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Zusammenfassung

ZUSAMMENFASSUNG

Das humanpathogene Bakteritgtaphyl@ocais aureuskann verschiedene, zum Tell
lebensbedrohliche Erkrankungen wie Hautinfektionen (Furunkel, Karbunkel), Lungen
entziindung, Osteomyelitis (Knochenmarksentzindungyokarditis (Entzindung der
Herzinnenhautund Sepsis auslosen. Dabei gel®raureuszu denhéaufigsten Erregern

von Krankenhausfektionen, sogenannteNosokomiainfektionen. Deren Behandlung
mittels Antibiotika stellt aufgrund von multiplen Antibiotikaresistenzen ®naureus

eine immer groRere Herdosderung dar, da dieser fahig ist, siepide an verandernde
Umweltbedingungen anpassen. Die Interaktion des pathogenen Bakteriums mit seiner
Umwelt und seinem Wirt ist insbesondere durch den Proteinbestand, der auf der
Zelloberflache exponiert isbestimmt.S. aureusexprimiert ein Arsenabn Zellober
flachen-gebundenen Virulenzfaktoren, die zur Kolonisierung und Infektion von humanem
Gewebe fuhren.

Ziel dieser Arbeit war die Entwicklung und Anwendung von Maspektrometrie
basierten Methoden zur Identifizierung und Quantifizierung deHolZ&flachen
assoziierten Proteine vo8. aureus Déabei ist es gelungen, durch dieeldreien und
GeLGMS/MS-basierten Methoden Biotinylierung und Tryp@ehandlung 77% aller
bekannten Oberflachenproteinend zwei Dritel aller nach auf3en ragenderemdbran
verarkerten Lipoproteine vors. aureuszugéanglich zu machen. Bei der Biotinylierung
handelt es sich um eine Methode, bei der die Oberflachenproteine von intakten Zellen mit
einem membranimpermeablen Reagenz markiert und anschlieBend Uber Affinitats
chromdographie aufgereinigt werden. Dagegen erfolgt bei der Trpshandlung die
protedytische Abspaltung deOberflacherexponierten Protedomanen. Erstmalig ist
durch Markierung der Proteine mit stabilen Isotopen, dem sogenantghiN-
metabolschen Labeling, auch eine relative Quantifizierung der Oberflachenproteine von
S. aureusndglich. Bei der Analyse des Oberflachenproteoms von wachsenden und nicht
wachsenders. aureusZellen konnten mittels Biotinylierung 146 Oberflachenproteine
identifiziert werden. Durch relative Quantifizierung wurde gezeigt, dass Zelloberflachen
assoziierte Adhésine vo8. aureuswie der Fibrinogetbindende clumping Faktor B,
vorzugsweise wahrend des Wachstums exprimiert werden, wéhrendwaididende
Zellen erhdohte Mngen an clumping Faktor A aufweisen. Desweiteren war die Menge an

immunodominanten Antigen B auf der Zelloberflache in der stationaren Phase mehr als
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Zusammenfassung

10-fach erhohtBei dieser Arbeit wurde erstmalig das Geganoteom des Mithicillin-
resistenterStaphyleocais aureusCOL, bestehend aus cytosolischem, esdHalarem,
Membran und Oberflachenproteom, dassend identifiziert und quantifiziert (Bechetr

al., 2009).

Um die Pathogenitat vo8. aureusaher zu erforschen, wurde das Oberflachenproteom
des Wildtyps mit dem einer igB-Mutante verglichen. Der alternative SigrRaktor
SigmaB kontrolliert ein grof3es Regulon bestehend aus etwa 300 Genen, von denen viele
in die Virulenz von S. aureusinvolviert sind Durch Kombination von™N/*>N-
metabolischen Lading, Biotinylierung und GeL@1S/MS konnten 98 Oberflachen
proteine quantifiziert werden. Von den 49 Proteinen, die insg&-Mutante verandert
vorlagen, waren 21 schon als Sigmalghangig oder durch SigmaB beeinflusstadrent.

In dieser Arbeit konntemweitere28 Oberflachenproteine erstmalig als Sigmatihangig
beschrieben werden. Die Gruppe der Zelloberflaessoziierten Proteine und Virulenz
faktoren die durch SigmaB beeinflusst werden, wurde so erweitert (Heenad| 2010).
Durch TrypsinBehandlungwurdeninsgesamt 63 Oberflachgroteine beim Vergleich
vier verschiedene®. aureusStamme identifiziertHierbei konnte gezeigt werden, dass
das Oberflachenproteom verschiedeSeraureusStamme extrem variabel ist. Weniger
als 0% der identifizierten Oberflachenproteine aller vier Stamme stimmten Uberein
(Dreisbachet al, 2010).Eine optimale Analyse der Oberflacipeateine vonS. aureus
wird durch eine Kombination von Biotinylierung und Tryp&ehandlung erreicht. Es
konnte g@zeigt werden, dass SorteSebstrate insbesondere durch Trypsin zugénglich
sind, wahrend Lipoproteine optimal durch Biotinylierung analysiert werden kdnnen. Das
Protokoll zur TrypsirBehandlung wurde modifiziert, stark vereinfacht und ist auch zur
Quantfizierung von Oberflacheroteinen geeignet. Durch Konmation beider
Methoden mit **N/**N-metabolischen Labeling konnten 221 Oberflagheteine
identifiziert und 158 quantifiziert werden. Hierbei wurie aureusunter Eisenmangel
bedingungen untersuch In den Korperflissigkeiten von Saugetieren herrschen
Eisenmangelbedingungen, und diese fungieren als wichwgessignal fur die Bakterien

um Virulenzproteine zu exprimieren. Unter diesemfektionsrelevantenin vitro
Bedingungen wurden insbesonderell@berflachenproteine wie die eisenabhangigen
Hambindenden Proteine IsdA, IsdB, IsdC und Isdédwie lipidverankerte Eisen
bindende Proteine stark induziert gefunden (Herapal, unpublished).



Summary

SUMMARY

The human pathogenic bacteri8taphylococcus aureususes a wide variebdf in part
life-threatening diseases such as skin infections (furunculosis), pneumonia, osteomyelitis,
endocarditis and sepsis. ThereBy aureusbelongs to the most prevalent pathogenic
agents of nosocomial infections. Antibiotic treatment becomes omaléenging because

of an increasing frequency of multiple antibiotic resistances. amureuds capable of
adapting to rapidly changing environmental conditions. The interaction of this pathogenic
bacterium with its environment and its host is spedifichased on the protein set
presented on the surface of the bacterial &llaureusexpresses an arsenal of cell
surfaceassociated virulence factors leading to colonization and infection of human tissue.
The aim of this work was the development andlengentation of mass spectrometry
based approaches for identification and quantification of cell suafsseciated proteins

of the human pathogenic bacteri8taphylococcus aureu$hereby access to 77% of all
known cell surfaceassociated proteins and twhards of all external exposed membrane
anchored lipoproteins was enabled by thefged and GeL&@MS/MS-based methods
named biotinylation and trypsshaving. Biotinylation implies the labeling of cell
surfaceassociated proteins of intact staphylocoamls by a membrane impermeable
biotinylation reagent and subsequent enrichment by affelitpmatography. In contrast
trypsinshaving is the proteolytical digestion of all cell surfezposed protein domains.

In addition, a relative quantification dfi¢ surfaceassociated proteins by labeling of the
proteins with stable isotopes, th&\/">N-metabolic labeling, was enabled for the first
time.

Analysis of the surfacassociated proteome of growing and 1grawing S. aureusells

by biotinylation led tothe identification of 146 surface proteins. It could be shown by
relative protein quantification, that cell surface adhesinS.aureusas the fibrinogen
binding protein clumping factor B, were preferentially synthesized during growth,
whereas clumpingactor A is expressed in higher amounts on the surface efromng

cells. Remarkably, the immunodominant antigen IsaB was present in a more than tenfold
increased amount on the surface of cells in stationary phase. This work was the first

comprehensiveidentification and quantification of the entire methicHfiesistent



Summary

Staphylococcus aureuSOL proteome, comprising cytosolic, extracellular, membrane
und surfaceassociated proteome, to date (Beddteal, 2009).

To address the important question &f aureus pathogenicity, the influence of the
alternative sigma factor SigmaB on the expression of cell suafsa@aciated proteins was
analyzed. Therefore, th®. aureuswild-type strain COL was compared its isogenic
sigB-mutant. SigmaB controls a large regulonSinaureuscomprising about 300 genes,
among them many with a function in virulence. By combinatiod’sf*>N- metabolic
labeling, biotinylation, and Gel-®IS/MS 98 surfaceassociated proteins could be
quantified.Fourty nine surfacassociated proteins were modulated by SigmaB, including
21 proteins already known to be SigBpendent or Sighfluenced. This work revealed
further 28 surfaceassociated proteins not previously reported as -Sigfgendent or
influenced, expanding the group of surfs&sociated proteins and virulence factors
modulated by SigmaB (Hempet al,, 2010).

Trypsinshaving led to a total of 63 identified surfeagsociated proteins by comparing
four differentS. aureusstrains. It could betown, that the cell surface proteome of
different S. aureusstrains is extremely heterogenous. The overlap between the surface
associated proteins of the four different strains was below 10% (Dreisbach?010).

An optimal analysis of surfaeassociated proteins o08. aureusis achieved by
combination of biotinylation and trypsshaving. WhereasSortaseSubstrate were
preferentially analysed by trypsin shaving, the biotinylation is a powerful tool for the
analyss of lipoproteins. The trypsishaving protocol was modified, simplified and is
applicable for quantification of surface proteins. By combination of both methods with
1“N/*N-metabolic labeling 221 surfa@essociated proteins could be identified and 158
guantified. HereS. aureusvas analysed under iron limitation. The iimited conditions

in mammalian body fluids serve as a major environmental signal to the bacteria to express
virulence determinants. For this infecticglevant situation particularlyusfaceexposed
proteins were strongly induced such as the-negulated surface determinant proteins
IsdA, IsdB, IsdC and IsdD as well as lipaichored iron compourginding proteins
(Hempelet al, unpublished).



Einleitung

EINLEITUNG

M ASSENSPEKTROMETRIE | N DER PROTEINANALYTIK

PROTEOMIK ALS SCHLU SSELFORSCHUNG IN DEN L EBENSWISSENSCHAFTEN

Die Entschlusselung des Erbmaterials ganzer Organismen Ende des 20. Jahrhunderts
markiert einen entscheidenden Durchbruch auf dem Weg zur Erforschung des Lebens.
Durch vollstandige Sequenzierung der Desoxyribonukleinsdure DNS, d. h. durch
Bestimmung deAbfolge der Basenpaare der Erbinformation, konnte das Genom von
Mikroorganismen wieHaemophilus influenza€¢Fleischmannet al, 1995) bis zum
Genom des Menschen (International Human Genome Sequencing Consortium, 2001,
Venteret al, 2001) entschlusselt waden.Zum Verstandnis von Lebensprozessen ist die
Untersuchung der Genprodukte, der Proteine, ausschlaggebend. Diese sind fir eine
Vielzahl von biologischen Funktionen verantwortlich. Mit der Gerfdaguenzierung von
immer mehr Organismen sind numusende €ne identifiziert, die Proteine bekannter
Sequenz, abewunbekannter Funktion kodiereBer gesamte Proteinbestarther Zelle

oder eines Gewebes unter bestimmten Bedingurgesinem bestimmten Zeitpunkt ist

das Proteom Die Untersuchungdes Proteinbestard wird als Proteomik bezeichnet
(Wilkins et al, 1996). Das Proteom ist im Gegensatz zum statischen Genom hoch
dynamisch. Es ist abhangig von der Art des Gewebes oder der Zelle bzw. des
Zellkompartiments, sowie von aul3eren Einflissen. Proteine sind dé&inbeas nicht nur

durch ihre Sequenz, sondern auch durch ihre multidimensionale Struktur, moégliche
posttranslationale Modifikationen, zellulare Lokalisation und Interaktion mit anderen
Proteinen charakterisiert. Die Analyse von Proteinen hinsichtlichr ienktion,
Stabilitdt, relativen und absoluten Quantitat in der Zelle tr&gt entscheidend zur
Erforschung von Lebensprozessen bei. Ein systematischer Weg zum Verstandnis des
Lebens fuhrt vom Genom Uber das Transkriptom zum Proteom und Metabolom. Dieser
als Systembiologie bezeichnete Forschungsansatz ermoéglicht einen vollstédndigen
Einblick in zellulare Prozesse (Patterson & Aebersold, 2003).
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M ASSENSPEKTROMETRIE I N DER GLOBALEN PROTEINANALYSE

Die Massenspektrometrie ist eine Analysetechdik es ermdglicht, die Molekilmasse
freier lonen im Vakuum zu bestimmen. In der organischen Chemie ist sie eine wichtige
Analysemethode zur Bestimmung der Molekilmasse einer Verbindung seit den 1950er
und 60er Jahren. Ein Massenspektrometer bestehtgahzus einer lonenquelle, einem
Massenanalysator und einem Detektor. In der lonenquelle werden aus einer
Substanzprobe freie lonen emittiert, die dann im Massenanalysator nach ihrem Masse/
LadungsVerhaltniss (m/ z) aufgetrennt werden. Der Detektortrest das lonensignal

auf und rechnet es in ein Massenspektrum um. Es gibt jeweils verschiedene Prinzipien der
lonenerzeugung, Auftrennung und Detektion, die auf unterschiedliche Weise miteinander
kombiniert werden kdnnen. Die Analyse von MakromolekulenRvigteine und Peptide

war erst nach der Entwicklung von zwei schonenden lonisierungsmethoden maoglich. Bei
der Matrixunterstitzten Laserdesorptielmisationsmassenspektrometrie (MALBIS)

werden die Proteine/ Peptide in eine Licht absorbierende Matrgeleiacht, mit einem
Laserimpuls ionisiert und anschliel3end als geladene lonen von der Matrix in das Vakuum
desorbiert (Karas & Hillenkamp 1988). Die ElektrosplagisationsMassenspek
trometrie (ESIMS) Uberfuhrt den Analyten direkt aus der Losung in@#sphase (Fenn

et al, 1989). Die Protewt Peptidlosung wird durch eine geladene Nadel gespruht,
resultiert in einem feinen Nebel geladener Mikrotrépfchen und nach dem Verdampfen des
Losungsmittels in mehrfach geladenen makromolekularen lonen zur Utediim die

Gasphase.

