibroblasts have been grown in DMEM (Dulbecco's Modified Eagle 

Medium) supplemented with 10% FCS. Around 1*106 cells have been used for each 

point. Both cell lines have been infected with Chlamydia trachomatis LGV L2 strain 

434 (ATCC) for 24 or 48 hours or left non-infected. The numbers of infectious EBs 
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have been comparable in control and pex19 samples, which indicates that 

peroxisomes are dispensable for Chlamydia progeny. However, the inclusion size in 

pex19 cells has been reduced by 30 to 50% compared to controls (data from Dr. 

Agathe Subtil). The cells have been detached with 0.5mM EDTA in phosphate 

buffered saline (PBS), washed in PBS and re-suspended in 1ml methanol. Samples 

have been sonificated for 15 seconds, centrifuged at 16.000g (15min, 4°C) and the 

supernatant has been collected. A second methanol extraction has been performed 

following the same procedure. Both extracts have been pooled prior to analysis. 

To perform analysis on purified bacteria, HeLa cells have been infected for 48 hours 

and the bacteria have been purified on density gradient following the state-of-the-art 

protocol (Scidmore, 2005) and re-suspended in 0.6ml methanol. The lipid extraction 

has been conducted as described above. 

Three biological repetitions have been prepared for the fibroblast sample set and 

two for the purified bacteria. It should be mentioned, that the biological repetitions 

have been prepared independently during the last three years, and not in one batch. 

The cell extracts have been stored in -80°C until analysis. All analyses have been 

performed within two weeks after sample preparation. 

Cell disruption methods and extraction solvents have been tested with spinal cord 

tissue (prepared by Dr. Agathe Subtil, Unit of Biology of Cell Interactions, Institute 

Pasteur, Paris, France), as it is especially rich in plasmalogens. A disruption by 

potter homogenizer versus sonification with a sonic finger has been evaluated. The 

extracts have been analyzed with (+)ICR/FT-MS. The recovered 

glycerophospholipid content has been found to be comparable in both extraction 

experiments. Therefore, the disruption has been chosen according to handling and 

labor costs. Cell disruption by sonification has been preferred.  

Lipids are hydrophobic molecules, which are soluble in organic solvents such as 

methanol, acetone, benzene and chloroform, but only partly in water (Fahy et al., 

2005). Hence, usually an extraction procedure using methanol/chloroform mixtures 

is used (extraction according to Folch or to Bligh and Dyer). Since in particular in 

ICR/FT-MS measurements a frequent formation of chloride adducts, which hinder 

identification via fragmentation, can be observed, the glycerophospholipid recovery 

in pure methanol and pure dichloromethane has been tested. Pure methanol has 

been preferred for glycerophospholipid extraction in this study. The main reasons 

are: (i) the plasmalogen profiles in the methanol extracts have been in accordance 
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with literature (Murphy et al., 1993a) and (ii) a high content of chloride adducts has 

been observed in dichloromethane extracts, which sustained also after evaporation 

of the organic solvent and resolution of the residue in methanol/acetonitrile.  

 

3.4.2.3 Overview of UPLC®-ToF-MS based targeted analyses of plasmalogens 

For the first objective of this work, the identification of infection specific 

plasmalogens, the crude lipid extracts have been analyzed combining a HILIC and 

RP UPLC® separation (Figure 65 step 1). 2D UPLC® analysis delivers 

complementary data on both columns and reduce the co-elution of the complex 

glycerophospholipid content of the samples. The developed HILIC separation bases 

on the interaction of glycerophospholipids’ polar head groups with a thin aqueous 

layer on the surface of the column (Figure 7). Glycerophosphoethanolamines have 

therefore been effectively separated from glycerophosphocholines. For both lipid 

classes the fractions have been collected and re-injected for RP separation, which is 

bases on the glycerophospholipids’ carbon chains (Figure 7). In addition, the 

samples have been subjected to an acidic hydrolysis by 2M HCl before RP analysis. 

Under the acidic condition the vinyl-ether bond of plasmalogens are hydrolyzed, 

whereas other phospholipid species stay intact (Murphy et al., 1993b). This property 

has been used to identify plasmalogens and to differentiate them from their 

plasmanyl-isomers.  

The collected chromatographic fractions of lipids of interest have been analyzed with 

a 12 Tesla ICR/FT-MS (Figure 65 step 3) to determine the exact mass of important 

plasmalogens and elucidate their exact structure. Mass spectra in positive and 

negative ionization mode have been acquired, since both modes deliver 

complementary data. The identification of low abundant plasmalogens after fraction 

collection, which correspond to a clean-up, has been preferred over the possibility of 

MS² or MSe experiments during UPLC®-ToF-MS runs, because a loss in sensitivity 

is unavoidable when applying parallel MS and MS² in ToF-MS. The isolation window 

in the maXis® quadrupole is furthermore not sufficient to select single lipid species 

and the mixed fragments spectra may lead to wrong structure assignments. 
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1. LC‐MS

2. data analysis

3. ICR‐FT/MS

 

Figure 65: Workflow to determine Chlamydia-derived plasmalogens: 1. 2D UPLC®-ToF-MS 
analysis including hydrolysis of vinyl-ether bindings, 2. data analysis, 3. ICR-FT/MS and MS² 
for confirmation, determination of exact masses and identification 

 

3.4.2.4 Overview of ICR/FT-MS based shotgun lipidomics 

The workflow for the second objective, the identification of mainly affected lipid 

alterations, has been based on ICR/FT-MS measurements. The crude methanol 

lipid extracts have been directly injected into the ICR/FT-MS (shotgun lipidomis) 

after dilution. Key glycerophospholipid species have been afterwards verified by the 

above explained 2D UPLC®-ToF-MS approach. Identification of such important 

species has been achieved with ICR/FT-MS² (SORI) experiments in positive and 

negative ionization mode. Structure elucidation has been therefor also achieved 

directly out of the lipid extracts (Figure 66).  
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Figure 66: Workflow of combined shotgun ICR/FT-MS and UPLC®-ToF-MS approach to 
determine lipidome alteration after infection. Exemplary one important modulated m/z 
(700.488) is illustrated. ICR/FT-MS analysis have revealed a strong increase in intensity 
after infection. 2D UPLC®-ToF-MS analysis (HILIC illustrated) have identified several 
differently behaving isomers, and SORI ICR/FT-MS² have been used for structure 
elucidation of fatty acid residues. 

 

3.4.2.5 Development of 2D UPLC®-TOF-MS 

Since low concentrations of Chlamydia-derived plasmalogens have been expected, 

the UPLC®-ToF-MS methods have been developed to reach the highest sensitivity, 

peak capacity and mass resolution. A mixture of glycerophospholipid standards has 

been used in this respect. ToF mass spectra have been acquired in positive 

electrospray mode to be able to detect both glycerophosphocholines and 

glycerophosphoethanolamines within one run. Glycerophosphocholines as 

zwitterionic species are mainly detectable in positive electrospray, while 

glycerophosphoethanolamines are very well ionizable in both electrospray modes. 
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Parameters of the ToF instrument have been tuned for best mass resolution and 

accuracy in the mass range of approximately 500-900Da (Supplementary table 3). 

For HILIC separation, five analytical columns have been compared in terms of 

sensitivity and chromatographic performance (Table 17). The Grace® VisionHTTM 

HILIC has been the only column separating glycerophosphocholines and 

glycerophosphoethanolamines efficiently. For the column elaboration a 6 minute 

isocratic run with 6% solvent B has been used (solvent A 10% water, 90% 

acetonitrile, 10mM ammonium acetate; solvent B 5% acetonitrile, 95% water, 10mM 

ammonium acetate). The flow rate has been set to 0.3ml/min. The column 

temperature has been adapted to 25°C.  

column diameters 

retention time [min] 

PE 
18:1/18:1 

PE 
12:0/12:0 

PC 
18:0/18:1 

PC 
10:0/10:0 

PC 
p18:0/18:1 

ACQUITY 
UPLC® BEH 

Amid 

2.1*150mm; 
1.7µm 

1.8 1.2/1.8 1.8 1.2/1.8 1.8 

ACQUITY 
UPLC® BEH 

Amino 

2.1*150mm; 
1.7µm 

2.3 2.3 2.3 3.0 2.3 

ACQUITY 
UPLC® BEH 

HILIC 

1.0*150mm; 
1.7µm 

0.6 0.6 0.9 1.1 0.9 

ACQUITY 
UPLC® BEH 

HILIC 

2.1*150mm; 
1.7µm 

- 2.2 3.2 3.8 3.2 

Grace® 
Vision HTTM 

HILIC 

2.0*150mm; 
1.5µm 

2.0 2.2 4.1 5.1 3.9 

Table 17: Evaluation of HILIC columns for glycerophospholipid separation  

 

For column evaluation 10mM ammonium acetate has been chosen as additive. 

Afterwards, the additives formic acid and ammonium formate have been additionally 

tested. Ammonium formate delivers best results in terms of peak shapes and peak 

intensity of all standards (Figure 67). The concentration has been further optimized 
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to 5mM. Furthermore a gradient optimization in terms of analysis time, peak shape 

and separation efficiency has been performed.  
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Figure 67: Evaluation of HILIC additives for glycerophospholipid separation 

 

According to the presented method development the applied HILIC UPLC® 

separation conditions are:  

Column:   Grace® VisionHTTM HILIC; 1.5µm; 2.0*150mm 

Solvent A:  10% water, 90% acetonitrile, 5mM ammonium formate  

Solvent B:  5% acetonitrile, 95% water, 5mM ammonium formate 

Gradient:  6% B to 40% B in 4min, followed by 4min equilibration  

Flow rate:  0.3ml/min 

 

For the second dimension separation of glycerophospholipids, four different RP 

columns have been compared (Figure 68). For these tests a 8 minute gradient from 

50% to 99% solvent B has been chosen (solvent A 40% acetonitrile, 60% water, 

10mM ammonium acetate; solvent B 10% acetonitrile, 90% n-propanol, 10mM 

ammonium acetate). The flow rate has been 0.3ml/min or 0.07ml/min according to 

the inner diameter of the column. The column temperature has been set to 45°C. 

