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Summary  

Microbial methane oxidation is one of the fundamental processes in global methane 

cycle. Methane-oxidizing bacteria, or methanotrophs, are the major biological sink for 

the methane produced from anthropogenic and natural sources. Our model organism, 

Methylocystis sp. strain SC2, is one of the best-studied representatives of 

alphaproteobacterial (type IIa) methanotrophs. Proteobacterial methanotrophs possess 

a unique cell architecture characterized by intracytoplasmic membranes (ICMs). The 

cellular amount of the ICMs is increasing with methanotrophic activity. The presence of 

ICMs makes molecular biology approaches, but in particular global proteomics, highly 

challenging. In this study, we therefore aimed to develop an efficient proteomics 

workflow for strain SC2 and to apply this state-of-the-art tool for investigation of the 

strain SC2 response to environmental factors. To successfully develop the proteomics 

workflow, we particularly focused on an efficient solubilization and digestion of the 

integral membrane proteins of strain SC2 for further downstream analysis. We 

introduced the so-called crude-MS proteomics workflow, upon assessing and optimizing 

all the major steps in the proteomics workflow, including cell lysis, protein solubilization, 

and protein digestion. Our new SC2 proteomics workflow greatly increased not only the 

protein quantification accuracy (mean coefficient of variation 3.2 %) but also the 

proteome coverage to 62%, with up to 10-fold increase in the detection intensity of 

membrane-associated proteins. 

Previous studies have shown that the LysC/trypsin tandem digestion resulted in 

higher coverage of fully cleaved tryptic peptides than a trypsin-only digestion. 

Therefore, the development of our optimized proteomics workflow involved the 

application of the LysC/trypsin tandem digestion in detergent environment to increase 

the SC2 proteome coverage. Prior to publication of our crude-MS approach, all 

systematic assessments of LysC/trypsin proteolysis were conducted in chaotropic 

environments, like urea. As a spin-off, we therefore initiated a follow-up study to 

compare the efficiency of the LysC/trypsin tandem digestion in detergent environments 

(e.g., SDC, SLS) relative to chaotropic environments. The study revealed that the 

LysC/trypsin tandem digestion could be efficiently carried out not only in chaotropic 

environments but also in MS-compatible detergent environments. In fact, the 
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LysC/trypsin tandem digestion in both environments resulted in a higher coverage of 

fully cleaved peptides than the trypsin-only digestion. 

After successful development of the crude-MS proteomics workflow, we used 

this high-throughput method to assess the molecular response of strain SC2 to the 

availability of hydrogen as a potentially alternative energy source. Starting point of this 

research was the knowledge that strain SC2 and other Methylocystis spp. possess the 

genetic potential to produce various hydrogenases. In fact, the addition of 2% hydrogen 

to the headspace atmosphere led, under limiting concentrations of methane and 

oxygen, to the complete hydrogen consumption by strain SC2. Concurrently, the SC2 

biomass yield was significantly increased, while the methane consumption rate was 

significantly decreased. Global proteome analyses revealed that the addition of 

hydrogen induced an increase in the production of Group 1d and Group 2b [NiFe]-

hydrogenases, and hydrogenase accessory proteins. Notably, the upregulation of the 

Group 1d, 2b [NiFe]-hydrogenases was concomitantly linked to a reconstruction of the 

energy metabolism in strain SC2. 

In another project, genome-scale metabolic modeling and growth experiments 

were applied to show that strain SC2 has the capacity to utilize acetate through the 

glyoxylate assimilation pathway. In addition, the study revealed that in type II 

methanotrophs, energy demand for methane oxidation is covered by complex I of the 

electron transport chain. 

In summary, our research demonstrates how to experimentally link the 

metabolic potential of Methylocystis sp. strain SC2 with the underlying proteome 

complexity.  Thus, the newly developed highly reproducible SC2 proteomics workflow 

represents a high-throughput method that makes it possible to achieve in future 

research an understanding of the molecular adaptation mechanisms of strain SC2 to 

environmental change.
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Zusammenfassung 
Die mikrobielle Methanoxidation ist eine der grundlegenden Prozesse im globalen 

Methankreislauf. Methanoxidierende Bakterien oder Methanotrophe sind die 

wichtigste biologische Senke von Methan, welches sowohl natürlichen als auch 

anthropogenen Quellen entstammt. Unser Modellorganismus, Methylocystis sp. Stamm 

SC2, ist einer der am besten untersuchten Vertreter der den Alphaproteobacteria 

zugehörigen Typ IIa Methanotrophen. Methanotrophe Bakterien bilden in Abhängigkeit 

von ihrer Aktivität intracytoplasmatische Membranen aus. Diese für Mikroorganismen 

einzigartige Zellstruktur stellt in Hinblick auf Proteomanalysen dieser Bakterien eine 

erhebliche Herausforderung dar. In der vorliegenden Arbeit war es daher mein 

vorrangiges Ziel, die Methodik für eine effiziente SC2-Proteomanalyse zu entwickeln. 

Zellaufschluss und Solubilisierung der integralen Membranproteine waren daher ein 

zentrales Element meiner Untersuchungen, um diese nach anschließendem Verdau dem 

massenspektroskopischen Nachweis zugänglich zu machen. Meine neu erarbeitete 

Methodik erlaubte nicht nur die Signalintensität membranassoziierter Proteine um den 

Faktor 10 zu erhöhen, sondern führte auch im Vergleich zu vorhergehenden Verfahren 

zu einer signifikanten Verbesserung der Reproduzierbarkeit in der 

Proteinquantifizierung (mittlerer Variationskoeffizient 3,2%). Frühere Berichte wiesen 

darauf hin, dass der Tandem-LysC/Trypsin-Verdau zu einer höheren Abdeckung mit 

vollständig gespaltenen tryptischen Peptiden führt als ein Verdau nur durch Trypsin. 