Die prazise Bestimmung der Masse eines Proteins ist einer der wichtigsten Faktoren fir
seine Identifizierung. Um Proteine mittels Massenspektrometrie zu identifizieren ist das
Vorhandensein der Genomsequenz von entscheidender Begleutach der
enzymatischen Spaltung des Proteins mit einer sequenzspezifischen Protease wird die
gemessene Peptidmolekilmasse mit der theoretischen Masse aus einer Sequenzdatenbank
verglichen (der sogenannte Peptidmads@gerabdruck) (Henzedt al, 1993 Jameset

al., 1993; Mann, Hojrup & Roepstorff, 1993; Pappin, Hojrup & Bleasby, 1993; ‘tes

al., 1993). Neben der Massenes Proteins ist auch die AmBs#uresequenz von
Proteinen/ Peptiden mittels Massenspektrometrie determinierbar. Dafiir werden zwei

Massenanalysatoren zur sogenannten Tardassenspektrometrie (MS/MS) hinter
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einarder geschaltet (McLafferty, 1981 Im ersten Massenanalysator wird ein
Vorlauferion selektiv isoliert, durch verschiedene Fragmentierungsmethoden gespalten
und ein Fragmentieenspektrum (MS/MSpektrum) der entstehenden Produktionen im
zweiten Massenanalysator detektiert. Bei dieser MSiigiSerten Proteinidentifizierung
werden neben dem Vergleich der gemessemd theoretischen Peptidmassen auch die
gemesseen MS/MS-Spektrenmit den theoretischen verglichen. Zusatzlich liefern die
Massendifferenzen der Fragmentionen Aminosauresenpienmationen der Peptide.

Um Hunderte von Proteinen in globalen Proteomstudien zu identifizieegnsich die

Massenspektrometrie gegentubenmdEdmarAbbau durclyesetzt (Edman, 1949).

Gel-basierte und Gelfreie Analysetechniken als Zugang zu komplexen Protein
gemischen

Um komplexe Proteingemische einer massenspektrometrischen Analyse zugénglich zu
machen, ist eine Vorfraktionierungtwendig. Hierbei kann zwischen @wmsierten und
Gelfreien Analysetechniken unterschieden werden. Eine etablierte und weit verbreitete
Methode fir umfassende Proteomstudien ist dieGaelektrophorese (Klose, 1975,
O6Farrel I, 1975) .oteikeaib dar erstea MDidnensioradhi ilerem P r
isoelektrischen Punktind in der zweiten Dimension entsprechend ihres Molekular
gewichtes in einem elektrischen Feld aufgetrennt. Auf diese Weise ist es mdglich
Hunderte von Proteinen zu trennen, sichtbar zu maghdnmassenspekireetrisch zu
identifizieren. Diese leistungsfahige Technik wird fir viele physiologische Frage
stellungen eingesetzt, da (i) viele Stoffwechselwege und Stressantworten visualisiert
werden koénnen, (i) eine Unterscheidung zwischen Prateihese (durcii°S-Methionin
Markierung) und Proteinakkumulation in den Zellen mdglich ist, und (iii) Protein
modifikationen sichtbar gemacht werden kénnen (Heekteal, 2008; Heckeet al,

2010). Die 2DGelelektrophorese ist jedoch limitiert hinsictil einer vollstandigen
Analyse aller Proteinklassen, welckatweder nicht in das Gel eintreten kdnnen oder
unzureichend aufgetrennt werdebazu gehéren Proteine mit einem sehr groGeer
geringen Molekulargewichdowie solche mit extremen-gVerten wie etwa hydrophobe
Membranproteine (Adesst al, 1997; Wilkinset al, 1998; Wolffet al, 2006; Wolffet

al., 2008).
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Entwicklung und Anwendung Géleier Analysetechniken fuhrte zu einer signifikanten
Erhohung deridentifizierten Proteine in globalen Proteomstudien (Welffal, 2006;
Becheret al, 2009). Hierbei werden Hochleistungsflissigkeitschromatographiesysteme
(HPLCs) mit TandenMassenspektrometern gekoppelt (Yates, 1998). Als-fi@i
Proteinanalysen weeth zum einen 1lf5elbasierte LEMS/MS Analysen und zum
anderen 2ELC-MS/MS Analysen bezeichnet. Bei 1BelLC-MS/MS oder GelL€
MS/MS Analysen werden komplexe Proteinproben einfach und schnell nach ihrem
Molekulargewicht Gber 1EBDS Gelelektrophorese aufgetint (Laemmli, 1970). Durch
Zerschneiden der Gelbande wird die Proteinprobe fraktioniert und dw@keHvierdau

in Peptide gespalten (Rosenfedd al, 1992). Als quasi zweite Dimension werden die
Peptide nach ihrer Hydrophobizitat durch Umkehrphdsecheistungsfliissigkeits
chromatographie (RPIPLC) getrennt und anschlieBend massenspektrometrisch
analysiert. 2DLC-MS/MS koppelt multiple Chromatographiesysteme zur Vorfraktio
nierung von Peptiden wie etwa lonenaustauschchromatograpie und Umkehrphasen
HocHheistungsflissigkeitschromatographie miteinander (Dewéad., 2001)

Massenspektrometriebasierte Proteinquantifizierung

Neben der Identifizierung von Proteinen ist auch die Quantifizierung von Proteinen
mittels Massenspektrometrie moéglich (TacA&bersold, 2003; Ong & Mann, 280 Um
Anderungen der Proteinabundanz als Reaktion auf verschiedene physiologische Zustande
zu analysieren ist die Quantifizierung der Proteine von entscheidender Bedeutung. Es gibt
verschiedene Ansatze zur relativen undobliesn MSbasierten Proteinquantifizierung
(Bantscheffet al, 2007). Dabei unterscheidet man grundsatzlich Methatiereinerseits

auf Markierung mit stabilen Isotopen beruhen und andererseits ganzlich ohne
Markierung, sogenannte labelfreie Methoden,kaosnen. Labelfreie Quantifizierung
beruht entweder auf der Anzahl der je Peptid aufgenommened 84Spektren (spectral
counting)oder auf dem Vergich der Peptidpeakflachdrzw. der Peptidpedktensitaten

(Old et al, 2005). Hierbei sind spezielle Softwprogramme zur Auswertung
erforderlich, jedoch ist auf diese Weise prinzipiell eine relative quantitative Auswertung

aller MS-Daten maoglich.

13



Einleitung

Reproduzierbarere, relative Quantifizierungsergebnisse resultieren aus der Markierung
mit stabilen, schwereren I&pen von Stickstoff, Kohlenstoff, Wasserstoff und
Sauerstoff. Bei diesen Methoden wird sich zu Nutze gemacht, dass ein mit einem stabilen
Isotop markiertes Peptid chemisch dem Gegenspieler aus dem nattrlichen Isotop
identisch ist. Das markierte und unmiarke Peptid verhalten sich daher wéhrend der
chromatographischen und massenspekétoischen Analyse gleich. Der Massen
unterschied zwischen beiden Peptiden wird im Massenspektrometer detektiert und das
Verhéltnis der jeweiligen Signalintensitaten vesigén. Die stabilen Isotope werden in

die Proteine oder Peptide entweder (i) metabolisch, (ii) chemisch oder (iii) enzymatisch

eingebaut.

Bei der (i) metabolischen Markierung wird das stabile Isotop zum frithéglichen
Zeitpunkt wahrend des Zellwachstumsdie Proteine eingebaut (Gyet al, 1999; Oda

et al, 1999; Pasdolic et al, 1999). Man unterscheidet hierbei d&$/*°N-metabolische
Labeling ¢“N/*N-metabolic labeling) und die SILA®ethode (stable isotope labeling

by amino acids in cell cultaj. Beim*N/**N-metabolischen Labeling erfolgt die totale
Markierung aller Proteine durch Wachstum der Zellen in einem speziellen Medium, in
welchem samtlicher natiirliché?N durch **N ersetzt wurde (Oda&t al, 1999). Im
Gegensatz dazu werden beim SILAlem Medium einzelne, ausgesuchte, markierte
Aminosauren wie etwd’Cs-Arginin und 2*Cs-Lysin zugesetzt (Ongt al, 2002). Der
gro3e Vorteil der metabolischen Markierung ist, dass die markierte und unmarkierte
Probe schon auf zellularer Ebene vereinigirden kann. Auf diese Weise werden alle
Fehlerquellen wahrend der Probenpréparation ausgeschlossen, da diese beid¢ Protein
Peptidpopulationen betreffen. Metabolisches Labeling zur Poptamifizierung wurde
erfolgreich fur Bakterien (Dreisbach, O#bal, 2008; Becheet al, 2009; Hempett al.,

2010) sowie hohere Organismen wie Ratten @Val, 2004) und Pflanzen (Gruhlet

al., 2005) angewendet.

Wenn Proben, wie etwa humane Zellen, nicht ausreichend metabolisch markiert werden
kénnen, oder mhrere Zustdnde miteinander verglichen werden sollen, bieten sich die
nachfolgenden Quantifizierungethoden an. Im Gegensatz zarvivo Markierung auf
metabolischem Weg erfolgt der Einbau stabiler Isotope (ii) cheniisefitro. Bei der

iTRAQ™1i Methode(isobaric Tagging for Relative and Absolute Quantification) werden
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Peptide mit bis zu 8 verschiedenen, isobaren Reagenzien markiertgiRalss2004).

Eine weitere Variante zur Markierung von Peptiden ist die ‘i@Methode (Miyagi &

Rao, 2007). Hiererfolgt der Einbau des stabilen Isotop¥D enzymatisch durch
Verwendung von'®0-Wasser wahrend der proteolytischen Spaltung der Pepide. Wie
anfangs erwahnt, gibt es neben den bereits aufgezahlten relativen Methoden zur
Proteinquantifizierung auch die Madhkeit der absoluten Quantifizierung. Die
Bestimmung der absoluten Anzahl von Proteinen in der Zelle ist bei der BiorSarkiee

und beim systembiologischen Ansatz ganze Stoffwechselwege in Zellen zu simulieren
von besonderer Wichtigkeit. Die AQUARechnobgie (absolute quantification of
proteins) beruht auf der relativen Quantifizierung eines markierten Standardpeptides
bekannter Konzentration und des equivalenten Peptides der Probe (&eabet003).
Dieser interne Standard ermdglicht die Kalkulatioer dabsoluten Anzahl des

entsprechenden Peptides.

STAPHYLOCOCQJS AUREUS ALS PATHOGENER M ODELLORGANISMUS ZUR
ERFORSCHUNG DER ZUNEHMENDEN |INFEKTIONSKRANKHEITEN IM 21.
JAHRHUNDERT

S.AUREUSZWISCHEN KOMMENSALISMUS UND PATHOGENITAT

Staphylococgs aureus ist ein kugelformiges, nicht bewegliches und nicht
sporenbildendes Grapositives Bakterium. Es wurde im Jahr 1880 durch den
schottischen Chirurgen Alexander Ogston als runder Mikrooganismus in eitrigen
Abszessen entdeckt (Ogston, 1882). Der Name lditbt daher aus dem griechischen
staphyle  AWe i n kokkasu b éiK;¢, gel chenid un durewse mAdleat e
Gol denefin ab. Staphyl okokken sind fast S ber
aller Menschen sind dauernd auf der Haut und/ oder auf ddeirf8bButen der oberen
Atemwege von Staphylokokken besiedelt (van Bellkemal, 2009). Diese sogenannte
persistierende, asymptomatische Besiedlung wird als Kommensalismus bezeichnet. Als
Infektionserreger sind Staphylokokken fakultativ pathogesbei Staghylococeis aureus

die starkste Pathopotenz aller bekannten StaphylokeBkemies besitzt. Diese
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Bakterienart kann verschiedene, zum Teil lebensbedrohliche Erkrankungen wie
Hautinfektionen (Furunkel, Karbunkel)Brustdrisenentziindungl.ungenentziindung,
Oseomyelitis (Knochenmarksentziindung), Endokarditis (Entzindung der- Her
zinnenhaut), Toxisches Sche8yndrom und Sepsis auslésen (Lowy, 1998; Moreidibn

al.,, 2005). Dabei gehorS. aureuszu den haufigsten Erregern von Nosokomial
infektionen, d. h.Infektionen die im Krankenhaus erworben werden. Voraussetzung
hierfur ist eine lokale (z. B. Gewebeschaden) oder allgemeine Immunschwéche. Man
unterscheidet daher durch Staphylokokken verursachte Infektionen danach, ob sie im
Kr ankenhauacqufehfmo spderelunabh2ngig von einem K
der Gesel | schaddui(rlcddinmue r(Ritetr & Wenzelwlid95d e n
Stevens, 2003)

Die Behandlung von bakteriellen Infektionen, insbesondere von Staphylokokken
Infektionen mittels Antibitika stellt eine immer gréRere Heréarslerung dar.n den
vergangenen Jahren ist eine Zunahme an z. T. multiplen Antibidikenzen zu
beobachtenS. aureushat die Fahigkeit sich rapide an verandernde Umweltbedingungen
anzupassen, und kann so R&sigen gegen Antimikrobiotika ausbilden. Schsmths
Monate nach Einfiihrung des-LAactamAntibiotikums Methicillin, eine Weiter
entwicklung des Penicillin, im Jahr 1961 traten die ersten Methicillinresistenzen auf
(Barber, 1961). Heute sind vie® aureusStdmme multiresisté gegen alle erfligbaren
-LactamAntibiotika sowie andere Antibiotikdassen. Diese werden als MRSA,
Methicillin-resistenterStaphylococgs aureuspezeichnetS. aureusStamme die auch
gegen das Glykopeptiéntibiotikum Vancanycin resistent sindwerden als VRSA
(VancomycinresistenteStaphylocoags aureuy bezeichnetVancomycion galt lange als
Reserveantibiotikum gegen besonders schwere Infektiob#a. Ausbreitung von
multiresistenten MRSAund VRSAStammen und die daraussultierenden Infektionen,
insbesondere Krankenhanfgktionen, stellen ein weltweites Gesundheitsproblem der
Menschheit dar (Kurodat al, 2001; Hiramatseet al, 2001).Hier ist die Entwicklung

von neuen Antibiotikavie Daptomycin oder Linezolid (Joset al, 2008; Livermore
2008) sowie neuer therapeutiscl@rategien geges. aureusnotwendig. Daflr ist die

Erforschung des Proteonasn S. aureuson entscheidender Bedeutung.
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Fur die Grunthgerforschung ist ein Mikroorganismus ein exzellent geeignetes Modell.
Aufgrund seiner verhaltnismafig geringen Komplexitat ist ein Einzeller besonders fur
Proteonstudien geeigneMplker & Hecker, 2005)Staplylococais aureusals pathogener
Modellorganismuslasst sich einfach und reproduzierbar vermehren, verschiedensten
Bedingungen aussetzen und ist leicht fir biochemische und genetische Untersuchungen
zuganglich.Wie eingangs bereits erwahnt ist die Entschlisselung der Genomsequenz
dabei entscheidend furedProteinanalyse mittels Massenspektrometrie. Die vollstandige
Genomsequenzierung fi8taphylococcusureuserfolgte 2001 fir den MRSAtamm

N315 und den VRSAtamm Mu5Q(Kurodaet al 2001) Der fur diese Arbeit relevante
MRSA-Stamm S. aureusCOL liegt it 2005 sequenziert vofGill et al, 20035.
Insgesamt ist laut NCBI (National Center for Biotechnology Informatjon
www.ncbi.nim.nih.goy das Genom vorl4 S. aureusStammen sequenzierDas S.
aureusCOL Genom codiert fur etwa 26002700 Proteine, darunter etwa 1000 Proteine
mit noch unbekannter Funktion (Hecket al, 2010). Die Erforschung deS. aureus

Proteoms soll zum Verstandnis der PathogenitatSiaureudeitragen.