Best results in terms of sensitivity are delivered by an ACQUITY UPLC® HSS T3 

column (1.0*150mm, 1.7µm) (Figure 68). The flow rate and gradient has been 

further optimized after column selection. 
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Figure 68: Evaluation of RP columns for glycerophospholipid separation 

 

The RP UPLC® separation has been performed according to these optimizations:  

Column:   ACQUITY UPLC® HSS T3 column (1.0*150mm, 1.7µm) 

Solvent A:  40% acetonitrile, 60% water, 10mM ammonium acetate  

Solvent B:  10% acetonitrile, 90% n-propanol, 10mM ammonium acetate 

Gradient: 60% B to 90% B in 12min, followed by 1min plateau at 90% 
solvent B  

Flow rate:  0.11ml/min 

 

Furthermore, the injection volume and pre-concentration factor (2 and 4) of the 

samples have been evaluated. A full loop injection (10µl) has been chosen for both 

separation modes and the pre-concentration of factor two has shown the best 

compromise between sample availability and detected peak areas. 

 

3.4.2.6 Hydrolysis 

An acidic hydrolysis (2M HCl) has been applied to distinguish between isomeric 

plasmanyl- and plasmenyl-species (Murphy et al., 1993b). Under the chosen 

condition (addition of 2M HCl, 30min reaction time, evaporization and afterwards 

solution in methanol) only the vinyl-ether linkage in plasmenyl-compounds 

(plasmalogens) are cleaved. Ether- and ester bindings of plasmanyl and diacyl-
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glycerophospholipids stay intact (Figure 69). This is due to the formation of a 

reactive oxonium resonance structure in the electron-rich vinyl-ether bond.  

 

Figure 69: Mechanism of acidic hydrolysis of vinyl-ether bond in plasmenyl-compounds via 
hemiacetal formation 

 

3.4.2.7 ICR/FT-MS and MS² analyses 

ICR/FT-MS spectra of crude lipid extracts have been acquired in positive mode. The 

instrument has been tuned to achieve best resolution and sensitivity in the m/z 

range of 500-900Da, the according parameters have been optimized for each 

sample set prior analysis as the samples have been successively prepared over the 

last three years. The first fibroblast sample set has thus been even analyzed with 

the Apex ICR/FT-MS system (Bruker Daltonics, Bremen, Germany), which have 

been afterwards updated to the solariX® ICR/FT-MS system (Bruker Daltonics, 

Bremen, Germany). The two extracts of one sample have been pooled and diluted 

in methanol. The samples have been injected with a flow rate of 2µl/min. Prior to 

injection a methanol blank spectrum has been acquired; furthermore methanol has 

been injected between different cell types to avoid cross-contaminations. The 

instrument has been calibrated with a 1ppm arginine solution reaching a mass error 

below 100ppb. A time domain transient of 2MW has been applied. The spectra have 

been calibrated according to endogenous abundant metabolites. For this purpose a 

mass calibration list has been elaborated after acquisition of a spiked sample. The 

mass lists have been extracted with a signal-to-noise ratio of four in DataAnalysis 

4.0 SP2 (Bruker Daltonics, Bremen, Germany), aligned with an 1ppm error tolerance 

(Matrix generator 0.4, inhouse written, M. Lucio) and submitted to MassTRIX for 

annotation (1ppm error) (Suhre et al., 2008).  

Furthermore, ICR/FT-MS provides the possibility to select very precisely single m/z 

units for their identification. For this purpose sustained off-resonance irradiation 

(SORI) fragmentation experiments have been performed. Prior to identification of 

glycerophospholipid species, the fragmentation patterns of standard 

glycerophospholipids have been studied. It has been observed that in positive mode 

the identification of the lipid class according to their head group can be easily 

+ OH-
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achieved, while the negative mode fragmentation facilitates conclusions about the 

fatty acid side chains. This is in accordance with literature (Hsu et al., 2009). The 

position of each fatty acid at the glycerol backbone can be inferred from the 

detected intensity of acyl-fragments, since loss in sn-2 is preferred (Hsu et al., 

2009). Consequently, ICR/FT-MS² spectra have been obtained in both electrospray 

modes. The fragmentation experiments have been done either using the collected 

plasmalogen fractions (objective 1) or using the crude glycerophospholipid extracts 

(objective 2). Both have been injected with a flow rate of 2µl/min via a microliter 

pump. The putative plasmalogens have been isolated in the ICR cell with an 

isolation power of 20% and spectra of 80 scans have been acquired. Thereafter, the 

isolated ions have been fragmented by application of 1.5% SORI power. The 

parameter set-up for identification of further important glycerophospholipids may 

vary according to the analytical needs of each lipid.  

 

3.4.2.8 Lipid annotation 

Mass lists from UPLC®-ToF-MS and ICR/FT-MS have been submitted to MassTRIX 

(Suhre et al., 2008). For annotation based on the comparison of detected masses 

([M+H]+ and [M+Na]+) with data base entries (LipidMAPS, KEGG, HMDB), a mass 

error tolerance of 0.005Da for UPLC®-ToF-MS analyses and 1ppm for ICR/FT-MS 

has been applied.  

 

3.4.2.9  Data analysis for identification of plasmalogens increased in infection 

The data from the UPLC®-ToF-MS analyses has been extracted, aligned and 

merged with MZmine 2.6 (Pluskal et al., 2010) resulting in a data matrix containing 

the detected m/z, retention times and peak areas. The data of the following samples 

have been hereby included: fibroblasts non-infected, 24 hours p.i., 48 hours p.i., the 

corresponding pex19 samples and fibroblasts 48 hours p.i. after acidic treatment. In 

order to detect plasmalogens increased in infection, the data matrix has been 

searched for peaks fulfilling the characteristics of plasmalogens within the retention 

time window of minute 1 to minute 9:  

(i) quotient (peak area fibroblasts 24 hours p.i./peak area non-infected 
fibroblasts) >1 and quotient (peak area fibroblasts 48 hours p.i./peak area 
non-infected fibroblasts) >1 
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(ii) absent in pex19 samples 

(iii) absent in hydrolyzed extracts of fibroblasts 48 hours p.i.  

(iv) annotation as plasmanyl- or plasmenyl-compound (CxHyNO7P) 

 

The extracted ion chromatographs of four m/z, which fulfilled the criteria, have been 

checked manually for correct automated data integration, sufficient peak shape, and 

complete hydrolysis in all samples after acidic incubation. One m/z has been 

excluded from further analysis because of very low peak intensity (~LoD) and 

residues in the hydrolyzed samples. 

 

3.4.2.10  Data analysis for identification of main lipids affected by infection  

The annotated lipids derived from ICR/FT-MS spectra of the crude lipid extracts of 

three independent biological repetitions of the fibroblast sample set have been 

investigated in their signal intensity fold change after infection. The quotient of 

detected intensity in infected (24h or 48 h p.i.) and non infected sample has been 

calculated in this regard. Lipids have been included in the data analysis, if the fold 

change trend has been verified in all three biological repetitions (Figure 70). 

Afterwards these important lipids have been analyzed in two biological repetitions of 

purified bacteria to localize modulated lipid species within C. trachomatis EBs. 

first fibroblast sample set second fibroblast sample set third fibroblast sample set
2009 2010 2011

ICR/FT-MS ICR/FT-MS ICR/FT-MS

-lipid annotation
-fold change calculation
-determination of affected lipid species 

-lipid annotation
-fold change calculation

-lipid annotation
-fold change calculation

VERIFICATION OF DETERMINED LIPID ALTERATION

first purified bacteria  sample set second purified bacteria sample set
2011 2012

Incorporation of affected 
lipids into the bacteria?

UPLC-ToF®-MS UPLC-ToF®-MS

ICR/FT-MS

UPLC-ToF®-MS

ICR/FT-MS

UPLC-ToF®-MS

-lipid annotation

LOCALIZATION OF DETERMINED LIPIDS

-lipid annotation

VERIFICATION
 

Figure 70: Overview of sample analysis to determine importantly affected lipids 
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3.4.3 Validation of methodology 

3.4.3.1 Validation with standard glycerophospholipids  

A mixture of glycerophospholipid standards has been used to validate and monitor 

the methods (Figure 71). Effective separation of glycerophosphoethanolamines and 

-cholines during HILIC UPLC®-ToF-MS is achieved, followed by a separation of 

standards according to the fatty acid substituents in RP UPLC®-ToF-MS. Acidic 

incubation prior RP analysis results in the disappearance of plasmalogen standard 

compound, but not of diacyl-standard compounds. 
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Figure 71: EIC ([M+H]+±0.02) of standard glycerophospholipids in the first (HILIC) and 
second dimension after faction collection (RP) (EIC ([M+H]+±0.02)) 
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3.4.3.2  Detection of odd-chain fatty acid containing glycerophospholipids in infected 

samples 

Through the developed methods several glycerophospholipids with fatty acids 

containing an odd number of carbons have been identified. Such species have been 

described in Chlamydia, and are predominantly absent from eukaryotic cells. These 

species have been only detected in infected samples, and they have been increased 

in their abundance with infection time (Figure 72). The detected peak areas have 

been comparable in control fibroblasts (CTL) and pex19 cells, which confirms that 

bacteria develop equally well in both cell lines.  
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Figure 72: Odd-chain fatty acid containing glycerophospholipids (RP-UPLC®-ToF-MS peak 
areas, identified with ICR-FT/MS²)  

 

3.4.3.3  Detection of eukaryotic plasmalogens 

Additionally, several known eukaryotic plasmalogens have been identified. The 

corresponding peaks fulfill all characteristics of plasmalogens ((i) annotation with a 

mass error <1ppm in ICR-FT/MS analysis and (ii) complete degradation during 

acidic hydrolysis.) All such plasmalogens have higher peak areas in control 

fibroblast compared to pex19 samples or are completely absent in pex19 cells 

(Figure 73). 
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Figure 73: Plasmalogens in control and pex19 fibroblasts (RP UPLC®-ToF-MS peak areas) 

 

3.5 Results and discussion 

3.5.1 Identification of plasmalogens increased in infection 

The UPLC®-ToF-MS data analysis has been focused on peaks whose masses fitted 

with a CxHyNO7P composition and which are completely hydrolyzed after acidic 

treatment, which is both expected for plasmalogens. Three out of these peaks have 

been more abundant in infected than in non-infected samples. The chromatographic 

fractions of these important plasmalogens have been collected and further analyzed 

with ICR/FT-MS. The corresponding plasmalogens have been identified as 

glycerophosphoethanolamines, with a total carbon number of 32, 33 and 34 in their 

chains (Figure 74).  

