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Zusammenfassung

2 Zusammenfassung

Der humanpathogene Erreg8taphylococcus auremgisteine Gruppe von membranverankerten
Oberflachenproteine auf, die als Lipoproteine bezeichnet werd®@bwohl sie eine tragele Rolle

im Infektionsgeschehesgpielen ist die MehrzahtlieserProteinefunktionell uncharterisiert Ziel
dieser Arbeit war es, die Funktion von Lipoproteineé®id@oireuszu untersuchen.

Im ersten Schrittvurde hierzu ein bioiformatischer Ansatz veffjt, um das Patipoproteom von
123 S.aureusStdmmen zu definieren. Hierbei wurden 192 Lipoproteine identifiziert, von denen
39 dem Coreund 153 dem variablen Lipoproteom zugeordnet wurdéon den identifiziegn

192 Lipoproteinen sind 141 bisher unbekannter FunkBasierend auf diesen Ergebnissen wurden
22 Lipoproteine unbekannter, bzw. kaum charakterisierter Funktioie hauptsachlich dem Care
Lipoproteom zuzuordnen sind, sowie 2 Najpioteine von Lipoproteinen fur eine weitere Charak-
terisierung ausgewahlt. Von diesen insgesamt 24 Proteinen wiederum wurdenrRérlozain
S.aureusNewman deletiert$.aureusbl01 - DI20). Diese20 Mutanten wurden anschlielend auf pha-
notypische Veradnderungen hinsichtlich ihres Wachstums unter verschie@#remsBedingungen
getestet.Hierbeifielen drei Mutanten als temperatursensitiv auf, zwei Mutanten bildeten Zellklum-
penin TSBlesHerstelles Merck (TSRBerc) undvier Mutanten zeigten eireduziertes Wachstum un-
ter osmotischem StrassEin verandertes Aggregationsverhalten konnte bei vier Mutanten Birter
fluss von Detergentieheobachtet werdenZehn Mutanten zeigten sowohl verminderte Biofilmbi
dung als auch ein reduziertes Hamolyseverhaltierer alen Wachstumsbzw. Stres@8edingungen
warenDI14 (DNWMN_143%und DI16 (DNWMN_064% auffallig, diesich durchhre besondereell-
morphologie unckinen stark veranderteZellteilungsprozess wahrend der transienten Wachstums-
phase in TSRrkauszeichneterDiesezweiMutantenwurden anshlieendfiir eine weiterfiihrende
Charakterisierungqausgewahlt Elektronenmikroskopische Untersuchungen zeigten Zétlen von
S.aureusDI14 und DI16 in T®Bwverck €ineirregulére vergrolRerteGestalt multiple und fehlplatzierte
Teilungsseptesowieeine unvollstandig&eparatiorder Tochterzellen, die zur Formierung von Ag-
gregaten fuhre. MicroarraybasierteTranskriptorrAnalyserbeider Mutanten sowiewholegenome
sequerting von Suppressormutantewiesen auf eine Funktion von L14 und L16 in Zellhidkker
Zellteilungsprozessen hiBefundeaus diesen Analysen deutetauf einenfunktionellenZusammen-
hang beider Lipopoteine mit Lippder Wandteichonsauren hin. Interessanterweise konnte der Mu-
tantenphénotyp vors.aureusDi14 und DI16 nur unterbestimmtenBedingungen beobachtet werden.

Fraglich bleibt daher, ob die Funktion beider Lipoproteimeh metabolische Prozesse moduliert

GANRI 2RSNJ 20 RAS [ALRLNRBGSAYS ¢SAf SAySa a.

Bedirgungen fir dieS.aureusZelle von Relevanz ist.

Zusammenfassend scheinet¥ und L16 eina@ichtigeRolle in Zdilillen- oder Zellteilungsprozessen
einzunehmendie unter bestimmten Bedingungen zum Tragen kommt. Moghehisesind sie hier-

bei fur dieFunktionalisierungder Lokalisation von Lipoder Wandteichons&auren, und damit auch
fur Kontrollevon Autolysen verantwortlich. Somit liefert diese Arbeit wichtige Anhaltspunkte fir die

Funktion voreweibisher uncharakterisierteochkonserviertehipoproteinen ir.aureus

I O dzLJ



Summary

3 Summary

Lipoproteins oStaphylocorus aureusepresent a major class of surface proteimkich are anchored

to the outer leaflet of thecellmembrane. Althougkheyplay a key role in the immune response and
virulence, the majority of lipoproteine this organisnis still of unknown funion. The aim of our
study was to investigate the function of sodaorly or urtharacterized lipoproteins Laureusstrain
Newman

To this endan integrated bioinformatical approach was applied to define thelipaproteomeof

123 completely sequence8.aureusstrains. In total, this analygisedicted192 differentpotential
lipoproteins, with a core lipoproteome of 39 and a variable lipoprateof 153 lipoproteins. Out of
those 192 lipoproteins, 141 are so far functionally uncharactefzadarily focusing omembers of

the corelipoproteomewith unknown or poorly characterizéahction, 24 lipoproteins or cencoded
neighbor proteins werselected for further characterization. Of those 24 proteins§.20reusmark-
erless deletion mutants were constructelgureusDIO1 - DI20) and screened for an altered growth
behavior under various conditiortdere, three mutants showed a temperattgensitive phenotype,

two mutants formed agggates in the TSB of the manufacturer MefE8Berci), and four mutants
showed reduced growth under osmotic stress with 8% NaCl. An altered aggregation behavior was
observed for four mutants in the presence ofdrrix100 and for eleven mutanis the presence of
SDSFurthermore, ten mutants revealed an impaired biofilm formation capacity as well as reduced
hemolytic activity. Interestingly, S.aureus deletion mutants Di14 (DNWMN_143% and DI16
(DNWMN_064% showed an altered phenotype undearlyall testedgrowth and stressonditions

Most strikingly both deletion mutants demonstrated dramatic defects in cell morphology and cell
division during the transient growth phase in Ji&aBand were tlerefore selected fofurther detailed
characterizationHectron microscopymaging of the two mutants revealeah irregular cell shape,
increased cell sizenultiple displaced division septmdincomplete separation of daughter cells re-
sultingin the famation of cell aggregates TSBerck. Complementarily, microarrdyased transcrip-
tome analysis and wholgenome sequencing &.aureusDi14 andDI16 suppressor mutants strongly
point to a functional association of both lipoproteins with cell envelopeell divisiorrelated pro-
cesses. Specifically, multiple hints suggdahationalconnection of both lipoproteins with lipor

wall teichoic acid9Of note, the phenotypes &.aureusDI14 and DI16 are conditional and appear
under some, but not all growth conditions. Thus, @oisceivablahat the function of L14 and L16 is
modulated by metabolic processesthat(i KS LINR G SAy a oA AKdzLIoSHe 4dk $lYie 2FS «
important only under certain conditions.

Collectively, we propose that L14 and L16 fulfill a basic role in cell emvaiaedl divisiorrelated
processes under specific growth conditions. Ragity, the activity of L14 and L16 might be neces-
sary for thefunction or localization dfpo- or wall teichoic acids, and thus, might be linked to the
regulation of autolysindn conclusionthis study revealsnportantinsights into the function divo

so far uncharacterizelout highly conservelipoproteins inS.aureus



Introduction

4 |ntroduction

4.1 Staphylococcus aureus

4.1.1 General information abowtaphylococcus aureus

Staphylococcus aureis a Granpositive, opportunistic bacterial pathogen with high relevance in
healthcare settings. It belongs to the K& content Firmicutes and appears as spherical cells@f 0.8

1.2 um in diameter. It was first described in 1883 by the Scottish gmySiciAlexander Ogston, who
isolated the bacterium from purulent wounds. Based on the typically formed-tikapstructures he
referred them to as Staphylococci (derived from the Greek words staphylé = grape and coccus = grain,
seed, berry}-2. The golden pigmentation of colonies grown on rich media led to the proposed no-
menclatureStaphylococcus aure(derived from thelLatin word aureus = golden) by Rosenbach in
1884. These morphological characteristics were the early basis to distiSgaisbusfrom other
wound-associated bacteria (e.g. chdé@mming Streptococci), and from the white colony forming

Staphylococcus ajgrmidis.

S.aureuss a representative of the skin and mucosal microbiota of healthy humaoarabé isolated

from a variety of different host niches, particularly from the skin, anterior nares, pharynx, and peri-

neun?. Here, approximately 280% of the healthy population carries the bacterium on the nasal mu-

cosd. Interestingly S.aureuscarriers are more prone to infection with this pathogen compared to
non-carrier, but the diseasgwogression and outcome are usually more severe iRcaoners. The

dzy RSNI @Ay3 YSOKIyAayYa FT2NJ 6KA& 20aSNBIFGAZ2Y YAIKI

to the colonizing strain, which ultimately leads to an improved immune response

AlthoughS.aureuscolonization is typically asymptomatic in immunocompetent individuals, it has the
potential to cause diseases ranging from minor skin and soft tissue infections to etrerdifming
diseasegFigurel). For instance, loc8.aureusinfections like impetigo, folliculitis and cutaneous ab-
scesseaccount for morghan 1 million infections in the USA per yéaEspeciallys.aureuswound
infectionsare one of the most feared posturgery complications, which can represent a portal of
entry into the blood stream. As a consequence, the pathogen can reach different organs leading e.g.
to infective endocarditis and osteomyeliti& systemicS.aureusinfection can provoke bacteremia

a lethal condition, which affects up to 50 of 100,000 people per year with a mortality rate between
10 and 3@ (causingor more deaths than AIDS, tuberculosis, and viral hepatitis comBinddye-

over, with its ability to forniofilms,S.aureusis responsible for numerous medical implassoci-

ated infections e.g. on prosthetic joints and artificial heart valBesides these illness&aureusis

the causative agent of toxmediated diseases likexic shock syndrome and staphylococcal food-

borne diseasés All in all,S.aureusaccountsfor 490,000 hospitalizations and more than 20,000
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deaths in the USA per year reflecting tigh burden on human health imposed ®aureusinfec-
tions>S.