Daher wurde im Rahmen der Entwicklung einer für Stamm SC2 effizienten Methodik 

solch ein Tandem-LysC/Trypsin-Verdau angewandt, um damit die Abdeckung des SC2-

Proteoms zu erhöhen. Der Tandem-LysC/Trypsin-Verdau wird traditionell in einer 

chaotropen Umgebung (z.B. Harnstoff) durchgeführt. Ich habe daher in einer 

Folgestudie die Effizienz des Tandem-LysC/Trypsin-Verdaus in der Umgebung von 

Detergenzien (z.B. SDC, SLS) untersucht, da dies die methodische Durchführung 

erheblich vereinfachen würde. Es zeigte sich, dass der Tandem-LysC/Trypsin Verdau 

nicht nur in chaotroper Umgebung sondern auch in MS-kompatibler Detergenzien-

Umgebung effizient durchführbar ist. Im Vergleich zu einem Verdau ausschließlich mit 

Trypsin kommt es auch mit dieser Variante zu einer höheren Abdeckung mit vollständig 

gespaltenen Peptiden.  
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Die neu entwickelte Methodik zur effizienten Analyse des SC2-Proteoms wurde 

dann in Untersuchungen zur Frage eingebunden, ob Wasserstoff von Stamm SC2 als 

alternative Energiequelle genutzt werden kann. Ausgangspunkt dieser Fragestellung 

war die Kenntnis, dass Stamm SC2, aber auch andere Methylocystis spp., das genetische 

Potential zur Produktion eines breiten Spektrums an Hydrogenasen hat. Die Zugabe von 

2% Wasserstoff zur Atmosphäre führte unter limitierenden Bedingungen an Methan und 

Sauerstoff nicht nur zu einer vollständigen Verwertung des Wasserstoffs sondern auch 

zu einem signifikant höheren Biomasseertrag bei gleichzeitig verringerter 

Verbrauchsrate an Methan. Die Analyse des SC2-Proteoms zeigte, dass die Verwertung 

des Wasserstoffs mit einer signifikant erhöhten Produktion von [NiFe]-Hydrogenasen 

der Gruppen 1d und 2b sowie von akzessorischen Hydrogenase-Proteinen einherging. 

Die Verwertung von Wasserstoff als alternative Energiequelle durch Methylocystis spp. 

könnte für die Erzielung hoher Biomasseerträge in biotechnologischen Fragestellungen 

von Nutzen sein.  

In einer weiteren Studie wurde unter Anwendung Genom-basierter 

metabolischer Modelle gezeigt, dass Stamm SC2 das Potenzial hat Acetat mittels des 

Glyoxylat-Stoffwechselwegs als Substrat zu nutzen. Ferner beIegten die 

Forschungsergebnisse, dass die Elektronen notwendig für die Oxidation von Methan zu 

Methanol durch den Komplex I der Atmungskette gestellt werden.  

In der Summe ermöglichten die hier beschriebenen Arbeiten Experimente zum 

metabolischen Potenzial und der Molekularbiologie von Stamm SC2 in sinnvoller Weise 

miteinander zu verknüpfen. Mit der effizienten Proteomanalyse von Stamm SC2 steht 

jetzt ein schnelles und reproduzierbares Verfahren zur Verfügung um in Folgestudien 

auf molekularbiologischer Ebene vertiefte Kenntnisse zu den Anpassungsmechanismen 

von Stamm SC2 auf Umweltveränderungen zu erzielen. 
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Introduction 

 
     In order to provide conceptual background information for the research chapters 

presented in my doctoral thesis, I give in Chapter 1 (Introduction) an overview of the 

processes involved in methane cycling followed by various aspects of methanotrophy. 

The different types of methanotrophs, their habitats, the biochemistry of their 

methane oxidation and carbon assimilation pathways, and the molecular techniques 

available for research on methanotrophs are discussed. In the end of the Chapter 1, I 

introduce our model organism Methylocystis sp. strain SC2 and present the objectives 

of my study. 

 
1.1. Global methane budget 

Methane (CH4) is the most abundant organic compound in the Earth's atmosphere. It is 

considered as a greenhouse gas, along with water vapor (H20), carbon dioxide (C02), 

nitrous oxide (N2O), ozone (03), and the chlorofluorocarbon compounds (Wahlen, 1993). 

Methane is known to be the second most significant greenhouse gas in the atmosphere 

with a global warming potential (GWP100) 28-36 times greater than CO2 (Myhre et al., 

2014; Lau et al., 2015; Hakobyan et al., 2018). With its current atmospheric 

concentration of 1.85 ppmv, CH4 contributes approx. 15% to the total greenhouse effect 

(Cubasch et al., 2014; Saunois et al., 2016). Therefore, the methane cycle is one of the 

most important biogeochemical processes of the earth's system.  

Atmospheric CH4 can be of biogenic, thermogenic, pyrogenic, or mixed origin 

(Figure 1). Biogenic sources of CH4 include methane-producing microorganisms 

(methanogens) that live in anaerobic habitats, such as wetlands, rice fields, lakes with a 

low concentration of dissolved oxygen, permafrost, the digestive system of ruminants 

and termites, and organic waste (composts, sewage, landfills). Thermogenic methane, 

formed over millions of years, refers to fossil fuels. It releases to the atmosphere 

through natural processes, in particular from the development of coal, oil and natural 

gas deposits. Pyrogenic CH4 is the product of incomplete combustion of biomass, fossil 

fuels and biofuels, as well as soil organic matter during forest fires. Mixed methane 

1 
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usually has a geological origin or is released from gas hydrates (Kirschke et al., 2013; 

Turner et al., 2019) 

 

Figure 1 | Atmospheric methane budget. The balance of methane sources and sinks create the global 
methane budget. Biogenic methane is produced by the activity of methanogens in wetlands, landfill sites, 
agricultural soils, and termites. In contrast, thermogenic methane is generated during long-lasting 
geological natural processes such as coal, oil, and natural gas production. Pyrogenic methane is formed 
through forest fires, incomplete combustion of fossil fuels, biomass and biofuels. Finally, deep sea 
hydrates are considered as a mixed source of methane. The largest methane sinks are the OH- radicals in 
troposphere and methane-oxidizing bacteria in oxic soils. Adopted from Encyclopædia Britannica, Inc.   
 