The verification of the bacterial origin of these important plasmalogens and the 

identification inside Chlamydia has been achieved by analyses of purified EBs. The 

lipid extraction and all analytical procedures have been performed according to the 

previous analyses of fibroblast cell extracts. The detected extracted ion 

chromatograms are illustrated in Figure 75. Additionally, the data acquired after 

hydrolytic treatments is included. The chromatographic fractions of these 

plasmalogens have been collected and subsequently analyzed by SORI ICR/FT-

MS² experiments for identification of the exact structure.  
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Figure 74: RP EIC(M+H]+±0.02) for Chlamydia-derived plasmalogens increased after 
infection. The important plasmalogens are only abundant in control fibroblast, absent in 
pex19 cells and absent in control fibroblast after acidic hydrolysis 
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Figure 75: RP EIC(M+H]+±0.02) for Chlamydia-derived plasmalogens in isolated EBs: All 
three plasmalogens have been detected in the purified EBs, which lead to the conclusion 
that they are of bacterial origin and accumulate in Chlamydia.  

 

In both kinds of samples, infected fibroblasts and purified chlamydial EBs, exactly 

the same fragmentation patterns have been observed in negative and positive 

electrospray mode. Negative electrospray fragmentation has allowed the 

identification of fatty acids, and to infer the composition of the plasmenyl-groups of 

putative plasmalogens. Several fatty acids have been detected as product ions from 

the putative plasmalogens PE(P-33:0) and PE(P-34:0), which shows the presence 

of several isomeric co-eluting parent ion structures (Kerwin et al., 1994) 

(Supplementary Figure 8). The intensities of these fatty acid products also allow 

conclusions about the abundance of the different isomeric plasmalogens (Table 18).  
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exact mass  
[M-H]- 

formula 
fatty acid 
fragment 
detected 

plasmenyl-
group inferred 

abundance of 
fatty acid 
fragment 

674.511917 PE(P-32:0) C 16:0 C 16:0 2.64E+07 

688.527567 PE(P-33:0) 

C 17:0 C 16:0 4.64E+06 

C 15:0 C 18:0 2.13E+06 

C 16:0 C 17:0 9.53E+05 

702.543217 PE(P-34:0) 

C 16:0 C 18:0 1.41E+07 

C 18:0 C 16:0 2.46E+06 

Table 18: Identified plasmalogens increased in infection 

 

Fatty acids of 16 or 18 carbons, which correspond to the usual length of fatty acids 

in plasmalogens, have been observed, but interestingly also fatty acids of 15 and 17 

carbons. Odd-chain fatty acids are typically prokaryotic. Therefore, we could 

evidence that the gram-negative Chlamydia contain not only host-derived 

plasmalogens, they also utilize peroxisomes for the biosynthesis of Chlamydia-

specific species. This data evidences the existence of plasmalogens in aerobic 

bacteria, which has never been described before.  

In positive electrospray mode a loss of the head group is the predominantly 

occurring process for glycerophosphocholines and glycerophosphoethanolamines. 

(Hsu et al., 2009, Kerwin et al., 1994, Pulfer et al., 2003). Additionally neutral loss of 

both the alkenyl- and acyl-chain has been observed in case of the plasmalogen 

standard. However, since negative electrospray delivers directly the information 

about the carbonyl substituents, negative mode fragmentations are more frequently 

used in lipidomics investigations than positive fragmentation experiments. 

Nevertheless, positive mode fragmentation studies have also been performed for 

Chlamydia-derived plasmalogens, since prokaryotic lipids might exhibit different 

characteristics than human ones. The observed fragmentation pattern for all 

Chlamydia-derived plasmalogens do not completely correspond to the in literature 
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described mechanism for plasmalogens in positive electrospray mode (Kerwin et al., 

1994). Consistently, for all plasmalogens, which have been synthesized after 

infection, additional fragments have been detected. These fragments correspond in 

all cases to a phosphoethylimin structure with the plasmenyl-carbon chain as 

substituent on the nitrogen (Figure 76).  

690.54321

364.26028

392.29168
672.53200

690.54321

0.0

0.5

1.0

1.5

7
x10

in
te
n
si
ty

0.0

0.5

1.0

1.5

7x10

300 350 400 450 500 550 600 650 700 m/z

1. isolation without fragmentation of [PE (P‐33:0+H]+

2. isolation and fragmentation of [PE(P‐33:0+H]+

parent ion

parent ion

[M+H‐H2O]+

novel fragment ions

364.26028

378.27606

392.29168

0.0

0.2

0.4

0.6

0.8

1.0

7x10

360 370 380 390 400 m/z

3. zoom in region of fragment ions

exactMass : 364.26112

formula : C18H39NO4P

+
H

OP

O

OH

O

N

O

exactMass: 392.29242
formula: C20H43NO4PexactMass: 378.27677

formula: C19H41NO4P

in
te
n
si
ty

 

Figure 76: (+)ICR/FT-MS fragmentation pattern for [PE(P-33:0)]: 1. isolation of the parent ion 
[M+H]+ , 2. isolation and fragmentation, the region of product ion is colored grey, 3. zoom in 
region of product ions, three novel product ions have been detected, which do correspond to 
the inferred plasmenyl-chains from fragmentation in negative ESI mode 
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Formula Weight : 364.48(1)
Exact Mass : 364.2611217(2)
Formula : C18H39NO4P

Figure 77: Proposed fragmentation mechanism for Chlamydia-derived plasmalogens 

 

A putative fragmentation channel, which can deliver such fragments has been 

elaborated (Figure 77). The fact that the chain length of the fragments exactly 

correspond to the chain length of the plasmenyl-group, suggests an attack of the 

amino group on this chain. This is additionally reasonable because enol-ethers are 

activated and electron rich, as the adjacent oxygen can deliver electrons under the 

formation of a resonant oxonium structure. In consequence, a proton is attached to 

the β-carbon and the α-carbon gets positively charged. A ring is formed by 

delivering of the free electron pair from the amino group to the α-carbon and an imin 

structure is released. However, the novel fragment moieties and the elaborated 

fragmentation mechanism need further confirmation e.g. by fragmentation of 

standards compounds or quantum mechanical calculations (DFT). The interesting 

novel fragments have only been observed for Chlamydia-derived plasmalogens with 

consistency for all such species. The fact, that all other detected plasmalogens are 

decreased after infection (later illustrated in chapter 3.5.2.2, Figure 84) further 

supports the hypothesis that Chlamydia-derived lipids might be attributed by 

different structural characteristics. Considering the illustrated fragmentation 

mechanism, this structural specialty might be the positions of the plasmenyl-group at 

sn-2 instead of sn-1 position of glycerol backbone. It is planned to verify these very 

R1= C16H33 R2= C14H29 
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interesting hints for a novel stereochemistry by experiments including a 

stereoselective enzymatic cleaving (PLA1 and PLA2), a stereoselective synthesizes 

of plasmalogen standards and DFT calculations for deeper theoretical determination 

of the putative fragmentation channel.  

In summary, plasmalogens, containing odd- and even-chained fatty acids, have 

been identified in the lipid extracts of fibroblasts and isolated EBs, which prove the 

prokaryotic origin. They have been absent in pex19 cell extracts confirming the 

peroxisomal indispensability for their biosynthesis. Therefore, with this lipidomics 

approach it has been possible to identify one further spectacular specialty of 

Chlamydia: the production of bacteria-derived plasmalogens by the utilization of the 

host peroxisomes. 