L Tinfective

\ \ '/—i{ epsis
TXW Osteomyelntns‘

Menstrual toxic
( shock syndrome
| Softtissue
T ] infections
/

Figurel Diseases caused Byaureus S.aureuscan cause a multitude of infii@ns in the human host. THigureis
derived from SalgadBabon & Schlievert 201%

4.1.2 MethicillinresistantStaphylococcus aure(ldRSA)

As outlined aboves.aureusnfections careadto serious conditions, which are ofteiffidult to treat

due to the rapidspreadingf multidrug resistances straindistorically, the first perniitin resistances

in S.aureusY S R A | (i SIRctamase (Blaz) were reported in the 19405960 the first servsyn-

thetic antistaphylococcal penicillins were developed, but resistances arose in less than 1 year after
the first treatment!’. Resistancewere acquired by horizontal gene transfer afpcificmobile ge-

netic element, the staphylococcal cassette chromosome mec (SCE&Merhismobile genetic ele-

ment includesmecA encoding the penicillibinding protein 2a (PBP2a), which is responsible for

ONRPaatAylAYy3d 2F LISLAR23Ite0lya Ay GKS o0I-OGSNRI ¢

lactams. Therefore, it cannot be inhéal by penicillinasélB a A &lactargsiike imethicillin or oxa-
cillin and methicillirresistantS.aureusstrains emerged (MRSA), which is de facto a synonym for

multi-resistantS.aureug!13

Currently, MRSA infectioage treatment withlastresort antibiotics like vanoaycin, daptomycin,
clindamycin and linezolid. However, resistances have been observed even dlgasestastresort
antibiotics, which led to therapeutic failure and increased mortéfit} MRSA infectionaffect ap-
proximately 80,000 individuals in the USA with a mortality rate of about 11,000 patients pétirear

The treatment costs of each patients range from approximately 12,000 $ to 23,000 $, which is roughly

twice as expensive as the treatmennaéthicillinsensitiveS.aureus(MSSAinfections®. The lack of
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effectiveantimicrobialtherapyto fight MRSA infectionsygently demands for alternative drugs and
a number of new chemotherapeutiese currentlyin various stages of clinidaials e.g. including

ceftaroline, ceftobiprole, dalbavancin, oritavancin, iclaprim and delaflék&th

4.1.3 Virulence factors

S.aureuss equipped with a variety of different virulence factors, fulfilling important functions during

the infection process and survival within the host.

In the initial step of infectiorg.aureusattaches to biotic surfaces like host tissues, cells and extracel-

lular host cell matrix molecul@’ For this purposeS.aureuscan express an arsenal of adhesive fac-

G2NE tA1S GKS GYAONROALFT &adzaNFI OS O2YLRySyida NBO23)
which mediate attachent to fibronectin, fibrinogen, collagen, or plasma clBrominent

MSCRAMMS atbe fibronectin binding proteins A and B (FnbpAB), clumping factor A and B (CIfAB)

as well as the seriraspatic acid repeat proteins SdrCI3E24. Furthermore attachment to abiotic

surfaces, like medical implants, mediated byehgthe biofilm-associated protein Bap, teidb@cids

and extracellular DN#re often critical at the beginning of the infection proc3ss

The secretion of virulence factors for host cell lysis, degradation, and nutrient acquisition usually char-

acterizes the next step of infection ¢ 2 (KA & SyRZi 3 geRolysin phenrof/salubkeA 1 S b
modulins (PSMs) and hydrtit enzymes like the lipases like Geh and Plc are refedged

Other virulence factors @.aureusare dedicated to evadgii KS K2 adQa AYYdzyS &aeaidsSy
infection. Protein A (encoded by tepagene) and Shi are hallmarks and good examples f&.#uwe

reusimmune evasion strategies. Localized at the cell surm® and Shiind the Fc domain am-

munoglobulin G (IgGhereby impairinggGmediatedopsonization and phagocytosi§ Afurther

immune evasiorstrategyof S.aureusis the secretion ofeucocidins LukSF, LUkAB/GH, and LUKED,

6 KAOK RA&NHZLIG f Sodrieldddes in fhé cytopsasnifc nbidbidsk Burthermore, to

overcome tke oxidative burst by neutrophilS,aureusproduces enzymes, which enhance resistance

against the reactive oxygen species (ROS) of the oxidative burst, for instance superoxide dismutases

SodAM peroxiredoxin Ahp@nd catalase KatA In addition, the carotenoid pigment staphyloxhan-

tin, which is incorporated in the cytoplasmic membrane and is responsible for the characteristic

golden appearance &.aureuscolonies, serves as an antioxidant to detoxify>ROS

As a strategy of host sival and persistenc§.aureush & OF LI 6t S 2F F2NX¥YAy3I a2 Ol
GFENRFylGaeg o6{/ +aovI ¢KAigdKingBuibpoputaitn d? BeaiideNthgcsIB Thisa | &t 2 4
growth form is characterized by a reduced metabolism, cell wall synthddmsamembrane poten-

tial, and renderS.aureusNB a A a1 yi G2 Iy (A Yact@addaiindglycBshi@izaa Ay Of dzR.
tibiotics. Small colony variants can cause recurrent, persistent infections, even many years after the

initial infection by residing imuman cells and thereby avoiding host immune defense and antimicro-

bial therapy-3432
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4.2 Cell envelope &.aureus

The bacterial cell envelope islgnamic andophisticated multilayered structure thatovides stabil-
ity andprotects the bacterium from its harsh environmengludingd KS K2 a3 Qa AYYdzyS
the same time, the envelope has to be permeable for the selective passage of nutrients and dynamic

enoughto enable cell growth and division.

The structure of the cell envelope differs fundamentally betw&eampostive and Grarmegative
bacteria.ln brief, Gramnegative bacteria exhibit an outer membrane and an only thin peptidoglycan
layer,while Grampositive bacteria lack an outer membrane bavea thick peptidoglycan mesh. The
cell envelope othe Grampositive bacterigs.aureuscan bedividedin three main structures that will

be coveredin this chapter: the capsule, tlvell wallpeptidoglycarmeshwith lipoteichoic acids (LTA)
and wall teichoic acids (WTA) as well as the cell membragperaiie] we willaddresgroteins which

are attached to the cell envelope.

4.2.1 Capsule

Many pathogenic bacteria produce capsular polysaccharides (CP) forming a capsule as an outermost
cell envelope layer. 18.aureus the most common CP serotypes are CP5 and CP8 aogoiamtap-
proximately 25% and 50% of human hospigald communityassociated isolates, respectivély
Chemically, both CP are composed -@fcdtyl mannosaminuronic acid (ManNAcadetytL-fucosa-

mine (-FucNAc), and-scetytD-fucosamine (BFucNACc) arranged as repeated trisaccharide units but
differ in their type of glycosylic bonds anéh@tylation sites. Of note, there were 11 other putative

CP serotypes describedSraureus but none of them were found to be diseasmssociated-3°.

Although studies confirmed a protective function of the capsule by prevardinglement binding,
the capsule simultaneously represent a target of {uesived, opsonizing artiapsular antibodies,

which mediate an uptake by neutrophils and subsequent Ritfifhg

4.2.2 Cell wall

The peptidoglycan layer of Grapositive bacteria is approximately 8200 nm thi&, and thus, many

times thicker than the peptidoglycan layer of Graggative bacteria with less than 10 finThe main
functions of the cell wall are (1) to define the cell shape, (ll) to retain turgor pressure as well as (lll) to
anchor covalently associated proteins. Chemically, the cell waliise of Granpositive and Gram
negative bacteria are very similar. It is composed of disacchzgjutele repeat units, which are
crosslinked and thereby form a meigte scaffold around the c#ll The glycan strands in staphylo-
coccal murein are composed of b€fiad)-linked Nacetylglucosamin@sIcNAc) and4dcetylmuramic

acid (MurNAc¥*. The stem pptide L-AlagD-isoGlrgL-LysD-AlacD-Ala is attached via amidation on

the carboxyl group of each MurNAc. Typicallyfaeireusnurein crosdinking is realized by a penta
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3t @ O0AYS 0 NX R 3 Smiholgidup OfKKHE Rsing &nd § EsSembled by theribosomal
peptidyl transferases FemA, B, arfd*X Notably, the peptidytransferases assembling the stem
peptideand the crosdinking pentaglycine bridge are important targets for antibiotics.

In addition to peptidoglycan, mo&ram-positive bacteria exhibit impressive amounts of carbohy-

drate-based polymers in their cell envelope. The perhaps best studied cthgs@glycopolymers

I NE G§SAOK2AO I OARAI GKAOK I NB |fazvMeBrefeiMSR (2 | &
major types ofeichoic acids irs.aureus lipoteichoic acids (LTA) and wall teichoic acids (WTA). LTA

consists of approximately £&0 glycerol phosphate units, which are attached to the cell membrane.

In contrast, WTA are composed of approximately 40 ribitol phtspimits, are covalently linked to

the peptidoglycan of the cell wHland can account for as much ag&df the cell wall mass @am-

postive bacterid®. The hydroxyl gups of the negatively charged, phosphatataining glycopoly-

mers can be substituted to a high degree with catioridaDine esters or Mcetylglucosamine, ac-

counting for the zwitterionic character of LTA and ¥9¥TAAlthough both glycopolymers appear sim-

ilar in their structure, their biosynthesis relies on different synthesis pathways.

For both types of teichoic &g, a broad but very similar spectrum of functions has been identified,
promoting the idea of redundant and perhaps complementary functions for LTA afitl B(GA sev-
eral studies investigatingram-positive bacteria lik&.aureusand B. subtilishave revealed a func-
tional role for LTA as well as WTA particularly in cell division proé&$sasaffolding and modulation

of autolysin activifi?->6 resistance to heat stre¥$5’and osmolarity®%8 Iron and cationic homeo-
stasi§®®?, biofilm formation and adhesion to artificialriace$®-5¢ and pathogenicity in terms of
adherence to host tissues and immune recognitiéh As mentioned above, WTA alsoveeais phage
receptors irS.aureu$>%. Moreover, the Ealanine ester modification of the teichoic acids are crucial
for resistance to antimrobial peptide%68 and antibiotic®’, secretion of proteig’® and host de-
fence’™.