DIE VERSCHIEDENEN SUBPROTEOME DER GRAM-POSITIVEN BAKTERIEN -
ZELLE

Man kann den gesamten Proteinbestand einer Staphylokokkenzelle abhéangig von der
Proteinlokalisation in Subproteomfraktionen unterteilen (Bedattenl, 2009). Dabei
werden hauptsachlich vier Fraktionemterschieden: (i) der Proteinbestand aus dem
Cytosol der Zelle, das intrazellulare Proteom, (ii) Proteine die in die Cytoptaesmiaran
eingebettet oder durch évhbranspannende Proteindoméanen in der Membran veranke
sind, das Membranproteom, Jislle Poteine, die auf der Zelloberflache exponiert sind,

das Zelloberflacheassoziierte Proteom oder kurz Oberflachenproteond (iv) alle
Proteine, die in das aul3en liegende Milieu sekretiert werden, das Huléazd’roteom
(Abbildung 1)
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Wandteichonsduren
Lipoteichonsiuren

Peptidoglykan

Zellmembran

Abbildung 1. Schematische Darstellung einer Staphylococcusaureus Zelle und Zellwand. Die Zelle stellt
links eine elektronenmikroskopische  Aufnahme (Labor fiir Elektronenmikroskopie, Universitét
Greifswald, R. Sietmann), und rechts die vier S.aureus Subproteome dar: | Cytosolisches Proteom, I
Membranproteom, Ill Zellwand -assoziiertes Proteom , IV Extrazellulares Proteom . Die Zellwand zeigt die
verschiedenen Zelloberflachen -assoziierten Proteinklassen. A Sekretierte/ extrazellulare Proteine, B
Nicht-kovalent verankerte/ Zellwand -assoziierte Proteine, C Kovalent -verankerte Proteine/ Sortase-
Substrate, D Lipoproteine, E Membranproteine.

Es gibt viele verschiedene Programme, die die subzellulare Lokatisir Proteine mit

Hilfe von Computeralgorithmen aus charakteristischen Sequenzmotiven des Genoms
vorhersagen konnen. Ungeféhr ein Viertel alfer aureusCOL Proteine haben laut
TMHMM Algorithmus Transmembranddimen und gehoren deshalb zumi) (i
Membranpoteom (Kroghet al, 2001).

Oberflacherexponierte Proteine kdnnen entweder kovaleser nichtkovalent an der
Zellwand oder deZellmembran verankert sein. Dazu gehdrenSbetaseSubstratedie
Lipoproteine und die sogenannten ZellwassoziierterProteine, auf die im Folgenden

noch ausfuhrlich eingegangen wifébbildung 1) SortaseSubstratesind durch ein
charakteristisches LPXTG bzw. NPQIMbtiv gekennzeichnet (Gikt al, 2005; Sibbald

et al, 2006). Die Signatur einer charakterististk®nsensus Sequenz, der Lipobox, wird

von den Programmen DOLOP (Madan Ba@bbankaran, 2002) und AUGUR (Billiost

al.,, 2006) genutzt, um 66 Lipoproteine B. aureusCOL vorherzusagen. Zu den
Zellwandassoziierten  Proteinen gehodren  weitere, rdkcivialent gebudene
Oberflachenproteine, die in Genomanalysen, friheren Proteomstudien oder durch das

Proteinlokalisationssoftwareprogramm PSORT gefunden wurden §&Bilal, 2005;
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Clarke & Foster, 2006; Naka& Horton, 1999). Dabei macht das )iiZellobeflachen
assaiierte Proteom nur etwa 4% d8saureusCOL Gesamtproteoms aus.

Laut dem Softwareprogramms SignalRaben etwa 5% aller Proteine des
Gesamtproteoms vo8. aureusCOL eine Signalspuenz und werden deshalb dem) (iv
extrazellularem Proteom zugeordnet (Nielson und Krogh, 1998; Benétsah 2004).

Die Mehrzahl von annahernd 1800 Proteinen weist keine bekannten Sequenzmotive auf
und wird deshalb dem (i) cytoplasmatischen Proteom zugewiesen, welches somit fast
70% des Gesatproteoms umfasst.

Das cytoplasmatische Proteom v®naureusvurde umfangreich charakterisiert, um den
grundlegenden Metabolismus des Bakteriums (Cordstedl, 2002; Kohleret al, 2005;
Becher et al, 2009) sowie die Regulation derGenexpression alsAntwort auf
infektionsrelevante Stimuli wie Sauerstoffmangel (Fuehsl, 2007) oder oxidativer
Stress \Wolf, Hochgrafeet al, 2008) zu untersuchen. Durch Kombination vonGé&+
basierter Proteinfraktionierung und {MS/MS konnten 110(B. aureusCOL Poteine

aus der cytosolischen Fraktion identifiziert werden (Beehat, 2009).

Das Membranproteom spielt eine entscheidende Rolle bei der Informationsaufnahme und
T Ubermittlung von Signalen durch Transport von lonen und Molekilen, bei der
Energiegewinang durch Atmung, als auch bei Z&Rkll-Interaktionen. Kurzlich
entwickelte Massenspektromethasierte Methoden erméglichten die Identifizierung von
357S. aureusCOL Membranproteinen (Wolft al, 2008).

Betrachtet man die Pathogenitat vé@h aureus,so stellen die sekretierten und
Oberflacherexponierten Proteine die bedeutsamste Klasse dar, weil der Grofteil der
Virulenzfaktoren in diesen beiden Subproteomfraktionen zu finden ist. Virulenzfaktoren
sind Proteine, die eine Infektion im Wirt ermdglicheSie kénnen nach ihrer Funktion
unterschieden werden: (i) Proteine, die Adhasion und Invasion von Wirtszellen
ermoglichen; (ii) Proteine, die Wirtszellen und Gewebe zur Ausbreitung des Bakteriums
und NahrstofferschlielBung zerstéren; (iii) Proteine, die ®iner Immunantwort des
Wirtes schitzen; und (iv) Proteine, die Nahrstoffe nutzbar machen, welche tberwiegend
im Wirt vorkommen (Lowy, 1998; Fost&& HO60k, 1998; Foster, 2005; Hecket al,

2010).
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S. aureussetzt eine groBe Anzahl an Exoproteinen, figelche dann entweder ins
extrazelulare Milieu sekretiert werdeader auf der Zelloberflache gebunden verbleiben.

Dabei gibt es verschiedene Transportwege fur Proteine aus dem Cytoplasma nach aul3en.

Bei dem generellen Sekretionsweg ($éeg), dem TawWeg ( At -avginm

transl ocationi), d e {WegP snd wamo fransgportntibeWWABL ( Co m
Transporter weisen die Proteine eine Signalsequenz auf. Die Mehrzahl der Proteine wird

Uber den SedVeg transportiert (Sibbaldt al, 2006). Die Nterminale Signalspienz

beinhaltet eine SignalpeptidaSehnittstelle, an der das Protein nach der Translokation

durch die Membran von der entsprechenden Signalpeptidase prozessiert wird.

Das extrazellulare Proteom verschiedeferaureusStamme war Gegenstand vieler
Studen. Prinzipiell werden dabei die Bakterienzellen einer Kultur durch Zentrifugation
abgetrennt, und alle Proteine, die in das extrazellulare Medium sekretiert wurden, zur
weiteren Analyse heraus geféallt. In der Vergangenheit war dieG@iasierte
Proteomaalyse die Methode der Wahl zur Untersuchung des Kulturiberstandes
(Ziebandtet al, 2001).Auf diese Weise konnten 47 sekretierte ProteineSiiiaureus

N315 (Ziebandtet al, 2004), 34 furS. aureusCOL (Rogaschet al, 2006), 38 furS.
aureusMW2 und LAC (Burlak et al, 2007), und 63 fir 17 verschiedeBe aureus
Stamme (Ziebandet al, 2010) identifiziert werden. Interessanterweise konnte dabei
gezeigt werden, dass das extrazellulare Proteom innerhalb der Sp&mibglococcus
aureus aber bei verschiedenen Stammen oder klinischen Isolaten, extrem heterogen ist
(Ziebandtet al, 2010).

Eine Weiterentwicklung der globalen Proteomanalyse wurde durch die Kombination von
1D-Gel Elektrophorese und nah&@-MS/MS ermdglicht. Dadurch konnte7 bzw. 60
Proteine mit Signalpeptid fus. aureusCOL (Becheret al, 2009; Hempelet al,
unpublishegl und ebenfalls 60 fUB. aureudJAMS-1 identifiziert werden (Jonest al,

2008). Bei all diesen Studien werden auch immer Proteine, die keine bekannte
Signalsequenz flur eine Sekretion aufweisen, im extrazellularen Raum detektiert. Haufig
handelt es sich dabei um hoch abundante cytoplasmatische Proteine, die wahrscheinlich
durch Zelllyse wahrend des Zellwachstums und aufgrund des Experimentierprozgsses f
geworden sind. Dennoch, die Méglichkeit der extrazellularen Lokalisation von typisch

cytoplasmatischen Proteinen durch bislang unbekannte Exportwege kann nicht
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ausgeschlossen werden (Sibbeldl 2006) .-kDassesdméelhProt ei
(Mdmcl|l assical i protein secretion) I st fer
Signalsequenz, dokumentiert (Bendtsstnal, 2005). Proteine, die zusatzlich zu ihrer
cytoplasmatischen Funktion eine weitere Funktion im extrazellularen Raum oder auf der
Zelober f 1 2 che haben, wer den Amoonlightingh
Desweiteren ist es relevant zu erwahnen, dass nicht alle Proteine, die-teimairiile
Signalsequenz sowie eine Signalpeptidase | Schnittstelle aufweisen, in den extrazellularen
Raum sekretiert werden. Kiirzlich wurden sogenannte-&ecg e h e f t-aett tea c(hAeSlefic)
Proteine, welche durch bislang unbekannte Mechanismen an der cytoplasmatischen
Membran verbleiben, entdeckt (Tjalsma und van Dijl, 2005).

BEDEUTUNG DES ZELLOBERFLACHEN -ASSOZIIERTEN PROTEOMS VON
STAPHYLOCOCCUS AUREUS

Die Interaktion des pathogenen Bakteriums mit seinem Wirt ist insbesondere durch den
Proteinbestand, der auf der Zelloberflache exponierbedtimmt.S. aureusexprimiert

ein Arsenal an Zelloberflachgebundenen Virulenzfaktoren, die zur Kolonisierung und
Infektion von humanem Gewebe fiihren. Die Zellmembran und die Zellwand fungieren
dabei als Bindungsort fur die Proteine. Grpositive Bakterien haben eine Viahl an
einzigartigen Mechanismen zur Immobilisierung von Proteinen an der Zelloberflache
entwickelt. Das beinhaltet die kovalente und nicbvalente Bindung von Proteinen an

das Peptidoglykan oder an sekunddre Komponenten der Zellwand wie den
Teichonsauwen. Das Oberflachenproteom setzt sich daher aus verschiedenen-Protein
klassen zusammen. Es umfasst Membranproteine mit nach aul3en ragenden
Proteindoménen; Lipoproteine, die Uber einen Lipidanker kovalent an der Zellmembran
verankert sind;SortaseSubstrate und Zellwandassoziierte Proteine, die eine Signal

sequenz haben, aber nigttvalent an die Zelloberflache binden.

SortaseSubstratesind ZellwandProteine, die durch die Membrgebundene Trans
peptidase Sortase (SrtA) kovalent an das Peptidoglykamkert werden. Dabei erkennt
die Sortase eine konservierte-t€@minale LPXTGSignalsequenz der Oberflachen

proteine. Nach Spaltung der LPXT&quenz zwischen Threonin und Glycin katalysiert
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sie die Bildung einer Amidbindung zwischen der CarboxylgrupgeTdeeonins und der
Aminogruppe der Pentaglycinbriicke. Auf diese Weise erfolgt die Verankerung der
Oberflachenproteine an die Peptidquervernetzungen der Peptidogihiet (Schnee
wind et al, 1992; Navarr& Schneewind, 1994; Mazmaniat al, 1999; Mamanianet

al., 2001).

Ein alternatives NPQTMotiv wird von einer zweiten Sortase (SrtB) erkannt. IsdC, ein
Protein welches fur die Eisenaufnahme &naureusserantwortlich ist ist das einzige
bekannteNPQTN-SortaseSubstrat (Mazmaniagt al, 2002).