Starting from the industrial era, over the past 15 years, the atmospheric concentration 

of methane has significantly increased (Cubasch et al., 2014). Following a relative stable 

period between 1990 and 2006, the methane concentration in the atmosphere has been 

rapidly increasing since 2007 (Dlugokencky et al., 2011), thereby leading to an imbalance 

in the global methane budget (Rigby et al., 2008; Kirschke et al., 2013; Saunois et al., 

2016). Due to the acceleration of the methane emission to the atmosphere over the last 

years, the level of mitigation is currently most closely consistent with RCP 

(Representative concentration pathways) 8.5 W m -2 (Fujino et al., 2006; Riahi et al., 

2007; van Vuuren et al., 2007) (Figure 2). According to estimates of IPCC (The 

Intergovernmental Panel on Climate Change) under the RCP 8.5 scenario, the methane 

emissions will increase throughout the 21st century and will reach 888 Tg CH4 per year 
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1970, after extensive work on the isolation and description of more than 100 isolates, 

the first classification of methanotrophic bacteria was proposed (Whittenbury et al., 

1970). All methanotrophs known at that time belonged to the later-described 

Proteobacteria phylum and were divided into two subgroups, termed type I and type II. 

The phylum Proteobacteria was established by Carl Woese in 1987 (Woese, 1987).  

Several characteristic features were used for the differentiation of the 

proteobacterial methanotrophs into type I and type II methanotrophs. As a rule, type I 

methanotrophs use the ribulose monophosphate pathway (RuMP) for the assimilation 

of formaldehyde and have intracytoplasmic membranes (ICMs) organized in the form of 

stacks of flattened vesicles that fill most of the cell and are oriented perpendicular to 

the cell membrane (Figure 3). In contrast, type II methanotrophs use the serine pathway 

for formaldehyde assimilation, and their ICMs are stacks of flattened vesicles oriented 

parallel to the outer membrane and located around the cell perimeter (Figure 3). In 

addition, type I and II methanotrophs were proposed to differ in the predominant fatty 

acids, with 16 (type I) and 18 (type II) carbon atoms (Hanson and Hanson, 1996; 

Trotsenko and Murrell, 2008). Later, the comparative analysis of 16S rRNA genes 

confirmed the phylogenetic distinction of type I and type II methanotrophs. Type I 

methanotrophs belong to the class Gammaproteobacteria, while type II methanotrophs 

are members of the class Alphaproteobacteria. 

 

Figure 3 | Electron micrograph of a cross-section of the Type I methanotroph Methylomonas methanica 
(left) showing characteristic bundles of intracytoplasmic membranes (ICMs) inside the cell and a typical 
Type II methanotroph Methylosinus trichosporium (right) showing characteristic ICMs arranged around 
the periphery of the cell. 
 

Until recently, the entire diversity of methanotrophic Gammaproteobacteria was 

combined in the Methylococcaceae family. Initially, five genera of methanotrophic 

bacteria have been described within the Alphaproteobacteria: Methylosinus, 
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indicator C18 fatty acid for type II methanotrophs. In addition, representatives of the 

genera Methylocella and Methyloferula lack pMMO, which is present in all other aerobic 

methanotrophs (Dedysh et al., 2000; Vorobev et al., 2011).  

 

Figure 4 | Phylogeny of described aerobic methanotrophic bacteria based on 16S rRNA gene sequences. 
A neighbor-joining tree was calculated with Jukes Cantor correction based on 1556 nucleotide positions 
using the ARB software package. The tree was rooted with sequences of methanogenic Archaea 
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20Z (Vuilleumier et al., 2012), and many others were genome-sequenced. Moreover, the 

genome sequences of the acidophilic Verrucomicrobia members Methylacidiphilum 

infernorum V4 (Hou et al., 2008) and Methylacidiphilum fumariolicum strain SolV 

(Khadem et al., 2012) were made available.  

Upon the availability of high-quality genome sequences of methanotrophs, 

comparative genomics started to be commonly used for the study of genetic differences 

between closely related strains of a single species, species of a particular genus, or 

species of related genera of methanotrophs (Blom et al., 2009; Dam et al., 2013). 

Genome sequencing and comparative genomics provided new insights into the 

metabolic pathways of methanotrophic bacteria. For instance, genomic analyses of the 

verrucomicrobial methanotroph Methylacidiphilum fumariolicum SolV indicated that, in 

contrast to proteobacterial methanotrophs, it possesses a complete Calvin cycle. Thus, 

it uses carbon dioxide as its sole carbon source, while it oxidizes methane to generate 

energy (Khadem et al., 2011; Khadem et al., 2012).  

Furthermore, transcriptomics has become a common approach in the field of 

methanotroph research. Transcriptomics provides information about the total mRNA in 

the cell and about the genes that are actively expressed at the time of sampling (Baldrian 

and Lopez-Mondejar, 2014). Transcriptomic analyses of the type IIa methanotroph 

Methylocystis sp. strain SB2 revealed the mechanisms involved in its facultative growth 

on ethanol (Vorobev et al., 2014). The transcriptome of M. alcaliphilum 20Z, grown 

under limited O2 supply, showed its ability of a novel methane-derived formaldehyde 

fermentation, leading to the formation of formate, acetate, succinate, lactate, and 

hydroxybutyrate as end products (Kalyuzhnaya et al., 2013). Finally, Methylocystis sp. 

strain SC2 (details in section 1.4) was used in two transcriptomic studies. These revealed 

the molecular mechanisms of its adaptation to high-ammonium load and salt stress 

(Dam et al., 2014; Han et al., 2017). 

While several well-described protocols for DNA and RNA extraction from 

methanotrophic cells have been published, there exist nearly no report on the efficient 

isolation of proteins. The special architecture of the methanotrophic cells, particularly 

the presence of ICMs, makes these organisms a challenge for proteomics studies. In fact, 

special approaches are required to get access to the complete proteome of 

methanotrophs. Therefore, no proteomics research had been conducted on 
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monitors product ions of a targeted peptide with high resolution and mass accuracy 

(Gallien et al., 2012; Peterson et al., 2012). Thereby, PRM offers higher specificity than 

SRM on quadrupole instruments. In addition, PRM tracks the product ions with higher 

resolution than SRM and is therefore less likely to be affected by interfering ions. Thus, 

PRM is considered more advanced technology of targeted proteomics, which requires 

much less effort than the traditional SRM assay (Gallien et al., 2012). 