In addition to LTA and WTA, the peptidoglycan meShaofeuscontains a broad spectrum of surface
proteins.These proteins are in direct contact to the surrounding, and thereitoienot surprising

that many of them fulfill a function related to e.g. colonizationasior2 NJ S@lF aA2y 2F (KS K22
mune defens&. As Granpositive bacteria lack an outer membrane, the surface proteins have to be
attachednon-covalently or covalentlio the cell wallto remain cell associate&or instance, some
proteins involved in cell walkegradation are nogovalently associated with the peptidoglycand
many adhesins are attached to thell surface via ionimteractions to peptidoglycans or teichoic
acidg®. However, a multitude of surface proteisscovalently anchored to the peptidoglycan mesh.
For this purpose, thdestined cell wathnchoredproteins contain a Xerminal secretorysignal se-
quence which guides the nascent protein to the secretion machinery, atel@iGal LPXT-Gotive
which allavsfor its covalent anchoring to the stem peptide of the peptidoglycan by a sGrtAse
cording to Fosteetal. 2014, the cell wathnchored proteins of.aureuscan be grouped into four

classes based on their structuraldafunctional characteristiés (1) microbial surface component

8



Introduction

recognizing adhesive matrix molecules (MSCRAM®lglling clumping factor A and B as well as fi-
bronectinbinding protein A and B, (Il) the near iron transporter (NEAT) motif family whtbrssdB
as famous members, (Ill) the group of the thhedical bundle proteins with protein A being the only
cell wallanchored representative of this group, and (IV) theEGBpeat family including SasG. Inter-
estingly, the composition dlie S.aureussurfaceproteins varies depending @mvironmental condi-

tion™.

4.2.3 Cell Membrane

The bacterial cytoplasmic membrane separates the inner cell from the extracgiboiar It forms a
classical bilayer composed of lipids, which belong to a small number of cheassak but vary
greatly inregard tomolecule size and isongt’% The most prominent lipid species in bacterial mem-
branes are the zwitterionic phosphatidylethanolamine besides anionic phosphatidylglycerol and di-
phosphatidylglycerol (cardiolipin). Other frequently found but less abundant lipids are positively
charged lysyl phosphatidylglycerol, anionic phosphatidic acid, or glucolipids émdrtiglucosy! di-
acylglycerolj®7°. The molecules serving as precursorsniembrane lipid biosynthesis are mainly
derived from central metabolism pathways, which are biochemically well understood. However, little
is known about the regulation of membrane lipid composition in order to adapt to changing environ-
mental condition&. Of note, despite some pathogenic and commensal bacteria are able to acquire
fatty acids and lipids from the environment/the host, setbduced fatty acids seem to be indispen-
sable forS.aureus This makes the fatty acid biosynthesis pathway an interesting candidate to fight

S.aureusinfections”.

Like the other parts of thcell envelope, it also fulfills a variety of essential functions. First, it repre-
sents a stabilizing boundary around the cytoplasm. Second, in cooperation with associated proteins,
the cell membrane regulates the concentration of small molecules aretesgq@roteins in the intra

and extracellulaspace thereby also excluding toxic molecules from the environfhértird, it rep-
resents the site of respiration and facilitates crucial cellular processes powered by the transmembrane
electrochemical gradiefft Fourth, the cytoplasmic membrane harbors many other proteins with
membranespanning helices, which are involved in other vitalular processes like peptidoglycan
biosynthesis, transport processes, and nutrient acquiti@ne major group of these membrane
proteins are lipoproteins, which will be discussed in the next section. Interestirglguieuslipo-
proteins fulfill a broad spectrum of different functionst the majority of lipoproteins is still largely

unexplored.

4.3 Lipoproteins

Asstatedabove, bacterial lipoproteins represenimajor class gieripheral membrane proteingith
diverse functionalityThey are composed of a main f@imn partwhich carries outthe physiological

function, and a dior triacyblycerol moiety linked to the N-terminal cysteinewhich ensures

9
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appropriate anchoring of theydrophilic lipoprotein toéhe hydrophobianembrane Of note, the lipid
moiety of lipoproteins can birahd activateoll-like receptors (TLRWhich are aitalelement of the
innate immune system. TLR recognize patheg=ociated molecular patterns (PAMPS) like lipids,
peptidoglycans oflagellin and commence the immune response againstitradingpathogeng®
(see alsa.3.3.

While lipoproteinsare positionedin the cytoplasmic membrane of Gramusitive bacteridacing the
extracellular surroundindghey can be found both in the inner and outer membrane of Gragative
bacteria.However, in the latter, approximately @®f the lipoproteins are positioned in the outer

membrane protruding in the periplagfn

After the first report of a lipoprotein ischerichia cdbly the pioneerng work of Braun and coworkers
Ay (KS $98Nskweral kefortsiaficigenome studies confirmed the universal distribution of
lipoproteins in bacterf. Here, the number of predicted lipoproteins per genome varies greatly, rang-
ing from zero lipoproteins in the ProteobacteBachnera aphidicoleo 223 lipoproteins irBac-
teroides hetaiotaomicronVP#5482 as a member of the Bacteroidéfe$.aureusencodess0 - 70
lipoproteins per genome, whiatorrespondgo about 2¢ 3%of its coding capacit§. Interestingly,
studies havauggested correlationbetween thenumber of lipoproteins and the virulence potential:
while highly epidemi&.aureusstrains like USA300 or Newman beware than ® lipoproteins per

genome moderate epidemic strains lil&aureusNCTC8325 reveal only around 50 lipoprot&ins

4.3.1 Synthesis of lipoproteins

Lipoproteins arg¢ranslatedas precursors (so called preprolipoins) containing an-krminal se-

cretory type Il signal peptide, which is key Iliter secretion and anchoring to the membrane. The
signal peptide is approximately 20 amino acids in length and comprises three regions: (1) a short, pos-
itively charged Megion, (II) a hydrophobictégion and (Ill) a comparably short cleavagedibn of
uncharged amino acids. Theegion further contains the unique consensus sequence[ASTV4]

[GASIC which is referred to d&ipoboxand includes a highly conservaad invariant cystefi Due

to its high degree ofamservation, the lipobox is also used to predict lipoproteins in bacterial genomes
with bioinformatic algorithms.

The ype Il signal peptide ensures the direction of the lipoprotein precursor to the secretion machin-
ery. The majority of lipoproteins is sefed in an unfolded state across the membrane via the general
secretory (Sec) pathway, which is the predominanteofipprotein secretion in bacteria. However,
studies also reported the secretion of lipoproteins in an folded confirmation via the Tatayaitin

represenatives of both, Grarmegative& and Grarmositves”.

1C
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After secretion, the lipoprotein synthesis machinery anchors porbtein to themembrane. This
processwas elucidated in the Gramegative bacteriunk.coli, where threemembranelocalizeden-
zymes act sequentiallFiure2):

Type ll sigpal peptide

HS Preprolipoprotein
HN- r\N)ﬁr -COOH
H o
Lipobox
R2~g OH
Lgt R1FONANAONp A O OH
A
[oNey
R2\O
R1 /O\/L/S Prolipoprotein
H,N- LN -COOH
(o]
Lsp
H,N-———+COOH
R2\O
Apolipoprotein
R1/O\/‘\/S (diacyl lipoprotein)
H\Nl“/ +COOH
H o
R4\O
Lnt RyO\A/O\ﬁ/O\/\NHE
[eley
R2\O
Hololipoprotein
RVO\/Y\/S (triacyl lipoprotein)
R3\N)\r -COOH
H o

Figure2 Schema of lipoprotein anchoring by the lipoprotein synthesis machinery as depicted by Nakajama
2012. Lipoproteins are synthesized as precursors (preprolipoprotein) with a type Il signal peptide which in-
cludes a lipobox sequence with a highly corestoysteine. After secretion, the preprolipoprotein diacyl
glyceryl transferase (Lgtpvalently links diacytglyceryl moiety to the thiol group of this conserved cyste-
ine, thus anchoring the nascent lipoprotein (prolipoprotein) to the cytoplasmic mambrae prolipopro-
tein signal peptidase (Lsp) subsequently removes the signal peptide from the precursor (apolipoprotein).
Gramnegative bacteria and some representatives of the Actinobacteria encode a third enzyme named
apolipoproteimv-acyltransferase (it). Lnt attaches an acyl moiety to the conserved cysteine of the lipopro-
tein (hololipoprotein). The schema is derived from Nakayetrab 20128,

In a first step, the preprolipoprotettiacytglyceryl transferase (Lgt) covalerdtiachesa diacyglyc-

eryl moiety to the thiol group of the conserved cysteiegiduein the lipoboX®, thus forming a thi-
oether bond Theincorporateddiacytglycerylgroup is derived from negatively charged phospholipids

of the cell membrane like phosphatidylglyc&ds a result, th&diacylated lipoprotein precursor is
anchored to the bacterial cytoplasmic memiaand is referred to as prolipoproteim a second

step, the prolipoprotein signal peptidase (Lsp) recognizes the diacylated prolipoprotein and cleaves
the Type Il signal peptideaving the conservetysteineasthe new Nterminus of the nascent lipo-

protein. The modified precursor is thelenotedapolipoprotein. In a third step, the apolipoprotein N

11
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acyltransferasélLnt) attaches a further acyl group to tieailableamino group of the conserved cys-
teine. This additional lipidation is vital in Grawegaive bacteria for the release of the lipoprotein into
the periplasm and its shuttling to the outer membrane vidith@protein localizatioh.ol(lol) system.
Thefinaltriacylated lipoproteinsthen designated hololipoprotein.

Intis highly conserved in Gramegative bacteria and in representatives of the f&gbcontent Gram

positive Actinobateriike Mycobacterium smegmatitn contrast, lowGCGcontent Grarqpositive Fir-
micutesand Tenericutedo not exhibit ark.colilnt homolague®. Despitethe absenceof Lnt inS.au-

reus MntC, has been detected intaiacylated forni*. As a consequence, it has besiggestedhat

so far unidentified enzymesist in S.aureus whichsubstitute thefunctionof Lnt Interestingly the

degree ofacylation variesn S.aureusdepending on environmental factors. For instance, foga-

rithmic growth combined with acidic conditgror high temperature€ombined withhigh salt con-
centratiors promote the accumulation of diacylated lipoproteins over their triacylated®form

Thethree enzyme®f the lipoprotein syriiesis machinenigt, Lsp, and Lnare essentiain Gram
negative bacteriand somerepresentatives of the high @ontent Grarrpositive Adnobacteria. In
contrast,Lgt and Lspre dispensable in the low &Gntent Firmicutesllowing for the constructio

of knockout mutants®. Especiallyhe deletion oflgt has bea widely usedo study the impact of
lipoproteins for cell physiology. In this mutant, lipidation of lipoproteins is prohibited and thus, lipo-
proteins are mostly secreted into thlseirrounding Intriguingly growth of anS.aureuslgt deletion
mutantis not altered inrich medium®3. The maintained vitality of thigt deletion mutantmight be
explained byhree observatioss: (1) even in the bsence of Lg20 ¢ 25% of the lipproteinsare still
membranelocalized most likelyby (transient) insertioof the hydrophobiadype Il signal peptide into

the membrané®, (11) moreoveralso nonlipidated lipoprotein precurssshowedfunctionality®, (I11)

other enzymes might be able to substitute functionality of the lipoprotein synthesis machinery en-
zymes, e.g. the recently recognized Eep peptidase has been shown to mimic Lsp activity in Enterococ-
cus faecalig.

