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Summary 

The two Gram-positive bacterial species Staphylococcus aureus and Streptococcus pneumoniae are of 

interest for public healthcare. These opportunistic human pathogens are associated with different 

disease such as bacteremia, chronic wound infections or endocarditis in the case of S. aureus and 

pneumonia or meningitis in the case of S. pneumoniae. The comparably small genomes of both 

species were sequenced from multiple strain and their proteins are comparably well characterized. 

This makes them excellent model organisms for global, quantitative, mass-spectrometric, proteome 

analyses. Many factors that contribute to virulence of these organisms are cell-surface associated. Up 

to now, cell-surface associated proteins are underrepresented in most global proteome analyses for 

different reasons. In the course of this work, a method employing labeling of cell-surface proteins 

with Sulfo-NHS-SS-biotin and subsequent affinity enrichment with NeutrAvidin has been optimized in 

order to make cell-surface proteins from Gram-positive bacteria reliably accessible to quantitative 

mass spectrometric analyses. 

The cell-surface proteins from Gram-positive bacteria belong to different protein classes. The 

bacterial lipoproteins are an important class of cell-surface proteins. Their involvement in high 

affinity nutrient acquisition makes them indispensable for survival of the bacteria in their natural 

habitats. Furthermore, particular lipoproteins ensure proper folding of important extracellular 

proteins and lipoproteins are targets for recognition of pathogens by the hosts’ immune system. In 

the scope of this work, the optimized biotinylation approach was applied for analysis of the 

lipoproteome from S. aureus and S. pneumoniae on a global scale and the influence of mutations in 

the lipoprotein maturation pathway on the cell-surface and exoproteomes of both species was 

investigated. 

Many bacteria are able to grow in sessile communities called biofilm. Within such biofilms, 

pathogenic bacteria are protected from the hosts’ immune system, possess a dramatically increased 

resistance to antibiotics, and cause persistent infections. Cell-surface proteins play an important role 
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in biofilm formation, biofilm accumulation, and biofilm dispersal. The biotinylation approach was 

integrated into a proteomic workflow that employs metabolic labeling with heavy nitrogen for 

relative protein quantification to investigate proteomic differences between S. aureus in a biofilm 

model and its free-floating, planktonic counterparts. The experimental setup allowed protein 

quantification along the time course in each culture system separately as well as comparison of 

biofilms with planktonic cells at three different time points. By using this approach, it became 

possible to discriminate proteomic changes attributed to the growth phases from proteomic 

differences caused by the biofilm conditions. Investigation of the cytoplasmic proteins provided 

insight into the metabolic status of the cells as well as a view on the regulatory network that finally 

governs the expression of cell-surface proteins while the biotinylation approach simultaneously 

offered a detailed picture of the cell-surface proteome. 

S. aureus is a predominant pathogen in the lung of cystic fibrosis patients that persists for years and 

successively adapts to this habitat. Scope of the last part of this work was to elucidate these 

differences in the cell-surface proteome of a S. aureus strain that persisted for more than thirteen 

years in the lung of a cystic fibrosis patient. This strain grew poorly in the isotopically labeled medium 

BioExpress1000 so far needed for reliable quantification of the cell-surface proteome. Modification 

of the biotinylation approach enabled a labelfree quantification of the cell-surface proteins by using 

an internal standard to counteract biases introduced during sample preparation and allowed 

identification of differentially expressed cell-surface proteins between the closely related isolates. 
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Zusammenfassung 

Die zwei Gram-positiven bakteriellen Arten Staphylococcus aureus und Streptococcus pneumoniae 

sind von großer Bedeutung für die öffentliche Gesundheitsvorsorge. Diese opportunistischen, 

menschlichen Pathogene sind mit verschiedenen Krankheiten assoziiert, wie z.B. Bakteriämie, 

chronischen Wundinfektionen und Endocarditis im Fall von S. aureus und Lungenentzündung oder 

Hirnhautentzündung im Fall von S. pneumoniae. Die vergleichsweise kleinen Genome beider Arten 

wurden von jeweils mehreren Stämmen sequenziert und ihre Proteine sind vergleichsweise gut 

charakterisiert. Dies macht sie zu exzellenten Modellorganismen für globale, quantitative 

Proteomanalysen. Viele Faktoren, die zur Virulenz dieser Organismen beitragen, sind 

zelloberflächenassoziiert. Bisher sind Zelloberflächenproteine aus verschiedenen Gründen jedoch 

unterrepräsentiert in den meisten globalen Proteomanalysen. In dieser Arbeit wurde eine Methode 

optimiert und angewendet, bei welcher zelloberflächenassoziierte Proteine mit Sulfo-NHS-SS-Biotin 

markiert werden, so dass sie mit NeutAvidin angereichert werden können, um sie für die quantitative 

massenspektrometrische Analyse zuverlässig zugänglich zu machen. 

Die Zelloberflächenproteine von Gram-positiven Bakterien gehören zu verschiedenen Proteinklassen. 

Die bakteriellen Lipoproteine sind eine wichtige Klasse von zelloberflächenassoziierten Proteinen. 

Ihre Beteiligung bei der hochaffinen Aufnahme von Nährstoffen macht sie unentbehrlich für das 

Überleben der Bakterien in ihren natürlichen Habitaten. Darüber hinaus sind bestimmte Lipoproteine 

notwendig für die korrekte Faltung einiger extrazellulärer Proteine und Lipoproteine sind außerdem 

Zielmoleküle für das menschliche Immunsystem bei der Erkennung Gram-positiver Pathogene. 

Innerhalb dieser Arbeit wurde der optimierte Biotinylierungsansatz dazu verwendet das Lipoproteom 

von S. aureus und S. pneumoniae global zu analysieren und den Einfluss von verschiedenen 

Mutationen im Reifungsprozess der Lipoproteine zu untersuchen. 

Viele Bakterien sind dazu in der Lage in sesshaften Gemeinschaften zu leben, die man Biofilm nennt. 

Innerhalb solcher Biofilme sind pathogene Bakterien besser vor dem Zugriff des Immunsystems ihres 
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Wirtes geschützt, verfügen über eine dramatisch erhöhte Resistenz gegenüber Antibiotika und 

verursachen chronische Infektionen. Zelloberflächenproteine spielen eine wichtige Rolle bei der 

Bildung, beim Wachstum und bei der Ausbreitung von Biofilmen. Der optimierte 

Biotinylierungsansatz wurde in eine Proteomanalyse integriert, die metabolisches Markieren der 

Proteine mit schwerem Stickstoff verwendet, um die Unterschiede im Proteom von S. aureus HG001 

innerhalb von Biofilmen und  freischwimmenden, planktonischen Zellen des gleichen Stammes 

herauszufinden. Das experimentelle Design erlaubte dabei Proteinquantifizierung entlang der 

Zeitachse in beiden Kultivierungssystemen separat sowie den Vergleich der Biofilme mit den 

planktonischen Kulturen zu bestimmten Zeitpunkten. Durch diesen Aufbau wurde es möglich 

Veränderungen im Proteom, die durch die verschobenen Wachstumsphasen entstehen, von denen, 

die durch die Biofilmbedingungen hervorgerufen wurden, zu unterscheiden. Die Untersuchung der 

zytoplasmatischen Proteine vermittelte dabei einen Einblick in den metabolischen Zustand der Zellen 

sowie das regulatorische Netzwerk, welches letztendlich auch die Expression der 

Zelloberflächenproteine beeinflusst während der Biotinylierungsansatz einen detaillierten Blick auf 

die zelloberflächenassoziierten Proteine ermöglichte. 

S. aureus ist eines der vorherrschenden Pathogene in den Lungen von Mukoviszidosepatienten. Es 

persistiert dort über Jahre und passt sich fortschreitend an dieses Habitat an. Zielstellung im letzten 

Teil dieser Arbeit war es Unterschiede im Zelloberflächenproteom eines S. aureus zu finden, der 

länger als dreizehn Jahre lang in der Lunge eine Mukoviszidosepatienten überlebt hatte. Dieser 

Stamm wuchs schlecht im Medium BioExpress1000, das bis dahin für die zuverlässige Quantifizierung 

der Zelloberflächenproteine notwendig war. Daher wurde der optimierte Biotinylierungsansatz 

angepasst, um mittels eines internen Standards eine labelfreie Proteinquantifizierung und die 

Identifizierung von unterschiedlich exprimierten Zelloberflächenproteinen zwischen beiden nahe 

verwandten Isolaten zu ermöglichen. 
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1 Introduction:  

1.1 Staphylococcus aureus 

1.1.1 S. aureus as an opportunistic pathogen 

S. aureus is a Gram-positive bacterium belonging to the firmicutes. It colonizes the anterior nares but 

also the perineum, the groin, or other parts of the skin of 30-40 % of the human population 

permanently.1, 2 It is an opportunistic pathogen that potentially infects soft tissues, the vasculature, 

the bone marrow, the endocardium and other tissues. Normally, colonization by S. aureus proceeds 

asymptomatically due to a high degree of adaptation to its mammalian hosts.1 The optimal 

temperature for growth of S. aureus is around 37°C. Specialized proteins (e.g. five different high-

affinity iron uptake systems) enable growth of S. aureus inside its hosts. S. aureus possesses proteins, 

which protect against various compounds of mammalian immune systems, e.g. the immune globulin 

inactivating staphylococcal protein A (Spa) or immunomodulatory superantigen-like proteins. Many 

of them are cell-surface associated or secretory released. S. aureus produces the carotenoid 

staphyloxhanthin under stressful conditions, which is quite characteristic for this species. The name 

“aureus” is derived from this yellow to orange pigment, that acts as an antioxidant and is one factor 

that enables S. aureus to survive in phagocytes, which normally kill bacteria by the use of reactive 

oxygen species like nitric oxide and antimicrobial peptides.3, 4 In addition, enzymes like the catalase, 

superoxide dismutases, alkylhydroperoxidase, and DNA repair systems permit detoxification of the 

ROS and reparation of cell damages. S. aureus is equipped with numerous extracellular pathogenicity 

factors including toxins, superantigens, haemolysins as well as leucocidins and adhesins.5 

Furthermore, multi-drug efflux pumps and specialized proteins confer multiple antibiotic resistances 

to S. aureus.6 The presence and amount of these proteins varies among different strains of S. aureus. 

Only 75 % of the staphylococcal genome is conserved among the different strains whereas 25 % of 

the genome is accessory.7, 8 
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S. aureus is a predominant pathogen in soft tissue infections but also causes septic shocks, abscesses, 

necrotic pneumonia, endocarditis, and other diseases. Special interest comes up to this opportunistic 

pathogen due to its increasing antibiotic resistance in combination with increased virulence of 

particular strains. Infections by these strains are difficult to treat, and they are causative agents of 

persistent infections in healthy humans and animals.9 Methicillin-resistant S. aureus (MRSA) gained 

notoriety as nosocomial pathogens. During the last years, community-acquired MRSA that disease 

healthy people, are on the rise, and a third reservoir of MRSA has developed in livestock’s. In 

Germany, the notifiable MRSA isolates from blood stream or liquor infections had an average 

incidence rate of 5.2 per 100.000 inhabitants in the year 2011.10, 11 

1.1.2 Biofilm development in S. aureus 

Like many microorganisms, staphylococci are able to adhere to abiotic as well biotic surfaces and to 

grow in sessile communities called biofilm. Cells within bacterial biofilms are embedded in a biofilm 

matrix that typically consists of exopolysaccharides, proteins, and extracellular DNA (eDNA). Surface-

attached bacteria frequently remain undetected by standard methods (swabbing and plating). 

Compared to planktonic cells, biofilms exhibit a dramatically increased resistance to virtually all 

antibiotics and protect the bacteria from the hosts immune system.12–15 For that reasons, 

staphylococcal biofilms often lead to persistent infections.16 Two different types of biofilms are 

described for S. aureus today. The first one is characterized by the existence of an polysaccharide 

intercellular adhesin (PIA) composed of linear β-1,6-linked poly-N-acetylglucosamine, while the 

second is PIA-independent and intensively depends on cell-surface proteins (FnBP-dependent 

biofilm).17–21  

Biofilm formation can be induced by several environmental factors such as availability of specific 

nutrients (e.g. glucose), high salinity, changing temperature, iron depletion, hypoxia, or extreme 

pH.22–25 In S. aureus, biofilm development is affected by multiple regulators including CcpA, SigB, 

SarA, RNAIII, MgrA, CodY, Spx, CidR, LytSR, IcaR, TcaR, LuxS, and Rbf and hence, is a concerted action 
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controlled by a complex network of regulators that ensure integration of numerous environmental 

and cellular signals into cellular responses.26–37 Furthermore, biofilm formation is highly influenced by 

the presence of other bacteria. Pseudomonas aeruginosa for example triggers the appearance of 

small colony variants and increases biofilm formation of S. aureus by its exoproduct 4-hydroxy-2-

heptylquinoline-N-oxide.38 

1.1.3 S. aureus in the context of cystic fibrosis 

Cystic fibrosis (CF) is a genetic disorder characterized by a malfunctioning channel protein necessary 

to transport chloride and sodium ions across epithelia. This ion transport normally regulates the 

osmotic flow of water into sweat, digestive fluids, and most importantly the mucus. Disturbance of 

this protein leads to reduced water content in these secretions. Bacteria rapidly colonize the 

resulting highly viscous mucus. S. aureus is the predominant bacterium in the lungs of cystic fibrosis 

patients aged 0-10 years and is progressively replaced by P. aeruginosa in older patients.39 Single 

clones of S. aureus persist for years in a patient and frequently develop small colony variants 

characterized by certain auxotrophies.40, 41 

1.2 Streptococcus pneumoniae 

1.2.1 S. pneumoniae as an opportunistic pathogen 

S. pneumoniae is a Gram-positive bacterium also referred as pneumococcus since it frequently causes 

pneumonia in young children and older people. S. pneumoniae normally colonizes the nasopharynx 

of humans asymptomatically. The incidence is highest in children reaching up to 55 % at the age of 

3 years and decreases to 8 % in 10 years old children, but may be higher in developing countries.42 

The bacterium colonizes mucosal surfaces and is able to invade into host cells. The organism occurs 

in two phases, the first one, called transparent phase, is characterized by a relatively thick cell wall 

and a small capsule and the second (called opaque phase) has a thin cell wall but a dense capsule. It 

is hypothesized, that the first phase occurs during colonization, where surface proteins need to get in 
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contact with the host cells for adhesion, whereas the second phase protects the bacteria against 

opsonization and phagocytosis.43 

In young children, old and immunocompromised people, the pneumococci have an increased chance 

to spread along the respiratory tract to cause noninvasive diseases such as nonbacteremic 

pneumonia, otitis media, sinusitis, and bronchitis. Different pathogenicity factors enable 

S. pneumoniae to invade into host cells and to transmigrate into other tissues where they may cause 

invasive disease such as bacteremic pneumonia, and if the bacteria cross the blood brain barrier, 

meningitis. It is estimated that up to 2 million pneumococcal deaths per year occur worldwide, and 

that pneumococci cause around 11 % of all deaths in children aged 1–59 months.44 

1.2.2 Antibiotics resistance of S. pneumoniae  

Comparable to S. aureus, pneumococci developed increased antimicrobial resistance in the past 

decades. Strains resistant to ß-lactams and macrolides accumulated, depending on the geographical 

area and resistance to fluoroquinolones has started to emerge. The prevalence of penicillin 

unsusceptible S. pneumoniae in Europe varies from 1-5 % in the UK, Germany, Austria, Norway and 

Sweden to 25-50 % in Spain, France and Greece and distribution of macrolide resistant strains is quite 

similar with higher prevalence as penicillin resistance in the UK, Germany and Norway.45 Of more 

concern are multidrug-resistant phenotypes. Currently, 40 % of pneumococci are multidrug-resistant 

with wide differences between countries. The highest prevalence of multidrug-resistance is found in 

Asia and in particular China (97.3 %).45 Multidrug resistances are often spread by a small number of 

clones that dominate the pneumococcal population.46 In contrast to many staphylococcal infections, 

pneumococcal diseases are still treatable with first-line antibiotics. 

1.2.3 Mechanisms of pneumococcal pathogenicity 

S. pneumoniae spreads within the human population as an airborne droplet infection. They typically 

colonize the nasopharynx first. The events of nasopharyngeal colonization by pneumococci have 
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recently been reviewed.47 The first line of defense is the mucus. Pneumococci circumvent trapping by 

the mucus and subsequent clearance by the aid of their capsule whose negative charges prevent 

adherence to the mucus and favor the transition to epithelial cells.48 As already mentioned above, 

pneumococci undergo phase variation. They reduce the production of capsule polysaccharides and 

increase the expression of surface-exposed adhesins. They secrete exoglycosidases that reduce the 

viscosity of the mucus and unmask host receptors by removal of terminal carbohydrates, which 

additionally provides nutrients for the bacteria. Different adhesins mediate the interaction between 

the pneumococci and the host cells. At this stage, S. pneumoniae most likely develops a biofilm to 

evade the hosts’ immune defense and to compete with other species of the native flora. This process 

is a concerted action depending on environmental signals and quorum sensing.49 Biofilm formation 

by pneumococci involves adhesins as well as autolysins that provide eDNA.50 The action of autolysins 

furthermore leads to disposal of pneumolysin from the cytoplasm, which is a cholesterol-dependent 

cytolysin that creates pores in cholesterol-containing membranes to lyse host cells.51 S. pneumoniae 

possesses a large repertoire of cell-surface proteins that enable binding to different host associated 

factors. One of them is PspC that binds an integrin receptor for laminin, present on the vascular 

endothelium of the blood–brain barrier, contributing to the development of pneumococcal 

meningitis, and probably other invasive infections. 

1.3 The cell-surface proteome of Staphylococcus aureus and Streptococcus 

pneumoniae 

The cell-surface is the interface between the bacterial cell and its environment. Bacteria adapt the 

expression of cell-surface proteins in response to environmental factors to manage important 

biological functions (e.g. growth, nutrient acquisition, or adherence to specific surfaces) properly. The 

interaction between pathogenic bacteria and host cells occurs primarily at the cell-surface. Hence, 

cell-surface proteomes of pathogenic bacteria are of special interest. The cell-surface proteome is the 
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entirety of the cell-surface associated proteins. These proteins belong to different protein classes and 

span a broad range of physicochemical properties.  

First, there are classical cell wall proteins, covalently bound to the peptidoglycan. The protein 

exporting Sec-machinery recognizes their N-terminal signal peptide and translocates them across the 

cell membrane. The signal peptidase I (SPI) cleaves the signal peptide. The cell-wall proteins contain a 

sorting signal consisting of a LPXTG motif, recognized by sortase A (SrtA) or a NPQTN motif for cell 

wall anchoring by the iron-regulated sortase B (SrtB).52, 53 Sortases are transpeptidases that cleave 

the sorting motif after threonine (within the LPXTG motif) and connect the proteins to the peptide 

bridges of the peptidoglycan by a peptide bond between the carboxyl group of the threonine and the 

amino group of the pentapeptide.54 Several proteins associated with virulence belong to this protein 

class. The staphylococcal protein A (Spa) for instance is able to bind the Fc-region of IgG and renders 

these antibodies inoperative.55 The sialidase (NanA) of S. pneumoniae contributes to mucosal 

colonization, platelet clearance, and blood-brain barrier penetration.56 

Bacterial lipoproteins are a second important class of cell-surface proteins. They are synthesized as 

precursors, carrying an N-terminal signal peptide, recognized by the exporting Sec-machinery and a 

so called lipobox that contains a invariable cysteine.57 After translocation across the cytoplasmic 

membrane, lipoprotein precursors are processed in two or three steps. A diacylglyceryl moiety 

donated by phospholipids is transferred to the sulfhydryl group of the N-terminal cysteine by the 

phosphadidyl glycerol diacylglyceryl transferase Lgt. The diacylated protein becomes substrate for 

the lipoprotein-specific signal peptidase II (Lsp) and in many bacteria, the N-terminal cysteine gets  

N-acylated by the N-acyltransferase Lnt.57–59 Lipoprotein maturation in S. aureus appears to be 

modified since the N-acylation seems to depend on environmental factors, that are not sufficiently 

defined yet.60 Lipoproteins of Gram-positive bacteria considerably contribute to bacterial fitness 

since they fulfill important functions as substrate binding proteins in the context of ABC-transporters, 

necessary for high-affinity uptake of many nutrients.61, 62, 59 In particular, this refers to the acquisition 

of iron but also manganese, phosphate, amino acids, peptides, and the uptake of compatible solutes 
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(e.g. choline and ornithine) during osmotic stress. Furthermore, extracellular chaperones such as 

PrsA, needed for correct folding of some important cell-surface proteins, are lipoproteins. Mutation 

of lgt results in release of lipoprotein precursors into the growth medium. Stoll et. al reported a 

growth deficit of S. aureus Δlgt under nutrient limitation, whereas growth in rich medium was hardly 

effected.63 Slower growth of S. aureus Newman Δlgt, compared to the wild type, was observed in 

fresh blood, but similar proliferation in serum.64 Chimalapati et al. reported reduced growth of 

S. pneumoniae Δlgt in cation depleted medium, blood and bronchoalveolar lavage fluid, whereas 

growth in complete medium was only slightly delayed.62 

Bacterial lipoproteins are recognized in mammalian cells by the Toll-like receptor 2 (TLR2) and induce 

proinflamatory cytokine release through the TLR2-MyD88 signaling pathway in monocytes, epithelial 

and endothelial cells.63, 65, 66 They activate the innate immune system and increase phagocytosis of 

S. aureus.59 In contrast, a recent study suggests involvement of the peptidyl-prolyl cis/trans 

isomerase PpiA in reduction of phagocytosis of Streptococcus gordonii by macrophages. Bubeck-

Wardenburg et al. reported increased virulence of S. aureus Δlgt in several animal models and 

Schmaler et al. observed higher bacterial numbers of the wild type in organs of inflammation 

impaired mice.64, 67 In the case of S. pneumonia, several authors report attenuation of the lgt-mutant 

under infection related conditions.61, 62 These results indicate a dual role of the lipoproteins for 

bacterial lipoproteins during the course of infection. On the one hand, lipoproteins lead to increased 

phagocytosis and inflammation; on the other hand, they permit improved nutrient acquisition 

properties, supporting growth within the host. For that reasons profound knowledge regarding 

lipoprotein biogenesis, lipoprotein function and the effect of lipoprotein maturation disturbance is of 

great interest towards the development of new antibacterial strategies. 

N-terminally membrane anchored proteins are the third important protein class at the bacterial cell-

surface. These proteins are membrane anchored by the hydrophobic nature of their N-terminus. 

They carry an N-terminal leader peptide and hence, are targeted for translocation across the plasma 

membrane by the Sec machinery. Most N-terminally membrane anchored proteins lack a cleavage 
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site for signal peptidases while others contain a potential cleavage site but the signal peptide is not 

cleaved, and they remain noncovalently anchored in the membrane by the hydrophobic nature of 

their N-terminal region. They comprise an ambiguous group since most of them are active at the 

extracellular side of the plasma membrane while some are on the cytoplasmic one.68 In S. aureus, 

approximately 200 proteins are predicted to be N-terminally membrane anchored while 

approximately 100 proteins in the genome of S. pneumoniae are predicted to be membrane 

anchored by this mechanism. Their functions are diverse, ranging from cell wall biosynthesis and 

hydrolyzing activities to exotoxins. 

Typical multi-pass membrane proteins contain extracellular domains or at least a couple of 

extracellular loops and are considered as potential cell-surface associated proteins. In addition, 

secreted proteins whose signal peptide is cleaved by the type-I signal peptidases, may be retained at 

the cell-surface due to noncovalent binding to other components of the cell envelope. This is for 

instance the case for the extracellular adherence protein Eap (also referred as Map), of which 

approximately 30 % rebind at the cell-surface. The ligand for Eap at the cell envelope was identified. 

It’s a neutral phosphatase, that also lacks a cell wall anchor but is predominantly located at the cell-

surface.69 Hence, secretory released proteins that are found at the cell-surface are regarded as cell-

surface proteins. 

The choline binding proteins (CBP’s) are connected noncovalently to choline on the lipoteichoic acids 

and wall teichoic acids by a N-terminal choline-binding module, consisting of several repeats of a ~19 

amino acid sequence.70 Their C-terminal domains mediate specific functions, ranging from regulation 

of autolysis to adherence. Fifteen CBP’s have been identified in the genome of S. pneumoniae TIGR4. 

CBP’s seem to be a feature of unrelated respiratory tract pathogens.71, 72 

Typical cytoplasmic proteins can also be found at the cell-surface. They are expected to be released 

by cell lysis (e.g. autolysis or fratricide) or so far uncharacterized excretion mechanisms and rebind at 

the cell envelope of possibly neighboring cells. In the case of S. pneumoniae, a function at the cell-
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surface could be determined for the glycolytic enzymes enolase and glyceraldehyde-3-phosphate 

dehydrogenase. They bind to plasmin(ogen).73, 74 Furthermore, the adherence and virulence protein A 

(PavA) fulfills its function as finbronectin binding protein at the cell-surface but lacks an signal 

peptide for export via the Sec machinery and any sequence that permits anchoring at the cell-

surface.75 

1.4 Mass spectrometry for protein analytic in the post genome era  

Mass spectrometry determines the mass of ionized molecules or atoms by measurement of the mass 

to charge ratio (m/z) and allows identification of potentially any ionizable substance. It has become 

the method of choice for identification and quantification of proteins on global scales. Development 

of the soft ionization methods matrix-assisted laser desorption ionization (MALDI) and electrospray 

ionization (ESI) greatly improved feasibility of mass spectrometry in proteome research by enabling 

generation of large ions from peptides or proteins without analyte fragmentation.76 MALDI generates 

predominantly singly charged ions and is most commonly combined with time-of-flight (TOF) 

analyzers that are capable to cover a broad m/z range. ESI predominantly generates multiply charged 

ions. It has become the ionization method of choice for protein and peptide samples dissolved in a 

liquid phase.76 

Gel-based workflows were developed, by which proteins within complex protein mixtures are 

separated using two-dimensional gel electrophoresis (2D-GE) and visualized by protein-specific 

staining methods. The proteins are excised from the gel and subjected to tryptic digestion, which 

leads to peptides of defined mass. The resulting mass spectra are comparably simple to interpret. 

Identification of the proteins can be performed by comparison of experimental peptide masses to the 

expected masses, calculated from in silico digestion (peptide mass fingerprinting). Hence, protein 

identification by mass spectrometry uses the genome sequences to predict protein sequences and to 

assign masses to peptides and hence, proteins. 
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An alternative proteomic workflow relies on liquid chromatographic separation of peptides or 

proteins with subsequent mass-spectrometric identification (LC-MS). This principally different 

approach has a higher sensitivity than the gel-based workflow and circumvents the limitations of  

2D-GE regarding physiochemical properties of the proteins (e.g. limited mass range or 

underrepresentation of hydrophobic membrane proteins). Separation and mass-spectrometric 

analysis of peptides without gel electrophoretic protein separation implicates the problem that 

peptides similar in mass but different in sequence appear in one sample, which originate from 

different proteins. For that reason, mass spectrometers became in use, which first determine the 

mass of all ions in a given m/z range at a given time point (survey scan) and then isolate precursor 

ions and fragment them in order to obtain fragment ions that differ in the mass of one dissociated 

amino acid. This allows sequencing of the peptides and discrimination between such peptides of 

equal mass. This principle is realized in different modern hybrid mass spectrometers, for instance a 

LTQ-Orbitrap. This mass spectrometer consists of a linear trapping quadrupole (LTQ) needed for rapid 

isolation and fragmentation of the precursor ions and a high accuracy mass analyzer (Orbitrap) used 

for determination of the precursor ions masses in survey scans. Database-dependent search 

algorithms (e.g. Sequest) process the information of resulting data and identify the peptides which 

are then reassigned to proteins from the database. For fragmentation, precursor ions are frequently 

selected by their abundance (data dependent acquisition). This workflow became popular in mass-

spectrometry based proteome research since these fragment spectra result from an isolated 

precursor ion of known mass and are comparably simple to interpret. Using current Orbitrap mass 

spectrometers, this workflow allows identification of 5-20 precursors per scan cycle with several 

repeats during elution of one chromatographic peak. 

Recent progress in mass-spectrometric instrumentation enabled the use of data independent 

acquisition (DIA) modes for analysis of complex samples. Precursor ions are not selected by their 

abundance anymore but by their appearance in the mass range of the survey scan. All precursor ions 

within a large mass range are fragmented simultaneously and all fragment ions are detected in a 
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multiplexed fragment spectrum. DIA potentially leads to identification of all precursor ions eluting at 

a given time point and increases the sequence coverage by identification of low abundant peptide 

ions. Many mass spectrometers can be operated this way, but the Synapt G2 mass spectrometer 

(Waters, Milford, U.S.) offers the unique possibility to use vendor specific software called Ion 

Accounting Algorithm for interpretation of multiplexed fragment spectra without the need for 

spectral libraries. In MSE acquisitions, a low collision energy survey scan is acquired to determine the 

mass of eluting peptides followed by a high collision energy scan by which all eluting analytes are 

fragmented simultaneously. Fragment ions are assigned to a precursor if their apex retention times 

are within plus or minus the time of one scanning cycle.77 The capabilities of this method can be 

increased, if MSE is combined with an vendor-specific ion mobility separation (HDMSE). Ion mobility is 

an additional separation technique by which coeluting ions are separated as they drift through a gas 

under the influence of an electric field. Beside retention time and peptide intensity, fragment ions 

can be assigned to precursor ions using the drift time determined before fragmentation.  

1.4.1 Mass-spectrometric methods for protein quantification 

Proteome analyses require not only identification but also quantification of the proteins within 

complex protein samples to answer most biological questions. Methods based on separation of 

proteins with 2D-GE and subsequent identification by MALDI-TOF offer the possibility to quantify the 

proteins by spot intensities in different gel images, but 2D-GE-independent techniques such as  

GeLC-MS or in-solution digest of proteins provide higher sensitivity and less limitations regarding the 

physicochemical properties of the proteins. These methods depend on mass spectrometry based 

protein quantification. This implies the problem, that mass spectrometry per se is a poorly 

quantitative method due to the influence of several factors. In the case of ESI, ionization efficiency of 

individual peptides greatly differs in dependence of the peptides amino acid composition. 

Furthermore, coeluting analytes compete for the protons during ionization. Hence, the ionization 

efficiency of a given peptide also depends on the presence and concentration of other substances. 

Furthermore, the electrospray is not constant in quality over a long period. The development of 
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quantitative mass-spectrometric methods is challenging and still subject to current research. Several 

principally different strategies for protein quantification were used in this work. 

1.4.1.1 Spectral counting (NSAF) 

Semiquantitative methods, summarized as spectral counting, operate by the assumption that the 

number of fragment spectra assigned to a certain protein depends on the concentration of the 

protein within the sample. Three factors indeed lead to a correlation of protein abundance with the 

number of assigned spectra. The higher the concentration of a protein is, the higher is the chance to 

detect poorly ionizing peptides. Second, the more abundant a peptide is, the higher is the chance to 

identify it from two or more fragment spectra and third, high abundant peptides have a better 

chance to get selected as precursor for fragmentation in the background of coeluting analytes. 