 

3.5.2 Identification of main lipids affected by infection 

Shotgun ICR/FT-MS analysis followed by the annotation of the mass spectra 

revealed the putative lipid composition of the samples. Approximately 705 masses 

are annotated as lipids; annotations of natural occurring stable isotopes are hereby 

not considered. A differentiation between isomeric structures for one detected mass 

has not been possible at this stage, hence it must be suspected, that the lipid 

composition of the extracts is even more complex. The distribution of the annotated 

lipids over the different lipid classes is illustrated in Figure 78.  
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Figure 78: Lipid composition of cell extracts: Annotation of detected m/z and distribution over 
the lipid classes (PK polyketides, SL saccharolipids, PR prenol lipids, ST sterol lipids, GP 
glycerophospholipids, GL glycerolipids, FA fatty acyls). Annotations of different isomers for 
one detected m/z are not included.  
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According to the extraction regime the mainly detected lipid classes are of middle 

non-polar nature, like glycerophospholipids, glycerolipids or fatty acyls. The fold 

change of detected intensities has been calculated to reveal mainly affected lipid 

classes by infection and modulated lipids have been visualized with a Kendrick plot 

(Figure 79). The Kendrick plot is especially advantageous when dealing with lipids 

since different lipid classes are characterized by different sets of heteroatoms. Thus, 

different classes of lipids cover different areas in the diagram. The fold change of 

intensities after infection has been inserted as an additional dimension into the 

Kendrick plot and is expressed by the size of the bubbles.  
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Figure 79: Kendrick plot of affected lipids (A) increased after infection and (B) decreased in 
infection (the diameter of the bubbles represent the fold change after infection (non-inf/inf), 
unique features are represented by a fold change of two) 
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Glycerophospholipids, glycerolipids and fatty acyls are predominating modulated 

after infection. 42% of all annotated glycerophospholipids have been detected with 

at least 50% higher signal intensities after infection, only 9% have been decreased 

in infected samples. The m/z 700.488 has been outstandingly increased by about 

180 times after infection. Its elemental composition (C36H72NO8P) suggests either a 

glycerophosphocholine or glycerophosphoethanolamine structure. Additional 90 

masses, which are annotated as glycerophospholipids, show an important 

modulated intensity after infection. These are mostly putative 

glycerophosphocholine or -ethanolamine species, only one putative 

glycerolphosphoserine and four putative glycerophosphoglycerols have been 

detected with an altered intensity. Glycerolipids show the same trend, but to a lower 

extent. Next to several in infected cells exclusively abundant diacylglycerols and 

triacylglycerols, the putative DG (15:0/24:1) and DG (14:0/20:4) is highly increased 

after infection. In contrast, the intensities of 39% of all detected fatty acids have 

dropped after infection and 23% have been elevated. The opposite behavior of fatty 

acids and glycero-/glycerophospholipids is reasonable since fatty acids are 

incorporated in these lipids, especially during cellular growth, when cellular 

membranes need to be synthesized to a higher extend (van Meer, 2005). 

Glycerophospholipids are the major membranes constituents in eukaryotic cells. In 

particular glycerophosphocholines make up more than 50% of the lipids found in 

eukaryotic membranes (Fagone et al., 2009, van Meer, 2005). Important functions of 

cellular membranes, to which glycerophospholipids contributed, are separation and 

protection from the environment, cell-cell interactions, compartmentalization, 

storage, protein synthesis and secretion and phagocytosis (Fagone et al., 2009). 

Glycerophosphocholines are also frequently found in bacteria closely interacting 

with their hosts, they are often required for pathogenicity and persistence of these 

microorganisms (Sohlenkamp et al., 2003). 

The main lipids, which are affected by infection, have been deeper investigated by 

targeted UPLC®-ToF–MS analyses for verification and isomer 

separation/differentiation. Identification has been achieved with ICR/FT-MS². The 

results will be presented in the following chapter categorized according to the 

identified structures into diacyl-glycerophospholipids and etherlipids. 
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3.5.2.1 Diacyl-glycerophosphocholines and -ethanolamines affected by infection 

Chlamydia are incapable of de novo biosynthesis of typical eukaryotic 

glycerophosphocholines, but it has been previously shown, that the bacteria utilizes 

several lipids from the host to mimic the host cell’s membrane composition (Hatch et 

al., 1998). Within this study the peak areas of all importantly modulated 

glycerophosphocholines are decreased after infection (Figure 80A) and indeed the 

detected glycerophosphocholine profile in isolated EBs follow the same trend as in 

non-infected host cells (Figure 80B).  
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Figure 80: RP UPLC®-ToF-MS peak areas of glycerophosphocholines in (A) fibroblast and 
(B) isolated EBs (isomeric structures are illustrated separately): The profile of peak areas in 
isolated EBs follows the same trend as in non-infected fibroblasts. Additionally, an infection 
time dependent decrease of peak areas after infection can be observed.  

 

Interestingly, the detected drop in the abundance of PC 26:0, PC 28:0, PC 30:1 PC 

34:4, PC 36:5 (both isomers) is higher after 24 hours than after 48 hours of infection. 

This is in particular reasonable since the developmental cycle of C. trachomatis 

takes approximately 48 hours and the host’s glycerophospholipid biosynthesis is 

independent from infection (Wylie et al., 1997). After 48 hours the transformation of 
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chlamydial RBs back to the metabolic inactive EBs is nearly finished and the 

requirements for host cell derived lipids decrease again. The data additionally 

suggests that besides the previously described incorporation of Chlamydia-modified 

glycerophosphocholines an incorporation of unaltered glycerophosphocholines into 

the chlamydial membranes occurs (Figure 80B). A modulation of 

glycerophosphocholines by Chlamydia in terms of exchange of sn-2 fatty acids 

against bacteria-made branched-chained ones has been reported (Hatch et al., 

1998, Wylie et al., 1997). It can be assumed that the illustrated species do not 

contain branched-chain fatty acids since their retention times in RP UPLC®-ToF-MS 

analyses have matched perfectly in non-infected and infected fibroblasts, and as 

branched-chain fatty acids are more lipophilic than eukaryotic straight-chain ones a 

retention time shift could have been expected.  
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Figure 81: RP UPLC®-ToF-MS peak areas of glycerophosphoethanolamines in (A) fibroblast 
and (B) isolated EBs (isomers are separately illustrated). All altered diacyl-PE species have 
been increased in infection. Furthermore, several diacyl-PEs have been incorporated in the 
bacterial EBs.  

 

In contrast to the detected glycerophosphocholines, all important modulated 

glycerophosphoethanolamine species show either a high increase of detected peak 
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areas or are exclusively abundant after infection (Figure 81A). Chlamydia 

synthesizes glycerophosphoethanolamines by decarboxylation of 

glycerophosphoserins, of which Chlamydia is capable for de-novo biosynthesis 

(Wylie et al., 1997). The detected glycerophosphoethanolamines show high peak 

areas in both infected cells and isolated EBs (Figure 81B). The most important 

markers have been further identified via ICR/FT-MS² in infected fibroblasts (Table 

19).  

PE 
species 

elemental 
composition 

exact mass 
detected acyl-

fragments (ESI (-)) 
inferred PE 
structures 

PE 28:0 C33H66NO8P 635.452605 C14:0 PE (14:0/14:0) 

PE 30:0 C35H70NO8P 663.483905 C15:0>C14:0>C16:0 
PE (16:0/14:0),    
PE (15:0/15:0) 

PE 31:0 C36H72NO8P 677.499555 
C15:0>C16:0>C14:0> 

C17:0 
PE (16:0/15:0),    
PE 17:0/14:0) 

PE 31:1 C36H70NO8P 675.483905 
C18:1>C16:1>C14:0 

>C16:0>C15:0>C17:1 

PE (15:0/16:1),    
PE (14:0/18:1),    
PE (17:1/15:0) 

PE 32:0 C37H74NO8P 691.515205 C15:0>C16:0>C17:0 
PE (17:0/15:0),   
PE (16:0/16:0) 

PE 32:1 C37H72NO8P 689.499555 
C18:1>16:1>C14:0> 

C16:0 
PE (16:0/16:1),    
PE (14:0/18:1) 

PE 33:0 C38H76NO8P 705.530855 
C15:0>C18:0>C17:0> 

C16:0 
PE (18:0/15:0),    
PE (16:0/17:0) 

PE 33:1 C38H74NO8P 703.515205 C18:1>C15:0 PE (15:0/18:1) 

PE 34:0 C39H78NO8P 719.546505 C15:0>C16:0 
PE (18:0/16:0),    
PE (19:0/15:0) 

PE 34:1 C39H76NO8P 717.530855 
C18:1>C16:0>C16:1> 

C18:0 
PE (16:0/18:1),     
PE (18:0/16:1) 

PE 37:5 C42H74NO8P 751.515205 C20:4 PE (17:1/20:4) 

Table 19: Identified glycerophosphoethanolamine markers of Chlamydia infection 
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Especially the PE 31:0 (C36H72NO8P) is predominantly present after infection. Its 

fatty acid composition is C15:0 and C16:0. In earlier studies C15:0 and C16:0 have 

been identified as highest abundant fatty acids in Chlamydia infection, which applies 

for both the free form and incorporated in glycerophospholipids (Bidawid et al., 

1989, Gaugler et al., 1969, Wylie et al., 1997).  

The abundance profile of modulated glycerophosphoethanolamines is very 

comparable in infected cells and isolated EBs, which suggests that almost all 

synthesized glycerophosphoethanolamines are incorporated in the bacteria. 

 

3.5.2.2 Etherlipids affected by infection 

In addition to the detected modulations in diacyl-glycerophospholipids, several 

etherlipid species are importantly affected by infection. Interestingly, the effect is 

quite different on the two etherlipid classes, plasmanyl- and plasmenyl-

glycerophospholipids.  

Most plasmanyl-glycerophosphocholines show an infection time dependent 

decrease, which is similar to the observed behavior of diacyl-

glycerophosphocholines. The peak areas of PC (O-30:0), PC (O-32:0), PC (O-32:1) 

and PC (O-38:5) decrease after 24 hours p.i., but after 48 hours p.i. they are equally 

or even higher present compared to non-infected cells (Figure 82A). The abundance 

profile in isolated EBs is comparable to non-infected samples, only plasmanyl-

glycerophosphocholines with a higher degree of unsaturation and longer chain 

length have not been detected in EBs (PC (O-36:4), PC (O-38:5), PC (O-40:4) and 

PC (O-40:6)) (Figure 82B). In particular these compounds might be storage 

compounds for PUFAs, like arachidonic acid (AA) and docosahexaenoic acid (DHA), 

which are important lipid mediators (Brites et al., 2004). PUFAs usually influence 

cellular signaling and inflammation processes after their enzymatic release from 

etherlipids (Brites et al., 2004, Farooqu et al., 2001).  
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Figure 82: RP UPLC®-ToF-MS peak areas of plasmanyl-glycerophosphocholines in (A) 
fibroblasts and (B) isolated EBs (isomers are separately illustrated): An infection time 
depended decrease of peak areas after infection can be observed. Several plasmanyl-PCs 
are incorporated in the bacterial EBs.  

