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Summary 

Deciphering the entire protein complement of a living cell together with the elucidation of 
dynamic processes on protein level are the main goals of proteomics as it is used today. To 
achieve this goal, namely the elucidation of dynamic processes of the entire bacterial cell, we 
have developed strategies and distinct workflows to cover the most proteins in different 
subcellular localizations in bacteria together with a stable isotopes labeling approach to follow 
temporal and spatial changes in different proteomic subfractions. 
The first study contributing to this ambitious goal was a study that mainly pointed out to a 
comparison of gel-free and gel-based techniques on deciphering changes in the proteome of heat 
stressed cells of Bacillus subtilis. Subcellular fractionation was performed on exponential growing 
B. subtilis cells to get access to the cytosolic and the enriched membrane fraction. It became clear 
that aside from the classical 2D gel based quantitative proteomic approach, gel-free techniques 
together with alternative labeling methods (in this case based on in vitro chemical labeling by 
iTRAQ (isotope tags for relative and absolute quantitation)) were promising in getting qualitative 
and quantitative access to proteins that were not accessible before (Wolff et al. 2006). 
As it could be stated in the successive review, having improved the accessibility of certain protein 
groups by gel free techniques (allowing the determination of hydrophobic, small and low 
abundant proteins), identification of 34% of the theoretical proteome of growing B. subtilis cells 
was feasible now. By application of different subcellular fractionation methods and either gel 
based and gel free proteomics techniques the qualitative and quantitative description of the entire 
protein complement came into reach as pointed out by Wolff and coworkers 2007. 
During the thesis, it turned out that in vitro labeling techniques were not equally suited for 
cytosolic and other subcellular fractions in B. subtilis proteomics. Therefore, an important 
prerequisite for further determination of the entire protein inventory and its changes during 
different physiological states was the establishment of an in vivo labeling method that was 
compatible with the proteomics workflows that have been used before. We could prove the 
applicability of in vivo 15N-metabolic labeling in a study comparing both SILAC (stable isotope 
labeling with amino acids) and 15N-metabolic labeling (Dreisbach et al. 2008). The combination 
of GeLCMS and in vivo labeling techniques showed up to be easily applicable for cytosolic and 
membrane proteomics giving reproducible results allowing comprehensive and simultaneous 
studies on multiple cellular sub fractions. Altogether we could raise the number of integral 
membrane proteins to be identified to about 25% of the predicted integral membrane proteome. 
Furthermore, the membrane enrichment approach is very specific: 60% of the identified proteins 
belonged either to the group of integral membrane proteins or to proteins functionally/structurally 
related to the membrane. Comparing both labeling techniques, the study revealed the metabolic 
labeling being superior to SILAC in terms of 50% more quantified proteins most probably due to 
the advantage of a complete labeling for the 15N- labeling approach.  
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In vivo 15N-metabolic labeling and proteome analysis of the membrane proteome was accordingly 
applied in studies on E. coli (Price et al. 2010) and B. subtilis (Hyyryläinen et al. 2010 and Saller 
et al. 2010). In these studies we were able to address defined biological questions with the 
methodologies that were set up before. Furthermore, a study on the surface proteome in 
Staphylococcus aureus proved the in vivo 15N-labeling technique to be powerful even for surface 
exposed proteins in a study by Hempel et al.. (2010)  
Having paved the way for comprehensive studies on multiple subcellular fractions, the 15N-
metabolic labeling technique has been used in proteomics studies targeting complete proteomes 
and the changes within. In a study on a comparison of growing and non growing S. aureus Col, it 
could be shown that a coverage of 65% of the proteome in S. aureus Col is feasible by subcellular 
fractionation and the analysis of five different subproteomes (Becher et al. 2009). 
Besides the comparison of two physiological situations, application of 15N-metabolic labeling 
enables for the visualization of dynamic processes in a cell. This was achieved for five time points 
with concurrent sampling of transcriptome data in a study on osmotic upshift in B. subtilis 
revealing strict time dependent transcription of stress related ECF- sigma factor dependent genes 
and its correspondence in the membrane proteome (Hahne et al. 2010).  
Finally, in a study on glucose starvation in B. subtilis, a most comprehensive view on the 
dynamics covering five time points over five subcellular localizations combining proteomic, 
transcriptomic and metabolomic data was accomplished. Comparable in proteome coverage to the 
study in S. aureus, 53% of the proteome complement could be identified serving in the global 
quantitative study as the basis for an unmatched global overlook on processes taking place in the 
starved cell (Otto et al. 2010). 
To conclude, it has been shown that the use of mass spectrometry based in vivo quantitation 
techniques and the application of subcellular and chromatographic fractionation has lead to a new 
level of qualitative and quantitative proteomics data. Emphasizing on the studies revealing the 
dynamics of the bacterial physiology on a time resolved base, both spatial and temporal processes 
can be monitored to obtain knowledge on physiological processes in a depth that has not been 
reached before in comparable global studies. 
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Zusammenfassung 