The advantage of these methods is the possibility to apply them on virtually every sample but there 

are some disadvantages, spectral counting suffers from. The ratios of protein amount within different 

samples are frequently overestimated.78 Protein ratios determined by spectral counting methods 

become unreliable if the maximal number of spectral counts between two samples fall below four or 

exceed a specific value and reach saturation caused by dynamic exclusion.78, 79 The method is highly 

prone to errors introduced by the experimenter. Additionally, peptides shared by more than one 

protein challenge accurate quantification by spectral counting and the problem of under-sampling 

potentially results in false positive expression changes. Spectral counting offers a linear correlation 

with relative protein abundance over two orders of magnitude.80 Calculation of the Normalized 

Spectral Abundance Factor (NSAF) is mentioned to be the most reliable method for protein 

quantification by spectral counting.81 NSAF was used as quantitative value to analyze changes in the 

cell-surface proteome of S. aureus RN4220 and S. pneumoniae D39 and lipoprotein maturation 

mutants of the same strains. 
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1.4.1.2 Quantification by metabolic labeling with heavy nitrogen 

Methods based on protein labeling with nonradioactive, stable isotopes are potentially less prone to 

errors caused by sample preparation than spectral counting methods and offer a higher sensitivity for 

detection of differentially expressed proteins.79 One of the most powerful variants for bacteria is 

metabolic labeling with heavy nitrogen (15N) that is incorporated into the amino acids and 

subsequently proteins during cell culturing. Quantification is carried out by determination of 

chromatographic peak areas of heavy (labeled) and light (unlabeled) monoisotopic peptide ions. The 

ratio between the heavy and the light peptides is conserved, once the samples are mixed. This can be 

done in one of the first steps of the workflow and deviations introduced during subsequent sample 

preparation, liquid chromatography, or mass spectrometry, have no influence on the quantitative 

value anymore. This method has a linear dynamic range of at least two orders of magnitude and is 

well suited for detection of small changes in protein amount.82 Nevertheless; the method implements 

several potential drawbacks. It depends on the availability of media suitable to perform metabolic 

labeling with the organism of interest. Media containing highly purified isotopic species are needed. 

It doubles the sample complexity, is more time consuming and more expensive than spectral 

counting methods. Within this work, metabolic labeling was applied for determination of changes in 

the proteome of planktonically grown S. aureus HG001 and colony biofilms of the same strain. 

1.4.1.3 Protein quantification by the use of peptide ion intensities (Top3 approach)  

A more sophisticated label-free quantification method uses the intensities of peptide ions within the 

survey scans along the chromatographic peak for protein quantification. Observed peptide ions are 

identified and protein quantification is achieved by quantification of the three most abundant 

peptides of each protein. This accounts for identification of different numbers of peptides from a 

given protein among different samples and is mentioned to compensate for individual ionization 

efficiencies of different peptides.83 Reproducibility of this method is highly increased, if 1D-gel-based 

sample fractionation is omitted. Without prefractionation, sample complexity is highly increased. In 
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order to achieve comparable sampling depth, DIA is highly beneficial for analyzing complex samples 

this way. Using the Synapt G2, this method offers an in-spectrum dynamic range over four orders of 

magnitude. Without prefractionation, it is possible to normalize the quantitative values in relation to 

the intensity of a standard analyte, spiked into the sample to a constant amount. An internal 

standard can be used for absolute protein quantification but also to counteract standard deviations, 

caused by the experimenter during sample preparation, which is of great importance for the 

biotinylation approach that involves multiple steps of sample preparation. In the scope of this work, a 

method was designed that uses HDMSE and a biotinylated BSA as internal standard and was applied 

for relative quantification of cell-surface proteomes from two clinical isolates of S. aureus obtained 

from a cystic fibrosis patient. 

1.5 Sample preparation techniques for mass spectrometric proteome 

analyses 

Successful proteomic analysis highly depends on sample preparation. The proteins have to be 

extracted from the primary samples (cells) and disturbing substances have to be removed. Proteomic 

samples are extremely complex and protein and/or peptide separation is crucial to increase the 

sampling-depth. 

The cell-surface associated proteins comprise a heterogeneous group of proteins including members 

of several protein classes with different, partially opposing properties regarding hydrophobicity, 

molecular weight, or most importantly, their association with other biomolecules (different 

anchoring mechanisms at the cell-surface). Their extraction from whole cells is challenging and will 

be discussed in more detail in section 3.1.1. 

Biological samples contain mixtures of diverse biomolecules ranging from small substances (e.g. salts 

and metabolites) over larger compounds (e.g. lipids) to huge biopolymers (e.g. cell walls). Proteins 

are tightly associated with these compounds, many of which interfere with proteomic analyses. Salts 

for instance impair separation by liquid chromatography and disturb the ionization of proteins and 
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peptides. Similar to proteins themselves, these compounds span a broad range of physicochemical 

properties. Sophisticated sample preparation techniques are needed for sample purification. One-

dimensional gel electrophoresis (e.g. SDS-PAGE) is a powerful tool for sample purification with 

simultaneous protein separation. It is routinely combined with ESI-LC-MS (GeLC-MS approach). On 

the peptide level, solid phase extraction with C18 material prior to liquid chromatography can be 

performed to purify the sample. 

Due to the complexity of proteomic samples and the limited capabilities of current mass 

spectrometers, sample fractionation techniques are crucial for comprehensive analysis of proteomes. 

One the one hand, subproteomes (e.g. membrane proteins, secreted proteins, or cell-surface 

proteins) can be divided from each other and on the other hand, protein and peptide separation 

techniques are used to further reduce sample complexity prior to mass spectrometric analysis. 

Compared to many cytoplasmic proteins, cell-surface proteins are low abundant and their 

enrichment is crucial to maximize cell-surface protein coverage in global mass-spectrometric 

proteome analyses. In the following, different mass-spectrometric techniques for analysis of cell-

surface proteins will be discussed. 

1.6 Methods for the analysis of the cell-surface proteome of Gram-positive 

bacteria 

Cell-surface proteins as well as membrane and secreted proteins are frequently underrepresented in 

proteome analyses of whole cell lysates. The high abundance of cytosolic proteins, the 

hydrophobicity of membrane proteins, and protein anchoring at the cell-surface, as well as the high 

complexity of whole cell lysates impedes the reliable identification and sufficient quantification of 

many of these proteins within crude cell extracts by mass spectrometry. Improved extraction and 

specific enrichment of these proteins is needed for their reliable recovery in proteome samples with 

a high coverage. The primary aim of this work was the optimization of a method for enrichment of 
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cell-surface proteins from Gram-positive bacteria that allows analysis of the cell-surface proteome by 

mass spectrometry with a maximal coverage of this subproteome. 

During the last years, at least three principally different methods were developed to enrich cell-

surface proteins from Gram-positive bacteria. The first one is based on the digestion of bacterial cell 

walls and the analysis of the proteins released into the supernatant (cell wall digestion approach). 

The second one, called surface shaving, uses proteases (usually trypsin) to digest the surface-exposed 

proteins from intact cells and analyzes the peptides within the supernatant. The third one depends 

on labeling of the cell-surface proteins (by the use of a biotinylating reagent) and subsequent affinity 

enrichment of the biotinylated proteins with avidin derivatives. The following paragraph explains 

these three methods in more detail with regard to their benefits and drawbacks. 

1.6.1 Cell wall digestion approach 

The use of enzymes that specifically digest the peptidoglycan was one of the first methods used to 

enrich cell-surface proteins of Gram-positive bacteria. Cells are collected and resuspended in a 

hypertonic digestion buffer, that provides an optimal pH, if necessary ions needed for enzymatic 

activity, a balanced protease inhibitor cocktail, and peptidoglycan hydrolyzing enzymes (e.g. 

lysostaphin or mutanolysin).84 The high osmolarity of the digestion buffer was mentioned to prevent 

lysis of the successively emerging protoplasts. The protease inhibitor cocktail is necessary to prevent 

proteolysis during the cell wall digestion, but has to allow activity of the cell wall hydrolases. The 

enzymes used for the approach must specifically be chosen for the species of interest. Since the 

method enriches intact proteins, it is potentially applicable to analyze isoforms and posttranslational 

modifications by separation of intact proteins. By combination of this method with subsequent  

2D-GE, Gatlin et al. identified 236 proteins from a clinical S. aureus isolate of which 46 are predicted 

to be cell-surface proteins, whereas cytoplasmic localization was predicted for the others.84 Taking 

the reduced sensitivity of 2D gel analysis (compared to GeLC-MS analyses) and the limited pH-range 

of IPG’s during isoelectric focusing into account, the method was very successful. The release of 
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covalently cell wall anchored proteins is a particular benefit of this method. Nevertheless, some 

drawbacks limit the universal applicability. A prerequisite is the availability of cell wall hydrolyzing 

enzymes for the organism under investigation. The cell wall digest normally proceeds for hours at 

37°C. Hence, it is possible that the cells adapt to the conditions during the digest and synthesize or 

degrade proteins. Furthermore, an adapted protease inhibitor cocktail is needed that allows activity 

of the cell wall hydrolases. Inhibitors for metalloproteases for instance have to be omitted if 

lysostaphin is used. Another challenge is the release of cytosolic proteins that may occur due to cell 

lysis. Finally, the high hydrophobicity and hence poor water solubility of membrane proteins cannot 

be negotiated by the use of detergents, since this would lead to lysis of the protoplasts and intensive 

contamination with cytoplasmic proteins. 

1.6.2 Cell-surface shaving 

A second method used for the analysis of bacterial cell-surface proteins is the surface shaving 

approach. Intact cells are incubated in a buffer containing a protease (e.g. trypsin) to digest surface-

exposed proteins. The resulting supernatant is subjected to LC-MS analysis. Several variations of this 

approach exist. Dreisbach et al. optimized the approach for exclusive identification of surface-

exposed protein domains from the uppermost layer of the cell envelope as potential vaccine 

candidates by using immobilized trypsin.85 For approaches aiming on the global analysis of cell-

surface proteomes, unbound trypsin was used. Applying such a method, Hempel et al. identified 78 

cell-surface proteins and 84 cytosolic proteins at the surface of S. aureus COL. An advantage of this 

method is the good accessibility of the covalently cell wall anchored proteins. Altogether 75 % of the 

sortase substrates encoded in the genome of S. aureus COL could be identified.86 Furthermore, the 

possibility to miniaturize the approach is advantageous. Only a few milliliters cell culture are needed. 

Nevertheless, the cell-surface shaving approach did not reach the cell-surface proteome coverage of 

the biotinylation approach and is challenging due to the presence of mass spectrometry disturbing 

substances. 
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1.6.3 Biotinylation approach 

Biotin binds with high affinity and specificity to avidin. This interaction is one of the strongest non-

covalent bonds discovered in biochemistry and is suitable for extraction of biotinylated products 

from complex solutions with an avidin-coated solid phase.87 For that purpose, several biotin and 

avidin derivatives were developed (e.g. Sulfo-NHS-SS-biotin and NeutrAvidin) that exhibit several 

advantageous features for cell-surface proteome analyses. Sulfo-NHS-SS-biotin is membrane 

impermeable due to the negative charge of N-hydroxysulfosuccinimide (NHS). The NHS ester group 

reacts with primary amines (contained in proteins at lysine residues) with Sulfo-NHS as leaving group 

while the biotin group remains linked to the protein. Additionally, Sulfo-NHS-SS-biotin contains a 

disulphide bridge that is cleavable under reducing conditions and can be used for quantitative elution 

of biotinylated proteins from biotin-binding proteins (e.g. NeutrAvidin). NeutrAvidin is a 

deglycosylated derivate of avidin. It exhibits a nearly neutral isoelectric point, which minimizes 

unspecific interactions with negatively charged molecules (e.g. RNA or DNA). NeutrAvidin cross-

linked to agarose is commercially available and can be used as solid phase for NeutAvidin affinity 

purification of biotinylated proteins. 

Numerous protocols that employ biotinylation for analysis of cell-surface proteomes were 

developed. They aim on investigation of different organisms.88–91 Intact cells are resuspended in a 

buffer providing a slightly alkaline pH, adequate for the labeling reaction. The biotinylation reagent 

(e.g. Sulfo-NHS-SS-biotin) is added and the reaction proceeds for several minutes to hours. The  

N-hydroxysulfosuccinimide (NHS) ester group on the reagent reacts with the ε-amine of lysine 

residues. The reaction with proteins is quenched by addition of substances containing primary amino 

groups. Cells are disrupted and biotinylated proteins within the supernatant can be enriched by the 

use of avidin derivatives. Use of Sulfo-NHS-SS-biotin conveniently offers the possibility to elute the 

biotinylated proteins by addition of a reducing agent (e.g. ß-mercaptoethanol). Further details and 

discussion of advantages and drawbacks of the method will be given in the course of this thesis. In a 
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previous work, Hempel et al. quantified 98 cell-surface proteins from S. aureus COL by the use of 

biotin-labeling indicating the high potential of the approach.92 

2 Methods and Material 

2.1 Bacterial strains and growth conditions 

2.1.1 Cultivation of S. aureus 

Glycerol stocks were prepared for all staphylococcal strains used. Cells were grown in LB medium to 

the exponentially growth phase. One part culture was mixed with one part glycerol. Aliquots were 

stored at -70°C until further use. For cell culturing, these glycerol stocks were grown as pre-cultures 

at 37°C overnight and used for inoculation. 

For optimization of the biotinylation approach, S. aureus COL grew in TSB (medium to volume ratio: 

1:5) at 37°C with agitation (130 rpm). Cultures were inoculated to an optical density at 540nm (OD540) 

of 0.05 and harvested in the exponential growth phase OD540=1.5 (+/- 0.5). 

S. aureus RN4220 was used to analyze lipoprotein biogenesis mutants. It is a derivate of S. aureus 

NCTC8325-4, which contains an 11 bp deletion in rsbU.93 Its isogenic mutants Δlgt, Δlsp and ΔprsA 

(deletion in lgt, lspA, and prsA respectively) had been obtained by gene replacement.8, 94 The prsA 

mutant was further complemented with the pCN51 plasmid containing prsA, controlled by a 

cadmium-inducible promoter. Bacteria were grown in TSB with a medium volume ratio of 1:5 at 37°C 

with agitation (130 rpm) to an OD540 of 1.0 (exponential growth phase) or OD540 of 8.5 (stationary 

growth phase). 

S. aureus strain HG001 was used for the proteomic comparison of planktonically grown cells to 

colony biofilms. The strain is described in more detail in Herbert et al. 2010.95 Cultivation was 

performed in BioExpress1000 (Cambridge Isotope Laboratories, Inc., Andover) supplemented with 

0.15 % glucose and 0.9 % sodium chloride, containing either 14N- or 15N-labeled compounds in a 
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purity of 98 %. Planktonic cells grew in flasks under agitation (130 rpm) at 37 °C with a medium to 

volume ratio of 1:5, while biofilm cells grew at NADIR dialysis membranes rested on nutrient agar as 

introduced by Resch et al.96, 97 An overnight culture of the bacteria was diluted to an OD540 of 0.03 

and 100 µl of this cell suspension were used to inoculate 30 ml medium. Cells grew to an OD540 of 0.6 

and the culture was used for inoculation of planktonic cultures as well as biofilm cultures and 

sampled for proteome analyses. Therefore, the cell suspension was again diluted to an optical 

density of 0.03 and 100 µl of the dilution were used to inoculate 30 ml medium or the corresponding 

nutrient agar plates made from 30 ml medium and coagulated with 1.8 % select agar (InvitrogenTM). 

Colony forming unit counting revealed approximately 3×107 colony forming units in 100 µl of the 

inoculum. Experiments were performed with three biological replicates of each condition. 

S. aureus strains 27 and 28 are clinical isolates, obtained from the same cystic fibrosis patient with an 

intermediate timeframe of 13 years. They were cultivated in TSB under agitation (160 rpm). The 

volume to medium ratio was adjusted to 1:10. The late isolate (28) did not reach the final optical 

density of the early isolate (27) but exhibited simultaneous growth phases. Samples were collected 

after 2 hours (indicated as elog), 4 hours (llog) and 9 hours (stat), which corresponded to the early 

exponential phase, the late exponential phase and the stationary growth phase respectively. Cells 

were collected by centrifugation and subjected to cell-surface proteome analysis using the modified 

biotinylation approach. 

2.1.2 Cultivation of S. pneumoniae 

A capsule mutant S. pneumoniae D39 (Δcps) and derived lipoprotein maturation mutants (Δlgt, Δlsp 

and ΔlgtΔlsp) were grown overnight at 37°C on Columbia blood agar (Oxoid, Basingstoke, UK) and 

then transferred into Todd-Hewitt broth supplemented with 0.5 % yeast extract (THY; Roth, 

Karlsruhe, Germany) with a starting OD600 of 0.05-0.08.98 Growth of this liquid pre-cultures at 37 °C 

without shaking was monitored until they reached an OD600 of 0.5-0.6. An appropriate volume of the 



 

25 

 

culture was used to inoculate the main culture in prewarmed THY media with a starting OD600 of 

approx. 0.08. Bacteria were harvested in the mid-exponential growth phase at OD600 =0.5.98 

2.2 Preparation of phosphate buffered saline (PBS) 

NaH2PO4 (2.6 g l-1) and Na2HPO4 (14.4 g l-1) were dissolved in pure water (H2Odest) and NaCl was added 

to a final concentration of 0.15 M. The pH was adjusted with NaOH or HCl to 7.4 or 8.0 as needed. 

2.3 One-dimensional SDS-polyacrylamide gel electrophoresis (1D SDS-PAGE) 

The SDS gels were prepared in the style of Laemmli.99 Samples were either directly dissolved in SDS 

sample buffer (Table 1) or a maximum of two parts protein extract were mixed with one part SDS 

sample buffer. 

Table 1: Composition of the SDS sample buffer 

substance concentration 

Tris/Hcl pH 6.8 62.5 mM 

SDS 1 % (w/v) 

glycerol 4 % (v/v) 

β-mercaptoethanol 5 % (v/v) 

DTT 20 mM 

 

One-dimensional SDS gels were prepared using the Mini Protean® 3 system (bio Rad). Gels 

(83 mm × 83 mm) were casted between glass plates, separated by a 0.75 mm spacer. The resolving 

gel had a length of 60 mm and the stacking gel (including sample bags) was 25 mm long. Sample bags 

accommodating a maximum of 25 µl sample, were casted using a 10-well comp. 
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Table 2: Final composition of the stacking gel 

substance concentration 

Tris/HCl (pH 6.8) 0.125 M 

SDS 0.1 % (w/v) 

acrylamide 5 % (w/v) 

bis-acylamide 1.33 % (w/v) 

APS 0.1 % (w/v) 

TEMED 0.1 % (v/v) 

The final composition of the stacking gel is presented in Table 2 and the composition of the resolving 

gel in Table 3. Polymerization of the resolving gel proceeded for at least 1 h at RT and polymerization 

of the stacking gel for at least 25 min at RT. 

Table 3: Final composition of the resolving gel 

substance concentration 

Tris/HCl (pH 6.8) 0.375 M 

SDS 0.1 % (w/v) 

acrylamide 12 % (w/v) 

bis-acylamide 3.2 % (w/v) 

APS 0.1 % (w/v) 

TEMED 0.1 % (v/v) 

 

Gels were inserted into the Mini Protean® 3 cell and covered with SDS running buffer. The 

composition of the running buffer is presented in Table 4.  

Table 4: Composition SDS running buffer 

substance concentration 

Tris 25 mM 

glycine 0.192 mM 

SDS 0.1 % (v/v) 
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For separation of the proteins, a constant voltage of 150 V was applied for 1 h. Gels were harvested 

and covered with fixative consisting of 40 % ethanol and 10 % acetic acid in H20dest. The incubation 

proceeded for at least 1 h. 

2.4 Colloidal Coomassie stain 

A coomassie dye stock (CDS) was prepared by dissolving 5 g Coomassie Brilliant Blue G250 in 100 ml 

H2Odest and stored at RT. A colloidal coomassie dye stock (CCDS) was prepared by dissolving 100 g 

ammonium sulfate in H2Odest, addition of 12 ml phosphoric acid (85 %) and 10 ml CDS. The CCDS was 

stored at RT until further use and thoroughly mixed immediately before further use. The staining 

solution was prepared by mixing four parts of CCDS with one part of ethanol (96 %). The 1D SDS mini 

gels were incubated with 25 ml of the staining solution overnight. Gels were washed in H2Odest to 

minimize the background stain. 

2.5 Biofilm assay in 96 well plates 

Static biofilm assays were carried out as essentially described in Merritt et al. 2005.100 96 well 

microplates made from polystyrene (Biorad) were sterilized with 70 % ethanol for one hour. 

Microplates were dried and the outer two rows of wells were filled with water in order to minimize 

variations arising from unequal distribution of oxygen. Eight wells per condition were filled with 

BioExpress1000 supplemented with glucose and sodium chloride as indicated. The wells were 

inoculated with overnight cultures to an OD540 of 0.1. Experiments were carried out in two different 

microplates with eight replicates per condition each. Microplates were covered, incubated for 24 

hours at 37°C and cell density was measured as OD540. Wells were emptied and washed three times 

with 300 µl 0.9 % NaCl using a HandyStep® electronic (Brand) with a 5 ml syringe at the lowest speed 

possible. Biofilms were stained for 15 min with 300 µl crystal violet (0.1 % in H20, filtered). Wells were 

emptied and washed twice as described above. Remaining dye was quantitatively solubilized with 

cool acetic acid (33 % in H2Odest) for 15 min under gentle shaking. Subsequently, 100 µl of the solution 
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were transferred into new microplates and the absorbance at was measured at 590 nm, which was 

determined to be the maximum absorbance of the crystal violet used. 

2.6 Scanning electron microscopy 

Biofilms were directly grown on filters (Millipore: IsoporeTM: type 0.2 µm GTTP) rested on nutrient 

agar and planktonic cells were cultivated as already described. At every time point sampled for the 

corresponding proteome analyses, cells were subjected to scanning electron microscopy (SEM) as 

basically described in Hammerschmidt et al. 2005.101 Planktonic cells were collected by filtration 

(Millipore: IsoporeTM: type 0.2 µm GTTP) and then immediately transferred into the first fixative 

whereas the biofilms could be directly incubated with the fixative. The first fixative contained 2.5 % 

glutaraldehyde, 2 % paraformaldehyde and 0.075 M lysineacetate in cacodylate buffer (0.1 M 

cacodylate, 0.01 M CaCl2, 0.01 M MgCl2, 0.09 M sucrose, 0.0075 M ruthenium red; pH 7.4). 

Incubation proceeded for 20 min on ice. After washing steps with cacodylate buffer, cells were fixed 

again with 2.5 % glutaraldehyde and 2 % paraformaldehyde in cacodylate buffer at 4 °C, overnight. 

Subsequently, samples were treated with 1 % osmium tetroxide in cacodylate buffer for 1 h at RT, 

washed several times with cacodylate buffer and then dehydrated in a graded series of aqueous 

ethanol solutions (10 – 100 %) on ice for 15 min each step. Samples in 100 % ethanol were tempered 

to RT prior to a further incubation in 100 % ethanol for 10 min. Subsequently, samples were critical 

point dried with liquid CO2. Finally, samples were mounted on aluminum stubs, sputtered with 

gold/palladium, and examined with a scanning electron microscope EVO LS10 (Zeiss, Oberkochen, 

Germany). 

2.7 Preparation of whole cell protein extracts with an internal 15N-standard 

Cells of biofilm cultures were suspended by removing the dialysis membranes from the nutrient agar 

plates, placing them in a 50ml-tube containing 30 ml of cold 50 mM TEAB (Fluka) and vortexing them 

for 1 min. The cell suspensions from biofilm cultures as well as cells in 30 ml planktonic cultures were 

sedimented by centrifugation (10,000 × g, 10 min, 4°C). Planktonic cells were washed by suspending 
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them in 50 mM TEAB and repeated sedimentation. Subsequently, cells were resuspended in TEAB 

(0.2 g (fw) cells per milliliter TEAB) and subjected to mechanical cell disruption. Therefore 0.5 ml of 

each cell suspension were transferred in a culture tube prefilled with 0.5 ml glass beads (Satorius 

Stedim Biotech, Göttingen, Ø 0.1-0.11 mm) and homogenized two times at 6,800 rpm for 30 s using 

the Precellys 24 (Bertim Technolgies, Montigny-le-Bretonneux, France) with interim cooling on ice. 

The protein concentration of the cell extracts was determined using Roti®-Nanoquant as described by 

the manufacturer. An internal protein standard was prepared by mixing equal amounts total protein 

of each15N-labeled extract. Fifteen microgram protein of each sample, obtained from cultivation in 

14N-medium, was mixed with fifteen microgram of the 15N-protein standard and subjected to  

GeLC-MS analysis. 

2.8 Preparation of the extracellular protein fraction:  

Bacteria were grown in TSB medium to the accordant OD540 and 40 ml of culture were centrifuged at 

(10,000 × g; 5 min; 4 °C). The culture supernatant was transferred into a new centrifugal tube and 

centrifuged again (10,000 × g; 5 min; 4 °C). The supernatant was transferred into a new 50ml-tube 

and processed according to Ziebandt et al. 2004.102 TCA was dissolved in water to a concentration of 

100 % (w/v) and mixed with culture supernatants to a final concentration of 10 % (w/v). Precipitation 

of proteins proceeded overnight at 4 °C. Samples were centrifuged (10,000 × g; 30 min; 4 °C) and the 

supernatant was discarded. The remaining pellet was washed twice in absolute alcohol and dried in a 

vacuum centrifuge. The pellet was dissolved in HTH. Protein concentration was measured using Roti-

Nanoquant and 30 µg of protein were subjected to GeLC-MS analysis. 
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2.9 Biotinylation approach for analysis of the cell-surface proteome  

2.9.1 Original biotinylation approach for preparation of the staphylococcal 

cell-surface proteome 

A method for preparation of the staphylococcal cell-surface proteome was previously arranged by  

Dr. Kristina Hempel and published in 2010.92 This protocol is described below and was the basis for 

the optimization process in the context of this work. It will be referred as the original protocol. 

2.9.1.1 Biotinylation of cell-surface proteins:  

Cells were collected by centrifugation at 4,000 × g for 5 min at 4 °C and washed once with cold PBS 

(pH 8) containing 1 mM PMSF (dissolved immediately before use). After repeated sedimentation, 

0.2 g cells were resuspended in 1 ml PBS (pH 8) containing 1 mM PMSF. Sulfo-NHS-SS-Biotin (Thermo 

Scientific/Pierce, Rockford, U.S.) was dissolved in PBS (pH 8) to a concentration of 16.5 mM and 

100 µl of this solution were directly added to 1 ml cell suspension resulting in a final concentration of 

1.5 mM Sulfo-NHS-SS-biotin. After 2 h gentle shaking on ice, the biotinylation reaction was quenched 

by sedimentation of the cells (4,000 × g; 5 min; 4 °C), removal of the supernatant and resuspension of 

the cells in PBS (pH 8) containing 500 mM glycine. Quenching was repeated three times to eliminate 

reactive Sulfo-NHS-SS-biotin and soluble proteins of possibly lysed cells. Finally, cells were 

resuspended in 500 µl PBS (pH 8) with 1 mM PMSF and transferred in a 1.5ml-tube containing 0.5 ml 

glass beads (Satorius, Ø 0.1-0.11 mm). Cell disruption was performed mechanically in a Ribolyser 

(Hybaid, Ashford, UK) with two cycles at 6 m/s2 for 20 s with interim cooling for 5 min. Cell debris was 

sedimented by centrifugation (20,000 × g, 30 min, 4°C). 

2.9.1.2 NeutrAvidin affinity purification 

A volume 50 µl NeutrAvidin agarose bead slurry (Thermo Scientific,Waltham, U.S.) was washed twice 

with PBS (pH 8) containing 1 % (v/v) Nonidet P40 (NP-40). NeutrAvidin agarose beads were 

sedimented by centrifugation (80 × g, 30 min, 4 °C) and the supernatants was removed. The 

supernatant from the cell lysate was incubated with the NeutrAvidin beads for 2 hours by gentle 
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shaking on ice. Subsequently, the NeutrAvidin beads were sedimented and the supernatant was 

removed. NeutrAvidin beads were washed six times with 1 ml PBS (pH 8) containing 1 % (w/v) NP-40. 

The supernatant was discarded and NeutrAvidin-bound proteins were eluted by addition of 20 µl SDS 

sample buffer containing 5 % (v/v) ß-mercaptoethanol and shaking on ice for 1 h. NeutrAvidin beads 

were sedimented and the supernatant was subjected to GeLC-MS. 

2.9.2 Optimized biotinylation approach for preparation of the 

staphylococcal cell-surface proteome 

In the course of this work, most parameters of the biotinylation approach were optimized. This 

resulted in the following protocol, referred as the optimized biotinylation approach. 

2.9.2.1 Biotinylation of cell-surface proteins 

Cells were collected by centrifugation (8,000 × g for 5 min at 4 °C) and washed once by resuspension 

in cold PBS (pH 8). After sedimentation (8,000 × g for 5 min at 4 °C) and thorough removal of the 

supernatant, the fresh weight (fw) of the cells was determined and 0.2 g (fw) cells were resuspended 

in 1 ml cold PBS (pH8). Sulfo-NHS-SS-Biotin (Thermo Scientific/Pierce, Rockford, U.S.) was dissolved in 

PBS (pH 8) to a concentration of 16.5 mM and 100 µl of this solution were added to 1 ml cell 

suspension. The biotinylation reaction proceeded for 1 hour on ice with gentle shaking. For 

comparison of planktonic cells to cells within colony biofilms, where the growth curve indicated lysis 

of a subpopulation of planktonic cultures (see section 3.4), sample size was reduced to 0.1 g (fw) cells 

to account for the potentially elevated amount of cytoplasmic proteins at the cell-surface. 

Subsequently, cells were sedimented by centrifugation (20,000 × g; 1 min; 4 °C) and the supernatant 

was discarded. The biotinylation reaction was quenched by resuspension of the cells in 1 ml PBS 

(pH 8) containing 0.5 M glycine. This was performed three times to eliminate reactive Sulfo-NHS-SS-

biotin and soluble cytoplasmic proteins, potentially released by cell lysis during biotinylation. Finally, 

cells were resuspended in 500 µl PBS (pH 8) containing 5 % (w/v) iodoacetamide and stored at -80°C. 

Cell suspensions were transferred in a culture tube prefilled with 0.5 ml glass beads (Satorius 



 

32 

 

StedimBiotech, Göttingen, Ø 0.1-0.11 mm) and cell disruption was performed two times using the 

Precellys 24 (Bertim Technolgies, Montigny-le-Bretonneux, France) at 6,800 rpm for 30 s with interim 

cooling for 5 min.  

2.9.2.2 Solubilization of hydrophobic proteins 

After cell disruption, CHAPS and ASB-14 were added to a final concentration of 4 % (w/v) each. The 

samples were homogenized using the Precellys 24 as described above and samples were incubated 

on ice for 30 min.  

2.9.2.3 NeutrAvidin affinity purification 

After sedimentation of cell debris (15,800×g, 30 min, 4 °C), 500 µl of the protein extract was 

incubated with 150 µl NeutrAvidin High Capacity Agarose (beads without supernatant, Perbio 

Scientific, Bonn, Germany) that had been washed twice with PBS (pH 8) containing 1 % (v/v) NP-40. 

The incubation duration was 1 hour on ice with gentle shaking. NeutrAvidin agarose was washed four 

times with 1 ml PBS (pH 8) containing 1 % (v/v) NP-40 and 6 % (w/v) CHAPS and two times with 1 ml 

PBS (pH 8) containing 1 % (v/v) NP-40 and 2 % (w/v) SDS to remove unspecifically bound proteins. 

The elution of biotinylated proteins was achieved by addition of 1 ml 5 % (v/v) β-mercaptoethanol in 

water. The eluates were subjected to acetone precipitation (20 % sample, 80 % acetone, -20 °C, 

overnight). The precipitated proteins were deposited by centrifugation (10,000×g, 30 min, 4 °C) and 

washed once in absolute ethanol. After sedimentation, the protein pellets were dried using a vacuum 

centrifuge (Eppendorf) and dissolved in 15 µl HTH (6 M urea, 2 M thiourea in water). Finally, 8 µl of 

SDS sample buffer were added and the samples were subjected to GeLC-MS analyses. 

