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Zusammenfassung 

Reversible posttranslationelle Modifikationen spielen eine wichtige Rolle in der Regulation 

zentraler Prozesse in bakteriellen Zellen. Insbesondere die Phosphorylierung von Proteinen kann 

beispielsweise Signaltransduktionsprozesse beeinflussen und eine differenzierte Reaktion der 

Zelle auf Stress und Umweltbedingungen ermöglichen. So ist zum Beispiel der humanpathogene 

Organismus Staphylococcus aureus in der Lage, sich an die veränderten Bedingungen während 

der Besiedlung des menschlichen Wirtes anzupassen. Aus diesem Grund ermöglicht die 

Untersuchung von Phosphorylierungen in S. aureus ein besseres Verständnis der 

Pathophysiologie und Virulenz dieses Organismus. Neben dem Wissen über relativ stabile 

Phosphorylierungen an den Aminosäuren Serin, Threonin und Tyrosin gewinnen dabei vor allem 

Erkenntnisse über energiereichere Phosphorylierungen, beispielsweise an Argininen, eine immer 

größere wissenschaftliche Aufmerksamkeit. Ein Ziel dieser Arbeit war es daher, Vorkommen und 

biologische Relevanz dieser Proteinmodifikation im globalen Maßstab zu untersuchen. 

Es gelang in einem ersten Schritt, die Analyse dieser Modifikation methodisch zu optimieren und 

daraufhin acht Argininphosphorylierungen im Wildtyp S. aureus COL zu identifizieren. In einem 

zweiten Schritt wurde eine Deletionsmutante analysiert, deren fehlendes Gen ptpB für eine 

Argininphosphatase codiert. Die Charakterisierung dieses Enzyms in vitro bewies dessen Aktivität 

und Spezifität in Bezug auf Phosphorylierungen an Argininresten und ermöglichte im weiteren 

Verlauf die globale Analyse des Phosphoproteoms mit dem Fokus auf 

Argininphosphorylierungen. Neben der Optimierung der Phosphopeptidanreicherung als Teil der 

Probenvorbereitung wurde im Zuge dieser Analyse auch die Datenauswertung an die 
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Herausforderungen der energiereichen Phosphorylierungen angepasst. Hierzu wurde die 

klassische Datenbanksuche um eine Analyse mittels Spektrenbibliotheken erweitert. Zur 

Vorbereitung der Konstruktion dieser Bibliotheken wurden von der Firma Pepscan 39 an einem 

Arginin phosphorylierte Peptide synthetisiert, die zuvor durch massenspektrometrische Analyse 

als potentiell phosphoryliert identifiziert wurden. Mittels dieser synthetischen Peptide konnten 

qualitativ hochwertige Massenspektren generiert sowie die datenbankgestützten 

Auswerteverfahren zur Sicherstellung der Datenqualität von Phosphospektren verifiziert werden.  

In einem weiteren Schritt wurde S. aureus COL in einer Vielzahl von Bedingungen kultiviert und 

die Analyse mehrerer subzellulärer Fraktionen dazu genutzt, eine möglichst große Abdeckung 

des Proteoms zu erreichen. Die Kombination aus den Spektren der oben genannten 

synthetischen Peptide, den Spektren der unphosphorylierten Peptide aus den umfangreichen 

Kultivierungsansätzen sowie den Spektren der angereicherten Phosphopeptide ermöglichte so 

schlussendlich die Konstruktion einer Spektrenbibliothek mit 2.270 Proteinen, von denen 392 an 

mindestens einem Peptid phosphoryliert sind. Ein Vergleich der datenbankgestützten Analyse 

mit der Analyse durch die erstellten Spektrenbibliotheken zeigte im weiteren Verlauf, dass für 

die Analyse von Argininphosphorylierungen die spektrenbibliotheksbasierte Analyse eindeutige 

Vorteile in Bezug auf die Reproduzierbarkeit innerhalb biologischer Replikate aufweist und somit 

eine zentrale Herausforderung in der Phosphoproteomik untersucht.  

Deswegen wurden diese Spektrenbibliotheken für eine Analyse des Phosphoproteoms von 

S. aureus unter Kontroll- und Stressbedingungen genutzt. So konnten in der Mutante 215 an 

einem Arginin phosphorylierte Peptide unter Kontrollbedingungen identifiziert werden und 117 

nach oxidativem Stress. Der oxidative Stress wurde hierbei nach Wachstumsstudien zur 
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phänotypischen Charakterisierung der Mutante ausgewählt, da diese Bedingung nach oxidativem 

Stress die deutlichsten Veränderungen im Vergleich zum Wildtyp aufwies. Diese phänotypischen 

Veränderungen konnten im letzten Teil dieser Arbeit auch quantitativ adressiert werden. Im Zuge 

einer Gesamtproteomquantifizierung von Wildtyp und Mutante unter Kontroll- und 

Stressbedingungen kristallisierte sich so ein Einfluss der ptpB Deletion auf den 

Aminosäurestoffwechsel, die oxidative Stressantwort und die Virulenz heraus. Die 

Quantifizierung von Phosphopeptiden mittels einer Kombination der 

spektrenbibliotheksbasierten Analyse mit einer Census-basierten Auswertung ermöglichte 

schließlich die Bestätigung der im Gesamtproteom gemachten Beobachtungen.  
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Summary 

Reversible posttranslational modifications play an important role during the regulation of many 

central processes in bacterial cells. Protein phosphorylation, in particular, can influence signal 

transduction processes and thus enables a distinct reaction of the cell to different stress and 

environmental conditions. In the case of the human pathogen Staphylococcus aureus, protein 

phosphorylation is involved in the adaptation to changing conditions during colonisation of 

human hosts. For this reason, the investigation of phosphorylations in S. aureus allows a better 

understanding of pathophysiology and virulence of this organism. Apart from stable 

phosphorylations at the amino acids serine, threonine and tyrosine, insights into energy-rich 

phosphorylations, for instance at arginine residues, gain more and more scientific attention. For 

this reason, one purpose of this study was the investigation of incidence and physiological 

relevance of this protein modification at a global scale. 

Firstly, the analysis of this modification was methodically optimised resulting in the identification 

of eight arginine phosphorylations in wild type cells of S. aureus COL. Secondly, the deletion 

mutant ΔptpB missing the gene that codes for an arginine phosphatase, was analysed. The 

characterisation of PtpB in vitro proved its activity and specificity towards arginine 

phosphorylations. This enabled the global analysis of the phosphoproteome with a focus on 

arginine phosphorylations. In addition to the optimisation of the phosphopeptide enrichment as 

part of the sample preparation, the data analysis process was adapted to the special challenges 

of energy-rich phosphorylations. Here, classical database search was extended by spectral library 

based analyses. In order to prepare the construction of these libraries, the company Pepscan 
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synthesised 39 arginine phosphorylated peptides, which were previously identified via mass 

spectrometry as being putatively phosphorylated. These synthetic peptides allow the generation 

of high quality mass spectra and the verification of database based evaluation strategies to 

ensure the quality of the phosphospectra.  

Next, S. aureus COL was cultivated under various conditions and several subcellular fractions 

were analysed with the aim to cover a broad part of the proteome. The combination of the 

spectra of synthetic peptides, the spectra of non-phosphorylated peptides from extensive 

cultivation experiments and the spectra of enriched phosphopeptides rendered the construction 

of a spectral library possible. This contained 2,270 proteins out of which 392 were found to be 

phosphorylated. A comparison of the database based analysis with spectral library based analysis 

showed the advantages of the latter when comparing the reproducibility of biological replicates. 

Thereby a permanent issue in phosphoproteomics was investigated. Hence, spectral libraries 

were used for the analysis of the phosphoproteome of S. aureus under control and stress 

conditions. 215 arginine phosphosites were identified within the mutant under control 

conditions and 117 under oxidative stress conditions. Oxidative stress was chosen because 

phenotypic characterisation of the mutant revealed that the most distinct growth changes in 

comparison with the wild type occurred after oxidative stress. These phenotypic changes were 

quantitatively approached in the last part of this work. Total proteome quantification of the wild 

type and mutant under control and stress conditions revealed an influence of the ptpB deletion 

on amino acid metabolism, oxidative stress response and virulence. The quantification of 

phosphopeptides by means of a combination of spectral library with Census based analysis finally 

confirmed the observations made during total proteome quantification.   
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1. Introduction 

1.1 Staphylococcus aureus 

Staphylococcus aureus is a facultative anaerobe Gram positive bacterium of the phylum 

Firmicutes. It is characterised by its yellow spherical shape and the habit of the cells to cling 

together like grapes in a tendril (Nour, Mastouri, and Nejma 2005). For this reason, its name is 

derived from the Greek words “σταφυλή” (“staphylé”) for “grape” and “κόκκος” (“kókkos”) for 

“berry” and the Latin word “aureus” for “golden” (Pelz et al. 2005). S. aureus is known as 

commensal of the human nose predominantly living in the anterior nares of approximately one 

third of the human population (Peacock, De Silva, and Lowy 2001). It has been shown that parts 

of the human population are continuously colonised whereas others carry S. aureus from time to 

time, with non-colonised interim periods, and some individuals never get infected (Wertheim et 

al. 2005). In most cases, this colonisation causes no symptoms and remains unobtrusive (van 

Belkum et al. 2009). Besides its commensal existence, S. aureus plays an important role as a 

human pathogen causing a plethora of different diseases. These range from minor skin infections 

to life-threatening illnesses. For example, S. aureus is known to cause osteomyelitis, endocarditis, 

pneumonia and sepsis (Tong et al. 2015). Pathogenicity and virulence, however, highly depend 

on the respective strain of S. aureus (Becker et al. 2007). Staphylococcal strains are subdivided 

into different clonal lineages according to multilocus sequence typing (MLST). Within this work, 

the strain S. aureus COL (Shafer and Iandolo 1979), part of the clonal complex 8, was used as a 

representative of methicillin resistant S. aureus (MRSA) strains (Barber 1961). MRSA, the 

resistance against the antibiotic methicillin, was first observed in 1961 and reflects a critical 
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complication during medical treatment of S. aureus infections: To be exact, only 2% of all 

S. aureus isolates are still sensitive to penicillin (McCallum, Berger-Bächi, and Senn 2010). In the 

case of MRSA strains, the bacteria are often resistant not only against the drug methicillin, but 

also against a high number of other antibiotics (Hiramatsu et al. 2001). Since the 1990’s, the 

instances of MRSA in hospitals have increased. Subsequently, health professionals have 

attempted to treat MRSA-infections with glycopeptide antibiotics like Vancomycin (Hessling et 

al. 2013). In 1997, the first resistance to glycopeptide antibiotics, named vancomycin-resistant 

Staphylococcus aureus (VRSA) (Sievert et al. 2008; Wijesekara et al. 2017) was reported. This 

demonstrates that spreading antibiotic resistances pose a major challenge to the medical 

community (Calfee 2017). Antibiotic resistance in general occurs on pathogenic islands or 

bacteriophages, among others, which therefore constitute an important group within 

staphylococcal virulence factors. Furthermore, pathogenicity and virulence are determined by 

several other groups of virulence factors like adhesins, invasins, antigens or exotoxins (Bonar, 

Wójcik, and Wladyka 2015). Besides these direct virulence factors, the ability to adapt to stress 

situations during infection and colonisation is crucial for staphylococcal virulence (Depke et al. 

2015). The main causes of stress are caused by the host’s immune system or the altered 

environmental conditions within the host (Flannagan, Heit, and Heinrichs 2015). One of the most 

important stress situations S. aureus has to cope with is oxidative stress, that is, hydrogen 

peroxide produced by human neutrophils. During the Fenton reaction, hydrogen peroxide causes 

the formation of hydroxyl radicals, a reactive oxygen species (ROS) damaging DNA, proteins and 

lipids (Wolf et al. 2008). Additionally staphylococcal cells have to cope with iron limitation 

(Hempel et al. 2011), nitrosative stress (article I), competitive bacteria like Pseudomonas 
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aeruginosa (Siryaporn et al. 2015), the presence of antimicrobial agents (Kawada-Matsuo et al. 

2011) or antibiotics (Dancer 2008).  

1.2 Proteomics and phosphoproteomics 

Proteins are key players within the bacterial physiology. With the sequencing of the 

staphylococcal genome in 2001, research approached the question which proteins the 

staphylococcal cell is theoretically able to express (Kuroda et al. 2001). Yet, only the proteome 

precisely describes the entire set of proteins expressed by a certain organism at a defined time 

point and at specific environmental conditions thereby shedding light to the information which 

proteins can truly be found in a staphylococcal cell competing oxidative stress (Hecker et al. 

2010). The proteome comprises of not only the pure peptide sequence of a protein which could 

have derived from the analysis of the cell’s genome, but also includes posttranslational 

modifications (PTMs). These PTMs range from the addition of functional groups like 

phosphorylation and acetylation up to the formation of disulfide bonds or proteolytic cleavages 

and therefore multiply the number of functional protein isoforms (Figure 1).  
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Figure 1: Excerpt of the diversity of posttranslational modifications 

The figure displays the protein PtpB as random example for cytosolic proteins which can be modified by different 

PTMs. The protein is modelled with SWISS-model and structural information was extracted from the Protein Data 

Bank.   

 

In the case of phosphorylations, the addition of the negatively charged phosphate moiety can 

significantly influence protein structure and therefore greatly impacts protein conformation, 

stability and activity (Johnson and Barford 1993). One important bacterial stress adaptation are 

signal transduction processes, sensing the stress inducer and mediating the cellular response by 

reversible protein phosphorylation (Hoch 2000). The investigation of phosphorylations therefore 

enables research on bacterial physiology and virulence (Derouiche, Cousin, and Mijakovic 2012). 
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Hence, the analysis of phosphoproteins of human pathogens benefits from the understanding of 

phosphorylation processes during stress adaptation and pathogenesis.  

During reversible protein phosphorylation, phosphate moieties are introduced at different amino 

acid residues. In addition to lower energy phosphate ester bonds formed during phosphorylation 

at serine, threonine or tyrosine residues (Ohlsen and Donat 2010), higher level energetic bonds 

appear between glutamic and aspartic acid residues (phosphoanhydride bonds) (Shankar et al. 

2015), cysteine residues (thioester bounds) (Sun et al. 2012) and arginine, lysine and histidine 

residues (phosphoamidate bonds) (Elsholz et al. 2012; Potel et al. 2018). Protein-N-

phosphorylation at arginine residues plays a special role as it belongs to the group of energy-rich 

phosphorylations, but still remains examinable by proteomic techniques (Sickmann and Meyer 

2001). Up to now, several methods exist to explore phosphorylated residues: Phosphoproteins 

are isolated by 2D gels which are stained first with phosphor-specific dyes followed by staining 

for total protein amounts (Eymann et al. 2007). The overlap of the gel images then enables 

reliable phosphoprotein identification and quantification based on these 2D gels (Hentschker et 

al. 2017). This approach relies on the two dimensional separation according to the isoelectric 

point and to the molecular weight of the respective proteins as established by O’Farrell et al. 

(O’Farrell 1975). While the first dimension separates proteins by means of immobilised pH 

gradient (IPG) stripes, the second dimension leverages sodium dodecyl sulfate masked protein 

migration through a polyacrylamide matrix (SDS-PAGE = sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis). This separation technique leads to the visualisation of approximately 40% 

of all predicted proteins of S. aureus. One of the major advantages of this technique is its ability 

to separate different protein isoforms which makes this method particularly useful for the 
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analysis of posttranslational modifications influencing the isoelectric point of the protein (Görg, 

Weiss, and Dunn 2004). In the case of phosphoproteins, this separation technique is 

complemented by the use of the phospho-sensitive dye Pro-Q Diamond hazarding the 

consequence of labile phosphate moiety loss under the commonly applied harsh preparation 

conditions (Agrawal and Thelen 2005). After phospho-sensitive Pro-Q Diamond (Thermo Fisher 

Scientific, Waltham, USA) staining, the 2D gels undergo total protein staining with Flamingo 

Fluorescent Gel Stain (Biorad Laboratories, Hercules, USA) resulting in two fluorescence signals 

amenable to quantitative interpretation. As Pro-Q Diamond does not exclusively stain 

phosphoproteins, but also high abundant non-phosphorylated proteins, corresponding 

fluorescence signals of the two stainings permit the production of warped dual channel images. 

However, this nonspecific staining results in the need for a calculation of the ratio between Pro-Q 

Diamond and Flamingo Fluorescent Gel Stain. This ratio leads to a Gaussian-like distribution with 

putative phosphorylated proteins on the outside of this distribution (Eymann et al. 2007). As a 

consequence, identification and relative quantification of phosphoproteins by means of Pro-Q 

Diamond staining is possible.  

Further, the use of antibodies for immunoblots (Grønborg et al. 2002), radioactive labelling with 

[γ-32P] (Kang et al. 1997) or techniques based on selective enrichment of phosphopeptides by 

affinity chromatography also allow the analysis of phosphorylations. Within the latter, the most 

common methods comprise the use of metals like iron (IMAC = immobilised metal affinity 

chromatography) (Villén and Gygi 2008) or metal oxides like titanium dioxide as stationary phases 

(Larsen 2005). Here, the TiO2 based enrichment relies on the adsorption of organic phosphates 

on titanium. Owing to the relatively high stability of the transition states, phosphopeptides are 
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retained and selectively enriched before alkaline conditions enable the desorption of the 

peptides. With the use of these techniques, the phosphoproteomes of different organisms like 

Bacillus subtilis (Maček et al. 2007), Escherichia coli (Maček et al. 2008) or Streptococcus 

pneumoniae (Sun et al. 2010) were characterised in former studies, in the case of B. subtilis even 

with phosphorylations at arginine residues (Elsholz et al. 2012).  

As the analysis of arginine phosphorylations has to take into account the reduced stability of 

phosphoamidate bonds (Sickmann and Meyer 2001), only a limited number of techniques reliably 

identify and quantify these phosphorylations (Schmidt et al. 2014). In particular, the 

destabilisation of the phosphoamidate bond by the protonation of the nitrogen (Fuhrmann, 

Clancy, and Thompson 2015) results in a low stability of arginine phosphorylations under acidic 

conditions (Schmidt, Ammerer, and Mechtler 2013) and on hot alkali (Cieśla, Frączyk, and Rode 

2011). This was considered in recent studies by the construction of anti-phosphoarginine-specific 

antibodies. Phosphonate and sulfonate amidines were reported to mimic phosphorylated 

arginine residues thus enabling their use as haptens to develop specific antibodies (Fuhrmann, 

Subramanian, and Thompson 2015). In addition, the development of a phosphatase trap mutant 

in B. subtilis resulted the exclusive binding of its arginine phosphorylated substrates. The 

substitution of C9A within the arginine phosphatase YwlE consequently prevents subsequent 

substrate catalysis (Trentini et al. 2014). While both techniques so far are merely established for 

B. subtilis, they selectively enrich arginine phosphorylations. In the case of the trap mutant, only 

the targets of YwlE are captured, thereby hampering the detection of other stable or labile 

phosphorylations. Beyond that, an adaptation of the classical TiO2-based enrichment technique 

is able to account for phosphoarginine-specific challenges by considering suitable incubation 
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times, temperatures and pH values as well as analytical challenges appertaining to all types of 

phosphorylations. More precisely, bacterial phosphoproteins are often of low abundance and 

the number of phosphorylated amino acids or peptides within a certain protein is often much 

lower than the corresponding number of non-phosphorylated counterparts. Furthermore, the 

physicochemical properties of phosphopeptides are highly influenced by the effect of the 

additional negative charge on the experimental behaviour of phosphorylated peptides. In 

particular, phosphate moieties challenge binding and retention capacities during 

chromatographic separation and peptide ionisation during mass spectrometric analyses (Mann 

et al. 2002).  

1.3 Mass spectrometry  

Due to the development of soft ionisation techniques like electrospray ionisation (ESI) or matrix 

assisted laser desorption ionisation (MALDI), mass spectrometry evolved as a central method in 

proteomic analyses (Fenn 2002). Within classical proteomic experiments, tryptic digested protein 

extracts resulting in chromatographically distinguishable peptide mixtures are ionised, 

fragmented and analysed by different mass spectrometric approaches. In the case of the so called 

Orbitrap mass spectrometers, chromatographically separated and ionised precursor ions of 

peptides are analysed in an ion trap mass analyser which consists of two electrodes in the form 

of a coaxial inner spindle and an outer barrel. Ions are trapped and detected according to their 

specific oscillation motion around the spindle-like central electrode. This allows for the 

decomposition of the frequency of the oscillation equation in mass to charge ratios by Fourier 

transform (Makarov et al. 2006; Zubarev and Makarov 2013). After the analysis of the intact 
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precursor ions during full scan mode, fragmentation techniques like collision-induced 

dissociation (CID), higher energy collision dissociation (HCD) or electron transfer dissociation 

(ETD) access different chemical bonds within the peptide resulting in specific fragment ion types 

for each technique. This in turn allows the identification of the fragment ions in MSn modes. In 

the case of CID, neutral gas atoms collide with precursor ions resulting in a predominant break 

of the peptide backbone producing b- and y-ions (Jones and Cooper 2011). For HCD, higher 

activation energies and shorter activation times still lead to the production of b- and y-ions, but 

in a milder way favouring labile phosphorylations (Olsen et al. 2007). Notably, site-specific 

identification of phosphate carrying residues is still retrenched by the neutral losses of phosphate 

groups (Nagaraj et al. 2010). In order to conserve the phosphoester or phosphoamidate bond, 

fragmentation by ETD elicited. In this case, the transfer of an electron results in the break of 

sidechain bonds forming c- and z-ions which still contain the phosphor-amino acid-bond (Syka et 

al. 2004). Peptide identification with this fragmentation technique is impaired by the formation 

of nearly unreactive charge reduced precursor ions of doubly charged precursors though. This is 

the reason why the recently developed technique electron transfer/higher energy collision 

dissociation (EThcD) combines the advantages of HCD and ETD fragmentation favouring the 

identification of the sequence as well as the phosphosite of the peptide (Hauser, Penkert, and 

Hackenberger 2017). Within this fragmentation technique, the reaction time with the 

fluoranthene during ETD-based MS2 fragmentation and the collision energy of the HCD-based 

supplemental activation can be optimised to enable high fragment ion coverages concurrently 

with sufficient detection of ions still bearing the phosphate group (Penkert et al. 2017).  
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For all MS-based techniques, the measuring parameters are not the only challenge though. The 

identification of phosphate groups is thwarted by their irreversible surface adhesion and ion 

suppression effects during mass spectrometric measurements (Mann et al. 2002). Finally, LC-

MS/MS approaches result in the identification of mass spectra which are subsequently analysed 

by classical database searches. This implies the comparison of experimentally identified mass 

spectra with an in situ digest of a database containing all theoretical proteins of the respective 

organism. On a computational basis, theoretical spectra considering enzymatic specificities and 

modifications are created. Thereby, the identification of unknown mass spectra or peptides is 

possible, but compromised by complex backgrounds and missing information about 

experimentally observable fragment ion intensities. Furthermore, typical spectral features like 

unconsidered neutral losses or unknown, but peptide specific peaks decrease the identification 

scores of the respective calculation software (Refsgaard, Munk, and Jensen 2016). In contrast, 

experimentally generated spectra can be stored in a spectral library which merges all spectra of 

the respective peptide into typical consensus spectra (Lam et al. 2007). Consensus spectra sum 

up recurrent peaks which are assumed to belong to the respective peptide and downgrade singly 

occurring peaks by diminishing their calculated intensity according to the number of spectra 

participating in consensus formation. This way, information on each peptide is stored within the 

library with a spectrum containing all typical peptide-specific peaks. This consensus spectrum is 

therefore more similar to the observed spectrum than the theoretically calculated spectrum 

during database search. Yet consensus spectra are restricted to known peptide sequences. 

Therefore, inevitably preceding database searches are prerequisites to construct spectral 

libraries.  
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Next to qualitative information about protein and phosphosite identifications, the analysis of 

protein amounts is necessary to get reliable information of bacterial processes. In the last years, 

a high number of different quantification methods evolved. Quantification techniques are 

divided into label-free and label-based methods. Label-free techniques like area under the curve 

(AUC) or label-free quantification (LFQ) benefit from low additional costs or experimental steps 

hazarding the consequence of a high dependence from the reproducibility of technical replicates 

(Bantscheff et al. 2012). On the contrary, label-based approaches benefit from higher robustness 

towards biological variance. As phosphoproteome analysis always encounter limited 

reproducibility, they are more often analysed by label-based approaches. Within the introduced 

labels, the nature of the label and the level of labelling (protein or peptide level) separate the 

methods into metabolic and chemical labelling techniques (Gygi 2000). Metabolic labelling 

techniques benefit from the early introduction of the label which reduces the chance of systemic 

errors during further sample preparation affecting labelled or unlabelled samples differently. 

Besides total protein labelling obtained by the labelling of all nitrogen atoms with 15N (Dreisbach 

et al. 2008), stable isotope labelling by amino acids in cell culture (SILAC) is suitable for 

auxotrophic organisms like S. aureus, which specifically incorporate 13C-labelled arginine and 

lysine residues resulting in heavy and light tryptic peptide peak pairs used for quantification on 

MS1 level (Ong and Mann 2006). 

This study therefore aimed to analyse arginine phosphorylations by considering the different 

analytical challenges resulting in the combination of CID and HCD as fragmentation techniques 

and database as well as spectral library search as data analysis workflow. This combination finally 
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allowed the SILAC-based quantitative analysis of global impact and physiological relevance of 

protein arginine phosphorylation in S. aureus.       
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2. The phosphoproteome and its physiological 

dynamics in Staphylococcus aureus (Article I) 

Within this study, Katrin Bäsell reports the combination of two complementary workflows for the 

analysis of the global phosphoproteome of S. aureus COL under four different stress and 

starvation conditions. Whilst the 2D gel-based approach solely renders the investigation of 

phosphate esters on serine, threonine and tyrosine possible, a second issue of this study was to 

indicate that the gel-free approach additionally renders arginine phosphorylations amenable.  