Durch Genomanalysen sind &drtaseSubstratan S. aureusdekannt, von denen 20 im
S. aureuCOL Genom kodiert vorliegen (Gidt al, 2005; Sibbalekt al, 2006). Diese 20
S. aureusCOL SortaseSubstratesowie bekannte, nictkovalent gebundene Zellwand
assoziierte Proteine sind in Tabelle 1 aufgelistet. Eine Reihe von solchen 4onisch
gebundenen Proteinen sind mit der Zellwand assoziiert, darunter Peptideglykan

hydrolasen, Proteasen und Adhasine.
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Tabelle 1. S. aureusCOL Oberflachenproteine

Protein ID Protein Funktioneller Name Proteinklasse Referenz

SACOL0024 SasH 5' nucleotidase family protein Sortase Substrat Gill et al, 2005
SACOLO0050 PlIs Methicillin resistance surface protein Sortase Substrat Gill et al, 2005
SACOLO0095 Spa Protein A Sortase Substrat Gill et al, 2005
SACOLO0119 SasD Cell wall surface anchor protein Sortase Substrat Gill et al, 2005
SACOL0608 SdrC SdrC protein Sortase Substrat Gill et al, 2005
SACOL0609 SdrD SdrD protein Sortase Substrat Gill et al, 2005
SACOL0610 SdrE SdrE protein Sortase Substrat Gill et al, 2005
SACOL0856 CIfA Clumping factor A Sortase Substrat Gill et al, 2005
SACOL1138 IsdB Iron-regulated hem&on binding protein SortaseSubstrat Gill et al, 2005
SACOL1140 IsdA Iron-regulated hem&on binding protein Sortase Substrat Gill et al, 2005
SACOL1141 IsdC Iron-regulated hem&on binding protein Sortase Substrat Gill et al, 2005
SACOL1781 IsdH (HarA) Iron-regulated hemé&on binding protein Sortase Substrat Gill et al, 2005
SACOL1806 SasC Cell wall surface anchor protein Sortase Substrat Gill et al, 2005
SACOL2150 FmtB Phosphoglucomutase Sortase Substrat Gill et al, 2005
SACOL2505 SasG (Aap) Cell wall surface anchor protein Sortase Substrat Gill et al, 2005
SACOL2509 FnbB Fibronectin binding protein B Sortase Substrat Gill et al, 2005
SACOL2511 FnbA Fibronectin binding protein A Sortase Substrat Gill et al, 2005
SACOL2652 CIfB Clumpingfactor B Sortase Substrat Gill et al, 2005
SACOL2668 SasF Cell wall surface anchor protein Sortase Substrat Gill et al, 2005
SACOL2676 SasA Cell wall surface anchor protein Sortase Substrat Gill et al, 2005
SACOL0835 - Conserved hypothetical protein Zellwandassoziiert ~ Nakai und Horton, 1999
SACOL0858 Empbp Extracellular matrix and plasma binding protein Zellwandassoziiert  Gill et al, 2005
SACOL1028 HtrA Serine protease Zellwandassoziiert ~ Nakai und Horton, 1999
SACOL1062 At Biofunctionalautolysin Zellwandassoziiert  Gill et al, 2005
SACOL1164 Fib Fibrinogen bindingelated protein Zellwandassoziiert  Gill et al, 2005
SACOL1168 Efb Fibrinogen binding protein Zellwandassoziiert  Gill et al, 2005
SACOL1264 LytN Cell wall hydrolase Zellwandassoziiert ~ Nakai und Horton, 1999
SACOL1472 Ebh Cell wallassociated fibronectin binding protein Zellwandassoziiert  Gill et al, 2005
SACOL1522 Ebp Elastin binding protein Zellwandassoziiert ~ Gill et al, 2005
SACOL1788 - Conservedypothetical protein Zellwandassoziiert ~ Nakai und Horton, 1999
SACOL1847 - Conserved hypothetical protein Zellwandassoziiert ~ Nakai und Horton, 1999
SACOL2002 Map Extracellular adherence protein Zellwandassoziiert ~ Gill et al, 2005
SACOL2019 - Putative SdrH protein Zellwandassoziiert ~ Nakai und Horton, 1999
SACOL2584 IsaA Immunodominant antigen A Zellwandassoziiert ~ Sakateet al, 2005
SACOL2660 IsaB Immunodominant antigen B Zellwandassoziiert  Clarke und Foster, 200€

Eine wichtiger Aspekt bei der Interaktion v8n aureusnit seinem Wirt ist die Fahigkeit

des Pathogens an Komponenten der humanen extrazellularen Matrix (ECM) und an

Serumproteine zu adhéarieren. Diese Zelloberflaas=soziierten Adhasine vé aureus
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werdenin sogenannte MSCRAMMs unBERAMSs unterschiedenDie Zellwandproteine

und Zelloberflachenkomponenten, die an extrazellulares Wirtsgewebe und
Plasmaproteine binden, um den Infektionsprozess zu initialisieren, werden als
MSCRAMMs (microbial surface comgnents recognizing adhesive matrix molecules)
bezeichnet (Foste& H66k, 1998). Dabei handelt es sich um die kovalent gebundenen
SortaseSubstratewie Protein A, clumping Faktor A und B und die Fibronektin
bindenden Proteindden SERAMs (secretable expaddespertoire aldesive molecules)
fehlt das LPXTGMotiv (Chavakiset al, 2005).Zu ihnen gehdren zum Beispiel das
extrazellulare Matrixbindende Protein (Emp) und das extrazellulare Fibrindgedende
Protein (Efb). Zusammen ermdglichen die MSCRAMMSs u&dRBMs die Bindung von

S. aureusan eukaryotische Zellen, Blutplattchen, extrazellulare Matrixproteine und inerte
Oberflachen (Sinha& Herrmann, 2005). Dabei darf nicht vergessen werden, dass
zusatzlich zu diesen Zelloberflachassoziierten Adhéasionsproteinen V@naureusauch
andere Oberflachenmolekiile zur spezifischen Anheftung an Wirtszellen und Wirtszell
komponenten beitragei&s wurde gezeigt, dassellwandeichonsauremssentiell bei der
Kolonisierung der Nasenschleiraut mit S. aureussind (Weidenmaiert al, 2004).
Zusatzlich spielendiese polgnionischen Zellwandpolymereeine Rolle bei der
Interaktion vonS. aureusmit Endotelzelken (Weidenmaieret al, 2005). Die Adhéasine

von S. aureusweisen also ein umfangreiches Substratrepertoire auf, von denen einige
sogar multiple Liganden binden kénnen. Zusatzlich verfiigen einige MSCRAMMSs uber
die Kapazitat an gleiche Wikemponergn zu binden. Dieses breit gefacherte
Bindungsvermogen vo8. aureusermdglicht optimale Anpassung an die Gegebenheiten
der Umgebung und an Nischen des Wirts und erklart die erhebliche Vielfalt an

Krankheitsbildern, welche voB. aureususgelost werden.

UNTERSUCHUNGEN ZUM ZELLOBERFLACHEN -ASSOZIIERTEN PROTEOM VON

S.AUREUS

Die essentielle Oberflacheaxponierte Subproteomfraktion fir qualitative und
guantitative Proteomanalysen zugénglich zu macsteti{ eine Herausforderung dar und

ist Voraussetzungfir das Verstandnis von Pathophysiologie und Pathdgets-
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Interaktionen. Verschiedene Methoden zur Isolation der Oberflachenproteine von Gram
positiven Bakterien sind entwickelt worden. Dabei handelt es sich im Wesentlichen um
drei verschiedene Ansatz@) Extraktion von Oberflachenproteinen mit verschiedenen,
hochkonzentrierten Salzen und Detergenzien (Schaunaibatg 2004),(ii) enzymatische
Extraktion und (iii) Markierung der Oberflachenproteine mittels Biotinylierung und
anschlieBender AnreicheminDen meisten Verdffentlichungen zu dieser Thematik liegen

die beiden letztgenannten Methoden zu Grunde.

Bei der (i) enzymatischen Extraktion von Oberflachenproteimerden hauptsachlich

die GlycytGlycin-Endopeptidase Lysostaphin und die Serinprotdagpsin verwendet.

Das Lysostaphin katalysiert die Spaltung der Pentaglycinquervernetzung der
Peptidoglykanschicht und zerstért so die Zellwand. Die auf diese Weise freigesetzten
Proteine, der Zellwandverddilberstand, wurden dann mittels ZEekbasierterAnalyse
identifiziert (Nandakumaet al, 2005; Gatlinet al, 2006; Planchoet al, 2007). Gatlin

et al (2006) identifizierten fur S. aureusauf diesem Weg 48 Oberflachenproteine, mit
einem Vielfachen an zuséatzlichen cytosolischen KontaminantenGégensatz dazu
beruht der TrypswAnsatz darauf, dass die Oberflackeponierten Proteindomanen
mittels Trypsin von intakten Zellen proteolytisch abverdaut werden. Die Zellen werden
mit Trypsin behandelt, und die resultierenden Peptide unmittelbar mi=lIS/MS
analysiert. Dieser Ansatz wurde in seiner urspringlichen FormStieptococcus
pyogenesentwickelt RodriguezOrtega et al, 2006; Severinet al, 2007), und im
Folgenden auch fur Oberflachenprotedmalysen von Bacillus subtilis eingesetzt
(Tjalsma et al, 2008). Kdirzlich sind die ersten Veroffentlichungen zur Trypsin
Behandlung vors. aureuszur Untersuchung der Obkicherproteine erschienen. Solis
und Mitarbeiter nutzten Trypsin und Protein&Seur Identifizierung von 4. aureus
COL Obeflachenproteinen (Solist al.,2010). Dreisbach und Mitarbeiter verglichen das
Oberflachenproteom vier verschieder&r aureusStamme $. aureusCOL, Newman,
USA300 und RN6390) und identifizieren mit Hilfe des Tryp¥gerdaus dabei insgesamt

63 Oberflackenproteine (Dreisbaclet al, 2010). Wie schon bei denergleich des
extrazellularen Proteoms verschiedeBeaureusStamme (Zieband#t al, 2010), konnte
auch hier gezeigt werden, dass das Oberflachenproteom extrem variabel ist (Drtisbach
al., 2010).Weniger als 10% der identifizierten Oberflachenproteine aller vier Stamme
stimmten Uberein. Eine weitere Analyse des Oberflachenproteonts. \wameusJSA300
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mittels Trypsin fuhrte zur ldentifizierung von 50 Oberflactasoziierten Proteinen

(Ventura et al., 2010). In diesen Arbeiten wurden folgende Begriffe fur das

Oberfl @achenproteom (engl .: surfacetapr ot eome

2010) wund ASuetflp20B)i Eire ¢ieheitliche, @lgemeine Bezeichnung
hat sich noch nicht wichgesetzt. In einer eigenen Arbeit wurde das Protokoll zur
proteolytischen Abspaltung der oberflachenexponierten Proteindomanen mit Trypsin
modifiziert und stark vereinfacht (Hempel al, unpublisheldl Hierbei erfolgt der
Abverdau ohne Zugabe von Saaobse oder DTT in der kirzesten Zeit von 15 Minuten

in TEAB-Puffer, welcher aufgrund seiner Eigenschaften problemlos zur weiteren Analyse
durch Hochleistungsflissigketisromatographie und Massenspektrometrie geeignet ist.
Zusétzlich ist durch Kombinatiomit *N/**N-metabolischen Labeling erstmals eine
Quantifizierung der Oberflachproteine nach TrypsiBehandlung maoglich. Auf diese
Weise konnte die bislang groRte Anzahl von 101 Oberflachenproteinen identifiziert

werden (Hempegt al, unpublishejl

Ein anderer Ansatz die Proteine auf &raureuOberflache zuganglich zu machen ist
die (iii) Biotinylierung. Dabei werden die Oberflachenproteine von intakten Zellen
selektiv mit einem Biotinylierungsreagenz markiert. Eine Vielzahl von verschiedenen
Biotinylierungseagenzien, die sich durch ihre unterschiedlichen Eigenschaften
auszeichnen, sind fur die Analyse von Zelloberflachenproteinen verfigbar (Elia, 2008).
Diese Methode wurde urspringlich flr eukaryotische Zellen etabliert (Daatieds$,
1998),und dann fur Grarmegative (Sabartht al, 2002; MyersMoraleset al, 2007; Ge

et al, 2007; Hardinget al, 2007) und Granpositive Bakterien (Gatliret al, 2006;
Hempelet al, 2010) adaptiert und weiter entwickelt. In Hempelal. werden intakte
Stgphylokokkenzellen mit SultfdNHS-SSBiotin inkubiert. Hierbei handelt es sich um ein
membranimpermeables Biotinylierungsreagenz, welches spezifisch mit den -Amino
gruppen der Lysinreste der Oberflachenproteine reagiert. Proteine, die nun mit dem
Biotinylierungsreagenz markiert sind, werden durch Awdifinitatschromatographie
angereichert, und mittels Gell@S/MS analysiert. Die Aufreinigung von Oberflachen
proteinen mittels Biotinylierung ist schematisch in Abbildung 2 zu sehen. Durch
Kombination von **N/**N-metabolischen Labeling und Biotinylierung wurde eine
Methode zur quantitativen Analyse v& aureusOberflachenproteinen entwickelt und

etabliert (Hempelket al, 2010). Auf diese Weise konnte das Oberflachenproteom von
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wachsenden und niclitachsendeis. aureusCOL Zellen (Becheet al, 2009), von einer
sigB-Mutante (Hempelet al, 2010) sowie vonS. aureusCOL Zellen unter Eisen
mangelbedingungen (Hempet al, unpublishedl identifiziert und quantifiziert werden.

Bei der Analyse vors. aureusCOL im Vergleich zu einesigB-Mutante ermdglichte die
Biotinylierung so die Identifizierung von 135 Oberflachenproteinen, von denen 98 auch
guantifiziert werden konnten (Hempelt al, 2010). Bei dieser Arbeit konnten 28
Oberflachenproteine erstmalig &gmaBabhangig beschrieben werden. Die Gruppe der
Zelloberflacherassoziierten Proteine und Virulenzfaktgrdie durch SigmaB beeinflusst

werden, wurde so erweitert (Hemgelal, 2010).

Eine optimale Analyse der Oberflachenproteine v8n aureuswird durch eine
Kombination von Biotinylierung und TrypsiBehandlung erreicht. Es konnte gezeigt
werden, dass SortaSubstrate insbesondere durch Trypsin zuganglich sind, wahrend
Lipoproteine optimal durch Biotinylierung analysiert werden konnen. Durch Kombi
nation beider Methoden mifN/**N-metabolischen Labeling konnten 221 Oberflachen
proteine identifiziert und 158 quantifiziert werden (Hempal al, unpublishedl
Zusatzlich zu allen bekannte Oberflachenproteinen wurden bei allen Arbeiten auch immer
cytoplasmatische Proteine gefunden. Dabei konnte die Prasenz von bestimmten
cytosolischen Proteinen wie Enolase oder Glycerinald@igtiosphatehydrogenase
GapA2 auf der Zelloberflache gezeigt werden (Bergmetnal, 2001; Carneircet al,

2004; Jinet al, 2005). Die Existenz vo bislang unbekannten Proteinézaw. von
bekannten Proteinen mit einer bislang ekdnnten zusatzlichen Funktioauf der

Zelloberflache (Jeffery, 2009)arf nicht ausgeschlossen werden.
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Abbildung 2. Biotinylierung. Intakte  S. aureus COL Zellen werden mit Sulfo-NHSSSBiotin inkubiert.
Sulfo-NHS-SSBiotin reagiert spezifisch mit den Amino -Gruppen der Lysinreste der Oberflachenproteine
und formiert eine stabile Amidbindung. Die Reaktion wird gestoppt und Uberschissiges Reagenz
abgewaschen. Danach werden die Zellen zerstort. Eine Affinitdts chromatographie, die auf der Avidin -
Biotin -Interaktion beruht, fischt die markierten Proteine aus der Proteinlésung, und reichert diese so

an. Durch Reduktion der Disulfidbriicke werden die Oberf lachenproteine eluiert und anschlieRend
mittels GeLC-MS/MS analysiert.

Die bakterielle Zelloberflache, insbesondere von Pathogenen, stellt damit ein wichtiges
Reservoir von Zielproteinen fur mdogliche Vakzine und Antikdrper dar. Neben der
Entwicklung neueAntibiotika ist dies eine weitere Mdglichkest aureuszu bekampfen.

Die Oberflachenproteine clumping Faktor A und B, das Fibrondltidende Protein
FnBP sowie das Eisenabhéngige Protein IsdB wurden schon erfolgreich zur
experimentellen Immunisierungenutzt (Joseffsoret al, 2001; Schaffeet al, 2006;

Zhou et al, 2006; Kuklinet al, 2006). Die Entdeckung neuer Zielproteine auf der

bakteriellen Zelloberflache ist somit eine wichtige Aufgabe.