Das Ziel heutiger Proteomstudien liegt in der Aufklärung des Proteinbestands ganzer Zellen und 
der Verfolgung dynamischer Prozesse auf der Proteinebene. In der vorliegenden Arbeit wurden zu 
diesem Zweck Strategien und zielgerichtete Arbeitsabläufe entwickelt, um eine möglichst hohe 
Abdeckung des theoretisch exprimierten Proteoms in verschiedenen subzellulären Lokalisationen 
zu erreichen. Weiterhin wurde die Methode der Proteinmarkierung mit stabilen Isotopen etabliert, 
um zeitliche und örtliche Veränderungen in verschiedenen proteomischen Unterfraktionen zu 
verfolgen.  
Eine erste Studie dazu war der Vergleich von gelfreien und gelbasierten Analysetechniken in 
exponentiell wachsenden Zellen von  Bacillus subtilis, in der durch Hitzestress hervorgerufene 
Veränderungen im Proteom untersucht wurden. Um sowohl das Cytosol als auch die 
Membranfraktion zu analysieren, wurden hier beide Subproteome über subzelluläre 
Fraktionierung voneinander getrennt. Im Ergebnis wurde deutlich, dass die Kombination des 
klassischen, 2D Gel basierten, quantitativen Proteomansatzes mit gelfreien Techniken, wie der in 
vitro iTRAQ-Markierung (iTRAQ - isotope tags for relative and absolute quantitation), einen 
experimentellen Ansatz bieten, um qualitativ und quantitativ eine Vielzahl von Proteinen 
beschreiben zu können, welche zuvor nicht erfassbar waren (Wolff et al. 2006).  
In der darauf folgenden Übersichtsarbeit konnte dargestellt werden, dass durch die analytisch neu 
zu erreichenden Proteingruppen (hydrophobe, kleine und niedrig abundante Proteine) eine 
Proteomabdeckung von 34% in B. subtilis erreicht werden konnte. Weiterhin wurde klar, dass 
durch die Kombination von subzellulären Fraktionierungsmethoden die Möglichkeit theoretisch 
gegeben ist, die Gesamtheit aller Proteine einer Zelle qualitativ und quantitativ zu analysieren 
(Wolff et al 2007). Während der Durchführung der vorliegenden Dissertationsarbeit stellte sich 
heraus, dass in vitro Markierungstechniken nicht gleichermaßen für cytosolische und andere 
subzellulären Fraktionen in Proteomstudien zu B. subtilis geeignet sind. Somit wurde als 
Voraussetzung für eine umfassende Zusammenstellung von Proteombibliotheken und der 
Erfassung ihrer Dynamik die Etablierung einer in vivo Markierungsmethode notwendig, welche 
möglichst mit bereits vorhandenen Analyseprotokollen kompatibel sein sollte. Die Vorteile der 
Anwendung von in vivo Markierungsmethoden, basierend auf dem Einbau von schwerem 15N 
Stickstoff oder von Aminosäuren mit schwerem Isotopen (SILAC) während der Proteinsynthese,, 
wurde in der folgenden Studie von Dreisbach et al. (2008) gezeigt. Eine Kombination der 
GeLCMS Technik (1D SDS PAGE kombiniert mit LC-MS Analysen) mit der in vivo Markierung 
erwies sich als zielführend für Analyse von cytosolischen und Membranproteinen. 
Gekennzeichnet ist diese Methode durch die hohe Reproduzierbarkeit der Ergebnisse und die 
Möglichkeit, umfassende Untersuchungen gleichzeitig in unterschiedlichen subzellulären 
Fraktionen durchzuführen. Zusammengenommen konnte die Zahl der identifizierten 
Membranproteine auf etwa 25% des theoretisch vorhergesagten Membranproteoms gesteigert 
werden. Weiterhin kann festgestellt werden, dass der experimentelle Ansatz der 
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Vorfraktionierung einzelner Subproteome zu fraktionsspezifischen Ergebnissen führt: So gehörten 
60% der identifizierten Proteine entweder zu den integralen Membranproteinen oder sind 
funktioneller oder struktureller Teil der Membran. Der Vergleich der unterschiedlichen 
metabolischen Markierungsmethoden mit 15N oder SILAC zeigte, dass in über die 15N 
Markierung eine signifikant höhere Anzahl an Proteinen quantifiziert wurde. Dies ist mit hoher 
Wahrscheinlichkeit auf die vollständige Markierung aller Aminosäuren eines Proteins während 
des 15N Ansatzes zurückzuführen.  
Im Folgenden wurden in vivo 15N Markierungsansätze auf Membranproteomstudien in E. coli 
(Price et al. 2010) und B. subtilis (Hyyryläinen et al.  2010 und Saller et al. 2010) angewandt. In 
diesen Studien wurden die erarbeiteten Methoden eingesetzt, um definierte biologische 
Fragestellungen zu beantworten. Weiterhin konnte die 15N Markierung als 
Quantifizierungsgrundlage auch in einer Analyse des Oberflächenproteoms von Staphyloccocus 
aureus erfolgreich eingesetzt werden (Hempel et al. 2010).  
Der so ausgereifte Ansatz - metabolische 15N Markierung in Kombination mit subzellulären 
Fraktionierungstechniken - wurde hiernach in umfangreichen Studien, die verschiedene 
subzelluläre Fraktionen umfassen, verwendet.  
In einer vergleichenden Studie von wachsenden und nicht- wachsenden S. aureus COL Zellen 
konnte gezeigt werden, dass durch die Verwendung von subzellulären Fraktionierungsmethoden 
und die Analyse der fünf resultierenden Subproteome eine Abdeckung von 65% des 
Gesamtproteoms  erreichbar ist (Becher et al. 2009). 
Neben dem direkten Vergleich von physiologisch unterschiedlichen Zellzuständen kann die 15N 
Markierung auch dazu verwendet werden, dynamische Veränderungen in der Zelle sichtbar zu 
machen. So wurde diese Methode in einer Proteom und Transkriptom basierten Studie der 
Zellantwort von B. subtilis auf osmotischen Stress für die Analyse von fünf Zeitpunkten vor und 
während der Stressadaptation angewendet. Hierbei wurden insbesondere für ECF Faktor 
abhängige Gene und ihren Entsprechungen im Membranproteom eng begrenzte und zeitabhängige 
Veränderungen gefunden (Hahne et al. 2010).  
Schließlich konnte in einer Studie von B. subtilis ein sehr umfängliches Bild der stattfindenen 
dynamischen Prozesse des durch Glucosehunger induzierten Überganges von wachsenden Zellen 
in die stationäre Phase gezeichnet werden. Hierzu wurden proteomische Daten von fünf 
verschiedenen subzellulären Lokalisationen, transkriptomische und metabolomische Daten 
zusammengefasst. Es konnte so, vergleichbar zu der S. aureus Studie von Becher et al., 53% des 
Gesamtproteoms identifiziert werden. Dies diente als solide Basis für einen umfangreichen 
Überblick über Prozesse in der hungernden Zelle (Otto et al. 2010). 
Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die Anwendung 
Massenspektrometrie basierter in vivo Markierungstechniken und subzellulärer/ 
chromatographischer Fraktionierungsmethoden zu einer neuen Güte von qualitativen und 
quantitativen Proteomdaten geführt hat. Insbesondere in den proteomischen Studien, welche die 
zeitaufgelöste Dynamik der bakteriellen Physiologie zum Gegenstand hatten, und welche örtliche 
und zeitliche Veränderungen (subzelluläre Lokalisation; Zunahme/ Abnahme) verfolgten, konnte 
ein bis dato unerreichter Umfang an Informationen in physiologischen Prozessen erzielt werden.  
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Introduction 

1. Proteomics 

Understanding processes of life has been the incitement of biological and biomedical 

research since the beginning of modern times. Today, broad knowledge on key molecular 

and cellular processes of life at different levels has been acquired. To achieve this goal, 

sophisticated methodologies are invented and applied to gain an even more 

comprehensive understanding on cell physiology. For a complete description of 

biological systems, information on DNA, RNA, proteins and involved metabolites are 

integrated to understand the interplay of the entities that allow the complex and dynamic 

functioning of life. 