 

Figure 11 | Mass spectrometry-based techniques in proteomics. All settings comprise isolation and 
fragmentation of precursor ions and recording of the mass-to-charge ratio of MS2 fragment ions in a mass 
analyzer. (Upper panel) In DDA MS, only the most abundant precursor ions (TopN) per MS1 scan are 
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selected for consecutive isolation and fragmentation. A linear ion trap, an Orbitrap, or a TOF analyzer is 
used for the high-throughput acquisition of MS1 and MS2 spectra. (Middle panel) In targeted MS, 
SRM/MRM exploits the capability of a triple quadrupole to screen a list of transitions (tr), i.e. precursor-
fragment ion pairs. The transitions are monitored over time to yield ion traces corresponding to the 
peptides of interest. PRM experiments are conducted using an Orbitrap-type high-resolution and accurate 
mass spectrometer (e.g. Q-Exactive). All MS2 product ions derived from predefined peptides (MS1 
precursors) are recorded over time to generate the ion chromatographic traces. (Lower panel) HRM and 
SWATH MS are two fundamentally similar data-independent acquisition methods employing an Orbitrap-
type and a quadrupole TOF high-resolution accurate mass spectrometer, respectively. In DIA mode, 
multiplexed ion traces are acquired by repeatedly cycling through predefined consecutive precursor 
isolation windows (originally 32 × 25 Th) and by monitoring all fragment ions. Adopted from (Caron et al., 
2015).  
 

The technological development in recent years (Bin Goh et al., 2015) has led to the 

establishment of data-independent acquisition methods (DIA), which represent a 

combination of discovery and targeted proteomics approaches (Figure 11, lower panel). 

Here, the precursors are selected and fragmented regardless of their abundance in the 

sample, thereby offering a more consistent quantification of protein samples. Among 

those methods, SWATH (sequential window acquisition of all theoretical mass spectra) 

are the most well-known and widely used (Gillet et al., 2012). SWATH-MS does not 

require prior selection of single precursor ions, but is rather based on the acquisition of 

fragment-ion information by repeatedly cycling through relatively wide precursor 

isolation windows (Ludwig et al., 2018). The SWATH windows (e.g. 25 Da) have 

predefined broad range of m/z and usually cover the entire mass range of most MS-

measurable precursors (Gillet et al., 2012). Thus, the SWATH strategy creates a 

comprehensive multi-window SWATH map for each sample with a single injection (Bin 

Goh et al., 2015).  Similar to targeted proteomics, SWATH-DIA data can be assessed in 

targeted manner using spectral libraries that contain retention time and fragmentation 

information for the selected peptide precursors. Thus, SWATH allows for the 

identification and quantification of a large set of proteins, similar to classical discovery 

(DDA) approaches, but with the accuracy and reproducibility of SRM/PRM for a larger 

number of samples (Ludwig et al., 2018). However, the highly complex fragment spectra 

derived from multiple precursor ions makes the data-analysis quite challenging (Bin Goh 

et al., 2015). Moreover, SWATH-DIA data are producing more noise than most DDA data 

due to parallel fragmentation of an increased number of precursors (Gillet et al., 2012). 

Nonetheless, recent improvements in software tools and bioinformatics now enable 

accurate analysis of SWATH-DIA data. 
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sequence levels  (Dunfield et al., 2002; Dam et al., 2012a). In addition, three 

monocistronic pmoC paralogs were identified, with one present on plasmid pBSC2-2 

(pmoC3Ps) (Figure 14A). The exact function of pmoC3Ps is not yet known (Dam et al., 

2013).  

 

Figure 14 | (A) Circular representation of the gap-closed genome of strain SC2 with two plasmids, pBSC2-
1 and pBSC2-2. Open reading frames (ORFs) are colored according to their function: red, plasmid 
replication and maintenance; orange, conjugation; light green, ORFs having homology to some functional 
proteins; dark green, nitrogen metabolism; blue, transposase-like proteins; light gray, hypothetical 
proteins; dark gray, conserved hypothetical proteins. The singleton pmoC (marked with an arrow) and its 
upstream regulatory gene in pBSC2-2 are colored sky blue. Adopted from (Dam et al., 2012b) (B) 
Phylogenetic tree showing the relationship of the derived amino acid sequences of the two partial pmoA 
fragments of Methylocystis sp. SC2 to those of selected type II and type I methanotrophs. The tree was 
constructed using a neighbour-joining algorithm with a Kimura correction. Bootstrap values >80% are 
indicated. The scale bar represents 0.1 change per amino acid position. Adopted from (Dunfield et al., 
2002). 
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To study the methane oxidation kinetics of the pMMO1 and pMMO2 isozymes, a suicide 

vector was introduced to strain SC2 targeting either pmoCAB1 or pmoCAB2 (Figure 14B) 

(Baani and Liesack, 2008). The results showed that the expression of pMMO1 takes place 

at methane concentrations >600 ppmv. In contrast, pMMO2 was constitutively 

expressed, capable of oxidizing CH4 even at atmospheric concentrations of 1.75 ppmv. 

In addition, pMMO2 allowed strain SC2 to maintain growth at methane mixing ratios 

between 10 and 100 ppmv (Baani and Liesack, 2008).  

 

Figure 15 | Genetic organization of four [NiFe]-hydrogenases in Methylocystis sp. strain SC2. Genes/ 
domains are color-coded as follows: green = catalytic site; blue = small subunit; yellow = electron acceptor 
or donor; red = redox subunit; light orange = maturation factor; dark orange = ion-translocation module; 
purple = regulatory module; grey = conserved hypothetical. Redox-active centers are shown in circles, 
where: orange = heme; red = [4Fe4S] cluster; yellow = [2Fe2S] cluster; green = [3Fe4S] cluster; purple = 
[4Fe3S] cluster. Genes are named according to nomenclature if previously defined. Adopted from 
(Greening et al., 2016) 
 

Similar to other type IIa alphaproteobacterial methanotrophs, strain SC2 possesses 

genes involved in the serine pathway of formaldehyde assimilation. In addition, genes 

encoding complete TCA cycle and poly-beta-hydroxybutyrate (PHB) metabolism were 

identified (Dam et al., 2013). Interestingly, strain SC2 was shown to produce the 

maximum amount of PHB among five tested Methylocystis members and the third 

highest among all alphaproteobacterial methanotrophs (Pieja et al., 2011).  
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protein from starved cells, and CsbD family protein) were significantly up-regulated. 