 

In contrast to plasmanyl-glycerophosphocholines, all important modulated 

plasmanyl- glycerophosphoethanolamines are increased after infection (Figure 

83A). 

Some plasmanyl-glycerophosphoethanolamines are found to be unique in infected 

samples and isolated EBs (Figure 83B). Several highly unsaturated, long carbon 

fatty chain containing species are increased after infection. The fatty acid 

composition of these lipids has been investigated deeper. The identified fatty acid 

fragments and inferred glycerophospholipid structures are presented in Table 20. 

Both important lipid messengers, AA and DHA, are abundant in the modulated 

plasmanyl-glycerophosphoethanolamines.  
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Figure 83: RP UPLC®-ToF-MS peak areas of plasmanyl-glycerophosphoethanolamines in 
(A) fibroblast and (B) isolated EBs 

 

PE species 
elemental 

composition 
exact 
mass 

detected acyl-
fragments 

inferred PE structures 

PE (O-38:6) C43H76NO7P 749.5359 C 22:6 PE (O-16/22:6) 

PE (O-38:4) C43H78NO7P 751.5515 C 20:4 PE (O-18:1/20:4) 

PE (O-40:7) C45H78NO7P 775.5515 C 22:6 PE (O-18:1/22:6) 

Table 20: PUFA containing plasmanyl- glycerophosphoethanolamines 

 

In the second etherlipid class, the plasmalogens, almost all compounds have 

decreased peak area after infection (Figure 84). The only exceptions are the already 

described glycerophosphoethanolamine plasmalogens (PE (P-16/16), PE (P-16/17), 

(A) 

(B) 
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PE (P-17/16), PE (P-18/15), PE (P-18/16) and PE (P-16/18) (chapter 3.5.1), which 

have been identified with the UPLC®-ToF-MS approach. They have not been 

detected in the shotgun investigation due to ion suppression effects. This fact 

illustrates the necessity of combined UPLC®-MS and shotgun approaches in 

lipidomics. The abundance of the important plasmalogens has also been 

investigated in the isolated EBs (Figure 85). An enrichment in several 

glycerophosphoethanolamine and -choline plasmalogens, with carbon numbers of 

32:1, 34:0, 34:1, 36:1, 36:4 and C38:6 in their fatty acids, is observed. 
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Figure 84: RP UPLC®-ToF-MS peak areas of (A) plasmenyl-glycerophosphocholines and (B) 
plasmenyl-glycerophosphoethanolamines in fibroblast detected with the shotgun approach 
(isomers are separately illustrated): All within the shotgun lipidomic approach detected and 
modulated plasmalogens have been decreased in infection.  

 

The vinyl-ether linkage in plasmalogens is very sensitive to singlet oxygen and 

reactive oxygen species (ROS) (Brites et al., 2004, Nagan et al., 2001). Therefore, 

plasmalogens function as protective agents against oxidative stress. Considering 

the continuous formation of ROS during hypoxia (Carbonell et al., 2009), together 

with the induction of HIF-1 during Chlamydias’ early development, but not during the 

(A) 

(B) 
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later infection (Rupp et al., 2007) the observed drop in detected peak areas with a 

recovery afterwards is very reasonable (Figure 84).  
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Figure 85: RP UPLC®-ToF-MS peak areas of (A) plasmenyl-glycerophosphocholine and (B) 
plasmenyl-glycerophosphoethanolamine in isolated EBs detected with shotgun approach 

 

3.6 Summary 

In the late 1990ies a modulation of the host cells’ lipid composition after Chlamydia 

infection has been discovered. The main findings have been reviewed in chapter 

1.5.2, but back then the focus has been on lipid classes. As we now have highly 

advanced analytical technologies we are able to investigate the lipid composition in 

more detail. For the first time a deep investigation of lipid modulations in C. 

trachomatis infection has been performed with modern techniques in this study. 

According to the objectives of the investigation two different lipidomic approaches 

have been built up, the first one has focused on probable very low abundant 

plasmalogens and the second one has been used to gain an overview of 

(glycerophospho-) lipid modulations after infection. Considering ion suppression 

(A) 

(B) 
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effects and the expected amount of data either an UPLC®-ToF-MS or shotgun 

ICR/FT-MS based platform has been preferred. The results obtained with the one 

instrument have always been verified with the other one. 

The recent surprising discovery of hijacking peroxisomes by Chlamydia suggested a 

biosynthesis of etherlipids during infection. In the following lipidomics study six 

glycerophosphoethanolamine plasmalogens, which are synthesized in infected cells 

containing peroxisomes, but not in peroxisome-deficient cells, have been identified. 

Furthermore, these lipids have been found to be incorporated into the metabolical-

inactive chlamydial EBs. This finding is very interesting, since never before 

plasmalogens have been identified in aerobic bacteria. Moreover, the deep 

investigation by ICR/FT-MS² shows a completely new fragmentation mechanism, 

which indicates a putative novel stereochemistry. The biological function of the 

discovered plasmalogens stays unclear since Chlamydia develop also in pex19 

samples in the cell culture experiments, but with an decreased inclusion volume.  

In the second part of this chapter, glycero- and glycerophospholipids have been 

observed as predominantly affected lipid classes. Glycerophospholipids have thus 

been further investigated. Plasmalogens, revealed by the shotgun approach show a 

decreased concentration after infection. Plasmalogens are very susceptible to 

oxidative attack of radicals and ROS, which make them function as scavengers, 

protecting other cellular compounds against oxidative stress. The expression of HIF-

1 during early Chlamydia infection explains the decreased levels of most 

plasmalogens. Nevertheless, up to now the physiological function of etherlipids is 

still largely unknown, but an alteration of the membrane content lead to a modulation 

of cellular signal transition and membrane dynamics. Furthermore, etherlipids are 

storage compounds for PUFAs, like DAH and AA, which have been also evidenced 

as affected by Chlamydia infection in this work. The abundance profiles of 

plasmanyl- lipids have differed from the ones of plasmalogens. In respect to 

plasmanyl-compounds an enrichment of glycerophosphoethanolamines and 

decrease of glycerophosphocholines has been observed, which is also the case for 

diacyl-glycerophospholipids. Chlamydia are capable of 

glycerophosphoethanolamines, but not of glycerophosphocholine biosynthesis. 

Several in infection highly or exclusively abundant glycerophosphoethanolamine 

species have been identified. Membranes composed of higher 

glycerophosphoethanolamines contents are more susceptible to an increased 

leakage of ions and allow increased membrane-membrane fusions (Glaser et al., 

1994, Nagan et al., 2001). Membrane fusion is very important in several cellular 
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processes including endocytosis and secretion (Nagan et al., 2001). Considering the 

fact that the membrane composition strongly influences their function, the detected 

alterations in lipid composition might in general modulate important cellular 

mechanisms, such as nutrient and ion transport, inter- and intracellular signaling, 

fusion, receptor localization and -interactions. The incorporation of 

glycerophosphocholines into the chlamydial membranes leads to a mimicking of 

host cells lipid composition and thus might help Chlamydia to stealth during infection 

(Hatch et al., 1998). Furthermore, it has been reported that glycerophosphocholines 

are important for pathogenity and persistence of other intercellular bacteria 

(Sohlenkamp et al., 2003). Finally, it can be claimed that a better understanding of 

modulation of membrane composition by intracellular pathogens within their host 

and how this affect the cellular mechanisms as well as the identified unique lipid 

entities may lead to new therapeutic opportunities (Wenk, 2006). 

 

3.7 Perspectives 

The obtained hints for a novel stereochemistry of identified Chlamydia-derived 

plasmalogens need further investigations in both biological and analytical respect. 

Due to the lack of available standards a stereoselective synthesis would be one 

opportunity to prove that the detected and novel fragmentation pattern is caused by 

a positioning of the alkylen-chain in sn-2 rather than sn-1 position. Additionally, DFT 

calculations might help to investigate the fragmentation pathways theoretically. 

Moreover, it is planned to apply an enzymatic cleavage of plasmalogens selectively 

in sn-1 and sn-2 position by PLA1 and PLA2 treatments.  

The position of the double bond in the identified glycerophosphoethanolamines lipid 

markers has not been investigated. A previously described procedure is the 

stepwise fragmentation of the fatty acid carbon chains, but this procedure needs ion 

guides capable of enrichment and transition of very low masses. In addition 

ozonolysis can be used for selective cleavage of the double bonds. In collaboration 

with several colleagues, but in particular under the lead of Dr. Basem Kanawati 

(Research unit Analytical BioGeoChemistry, Helmholtz Zentrum München, Munich, 

Germany), we have started the development of an ionization source, which can be 

directly used as reactor for chemical modifications prior to MS detection. Instantly, 

ozone can be in situ generated by the use of UV irradiation. In future this work has 

to be finished and extended to other application fields. According to the investigated 
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group of analytes different reaction reagents might be introduced in the source to 

enable an enhanced detection, comparable to the concept of CIS-MS (coordination-

ionspray-MS (Bayer et al., 1999)). 