Proteomics depicts the experimental approach that determines the entire compliment of 

proteins expressed by a cell at a point in time. Within proteomic studies, it is possible to 

either study proteins qualitatively (identification, distribution, post translational 

modifications, interactions, structure and function of proteins) or quantitatively 

(abundance, distribution within different localizations, degradation/synthesis) 1. 

This scientific field had its beginning as early as 1975 starting with first proteomic studies 

accomplished by using the revolutionary technique of two dimensional SDS 

polyacrylamide gel electrophoresis (2D SDS PAGE) 2. This was 20 years before the first 

genome was sequenced and marked a starting point to a whole new field of protein 

analytics – long before the term ‘proteomics’ was coined in the year 1994 3. Today, 

progress led this field to a highly diversified ground of a mass spectrometry aided or even 

dominated scientific domain 4.  

Proteomics in general is technically challenging: several thousands of proteins are found 

even in rather simple prokaryotic organisms ranging up to ten thousands of proteins in a 

eukaryotic cell 5. Analysis of inherently complex proteomic samples requires techniques 

that are of effective of separating proteins according to their physical properties or 

biological function. 

1.1. 2D GE based proteomics 

O’Farrell and Klose introduced the landmark technology of high resolution 

two dimensional gel electrophoresis (2D GE) and laid the ground for simultaneous 

separation of hundreds of proteins that was accomplished by a highly orthogonal and 
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reproducible method 2, 6. In two dimensional gel electrophoresis proteins are separated 

according to two different characteristics: in the first dimension, today consisting of 

immobilized pH gradients (IPG) having replaced the initially used carrier ampholytes 7-9, 

the denatured proteins are separated according to their isoelectric point (pI). In the second 

dimension, a separation step via SDS PAGE is implemented depending on the molecular 

weight (MW) of the protein 10. With 2D GE it is possible to separate 2000 proteins on a 

single gel with up to 20 gels in parallel 10, 11 allowing for a global view on cellular activity 

with high resolution and high sensitivity. Advantageous of 2D GE is the possibility of a 

global view on most main cellular functions on protein level that makes this method a 

basis for a plethora of high- throughput comparative studies 12. Within these studies it is 

possible to examine the physiological state and alterations imposed by nutrient starvation 

and physical stresses of known and even of unknown organisms. Shifts in pI may be a 

hint for phosphorylation events that can be analyzed further providing the stability of the 

phosphorylation under examination 12, 13. Further examples are glycosylation assays 14 or 

even limited proteolysis that can be visualized by multiple spots with differing molecular 

weight on the 2D gel 15. An important advantage of the 2D gel based proteomics 

approaches is the possibility to display protein synthesis vs. accumulated proteins in a fast 

and efficient way compared to mass spectrometry based approaches by pulse chase 

experiments 12. 

Despite other technologies that came up, later termed “second generation proteomics”16, 

2D GE still remains a pivotal methodology in proteomics that can be routinely applied for 

parallel quantitative expression profiling. 

1.2. Mass spectrometry based proteomics 

The rapid development of proteomics is technology driven 10. Proteomics perceived a 

steep rise in the late 1970s by invention of the 2D GE and despite the major 

improvements introduced with IPGs in the first dimension a decline was seen in the late 

1980s through the inability to identify the gel separated proteins on a large scale. This gap 

in the analytical process was closed in the last decade of the millennium. 

Until the early 1990s, mass spectrometry on proteins and peptides was rather seldom 16 

and classical protein biochemistry techniques like Edman sequencing 17 and SDS PAGE 
18 for determination of molecular weight were used to identify protein species. 

Publications dealing with the concept of peptide mass fingerprinting (PMF) 19-22 and 
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identification of peptides by pattern comparison of CID spectra 23-25 together with EST 

databases 26, 27 (built up with the data produced by fast, partial cDNA sequencing) paved 

the road to a successful application of mass spectrometry based proteomics. Finally in 

1995, release of the first complete sequenced genome of Hemophilus influenzae was 

groundbreaking for the new era of functional genomics 28. New techniques allowing high 

throughput identification of proteins together with sophisticated quantitation methods 

relying on different isotopes define the second generation of proteomics- a mass 

spectrometry based proteomics era 4. 

1.2.1. Technological  and  conceptual  prerequisites  for  success  of 

mass spectrometry in life sciences 

Mass spectrometry in general is an analytical technique of determination of the mass of a 

charged molecule. Individual molecules are “weighed” by transforming them into ions in 

a vacuum and then measuring the response of their trajectories to electric and magnetic 

fields or both 29. The success of mass spectrometry in the field of life science as we 

experience today was made possible by two major developments both on the technical 

side and on the side of data evaluation 30.  

Invention of soft ionization methods like ESI (electrospray ionization) 29 and MALDI 

(matrix assisted laser desorption/ionization) 31 revolutionized the analysis of ions in the 

gas phase previously limited for heat stable analytes and made polypeptides and even 

proteins accessible for mass spectrometry. The technical and conceptual advances in this 

area led to the 2002 Nobel prize awarded to John Fenn and Koichi Tanaka (amongst 

others) for the development of methods for identification and structure analyses of 

biological macromolecules. 

Another trigger for the success of mass spectrometry based proteomics was the 

availability of large databases with genomic information, represented first by EST 

databases and since 1995 by complete genome sequences. 

In principle, a mass spectrometer consists of an ion source, a mass analyzer and a 

detector. The ion source is the prerequisite of ionizing a sample so that the analyte is 

brought into gas phase. ESI and MALDI, most used ion sources to volatize and ionize 

proteins and peptides for mass spectrometric analyses are suited differently for different 

types of analytes (Fig.1). ESI ionizes analytes out of a mobile phase, typically in 
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combination with liquid chromatography (LC). In opposition to that, MALDI sublimates 

and ionizes the analyte out of a crystalline matrix with laser pulses  in a vacuum 32. 