Of note studies reported the releasélipoproteins into the culture supernatadespitefunctionality
of the lipoprotein synthesis machinefty This might be mechanisnof lipoproteinregulationor a

consequence of cell envelope turnovér

Lipoprotein synthesis requires at least one coggtaindispas well adntin Gramnegative bacteria.
Interestinglysome bacteria encode more than ogenecopyfor the lipoprotein synthesimachinery
enzymesFor instancewo putativelgt paralogues are encoded @GramnegativeCoxiella burnettr
the GrampositiveClostridium perfringef% while two putative Isp paralogues are foundither bac-
teria like Listeria monocytogen&s Nocarda farcinic&®. It remains a matter a$peculation if the pa-

ralogues might bexclusively requiretbr anchoring of selected lipoproteins

12
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4.3.2 Function of lipomteins

Studies orgt deletion mutants in different bacterial organisms angestigation®f selected lipopro-
teins in the past decades have revealed a broad spectrum of functionality for lipopriteinst
surprising that the function of lipoproteiis closelyelated totheir localizatiorat the interface be-
tween the cytoplasmic membrarandthe cell wall in Grarpositivesas well apy their positioning in
the inner and outer membrane protruding into tperiplasm in GramegativesConsequentlylipo-
proteins aremainlyinvolved insurfaceassociated functions, especialignsport proessesmainte-

nanceof cell envelope functisor extracellular protein maturation

Fe transp.

Other cation
Q

Unknown
"N Anion transp.

AA-Opp
transp.
Sugar transp.

iscellaneous
functions

Figure3 Function of lipoproteins if.aureusstrain USA300 as evaluated by Shahmieteali 2016.The chart
demonstrates the functional distribution of lipoproteinsSSiaureusUSA300. Here, the numbers indicate
how many lipoproteins can be assigned to the cognate functional group. Of note, the majority of lipopro-
teinsisinvolved in transport process, followed by the group of lipoproteins with unknown function and
the group of tandem lipoproteins. Thehene is derived from Shahmirzagtial. 2016.

The vast majority of so far characterized lipoproteins is involved in the acquisition of ions and nutri-
ents. Approximately 496 of the encoded lipoproteins if.aureusstrain USA300 are annotated as
substrate binding proteins of ABC transporteBigure3) and many of these are involved in the up-

take of iron. Mammalian hosts effectively sequester the essential trace mineral iron in order to inhibit
bacterial growttg I YSOKF yAaY NBFBENNS R YO [ihe eXfiigndziptalde GfA 2 y
iron is a prerequisite for survivall invading bacteriaandlipoproteins participate in this process by
binding heme or ferritbaded siderophores. For instance, Tuelial. 2013showedthat the lipopro-

tein FepA together with the high affinity heme binding protein FepB and the integral membrane pro-
tein FepC mosikely drive iron utilization from heme $iaureud®’. Similaly, the lipoprotein IsdE
together with eight other proteins constitutes the iroggulated surface determinant (Isd) system

which acquires iron from hertg.

13
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Besides the utilizain of heme as the prevalent reservoir of iron in the human Bgdyacteaia are

able to secrete different high affinity irdsinding siderophoresvhich sequester iron from the host

and aresubsequently taken upy the bacterium. Here, the lipoprotein HtsA functions esceptor

for the siderophore staphyloferrin, &vhile Ht8C function aa permease. Similby, the lipoprotein

SirA together with the permease Sifdsthe siderophore staphyloferrin'®. Moreover, the lipo-
protein SstD in concert with the membrane proteins SstA and SstB as well as the ATPase SstC is in-
volved in ferrated catecholamineand catechol siderophommediated ironuptake%%19 Other ex-
amples are the two lipoproteins FhuD1 and FhuD2. Both are part of the ferric hydroxamate uptake
(fhu) system irs.aureusand are capable of bindirap exogenously produced iron(iHydroxamate
siderophord®’, while the iron permease FhuBG and the-Bifiing protein FhuC are responsible for
the siderophore transport across the membriie

In accordance to their function in iron uptake, each of the almoeetioned lipoproteins ison-reg-
ulated on a transcriptional leveih particular by the iron regulator Ft% Furthermore, he im-
portance of lipoproteins for iron acquisition is also underlined by the observation, tisaa@reus
Igt deletion mutantshowedreduced growthin iron-depleted mediaompared to the wildtypé'®.

Besides ironlipoproteins also participate in the uptake of other cations and anions. Met€, as

the most abundant lipoprotein i8.aureusshould be mentionedintCwas originally annotated as
SitCdue to its sequence identity to the iron transpor&tCfrom S epidermidisHowever, Horsburgh

et al. 2002demonstrated its implication in thgptake of the divalent metal ion manganese and rean-
notated the protein as manganese (Mn) transporter MHt@\nother example for the uptake of cat-
ions is the lipoprotein ModB. Together with the integral membrane protein ModB and the ModC as
ATPRbinding protein it is involved in the acquisition of molybdat8.aureus!? Moreover, bioinfor-

matic analysis predicteghtiproteins with binding affinities for e.g. zinc, cobalt, nickel as well as phos-
phate or nitrate irS.aureus®.

Acting aghe substratebinding protein of ABC transporters, lipoprotein§iaureusalso participate

in the uptake of amino acids and peptides. For instance, Wikisah2004confirmedbinding of the
lipoprotein GmpC to the dipeptide glycylmethioriiewhile Sibbalét al. 2004 predicted the pres-

ence of an OpuCC homolog with binding affinity for glycine betaine/carnitine/choline and an Opp 1A

homolog with specifigjtfor oligopeptides i%.aureus,

Furthermore, Shahmirzadt al. 2016 bioinformatically predicted the existence of one maHuae-

ing lipoprotein inS.aureusstrain USA309. It is beyond doubt that the main function of lipoproteins

in S.aureusis to facilitate transport processes by acting as substrate binding proteins. In this context
it is interesting to note, that lipopreins in Grarpositive bacteria are supposed to &eequivalent

to periplasmic substratbinding proteins in GramegativesHere,the lipid anchoring of lipoproteins

to the cytoplasmic membrana Grampositive bacteria prevents the release of lipoprasdmto the
extracellular milieu due to the lack of an outer membrane.
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In addition to transport processes, lipoproteinSiaureuscan also participate in other cell envelepe
related processes like extracellular protein maturation. For instance, the lipoprotein PrsA assists in the
folding of secreted proteins by exhibiting a peptjaiylyl cis/trans isomerase activitywhile the
lipoprotein DsbA catalyzes the formation of protein disulfide bonds in extracellular proteiss by
thiol-disulfid oxidoreductase activity. Furthermorethe lipoprotein YidC is thought to function in

the membrane protein biogenesis by acting as a chaperone and membrane insertase for secreted
proteins''’. Moreover, studies described the lipoprotein QoxA as an kEpendent terminal oxi-

dase supporting aerobic respiratiéf while the lipoprotein SaeP together with SaeQ is thought to be
involved in signaling processes, most likely in the regulationedfvbrcomponent system SaeRS,
which in turn is a major regulator of virulenceSiaureud'®'?% Another interesting example under-

lining the broad spectrum of lipoprotein fuimn inS.aureusk & G KS Y S Y 0 Ndagfalase y OK 2 NB
BlazZ. BlaZ can be encoded chromosomally or on plasmids and confers regisiakc8actam an-

tibiotic penicillin irS.aureus?'. Moreover, the lipoprotein CamS might be important for the transfer

of genetic elements betweed.aureusand bacteria of other genera. The protein reveals a heptapep-
tide at the G&erminusof its signal sequence. Afterocessing, thbeptapeptide is postulated to func-

tion asasex pheromone similar to the sex pheromone cAM3Entérococcus faecadhs

Of note, the function of several abeueentioned lipoproteins was only pret#id based on sequence
homology to already characterized proteins and domains, respectively. Thus, the actual function re-

mains to be experimentally confirmedSraureus

The spectrum of lipoprotein function is not limited to the abmentionedexamplesLipoproteins

of Grampositive and Gramegative bacteria are alswiten involved in a variety of cell envelepe
associated functis®® ¢ KS Y2aid LINBYAYSy(d SEI EdowhichwastheKS . NI
first identified bacterial lipoprotein @nis numerically the most abundant protein in this organ-
ismB212p . NJ dzy Qa f JarickbielNi® thieDutef membrane Butdls&covalently attached to
peptidoglycan. Thus, it tightly connects the outer membrane with the murein layer, maintaining cell
Sy@St 21 aidloAifAde o wsS OiSeaftified &sa majoldeltigiZzen@termihahth LINR S .
the bacterial periplasm dBalmonella enterié& 12> Moreover, the outer membrane lipoproteins

LpoA and LpoB regulate peptidoglycan synthesis by stimulating the transpeptidase activity of the pep-
tidoglcycan synthases PBP1A and PBP1B, respééiivehpther outer membrane protein, RIpA, is

involved in cell division processeginoli RIpA acts asperiplasmic interaction partner of FtskK and

is thought to suppress cell septation until thigisbm has been assembled complet€ly Lipopro-

teins were also shown to be involved in sporulation and competence. For instance, the oligopeptide
ABC transporter binding protein OppA (SpoOKA) is implicated in the sporulation process in Bacillus
subtilis by facilitating the impbof cellwall peptides into the bacterial cytoplasm. The accumulation

of these peptides is thought to act as a signal for sporulation initiétidmoreover, OppA is required

for the development of competence B subtili¥?®. Ganeshkumar and colleagues further showed,

that lipoproteins can also acsadhesia. They characterized the lipoprotein SsaFstireptococ-
cussanguisand revead its binding affinity to salivary components and the coutidin of SsaB in

the coaggregation process with Actinomyégsnterestingly, lipoproteins are also implicated in the
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interplay betweerphages and bacteria. The most prominent example for anahteraction is the
lipoprotein Ltp, which is encoded in the lysogeny module of the temp8tetptococcuthermophi-
lusphage TRI34. Expressed on the surface of S. thermophilus, Ltp protedtadterium from a new
phage infection by inhibiting the DNi#jection stepg a process referred to as superinfection exclu-

siont3L,

Despitea variety of studiesn the characterization of lipoproteinsSmaureusn the recent years, the
function of themajorityof lipoproteins remains undefined. In an integrated bioinformatical approach
we determined the lipoproteome of 123 so far sequenBealireusstrains andoundthat 73%of all
individually encoded lipoproteins in these strains (141 of 192) are stillmbwnkunctior¥*. Consid-
eringthat these uncharacterized lipoproteins might have important implications for cell physiology or
even the infetion process, they constituteghly inteestingcandidatedor further investigation.