2.9.2.4 Modification to remove loosely cell-surface attached proteins 

For analysis of S. aureus RN4220 and its isogenic lgt mutant and lspA mutant described in section 3.2, 

the cell-surface proteome was analyzed including the following modification, that aimed on removal 

of loosely attached surface proteins (e.g. unprocessed lipoproteins, that are not anchored at the cell-

surface). After cell disruption, cell debris was separated from glass beads by washing the beads three 
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times with 500 µl PBS (pH 8). The supernatant was collected and cell debris, including membrane 

vesicles, were sedimented by ultracentrifugation (100,000 × g, 1 h, 4 °C). The supernatant was 

removed. The pellet was resuspended in 500 µl PBS (pH 8) containing IAA (5 % w/v), ASB-14 (4 % w/v) 

and CHAPS (4 % w/v). Subsequently, the samples were homogenized using the Precellys 24 as 

described previously. 

2.9.3 Modification for measurement with internal protein standard 

For the analyses of clinical isolates of S. aureus from a CF patient the optimized biotinylation 

approach was adapted to meet the requirements of the quantification based on peptide ion 

intensities using the Synapt G2 mass spectrometer (Waters, Milford, U.S.). 

Bovine serum albumin (BSA) was dissolved in PBS (pH 8) to a concentration of 5 mg per 300 µl and 

Sulfo-NHS-SS-biotin was dissolved in PBS (pH 8) to a concentration of 10 µg/µl, and 100 µl of the 

Sulfo-NHS-SS-biotin solution were added to 300 µl of the BSA solution and incubated at RT for one 

hour. One hundred microliter of 500 mM glycine dissolved in PBS (pH 8) were added and the 

preparation was incubated for 30 min at RT to dissipate access Sulfo-NHS-SS-biotin. The preparation 

was thinned down to 1 mg ml-1 BSA and stored in aliquots at -70 °C. After biotinylation, quenching of 

the labeling reaction and resuspension of the cells in PBS (pH 8) containing 5 % iodoacetamide, 10 µl 

of the biotinylated BSA standard were added to the sample.  

2.9.4 Modification for analysis of cell-surface proteins of S. pneumoniae 

The following modifications in comparison to the biotinylation approach optimized for staphylococci 

were used for analysis of cell-surface proteomes from S. pneumoniae. Pneumococci were collected 

by centrifugation (4,000 × g, 10 min, RT). The bacterial sediment was washed once with resuspension 

buffer (PBS, pH 7.4; 1 % (w/v) choline chloride; 1 x cOmpleteTM protease inhibitor cocktail, Roche 

Diagnostics, Mannheim, Germany) and 0.1 (fw) g bacteria were resuspended in 0.5 ml resuspension 

buffer. Biotinylation was performed on a rotator for 1 h at RT. The bacteria were lysed by sonication 

with four pulses of 15 s and breaks of 30 s while the sample was kept on ice (max. power for small 
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tip; 60% amplitude; 50% cycle). The lysate was transferred into thick-walled 1 ml-tubes and an 

ultracentrifugation step in a Beckman Coulter Optima Max-XP Ultracentrifuge (Beckman Coulter, 

Brea, U.S.) was performed using the TLA-120.2 rotor (100,000 × g; 1 h; 4 °C). The supernatant 

containing soluble proteins was discarded. Cell debris and membranes were resuspended in 0.5 ml 

resuspension buffer containing 5 % (w/v) iodoacetamide, and a detergent mix composed of 4 % (w/v) 

CHAPS and 4 % (w/v) ASB-14 (Sigma-Aldrich, St. Louis, U.S.) was used for solubilization of 

hydrophobic proteins. The suspension was homogenized using the Precellys 24 homogenizer (Bertin 

Technologies, Montigny-le-Bretonneux, France; three cycles of 30 s at 6,800 rpm with breaks of 30 s) 

and 0.5 g glass beads with a diameter of 0.5 mm in order to optimize protein extraction. After an 

incubation on ice for 20 min, the sample was centrifuged (15,800 × g; 25 min; 4 °C) and the 

supernatant was subjected to NeutrAvidin affinity-purification as described in section 2.9.2.3. 

2.10 GeLC-MS analysis 

Protein samples were separated by 1D-SDS-PAGE. After colloidal Coomassie stain, the complete 

protein separation lane was cut into ten gel slices except for analysis of whole cell extracts that 

where the lanes were cut into twelve slices. Gel slices were cut into gel pieces of approximately 

1 mm2 in size and transferred into 1.5ml-Eppendorf tubes. 

2.10.1 In-gel alkylation 

If indicated, cell-surface proteins enriched by the biotinylation approach were alkylated in the SDS-

gels using iodoacetamide. Gel pieces were destained in H2Odest, containing 30 % (v/v) acetonitrile and 

dehydrated in acetonitrile. Reduction was performed by shaking the gel pieces in 500 µl of 50 % (v/v) 

acetonitrile in water, containing 0.5 % (w/v) DTT for 20 min. The supernatant was removed and gel 

pieces were covered with 500 µl 5 % (w/v) iodoacetamide in H2Odest. Alkylation proceeded for 20 min 

under gentle shaking at RT. Subsequently, the supernatant was removed and gel pieces were 

equilibrated for in-gel digestion by incubation in gel-wash solution (Table 5). 
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2.10.2 In-gel digestion 

In-gel digestion was performed: Gel pieces were destained and equilibrated twice for 20 min in gel 

wash solution (Table 5). 

Table 5: Composition of the gel wash-solution 

substance concentration 

NH4HCO3 200 mM 

acetonitrile 30 % (v/v) 

H2Odest 70 % (v/v) 

 

Subsequently, gel pieces were dried in SpeedVac (Eppendorf) for 30 min, covered with trypsin 

solution (2 µg ml-1 in water, Promega, Madison, WI) and incubated at 4 °C for 1 h to ensure complete 

rehydration. Excess trypsin solution was removed and the digest proceeded for 16 h at 37 °C. The gel 

pieces were covered with 100 µl water and centrifuged (1 min; 10,000 × g; RT). Peptides were 

extracted by incubation in an ultrasonic bath for 15 min and samples were centrifuged again. The 

supernatant was subjected to LC-MS analysis. 

2.10.3 LC-MS analysis 

Peptides obtained from in-gel digestion were separated by liquid chromatography and measured 

online by ESI mass spectrometry. Analyses were performed using a nanoACQUITY UPLC system 

(Waters, Milford, MA) coupled to an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific, 

Waltham, MA) creating an electrospray by application of 1.5 kV between the Picotip emitter (Silica 

Tip, FS360-20-10 Coating P200P, New Objective) and the transfer capillary. Peptides were loaded 

onto a trap column (Symmetry C18, 5 μm; 180 μm inner diameter × 20 mm; Waters, Milford, U.S.) 

and washed for 3 min with 99 % buffer A (0.1 % acetic acid in water) at a flow rate of 10 μl min-1. 

Elution onto an analytical column (BEH130 C18; 1.7 μm; 100 μm inner diameter × 100 mm; Waters, 

Milford, U.S.) was performed by a binary gradient of buffer A and buffer B (0.1 % acetic acid in 

acetonitrile) over a period of 80 min with a flow rate of 400 nl min-1. For mass-spectrometric analysis, 
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a survey scan in the Orbitrap was followed by MS2 experiments (using CID) of the five most abundant 

precursor ions, acquired in the LTQ. Repeated selection of precursor ions was allowed once after 30 s 

and excluded for 30 s afterwards. Unassigned charge states as well as singly charged ions were 

rejected from MS2 experiments. Other important parameters for survey scans are listed in Table 6 

and parameters for MS2 experiments in Table 7. 

Table 6: Important parameters for survey scans 

parameter value 

mass range m/z 300-2000 

resolution 30,000 

target value 106 

max. injection time 1000 ms 

 

Table 7: Important parameters for MS
2
 experiments 

parameter value 

mass range m/z 200-10,000 

minimal signal 1000 cts 

isolation width 2 m/z 

target value 104 

max. injection time 200 ms 

collision energy 35 eV 

activation Q 0.25 

activation time 30 ms 

2.11 Data analysis 

2.11.1 Database search using Sorcerer™-SEQUEST® and Scaffold 

Resulting spectra were searched against a protein database using Sorcerer™-SEQUEST® (Sage-N). The 

database consisted of the protein database of the bacterial strain under investigation, common 

laboratory contaminants and the reversed sequences of all entries. The search parameters specified 

trypsin cutting after lysine and arginine. Only full enzymatically processed peptides were considered, 

allowing two missed cleavage sites. Peptide tolerance for precursor ions was set to 10 ppm and 
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fragment ion tolerance to 1 amu. Only b- and y-ion series were included, considering methionine 

oxidation as variable modification with a maximum of three modifications per peptide. Database 

search results were filtered using the following criteria: DeltaCn ≥ 0.1, XCorr (2+) ≥ 2.2, XCorr (3+) ≥ 

3.3, XCorr (4+) ≥ 3.7. A protein was considered as identified if at least two unique peptides were 

identified. 

2.11.2 Identification and quantification of metabolic labeled peptides 

Database search using SorcererTM-Sequest® with subsequent processing using DTASelect and CenSus 

was used to perform relative protein quantification by metabolic labeling for the comparison of 

planktonically grown S. aureus HG001 to colony biofilms of the same strain. Common laboratory 

contaminants were included in the S. aureus NCTC8325 database (uid57795) and a decoy database 

consisting of all reversed sequences was attached (in total 5866 sequences). 

Trypsin was specified to cut after lysine and arginine allowing two missed cleavages. The maximum 

mass error tolerance was set to 10 ppm for precursor ions and 1 amu for fragment ions. Oxidation of 

methionine and in case of cell-surface proteins also carbamidomethylation of cysteine were 

considered as variable modifications with a maximum of three modifications per peptide. A second 

database search was done specifying the mass shift of 15N-labeled amino acids as static 

modifications. 

Sequest output files of both searches were merged and filtered using DTASelect 2.0.25 as described 

previously (filter criteria:-y 2 -c 2 -C 4 --decoy Reverse_ -p 2 -t 2 -u --MC2 -i 0.3 --fp 0.005).92 Relative 

quantification of the peptides was carried out using CenSus as described previously.103 Quantification 

was carried out if at least two unique peptides could be quantified with a minimum coefficient of 

determination of 0.7. The average ratios of peak areas between 14N- and the15N-peptides were 

determined. The ratios of peak areas between samples were calculated by division of 14N/15N-ratios 

between samples. LocateP was used to predict the subcellular localization of identified proteins.68 

Median normalization was performed. In the case of cell-surface protein fractions, only proteins 

ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/Staphylococcus_aureus_NCTC_8325_uid57795/
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predicted to be non-cytoplasmic were taken in account to determine the median. Protein 

quantification was carried out, if the at least two peptides could be quantified in at least two of three 

biological samples. Analysis of significance was achieved by pairwise t-tests (critical p-value = 0.05) 

using MeV (TM4).104 Pairwise t-tests were performed using all permutations and adjusted Bonferroni 

correction was enabled in order to avoid α-error accumulation. Hence, adjusted p-values are 

displayed. Additionally, two factorial ANOVA was performed (critical p-value =0.05). 

2.11.3 Estimation of the false discovery rate 

For estimation of the false discovery rate (FDR), all sequences of a target database were reversed and 

the reverse database was attached to the target database.105 The FDR was calculated as suggested by 

Jeong et al. by the following formula.106 

𝐹𝐷𝑅 =  
𝑛𝑟𝑒𝑣

𝑛𝑟𝑒𝑎𝑙
 

nrev is the number of peptide hits from the reverse entries and nreal the number of peptides identified 

from the target database. Using the above-described parameters, the FDR was below 1 % on the 

peptide level resulting in a FDR of 0 % on the protein level. 

2.11.4 Spectral counting (NSAF) 

On the basis of the unweighted spectral counts (also referred as total spectrum count in Scaffold 4) 

the normalized spectral abundance factor (NSAF) was calculated as essentially described in Zybailov 

et al. 2006 according to the following formula.107 

(𝑁𝑆𝐴𝐹)𝑘 =
(
𝑆𝑝𝐶

𝐿 )𝑘

∑ (
𝑆𝑝𝐶

𝐿
)𝑖

𝑁
𝑖=1

  

SpC are the unweighted spectral counts of a protein k. The molecular weight of the corresponding 

protein was used as measure for the proteins length (L). 
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For analysis of S. aureus RN4220 and its mutant strains, the value of 0.16 SpC was not inserted for 

missing values as suggested by Zybailov et al. 2006. 

2.12 Gel-free LC-MS analysis 

The following method was used for the analyses described in section 3.5. 

2.12.1 In solution digest 

Proteins were dissolved in 100 µl TEAB (50 mM) and reduction was performed by adding 1 µl TCEP 

(500 mM) and incubation for 45 min at 60 °C. Thiol groups were alkylated. After cooling to RT, 4 µl 

IAA (250 mM) were added and the samples were incubated for 15 min at RT in the dark. Proteins 

were digested by addition of 0.4 µg activated Trypsin (Promega) and incubation for 5 h at 37 °C with 

agitation (900 rpm). 

2.12.2 C18 purification 

Peptides were purified using C18 material. The capacity of Stage Tips (SP101; Thermo 

Scientific,Waltham, U.S.) was increased with 10 µl of slurry containing C18 material. Stage Tips were 

washed three times using 100 µl LC buffer A (0.1 % acetic acid in water) and twice using 100 µl buffer 

B (0.1 % acetic acid in acetonitrile). After equilibration with 100 µl solvent A, the samples were 

loaded onto the Stage Tips. Subsequently Stage Tips were washed twice with 100 µl buffer A and the 

peptides were eluted twice using 30 µl acetonitrile (60 %  (v/v) in water). Acetonitrile was evaporated 

using a vacuum centrifuge and the sample volume was adjusted with H2OMS to 30 µl. 

2.12.3 LC-MS analysis 

Peptides were separated using a reverse phase column ( nanoACQUITYTM BEH300 C18 1.7 µm, 

75 µm×200 mm; Waters, Milford, U.S.) in a NanoAcquityTM UPLC (Waters, Milford, U.S.) coupled to a 

Synapt G2 mass spectrometer (Waters, Milford, U.S.) operated in HDMSE mode with the MassLynx 

V4.1 software. Three biological replicates were acquired with three technical replicates each. For 

each run, 1 µl of sample was injected. 
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The sample was loaded on the column within 30 min at a flow rate of 300 nl min-1 (99 % buffer A, 1 % 

buffer B). Separation of peptides was performed with a three stepped gradient of buffer A and buffer 

B (in 70 min to 18 % buffer B, in 20 min to 45 % B, in 1 min to 99 % B for 10 min and equilibration for 

15 min with 99 % buffer A). Eluting peptides were ionized by ESI with a capillary voltage of 2.4 kV and 

the mass range 50-2000 Da was analyzed in positive ion resolution mode. The scan cycle was set to 1 

second including a precursor ion scan for which the collision energy was set to 4 eV and a fragment 

ion scan with 25-45 eV. The ion mobility cell was operated with a wave velocity of 1000-400 m s-1 and 

a wave height of 40 V. For lock mass correction [Glu1]-Fibrinopeptide B (GluFib), m/z:785.8426 Da, 

Sigma, 500 fmol µL-1 in 50 % (v/v) acetonitrile, 0.1 % (v/v) formic acid) was infused through the 

reference fluidics system of the Synapt G2 at a constant flow rate of 500 nl min-1 and sampled every 

30 s.  

2.12.4 Data processing 

Database search was done using ProteinLynx Global Server 2.5.2. (PLGS, Waters, Milford, U.S.) and 

processed via Apex3D algorithm with following parameters: chromatographic peak width: automatic, 

MS ToF resolution: automatic, lock mass for charge 2: 785.8426 Da/e, lock mass window: 0.25 Da, 

low energy scan intensity threshold: 250 cts, elevated energy scan intensity threshold: 30 cts, 

retention time window: automatic, intensity threshold of precursor/fragment ion cluster: 1000 cts. 

Database search was carried out by the ion accounting algorithm against the protein database of 

S. aureus N315 (uid57837) with common laboratory contaminants included (2625 entries).108 

Carbamidomethylation at cysteine was specified as fixed modification and oxidation of methionine as 

differential modification. Database search results were filtered to obtain a dataset containing less 

than 1 % false positives. FDR was calculated by PLGS using a randomized database created from the 

target database. A protein was quantified if at least 3 peptides of the protein were identified. 
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The HDMSE intensities of the three most abundant peptides of each protein (top3 intensities) were 

used for relative quantification. A correction of top3 intensities was performed using the following 

formula:  

𝐼𝑡3𝑐𝑜𝑟𝑟 = 𝐼𝑡3 (
(𝐼𝑝𝑒𝑝 𝐼𝑝𝑟𝑜𝑑

−1 )

�̃�(𝐼𝑝𝑒𝑝 𝐼𝑝𝑟𝑜𝑑
−1 )

)

−1

 

It3corr is the corrected top3 intensity of a given protein that is calculated using the intensity of a given 

peptide (Ipep), the intensity of the corresponding product ions (Iprod), the median (�̃�) of the quotient of 

peptide and product ion intensities and the unadjusted top3 intensity of the protein (It3). 

The corrected top3 intensities were normalized using the constant amount of BSA that was added to 

each sample prior cell disruption and further sample processing. 

𝐼𝑛𝑜𝑟𝑚 =
𝐼𝑡3𝑐𝑜𝑟𝑟  × 𝑓𝑚𝑜𝑙𝐵𝑆𝐴

𝐼𝑡3𝑐𝑜𝑟𝑟 (𝐵𝑆𝐴)
 

Inorm is the normalized Top3 intensity of a given protein that is calculated from its corrected top3 

intensity (It3corr), the constant amount of BSA (fmolBSA) and the corrected top3 intensity of BSA 

(It3corr(BSA)). 

Quantitative data were further filtered for proteins identified in at least two of three technical 

replicates and in at least two of three biological replicates. 

Statistical significance was tested by application of the t-test in MeV for a significance level of p = 

0.05.104 Means of Inorm among technical replicates were standardized with z-scoring, all permutations 

were calculated since data are not necessarily normal distributed and the adjusted Bonferroni 

correction was used in order to avoid alpha error accumulation. Hence, adjusted p-values are 

displayed. Differences in protein amount were considered as significant if they passed this test. A 

two-factor ANOVA was performed defining the time course of the cultivation as the first and the two 

different isolates as the second factor. All permutations were used and 0.05 was defined as the 

critical p-value. Differences in protein amount were considered significantly altered between the 

isolates or significantly changed during the whole course of the cultivation if they passed this test. 
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Principal component analysis and hierarchical clustering (using Pearson correlation) were performed 

with MeV. 

2.13 Immunoblot analyses 

Pneumococci were cultured in THY media and harvested at an OD600 of 0.5. Culture supernatant and 

bacterial sediment were separated by centrifugation. Proteins in the culture supernatant were 

precipitated using TCA as described in section 2.1.8. Finally, the proteins were dissolved in 1x SDS 

sample buffer, the sample was incubated at 96°C for 5 min and analyzed by immunoblot analysis. The 

bacterial sediment was washed once in PBS (pH 7,4) containing 1 mM phenylmethylsulfonyl fluoride 

(PMSF; Roth, Karlsruhe, Germany). Finally, bacteria were resuspended in 1x SDS sample buffer, lysed 

by incubation at 96°C for 10 min and the sample was subjected to immunoblot analysis. Specific 

polyclonal mouse antisera raised against MetQ and PsaA as well as specific polyclonal rabbit antisera 

generated against PpmA and SlrA were used. 

2.14 Bioinformatics tools 

Subcellular localization prediction 

Subcellular localization prediction was based on LocateP.68 If additional information was available, 

LocateP data were corrected or extended. This mainly refers to lipoproteins of S. aureus. The 

corresponding data were matched to predictions obtained by LipoP 1.0 

(http://www.cbs.dtu.dk/services/LipoP/). In the case of S. pneumoniae, proteins known to bind 

phosphorylcholine at teichoic acids were designated as choline binding proteins (CPB’s). A few 

proteins had been assigned as cytoplasmic by LocateP with the note, contains a TMH after more than 

60 amino acids. These proteins were considered as cell-surface proteins since experimental data 

provided several hints that these proteins contain extracellular domains. 

Hydropathy blot 

Hydropathy plots were obtained using the online tool created by Johnson and colleagues 

(http://gcat.davidson.edu/DGPB/kd/kyte-doolittle.htm) on the basis of Kyte and Doolittle, 1982.109 

http://gcat.davidson.edu/DGPB/kd/kyte-doolittle.htm
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Protein sequence alignment and BLAST searches 

Sequence alignments and BLAST searches were performed using the online tool clustalo at UniProt 

(http://www.uniprot.org/). 

Chromosome homology comparison 

Whole genome homology comparisons were performed using the Multi-Genome Homology 

Comparison at JCVI Comprehensive Microbial Resource (http://cmr.jcvi.org/cgi-

bin/CMR/CmrHomePage.cgi). 

  

http://www.uniprot.org/
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3 Results and Discussion: 

3.1 Optimization of the biotinylation approach for extraction and mass-

spectrometric analysis of cell-surface-associated proteins from Gram-

positive bacteria 

In 2010, Hempel et al. demonstrated applicability of the biotinylation approach for relative 

quantification of staphylococcal cell-surface proteomes.92 Identification of altogether 98 cell-surface 

proteins indicated the high potential of this labeling approach to reach a comprehensive coverage of 

the cell-surface proteome.92 Thereby, extraction of the labeled proteins from intact cells was solely 

performed by mechanical disruption of the cells and it can be assumed that a considerable amount of 

the cell-surface proteins remained within the deposited cell debris. Identification frequency of 

proteins among technical replicates appeared improvable and especially covalently bound cell wall 

proteins were underrepresented in these cell-surface proteome preparations. 

In order to exploit the full potential of the biotinylation approach, numerous parameters were 

optimized within this work and the method was adapted to the species-specific requirements of 

S. pneumoniae. These experiments were performed in independent batches to exclude distortion of 

the results by batch-to-batch differences that may be caused by biological differences between 

different cultures, aging of reagents, or changing properties of reversed phase columns. Optimized 

parameters were successively implemented in the protocol during the optimization process. Due to 

the limited capacity of parallel processing of samples, the optimization was verified within several 

independent experimental batches for most parameters. In the following, results of selected batches 

of the optimization process are presented. 
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3.1.1 Optimization of the biotinylation approach for the analysis of 

staphylococcal cell-surface proteins 

3.1.1.1 Extraction of surface proteins from intact cells by cell wall digest with 

lysostaphin and mutanolysin 

Digestion of the bacterial cell walls results in release of cell-envelope associated proteins into the 

supernatant and is especially useful for extraction of sortase-anchored proteins from the cells.84 

Lysostaphin digestion should provide access to the covalently bound staphylococcal cell wall 

proteins. These sortase substrates are so far hardly enriched by the biotinylation approach.86 

Cell wall digest using lysostaphin was performed according to Gatlin et al. 2006 as a first attempt to 

increase the extraction efficiency.84 A protease inhibitor cocktail was prepared as shown in Table 8 

and 100 µl of the 10fold concentrated solution was added to suspensions of 0.15 g biotinylated cells 

resuspended in 800 µl PBS (pH 8).  

Table 8: Ingredients of the protease inhibitor cocktail (10fold) according to Gatlin et al. 2006 

substance concentration 

MgCl2 12 mM 

PMSF 2 mM 

Benzamidine 1 mM 

TAME 1 mM 

Pepstatin 25 µg µl
-1

 

Leupeptin
 

10 µg µl
-1

 

 

DNase I was added to a final concentration of 20 µg ml-1 and lysostaphin was added to final 

concentrations ranging from 10 µg ml-1 to 100 µg ml-1. The samples were filled up to a final volume of 

1 ml and incubated for 1 h under gentle shaking at 4°C or 37 °C as indicated. Negative controls were 

prepared without addition of Sulfo-NHS-SS-biotin and a positive control was prepared from 

biotinylated cells without lysostaphin digest. 

Cell suspensions in digests at 4°C remained milky, indicating a minor activity of the enzyme, whereas 

the cell suspensions digested at 37°C became clear. Only small slimy pellets remained from the cells 
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after centrifugation. Cell wall digest with lysostaphin resulted in almost complete loss of biotinylated 

proteins (Table 9). 

Table 9: Number of proteins identified from S. aureus COL by the biotinylation approach in dependence of cell wall digest 
with Lysostaphin. Digests were either performed at 4°C or 37°C as indicated. 

   

In a second experiment, mutanolysin was tested for its suitability for extraction of the cell wall 

proteins. The experimental setup was similar to the attempts using lysostaphin. Mutanolysin was 

added to the amount of 50 units or 25 units per sample as indicated. One unit mutanolysin produces 

a ΔOD600nm of 0.01 per minute at pH 6.0 and 37 °C in a 1 ml volume using a suspension of 

Streptococcus faecalis cell wall as substrate. 

Reduction of the optical density within the cell suspensions was not visible. Addition of mutanolysin 

did not result in an increased recovery of biotinylated surface proteins (Table 10). Incubation at 37°C 

again resulted in almost complete loss of biotinylated proteins. 

Table 10: Number of proteins from S. aureus COL, identified by the biotinylation approach in dependence of cell wall 
digest with mutanolysin. Digests proceeded either at 4°C or at 37°C as indicated. 

 

protein class

negative 

control 1)     

(4°C)

positive 

control 2)

lysostaphin 

(50 µg ml-1, 

4°C)

lysostaphin 

(100 µg ml-1, 

4°C)

negative 

control 1) 

(37°C)

lysostaphin 

(100 µg ml-1, 

37°C)

total 63 104 24 42 106 34

cytoplasmic 62 94 23 41 105 33

multi-transmembrane 1 1 0 0 1 0

N-terminally membrane anchored 0 2 0 0 0 0

lipid anchored 0 5 0 0 0 0

sortase anchored 0 1 0 1 0 1

secretet 0 1 1 0 0 0

number of surface proteins 1 10 1 1 1 1

percentage surface proteins 1.6 9.6 4.2 2.4 0.9 2.9
1) prepared without Sulfo-NHS-SS-biotin
2) prepared without lysostaphin digest at 4°C

protein class

negative 

control 1)      

(4°C)

positive 

control 2)     

(4°C)

mutanolyin 

(50u, 4°C)

mutanolysin 

(25u, 4°C)

negative 

control 1) 

(37°C)

mutanolysin 

(50u, 37°C)

mutanolysin 

(25u, 37°C) 

total 21 59 84 74 18 66 34

cytoplasmic 21 41 66 64 18 64 31

multi transmembrane 0 3 3 4 0 1 1

N-terminally membrane anchored 0 5 4 2 0 1 1

lipid anchored 0 6 6 2 0 0 0

sortase anchored 0 1 0 0 0 0 0

secretet 0 3 5 2 0 0 1

number of surface proteins 0 18 18 10 0 2 3

percentage surface proteins 0.0 30.5 21.4 13.5 0.0 3.0 8.8
1) prepared without Sulfo-NHS-SS-biotin
2) prepared without mutanolysin digest at 4°C
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It is not completely clear, why incubation at 37°C resulted in a complete loss of the biotinylated cell-

surface proteins. At 37 °C, bacteria quickly consume the oxygen in the samples. This leads to a 

reducing milieu in the cells. Cells might release reducing compounds, at the least during cell lysis, 

which is likely to reduce the disulphide bond of the Suilfo-NHS-SS-biotin and to cause the complete 

loss of biotinylated proteins independent from the applied enzyme.  

In addition, digestion with lysostaphin, that possesses very high capability to degrade staphylococcal 

peptidoglycan, required incubation at 37 °C for hours. It could not be excluded that changes in the 

cell-surface proteome (e.g. degradation of proteins or physiological adaption to the digestion buffer) 

occur. For that reasons the cell wall digest approach was not pursued anymore despite its potential 

to make covalent sortase anchored proteins accessible. Improvement of sensitivity, achieved by 

optimization of other parameters, partially counteracted the underrepresentation of the sortase 

substrates. Finally, the approach achieved relative protein quantification of 52 % of the sortase-

anchored proteins encoded in the S. aureus NCTC8325 genome (see analyses in section 3.4.3.). 

3.1.1.2 Solubilization of hydrophobic surface proteins with zwitterionic detergents 

Many cell-surface proteins are membrane-anchored either by lipidation (lipoproteins), by the 

hydrophobicity of their N-terminus (N-terminal membrane anchored) or by transmembrane helices 

(multi-transmembrane). Several detergents were tested for their capability increase extraction 

efficiency of these proteins and their effect on the biotinylation approach. In a first experimental 

batch, CHAPS was added prior to mechanical cell-disruption to final concentrations ranging from 

0.6 % (w/v) to 6 % (w/v). CHAPS was also applied to negative controls (cells prepared without 

biotinylation) in order to detect possibly occurring unspecific binding of proteins to the NeutrAvidin 

agarose. Positive controls were prepared according to the original protocol of Hempel et al. 2010.92 

Results obtained with a first batch are summarized in Table 11. Addition of CHAPS resulted in 

identification of significantly more lipoproteins, even in relatively low concentrations of 0.6 % (w/v), 

which equals to 10 mM. The number of lipoproteins and N-terminally membrane anchored proteins 
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continuously increased with increasing concentrations of CHAPS. An increase in the number of 

identified proteins containing multiple transmembrane helices was obtained by application of up to 

6 % (w/v) CHAPS. 

Table 11: Number of proteins from S. aureus COL identified by the biotinylation in dependence of CHAPS applied for 
protein solubilization. 

 

Since addition of CHAPS greatly improved the number of identified cell-surface proteins, a second 

detergent, namely ASB-14 was introduced and tested for its ability to further improve the extraction 

of cell-surface proteins. Combination of 4 % (w/v) CHAPS with 2 % (w/v) ASB-14 resulted in 

identification of markedly more cell-surface proteins than the addition of 6 % (w/v) CHAPS alone did 

(Table 12). 

Table 12: Number of proteins from S. aureus COL, identified by the biotinylation approach in dependence of CHAPS and  
ASB-14 applied for protein solubilization. 

  

At this point, the solubilization method was adopted to the biotinylation approach for the analysis of 

S. aureus COL under iron-limited conditions.86 Simultaneously, further experiments were performed 

protein class

negative 

control       

CHAPS         

(6 %)1)3)

positive 

control 2)

CHAPS      

(0.6 %) 3)

CHAPS      

(1.2 %) 3)

CHAPS         

(3 %) 3)

CHAPS         

(6 %) 3)

total 198 145 192 203 166 244

cytoplasmic 184 123 154 154 119 177

multi transmembrane 3 5 6 6 4 11

N-terminally membrane anchored 5 3 9 14 12 21

lipid anchored 5 7 18 22 25 27

sortase anchored 0 1 0 0 0 0

secretet 1 6 5 7 6 8

number of surface proteins 14 22 38 49 47 67

percentage surface proteins 7.1 15.2 19.8 24.1 28.3 27.5

3) CHAPS (w/v) was added for protein extraction as indicated

1) prepared without Sulfo-NHS-SS-biotin
2) prepared without CHAPS

protein class
negative 

control 1)

positive 

control 2)

negative 

control 

CHAPS                   

(6 %) 1) 3)

CHAPS (6 %)3) CHAPS (6 %)3)

negative 

control 

CHAPS (6 %) 

ASB-14 (2%) 
1)3)

CHAPS (4 %)          

ASB-14 (2%)3)

CHAPS (4 %)          

ASB-14 (2%)3)

total 20 69 2 59 90 17 175 115

cytoplasmic 19 34 2 16 31 12 91 46

multi transmembrane 0 4 0 2 5 1 12 8

N-terminally membrane anchored 0 8 0 11 13 1 21 14

lipid anchored 0 12 0 21 29 2 30 28

sortase anchored 0 1 0 1 1 0 7 4

secretet 1 10 0 8 11 1 14 15

number of surface proteins 1 35 0 43 59 5 84 69

percentage surface proteins 5.0 50.7 0.0 72.9 65.6 29.4 48.0 60.0

3) prepared with CHAPS (w/v) and ASB-14 (w/v) for protein extraction as indicated

1) prepared without Sulfo-NHS-SS-biotin
2) prepared without detergents for protein extraction
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to validate the positive influence of high detergent concentrations and to maximize the extraction 

efficiency. The detergent concentration was further increased to 4 % (w/v) CHAPS combined with 

4 % (w/v) ASB-14, which again resulted in an increased number of identified surface proteins 

compared to 4 % (w/v) CHAPS with 2 % (w/v) ASB-14 (Table 13). 