The mass analyzer subsequently measures the ratio of the mass over charge (m/z) of the 

particular analyte. To add quantitative information to the process, the detector registers 

the number of ions of a specific m/z ratio 4. 

Additionally to the basic analytical power of mass spectrometry to identify peptides and 

proteins from biological samples introduced in the analytical workflow, the advent of 

high resolution and high mass accurate mass spectrometers in the field of proteomics had 

a tremendous impact in quantitative proteomics. Methodologies that utilize isotope 

labeling techniques by in vivo metabolic labeling or in vitro chemical/ enzymatic labeling 

inherently depend on high mass accuracy and resolution in order to get valid results. 

Furthermore, label free quantitation approaches not only depend on exact masses to 

distinguish between near- isobaric masses but also on highly reliable liquid 

chromatography systems for a differential analysis . 
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Mass analyzer used in mass spectrometry are central to the technology. Key parameters of 

judgment over a specific instrument are its limit of detection (sensitivity), the ability to 

resolve two adjacent masses and hence nearly isobaric peptide species with different 

composition (resolution) as well as the mass accuracy and the ability to generate 

information rich spectra from ion fragments enabling for highly specific database 

searches with the decisive assignment of fragment spectra to theoretical fragment 

patterns. 

Mass analyzer in proteomics are typically of the ion trap (IT), time of flight (ToF), 

quadrupole (Q) or Fourier Transform- MS (FT- MS) (Fourier Transform- Ion cyclotron 

resonance or Fourier Transform Orbitrap) type. The different kinds of analyzers are either 

used alone or in tandem configuration.  

Fig.1 Ion sources and most common mass analyzer used in proteomic research 

(adapted from Aebersold et al. 4) 
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In time of flight (ToF) instruments, the ions are accelerated to high kinetic energy and are 

separated along a flight tube as a result of their different velocities. ToF- instruments are 

either linear mode instruments or reflectron mode instruments. By the use of an electro/ 

nic mirror, the reflector, the ions are guided towards the detector simultaneously being 

compensated for slight differences in kinetic energy 33 and therefore enhancing the 

resolution markedly. ToF-ToF instruments are tandem configurations of two flight tubes 

with an added collision cell to be able to generate fragment ions of particular masses (Fig. 

1).  

Quadrupole mass analyzer consist of four rods that generate time- varying electric fields 

which permit a stable trajectory only for ions of a particular desired m/z. Quadrupoles are 

used as linear ion traps 34 with a two dimensional quadrupole field or as quadrupole ion 

trap 35 that work as three dimensional traps or as collision cells. In triple Quadrupole mass 

analyzers, ions are first selected in the quadrupole that is used as mass filter (Q1), then the 

ions are fragmented in the second (q2) and then the fragments are separated in the third 

quadrupole (Q3) prior to detection of ion intensities (fig 1).  

Qq- ToF instruments are tandem instruments combining the mass filter/collision features 

of two quadrupoles with the mass accuracy of a TOF instrument (Fig 1). Qq- ToF 

instruments can be regarded as a triple quadrupole instrument where the third quadrupole 

is replaced by an orthogonal ToF. 

Fourier transform mass spectrometry instruments (FT MS) are basically of the ion trap 

type that trap ions with the help of strong magnetic fields. The FT- Orbitrap 36 and the 

FT- ICR 37 are of unsurpassed high mass accuracy, highly sensitive and of high dynamic 

range. Both are coupled to a linear ion trap (LTQ) as tandem instruments. 

As pointed out before, proteomics is highly technology driven and therefore the 

development of new types of mass spectrometric instrumentation is influencing research 

and vice versa. Today’s instrumentation is mostly driven by the need for fast and 

sensitive analyzers that should either be highly accurate in determination of masses (LTQ 

FT- ICR or LTQ Orbitrap/ LTQ Orbitrap Velos), yield high throughput analyses with 

high mass accuracy (MALDI ToF-ToF) or that enable for specific modes of acquisition 

like triple Quadrupole instruments enabling for targeted analyses (MRM) or more specific 

instrumentation adding a gas- phase separation via ion mobility. 
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2. Towards  the  comprehensive  proteomic  description  of  the  gram 

positive model organism Bacillus subtilis 

Since the beginning of proteomics, bacteria were intensively studied according to their 

relatively low complexity in comparison to higher organisms. The sequencing of genomes 

beginning with important model organisms and bacterial pathogens started in 1995 with 

the sequencing of Haemophilus influenzae 28 and is increasing nowadays exponentially 

through the up come of next generation DNA sequencing techniques 38 . Meanwhile, it is 

clear, that even relatively small genomes (e.g. Mycoplasma pneumoniae) are bearing all 

information necessary for cell growth and proliferation to form the protein complement of 

a living cell. Therefore even low complexity organisms make reasonable model 

organisms to address crucial and basic problems of processes determining life by using 

proteomics 12. 

Bacillus subtilis as the second most intensively studied bacterium beside Escherichia coli 
39 is serving as a model organism for gram positive bacteria being assigned to this role 

through both inherent biological as well as economic features. As from the beginning of 

the 1950s, the possibility to study basic cellular processes (gene regulation and 

metabolism) as well as cell differentiation (this organism is capable of forming spores in 

times of less favorable conditions) together with the possibility of genetic manipulation 

led to the importance of this bacterium in the research community. Furthermore, B. 

subtilis is of economic importance as an industrial production strain owing to its secretion 

capacities 40. 

The proteomics based research aiding in understanding of this organism is still under way 

despite this long time of research. As reviewed in Wolff et al. (2007), until today one 

third of the proteome is still of unknown function and parts of the proteome is still 

inaccessible for experimental or technical reasons 41. A plethora of subfractionation 

techniques on cellular level have been implemented in Bacillus research in order to get to 

a most comprehensive coverage of the B. subtilis proteome. In the following, the 

relevance and accessibility of B. subtilis subfractions is described that will lead towards a 

comprehensive proteomic description when taken together. 
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2.1. Cytosolic proteins 

In B. subtilis, the soluble proteins are the most studied species of proteins by means of 

accessibility and importance for the main metabolic pathways. These proteins are ideally 

targeted by classical 2D GE approaches enabling for a display of complete physiological 

pathways. Cytosolic proteins often have to be depleted in other subcellular fractionation 

approaches based on their high abundance compared to proteins residing e.g. in the cell 

membrane. Cytosolic proteins are mostly addressed by analysis of the cell crude extract 

or in the supernatant after depletion of the cell membranes. 