The compatibility of phosphor-specific 2D gel staining and subsequent total protein staining with 

mass spectrometric applications was used to analyse the soluble phosphoproteome of S. aureus 

COL under four different stress and starvation conditions resulting in the identification of a 

plethora of phosphorylation sites partially involving proteins related to staphylococcal 

pathogenicity and virulence. To further enhance the amount of identifiable proteins and to 

exploit the power of 2D gels in separating protein isoforms, IPG stripes with a narrower pH range 

from 4.5 to 5.5 were deployed. With this, 36 proteins with at least two different isoforms were 

reported. During LC-MS/MS analysis following in-gel tryptic digestion of putatively 

phosphorylated protein spots, the use of parent mass lists prevailed in the identification of 

additional phosphopeptides. In total, the phosphosite was assigned in approximately 25% of all 

excised protein spots.  

To account for the low overlap between gel-based and gel-free phosphosite identifications and 

to enhance the number of identified phosphosites in S. aureus, K. Bäsell complemented gel-

based approaches by the use of the gel-free, site-specific TiO2 based enrichment method of 
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Maček et al. (Maček, Mann, and Olsen 2009). This benefits from differently addressed 

physicochemical properties enabling the additional identification of 49 phosphorylation sites.  

As a result, 103 putatively phosphorylated proteins with 68 verified phosphorylation sites were 

reported. Consequently, functional classification of all phosphorylated proteins revealed their 

prevalence in 15 different groups of cellular processes which is in accordance to the distribution 

of phosphorylations in other bacterial studies (Maček et al. 2008, 2007; Schmidl et al. 2010). 

Former studies already exhibited potential roles of phosphorylations for the regulation of 

bacterial pathogenicity and virulence (Truong-Bolduc, Ding, and Hooper 2008). Her experiments 

therefore specifically examined the fructose-1,6-bisphosphate aldolase FbaA and the elastin-

binding protein EbpS also containing arginine phosphorylations as shown in later studies 

(article II). The evidence for the fructose-1,6-bisphosphate aldolase FbaA class II as a potential 

new target for antimicrobial therapy is growing because of its exclusive prevalence in 

microorganisms (Daher et al. 2010). Next to the identification of the conserved phosphorylation 

site T234 of FbaA, the substitution of trypsin by the V8 protease GluC additionally verified the 

conserved phosphosites S50 and T212. The cleavage after glutamate residues generates a 

different subset of digested peptides partly covering phosphosites which are otherwise 

precluded by virtue of enzymatic specificity. The digestion with alternate enzymes not always 

leads to unambiguous results considering the fact that the generation of easy detectable 

peptides highly depends on the cleavage site of the enzyme. Resulting distributions of the proton 

affinity limit its applicability.  

The role of staphylococcal phosphorylation events for the regulation of pathogenicity and 

virulence can further be disclosed by our identifications of the three phosphosites for the elastin 
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binding protein EbpS, S2, T64 and S128, all situated in the N-terminal extracellular stretch which 

was formerly supposed to be involved in elastin binding (Overton et al. 2011). In addition, the 

global transcriptional regulator SarA responsible for cell density-dependent control of the 

expression of virulence factors as well as biofilm processes was identified with two 

phosphorylation sites at S106 and S109 thereby complementing studies identifying SarA as a 

target of PknB, but leaving the phosphosites unidentified (Didier, Cozzone, and Duclos 2010). 

Phosphorylated SarA shows modified capability towards DNA binding elucidating the direct and 

powerful influence of phosphorylation events on the regulation of staphylococcal virulence.  

Thus, changes in the phosphoproteome pattern during cultivation under glucose starvation, 

diamide stress, NO stress and salt stress were investigated. All these conditions reflect different 

environmental challenges the cells have to cope with during infection of and living inside the 

host. As a result, ten differently expressed phosphorylation patterns were identified.  

Since a plethora of arginine phosphorylations was recently identified for the Gram positive 

bacterium B. subtilis (Elsholz et al. 2012), focus was laid on the analysis of S. aureus to prove 

existence of arginine phosphorylations in a second Gram positive organism. By analysing the wild 

type of S. aureus COL, this work contributed to the described study by identifying eight 

phosphorylations on arginine residues yielding first results which indicated a more general 

existence of this modification.  
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3. Spectral library based analysis of arginine 

phosphorylations in Staphylococcus aureus  

(Article II) 

The analysis of the phosphoproteome of S. aureus COL wild type cells identified a high number 

of phosphorylations on serine, threonine and tyrosine residues, but only eight phosphorylations 

on arginine residues have been verified (article I). As energy-rich phosphorylation, arginine 

phosphorylations might play a role in fast signal transduction processes resulting in high turnover 

rates and low stabilities under physiological conditions. To account for this issue, it is important 

to note that the enzyme types kinase and phosphatase are key players within this reversible 

protein regulation. Kinases introduce phosphate groups while phosphatases deplete proteins of 

their phosphate moieties (Mijakovic and Maček 2012). Hence to increase the number of 

phosphorylations within this study, putative arginine kinases and phosphatases had to be 

identified first. As B. subtilis is known to express the arginine kinase McsB and its counteracting 

phosphatase YwlE (Elsholz et al. 2012; Fuhrmann et al. 2009), homology studies suggested an 

arginine kinase activity for the putative ATP-guanido phosphotransferase SACOL0569 as 

homologue of McsB, which is known to be required for stress tolerance and virulence in vivo in 

S. aureus (Wozniak et al. 2012). For the same reasons, an additional arginine phosphatase or 

phosphotransferase activity was assumed for the low molecular weight phosphotyrosine protein 

phosphatase B (PtpB). This motivated S. Michalik to construct a deletion mutant which is devoid 

of the ptpB gene. As a consequence, the mutant should lack the ability to dephosphorylate 
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arginine phosphorylated proteins. The resulting peptide mixtures proved to contain a higher 

number of arginine phosphorylated peptides. In vitro studies using purified recombinant enzyme 

PtpB, which was prepared with the assistance of F. Morgenroth, verified phosphatase activity 

and enzymatic specificity towards arginine phosphorylations. Structural comparisons supported 

this observation as the catalytic site of PtpB is similar to tyrosine/arginine in contrast to the highly 

different catalytic sites of serine/threonine kinases. PtpB is one of the two low-molecular-mass 

protein phosphatases in S. aureus whose eukaryotic-protein-like structure is actually more 

common for Gram-negative bacteria (Soulat et al. 2002). Nevertheless, in vitro studies using 

phosphotyrosine as well as phosphothreonine and phosphoserine substrates proved its catalytic 

function and specificity towards phosphotyrosine residues (Mukherjee, Dhar, and Das 2009). To 

further prove its phosphoarginine specific activity, the gene was fused to a Strep-tag, cloned into 

an adapted pRSET plasmid (pRSETwow, in house derivation of pRSET A for Strep-tag applications) 

and overexpressed in Escherichia coli BL21(DE3)pLysS. This strain is well suited for overexpression 

as its main protease Lon is deleted, the T7 RNA polymerase promoter necessary for transcription 

of the ptpB gene is part of the bacterial chromosome and it contains the gene for the 

chloramphenicol acetyltransferase necessary for antibiotic selection. PtpB was expressed by 

IPTG-triggered induction and afterwards purified via its Strep-tag. To test enzymatic activity and 

specificity, we decided for the measurement of the enzymatic release of inorganic phosphate as 

part of a molybdate:malachite green:phosphate complex-based optical assay (Itaya and Ui 1966). 

This assay was modified to take into account the specific challenges of labile arginine 

phosphorylations as well as the presence of phosphatase inhibitors. Enzymatic specificity was 

then determined using synthetic peptides of the same sequence either phosphorylated at 
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arginine or adjacent serine or threonine residues. In addition, phosphatase activity was revealed 

during incubation of in vitro PtpB with a digested mixture of staphylococcal cell lysate.  

The analysis of arginine phosphorylated peptides out of complex proteomic samples is 

challenged by the comparably low abundance of phosphopeptides within cytosolic cell extracts 

and by the lower stability of protein-N-phosphorylations. Its chemical properties under acidic 

conditions as well as its reduced half-life especially at higher temperatures, longer incubation 

times or after freezing steps encouraged us to modify the gel-free and site-specific TiO2 based 

enrichment protocol of Olsen and Maček to specifically address phosphoamidates (Olsen and 

Maček 2009). These variations primarily comprised the adaptation of pH values, incubation times 

and temperatures of all critical solutions towards mild enrichment conditions. During evaluation 

of this method, we specifically considered the stability of arginine phosphorylated peptides at 

room temperature as well as binding, retention and conversion capacity of TiO2 and its associated 

C8 material.  It has been shown that physicochemical properties of arginine phosphorylated 

peptides highly depend on the sequence of the peptide as well as on the nature of the amino 

acids adjacent to the phosphorylation. To test the applicability of the modified protocol for a 

broad range of peptides, the selected subset of five synthetic arginine phosphorylated peptides 

covered a wide range of different molecular weights, different chemical properties of adjacent 

amino acids and different chromatographic retention times. For the enrichment, the peptides 

were added in different dimensions of peptide concentration obviating possible autointeraction 

due to high peptide concentration as well as unspecific binding to unsaturated bead binding sites. 

Results revealed a significant dephosphorylation after prolonged incubation times under room 

temperature, but otherwise proved sufficient binding and recovering qualities of C8 material and 
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TiO2 beads. Afterwards, applicability of the modified method to complex cell lysates was 

demonstrated by comparing one sample of exponentially growing staphylococcal cells divided 

into two aliquots, each prepared according to either the original or the adapted method.  

Despite the high prevalence of labile phosphorylations in bacterial cells (Potel et al. 2018), the 

analysis of the respective phosphospectra involves special challenges due to the higher 

complexity of the samples, prominent neutral losses of phosphate groups and increasing 

statistical challenges during site assignment of phosphorylations. Hereby, incorrect assignments 

or ambiguous identifications can result in phosphoshift issues. In need of elaborated data 

analysis, the use of synthetic peptides and spectral libraries was demonstrated to encounter 

these unmet challenges (Suni et al. 2015). It was therefore of utmost importance within this study 

to validate identified phosphorylation sites by manual inspection focusing on quality impeding 

spectral features like peak clusters or peaks near the signal to noise level. To promote more 

widespread use of this method, we implemented phosphospectra of sufficient quality in a 

spectral library. Besides spectra of peptides resulting from protein digests, spectra from 

measurements of chemically synthesised peptides were also used to construct spectral libraries. 

This combines the advantages of clear and reasonable, nearly perfect spectra of 39 synthetic 

peptides with typical features of spectra derived from experimentally digested peptide mixtures 

of bacterial cell lysates. To further improve usability and performance, a high number of non-

phosphorylated peptide identifications was additionally implemented for reasons of statistical 

background. During combination of phosphospectra originating from both synthetic and 

bacterial cell lysate peptides, the use of equal numbers of spectra of different origin sought to 

markedly improve the retrievability of phosphorylations subjected to spectral library search for 
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the construction of consensus spectra. Henceforth, these searches were filtered for either 

probability or for dot values, depending on their mass spectrometric fragmentation method. The 

historically older filter process is based on dot values, which comes along with some 

disadvantages: (i) The discrimination of peaks of different orders of intensity, (ii) the favouritism 

of peptide bond fragments and (iii) the missing judgement on mass shift discrepancies. 

Consequently, probability based filtering recently arose as a second possibility to filter spectral 

library search results (Griss 2016). Our study proved the feasibility of dot value based filtering of 

CID spectra, which can be explained by the omission of fix dot thresholds and the higher 

susceptibility of the available data for probability based filtering. On the other side, standard 

probability filtering was enabled for HCD searches.  

The improved data analysis workflow using combined spectral libraries finally increased the 

reproducibility within replicates hampered by variabilities during sample processing and the 

challenging spectral quality of phosphopeptides. Strikingly, spectral library search overcome 

these challenges in a better way than database searches (Figure 2).  
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Figure 2: Reproducibility between replicates  

The bar chart displays the comparison of database search and spectral library search in terms of reproducibility 

between four technical replicates. Expressed is the percentage number of phosphopeptides identified within the 

respective number of technical replicates.  

 

The application of this combined spectral library search to samples of exponentially growing cells 

of S. aureus COL ΔptpB subsequently comprised the reliable identification of 451 phosphosites, 

215 of them phosphorylated on arginine residues rendering this observation peculiar. Functional 

classification featured high distribution of arginine phosphorylations along a plethora of 

metabolic pathways and functional classes. Although energy metabolism or translation 

machinery dominated this pattern, the functional role of this modification has yet to be revealed. 

Moreover, the assessed prevalence of arginine phosphorylations within specific regulons 

suggested mounting evidence of its vital role for the regulation of cellular processes.  



28 

 

In summary, we demonstrated significant, but so far incompletely defined roles for arginine 

phosphorylations. Their proposed diversity within a high number of different functional groups 

of proteins encouraged our attempt to shed light on the physiological role of arginine 

phosphorylation by quantitative approaches.  
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4. Toward the quantitative characterization of arginine 

phosphorylations in Staphylococcus aureus  

(Article III) 

Qualitative analyses of arginine phosphorylations in S. aureus revealed its existence in a second 

Gram positive bacterium, apart from B. subtilis (Elsholz et al. 2012), but also its distribution along 

a plethora of different metabolic pathways and functional groups of proteins (article II). To 

decipher the global impact and the physiological role of arginine phosphorylations in this human 

pathogen and to reveal possible connections between arginine phosphorylation and bacterial 

stress response or virulence, mere qualitative analyses were not sufficient. It was therefore of 

particular interest to further analyse arginine phosphorylations in general and the proteome of 

the arginine phosphatase deletion mutant in particular using quantitative approaches. The 

objective of this study was therefore the establishment of a method suitable for reliable 

quantification of arginine phosphorylations and its application for quantitative analyses 

connecting the phenotypic characteristics of the ptpB deletion mutant with its proteome and 

phosphoproteome expression under control and stress conditions. A combination of SILAC-based 

quantification with spectral library based analysis finally allowed for the reliable quantification of 

arginine phosphorylations in the Gram positive human pathogen S. aureus.  

In a first step, the simple use of standard chemical defined medium (CDM) suitable for SILAC 

quantification did not lead to sufficient growth of mutant samples. In order to find a medium 

suitable for quantification, a high number of different growth conditions using additional 
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supplements were tested. Based on the observation that mutant cells did not show any 

phenotypic differences in comparison to wild type cells when cultivated in LB medium, we 

continued cultivation efforts by addition of small amounts of complex nutrients. Whereas 1% 

bovine serum albumin (BSA) only slightly ameliorated cellular growth, the addition of small 

amounts of LB, casein or casamino acids (CAS) enabled reproducible growth. The results of these 

growth studies indicated influences of ptpB deletion on the amino acid metabolism. 

Unfortunately, even the addition of very small amounts of CAS thwarted tenable incorporation 

rates for quantification. We therefore decided to use the medium RPMI-1640 for cultivation. The 

addition of supplements commonly used for cultivation in CDM eventually resulted in stable 

growth and reproducible proteome quantification of wild type and mutant cells. Normalised 

spectral abundance factor based quantification of technical and biological replicates resulted in 

sufficient average coefficients of determination and verified that reliable SILAC quantification is 

feasible with the cultivation in adapted RPMI-1640 medium.  

In addition, we cultivated wild type and ΔptpB deletion mutant under different stress and 

starvation conditions yielding first results which indicated growth effects after heat and oxidative 

stress. More precisely, most distinct growth differences were observed after cultivation with 

hydrogen peroxide stress. While higher concentrations of hydrogen peroxide lead to immediate 

growth arrest, even sublethal concentrations of hydrogen peroxide, 10 mmol/l respectively, 

resulted in significantly reduced bacterial growth. This was additionally confirmed by the 

determination of colony forming units 180 minutes after exposure to stress yielding to severely 

reduced survivability of mutant cells.   
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It was therefore of particular interest to compare the phosphoproteome of the ΔptpB deletion 

mutant under control and stress conditions in order to find possible connections between the 

changed phosphorylation pattern of the mutant and its reduced ability to cope with oxidative 

stress. As expected from former studies in B. subtilis, the mutant expressed lower numbers of 

phosphorylated proteins after oxidative stress. Hence the comparison of phosphopeptide 

identifications with total peptide identifications showed that the reduced identification of 

phosphopeptides is not based on reduced total peptide identifications. However, a small number 

of 29 proteins was found to be phosphorylated exclusively under oxidative stress conditions. 

Moreover, only some of the phosphoproteins exclusively identified under control conditions or 

under stress conditions could be connected to the oxidative stress response. Quantitative 

comparisons of total protein amounts between wild type and mutant as well as under control 

and stress conditions were therefore used to examine further differences induced by ptpB 

deletion. Subsequently, these experiments were used to construct extended spectral libraries 

now comprising 85% of the theoretical proteome of S. aureus with at least two unique peptides 

per protein.  

Proteins found with significant different amounts are predominantly involved in adaptation 

processes against oxidative stress, virulence expression or belong to the functional class of 

phosphate and amino acid metabolism (Figure 3).  
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Figure 3: Comparative proteome quantification under control conditions 

The bubble chart shows the comparison of wild type and mutant under control conditions regarding all significantly 

regulated proteins with at least twofold lower ratios in mutant samples. Each bubble symbolises a functional group 

of proteins. The position of the bubble reflects the percentage number of quantified proteins belonging to the 

respective functional group. The bubble’s diameter expresses the average ratio difference between wild type and 

mutant. The amino acid biosynthesis pathway is highlighted in red because it contains the highest percentage number 

of quantified proteins as well as the highest average ratio difference between wild type and mutant.  

 

As arginine phosphorylation is supposed to be part of signal transduction processes, the 

interruption of downstream signalling pathways might simulate the cells a lack of phosphate. The 

cells in turn try to compensate this by the upregulation of proteins belonging to the phosphate 

metabolism.  
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To decipher the possible role of arginine phosphorylation on amino acid metabolism and 

virulence expression, effects on the different regulator proteins and their respective regulons 

were investigated. In this regard, distinct differences within PerR and CtsR regulons asserted the 

observation that mutant cells already express an oxidative stress response under control 

conditions and might therefore lack the ability to adapt to true hydrogen peroxide stress as well 

as wild type cells. Furthermore, regulon analyses connected ptpB deletion to staphylococcal 

pathogenicity influencing several regulons which are connected to the expression of virulence 

factors. More specifically, most effects were observed for the regulons of MgrA, CodY and GraRS, 

together with considerable influences on the stringent control of staphylococcal cells.  

In a last step, this study therefore aimed to establish a method to quantify phosphopeptides in 

general and arginine phosphorylations in particular. For this purpose, wild type and mutant cells 

were cultivated in adapted RPMI-1640 medium tested as suitable for SILAC quantification. The 

mixture of labelled sample and unlabelled standard was then subjected to phosphopeptide 

enrichment with TiO2 beads and mass spectrometric analyses. To leverage the advantages of 

spectral library based searches, the combined spectral library was then used together with 

Census based quantification. Consequently, peptide identification results of the spectral library 

search were subjected anon to Census leading to the quantification of 161 phosphopeptides in 

total out of which 81 were found in at least two biological replicates. Functional classification of 

these phosphorylations finally confirmed qualitative approaches resulting in the same most 

prominent groups which were shown to be affected during qualitative phosphoproteome as well 

as quantitative total proteome analyses.  
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ESI electrospray ionisation 

ETD electron transfer dissociation 

EThcD electron transfer/higher energy collision dissociation 

HCD higher energy collision dissociation 

IMAC immobilised metal affinity chromatography 

IPG immobilised pH gradient 

IPTG isopropyl-beta-D-thiogalactopyranosid 

LB lysogeny broth 

LC liquid chromatography 

LFQ label-free quantification 

MALDI matrix assisted laser desorption ionisation 

MRSA methicillin resistant Staphylococcus aureus 

MS mass spectrometry 
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S. aureus Staphylococcus aureus 
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Phosphorylation  events on  proteins during  growth and  stress/starvation  can  represent  crucial  regulation

processes inside the  bacterial  cell.  Therefore,  serine, threonine  and  tyrosine  phosphorylation  patterns

were  analyzed  by  two  powerful  complementary  proteomic  methods for the  human  pathogen  Staphy-

lococcus  aureus.  Using  2D-gel analysis  with  a phosphosensitive  stain  (Pro-Q Diamond)  and  gel-free

titanium  dioxide based  phosphopeptide enrichment,  103 putative  phosphorylated  proteins  with suc-

cessfully  mapped 68 different phosphorylation  sites were  found  in  the  soluble proteome of S. aureus.

Additionally,  in a proof  of concept study,  8 proteins  phosphorylated  on arginine residues have  been iden-

tified.  Most  important for  functional  analyses  of S. aureus, proteins  related  to pathogenicity  and virulence

were  found  to be  phosphorylated:  the  virulence regulator SarA,  the  potential  antimicrobial  target  FbaA

and  the  elastin-binding  protein  EbpS.  Besides  newly  identified phosphorylation  sites we compared  our

dataset with  existing  data  from literature  and  subsequent experiments  revealed  additional  phosphoryla-

tion  events  on highly conserved  localizations in FbaA.  Differential analysis  of phosphorylation  signals  on

the  2D-gels  showed  significant  changes in phosphorylation  under  different  physiological  conditions for

10 proteins.  Among  these,  we were  able to  detect newly  appearing signals for  phosphorylated  isoforms

of FdaB  and HchA under  nitrosative stress  conditions.

© 2013 Elsevier GmbH. All rights reserved.

Introduction

Continuously changing stress and starvation conditions in

their natural habitats have maintained an evolutionary pressure

for bacteria toward the development of complex adaptational

networks. For pathogenic bacteria, not only nutrient availability

and physico-chemical parameters of their environment, but also

host defense mechanisms are of importance and elicit adaptive

and immune evasion responses. Deeper insights into these adap-

tive and evasive strategies are crucial for understanding microbial

physiology in the host in  general and pathogenicity in particular

(Flannagan et  al., 2009).

Abbreviations: HCD, higher C-trap dissociation; MAHMA  NONOate, 6-

(2-hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-hexanamine; SCX, strong

cation exchange chromatography; S/T/Y, serine/threonine/tyrosine; TE, Tris–EDTA

(ethylenediaminetetraacetic acid) buffer.
∗ Corresponding author.

E-mail address: dbecher@uni-greifswald.de (D. Becher).

Regulatory proteins and hence the regulatory networks are

often modulated by post translational modifications like phosphor-

ylation and dephosphorylation events (Mijakovic and Macek, 2012;

Ohlsen and Donat, 2010). Due to  the negative charge, phosphory-

lation may  trigger protein activation, inactivation and degradation

by reorganization of the protein structure (Johnson and Barford,

1993). This modulation of protein activity is found in different

processes such as stress responses, central carbon metabolism

and cell growth, as well as in  virulence of bacterial pathogens

(Eymann et al., 2007; Madec et al., 2002; Truong-Bolduc et al.,

2008). Regarding pathogenic processes, phosphorylation events

play an important role in cell–cell interaction and adherence, inva-

sion of bacterial infectors into host cells and changes in host

cellular structure and function (Chao et al., 2010; Schmidl et al.,

2010).

In  the last years knowledge on protein phosphorylation has been

gained in large-scale studies for a  wide range of bacteria rendering

insights into putative regulatory sites of post translational modi-

fication including phosphorylation. Whilst the first studies merely

focused on phosphorylation of histidine and aspartate residues in

two-component systems (Hoch, 2000)  and of histidine residues

1438-4221/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
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playing a key role in regulation of the phosphotransferase sys-

tem (Deutscher et al., 2006), phosphoproteome studies targeting

Ser/Thr/Tyr kinases (STYKs) and phosphatases were conducted not

until the post-genome era. More recently, it has been proven that

also phosphorylation of arginine residues plays a  role in biological

regulation and is accessible by current analytical methods (Elsholz

et al., 2012; Fuhrmann et al., 2009; Ge and Shan, 2011; Macek and

Mijakovic, 2011; Pereira et al., 2011).

Among virulent bacteria, Staphylococcus aureus is a  major threat

as a human pathogen due to  its dominant role in nosocomial

infections worldwide. Spreading antibiotic resistances and the

ineffectiveness of current antibiotic treatment strategies for S.

aureus (Otto, 2010) urgently require global investigations on path-

ogenicity and its regulation (Reyes et al., 2011; Young et al.,

2012).

Proteins that are regarded as major determinants of pathogen-

icity for S. aureus are found mainly to  be secreted and/or cell-wall

associated (Bronner et al., 2004; Cheung et al., 2004). Here, expres-

sion and targeting is closely coupled to growth phase and inducing

stimuli. Accordingly, regulation of virulence is  tightly controlled by

different transcription factors leading to  the activation or repres-

sion of complete regulons (Cheung et al., 2008; Jelsbak et al., 2010;

Mekalanos, 1992).

First studies on protein phosphorylation events involved in bac-

terial virulence focused on two component systems functioning as

switches for regulons specific for the effectors of pathogenicity.

Regulation of these systems is  mainly characterized on molecu-

lar level by phosphorylation/dephosphorylation events on histidine

and aspartate residues (Delaune et al., 2012; Dubrac and Msadek,

2004; Fournier and Hooper, 2000; Giraudo et al., 1999; Lina et al.,

1998; Yarwood et al., 2001).

Later, the role of S/T/Y-phosphorylation events in  S. aureus

leading to altered virulence gained attention. Here, an important

example of phosphorylation-mediated regulation is the global reg-

ulator MgrA that is  controlled by the eukaryotic-like protein kinase

PknB. Post translational modification of MgrA is  a  key event in  the

control of expression of efflux pumps involved in  drug resistance

(Truong-Bolduc and Hooper, 2010; Truong-Bolduc et al., 2008).

Furthermore, PknB was shown to be important for the resistance

against a large range of antibiotics and for the full expression of

virulence in S. aureus (Debarbouille et al., 2009).