Table 13: Number of proteins from S. aureus COL, identified by the biotinylation approach in dependence of CHAPS and  
ASB-14 applied for protein solubilization. 

 

The concentration of 4 % (w/v) CHAPS combined with 4 % (w/v) ASB-14 was implemented into the 

final protocol. Note that the presence of detergents impedes mechanical cell disruption with the 

Precellys 24 (data not shown). The detergents have to be added after cell disruption. 

3.1.1.3 Reducing the contamination with cytoplasmic proteins 

3.1.1.3.1 Optimization of the washing procedure 

Many proteins identified by the biotinylation approach are predicted to be localized in the cytoplasm. 

Since a considerable number of cytoplasmic proteins was also identified in negative controls 

(prepared without biotinylation of the cells), it was hypothesized that these proteins bind non-

specifically to the agarose of NeutrAvidin beads. The possibility was taken into account that 

reduction of the detergent concentration during washing of the NeutrAvidin beads could result in 

interaction of hydrophobic protein domains with the hydrophobic biotin-binding pockets of 

NeutrAvidin or may lead to protein aggregation with already bound proteins. Several experiments 

protein class
negative 

control 1)2)

positive 

control 2)

negative 

control 

CHAPS (4%) 

ASB-14 (2%) 
1)3)

CHAPS (4%) 

ASB-14 (2%) 
3)

CHAPS (4%) 

ASB-14 (4%) 
3)

CHAPS (4%) 

ASB-14 (4%) 
3)

total 142 166 166 189 213 464

cytoplasmic 134 138 156 149 166 397

multi transmembrane 1 5 1 3 5 15

N-terminally membrane anchored 2 4 3 11 11 20

lipid anchored 3 12 6 21 23 23

sortase anchored 1 1 0 1 1 1

secretet 1 6 0 4 7 8

number of surface proteins 8 28 10 40 47 67

percentage surface proteins 5.6 16.9 6.0 21.2 22.1 14.4
1) prepared without Sulfo-NHS-SS-biotin
2) prepared without detergents for protein extraction
3) prepared with CHAPS (w/v) and ASB-14 (w/v) for protein extraction as indicated
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were performed to elucidate the influence of detergents during the washing procedure on the 

cytoplasmic background within the cell-surface proteome preparations.  

In a first attempt, the concentration of CHAPS and ASB-14 used for protein solubilization, was 

maintained during washing of NeutrAvidin beads and compared to samples prepared with the 

original washing procedure. For this batch, the amount of NeutrAvidin beads was already raised from 

50 µl to 75 µl to account for the increased amount of solubilized biotinylated surface proteins. 

NeutrAvidin beads were washed with a buffer containing 1 % (w/v) NP-40 in the case of control 

samples. If the proteins were solubilized with 6 % (w/v) CHAPS, a washing buffer containing 1 % (w/v) 

NP-40 and 6 % (w/v) CHAPS was applied and if 4 % (w/v) CHAPS combined with 2 % (w/v) ASB-14 was 

used for solubilization, the washing buffer contained 1 % (w/v) NP-40, 4 % (w/v) CHAPS and 2 % (w/v) 

ASB-14. Washing of the beads was carried out four times. 

Table 14: Number of proteins of S. aureus COL identified by the biotinylation approach in dependence of detergents 
applied for protein solubilization and washing of the NeutrAvidin agarose.  

 

Washing with high concentration of detergents reduced the number of identified cytoplasmic 

proteins to a considerable extend. The gain in specificity was considered to outweigh the minor loss 

of cell-surface proteins observed in samples prepared with detergents. Application of 1 % (w/v) NP-

40 and 6 % (w/v) CHAPS appeared optimal for reduction of the cytoplasmic background as indicated 

by the low number of proteins identified in the corresponding control sample (Table 14).  

protein class
negative 

control 1)2)

positive 

control 2)

negative 

control 

CHAPS (6 %) 
1)3)

CHAPS (6 %) 
3)

negative 

control 

CHAPS (4 %) 

ASB-14 (2 %) 
1)3)

CHAPS (4 %) 

ASB-14 (2 %) 
3)

total 198 356 42 254 104 229

cytoplasmic 179 245 30 151 89 127

multi transmembrane 4 22 2 22 4 19

N-terminally membrane anchored 4 35 2 26 3 27

lipid anchored 6 32 6 34 5 33

sortase anchored 1 5 0 5 0 7

secretet 4 17 2 16 3 16

number of surface proteins 19 111 12 103 15 102

percentage surface proteins 9.6 31.2 28.6 40.6 14.4 44.5
1) prepared without Sulfo-NHS-SS-biotin
2) prepared without CHAPS and ASB-14 for protein extraction and NeutrAvidin wash
3) prepared with CHAPS (w/v) and ASB-14 (w/v), applied for protein extraction as well as NeutrAvidin wash as indicated
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Washing the NeutrAvidin beads with 6 % (w/v) CHAPS was implemented in the biotinylation protocol 

to analyze the effect of iron limitation on the surface proteome of S. aureus COL.86 

In the next step, the capability of SDS in removing unspecific bound proteins from the NeutrAvidin 

beads was compared to CHAPS. Negative control samples (cells not biotinylated) were prepared. 

Washing buffers containing 1 % (w/v) NP-40, 1 % (w/v) NP-40, and 6 % (w/v) CHAPS or 1 % (w/v) NP-

40 and 2 % (w/v) SDS in PBS (pH 8) were applied. The washing procedure was carried out six times. 

SDS appeared to remove unspecific bound proteins better than CHAPS (Table 15). 

Table 15: Influence of detergents in the NeutrAvidin agarose washing buffer on the number of proteins identified by the 
biotinylation approach. 

  

In another experiment, the implementation of CHAPS into the first washing steps and application of 

SDS in the final washing steps was investigated. Samples were prepared according to the original 

protocol with the following modifications. The protein extracts were incubated on 75 µl NeutrAvidin 

beads. The beads were washed as described in the original protocol (positive control) or four times 

including 6 % (w/v) CHAPS followed by two washes including 2 % (w/v) SDS. A negative control was 

implemented for each condition. 

protein class
NP-40 (1%)          

1)2)

NP-40 (1%)      

CHAPS (6 %) 
1)3)

NP-40 (1%) 

SDS (2 %)       
1)3)

total 100 75 59

cytoplasmic 94 66 55

multi transmembrane 2 2 1

N-terminally membrane anchored 1 2 0

lipid anchored 2 3 1

sortase anchored 0 0 0

secretet 1 2 2

number of surface proteins 6 9 4

percentage surface proteins 6.0 12.0 6.8
1) prepared without Sulfo-NHS-SS-biotin
2) prepared without CHAPS and SDS for NeutrAvidin bead wash
3) CHAPS (w/v) or SDS (w/v) applied for NeutrAvidin bead wash as indicated
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Table 16: Number of proteins of S. aureus COL identified by the biotinylation approach using the original washing 
procedure or the optimized one that includes 6 % (w/v) CHPAPS in the first 4 washing steps and 2 % (w/v) SDS for 
additional two washing steps. 

  

Usage of the modified washing procedure resulted in identification of less cytoplasmic proteins with 

virtually no loss of predicted cell-surface proteins (Table 16). Washing four times with PBS (pH 8) 

containing 1 % (w/v) NP-40 and 6 % (w/v) CHAPS and two times with PBS (pH 8) containing 1 % (w/v) 

NP-40 and 2 % (w/v) SDS was adopted in the final protocol. 

3.1.1.3.2 Implementation of iodoacetamide into the protein extraction buffer 

It was hypothesized that reactive thiol groups of cytoplasmic proteins may oxidize during the sample 

preparation in non-reducing buffer and protein aggregation with NeutrAvidin bound proteins may 

occur. As an attempt to reduce the cytoplasmic background further, 5 % (w/v) iodoacetamide was 

implemented into the extraction buffer. In this experiment, the biotinylation reaction proceeded for 

only one hour. Protein solubilization was carried out using 4 % (w/v) CHAPS and 2 % ASB-14 (w/v). 

The optimized washing procedure was applied. A negative control was implemented for each 

condition. 

The cytoplasmic background appeared strongly reduced in both samples that contained 

iodoacetamide in the lysis buffer. Furthermore, markedly more sortase-anchored proteins were 

identified (Table 17). 

protein class
negative 

control 1)2)

positive 

control 2)

negative 

control 

CHAPS (6 %) 

SDS (2 %) 1)3)

CHAPS (6 %) 

SDS (2 %) 3)

total 62 203 23 172

cytoplasmic 53 128 21 98

multi transmembrane 2 11 0 11

N-terminally membrane anchored 1 20 1 16

lipid anchored 3 25 0 26

sortase anchored 1 5 0 5

secretet 2 14 1 16

number of surface proteins 9 75 2 74

percentage surface proteins 14.5 36.9 8.7 43.0
1) prepared without Sulfo-NHS-SS-biotin
2) prepared without CHAPS and SDS for NeutrAvidin bead wash
3) CHAPS (w/v) SDS (w/v) applied for NeutrAvidin bead wash
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Table 17: Influence of iodoacetamide within the protein extraction buffer on the number of proteins of S. aureus COL, 
identified by the biotinylation approach. 

  

A reduction in the number of identified proteins with a predicted cytoplasmic localization after 

addition of iodoacetamide to the lysis buffer was also observed in samples prepared from 

S. pneumoniae (section 3.1.2.2.4). The concentration of 5 % (w/v) iodoacetamide within the 

extraction buffer was implemented into the final protocol. 

3.1.1.3.3 Separation of cell debris from the soluble fraction 

The major proportion of the cytoplasmic proteins is soluble in aqueous buffers and cytoplasmic 

proteins that probably originate from cell lysis should be removed by separation of the cells from the 

supernatant. Despite a buffer system (PBS) that minimizes cell lysis during sample preparation, three 

washing steps during quenching of the biotinylation reaction, and an improved washing procedure to 

remove unspecifically bound proteins from the NeutrAvidin agarose beads, a high number of 

cytoplasmic proteins was identified within the cell-surface proteome preparations. Inspection of the 

cytoplasmic proteins revealed that predominantly high abundant cytoplasmic proteins and proteins 

requiring biotin as a cofactor were identified. It was hypothesized that a pathway may exist by which 

the Sulfo-NHS-SS-biotin enters the cytoplasm and biotinylated cytoplasmic proteins may be released 

into the supernatant during cell disruption. It was therefore tested, if separation of the soluble 

fraction from the insoluble cell debris is suitable to minimize the cytoplasmic background within cell-

surface proteome preparations. This was achieved by ultracentrifugation after cell disruption in order 

protein class
negative 

control 1)

positive 

control

negative 

control 

iodoacet-

amide 1)2)

iodoacet-

amide 2)

total 171 283 29 162

cytoplasmic 157 230 26 100

multi transmembrane 2 9 1 7

N-terminally membrane anchored 5 14 0 14

lipid anchored 6 24 1 29

sortase anchored 1 1 1 6

secretet 0 5 0 6

number of surface proteins 14 53 3 62

percentage surface proteins 8.2 18.7 10.3 38.3
1) prepared without Sulfo-NHS-SS-biotin
2) 5 % (w/v) iodoacetamide implemented in the protein extraction buffer
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to sediment cell debris including membrane vesicles and to eliminate soluble biotinylated proteins 

potentially contained in the cytoplasm. 

The cell-surface proteome was prepared as follows. After cell disruption, the cell-surface proteins 

were solubilized with 4 % (w/v) CHAPS and 2 % (w/v) ASB-14 in the control sample whereas the cell 

debris was separated from the glass beads by two washing steps (total volume 800 µL PBS (pH 8.0) 

and sedimented by ultracentrifugation (100,000 × g, 1 h, 4 °C, designated as UZ samples). The 

supernatant was discarded. After resuspension, the cell debris was treated with detergents at final 

concentrations of 4 % (w/v) CHAPS and 2 % (w/v) ASB-14 to solubilize the biotinylated cell-surface 

proteins. NeutrAvidin beads were washed with the optimized washing solution in all samples of this 

batch. 

As summarized in Table 18, the number of cytoplasmic proteins identified in the cell-surface 

proteome preparation was reduced by a third after implementation of the ultracentrifugation step. 

Furthermore, substantially more membrane-anchored proteins (including lipoproteins) were 

identified, whereas a reduction in the number of secreted proteins was observed. 

Table 18: Influence of the ultracentrifugation step on the number of proteins of S. aureus COL, identified by the 
biotinylation approach. 

 

The separation of the cell debris from the supernatant was investigated in more detail in a second 

experimental batch. Due to the limited capacity to prepare samples and to perform the LC-MS 

analyses, the effect of increased concentration of detergents for solubilization was also tested within 

this experimental batch. Samples were prepared as described above with the exception that the 

concentration of detergents was raised from 4 % (w/v) CHAPS combined with 2 % (w/v) ASB-14 

protein class
positive 

control
UZ1)

total 218 191

cytoplasmic 153 104

multi transmembrane 10 16

N-terminally membrane anchored 15 25

lipid anchored 30 39

sortase anchored 1 1

secretet 9 6

number of surface proteins 65 87

percentage surface proteins 29.8 45.5
1) soluble fraction removed from cell debris by 

ultracentrifugation after cell disruption
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(indicated as C4A2 in Table 20) to 4 % (w/v) CHAPS combined with 4 % (w/v) ASB-14 (indicated as 

C4A4 in Table 19). 

Table 19: Influence of the ultracentrifugation step on the number of proteins of S. aureus COL, identified by the 
biotinylation approach. 

 

The effect of the ultracentrifugation again was beneficial since it increased the number of identified 

cell-surface proteins (Table 20) but the number of identified cytoplasmic proteins remained 

unchanged between surface proteome preparation with or without the ultracentrifugation step. 

The influence of the depletion of soluble (cytoplasmic) proteins was tested in a third experimental 

batch. In contrast to the above presented experiment, the affinity purification was performed using 

the increased amount of 150 µl NeutrAvidin agarose beads and all samples were treated with 4 % 

(w/v) CHAPS and 4 % (w/v) ASB-14 to solubilize the surface proteins. Additionally, the 

ultracentrifugation step (UZ) after cell disruption was repeated in one sample (2UZ) after removal of 

the supernatant and resuspension of cell debris in 500 µl PBS (pH 8). 

In contrast to the former experiments, sedimentation of cell debris did not result in identification of 

more surface proteins (Table 20), which could be due to the increased amount of NeutrAvidin 

agarose beads. The number of identified cytoplasmic proteins appeared unchanged or even 

increased in the case of the repeated ultracentrifugation. A clear reduction of secreted proteins in 

the cell-surface proteome preparations was observed. 

protein class

negative 

control 

(C4A2) 1)2)

positive 

control 

(C4A2) 2)

positive 

control 

(C4A4)3)

negative 

control          

UZ               

(C4A2) 1)2)4) 

UZ            

(C4A2) 2)4)

UZ              

(C4A4) 3)4)

total 166 189 213 252 236 246

cytoplasmic 156 149 166 232 157 154

multi transmembrane 1 3 5 4 16 20

N-terminally membrane anchored 3 11 11 6 22 26

lipid anchored 6 21 23 8 33 37

sortase anchored 0 1 1 1 2 2

secretet 0 4 7 1 6 7

number of surface proteins 10 40 47 20 79 92

percentage surface proteins 6.0 21.2 22.1 7.9 33.5 37.4
1) prepared without Sulfo-NHS-SS-biotin
2) protein solubilization with 4 % (w/v) CHAPS and 2 % (w/v) ASB-14

4) soluble fraction removed from cell debris by ultracentrifugation after cell disruption

3) protein solubilization with 4 % (w/v) CHAPS and 4 % (w/v) ASB-14
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Table 20: Influence of the ultracentrifugation steps for removal of the soluble fraction on the number of proteins of S. 
aureus COL, identified by the biotinylation approach. 

 

The number of identified proteins of the different protein classes alone may not be sufficient to 

evaluate the quantity of the proteins. These samples allowed calculation of the normalized spectral 

abundance factor (NSAF) as a semiquantitative measure for protein amount to determine if the 

proteins of a given protein class were enriched or depleted. The NSAF was calculated for each 

protein. NSAFs were summarized for each protein class, and expressed as percentage of the total 

sum of NSAFs in the sample. 

As can be seen in Figure 1, the proportion of cytoplasmic proteins remained unchanged or even 

increased by implementation of the ultracentrifugation steps. The proportion of lipoproteins 

increased while secreted proteins were clearly depleted.  

Note that data in Figure 1 are sufficient to compare the presented samples, but does not acurately 

represent the original composition of the cell-surface proteome preparations since inject volumes 

were adapted between fractions to achieve optimal column loading and optimal identification 

frequency. 

protein class
positive 

control
ZU 1) 2UZ 1)2)

total 258 212 275

cytoplasmic 117 105 149

multi transmembrane 40 19 33

N-terminally membrane anchored 33 32 34

lipid anchored 44 40 40

sortase anchored 6 8 10

secretet 18 8 9

number of surface proteins 141 107 126

percentage surface proteins 54.7 50.5 45.8

1) removal of soluble fraction by ultracentrifugation after cell disruption 

2) repeated ultracentrifugation for removal of soluble fraction
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Figure 1: Influence of ultracentrifugation steps on the estimated proportion of the different protein classes in the cell-
surface proteome preparations of S. aureus COL, obtained by the biotinylation approach. Ultracentrifugation was used to 
sediment the cell debris including membranes for separation of the soluble fraction from the cell debris before 
biotinylated proteins were solubilized (UZ). After resuspension of cell debris, ultracentrifugation was repeated to 
improve depletion of the soluble fraction (2UZ). 

 

Separation of cell-debris from the soluble fraction was applied for analysis of lipoprotein maturation 

mutants, were the exoproteome was investigated by the precipitation approach and the anchoring of 

lipoproteins at the cell-surface was under investigation. For analysis of the cell-surface proteome of 

colony biofilm cells and their planktonic counterparts, the maximal proteome coverage was desired 

and the ultracentrifugation step was omitted in order to quantify as many secreted proteins as 

possible. In the analyses described in section 3.5, the ultracentrifugation step was not suitable 

anyway.  
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3.1.1.4 Optimization of the biotinylation duration 

The original protocol intended a biotinylation duration of two hours on ice. Such a relatively long 

timespan may lead to changes in the proteome and lysis of cells with subsequent contamination of 

the cell-surface proteome preparation with cytoplasmic proteins. Experiments were performed with 

variation of the biotinylation duration between 30 min and two hours to determine the minimal 

reaction time necessary. This experimental batch was carried out using 4 % (w/v) CHAPS and 2 % 

(w/v) ASB-14 for solubilization and the optimized washing procedure. A volume of 75 µl NeutrAvidin 

beads was used. 

A maximum of identified surface proteins was reached if the biotinylation reaction proceeded for at 

least 60 min. A longer biotinylation duration resulted in an increased number of identified 

cytoplasmic proteins while reduction of the biotinylaion duration to 30 min resulted in a decrease of 

identified cell-surface proteins (Table 21). 

Table 21: Influence of the biotinylation duration on the number of proteins of S. aureus COL identified by the 
biotinylation approach. 

 

The optimized biotinylation duration of 60 min was implemented in the final protocol. 

3.1.1.5 Optimization of the amount of NeutrAvidin 

Increased amount of solubilized and biotinylated cell-surface proteins may saturate the binding sites 

of the NeutrAvidin and lead to overrepresentation of multiply biotinylated proteins while less 

biotinylated proteins may be extruded. In order to determine the optimal amount of NeutrAvidin 

beads for 0.2 g biotinylated staphylococci, the amount of NeutrAvidin was varied ranging from 50 µl 

to 250 µl NeutrAvidin agarose beads (without supernatant of the slurry). These experiments were 

protein class

biotinylation 

duration        

30 min

biotinylation 

duration        

30 min

biotinylation 

duration        

60 min

biotinylation 

duration        

60 min

biotinylation 

duration        

120 min

total 78 69 86 95 125

cytoplasmic 29 22 23 39 68

multi transmembrane 9 6 10 11 11

N-terminally membrane anchored 10 11 18 13 12

lipid anchored 19 20 25 22 23

sortase anchored 1 1 1 1 1

secretet 10 9 9 9 10

number of surface proteins 49 47 63 56 57

percentage surface proteins 62.8 68.1 73.3 58.9 45.6
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carried out using the optimized concentration of detergents for solubilization, the optimized lysis 

buffer, the optimized biotinylation duration and the optimized washing procedure. The proteins were 

eluted from NeutrAvidin beads using 50 µl reductive SDS sample buffer that was subsequently 

concentrated to 20 µl in a vacuum centrifuge to allow complete loading of the sample on the 1D SDS 

PAGE. 

 

Figure 2: 1D PAGE of cell-surface proteins of S. aureus COL enriched by the biotinylation approach in dependence of the 
amount of NeutrAvidin agarose (NA) ranging from 50 µl to 250 µl. 

By increasing the amount of NeutrAvidin the amount of extracted proteins steadily increased (Figure 

2). The number of identified cell-surface proteins also reflects this (Table 22). Increase of the 

NeutrAvidin amount resulted predominantly in additional identification of proteins containing 

multiple transmembrane helices. Simultaneously, the number of identified cytoplasmic proteins 

increased. Note that the protein amount in the negative control (prepared without biotinylation) is 

very low despite the relatively high number of identified proteins. This indicates the majority of the 

identified cytoplasmic proteins to be either biotinylated or to be present in very low amount. The 

number of identified N-terminally membrane anchored proteins, lipoproteins, sortase anchored and 

secreted proteins remained virtually unchanged if the amount of NeutrAvidin was raised from 100 µl 

to 250 µl. 
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Table 22: Influence of the amount of NeutrAvidin on the number of proteins identified by the biotinylation.  

 

The amount of 150 µl NeutrAvidin beads was implemented in the final protocol as a compromise 

between extraction efficiency and the expenses of NeutrAvidin. Furthermore, the NeutrAvidin 

agarose beads (able to bind up to 2 mg biotinylated BSA per milliliter resin) were changed to high 

capacity NeutrAvidin agarose beads (able to bind up to 8 mg biotinylated BSA per milliliter resin) for 

further projects. 

3.1.1.6 Implementation of acetone precipitation 

The increased amount of NeutrAvidin agarose (150 µl) introduced the need for high volumes of 

buffer to elute the enriched proteins quantitatively. In order to allow complete sample loading on the 

SDS PAGE, an acetone precipitation was examined for its suitability to extract the proteins from the 

eluate. 

The cell-surface proteome preparation was carried out using all optimized parameters. To omit 

precipitation in control samples, proteins were eluted using either 100 µl reductive SDS sample 

buffer. The buffer was diluted 4fold and β-mercaptoethanol was added to the original concentration 

of 5 % (w/v). After elution, the buffer was concentrated 4fold in a vacuum centrifuge. For 

comparison, further samples were eluted by addition of 1 ml reductive SDS sample buffer with 

subsequent acetone precipitation. Precipitation was carried out by mixing one part sample with four 

parts of pure acetone and incubation at -20 °C overnight. Precipitated proteins were collected by 

centrifugation (30 min, 10,000×g, 4 °C) and dissolved in 10 µl HTH (6 M urea, 2 M thiourea) and 15 µl 

SDS sample buffer. 

protein class

negative control 

100 µl 

NeutrAvidin 

beads

50 µl 

NeutrAvidin 

beads

100 µl 

NeutrAvidin 

beads

150 µl 

NeutrAvidin 

beads

200 µl 

NeutrAvidin 

beads

250 µl 

NeutrAvidin 

beads

total 88 195 307 391 460 467

cytoplasmic 71 102 184 253 312 314

multi transmembrane 2 14 22 27 35 43

N-terminally membrane anchored 3 23 33 39 40 38

lipid anchored 8 32 44 43 43 44

sortase anchored 1 6 7 8 9 7

secretet 2 18 17 21 21 21

number of surface proteins 16 93 123 138 148 153

percentage surface proteins 18.2 47.7 40.1 35.3 32.2 32.8
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The acetone precipitation did not result in loss of proteins. The increased elution efficiency led to 

identification of more proteins (Table 23). 

Table 23: Number of proteins of S. aureus COL identified by the biotinylation approach in dependence of the acetone 
precipitation used for concentration of the eluted proteins. 

 

Acetone precipitation was adopted in the final protocol to concentrate the eluate. 

3.1.1.7 Adjusting the concentration of Sulfo-NHS-SS-biotin 

The concentration of the biotinylation reagent is a critical parameter for the success of the cell-

surface protein enrichment. The applied concentration of Sulfo-NHS-SS-biotin must ensure 

comprehensive labeling of the cell-surface proteins despite a potentially varying amount of proteins. 

Final concentrations of Sulfo-NHS-SS-biotin ranging from 0.15 mM to 1.5 mM were applied for 

labeling of 0.1 g cells in 1 ml PBS (pH 8). All optimized parameter including the separation of cell 

debris from the supernatant were applied for sample preparation. 

Table 24: Number of proteins of S. aureus COL identified by the biotinylation approach in dependence of the 
concentration of Sulfo-NHS-SS-biotin during biotinylation of intact cells. 

 

The results indicate a concentration of 0.75 mM Sulfo-NHS-SS-biotin to be sufficient for labelling and 

subsequent enrichment of the surface proteins (Table 24). Nevertheless, an increased concentration 

protein class
without 

precipitation

acetone 

precipitation

total 258 343

cytoplasmic 117 183

multi transmembrane 40 38

N-terminally membrane anchored 33 39

lipid anchored 44 51

sortase anchored 6 8

secretet 18 22

C-terminal membrane anchored 0 2

number of surface proteins 141 160

percentage surface proteins 54.7 46.6

protein class

0.15 mM 

Sulfo-NHS-SS-

biotin

0.375 mM 

Sulfo-NHS-SS-

biotin

0.75 mM 

Sulfo-NHS-SS-

biotin

  1.5 mM 

Sulfo-NHS-SS-

biotin

total 163 192 268 228

cytoplasmic 84 92 154 113

multi transmembrane 16 21 32 32

N-terminally membrane anchored 21 28 31 28

lipid anchored 25 32 31 34

sortase anchored 6 6 6 6

secretet 10 12 13 14

C-terminal membrane anchored 1 1 1 1

number of surface proteins 69 88 101 101

percentage surface proteins 42.3 45.8 37.7 44.3
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of the biotinylation reagent is desirable if increased amount of primary amino groups are accessible 

(e.g. if autolysis rate is increased). Sulfo-NHS-SS-biotin was applied at a concentration of 1.5 mM in 

1.1 ml to biotinylated 0.2 g (fw) cells or 0.1 g (fw) cells as indicated. 

3.1.1.8 Optimization of sample amount 

The amount of cells available in a certain physiological state is frequently limited. Hence, reduction of 

sample size is highly desirable. The amount of 0.2 g (fw) to 0.05 g (fw) S. aureus COL was processed 

by the biotinylation approach to determine the minimal sample amount necessary for maximal 

coverage of the cell-surface proteome. Samples were prepared with the following parameter. The 

optimized biotinylation duration (1 h) was applied. The lysis buffer contained 5 % iodoacetamide and 

the proteins were solubilized with 4 % (w/v) CHAPS and 4 % (w/v) ASB-14. The amount of 100 µl 

NeutrAvidin agarose beads was used for affinity purification, and the optimized washing procedure 

was applied. Elution was performed by addition of 50 µl reducing SDS sample buffer that was 

concentrated to a volume of 20 µl afterwards. 

No significant difference in the number of identified cell-surface proteins in samples prepared from 

0.2 g (fw) and 0.1 g (fw) intact cells was observed, while the small amount of 0.05°g (fw) cells resulted 

in reduction of the number of identified cell-surface proteins of approximately 25 % (Table 25).  

Table 25: Number of proteins of S. aureus COL identified by the biotinylation approach in dependence of the sample 
amount. 

 

In order to allow accurate determination of the cells fresh weight, at least 0.1 g (fw) cells per sample 

were used for further projects. 

  

protein class 0.2 g (fw) cells 0.1 g (fw) cells 0.05 g (fw) cells

total 307 304 221

cytoplasmic 184 186 129

multi transmembrane 22 21 13

N-terminally membrane anchored 33 32 21

lipid anchored 44 41 36

sortase anchored 7 7 7

secretet 17 17 15

number of surface proteins 123 118 92

percentage surface proteins 40.1 38.8 41.6



 

63 

 

3.1.1.9 Identification of biotinylated lysine residues 

Sulfo-NHS-SS-biotin labels proteins at lysine residues (Figure 3, upper panel). After elution of the 

proteins by reduction of the disulphide bond, lysine residues remain modified by a  

3-mercaptopropanoyl group (MW 87.9982, Figure 3, middle). Identification of the modified lysine 

residues allows the experimental determination of extracellular domains of cell-surface proteins. 

Database search for this modification was not successful at all. In-gel alkylation with iodoacetamide 

and subsequent search for the carbamidomethyl-thiopropanoyl modification (MW 145.0299) at 

lysine residues (Figure 3, lower panel) as variable modification resulted in identification of modified 

peptides in 171 out of 502 proteins (Supplemental table 3.1.1). The modified peptides were also 

identified in their unmodified form in nearly all cases, indicating the degree of labeling is sufficient for 

enrichment but not exhaustive. 

 

Figure 3: Modification of lysine residues during the biotinylation approach. Lysine residues (Lys) get biotinylated with 
Sulfo-NHS-SS-biotin (upper panel). Reduction of disulphide bridges elutes the proteins from NeutrAvidin. Lysine residues 
remain modified by the 3-mercaptopropanoyl group (middle). Alkylation using iodoacetamide carbamidomethylates the 
thiol group (lower panel). 

 



 

64 

 

Figure 4 shows the primary sequences of the HtrA-like proteases SACOL1777 and SACOL1028 as well 

as a protein of unknown function (SACOL2436). Identified peptides are yellow shaded. Lysine 

residues (K) modified by the carbamidomethylthiopropanoyl group (CAMthiopropanoyllysyl) and 

oxidized methionine (M) residues are colored in green. LocateP predicted N-terminal membrane 

anchoring for SACOL1777 and cytoplasmic localization with the indication TMH after more than 60 

amino acids apart from the N-terminus for SACOL1028 and SACOL2436. 

Distribution of the modified lysine residues proves a large extracellular domain of SACOL1777, which 

is consistent with the corresponding hydropathy plot (Figure 4, lower panel) and the localization 

prediction. 

In the case of SACOL1028, modified lysine residues are restricted to a small domain spanning amino 

acids 450 to 520. These data fit well with the hydropathy plot indicating a transmembrane region 

ranging approximately from amino acids 405 to 420 and potentially another between the residues 

550 and 650, which indicates the residues 420 to 550 to be extracellular. Data so far prove a small 

extracellular loop of the HtrA-like serine protease SACOL1028, while large domains of the protein are 

located in the cytoplasm. Hydropathy plot for SACOL2436 indicates a single transmembrane region 

between amino acids 70 and 90. This again is consistent with the biotinylation pattern and proves the 

C-terminus to be extracellular. This consistent correlation of biotinylated lysine residues with the 

hydropathy plots strongly supports the hypothesis that the proteins classified by LocateP as 

cytoplasmic with a TMH after more than 60 amino acids apart from the N-terminus are indeed 

transmembrane proteins and potential cell-surface proteins. 