An interesting group of lipoproteins with so far unknown function represents tandem lipoproteins. As
the name already indicates, the genes of these proteins are encoded in tandem clusters in staphylo-
cocci geomes. They are most likely derived from genome duplication events and thus, share a high
degree of sequence identity. A subgroup of these tandem lipoproteins are the so called lipeprotein
like lipoproteins (Ipl), which are encoded on the pathogenicitydsi§a *2. Shahmiradzt al. 2016
identified nine Lpl and six additional tandem lipoproteirS.@ureusstrain USA 3Q@vhich together
account for 220f all lipoproteins in this strain. Although their specific function remains to be eluci-
dated, Nguyen and colleagues showed a distinct association of Lpl with virulence and pathogenicity in

the recent years3135,

4.3.3 Recognition of lipoproteins by the innate and adaptive immune system

Lipoproteins are recognized by the innate immune system via TLR 2 sigfhalirRp represent a class

of pattern-recognition receptors (PRR) recognizing distinct or overlapping pathsgeciated mo-
lecular patterns (PAMP) like lipids, proteins or nucleic ‘Ackisr TLR2, many different ligands have
been postulated ranging from lipoproteins, lipopeptides, lipomannans, lipoarabinomannans, pepti-
doglycan or lipoteichoic aéid. However, these molecules are structurally diverse, and it was ques-
tionable whether they are all stimulators of TLR2. Indeed, studiSsanineuslgt deletion mutants

and improved purification methods confirchéhat lipoproteins and lipopeptides are the dominant

ligands of TLR2 while other suggested ligand molecules were shown to be contaminated with lipopro-
teinsllo,138140_

The TLREnediated signaling can discriminate betweenadid triacylated lipoproteins, and this dis-
crimination is achieved by the heterodimerization of TLR2 with other TLRs. The current model of TLR
activation via lipoproteins suggests that diacylateglipi@ins are recognized by TLR2 and TLR 6 het-
erodimersd“!, while triacylated lipoproteins are sensed by TLR2 and TLR 1 heterédinemsore

detall, it is postulated that the estéwound diacyl chains of diacylated lipoproteins fit into a pocket of
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TLR2, while TLR6 provides complex stabiliZatiéror triacylated lipoproteins, it is hypothesized that

the additional amiddéoound acyl chain inserts into a hydrophobic cavity in ft.Ribowever, studies

with synthetic lipopeptides demonstrated that diacylated lipoproteins are also able to signal via TLR2
and TLR1 heterodimers in TLR6 deficient cells. These findings challenge theeaiiaweed dogma

of lipoproteinrecognitiort*> and raise eidence for a crostalk of the signaling pathways.

Upon TLR2/1 or TLR2/6 heterodimerization, a complex signaling cascade including the recruitment,
phosphorylation and ubiquitination of several interaction partner proceeds. Here, especially the adap-
tor protein MyD88 fulfils a crucial role in this signaling process as Mym&® demonstrated re-

duced cytokines and leukocyte attraction, and showed higher bacterial Btftdéinally, the cascade

leads to the nuclear translocation of Ki; resulting in the transcription and synthesis of proinflam-
matory cytokines'e.

Lipoproteins are potent activators of the innate immune system. However, it is an impuation
whether the initial immune response also translates into an adaptive immune response with the gen-
eration of protective antibodies. Digpal. 2014 observed low antibody titers against lipoproteins in
patients who suffered frorB.aureusinfection*#’. This indicates that natural lipoproteins®ureus

alone do not elicit an adaptive immune response. In accordanet /2016 focused on the induc-

tion of an adaptive immune response by lipoproteins in human, and demonstrated thabfiteu-

man 1gG binding t8.aureudipoproteins were generally low in both 2D immune proteomics and ELISA
approache¥* An exception to these findings was the lipoprotein SaeP, which induced a tmodera
antibody response. The authors speculate that membear@ored lipoproteins dB.aureusmight

be inaccessible for B cells or that an ineffective processing of lipoproteins to T cells might be the rea-

son for the weak adaptive immune response agaimspibteins.

Despite the low adaptive immune response triggered by naSiealreuslipoproteins in humans,
purified lipoproteins in higher dosage in the presence of adjuvants might still lead to the generation
of protective antibodies and thus may be@uoseful as vaccines. Indeed, several studies using animal
models demonstrated the induction of a protective immune response by lipoptmeed vaccines.
Mishraetal. 2012 used the lipoprotein FhuD2 as a vaccine candidate, which is involvedhy-iron
droxamate uptake, and demonstrated its protective immunity against diverse drdacaéusiso-

lates in murine infection modéfS. Similarly, Bagnadit al. 2015 developed a vaccine composed of
five conserve®.aureusantigens including the two lipoproteins FhuD2 and CsalA. The combined vac-
cine was formulated with an TL-B&pendent gonist absorbed to alum and provided nearly %00

protection against four different staphylococcal strains in #fice

4.3.4 Impact of lipoprotein®nthe virulence ofS.aureus

Lipoproteins fulfill a vital role in the infection procesSaireus Yy R ¢ SNB RSaA 3yl SR
in the immune r& LJ12 y a S | y RISL @ledetiind®gy &€& based onnamber of studes
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investigating the deletion ddt in different bacteria or studying the effect of purified lipoproteins and
chemically synthesized lipgpees on different cell types. In particular, lipoprotelmsve been
shown to participate in virulenezssociated pcesses like immune modulatiand evasion of the

host immune defensénvasion, intracellular survivas well apersistencen the host®152

Of all these steps of the infection process, lipoproteins might haventie# dominant effect on the
stimulaion and modulatiorof the host immune system by inducing proinflammatory cytokines in a
variety of cell typegsee also paragraph3.3for the activation of the innate and adaptive immune
system by lipoproteinsfor instance, lgtal. 2008 detectedhe stimulation of the NE . = WbY [ yR
P38 signaling pathway in human corneal epithelial cells upon treatment with Fdifichextraced
lipoproteins fromS.aureus The authors further observed an-tggulation of inflammatory cytokines

and chemokines @&, 1-:8, ICAML) in these cells at both the mRNA and protein t&¥eSimilaly,

Kanget al. 2015 showed that lipoproteins stimulate human intestiapithelial cells leading to the
induction of chemokine 48. This might further result in the recruitment of immune cells as a first step

of intestinal inflammatiot?*. Moreover, lipoproteins have been shown to stimulate the production of
TNFa and IL6 in peritoneal macrophagé8and to induce H6 and IE8 in human airway epitheli

cell$®. Furthermore, Chétal. 2016 detected the production of IFgNIL-17A, IE10, 112 and Iklb

towards the staphylococcal lipoproteins IsdE, Opp3A and PstS in cytokine proliferation assays using
peripheral blood mononuclear ce(PBMC{*. Here, theauthors speculate that thigactionmight

support B lymphocyte differentiation and recruiting of neutrophils for phagocytoséldition to
cytokines, nitric oxides act as inflammatory medgmtbrterestingly, lipoproteins have been shown to
stimulate the expression of the inducibliéric oxice synthase and to triggeritric oxideproduction

in murine macrophagé®. By implication, it could be speculated if &aureusmutant defective in

the synthesis of mature lipoproteiffiails to activate the immune system, for instance via TLR. As a
consequence, the mutammducesless proinflammatory sigrsshnd might escape elimination. Indeed,
Wardenburget al. 2006 showed that immune cells did not infiltrate sites of infection caus&daby
reusmutants defective in appropriate lipoprotein synthé&SisTaken togetherthe lipid anchor of
lipoproteins is an important PAMPs, which can be recognized by TLR. By activating the innate and
adaptive immune systertipoproteinsinduce a wide range of proinflammatory mediators in different

cell types and thus, fay a critical role in the processhafst immune recognition and evasion.

Besides their general immune stimulating property, lipoproteins function in different steps of the in-
fection processkFor instance, Nguyegt al. 2015 confirmedhat S.aureuslipoproteins encoded by

the nSa specifidipoproteinlike clustercontribute to the invasion d8.aureusinto human norpro-
fessional antigen presenting cells suclepishelial cel or keratinocyte$413 Further emphasizing

the role of lipoproteins in the invasion process, lipoproteiaee upregulated ormRNA and protein

level uponS.aureusinvasion*”:149

After successful invasion into the host cell, lipoproteins also suppaabtlity d S.aureusto surviwe
and persistSchmaleet al. 2010demonstrated a btter survival of theés.aureuswildtype (expressing
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lipoproteing in comparisorto the S.aureudgt deletion mutant(lacking lipoproteindn TLRZ - mac-
rophagesas well as in C57BL/6 and MyB88ells®2 As stated above, TLR2 and MyD&81hy to the
signal pathway by wich lipoproteins activate the innate immune sysi&€R#- and MyD88 - mice
both, the S.aureusWT andthe Igt deletion mutant do not activate the innate immune response via
TLRZignaling pathwayHowever, the Whas anadvantage of better iron acquisition via its lipopro-
teins than thdgt mutant and thus, shows a better survivedr survival in macrophagé&saureushas

to escape from the phagosonadter phagocytosito preventits elimination. This proceseems to
be supported by lipoproteinas preliminary data showed thathigher number of.aureuswildtype
cells tharS.aureudgt deletion mutants cellarereleased from the intracellular compartment of mac-
rophage$®2 However, the authors do not specify the underliying mechanigisuggporting intracel-
lular survival, lipoproteinfurther promote immune evasion @&.aureus what is a prerequisitéor

persisting and relapsing infection.