Amino acid profiling showed that glutamate was accumulated upon salt stress, acting 

as an osmoprotectant. In summary, the results revealed that strain SC2 is able to cope 

with salt stress, but only in a narrow range between 0.5% to 1.0 NaCl (Han et al., 2017). 

Given the prevalence of Methylocystis spp. in both lowland and upland soils and 

the whole-genome transcriptome research already conducted on strain SC2, it 

represents an excellent model organism to study the molecular mechanisms involved in 

methane oxidation under a broad range of environmental factors.  

 

1.5. Objectives of the study 

Over the last decades, comprehensive research on the diversity, physiology, and ecology 

of methane-oxidizing bacteria has been published. The great interest in methanotrophic 

bacteria is primarily due to their ability to mitigate the greenhouse effect of methane by 

acting either as a biofilter for methane in methanogenic environments or as a sink for 

atmospheric methane in upland soils. However, methane is also a low-cost natural 

resource with great potential for applications to produce biopolymers, liquid value-

added products, and high-quality feed protein. Despite the fact that methanotrophs 

have been studied for decades, there still exist major gaps in our knowledge of this 

important bacterial group; in particular with regard to their molecular biology and, as a 

consequence, their use in biotechnological applications. Primary reason is the lack of 

time- and cost-efficient molecular and metabolic engineering techniques for this group 

of organisms. Our model organism, Methylocystis sp. strain SC2, is one of the well-

characterized members of the alphaproteobacterial type II methanotrophs, including a 

finished genome sequence. Therefore, it represents a suitable model organism to 

address questions related to the molecular biology of this bacterial group; including 

those with a potential for metabolic engineering and biotechnology.  

 

Chapter 2. Crude-MS strategy for in-depth proteome analysis of the methane-

oxidizing Methylocystis sp. strain SC2.   

To date, very few proteomics studies have been conducted on methanotrophs (details 

in 1.3.1). The major challenge for proteomics studies of type II methanotrophs is the 
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high amount of membrane-associated proteins that need to be efficiently solubilized 

and digested for downstream analysis. Therefore, we aimed to build on recent 

developments in sample preparation strategies and improvement in MS 

instrumentation to establish an efficient analytical proteomics workflow for the 

environmentally highly important members of the family Methylocystaceae, with 

Methylocystis sp. strain SC2 as our model organism.   

Our research questions: Could the optimized proteomics workflow increase the protein 

quantification accuracy and proteome coverage of strain SC2? In particular, will the SC2-

specific proteomics workflow increase both identification and coverage of the membrane 

sub-proteome essential for methanotrophic lifestyle? 

 

Chapter 3. Efficient tandem LysC/Trypsin digestion in detergent conditions.  

In proteomics workflows, the efficient tryptic cleavage is characterized by the 

generation of the maximum number of most intense fully cleaved peptides, while 

keeping the miscleavage events on a minimal level. Previous studies disclosed that 

LysC/trypsin tandem digestion applied in a differential denaturation environment of 

chaotropes (e.g., urea), significantly increases the efficiency of proteolysis. Nonetheless, 

detergents used in in-solution digestion proteomics workflows resulted in less 

solubilization bias and protein-modifying properties than urea.  

Our research questions: Is the advantageous efficiency of LysC/trypsin tandem digestion 

in MS-compatible detergent environments similarly high as in chaotropic environments? 

Are the beneficial effects of tandem digestion caused by different target specificities of 

LysC and trypsin or by the digestion environment? 

 

Chapter 4. Hydrogen utilization by Methylocystis sp. strain SC2 expands the 

known metabolic versatility of Type IIa methanotrophs. 

Contrary to the long-held paradigm that methanotrophs obligately utilize methane as 

the only source of carbon and energy, recent pure culture studies have provided 

evidence that alphapoteobacterial type II methanotrophs possess a facultative 

metabolism. Several Methylocystis spp. have been shown to grow on simple organic 

acids, alcohols, and short-chain alkane gases. More recently, alphaproteobacterial 
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methanotrophs, including strain SC2, have also been shown to contain genes encoding 

different types of [NiFe]-hydrogenases.  

Our research questions: Is strain SC2 able to use hydrogen as an alternative energy 

source to optimize its biomass yield by mixed utilization of CH4 and H2 relative to the 

utilization of only CH4 as an energy source? Is thereby CH4 primarily used for synthesis of 

cell carbon and increased biomass/protein yield? Which CH4/O2 ratios may maximize the 

effect of hydrogen addition on the biomass yield and proteome response of strain SC2? 

 

Chapter 5. Genome scale metabolic modeling reveals the metabolic potential 

of three Type II methanotrophs of the genus Methylocystis. 

Methanotrophs are attracting a growing attention as potential cell factories, due to their 

ability to use methane as a carbon and energy source. Methane is a greenhouse gas and 

its utilization, as a feedstock would constitute a carbon sink. The recognition of the 

methane oxidation mechanism and the C1 assimilation pathways may give the 

information about the steps in the carbon metabolism that can be potential targets for 

metabolic engineering and biotechnological applications 

Our research questions: Is it possible to reveal the mechanisms of methane oxidation in 

well-studied Methylocystis species based on the Genome Scale Metabolic Models 

(GSMMs)? Could GSMMs predict the target metabolic pathways and culture conditions 

for effective metabolic engineering applications of these methanotrophs? 
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Beynon, 2012; Zeiler et al., 2012; Picotti et al., 2013; Simicevic et al., 2013; Maass and 

Becher, 2016). Well-known strategies use isotopically labeled reference peptides or 

proteins as internal standards. The standards are incorporated into the workflow for 

quantification of individual proteins or even total proteomes (Picotti et al., 2013). Such 

global absolute quantification strategies are highly accurate but unfortunately very 

costly. Therefore, alternative strategies have been developed estimating protein 

abundances based on label-free quantification (LFQ) data. They assume a correlation 

between peptide precursor intensities and protein abundances (iBAQ or Top3) (Silva et 

al., 2006; Schwanhausser et al., 2011). These alternative approaches have gained much 

attention over recent years because such absolute abundance estimators can be readily 

extracted from total proteome measurements, yet absolute quantification studies may 

suffer from nonoptimal solubilization conditions (Glatter et al., 2015). Therefore, we 

anticipated that currently available sample preparation strategies, aiming at a universal 

solution, might have to be optimized for yielding better extraction efficiencies on 

specialized proteomes. 