As protein phosphorylation is assumed to play a  major role

in regulation of infection-related processes, the present work

addresses phosphorylation patterns and its changes under different

physiological conditions in S.  aureus COL. To achieve this goal, we

combined complementary approaches and first visualized phos-

phorylation patterns on 2D-gels and determined phosphorylation

sites by mass spectrometry of excised and enzymatically digested

protein spots. Second, we selectively enriched phosphopeptides

without prior electrophoretical separation (gel-free) and analyzed

them by mass spectrometry.

Taken together, we could identify 108 phosphorylated proteins

with 76 different phosphorylation sites on serine, threonine, tyro-

sine and arginine residues. Furthermore, we followed changes in

phosphorylation patterns on the 2D-gels for four different stress

and starvation conditions. Furthermore, we  followed changes

in phosphorylation patterns on the 2D-gels for four different

stress and starvation conditions. We report phosphorylation of

proteins functioning as virulence factors or being regarded as

possible targets for antimicrobial therapy. Additionally, we  pro-

pose that these phosphorylation events are conserved within

prokaryotes. Most interestingly, our quantitative data suggest a

mechanism of swift regulation of metabolic fluxes by  protein

phosphorylation under nitrosative stress conditions to ensure

supply with energy and to ensure detoxification of metabolic by-

products.

Materials and methods

Bacterial strains and culture conditions

S. aureus COL (Shafer and Iandolo, 1979)  was  grown aerobically

at 37 ◦C with vigorous shaking in  synthetic medium (Gertz et al.,

1999)  with the following modifications: glycine and MOPS  were

omitted; all amino acids were added to a  final concentration of

1 mM.  Cultures for the gel-free approach targeting S/T/Y phospho-

rylations were grown aerobically to an optical density of 1.5–2.0 at

500 nm,  which corresponds to the late exponential and transient

growth phase. Cultures for the gel-free approach targeting argi-

nine phosphorylations were grown aerobically in  Luria Bertani (LB)

medium to an optical density of 0.5 at 540 nm,  which corresponds

to  the exponential growth phase.

Cell cultures were stressed at mid-log phase (OD500 = 0.5)

and samples were taken at three distinct time points (before

treatment, 15 min  and 45 min  after exposure to stress conditions).

NO stress experiments were performed according to Hochgräfe

et al. (Hochgräfe et al., 2008)  by adding MAHMA NONOate

[6-(2-hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-

hexanamine; Sigma] serving as a  NO donor to a  final concentration

of 500 �M (Hochgräfe et al., 2008). Salt stress was imposed by

addition of 8% NaCl (w/v) to the culture. The thiol-specific oxidant

diamide was  used at a concentration of 1 mM to trigger oxidative

stress. Glucose deprivation was  achieved by limiting glucose

concentration to  0.05% (w/v) causing a growth arrest at an optical

density of 0.9. Here, samples were taken at mid-exponential

phase (OD500 = 0.5), at the transition from exponential growth to

stationary phase and 3 h after transition. All experiments were

carried out in three biological replicates.

Sample preparation, 2D-PAGE, fluorescence staining, image

analysis and quantitation

The bacterial cells were harvested on ice, centrifuged (10 min,

8000 rpm, 4 ◦C) and washed three times with TE buffer. The cell pel-

lets were resuspended in  a  buffer containing 8  M urea/2 M  thiourea

and 10 mM NaF (as phosphatase inhibitor) and disrupted using

a  ribolyzer as described earlier (Becher et al., 2009). The soluble

protein fraction was  obtained by removal of the cell debris by cen-

trifugation and the protein concentration was determined using

Roti-Nanoquant (Roth, Karlsruhe, Germany). 2D-gel electrophore-

sis, phospho-staining (Pro-Q diamond, Invitrogen, Carlsbad, CA),

FlamingoTM fluorescent gel staining (Biorad, Hercules, CA)) and

picking of the 2D-gel spots were done according to Eymann et al.

(2007).  Image analysis, spot quantitation and determination of

putative phosphorylated spots were performed with DECODON

Delta2D 4.0 software (Decodon GmbH, Greifswald, Germany;

http://decodon.com).

Identification of proteins and phosphate containing peptides from

2D-gel approach by MS

The manually picked gel pieces were digested and prepared for

mass spectrometric analysis according to Schmidl et al. (2010).

LC–MS/MS analysis was carried out using a  nanoACQUITY UPLC

system (Waters, Milford, MA)  coupled online to  an LTQ Orbitrap XL

mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA).

Concentration and desalting of peptide samples was achieved by

using a trap column (Symmetry C18, 5 �m,  180 �m inner diame-

ter ×  20 mm,  Waters, Milford, MA)  with subsequent elution onto

an analytical column (BEH130 C18, 1.7 �m,  100 �m inner diame-

ter ×  100 mm,  Waters) by a  binary gradient of buffer A (0.1% (v/v)

acetic acid) and B (99.9% (v/v) acetonitrile, 0.1% (v/v) acetic acid)

over a period of 45 min  with a flow rate of 400 nl/min. The LTQ

http://decodon.com/
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Orbitrap XLTM was operated in  data-dependent MS/MS  mode.

The full scan was recorded in the Orbitrap analyzer at resolution

R = 60,000 with the lockmass option enabled (Olsen et al., 2005). For

the five most intense precursor ions collision induced dissociation

spectra in the LTQ analyzer were recorded. Multistage activation

(MSA) at −97.98, −48.99, −36.66 and −24.49 Thompson was  used

to enhance fragmentation for putative phosphate-group containing

ions in all MS/MS  events (Schroeder et al., 2004).

All acquired MS/MS  spectra in .dta format were searched

against a target-decoy database (5236 entries) including all pro-

tein sequences of S. aureus COL extracted from the National Center

for  Biotechnology Information (NCBI) bacteria genomes in addi-

tion to common contaminants and an appended set of the reversed

sequences created by  BioworksBrowser 3.2 EF2 (Elias and Gygi,

2007) using Sorcerer-SEQUEST (ThermoFinnigan, San Jose, CA; ver-

sion v.27, rev. 11). Peptide hits were filtered and consolidated to

proteins with Scaffold2 (version Scaffold 2 02 03, Proteome Soft-

ware Inc., Portland, OR). Mass tolerance for peptide identification

on  MS  and MS/MS  peaks were 10 ppm and 1 Da, respectively. Up to

two missed tryptic cleavages were allowed. Methionine oxidation

and cysteine carbamidomethylation, as well as phosphorylation at

serine, threonine or  tyrosine were set as variable modifications.

Proteins were identified by  at least two peptides with a  probability

score higher than 99.9%, which was assigned by the Protein Prophet

algorithm (Nesvizhskii et al., 2003). Phosphorylated peptides which

have a peptide probability score higher than 95.0% as specified by

the  Peptide Prophet algorithm (Keller et al., 2002) and fulfilled the

following criteria were accepted: (1) only phosphopeptides with six

or more amino acids residues were allowed; (2) b- or y-ion cover-

age confirmed the phosphorylation site. These spectra are  provided

in the Supplemental material S2.

Gel-free approach for mass spectrometric phosphopeptide

identification and determination of phosphorylation sites

For both S/T/Y and arginine detection of phosphopeptides

50 mg  protein of S. aureus were prepared for phosphopeptide

enrichment by using strong cation exchange (SCX) chromatogra-

phy and titanium dioxide beads according to Olsen and Macek

(2009).  For the study targeting S/T/Y phosphorylated peptides, sam-

ples were separated and analyzed by LC–ESI-mass spectrometry

using a nanoACQUITY UPLC system (Waters, Milford, MA)  with

an analytical column (BEH130 C18, 1.7  �m,  100 �m inner diam-

eter × 100 mm,  Waters) coupled online to  an LTQ Orbitrap XL mass

spectrometer (Thermo Fisher Scientific, Waltham, MA). Elution

was performed by  a binary gradient of buffer A  (0.1% (v/v) acetic

acid) and B (99.9% (v/v) acetonitrile, 0.1% (v/v) acetic acid) over a

period of 80 or  90 min  with a  flow rate of 400 nl/min. The mass

spectrometric analysis followed as described above. For  the study

targeting arginine phosphorylated peptides, samples were mea-

sured online by  LC–ESI–mass spectrometry using an Easy-nLCII

(Thermo Fisher Scientific, Waltham, MA)  with self packed analytical

columns (100 �m × 20 cm)  containing C18 material (Phenomenex,

Aschaffenburg, Germany) and coupled to a  LTQ Orbitrap Velos

(Thermo Fisher Scientific, Waltham, MA). An 80 min  gradient, using

0.1% (v/v) acetic acid as buffer A  and 99.9% (v/v) ACN with 0.1% (v/v)

acetic acid as  buffer B was used, applying a  flow rate of 300 nl/min.

Full Scan at a resolution of 60,000, recorded in the Orbitrap ana-

lyzer, was followed by the analysis of the 20 most intense precursor

ions (in the LTQ analyzer) according to data-dependent MS/MS

mode. Wideband activation and lockmass option was enabled

(Olsen et al., 2005). Fragment spectra were recorded by enabling

neutral loss option. Multistage activation (MSA) at −97.98, −48.99,

−36.66 and −24.49 Thompson was applied in all MS/MS  events

to improve the fragmentation for putative phosphorylated ions

(Schroeder et al., 2004). For  the HCD measurements, Full Scan at a

resolution of 30,000 was  carried out, enabling wideband activation

and lockmass option. MS/MS  Scans were recorded at a  resolution

of 7500.

Raw data were processed using the MaxQuant software (version

1.1.1.14 for serine, threonine or tyrosine phosphorylations, version

1.2.2.7 for arginine phosphorylations). The peak lists were searched

using Andromeda search engine (Max Planck Institute of  Biochem-

istry, Martinsried) against a  database (2618 entries) composed of all

protein sequences of S. aureus COL extracted from the National Cen-

ter for Biotechnology Information (NCBI) bacteria genomes (Cox

and Mann, 2008). Randomizing the database and including con-

taminants were selected in  MaxQuant software.

The following criteria were used: Full  tryptic specificity was

required; up to two  missed cleavages were allowed and car-

bamidomethylation was  set as fixed modification. Oxidation (M)

and phosphorylation (STYK) were set as variable modifications. The

maximum mass deviation in  the database search was set to 6  ppm

for the precursor ion and 0.5 Da for fragment ions generated by CID

or 20 ppm for fragment ions generated by HCD. For data processing

and phosphopeptide validation the MaxQuant software was  used.

Only peptides with six or more amino acids were accepted.

The false positive rate on protein and peptide level of  the

reported dataset is set to be <1%. Only phosphopeptides having a

phosphorylation site probability higher than 0.75 were accepted for

phosphorylation site determination. All peptides were additionally

curated with the criteria mentioned above. Annotated MS/MS spec-

tra of all identified phosphopeptides are presented in  Supplemental

material S3.

Results and discussion

For comprehensive mapping of protein phosphorylation in  S.

aureus COL under different physiological situations two comple-

mentary workflows have been applied: a  2D-gel based approach

according to Eymann et al. (Eymann et al., 2007) and a phosphopep-

tide enrichment approach according to Olsen and Macek (2009).

The first method visualizes phosphorylated proteins on  2D-gels

and subsequently detects their identity by LC–MS/MS. The sec-

ond approach is a  phosphopeptide enrichment technique which

is specifically targeted to high throughput mass spectrometric

identification of phosphorylated peptides after strong cation chro-

matography and subsequent titanium dioxide enrichment.

Gel-based analysis of the phosphoproteome of S. aureus COL

2D-gel based proteomics is a powerful method of  separating

and visualizing complex protein mixtures on protein level. Besides

the visualization of protein amount and its changes, sophisticated

staining procedures have been established to  specifically detect

post translational modifications like protein phosphorylations.

To distinguish between phosphorylated and non-

phosphorylated protein species in our 2D-gel based analysis,

we used two  different stains for detecting either total protein

amount (FlamingoTM fluorescent gel stain) or  putatively phos-

phorylated protein species on serine, threonine and tyrosine

residues (the phosphate-specific stain Pro-Q diamond phospho-

protein gel stain). As shown in a comparable study for Bacillus

subtilis, the distributions in signal intensity for phospho-stain/total

protein amount stain of proteins can be computed to  ensure

reliable differentiation between putatively phosphorylated and

non-phosphorylated proteins (Eymann et al., 2007). Protein spots

exhibiting a  larger Pro-Q/Flamingo ratio lie outside of the standard

distribution and are  therefore candidates for protein phosphor-

ylation (false colored red in dual channel images). By using this



124 K. Bäsell et al. /  International Journal of Medical Microbiology 304 (2014) 121– 132

approach, we were able to  assign 73 putatively phosphorylated

protein spots for the different physiological conditions of S.  aureus

COL.

Next,  the gel-based approach was further refined by using a  nar-

row pH range IPG strips (pH 4.5–5.5) to exploit its advantage for

resolving the highest number of proteins. As  expected, this resulted

in an increased resolution of protein spots at a  higher protein

extract loading capacity and an improved rate of protein identifi-

cation: additional 48 putatively phosphorylated protein spots (see

Figs. 1 and 2) could be mapped on the 2D-gels compared to  the

“classical” (pH 4–7) 2D-gel method.

In total, 121 putatively phosphorylated protein spots corre-

sponding to 80 proteins were detected for S. aureus COL (see

Figs. 1 and 2,  and for further information see also Supporting infor-

mation Tables S1-A and S1-B).

One of the most important characteristics of 2D-gel based

proteomics is the separation and visualization of intact protein iso-

forms, which are not detectable by other peptide based proteomics

methods (shotgun proteomics). In  our approach, 36 of the 80 phos-

phorylated proteins appeared as at least two isoforms of uniquely

matched proteins (see Fig. 2: e.g. Pyk, MetE, AhpF, RpsB).

To unambiguously determine the phosphorylation sites in the

gel-based approach, we excised the protein spots of interest and

submitted the respective digests to  high-accuracy LC–MS/MS.

Additionally, we implemented a  more targeted approach for the

detection of phosphopeptides for the putatively phosphorylated

proteins without unambiguous identification of phosphopeptides

in the first place: in a  second run, the digests of protein spots

were subjected to  LC–MS/MS measurements with a parent mass

list including all possible S/T/Y phosphorylation sites. Based on the

existing methodology for detection of putatively phosphorylated

proteins and optimized settings for the identification of phospho-

sites we found 22 phosphorylated peptides from 19 proteins.

Altogether, in  spite of the inherently limited quantities of phos-

phorylated proteins in 2D-gels, we identified the phosphorylation

sites for a  quarter of all putatively phosphorylated proteins as

determined by the phospho-specific Pro-Q diamond stain.

Gel-free analysis of the phosphoproteome of S.  aureus COL

Apart from the 2D-gel based approach, a  gel-free phospho-

peptide centered workflow has succeeded markedly in bacterial

phosphoproteomics since a first study on the phosphoproteome on

B. subtilis by Macek et al. (2007).  Here, the protein extract is  at first

digested with an appropriate protease and subjected to a combina-

tion of strong ion exchange chromatography and TiO2 enrichment.

Starting with a  high amount of protein extract (mg  range), the low-

abundant phosphopeptides in  the digest are specifically retained

by TiO2 after an initial SCX separation taking advantage of their

acidic nature. With  this approach, we  were able to identify 49

Fig. 1.  Dual channel image of Flamingo-stained (total protein amount, green) and Pro-Q-stained (phosphorylated proteins, red) proteins of exponentially growing S. aureus

cells  (pH range 4–7). Phosphorylated proteins are labeled (see supporting information Table S1-A and S1-B). Multiple protein spots corresponding to the same protein are

enumerated.
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Fig. 2. Dual channel image of Flamingo-stained (total protein amount, green) and Pro-Q-stained (phosphorylated proteins, red) proteins of exponentially growing S. aureus

cells  on a 2D-gel (pH range 4.5–5.5). Phosphorylated proteins are labeled (see supporting information Table S1-A and S1-B). Multiple protein spots corresponding to  the same

protein  are enumerated. Newly appearing phosphorylated protein spots in response to  stress/starvation conditions are  marked with a  red  circle and labeled in red (FdaB-2,

HchA-2,  Pgm-3).

peptides with mapped phosphorylation sites belonging to 33 dif-

ferent proteins.

Only recently, Elsholz et al. have shown that phosphorylation

on arginine residues exists in  vivo and is  functional in  B. subtilis

(Elsholz et al., 2012). In a  proof of principle study we have investi-

gated the existence of protein arginine phosphorylation in vivo in

S.  aureus.  We  applied the standard gel-free and site-specific proto-

col (Olsen and Macek, 2009)  with slight variations in  timing of the

workflow to take into account the challenges of protein arginine

phosphorylation. This way, we  could identify 8  phosphosites on 8

different proteins in S.  aureus COL. These findings prove that argi-

nine phosphorylations are experimentally accessible via gel-free

phosphopoteome analyses even in other gram-positive bacteria.

Comparison of gel-based vs. gel-free results

Altogether, the combination of gel-based and gel-free

approaches led to  the identification of 108 phosphorylated

proteins (including the 80 putatively phosphorylated Pro-Q dia-

mond stained proteins from the 2D-gel analysis) with 76 different

phosphorylation sites; among them we  determined 38 serine, 19

threonine and 11 tyrosine and 8 arginine residues (see Table S1-A

and Figure S5-A).

The advantage of applying gel-based and gel-free workflows in

elucidating post translational modifications is their complementar-

ity with respect to the physico-chemical properties exploited for

specific enrichment and detection. As earlier studies have  already

shown, the overlap of identified phosphorylation sites in  gel-based

vs. gel-free studies is surprisingly limited (Eymann et al., 2007;

Macek et al., 2007). Accordingly, we obtained an overlap of  solely

three common annotated phosphosites on the same molecular

entity in  the present study. Besides, ten distinct phosphorylation

sites found in the gel-free approach could be assigned to eight

putatively phosphorylated proteins on the gel (MetE (3 phospho-

sites), Pgm, Pyk, SACOL0427, SACOL0875, SACOL2173, SACOL2501,

SodA2).

An explanation for this relatively small overlap may  be found in

the different technical challenges of the two approaches. Despite

the specific staining of the post translational modification in  the

shifted protein spots in 2D-gel analysis, direct mass spectrometric

evidence is often challenging. It  is known that especially phosphate

groups are both prone to  irreversible adhesion on  surfaces in  sam-

ple preparation and ion suppression effects in LC–MS/MS analyses

(Mann et al., 2002). This leads to  the caveat in  gel-based phos-

phoproteome analyses that, although biochemically stable during

2D-gel analysis and phosphosensitive staining, further mapping of

phosphorylation sites in LC–MS/MS analyses is difficult without

prior concentration steps as performed for the gel-free approach.

Furthermore, the physico-chemical characteristics of the peptides

within the analytical window of both methods are considerably

different, e.g. in pI. Most of the phosphorylated peptides detected

in  the gel-based approach have a pI below 2.7 and are therefore

excluded from the analytical window of the SCX approach. The

mobile phase in the strong cation exchange chromatographic run is
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adjusted to a pH of approximately 2.7. Therefore, phosphorylated

peptides with a pI less than 2.7 are  not fully protonated, resulting

in a zero or negative overall charge. As a  result, these peptides are

not retained by the SCX resin and are consecutively found in the

flowthrough of the SCX run as has been shown in  earlier studies

(Beausoleil et al., 2004; Eymann et al., 2007; Macek et al., 2007). To

underline this situation, common identification of phosphosites,

e.g. in B. subtilis for distinct molecular entities was  possible only

through missed cleavage sites leading to a  shift of the resulting

phosphopeptides toward the analytical window of the respective

method (see Table S5-B; AroA, RsbRA, YbbT and YqhA) (Macek et al.,

2007).

Besides this exclusion based on the pI,  other limitations in

congruent identification in both approaches apply: Ten of the 33

phosphoproteins identified in  the gel-free approach would theo-

retically be detectable in  the pH range 4–7 but are not found in

the gel-based approach. For all other phosphoproteins it can be

stated that either the pI/molecular weight lies outside the gel range

or that the proteins comprise several transmembrane domains.

Whilst these proteins lie within reach for detection in  the gel-free

workflow as octylglycoside was used as detergent in  the sample

preparation process, in 2D-gel based analyses, membrane proteins

are mostly excluded due to their hydrophobic nature. Possible

explanations for the proteins being theoretically detectable but not

found are their low abundance and/or insufficient separation from

high-abundant non-phosphorylated protein spots.

A unique feature of gel-free analyses has only been recently been

discovered. According to the findings in  B. subtilis, we were able to

map  8  arginine phosphorylations in  a  proof of principle study for S.

aureus. Other than for S/T/Y phosphorylations, arginine phosphory-

lations are not stable under the conditions the gel-based approach

is performed and therefore targeting arginine phosphorylations by

gel-free approaches is  truly complementary.

Phosphorylation sites revisited: conserved phosphosites and

modification of already characterized binding regions

S. aureus belongs to  the highly relevant pathogens due to a  mas-

sive increase in resistance against a  growing number of antibiotic

agents. Accordingly, phosphorylation events of proteins specific for

bacterial pathogens or  proteins representing virulence factors are

of high interest in a  global phosphorylation study. Two  groups of

proteins are in the focus of the current study: classical virulence fac-

tors displayed at the surface or loosely attached to  the bacterial cell

membrane as well as surface-located protein binding factors also

found within the bacterial cell. Virulence factors that  are  secreted

or only found in the membrane are not in the focus of the current

study and necessitate further fractionation schemes (Becher et al.,

2009).

For an overview of the cellular processes affected by pro-

tein phosphorylation, we grouped the phosphorylated proteins

according to their functional categories (JCVI cellular role cate-

gory (Peterson et al., 2001)).  Fifteen different functional classes

could be distinguished, which confirmed the general importance

of phosphorylation in cellular processes of S. aureus as already

demonstrated for other bacteria (Eymann et al., 2007; Macek et al.,

2008, 2007; Schmidl et al., 2010; Soufi et al., 2008a). A large group

among the phosphorylated enzymes and transporters belongs to

the  energy metabolism (Figure S5-C). This seems to  reflect a gen-

eral situation in many prokaryotic organisms. Despite a number of

phosphorylated proteins being found uniquely in a specific organ-

ism, with more datasets being accessible, the evidence for common

phosphorylation profiles in various prokaryotic species is growing

(Misra et al., 2011).

Two proteins involved in  energy metabolism are most inter-

esting in terms of conserved phosphorylation patterns in  bacteria:

Fig. 3.  Structure of the FBP-aldolase of M. tuberculosis including the substrate FBP.

The  surface colors are reflecting sequence homologies based on structure alignments

of five different bacterial class II aldolases (M.  tuberculosis,  H. pylori, E. coli, Bacillus

anthracis and Campylobacter jejuni). The scale from red to  yellow relates from strong

to  weaker homology. Homologous putative phosphorylation sites are colored pink.

The  structures were extracted from the RscB-PDB database (RCSB Protein Data Bank;

http://www.rcsb.org/pdb/home/home.do) and were modified with Chimera 1.6.2.

(UCSF  Chimera package).

the glycolytic enzyme FbaA belonging to a  subclass of isoenzymes

unique to microorganisms (Fonvielle et al., 2004) and the glycolytic

isomerase TpiA (Furuya and Ikeda, 2011).

Fructose-1,6-bisphosphate aldolase FbaA catalyzes the con-

version of fructose-1,6-bisphosphate into dihydroxyacetone-

phosphate and glyceraldehyde-3-phosphate. Two classes of  this

enzyme have evolved: whilst class I is found in  all kingdoms, class

II exclusively occurs in  microorganisms like bacteria and yeasts

(Marsh and Lebherz, 1992). Due to the differing molecular mode

of action, the class II aldolase is regarded as a promising new tar-

get for antimicrobial therapy with intensive research on specific

antagonists under way (Daher et al., 2010). We  detected FbaA in

two Pro-Q diamond spots to  be putatively phosphorylated with

a  phosphosite at T234. This is  in agreement to  a study giving

experimental evidence of the enzyme to  be a substrate of  a ser-

ine/threonine kinase (SA1063, homologous to PknB) (Donat et al.,

2009; Lomas-Lopez et al., 2007; Truong-Bolduc et al., 2008). An

alignment of the homologous proteins from different bacteria with

available phosphoprotein data (see Figure S5-D and Fig.  3)  reveals

that three distinct serine and threonine residues in close proxim-

ity to the annotated active site seem to  be conserved (S50, S211

and T234 of the staphylococcal FbaA). S50 has been determined as

being phosphorylated in Listeria monocytogenes (Misra et al., 2011)

and Streptococcus pneumoniae (Supplemental S5-A and S5-B). For

the S/T211 residues, S211 in L. monocytogenes (Misra et al., 2011),

S211 in S. pneumoniae (supplemental S5-A and S5-B) and T212 in

B. subtilis (Macek et al., 2007) have been proven, and in the study

from Prisic et al. a phosphorylation event could not be specified

further than to  one of three different serines located in  this region

(S255, S257 or S260) (Prisic et al., 2010). Additionally, T234 has been

mapped as being modified in  B. subtilis (T234 (Macek et al., 2007))

and in  the present study for S. aureus (Table S1-A). As judged from

the theoretically accessible peptides from FbaA in  S. aureus, it is

most probable that a  possible phosphorylation at S50 is  precluded

from analysis due to  peptidase specificity. To verify the remaining

hypothesized phosphorylation sites in FbaA, we changed the pro-

tease for the enzymatic digest of the putatively phosphorylated

spot from trypsin to the V8 protease also known as GluC. Indeed,

now we were able to map  the two  other additional, apparently

http://www.rcsb.org/pdb/home/home.do
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highly conserved phosphosites, namely S50 and T212. Although

still under examination, we believe that this pattern of phosphory-

lation is highly conserved within the class II  aldolases and that this

fact will help to contribute to the development of new specific class

II aldolase antagonists serving as antimicrobial agents in  the future.