Lipoproteins were also shown to interfere with the cell cycle of hostdeeltsy intracellular survival
in order to create a more beneficial surrourgliar the followinginfectionprocess Specifically, lipo-
protein-like proteinscause a delay in the G2/M phase transition of HeL&®eldat is often accom-
panied with an increaselacterial infective efficiené$f. These observations furthenderline the

impact ofS.aureudlipoproteins in virulence and intracellular survival.

The abovementioned findings clearly demonstrate the critical function of lipoproteins in the infec-
tions process db.aureus Based on these findingscould be cocluded that arS.aureudgt deletion

mutant would show attenuated virulence in infection models. However, it was surprising that several
studiesreported anoppositefinding: an S.aureuslgt deletion mutantappeared hypervirulent in mu-

rine infection moeéls. Wardenburgt al. 2006 observed thaB.aureusvariants with blocked diacyl-
glycerol modification of lipoprotein precursors caused lethal infections with disseminated abscess for-
mation in C57BL/6 mi¢®&, and Stolet al. 2005found a hypervirulent phenotype of ttgaureusigt
deletion mutant in a mouse infection moéfelThe authors gtain these hypervirulent phenotype

with the great impact of lipoprotegon immune recognitiorif lipoproteinsaremissing, the host does

not recognize the invading pathogen, less proinflammatory cytokines are released and thus, no pro-
tective immune respnse is elicitedvhich could combat the bacterial infection.

As described above, lipoproteins play a crucial role in the recognit®maugkeusby the hosha A Y1t
mune systemThe question ariseahetherthe protein part or the lipid tail af lipoprotein is immu-
nogenic.Several studies dealt with this question amitependently demonstrated that the immuno-
genic potential of lipoproteins is clearly basedtwir lipid modificationFor instance, Nguyest al.

2015 investigated the immune stimulatingiaity of purifiedS.aureuslipoproteirtlike protein Lpll

with and without lipid modificationAlthough applied in high concentration, the Agndated Lpll
exhibited no proinflammatory properti€4. In contrast, synthetic lipopeptide analagsh di- or tri-
acylated cgtein groupsrevealed strong stimulation activity towards murine B lymphotitas well

as human monocyté®:159 Thus, thdipid anchor of lipoproteinis essential for imnmune signaling.
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In summary, lipomteins provide vital functions for the physiology &aureus especially as sub-

strate0 AYRAY 3 LINRPGSAYya 2F ! ./ (NI yaLR2 Nin®diflinduneb 2y SGKSE S
NBaLRyasS I FRari@alaxyi tleyin®rtide modulation and evasion of the host immune

defense, invasion, intracellular survivahedl as persistence in the hostis constitutes lipoproteins

as highly attractive targets fantimicrobialkreatment

4.4 Aim of the present study

The am of the pesent study is to investigate the function of so far poorly characterized lipoproteins

in S.aureus

In a first stepall lipoproteins of 1235.aureusstrainswill be defined using a comparative genomic
approach.The identifiedipoproteinswill be classified according to their function and degree of con-
servation and at of these functionally uncharacterized lipoproteindll beselected in order to pre-
dict their function by applying bioinformatic analysexymprehensivditerature reserachas well as
available structural informatioased orthis integratedbioinformatic approach, lipoproteins from
the core and variable lipoproteomehich arenot or only poorhfunctioraly understoodwill be se-

lected for furtherexperimental characterization

Firstly selectedipoproteins will be heterologously expresseé icoliand purifiedfor (1) ELISRAased
analyses to study the adaptive immune responsg.afireuscariers and norcarrieres and (Ifjlow

cytometrybased analysese studyplatelet activation and aggregation

Secondlymarkerless deletion mutants the selected liproteins whle constructedand subjected to
a comprehensive phenotypical screenibfgre,cultivation experiments underarious growth and
stress conditiondifferent microscopic technigues as well as-klot and microarraypased transcrit-

ptome analysewill reveal insights in ichprocesses the target lipoprotein might be involved in.

Finally, mutants showing striking phenotypic alterations compared to the wildtlype selected for
detailed functional characterizatida elucidate the molecular mechanisms underlying theeoved
phenotypes.

In summarythese investigations are vital steps to widen our understanding #tméunction in cell

physiology and pathogenicity of an important grou.@lureusproteins. Potentiallythis knowledge
will provide novel targets fanti S.aureustherapies.
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5 Materials
5.1 Chemicals

Tablel Chemicals used in this study

Chemical Manufacturer
5 x Green GoTag® Reaction Buffer PromeggMadison, Wisconsin, USA)
Agarose PEQLAB Biotechnologie GmbH (Erlangen, Germany

Blocking Reagent

Calcium chloride dihydrate (CaCl
CDPStar®

Citric acid monohydrate
Coomassie Brilliant Blue G250
Crystal violet

CutSmart® Buffer

DAPI

Defibrinated sheep blood
Diethanolamine

DNA Gel Loading Dye (6x)

dNTP Mix (10 nm each)

Ethanol

Ethylenediamine tetraacetic acid (EDTA)
Formamide

CNBdzy RQa ! R2dz@l y iz
GeneRuler 1 kb DNA Ladder

LyOz2

GeneRuler 100 bp DNA Ladder

Glycerin

Glycogen

Guanidinium thiocyanate

Human plasma

IGEPAL G830

Immersion oil "Immersol” 518 F fluorescence free
IPTG

Isoamyl alcohol

Isopropanol

Lithium chloride (LiCl)

Magnesium chlorid hexahydrate (MgCl
MOPS

N-Laurylsarcosine sodium salt

Nile Red

Nutrient agar LB
Nutrient broth LB
Nutrient broth TSgerck

Nutrient broth TS8wid

t F 3SwdzZ SNk t NBaidl Ay SKat
RNA Molecular weight Standard | (igeled)
RNasdree water

RNasin® Ribonuclease Inhibitors
Roti®@AquaPhenol

Roti®GelStain

Rubidium chloride (RbCI)

SDS (ultrapure)

Roche Diagnostics GmbH (Mannheim, Germany)
Sigma Aldrich (St. Louis, Missouri, USA)
RocheDiagnostics GmbH (Mannheim, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)

New England BiolaldmbH (Ipswich, Massachusetts,
USA)

Merck (Darmstadt, Germany)

Life Technologies GmbH (Darmstadt, Germany)
Carl Roth (Karlsruhe, Germany)

Thermo Fisher Scientific (Walthawgassachusetts,
USA)

Life Technologies (Carlsbad, California, USA)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Sigma Aldrich (St. Louis, Missouri, USA)

Thermo Fisher Scientific (Waltham, Massachusetts,
USA)

Thermo Fisher Scientific (Waltham, Massachusetts,
USA)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Dunn Labortechnik (Asbach, Germany)

Sigma Aldrich (St. Louis, Missouri, USA)

Carl Zeiss (Oberkochen, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Rotl{Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Sigma Aldrich (St. Louis, Missouri, USA)

Thermo Fisher Scientific (Waltham, Massachusetts,
USA)

Invitrogen (Carlsbad, California, USA)

Invitrogen (Carlsbad, California, USA)

Merck (Darmstadt, Germany), Ordering humber:
1.00550.0500

Oxoid (Basingstoke, England), Ordering number:
CM0129

Thermo Fisher Scientific (Waltham, Massachusetts,
USA)

Roche Diagnostics GmbH (Mannheim, Germany)
Carl Roth (Karlsruhe, Germany)

Promega (Madison, Wisconsin, USA)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

AppliChem GmbH (Darmstadt, Germany)
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Chemical

Manufacturer

Select agar

Skimmilk powder

Sodium acetate trihydrat

Sodium azide (NaN

Sodium bicarbonateN@HCG)
Sodiumcarbonate NaCQ)

Sodium chloride (NaCl)

Sodium metaperiodate

Thiourea

Trisodium citrate dihydrate
Trichlormethane/Chloroform

TrisHCI

Trisodium citrate dihydrate (Maitrate)
Triton X100

Triton X114

Tween 20

Urea

X-Gal (5bromo-4-chloro-3-indolytbeta-D-galactopyra-
noside)

Xylose

Invitrogen (Carlsbad, California, USA)

Sigma Aldrich (St. Louis, Missouri, USA)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Sigma Aldrich (St. Louis, Missouri, USA)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Sigma Aldrich (St. Louis, Missouri, USA)

Sigma Aldrich (St. Louis, Missouri, USA)

Carl Rth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Sigma Aldrich (St. Louis, Missouri, USA)

Carl Roth (Karlsruh&ermany)

Sigma Aldrich (St. Louis, Missouri, USA)

SERVA Electrophoresis GmbH (Heidelberg, Germar
Merck (Darmstadt, Germany),

PEQLAB Biotechnologie Gn{Erangen, Germany)

Carl Roth (Karlsruhe, Germany)

5.2 Solid and liquid edia

Table2 Media used in this study

Medium Composition Remark
Columbia blood agar 1 Ordered from Oxoid (Basingstoke, Eng-
plates land)
LBMedium 209 LBBroth 1 Adjust pHto 7.55
ad. 11 A. dest 1 Autoclave for 20 min, 12IC
LBAgar 32¢g LBAgar 1  No pH adjustment needed
ad. 11 A. dest M Autoclave for 15 min, 12C
SOC outgrowth me- 1 Ordered from New England Biolabs Gmt
dium (Ipswich, Massachusetts, USA)
Soft agar 29 LBBroth 1 Autoclave for 20 min, 12C
06¢g Select agar
ad. 100 ml A. dest
TSBerck 309 TSB 1 TSB ordering numb&mom Merck(Darm-
ad. 11 A. dest stadt, Germany)1.00550.0500
1  No pH adjustment needed
Autoclave forl5 min 121°C
TSBxoid 309 TSB 1  TSB ordering number from Ox¢Bhsing-
ad. 11 A. dest stoke, England)CM0129
1  No pH adjustment needed
Autoclave for 15 min21°C
TSBAgar 309 TSB 1 No pH adjustment needed
15¢g Select agar 1 Autoclave foll5 min, 121°C
ad. 11 A. dest

5.3 Oligonucleotides

Primers used this study were synthesizedlbgrmo Fisher ScientifiCarlsbad, Californi&ermany).