2.2. Extracellular proteins 

Especially for B. subtilis being able to excrete a large number of proteins even on an 

industrial scale 40, the extracellular proteins are of scientific and economic interest. Hirose 

et al. introduced a method of getting access to proteins being secreted by B. subtilis 

during growth by analysis of these proteins in the growth medium 42. Generally, proteins 

that are secreted into the medium are precipitated by acidification and subsequent 

centrifugation. As trichloroacetic acid is used, intensive washing has to be conducted. 

Special attention has to be paid to cytosolic contamination in the extracellular fraction 

obtained by acid depletion: lysed cells release their intracellular contents and the high 

abundant cytosolic proteins are found in the extracellular fraction. With new mass 

spectrometry based proteomic approaches with high sensitivity, this poses a major 

disadvantage on deciphering the “genuine” extracellular proteome. The phenomenon of 

released cell content is discussed to have a biological meaning: in cells of stationary 

phase B. subtilis, cell death is induced in a fraction of the population 43 and cannibalism is 

taking place 44. 

2.3. Membrane proteins 

The membrane proteome represents one of the most difficult subproteomes to get access 

to in terms of physical properties and the low abundance of the proteins 45. Proteomic 

analyses of membrane proteins of B. subtilis developed over a period of time. First 

attempts were carried out by Bunai et al. to map the membrane bound solute binding 

proteins of ABC transporter 46. The authors used different detergents to tackle the 

hydrophobic membrane proteins and adapted protocols of 2D GE to get access to the 

hydrophobic fraction of the proteome. Turning away from the classical 2D GE inherently 
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unsuitable for very hydrophobic proteins, A. Dreisbach in Eymann et al. proposed a 

membrane protein enrichment protocol that consists of different steps 47. Cell membranes 

obtained by ultracentrifugation are washed consecutively with high salt buffers and 

carbonate buffers with high pH to deplete cytosolic contaminants. Finally, membrane 

proteins are solubilized with the detergent n-dodecyl-β-D-maltoside and separated via a 

1D SDS PAGE. This method proved to be very successful to deplete high abundant 

soluble proteins with a concurrent relative enrichment of proteins with transmembrane 

domains and proteins being attached to the membrane 41, 47, 48. Wolff and coworkers then 

came up with a protocol in S. aureus being highly complementary to the membrane 

protein enrichment protocol: membrane proteins with a higher number of transmembrane 

domains could be identified by mass spectrometry giving this field a new dimension by 

means of accessibility 49. Hahne et al. managed to transfer this method to B. subtilis 50. In 

the two preceding studies it was shown that the membrane enrichment protocol and the 

newly introduced protocol by Wolff et al. yield highly complementary results. The first is 

predominantly targeting the soluble loops and domains of membrane spanning proteins 

whereas the latter gets hold of the transmembrane helices. 

2.4. Surface proteins 

The surface of a cell is most important for communication and interaction with its 

environment. In B. subtilis, this subproteome can be addressed by high salt extraction 

protocols as shown in a study aimed at the elucidation of the cell wall proteome by a 

method using LiCl extraction and subsequent proteomic analysis via 2D gel 

electrophoresis 51. Tjalsma et al. succeeded in using a “shedding and shaving” approach 

in B. subtilis: incubation of intact bacteria with trypsin in order to cleave off surface 

proteins with consecutive identification of these “shaved” tryptic peptides led to the 

finding of 41 proteins being specifically shaved off this subcellular location. Verification 

of these results was carried out with proteolysis by bead- bound trypsin that is unable to 

penetrate the bacterial cell wall demonstrating a genuine surface-exposed localization 52. 

Despite the use of a gel- free approach, this study only gave limited information on 

surface bound proteins and implies strict criteria for localization verification.  

For the human pathogen S. aureus, this subcellular location is even more essential than 

for its non- pathogenic gram positive counterpart B. subtilis: virulence is mainly 

characterized by cell wall bound/extracellular factors and hence this subproteome is of 
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high importance to viability in the host environment of the cell. Other studies than the 

above mentioned successfully applied different methods for isolation of surface proteins 

with serial extraction of proteins by different, highly concentrated salts, enzymatic 

extractions and biotinylation with subsequent affinity purification in the gram positive 

Listeria monocytogenes 53. Another study on S. aureus has been recently published by 

Hempel et al. 54 accordingly based on the biotinylation of proteins exposed on the cell 

surface of intact cells and the following affinity purification of these protein species. This 

study exemplifies the integration of a gel-free quantitation approach using 15N metabolic 

labeling with the biotinylation of surface exposed proteins and yields an unsurpassed 

number of surface bound protein species. 
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3. Fractionation  techniques  applied  in  mass  spectrometry  based 

proteomics 

Despite the fact that mass spectrometry based quantitative proteomics is experimentally 

simple and results in accurate quantitative data, it mostly suffers from a limited dynamic 

range. This limitation in dynamic range comes with an inherent drawback of biological 

samples that contain proteins in a wide range of concentrations. Generally, concentration 

of the most abundant analytes define the range that lower abundant proteins can still be 

identified in a given sample. The mass ratio between the least and the most abundant 

proteins ranges from four orders of magnitude in prokaryotic samples, six in eukaryotic 

cells 55 and 12 in complex biological fluids such as plasma 56. Several authors have 

questioned the capacity of the current mass spectrometry based shotgun approaches to be 

alone powerful enough to determine a comprehensive coverage of any proteome 57-59. 

Therefore, Nielsen et al. propose the use of extensive separation steps prior to digestion 

and any further fractionation to overcome this limitation 58. 

Prefractionation prior to mass spectrometric analysis may be conducted at subcellular, 

protein or peptide level. Fractionation techniques may be used either for the elucidation of 

spatial changes in the proteome of specific subcellular localizations or towards the 

reduction of complexity of a given biological sample.  

Intact eukaryotic cells consist mostly of different organelles that possess different 

physical properties so that these behave differently in separation techniques that are 

applied to resolve these subcellular structures. Besides organelles, physical properties of 

subcellular structures are exploited: the solubility in separating cytosolic proteins and 

hydrophobic membrane proteins, the density leading to separation in centrifugation or 

density gradient centrifugation.  