Besides the detected alteration of glycerophospholipid alteration, important 

modulations of glycerolipids have been observed. Glycerolipids lack inherently 

ionizable groups in their molecular structure. They are thus usually detected with 

very low signal intensities, which complicates detailed studies of this very interesting 

lipid class. A detailed investigation of ionization and fragmentation processes of 

diacyl-glycerolipids has been performed in order to enable future analysis of 

Chlamydia-relevant species (annex). The application of the obtained results to 

investigate Chlamydia-host interactions is an additional future analytical task. 
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4 Summary and concluding remarks 

The presented work illustrates the advantage of non-targeted metabolomics 

approaches to reveal non-intuitive insights into host-pathogen interactions. Infection 

associated biochemical modifications in the phenotype of Chlamydia infected human 

cells have been characterized on a holistic level, followed by a deep targeted 

investigation of important metabolite classes. This has been illustrated using the 

example of lipid modulations after infection in the second part of the thesis. 

Identification of Chlamydia-derived lipid species has been achieved. Metabolomics 

has thus been presented as powerful tool in both non-targeted screenings and 

targeted verification of a priory hypothesis.  

Non-targeted approaches should base on multi-parallel analytical concepts, to 

enable the detection of as many as possible metabolites from infected cells. State-

of-the-art direct injection ICR/FT-MS and UPLC®-ToF-MS techniques have been 

applied in this study. In particular by the implementation of ICR/FT-MS a wealth of 

knowledge unattainable with any other type of instrument has been obtained. 

UPLC®-ToF-MS has been seen to be very helpful in metabolite verification and 

identification by retention time comparison with standard compounds. However, 

such multi-parallel approach delivers a tremendous amount of data, which has to be 

integratively analyzed. A stepwise data analysis workflow has therefore been 

developed. The obtained results give for the first time an overview of metabolic 

interactions between Chlamydia and the human host cell. They are in very good 

accordance to the sporadically known metabolic effects of Chlamydia infection. The 

detected metabolite signal intensities could be furthermore verified instantly for 

tryptophan. The tryptophan signal intensities correlated very well with corresponding 

IDO expression levels, determined with molecular biological investigations.  

A methodology required for targeted hypothesis verification has been illustrated in 

the second part of the thesis. The lipid alterations after infection have been deeply 

investigated with a special focus on etherlipid biosynthesis of Chlamydia. Two 

different lipidomics platforms have been built up, the first one, which focused on very 

low abundant species illustrated the necessity of isomer separation to minimize ion 

suppression effects. The second platform based on shotgun ICR/FT-MS and 

allowed the detection and determination of mainly present and affected lipids directly 

out of the sample extracts. In consequence, according to the objective of the work 

either a UPLC®-MS based or shotgun workflow needs to be chosen in lipidomics, if 
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a comprehensive analysis of the lipidome is aimed, a multi-parallel approach is 

inevitable.  
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5 Annex - Investigation of the ionization and fragmentation 

mechanism of diacylglycerols  

5.1 Introduction 

In this thesis several putative diacylglycerol (DG) species have been identified to 

play a regulatory role in persistent and active Chlamydia infection (chapter 2.4.3, 

summarized in Table 21), which leads us to a deep investigation of this particular 

lipid class.  

annotated DG ionization modulation 

C37H74O4-ether DG [M+Na]+ 
decreased in active, but not  

in persistent Chlamydia infection  

(chapter 2.4.3.2) 

C37H70O5-DG [M+Na]+ 

C39H74O5-DG [M+Na]+ 

C32H62O5-DG [M+Na]+ 

increased after IFN-γ addition 

 in normoxia, but not in hypoxia 

(chapter 2.4.3.1) 

C34H66O5-DG [M+Na]+ 

C36H66O5-DG [M+Na]+ 

C36H70O5-DG [M+Na]+ 

C39H70O5-DG [M+Na]+ 

Table 21: Diacylglycerol species important for Chlamydia infection  

 

Diacylglycerols have a central role in the lipid metabolism, e.g. in biosynthesis and 

degradation of triacylglycerols and glycerophospholipids. Additionally, 

diacylglycerols are of high interest since they act as second messengers (Carrasco 

et al., 2007), especially through the activation of proteinkinase C, and therefore take 

part in regulation of cell differentiation, proliferation, carcinogenesis, development, 

memory and other cell functions (Bishop et al., 1988, Dekker et al., 1994, Mochly-

Rosen, 1995, Newton, 1995, Nishizuka et al., 1995). Different species of 
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diacylglycerols are hereby known to fulfill different cellular functions (reviewed in 

Carrasco et al., 2007, Goto et al., 2008). Along with the described involvement in 

Chlamydia infection, changes in the diacylglycerol content are evidenced in 

conjunction to other diseases (Erion et al., Kim et al., 2001, Saburi et al., 2003).  

Diacylglycerols consist of a glycerol backbone and two covalently bond carboxylic 

acids (Figure 86). The carbonyl chains are linked to sn-1 and sn-2 position of the 

glycerol back bone, the hydroxyl group in sn-3 position is free. Because polar 

groups are absent in their structure, diacylglycerols are called neutral lipids.  

glycerol back bone

sn1

sn2

sn3

O

OH

O

O

O

free hydroxyl group

carbonyl chains

 

Figure 86: Structure of diacylglycerols 

 

The deficiency of inherently ionizable groups hampers ESI ionization and thus MS 

detection and identification (Callender et al., 2007). Diacylglycerols have been 

detected as sodium adducts in this work (Table 21). The formation of several 

different adduct ions, like with alkali or ammonium cations, in positive ionization 

mode has been previously described (Gross et al., 2009, Murphy et al., 2007). 

However, sodium adducts usually do not deliver a fragmentation pattern. Negative 

ionization has only been described after derivatization (Li et al., 2007), but in 

particular negative ionization is beneficial for identification, since the fragmentation 

pattern directly reveals the fatty acid composition of the diacylglycerol structure. 

In the following, the dimer formation of diacylglycerols in negative ion mode is 

described. The dimer of a standard has been isolated and fragmented. The 

underlying fragmentation pathways and intermolecular reactions have been 

intensively investigated based on observed fragments and verified by DFT 

calculations realized by Dr. Basem Kanawati (Research unit Analytical 

BioGeoChemistry, Helmholtz Zentrum München, Munich, Germany). The 

opportunity to ionize neutral lipids as dimers helps to enable deep investigations of 

important diacylglycerol markers, not only in Chlamydia infection. Additionally, the 

study improves our knowledge about gas phase reactions and evidences 
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intermolecular fragmentations, which have never been described before. The 

approach and the obtained results might be extended to other neutral lipid classes 

(monoacylglycerols, triacylglycerols). 

	

5.2 Materials and Methods 

5.2.1 Materials 

1-Octadecanoyl-2-hexadecanoyl-glycerol (DG (18:0/16:0)) has been purchased from 

Avanti® Polar Lipids, Inc. (Alabaster, USA). The chloroform containing solution has 

been dried under vacuum (SpeedVac Concentrator, Savant SPD 121P, 

ThermoFisher Scientific, Waltham, USA) and resolved in methanol/n-propanol (1:1). 

Prior to injection into the ICR/FT-MS the standard solution has been diluted with 

methanol to 1,7mmol/l (50ppm). CROMASOLVE® methanol, has been bought from 

Fluka® Analytical (Sigma-Aldrich-Aldrich, St. Louis, USA) and n-propanol from 

BioSolve® (Valkenswaard, Netherlands). 

	

5.2.2 Methods 

All experiments have been performed on ICR/FT-MS (solariXTM, Bruker, Bremen, 

Germany) equipped with a 12 Tesla superconducting magnet (magnex scientific 

Inc., Yarnton, GB). The instrument offers ultrahigh resolution and mass accuracy. 

The diacylglycerol standard solution has been injected in the Apollo2 electrospray 

ionization source via a microliter pump. The flow rate has been set to 120µl/h. 

Negative ionization mode has been chosen. The ions of interest have been 

selectively filtered in the quadrupole and accelerated with increasing potential 

differences (0-12eV) in the hexapole. Fragmentation has been achieved via collision 

of the accelerated ions with the abundant Argon atoms (CID). The spectra have 

been obtained with 2MW time domain in broad band detection mode. For each 

energy level 20 scans have been accumulated for one spectrum. The instrument 

has been calibrated by the usage of 2ppm arginine solution in methanol prior to 

analysis. 
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5.3 Results and discussion 

An ionization of the neutral lipid diacylglycerol as dimer has been identified. The 

dimer consists of one neutral and one negatively charged diacylglycerol molecule 

[M+M-H]- with the m/z 1192 (Figure 87). We propose either a hydrogen bridging 

between the deprotonated and protonated hydroxyl functions or hydrophobic 

interactions between the carbonyl chains as driving forces for the dimer formation. 