The lyophilized Primers were dissolved in A. dest to a final concentifioGpmol/pl.
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Table3 Oligonucleotides used in this study

Olige { S1j dzSyROBQ 6 p Q Restric  Orien Use

nuclec tion en- tation

tide zyme

Construction of pRBA1 vectordor protein expression i&.coli

586 ATGGTBGTCTERAATGTCTAATAAAGGTGAAAAGTA™ Bsd for Cloning of pAB036
AAAAG

587 ATGGTBGTCTAGCGCTATCTTTTTCCACTTCTACAT Bsd rev Cloning of pAB036
CATC

588 ATGGTBGTCTERAATGGGTAATGATAAATATGT- Bsd for Cloning of pAB037
GAAAGAAATAG

589 ATGGTBGTCTAGCGCTGTTCGTCATATTTTCTTCA1 Bsd rev Cloning of pAB037
GATAATC

590 ATGGTABGTCTARAATGTCAACTACCAATAACGAATC( Bsd for Cloning of pAB038

591 ATGGTABGTCTAGCGCTTTCTTGATCAAACACACCA Bsd rev Cloning of pAB038
CTG

592 ATGGTBGTCTAAATGAATAATGAATCA- Bsd for Cloning of pAB039
AAAAAAGACACAAATAC

593 ATGGTABGTCTAGCGCTTTCATCTTCAAAT- Bsd rev Cloning of pAB039
GCTCCAAACGAC

594 ATGGTBGTCTAAATGTCAACTACCA- Bsd for Cloning of pAB040
ATAACGAATCTAATAAA

595 ATGGTBGTCTAGCGCTTTCATCTTTACGATACACT( Bsd rev Cloning of pAB040
TATT

596 ATGGTBGTCTAAATGTCCACGATGGAAAATGAATC Bsd for Cloning of pAB041
AAAAA

597 ATGGTBGTCTAGCGCTTTCATCTTTACTGTGCACC! Bsd rev Cloning of pAB041

600 ATGGTABGTCTARAATGGGACATCATCAA- Bsd for Cloning of pAB043
GATAGTGCAAAAA

601 ATGGTBGTCTAGCGCTTACTTCATCTAAACCACTG Bsd rev Cloning of pAB043

602 ATGGTBGTCTAAATGACTACG- Bsd for Cloning of pAB044
GATAAAAAAGAAATTAAGGC

603 ATGGTABGTCTAGCGCTTTTAAATTGATCAACGTCT Bsd rev Cloning of pAB044
TTC

604 ATGGTBGTCTAAATGGGCAATGATACTCCAAAAGA Bsd for Cloning of pAB045
GAAA

605 ATGGTBGTCTAGCGCTGTGATCTTGCTCACTCTT- Bsd rev Cloning of pAB045
TAATACT

606 ATGGTBGTCTAAATGGGTAACCATAAGGATGACCA Bsd for Cloning of pAB046

607 ATGGTBGTCTAGCGCTATTACTGTAAATATGAACT Bsd rev Cloning of pAB046
GCGGTT

608 ATGGTBGTCTAAATGTCCAAGCAAAATGAGAAAGC Bsd for Cloning of pAB047
CAAA

609 ATGGTBGTCTAGCGCTTTCTTCATAATCCCGATTC( Bsd rev Cloning of pAB047

610 ATGGTBGTCTAAATGGGTAATTCTAATTCACAAGAT Bsd for Cloning of pAB048
AGG

611 ATGGTBGTCTAGCGCTTTTTAATTTAGCGCCGCCG Bsd rev Cloning of pAB048

612 ATGGTBGTCTAAATGAGCAATCAATTCA- Bsd for Cloning of pAB049
AAAGCGAAGAAG

613 ATGGTBGTCTAGCGCTTTCTGTTGAAGCGTCGTAC Bsd rev Cloning of pAB049

614 ATGGTBGTCTAAATGGGTAAAAAAGAATCA- Bsd for Cloning of pAB050
GCAACGACAT

615 ATGGTBGTCTAGCGCTTTTGATTTTATCTTTTAATA. Bsd rev Cloning of pAB050
CTCAT

616 ATGGTBGTCTAAATGGGGAACGACGATAGTAAGA/ Bsd for Cloning of pAB051

617 ATGGTBGTCTAGCGCTTTCAGTAATCACAGCCATT Bsd rev Cloning of pAB051
CTTA

618 ATGGTBGTCTERAATGGCGTCCGATCAATCTGATAA Bsd for Cloning of pAB052

619 ATGGTBGTCTAGCGCTTTTATCGATAACATCACTC™ Bsd rev Cloning of pAB052
GATAC

620 ATGGTBGTCTERAATGGGTAAAAGTCAAGAGAAAGC Bsd for Cloning of pAB053

621 ATGGTBGTCTAGCGCTTGATTGGTGTTTGTCATTA( Bsd rev Cloning of pAB053

7T
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Olige { S1j dzSyROBQ 6 p Q Restric  Orien Use

nuclece tion en- tation

tide zyme

622 ATGGTBGTCTEAATGGG- Bsd for Cloning of pAB054
TAATAAAGAAAAAGAGGCACAAC

623 ATGGTBGTCTAGCGCTTTTTTCTTCTAATTTTTCAA! Bsd rev Cloning of pAB054
TTTT

624 ATGGTBGTCTERAATGTCTTTTGGTGGGAATCATAA, Bsd for Cloning of pAB055
TATC

625 ATGGTBGTCTAGCGCTTTTTAAAGAATCATCT- Bsd rev Cloning of pAB055
GACGCTGTTT

626 ATGGTBGTCTERAATGGGATCACAAAATTTAGCACC. Bsd for Cloning of pAB056

627 ATGGTBGTCTAGCGCTTGATTTTGCATTTAAGTTTA Bsd rev Cloning of pAB056
TGAC

628 ATGGTBGTCTERAATGGGTGCTAATCA- Bsd for Cloning of pAB057
ACATAAAGAAAATAG

629 ATGGTBGTCTAGCGCTTTTAACTTTAGTTTCTTCAC Bsd rev Cloning of pAB057
TATTTG

630 ATGGTBGTCTAAATGGGAAATGATGAGAATCAG- Bsd for Cloning of pAB058
GAAGAAT

631 ATGGTBGTCTAGCGCTATTATCATTATTTATAATTT( Bsd rev Cloning of pAB058
GAAACTC

632 ATGGTBGTCTAAATGGGTCAAGATAGTGACCA- Bsd for Cloning of pAB059
ACAAAAAG

633 ATGGTBGTCTAGCGCTTTGTTGGTAGTTTGGATCA Bsd rev Cloning of pAB059

TAACC

Construction of pMAD vectors fgenedeletion mutants irS.aureus

634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669

G@GAATTGCTTATCGGTATCCATACATCATGG
GTTTTAAAGAAAGCCTATGCATTTTTCTCCTTAGAT
GCCATCTAAGGAGAAAAATGCATAGGCTTTCTTTA
G@GAATTGTCGCTTATTTCATCTTTAGGCTTG
G@GAATTGACGTTAATGCTTTAAAGAAAAATG
CATAATAACTCCTATTCATATTCCTACTATCAACTT
GTTGGAAGTTGATAGTAGGAATATGAATAGGAGT1
G@GAATTGTCGTTTTTATATGATTATCTTTCGC
G@GAATTCGAAACCTGGAGATGAAATTGC
GTTAAATTTTCATCATTAATTATGACACCTCGAATA
TAAATTATTCGAGGTGTCATAATTAATGATGAAAAT
G@GAATTGCTCTAGAATCTCACTAGATCAGCC
G@GAATTGATATATTGTCTCTTGTATACTTTTCC
GGGCATTTTTAAGTTATAAAAGTCAGTCGCCTTCT
CGAAAGAAGGCGACTGACTTTTATAACTTAAAAAT
GGAATTGGCGGCATCTGGTAAGTTAGTGACACC
GGAATTGCATTTTACTTAATCGTTTATATCC
GACAATCAACAAACCAAATTTAACATGTCTCCTTT/
GAAATAAAGGAGACATGTTAAATTTGGTTTGTTGA
G@GAATTGCTCTTTATTTGTAGCCAATTGG
GGAATTGCCTGAACGTAAACCATATCGTTTCGC
CTACCATCTGTATTATATTAATACTTGTACCTCCAC
GCAAGTGGAGGTACAAGTATTAATATAATACAGAT
G@GAATTGCTTCAGTTAATGGTAAACCATGCC
GGAATTCATATCTTGTACTTACTATCATTGGC
CGTTAATGCAACGAATCTTTAATATCACTCTCTCTTI
GGAAGAGAGAGTGATATTAAAGATTCGTTGCATTA
G@GAATTATAGCTTGATTATTTTATGTTATAGG
G@GAATTGCTGCCATTCAACAAGCTAAGGAC
TTATTATCTTTAATTTACAACGACATACCCCTCTAA
ATAGTTAGAGGGGTATGTCGTTGTAAATTAAAGAT
G@GAATTGGTGAAGAAAAAGCTAAAACGCACC
G@GAATTCACTCCCAAAGGTTTACATAATTCC
CTATCTTTTTATTAAATTTAATAAACATTCTCCCTAT
AAACATAGGGAGAATGTTTATTAAATTTAATAAAAA
GGAATTGTGCATAAATTTGATGCTCATGTTGCC