Eine Untersuchung des Zelloberflackessoziierten Prebms des humanpathogenen
BakteriumsStaphylococcusureussoll zu einem besseren Verstandnis von Pathogen
Wirts-Interaktionen fuhresowie Grundlagen fir die Entwicklung neuer antimikrobieller

Therapien liefern.
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Abstract

The genome sequence is the “blue-print of life,” but proteomics provides the link to the actual physiology of living cells.
Because of their low complexity bacteria are excellent model systems to identify the entire protein assembly of a living
organism. Here we show that the majority of proteins expressed in growing and non-growing cells of the human pathogen
Staphylocaccus aureus can be identified and even quantified by a metabolic labeling proteomic approach. S. aureus has
been selected as model for this proteomic study, because it poses a major risk to our health care system by combining high
pathogenicity with an increasing frequency of multiple antibiotic resistance, thus requiring the development of new anti-
staphylococcal therapy strategies. Since such strategies will likely have to target extracellular and surface-exposed virulence
factors as well as staphylococcal survival and adaptation capabilities, we decided to combine four subproteomic fractions:
cytosolic proteins, membrane-bound proteins, cell surface-associated and extracellular proteins, to comprehensively cover
the entire proteome of S. aureus. This quantitative proteomics approach integrating data ranging from gene expression to
subcellular localization in growing and non-growing cells is a proof of principle for whole-cell physiological proteomics that
can now be extended to address physiological questions in infection-relevant settings. Importantly, with more than 1700
identified proteins (and 1450 quantified proteins) corresponding to a coverage of about three-quarters of the expressed
proteins, our model study represents the most comprehensive quantification of a bacterial proteome reported to date. It
thus paves the way towards a new level in understanding of cell physiology and pathophysiolagy of S. aureus and related
pathogenic bacteria, opening new avenues for infection-related research on this crucial pathogen.
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Introduction

S.fa[)."gliinmrrm‘ aureus 1s a Gr;tm-pnsili\'v human pathogen of

increasing significance, mainly due to its high incidence and the
increasing  spread of antibiotic resistances. Multiple virulence
factors allow S, aureus to cause a broad spectrum of infectious
diseases, ranging from superficial abscesses of the skin to severe
diseases such as endocarditis, osteomyelitis, toxic shock syndrome
or sepsis. Furthermore, §. awreus is particularly important in
healthcare settings, where it is causing up to 40% ol nosocomial
infections. Vancomycin and related antbiotics form the drugs
of last resort against resistant strains. Therefore, the recent
emergence of vancomycin/methicillin-re
represents a major threat for the health care system, requiring the

. qurens strains

development of new therapeutic options against 5. aurens infections
[1]. Since new therapeutic strategies could involve neutralization
of virulence factors or direct elimination of 8. awews a better
understanding of both cell physiology and pathophysiology is

#E). PLoS ONE | www.plosone.org
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urgently required to successfully combat 5. awreus infections. This
crucial goal can be reached by a functional genomics approach
which opens a new perspective in S, qurens rescarch because cell
physiology and pathogenicity can be analyzed at a genome-wide
scale.

The release of the first complete bacterial genome sequence in
1995 opened the era of functional genomics. In the same year, the
term proteome was coined to describe the complete set of proteins
synthesized under specific physiological circumstances [2], Where-
as the genome sequence only provides the “blue-print of life”,
proteomics is required to bring this “blue print of life” to cell
function, because proteins can be regarded as the main players of
life. On the other hand the genome sequence is necessary to
identify all cellular proteins expressed at genome-wide scale by
mass spectrometry. Clearly, the route from the genome sequence
via transcriptomics, proteomics and metabolomics towards a
systems biology perspective leads to a new quality in understand-
ing life in general. Because of their low complexity - only a few

December 2009 | Volume 4 | Issue 12 | eB176
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hundred different proteins make a cell viable - bacteria are
extremely attractive model systems to bring the genome sequence
to real life.

First proteomics studies date back to 1975 when O’Farrell
published the two-dimensional gel electrophoresis technique that

allows the separation of thousands of protein spots in an area of

20x20 cm in size [3]. After the initial enthusiasm tor gel-based
protecomics up to the early nineties, it became evident that only
parts of a bacterial proteome can be visualized by this method.
Many proteins escape detection by gel-based proteomics, hydro-
phobic membrane proteins and low abundance proteins being the
most prominent classes. The implementation of mass spectrometry
of peptides with mild ionization methods and online LC-MS/MS
provides a suitable alternative to gel-based proteomics that has
seen spectacular advances over the past 10 years, providing a
completely new quality in proteomic research [1-6].

Comprehensive proteomic coverage has recently been reported
for the non-pathogenic cukaryotic model organism Saccharomyces
cerepistae [7]. Mann and co-workers were the first to show that a
combination of state of the art proteomics consisting of highly
sensitive mass spectrometry, @ vice labeling with stable isotopes
and appropriate bioinformatic analysis, allows the idenufication
and even comparative quantification of almost the entire proteome
of exponentially growing haploid and diploid 8. cerevisiae cells.

Here we show that almost the entire proteome of S, aureus COL,
whose genome sequence became available in 2005 [8], can be
identified and even quantified by a combination ol 2-I) gel-based
and LCG-MS/MS-based protcomic techniques, Since therapeutic
strategies directed against 5. awrens could either target extracellular
and secreted proteins or the pathogens metabolism, we integrated
the analysis of the different subproteomes to provide evidence that

an integrated proteomic view of cell physiology and virulence will
help o come to a new quality in the understanding of general
E(‘llll]élf IJI'UL‘l‘s UI‘ JSI- (AUTENS. '[‘lli.\ &ll)l]rUélEll \\'Ulllll l]llls gl‘nrr;ll{'
the prerequisites for a deeper understanding of the behaviour of
this pathogen in its human host. The proteomic view of
metabolism and virulence of S. auwreus presented here constitutes
to our knowledge the most comprehensive quantitative study of a
bacterial protecome to date and new dimension in
infection-related research of this crucial pathogen.

opens a

Results and Discussion

In order to visualize the entire proteome of S, aureus, we started
with the hypothesis that roughly 2000 proteins are heing
synthesized from the genome that contains about 2600 genes
|8]. This assumption is supported by our transcriptional profiling
studies, Using DNA microarray technigues from about 2400 genes
spotted on the DNA array about 1975 (82%) genes were found to
be expressed above background level in growing and 1111 (46%)
genes in stationary-phase cells {see Text S1, Table S1). Thus,
approximately two thousand genes are expressed in total in both
L‘UI].[]]:HUIIS CUrI'l'iIJUIl[“Ilg o an lZ\']JIl‘hi]’.UIl ].L'\'(‘l UI‘ 83“"(! (.’"(‘l‘ 'l‘:ll)ll'
S1). In order to visualize the entire protcome we intentionally
aimed at a combination of different subproteomic fractions
(Figure 1} instead of a comprehensive analysis of one single
fraction. Most of the virulence factors that are in the focus of
infection-related proteomic studies of S, awreus are either cell
surface-exposed or even secreted into the extracellular space.
Combined analysis of different subproteomes would  allow
simultancous coverage of infection-relevant immunogenic, sur-
face-exposed and extracellular proteins besides the intracellular

’*— Bacterial culture —l

Cells Supernatant
1
Cell disruption
I
Protein raw
extract
Cytosolic Raw Biotinylation Precipitation
proteins membrane Cell disruption
'
Enrichment
]
Purified membrane Shaving Surface associated Extra cellular proteins
proteins (Proteinase K) proteins |
I | [
1D gel 2D gel 1D gel Chymotryptic 1D gel 1D gel
separation separation separation digestion separation separation
Tryptic Tryptic Tryptic Peptides originating from Tryptic Tryptic
digestion digestion digestion trans membrane domains  digestion digestion
' ' ' [ ' !
ESI-LC- MALDI ESI-LC- ESI-LC- ESI-LC- ESI-LC-
MS/MS Tof-Tof MS/MS MS/MS MS/MS MS/MS
Analysis Analysis Analysis Analysis Analysis Analysis
| | | | \ I
Fraction of Fraction of membrane and Fraction of cell surface Fraction of

cytosolic proteins

membrane associated proteins

associated proteins

extracellular proteins

Figure 1. Analysis strategy for investigation of all sub-proteomic fractions of 5. aureus. The mixture of the differentially labeled cells has
been carried out on different levels. For analysis of the cytosolic proteins and membrane proteins by LC-MS/MS the samples were mixed on protein
level using aliquots with the same protein amount. For 2-D gel analysis identical amounts of protein were separated on individual gel. For the fraction
of cell surface-associated proteins the cells were mixed prior to the biotinylation step in equal amounts. Extracellular proteins were mixed after the

precipitation step.

doi:10.1371/journal.pone.0008176.g001
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proteins that are required for basic metabolism and other cellular
processes. Furthermore, such a pre-fractionation would also reveal
detailed  information about the subprotcomic  distribution  of
proteins. Therefore, four particular proteomic fractions, namely
the cytosolic, membrane-bound, cell surface-associated and
extracellular subproteomes were analyzed in order to define and
assemble the entire proteome.

Even if the visualization of the protein inventory is the main
topic of this project physiological studies require protein
expression profiling and quantification o follow the up- and
down-regulation of single proteins in response to physiological
stimuli. In this study exponentially growing cells were compared to
non-growing cells of the stationary phase as a proof of principle,
because a shift from growing to non-growing conditions is
probably a typical situation in most of the natural microhabitats
in the human host.

Cytosolic Proteins

To mitiate the analysis of cytosolic proteins we first employed
gel-based protcomics. Gel-based proteomics techniques have been
extensively used to characterize the regulation of gene expression
and metabolism of S, aureus in response to infection-related stimuli
such as oxygen starvation [9], different kinds of stress such as
oxidative stress [10], and were also wsed to assign the involved
prateins to regulons [I11], the building blocks of the genetic
adaptation network. Two-dimensional gel electrophoresis (2-D
PAGE] is still a powerful tool to address physiological issues, in
particular because most of the metabolic pathways and the most
obvious stress/starvation responses are visualized by gel-based
proteomics in a convenient, eye-catching and intuitive way
(“metabolism at a glance™ [12,13]).

For this study we analyzed the proteome pattern in growing and
non-growing cells cultivated in Bioexpress medium in the
analytical windows of pl 4-7 and for the first time also of pl 6-
11, In total 683 proteins were identified (Figure 2, Figure S1)
covering most of the metabolic pathways (Figure S2). Different
patterns of cytosolic proteins that respond to the transition from
growth to stationary phase can be visualized and easily be
quantified by image analysis,

The data indicate a dramatic reprogramming of protein
synthesis in the non-growing state with many vegetative proteins
repressed (e.g. by the stringent response) and others swrongly
induced (red labeled in Figure 2A) forming a complex adaptational
protein network in order to face starvation and swress. A
comprehensive  stress/starvation  proteomics  signature  library
[14] is a useful toolbox for prediction of the physiological state
of cells [15,16], which will be important for physiological studies as
for defining the main nutrients (metabolic proteome signatures)
and the predominant stress/starvation stimuli of S. auwrens cells
under infection-relevant conditions [for related studies see 17, 18].

Because 2-D) gels cover only about 25% of the proteome, 1-D
gel-based protein prefractionation in combination with LC-MS/
MS (GeLLC-MS/MS) was employed to detect the missing proteins,
and to identify and quantify the majority of expressed proteins.
Using this technique, more than 1100 proteins were identified in
the cytosolic fraction of growing and non-growing cells, most of
them having a predicted pl in the range of 3.5 1o 7.5 (Figure 2B).

Besides the proteins already covered by 2-1D PAGE, about 500
new proteins were identitied by the GeLC-MS/MS approach,
mostly low abundant proteins, but also very acidic or alkaline, as
well as very large or small proteins (Figure 3). In total, a proteomic
coverage of about 67% was achieved from 1796 predicted
cytosolic proteins. Notably, the proteomic coverage of highly
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expressed genes is up to 90% while for low-expressed genes the
coverage is lower (Figure 4).

Importantly, the dynamics of protein synthesis in growing and
non-growing cells can be followed and compared by integrating 2-
D gel-based and GeLC-MS/MS-based approaches. In Figure 2B,
the quantitative GeLC-MS/MS data are combined with the
experimental 2-D gel data (Figure 2A) in a virtual 2-D gel, using
the same color code for up- and down-regulated proteins.
Importantly, the two approaches revealed similar levels of up- or
down-regulation of proteins in non-growing cells (Figure 3, Table
52).

"T'he color code used in Figure 2 visualizes three major classes of
proteins:

I yellow labeled proteins probably no longer synthesized in
non-growing cells but still present and more or less stable

IL green labeled proteins no longer synthesized and even
degraded in non-growing cells and

HI.  red labeled proteins enriched in non-growing cells due to
increased synthesis

Transcription of class I and class II proteins have been analyzed
by Northern hlotting for a few typical candidate genes (Table 53,
Figure S3). In non-growing cells the transcription of the genes
encoding “yellow and green proteins” was repressed at similar
levels at the onset of stationary phase, leading to a shut ofl of the
new synthesis of the proteins. These proteins, however, already
synthesized in growing cells and still present in non-growing cells,
have two different fates: Either they are stable and kept at the same
level as in growing cells or they are present in lower levels than in
growing cells strongly indicating degradation. The reason for this
different behavior- either stable or degraded- might be a reflection
of the activity of the proteins. Those proteins that are still active
might be stable (yellow proteins) whereas the proteins no longer
active and thus not required might be degraded {green proteins),
thus at least partially relieving nutrient starvation. We suggest that
such unemployed proteins synthesized and required in growing
cells are no longer active and integrated in functional complexes in
non-growing cells, which makes them vulnerable to proteolytic
attack, for example by Clp proteases [unpublished data, see also
19]. Ribosomal proteins, wanslational factors and some key
enzymes for amino acid biosynthesis are the most obvious
members ol this group of “green proteins” (Figure 2). The
molecular  mechanisms  that make  the unemployed  proteins
accessible to the Clp machine have o be studied in future
experiments.

This recycling of inactive proteins is probably a major nutrient
resource for non-growing cells starved for carbon and energy
sources. Particularly the ribosomes synthesized in high amounts in
growing and partly inactive in non-growing cells form a major
endogenous nutrient source. This degradation of ribosomes is
observed at the RNA and protein level (Figure 2, Figure S4). The
recycling ol ribosomes is probably a crucial component ol the
physiology of starving cell [20].