3.1. Chromatographic/electrophoretic fractionation methods 

3.1.1. GeLCMS 

The most common protein prefractionation method is the GeLCMS method 60. Denatured 

protein samples are electrophoretically separated by 1D SDS PAGE and the resulting gel 

slab is cut to yield protein fractions differing in molecular weight. Subsequent to in gel 

proteolytic digestion, peptides are eluted and subjected to mass spectrometric LC-MS/MS 
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analysis 61, 62. The advantage of this approach is the fast and easy separation of the sample 

on protein level with a significant reduction in sample complexity effectively increasing 

the dynamic range of the analysis. Simultaneous cleaning of the sample to avoid 

interference with salts or detergents used in sample preparation facilitates the analysis 

after the electrophoretic separation. Furthermore, limited proteolysis may be seen by 

analysis of the different fractions for multiple appearance of a specific protein. Through 

the prefractionation of high abundant proteins over the whole lane on the gel, systematic 

cutting and digestion of every part of the band provides analysis of even very low 

abundant proteins that are not visually detected on such a gel. This systematic approach 

would not be feasible in large 2D GE with subsequent MS analysis. Therefore GeLCMS 

is most efficient for a cartography of proteins in a sample and in combination with stable 

isotope labeling for systems wide proteomic protein profiling studies 60.  

In combination with standard cell fractionation methods, the GeLCMS approach gives 

reliable results assured by the orthogonality of the two fractionation methods 58. To date, 

this method is besides the IEF RP one of the multidimensional methods that has proved to 

be most successful. 63, 64.  

 

3.1.2. IEX­RP 

Ion exchange chromatography coupled to reversed phase chromatography is the most 

common on- line two dimensional chromatographic prefractionation method for peptides 

used in proteomics 65. In ion exchange chromatography, the analytes are separated by the 

interaction of the analyte with the static phase based on the effective charge of the analyte 

under specific mobile phase conditions. IEX is carried out mostly as strong cation 

exchange chromatography (SCX) either being on line or off- line coupled to the reversed 

phase (RP) separation step 1. 

Online coupling was introduced in a concept called MudPit (multidimensional protein 

identification technology) 66. In this approach, reversed phase C18 material is packed into 

Fig.3 schematic representation of the GeLCMS workflow 
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a fused silica capillary. Subsequently, SCX material is packed directly behind the first 

packed resin to get hold of a biphasic column enabling for two dimensional separations. 

Consecutive chromatographic runs with salt gradients and gradients containing an organic 

solvent elute the peptides from the SCX columns and subsequently separate the analytes 

on the RP column prior to on- line LC-MS/MS analysis. Later studies published 

demonstrated improvements like triphasic columns of this type even enhancing the 

applicability to samples not being desalted prior to analysis 67. An advantage of MudPIT 

is that the entire system is directly coupled to mass spectrometric analysis and hence no 

loss of sample is encountered. The problem of salts used in SCX for the step wise elution 

of peptides from the resin is solved by the use of mass spectrometry compatible salts that 

evaporate during the ionization step at the interface of LC and MS (mostly salts 

containing ammonium used as part of the weak acid-base pair is used). Disadvantages lie 

especially in the limit of organic solvent that may be used on applying the salt step acting 

on the SCX part due to the second dimension of RP material. Furthermore, any repetition 

of sample analysis is not given for a single salt/elution step 16. 

Offline SCX is slower than the on line coupled approach but is easy to perform with no 

specific column set up. Applying larger column sizes and higher organic solvents in 

elution buffer systems increase the amount of loading and recovery of peptides of the step 

wise elution of peptides from the SCX column 16.  

3.1.3. IEF RP chromatography 

Isoelectric focusing is a fractionation technique that is used since the beginning of 

proteomics studies in separation of proteins or peptides mainly focused on the 2D GE. In 

mass spectrometric based workflows the IEF RP methods are applied to proteins or to 

peptides resulting from enzymatic digestions of proteins. The proteins/ peptides are 

focused in an electric field according to their pI and subsequently the resulting fractions 

are analyzed by RP LC-MS/MS (with an additional digestion step in the case of proteins 

fractionated by IEF).  

The isoelectric focusing step may be carried out in different ways based on the same 

principle: either in solution, in free flow electrophoresis, in capillary electrophoresis or by 

in gel electrophoresis using an IPG strip 60, 68, 69. 

The method of applying IEF based on IPG strips as the first dimension prior to mass 

spectrometric analyses was first introduced by Loo et al. who used IPG- IEF with 
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subsequent offline LC- MALDI or online LC- ESI MS analysis in a method called 

“virtual 2D” 70. IPG- IEF has proven to be most powerful in several studies 71-74. IPG- IEF 

is superior to both GeLCMS and SCX based studies in terms of identified peptides 72, 75. 

This leads to an increased proteome coverage in less time regarding sample preparation 

and analysis time with a high resolving power 64. Cargile et al. showed that IPG IEF 

improved the sensitivity by up to 100% compared to SCX 71. Furthermore the use of 

accurate mass and peptide isoelectric point (pI) as identification criteria substantially 

increase the number of validated peptides of over 20% with unchanged false positive rate 
76. As the pI is easy to calculate for given proteins and peptides, this information may be 

used to corrobate results obtained from mass spectrometric analyses.  

Besides Off- gel approaches set up with non commercial solutions, equipment for Off-gel 

IEF is commercially available and is based on a comparable concept as the original IPG 

IEF 77. Off- gel IEF was shown to be reliable in peptide/proteins analysis in several 

studies 78, 79. A drawback in using commercially available systems is the fixed number of 

fractions to be obtained in a single run and the predefined shape and size of the wells. 

An additional feature of the IEF based on IPG strips or the Off-gel IEF is the applicability 

in PTM analysis regarding phosphorylation prior only applicable in 2D GE 80.  

4. Protein profiling in proteomic analyses 

4.1. 2D GE coupled with MS 

A great problem of proteomic analyses based on mass spectrometry is the fact that mass 

spectrometry itself is poorly quantitative. The classical proteomic approach of 2D GE 

coupled to subsequent identification of proteins circumvents this disadvantage of mass 

spectrometry, as protein abundances are determined by comparison of spot intensities in 

2D gels relative to each other. 