 

 

Figure 87: Conformation of diacylglycerol dimers in gas phase: (A) hydrophobic interaction 
(B) hydrogen bridging 
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Figure 88: (-)ICR/FT-MS² fragmentation pattern of DG (18:0/16:0)-dimer: (1.) isolation of 
parent ion; (2.) fragmentation pattern after applying 8eV  
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1. Isolation without fragmentation of DG dimer 

2. Isolation and fragmentation of DG dimer 
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The diacylglycerol dimer has been isolated and accelerated with different kinetic 

energy. Exemplarily two spectra applying 0 and 8eV are illustrated in Figure 88. The 

determined fragments with the corresponding elemental compositions are 

summarized in Table 22.  

elemental 
composition 

exactly calculated 
m/z 

detected 
m/z 

error 
[ppm] 

error 
[mDa] 

C16H31O2 + e- 255.2329535 255.23295 -0.001 -0.0035 

C18H35O2 + e- 283.2642535 283.26425 -0.001 -0.0035 

C19H37O4 + e- 329.2697335 329.26975 0.005 0.0165 

C21H41O4 + e- 357.3010335 357.30106 0.007 0.0265 

C37H70O4 + e- 613.540715 613.54135 0.103 0.635 

C53H103O7 + e- 851.7709285 851.77102 0.011 0.0915 

C55H107O7 + e- 879.8022285 879.80231 0.009 0.0815 

C56H109O9 + e- 925.8077085 925.80777 0.007 0.0615 

C58H113O9 + e- 953.8390085 953.83913 0.013 0.1215 

C74H143O10 + e- 1192.068674 1192.06845 -0.019 -0.2235 

Table 22: Determined DG (18:0/16:0)-dimer fragment ions 

 

Elimination of the carboxylic acid in sn-1 position is the most favorable 

fragmentation process and is represented by a very high abundance of octadecane 

acid (m/z 283). In the underlying reaction the negatively charged oxygen attacks 

intramolecularly the carbon atom in sn-1 position of the glycerol backbone (Figure 

89A). A stable oxetane ring structure is the neutral product next to octadecane acid 

(m/z 283) [R1COO]-. A nucleophilic attack of the deprotonated hydroxyl group on the 

carbon in sn-2 position is unlikely due to steric hindrance and resulting formation of 
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an unstable oxirane structure as neutral product. The detected fragment m/z 255 is 

nonetheless belonging to hexadecane acid eliminated from sn-2 position. 

Hexadecane acid is the product of intermolecular reactions (Figure 89B/C).  

 
I. intramoleculare reaction of [DAG]- within a dimer

II. intermoleculare reaction of [DAG]- and DAG neutral within a dimer

b

III. intermoleculare reaction of [R1COO]- and DAG neutral 

a

a

b

b

a

b

a

I. intramoleculare reaction of [DAG]- within a dimer

II. intermoleculare reaction of [DAG]- and DAG neutral within a dimer

b

III. intermoleculare reaction of [R1COO]- and DAG neutral 

a

a

b

b

a

b

a

 

Figure 89: Proposed intra- and intermolecular fragmentation mechanisms for DG (18:0/16:0)-
dimer  

 

Two intermolecular fragmentation channels are proposed. In the first one the 

deprotonated hydroxyl group of one diacylglycerol attacks the other diacylglycerol 

either in sn-1 (a) or sn-2 (b) position within one dimer (Figure 89B). Octadecane- or 

hexadecane acid are equivalently abundant products. Another reaction opportunity 

for the intermolecular formation of m/z 255 is given in Figure 89C. Octadecane acid 

[R1COO]- as a product of the intramolecular reaction further reacts with one 

 R1 = C17H35    R2= C15H31 

(A) intramolecular reaction of [DG-H]- within one dimer 

(B) intermolecular reaction of [DG-H]- and DG neutral 
within one dimer 

(C) intermolecular reaction of [R1COO]- and DG neutral  

m/z 283 

m/z 283 

m/z 255

m/z 255 

m/z 283 

m/z 283 
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diacylglycerol neutral. Since an alcohol is a much stronger base compared to 

carboxylic acids the first described fragmentation channel (Figure 89B) might be the 

favored one.  

Further determined fragment ions are the m/z 879 and m/z 851. Both do correspond 

to an attachment of carboxylic acids fragments, [R1COO]- and [R2COO]- to one 

diacylglycerol neutral. This means, the negatively charged carboxylic acids interact 

with diacylglycerol neutrals originating from the ionized dimers in the gas phase. The 

m/z 879 and 851 are detected with almost equal intensities, which indicates that this 

reaction occurs randomly. Furthermore, they are mostly abundant in CID spectra of 

smaller applied energy (≤8eV). The interactions between the two molecules, the 

diacylglycerol neutral and charged carboxylic acid, might be a hydrogen bond or 

hydrophobic interaction as illustrated for the neutral lipid dimer (Figure 87). 

Next to the elimination of carbonyl chains as carboxylic acids an elimination of 

ketenes has been determined (Figure 90). The fragments [M-H-(R1-C=C=O)]- (m/z 

329) and [M-H-(R2-C=C=O)]- (m/z 357) both have one remaining carboxylic acid at 

the glycerol backbone. The elimination in sn-2 position is the preferred 

fragmentation compared to sn-1 position. The deprotonated hydroxyl function takes 

one hydrogen from the α-carbon in sn-2 acyl-chain (Figure 90A). Consequently, a 

ketene is formed and eliminated as neutral. The negative charge moves 

intramolecularly from sn-3 to sn-2 position. The corresponding m/z 357 shows a two 

times higher intensity compared to m/z 329. M/z 329 results from the elimination of 

the acyl-chain in sn-1 position. The underlying charge remote mechanism is 

explained in Figure 90B. In principal the elimination of ketenes is not the preferred 

mechanism compared to the elimination of carboxylic acids, thus we detected only 

very small intensities of the resulting fragments. Furthermore, it should be 

mentioned, that the fragment ions m/z 357 and m/z 329 also attache to one 

diacylglycerol neutral inside the gas phase, explaining the occurrence of m/z 953 

[M+M-H-(R1-C=C=O)]- and 925 [M+M-H-(R2-C=C=O)]-. As ultrahigh resolution and 

accuracy mass spectrometry has been implemented for our analyses, the mass 

error between predicted and detected products is less than 0.013ppm. Further 

verification of the predicted mechanisms has been achieved by comparison of 

theoretical and detected abundance of naturally occurring isotopes for the detected 

fragment ions. 
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Figure 90: Proposed fragmentation mechanism of keten elimination  

 

5.4 Summary 

Based on the identification of important modulated diacylglycerol lipids in Chlamydia 

infection an investigation of possibilities for ionization and identification of such 

neutral lipids has been set up. We could discover a completely new ionization 

opportunity through the dimer formation as well as a novel fragmentation 

mechanism for diacylglycerol lipids. This will enable a deeper investigation of 

discriminative lipid species. Additionally, the obtained results may be transferred to 

other neutral lipid classes.  

 R1 = C16H33    R2= C14H29 

(A) 

(B) 

- O=C=C-R2 

- O=C=C-R1 

m/z 357 

m/z 329 
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6 Supplementary data 

Supplementary table 1: Standard compounds for method development (written with bold 
letters) and retention time verification/logD regression 

name supplier purity 
sugars and -derivates 

D(+)glucose Sigma-Aldrich >99.5% 
D(-)ribose Fluka >99% 

D(+)galactose Sigma-Aldrich 99% 
D-sorbitol Sigma-Aldrich 98% 

D(+)raffinose pentahydrate Fluka >99% 
D(+)melezitose monohydrate Sigma-Aldrich >99% 

gentiobiose Fluka >99% 
D(-)arabinose Sigma-Aldrich 99% 

L-rhamnose monohydrate Sigma-Aldrich 99% 
meso-erythritol Sigma-Aldrich >95% 
D(-)fructose Fluka >99% 

L(-)fucose Sigma-Aldrich 99% 
glucose-6-phosphate Boehringer Mannheim 99% 

sodium pyruvate Sigma-Aldrich 99% 
citric acid Sigma-Aldrich 99% 

fumaric acid Sigma-Aldrich 99% 
sodium succinate dibasic hexahydrate Sigma-Aldrich 99% 

malic acid Fluka 99% 
glutaric acid Alfa Aesar 99% 
oxalic acid Merck p.A. 

glutaconic acid Fluka >97% 
mesaconic acid Fluka purum 

pyrazine-2,3-dicarbonic acid Merck >98% 
tartronic acid Sigma-Aldrich 98% 

meso-tartaric acid hydrate Sigma-Aldrich 99% 
benzoylformic acid Fluka >98% 

D(+)-malic acid Merck 99% 
oxalacetic acid Sigma-Aldrich 97% 

sodium L-lactate Sigma-Aldrich 99% 
fatty acids 

caprylic acid Fluka 99% 
nonanoic acid Sigma-Aldrich 96% 
capric acid Fluka 99.5% 

undecanoic acid Fluka >97% 
palmitic acid Sigma-Aldrich 99% 
stearic acid Fluka >99.5% 

arachidic acid Fluka >99.5 % 
heneicosanoic acid Fluka >98% 

amino acids 
L-arginine Sigma-Aldrich > 98% 

L-asparagine mono hydrate Sigma-Aldrich 99% 
L(+)glutamic acid Merck 99% 

DL-histidine Sigma-Aldrich 98% 
DL-leucine Sigma-Aldrich 99% 

L-isoleucine Sigma-Aldrich 99% 
DL-methionine Sigma-Aldrich 99% 

DL-proline Sigma-Aldrich 99% 
DL-serine Sigma-Aldrich 99% 
DL-valine Sigma-Aldrich >99% 

L-lysine hydrochloride Sigma-Aldrich 99% 
glycine Merck >98.5% 

D-phenylalanine Sigma-Aldrich 99% 
DL-tryptophan Ega 98% 

D-alanine Sigma-Aldrich 99% 
L-tyrosine Merck 99% 

nucleoside and nucleotides 
adenosine Sigma-Aldrich >99% 
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cytidine Sigma-Aldrich >99% 
guanosine Sigma-Aldrich >99% 

uridine Sigma-Aldrich >99% 
AMP Sigma-Aldrich >99.5% 

ATP disodium salt hydrate Sigma-Aldrich 99% 
ADP Sigma-Aldrich 95% 

steroids 
cholic-2,2,4,4-[d4] acid Isotec 98% 

testosterone Sigma-Aldrich 98% 
cholesterol Sigma-Aldrich 99% 

other lipids 
methylstearate Sigma-Aldrich >96% 

PGF 1a Avanti lipids 
PC (10:0/10:0) Sigma-Aldrich 99% 
PC (18:1/18:0) Sigma-Aldrich 98% 
PE (16:0/0:0) Avanti lipids >99% 