The proteins particularly synthesized in the stationary phase
(class 11, red laheled proteins in Figure 2) will likely have adaptive
functions in the non-growing state, among them specific starvation
proteins that may help to make new substrates available {e.g.
carbon overflow products) and even specitic and general stress
proteins to make the non-growing cells more stress resistant than
growing cells [21]. Among the “red proteins™ we found e.g. the
PEP carboxykinase (PckA), a gluconeogenetic enzyme indicating
the absence of glucose, some TCA cycle enzymes indicating
carbon source limitation in non-growing cells and proteins
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Figure 2. Changes of protein expression pattern. Framed sections are presented separately on right side of the figures. A 2-D gel-based
expression analysis by Dual Channel Imaging: The overlay of the false color image of growing cells (green) and non-growing cells (red) is
shown. This overlay results in the following color code: I. proteins probably no longer synthesized in non-growing cells but still present and more or
less stable (yellow color), Il. proteins no longer synthesized and even degraded in non-growing cells (green color) and lll. proteins enriched in non-
growing cells (red labelled). B GeLC-MS/MS-based expression analysis: Spot position derived from theoretical pl and theoretical molecular
weight, spot size derived from spectral counts determined by Census software, spot color derived from log2 ratio of stat/exp, (green<—0.8,
red>+0.8, yellow=-0.8, =+0.8), Figure has been created in Microsoft Excel. C Growth curve and RNA content: Sampling points (arrows) are
indicated in the growth curve (line graph). The relative decrease of total RNA content with decreasing growth rate is shown in the same graph (line
with squares).

doi:10.1371/journal.pone.0008176.g002
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Figure 3. Comparative analysis of the cytosolic protein fraction. A Qualitative analysis: In summary 1180 proteins were identified,
including 1095 proteins predicted as cytosolic proteins (but also proteins predicted to be cell wall-associated - 13, membrane proteins - 29,
extracellular proteins - 23 and lipoproteins -20). Thus, 61% of the predicted cytosolic proteins were identified. B Quantitative analysis: 1029
proteins have been quantified in summary in both approaches with an overlap of 520 proteins. With the 2-D gel-based approach 610 proteins could
be quantified and 265 proteins were found altered in amount (175 proteins - labeled in red - in higher anount and 90 proteins - labeled in green - in
lower amount in the stationary phaset). By GeLC-MS 939 proteins could be quantified and 320 proteins were changed in quantity (170 proteins -
labeled in red - in higher and 150 proteins - labeled in green - in lower amount in the stationary phase). Therefore, about one third of the cytosolic

proteome has to be considered as regulated.
doi:10.1371/journal. pone.0008176.g003

belonging to the phosphate regulon (c.g. PhoP, SACOLI1424)
which suggests phosphate starvation. These proteomic signatures
are useful wols for a general evaluation of cell physiology and
metabolism (detailed information see Table S2, Figure S4).

A Voronol treemap-based layout of KEGG's 8. awrens COL
gene orthology was used to intuitively visualize the changes in the
protein expression pattern in non-growing cells compared to
growing cells. The up- (red color) and down-regulation (green
color) of most of the proteins assigned to functional categories can
be visualized which is illustrated for the already mentioned down-
regulation of the translational machines such as ribosomal proteins
or aminoacyl-tRNA-synthetases in non-growing cells. Additional
pronounced changes in different branches of metabolism are
highlighted in Figure 5.

Membrane Proteins

The membrane proteome was analyzed by a comhination of a
GeLLlC-MS/MS [21] and a shaving approach [22]. Whereas the
first approach also identified a large Iraction of cytosolic proteins -
cither membrane-associated or cytosolic contaminations - mem-
brane shaving only revealed proteins with 1 to 21 trans-membrane
domains. It is interesting to note that only by the shaving approach
the most hydrophobic species ol membrane-spanning peptides,
usually lacking lysine- and arginine residues as targets for wyptic
digestion, were identified. Employing a combination of both
approaches, 56% of all predicted membrane proteins could be
detected (Figure 6). The coverage is even higher if we consider that
not all membrane proteins were expressed under the physiological
conditions tested in this study. In addition to integral membrane
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proteins, the membrane-targeted analysis resulted in the identifi-
cation of 125 proteins with a cytoplasmic location, but temporary
or permanent membrane association. It should be noted that this
number represents only an estimate of peripheral membrane
proteins. Nevertheless, this group of membrane-associated proteins
is important, due to their essential roles in processes such as
membrane and cell wall metabolism, signal transduction and
respiration.

In this study the membrane protcome ol 8. gwreus was quantificd
for the first time. Several integral- and membranc-associated
proteins, such as the fructose-specilic enzyme 11 (EIL), four further
EII components of unknown substrate specilicity of the phospho-
transferase system (PTS) and the glycerol uptake facilitator GlpF
were up-regulated in non-growing cells due to carbon source
limitation (Figure 7). Besides up-regulation of GlpF, twa further
transporters importing Cy carbon sources, namely, phosphoglyc-
erate and glycerol-3-phosphate and four cytosolic enzymes acting
downstream of Cj catabolite uptake were detected in increased
quantity in the membrane fraction. This finding indicates that the
glycerol consuming pathway forms enzyme complexes associated
with the membrane bound uptake facilitator. Glycerol consump-
tion was tightly connected to virulence in two close relatives of 5.
awrens, the intracellular pathogens Listeria monocyiogenes [23,24] and
Mycoplasma  pneumonia  [25]. Such observations justify further
research to obtain a better understanding of glycerol utilization
in 8. amwens and its potential involvement in pathogenicity.
Furthermore, 11 transporters, mostly of the ATP binding cassette
(ABC) type, involved in the uptake of amino acids and
oligopeptides were also up-regulated. The strong upregulation of
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Figure 4, Comparison of identified proteins depending on the expression strength on RNA level. Up to 90% of the gene products of
strongly expressed genes (definition of expressed genes - cf. Text 1) are identified, whereas low abundance proteins are clearly underrepresented

among the identified proteins.
doi:10.1371/journal.pone.0008176.9004

many transport proteins is a result of glucose starvation in non-
growing cells.

Among the proteins showing decreased quantities, the high
affinity iron compound ABC transporters were most striking
(Figure 7). Five of the six down-regulated proteins represent
lipoproteins that are responsible for binding of iron substrates.
However, the physiological significance of this finding remains to
be elucidated [26].

In general the transition from exponential growth to stationary
phase is associated with broad quantitative changes in the
membrane proteome involving both protein  induction and
degradation in non-growing cells {(30% of the proteins covered
being regulated). Nevertheless, there are protcome facets which
seem o remain constant in quantity throughout different phases off
growth. These include the Sec machinery for protein wansloca-
ton, which serves in membrane protein biogenesis and protein
secretion during all growth stages [27]. Summarizing this part, the
present study documents the highest quantitative coverage of a
bacterial membrane proteome to date.

Cell Surface-Associated and Extracellular Proteins

From an infection-related point of view, secreted proteins still
bound to the cell surface or secreted into the extracellular space
form the most crucial class of proteins of S. awrens, because most of
the virulence factors can be found in these two subprotcomic
fractions.

The group of cell surface-exposed proteins contains, besides
membrane proteins with extended extracellular loops, also lipid-
maodified proteins, proteins covalently coupled to peptidoglycan by
sortase, and cell wall-associated proteins not covalently bound to
cell wall components [28]. To define this class of proteins, a
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biotinylation approach was employed with a reagent that is unable
to enter the cell, thus strongly favouring the biotinylation of
surface-exposed protein domains. After aflinity purification on
NeutrAvidin columns biotinylated proteins were enriched, iden-
tified and quantified. By this technique 146 cell surface-associated
proteins were identified, among them 48 membrane proteins, 4
proteins covalently attached to peptidoglycan, 37 lipoproteins and
57 cell wall-associated proteins containing a signal peptide, and
various cytosolic contaminants, Some of these cell wall-associated
proteins were also found in the extracellular space, indicating that
this subgroup of secreted proteins is only loosely associated with
the cell surface. Lipoproteins and membrane proteins with
peripheral loops were found in the membrane fraction as well as
in the biotinylated fraction as expected (Figure S3). Surface
adhesins such as the fibronectin-hinding proteins (Fnbps) [29] and
the fibrinogen-binding protein  CHB  [30] are preferentially
synthesized during growth, whereas CIfA is higher expressed in
non-growing cells [31]. Judged from the quantitative biotinylation
approach CUfB showed a six times decreased level whereas the
CIUfA level increased more than three times in non-growing cells
compared to growing cells. Other components like the immuno-
dominant protein IsaB [32,33] were present in more than tenfold
increased amount on the surface of cells in stationary phase (Figure
S6). Furthermore, there are also many changes in the level and
pattern of membrane and lipoproteins covered by this biotinyla-
tion approach. Again, this is the highest coverage of identified and
quantified cell surface-exposed proteins published so far.
Following virulence protein production along the growth curve,
we observed a shift from the synthesis of certain cell surface-
anchored proteins in growing cells, which may facilitate host cell
adhesion, biofilm formation or even cell invasion [1] to the
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Figure 5. Coverage of gene functional categories. The coverage of gene functional categories was displayed by using the KEGG orthology of S.
aureus COL which was mapped in a Voronoi treemap layout [38]. Treemaps display hierarchically organized information by using a space filling
approach according to their hierarchy level (A). Smallest blue mosaic tiles correspond to proteins belonging to metabolic pathways (glycolysis, TCA
etc.) which depict the metabolic brunches (e.g. carbohydrates, nucleotides) and which belong to metabolism at all. Changes in protein amount
caused by starvation are indicated in shade of green (reduced level) and red (increased level). Proteins labeled in grey were not quantified. (B).
Homogeneously regulated clusters have been indicated.

doi:10.1371/journal.pone.0008176.g005
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doi:10.1371/journal.pone.0008176.g006

synthesis of extracellular proteins in the stationary phase. These
extracellular proteins are virulence factors, such as toxins and
superantigens, but also enzymes which are required for cell
spreacding. The analysis of the secretome is the methad of choice
for covering the entity of extracellular virulence factors which are
extremely variable in different S. awrens strains. Usually, gel-based
approaches guarantee a high coverage of this fraction [34], but
gel-free approaches yield protein identification that overlap with
those from gel-based approaches and also allow detection of
additional extracellular proteins. In this study we wsed a
quantitative GeLC-MS/MS approach and identified 57 extracel-
lular proteins particularly in the stationary phase {Figure 85}, It is
relevant to note that not all proteins characterized by an N-
terminal signal sequence and signal peptidase T cleavage site will
be secreted to the extracellular space. The existence of so called
Sec-attached proteins which are retained at the cytoplasmic
membrane by still unknown mechanisms was discovered recently
[35]. Unfortunately, it is still difficult to predict the proteins that
belong to this class. Importantly, the present panorama view of the
8. aurens secretome can now be used to address crucial issues, such
as the assignment of secreted proteins to virulence regulons, or
assessment of the virulence potential of well-defined  clinical
isolates.

A Proteomics and Transcriptomic Comparison

Using the genes that were detected as expressed  above
background level in our transcriptional profiling study as a
baseline, the products of about 80% of the expressed genes were
identified at the proteome level (Figure 8). Almost all proteins were
detected for highly expressed genes, whereas this proportion
covered by proteomics decreases with decreasing gene expression
level (see Figure 4). These results indicate that some proteins, in
most cases probably low-abundance proteins, are still missing in
our protein inventory of cells because of the low expression rate of
the corresponding  genes. Furthermore, we found that gene
products present at very low level were exclusively detected by
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LC/MS-MS-techniques compared to gel-based proteomics rein-
forcing the statement of their higher sensitivity. In growing cells
there is a good correlation between transcriptomics and proteo-
mics. This is no longer true for non-growing cells mainly because
many proteins synthesized in growing cells are still present but no
longer synthesized.

Conclusion and Outlook

Our progress on the way towards the entire proteome of &
aures becomes evident from the combined subproteomic data
(Figure ). In total a coverage of about 80% of the expressed genes
was obtained. Notably, proteins were identificd with an average
sequence coverage ol 35%, although a much lower coverage
would have been sufficient to identify a protein with high
confidence,

Besides detailed information on the expression of proteins,
reliable information about the localization of almost all proteins in
the cell was gained. Several proteins were exclusively identified in
one of the four subproteomic fractions indicating their localization
in the cytosol or targeting to the cytosolic membrane, cell wall or
cven (o the extracellular milicu. For proteins ol still unknown
function this information is of special interest as it provides clues
for the identification of their cellular role. An interesting example
is SACOL 1373, a protein of unknown function that remains
membrane-associated during growth, but is secreted into the
medium during stationary phase,

The current study does not only provide the protein inventory
of S. awreus cells, but also quantitative data on the majority of
proteins expressed in growing compared to non-growing cells in all
four subproteomic fractions. A list containing all data on up- and
down-regulation  of the entire protein  inventory, including
information on subcellular localization of proteins, is presented
in Table 82. The clustering of major protein groups is indicated hy
the color code used in Figure 2, In many cases proteins are either
down- {green) or up-regulated (red). On the other hand there are
also many proteins probably no longer synthesized but stable in

December 2009 | Volume 4 | Issue 12 | e8176



Quantification EntiresS.aureusProteome

amino acid/ alternative
oligopeptide CcPS glycerol sugar
transporter biosynthesis utilization consumption
5
4
3
-
-.;. 2
o 2hE32  98¢aB
ONT— O~ O (N
Bo NNNSOO NOO NN
i o ol o o o o i e s |
= 000000 00000
Py cO000Q QOO0
a L3I IIIIT
-~ DnnNND wnnnD
a VoA DN WLMTOHMTNT Or=e=N=0O DO =N~
TOTIORNDDDNTD T me(’)ﬂwg MW =N
o aANNNNOOCOO~NO ocooooooo Or-rNr—O —NOoOoOoMN
- A A QR O R DO R | o A DU ph pr e |
£ .4 | 8820200020208 2000000 9R00000 Qo0D0D
© - Q0000000000 9000000y Q000000  OCOQCY
= FEBAPBOBBDH PPPBPPDD PPPBIDD  PPBPHD
(-1
2
-3
-4
-5
high affinity ~ pathogenicity-
iron uptake associated
cell surface
proteins

Figure 7. Membrane proteins which were found in altered amount. Several of the membrane proteins increased in amount in stationary
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SACOLO150 (Cap50), SACOL0145 (Cap5)), glycerol utilization [SACOLO805, SACOL1514 (GpsAl, SACOL2415 (Gpm), SACOL1320 (GlpK), SACOL1319
(GlpF), SACOL0200, SACOL0407 (GlpT)], or consumption of alternative sugars [SACOL1393 (GIcT), SACOL2663, SACOL0O516, SACOLO178, SACOL0224,
SACOL2316]. Of the proteins down-regulated in stationary phase numerous could be assigned to the category of iron uptake facilitation [SACOL2010,
SACOL2277, SACOL2167, SACOL0799, SACOL0099 (SirA), SACOLO704] or to the class of cell surface proteins which are associated to pathogenicity of
S. aureus [SACOL2348, SACOL0699 (Pbp4), SACOL2418 (Sbi), SACOL2291 (SsaA2), SACOL2652 (CIfB)]. Proteins indicated with a log2 ratio of 5 and -5

represent “on"/"off" proteins, respectively.
doi:10.1371/journal.pone.0008176.9007

non-growing cclls (yellow). This quantitative proteomics approach
comparing growing vs. non-growing cells is only a starting point,
and the huge amount of protcome data requires many follow-up
studics in order to understand  the protein dynamics in a
physiological context. Furthermore, this approach can now be
extended to many other physiological issues, infection-related ones
included. The future challenge will now be to transfer this huge
amount of proteome data to new hypotheses which will finally
generate new physiological knowledge.