Quantitative information from staining intensities may be used to elucidate changes in 

complete protein amount, synthesis rate in combination with radio labeled protein 

samples or change of phosphorylation in certain protein samples. Identification of 

proteins in this classical approach is mostly carried out by MALDI TOFTOF instruments 

capable of MS/MS. The use of specific stains allows for accurate quantitation using 
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internal standards encoded by differentially absorbing dyes 81, 82 or specific staining of 

modifications like phosphorylations and glycosylations 83, 84. 

4.2. Mass spectrometry based quantitation  

Besides the classical 2D GE based approach, quantitative analyses based on the concept 

of isotope dilution 85 or even without any label are applied in proteomics 86. 

In quantitative analyses using the stable isotope labeling strategy, stable isotope tags are 

introduced by metabolic labeling, enzymatic labeling and chemical labeling or by spiking 

labeled synthetic peptides into the sample. Isotope labeling was introduced in its present 

form in 1999 87-89. In principle, pairs of chemically identical analytes of different stable 

isotope compositions can be differentiated in a mass spectrometer owing to their mass 

difference. Comparison of the intensities of the masses relative to each other gives 

quantitative information that allows conclusion on relative quantities and abundance 

ratios for the compared analytes. 90 

Label free techniques hold the promise to yield relative quantitative results within 

proteomics experiments to be compared simply based on LC- MS/MS runs without any 

additional labeling. Basically, acquired spectra for a specific peptide matching to a 

protein are used for a comparison between two or more experiments in order to give 

relative quantitative information. Furthermore it is possible to compare mass 

spectrometric runs and relative abundances by the use of spectral counting that is relying 

on the frequency of occurrence of spectra belonging to each peptide. 

 

4.2.1. Metabolic labeling 

Metabolic labeling in its two forms, complete metabolic labeling with isotopically labeled 

salts containing 15N or 13C 88 and SILAC 

(stable isotope labeling of amino acids in cell culture) 91 is the most accurate quantitative 

mass spectrometric method in terms of the overall experimental process (biochemical and 

mass spectrometric procedures) 92. The sample is labeled in vivo either to yield proteins 

containing nitrogen practically exclusively as 15N or to yield proteins with only a 

subgroup of amino acids being isotopically labeled. Inherently, the earliest possible time 

is used to label the complete proteome (see Fig. 4). Mixing of labeled samples may be 

accomplished as early as at cell level. This makes this methodology most widely applied 
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in quantitative proteomics: all sample preparation methods and all existing protocols on 

pre- fractionation may be used with samples that are already metabolically labeled and 

mixed.  

 

Dependent on the experimental prerequisites, metabolic labeling with heavy 15N salts is 

Fig.4 schematic representation of mass spectrometry based quantitation workflows 

Boxes in blue and orange represent two different physiological states/experimental 

conditions. Horizontal lines depict the stage of sample combination. Grey boxes indicate 

steps in the workflow prone to experimental variations and thus to quantitation errors. 

(Adapted from Bantscheff et al.86 ) 
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mostly used in prokaryotic systems as all available nitrogen sources must be exchanged in 

the labeled cell culture.  

Metabolic labeling with eukaryotes or even higher eukaryotes such as fruit flies 93, rats 94 

or plants 95 have been carried out but are scarce due to the cost of the complete labeling 

dependent on the effort to be conducted and time required establishing a complete 

labeling. The greatest bottle neck of the complete metabolic labeling is the increase in 

complexity that is introduced by the theoretical doubling of peptide species in a labeled 

proteome. Furthermore, suitable software was not available for a long time compared to 

other stable isotope methods that rely on defined mass shifts in comparison to mass shifts 

determined by the primary structure of the peptide.  

SILAC, introduced by Mathias Mann and coworkers, is the most popular metabolic 

labeling approach used in functional genomics. Studies based on SILAC methodology 

cover protein profiling on proteome level 96, post translational modification analysis on 

large scale 97, 98, examination of phosphorylation pattern changes 99, 100 and large scale 

interaction studies 101. To assure an almost complete labeling of all tryptic peptides, most 

commonly used amino acids are 13C6 arginine, 13C6 lysine and 15N4 arginine 86, 91. A 

maximum of three different stages may be compared in one sample. Like the complete 

metabolic labeling described before, SILAC is carried out in cell cultures in vivo with the 

advantage that purity over 90% may be achieved within 6-8 passages91. 

A disadvantage over metabolic labeling with 15N enriched salts may be the 

interconversion/ degradation of amino acids that complicates the bioinformatic analysis of 

the quantitative data 102. Contrary to the 15N metabolic labeling, post- acquisitional 

bioinformatoric processing resembles that of other isotopic labeling techniques relying on 

a fixed mass difference. 

4.2.2. Enzymatic labeling 

Another possibility of the introduction of isotope labels is the in vitro utilization of an 

enzymatic reaction. Labeling is carried out either during the proteolytic digestion or after 

the proteolysis in a second incubation step (Fig. 4). Enzymatically introduced 18O 

isotopes will result in a mass shift of 2 to 4 Da dependent on the exchange of one or two 

atoms and in theory practically no side reactions are to be found during the reaction. 

Commonly used enzymes for this task are congruent with the proteases that are utilized 

for digesting proteins prior to mass spectrometric analysis like trypsin 103, 104. In general, 
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the possibility of quantitative bioinformatic tools to compare differentially labeled 

peptides in a spectrum relies on a mass difference that is higher than the width of the 

isotopomer cluster of the light mass. Therefore, 18O labeling is applicable to quantitative 

mass spectrometry with the disadvantages that a full labeling is practically never achieved 

and that the incorporation rate depends on the nature of the peptides 105, 106.  

4.2.3. Chemical labeling 

Chemical labeling is a method that yields a great versatility in terms of derivatization of 

functional groups found on the primary structure of a peptide and the features the 

chemical tag exhibits. Most commonly derivatized side chains in peptides are these of 

cysteine, peptide N-termini and the ε amino group of lysine 86. In this in vitro method, 

labeled and unlabeled samples are combined either at protein or at peptide level (fig. 4) 

and mass shifts between labeled and unlabeled peptides are fixed. 