These examples also support the proposed membrane impermeability of Sulfo-NHS-SS-biotin and 

indicate the potential of the biotinylation approach to identify extracellular domains. Identification of 

biotinylated lysine residues with the aid of alkylation was successfully performed previously.111 
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Figure 4: Sequence of the HtrA-like protease SACOL1777 and SACOL1028, and the protein of unknown function 
SACOL2436. Identified peptides are yellow shaded. Lysine residues (K) modified due to the biotinylation and oxidized 
methionine (M) residues appear in green. The lower panel shows corresponding hydropathy plots. Scores greater than 
1.8 (red line) indicate possible transmembrane regions. The X-axis displays the number of amino acid residues starting at 
the N-terminus of the protein. Proposed extracellular domains are red shaded. LocateP predicted N-terminal membrane 
anchoring for SACOL1777 and cytoplasmic localization with the note TMH after more than 60 amino acids for SACOL1028 
and SACOL2436. 

 

Despite this promising data, alkylation of the proteins for detection of the modified lysine residues 

was not implemented into the final protocol for the following reasons. Many spectra identifying 

modified lysine residues were of good quality (Figure 5, upper panel) but a considerable number of 

such mass spectra were questionable, since dominant fragment ions could not be assigned to the 

peptide, the fragment ion series were incomplete or the modified amino acid could not be detected 

(Figure 5, lower panel).  
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Figure 5: Fragment spectra identifying peptides of the signal peptidase 1B as biotinylated. The upper panel shows a well-
assigned spectrum, whereas the identification corresponding to the spectrum in the lower panel is questionable since 
abundant fragment ions could not be assigned and the fragment ions corresponding to modified lysine residue were not 
detected. 

 

The search for modified lysine residues was extended to samples consisting proteins metabolically 

labeled with 15N and proteins synthesized in 14N-medium. Division of the very same surface-

proteome preparation into two samples and processing with or without in-gel alkylation resulted in 

identification of 444 proteins (including 94 cell-surface proteins) after in-gel alkylation (Supplemental 

table 3.1.2), while 109 cell-surface proteins among 489 proteins were identified without in-gel 

alkylation (Supplemental table 3.1.3). Only 149 peptides containing CAMthiopropanoyllysyl 

distributed to 49 proteins were identified. The low number of identified modified lysine residues was 

surprising. Two factors are likely to be reasonable. Reduction and hence alkylation may have been 

incomplete and if modified peptides already are low abundant, doubled sample complexity due to 

metabolic labeling may have led to rare selection of these peptides for fragmentation. 

Aim of the projects described in the following sections was to measure changes in the cell-surface 

proteome with high throughput and maximal proteome coverage. Hence, in-gel alkylation was 

omitted. 
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3.1.1.10  Summary and outlook 

Optimization of the biotinylation approach increased the total number of identified cell-surface 

proteins from S. aureus COL. The increased sampling depth coincides with an increased 

identifications frequency. This makes the cell-surface proteome accessible to quantification with a 

high coverage and a minimum of technical replicates. Solubilization with the zwitterionic detergents 

CHAPS and ASB-14 strongly improved extraction efficiency of membrane-associated cell-surface 

proteins and is a key factor for increased cell-surface proteome coverage. Concentrations far above 

the critical micelle concentration appeared to be necessary for comprehensive solubilization of 

lipoproteins, N-terminally membrane anchored proteins, and multi-pass transmembrane proteins. 

High concentrations of detergents at this point did not interfere with the NeutrAvidin affinity 

purification, the SDS-PAGE or the mass-spectrometric analysis. Compared to the lipoproteins and the 

N-terminally membrane anchored proteins, the multi-pass transmembrane proteins have the highest 

hydrophobicity and are most difficult to solubilize. While the number of accessible lipoproteins 

predominantly increased by application of up to 3 % (w/v) CHAPS, the number of identified multi-

transmembrane proteins mainly increased if the concentration was further raised to 6 % (w/v) CHAPS 

or ASB-14 was applied additionally. 

Beside protein solubilization, the amount of NeutrAvidin appeared to be a critical factor. For a 

maximal coverage of the cell-surface proteome, the amount of biotin-binding sites must not be 

limiting. For that reason, the amount of NeutrAvidin agarose beads was increased threefold and high 

capacity NeutrAvidin beads were introduced that are able to bind up to four times as much 

biotinylated products as the previously used Neutravidin agarose beads. The consequent increase of 

the number of biotin-binding sites by a factor of twelve resulted in markedly improved sensitivity of 

the approach and greatly increased identification frequency of the cell-surface proteins among 

replicates. This is a critical factor to enable sufficient protein quantification in sophisticated proteome 

analyses, where the number of replicates is frequently limited to a minimum due to the high costs 

and the expense of human labor. Increase of the biotin-binding sites significantly increased the 
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number of identified multi-pass transmembrane proteins and proteins with a predicted cytoplasmic 

localization. Most multi-pass transmembrane proteins possess only small extracellular domains and 

exhibit only low numbers of biotinylatable lysine residues. This aggravates their extraction from the 

whole cell lysate if the number of biotin-binding sites is limiting. Furthermore, many of them are low 

abundant. Both features contribute to the necessity for a low ratio of biotinylated proteins to biotin-

binding sites for their successful enrichment and mass-spectrometric identification. 

Despite numerous attempts, it was not possible to eliminate cytoplasmic proteins from the cell-

surface proteome preparations. An improved protocol for washing the NeutrAvidin beads after 

incubation with the protein extracts reduced the number of identified cytoplasmic proteins, probably 

by preventing protein aggregation or hydrophobic interactions with the NeutrAvidin agarose. 

Implementation of iodoacetamide into the lysis buffer reduced the number of identified cytoplasmic 

proteins. This may be attributed to reduced aggregation of thiol-containing proteins after leaving the 

reducing milieu of the cytoplasm and entering the oxidizing lysis buffer. Reduction of the 

biotinylation duration lowered the number of identified cytoplasmic proteins by approximately 20 %, 

which may be attributed to reduced cell lysis. Nevertheless, improvement of the approaches 

sensitivity by introduction of increased number of biotin-binding sites counteracted all these 

measures. Several results indicate at least a large proportion of these cytoplasmic proteins to be truly 

associated with the cell-envelope.  Despite the membrane-impermeability of Sulfo-NHS-SS-biotin as 

supported by the findings presented in section 3.1.1.9, multiply biotinylated proteins with predicted 

cytoplasmic localization were present in the cell-surface proteome preparations (Supplemental table 

3.1.1). The protocol includes repeated washing of the cells after biotinylation. Proteins that are not 

attached to the cells are discarded at this point. It remains unclear if the predicted cytoplasmic 

proteins are already released during cell culturing or during sample preparation, but they need to be 

attached to the cells to be detected by the approach. In addition, separation of the cell debris from 

the soluble fraction failed to eliminate these cytoplasmic proteins from cell-surface proteome 

preparations and secreted proteins are identified in the cell-surface proteome preparations as well 
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despite lacking an anchoring mechanism. Finally, the amount of cytoplasmic proteins at the cell-

surface dramatically increased in planktonic cultures, in which a decrease of the optical density 

indicated lysis of a subpopulation (see section 3.4.). This indicates cell-lysis during culturing to be at 

least one origin for the cytoplasmic proteins detected at the cell-surface. Release of cytoplasmic 

proteins by cell lysis in staphylococcal in vitro cultures is supported by the findings of other 

authors.112 All these observations point to non-covalent binding of proteins at the cell-surface. Cell-

surface localization of cytoplasmic proteins in bacteria has been proven by immunoelectron 

microscopic studies and distinct functions as adhesins could be assigned to primarily glycolytic 

enzymes in S. pneumoniae and Lactobacillus plantarum.73, 113, 114 In addition to cell lysis, nonclassical 

protein secretion possibly contributes to release of cytoplasmic proteins without signal peptide. 

Nonclassical protein secretion of cytoplasmic proteins is a phenomenon observed in many different 

organisms ranging from eukaryotes to bacteria.115, 116 Investigations of B. subtilis point to specific 

sequence requirements of the proteins for release from the cytoplasm by this mechanism, and the 

authors conclude that this type of secretion is not due to autolysis and that membrane vesicle 

shedding has minor importance.116 In conclusion, cytoplasmic proteins are excreted by cell lysis and 

so far unknown mechanisms. They bind non-covalently at the cell-surface and have to be considered 

as part of the cell-surface proteome. At the bacterial cell-surface, binding of environmental proteins 

retrieves the potential to use them as nutrients during starvation and binding of host proteins 

possibly prevents recognition of bacteria by immunocytes or specifically inhibits innate immune 

responses (e.g. complement system activation). 

The broad range of physicochemical properties of cell-surface proteins and their different anchoring 

mechanisms cause varying extraction efficiency of different proteins and protein classes. In order to 

provide an impression of the abundance of different protein classes within cell-surface proteome 

preparations derived from staphylococcal in vitro cultures, the NSAFs were calculated for identified 

proteins from three representative samples, prepared by the optimized biotinylation approach. The 

proteins were classified by their subcellular localization prediction. NSAFs of proteins belonging to 
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the same protein class were summarized and multiplied with 100 to determine the percentage NSAF 

that belongs to a certain protein class (Figure 6, left panel). This semiquantitative measurement 

indicates that averaged 28 % of the total protein within the preparations consist of lipoproteins, 9 % 

secreted proteins, 11 % N-terminally membrane anchored proteins, 5 % multi-transmembrane 

proteins, 1 % cytoplasmic proteins with a TMH after more than 60 amino acids (not classified for sure 

by LocateP), 1 % sortase anchored proteins and 40 % cytoplasmic proteins.  

 

 

Figure 6: Proportion of the protein classes in surface proteome preparations of S. aureus COL. Proteins identified by the 
optimized biotinylation approach were classified according to their subcellular localization prediction. The NSAF was 
calculated for each protein. NSAFs of proteins belonging to the same protein class were summarized and multiplied with 
100 to obtain percentage values (left panel). The sum of NSAFs of each protein class was divided by number of proteins, 
it originates from (right panel) to obtain an average abundance factor. (n=3) 

 

Five percent of the proteins within these preparations consist of unclassified proteins and laboratory 

contaminations (e.g. keratins and trypsin). Varying numbers of proteins from each class contribute to 

these proportions. For instance, 383 cytoplasmic proteins contribute to 40%, whereas the 49 
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lipoproteins constitute 28 % of the total protein. In order to figure out the average abundance of a 

single protein from each class, the NSAFs of each protein class were divided by the number of 

proteins they originate from (Figure 6, right panel). This relative value indicates that lipoproteins are 

enriched most of all, followed by secreted proteins, the N-terminally membrane anchored proteins, 

proteins that contain a TMH after more than 60 amino acids and the multi-transmembrane proteins. 

In average, the cytoplasmic proteins are as abundant as the sortase substrates, which are still poorly 

accessible to the approach due to their covalent anchoring at the peptidoglycan and the 

incompatibility of cell-wall digestion with the approach. 

Based on the excellent preliminary work of Hempel et al., that indicated the high potential of the 

biotinylation approach for quantitative analysis of staphylococcal cell-surface proteomes, the overall 

improvement of the approach is visualized in Figure 7.  

 

 

Figure 7: Identification frequency of proteins from S. aureus COL. The proteins identified by the biotinylation approach in 
three biological replicates, prepared from exponentially growing cells, were classified by their subcellular localization 
prediction and summarized (total). Their identification frequency among three cell-surface proteome preparations was 
determined. The left panel shows data acquired by the original protocol (Hempel et al. 2010). Data in the right panel 
were obtained by usage of the optimized protocol. 

 

The number of proteins identified in three biological replicates prepared by the original protocol as 

described in Hempel et al. 2010 were summarized and classified by their subcellular localization 

prediction. Their identification frequency among three replicates was determined and the data were 
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compared to data obtained by the optimized approach. The total number of proteins predicted to be 

cell-surface associated increased from 99 to 182 by the optimization. While only 43 % (43 out of 99) 

of the cell-surface proteins could be identified in all three replicates by Hempel et al. 2010, 69 % (126 

out of 182) could be identified in all samples by the use of the optimized protocol. Approximately 

three times as many cell-surface proteins are now accessible for quantification by the LC-MS based 

approach with a very high reliability.92 

As presented in section 3.1.1.9, the approach can easily be adapted to determine extracellular 

protein domains. It is likely that a higher concentration of Sulfo-NHS-SS-biotin would help to increase 

the biotinylation rate of proteins and facilitate identification of the modified lysine residues. In 

addition, the alkylation of thiol groups might need optimization to obtain a maximal coverage of the 

modified residues. Identification of modified lysine residues proved extracellular domains of proteins 

previously predicted to be localized in the cytoplasm (with the note TMH after more than 60 amino 

acids). This protein group can now be considered to represent cell-surface proteins. 
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3.1.2 Modification of the biotinylation approach for analysis of cell-

surface proteins from S. pneumoniae 

The biotinylation approach was modified for analysis of the surface proteins of S. pneumoniae. Many 

optimized parameters were adopted from the experiences obtained by the surface proteome 

analyses of S. aureus but some parameters of the protocol had to be adapted to the organism 

specific requirements of S. pneumoniae. This primarily refers to the resuspension buffer and the 

temperature during sample preparation. 

S. pneumoniae has a challenging affinity to lyse very fast under multiple conditions. The cell lysis for 

instance is increased at low temperatures. Hence, the preparation of surface proteins was carried out 

at RT and the biotinylation duration was initially limited to 30 minutes. The elevated temperature 

introduces a higher activity of many enzymes including proteases. To prevent degradation of the 

proteins, cOmpleteTM protease inhibitor cocktail (Roche) was added to the resuspension buffer 

according to the instructions of the manufacturer and the pH of resuspension buffers was changed to 

pH 7.4. 

3.1.2.1 Solubilization of hydrophobic surface proteins with zwitterionic detergents 

In order to optimize the extraction of cell-surface proteins, the detergents CHAPS and ASB-14 were 

tested for their capability to extract cell-surface proteins from S. pneumoniae. In a first experiment, 

the influence of CHAPS was elucidated. For preparation of these samples, a resuspension buffer 

containing 27 % (w/v) sucrose was used to reduce autolysis as reported previously.84 

Table 26: Influence of protein solubilization with CHAPS on the number of proteins of S. pneumoniae D39 Δcps identified 
by the biotinylation approach. 

  

protein class
negative 

control 1)

without 

CHAPS

CHAPS            

(2 %) 2)

CHAPS            

(6 %) 2)

total 9 64 125 133

cytoplasmic 6 52 84 88

multi transmembrane 0 1 1 6

N-terminally membrane anchored 0 1 4 7

lipid anchored 3 10 27 26

sortase anchored 0 0 1 1

secretet 0 0 8 5

number of surface proteins 3 12 41 45

percentage surface proteins 33.3 18.8 32.8 33.8
1) prepared without Sulfo-NHS-SS-biotin
2) CHAPS applied for protein solubilization as indicated
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The influence of CHAPS was similar to the effect seen in preparations of surface proteins from 

S. aureus. At a concentration of 2 % (w/v) CHAPS, markedly more lipoproteins became detectable 

(Table 26). The high concentration of 6 % (w/v) CHAPS led to increased numbers of identified 

membrane proteins. 

In a second experiment, the combination of 4 % (w/v) CHAPS with 2 % (w/v) ASB-14 for solubilization 

was compared to 2 % (w/v) CHAPS alone (Table 27). This experiment was carried out with the already 

optimized resuspension buffer (containing choline chloride, see section 3.1.2.2.1) and the increased 

amount of 100 µl NeutrAvidin beads. 

Table 27: Number of proteins of S. pneumoniae D39 Δcps identified by the biotinylation approach in dependence of the 
concentration of CHAPS and ASB-14 used for protein solubilization 

 

The increased concentration of CHAPS and ASB-14 led to identification of more membrane proteins. 

In the final protocol, the solubilization procedure as optimized for S. aureus (utilization of 4 % (w/v) 

CHAPS and 4 % (w/v) ASB-14) was adopted from the experiences with S. aureus. 

  

protein class

negative 

control         

CHAPS (2%) 1)2)

CHAPS (2 %) 2) 
CHAPS (4 %)       

ASB-14 (2 %) 2)

total 75 340 369

cytoplasmic 70 267 283

multi transmembrane 0 5 15

N-terminally membrane anchored 1 21 21

lipid anchored 4 30 30

sortase anchored 0 5 7

choline binding 0 4 4

secretet 0 8 9

number of surface proteins 5 73 86

percentage surface proteins 6.7 21.5 23.3
1) prepared without Sulfo-NHS-SS-biotin
2) CHAPS and ASB-14 applied for protein solubilization as indicated
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3.1.2.2 Reducing the contamination with cytoplasmic proteins 

3.1.2.2.1 Optimization of the resuspension buffer 

Resuspension of pneumococci in PBS (pH 7.4) containing 27 % (w/v) sucrose did not satisfactorily 

reduce the autolysis during sample preparation. Hence, several buffer systems were systematically 

screened for their suitability to minimize lysis of pneumococci during sample preparation. 

Bacteria were harvested at an OD600nm of 0.5, washed twice with different buffers as indicated in 

Figure 8, and incubated in the different buffers for 1 h at RT. Proteins in the supernatant were 

precipitated overnight at 4°C using trichloroacetic acid (TCA) at a final concentration of 10 % (v/v). 

After centrifugation (20 min, 4°C, 20,000 × g), the precipitate was washed once with ice cold acetone 

before the proteins were dissolved in 25 µl SDS gel loading buffer. The bacteria were resuspended in 

PBS (pH 7.4) and the whole cell protein extracts were prepared as well. The distribution of proteins 

between the whole cell extract and the supernatants was analyzed by SDS-PAGE followed by 

Coomassie brilliant blue staining.98 

 

Figure 8: Buffer screening was performed testing PBS, pH 7.4 (1); PBS, pH 7.4, 10 mM glucose (2); PBS, pH 7.4, 1 M 
arabinose (3); PBS, pH 7.4, 27% (w/v) sucrose (4); PBS, pH 7.4, 40% (w/v) sucrose (5); PBS, pH 7.4, 1% (w/v) choline 
chloride (6); citrate buffer, pH 7.5 (7); citrate buffer, pH 7.5, 27% (w/v) sucrose (8); citrate buffer, pH 7.5, 40% (w/v) 
sucrose (9); citrate buffer, pH 7.5, 1% (w/v) choline chloride (10); PBS, pH 7.4, 10 mM EDTA (11); PBS, pH 9.5 (12). For 
each buffer system the supernatant after incubation (S) and the pneumococcal cell extract after cell disruption by 
sonication (CE) were separated in an SDS-PAGE followed by Coomassie staining. The PageRuler Protein Ladder (Thermo 
Scientific/Fermentas, Vilnius, Lithuania) was used as a molecular weight standard (M). 

 

PBS (pH 7.4) containing 1 % (w/v) choline chloride proved to be the optimal buffer for prevention of 

pneumococcal autolysis (Figure 8). 
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PBS (pH 7.4) supplemented with 1 % (w/v) choline chloride was used for subsequent experiments. 

3.1.2.2.2 Optimization of the biotinylation duration 

In order to further reduce the autolysis of S. pneumoniae during sample preparation, the influence of 

the biotinylation duration on the number of identified cell-surface and cytoplasmic proteins was 

investigated. 

This experiment was carried out using 2 % (w/v) CHAPS for protein solubilization, the optimized 

resuspension buffer, the optimized washing procedure and 100 µl NeutrAvidin. The biotinylation 

reaction proceeded for 30 min, 60 min or 120 min at RT as indicated. 

Table 28: Number of proteins of S. pneumoniae D39 Δcps identified by the biotinylation approach in dependence of the 
biotinylation duration. 

 

In the sample were the biotinylation reaction was quenched after 30 min, the number of identified 

cell-surface proteins as well as the number of identified cytoplasmic proteins is lower than in the 

samples were the reaction proceeded for 60 min or 120 min (Table 28). This indicates the 

biotinylation reaction to be incomplete. A biotinylation duration of 60 min at RT was chosen for the 

final protocol. 

3.1.2.2.3 Separation of cell debris from the soluble fraction 

In order to remove cytoplasmic proteins that might have been biotinylated due to autolysis during 

the biotinylation reaction despite the choline containing resuspension buffer, the cell debris was 

separated from the soluble fraction by ultracentrifugation (100,000 × g, 1 h, 4°C) after cell disruption. 

Cell disruption was performed by sonication with four pulses of 15 s and breaks of 30 s while the 

samples were kept on ice (max. power for small tip; 60 % amplitude; 50 % cycle). The cell debris was 

protein class
negative 

control

30 min 

biotinylation

60 min 

biotinylation

120 min 

biotinylation

total 9 264 398 398

cytoplasmic 6 221 329 331

multi transmembrane 0 5 8 7

N-terminally membrane anchored 0 10 19 18

lipid anchored 3 23 30 30

sortase anchored 0 1 1 1

secretet 0 4 11 11

number of surface proteins 3 43 69 67

percentage surface proteins 33.3 16.3 17.3 16.8
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resuspended in 0.5 ml PBS (pH 7.4) containing 5 % (w/v) iodoacetamide, 4 % (w/v) CHAPS and  

4 % ASB-14 (w/v). Biotinylation proceeded for 1 hour at RT and 150 µl NeutrAvidin beads were used 

to prepare these samples. 

Separation of the soluble fraction from the cell debris led to a decrease in the number of identified 

cytoplasmic proteins with simultaneous increase of identified cell-surface proteins (Table 29). 

Table 29: Number of proteins of S. pneumoniae D39 Δcps identified by the biotinylation approach in dependence of an 
ultracentrifugation step for removal of the soluble fraction from cell debris prior to protein solubilization. 

  

In order to verify the results, the experiment was repeated using the same parameters. The number 

of identified cytoplasmic proteins was again substantially lower after removal of the soluble fraction 

with only minor decrease in the number of identified cell-surface proteins (Table 30).  

Table 30: Number of proteins of S. pneumoniae D39 Δcps identified by the biotinylation approach in dependence of an 
ultracentrifugation step for removal of the soluble fraction from cell debris prior to protein solubilization. 

 

The ultracentrifugation step was adopted in the final protocol of the biotinylation approach for 

pneumococci. 

  

protein class
positive 

control
UZ 1)

total 612 530

cytoplasmic 503 411

multi transmembrane 35 42

N-terminally membrane anchored 29 29

lipid anchored 28 29

sortase anchored 4 6

choline binding 4 3

secretet 9 10

number of surface proteins 109 119

percentage surface proteins 17.8 22.5

1) soluble fraction removed from cell debris by 

ultracentrifugation prior to protein solubilization

protein class
negative 

control 1)

positive 

control

positive 

control

negative 

control              

UZ 1)2)

UZ 2) UZ 2)

total 61 561 549 114 350 336

cytoplasmic 54 448 422 88 237 222

multi transmembrane 1 32 39 4 31 32

N-terminally membrane anchored 0 32 36 5 32 32

lipid anchored 5 30 31 14 29 31

sortase anchored 0 5 6 1 7 8

choline binding 0 4 4 1 4 4

secretet 1 10 11 1 10 7

number of surface proteins 7 113 127 26 113 114

percentage surface proteins 11.5 20.1 23.1 22.8 32.3 33.9
1) prepared without Sulfo-NHS-SS-biotin
2) soluble fraction removed by ultracentrifugation prior to protein solubilization 
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3.1.2.2.4 Implementation of iodoacetamide into the lysis buffer 

Addition of iodoacetamide to the lysis buffer already reduced the number of identified cytoplasmic 

proteins in cell-surface proteome analyses of S. aureus and was also tested for S. pneumoniae. The 

optimized solubilization procedure, the increased amount of 150 µl NeutrAvidin agarose beads and 

the optimized washing procedure were used to process the samples of this batch.  

Table 31: Number of proteins of S. pneumoniae D39 Δcps identified by the biotinylation approach in dependence of 
iodoacetamide (IAA) in the lysis buffer. 

  

The number of identified cytoplasmic proteins appeared 10 % reduced in the sample prepared with 

5 % iodoacetamide in the resuspension buffer (Table 31). 

The effect of iodoacetamide was verified in another experiment. Samples were prepared using the 

same modifications as described above. Additionally, separation of cell debris from the soluble 

fraction by ultracentrifugation was performed prior to solubilization of cell-surface proteins. 

Table 32: Number of proteins of S. pneumoniae D39 Δcps identified by the biotinylation approach in dependence of 
iodoacetamide (IAA) in the lysis buffer. 

 

protein class
positive 

control
 IAA 1)

total 612 548

cytoplasmic 503 446

multi transmembrane 35 26

N-terminally membrane anchored 29 30

lipid anchored 28 29

sortase anchored 4 4

choline binding 4 4

secretet 9 9

number of surface proteins 109 102

percentage surface proteins 17.8 18.6
1) 5 % (w/v) iodoacetamide implemented in resuspension 

buffer proir to cell disruption

protein class
negative 

control 1)

positive 

control

negative 

control             

IAA 1)2)

IAA 1)2)

total 103 472 61 350

cytoplasmic 86 343 54 237

multi transmembrane 4 46 1 31

N-terminally membrane anchored 3 32 0 32

lipid anchored 8 31 5 29

sortase anchored 0 7 0 7

choline binding 1 4 0 4

secretet 1 9 1 10

number of surface proteins 17 129 7 113

percentage surface proteins 16.5 27.3 11.5 32.3
1) prepared without Sulfo-NHS-SS-biotin
2) 5 % (w/v) iodoacetamide implemented in resuspension buffer proir to cell disruption
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The number of identified cytoplasmic proteins was reduced by approximately a third (Table 32) in the 

presence of iodoacetamide in the resuspension buffer. The number of identified multi-pass 

transmembrane proteins was also reduced by a third in this experiment. Nevertheless, 

iodoacetamide was implemented in the resuspension buffer for subsequent experiments due to the 

substantially lowered number of identified cytoplasmic proteins. 

3.1.2.2.5 Optimization of sample amount 

The fresh weight of a cell pellet containing intact S. pneumoniae was determined and resuspended in 

1 ml PBS (pH 7.4) per 0.2 g cells. The suspension was divided into samples containing 0.2 g, 0.1 g, or 

0.05 g cells, filled up with PBS and the biotinylation approach was performed using all optimized 

parameters, described in section 2.9.4. As summarized in Table 33, approximately 110 different cell-

surface proteins of S. pneumoniae D39 were identified in all samples prepared from 0.2 g (FW) to 

0.05 g (FW) cells. 

Table 33: Number of proteins of S. pneumoniae D39 Δcps identified by the biotinylation approach in dependence of the 
wet weight of bacteria sampled. 

 

In further analyses, samples were prepared from 0.1 g cells as a compromise of the smallest sample 

size that allows accurate determination of the cell pellets fresh weight with the instruments used. 

3.1.2.3 Summary 

Many parameter of the biotinylation approach could easily be transferred from the protocol for 

staphylococci. This refers to the concentration of detergents used for solubilization of hydrophobic 

proteins (CHAPS and ASB-14), the amount of NeutrAvidin, the washing procedure for the NeutrAvidin 

beads and the whole GeLC-MS analysis. Nevertheless, organism specific features required intensive 

protein class
0.2 g (fw) 

cells

0.1 g (fw) 

cells

0.05 g (fw) 

cells

total 350 336 319

cytoplasmic 237 222 209

multi transmembrane 31 32 31

N-terminally membrane anchored 32 32 31

lipid anchored 29 31 31

sortase anchored 7 8 6

choline binding 4 4 2

secretet 10 7 9

number of surface proteins 113 114 110

percentage surface proteins 32.3 33.9 34.5
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adaption of several other parameters. Initially, the fast autolysis of S. pneumoniae led to pronounced 

clumping of the cell pellets during sample preparation and made the approach unfeasible. PBS (pH 

7.4) supplemented with 1 % (w/v) choline chloride proved to be the best-suited buffer out of a 

couple of different buffer systems and supplements that aimed on prevention of cell lysis. Choline 

chloride is particularly effective since the major autolysins of S. pneumoniae are anchored to the cell 

wall by an organism specific mechanism. They bind to phosphorylcholine at teichoic acids and are 

removed from the cell-surface by choline.117 Additionally, low temperature elevates the rate of 

autolysis of pneumococci. Hence, the whole approach was carried out at RT. The relatively high 

temperature (approximately 20°C) during sample preparation required the use of proteinase 

inhibitors to prevent protein degradation and the biotinylation duration was limited to 30 min in 

order to minimize changes in the proteome occurring during sample preparation at high 

temperatures. 

Despite the above-mentioned parameters, autolysis appeared to be not completely suppressed 

during the relatively long sample preparation. A considerable amount of cytoplasmic proteins 

identified by the approach could be removed from the preparation by disposal of the soluble fraction 

from the insoluble cell debris after cell disruption. 

In the left panel of Figure 9, an overview of the composition of pneumococcal cell-surface proteome 

preparations is given using spectral counting. NSAFs were calculated for each protein. NSAFs were 

summarized for each protein class and expressed as percentage of the protein content in the 

samples. The highly enriched 31 lipoproteins accounted for 34 % of the protein content. A proportion 

of 42 % (291 different proteins) consisted of predicted cytoplasmic proteins. 

Approximately 7 % of the total protein consisted of 36 N-terminally membrane anchored proteins, 

5 % of the 39 multi-transmembrane proteins, 0.6 % of the 8 sortase substrates, 2 % of the 10 

secreted proteins, 0.2 % of the 4 phosphorylcholine anchored proteins and 2 % of the 7 cytoplasmic 

proteins predicted to contain a transmembrane helices after more than 60 amino acids.  
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Figure 9: Proportion of the protein classes in surface proteome preparations of S. pneumoniae D39 Δcps. Proteins 
identified by the biotinylation approach (adapted to S. pneumoniae) were classified according to their subcellular 
localization prediction. The NSAF was calculated for each protein. NSAFs of proteins belonging to the same protein class 
were summarized and multiplied with 100 to obtain percentage values (left panel). The sum of NSAFs of each protein 
class was divided by number of proteins it originated from (right panel). (n=3) 

 

In order to illustrate the average abundance of proteins from each class, the NSAFs of each protein 

class were divided by the number of proteins they originated from (Figure 9, right panel). In average, 

the lipoproteins are most abundant in the cell-surface proteome preparations while the eluted 

choline-binding proteins and sortase substrates are low abundant. In average, the identified 

cytoplasmic proteins are as abundant in the cell-surface proteome preparations as N-terminally 

membrane anchored or secreted proteins. 

The identification frequency of the proteins was very good (Figure 10). Out of 135 cell-surface 

proteins, 104 could be identified in all three samples, while 13 were identified in two and 18 in only 

one of three samples. Hence, 77 % of the surface proteins could be identified in every sample. 
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Figure 10: Identification frequency of proteins from S. pneumoniae D39 Δcps identified by the optimized biotinylation 
approach. The proteins identified in three biological replicates, prepared from exponentially growing cells, were 
summarized, and classified by their subcellular localization prediction (total). Their identification frequency among three 
surface proteome preparations was determined. 
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3.2 Cell-surface and extracellular proteome of S. aureus RN4220 and its 

lipoprotein biogenesis mutants 

The optimized biotinylation approach was applied for analysis of lipoprotein maturation mutants of 

S. aureus RN4220 (designated as WT) and its isogenic Δlgt and Δlsp mutants. The impact of lgt 

mutation on the cell-surface proteome is well known. In the absence of the diacylglyceryl transferase 

(Lgt), missing lipidation of lipoprotein precursors leads to their release into the culture supernatant. 