This progress in bacterial proteomics will have a great impact
on future studies on cell physiology of S. aureus and related Gram-
positive bacteria, and it will thus dramatically improve our
knowledge about the behavior of these pathogens in the human
host. First of all protein expression profiling in response to
environmental stimuli can now be accomplished with a high
proteomic coverage to identify almost all proteins that make the
cell viable. Furthermare, the virulence protein inventory of a cell
can be captured, analyzed, and quantified. Protein expression
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profiling, however, is only the first step towards the understanding
of life processes. Using a combination of gel-based and gel-free
proteomics the final destination and fate of each single protein can
be followed at a proteome-wide scale [13]. Detailed studies on the
dynamics of the membrane proteome, on the phosphoproteome
and its role in signal transduction, on the damage, repair and
degradation of proteins or on the protein interaction network will
provide a new quality in understanding cell physiology and
pathophysiology of 8. awreus, thereby opening a new era in
infection-related research.

Materials and Methods

S, awrews COL was grown in PN-labeled or unlabeled
BioExpress® 1000 medium {Cambridge Isotope Laboratories,
Andova, MA, USA.} under vigorous agitation at 37°C. Cells were
harvested at an ODgq of (1.5 to sample exponentially growing cells
or five hours after the cells completely reached stationary phase
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doi:10.1371/journal.pone.0008176.g008

{ODgpg about 4). Cells were disrupted and protein raw extracts of
cytosolic and membrane proteins were prepared as described
[9.22]. Extracts of extracellular proteins were prepared by TCA
precipitation at 4°C over night. For preparation of extracts of
surface-associated proteins, cells were treated with Sulfo-NHS-SS-
Biotin prior to disruption. Biotinylated proteins were enriched by
NeutrAvidin agarose affinity purification. Protein raw extracts of
labeled and unlabeled cells were either analyzed separately by 2-D
gel image analysis or 1:1 mixed and further separated via 1-D
PAGE (Figure 1). Proteins separated in 2-D PAGE were identified
via MALDI-ToF/MS afier in-gel digestion [36] using a Protcome
Analyzer 4800 (Applied Biosystems, Foster City, CA) and
subsequent MASCO'T search. Peptides originated from in-gel
digestion of 1-D gels were separated by RP chromatography using
a nanoACQUITY™ UPLC™ System (Waters, Milford, MA).
Separated peptides were online subjected to MS/MS analysis in a
LTQ-Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA),
which was run in data-dependent mode. Resulting spectra were
searched against a target-decoy database using SEQUEST
{version 27 rev. 12). The database was composed of all protein
sequences of 8. aureus COL extracted from the National Center for
Biotechnology Information (NCBI} bacteria genomes plus com-
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mon contaminants and an appended set of the reversed sequences
created by Bioworks Browser. Quantitative data were obtained
implementing the Census software tool [37].

Full Methods and any associated references are available as

Text S1.

Supporting Information

Text S1  Supplementary materials and methods.
Found at: doi:10.1371/journal.pone.0008176.5001 (0.09 MB
DOC)

Figure S1 Reference 2-D map of cytoplasmic proteins of S.
aurcus COL grown in Bioexpress 1000 (Cambridge Isotope
Laboratories, Andova, MA, USA) medium in the pl range 4-7.
Cells were harvested at OD600 of 0.5 to sample exponentially
growing cells. In this reference map 553 proteins were sketched,
represented in 732 spots. It has to be considered that 428 proteins
appear in single spots whereas 125 proteins are distributed in at
least two spots, indicating post-translational modifications.

Found at: doi:10.1371/journal.pone.0008176.5002 (3.87 MB TIF)

Figure $2 ldentified proteins in the 2-D map (pl 4-7 and 6-10)
involved in the main metabolic pathways. Green labeled proteins
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were identilied whereas yellow labeled proteins were not identified
in the 2-D gel based approach,
Found at: doi:10.1371/journal.pone.0008176.s003 (4.69 MB TIF)

Figure 83 Northern blot analysis of selected genes. Total RNA
was extracted from S, aureus COL cells cultured in BioExpress®
medium at different time points during growth and stationary
phase. Equal amounts of RNA were separated hy denaturating
RNA gel electrophoresis and blotted onto positively charged nylon
membranes. The membranes were hybridized with digoxigenin-
labeled RNA probes for the respective genes. The diagrams show
the quantified Northern blot signal intensities bevor {open squars)
and after scaling (closed squars) for the decrease in total RNA
content. The schematic representations of the gene loci are based
on the sequence of 8. aureus COL. Major transcripts representing
the predicted transcriptional organization of the operons based on
the Northern blot analyses are shown as arrows, Dual channel
false color images show the results from 2-D gel-based expression
analysis for the genes analyzed by Northern blot: growing cells
(green) and non-growing cells (red).

Found at: doi: 10,137 1/journal. pone. 0008 176.5004 (1.26 MB TTF)

Correlation between the protein ratios of biological
replicates used to obtain the quantitative data. The calculated
correlation was 0.81. Selected regulated functional groups are
highlighted.

Found at: doi: 10,1371 /journal pone.0008176.5005 (0.26 MB TTF)

Figure 85 Regulation of proteins identified in the fraction of cell
surface-associated and extracellular proteins.
Found at: doi:10.1371/journal. pone.0008176.5006 (1.46 MB 'T'LF)

Figure 54

Figure 86 Regulated cell surface and cell wall-associated proteins.
Class I proteins are colored in yellow, class I proteins in green and
class 11 proteins in red. 1-SACOL2652 (CIB), 2-SACOL1940,
3-SACOL2348, 4-SACOLI1725 (RplT), 5-SACOLI1066 (Fmu), 6-
SACOLI1825, 7-SACOL0938 (DItD), 8-SACOLO0712, 9-SA-
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Most of the Staphylococcus aureus virulence factors are either cell surface exposed or secreted. Here
we report a global and quantitative analysis of staphylococcal cell surface-associated proteins using a
combination of *N'*N metabolic labeling, biotinylation, and GeLC—MS/MS. To address the important
question of S. aureus pathophysiology, we analyzed the influence of the alternative sigma factor ¢® on
the expression of cell surface-associated proteins. Therefore, we compared the methicillin-resistant S.
aureus wild-type strain COL with its sigB mutant, because o® might play a crucial role in the pattern of
the surface proteome. A total of 296 proteins from growing and nongrowing cells could be quantified.
One third of these proteins are known as cell surface-associated, including 3 sortase substrates, 3 cell
wall-associated proteins, 35 lipo-, 23 membrane-, and 34 signal peptide-containing proteins comparing
wild-type and sigB mutant. Fourty nine surface-associated proteins were modulated by o®, including
21 proteins already known to be SigB-dependent or SigB-influenced. More proteins were down- (31
proteins) than up-regulated (18 proteins) in the sigB mutant. Our approach revealed 28 surface-
associated proteins not previously reported as SigB-dependent or -influenced, expanding the group of
surface-associated proteins and virulence factors modulated by SigB.

Keywords: biotinylation e cell surface proteins = mass spectrometry = NN metabolic labeling » SigmaB

+ Staphylococcus aureus

Introduction

The interaction of a bacterium with its host is specifically
based on the protein set presented on the surface of the
bacterial cell. The human pathogenic bacterium Staphylococcuis
aureus produces an arsenal of virulence factors, particularly
surface-exposed or secreted ones that cause a broad range of
infections ranging from skin lesions to critical diseases such
as endocarditis, osteomyelitis, toxic shock syndrome, and
sepsis.!~® Antibiotic therapies have become more challenging
due to increasing multidrug resistance, such as vancomyein/
methicillin-resistant S. qureus strains,® and requiring the
development of new antistaphylococcal therapeutic strategies.
Analyzing the outer subset of proteins will lead to a deeper
understanding of infection-related cell physiology and particu-
larly of host-pathogen interaction.

The surface-associated subproteomic fraction comprises
membrane proteins with exterior loops, lipoproteins, proteins
covalently and noncovalently attached to the cell wall, as well
as proteins containing signal peptides that are usually secreted
but possibly also adhere to the cell surface.” Lipoproteins are
characterized by the consensus sequence of lipobox in a signal
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sequence, a signature that has been used effectively to predict
66 lipoproteins in S. aureus COL.*'" Cell wall proteins are
covalently attached to peptidoglycan by sortase (SrtA), a
membrane-bound transpeptidase, via a special mechanism
requiring a C-terminal sorting signal consisting of a conserved
LPXTG-motif.'"!'* The alternative NPQTN motif is recognized
by SrtB."* Genome analyses revealed 22 sortase substrates in
several S. aureus strains, with 20 present in S. aureus strain
COL,"™'® the model organism in this study. Seven additional
surface proteins that are not covalently attached to the cell wall
were predicted from genome-wide analyses.' Those cell wall
proteins and surface components that adhere to extracellular
host tissue and plasma proteins for initializing infection process
are known as MSCRAMMSs (microbial surface components
recognizing adhesive matrix molecules).'®

Rendering this essential subproteomic fraction accessible to
qualitative and quantitative proteome analyses is one of the
challenging objectives in understanding pathophysiology and
bacterial-host interactions. Different methods for isolating
surface proteins of gram-positive bacteria have been estab-
lished, including (i) serial extraction of proteins by different,
highly concentrated salts,'” (ii) enzymatic extraction, and (iii)
biotinylation with subsequent enrichment of surface-associated
proteins.

Enzymatic extraction of surface proteins was performed with
lysostaphin (which lyses staphylococcal peptidoglycan) and

Journal of Proteome Research 2070, 9, 1579-1590 1579
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subsequent 2D-PAGE of the cell wall digest supernatant.'®2°

In another approach of enzymatic extraction intact bacteria
were incubated with trypsin and cleaved surface proteins were
identified via LC-MS/MS.*#*

Biotinylation can be used as a selective labeling method for
surface exposed proteins. Numerous biotinylation reagents for
the study of surface proteins are available (reviewed in ref 23).
The biotinylation approach was initially established for eu-
karyotic cells? and adapted and advanced for gram-negative
bacteria.”>® It was applied to gram-positive bacteria as §.
aureus by Gatlin et al.'® In this first comprehensive cell
envelope proteome analysis of S. autrens, biotinylation was used
in addition to cell wall digestion by lysostaphin. Gatlin and co-
workers identified 48 surface proteins, including membrane-,
lipo-, cell wall- and export signal-containing proteins as well
as cytosolic contaminants, with the majority of surface proteins
identified by the combination of lysostaphin digestion and 2D-
PAGE. However, a quantitative analysis of the staphylococcal
surface proteome is still lacking.

Protein quantification is crucial for physiological studies to
monitor changes of protein abundance in response to different
physiological stimuli or conditions. Different methods for
quantitative mass spectrometry are reviewed by Bantscheff et
al.” Label-free quantification has already been performed to
monitor changes in the cell surface glyco-proteome of D.
melanogaster.>® Here we applied a metabolic labeling approach
using '°N. Bacteria were cultured in '*N-enriched cell culture
medium to introduce a stable isotope signature into proteins
during growth.”" Relative quantification was performed by
comparing the intensities of isotope clusters of the unlabeled
peptide (comprised of naturally abundant stable isotopes) and
the *N-labeled peptide.

To combine this quantitative study with a crucial physiologi-
cal question, we analyzed the impact of the alternative sigma
factor 0¥ on cell surface-associated protein expression in S.
aureus> SigmaB controls a large regulon in S. aureus, com-
prising about 300 genes, among them many with a function in
virulence.*** The impact of SigB on S. aureus pathogenicity
was demonstrated in a number of different laboratories. For
instance, active SigB was shown to be required for full virulence
in a central venous catheter-related infection as well as a septic
arthritis mice model and during the early stage of infection in
an endocarditis rat model.*”*? The exact molecular mechanism
for the contribution of SigB to S. aureus related infections is
not clear at present, but it has been suggested that the positive
effect of SigB on the expression of MSCRAMMs (e.g., CIfA,
FnbA) may contribute to the adhesion to host tissue, thereby
promoting colonization and persistence.”® In line with this
notion is the observation that strains expressing SigB have an
advantage over their sigB mutants during internalization into
human osteoblasts, a process facilitated by surface-associated
factors such as FnbA that is under partial control by SigB.* In
addition, a large number of secreted virulence factors are
negatively regulated by SigB. Many of those are expressed at
high cell densities upon entry into stationary phase.”® Since
this group of virulence factors includes proteases, hemolysins,
lipases, and different toxins that harm the host, it has been
speculated that suppression of these factors may further
contribute to intracellular persistence of §. aureus. To date
about 60 potential surface-associated proteins have been
described as SigB-dependent, although mostly in microarray-
based studies.”®*! More specifically, 27 genes (encoding 4
lipoproteins, 19 signal peptide-containing proteins and 4
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sortase substrates) were shown to be under positive control
and 29 genes (encoding 4 lipoproteins, 22 signal peptide-
containing proteins and 3 sortase substrates) under negative
control by SigB. In addition, genes encoding integral membrane
proteins were down- (56 proteins) and up- (18 proteins)
regulated in a sigB mutant,*®*! Thus, the investigation of the
impact of SigB on this subproteomic fraction is an ideal model
system for our quantitative proteomic approach.

In this study, we present a GeLC—MS based proteomic
analysis combining a biotinylation approach with "N'N
metabolic labeling, which enables comprehensive quantitative
analysis of enriched surface-exposed proteins. "'N'*N metabolic
labeling was performed during cultivation prior to biotinylation
of staphylococcal surface proteins. For biotinylation we used
Sulfo- N-hydroxysulfosuccinimide-disulfide-Biotin (Sulfo-NHS-
SS-Biotin), a membrane-impermeable reagent that reacts
specifically with the e-amino-group of lysine residues of
surface-associated proteins. Isolation and purification of la-
beled proteins was carried out by affinity-chromatography.
Proteins were eluted by cleaving the disulfide bond through
reduction. We focused on alterations of surface protein com-
position of S. aureus COL wild type compared to a sigB mutant
because the expression of a number of important virulence
factors is modulated by SigB. Our results provide new insights
in the regulation of surface-associated virulence factors of S.
aureus.

Experimental Procedures

8. awreus Strains and Growth Conditions for "“N'*N
Metabolic Labeling. Staphylococcus aureis COL (Mec, high-
Mc" clinical isolate, Tc"),** further indicated as wild type (WT)
and S. aureus COL AsigB (deletion of sigB operon, Em"),* were
used in this study. S. aureus COL WT and AsigB were grown
under agitation at 37 °C in Bioexpress 1000 medium (Cam-
bridge Isotope Laboratories, Andaver, MA). For comparison of
the protein expression of S. aureus COL WT and AsigB both
strains were grown either in unlabeled or "“N-enriched me-
dium. The experiment was repeated four times: twice by
combining "“N-labeled WT cells with “N-grown AsigB cells and
a further two times by switching to "N-labeled AsigB cells
combined with “N-grown WT cells. Label switch was per-
formed to compensate for contingent differences between
labeled and unlabeled BioExpress 1000 cell growth media.
Exponential phase cells were harvested at Asp of 0.5 and
populations entering stationary phase 2 h later.