The second interesting enzyme from the group of “energy

metabolism” is  TpiA, a glycolytic enzyme with a  putative role as

a plasminogen binding factor (Furuya and Ikeda, 2011). TpiA has

been annotated to be  post translationally modified in  multiple stud-

ies: Schmidl et al. (2010) and Voisin et al. (2007) found TpiA being

putatively phosphorylated in Mycoplasma pneumoniae and Campy-

lobacter jejuni but did not  determine any phosphosites. For B. subtilis

and S. aureus the serine residues S213 and S215 were mapped as

being modified ((Macek et al., 2007), Table S1-A). Here, the con-

served phosphosite is directly located at the triose binding site

(Furuya and Ikeda, 2011) in a  loop crucial for structural aspects in

enzymatic activity (Casteleijn et al., 2006). First of all, the vicin-

ity of the phosphorylation site to the active site  of the enzyme

implies a regulatory role of the phosphorylation for glycolysis in

general. The fact that TpiA may  play a  role in binding of eukary-

otic glycoproteins apparently additionally opens up the question

of a potential regulatory role of this particular phosphorylation

event apart from the proper role in glycolysis. Here, future detailed

localization-specific phosphorylation analyses will possibly help to

understand the intracellular function of the triose isomerase as well

as its speculative role outside the cell.

Both examples of classic enzymes of the central carbon

metabolism with implicated roles in bacterial virulence or puta-

tively serving as antimicrobial targets underline that the molecular

characterization of these enzymes, e.g. in  crystallization studies,

needs further refinement with respect to  potential phosphorylation

events that should also be taken into account in  calculation of elec-

tron densities. Here, especially the prediction of binding pockets

and potential binding structures without knowledge of phosphor-

ylation events will lead to  biased results (Daher et al., 2010).

We also mapped two distinct phosphosites in  the pleiotropic vir-

ulence regulator SarA: S106 and on S109 (Table S1-A, S1-B). It  was

found earlier that SarA is a  target of the kinases PknB and SA0077

in  vitro and in vivo,  leaving the phosphorylation site unidentified

(Didier et al., 2010). Although the potential site of post translational

modification that was postulated due to  functional reasons differs

from the sites that have now been mapped (Didier et al., 2010),

our findings correlate to the phosphosites of MgrA. This regulator

of the SarA family is phosphorylated by  PknB at residues S110 and

S113 (Truong-Bolduc and Hooper, 2010). The fact that both homol-

ogous proteins with regulator function combined with DNA binding

capacity are phosphorylated in  the same region suggests that these

phosphorylations are important for the regulatory events as was

previously shown for MgrA (Truong-Bolduc and Hooper, 2010).

Interestingly, Sun et al. have determined recently phosphory-

lation occurring in the SarA/MgrA family (SarA, MgrA, and SarZ)

on  conserved cysteine residues (Sun et al., 2012). It remains to be

proven if the cysteine phosphorylation is  the main PTM event on

these proteins, or  if at least for SarA either PTM on serines 106 and

109 and the proposed cysteine are of regulatory importance in vivo.

A  genuine membrane-bound protein found in  our study by gel-

free methods is the elastin binding protein EbpS (SACOL1522).

Although studies on the elastin binding function have proven to

be doubtful (Park et al., 1999; Roche et al., 2004), involvement in

virulence has again been suggested according to  a global network

analysis (Overton et al., 2011). This protein has two extracellular

domains, a conserved LysM domain functioning in  peptidoglycan

binding and an N-terminal extracellular stretch that was originally

proposed to exert an elastin binding function. It is striking that three

phosphosites are located in the latter extracellular loop at residues

S2, T64 and S128. We  think, with our data at hand, this will add a

new aspect in potential target binding, underlining the importance

of post translational modifications for virulence. Consequently,

future studies on pathogen–host interaction should generally con-

sider these modifications in  developing binding assays or mapping

specific binding sites.

Determination of protein phosphorylation under stress and

starvation

Protein phosphorylation is a possibility for regulatory fine

tuning of the bacterial metabolism. Therefore, changes in  phos-

phorylation patterns in response to  stress and starvation conditions

may be directly linked to regulatory processes taking place inside

the bacterial cell. Our gel-based approach supports a  quan-

titative estimation of changes in the phosphorylation events

for putatively phosphorylated proteins by differential gel image

analysis. In order to decipher changes, newly appearing phospho-

rylated protein species and proteins with significantly increased or

decreased ratios of phosphorylation intensity signals (log 2 Pro-Q-

signalstress/starvation/Pro-Q-signalcontrol>1  and <−1) were considered

to be significantly altered.

Pathogenic bacteria are generally exposed to changing environ-

mental conditions including variations in  pH, changing nutrient

supply, dehydration and host cell defense mechanisms. To reflect

these conditions we applied glucose starvation, salt stress, diamide

stress and NO  stress to cultures of growing S. aureus COL. Accord-

ingly, we determined the relative changes in  phosphorylation

patterns for ten putatively phosphorylated proteins on the 2D-gels

(see Table 1).

Contrary to the expected, the quantitative results for the oxida-

tive stress and the osmotic stress were not leading to new insights

into potential regulations on the phosphorylation level. It  is  known

that especially for stress caused by reactive oxygen species inside

the cell, post translational modifications of active sites at cys-

teine residues are protecting the cells from irreversible oxidation.

Apparently it seems that for both physiological situations other reg-

ulatory processes are determinants for a  swift cellular reaction to

counteract the detrimental effects of the stress or  besides that, in

these cases our analytical window for examination of quantitative

changes on 2D-gels is  not sufficient for evaluation of stress specific

changes in the phosphorylation pattern.

Whilst we found numerically the most changes in  phosphor-

ylation patterns in glucose starved cells (DeoB-1, DeoB-3, Pgm-3,

SACOL1588, Pyk-4 and SACOL1483), exposure to  nitrosative stress

did not only alter the levels, but led to  new phosphorylations in

FdaB and HchA (see Fig. 4). NO is  regarded as a potent agent of the

innate immune response of the host being faced with pathogenic

bacteria. Therefore, protection against NO is  essential for survival

of S. aureus inside its host (Lewis et al., 1995; Nalwaya and Deen,

2005). With NO leading to inhibition of aerobic respiration, it has

been shown earlier that cellular processes belonging to  anaerobic

metabolism are  induced, and enhanced glycolytic activity could be

determined (Borisov et al., 2004; Hochgräfe et al., 2008).

S.  aureus possesses a  multilevel answer to  nitrosative stress:

first, to  sustain energy charge and redox homeostasis, the bacteria

shift to fermentation with high rates of l- and d-lactate secretion.

Inactivation of the active sites of pyruvate dehydrogenase (PDH)

and pyruvate formate-lyase (PFL) prevents pyruvate from being

introduced into the tricarboxylic acid cycle (TCA) with concomi-

tant depletion of the acetyl-CoA level (Richardson et al., 2008).

Second, the cell heavily induces the protein Hmp  which is regarded

as a NO scavenging enzyme (Muntel et al., 2012; Richardson et al.,

2008). Third, the general protection of the free thiols is  maintained

by three different thiol redox buffers: cysteine, coenzyme A and

Bacillithiol (Hochgräfe et al., 2008). These protective systems not

only allow the cell to survive the nitrosative damage induced by
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Table 1

Quantitation results for Pro-Q Diamond signal intensities of phosphorylated proteins. The table contains only those protein spots revealing altered signal intensities with an

average  change of ±1 in the log 2 range. The bar charts refer to the left axes showing absolute %  V values and the orange circles reflect the average log 2  ratio of the trans/stat

vs.  control (glucose starvation) or the 15′/45′ vs. control sample (nitrosative stress, oxidative stress and osmotic stress). The quantitation was conducted with the software

Delta  2D (Decodon GmbH, Greifswald, Germany).

Glucose starvation

DeoB-1 %V control (co) %V

transient

%V stationary log 2-ratio: %V

transient/%V co

log 2-ratio: %V

stationary/%V

co

Biol.  replicate 1 0.24 0.26 0.44 0.12 0.88

Biol. replicate 2 0.12 0.04 0.66 −1.49 2.44

Biol. replicate 3 0.24 0.61 0.84 1.36 1.83

Average 0.20 0.30 0.64 0.00 1.71

stdev 0.07 0.28 0.20

DeoB-3 %V control (co) %V

transient

%V stationary log 2-ratio: %V

transient/%V co

log 2-ratio: %V

stationary/%V

co

Biol.  replicate 1 0.25 0.31 0.54 0.29 1.10

Biol. replicate 2 0.23 0.04 0.57 −2.74 1.28

Biol. replicate 3 0.25 0.77 0.52 1.61 1.06

Average 0.25 0.37 0.54 -0.28 1.15

stdev 0.01 0.37 0.02

Pgm-3 %V control (co) %V

transient

%V stationary log 2-ratio: %V

transient/%V co

log 2-ratio: %V

stationary/%V

co

Biol.  replicate 1 0.14 0.21 0.25 0.62 0.85

Biol. replicate 2 0.12 0.05 0.34 -1.40 1.49

Biol. replicate 3 0.14 0.18 0.46 0.35 1.72

Average 0.13 0.14 0.35 -0.14 1.35

stdev 0.01 0.09 0.10

SACOL1588 %V control (co) %V transient %V

stationary

log 2-ratio: %V

transient/%V co

log 2-ratio: %V

stationary/%V

co

Biol.  replicate 1 0.13 0.15 0.26 0.25 1.04

Biol. replicate 2 0.17 0.08 0.36 −1.17 1.05

Biol. replicate 3 0.13 0.28 0.32 1.14 1.33

Average 0.14 0.17 0.31 0.07 1.14

stdev 0.03 0.10 0.05

Pyk-4 %V control (co) %V

transient

%V stationary log 2-ratio: %V

transient/%V co

log 2-ratio: %V

stationary/%V

co

Biol.  replicate 1 0.91 0.80 0.41 -1.15 -0.18

Biol. replicate 2 1.05 0.02 0.06 -5.45 -4.18

Biol. replicate 3 0.91 0.69 0.41 -0.40 -1.17

Average 0.96 0.51 0.29 -2.33 -1.84

stdev 0.08 0.42 0.20

SACOL1483 %V control (co) %V transient %V

stationary

log 2-ratio: %V

transient/%V co

log 2-ratio: %V

stationary/%V

co

Biol.  replicate 1 0.25 0.12 0.10 -1.11 -1.34

Biol. replicate 2 0.15 0.02 0.06 -2.63 -1.36

Biol. replicate 3 0.25 0.05 0.06 -2.31 -2.03

Average 0.22 0.06 0.07 -2.02 -1.58

stdev 0.06 0.05 0.02
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Table  1 (Continued )

Nitrosative stress

FdaB-2 %V control (co) %V 15 min

NO

%V 45 min  NO log 2-ratio: %V

15 min/%V co

log 2-ratio: %V

45 min/%V co

Biol.  replicate 1 0.38 2.30 2.26 2.62 2.59

Biol. replicate 2 0.33 2.01 1.69 2.60 2.34

Biol.  replicate 3 0.37 2.11 2.06 2.50 2.48

Average  0.36 2.14 2.00 2.57 2.47

stdev 0.02 0.15 0.29

HchA  %V  control (co) %V 15 min

NO

%V 45 min  NO log 2-ratio: %V

15 min/%V co

log 2-ratio: %V

45 min/%V co

Biol.  replicate 1 0.30 1.04 1.21 1.78 2.00

Biol. replicate 2 0.19 0.60 0.37 1.63 0.95

Biol.  replicate 3 0.39 1.23 1.06 1.67 1.45

Average  0.29 0.96 0.88 1.69 1.47

stdev 0.10 0.32 0.45

oxidative stress

Pyk-4 %V  control (co) %V 15 min

diamide

%V 45 min

diamide

log 2-ratio: %V

15 min/%V co

log 2-ratio: %V

45 min/%V co

Biol.  replicate 1 1.67 3.07 2.07 0.88 0.31

Biol. replicate 2 1.28 2.79 2.49 1.12 0.96

Biol.  replicate 3 1.28 2.96 3.59 1.21 1.49

Average  1.41 2.94 2.71 1.07 0.92

stdev 0.22 0.14 0.78

Osmotic stress

DeoB-1 %V  control (co) %V 15 min

NaCl

%V 45 min  NaCl log 2-ratio: %V

15 min/%V co

log 2-ratio: %V

45 min/%V co

Biol.  replicate 1 0.09 0.13 0.29 0.45 1.62

Biol. replicate 2 0.09 nd. 0.26 nd. 1.49

Biol.  replicate 3 0.11 0.17 0.23 0.45 1.07

Average  0.10 0.15 0.26 0.45 1.39

stdev 0.01 0.03 0.03

Fig. 4. Significant changes of the Pro-Q signal intensities of FdaB-2 and HchA-2 during nitrosative stress. The bar charts display signal intensities in volume percentage (%V)

for each protein spot, each replicate and each time point, respectively. The  assigned region on  the 2D-gel image (Pro-Q diamond (red) vs. Flamingo fluorescent stain (green))

for  the corresponding spot is  shown on top of the single bar chart representations. Volume percentage values in the bar chart for control spots are not to  be followed visually

on  the dual channel image. The calculated values are based on the spot detection algorithm implemented in Delta2D taking into account gray scale values below the limit of

detection in quantification workflows to  avoid calculation on  spots without signal (division by zero).
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NO but also, unlike other pathogenic bacteria, to  replicate during

nitrosative stress (Richardson et al., 2008).

A consequence of the change toward lactate fermentation is

the fact that the cell solely relies on the conversion of phospho-

rylated sugars to  pyruvate with subsequent conversion to lactate.

S. aureus possesses two different fructose-bisphosphate aldolases

that function in the conversion of C6 phosphosugars to C3  metabo-

lites, FbaA and FdaB. The Pro-Q diamond signal of the putatively

phosphorylated FdaB is  already present to a certain amount dur-

ing exponential growth, but after the onset of NO stress a new

putatively phosphorylated Pro-Q diamond signal appears (FdaB-

2, see Fig. 4). It  may  be speculated that similar to the situation

in Borrelia burgdorferi (Bourret et al., 2011), the class II  fructose-

aldolase FbaA is prone to nitrosative damage in  S. aureus.  As the

conversion of fructose-1,6-bisphosphate into dihydroxyacetone-

phosphate (DHAP) and glyceraldehyde-3-phosphate is essential in

lactate fermentation, most probably the NO  insensitive isoenzyme

FdaB, a class I  aldolase, is compensating for the assumed loss of

function.

The conversion of metabolites in  the glycolytic pathway toward

l-lactate may  be regarded as a  type of overflow metabolism

(Landmann et al., 2011). This comes with severe implications for

the cell: it is anticipated that an imbalance between fluxes of the

upper and the lower part  of the glycolytic pathway may  result in the

accumulation of phosphorylated glycolytic intermediates. In this

situation, the excess of DHAP poses a  severe threat to  the organ-

ism: DHAP is easily enzymatically or non-enzymatically converted

into methylglyoxal which is cytotoxic and must be removed by a

glyoxalase (Cooper, 1984; Ferguson et al., 1998; Landmann et al.,

2011).

Accordingly, we see HchA, a protein that is  described both with a

chaperone function (Hsp31) and a glyoxalase III function indepen-

dent from glutathione, that markedly changes in Pro-Q diamond

signal with a second Pro-Q diamond spot appearing during NO-

stress in our study (HchA-2, see Fig. 4). In a study on nitrosative

stress in S. aureus it was shown earlier that HchA shifts toward

a more acidic pH on a  2D-gel due to an anticipated modification

in peroxide stressed cells after preincubation with NO (Hochgräfe

et al., 2008). Lomas-Lopez et al. have shown that  HchA is phos-

phorylated on a  tyrosine residue in S. aureus growing in minimal

medium (Lomas-Lopez et al., 2007). Combined with our data, this

suggests that the enzyme is indeed already phosphorylated in

growing cells and additionally, after the onset of NO stress, a

new phosphorylation signal according to  Pro-Q diamond staining

emerges on the 2D-gel.

In the close relative B. subtilis,  it has been observed recently

that methylglyoxal synthases function as alternative ways of

directing C3 sugar phosphates toward lactate in overflow sit-

uations being stringently regulated depending on the type of

carbon source by an interacting regulating protein Crh/Crh-P

(Landmann et al., 2011). As Crh and the methylglyoxal synthase

are to date not found in S. aureus,  we believe that  HchA func-

tions as a detoxification system for non-enzymatically formed

methylglyoxal. Consequently, we hypothesize that phosphoryla-

tion events are either responsible or an indication for a  swift

regulation in the basic carbon metabolism and eventually for detox-

ification systems of methylglyoxal in NO-stressed staphylococcal

cells.

Concluding remarks

With respect to  the elucidation of regulatory processes in

pathogenic bacteria, our knowledge based on transcriptome and

proteome data as well as on detailed biochemical characterization

has been expanded considerably during the last years. However,

the  large-scale characterization of post translational modifications

still lags behind. Since 2007, the number of studies on bacterial

phosphoproteomics based on  gel-free approaches has increased

significantly and first studies aim at comparing the published

datasets (Macek and Mijakovic, 2011). The goal for such a  com-

parison is the discovery of phosphorylation patterns for conserved

metabolic pathways or specific functions that may  be affected by

this post translational modification (Soufi et al., 2008b).

Consequently, protein–protein interaction networks of phos-

phorylated proteins have been computed for S.  pneumonia and

Helicobacter pylori (Ge  et al., 2011; Misra et al., 2011), and Misra

et al. as well as Sun et al. have compared both conserved sites of

ribosomal and glycolytic proteins and phosphoproteins in general

between phosphoproteome datasets (Misra et al., 2011; Sun et al.,

2012).

The key question in our study was the presumed link of phos-

phorylation with processes of bacterial metabolism, virulence and

host-interaction in  the human pathogen S. aureus. We pursued

two different strategies. The first comprised a comprehensive

mapping of phosphosites by gel-based and gel-free phospho-

targeted approaches. The second was  a quantitative tracking

of putatively phosphorylated proteins by differential image gel

analysis.

Altogether, we could identify 108 phosphorylated proteins with

76 different phosphorylation sites. The complementarity of the

gel-based and the gel-free method is discussed with emphasis

on specificities of each method resulting in almost disjunctive

phosphopeptide datasets. Despite the fact that  we distinguish 15

different functional classes according to JCVI, a key aspect of  phos-

phorylation events is  the energy metabolism. It  could be shown that

FbaA, a  class II aldolase and intensively investigated potential target

for antimicrobial agents, is phosphorylated at distinct sites appar-

ently conserved within various pathogens. Phosphorylation sites

could be mapped accurately for TpiA, a  glycolytic enzyme addi-

tionally found to be able to  bind to eukaryotic glycoproteins and

furthermore for EbpS, a  membrane protein with annotated extra-

cellular binding activities that has been found to  be phosphorylated

on one of the extracellular loops. Consequently, we strongly suggest

consideration of phosphorylation events in detailed biochemical

binding assays in  the development of new antimicrobial targets

and the molecular characterization of adhesion factors.

A key finding was  the variation in phosphorylation patterns in

response to  nitrosative stress. Upon NO  stress, for two enzymes of

the lower part of glycolysis new, putatively phosphorylated Pro-

Q spots appear. We speculate that this might be a  swift way of

modulating metabolic pathways compensating for enzyme inacti-

vation and coping with a  metabolic overflow situation leading to  an

increased level of cytotoxic, non-enzymatically formed metabolic

by-products.

Altogether, this comprehensive phosphoproteome dataset pro-

vides an excellent base for further investigations on regulatory

mechanisms involved in pathogenicity/virulence. In  the light of

our findings on arginine phosphorylations that goes together with

the respective work in B. subtilis (Elsholz et al., 2012), cysteine

phosphorylations that play a  role in the regulation of  virulence

in S. aureus (Sun et al., 2012) together with findings on crosstalk

between phosphorylation and acetylation events in  pathogen

bacteria (Soufi et al., 2012; van Noort et al., 2012), further stud-

ies targeting not only the S/T/Y-phosphorylations on a  global scale

are needed.
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Reversible protein phosphorylation is one of the major

mechanisms in the regulation of protein expression and

protein activity, controlling physiological functions of the

important human pathogen Staphylococcus aureus.

Phosphorylations at serine, threonine and tyrosine are

known to influence for example protein activity in central

metabolic pathways and the more energy-rich phospho-

rylations at histidine, aspartate or cysteine can be found

as part of two component system sensor domains or

mediating bacterial virulence. In addition to these well-

known phosphorylations, the phosphorylation at arginine

residues plays an essential role. Hence, the deletion mu-

tant S. aureus COL �ptpB (protein tyrosine phosphatase B)

was studied because the protein PtpB is assumed to be

an arginine phosphatase. A gel-free approach was ap-

plied to analyze the changes in the phosphoproteome of

the deletion mutant �ptpB and the wild type in growing

cells, thereby focusing on the occurrence of phosphory-

lation on arginine residues. In order to enhance the reli-

ability of identified phosphorylation sites at arginine resi-

dues, a subset of arginine phosphorylated peptides

was chemically synthesized. Combined spectral libraries

based on phosphoenriched samples, synthetic arginine

phosphorylated peptides and classical proteome samples

provide a sophisticated tool for the analysis of arginine

phosphorylations. This way, 212 proteins phosphorylated

on serine, threonine, tyrosine or arginine residues were

identified within the mutant �ptpB and 102 in wild type

samples. Among them, 207 arginine phosphosites were

identified exclusively within the mutant �ptpB, widely

distributed along the whole bacterial metabolism.

This identification of putative targets of PtpB allows

further investigation of the physiological relevance of

arginine phosphorylations and provides the basis for

reliable quantification of arginine phosphorylations in

bacteria. Molecular & Cellular Proteomics 17: 10.1074/

mcp.RA117.000378, 335–348, 2018.

Staphylococcus aureus has emerged as an important hu-

man pathogen and is the causative agent of several nosoco-

mial infections (1). It overcomes not only the challenging

stress and starvation conditions of the ever-changing envi-

ronment of bacterial habitats, but also host defense mecha-

nisms and antibiotic treatments (2, 3). Furthermore, Staphy-

lococcus aureus (S. aureus)1 can express a high number of

different virulence factor proteins that boost pathogenicity by

complex mechanisms (4). Basic research of staphylococcal

protein regulation is therefore required to decipher molecular

and cellular mechanisms that underlie pathogenesis and

virulence.

Among the most important topics of these mechanisms are

the elements of prokaryotic signal transduction, for example

proteins modified by post-translational modifications (PTMs).

Protein activity can be regulated by several PTMs. One of the

most important groups within reversible protein modifications

are phosphorylations on different amino acid residues (5).

Because of their negative charge, phosphorylations can in-

duce conformational changes to enable effects on protein

structure, protein-protein interactions, protein activity or

changes in substrate specificity and subcellular localization

(6–8). To date, phosphorylation events on four different

groups of amino acid residues are known: (1) the phospho-

rylation on hydroxyl groups to form phosphoesters (9, 10), (2)

the phosphorylation on acidic groups to form phosphoanhy-

drides (11), (3) the phosphorylation on cysteine moieties to

form thioesters (12), and (4) the phosphorylation on amide

groups to form phosphoamidates (13, 14).

To provide evidence that reversible protein phosphorylation

events occur in living bacteria and fulfil important functional

roles in the regulation of protein activity, different methods

were developed to analyze the more stable phosphoesters

(15, 16) and applied to characterize the phosphoproteome of

several prokaryotes (17–24).
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Only recently, the existence and physiological relevance of

phosphorylations on arginine residues was shown for the

Gram-positive model organism Bacillus subtilis (25–27). The

analysis of arginine phosphorylations by mass spectrometric

approaches, however, comes along with substantial chal-

lenges concerning the stability of the phosphoamidates (28)

and the reliability of mass spectrometric results (29, 30). Me-

thodical improvements in this field were addressed, but still,

further optimization is needed to consider the specific chem-

ical properties of protein-N-phosphorylation. Because of the

destabilization of the phosphoamidate bond by nitrogen pro-

tonation, N-phosphates in general are not stable under acidic

conditions (28, 31). The stability of phosphoarginine de-

creases in a pH range below pH 3 (26) and on hot alkali (32).

First approaches to analyze phosphorylated arginine resi-

dues therefore relied on the detection of radiolabeled [�-32P]

in combination with Edman degradation (33). Only recently, a

few other methods became available. The most important

among them are enrichment techniques using either TiO2

beads (34) or a phosphatase trap mutant (27). In addition, an

anti-phosphoarginine-specific antibody was designed (31).

On the level of data analysis, several software tools were

developed in order to determine not only phosphorylated

proteins and peptides, but also the phosphosite localization

(35–37). Mann et al. and Goldstrohm et al., however, showed

that the identification of phosphorylations should be reviewed

by manual evaluation of all spectra and therefore relies on

subjective judgements (38, 39). One example is the altered

enzymatic specificity of trypsin, which is no longer supposed

to cleave after phosphorylated arginine residues. That means

that only peptides with a missed cleavage site and without

terminal phosphorylated arginine residues can be truly posi-

tive, which is not considered by all data analysis software.

Although data analysis can be performed using different

classical database search approaches (40, 41), spectral libra-

ries are reliable tools for MS/MS based peptide identification

(42) and can be used for complex proteomic samples or in

combination with synthetic phosphopeptides to provide more

detailed information on phospho-specific identification and

localization features (43, 44).

In B. subtilis, the protein McsB was identified as phospho-

arginine kinase having the protein YwlE as counteracting

phosphatase (25, 45). Although staphylococcal McsB is

known to influence stress tolerance and virulence, there is

currently no proof of a possible arginine kinase activity (46).

As putative counteracting arginine phosphatases, S. aureus

COL possesses the two low-molecular-mass phosphoty-

rosine protein phosphatases PtpA and PtpB, described as

tyrosine phosphatases with so far unknown substrates and

metabolic functions (47, 48). In this study, the gene ptpB was

exchanged with a spectinomycin resistance cassette to gen-

erate a mutant that is deficient in the phosphatase activity of

PtpB. This mutant was compared with the wild type and

investigated for qualitative changes in the phosphoproteome

in exponential growing cells to scrutinize the putative phos-

phoarginine phosphatase or phosphoarginine phosphotrans-

ferase activity of PtpB. Hence, a gel-free phosphoenrichment

protocol adapted to the specific challenges of arginine phos-

phorylations and subsequent LC-MS/MS measurements was

applied. Raw data were analyzed with a combination of clas-

sical database search, spectral libraries of synthetic arginine

phosphorylated peptides and spectral libraries of experimen-

tal data. This provides the basis for further investigation of

physiological questions mediated by phosphorylations on ar-

ginine residues in S. aureus.