GeLC-MS based analyses of the culture supernatants were performed additionally, and the impact of 

a mutated lipoprotein-specific signal peptidase (Lsp) was investigated in the same way. The cell-

surface and exoproteome analyses enabled monitoring of both subproteomes on a global scale. The 

data were used to verify the lipid-anchoring of predicted lipoproteins and to investigate secondary 

effects of improper lipoprotein functioning on the cell-surface and exoprotome of S. aureus. 

3.2.1 Growth of S. aureus RN4220 Δlgt and Δlsp in TSB 

Many bacterial lipoproteins are substrate-binding proteins of ABC-type transporters and affect the 

nutrient acquisition. Mutation of either lgt or lsp is known to retard growth of other bacteria. Hence, 

growth of RN4220 was compared to the lipoprotein maturation mutants.  

The staphylococcal lgt mutant grew as fast as the WT in the rich medium TSB (Figure 11). The lsp 

mutant exhibited a slightly increased lag phase but no further growth deficit in the course of the 

cultivation. Both mutants reached the same optical density as the WT. For proteome analyses, cells 

were harvested in the exponential growth phase (T1) and the early stationary phase (T2, Figure 11). 

This is in accordance with Stoll et al., who reported comparable growth of S. aureus Δlgt in rich 

medium but significant growth deficits in nutrient poor media.63 Mutation of lgt retarded growth of 

B. subtilis in the complex medium L-broth but did not affect growth of S. pneumoniae D39Δcps in THY 

(see Section 3.3.2).118 

No comparable data reporting growth behavior of staphylococcal lsp mutants are available in the 

literature. For comparison, the growth of a B. subtilis lsp mutant in tryptone/yeast extract at 37°C 
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was only slightly reduced but the mutant was not viable when temperature shifted to 15°C or 48°C.119 

In contrast, pneumococcal lsp mutants exhibited growth delay in nutrient rich THY medium at 

optimal temperature (see Section 3.3.2). 

 

Figure 11: Growth curve of S. aureus RN4220 (WT) and the isogenic lgt and lsp mutants in TSB (n=3). Samples for 
proteome analyses were collected in the exponential growth phase (T1) and in the early stationary growth phase (T2). 

 

3.2.2 Changes in the lipoproteome of S. aureus RN4220 Δlgt 

The cell-surface proteome and the extracellular protein fraction of the WT and the isogenic lgt 

mutant were investigated using the optimized biotinylation approach and the precipitation approach 

for analysis of extracellular proteins respectively. 

A LocateP lipoprotein protein prediction that takes the three S. aureus strains NCTC8325, Col, and 

Newman into account is given in Supplemental Table 3.2.1. Altogether 60 different proteins were 

predicted to be lipoproteins in at least one of these strains and are considered as the potential 

lipoproteome of S. aureus. An overview of the number of proteins identified in the GeLC-MS analyses 

is given in Supplemental Table 3.2.2. Out of the 60 predicted lipoproteins, 44 were identified in at 

least two samples of the WT or its lgt mutant representing 73 % of the potential lipoproteome. 

Twenty-nine lipoproteins were identified in both, the cell-surface proteome preparations and the 

culture supernatant. Seven lipoproteins were exclusively identified by the biotinylation approach and 

eight lipoproteins were exclusively identified by the precipitation approach (Figure 12). 
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Figure 12: Number of lipoproteins, identified at the cell-surface of S. aureus RN4220 or its lgt mutant using the 
biotinylation approach and the precipitation approach for analysis of the culture supernatant. 

 

The protein abundance in the WT was compared to the lgt mutant by calculation of NSAFs as 

quantitative measure (Supplemental Tables 3.2.3. to 3.2.7.). In general, the amount of lipoproteins 

decreased at the cell-surface of the lgt mutant and lipoproteins accumulated in the culture 

supernatant of the mutant. This distribution pattern could be observed for 29 of the 44 identified 

lipoproteins. Additional 12 lipoproteins were found in decreased amount at the cell-surface or 

increased amount in the culture supernatant of the lgt mutant. Three lipoproteins exhibited a 

different distribution pattern and appeared in decreased amount in the culture supernatant of the lgt 

mutant and (if identified) at the cell-surface too (Table 34). This result verifies the theory of 

lipoprotein anchoring at the cell-surface by Lgt as well as the feasibility of the proteomic approaches 

for global relative quantification analyses. 

In the lgt mutant, lipoprotein anchoring at the cell-surface by the diacylglyceryl moiety is impeded, 

and prelipoproteins are released into the culture supernatant. It is remarkable that 22 lipoproteins 

were still identified at the cell-surface of the lgt mutant despite continuous agitation during 

cultivation, fivefold repeated washing of the cells during sample preparation, and separation of the 

cell debris from the supernatant. Lipoproteins lacking the lipid modification may be trapped within 

the cell wall or be attached to the membrane by the hydrophobic nature of their N-terminus. The 

latter possibility requires the lack of signal peptidase II activity on non-acylated lipoproteins and is 

supported by a previous study showing increased mass of 2 kDa for overexpressed SitC in a lgt 
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mutant, which indicates the presence of the signal peptide in the absence of Lgt.63 This observation 

fits well to the minor growth deficits of the mutant in nutrient rich media and its ability to grow 

within the host.64 Furthermore, these findings imply that at least most unprocessed lipoproteins are 

functional in S. aureus. 
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Table 34: Abundance of lipoproteins of S. aureus RN4220 and the isogenic lgt mutant at the cell-surface and in the 
culture supernatant. If data indicate significant decrease of protein amount at the cell-surface of the lgt mutant and 
significant increase of protein amount in the corresponding culture supernatant, proteins are highlighted in green. If data 
meet at least one of these requirements, proteins are highlighted in yellow and if the quantitative values are in contrast 
to these requirements, proteins are highlighted in orange. 

 

  

protein name

LocateP 

prediction 

NCTC8325

cell surface 

exponential 

growth phase 

(log2 ratio of 

NSAF Δlgt/WT)

adjusted               

p-value        

(critical p-

value = 0.05)

cell surface 

stationary 

growth phase 

(log2 ratio of 

NSAF Δlgt/WT)

adjusted               

p-value        

(critical p-

value = 0.05)

extracellular 

exponential 

growth phase 

(log2 ratio of 

NSAF Δlgt/WT)

adjusted               

p-value        

(critical p-

value = 0.05)

extracellular 

stationary 

growth phase 

(log2 ratio of 

NSAF Δlgt/WT)

adjusted               

p-value        

(critical p-

value = 0.05)

- SAOUHSC_00052 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_00053 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_00054 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_00055 @Lipid anchored n.d n.d n.d n.d

SirA SAOUHSC_00074 @Lipid anchored -1.38 0 -2.51 0 2.17 0 2.13 0

PhnD SAOUHSC_00105 @Lipid anchored down n.d. down n.d. n.d down n.d.

Rlp SAOUHSC_00170 @Lipid anchored n.d n.d up n.d. 3.37 0

- SAOUHSC_00176 @Lipid anchored n.d n.d n.d up n.d.

- SAOUHSC_00186 @Lipid anchored n.d n.d up n.d. up n.d.

- SAOUHSC_00279 @Lipid anchored n.d n.d n.d up n.d.

EfeM SAOUHSC_00325 @Lipid anchored n.d. n.d n.d n.d

- SAOUHSC_00356 @Lipid anchored down n.d. down n.d. up n.d. up n.d.

- SAOUHSC_00362 @Lipid anchored -2.79 0 -3.29 0 up n.d. up n.d.

- SAOUHSC_00402 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_00404 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_00426 @Lipid anchored -0.59 1 -0.21 1 up n.d. 2.97 0

MntC SAOUHSC_00634 @Lipid anchored -0.47 1 0.12 1 3.05 0 3.81 0

- SAOUHSC_00685 @Lipid anchored down n.d. down n.d. n.d n.d

- SAOUHSC_00717 @Lipid anchored down n.d. down n.d. up n.d. up n.d.

SstD SAOUHSC_00749 @Lipid anchored -1.25 0 -1.53 0 4.58 0 up n.d.

- SAOUHSC_00754 @Lipid anchored down n.d. n.d n.d. n.d n.d. n.d

- SAOUHSC_00808 @Lipid anchored down n.d. down n.d. up n.d. 4.20 0

MetQ SAOUHSC_00844 @Lipid anchored -0.90 0 -1.03 0 3.98 0 4.38 0

OppA1 SAOUHSC_00927 @Lipid anchored n.d down n.d. up n.d. up n.d.

OppA2 SAOUHSC_00928 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_01039 @Lipid anchored -4.97 0 down n.d. up n.d. up n.d.

- SAOUHSC_01119 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_01180 @Lipid anchored down n.d. -3.66 0 up n.d. 2.74 0

PstS SAOUHSC_01389 @Lipid anchored down n.d. down n.d. up n.d. up n.d.

- SAOUHSC_01508 @Lipid anchored n.d n.d n.d n.d

- SAOUHSC_01512 @Lipid anchored n.d n.d up n.d. n.d

- SAOUHSC_01627 @Lipid anchored -1.43 1 down n.d. up n.d. n.d

- SAOUHSC_01918 @Lipid anchored n.d. n.d n.d n.d

- SAOUHSC_01919 @Lipid anchored down n.d. n.d n.d

- SAOUHSC_01920 @Lipid anchored down n.d. down n.d. up n.d. n.d

PrsA SAOUHSC_01972 @Lipid anchored -2.08 0 -1.31 0 4.12 0 4.02 0

CamS SAOUHSC_02121 @Lipid anchored -1.89 0 -0.28 1 up n.d. up n.d.

- SAOUHSC_02164 @Lipid anchored n.d n.d n.d n.d

FhuD1 SAOUHSC_02246 @Lipid anchored n.d n.d up n.d. up n.d.

HtsA SAOUHSC_02430 @Lipid anchored -0.56 0 -0.06 1 up n.d. 7.28 0

ModA SAOUHSC_02549 @Lipid anchored -1.14 1 -2.13 1 up n.d. up n.d.

FhuD2 SAOUHSC_02554 @Lipid anchored -0.57 0 -0.60 0 2.46 0 4.10 0

- SAOUHSC_02650 @Lipid anchored -2.83 0 down n.d. up n.d. up n.d.

- SAOUHSC_02690 @Lipid anchored -3.07 0 down n.d. up n.d. up n.d.

DsbA SAOUHSC_02694 @Lipid anchored down n.d. -1.92 1 up n.d. up n.d.

IraA SAOUHSC_02699 @Lipid anchored -1.05 0 -1.94 0 3.80 0 4.60 0

OpuCC SAOUHSC_02742 @Lipid anchored n.d n.d. n.d n.d.

- SAOUHSC_02759 @Lipid anchored -1.35 1 -2.23 0 n.d up n.d.

NikA SAOUHSC_02767 @Lipid anchored -1.90 0 down n.d. up n.d. up n.d.

- SAOUHSC_02788 @Lipid anchored n.d n.d down n.d. down n.d.

- SAOUHSC_03016 @Lipid anchored down n.d. down n.d. n.d up n.d.

- SAOUHSC_00405 * @Intracellular -0.61 1 -1.63 0 up n.d. up n.d.

- SAOUHSC_00613 * @Intracellular -3.95 0 down n.d. up n.d. up n.d.

- SAOUHSC_02695 * @Intracellular n.d down n.d. n.d up n.d.

- SAOUHSC_00201 * @Intracellular n.d n.d n.d n.d

- SAOUHSC_00976 * @Intracellular n.d n.d n.d n.d

- SAOUHSC_02727 * @Intracellular n.d n.d n.d n.d

- SAOUHSC_02789 * @Intracellular down n.d. n.d down n.d. n.d

- SAOUHSC_01584 * @Intracellular n.d n.d 1.41 0 n.d

IsdE SAOUHSC_01085 @Intracellular down n.d. down n.d. up n.d. up n.d.

locus S. aureus 

NCTC8325

up - increased amount, not detectable in the other strain; down - decreased amount or not detectable anymore; * missing N-terminus in database of NCTC8325; n.d. - not defined
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3.2.3 Experimental verification of lipoproteins of S. aureus NCTC8325 

Beside the prediction of lipid-anchoring of certain proteins by analysis of the genomic sequence 

(identifying the lipobox), lipoproteins can be identified experimentally in Gram-positive bacteria if 

their distribution at the cell-surface and in the culture supernatant is compared between WT and the 

lgt mutant. LocateP predicted 51 lipoproteins in the genome of S. aureus NCTC8325 (parental strain 

of RN4220). At least four additional proteins (SAOUHSC_00405, SAOUHSC_00613, SAOUHSC_02695, 

and IsdE) exhibited a distribution pattern in the lgt mutant similar to other lipoproteins (Table 34). An 

extended localization prediction that includes the S. aureus strains Col and Newman revealed the 

homoloque proteins of SAOUHSC_00405, SAOUHSC_00613, and SAOUHSC_02695 to be lipid-

anchored in both other strains and IsdE was predicted to be N-terminally membrane anchored in 

these strains (Supplemental Table 3.2.1). IsdE functions as heme-binding protein of a high-affinity 

ABC-type transporter and is a predicted lipoprotein in other staphylococcal genomes.120. Sequence 

alignment revealed the absence of the N-termini including the lipoboxes of SAOUHSC_00405, 

SAOUHSC_00613, and SAOUHSC_02695 in the genome sequence database of NCTC8325 

(Supplemental Figure 3.2.1). The experimental data combined with the extended lipoprotein 

prediction clearly indicate these proteins to be lipoproteins in S. aureus NCTC8325. A missing N-

terminus in the NCTC sequence database is also likely for the proteins SAOUHSC_00201, 

SAOUHSC_00976, SAOUHSC_01584 SAOUHSC_02789, and SAOUHSC_02727, which are predicted 

lipoproteins in the other strains. Amount of SAOUHSC_02789 was reduced to an undetectable level 

at the surface of the lgt mutant and SAOUHSC_01584 was present in increased amount in the culture 

supernatant of the mutant. These proteins can be assumed to be lipid-anchored. SAOUHSC_00201, 

SAOUHSC_00976, and SAOUHSC_02727 were not identified at all. 
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3.2.4 Secretion of virulence factors by the lgt mutant 

Mutation of lgt in S. aureus RN4220 not only affected the abundance of lipoproteins. An outstanding 

feature of the lgt mutant was the accumulation of hemolysins in the culture supernatant. Equal 

amounts of total extracellular protein were compared between the WT strain and its lgt mutant. As 

detailed above, the proportion of lipoproteins in the secretome of the lgt mutant was strongly 

increased resulting in a lowered proportion of the other proteins in the analyzed sample. 

Nevertheless, NSAFs of components of α-, truncated β-, and γ-hemolysin were at least 3.7fold 

increased in the early stationary phase of the lgt mutant (Figure 13). 

Hemolysins are important pathogenicity factors, necessary for iron sequestration within the host 

since they lyse erythrocytes to increase the concentration of freely available iron. Their particular 

activity and regulation is summarized in Burnside et al. 2010, Dalla-Serra et al. 2005, and Malchowa 

et al. 2011.121–123 In the lgt mutant, all high-affinity iron uptake systems are affected by mutation of 

lgt since the iron-binding proteins of these ABC type transporters are lipoproteins and their 

functionality depends on membrane anchoring. It can be hypothesized that the lgt mutant 

experienced a decreased concentration of intracellular available iron and secreted elevated levels of 

hemolysins to counteract the impaired iron acquisition. 

Simultaneously, several other proteins known to be involved in pathogenesis were found in increased 

amount in stationary phase culture supernatants of the lgt mutant (Figure 13). This refers to the 

lipase Lip2 (also referred as lipase Geh), Flr (also referred as FLIPr), Ssl1, Ssl11 and Map (data for 

Ssl11 and Map did not pass the t-test with p<0.05). A crucial role of lipase activity in pathogenicity 

and biofilm formation on collagen coated surfaces was proven by Hu et al. 2012.124 Flr is an anti-

inflammatory protein that antagonizes the Formyl Peptide Receptor-Like 1 protein at neutrophils, 

monocytes, B cells, and NK cells.125 Ssl1 and Ssl11 are superantigen-like proteins (Ssls).126 Ssls are 

mentioned to be immunomodulatory proteins, inhibiting complement activation, neutrophil 

recruitment, and neutrophil function.127, 128 Importantly, Ssl overproduction has been associated with 
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S. aureus hypervirulence in an animal model of systemic infection.129, 130 Map is an 

immunomodulatory protein that may interfere with T-cell responses in vivo. 

 

Figure 13: Amount of pathogenicity factors in the supernatant of stationary phase cultures of S. aureus RN4220 
compared to its lgt mutant. Significance of the data (p<0.05) is indicated with asterisks (n=3). 

In a previous study, knockout of the iron-sensing regulator fur resulted in decreased levels of Flr, Ssl1 

and Ssl11 and in increased amount of Hla, HlgB and HlgC suggesting a link between iron-availability 

and the expression of the mentioned virulence factors.131 A growth advantage of WT cells compared 

to their lgt mutant in dependence of iron-availability was proven in vivo, which indicated the iron 

transporters to be indeed impaired in the lgt mutant.67 Leonov and colleagues provide further 

evidence for Fe2+-dependent synthesis of hemolysins.132 Induction of α-, β-, and γ-hemolysins as well 

as superanitgen-like proteins occurs in human blood, where iron is a growth limiting micronutrient.123 

In addition to the lack of TLR2-activation following missing lipidation of lipoproteins, increased 

secretion of these pathogenicity factors might contribute to the hypervirulence of staphylococcal lgt 

mutants observed in vivo.59, 64 
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3.2.5 Impact of PrsA on staphylococcal penicillin-binding proteins 

Several penicillin-binding proteins appeared in reduced amount at the cell-surface of the lgt mutant 

in samples from the exponential growth phase. This primarily refers to Pbp3, but also Pbp2 that was 

not detectable at the cell-surface of the mutant. Pbp1 and Pbp4 had the same tendency but data 

were not significant due to missing values or small differences. 

Hyyryläinen et al. reported instability of PBP2a, PBP2b and PBP3 of B. subtilis in the absence of the 

extracellular foldase PrsA.133 PrsA is a lipoprotein and was found in decreased amount at the surface 

of the staphylococcal lgt mutant. In order to test, if the decreased amount of penicillin-binding 

proteins at the cell-surface of the staphylococcal lgt mutant could be caused by absence of PrsA, the 

prsA mutant of RN4220 was compared to the WT employing the biotinylation approach. Cells grew in 

TSB and were harvested in the exponential growth phase at OD540 = 1.0. Three biological replicates 

were investigated. The complete results of relative protein quantification results can be found in 

Supplemental Table 3.2.8. Results for penicillin-binding proteins are summarized in Table 35. 

Table 35: Amount of penicillin-binding proteins at the cell-surface of S. aureus RN4220, the isogenic lgt and the isogenic 
prsA mutant during growth in TSB. The cell-surface proteome was prepared by the biotinylation approach (n=3). 
Significance was evaluated using t-test for a critical p-value of 0.05 with the adjusted Bonferroni correction enabled. 
Hence, adjusted p-values are shown. 

 

Amount of Pbp3 was significantly reduced at the cell-surface of the prsA mutant and Pbp2 was not 

detectable in the absence of Lgt as well as in the prsA mutant. Data for Pbp1 and Pbp4 are not 

significant. Nevertheless, these data indicate the absence of PrsA to affect the amount of at least 

Pbp2 and Pbp3 in S. aureus. The decreased amount of staphylococcal penicillin-binding proteins in 

the lgt mutant and the prsA mutant are likely caused by instability due to improper folding in the 

absence of PrsA. 

locus S. aureus 

NCTC8325

protein

name
description

LocateP subcellular 

localization prediction

log2 ratio 

Δlgt /WT

adj. p-value 

Δlgt vs WT 

(critical 

p=0.05)

log2 ratio 

ΔprsA /WT

adj. p-value 

ΔprsA /WT 

(critical 

p=0.05)

SAOUHSC_01145 Pbp1 Penicillin-binding protein 1 @N-terminally anchored (No CS)-0.54 1 -1.51 n.d.

SAOUHSC_01467 Pbp2 Penicillin-binding protein 2 @N-terminally anchored (No CS)down n.d. down n.d.

SAOUHSC_01652 Pbp3 Penicillin-binding protein 3 @N-terminally anchored (No CS)-1.46 0 -1.16 0

SAOUHSC_00646 Pbp4 Penicillin-binding protein 4 @Multi-transmembrane -1.80 n.d. 0.36 n.d.
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3.2.6 Amount of the HtrA-like extracellular protease SAOUHSC_01838 

In cell-surface proteome preparations from stationary phase samples of the staphylococcal lgt 

mutant, the HtrA-like protease SAOUHSC_01838 was found in increased amount. In B. subtilis, HtrA 

possesses a chaperone-like activity and a proteolytic activity. HtrA senses malfolded extracellular 

proteins and degrades them. Its amount increases under secretion stress.134 It was hypothesized that 

mutation of lgt impedes proper functioning of PrsA and leads to malfolded cell-surface and secreted 

proteins that may cause secretion stress, especially in the stationary phase, which is characterized by 

increased protein secretion.  

S. aureus RN4220 (WT), its prsA mutant (ΔprsA) and the prsA mutant complemented in trans with the 

plasmid pCN51 containing prsA (prsA+) were grown in TSB, harvested at an optical densities of 1.0 

and 8.5, and were analyzed by the biotinylation approach. 

S. aureus RN4220 encodes two HtrA-like proteases (SAOUHSC_00958 and SAOUHSC_01838). 

SAOUHSC_00958 is 99.87% identical to SACOL1027 (Supplemental Figure 3.2.2) and has only a small 

extracellular loop as proven in section 3.1.1.9. Amount of SAOUHSC_00958 at the cell-surface of the 

isogenic lgt and prsA mutants were equal to the WT (Supplemental Tables 3.2.4 and 3.2.9). In 

contrast, SAOUHSC_01838 (identical to SACOL1777) possesses a large extracellular domain (Figure 4 

in section 3.1.1.9, Supplemental Figure 3.2.3). Amount of SAOUHSC_01838 was significantly 

increased at the cell-surface of the lgt mutant and the prsA mutant as well. Complementation of the 

prsA mutant reduced the amount of SAOUHSC_01838 to the WT level (Figure 14).  

The lgt and prsA-dependent increase of SAOUHSC_01838 at cell cell-surface of stationary phase cells 

supports the hypothesis that mutation of lgt or prsA leads to increased amount of malfolded proteins 

at the cell-surface and indicates SAOUHSC_01838 to be the putative cleaning protease that degrades 

these malfolded proteins. In contrast to stationary phase cells, growing cells of the lgt mutant and 

the prsA mutant seem not to suffer from secretion stress since amount of SAOUHSC_01838 remained 

unchanged (Supplemental Tables 3.2.3 and 3.2.8). 
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Figure 14: Relative amount of the HtrA-like protease SAOUHSC_01838 at the cell-surface of S. aureus RN4220 (WT), its lgt 
mutant (Δlgt), its prsA mutant (ΔprsA) and the prsA mutant complemented in trans with the plasmid pCN51 containing 
prsA (prsA+). Significant differences (p<0.05) are indicated with asterisks (n=3). 

 

3.2.7 Cell-surface and extracellular proteome of S. aureus RN4220 Δlsp 

In contrast to S. pneumoniae (see section 3.3), knockout of the lipoprotein-specific signal peptidase II 

(lsp) did not result in growth deficits or in significant changes in the cell-surface proteome or in the 

extracellular protein fraction of S. aureus RN4220. Results of this analysis are contained in the 

Supplemental Tables 3.2.3 to 3.2.7. 

3.2.8 Summary 

Application of the optimized biotinylation approach in combination with analysis of the extracellular 

protein fraction proved both approaches to be valuable tools for quantitative proteome analyses. As 

expected, the amount of most lipoproteins decreased at the cell-surface of the lgt mutant and 

increased in the corresponding culture supernatants. This allowed experimental verification of the 

lipoprotein predictions based on sequence analyses and the method revealed valuable information 

on the cell-surface proteomes of the investigated mutant strains. Most lipoproteins remained 

detectable at the surface of the mutant. The minor growth defects of staphylococcal lgt mutants 
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support this observation and indicate the lipoproteins of the mutant to be generally functional in 

staphylococcal lgt mutants. In contrast to the lsp mutant of S. aureus RN4220, pleiotropic changes in 

the cell-surface and exoproteome of the lgt mutant were observed. Several pathogenicity-associated 

proteins were found in increased amount in the culture supernatants of the lgt mutant. Following 

impairment of lipoprotein-anchoring and release of lipoproteins (including iron-binding proteins) into 

the culture supernatant, the high-affinity iron uptake systems might be less efficient and S. aureus 

appears to increase expression of hemolysins and several immunomodulatory proteins as a response 

that increases iron-availability in iron-depleted environments. 

Several penicillin-binding proteins (PBPs) were found in reduced amount at the cell-surface of the lgt 

mutant during growth. These proteins are known to depend on the foldase PrsA in B. subtilis.133 A 

similar decrease of the amount of PBPs at the cell-surface of the isogenic prsA mutant indicated this 

effect to be a secondary effect of the lgt mutation due to the reduced amount or malfunction of prsA 

at the surface of these mutant cells. 

At the cell-surface of the lgt mutant as well as the prsA mutant the HtrA-like protease 

SAOUHSC_01838 was found in increased amount in the stationary phase. This increase could be 

withdrawed by complementation of the prsA mutant indicating a functional interrelation between 

PrsA and the extracellular protease SAOUHSC_01838. In B. subtilis amount of HtrA increases under 

conditions of secretion stress.134 Due to delocalization or malfunctioning of the lipoprotein PrsA in 

the lgt mutant or its absence in the prsA mutant, several cell-surface and secreted proteins might be 

malfolded and cause secretion stress. SAOUHSC_01838 appears to be the cleaning protease that 

degrades these proteins at the cell-surface of S. aureus. 
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3.3 Cell-surface and extracellular proteome of S. pneumoniae D39 Δcps and 

its lipoprotein maturation mutants 

The biotinylation approach was optimized to make cell-surface proteomes of the pneumococcal 

capsule mutant S. pneumoniae D39 Δcps (PN111) accessible to mass-spectrometric identification as 

well as quantification and was applied to gain a comprehensive overview on cell-surface proteomes 

of PN111 and its isogenic lipoprotein maturation mutants PN220, PN231, and PN222, defective in lgt, 

lsp, or lgt and lsp respectively. The approach was combined with GeLC-MS-based analysis of culture 

supernatants in order to extend the proteome coverage to the exoproteome. Results are published in 

Pribyl et al. 2014.98 

3.3.1 Pneumococcal autolysis during in vitro culturing 

Pneumococci are naturally competent bacteria and autolysis as well as fratricide are prominent 

features of these bacteria leading to release of DNA and intracellular proteins such as pneumolysin. 

Autolysis potentially impedes enrichment of cell-surface associated proteins using the biotinylation 

approach. Conditions had to be defined that minimize cell lysis during cultivation and sample 

preparation as well. Autolysis during sample preparation is addressed in section 3.1.2.2.1. Cell lysis 

during cell culturing was investigated by immunoblots using polyclonal antibodies with specificity for 

the cytoplasmic proteins pneumolysin (Ply) and thioredoxin A (TrxA). 

 

Figure 15: Assessment of autolysis during cultivation of S. pneumoniae D39Δcps in THY. The cytoplasmic proteins Ply and 
TrxA were detected by immunoblotting in whole cell extracts and in the culture supernatant using a specific rabbit anti-
Ply antibody and a specific polyclonal rabbit anti-TrxA antibody. Cells were lysed using a ribolyser and proteins within the 
culture supernatant were precipitated in 10% TCA. Proteins were separated by SDS-PAGE. 

As presented in Figure 15, both proteins were detectable in the whole cell extracts but their amount 

in the culture supernatants was negligible until OD600 = 0.5. Hence, autolysis was low in cultures of 

low cell-density. Pneumococci were harvested for proteome analyses at OD600 = 0.5. 
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3.3.2 Growth of S. pneumoniae D39 lipoprotein maturation mutants 

Pneumococci grew in the nutrient rich THY medium. The lgt mutant grew as fast as the parental 

strain whereas the lsp mutant and the double mutant exhibited significant growth deficits (Figure 

16). 

 

Figure 16: Growth curves of S. pneumoniae D39Δcps and its isogenic lipoprotein maturation mutants. The parental strain 
D39Δcps and the isogenic mutants D39ΔcpsΔlgt, D39ΔcpsΔlsp, and D39ΔcpsΔlgtΔlsp were grown at 37°C in complex THY 
media. 

In accordance to our study, deletion of lgt did not impair growth of S. pneumoniae in THY medium in 

previous works.61, 62 The reduced growth of the lsp mutant and the double mutant observed here, is 

in contrast to previous results of Khandavilli, who generated an lsp mutant of the clinical isolate 

0100993 (capsular serotype 3) that did not exhibit growth deficits in THY medium.135 

3.3.3 Coverage of the cell-surface proteome of S. pneumoniae by the 

biotinylation approach 

After optimization of the biotinylation approach and adaptation to the species-specific requirements, 

the biotinylation approach offers a comparably high coverage of the cell-surface proteome as 

obtained with S. aureus. Altogether 112 proteins with a predicted non-cytoplasmic localization and 

210 proteins predicted to be cytoplasmic were identified by analysis of three cell-surface proteome 

preparations of S. pneumoniae D39 Δcps. 

With 200 out of 322 proteins (62%) the majority of these proteins was detected in all three biological 

replicates. The ratio is even higher if only the predicted surface-associated proteins are considered. 
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More than 80% of the 112 predicted non-cytoplasmic proteins were detected in all three replicates 

confirming reliable identification by mass spectrometry. Thirty-seven proteins in the genome of 

S. pneumoniae D39 are predicted lipoproteins. Two of them (SPD_0313 and SPD_0334) are located in 

the cps genome region and are not present in strain D39Δcps. Hence, the 33 identified lipoproteins 

comprise 95 % of this protein class. Despite the covalent anchoring of sortase-substrates to the 

peptidoglycan, 12 out of 16 sortase-anchored proteins (75 %) could be identified, which constitutes a 

surprisingly high proportion since these proteins are only poorly enriched by the approach (Figure 9 

in section 3.1.2.3). Identification of the majority of these proteins indicates a very high sensitivity of 

the approach. Furthermore, 11 secreted proteins (33 % of this protein class) as well as 31 N-

terminally membrane anchored proteins and 23 multi-pass transmembrane proteins were identified. 

Presence of 11 out 33 secreted proteins in the cell-surface proteome preparation once more 

indicates many proteins to bind non-covalently at the cell surface of Gram-positive bacteria. In 

contrast, choline-binding proteins (CBPs) were extruded from the cells surface during sample 

preparation due to the presence of choline in the resuspension buffer that competes with 

phosphorylcholine for binding of CBPs.136 This was necessary in order to prevent autolysis during 

sample preparation. Only 2 out of 12 CBPs were identified.  

3.3.4 Composition of the exoproteome of S. pneumoniae 

In total, 548 pneumococcal proteins were identified in samples from the culture supernatant of 

S. pneumoniae D39Δcps (Supplemental Table 3.3.5). The vast majority of these proteins are predicted 

to be localized in the cytoplasm. However, the culture supernatant also contained 15 secreted 

proteins comprising 45 % of the predicted secreted proteins of S. pneumoniae D39. Furthermore, 25 

lipoproteins, 11 sortase substrates, 11 transmembrane proteins, 21 N-terminally membrane 

anchored proteins and 10 CBPs were identified in the exoproteome (Table 36 in section 3.3.5). This 

indicates shedding of cell-surface proteins and release of cytoplasmic proteins (by autolysis, 

fratricide, or secretion by so far uncharacterized mechanisms) into the culture supernatant. 
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3.3.5 Global changes in the lipoprotein distribution pattern of 

pneumococcal lipoprotein maturation mutants 

The biotinylation approach was combined with GeLC-MS analysis of the exoproteome to investigate 

the distribution of lipoproteins in lipoprotein maturation mutants on a global scale. Three replicates 

of each subproteomic fraction and each mutant strain were analyzed. Supplemental Tables 3.3.1 to 

3.3.8 contain the complete identification reports. An overview of the number of identified proteins, 

classified by their localization prediction, is provided in Table 36. 