To date, very few proteomics studies have been conducted on methanotrophs. 

The only existing studies focused on differential expression proteomics of two well-

studied methanotrophs, Methylococcus capsulatus Bath (type I, (Kao et al., 2004; Berven 

et al., 2006)) and Methylocella silvestris (type IIb, (Patel et al., 2009)). In contrast to type 

IIa methanotrophs (family Methylocystaceae), M. silvestris (family Beijerinckiaceae) 

possesses only sMMO but lacks ICM and pMMO (Dunfield et al., 2003; Chen et al., 2010).  

In this study, we aimed to build on recent developments in sample preparation 

strategies and improvement in MS instrumentation to establish an efficient analytical 

workflow for the environmentally highly important members of the family 

Methylocystaceae, with Methylocystis sp. strain SC2 as our model organism. 

 

2.3. Materials and methods 

2.3.1. Cell culture conditions 

For all steps of protocol optimization, Methylocystis sp. strain SC2 was cultivated in 

nitrate mineral salts (NMS) medium with the same basic composition as reported earlier 

(Heyer et al., 2002; Dam et al., 2014). As a nitrogen source, the medium was
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Visualization of the final graphs and figures was accomplished with SigmaPlot version 

2.5, TIBCO Spotfire and Adobe Illustrator CS5. 

 

2.3.7. Raw files and associated data deposition 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the data set 

identifier PXD009027. 

 

2.4. Results and discussion 

Our model organism, Methylocystis sp. strain SC2, is a representative of one of the 

important methanotroph groups in terrestrial environments. As all molecular studies 

hitherto made with SC2 were on the transcriptome level (Dam et al., 2014; Han et al., 

2017), we performed the first in-depth proteomic investigation. By first profiling the 

solubilization preferences, we obtained critical parameters for the ICM-containing SC2. 

Given the strong difference in protein concentration between crude and clear lysates of 

SC2, we decided to examine whether solubilization and lysate effects can also be 

observed for related type IIa methanotrophs of the family Methylocystaceae 

(Methylocystis/Methylosinus group). Using the crude-MS strategy, we showed how 

sample preparation strategies contributed to quantification biases, in particular for 

membrane-associated subproteomes within whole-cell proteomics. Our results suggest 

that the crude-MS strategy may also be efficiently applied to other cell types with 

complex membrane architecture. As a proof of concept, we finally applied our new 

protocol to assess the differential expression of a targeted set of proteins under high 

ammonium levels in comparison with standard growth condition (NMS). The proteome 

results were related to transcriptome data obtained previously using the same 

experimental setup. 

 

2.4.1. Elucidating efficient protein solubilization conditions for strain SC2 

Because of the limited biochemical characterization of SC2 and the lack of proteomics 

studies, we started our research by establishing an efficient workflow for the analysis of 

SC2 proteome. It was recently shown how solubilization preferences of individual cell
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reference peptides were determined using Skyline following targeted MS measurements (for details, see 
section 2.3). SDC, sodium deoxycholate; SLS, sodium lauroyl sarcosinate. 

In recent years, the iBAQ strategy has been widely used as an absolute quantification 

index in LFQ workflows.(Nagaraj et al., 2011; Arike et al., 2012; Geiger et al., 2012; Ahrne 

et al., 2013; Carpy et al., 2014; Soufi et al., 2015; Schmidt et al., 2016) We followed this 

strategy and calculated iBAQ values for the two PmoB proteins (Figure 4A). Consistent 

with BCA protein assay measurements and ID-based data evaluation, crude-MS 

confirmed to be superior over clear-MS with the highest iBAQ values detected for 

PmoB1 and PmoB2 subunits. SDC-60-CR gave us outstanding results. It captured 10-fold 

more of the PmoB pool than the least efficient condition. In particular, the low-abundant 

PmoB2 protein was hardly detectable in SLS lysates. Therefore, we omitted SLS 

conditions from further evaluation and focused on SDC only. 

To complement the pMMO-LFQ data and to further investigate the relation 

between lysate method and quantification accuracy, we performed targeted MS of SDC-

solubilized crude and clear lysates using PRM (Gallien et al., 2012). We expected to gain 

a more detailed understanding of how the different conditions affect total protein 

recovery and the digestion process. Because of its high abundance and impact on the 

overall quantification of SC2 proteome, we specifically traced PmoB1 abundance in the 

different SDC buffer systems. We generated two heavy proteotypic peptide standards 

for pmoB1 to conduct targeted MS: R.LGEYTAAGLR.F (peptide 1) and 

R.VSFLNAGEPGPVLVR.T (peptide 2). Each of the two peptides matched one of the 

periplasmic tails of PmoB1. In addition, they were not located within sequence motifs 

that were likely to produce miscleavages (Glatter et al., 2012) (Figure 4B). The two heavy 

standards were spiked into SC2 peptide samples and the light-to-heavy (L/H) ratios were 

monitored in all four conditions following the PRM assays. In general, we found that the 

average L/H relative intensity ratios of our targeted analysis were consistently the 

highest in crude lysates after 60 min of incubation (60-CR) (Figure 4C and Table S-7). It 

showed around 1.6-fold and 13-fold higher ratio values than 15-CR and 15-CL, 

respectively (Figure S-8). These differences in PmoB1 recovery were in good agreement 

with our LFQ data. When comparing the individual L/H ratios of peptide 1 and peptide 

2, we found that these two peptides had highly similar L/H ratios only in the 60-CR 

samples. By contrast, their L/H ratios strongly varied in 15-CR and 15-CL samples (Figure 

S-8 and Table S-7). This observation suggests that each periplasmic tail of PmoB1 may 
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have different solubilization and denaturation properties and optima. We cannot 

exclude that such a heterogeneous solubilization/denaturation within a given protein is 

restricted only to a limited number of individual proteins, such as PmoB1. Even so, such 

property will certainly increase the likelihood of more erroneous protein quantification, 

especially when targeted MS is performed with only one peptide standard per protein. 