EXPERIMENTAL PROCEDURES

Mutant Construction—We constructed the isogenic deletion mu-

tant �ptpB in Staphylococcus aureus COL (49) using the pMAD

mutant construction system (50). Briefly, a fusion product, which

consists of ptpB upstream DNA, a spectinomycin resistance cassette

and ptpB downstream DNA was ligated to the pMAD plasmid for

homologous recombination and deletion of ptpB in S. aureus COL

(see supplemental Table S1 for used primer sequences).

Bacterial Growth and Sample Preparation—S. aureus COL wild

type (49) was grown in Luria-Bertani (LB) or a chemically defined

medium (34); constant shaking at 37 °C was applied unless otherwise

stated. Bacteria were cultivated under different stress conditions

(supplemental Table S2) and harvested during exponential growth or

in the stationary growth phase (supplemental Table S3) by centrifu-

gation (5 min, 10,016 � g, 4 °C). Cells were used to prepare cytosolic

and enriched membrane fractions according to Becher et al. (51) and

Dreisbach et al. (52); Briefly, cell pellets were washed three times with

TE buffer (50 mM Tris/HCl pH 7.5, 10 mM EDTA) and disrupted by

bead beating. After removal of cell debris by centrifugation, samples

were subjected to ultracentrifugation (100,000 � g, 60 min, 4 °C) and

the supernatant was kept as cytosolic fraction. The enriched mem-

brane fraction was obtained by alternate washing and centrifugation

steps using (1) high salt buffer (20 mM Tris/HCl, 10 mM EDTA, 1 M

NaCl, pH adjusted to 7.5), (2) carbonate buffer (100 mM Na2CO3,

10 mM EDTA, 10 mM NaCl, pH adjusted to 11), and (3) TE buffer.

Afterward, the pellet was resolved in HTH buffer (8 M Urea,

2 M Thiourea). Both cytosolic and enriched membrane fractions were

subjected to GeLC-MS/MS analysis according to Bonn et al. (53).

Briefly, samples were subjected to SDS-PAGE and gels were stained

with Coomassie. The gel lanes were cut into ten pieces, washed with

gel wash buffer (0.2 M NH4HCO3, 30% (v/v) ACN, 37 °C) and desic-

cated. In-gel digest was performed overnight at 37 °C using 2 �g/ml

trypsin. Elution was performed by ultrasonication and final samples

were concentrated to a volume of 10 �l. Extracellular samples have

been prepared according to Bonn et al. (53). Shortly, the culture

supernatant was incubated with 20 �l primed StrataClean beads.

Beads were subsequently sedimented by centrifugation, washed,

resuspended in 1 ml TE buffer, dried and resolved in 30 �l TEAB

buffer (50 mM triethylammonium bicarbonate, 20 �l RapiGest 0.2%

(w/v)). After disulfide reduction and cysteine alkylation, in-solution

digest was performed for six hours (0.25 �g activated trypsin, 37 °C,

second addition of 0.25 �g trypsin after three hours). After centrifu-

gation, beads were washed twice with elution buffer (30% (v/v) ACN,

0.1% (v/v) acetic acid). All three supernatants were pooled and sam-

ples were purified using C18-ZipTips (Merck Millipore, Billerica, USA).

In short, ZipTips were wetted and equilibrated before peptides were

loaded. Loaded tips were washed twice and eluted peptide samples

were desiccated and resolved in buffer A (99.9% (v/v) acetic acid)

before subjected to LC-MS/MS analysis. If no phosphoenrichment
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was performed, these cytosolic, enriched membrane and extracellular

fractions were considered as “classical proteome samples.”

Preparation of Phosphoproteome Samples—For phosphopro-

teome experiments, the wild type and the mutant �ptpB were grown

in LB medium, mutant samples supplemented with 200 �g/ml spec-

tinomycin. Each sample (n � 4) was cultivated and harvested during

exponential growth (OD540 nm 0.5–0.6). Harvested cells were washed,

subsequently incubated in lysis buffer (Tris/HCl 50 mM, pH 7.5,

supplemented with 5 mg/ml lysozyme, 5 mM C3H7O6PNa2, 5 mM

Na4P2O7, 5 mM Na3VO4 and 10 mM NaF) and disrupted as described

for the cytosolic “classical proteome samples.” The suspension was

afterward treated with 1� Nuclease Mix (GE Healthcare, Little Chal-

font, United Kingdom; 10 min, RT) and 1% (w/v) Octyl �-D-glucopy-

ranoside (Sigma-Aldrich, St. Louis, USA; 5 min, RT) before cell de-

bris was removed by two centrifugation steps (5 min and 30 min,

15,800 � g, 4 °C). The protein concentration was determined using

Roti®-Nanoquant (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)

according to the manufacturer’s instructions to ensure the precipita-

tion of 50 mg protein for each sample. Acetone precipitation was

followed by sample digestion, strong cation exchange chromatogra-

phy (SCX) and titanium dioxide bead based phosphopeptide enrich-

ment according to Bäsell et al. (34) with slight modifications to respect

the lower stability of arginine phosphorylations (Table I). Briefly, pre-

cipitated samples were resolved in denaturation buffer (6 M Urea, 2 M

Thiourea in 10 mM Tris/HCl pH 8.0) and disulfide reduction as well as

cysteine alkylation were performed. Samples were diluted and di-

gested for twelve hours using 2 �g trypsin per mg sample. After

sample acidification to pH 3.30 - 3.37 with TFA, SCX was performed

according to Olsen et al. (54), adjusting the pH values of the SCX

buffers with TFA to pH 3.2 to favor arginine phosphorylations. Pep-

tides were loaded with buffer A (5 mM KH2PO4, 30% (v/v) ACN,

pH 3.2) and eluted with a linear gradient of 0 - 30% of buffer B (5 mM

KH2PO4, 350 mM KCl, 30% (v/v) ACN, pH 3.2). TiO2 enrichment was

performed directly afterward, incubating each fraction for 30 min with

5 mg of DHB-pretreated beads at pH 3.0–4.5. Afterward, beads were

washed twice with each wash solution (wash solution 1: 30% (v/v)

ACN, adjusted to pH 3.30–pH 3.37 with TFA; wash solution 2: 80%

(v/v) ACN, adjusted to pH 3.30 - pH 3.37 with TFA) and eluted three

times (elution buffer: 40% (v/v) NH4OH, 60% (v/v) ACN, pH � 10.5)

using C8-microcolumns (C8-StageTips (Thermo Fisher Scientific, Wal-

tham, MA), packed with 3–4 � 1 mm2 pieces of 3 M Empore C8

material). All samples were measured by MS (see supplemental data

for details).

Synthetic Arginine Phosphorylated Peptides—For synthetic spec-

tral libraries, 39 sequences of putative arginine phosphorylated pep-

tides were selected from MaxQuant search results. These peptide

sequences were synthesized by Pepscan (Lelystand, The Nether-

lands). Peptides were solved and diluted to 5–500 pmol/�l according

to their physicochemical properties (supplemental Table S4). Instable

arginine phosphorylations were analyzed additionally by offline meas-

urements coupled to the MS via direct infusion.

Enrichment of Synthetic Arginine Phosphorylated Peptides with

TiO2—To test the TiO2 enrichment protocol for its influence on pep-

tide stability and reproducibility of replicates, the physicochemical

properties of all synthetic arginine phosphorylated peptides were

analyzed, focusing on sequence specific stability at different temper-

atures. A subset of five synthetic arginine phosphorylated peptides of

medium stability reflecting highly different properties (supplemental

Table S5) was then subjected to TiO2 enrichment and C8 purification

followed by LC-MS/MS analysis as described for complex samples.

To determine peptide stability, recovery rate, enrichment efficiency

and reproducibility of sample preparation, integrated peptide peak

areas were used for all fractions examined. In total, seven different

fractions (supplemental Table S6) were compared regarding the

amount as well as the ratio of phosphorylated and nonphosphory-

lated isoforms. Experiments were carried out in three replicates.

Classical Data Analysis—For classical database search, spectra

were analyzed with the software MaxQuant (version 1.5.3.30, Max

Planck Institute of Biochemistry, Martinsried, Germany) (55); peak

lists were searched by the integrated search engine Andromeda (56)

against the database from Uniprot (release May 2015), containing

2680 proteins of S. aureus COL (common laboratory contaminants

and all reversed sequences added). Parameters for mass deviation

were set to 6 ppm at Full scan level and 0.5 Da for CID spectra or

20 ppm for HCD spectra at MS/MS level. A false discovery rate (FDR)

of 0.01 on protein, peptide and phosphosite level was applied as well

as a minimum peptide length of seven amino acids and two peptides

per protein. Full tryptic specificity with a maximum of two missed

cleavage sites was applied. Variable modifications were oxidation on

methionine (�15.9949 Da), carbamidomethylation on cysteine

(�57.0214 Da) and phosphorylation on serine, threonine, tyrosine or

arginine (�79.9663 Da). Phosphorylated peptides were then sub-

TABLE I

Modified incubation times and temperatures

For phosphoproteome experiments, samples were prepared according to Bäsell et al. (34) with the slight modifications listed in this table.

LysC � Lysyl Endopeptidase (Wako Pure Chemical Industries Ltd., Osaka, Japan).

Incubation step Incubation conditions according to Bäsell et al. Incubation conditions of adapted protocol

Centrifugation after harvest 20 min, 8000 � g, 4 °C 10 min, 10,016 � g, 4 °C

Cell wash 2�, Tris/HCl 50 mM, samples freezed afterwards 3�, Tris/HCl 50 mM, no freezing

Cell lysis 15 min, 37 °C 10 min, RT

Nuclease digestion 15 min, 37 °C 10 min, RT

Acetone precipitation Overnight (app. 16 hours), �20 °C Four volumes, 6 hours, �20 °C

Centrifugation after precipitation 1 � 45 min, 8000 � g; 1 � 15 min, 10,000 � g,
4 °C

1 � 30 min, 10,016 � g; 1 � 10 min, 15,800 � g,
4 °C

Evaporation of acetone rests 30 min under fume cupboard 6.5 min with concentrator plus (Eppendorf AG,
Hamburg, Germany)

Enzymatic digestion 8 hours LysC, Trypsin overnight (app. 14–15 hours) 12 hours, Trypsin only

Acidification 15 min, RT, pH 2.70 10 min, 12 °C, pH 3.30 � 3.37

Centrifugation prior to SCX 1 � 15 min, RT 2 � 15 min, 12 °C

SCX pH 2.70, fractions freezed afterwards pH 3.2, no freezing

Wash during TiO2 enrichment 1�, pH � 1 2�, pH 3.30 � 3.37

Acidification prior to MS
analysis

pH � 1 pH 3.30 � 3.37
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jected to manual validation and the spectrum was only considered to

be of sufficient quality and kept for further steps if all validation criteria

were fulfilled (Table II).

Construction of Spectral Libraries and Spectral Library Search—

For spectral library construction, 1095 .raw files (supplemental Table

S7) were converted to mzXML (MSConvert GUI, ProteoWizard (57))

and processed using the Trans Proteomics Pipeline (58) (TPP, v.

4.8.0) (see supplemental data for details).

For spectral library search, 376 .raw files of the wild type and the

mutant �ptpB (n � 4) were subjected to SpectraST library search.

Search results were combined to interact.pep.xml, filtered for maxi-

mum absolute precursor mass tolerance of less than 0.005 Da and

with dot value cut-off enabled for CID data. To determine the respec-

tive cut-off value, raw files were first searched against a SpectraST

library only containing consensus spectra of phosphorylated pep-

tides. Search results were subsequently filtered for the minimum dot

value, which reflected no false positives on the level of phosphospec-

tra. Subsequently, raw files were searched against the SpectraST

library consisting of phosphorylated as well as nonphosphorylated

peptides and the previously determined cut-off value was applied for

filtering. For HCD data, probability filter was enabled.

Experimental Design and Statistical Rationale—For spectral library

construction, proteome samples of S. aureus COL wild type were

prepared after cultivation under eleven different growth conditions

(supplemental Table S2) without biological or technical replicates,

generating samples for cytosolic, enriched membrane and extracel-

lular fraction (1095 .raw files, origin is provided in supplemental Table

S7). Spectral libraries for nonphosphorylated peptides considered

hits with probability � 0.95. All phosphoenrichment fractions of

S. aureus COL wild type and mutant were analyzed with MaxQuant

(FDR � 0.01 on protein, peptide and phosphosite level, probability of

phosphosite localization � 0.75 according to PTMscore implemented

in MaxQuant software) and phosphospectra passing filter criteria and

manual validation (Table II) were added to the library. For data anal-

ysis based on spectral libraries, four biological replicates (n � 4) of the

wild type and the mutant �ptpB were then subjected to SpectraST

search (376 .raw files). SpectraST search results were filtered after-

ward for probability � 0.9 (HCD samples) or dot values (CID samples).

By means of decoy hits, the cut-off for the dot value was set to the

value reflecting no false positives on the level of phosphospectra. For

the experiment regarding reproducibility among technical replicates,

18 phosphoenrichment fractions of �ptpB (grown in LB) were pre-

pared according to the protocol described above. Each fraction was

then separated into four immediately prior to the MS measurement.

This way, four sets of data, each containing 18 .raw files, were

subjected to MaxQuant and SpectraST library search. The mass

spectrometry proteomics data have been deposited to the Proteome-

Xchange Consortium (59) via the PRIDE partner repository (60) with

the data set identifier PXD007167.

RESULTS

Slight Modifications Within the Workflow Greatly Enhance

the Identification of Arginine Phosphorylations—The analysis

of arginine phosphorylations is challenging because of the

lower stability of protein-N-phosphorylations (28), the occur-

rence of phosphoshifts from arginine to serine or threonine

residues (29) and the chemical properties under acidic

conditions (26). Therefore, the applicability of the gel-free,

site-specific method for reliable identification of O-phos-

phorylation established by Olsen et al. (54) to arginine phos-

phorylation was analyzed. A subset of five synthetic arginine

phosphorylated peptides was enriched with TiO2 to assess

recovery, retention and conversion capacity as well as the

influence of TiO2 on the stability of arginine phosphorylated

peptides. To assess peptide stability, a directly measured

peptide mixture was compared with a peptide mixture stored

at room temperature for the same time the TiO2 enrichment

took place. It can be seen that 55–66% of the phosphoryla-

tions were lost after 7.5 h at room temperature (Table III). To

address the retention and conversion capacity of C8 purifica-

tion, the untreated samples were compared with samples

purified with C8 material. In the result, phosphorylated pep-

tides were almost completely recovered whereas 14–19% of

the nonphosphorylated peptide fraction was captured by C8.

To investigate the binding capacity of TiO2 in a further step,

untreated samples were compared with the loading fraction

after TiO2 enrichment. This resulted in 79–92% of synthetic

peptides that were bound to TiO2, proving the general binding

capacity of TiO2. Interestingly, under the given conditions,

also nonphosphorylated peptides were bound to TiO2, addi-

tionally emphasizing the need to adapt the protocol to the

complexity of the samples. This experiment was performed

with five synthetic arginine phosphorylated peptides instead

of a total protein extract of S. aureus to have a known initial

concentration of phosphorylated peptide isoforms. The lower

complexity resulted in an oversupply of binding sites that can

TABLE II

Criteria for manual validation of phosphospectra. Phosphorylated peptides were subjected to manual validation and the spectrum was only

considered to be of sufficient quality and kept for further steps if the following validation criteria were fulfilled

Filter criteria Source

Phosphosite localization probability � 0.75 Bäsell et al. (34)

Precursor mass deviation � 5 ppm Olsen et al. (80)

Identification of at least three phosphorylated fragment ions with sufficient signal to noise level Varied after Mann et al. (38)

b/y Ion coverage confirming the phosphorylation site must not be impaired by peak clusters This study

Intensity of precursor ion 	 0 This study

Ion series coverage must be able to locate the arginine phosphorylation unambiguouslya

if the sequence contains additional STY residues

This study

No terminal arginine phosphorylation is allowed (only protein C-terminus) This study

No multiple phosphorylation is allowed This study

aunambiguous identification � Based on probability and fragment ion coverage neither software based evaluation nor manual validation of

spectra indicate adjacent STY residues as possible phosphosites.
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be occupied by nonphosphorylated peptides as well. To fi-

nally assess the retention and conversion capacity of TiO2,

loading, wash and elution fraction were compared. Results

depended on the amino acid sequence, but between 60 and

99% of the peptides were recovered within the elution frac-

tion. Finally, the washing steps were compared with the elu-

tion fraction regarding the amount and ratio of phosphory-

lated and nonphosphorylated peptide forms. It can clearly be

stated that the washing procedure primarily contained non-

phosphorylated peptide forms. Results, however, depended

on the initial amount of phosphorylated peptides. Whereas

low abundant peptides were almost only found in their non-

phosphorylated forms within the washing fractions, high

abundant peptides were also partly found in their phospho-

rylated form. However, the washing fraction always contained

a higher amount of nonphosphorylated isoforms. It can there-

fore be concluded that the general enrichment procedure

using TiO2 can be applied for arginine phosphorylations under

the given conditions, but optimal results depend on the

amount and ratio of TiO2 beads in comparison to the com-

plexity and concentration of the phosphorylated peptide mix-

ture. To estimate the benefits of the adapted sample prepa-

ration protocol for the enrichment of arginine phosphorylated

peptides, two replicates of a mutant sample were prepared

according to either the original protocol of Olsen et al. (54) or

the adapted protocol described in the methods section. No-

tably, the number of arginine phosphosites greatly increased

when using the adapted method (Fig. 1). These findings sup-

port the notion that slight adaptations considering the lower

stability enable the analysis of arginine phosphorylations with

formerly established protocols.

Combined Spectral Libraries Provide an Additional Tool for

Reliable Identification of Arginine Phosphorylations in S. au-

reus COL—All collected data of classical proteomic and

phosphoenriched samples as well as synthetic peptides were

included into spectral libraries to improve protein identifica-

tion in phosphoproteome analyses by matching true fragmen-

tation patterns of peptides instead of theoretical spectra gen-

erated during classical database search. The workflow for

construction of spectral libraries is depicted in Fig. 2. Briefly,

all phosphoenriched samples were searched with MaxQuant

and phosphorylated spectra were filtered and manually vali-

dated. In parallel, phosphoenriched samples were searched

with Comet, X! Tandem and Sequest and combined to raw

spectral libraries containing all phosphorylated peptides irre-

spective of their quality metrics. In the following step, only

spectra of high quality were kept in the phosphopeptide spec-

tral library, providing 1,688 consensus spectra reflecting 960

phosphopeptides (396 peptides are phosphorylated on argi-

nine residues). To improve the spectral quality of arginine

phosphopeptides, a subset of 39 arginine phosphopeptides

was synthesized chemically (supplemental Table S4). 38 syn-

thesized peptides were reliably identified by spectral library

search and subsequent manual validation, leaving out a single

false positive. To additionally provide a broad range of pro-

teomic data for nonphosphorylated proteins, classical pro-

teomic data were additionally analyzed with the TPP. This

resulted in a high quality spectral library containing 108,438

consensus spectra of 2257 proteins of S. aureus COL, which

account for 84% of the theoretically predicted proteome.

2071 proteins (77%) were found with at least two unique

peptides and 385 phosphoproteins are part of the library, 191

with at least one arginine phosphosite. This study therefore

provides a dataset of S. aureus COL proteins reflecting the

highest proteome coverage reported to date. Finally, all con-

sensus libraries were combined to two spectral libraries (one

for CID and one for HCD), considering equal spectrum num-

bers for phosphopeptide species of experimental and syn-

TABLE III

Synthetic arginine phosphorylated peptides subjected to TiO2 enrichment. The following peptides were selected according to the criteria

displayed in supplemental Table S5. Length displays the number of amino acids. MW � molecular weight in Da. RT � retention time in 30

minutes gradient (see methods section). Displayed is the average retention time (average values between all replicates) in minutes of the

phosphorylated isoform. Stability is determined in % of remaining phosphorylated isoform after 7.5 hours incubation at 25 °C

Sequence Protein Gene Phosphosite Length MW RT Stability

R(ph)DPDFDQFPK Q5HH38 menB R262 10 1344 24 34

GLDINQISLEER(ph)MQER Q5HIF5 pdxS R289 16 2010 29 45

LGR(ph)TSDQR Q5HDY5 rplQ R8 8 1011 8 37

M(ox)NYIR(ph)ILPGDK Q5HDY0 infA R46 11 1415 26 40

QINVPGFR(ph)K Q5HF97 tig R45 9 1138 22 35

FIG. 1. Comparison of original and adapted method. Compari-

son of two replicates of �ptpB indicating methodical improvements.

Results show the number of identified phosphosites after sample

preparation with the protocol of Olsen et al. (54) in comparison with

the number of phosphosites after sample preparation with the

adapted protocol described in the methods section. The abundance

of phosphosites on arginine residues is colored gray, the number of

phosphosites on serine, threonine or tyrosine residues is depicted in

black.
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FIG. 2. Workflow to construct combined spectral libraries considering arginine phosphorylations, Andromeda based identifications,

synthetic phosphopeptides and classical proteomic data. 1095 .raw files were searched by different search engines, combined, validated

and used for construction of raw spectral libraries. Phosphoenriched samples were searched using the search engine Andromeda implemented

in the software MaxQuant. All spectra passing the manual validation were considered for implementation in the spectral library. For technical

reasons, the raw library was divided into two in order to separate STY phosphorylations from arginine phosphorylations. Classical proteomic

data were subjected to Comet and X! Tandem and final interact.ipro.pep.xml files underwent iRT alignment before raw spectral libraries were

cleared of false positive hits, human contaminants and phosphorylated peptides and filtered for probability � 0.95. Synthetic spectral libraries

were cleared of false positives, human contaminants and filtered for probability � 0.9. In addition, each consensus spectrum of the synthetic

spectral library was validated manually. Afterward, all three libraries were combined, considering equal spectrum numbers for comparable

phosphopeptide species of the experimental and the synthetic spectral library. The Voronoi treemap (79) displays the functional categories of

all theoretical proteins of S. aureus (2680 proteins, colored dark gray). Each cell displays a single protein. Light gray colored proteins are part

of the spectral library and if one or more phosphopeptides are part of the library, the respective protein is depicted in light blue. Proteins

containing at least one arginine phosphorylation are depicted in dark blue. Different levels of the treemap are additionally provided as separate

high quality figures (supplemental Fig. S6A–S6C).
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thetic origin. These combined spectral libraries based on An-

dromeda search results, synthetic arginine phosphorylated

peptides and classical proteomic experiments provide a

valuable tool to facilitate elucidation of crucial physiological

questions from S. aureus COL. The spectral libraries have

been deposited to the ProteomeXchange Consortium (59) via

the PRIDE partner repository (60) with the data set identifier

PXD007167.

451 Phosphosites Were Identified in S. aureus COL—The

high-quality data of the spectral library can be used to validate

spectral data from subsequent MS analyses. The phospho-

proteome of the deletion mutant �ptpB, which lacks the abil-

ity to express the predicted phosphatase PtpB, was com-

pared with the wild type in exponential growing cells

(cultivated in LB medium) regarding the pattern of arginine

protein phosphorylations. Raw files of wild type and mutant

(n � 4) were subjected to spectral library search. This way,

phosphosite, -peptide and -protein identifications were com-

pared between wild type and mutant. Overall, 167 phospho-

sites on 102 proteins were identified in the wild type (supple-

mental Table S8) and 421 phosphosites on 212 proteins

within the mutant (supplemental Table S9, Fig. 3). Considering

all possible phosphorylated amino acids, it became obvious

that deletion of ptpB led to a higher number of identified

phosphosites (supplemental Table S10) and phosphopep-

tides (supplemental Fig. S1), respectively. Eight arginine

phosphosites were identified in wild type and mutant, but

another 207 arginine phosphosites were exclusively identified

in the mutant �ptpB. Remarkably, although the number of

tyrosine phosphorylations is comparable between wild type

and mutant, the number of phosphosites at serine and thre-

onine residues is about 30% higher in the mutant than within

the wild type. To address substrate specificity and possible

protein side effects, in vitro experiments with recombinant

PtpB were performed. PtpB was incubated with synthetic

peptides phosphorylated on either arginine or adjacent serine

or threonine phosphorylations demonstrating that PtpB solely

dephosphorylated arginine phosphorylated substrates (sup-

plemental Table S12). In addition, this experiment showed

that no dephosphorylation was observed after adding the

same phosphatase inhibitors that have been used for sample

preparation (see supplemental data for details).

To further address substrate specificity, motif analyses

were performed. Unfortunately, no preferred sequence motifs

were identified. This is not surprising considering the fact that

Schmidt et al. performed extensive analyses for B. subtilis

with similar results (26). However, it is at least possible to

identify some amino acid residues, which are more likely to be

found close to arginine phosphorylations. Indeed, several

peptides with more than two serial glycine residues near

arginine phosphorylations (
 ten amino acids) were identified.

Furthermore, we identified a higher abundance of the amino

acids glutamine and asparagine as well as glutamic acid and

aspartic acid about identified arginine phosphorylations. In

the case of glutamine, this is consistent to observations of

Schmidt et al. In contrast to Schmidt et al., however, we did

not find an accumulation of serine residues next to arginine

phosphorylations. We therefore conclude that no preferred

sequence motifs exist for arginine phosphorylation, but the

accumulation of several amino acids residues possibly pro-

vides the basis for subsequent studies.

To analyze possible co-occurrence for proteins with several

phosphosites, results were additionally filtered for multiple

phosphorylations as well as phosphosites in close neighbor-

hood. This left out 12% of proteins containing arginine and

serine, threonine or tyrosine phosphosites next to each other.