Table 36: Number of pneumococcal proteins identified by the biotinylation approach (surface proteome) or GeLC-MS 
analyses of proteins from culture supernatants (exoproteome) 

 

Twenty-seven of the 33 lipoproteins identified at the cell-surface of D39Δcps, were still identified at 

the cell-surface of the lgt mutant and 32 lipoproteins could be identified at the cell-surface of the lsp 

mutant and the double mutant as well. Hence, the vast majority of lipoproteins was still present at 

the cell-surface of the mutant strains regardless of the missing lipid-anchor in the lgt mutants. 

In comparison to the parental strain, the extracellular thioredoxin family proteins TlpA (SPD_0572) 

and Etrx2 (SPD_0886) as well as the sugar-binding proteins RafE (SPD_1677) and SPD_1585, the 

amino acid-binding protein SPD_0540, and the iron-compound-binding protein SPD_1652 are the 

only lipoproteins not identified in cell-surface proteome preparations of the lgt mutant. 

Spectral counting analysis was employed to obtain semi-quantitative values. In accordance to 

previous studies, many lipoproteins were found in reduced amount at the cell-surface and in 

Subproteome

     S. penumoniae  strain

Surface proteome

     D39Δcps 210 33 12 2 31 23 11

     D39ΔcpsΔlgt 287 27 13 4 34 27 11

     D39ΔcpsΔlsp 319 32 11 4 34 28 12

     D39ΔcpsΔlgtΔlsp 345 32 12 4 34 32 11

Exoproteome

     D39Δcps 458 25 11 10 21 8 15

     D39ΔcpsΔlgt 374 30 12 10 18 7 13

     D39ΔcpsΔlsp 439 22 12 10 20 8 14

     D39ΔcpsΔlgtΔlsp 398 27 12 8 17 8 13

Cytoplasmic 

proteins
Lipoproteins

Sortase 

substrates

Choline-binding 

proteins

N-terminally 

membrane-

anchored 

proteins

Multi-pass 

transmembrane 

proteins

Secreted 

proteins
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increased amount in culture supernatants of the lgt mutant (Figure17, upper panel).62 Nevertheless, 

a considerable number of lipoproteins appeared in only slightly reduced amount (e.g. GshT, MetQ, 

PmpA, AppA, SPD_1232, AmiA or PstS) or even increased amount (e.g. TmpC, AdcAII, or PhtA) at the 

cell-surface of this mutant, while their amount in the culture supernatant was increased. This 

suggests higher expression of these proteins. The growth behaviour of the lgt mutant supports the 

finding that most lipoproteins are still present at the surface of the lgt mutant since nutrient 

acquisition should be severely impaired if all substrate-binding proteins of the ABC type transporters, 

that typically are lipoproteins, are completely absent. Although lipoprotein processing is dispensable 

for growth, pneumococcal lgt mutants are less infective and attenuated in virulence in murine 

infection models.61, 62 Among the proteins, that were no longer detectable at the surface of the lgt 

mutant are the extracellular thioredoxins TlpA and Ext2. Both proteins were recently shown to be 

involved in invasive pneumococcal disease and protection against external oxidative stress.137, 138 

Hence, loss of virulence of pneumococcal lgt mutants is probably at least partially attributed to the 

severely impaired anchoring of these proteins. Additionally, in iron-depleted host environment, the 

lgt mutant may be growth-limited due to the absence of high-affinity iron-binding protein SPD_1652 

and reduced amount of PiuA. 

The lipoprotein-distribution pattern of the lsp mutant (Figure 17, middle) was less clear than the 

pattern of the lgt mutant. Similar to the lgt mutant, amount of some lipoproteins such as SPD_0179, 

LivJ, and PiuA decreased at the cell-surface and increased in the culture supernatant. In contrast, 

many lipoproteins (e.g. MetQ and PsaA) were present in reduced amounts in both subproteomic 

fractions or their amount decreased at the cell-surface but did not increase in the culture 

supernatant (e.g. SPD_0090, SPD_0109, SPD_0540, SPD_01609). This suggests proteolytic 

degradation. The surface-associated and released amounts of several lipoproteins such as GshT and 

PpmA remained almost unaffected in the lsp mutant. An exception was the phosphate-binding 

protein PstS, which was present in increased amounts in both subproteomes of the mutant, 

suggesting increased expression. 
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Figure 17: Changes in the distribution of lipoproteins between bacterial cell-surface and the culture supernatant of 
S. pneumoniae D39 Δcps and derived lipoprotein maturation mutants: The Δlgt mutant (upper panel), the Δlsp mutant 
(middle), and the Δlgt Δlsp double mutant were compared to D39Δcps. Cell-surface proteome data were obtained by the 
biotinylation approach. The exoproteome was analyzed by GeLC-MS of proteins precipitated from the culture 
supernatants. Statistically significant differences are indicated with asterisks.  
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In previous studies, a pneumococcal lsp mutant was attenuated in virulence.135 Virtually all 

lipoproteins are present at the surface of the lsp mutant. As indicated by additional immunoblot 

analyses, mutation of lsp does not prevent lipidation and hence, cell-surface anchoring.98 This raises 

the question, if at least some pneumococcal lipoproteins are unfunctional in the absence of Lsp. 

Decreased amount of MetQ and PsaA at the cell-surface and in the culture supernatant of the lsp 

mutant suggests proteolytic degradation, possibly induced by misfolding. In previous studies, PstS 

was shown to be involved in pneumococcal penicillin resistance and PstS was overexpressed in 

penicillin-resistant mutant strains.139 In the present study, PstS was found to be overexpressed in the 

lsp mutant. Nevertheless, mutation of lsp resulted in increased penicillin susceptibility in the study of 

Khandavilli et al.135 This raises the question if PstS might be malfunctioning in S. pneumoniae Δlsp. 

The authors further provide indirect evidence that several lipoproteins including PsaA and some ABC 

transporters are malfunctioning in their penumococcal lsp mutant.135 In lsp mutants, cleavage of the 

hydrophobic signal peptide is impaired. The presence of the signal peptide might cause changes in 

protein conformation and impede oligomerization, thereby leading to functionally inactive proteins 

prone to proteolytic degradation but further investigation on protein functionality were not scope of 

this study. 

The lipoprotein-distribution pattern of the lgt/lsp double mutant shared similarities with the pattern 

of the lgt mutant. The amount of a considerable number of lipoproteins was decreased at the cell-

surface of the mutant while increased in the culture supernatant (e.g. SPD_540, LivJ, SlrA, GlnH or 

SPD_1609, Figure 17, lower panel). Contrary, many lipoproteins appeared in nearly unchanged 

amount at the cell-surface but increased in the culture supernatant (e.g. TmpC, SPD_0792, PsaA or 

MalX). It is presumable that both mutations affect the lipoproteome of the lgt/lsp double mutant. 

Concretely, the lipid anchoring is impaired and increased amounts of unprocessed lipoproteins are 

released into the culture supernatant. Due to the absence of lsp, a couple of proteins such as PstS, 

SPD_0540 is likely malfunctioning and either released in the culture supernatant or subjected to 

proteolytic degradation. Growth behavior of the double mutant indicates the impaired lipoprotein 
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maturation to be an enormous burden for the bacteria, which is not lethal but inhibits growth 

already in the rich medium THY. In its natural habitats, S. pneumoniae would hardly survive as an 

lgt/lsp double mutant. 

3.3.6 Summary cell-surface proteome profiling of S. pneumoniae D39 Δcps 

and its lipoprotein maturation mutants 

The adapted biotinylation approach offered high cell-surface proteome coverage for S. pneumoniae. 

This makes the approach suitable for monitoring of the cell-surface proteome on a global scale.  

Investigation of the lgt, lsp and lgt/lsp double mutants as well their parental strain approved the 

biotinylation approach to be a valuable tool for quantitative analyses. As expected, lipoproteins were 

found in generally lower amount at the cell-surface of the lgt mutant and investigation of the 

exoproteomes revealed their emergence in the culture supernatant. The global analysis revealed the 

presence of most lipoproteins at the cell-surface despite impaired membrane anchoring. This 

provides an explanation for the minor growth deficits of the pneumococcal lgt mutant. In 

combination with results of previous studies, analysis of the pneumococcal lsp mutant indicated 

proteolytic degradation of probably malfunctioning lipoproteins due to the presence of the signal 

peptide. This likely resulted in increased expression of at least some proteins such as PstS in order to 

compensate deficits in nutrient acquisition or other biological functions. The lipoproteome of the 

lgt/lsp double mutant shared similarities with the the lipoproteome of the lgt mutant but the effect 

of the lgt mutation appeared less pronounced compared with the single mutant as indicated by 

smaller changes in lipoprotein abundance. The severe growth deficit of the double mutant points to 

the combined effect of impaired surface anchoring and malfunctioning of unprocessed lipoproteins 

emphasizing the importance of proper lipoprotein processing for pneumococcal fitness and hence, 

virulence. 
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3.4 Time-resolved analysis of cytosolic and surface-associated proteins of 

Staphylococcus aureus HG001 under planktonic and biofilm conditions  

In a further study, the optimized biotinylation approach was combined with GeLC-MS based analysis 

of whole cell extracts (containing the cytoplasmic proteins) and integrated into a proteomic workflow 

(Figure 18) that employs metabolic labeling with heavy nitrogen to elucidate differences in the 

proteome of S. aureus HG001 grown either in colony biofilms or planktonically in shake flask cultures. 

Results are published in Moche et al. 2015.140 

 

Figure 18: Overview of the experimental setup for comparison of colony biofilms of S. with planktonic cells from shake 
flask cultures. 

HG001 is a derivative of the well-characterized strain NCTC8325. In contrast to NCTC8325, HG001 

contains an intact gene encoding RsbU, that is needed for SigB-activity and possesses an exoprotein 

pattern much more similar to that of typical wild-type strains.95 Colony biofilms were introduced as a 

model for biofilm growth of staphylococci by Resch and coworkers.96 Thereby are cells plated on a 

dialysis membrane rested on nutrient agar, and biofilm formation of colony biofilms is induced by 

glucose or sodium chloride contained in the agar. In contrast to other laboratory biofilm models (flow 
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cells and flow-through systems), cells are not exposed to shear forces within colony biofilms. High 

oxygen levels alter the physiology of colony biofilms compared with most natural biofilms. 

Nevertheless, this model offers several advantages for proteomic comparison to planktonic cells. The 

proportion of dead cells is relatively low (only 10 %).141 Similar to shake flask cultures, the 

concentration of nutrients decreases over time, which leads to comparable growth phases (lag phase, 

exponential growth, and stationary phase) and allows discrimination between changes attributed to 

the growth phase from changes due to the biofilm conditions. In contrast to tube flow systems, 

where fresh medium is continuously provided to the biofilms, exhaustion of nutrients facilitates 

development of dormant cells, who exhibit increased antibiotic resistance well known from natural 

biofilms.12, 142 Furthermore, cultivation of colony biofilms requires less medium than cultivation of 

biofilms in tube flow systems. This makes the use of isotopically labeled media feasible and allows 

accurate relative proteins quantification by mass spectrometry.  

3.4.1 Induction of biofilm formation by glucose and sodium chloride 

Prior to proteomic analyses, several factors were tested for their capability to induce biofilm 

formation in S. aureus HG001. Therefore, cells were grown at 37°C for 24 hours in 96-well 

microplates filled with different media as indicated. Optical density was measured in order to detect 

differences in growth yield that potentially cause varying amount of biofilm and the amount of 

biofilms was investigated semiquantitatively by a method employing chrystal violet staining. Glucose 

and sodium chloride synergistically induced biofilm formation (Figure 19). 

Almost no biofilm was detectable in the medium without supplements. Addition of sodium chloride 

already induced biofilm formation at a concentration of 1 % (w/v). Raising the concentration of 

sodium chloride further resulted in formation of large multicellular aggregates that increasingly did 

not attach to the polystyrene surface. Addition of 0.15 % glucose induced biofilm formation as well. A 

maximum was detected at a concentration of 0.67 % (w/v) glucose. Additional glucose did not 

increase biofilm formation. Finally, the influence of sodium chloride in the presence of 0.15 % glucose 
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was investigated. Both triggers induced biofilm formation synergistically. Multicellular aggregates 

occurring at 3 % and 6 % sodium chloride in the medium were found to be attached to the surface in 

the presence of glucose. 

 

Figure 19: Influence of glucose and sodium chloride on biofilm formation of S. aureus HG001. Cells were grown at 37°C 
for 24 hours in 96-well microplates. BioExpress1000 was supplemented with sodium chloride or glucose as indicated. All 
experiments were carried out in at least two different microplates with at least eight replicates per condition. 

A growth inhibiting effect of high concentrations of glucose and/or sodium chloride is obvious from 

the measurement of optical density. Increased biofilm formation was not attributed to higher growth 

yield. Standard deviation in the semiquantitative measurement of biofilms appeared to be mainly 

caused by breaking parts of the biofilm during the washing and staining procedure. In order to induce 

biofilm formation but maintain physiological conditions, BioExpress1000 was supplemented with 

0.15 % glucose and 0.9 % sodium chloride for proteomic comparison of colony biofilms to planktonic 

cultures. 

3.4.2 Microscopic investigation of biofilms 

S. aureus HG001 was grown as colony biofilm on filter membranes rested on nutrient agar, stained 

with ruthenium red and subjected to electron microscopy. The positively charged Ruthenium red 

stains acidic exopolysaccharides as well as DNA and many proteins.143–145 Biofilm cells were 

connected by filamentous structures and biofilm matrix (Figure 20). Their surface was rough but the 
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cells appeared not completely encased in exopolysaccharide. The biofilms were interspersed by 

channels, probably required for transport of nutrient containing water. 

 

Figure 20: Electron microscopic image of S. aureus HG001 as colony biofilm grown for 12 hours on a filter membrane 
rested on nutrient agar. Cells were stained with Ruthenium Red. Cells are connected with filamentous structures (1) 
enveloped in biofilm matrix (2). The cells surface appears rough. The biofilms are interspersed with channels (3). 

 

3.4.3 Quality of proteome data 

Affinity purification using the optimized biotinylation approach resulted in identification of altogether 

1116 proteins of which 236 had been predicted to be non-cytoplasmic. In a single sample, 108 to 170 

predicted non-cytoplasmic proteins were identified (Figure 21) with negligible differences between 

planktonic cells and biofilm cells, which represents a constantly high identification frequency in all 

samples from all physiological states. Altogether 191 non-cytoplasmic proteins were quantified 

sufficiently in at least one physiological state. These proteins consist of 39 lipoproteins (70 % of the 
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encoded lipoproteins), 9 sortase substrates (52 % of this protein class), 53 membrane proteins with 

more than one transmembrane domain, 64 N-terminally membrane anchored proteins, 18 secreted 

proteins (33 % of the secreted proteins), one C-terminal membrane anchored protein and 7 proteins 

carrying a signal peptide more than 60 amino acid away from the N-terminus (50 % of proteins 

classified this way). Averaged 66 % of the cell-surface proteins were identified in each replicate of a 

certain physiological condition. 

 

Figure 21: Venn diagrams of the number of predicted cell-surface proteins (SP) identified in cell-surface proteome 
preparations obtained by the optimized biotinylation approach. S. aureus HG001 grew either planktonically (P) or as 
colony biofilm (B) and samples were collected from the inoculum (0h) and after 8 hours (8h), 12 hours (12h) and 24 hours 
(24h) of growth in the corresponding culture systems. Predicted cytoplasmic proteins were excluded from this 
visualization. 

 

GeLC-MS analyses of whole cell extracts resulted in identification of 854 to 1071 proteins within one 

sample (Figure 21). Altogether 1434 proteins were identified with at least two peptides in at least 

one condition of which 1188 proteins are predicted to be localized in the cytoplasm and 246 are 

predicted to be non-cytoplasmic. These 1188 proteins represent 58 % of the cytoplasmic proteins 

theoretically encoded in the genome of S. aureus NCTC8325. As much as 869 proteins were 

quantified sufficiently in at least one condition (44 % of the cytoplasmic proteins). In average, 70 % of 

the cytoplasmic proteins were identified in all three biological replicates by GeLC-MS analysis of 

whole cell extracts (Figure 22). Hence, a slightly higher identification frequency was obtained for 

cytoplasmic proteins compared to the analyses of cell-surface proteins using the complementary 

method. 
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Figure 22: Venn diagrams of the number of predicted cytoplasmic proteins (CP) identified in whole cells extracts. 
S. aureus HG001 grew either planktonically (P) or as colony biofilm (B) and samples were collected from the inoculum 
(0h) and after 8 hours (8h), 12 hours (12h) and 24 hours (24h) of growth in the corresponding culture systems. Non-
cytoplasmic proteins were excluded from this visualization in order to examine the accessibility of cytoplasmic proteins 
to mass spectrometric analysis by the GeLC-MS approach. 

 

Treatment of intact cells with Sulfo-NHS-SS-biotin and subsequent extraction of labeled proteins with 

NeutrAvidin resulted in an enrichment of non-cytoplasmic proteins by a factor of ten as exemplarily 

shown in Figure 23 by comparison of normalized spectral abundance factors (NSAF) of whole cell 

extracts and cell-surface proteome fractions. 

 

Figure 23: Abundance of predicted non-cytoplasmic and cytoplasmic proteins in whole cell extracts and cell-surface 
proteomic fractions. Normalized spectral abundance factors (NSAF) were calculated for samples of exponentially 
growing, planktonic cells (n=3). 

In the enriched cell-surface proteomic fractions, 115 non-cytoplasmic proteins could be quantified in 

samples from all seven physiological states. From analyses of whole cell extracts, data for only 75 
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non-cytoplasmic proteins fulfilled the requirements for this high quantification frequency. This is of 

importance since relative quantification depends on quantification of the proteins in at least 2/3 

samples in both physiological states to be compared. Altogether, cell-surface proteome enrichment 

resulted in an increased quantification frequency of 102 non-cytoplasmic proteins. The method was 

most advantageous for analysis of lipoproteins, of which 27 (48 % of this protein class) could be 

quantified more frequently than by analysis of whole cell extracts. Twelve of these 27 proteins could 

be quantified in samples from all physiological states after enrichment but never from data revealed 

by analyses of whole cell extracts. 

Metabolic labeling was used for relative protein quantification. This method is robust against errors 

introduced during sample preparation once the 14N and 15N samples are mixed. In order to 

investigate the accuracy of the quantitative data, representative scatter plots of biological replicates 

are shown in Figure 24. In general, quantitative data obtained by the biotinylation approach (Figure 

24, upper plots) have a higher variance than data obtained from analysis of whole cell extracts 

(Figure 24, lower plots) and data for planktonic cells (Figure 24, left plots) have a slightly lower 

variance than data for biofilm cells (Figure 24, right plots). Reasonable for the latter observation may 

be the increased uncertainty during biofilm cultivation caused by unequal distribution of cells during 

inoculation. The increased reproducibility of protein amount in samples from whole cells extracts 

could be due to protein determination. Equal amount of total protein is compared from whole cell 

extracts, while equal amount of the cells wet weight is compared by the biotinylation approach. 

Please note that the presence of high amount of cytoplasmic proteins at the surface of planktonic 

cells (see end of section 3.4.4) would disturb a quantitation if equal amount of enriched cell-surface 

proteins would be compared. Other reasons may be unequal biotinylation efficiency or high dynamic 

of the cell-surface proteome per se. 
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Figure 24: Representative scatter plots of quantitative values from biological replicates. The upper plots represent data 
obtained by the biotinylation approach while the lower plots show data obtained by analysis of whole cell extracts. Data 
for planktonically grown cells are shown in the left plots and data from biofilm cells on the right side. 

Principal component analyses (PCA) on the basis of the quantitative data indicate profound 

proteomic changes in the course of the cultivation and a good homogeneity of samples of a certain 

physiological state since biological replicates clustered well (Figure 25).  

 

Figure 25: Principal component analysis of data obtained by GeLC-MS based analysis of whole cell extracts (left) and the 
biotinylation approach (right). S. aureus HG001 was cultivated planktonically (P) and as colony biofilm (B). Growing 
planktonic cells (0hP) were used for inoculation of the main cultures. After 8 hours (8h), 12 hours (12h) and 24 hours 
(24h), cells were sampled from both culture systems. 

Using PCA, it becomes obvious that the cytoplasmic proteome of planktonic cells was most dynamic 

in the first 8 hours of the cultivation while the cytoplasmic proteome of biofilm cells developed much 

more all over the culturing period and tremendous changes occurred in the last twelve hours of 
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cultivation (Figure 25, left panel). Similarly, the cell-surface proteome of planktonic cells changed 

rapidly in the first 8 hours of the cultivation reflecting the adaption during fast nutrient consumption 

while the cell-surface proteome of biofilm cells developed gradually all over the 24 hour cultivation 

period (Figure 25, right panel). 

3.4.4 Growth physiology of planktonic cells in shake flasks 

Planktonic cultures were harvested at four different time points. First, growing planktonic cells at 

OD540 = 0.6, used for inoculation of the main cultures were analyzed, and the cultures were sampled 

after 8 hours, 12 hours and 24 hours of growth (Figure 26). 

 

Figure 26: Growth curve of S. aureus HG001 grown planktonically in BioExpress1000, supplemented with 0.15 % glucose 
and 0.9 % NaCl. Cells were collected for proteome analyses at the points highlighted in the growth curve. (n=3) 

Planktonic cells reached the maximal optical density after 8 hours. In the postexponential growth 

phase, the optical density decreased but remained stable in the stationary phase. Whole cell extracts 

and cell-surface proteomes were analyzed. Corresponding protein identification and quantification 

results are contained in Supplemental table 3.4.1 and Supplemental table 3.4.2.  

Compared to the exponential growth phase, amount of TCA cycle enzymes was increased after 8 

hours (postexponential growth phase) and later (Figure 27). Simultaneously, enzymes capable to 

degrade the amino acid glycine (glycine cleavage system), alanine (Ald2), arginine (arginase pathway), 

glutamine (GlnA) and glutamate (GluD), histidine (at least HutG), serine (SAOUHSC_02839) and 

threonine (Kbl and SAOUHSC_00535) were higher expressed in the postexponential and stationary 

phase (Figure 27). This indicates usage of secondary carbon sources for energy production, most of 
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which are fed into the TCA. Enzymes necessary for gluconeogenesis did not accumulate in planktonic 

cultures (Figure 27). 

The catabolite protein A (CcpA) ensures usage of the carbon source that facilitates fastest growth. 

CcpA represses enzymes needed for catabolism of secondary carbon sources as long as glucose is 

present but also TCA cycle enzymes and in S. aureus, CcpA has an impact on virulence gene 

expression and biofilm formation, partially by glucose-independent regulations.36, 146, 147 The amount 

of CcpA-dependent catabolic enzymes was increased in planktonic cells upon 8 hours (Figure 28) 

indicating glucose exhaustion at that point. The amount of ribosomal proteins and proteins involved 

in tRNA processing were found in decreased amount upon 8 hours, corresponding to the transition 

from growth to stationary phase metabolism (Figure 27). Downregulation of these proteins is largely 

regulated by the alarmone (p)ppGpp (Figure 28).148, 149 

Simultaneously, proteins involved in de novo purine and pyrimidine synthesis were upregulated in 

the stationary phase. This is surprising since nucleic acid biosynthesis, a main sink of purines and 

pyrimidines is higher in fast growing cells as it is the case in Bacillus subtilis or Streptomyces 

coelicolor.150–152 However, this phenomenon was observed previously in S. aureus COL, grown in 

BioExpress1000 but not in chemical defined medium and appears to be medium-specific.152, 153 

Significant changes were also observed for enzymes involved in metabolism of vitamins, cofactors 

and prosthetic groups some of which are needed for the above mentioned processes (e.g. purine and 

pyrimidine synthesis). Folate salvage, thiamine synthesis and utilization as well as biotin, 

molybdenum cofactor, and porphyrin biosynthesis appeared to be upregulated in the stationary 

phase (Figure 27). 
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Figure 27: Treemap organized into functional categories: The exponential growth phase (OD 0.6) of planktonically grown 
S. aureus is compared to the transient phase (after 8 hours of growth). Each cell represents a single protein. The cells are 
clustered into functional groups of proteins as visible in more detail in the legendary Supplemental Figure 3.4.1 and 
Supplemental Table 3.4.3. The relative protein amount is color-coded. Blue indicates reduced amount and red increased 
amount in the transient phase. Saturated colors indicate fold changes of at least five. Dark gray cells represent proteins 
that are known to be involved in the accordant biological process but could not be identified or quantified. 
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Figure 28: Regulon treemap comparing the exponential growth phase (OD 0.6) of planktonically grown S. aureus to the 
transient phase (after 8 hours of growth). A legend for the regulon treemap is given in Supplemental Figure 3.4.2. Each 
cell represents a single protein. The cells are clustered into groups of target proteins that were found to be subject to the 
same regulatory influence of a certain regulator in the underlying studies of regulator mutants which are indicated in 
Supplemental Table 3.4.4. Negative regulatory influence of a given regulator on a target protein is indicated with minus 
and positive regulatory influence is indicated with plus behind the abbreviated name of the regulator. The relative 
protein amount is color-coded. Red indicates higher protein amount in the transient phase and blue indicates higher 
protein amount in the exponential phase. Saturated colors indicate fold changes of at least five. Dark gray cells represent 
proteins that are known to belong to given regulons but could not be identified or quantified. 

Beside CcpA and (p)ppGpp-dependent regulations, the alternative RNA-polymerase sigma factor B 

(SigB) has a pronounced regulatory impact on adaption of the staphylococcal proteome in the 

stationary phase. In planktonic cultures, SigB-activity appeared moderate. Strictly SigB-dependent 
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proteins such as SAOUHSC_02582, SAOUHSC_02441, or SAOUHSC_02443 were accumulated upon 12 

hours of growth and typically reached a twofold increased amount after 24 hour.154 

SarA is a virulence gene regulator that influences expression of cell-surface and exoproteins. SarA 

transcription is initiated from three different promoters. Two of the corresponding transcripts are 

maximally expressed in the early exponential growth phase and the third in the early stationary 

phase.155 The latter one appears to be SigB-dependent and is needed for maximal SarA 

transcription.156 In planktonic cells, amount of the SarA protein was maximal in the exponential phase 

and lowest in the postexponential phase (after 8 hours of growth, Figure 29). This fits well to the 

mentioned transcription profile of sarA. Proteins repressed by SarA accumulated in the 

postexponential phase (Figure 28). 

 

Figure 29: Relative amount of regulatory proteins in planktonic cells of S. aureus HG001 sampled in the postexponential 
phase (8h), early stationary phase (12h) and late stationary phase (24h) is compared to growing planktonic cells used for 
inoculation.  Statistically significant differences (critical p-value = 0.05) are indicated with asterisks. 

DNA-binding activity of SarA is modulated by phosphorylation at serine and threonine residues. PknB 

or the strain-specific kinase SA0077 are able to phosphorylate SarA.157 Interestingly, PknB was highest 

expressed in growing cells (Supplemental table 3.4.2). 

In the postexponential phase, SarA facilitates transcription of RNAII and RNAIII, encoded in the agr 

gene locus.158 RNAII contains the open reading frames agrA, agrB, agrC and agrD that encode an 

autoinducing quorum sensing system, whereas RNAIII is the main effector molecule of agr that 
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likewise SarA, influences expression of many cell-surface associated and extracellular virulence 

factors.159 AgrA, the quorum sensing-dependent response regulator accumulated in planktonic cells 

(Figure 29), reflecting increased cell density in the late phases but the impact of RNAIII on the 

stationary phase proteome is difficult to evaluate. The corresponding marker proteins (e.g. 

hemolysins) are underrepresented in the subproteomes investigated, and multiple regulators control 

almost all RNAIII-targets. Both membrane anchored lipases (Geh and Lip2), whose expression is 

positively influenced by RNAIII, strongly accumulated (Supplemental table 3.4.2) but a clear induction 

of the agr regulon was not visible (Figure 28).158 

Adaption of the cell-surface proteome in the stationary phase was further affected by 

downregulation (e.g. degradation) of several transport proteins (e.g. MetQ, or PstS) while proteins 

involved in high-affinity iron-uptake were higher expressed (e.g. IsdE and IsdI). Amount of the nucleic 

acid binding protein IsaB increased remarkably in the postexponential growth phase (25fold, 

Supplemental table 3.4.2).160 Composition of proteins involved in adhesion to host factors changed 

considerably. Amount of clumping factor B (ClfB) and the fibronectin-binding proteins (FnbA and 

FnbB) decreased (approximately 2fold) indicating them to be mainly expressed during growth in 

planktonic cells. SdrC, SdrD and SasG accumulated (approximately 4fold, Supplemental table 3.4.2). 

SdrC, SdrD and SasG contribute to adherence to human nasal epithelial cells.161, 162  

In the transition to the stationary phase, the optical density decreased in planktonic cultures (Figure 

26) but remained stable in the stationary phase. Concurrently, the amount of cytoplasmic proteins in 

the cell-surface proteome was increased compared to the inoculum (Figure 30, left panel) and was 

generally much higher compared to biofilm cells (Figure 30, right panel). This suggests lysis of a 

subpopulation of the planktonic cells and rebinding of cytoplasmic proteins to the cell-surface of 

remaining cells. 
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Figure 30: The amount of cytoplasmic proteins in cell-surface proteome preapartions. In the left panel, planktonic cells at 
the given time point are compared to the inoculum, in the right, planktonic cells are compared to biofilm cells at the 
given time points. 

 

It is remarkable that almost all enzymes capable to cleave peptidoglycan were found in higher 

amounts in the cell-surface proteome of biofilm cells in every growth phase (Figure 31).  

 

Figure 31: The amount of cell-wall hydrolases as well as CidC is compared between planktonic cells and biofilm cells 
(biofilm/planktonic) at the given time points. 

 

This suggests the cell lysis to be controlled by a different mechanism. Recently, the staphylococcal 

Cid/Lrg holin/antiholin system was discovered.163 The Cid/Lrg-system was shown to have a great 
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influence on survival of S. aureus in the stationary phase and to affect biofilm formation by its 

influence on eDNA release.28, 164 During growth on glucose, catabolite repression leads to overflow 

metabolism resulting in formation of acetic acid and its excretion into the culture supernatant.165 

Under this conditions, CidR induces transcription of the autolysis activating holin cidABC.166 High 

levels of a second transcript spanning cidBC are further produced in a SigB-dependent manner while 

transcription of the antiholin lrgAB is inhibited by SigB-activity.167 Due to the membrane localization 

of CidAB and LrgAB, CidC was the only protein of the Cid/Lrg-system sufficiently identified and 

quantified in our study. Its amount was generally higher in planktonic cultures compared to the 

biofilms (Figure 31) indicating a higher amount of the cotranscribed proteins CidA and CidB. This 

suggests the cell lysis to be attributed to the overflow metabolism and might indicate an addiction of 

planktonic cells to form biofilms in the medium used. 