Preparation of the Cell Surface Proteome by Biotinyla-
tion. For preparation of the cell surface protein fraction, cells
were harvested at 4000x g for 5 min at 4 °C, and 1 g of cells
(wet cell weight) were resuspended in 5 mL ice-cold PBS (pH
8.0) with 1 mM PMSF on ice. Equivalent volumes of WT grown
in unlabeled medium and AsigB grown in “N-enriched me-
dium were combined. In total 4 biological replicates were
performed, thereby allowing for label switching when samples
were combined vice versa. The biotinylation reaction was
performed by adding 100 uL fresh Sulfo-NHS-S8S-Biotin (Pierce,
Rockford, IL) solution to 1 mL of intact cells, a final concentra-
tion of 1.5 mM Sulfo-NHS-8S-Biotin. A 1% (w/v) solution of
Sulfo-NHS-SS-Biotin was prepared by adding 5 mg to 500 uL
PBS (pH 8.0) immediately before use. Cells were incubated by
gentle shaking for 2 h on ice. To stop the reaction and to
remove nonreacted biotinylation reagent cells were centrifuged
at 4000x gfaor 5 min at 4 °C and washed three times with ice-
cold PBS (pH 8.0)/ 500 mM glycine. A pellet of 1 mL reaction



SigB-Dependent Surface Proteome Profiling

volume was resuspended in 500 L PBS (pH 8.0) with 1 mM
PMSF on ice and transferred to a 1.5 mL tube containing glass
beads (Sartorius). No lysostaphin was added. Disruption of cells
was performed mechanically in a Ribolyzer (Hybaid, Ashford,
UK) at 6 m/s® twice for 20 s. The lysate was centrifuged
(20 000x g for 30 min at 4 °C) and the biotinylated proteins
were isolated and purified by NeutrAvidin agarose (Pierce,
Rockford, IL) affinity-purification. For a reaction volume of 500
uL protein mixture 50 uL of NeutrAvidin agarose resin were
washed twice with PBS (pH 8.0)/ 1% NP-40 and centrifuged at
1000x g for 1 min at 4 °C. The resin was mixed with the cell
lysate for 90 min by gently shaking on ice. The supernatant
was removed and the resin-bound complex washed 6 times
with PBS (pH 8.0)/ 1% NP-40. Biotinylated proteins were eluted
by adding 20 uL of reductive SDS sample buffer containing 62.5
mM Tris/ HCI, pH 6.8, 2% SDS, 20% glycerol, 50 mM DTT and
5% f3-mercaptoethanol. Additionally, we carried in each case a
parallel control, which was treated equally except for the
biotinylation reagent Sulfo-NHS-SS-Biotin, which was not
added. This control verified successful Sulfo-NHS-SS-Biotin-
tagging of proteins in the sample and showed that only a small
number of proteins bind nonspecifically to avidin resin in the
control, even under harsh washing conditions.

Analysis of Protein Extracts by GeLC—MS. Eluted protein
samples were separated by 1D-SDS-PAGE.*® After staining with
Coomassie Brilliant Blue R-250, the complete protein separa-
tion lane was cut into 10 equal gel slices. In-gel digestion was
performed with trypsin (Promega, Madison, WI) as described
by Eymann et al.** Peptides obtained from in-gel digestion were
separated by liquid chromatography and measured online by
ESI-mass spectrometry. LC—MS/MS analyses were performed
using a nanoACQUITY UPLC system (Waters, Milford, MA)
coupled to an LTQ Orbitrap mass spectrometer (Thermo Fisher
Scientific,Waltham, MA) creating an electro spray by the
application of 1.5 kV between Picotip Emitter (SilicaTip,
FS360—20-10 Coating P200P, New Objective) and transfer
capillary. Peptides were loaded onto a trap column (Symmetry
C18, 5 um, 180 #m inner diameter x 20 mm, Waters) and
washed for 3 min with 99% buffer A (0.1% (v/v) acetic acid) at
a flow rate of 10 L/ min. Elution was performed onto an
analytical column (BEH130 C18, 1.7 um, 100 gm inner diameter
= 100 mm, Waters) by a binary gradient of buffer A and B (100%
(v/v) acetonitrile, 0,1% (v/v) acetic acid) over a period of 80
min with a flow rate of 1000 nl/ min. For MS/MS analysis a
full survey scan in the Orbitrap (m/z 300—2000) with a
resolution of 30 000 was followed by MS/MS experiments of
the five most abundant precursor ions acquired in the LTQ via
CID. Precursors were dynamically excluded for 30 s, and
unassigned charge states as well as singly charged ions were
rejected. Because of the high technical reproducibility of the
LC—MS/MS analyses, the experiment was focused on 4 biologi-
cal replicates as the biological variance is higher than the
analytical one.

Data Analysis. For protein identification *.dta files were
generated from *.raw files using Bioworks Browser 3.3.1 5P1
(Thermo Fisher Scientific). Charge state deconvolution and
deisotoping were not performed. Identification of peptides was
carried out by database search using SEQUEST version 28
(rev.12) (Thermo Fisher Scientific) against a target-decoy
database (5318 entries). This database was composed of all
protein sequences of 5. aureus COL extracted from the National
Center for Biotechnology Information (NCBI) bacteria genomes
(http:/ fwww.ncbi.nlm.nih.gov/sites/entrez?Db=genome&Cmd=
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Retrieve&dopt=Protein+Table&list_uids=610). A set of the
reversed sequences created by BioworksBrowser 3.2 EF2 as well
as common contaminants such as keratin was appended. The
search parameters specified trypsin (KR) cutting fully enzy-
matically, allowing two missed cleavage sites. Peptide tolerance
for precursor ions was set to 10 ppm and fragment ion
tolerance to 1 amu. The highest mass deviation that was
observed was about 2 ppm. Only b- and y-ion series were
included, considering methionine oxidation as variable modi-
fication with a maximum of three modifications per peptide.
Each *.raw file was searched twice, once without any static
modification and a second time by allowing for the substitution
of all "N with "N atoms. Resulting *.out files of each sample
were combined using DTASelect 2.0.*> Overall “N and "N
DTASelect files were merged with Contrast and filtered with
DTASelect to obtain protein hits based on at least two different
peptides and a false discovery rate on peptide level lower than
1% (filter used: DTASelect -y 2 -c 2 -C 4 --here --decoy Reverse
-p2-t2-u--MC2-i0.3--fp 0.005). The final DTASelect-filter
file was adjusted to remove peptide hits of the same sequence
(differently charged and post-translationally modified peptides
count to be the same) employing a user-written script. For the
generation of spectral count values to illustrate the abundance
of identified peptides, all spectra detected for each sequence
were retained by DTASelect filtering with ¢ = 0.%%

For the prediction of transmembrane domains, the TMHMM
2.0 algorithm was used."” Signal sequences were estimated by
the software tool SignalP 3.0.""%* When both the presence of a
signal sequence and a cleavage site were presumed, and the
signal peptide overlapped with a TMD to more than half of
the latter’s length, the TMD was considered to be a false-
prediction, and subtracted. Proteins were considered to be
lipid-anchored if projected by DOLOP or Augur.'” If proteins
exhibited an LPXTG- or NPQTN motif, they were regarded as
sortase substrates covalently bound to the cell wall.'* Further
cell wall-associated proteins were defined according to previous
findings'**" and PSORT.* For protein quantification *.raw files
had to be transferred to MS1 files (RawExtractor 1.9.3 by Tao
Xu, Yates Laboratory at The Scripps Research Institute). The
software tool Census version 1.31 uses MSI files and the
adjusted final DTASelect-filter file for protein quantification.>
Quantification results were exported to Excel by implementing
a determination factor of 0.7. A protein was considered reliably
quantified when its ratio was determined in 2 biological
replicates with not less than two peptides in at least one of the
replicates. Normalization of protein ratios was carried out over
the median of all log2 ratios. Significant changes in protein
abundance were approved by a normalized log2 ratio above
or lower than +0.8 and —0.8, respectively. Proteins that have
been identified, but failed to give reliable quantitative data,
were manually inspected for poor quality or presence in only
one of the samples, "N or °N. If their presence in only one of
the samples was based on more than one peptide in both
biological replicates, they were added to the list of quantified
proteins as “on”/“off” proteins. In this case, the correspondent
“N- or N-peptide was missing for quantification.

Results

Protein Identification by Biotinylation. Biotinylation was
used to capture the surface proteins of S. aureus COL.
GeLC—MS/MS of the purified biotinylated proteins (Figure 1)
led to the identification of 143, 124, 259, and 228 proteins from
the four exponential phase culture samples (see Supplemental
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Figure 1. SDS-PAGE of the biotinylated, enriched cell surface
protein fraction. Surface proteins from a combined preparation
of "®N-labeled S. aureus COL WT and "N-AsigB cells were
separated. Shown are two biological replicates harvested each
in exponential and stationary phase of growth. Each surface
protein preparation was accompanied by a control reaction (c)
performed without biotinylation reagent. Gel was stained with
Coomassie Brilliant Blue R-250. M Protein Marker. 1 Exponential
growth. 1¢ Corresponding control. 2 Stationary phase. 2¢ Control.
3 Second biological replicate exponential growth. 3¢ Control. 4
Second biological replicate stationary phase. 4c Control. Two
further biological replicates were analyzed with label switch
combining N-S. aureus COL WT and "®N-labeled Asig8 cells
resulting in a comparable picture (data not shown).

Table 1, Supporting Information) and 353, 299, 289, and 264
proteins from stationary phase cells (see Supplemental Table
2, Supporting Information). In total, 309 proteins were identi-
fied from exponentially growing cells among the four biological
replicates. These proteins include 4 sortase substrates, 3 cell
wall-associated proteins, 32 lipoproteins, 30 membrane pro-
teins, 31 proteins containing a signal peptide, and 209 proteins
predicted as cytoplasmic subcellular fraction (Figure 2A). For
stationary phase of growth 441 proteins could be identified
overall, including 4 sortase substrates, 4 cell wall-associated
proteins, 40 lipoproteins, 39 membrane proteins, 40 proteins
containing a signal peptide and 314 cytoplasmic proteins
(Figure 2A). Addition of lysostaphin to our biotinylation ap-
proach could not improve the identification results in terms
of getting a higher number of sortase substrates.

A control reaction accomplished simultaneously without
biotinylation did not yield clear protein bands, although few
proteins including pyruvate carboxylase (Pyc), acetyl-CoA
carboxylase (AccB) and translation elongation factor G (FusA)
were identified (Figure 1). However, Pyc and AccB are biotin
carboxyl carrier proteins that bind naturally to avidin col-
umns.> FusA is a high-abundance protein and thus difficult
to remove completely from the NeutrAvidin agarose. The group
of identified cytoplasmic proteins in the biotinylation sample
is therefore considered to be biotinylated. In fact, a viable count
determination before and after the biotinylation process showed
a reduced number of CFUs, indicating cell death through the
biotinylation of the cell surface (see Supplementary Figure 1,
Supporting Information). Therefore, cell lysis is expected for
part of these cells during the biotinylation experiment.

The abundance of the identified peptides of the subpro-
teomic fractions analyzed by biotinylation differed (Figure 2B).
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The number of spectra per peptide (spectral counts) gives an
estimate of peptide abundance. The proportion of identified
cell surface-associated proteins was about 30%. Considering
the spectral counts as a method for evaluating the protein
abundance of the identified proteins, the proportion of peptides
belonging to cell surface-associated proteins was about 54%
for growing and 56% for nongrowing cells (Figure 2B), indicat-
ing an effective enrichment. Additionally most of the cytosolic
proteins were found in only one or two biological replicates
(Figure 3), whereas most of the cell surface-associated proteins
were identified in 3 or even in all 4 experiments, serving as
evidence for the reproducibility of the enrichment procedure.

Quantification of S. aureus AsigB Cell Surface Proteome.
In growing cells 150 proteins, which fulfilled the required
criteria for quantification, were quantified comparing sigB
mutant to its respective wild type (WT). Sixteen additional “on/
off” proteins were exclusively present in either WT or AsigB
(Supplemental Table 3, Supporting Information). Together,
these 166 proteins comprise 3 sortase substrates, 1 cell wall-
associated protein, 23 lipoproteins, 14 membrane proteins, 21
proteins containing a signal peptide, and 104 cytoplasmic
proteins (Figure 4A). In stationary phase, 271 proteins including
27 on/off proteins were quantified, including 2 sortase sub-
strates, 3 cell wall-associated proteins, 34 lipoproteins, 20
membrane proteins, 30 proteins containing a signal peptide,
and 182 cytoplasmic proteins (Figure 4A, Supplemental Table
4, Supporting Information). In summary, 98 surface-associated
proteins could be quantified for growing and nongrowing cells
(Table 1). A comparison of the ratios for two biological
replicates in a scatter plot demonstrated low variation and
therefore high reproducibility of the presented method (Figure
5).

Alterations in protein amount were shown for a total of 53
proteins in growing S. aureus AsigB cells compared to the wild
type. One protein was only present in the sigB mutant whereas
15 proteins were only identified in the wild type. Twelve
proteins were increasing and 25 proteins decreasing in their
amount compared to the WT. In nongrowing cells 92 proteins
changed their amount when o® was deleted including 8 “on”-
proteins, 31 increasing, 34 decreasing, and 19 “off”-proteins.

In summary we found 117 proteins in altered amounts for
both growth stages comparing wild type and sigh mutant. Of
these, 49 proteins were assigned to the cell surface and
extracellular compartments (Figure 4B), the focus of the present
work, including 3 sortase substrates, 2 cell wall-associated
proteins, 18 lipoproteins, 8 membrane proteins, and 18 proteins
with a secretion signal (Table 1).

For SigB-regulation, we expect a down-regulation or even
an off-protein in the sigB mutant in case the gene is solely (i,
positive direct) or partially (ii, positive indirect) under SigB-
control and therefore SigB-dependent. Up-regulation of pro-
teins in the sighB mutant would indicate a (iii) negative indirect
influence of SigB.

During at least one of the two time points analyzed, 31
surface-associated proteins showed a decreased amount in the
sigh mutant, including off-proteins (Table 1). Fourteen of these
had already been described as being SigB-dependent, 351151
Among them were the fibrinogen-binding protein CIfA, the two
putative lytic transglycosylases SceD and IsaA, the signal
peptide-containing and putative surface protein SACOL2197,
and the uncharacterized lipoprotein SACOL0444. A SigB-
dependent promoter was experimentally confirmed for the clfA
and SACOL0444 genes and predicted for sceD, providing an
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