Only for these proteins, co-occurrence of arginine and serine

or threonine residues might be an issue. Although co-occur-

rence might not affect the results of this study regarding the

physiological relevance of arginine phosphorylations be-

cause of the low number of cases, multiple phosphopep-

tides were excluded from detailed physiological analyses in

order to prevent consideration of putatively mislocalized

phosphosites.

Identification as well as Reproducibility Were Highly In-

creased with Spectral Library Search—To compare database

with spectral library search, samples were subjected to a

classical database search, as well as to an identification

search using a combined spectral library. Although database

search allowed 382 phosphopeptide identifications (serine,

threonine, tyrosine or arginine residues) on 195 phosphopro-

teins, the identifications obtained by spectral library search

were significantly higher belonging to 459 phosphopeptides

of 228 phosphoproteins. The intersection accounted for

74.8% on the level of phosphoproteins. In addition, spectral

library search exclusively identified 13 arginine phosphory-

lated proteins as for example another transcriptional regulator

(SACOL1065).

Besides the total number of identifications, focus was laid

on the reproducibility of results. One sample was measured

four times to generate technical replicates. After subjection to

classical database search, the number of arginine phospho-

rylations was investigated. Although the absolute number of

identifications was comparable (43.8 
 5.7 arginine phospho-

FIG. 3. Number of identified phosphoproteins. Comparison of the

wild type and the mutant concerning the number of identified

phosphoproteins.
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peptides), the overlap among all four replicates was about

15%. To yield sufficient reliability of identification results, at

least four biological replicates were therefore considered as

necessary for each experiment and only results that were

found in at least two biological replicates are supposed to be

considered for further analyses. On the contrary, the same

raw data were subjected to a SpectraST library search only

containing consensus spectra of phosphorylated peptides

resulting in 47 
 2.6 arginine phosphopeptides and an intrigu-

ingly higher overlap of more than 41%.

Phosphorylations Are Widely Distributed Within the Bacte-

rial Metabolic Pathways—In a further step, global impact and

physiological relevance of arginine phosphorylations were ad-

dressed. According to TIGRFAM (61) or KEGG based anno-

tation (62), each phosphorylated protein was classified to

functional groups of proteins. This protein family classification

scheme was used to sort identified phosphorylations in

metabolic pathways or functional groups. It can be demon-

strated that phosphorylations on serine, threonine, tyrosine

and arginine are widely distributed along the whole metabo-

lism. Most of the identified phosphoproteins (phosphorylated

on arginine, serine, threonine or tyrosine residues) cover all

displayed functional groups to a similar extent, but carbohy-

drate metabolism, transcription, protein synthesis and energy

metabolism stand out (Fig. 4). Indeed, nearly 43% of all iden-

tified phosphoproteins belong to one of these four groups. If

the distribution of metabolic pathways and functional groups

is regarded only for arginine phosphorylations, a similar pat-

tern was observed (nearly 48% belong to these four groups,

supplemental Fig. S2). It can therefore be seen that phospho-

rylations in general as well as arginine phosphorylations are

widely distributed along the entire bacterial metabolism of

S. aureus COL.

Although phosphorylations were found in distinct physio-

logical classes, a closer look to protein synthesis showed that

an intriguingly high number of phosphorylated proteins be-

longed to the translation machinery, subdivided into ribo-

somal proteins, tRNA ligases and translation factors (Fig. 5A).

The same inclination was noted when investigated for arginine

phosphorylations only. Strikingly, the distribution of the phos-

phoproteins respecting the phosphorylation on different

amino acids showed that for example five out of six phospho-

rylated translation factors were found with phosphosites at

arginine and serine/threonine/tyrosine residues (Fig. 5B).

Arginine Phosphorylations Are Part of Important Regu-

lons—To evaluate the impact of protein arginine phospho-

rylation on the regulation of cellular processes, results were

searched for regulator proteins. Within the mutant �ptpB,

three regulator proteins and a sigma factor were phospho-

rylated on arginine residues: CtsR, MgrA, SigA, and

SACOL1065, two of them regulating a high number of pro-

teins likewise phosphorylated on arginine (ten for MgrA, four

FIG. 4. Functional groups of identified phosphoproteins of the mutant �ptpB. Each phosphoprotein was matched to one or more

functional groups, according to TIGRfam or KEGG based annotation. The green line shows the absolute number of identified phosphoproteins

for the main functional groups whereas the orange line represents the percentage coverage of identified phosphoproteins with respect to the

theoretical number of proteins belonging to this group. Highlighted with a red box are the functional groups that stand out.
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for CtsR) or STY residues (eleven for MgrA, five for CtsR). In

addition, although the regulator CggR itself was not found

with phosphorylated residues, four out of five proteins of the

respective regulon were found to be phosphorylated on argi-

nine and/or serine/threonine/tyrosine residues. A similar ob-

servation was made for the regulons of HrcA, PerR and SigB.

As to HrcA, three out of six proteins belonging to this regulon

(63) show at least two arginine phosphosites. This agrees with

former observations in B. subtilis, investigating the role of

protein arginine phosphorylation under oxidative stress con-

ditions (26, 64). In addition, the transcriptional regulator SarA

as well as 23 proteins belonging to this regulon were found

phosphorylated, 14 with at least one phosphosite on arginine

residues and many of them associated to putative roles under

infection related or virulence conditions (65).

DISCUSSION

Spectral Library Based Analyses Complement Classical Da-

tabase Search—Protein identification can be improved by the

use of spectral libraries because true fragmentation patterns

of peptides are matched instead of theoretical spectra gen-

erated during classical database search. As spectral library

based identification is limited to spectra formerly added to the

library, spectral library based analyses complement classical

database search hazarding the consequence that completely

new spectra and their respective peptides cannot be found.

To investigate this effect on our data, classical database

search based on MaxQuant was compared with spectral li-

brary search. The intersection accounted for 74.8% on the

level of phosphoproteins. Thus, protein identifications specific

for the database search contributed only to a small proportion

to the total sum of identifications (5.8%). Depke et al. showed

similar results comparing classical database search using

Mascot and SpectraST library search (3).

These identifications in spectral library searches but not in

database searches illustrate the advantage of applying the

spectral library from this study to phosphoproteome samples

of S. aureus COL.

Comparison of Combined Libraries with Different Numbers

of Spectra Used for Construction of Consensus Spectra—

During the construction of combined spectral libraries, a high

difference between the numbers of spectra originating from

experimental and synthetic data was observed: Phosphopro-

teins are often of low abundance and there is only a small

number of phosphorylated amino acids per phosphoprotein.

Moreover, it is possible that only some fractions of one protein

species are phosphorylated under the given cultivation con-

dition. Together with the challenges imposed by the complex-

ity of proteome samples and the mass spectrometric analysis

of especially arginine phosphorylations, this leads to a high

number of cases where only a very limited number of high

quality phosphospectra were identified for the respective ar-

ginine phosphosite. Aside from that, the chemical synthesis of

artificial arginine phosphorylated peptides provides the re-

spective peptide in a high concentration and allows the gen-

eration of hundreds or thousands of high quality spectra

representing the same peptide sequence and mostly all rele-

vant charge states. This resulted in 84% of phosphopeptides

with a ratio between spectra of synthetic and experimental

origin of � 50:1 in the present study. For this reason, different

ways of combining experimental and synthetic spectral libra-

ries regarding the number of identifications as well as the

quality of resulting consensus spectra were tested. Eleven

arginine phosphopeptides cannot be found when data were

searched against the combined library with disparate number

of spectra used for consensus instead of a search against a

library only containing spectra of experimental origin. Ten of

them, however, can again be found when equal numbers of

spectra of synthetic and experimental origin were combined.

FIG. 5. Functional classification of arginine phosphorylated pro-

teins of the mutant �ptpB. Among the protein biosynthesis, a high

number of phosphorylated proteins belonging to the functional

classes of ribosomal proteins, tRNA ligases and translation factors

was identified within the mutant. A, Number of phosphoprotein iden-

tifications belonging to functional classes of protein synthesis Abso-

lute as well as relative values of phosphoproteins identified in only one

(colored light gray) or at least two biological replicates (colored dark

gray) of the theoretically annotated proteins (colored white). The

group “theoretically annotated proteins” comprises all proteins be-

longing to the respective functional group according to TIGRFAM and

KEGG based annotation. B, Phosphoprotein identifications differen-

tiated according to amino acid Detailed view on the distribution of the

phosphoproteins in respect of the phosphorylation on different amino

acids. Considered are only phosphorylations that are found in at least

two biological replicates. The sum of the number of proteins phospho-

rylated on arginine residues (colored dark gray) and the number of

proteins phosphorylated on serine, threonine or tyrosine residues (col-

ored light gray) is higher than the total number of proteins (black bar),

indicating that a lot of phosphoproteins were found with more than one

phosphosite.
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This could be explained by the fact that experimental libraries

were constructed from phosphoenriched samples and spec-

tra of phosphoenriched samples searched against these li-

braries are more similar than their synthetic homologues. For

libraries with disparate numbers, the consensus spectrum is

generated from a high number or solely out of spectra of

synthetic origin, which might suppress special features of

spectra of experimental origin. In addition, it was tested

whether the generation of independent data to subject to the

spectral libraries would influence the above results. Hence, all

spectra originating from a fifth biological replicate were re-

moved from the library so that the libraries did not contain any

spectra of this sample. This sample was then searched

against the libraries. Results showed nevertheless the same

tendencies as described above (data not shown). It is there-

fore advised to generate combined libraries with equal num-

bers of spectra used for the construction of consensus spec-

tra, combining the benefits of clear and reasonable, nearly

perfect spectra of synthetic peptides together with character-

istic features of experimental spectra originating from the

same type of data than the samples. To support this, the

quality of the different spectral libraries was compared and

measured by dot values and probabilities. When data of four

biological replicates of �ptpB were searched against spectral

libraries of synthetic peptides, the mean probability values

were approximate to 1 (supplemental Fig. S3A). This could be

explained by the fact that spectra of chemically synthesized

peptides provide a nearly perfect match of the respective

peptide species. Because the phosphospectra used for gen-

eration of experimental spectral libraries were implemented

after validation on MaxQuant level and manual validation, but

did not have to pass probability filters of TPP search engines,

the probabilities for experimental libraries of arginine phos-

phorylation cannot be compared in a reliable way. They differ

within the experimental library between 0.001 and 1 (supple-

mental Fig. S3B). Searches against combined libraries with

equal numbers of spectra, however, nearly achieved proba-

bilities as high as searches against synthetic libraries for

comparable phosphopeptide species. In addition, when dot

values of the same samples were compared among all spec-

tral libraries (experimental library, combined library with equal

and disparate numbers and synthetic library), analyses re-

vealed that highest values were identified for experimental

libraries and lowest values for synthetic ones, again providing

the best compromise with combined libraries with equal num-

bers of spectra (supplemental Fig. S3C). To conclude, com-

bined libraries with equal numbers of spectra used for con-

sensus provide the best repository of arginine phosphorylated

spectra.

SpectraST Search Results of CID Measurements Were Fil-

tered for Dot Values—In addition, when CID measurements

are subjected to SpectraST library search, the appropriate dot

value cut-off had to be determined to enable reliable filtering

of search results. If samples were searched against the library

containing spectra of phosphorylated as well as nonphospho-

rylated peptides, the cut-off to reflect no false positives on the

level of phosphospectra resulted in a mean value of 0.88

(standard deviation � 0.02). However, when samples were

filtered against a cut-off this strict, a high number of synthetic

arginine phosphorylated peptides cannot be found within the

remaining search results indicating a high number of false

negatives. This is in accordance with recent studies of Hart-

Smith et al., which indicated that global FDR estimates influ-

ence the reliability of results for modified peptides (66). To

decrease the number of false negatives and to determine both

the correct cut-off as well as the number of remaining decoy

hits after filtering with less strict criteria, samples were sub-

jected to a SpectraST library search against a spectral library

only containing consensus spectra of phosphorylated pep-

tides. This provided a mean cut-off value of 0.783 (standard

deviation � 0.005). This cut-off was then applied to the search

results against the whole library resulting in about 0.05% of

remaining decoy hits within the final search results. These

data indicate that an appropriate cut-off can be determined if

samples were first subjected to a SpectraST library search

only containing consensus spectra of phosphorylated pep-

tides, decreasing the otherwise very high number of false

negatives. This cut-off can in turn be used for the search

against the complete library. However, it would not be advis-

able to apply the same filter criteria when nonphosphorylated

peptides are of interest.

For the results of HCD measurements, however, the stan-

dard probability filter of 0.9 was sufficient to yield high quality

results. Indeed, if results of HCD measurements are filtered

the same way than CID measurements, this results in a rela-

tively high number of remaining decoys (data not shown).

PtpB Acts as Phosphoarginine Phosphatase—S. aureus

contains two low-molecular-mass phosphotyrosine protein

phosphatases, which are known to be more common in

Gram-negative bacteria (47) and were formerly characterized

in vitro as acid low-molecular-mass phosphotyrosine protein

phosphatases PtpA and PtpB (47). Those in vitro studies

reported substrate specific activity of PtpB to release inor-

ganic phosphate from o-phosphotyrosines with no effect on

o-phosphoserines or o-phosphothreonines. However, an ar-

ginine phosphate containing substrate has never been tested

for these studies. In vitro experiments performed within this

study using recombinant purified PtpB and synthetic arginine

phosphorylated peptides proved assumed phosphatase ac-

tivity under the given conditions.

Additionally, the phosphotyrosine phosphatase activity of

PtpB in S. aureus can be proved by structural motifs typical

for LMWPTPases, which are highly conserved among differ-

ent staphylococcal strains and even species and play pivotal

roles in the catalytic cleavage mechanism (48).

In the present study, 207 arginine phosphorylations were

identified exclusively within �ptpB, revealing putative targets

of PtpB. Although the number of tyrosine phosphorylations is
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comparable between wild type and �ptpB, almost no phos-

phosites were identified within the wild type in terms of argi-

nine phosphorylations, whereas the number of identified ar-

ginine phosphosites of the mutant �ptpB comprises more

than 50% of all identified phosphorylations of the mutant.

Thirteen tyrosine phosphosites were identified for wild type

samples and 15 tyrosine phosphosites were found within

�ptpB samples, providing an intersection of ten phosphopep-

tides. As no significant differences were found regarding

phosphotyrosine results, these phosphosites might be targets

of the second acid low-molecular-mass phosphotyrosine pro-

tein phosphatase PtpA, which is showing a higher enzymatic

activity in vitro (47). It should further be noted that the respec-

tive homologous arginine phosphatase YwlE in B. subtilis only

exhibits tyrosine phosphatase activity under acidic pH condi-

tions (67) while targeting exclusively arginine phosphoryla-

tions under neutral or physiological conditions (27). Indeed, in

vitro studies targeting the enzymatic activity of PtpB also

describe the highest tyrosine phosphatase activity of PtpB

under slightly acidic conditions (47). Besides, S. aureus con-

tains CapC, another tyrosine specific phosphoesterase, be-

longing to the Polymerase and Histidinol Phosphatase family

(PHP family) that is more common in Gram-positive bacteria

(47). CapC could maybe target the phosphotyrosine peptides

of this study. Further, it is known that the deletion of the ptpA

or ptpB gene does not affect growth of S. aureus under every

condition (68). Together with the fact that the same sequence

motifs of the respective protein homologs are used for catal-

ysis in Yersinia pestis, some studies suggest that the phos-

photyrosine phosphatase is only active under infection con-

ditions (68–70). Our hypothesis, based on the literature (71),

that the protein PtpB possesses arginine phosphatase or

arginine phosphotransferase activity in S. aureus COL is fur-

ther supported by the fact that all eight arginine phosphosites

identified in the wild type were also found in �ptpB, but

additional 207 arginine phosphosites were exclusively found

in �ptpB. In addition, in vitro studies addressing phosphatase

activity and substrate specificity of recombinant purified PtpB

showed significant phosphatase activity for exemplary syn-

thetic arginine phosphorylated peptides, which have been

identified as putative targets of PtpB. Additionally, the assay

did not show enzymatic activity for the respective synthetic

peptides phosphorylated on adjacent serine or threonine

phosphosites (supplemental Table S12).

Moreover, arginine phosphosite identifications of this study

were distributed within most metabolic pathways. Recent

studies in B. subtilis, suggesting that protein arginine phos-

phorylation in bacteria marks proteins for degradation (45),

could explain the wide distribution in S. aureus as well. Taken

together, the current study did not confirm the phosphoty-

rosine activity of the protein PtpB, but identified a possible

arginine phosphatase or phosphotransferase activity.

Comparison with Further Phosphoproteome Studies in

S. aureus COL—This study was compared with former results

of phosphoproteome analyses in S. aureus COL. Gel-free

TiO2 enrichments of Bäsell et al. (34) identified 30 proteins

phosphorylated on STY residues (multiple phosphopeptides

excluded). 20 of these proteins were also found in wild type

samples of this study and another three proteins were found

in �ptpB samples. Moreover, 78 additional proteins phospho-

rylated on STY residues for wild type samples were exclu-

sively identified within this study. These results could be

explained by the fact that Bäsell et al. cultivated under differ-

ing conditions (Bäsell et al. cultivated the late exponential and

transient growth phase in chemical defined synthetic medium;

this study investigated exponential growing cells cultivated in

LB medium) and used a slightly different sample preparation

protocol as well as an older MaxQuant version. The overlap is

also limited because of technical restrictions because Spec-

traST search can only identify phosphopeptides that were

added to the library first. Some phosphorylations of Bäsell et

al. which could not be identified in this study, however, were

not part of the spectral library. MaxQuant and SpectraST

assigned the respective spectra to different peptide se-

quences and these spectra had to be removed from the library

for this reason. To minimize these restrictions, all phospho-

spectra of the study of Bäsell et al. (34) providing sufficient

spectral quality were added to the spectral library. Besides,

six out of seven phosphorylations on arginine residues iden-

tified within the former study were again identified in the

wild type or mutant samples of this study and 209 additional

arginine phosphosites were identified in the mutant. Hence,

our findings complemented the study of Bäsell et al. (34).

Comparison with Studies on Arginine Phosphorylations in

B. subtilis—Protein arginine phosphorylation plays an impor-

tant role in the regulation of cellular processes, but only re-

cently putative target proteins as well as physiological con-

nections to different stress conditions were investigated in

B. subtilis (25, 26, 64). It is therefore interesting to compare

the results of this study with phosphorylations on arginine

residues with putative or evident target proteins of former

studies in B. subtilis. Elsholz et al. (25) and Schmidt et al. (26)

identified 190 proteins phosphorylated on arginine residues.

39 of the respective homologous proteins were found phos-

phorylated on arginine residues within the mutant samples of

this study (supplemental Fig. S4). For another 17 proteins, no

protein homologue exists in B. subtilis. Comparing the level of

phosphosites in B. subtilis and S. aureus, it became obvious

that 69% of all arginine phosphoproteins were only identified

within S. aureus. Additionally, 17.5% of proteins are not only

phosphorylated on arginine residues within both organisms

but were identified with at least one identical or adjacent

arginine phosphosite (supplemental Fig. S5).

Moreover, Elsholz et al. (25) co-purified 264 proteins to-

gether with the PtpB homologous protein phosphatase YwlE.

For 23% of these co-purifications, homologous proteins were

found with phosphorylations on arginine residues within the

current study. The findings of Schmidt et al. (26), identifying
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the highest number of arginine phosphorylations in proteins

belonging to protein synthesis pathways and TCA cycle also

fit with the identifications in this study. Taken together, de-

spite the different cultivation conditions, different harvesting

time points and even the use of another organism, arginine

phosphorylation seems to be widely conserved at least for

Gram-positive bacteria.

Arginine Phosphorylations Could Play a Role for Staphylo-

coccal Virulence—Several studies suggest a possible role of

the protein PtpB for staphylococcal pathogenesis and viru-

lence although evidence and target proteins remained elusive.

Furthermore, Wozniak et al. (46) described the impact of the

respective arginine kinase McsB in S. aureus for staphylococcal

pathogenesis and virulence. The phosphorylation on arginine

residues of regulators such as MgrA and a high number of the

proteins belonging to the regulon of MgrA or SarA might bridge

the gap among these former suggestions (72, 73). Aside

from that, PerR and CtsR influence the ability of S. aureus

COL to adapt to stress conditions, for example in host

pathogen interactions and virulence modulating effects of

SigB were studied (74–78). Further studies targeting these

stress conditions, as for example stress induced by antibi-

otics, ROS or infection related conditions, could therefore

shed light on possible links between arginine phosphoryla-

tions and staphylococcal virulence.

CONCLUSION

This study provides a complex and comprehensive protein

repository of high proteome coverage of S. aureus COL in-

cluding identification of serine/threonine/tyrosine as well as

arginine phosphorylations, which will facilitate further analy-

ses of this important human pathogen. Slight modifications

within the workflow, and the use of combined spectral libra-

ries based on phosphoenriched samples, synthetic arginine

phosphorylated peptides and classical proteome samples of

a high number of different growth and cultivation conditions

highly improved reliable and reproducible identification of ar-

ginine phosphorylations. 207 arginine phosphosites were

identified as putative targets of PtpB, widely distributed along

the whole metabolism of S. aureus. Findings of an intriguingly

high number of arginine phosphosites belonging to energy

metabolism, protein synthesis, transcription and stress

regulons suggest a very broad regulatory potential of this

modification to impact protein expression in S. aureus on a

global scale. In conclusion, our data provide the basis for

reliable analysis of arginine phosphorylations in pathogenic

bacteria, for example under stress conditions. This way, the

analysis of arginine phosphorylations in human pathogenic

bacteria provides first hints on the global impact and phys-

iological role of protein arginine phosphorylation for bacte-

rial virulence.
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8. Maček, B., and Mijakovic, I. (2011) Site-specific analysis of bacterial phos-

phoproteomes. Proteomics 11, 3002–3011

9. Eymann, C., Becher, D., Bernhardt, J., Gronau, K., Klutzny, A., and Hecker,

M. (2007) Dynamics of protein phosphorylation on Ser/Thr/Tyr in Bacillus

subtilis. Proteomics 7, 3509–3526

10. Ohlsen, K., and Donat, S. (2010) The impact of serine/threonine phospho-

rylation in Staphylococcus aureus. Int. J. Med. Microbiol. 300, 137–141

11. Shankar, M., Mohapatra, S. S., Biswas, S., and Biswas, I. (2015) Gene

regulation by the LiaSR two-component system in Streptococcus mu-

tans. PLoS ONE 10, e0128083

12. Sun, F., Ding, Y., Ji, Q., Liang, Z., Deng, X., Wong, C. C. L., Yi, C., Zhang,

L., Xie, S., Alvarez, S., Hicks, L. M., Luo, C., Jiang, H., Lan, L., and He,

C. (2012) Protein cysteine phosphorylation of SarA/MgrA family tran-

scriptional regulators mediates bacterial virulence and antibiotic resis-

tance. Proc. Natl. Acad. Sci. U.S.A. 109, 15461–15466

13. Medzihradszky, K. F., Phillipps, N. J., Senderowicz, L., Wang, P., and

Turck, C. W. (1997) Synthesis and characterization of histidine-phospho-

rylated peptides. Protein Sci. 6, 1405–1411

14. Oslund, R. C., Kee, J.-M., Couvillon, A. D., Bhatia, V. N., Perlman, D. H., and

Muir, T. W. (2014) A phosphohistidine proteomics strategy based on

elucidation of a unique gas-phase phosphopeptide fragmentation mech-

anism. J. Am. Chem. Soc. 136, 12899–12911

15. Mann, M., Ong, S.-E., Grønborg, M., Steen, H., Jensen, O. N., and Pandey,

A. (2002) Analysis of protein phosphorylation using mass spectrometry:

deciphering the phosphoproteome. Trends Biotechnol. 20, 261–268
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77. Lorenz, U., Hüttinger, C., Schäfer, T., Ziebuhr, W., Thiede, A., Hacker, J.,

Engelmann, S., Hecker, M., and Ohlsen, K. (2008) The alternative sigma

factor sigma B of Staphylococcus aureus modulates virulence in experimental

central venous catheter-related infections. Microbes Infect. 10, 217–223
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ABSTRACT. The Gram positive bacterium Staphylococcus aureus plays an important role as an 

opportunistic pathogen and causative agent of nosocomial infections. As pathophysiological 

research gained insight into host specific adaptation and a broad range of virulence mechanisms, 

S. aureus evolved as a model organism for human pathogens. Hence the investigation of 

staphylococcal proteome expression and regulation supports the understanding of the 

pathogenicity and relevant physiology of this organism. This study focused on the analysis of 

protein regulation by reversible protein phosphorylation, in particular on arginine residues. 

Therefore, both proteome and phosphoproteome of S. aureus COL wild type were compared 

with the arginine phosphatase deletion mutant S. aureus COL  ptpB under control and stress 

conditions in a quantitative manner. A gel0free approach, adapted to the special challenges of 
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arginine phosphorylations, was applied to analyze the phosphoproteome of exponential growing 

cells after oxidative stress caused by sublethal concentrations of H2O2. Together with phenotypic 

characterization of S. aureus COL  ptpB, this study disclosed first insights into the physiological 

role of arginine phosphorylations in Gram positive pathogens. A spectral library based 

quantification of phosphopeptides finally allowed to link arginine phosphorylation to 

staphylococcal oxidative stress response, amino acid metabolism and virulence.   

INTRODUCTION Staphylococcus aureus emerged as model organism for Gram positive human 

pathogens 1,2. The investigation of staphylococcal physiology therefore enables the scientific 

community to decipher molecular and cellular mechanisms that underlie pathogenicity and 

virulence. During infection, S. aureus expresses a high number of proteins aiming at 

immunoevasion 3, antibiotic resistance 4, or general adaptation to various stress conditions 5 

evoked by immune defense mechanisms of the host. Among others, several regulator systems are 

known like the two component system GraRS or the regulator protein MgrA regulating virulence 

via signal transduction 6,7. 