 

3.4.5 Comparison of colony biofilms to planktonic cultures 

Compared to planktonic cultures, the colony biofilms grew slower. Planktonic cultures reached the 

maximal wet weight of cells within a defined volume of medium after 8 hours. This maximum was 

observed after 24 hours in the biofilms (Figure 32). Surprisingly, biofilms developed higher biomass 

(determined as wet weight of the washed cells) from equal amounts of medium provided. On the one 

hand, this might be due to the cell-lysis as discussed above and on the other hand glucose diffuses 

slowly out of the agar and may be oxidized completely in the biofilms while overflow metabolism is 

typical for staphylococci growing on glucose. S. aureus HG001 is a derivative of S. aureus 8325 that is 

not able to catabolize the excreted acetate, generated by incomplete oxidation of glucose.165 A 

considerable proportion of the carbon source may have been ended up in acetate in planktonic 

cultures. Further support for this idea is provided by Dörries et al., who did not observe acetate 

catabolism by HG001 in RPMI medium.168 
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Figure 32: Wet weight of S. aureus HG001 cells harvested from 30 ml of planktonic culture or biofilms grown on nutrient 
agar prepared from 30 ml of the same medium. The medium consisted of BioExpress1000 supplemented with 0.15 % 
glucose and 0.9 % sodium chloride. 

 

Central metabolism 

TCA cycle enzymes were higher expressed in biofilm cells all over the culturing period (Figure 33) 

supporting the assumption that glucose is oxidized completely within biofilms. In contrast to 

planktonic cultures, gluconeogenic enzymes were accumulated after 24 hours. Amount of the 

phosphoenolpyruvate carboxykinase PckA was 4fold increased and the fructose-1,6-bisphosphatase 

Fbp was absent from all samples but present in biofilms at that point. Only the NADPH-dependent 

glyceraldehyde-3-phosphate dehydrogenase (GapB), known to be essential for gluconeogenesis, was 

not detectable at all (Figure 33).169 
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Figure 33: Relative amount of enzymes involved in energy metabolism is compared in colony biofilms of S. aureus HG001 
to planktonic cells after 24 hours of growth. Functional categories are shown on the left. Protein names are shown on the 
right. 

 

Similar to planktonic cells, catabolic enzymes for usage of secondary carbon sources accumulated in 

the course of the cultivation, but to a remarkable higher extend. This includes proteins involved in 

the diaminopimelate pathway, the acetyl-CoA synthetase AcsA, and the Fad proteins for fatty acid 

degradation (Figure 33). Unlike biofilms from flow cells, arginine catabolism appeared to primarily 

proceed by the arginase pathway indicating aerobic growth.170 Compared to planktonic cells, CcpA-

dependent derepression of catabolic enzymes was elevated in biofilm cells after 12 hours of growth 

and later (Figure 34). Similarily, (p)ppGpp-dependent regulations appeared more pronounced in 

biofilms at the late sample points. In contrast to planktonic cultures, the amount of (p)ppGpp-

synthesizing enzymes RelA2 and Ndk accumulated. 148 Their amount was twofold increased in 

biofilms after 24 hours (Figure 35). This reflects malnutrition in the biofilm cells leading to increased 

expression of secondary carbon source catabolic proteins and more intense stringent response in the 

course of the cultivation. 
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Figure 34: Regulon treemap comparing colony biofilms of S. aureus to planktonic cells after 24 hours of growth. A legend 
for the regulon treemap is given is Supplemental Figure 3.4.2. Each cell represents a single protein. The cells are clustered 
into groups of target proteins that were found to be subject to the same regulatory influence of a certain regulator in the 
underlying studies of regulator mutants which are indicated in Supplemental Table 3.4.4.  Negative regulatory influence 
of a given regulator on a target protein is indicated with minus and positive regulatory influence is indicated with plus 
behind the abbreviated name of the regulator. The relative protein amount is color-coded. Red indicates higher protein 
amount in the biofilms and blue indicates higher protein amount in planktonic cells. Saturated colors indicate fold 
changes of at least five. Dark gray cells represent proteins that are known to belong to the given regulon but could not be 
identified or quantified. 
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Figure 35: Relative amount of the proteins RelA1, RelA2 and Ndk synthesizing the alarmone ppGpp. S. aureus HG001 was 
cultivated planktonically in shake flasks or as colony biofilm on dialysis membranes rested on nutrient agar. Cells were 
harvested after 8 hours, 12 hours and 24 hours and subjected to GeLC-MS. Amount of the proteins in the biofilms 
compared to planktonic cells is visualized as color code. 

 

Biofilm cells strongly accumulated the formate dehydrogenase SAOUHSC_02582 (up to 10fold) and 

the aldehyde dehydrogenase AldA. Furthermore, AldH and a putative alcohol dehydrogenase YhfP 

were found in increased amount (Supplemental Table 3.4.1). This raises the question if mixed acid 

fermentation was performed in at least some spatial areas of the biofilms. The formate 

acetyltransferase (PflB) and her activating protein (PflA) were not detectable at all but transcription 

of these proteins in colony biofilms was observed to be induced in previous studies.96 Alternatively, 

the formate dehydrogenase could act as a formate detoxifying enzyme, maintain the intracellular pH, 

and produce NADH/H+ which in turn could be used for respiration as detailed in Leibig et al. 2011.171 

Accumulation of formate dehydrogenase is a common feature of colony biofilms as supported by 

previous studies.96, 97 

SigB response 

SigB-dependent proteins continuously accumulated in the biofilms. Transcription of SAOUHSC_02582 

and SAOUHSC_02774 is solely mediated by SigB and can be regarded as marker for SigB-activity.154 

Both proteins were higher expressed in biofilms (1.8fold to 10fold) at any time point sampled. The 

phosphatase RsbU that renders the anti-anti-sigma factor RsbV active, steadily accumulated in 

biofilms reaching twofold higher amount compared to planktonic cells after 24 hours (Figure 38). 

Biofilm cells exhibited dramatically increased yellow pigmentation (Figure 36), commonly attributed 
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to the presence of staphyloxanthin. Transcription of staphyloxanthin operon (crt operon) is SigB-

dependent, due to an SigB-promoter upstream of crtO.172, 173 CrtN was accumulated in biofilms after 

24 hours but not in planktonic cells (Supplemental Table 3.4.1). Recently, the aldehyde 

dehydrogenase AldH, normally involved in fermentative processes, was described to be necessary for 

staphyloxanthin biosynthesis.174 AldH accumulated in both culture systems but to a 2fold higher 

amount in biofilms after 24 hours (Supplemental Table 3.4.1). 

 

Figure 36: Pigmentation of staphylococci. S. aureus HG001 was grown planktonically or as colony biofilms and harvested 
after 8 hours, 12 hours, and 24 hours of growth. Cells were collected by centrifugation and 0.2 g cells (wet weight) were 
resuspended in 1 ml PBS.  

The SigB response had a profound influence on the composition of the proteome in biofilms. Among 

the proteins higher expressed in biofilms in accordance with the influence of SigB on their gene 

expression are the staphylococcal accessory regulator A (SarA), the alkaline shock protein 23 (Asp23) 

but also cell-surface proteins such as the staphylococcal secretory antigen SsaA2 or the 

transglycosylases IsaA and SceD.92 SceD was found with up to 20fold and IsaA with up to 3fold higher 

amount in biofilms. Some SigB-dependent cell-surface proteins are associated with virulence of 

staphylococci. This for instance refers to the clumping factor A (ClfA) or the capsular polysaccharide 
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synthesis enzyme Cap5A, that accumulated in biofilms (up to 18fold) while it was rarely detectable in 

planktonic cells. 

 

Figure 37: Overview of the regulatory network controlling stress responses and expression of virulence factors in 
S. aureus. The proposed action regulators is indicated and and some general functions as well as selected target proteins 
are shown. Information is based on currently available publications as indicated with numbers that correspond to the list 
of references. 

SigB is integrated in the regulatory network that controls virulence gene expression and influences 

expression of other regulators including Rot, RNAIII and SarA (Figure 37). 

SarA regulon 

SigB-activity increases sarA transcription.156, 229 SarA is a positive regulator of biofilm formation by 

downregulating an extracellular nuclease and proteases.26 Amount of SarA was approximately 1.5fold 

increased in biofilms at any time point sampled (Figure 38, lower panel). Nevertheless, this was not 

reflected by the amount of the quantified SarA-dependent proteins (Figure 34) as determined by 

Dunman et al.158 Expression of most SarA target genes is influenced by agr, Rot, or MgrA.217, 230, 231 
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Activity of these regulators or modulation of SarA-activity by oxidation or phosphorylation might 

prevent accumulation of SarA targets.157 SarA facilitates RNAIII and icaR expression, both of which 

have anti biofilm effects. Upregulation of these SarA targets might be prevented to ensure biofilm 

growth. 

 

 

Figure 38: Amount of regulatory proteins in colony biofilms of S. aureus HG001 in relation to growing planktonic cells (OD 
0.6) used for inoculation (upper chart) and in relation to planktonic cells of the same strain after 8, 12, and 24 h of growth 
(lower chart). The data are obtained by analysis of whole cell extracts. Statistically significant differences (critical p value 
= 0.05) are indicated with asterisks. 

 

agr regulon 

The quorum sensing responsive agr gene locus regulates virulence gene expression and contributes 

to biofilm dispersal and biofilm structuring by regulation of extracellular proteases and phenol-



 

126 

 

soluble modulin surfactant peptides (PSMs).27, 214, 232 While expression of the agr-dependent virulence 

factors is regulated by the agr effector molecule RNAIII, expression of PSMs is directly controlled by 

the response regulator AgrA.233 Compared to planktonic cells, the amount of the autoinduced 

response regulator AgrA was increased in biofilms after 24 hours (Figure 38, lower panel). This 

reflects the higher cell-density in the biofilms and correlates with highly accumulated Psmβ1 and 

Psmβ2 as observed in at least one sample each of the whole cell extracts and the surface proteome 

samples from biofilms after 24 hours (Supplemental Tables 3.4.1 and 3.4.2). 

This high level of AgrA combined with the up to 4fold increased amount of SarZ (Figure 38, lower 

panel)  potentially elevates RNAIII transcription (Figure 37) in the biofilms but the cells 

simultaneously possessed increased amount of SarX (Figure 38, lower panel) and increased SigB 

activity.158, 176 Both of them are reported to have a repressive effect on RNAIII.198, 204, 229 This 

concurrent upregulation of RNAIII-inducing and RNAIII-inhibiting regulators in the biofilms suggests a 

model which limits RNAIII-dependent expression of virulence genes following extreme cell density in 

biofilms. Such a mechanism would avoid hypervirulence of biofilms but ensure the quorum sensing 

dependent accumulation of AgrA-dependent PSMs, necessary for biofilm structuring. 

Rot regulon 

Transcription of the repressor of toxins (Rot) is known to be reduced by SigB-activity, especially in the 

postexponential phase.194 Additionally, a repressive effect of SarA on rot was reported and 

translation of the rot mRNA can be blocked by RNAIII in the stationary phase (Figure 37).177, 191, 206 

Compared to planktonic cells, amount of Rot was 3.5fold decreased in biofilms after 12 hours (Figure 

38). Although Rot was identified with only one peptide in some other samples, quantification of this 

peptide indicated a continuous depletion of Rot in biofilms. Such a decrease of Rot in colony biofilms 

was not observed neither by previous transcriptomic studies, nor by gel-based proteomic 

investigations.96, 97 Since Rot disappeared earlier than AgrA exceeded the level of planktonic cells in 

the biofilms, downregulation of Rot by several of the mentioned pathways is likely. The impact of Rot 
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on gene expression is versatile. To some extent, Rot is opposing to the action of RNAIII.177, 191 Rot 

represses pathogenicity-associated extracellular proteases such as staphopain B (SspB) and 

hemolysins but activates expression of the staphylococcal surface protein A (Spa), the coagulase 

(Coa) and others.217 Transcription of the cysteine protease staphopain (SspB) is strongly repressed by 

Rot.217 The amount of SspB at the surface of biofilm cells was equal to planktonic cells after 8 hours 

but 5fold increased after 12 hours and 3.5fold after 24hours (Supplemental Table 3.4.2).  

Furthermore, Rot increases expression of SarS and hence, Spa but also ClfB, SdrC and Coa.217 Amount 

of these proteins was lower in biofilms (Figure 38 for SarS, Figure 40 for ClfB and SdrC). Spa and Coa 

were undetectable in cell-surface proteome samples of biofilms but were identified at the surface of 

planktonic cells (Supplemental Table 3.4.2). It has to be mentioned that extracellular proteases and 

nucleases prevent biofilm formation at the early steps but are involved in the agr-mediated dispersal 

of biofilms.27, 234, 235 The biofilms already mounted as it became possible to harvest enough biomass 

for proteomic analyses after 8 hours. The decreased amount of Rot and hence, the increased amount 

of SspB might contribute to biofilm spreading as suggested by other authors.234, 235 Decreased 

amount of Rot and increased amount of SspB was also observed in biofilms from flow cells compared 

exponential growing planktonic cells and appears to be a common feature of mature staphylococcal 

biofilms.170 In interaction with the response regulator SaeR, Rot also facilitates expression of 

superantigen-like proteins (Ssls) involved in immune evasion.127 This correlates well with the finding, 

that Ssl1 was enriched at the surface of planktonic cells but if detectable, expressed much lower at 

the surface of biofilm cells (Supplemental Table 3.4.2). Altogether, these findings indicate a profound 

influence of the reduced amount of Rot on virulence gene expression in biofilms. 

MgrA regulon 

Beside Rot, MgrA is another member of the MarR-like SarA-family and influences antibiotic 

resistance, autolysis and virulence as well as the formation of PIA-independent biofilms.6, 30, 207 Like 

SarA and SarZ, MgrA-activity is modulated by phosphorylation and oxidation.221 MgrA was found in 

slightly higher amount in biofilms (1.5fold after 24 hours). MgrA directly induces transcription of the 
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multidrug efflux pump AbcA.6 AbcA was higher expressed in biofilms (Supplemental Tables 3.4.1 and 

3.4.2). This is also true for SarX and SarZ (Figure 38, lower panel), whose transcription is induced by 

MgrA.176, 204. SarX is a negative regulator of agr and consequently of RNAIII-dependent virulence 

factors.204 SarZ is known to repress sarS and to activate RNAIII transcription.176 Indeed, amount of 

SarS was significantly decreased in biofilms at any time point (Figure 38, lower panel) but this might 

also be Rot-dependent. In summary, MgrA-dependent gene expression appeared intensified in the 

biofilms.  

Fur regulon 

Fur represses high-affinity iron-uptake systems in the presence of intracellular Fe2+.236 The amount of 

the iron-uptake regulator Fur was slightly increased (1.5fold) in the biofilms (Figure 38, lower panel). 

Amounts of high affinity iron uptake proteins (whose genes contain Fur boxes) were lower in 

biofilms, whereas the iron-storage protein FtnA was more abundant (Figure 39). The amounts of the 

iron-binding proteins slightly increased (2fold) in planktonic cells in the course of the cultivation but  

 

 

Figure 39: Proteins involved in high-affinity iron-uptake and iron storage are displayed. The relative amount of the 
proteins in colony biofilms of S. aureus HG001 compared to their planktonic counterparts after 24 hours of growth is 
color-coded. 
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decreased in the biofilms (Supplemental Table 3.4.2). Decreased amounts of the iron-binding 

proteins possibly indicate a lower demand for iron in the slower growing biofilm cells. This result is 

supported by the findings of Beenken et al., who investigated staphylococcal biofilms from flow cells 

and Park et al., who investigated colony biofilms of Pseudomonas aeruginosa.170, 237 In host 

environments, where iron is a growth-limiting nutrient, iron-uptake systems are usually 

upregulated.238–240 Thus, a possibly lower demand for iron during biofilm growth might be an 

additional advantage of the biofilm lifestyle in vivo. 

Cell wall proteins 

Biofilms of S. aureus depend on cell-surface associated cell wall proteins.30 These sortase-anchored 

proteins include FnbA, FnbB, ClfB, SasC, SasG or the strain-specific Bap and influence primary 

attachment and accumulation of biofilms.21, 162, 241, 242 Some of these proteins (e.g. ClfA and FnbAB) 

are well characterized and were found to be multifunctional but their regulation is poorly 

understood. Against the above mentioned physiological background, the amount of several sortase-

anchored proteins differed considerably between biofilms and planktonic cells. At the surface of 

biofilm cells, SasF highly accumulated (8fold, Figure 40). Expression of SasF is inducible by linoleic 

acid and protects the staphylococci from the bactericidal effect of free long chain unsaturated fatty 

acids.243 High concentrations of such fatty acids are produced in abscesses caused by 

staphylococci.244–246 ClfA was 4fold higher expressed after 8 hours but approximated the level of 

planktonic cells after 24 hours (Figure 40). Hence, the difference in amount of ClfA appears to be 

growth phase dependent likewise SasG, which accumulated in both cultures. The amount of the 

adhesins ClfB, SdrC, and SdrD was reduced at the surface of biofilm cells whereby the amount of ClfB 

continuously decreased resulting in an up to 4fold lower amount compared to planktonic cells after 

24 hours (Figure 40). SdrC, SdrD as well as ClfB contribute to adherence to human desquamated nasal 

epithelial cells.161 From this point of view, the planktonic cells expressed higher levels of surface 

proteins necessary for adhesion to host cells, whereas the biofilm cells accumulated the protective 

SasF. 
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Figure 40: Amount of selected cell wall anchored proteins in colony biofilms and planktonic cells of S. aureus after 
8 hours, 12 hours and 24 hours of growth is shown in relation to the amount in growing planktonic cells (OD 0.6, 0h) used 
for inoculation. The differences are statistically significant as determined by ANOVA (critical p-value = 0.05). 

 

The fibronectin-binding proteins (FnbA and FnbB) were hardly detectable at the surface of biofilm 

cells but well quantifiable in cell-surface proteome preparations of planktonic cells, were they were 

highest expressed in the exponential growth phase (Supplemental Table 3.4.2). Their low amount in 

the biofilms is remarkable, because they are reported to promote biofilm accumulation.21 SarA is 

believed to induce their transcription and at least expression of fnbA should be elevated following 

increased SigB-activity.21, 156, 158, 247, 248 However, this was not visible in the protein accumulation data. 

ClfA, ClfB, FnbA and FnbB antagonize colony spreading as determined by Tsompanidou et al. 2012.249 

In this study, single colonies visible after 8 hours affiliated to a dense bacterial lawn after 24 hours. 

Low levels of these proteins compared to planktonic cultures might be necessary to allow spreading 

of colony biofilms. 
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3.4.6 Summary 

Cell-surface protein enrichment by the biotinylation approach allowed quantification of many 

proteins underrepresented in whole cell extracts and discrimination between cytoplasmic and cell-

surface localization of predicted cytoplasmic proteins. The biotinylation approach offered particular 

value for the analysis of proteins involved in nutrient uptake, membrane transport, cell-wall 

associated adhesins, several staphylococcal virulence factors, proteins that permit resistance to 

antibiotics but also for proteins involved in growth and cell-division. 

The time-resolved proteomic approach revealed a detailed picture of the response of S. aureus to 

nutrient limitation in complex medium and growth under biofilm conditions. Implementation of 

regulon analysis into a treemap proved to be a valuable tool to assign pleiotropic changes observed 

in the proteome to the action of certain regulators. Nevertheless, this method relies on the current 

knowledge about cell regulation and responsible regulators, which is still limited. A profound 

influence of CcpA, (p)ppGpp, and SigB on the adaption of the staphylococcal proteome to the 

stationary growth phase could be highlighted. These responses were more pronounced in colony 

biofilms. Biofilm cells accumulated SarZ and SarX, both of which are MgrA-dependent and act 

positively and negatively on the expression of RNAIII, respectively. Additionally, matured biofilms 

were characterized by depletion of Rot and ultimately expressed a large number of effector proteins 

differently from their planktonic counterparts. 
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3.5 Modification of the biotinylation approach for label-free protein 

quantification by peptide ion intensities and application for analysis of 

cell-surface proteins of clinical isolates of S. aureus from a cystic fibrosis 

patient 

The cell-surface proteomes of two clinical isolates of S. aureus (designated as 27 and 28) were 

analyzed using an adapted biotinylation approach. These isolates belong to the same multi-locus 

sequence type (ST 30) and were proven to be an early and a late isolate of the same staphylococcal 

strain that persisted in a CF patient’s lung for more than 13 years. For investigation of these 

staphylococci, the biotinylation approach was modified since this clinical strain grew poorly in 

BioExpress1000, so far necessary for reliable protein quantification via metabolic labeling. A constant 

amount of biotinylated BSA was spiked into the samples to enable normalization of peptide ion 

intensities and quantification of the cell-surface proteome based on the three most intense peptides 

of a given protein. The cell-surface proteome preparations were measured data independent without 

prefractionation using the Synapt G2 mass spectrometer, operated in HDMSE mode. 

3.5.1 Sampling depth without prefractionation  

In this modified biotinylation approach, the protein digest was carried out in solution (without 

prefractionation), which leads to a highly increased sample complexity. The peptides were eluted 

from the C18 reversed phase column by a 70 min gradient. Even if the measuring time from three 

technical replicates is summarized, the peptides had to be identified within less than one third of the 

time used for the GeLC-MS analyses presented in the sections 3.2, 3.3, and 3.4. A twofold longer 

column and a data independent acquisition mode were used to avoid reduced sampling depth.  

Figure 41 shows the number of identified non-cytoplasmic proteins among biological replicates. 

Proteins predicted to be localized in the cytoplasm were excluded from this figure, since their 

presence at the cell-surface strongly depends on several factors (e.g. cell lysis or growth phase) and 

would make the evaluation unreliable. Between 93 and 134 non-cytoplasmic proteins were identified 

in all three biological replicates. 
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Figure 41: Venn diagrams of proteins predicted to be localized at the cell-surface and identified by the modified 
biotinylation approach among biological replicates. The clinical isolates 27 and 28 of S. aureus were cultivated in TSB. 
Cells were harvested in the early exponential growth phase (elog), the late exponential growth phase (llog) and the 
stationary phase (stat).  

The number of identified cell-surface proteins is in the same range as obtained with the GeLC-MS 

based approach performed with S. aureus COL and S. aureus HG001 (Figure 7 in section 3.1.1.10 and 

Figure 21 in section 3.4.3), were approximately 120 non-cytoplasmic proteins were identified with 

this reliability. Hence, the sampling depth is not reduced due to modification of the approach. 

3.5.2 The internal BSA standard counteracted variations introduced during 

sample preparation 

The biotinylated BSA was added to the samples after biotinylation. Earlier application was not 

possible since the BSA would have been washed out from the sample during quenching of the 

biotinylation reaction. Theoretically, normalization against the internal BSA standard can counteract 

biases caused by unequal NeutrAvidin affinity purification, the efficiency of the protein digest, the 

C18 solid phase extraction used to purify the peptides, decreasing peptide-binding capability of the 

reversed phase column and linear differences in sensitivity of the mass spectrometer. Nevertheless, 

there are some potential sources of error that cannot be compensated by normalization against the 

internal BSA standard. This refers to the determination of the fresh weight of the cells, loss of cells 

prior application of the standard, varying biotinylation efficiency and varying protein extraction 

efficiency. Hence, the question has to be answered if normalization against the internal standard 

considerably counteracted biases introduced during samples preparation and mass spectrometry. 
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During data processing, the quantitative values are first corrected according to their fragment ion 

intensities. This minimizes deviations that may result from saturation of the detector during survey 

scan acquisition. Afterwards, the corrected Top3 intensities are normalized against the constant 

amount of the internal BSA standard. Both quantitative values were visualized in scatter plots for 

technical and biological replicates (Figure 42). 

 

Figure 42: Scatter plots of quantitative values from two representative biological replicates (BR; upper plots) and two 
technical LC-MS replicates (TR, lower plots) of cell-surface proteome preparation achieved by the modified biotinylation 
approach. In the left plots, the Top3 intensities are visualized without normalization. In the right plots, the same data are 
visualized after normalization against the internal BSA standard. 

The slope of the regression line was set to the expected value of one in order to ensure, that 

improvement of reproducibility of quantitative data is reflected by an increase of the coefficient of 

determination (otherwise, the slope would vary and the coefficient of determination would be more 

less constant). Due to normalization against the internal BSA standard, the coefficient of 

determination for biological replicates increased from 0.6567 to 0.8296 in the representative 



 

135 

 

example (Figure 42, upper plots), whereas minor influence on the quantitative data of technical 

replicates of the LC-MS analysis is obvious (Figure 42, lower plots). This indicates the standard as a 

useful tool to eliminate biases that result from sample preparation prior LC-MS analysis. Errors 

originating from the LC-MS analysis itself were not counteracted. 

3.5.3 Accuracy of the adapted biotinylation approach 

The scatter plots in Figure 42 show good reproducibility of the quantitation for high abundant 

proteins but a considerable inaccuracy for many low abundant proteins. These deviations must be 

caused by the LC-MS analysis since biases arising from sample preparation are excluded if technical 

replicates are analyzed. 

In order to discriminate the errors that remain due to sample preparation from the imprecisions of 

the LC-MS analysis, the average relative standard deviation (aRSD) among technical and among 

biological replicates was calculated. As visualized in Figure 43, the aRSD between technical replicates 

was 30 % (n = 6) and between independent biological replicates (one technical replicate each) 52 % 

(n = 6). This value could be reduced to 42 % (n=6) by averaging the quantitative values of three 

technical replicates from each biological sample. 

Hence, the biases introduced by the LC-MS analyses (30 % aRSD) were higher than the deviations 

between biological samples (22 % aRSD) that represent the summarized deviations of cell-cultivation 

and sample preparation. The quantification precision of the LC-MS analysis could be improved by  

10 % aRSD if three technical replicates are acquired and averaged. 
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Figure 43: Average relative standard deviation (aRSD) of protein amounts as measured in cell-surface proteome 
preparations with the Synapt G2 operated in the HDMS

E
 mode. The standard deviations of the normalized Top3 

intensities among three technical replicates, among three biological replicates (determined from one technical replicate 
each) and among biological replicates (determined as the mean of three technical replicates) were calculated for each 
protein, expressed as percentage of the normalized Top3 intensities and averaged. (n = 6) 

 

3.5.4 Differences between S. aureus 27 and S. aureus 28 

The clinical strains 27 and 28 are closely related to each other. The question appears if significant 

differences in the cell-surface proteome could be detected. A principal component analysis was 

conducted to estimate the extend samples differ from each other. Samples corresponding to the 

different growth phases clustered well, while samples belonging to the different isolates did not 

(Figure 44). This indicates a high degree of similarity between both isolates. 

According to pairwise t-tests (critical p-value = 0.05), the analysis resulted in determination of 21 

non-cytoplasmic proteins significantly altered in amount between both isolates in the early 

exponential growth phase, 27 non-cytoplasmic proteins whose amount was significantly altered in 

the late exponential phase, and 36 non-cytoplasmic proteins significantly altered in the stationary 

phase (Supplemental Table 3.5.1). Hence, the method was able to detect significant differences in the 

cell-surface proteome between the closely related clinical isolates. 
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Figure 44: Principal component analysis of quantitative cell-surface proteome analysis of S. aureus clinical isolates 27 and 
28. Bacteria were cultivated in TSB to the early exponential phase (elog), the late exponential phase (llog) and the 
stationary phase (stat). Cell-surface proteins were enriched using the adapted biotinylation approach. 

 

The data acquired by the modified biotinylation approach allow determination of the amount of 

different proteins within the cell-surface proteome preparations in a time-resolved manner. In Figure 

45, each cell represents a single protein. The cell size correlates to the amount of the protein in the 

samples from isolate 27 and the color code indicates the protein amount in relation to isolate 28. 

The analysis allows discrimination between growth phase effects and comparison of both isolates at 

three time-points. Different expression patterns can be distinguished. For instance, the teicoplanin 

resistance associated membrane protein TcaA was not growth phase dependent but present in 2fold 

increased amount at the cell-surface of isolate 27. Amount of the lipoteichoic acid synthase LtaS 

remained in constant amount at the cell-surface of isolate 27 but significantly decreased by a factor 

of four at the cell-surface of strain 28 in the time between early and late exponential growth phase 

sampling points. 
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Figure 45: Protein amount in cell-surface proteome preparations of S. aureus clinical isolates 27 and 28. Each cell 
represents a protein and the cell size correlates to the protein amount in samples of isolate 27. The color code indicates 
the protein amount in relation to isolate 28. 

The N-terminally membrane anchored, regulatory protein MsrR appeared growth phase dependent 

in isolate 28 but not in isolate 27. In the early exponential phase, MsrR was present in high amount at 

the cell-surface of isolate 28 but its amount strongly decreased at the cell-surface of this isolate in 

the late phases. Contrary, constantly high amounts of MsrR were present at the cell-surface of isolate 

27 leading to 5fold increased amount in the late growth phases. 

The acid phosphatase SA0295 appeared growth phase dependent in both isolates. Isolate 28 

possessed high amounts of the phosphatase already in the early exponential phase. While amount of 

SA0295 decreased at the cell-surface of isolate 28 in the late growth phases, it accumulated at the 

cell-surface of isolate 27 and was found in 5fold increased amount in the stationary phase. 

In order to evaluate the causalities that result in the above-mentioned differences between both 

isolates, further analyses are to be performed by the collaboration partners. They are not scope of 

this thesis. 
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3.5.5 Summary 

For the first time, biotinylated BSA was applied as an internal protein standard to counteract biases, 

introduced during the multiple steps of sample preparation in a biotinylation approach. The use of 

this internal protein standard considerably improved robustness of the labelfree quantitation. 

Deviations arising from sample preparation could be counteracted as indicated by an increase of the 

coefficient of determination from 0.66 to 0.82. Error analysis on the resulting data indicated the  

LC-MS analysis itself to be the most important error source in the relative quantitation30 % aRSD). 

Nevertheless, considerable biases were also observed between biological replicates (22 % aRSD). It 

remains elusive if these errors are due to biological variance or result from the steps within the 

sample preparation that cannot be counteracted by the proteins standard (e.g. varying extraction 

efficiency). 

 

In the scope of this work, three different mass spectrometric quantification methods, have been 

applied in combination with the biotinylation approach. The labelfree approaches (calculation of the 

NSAF and quantification by the Top3 approach by the use of peptide ion intensities) and metabolic 

labeling using the complex medium BioExpress1000 containing either 14N or 15N compounds. Each of 

them offers its specific benefits and drawbacks. The labelfree methods are applicable with no 

limitations in the choice of the medium, are less expensive, and require less expenditure of human 

labor. Labeling by stable isotopes is less prone to errors since the quantitative information is highly 

conserved from this moment forth the samples are mixed with the 15N-standard. 

In order to compare the overall accuracy of these three methods, the aRSD of the quantitative values 

was determined in each dataset (Figure 46). It has to be considered that samples for spectral 

counting based quantification were processed in batches by an experienced experimenter, whereas 

samples quantified by peptide ion intensities were prepared by a newcomer in several batches. 
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Figure 46: Comparison of the average relative standard deviation (aRSD) of quantitative values obtained by the 
biotinylation approach using different strategies for mass spectrometric protein quantification. The aRSD was calculated 
for each protein quantified in at least two of three biological replicates (n ≥ 6).  

 

The aRSD of the NSAF among biological replicates was 32 %. This value was increased to 42 % in the 

dataset obtained by Top3 approach and was 20 % for the data obtained by metabolic labeling. Hence, 

relative quantification by the use of metabolic labeling should be the method of choice if applicable. 

Otherwise, application of an internal standard should be considered despite the considerable 

standard deviations, since spectral counting is semi-quantitative per se and requires experienced 

experimenters as well as a high degree of parallelization if used for protocols with many steps of 

sample preparation. In contrast to relative quantification with isotopic labeling, quantification with 

peptide ion intensities allows discrimination between low abundant and high abundant proteins and 

gives the proteome data particular value for many biological questions. 
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