 

2.4.5. Recovery of methane oxidation and C1 assimilation proteins in SDC-60-

CR samples 

We observed major differences in the recovery of PmoB between the different lysate 

types. To further elucidate the SC2 proteome coverage, we assessed whether our new 

procedural steps introduce biases into the recovery of downstream proteins involved in 

methane oxidation and carbon assimilation. Formaldehyde is a central intermediate that 

is generated by the consecutive oxidation of methane and methanol. It is either 

assimilated via the serine pathway into cell carbon or further oxidized to formate and 

finally carbon dioxide to gain energy for growth. Serine cycle is being used to produce 

acetyl-CoA, which is channeled either into polyhydroxybutyrate (PHB) synthesis or the 

tricarboxylic acid (TCA) cycle under nutrient-deficient and nutrient-sufficient conditions, 

respectively (Semrau et al., 2010; Chidambarampadmavathy et al., 2015; Karthikeyan et 

al., 2015). The required energy for the methane oxidation step is produced during 

oxidation of methanol to formaldehyde by the activity of pyrroloquinoline quinone 

(PQQ)-dependent methanol dehydrogenase. Additional energy, in form of reduced 

equivalents, is generated in the two successive oxidation steps from formaldehyde to 

formate (formaldehyde dehydrogenase) and formate to carbon dioxide (formate 

dehydrogenase). Formaldehyde oxidation step involves four cofactors: tetrahydrofolate 

(H4F), tetrahydromethanopterin (H4MPT), glutathione (GSH), and mycothiol (MSH) 

(Vorholt, 2002; Fei et al., 2014). Pathway reactions that include H4F/H4MPT are common 

among type IIa methanotrophs and many methylotrophs, and usually involve 

formaldehyde activating enzyme (Fae) (Vorholt et al., 2000).  

We identified 78 proteins that were related to pMMO complexes, methanol 

oxidation and formaldehyde assimilation (FAA), serine cycle, PHB, glycerate 

regeneration (GR), and TCA cycles (Table S-8). These proteins cover major metabolic 

pathways of SC2 and thus allow for an accurate assessment of the experimental 



C h a p t e r  2                                                  P a g e | 71 

 
conditions (Figure 5A). We generated line charts averaged on protein group log2-iBAQ 

intensities for each of the four experimental conditions studied (Figure 5B). Consistent 

with our previous results, abundance changes differed most between 15-CL and 60-CR. 

Differences were also detectable between 15-CR and 60-CR, albeit less pronounced. 

Importantly, effects on protein abundance were not only observed for integral 

membrane PmoB protein, but also for proteins involved in methanol oxidation and in 

PHB/GR and TCA cycles. Among other proteins, these pathways contain membrane 

proteins or membrane proximal proteins involved in electron transfer. Like PmoB, these 

proteins showed an increased iBAQ profile in 60-CR lysates relative to all other lysate 

types. 

 

Figure 5 | (A) Illustration of the SC2 cell structure and main biochemical pathways involved in methane 
oxidation and carbon assimilation. All identified proteins are shown in green. pMMO, particulate methane 
monooxygenase; MDH, methanol dehydrogenase; FADH, formaldehyde dehydrogenase; FDH, formate 
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primarily focused on the effect of increasing ammonium on the differential expression 

of methane and nitrogen metabolism-related genes. 

 

Figure 6 | (A) Volcano plot illustrating LFQ data obtained from cells grown under control (NMS) and high 
ammonium (NH4) conditions. The x-axis shows the log2-fold change of protein abundance, while the y-
axis indicates the negative log10q-values. Significance areas are highlighted by color. (B) Box plots show 
total protein numbers and median CV. (C) Heat map showing enriched GO terms among differentially 
expressed proteins in control and high ammonium treated samples upon LFQ analysis (see Volcano plot). 
Significance level of GO term enrichment is indicated by different colors. (D) Comparative 
transcriptome/proteome analyses of strain SC2 under standard (NMS) and high ammonium conditions. 
Nitrogen metabolism of strain SC2 based on identified pathway proteins is shown (left graph). Log2 fold 
change ratios (NH4/NMS) of methane oxidation and nitrogen metabolism-related transcripts (Dam et al., 
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(Lovell et al., 2003; Staples et al., 2007), NifDK complex is expected to more rapidly 

respond to the excess of alternative nitrogen sources than other subunits of the enzyme. 

In summary, we successfully tested our newly developed proteomics workflow on the 

differential expression analysis of proteins involved in the methanotrophic lifestyle of 

SC2 under different nitrogen conditions. Key proteins that were highly regulated on their 

transcript level showed a concurrent trend of abundance change on protein level. 

Therefore, we conclude that our crude-lysis proteomics workflow is a fast and reliable 

way to accurately analyze the response of strain SC2 with high coverage to any type of 

environmental change. 

 

2.4.7. Strain SC2: A highly specialized proteome compared to E. coli 

The unexpectedly high impact of the lysis method on the SC2 proteome coverage made 

us decide to also apply our newly developed workflow to E. coli strain K-12, which 

showed a different solubilization profile (Figure 1D). In particular, we were interested in 

identifying the major differences in workflow performance between SC2 and E. coli; two 

bacteria that obviously differ in their cell structure. The E. coli proteome has been 

studied in detail (Soufi et al., 2015). Most recently, its in-depth quantitative analysis 

showed a condition-dependent proteome-wide representation of protein copy numbers 

per cell (Schmidt et al., 2016).  