Typical infection0related stress conditions S. aureus has to face are starvation, iron limitation, 

heat, and antibiotic stress. However, one of the most important challenges for S. aureus during 

pathogenesis is survival and adaptation under oxidative stress conditions 8. Reactive oxygen 

species (ROS) produced by neutrophils or used in clinical environments bear a crucial challenge 

for S. aureus during infection and colonization 9. Among others, the oxidizing peroxide H2O2 can 

cause severe damage to bacterial cells. During the Fenton reaction, H2O2 generates hydroperoxyl 

radicals inducing biomolecule damage. These radicals are known to effect oxidation of thiols and 

catalytic Fe0S clusters, resulting in iron release and subsequent enzyme inactivation 10. 
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 3

Moreover, sugar and base damage leading to DNA strand breakage and base alteration or release 

are raised by ROS 11. By cultivation with H2O2, the generation of ROS can be simulated in vitro 

to study bacterial physiology under oxidative stress conditions.  

One of the most important options for bacterial cells to react to oxidative stress is protein 

regulation through posttranslational modifications. For example, prokaryotic signal transduction 

can influence protein expression or protein activity via reversible protein phosphorylation 12. The 

resulting impact on protein charge and structure thereby renders protein phosphorylation 

responsible for protein interactions, substrate specificity, or subcellular localization. Hence the 

investigation of protein phosphorylation enables researchers to gain deeper insights into 

physiology and virulence of bacterial pathogens 13. Besides stable O0phosphorylations at serine, 

threonine or tyrosine residues, energy0rich phosphorylations at histidine or aspartate residues are 

described for S. aureus 
14,15. In particular, the N0phosphorylation at arginine residues plays an 

important, but still elusive role 16. S. aureus is known to possess the kinase McsB influencing 

stress tolerance and virulence of the pathogen 17. Furthermore, PtpB acts as phosphoarginine 

phosphatase whose targets fulfill various cellular functions in S. aureus 16. Yet specific targets 

and the physiological role of McsB and PtpB remain elusive. This again emphasizes the need to 

analyze the staphylococcal proteome and phosphoproteome under qualitative and quantitative 

conditions.  

One possible approach for a reliable relative quantification of cytosolic proteins is stable isotope 

labeling with amino acids in cell culture (SILAC) 18. Cultivation of auxotrophic bacteria like 

S. aureus with the heavy labeled amino acids 13C6 arginine and 13C6 lysine leads to incorporation 

of these amino acids into proteins during bacterial growth. Tryptic digest of staphylococcal 
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 4

proteins subsequently generates mass spectrometrically distinguishable peptides suitable for 

MS1 based precursor quantification 19.  

It is important to note that phosphorylations influence the physicochemical properties of their 

respective peptides and as a consequence the mass spectrometry0based (MS)0based 

identification. Nitrogen protonation can cause low stability of protein arginine phosphorylation 

under acidic conditions. In addition, special requirements during the analysis of arginine 

phosphorylations are its high free enthalpy together with the relative stability of its leaving group 

20–22. So far, available methods for the enrichment of phosphorylated peptides and proteins in this 

field are anti0phosphoarginine specific antibodies 23, arginine phosphatase trap 24 and adapted 

TiO2 enrichment 16. Schmidt et al. for example, used a combination of iTRAQ and heat and 

oxidative stress conditions to quantify the amount of arginine phosphosites in Bacillus subtilis 
25. 

However, spectral library search can outperform classical database approaches with higher 

reproducibility and higher sensitivity by comparing true spectral fragmentation patterns instead 

of in situ calculated theoretical spectra 16. 

This study therefore combined the advantages of spectral library based analysis, TiO2 based 

enrichment of phosphorylations and SILAC based metabolic labeling to enable quantification of 

arginine phosphorylations in S. aureus COL wild type and its  ptpB mutant in exponentially 

growing cells. Hence phenotypic characterization experiments followed by proteome and 

phosphoproteome analysis upon oxidative stress addressed first insights into the physiological 

role of arginine phosphorylations in a Gram0positive human pathogen.  

EXPERIMENTAL PROCEDURES. ���������	 
����� For phenotypic analysis of bacterial 

growth, S. aureus COL wild type 26 and  ptpB mutant 16 were grown in chemical defined 

Page 4 of 48

ACS Paragon Plus Environment

Journal of Proteome Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 5

medium (CDM) according to Junker et al. 16, the mutant cultures supplemented with 200 µg/ml 

spectinomycin (constant shaking, 37 °C). To establish reproducible growth during nutrient 

limitation in CDM, cultures were supplemented with either 10%, 5%, 2%, or 1% Lysogeny 

Broth (LB); 1% bovine serum albumin (BSA); 1%, 0.5% or 0.1% casein, or decreasing 

concentrations of casamino acids (CAS) from 10% to 0.0001% in decimal steps. For proteome 

quantification, cells were cultivated in RPMI01640 and reliable growth was achieved by adding 

ingredients of the above used CDM in experimentally adapted amounts (see Table 1 for a list of 

all RPMI01640 supplements and concentrations). For phenotypic characterization under stress 

conditions set by external stressors, cells were grown in three replicates in LB or BioExpress 

1000 (BE) medium (Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA). Stress was 

induced by adding the respective stressor (Table S01, Supporting Information) at OD540 nm (LB) 

or OD600 nm (BE) 0.55 ± 0.05. For colony forming unit (cfu) determination, aliquots of the culture 

were harvested 0, 60, 120 and 180 minutes after stress exposure to inoculate LB0agar plates in 

triplicates. For phosphoproteome analysis, oxidative stress was induced in four replicates of 

 ptpB mutant by adding 10 mmol/l H2O2 at OD540 nm 0.55 ± 0.05 and cells were harvested after 

growing for 60 minutes (centrifugation for five minutes, 10,016 x g, 4 °C). For SILAC0based 

proteome quantification, triplicates of S. aureus COL wild type and  ptpB mutant were 

cultivated in unlabeled (12C) or heavy (13C6 arginine and lysine, respectively) RPMI01640 

containing L0glutamine (2.05 mmol/l), phenol red (0.013 mmol/l) and the supplements listed in 

Table 1. Stress was induced using 10 mmol/l H2O2 at OD620 nm 0.6 ± 0.05 and cells were 

harvested after 60 minutes. These 13C samples of wild type and mutant under control and stress 

conditions were mixed in a stoichiometric ratio of 1:1:1:1. This mixture defined the standard, 

which was subsequently added to the respective 12C sample in a ratio of 1:1. For enrichment and 
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 6

quantification of phosphorylations, triplicates of 12C samples of wild type and mutant were 

mixed in a ratio of 1:1 to form the standard, which was then mixed with the respective 13C 

sample in a ratio of 1:1.  

������	������������ For proteome quantification, cytosolic fractions were prepared according 

to Junker et al. 16. Briefly, washed cell pellets were disrupted by bead beating. After removal of 

cell debris and protein determination, samples were subjected to SDS0PAGE and proteins were 

in0gel digested with trypsin. Subsequently, samples were analyzed by mass spectrometry. 

Technical replicates were obtained by dividing the harvested cell culture into two aliquots. 

The preparation of phosphoproteome samples was done according to Junker et al. 16: Harvested 

cells were washed, incubated in lysis buffer (10 min), disrupted by beat beating and treated for 

10 min with 1 x Nuclease Mix (GE Healthcare, Chalfont St. Giles, United Kingdom) and 1% 

(w/v) Octyl β0D0glucopyranoside (5 min). The protein extract underwent acetone precipitation 

before samples were reduced, alkylated and digested with trypsin. Strong cation exchange 

chromatography (SCX) was performed using arginine phosphorylation compatible buffers 

(buffer A: 5 mmol/l KH2PO4, 30% (v/v) acetonitrile (ACN), pH 3.2; elution with linear gradient 

of 0 – 30% of buffer B: 5 mmol/l KH2PO4, 350 mmol/l KCl, 30% (v/v) ACN, pH 3.2), followed 

by TiO2 enrichment (5 mg of 2,30dihydroxybenzoic acid (DHB)0pretreated beads per fraction, 

2 x washing and elution). To reduce the TiO2 contamination of the mass spectrometric systems, 

all samples were examined by light microscopy for remaining TiO2 bead fragments thereby 

discarding contaminated samples. 

����	 �������������	 ��������� All proteomic samples were measured online by LC0ESI0mass 

spectrometry according to Junker et al. 16. Briefly, an Easy0nLCII or Easy0nLC1000 (Thermo 
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 7

Fisher Scientific, Waltham, USA) was equipped with self0packed analytical columns (100 µm x 

20 cm) which contained C18 material (Phenomenex, Aschaffenburg, Germany). The liquid 

chromatography (LC) was coupled to a LTQ Orbitrap Velos, Orbitrap Velos Pro or Orbitrap 

Elite (Thermo Fisher Scientific, Waltham, USA). Using a flow rate of 300 nl/min, a 85 min 

gradient was applied, injecting 0.1% (v/v) acetic acid as buffer A and 99.9% (v/v) ACN with 

0.1% (v/v) acetic acid as buffer B. Collision0induced dissociation (CID) experiments were 

recorded with a resolution of 60,000 (Full scan, Orbitrap analyzer) or 120,000 (Orbitrap Elite) 

with an MS1 scan range of m/z 300 to 2,000 and the top 20 precursor ions were selected in 

windows of 2 Da, omitting singly charged ions as well as unassigned charge states. Selected ions 

were fragmented with 35% normalized collision energy (NCE) and analyzed in data0dependent 

MS/MS in the linear trap quadrupole (LTQ). Neutral loss option was enabled for fragment 

spectra, combined with multistage activation at 097.98, 048.99, 032.66 and 024.49 Th and 

wideband activation in case of the LTQ Orbitrap Velos. Higher energy collisional dissociation 

(HCD) experiments were set with a resolution of 30,000 (60,000 for Orbitrap Elite) for full scan 

mode and the ten most intense precursor ions were fragmented using 35040% NCE depending on 

the instrument, isolating in windows of 3 Da. Hereby, 7,500 was used as MS/MS Scan resolution 

(15,000 for Orbitrap Elite, analyzed in Orbitrap). After a second fragmentation event, already 

fragmented precursor ions were excluded for 20 s (CID) or 60 s (HCD), respectively. For all 

measurements, lockmass option was enabled 27.   

��������	 ���	 ��������	 �������	 ������ Spectra of oxidative stress experiment and proteome 

quantification were searched with MaxQuant (v. 1.5.3.30, Max Planck Institute of Biochemistry, 

Martinsried, Germany) 28 and its integrated search engine Andromeda 29 against an Uniprot 

database of S. aureus COL (release May 2015, 2,680 proteins, contaminants and reversed 
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 8

sequences added). Maximum mass deviation was 6 ppm at Full scan level and 0.5 Da for CID 

spectra or 20 ppm for HCD spectra at MS/MS level, considering charge states of +2 to +7. A 

false discovery rate (FDR = 0.01 on protein, peptide and phosphosite level) was applied as well 

as a minimum number of two unique peptides per protein, seven amino acids per peptide and full 

tryptic specificity with a maximum of two missed cleavage sites. Oxidation on methionine 

(+15.9949 Da), carbamidomethylation on cysteine (+57.0214 Da) and phosphorylation on serine, 

threonine, tyrosine, or arginine (+79.9663 Da) were set as variable modifications during database 

search and results were filtered for phosphosite localization probability ≥ 0.75. Phosphorylated 

peptides were additionally subjected to manual validation 16 and all phosphospectra passing the 

manual validation were added to the spectral library published previously 
16 to form a new 

spectral library, which was used for data evaluation during this study. For the analysis of the 

phosphoproteome after oxidative stress as well as for quantification of arginine 

phosphorylations, the raw files were converted to mzXML and subjected to SpectraST library 

search provided by the Trans0Proteomic Pipeline (v. 4.8.0) 30. Search results were combined and 

filtered for Pppm < 0.005 Da and dot threshold (CID) or probability > 0.9 (HCD).  

��������������� For phenotypic analysis, reproducibility of bacterial growth was analyzed by 

normalized spectral abundance factors (NSAF) comparison between three biological and two 

technical replicates each 31. Proteome quantification was carried out using MaxQuant based 

integration of precursor peak areas and ratio calculation between sample and standard (mass shift 

of six Da for 13C arginine and lysine). The phosphoproteome was quantified combining spectral 

library search results (interact.ipro.pep.xml) with Census (v. 1.72) based quantification 32. 

Census based calculation was performed with strict filter parameters (determination factor 0.7, 

composite score threshold 0.95, minimum number of two unique peptides) to generate precursor 
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 9

based peptide ratios between sample and standard. For all identification and quantification 

experiments, only unique peptides were considered. In addition, all data and on/off proteins were 

validated manually to consider only sufficiently matching isotopolog peak pairs. MaxQuant 

based results identified in at least two out of three biological replicates were subjected to 

visualization and statistical validation by Perseus (v. 1.6.0.7, Max Planck Institute of 

Biochemistry) 33 and Multiple Experiment Viewer (v. 4.8.0, The Institute for Genomic Research, 

La Jolla, CA) 34. ANOVA was used to compare all four conditions (control and stress in wild 

type and mutant). Protein identifications passing ANOVA with p0value 0.01 were considered as 

significant. For proteins quantified in < 4 conditions and for Census based data, results had to 

pass t0test with p0value 0.01 to be considered as significant. The cut0off for biological relevance 

of significantly regulated proteins was defined by a cut0off value of at least twofold change for 

differentially expressed proteins. 

RESULTS AND DISCUSSION. ��������	����������	�����������	������	��������	�����	����	

����������	 ��	 ��
�����	 ���������	 ��������	 �������	 To address the global impact and 

physiological relevance of arginine phosphorylation in S. aureus, the phenotype of the arginine 

phosphatase deletion mutant S. aureus COL  ptpB was characterized. In a first step, growth 

studies for the wild type and the mutant were performed. In LB medium, wild type and mutant 

did not show any growth differences, but when using CDM, the mutant was not able to reach 

sufficient growth rates (Figure 1A). To determine which medium components induced nutrient 

limitation and to still enable cultivation in a medium suitable for SILAC quantification, various 

alternative supplements were tested. Hereby, the addition of small amounts of complex nutrients 

(BSA, LB, casein, or CAS) enabled cultivation. While almost all sources led to acceptable 

growth rates, the addition of BSA showed the smallest influences (Figure 1B). On the contrary, 

Page 9 of 48

ACS Paragon Plus Environment

Journal of Proteome Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 10

decreasing amounts of CAS, starting from 1% to 0.0001% in decimal steps showed best effects 

(Figure 1C). However, even the addition of as little as 1004% CAS thwarted sufficient 

incorporation rates of labeled amino acids for quantification. In order to transfer these 

observations to media suitable for SILAC quantification, wild type and mutant were grown in 

RPMI01640 medium, again not resulting in reproducible growth of mutant cells (data not 

shown). The combination of RPMI01640 with adapted concentrations of supplements originally 

used for CDM cultivation (Table 1) finally led to reliable and reproducible growth rates (Figure 

1D).  

Improved reproducibility of mutant growth in adapted RPMI01640 medium was verified by 

analyzing three biological replicates of the  ptpB mutant with two technical replicates each. 

NSAF calculation resulted in average coefficients of determination of 0.96 for technical 

replicates and 0.92 for biological replicates, confirming that the adapted medium is suitable for 

quantitative approaches. Comparative SILAC based proteome quantification after GeLC0MS/MS 

analysis of exponentially growing cells of wild type and mutant then showed that 53% of all 

proteins with significant lower amounts in mutant cells belong to the amino acid metabolism. 

This is in accordance with the observation that growth of mutant cells was again enabled when 

CDM was supplemented with casein or CAS. The fact that casein improves growth in a better 

way than LB corresponds to the respective amino acid amount. This also coincides with the fact 

that CAS showed best results, even in smaller concentrations. Casamino acids contain amino 

acids and small peptides derived from the hydrolysis of casein. Nutrients within CAS 

supplements are therefore more easily available as casein, LB, or the complex and highly 

hydrophobic protein BSA. This also matches with the fact that best and most reproducible 

growth was finally observed when cells were cultivated in RPMI01640 supplemented with higher 
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 11

amounts of amino acids. To conclude, ptpB deletion leads to impaired dephosphorylation 

activity, which is not phenotypically visible in rich media (LB), but emerges in low0nutrient 

cultivation media. Hence the growth of the mutant is impaired by limited nutrients and proteome 

analysis yielded first results indicating effects of the restricted arginine phosphatase activity on 

the amino acid metabolism.  

�����������	 ���	 ���������	 ��������� �����	 �����	 ���������	 ������	 ����������	 ������	

������	 ��	 ptpB	 ��������	 ��	 ������	 ����������	���������	 ��	S. aureus. To further address 

phenotypic differences of the  ptpB mutant, cells were cultivated in LB or BE medium under 

different stress conditions (Table S01, Supporting Information). Posttranslational modifications 

and reversible protein phosphorylation are important tools for bacterial cells to adapt to 

environmental stress. Schmidt et al. 
25

 reported an influence of the homologous protein YwlE in 

B. subtilis on general as well as on heat and oxidative stress response. In this study, the growth of 

S. aureus was therefore tested under different heat and oxidative stress conditions. First results 

indicated a higher resistance of the mutant to severe heat stress and a higher sensitivity to 

oxidative stress conditions, especially when induced by 10 mmol/l H2O2 (Figure 2A0D). As 

known from former studies, the response of bacterial cells to oxidative stress strongly depends 

on the respective stressor 8. It was therefore not surprising that effects on mutant growth highly 

differed between the ROS inducing agents. Methylviologen was tested in a high number of 

different conditions without definite growth changes between wild type and mutant (Figure 2B). 

This is in accordance with observations of Wolf et al. identifying only a small number of 

proteins specifically altered through methylviologen induced stress 8. N,N,N’,N’0

tetramethylazodicarboxamide (TMAD), on the other hand, showed slight effects on bacterial 

growth (Figure 2C). Schmidt et al. 25 also tested heat and TMAD0induced oxidative stress. 
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 12

Although no growth effects were detected in this study, Schmidt et al. found a distinct number of 

arginine phosphorylations induced by heat and/or TMAD in B. subtilis leaving the possibility 

that these changes within the phosphoproteome could affect bacterial growth as well. In 

conclusion, the results of this study therefore are in line with the literature. As H2O2 induced the 

most striking differences regarding the actual growth of the  ptpB mutant, focus was 

subsequently laid on the analysis of oxidative stress. This takes into account that staphylococcal 

cells have to compete with ROS producing neutrophils during infection and that the radical 

nature of hydrogen peroxide stress is most similar to the situation within the host 35. At higher 

concentrations of H2O2 (50 mmol/l and 100 mmol/l H2O2), the  ptpB mutant immediately ceased 

to grow. Therefore, bacterial survivability was scrutinized comparing cfus between wild type and 

 ptpB mutant under sublethal concentrations of H2O2 (10 mmol/l). In line with expectations, 

only stressed mutant cells significantly lose survivability after exposure to oxidative stress 

(Figure 2E), revealing a limited competence of the arginine phosphatase deletion mutant to 

respond to oxidative stress. 

Besides external stressors, S. aureus also faces nutrient limitation and starvation during the 

infection process. As one of the most important nutrients limited during infection, the 

investigation of iron limitation is of vital interest when human pathogens are in focus 36. To 

induce iron limitation, wild type and mutant cells were therefore stressed with the high affinity 

iron chelator 2,2’0bipyridine (BIP) revealing a slight reaction (Figure 2F). This is consistent with 

former studies which exposed growth effects after iron limitation for S. aureus COL wild type 

cells 36 as well as for other Gram0positive human pathogens like Streptococcus pneumoniae 37. 

In contrast, NaCl induced stress did not show significant growth changes (Figure S01A, 

Supporting Information). This is in accordance with former studies considering the fact that 

Page 12 of 48

ACS Paragon Plus Environment

Journal of Proteome Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 13

among all proteins found with arginine phosphorylations in S. aureus 16 or B. subtilis 25, there are 

no salient identification numbers for phosphorylations on proteins related to cellular osmolarity.  

Stress induced by different concentrations of puromycin, however, did neither result in 

significant growth differences (Figure S01B, Supporting Information). This antibiotic agent 

inhibits bacterial translation by inducing premature termination of mRNA translation. It is 

known as useful substance to investigate effects of gene deletions on protein synthesis 38. 

Missing growth effects are therefore astonishing regarding the issue that a huge number of 

arginine as well as serine/threonine/tyrosine (STY) phosphorylations were found within the 

functional groups of protein biosynthesis and especially translation 16. Thus, these results suggest 

that effects of ptpB deletion on protein synthesis already take place in an earlier stage of the 

synthesis pathways, for example during amino acid metabolism. To conclude, the phenotypic 

characterization of the  ptpB mutant revealed several stress conditions significantly affecting 

mutant growth, but oxidative stress response showed the most striking differences.  

!���������	 ���������	 ��	 "���	 �����	 �������	 �����������	 ��	 ������������	 ���������������	

�����	���������	�������	As the adaptive capacity of staphylococcal cells to oxidative stress is of 

tremendous impact for host infection 39, the overall results indicating limitations of the  ptpB 

mutant during stress adaptation motivated to analyze the correlation between phenotypic 

observations and phosphorylation patterns. Recent phosphoproteome analyses of S. aureus COL 

wild type and  ptpB deletion mutant revealed only eight arginine phosphorylations in 

staphylococcal wild type cells, but reported 215 arginine phosphosites in the mutant 16. 

Assuming the deletion of ptpB to cause a higher sensitivity toward oxidative stress, the changes 

in the phosphoproteome of this deletion mutant under stress conditions (10 mmol/l H2O2) were 

analyzed by application of the gel0free and site0specific TiO2 enrichment protocol adapted for 
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 14

protein arginine phosphorylation 16. In particular, it was therefore of major interest to compare 

the phosphosites of the mutant under control conditions with the phosphoproteome of the mutant 

after oxidative stress. Overall, 273 phosphosites from 149 phosphoproteins were identified under 

oxidative stress conditions, among them 71 proteins with one or several phosphosites at arginine 

residues resulting in a total number of 117 arginine phosphosites (Figure 3A and Table S02, 

Supporting Information). Intriguingly, when comparing with the control conditions published 

previously 16, approximately 30% less phosphoproteins were identified after stress. To further 

investigate the outcome that the number of phosphorylations in the  ptpB mutant is lower after 

oxidative stress, total peptide identifications were therefore also compared between control and 

stress conditions. In oxidative stress experiments, about 42% more peptides were identified in 

comparison to control experiments stating that the lower number of phosphopeptide 

identifications does not correspond to the total number of identified peptides. Next to the 

possible expression of stress depending unspecific phosphatases, these observations might lead 

to the assumption of deliberate effects of oxidative stress on PtpB. Intended reversible oxidation 

was described for the homologous protein YwlE in B. subtilis 
25

, stating that its arginine 

phosphatase activity is suppressed under oxidative stress conditions. Further, gene activation by 

regulation of reversible Ptp oxidation after oxidative stress is commonly known for all domains 

of life. Furthermore, it is reported that phosphotyrosine phosphatases can be oxidized on purpose 

after oxidative stress to activate virulence factors of several pathogens 40. This could result in 

downstream effects of influenced signal pathways leading to different phosphorylation patterns. 

However, as oxidation of PtpB could not be detected in this study, further research would have to 

confirm the hypothesis of intentional oxidation of PtpB after stress. 
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To figure out the influence of oxidative stress on the arginine phosphatase deletion mutant, the 

phosphoprotein identifications as well as the phosphosite distribution were compared under 

control and stress conditions (Figure 3 and Table S03, Supporting Information). In general, a 

high overlap of 209 phosphosites (98 at arginine residues) between control and stress conditions 

was detected. This partly coincides with the findings of Fuhrmann et al. 41 that the homologous 

protein YwlE in B. subtilis is inactive under oxidative stress conditions. With this, no additional 

phosphosites on arginine residues would have been expected after the onset of oxidative stress. 

However, 19 arginine phosphosites (identified in at least 2/3 replicates) were found exclusively 

under oxidative stress conditions. Surprisingly, a comparison of the respective phosphoproteins 

with the corresponding identifications after oxidative stress measured by Schmidt et al. evinced 

no single overlap 25. Considering the fact that Schmidt et al. induced oxidative stress with 

TMAD whereas the current study used H2O2, this observation is allegeable as former studies 

unveiled that responses to oxidative stress highly depend on the nature of the stress inducing 

agent 8.  

The analysis was therefore focused on proteins which can be associated to the oxidative stress 

response according to the literature 8,35,42. A closer look to the 29 proteins which were 

exclusively phosphorylated under stress conditions demonstrated that only thioredoxin can be 

directly connected to the oxidative stress response (Table 2). This protein protecting the cell by 

reversible oxidation of crucial cysteines is phosphorylated at S62 and T63. On the other hand, 

eight of the proteins solely phosphorylated under control conditions are known to be part of the 

oxidative stress response, among them CtsR, FtnA and NarH with at least one arginine 

phosphorylation.  This could indicate that the deletion of ptpB simulates its inactivity after 

oxidative stress leading to the expression of an oxidative stress response already under control 
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conditions. This in turn limits the cells’ capability to further express oxidative stress proteins 

when true oxidative stress is applied. 

Among the proteins phosphorylated under both conditions, 16 proteins were identified with at 

least one different phosphosite. Notably, there is no change between the type of phosphorylated 

amino acid except for the threonine0tRNA ligase, which is phosphorylated at arginine residues 

under control, but at a serine residue under stress conditions. All other common proteins change 

to different phosphosites of the same amino acid type than in the control. This might confirm the 

importance for staphylococcal cells to specifically phosphorylate exclusively one type of amino 

acid.  

These overall findings portend that the deletion of ptpB influences the total level of arginine 

phosphorylations after oxidative stress as well as the distribution of phosphosites in specific 

proteins. This in turn might influence, at least partly, the cellular reaction to oxidative stress and 

could lead to the expression of an oxidative stress pattern under control conditions. 