PE (18:1/18:1) Sigma-Aldrich 98% 
PE (12:0/12:0) Sigma-Aldrich 98% 

PC (P-18:1/18:0) Avanti lipids >99% 
vitamins, cofactors and others 

acetyl-L-carnitine.HCl Sigma-Aldrich >99% 
carnitine HCl Sigma-Aldrich 98% 

biotin Sigma-Aldrich 99% 
caffeine Sigma-Aldrich - 

DL-decanoylcarnitine chloride Sigma-Aldrich - 
folic acid Merck >95% 

hexadecanoyl-L-carnitine HCl Sigma-Aldrich 98% 
hippuric acid Sigma-Aldrich 98% 

sodium hippurate Sigma-Aldrich 99% 
3-hydroxy 3-[d3]-methylglutaric acid Dr. Herman J. ten Brink - 

nialamide Sigma-Aldrich 95% 
nicotinamide Sigma-Aldrich 99.5% 
(-)nicotine Sigma-Aldrich >99% 

[3 Methyl-d2] phytanic acid Dr. Herman J. ten Brink - 
reserpine Fluka 99% 
spermidine Sigma-Aldrich 99% 

sulfadimethoxine Sigma-Aldrich 99.4% 
terfenadine Sigma-Aldrich >95% 

[D3] trihydroxycoprostanic acid Dr. Herman J. ten Brink - 
uUracil Sigma-Aldrich >99% 

valeryl-L-carnitine HCl Sigma-Aldrich - 
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Supplementary table 2: Implemented ICR/FT-MS parameters 

parameter (+)ICR/FT-MS (-)ICR/FT-MS 

number of scans 300 380 

transient time domain 2MW 2MW 

source accumulation 0 sec 0 sec 

ion accumulation time 0.2 sec 0.2 sec 

time of flight 0.7 sec 0.6 sec 

capillary 4.5 kV 4 kV 

end plate offset 500 V 500 V 

dry gas 2.4 l/min 4 l/min 

dry gas temperature 200°C 200°C 

nebulizer 1.1 l/min 1.0 l/min 

side kick -5 V 5 

side kick off set -5 V 10 

sweep excitation 18 % 23.1 % 

front plate 0.6 V -0.4 V 

back plate 0.9 V -0.5 V 

analyzer entrance -9 V 4 V 

 

 

Supplementary table 3: Implemented ToF-MS parameters 

parameter non-targeted metabolomics targeted lipidomics 

spectra rate 1 Hz 1 Hz 

capillary 4.5 kV 4.5 kV 

end plate offset 500 V 500 V 

dry gas 4 l/min 4 l/min 

dry gas temperature 180°C 180°C 

nebulizer 1.5 bar 1.5 bar 

funnel RF 200 Vpp 377 Vpp 

multipole RF 200 Vpp 333 Vpp 

ion Energy 3 eV 3 eV 

low mass 100 m/z 50 m/z 

collision energy 8 eV 8 eV 

collision RF 500 Vpp 3383.3 Vpp 

transfer time 45 µsec 45 µsec 

ion cooler RF 50 Vpp 100 Vpp 

pre-pulse storage 10 µsec 20 µsec 
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Supplementary figure 1: RP UPLC® separation of several standards during method 
development 
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Supplementary figure 2: Evaluation of reproducibility for (+)/(-)ICR/FT-MS measurements: 
(A) Distribution of detected peaks over n biological replicates of infected, normoxic cells; (B) 
CV of intensities detected in all replicates of infected, normoxic cells.  
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Supplementary figure 3: (A) Obtained mass accuracy and (B) observed retention time shifts 
(in average) for injected standard compounds during RP UPLC®-ToF-MS analyses 
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Supplementary figure 4: (A) Obtained mass accuracy and (B) observed retention time shifts 
(in average) for injected standard compounds during HILIC UPLC®-ToF-MS analyses 
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Supplementary figure 5: Cross-validation of PLS-DA models using 200 permutations 
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Supplementary table 4: Annotated metabolites with a fold change ≥100% in infected and 
non-infected samples 

exact mass elemental composition detected with log ratio(inf/non inf) 

344.329045268 C21H44O3 FT+HILIC+RP -0.73318517 

189.08234972 C8H15NO2S RP -0.70870482 

298.105252916 C14H18O7 RP -0.49962934 

320.089602852 C16H16O7 RP -0.49962934 

253.081103832 C9H11N5O4 RP -0.49427824 

275.064116376 C10H13NO8 RP -0.49427824 

295.128054024 C12H17N5O4 RP -0.39350959 

612.151962464 C20H32N6O12S2 RP -0.36631437 

244.034804006 C6H13O8P FT -0.35490614 

161.068807832 C6H11NO4 HILIC+RP -0.35231862 

422.448766476 C29H58O FT -0.33296243 

135.053157768 C4H9NO4 HILIC+RP -0.33187382 

135.05449516 C5H5N5 HILIC+RP -0.33187382 

321.072586482 C10H16N3O7P RP -0.31383484 

260.029718626 C6H13O9P RP -0.30490679 

129.151749608 C8H19N HILIC+RP -0.23706612 

181.073893212 C9H11NO3 FT+RP -0.20466029 

119.058243148 C4H9NO3 HILIC+RP -0.20418869 

427.02941494 C10H15N5O10P2 FT+RP -0.17055421 

267.095416504 C9H17NO8 FT+RP -0.15632951 

404.0021971 C9H14N2O12P2 FT+RP -0.08136694 

370.235514 C20H34O6 HILIC 0.17966814 

172.109931 C9H16O3 HILIC 0.24462728 

214.15688 C12H22O3 HILIC+RP 0.31701779 

183.100776656 C8H13N3O2 RP 0.32102653 

324.10564684 C12H20O10 HILIC+RP 0.32642185 

182.094281 C10H14O3 RP 0.34584504 

258.183109312 C14H26O4 RP 0.36230368 

112.016043988 C5H4O3 HILIC+RP 0.36521133 

222.093917448 C10H14N4S HILIC 0.40899632 

379.104935632 C13H21N3O8S HILIC 0.43161409 

379.248759946 C18H38NO5P HILIC 0.44875904 

120.057514876 C8H8O RP 0.53140035 

121.089149352 C8H11N HILIC 0.54795267 

218.167065324 C15H22O HILIC+RP 0.5482632 

180.15141526 C12H20O RP 0.56092423 

342.116211524 C12H22O11 RP 0.84202877 

334.214392 C20H30O4 HILIC+RP 0.88770435 

312.230042 C18H32O4 RP 0.88770435 

138.104465068 C9H14O RP 0.92514597 

153.078978592 C8H11NO2 HILIC INF 
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281.11240396 C11H15N5O4 HILIC INF 

143.058243148 C6H9NO3 HILIC INF 

105.032697096 C5H3N3 HILIC INF 

175.059305768 C5H9N3O4 HILIC INF 

174.115698448 C11H14N2 HILIC+RP INF 

175.063328528 C10H9NO2 HILIC+RP INF 

254.224571 C16H30O2 RP INF 

172.14632 C10H20O2 RP INF 

284.271521 C18H36O2 RP INF 

256.240221 C16H32O2 RP INF 

278.224571 C18H30O2 RP INF 

306.255873 C20H34O2 RP INF 

182.0579088 C9H10O4 RP INF 

329.235479232 C21H31NO2 RP INF 

310.120509056 C19H18O4 RP INF 

340.203844756 C22H28O3 RP INF 

398.354866092 C28H46O FT NON INF 

130.06299418 C6H10O3 FT NON INF 

328.203844756 C21H28O3 FT NON INF 

450.480066604 C31H62O FT NON INF 

156.053492116 C6H8N2O3 FT+HILIC NON INF 

401.038917004 C10H17N3O10P2 FT+HILIC NON INF 

304.090665472 C11H16N2O8 FT+RP NON INF 

131.094628656 C6H13NO2 FT+RP NON INF 

316.29774514 C19H40O3 FT+RP NON INF 

122.0579088 C4H10O4 FT+RP NON INF 

237.08485182 C8H15NO7 FT+RP NON INF 

153.055479874 C4H12NO3P HILIC NON INF 

328.224952 C18H32O5 HILIC NON INF 

120.042258736 C4H8O4 HILIC NON INF 

131.069476528 C4H9N3O2 HILIC NON INF 

350.209302 C20H30O5 HILIC NON INF 

131.073499288 C9H9N HILIC NON INF 

212.1412445 C12H20O3 HILIC+RP NON INF 

129.042593084 C5H7NO3 HILIC+RP NON INF 

166.06299418 C9H10O3 RP NON INF 

301.298079488 C18H39NO2 RP NON INF 

326.188194692 C21H26O3 RP NON INF 

300.245315644 C21H32O RP NON INF 

273.26677936 C16H35NO2 RP NON INF 

207.110672644 C8H17NO5 RP NON INF 
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Supplementary figure 6: (A) PCA and (B) PLS-DA models of non-infected cells with (C) 
permutation test  
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Supplementary figure 7: PLS-DA models for the separation of infected (red) and non-infected 
(black) samples under different cultivation conditions (grey frame - 2% O2, red frame 20% 
O2, blue frame2% O2 + IFN-γ) 
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Supplementary figure 8: (-)ICR-FT/MS² fragmentation PE(P-33:0): 1. isolation of the parent 
ion [M-H]-, 2. isolation and fragmentation, the region of product ion is colored grey; 3. zoom 
in the region of product ions, three fatty acid product ions have been detected 
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