To compare the two proteomes, we processed mid log phase cultures of SC2 and 

E. coli and calculated iBAQ values for the digested proteomes (Table S-3 and S-12). The 

limited annotation coverage of SC2 relative to the well-annotated E. coli proteome made 

it difficult to compare the two proteomes in detail. Therefore, we ranked all the iBAQ 

protein values (Figure 7A) and focused on the first 20 most expressed proteins (Top20). 

SC2 had a large number of methane oxidation pathway proteins among the highly 

expressed proteins, with the pMMO1 proteins ranking always within the Top20 (Figure 

7A and 7B). This relates well to the results of global transcriptome studies on type IIa 

methanotrophs, where pmoCAB1 genes had always been higher expressed than all 

other pathway genes (Matsen et al., 2013; Dam et al., 2014; Vorobev et al., 2014; Han 

et al., 2017). Next, we calculated the proteome fraction (PF) of individual proteins and 

the contribution of Top20 proteins to the total SC2 proteome. The PF coverage of Top20 

proteins was 39% in SC2 compared to around 36% in E. coli. Although it was in a similar 
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2.5. Conclusions 

In this study, we developed an optimized global proteome analysis workflow for a 

representative member of type IIa methanotrophs, Methylocystis sp. strain SC2. Among 

the methane-oxidizing bacteria, Methylocystis spp. are most widespread in nature 

(Knief, 2015). We showed that detergent-based, and in particular SDC-based, 

procedures are more efficient in extracting and solubilizing SC2 proteins than chaotropic 

strategies. The incubation time proved to be one of the critical parameters for optimal 

protein yields. Another unexpected finding was that the removal of cell debris from the 

crude cell lysate strongly reduced the fraction of membrane-associated proteins from 

the total SC2 proteome, including pMMO complexes. Expanding our research to other 

members of the Methyolocystis/Methylosinus group and to E. coli allowed us to show 

that the preference for particular protein solubilization conditions is a specific property 

of methanotrophic bacteria. Introducing our new crude-MS workflow to LFQ analyses, 

we obtained excellent quantification accuracy and proteome coverage for SC2, with CVs 

among the lowest reported for the global proteome quantification of cultured 

microorganisms. In particular, our SC2-crude-MS-strategy not only significantly 

increased the coverage of pMMO complexes, but also improved the detection of most 

C1 assimilation pathway proteins. These findings were further validated by assessment 

of the proteome response of SC2 to contrasting nitrogen conditions. Transcripts and 

proteins related to pMMO complexes and nitrogen metabolism were highly expressed 

and showed concurrent trends of differential regulation in both transcriptomics and 

proteomics. The results corroborate that our newly developed workflow is a fast and 

reliable way to comprehensively elucidate the global proteome response of SC2 to 

environmental change. 

Finally, compared to E. coli strain K-12, strain SC2 contains an exceptionally high 

content of transmembrane proteins. This explains the lysis-specific solubilization 

preferences of SC2 or, more general, type IIa methanotrophs. On the basis of our results, 

we conclude that specialized proteomes, but in particular those with specific membrane 

architecture, require a dedicated workflow design, for example, in the format of our 

crude-MS strategy. We found that such workflows critically depend on specifically 

optimized lysis conditions, whereas the digestion format may be neglectable.
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2.7.1. Supporting figures 

 

 

Figure S-1 | BCA protein assay of SC2 protein extracts.  Bead beating or French press were used as an 
alternative physical cell lysis technique in addition to SDC-heating/sonication in Methylocystis sp. strain 
SC2. SDC-heating/sonication outperformed both of the techniques.  
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Figure S-2 | Maximum-likelihood tree of type II methanotrophs based on 16S rRNA gene sequences. The 
tree shows the relationship of Methylocystis sp. strain SC2 to selected type II methanotrophic bacteria (T 
- type strains).  Escherichia coli str. K-12 substr. MG1655 was used as the outgroup reference. The scale 
bar represents 0.1 change per nucleotide position. The GenBank accession numbers of the sequences are 
given in parentheses after each species name. Evolutionary analyses were conducted in MEGA7 (Kumar 
et al., 2016) using Kimura-2-parameter model (Kimura, 1980).  

 

 

 







C h a p t e r  2                                                  P a g e | 85 

 

 

Figure S-5 | Comparison of ISD and FASP digestion strategies in SDC buffer system; (A) Density plot 
correlation (R2=0.975) between log10 iBAQ values calculated based on LFQ of the two digestion strategies 
presented in density plots (density descending from light blue to dark green color), (B) Median coefficient 
of variation (CV) in percentage based on three individual biological replicates of each digestion condition. 
SDC - sodium deoxycholate; ISD-in-solution digestion; FASP - filter-assisted sample preparation. 
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Figure S-7 | Number and structure of transmembrane domains in pMMO1 and pMMO2 predicted with 
Protter version 1.0 (Omasits et al., 2014). Localization and protein topology of the pMMO subunits are 
visualized, with the transmembrane domains (TM) shown in orange.  Number of TMs are marked in blue, 
tryptic digest sites are specified with black dashes, and signaling sites are highlighted in red.  
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Figure S-8 |  Targeted (PRM) quantification of PmoB1 protein analyzed by Skyline version 3.6.0. For PRM 
the protein digests were combined with equal volumes of heavy labeled peptide standards of PmoB1 
protein. The ratio of PmoB1 endogenous peptides to their reference heavy peptides (L/H ratio) was 
calculated in SDC buffer system in crude and clear lysates after 15 or 60 min of incubation.  (A) L/H ratios 
of peptide transition intensities of peptide 1 (R.LGEYTAAGLR.F) and peptide 2 (R.VSFLNAGEPGPVLVR.T) in 
SDC-60-CR condition. (B) L/H peak areas in SC2 crude versus clear lysates using SDC buffer, after 15 or 60 
min of incubation. Samples were acquired in three replicates. (C) Tables presenting the retention times 
(RT) and  L/H ratios of peptide 1 and peptide 2 in all the experimental conditions. Comparison of the 
individual L/H ratios of peptide 1 and peptide 2 showed that considered two peptides had highly similar 
L/H ratios only in 60-CR samples. CR - crude lysate; CL - clear lysate; SDC - sodium deoxycholate; SLS - 
sodium lauroyl sarcosinate.  
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