Phosphospectra of all verified identifications were added to the spectral library to improve its 

quality for quantification analyses. The new library now contains 2,270 proteins (identified with 

at least two unique peptides) of S. aureus COL reflecting 85% of the theoretical proteome. The 

mass spectrometry data have been deposited to the ProteomeXchange Consortium 43 via the 

PRIDE 44 partner repository with the dataset identifier PXD009874. 

������������	 ��������	 ��������	 ��	 ����	 ����	 ���	 ������	 �����	 �������	 ���	 ������	

����������	 ����������	 ���������	 ��	 �����	 ����	����������#	 ���������	 ������	 ��������	 ���	

����������	During the phenotypic characterization experiments, it was revealed that  ptpB cells 

are not able to adapt to oxidative stress to the same extent as wild type cells. To dissect this 
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observation more precisely, mere qualitative analyses are not sufficient. Therefore, the proteome 

of S. aureus COL wild type and  ptpB mutant was quantified after combining SILAC labeling 

and GeLC0MS/MS, both under control and stress conditions. This experiment allowed the 

identification of 1,302 proteins with at least two unique peptides in a minimum of two out of 

three replicates. 1,279 quantified proteins (heavy to light ratio for at least two unique peptides in 

a minimum of two out of three replicates) reflected a quantification efficiency of 98% (Table S0

4, Supporting Information). A two dimensional principal component analysis indicated a clear 

distinction between wild type and mutant samples as well as under control and stress conditions 

(Figure 4).  

In a further step, each significantly quantified protein was classified into functional groups of 

proteins according to TIGRFAM 45 or KEGG 46 based annotation (Figure 5) . As a control, the 

proteome of the wild type was compared under control and stress conditions alluding the 

common oxidative stress response known from literature 35. The comparison of all other 

conditions, namely (i) mutant under control and stress conditions, (ii) wild type and mutant under 

control conditions and (iii) wild type and mutant under stress conditions, demonstrated that three 

functional groups of proteins stood out: proteins involved in phosphate metabolism, amino acid 

biosynthesis, and cellular processes to protect against oxidative stress or to express virulence 

factors.  

In line with expectations, some proteins associated to phosphate deprivation feature higher 

amounts in stressed compared to unstressed mutant cells. In addition, the phosphate0binding 

protein PstS was found with 58 times higher amounts in mutant samples. This is not surprising as 

the missing arginine phosphatase activity might interrupt downstream signaling pathways ending 
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in a cellular signal for phosphate deficiency, which cells try to compensate by higher abundant 

phosphate transporters.  

"�������	 $�������������	 ����
��	 �����	 �������������	 ��	 ptpB	 ��������	 ��	 �����	 ����	

�����������	Apart from phosphate metabolism, amino acid biosynthesis represented the most 

abundant group of proteins with lower amounts in mutant cells (compared to the wild type), 

resulting in proteomic hints which might explain results from the growth studies. Intriguingly, 

49% of all significant proteins with at least two times lower abundance under control conditions 

were associated to the amino acid biosynthesis. Here, protein levels were found with up to 24 

times lower amounts in mutant cells. Under stress conditions, protein levels were even found 

with up to 51 times lower amounts in mutant cells. Although the preponderant majority of 

proteins belonging to the amino acid biosynthesis was affected (Figure S02A, Supporting 

Information and Figure S02B, Supporting Information), the biosynthesis of branched0chain 

amino acids (BCAA) stood out. It was possible to quantify all proteins necessary for the 

biosynthesis of valine, leucine and isoleucine revealing that all except one were expressed with 

13051 times lower amounts in mutant cells under stress conditions (Figure S02C, Supporting 

Information). It is reported that S. aureus regulates the biosynthesis of BCAAs via CodY 47. The 

GTP0sensing transcriptional pleiotropic repressor CodY normally represses the protein 

expression during transition from exponential to stationary growth releasing the DNA after 

sensing low intracellular GTP concentrations as indicator of nutrient limitation. In addition, 

CodY is repressed by a cis0acting leucine containing attenuator peptide and a trans0acting 

isoleucine dependent mechanism thereby responding to cellular concentration of BCAAs 48. On 

the other hand, CodY is also known to influence staphylococcal virulence 49, which possibly 

provides a link between the observed influences on amino acid metabolism and staphylococcal 
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virulence. CodY itself is not phosphorylated, but was found with significantly lower amounts in 

mutant cells compared to the wild type (2.4 times after stress and two times under control 

conditions).  

To shed light on possible effects, all significant protein results were sorted according to the 

respective regulons they belong to (Figure S03, Supporting Information). Astonishingly, the 

group of proteins negatively regulated by CodY is by far the group with the highest number and 

highest average ratio differences of proteins with lower protein amounts in mutant cells (control 

and stress conditions).  

On top of that, most of the CodY0regulated proteins were found with higher amounts in wild 

type cells after stress (compared to control conditions), but their amount remained unchanged or 

only slightly changed when comparing mutant under control and stress conditions. In addition, 

CodY regulates four proteins found with arginine phosphorylations solely under control 

conditions. PtpB deletion therefore might seem to interfere the regulation of the BCAA 

biosynthesis by affecting at least one of the CodY repression mechanisms. Yet this could explain 

why comparable growth between wild type and mutant is only attainable for cultivation media 

with sufficient amounts of amino acids. Together with the fact that seven transport and binding 

proteins involved in amino acid metabolism were detected with up to 16 times lower amounts in 

the mutant under control and/or under stress conditions, we conclude a distinct influence of ptpB 

deletion on different elements of staphylococcal amino acid metabolism, partly mediated by 

CodY and thereby connected to BCAA biosynthesis and staphylococcal virulence. 

%�	 ���������	 ������	 �������	 ���	 ���������	 ��	 ptpB	 ��������	 ��	 �����	 ��	 ��������	

$��������������	 The focus on the comparison of mutant under control and stress conditions 
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revealed 13 proteins involved in DNA repair and protein fate with up to 25 times higher ratios 

after stress, including five proteins solely expressed after stress. Yet only four of them show 

significant higher ratios when wild type cells are compared under control and stress conditions, 

but the ratios are lower for wild type cells reflecting a more pronounced oxidative stress response 

in mutant cells. Only the protein SACOL0369 was found with three times higher ratios in 

stressed mutant cells compared to the control, but with twelve times higher ratios in stressed wild 

type cells compared to wild type control. This coincided with the fact that this protein is 

annotated as proteolytic subunit of the Clp protease thereby contributing to a described targeting 

process mediating proteolytic activity 50. In B. subtilis, arginine phosphorylation was reported to 

affect the targeting process of clp0mediated activity 50, which means that the arginine kinase 

McsB was reported to phosphorylate proteins which are supposed to be targets of the Clp 

proteases. This last observation was therefore explored in greater depth comparing all samples.  

The transcriptional regulator CtsR is known to be inactivated after oxidative stress 51. It is known 

from B. subtilis that arginine phosphorylation at CtsR prevents its binding to the DNA and 

thereby capacitates the transcription of the respective regulon 52. CtsR predominantly  regulates 

staphylococcal chaperones and Clp proteases therefore enabling the cell to attend to stress0

damaged proteins as a central mechanism to react to adverse conditions 53,54. Because of this, it is 

not surprising that all quantified proteins of the CtsR regulon were found with higher amounts in 

mutant samples after stress (compared to the wild type), 67% of them significantly, suggesting 

the same regulation mechanisms for staphylococcal CtsR. Because of the lacking arginine 

dephosphorylation activity of the  ptpB mutant, CtsR of the mutant only exists in its 

phosphorylated form thereby unable to bind to the DNA, which results in a higher expression of 

the CtsR regulon also under control conditions as observed in this study as well. Within our 
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work, the repressor is phosphorylated in the mutant at arginine under control, but not under stress 

conditions. This was likewise observed for the chaperonin GroL, which is part of the CtsR 

regulon. This 60 kDa chaperonin prevents misfolding and refolds stress0damaged proteins as part 

of the cellular response considering protein fate 55. In case of GroL, results of our study therefore 

support the notion that arginine phosphorylation might play a role for proteolytic degradation in 

S. aureus, being involved in attending stress0damaged proteins.  

In addition to proteins responsible for DNA repair and protein fate, thereby reacting only 

indirectly to oxidative stress, S. aureus senses hydrogen peroxide mediated stress via the 

peroxide0response repressor PerR 56. In total, all proteins belonging to this regulon were 

quantified with different amounts between wild type and mutant samples, 65% of them 

significantly. Remarkably, several proteins of the PerR regulon were found in significantly lower 

amounts under control conditions in mutant samples (compared to the wild type). On the 

contrary, the same proteins were found in higher amounts in mutant samples when compared 

under stress conditions (compared to the wild type). Although only slightly regulated (ratio < 2), 

the inversed regulation indicates an affected oxidative stress response by means of ptpB deletion. 

PerR itself was not identified with phosphorylated residues, but four proteins of the regulon were 

identified with phosphorylated residues under control conditions in the mutant (FtnA and KatA 

at arginine residues). The most noticeable protein containing arginine phosphorylations is the 

catalase KatA, necessary for staphylococcal cells to dispose of H2O2. This protein is present in 

reduced amounts in mutant cells under control as well as under stress conditions, which could be 

one explanation for the reduced survivability of mutant cells after incubation with H2O2. 

Intriguingly, the protein amount of KatA was even lower in mutant samples after stress than in 

wild type samples under control conditions reflecting the naturally high basal level of proteins 
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belonging to the staphylococcal oxidative stress response, which is apparently impaired after 

ptpB deletion. As KatA is phosphorylated in  ptpB cells at an arginine residue under control and 

under stress conditions, we exclude a direct effect of PtpB, but suggest an influence on the level 

of PerR0mediated regulation.   

Moreover, bacterial cells are challenged by the oxidation of iron ions during oxidative stress. It is 

therefore not surprising that PerR regulates a number of proteins involved in iron metabolism. 

Intriguingly, the iron0storage protein Ferritin (FtnA) is only phosphorylated on arginine under 

control conditions although the total protein amount is not significantly changed when wild type 

and mutant are compared under control or stress conditions. This observation might connect 

arginine phosphorylation to the observed growth effects under iron limitation. Both proteins 

mirror PtpB0mediated effects on the PerR regulon as possible reasons for the reduced 

survivability of the mutant after oxidative stress. 

�&'(�	�����	$�������������	 ���������	 ������	 ��	ptpB	��������	 ��	 �������������	 ����������	

The most abundant functional group detected in this work, however, was composed of proteins 

regulating cellular processes. Almost all of these proteins found with significantly changed ratios 

in this study are known to protect against general or especially oxidative stress or are involved in 

bacterial virulence. In total, 18 proteins were found with up to five times significantly higher 

amounts in at least one compared condition. Eight of these proteins (four protecting against 

stress and four associated to pathogenicity) showed lower amounts in mutant samples compared 

to wild type samples under control and/or under stress conditions. Regarding proteins associated 

to virulence, on the other hand, another four of the 18 proteins had higher amounts in mutant 

samples under control and/or under stress conditions. To extend this assessment, focus was laid 

on the functional group of mobile and extrachromosomal element functions represented 
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exclusively by prophage proteins. This group contained twelve proteins with significantly lower 

amounts in mutant (compared to wild type) or control (compared to stress) samples. Remarkably, 

eight of these proteins were found with up to 16 times lower ratios in stressed mutant samples 

(compared to stressed wild type samples) and three of them with 5020 times higher ratios in 

stressed mutant samples (compared to mutant controls). In addition, four proteins involved in 

crucial cell envelope processes (capsular, lipo0 and teichoic acid biosynthesis proteins) were 

found with up to nine times lower ratios in the mutant under control and/or under stress 

conditions. To direct virulence factors such as toxins, a plethora of regulons participates in 

staphylococcal pathophysiology encouraging to partly appraise them in greater detail. 

The regulatory protein MgrA is known to be involved in autolytic activity, multidrug resistance 

and virulence 57,58. Besides these manifold effects of MgrA on staphylococcal virulence, its role 

as an oxidant sensor again directly links oxidative stress response and staphylococcal virulence 

59. MgrA senses hydrogen peroxide and other ROS via oxidation of its unique C12, located at the 

interface of the homodimer thereby resulting in the dissociation of the helix0turn0helix (HTH) 

repressor from the DNA, which in turn explains the reduced protein amount of MgrA after stress 

(in mutant and wild type). Notably, MgrA is only phosphorylated in  ptpB cells under control 

conditions (R106). On top of this, ten proteins belonging to its regulon are phosphorylated at 

arginine residues under control conditions, but only five kept their arginine phosphorylation after 

stress. Beyond that, some proteins are only phosphorylated at STY residues under control 

conditions suggesting MgrA as target of PtpB and indicating the interruption of the regulation 

process by the lack of the arginine phosphorylation at MgrA R106 after stress.  

Yet the effect of arginine phosphorylation on staphylococcal virulence is pleiotropic, which can 

be explained by looking at the GraRS regulon. This regulon among others possesses by far the 
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most arginine phosphorylated proteins under control conditions. However, nine proteins were 

exclusively found with arginine phosphorylations under control conditions. The GraRS regulon 

is known to be involved in virulence gene expression regulating resistance against cationic 

antimicrobial peptides (CAMPs) as well as vancomycin and polymyxin B. According to 

literature, GraR as well as GraS are phosphoproteins 60. However, no phosphorylation was found 

under the given conditions. It is therefore plausible that PtpB might have an activating effect on 

this regulon.  

(	 �����������	 ��	 ��������	 �������	 �����	 ���	 ������	 �����	 $�������������	 �������	

$�������������	 ��	 ��
�����	 ���	 �%)	 ��������������	 The comparative phosphoproteome 

analysis after oxidative stress as well as quantification results revealed only few proteins which 

exhibit arginine phosphorylations and coinstantaneously significant higher amounts in wild type 

or mutant samples. Hence exponentially growing cells of wild type and mutant were enriched via 

TiO2 using SILAC labeled cell extracts to combine phosphoproteome analysis and quantitative 

proteomics. After that, the data were searched against the combined spectra library. Subsequent 

Census based quantification resulted in average quantification efficiencies of 91% on peptide 

level revealing that spectral library based quantification keeps abreast of database quantification 

in terms of quantification efficiency. This way, 527 proteins were quantified in at least two out of 

three biological replicates, containing 155 phosphopeptides in total. 81 phosphopeptides were 

quantified in at least two out of three biological replicates and 74 phosphopeptides were 

additionally quantified in 1/3 replicates (Figure S04 and Table S05, Supporting Information).  

Hereby, the focus on STY phosphopeptides which remained significantly regulated after 

applying the most stringent criteria tried to shed light to the observations made during 

phenotypic characterization. When comparing normalized log2 ratios of mutant and wild type of 
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phosphopeptides quantified in at least two out of three biological replicates, six phosphopeptides 

stood out (Figure S05, Supporting Information). A closer look to these peptides revealed that the 

two proteins with highest downregulation in mutant cells on protein as well as on 

phosphopeptide level belonged to the amino acid biosynthesis, namely an amino acid ABC 

transporter permease protein and the protein SACOL2479. The latter protein has not been 

characterized so far, but it belongs to the aspartate family of the amino acid biosynthesis pathway 

according to TIGR annotation. Analysis of the proteins of this family revealed that almost all 

proteins of this family are found with highly different ratios in proteome quantification 

experiments. Furthermore, both proteins are known to be part of the GraRS regulon. Hence these 

observations are in line with the outcome of the total proteome quantification. 

During quantification of phosphopeptide amounts carrying arginine phosphorylations, the 

comparison of wild type and mutant cells would not lead to sound results due to a lack of 

arginine phosphorylations in wild type cells. On account of that, the amounts of arginine 

phosphorylated peptides were normalized by using their respective total protein amounts. This 

allowed the conclusion that the observed changes resulted from either changed protein amounts 

or higher/lower phosphorylation rates. Notably, all quantified arginine phosphopeptides in at 

least two out of three biological replicates (seven in total) showed higher phosphorylation levels 

whereas only 3/20 STY phosphorylations exclusively quantified in the mutant also featured 

distinct higher phosphorylation levels. This corroborates that phosphorylation levels in general 

were obviously higher for arginine phosphorylations. A particular regard to these seven arginine 

phosphorylations showed that all of them belonged to the same regulons which were found when 

investigating the connection between ptpB deletion and staphylococcal virulence on proteome 

level. In addition, the four proteins SACOL0438, SACOL0594, SACOL1636 and SACOL2561 
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can be associated directly or indirectly to the oxidative stress response. This again coincides with 

the total protein quantification results.  

The determination of phosphopeptide abundances out of complex peptide mixtures as obtained 

after the combination of SILAC labeling and TiO2 enrichment is not trivial. In a lot of cases, the 

abundance of the phosphopeptide was therefore only determined in one biological replicate. Yet, 

to further extend the correlation of phosphorylation levels in wild type and mutant cells, focus 

was likewise laid on phosphoproteins quantified on protein and phosphopeptide level in at least 

one biological replicate of both wild type and mutant samples. A functional classification of all 

quantified phosphoproteins (irrespective to the phosphorylated amino acid) revealed that 54% of 

them are linked to staphylococcal virulence.  

A closer view to quantified arginine phosphoproteins in at least one biological replicate of the 

mutant then showed that the highest number can be associated to virulence (47%), followed by 

transcription and protein synthesis (35%). Besides this, it was shown that 35% of these arginine 

phosphoproteins are regulated by stringent control. A look to all performed experiments of this 

study showed that a high number of proteins regulated by the stringent control were found with 

significantly different amounts as well as with high numbers of arginine phosphorylated proteins 

in all conditions. However, it is interesting that most significant protein results positively 

regulated by the stringent control were found with lower amounts in mutant samples whereas 

most significant protein results negatively regulated by the stringent control were found with 

higher amounts in mutant samples (Figure S03A, Supporting Information). Together with the fact 

that all quantified arginine phosphoproteins were negatively regulated, this implies an effect of 

ptpB deletion on the stringent response of S. aureus. Results of phosphopeptides only quantified 

in one biological replicate have to be validated by further studies, but so far confirm the results 
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of proteins quantified with more than one biological replicate. Concluding, these studies provide 

first hints for possible connections between arginine phosphorylation and staphylococcal 

physiology by means of influences on amino acid metabolism, oxidative stress response and 

virulence. 

CONCLUSION. In order to investigate arginine phosphorylations in general and the connection 

of this modification to staphylococcal pathophysiology in particular, this study provided 

extensive growth and phenotypic characterization studies. In addition, proteome and 

phosphoproteome of S. aureus COL wild type and arginine phosphatase deletion mutant  ptpB 

were quantitatively characterized under control and stress conditions. Growth experiments 

thereby revealed that the deletion of the arginine phosphatase affects staphylococcal adaptation 

to nutrient limitation, especially affecting amino acid metabolism. More precisely, ptpB deletion 

leads to impaired BCAA synthesis possibly due to influenced CodY. Phenotypic characterization 

further disclosed that arginine phosphatase deletion impaired oxidative stress resistance.  ptpB 

cells feature already under control conditions higher amounts of proteins required for oxidative 

stress response unequivocally resulting in reduced adaptability toward stress. In addition, the 

observations of this study display a reduced protein amount for virulence factors in mutant cells. 

Yet in some exceptions, especially when it comes to specific regulons, the amount of virulence 

factor proteins is higher in mutant cells. Staphylococcal virulence is broadly influenced by 

several regulons targeting resistance to antimicrobial substances, biofilm expression, or quorum 

sensing, among others. Next to discussed effects on the regulons of MgrA, CodY and GraRS  

(Figure 6), ptpB deletion additionally influenced proteins of the regulons of SarA, VraSR, AgrA, 

SaeRS, Rot, ArlR, MntR, or TraP. More or less prominent differences between wild type and 

mutant indicated pleiotropic and diverse effects of ptpB deletion on different mechanisms of 
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staphylococcal pathophysiology. The overall results of this study therefore support the notion 

that arginine phosphorylation influences amino acid metabolism, oxidative stress response and 

virulence in a direct or indirect manner. Future studies are needed to further shed light on the role 

of arginine phosphorylation for the physiology of S. aureus. 
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4�
���	-�	5����	������	��	����	����	���	�ptpB ������	�����	��������	�������
	�����������	

The figure displays the growth curves during nutrient limitation in different media. (6 Wild type 

and  ptpB mutant grown in LB (control conditions) and CDM. �6 Growth of  ptpB mutant in 

CDM, supplemented with 5%, 2%, or 1% LB (shades of green), 1% BSA (purple) or 1%, 0.5%, 

or 0.1% casein (shades of gray), compared to the growth of the wild type in non0supplemented 
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 40

CDM (shown in red). �6 Growth of  ptpB mutant in CDM, supplemented with 0.01%, 0.001%, 

or 0.0001% CAS (shades of blue) in comparison with the growth of the wild type in CDM 

without CAS (shown in red). �6 Growth of wild type and  ptpB mutant in RPMI01640, added 

with the supplements from Table S01, Supporting Information. cs: casein 
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 42

4�
���	 *�	 "��������	 ��������� �����	 ��	�ptpB ������. The figure displays growth curves 

and cfu determination of wild type and  ptpB mutant. The wild type is colored in shades of red 

whereas the mutant is displayed in shades of blue, if not stated otherwise. Cells were grown in 

LB (heat and oxidative stress) or BE (iron limitation) to mid0exponential growth phase before 

stress was induced. (6 Heat stress. Cells were transferred to 40 °C, 42 °C, 43 °C, or 48 °C, 

respectively. �6 Different concentrations of methylviologen. Stressed mutant is displayed in 

shades of gray (concentrations in the nanomolar range) or green (concentrations in the 

micromolar and millimolar range) and stressed wild type is colored in shades of purple. �6 

Different concentrations of TMAD. Stressed mutant is displayed in shades of gray and green, 

wild type controls are depicted in shades or red. �6 Oxidative stress induced by H2O2. 

10 mmol/l, 50 mmol/l, and 100 mmol/l H2O2 were tested. 76 Cfu determination 180 minutes 

after exposure to 10 mmol/l H2O2. Equal amounts of cells of wild type and  ptpB mutant were 

plated in triplicates onto LB agar plates and the average number of cfu was counted after 

incubation at 37 °C. Percentage values in comparison with equal amounts of unstressed control 

are calculated. 46 Iron limitation. BIP was added in concentrations of 0.05 mmol/l to 1 mmol/l. 

Only growth curves showing growth differences (0.6 mmol/l, 0.75 mmol/l, and 1 mmol/l BIP) 

are depicted. 
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4�
���	3�	"�����������	���	���������	���������������	�����	���������	������� (6 Number 

of phosphosites identified in the  ptpB mutant under control and stress conditions, differentiated 

according to the respective phosphorylated amino acid. �6 Overlap of phosphorylated proteins 
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between control and stress conditions. Only phosphorylations at arginine, serine, threonine and 

tyrosine are considered. 

 

4�
���	2�	"��������	���������	��������	��	��������	$��������������	The principal component 

analysis of three replicates of each condition is displayed. Each replicate is depicted by a symbol 

in a shape of the respective condition.  
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4�
���	,�	���
���	��	$���������	��������� The figure shows the percentage number of proteins 

belonging to the respective functional class and significantly quantified in at least two out of 

three replicates. Only proteins with significantly (p < 0.01) higher ratios (≥ 2 x) are displayed. 

The line color reflects the compared conditions, each one focusing on the proteins with higher 

amounts in one of the two compared conditions.  

Page 45 of 48

ACS Paragon Plus Environment

Journal of Proteome Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 46

 

4�
���	.�	������8	��	"����	This scheme depicts regulons and involved proteins which were 

affected by ptpB deletion in a direct or indirect manner. 

%����	-�	�����������	�����	��	!"�&9-.2+�	To enable reliable growth of the  ptpB mutant, 
the following components were added to supplement RPMI01640.	

component concentration 

spectinomycin  
(mutant samples only) 

200 µg/ml 

vitamins 

50 µg/l cyanocobalamin, 40 µg/l 40aminobenzoic acid, 10 µg/l 
biotin, 100 µg/l nicotinic acid, 100 µg/l Ca0D(+)0panthothenic 
acid, 160 µg/l pyridoxine hydrochloride, 100 µg/l thiaminium 
dichloride, 100 µg/l riboflavin  

trace elements 
69 µg/l ZnCl2, 99 µg/l MnCl2 x 4 H2O, 6 µg/l H3BO3, 350 µg/l 
CoCl2 x 6 H2O, 2 µg/l CuCl2 x 2 H2O, 24 µg/l NiCl2 x 6 H2O, 
36 µg/l Na2MoO4 x 8 H2O 
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iron  0.75 µmol/l FeCl3 x 6 H2O 

citrate 140 µmol/l Na3C6H5O7 x 2 H2O 

glucose 0.148% C6H12O6 

NaOH/ HCl to adjust pH 

amino acids 
1 mmol/l ala, arg, asp, cys, glu, his, ile, lys, phe, pro, ser, thr, 
trp, val 

 

%����	 *�	 "�������	 �����������	 ������������	 �����	 ���������	 ������	 �����������	The table 
lists all proteins which were found exclusively phosphorylated in the  ptpB mutant under stress 
conditions. 

protein phosphosites 

SACOL0009 R273 

SACOL0266 S67 

SACOL0486 T112 

SACOL0525 R26 

SACOL0533 S312 

SACOL0545 S24 

SACOL0767 Y25 

SACOL1028 S205 

SACOL1087 T35 

SACOL1101 S110 

SACOL1155 S62, T63 

SACOL1183 T71 

SACOL1302 T71 

SACOL1642 S40 

SACOL1643 S135 

SACOL1673 S863 
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SACOL1836 S98 

SACOL1938 S53 

SACOL2129 R186 

SACOL2135 R203 

SACOL2207 R2 

SACOL2231 S65 

SACOL2236 S32 

SACOL2301 R958 

SACOL2316 T469 

SACOL2560 R9 

SACOL2583 S78 

SACOL2647 S54 

SACOL2663 T7, T8 
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