One of the first methods applied in quantitative mass spectrometry based proteomics was 

ICAT (Isotope coded affinity tag) by Gygi et al. 87. The mass tag consists either of 

deuterated or unlabeled biotin affinity tags that bind to cysteine residues and yield the 

possibility to affinity purify the peptides after labeling and thus reducing the complexity 

of the sample analysed. The concept of labeling a peptide mix with subsequent reduction 

of complexity is advantageous with inherent major drawbacks: this method is only usable 

for cysteine containing peptides which are relatively rare. Furthermore limitations apply 

that the tag cannot be used in more specific studies regarding post translational 

modifications or studies that need a most comprehensive protein coverage e.g. in the 

analysis of splice variants make this concept only applicable in certain studies. Despite 

these disadvantages, the ICAT method was used in a wide range of studies 107-110. 

Labels targeting N-termini and the ε- amino group of lysine are based on N- 

hydroxysuccinimide chemistry or bonds mediated by other esters/acid anhydrides. This 

class of label comprises a plethora of different systems e.g. ICPL (isotope coded protein 

label) 111, iTRAQ (isotope tags for relative and absolute quantitation) 112, TMT (tandem 

mass tags) 113, acetic acid/succinimid acid 114 and formaldehyde labeling 115. Within this 

group it is important to distinguish between methods that rely on quantitation on survey 

scan level and those that identify and quantify peptides at the same time in the fragment 

ion scans. TMT and iTRAQ for example are based on isobaric tags that differ only in the 

fragmentation pattern in the mass spectrometer (fig. 5). Isobaric labeling should in theory 
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not affect the chromatographic behavior of the peptides and no increase in complexity on 

survey scan level should be seen. Another great advantage is the possibility with 

multiplexing of iTRAQ: up to eight samples that may be compared with each other in a 

single run.  

 

4.2.4. Spiking 

Spiking of defined analytes to a complex sample is already known and applied for a long 

time 116, 117. In today’s proteomics, addition of a stable isotope labeled standard peptide to 

a protein digest with subsequent comparison of the mass spectrometric signal to the 

endogenous peptide in the sample was coined AQUA (absolute quantitation of proteins) 
118, 119. In principle, the methodology is based on the concept that with the information on 

the relative abundance of a synthetic reference peptide with vs. its endogenous 

Fig.5 schematic representation of relative quantitation workflow based on the iTRAQ 

reagent proteins or peptides (schematic workflow for peptides is shown) of proteomic 

samples are labeled with up to eight isobaric label (4-plex is shown) and mixed. Relative 

quantitation takes place only at fragmentation level without increased sample complexity 
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counterpart in the sample it is possible to trace back the quantities of the corresponding 

protein in the sample and therefore in the proteomic sample if the absolute quantity of the 

spiked reference peptide is given. Contrary to relative quantitation, the addition of 

synthetic peptides to a proteome sample focuses on the determination of the quantity of 

only a small number of proteins of interest. Difficulties within this concept arise in highly 

complex samples in which the labeled/unlabeled peptides are hard to detect due to co- 

eluting isobaric peptides that might be more abundant. A combination of information on 

retention time, peptide mass and fragment pattern eliminates these ambiguities, as it is 

done in targeted approaches like multiple reaction monitoring (MRM) 120. MRM is a 

tandem MS scan mode unique to triple- quadrupole MS instruments that are capable of 

rapid, sensitive, and specific quantitation of analytes in highly- complex sample matrices 
121. With targeted approaches, it is possible to achieve a quantitation range of 4-5 orders 

of magnitude 122. Targeted approaches will gain more and more importance in mass 

spectrometry based proteomics – biomarker research and biomedical studies will profit of 

this emerging field in proteomics 123. A prerequisite for this will be large databases of 

proteomics identification data 124 in order to chose the right synthetic peptide that is 

suitable as a standard in targeted approaches 125. Availability of peptides in precisely 

determined concentrations is a limitation to AQUA. To partially overcome this problem, 

the use of artificial genes that are translated into labeled proteins has been invented. 

These concatamers of peptides are contained in an artificial QconCAT (quantitation 

concatamers) protein that is used to be spiked into a sample. Having determined the 

accurate protein amount before, the concentration of the QconCAT peptides is used to 

determine absolute amounts of all peptides/ proteins after digestion of the sample and 

following mass spectrometric analysis. 126, 127. The clear cut advantage of such an 

approach compared to the AQUA technique is the limited cost coming with the necessity 

only to purify and label a single protein which can be expressed in a suitable biological 

system. 

 

4.2.5. Label free mass spectrometry based quantitation 

Label free mass spectrometry based quantitation methods do not rely on any labeling of 

the analyzed samples (Fig. 4). Initially, at times where only low resolution mass 

spectrometry based e.g. Ion trap mass analyzers were available, peptide and hence protein 
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identification data was used for a rough indication of protein quantity. Basically, the 

frequency that peptides belonging to a specific protein are fragmented by CID served as a 

proxy for the relative abundance of the protein in the sample. This methodology was 

termed spectral counting 66 and is used as a fast, convenient and intuitive quantitation 

strategy 128, 129. The disadvantage of spectral counting lies within the dependency of this 

method on the quantity of the peptide identifications. Furthermore, quantitation is 

impossible for peptides with multiple assignments to different proteins. The most 

intriguing disadvantage is the fact that proteins that are determined with less than three 

peptides are failing to be correctly relatively quantified. The reason for that lies within the 

underrepresentation of proteins of low abundance in the stochastically MS/MS sampling 

process in the mass spectrometer 130.  

With the advent of high accurate and high resolving mass spectrometry in combination 

with very reproducible runs of on- line coupled liquid chromatography, label free 

quantitation based on the integration of peptide elution peaks on the survey scan level 

became possible. Peptide elution patterns are tracked using the retention time 

characteristics in combination with the correct high accurate monoisotopic mass trace. 

Due to variations in the LC-MS runs, sophisticated alignment algorithms have to be 

applied 131. With these characteristics, a chromatographic elution profile of every peptide 

may be reconstructed and be distinguished from chemical noise. Peptide abundances are 

calculated based on intense bioinformatoric analysis by comparison of the integrated 

peptide elution peaks 132. Advantageous to this method is the increased dynamic range 

and the lack of the undersampling problems to be encountered in the spectral counting 

approach. Mandatory for this approach are the consistency of the LC- MS/MS runs to 

yield reproducible results of peptide identification with consistent masses and retention 

time coordinates. Furthermore, besides the almost infinite applicability of this method to 

all proteomic samples, comparison of samples needs substantial replicates for a robust 

statistical validation and a preferably low number of sample preparation steps should be 

provided prior to the mass spectrometric measurement to keep the experimental error at a 

low level 86. 
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