Ecdrl

Ecdrl
Ecdrl

EcdRl
EcdRl

EcdRl
EcdRl

EcdRl
EcdRl

EcdRl
EcdRl

EcdRl
EcdRl

EcdRl
EcdRl

EcdRl
EcdRl

EcRl

for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev
for
rev

Cloning of pAB060
Cloning of pAB060
Cloning of pAB060
Cloning of pAB060
Cloning of pAB061
Cloning of pAB061
Cloning of pAB061
Cloning of pAB061
Cloning of pAB062
Cloning of pAB062
Cloning of pAB062
Cloning of pAB062
Cloning of pAB063
Cloning of pAB063
Cloning of pAB063
Cloning of pAB063
Cloning of pAB064
Cloning of pAB064
Cloning of pAB064
Cloning of pAB064
Cloning of pAB065
Cloning of pAB065
Cloning of pAB065
Cloning of pAB065
Cloning of pAB066
Cloning of pAB066
Cloning of pAB066
Cloning of pAB066
Cloning of pAB067
Cloning of pAB067
Cloning of pAB067
Cloning of pAB067
Cloning of pAB068
Cloning of pAB068
Cloning of pAB068
Cloning of pAB068
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Olige { S1j dzSyROBQ W p Q Restric  Orien Use
nuclec tion en-  tation
tide zyme
670 GGGAATTGTCTATTCCATTTTTAGCCCCTGCC EcRl for Cloning of pAB069
671 GTTTAACTCAGAAATTGAGCTAACTCCTCATTTCT1 - rev Cloning of pAB069
672 GAAGAAATGAGGAGTTAGCTCAATTTCTGAGTTAA - for Cloning of pAB069
673 GGGAATTCGTCGTATGTGCAACTATATTTGCG EcRl rev Cloningof pAB069
674 GGGTCTCGAATIAATCATCAAAAACGCAATTAACT Bsd, for Cloning of pAB070
EcRl
675 GCCGAGCTACCCTGAAATTGCCTAAAAAATCTCCC - rev Cloning of pAB070
676 GAGGGAGATTTTTTAGGCAATTTCAGGGTAGCTCC - for Cloning of pAB070
677 GGGTCTCGAATEITOCATACCTGGATTGTATTTAGC Bsd, rev Cloning of pAB070
EcRl
682 GGGAATTCTATTTAGATAAAGAATTTGAGGG EcRl for Cloning of pAB072
683 CTTGTTCATAATTTGTCATTTTGACACCTCATTATA - rev Cloning of pAB072
684 CTATAATGAGGTGTCAAAATGACAAATTATGAACA - for Cloning of pAB072
685 GGAATTGCGGTAAATCTTTAAAGGCATCGGG EcdRl rev Cloning of pAB072
686 GGGAATTCAATGGGCGCTGGTGCAAATGCAGC EcRl for Cloning of pAB073
687 CGCAATGATGGCTTTCAGAATGTAATATAACTCCT - rev Cloning of pAB073
688 CTAAGGAGTTATATTACATTCTGAAAGCCATCATT( - for Cloning of pAB073
689 G@GAATTGGTGTAAATTGTGTGAGCGATAATATC  Ecdrl rev Cloning of pAB073
690 GGGAATTCGATTAATATTGGAGAGGAAAATGAGG  Ecdrl for Cloning of pAB074
691 CTATAACAAGTAAGCAATTCGAATAAAACTCCTTA/ - rev Cloning of pAB074
692 GACGTTAAGGAGTTTTATTCGAATTGCTTACTTGT - for Cloning of pAB074
693 G@GAATTCACAATAAATCATCGATTGACACTCC Ecarl rev Cloning of pAB074
694 G@GAATTGCAATATCATCATTAGTTGATAAGAGG  Ecdrl for Cloning of pAB075
695 CTTTGAAAAATGATTATAGGATTGCACTCCTTAAC! - rev Cloning of pAB075
696 CTGTTAAGGAGTGCAATCCTATAATCATTTTTCAA/ - for Cloning of pAB075
697 G@GAATTGCTATTCACGTCTAGTAGTGTAAGGC Ecdrl for Cloning of pAB075
698 GGGTCTCGAATICATTGAAGATTGATATTGATCCA Bsd, rev Cloning of pAB076
EcRl
699 TATTTTTCACACAGTAAATAAAACTTTCTCCTCTTA - for Cloning of pAB076
700 CTTAAGAGGAGAAAGTTTTATTTACTGTGTGAAAA, - rev Cloning of pAB076
701 GEGGTCTCGAATTACGTAAAATAATACAATGCAACT Bsd, for Cloning of pAB076
EcRl
702 GGAATTGCTGCTTTTTGAATTAAAGCAATTTCG EcRl rev Cloning of pABO77
703 CGCATTAAAAGACTCCTATACTATCTCCCTAAAATC - for Cloning of pABO77
704 GATTTTAGGGAGATAGTATAGGAGTCTTTTAATGC - rev Cloning of pAB077
705 G@GAATTGGCATTCGTTGAAAAAGCAGTTGCC Ecdrl for Cloningof pABO77
706 GGGTCTCGAATTEGATGTGTCAGAAAACATAGCCA, Bsd, rev Cloning of pAB078
EcRl
707 CGATTAATCAAAGTATGCCATTTTTTATCTCCTTGA - for Cloning of pAB078
708 CAAATCAAGGAGATAAAAAATGGCATACTTTGATT. - rev Cloning of pAB078
709 GGGTCTCGAATICTACAGCTTGCGAGTATGTAGC Bsd, for Cloning of pAB078
EcRl
710 GGGAATTGCGAACTATATAATTTACTACGAAG EcRl rev Cloning of pAB079
711 GGCGGGCTACCCTGTGGAATCTCATTTCTCCTTTC - for Cloning of pAB079
712 GTAAGCAAAGGAGAAATGAGATTCCACAGGGTAG - for Cloning of pAB079
713 GGGAATTGTTCTGACTTCGTAGGTTTTCCGGC EcRl rev Cloning of pAB079
714 GGAATTGACTTTCAAGGTGGCGGAAGAGG EcRl for Cloning of pAB080
715 GCATCATAGTTATATTAACAACATATCTCCTCCTAT - rev Cloning of pAB080
716 CGAATTATAGGAGGAGATATGTTGTTAATATAACT, - for Cloning of pAB080
717 GGAATTGCCTATCATGTTGTGGTTCAGGG EcRl rev Cloning of pAB080

Construction of pMABRectors for chromosomal complementationgehedeletion mutants irS.aureus

774

775

800

801

GAATTCTAGAAGCTTCTGCAGAC
GAATTGAGCTCCCGGGTAC

TGCATGCCATGGTACCCGGAASAMGCTGCTTTTT
GAATTAAAGC
GTCGACGCGTCTGCAGAAG@EARIMASGCATTCGTT
GAAAAAGC

EcdRl

EcdRl

EcdRl

EcdRl

for

rev

for

rev

Linearization of
pPMAD for NEBuilde!
Linearization of
pMAD for NEBuilde!
Cloning of pAB081

Cloning of pAB081
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Olige { S1j dzSyROBQ 6 p Q Restric  Orien Use

nuclece tion en- tation

tide zyme

802 TGCATGCCATGGTACCCGGEAEAMMCGATTAATA- EcdRl for Cloningof pAB082
TTGGAGAGGAAAATG

803 GTCGACGCGTCTGCAGAAGGEALIECACAATAAAT Ecdrl rev Cloning of pAB082

CATCGATTGAC

Construction of pRB4#8/Rvectors for episomal complementationg#gnedeletion mutants irS.aureus

806

807

808

809

810

811

GAATTCGCTGCACTGCG

GGATCTACATTTTAGTTGGTTAATTTAATAAAC

TATTAAATTAACCAACTAAAGGAPCTTIGATTTTAGC
GAGATAGTAATG
CCCTGCCACTCATCGCAGTCEGASOGCATGATTTT-
GCATTTAAGTTTAATTTTG
TATTAAATTAACCAACTAAAASGAPCAT -
GACGTTAAGGAGTTTTATATG
CCCTGCCACTCATCGCAGTCGAGSOGEGTATGATT-
GGTGTTTGTCATTAG

Sequencing of different vector constructs

77

78

772

773

386

387

TAATACGACTCACTATAGGG

TAGTTATTGCTCAGCGGTGG

CCCAATATAATCATTTATCAACTCTTTTACACTTAA

GCAACGCGGGCATCCCGATG

GCGTTTACAAAAAATGAACAATG

AACTGCCTTAAAAAAATTACGC

Construction of probes fatot blots

947

948

949

950

951

952

953

954

955

956

957

958

ATGAAGAAATTAATCATCAG

GAAATTAATACGACTCACTATAGGGAGATTATGAT
GGTGTTTGTCATTAGC
ATGAAAAAATTGGTTTCAATTG

GAAATTAATACGACTCACTATAGGGAGATCATGAT
GCATTTAAGTTT
ATGCGTAATATAATATTTTATCTTGTAC

GAAATTAATACGACTCACTATAGGGAGACTATTTT!H
GATTTCTTTTATAC
ATGAGGACACTTAATAAAGATGAAC

GAAATTAATACGACTCACTATAGGGAGACTAATCA
TATACATTTTCACATG
ATGCATGAACAAGATTTTAGAA

GAAATTAATACGACTCACTATAGGGAGATTATTTT(
AAATATAACTTATAAGTTC
ATGATTTATTGTGAAACAGAGC

GAAATTAATACGACTCACTATAGGGAGATCACTTT
GATTAATGTAATAG

EcdRl

BanHl

BanHl|

EcdRl

BanHl|

EcdRl

for

rev

for

rev

for

rev

for

rev

for

rev

for

rev

for

rev

for

rev

for

rev

for

rev

for

rev

for

rev

Linearization of
pRB473yRfor
NEBuilder
Linearization of
pRB47yIR for
NEBuilder

Cloning of pAB083

Cloning of pAB083
Cloning of pAB084

Cloning of pAB084

Sequencing of pPR
IBA1 vectors
Sequencing of pPR
IBA1 vectors
Sequencing of
pMAD vectors
Sequencing of
pPMAD vectors
Sequencing of
pRB47yRvectors
Sequencing of
pRB47yRvectors

RNA probe for
NWMN_0646
RNA probe for
NWMN_0646
RNA probe for
NWMN_1435
RNA probe for
NWMN_1435
RNA probe for
NWMN_1436
RNA probe for
NWMN_1436
RNA probe for
NWMN_0645
RNA probe for
NWMN_0645
RNA probe for
NWMN_0647
RNA probe for
NWMN_0647
RNA probe for
NWMN_0648
RNA probe for
NWMN_0648
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5.4 Plasmids

Table4 Plasmids used in this study

Materials

Plasmid

Description

Reference

Protein expression iB.coli

pPRIBAL

pABO036
PABO37
pABO038
PABO039
pAB040
pABO041
pAB043
pAB044
pAB045
pAB046
PAB047
pAB048
PAB049
pABO50
pABO51
PABO52
pABO53
pABO54
pABO55
pABO56
pABO57
pABO58
pABO059

E.colivector for expression of proteins witht€&minal Streptag®)

Amp

pPRIBATINWMN_0245
pPRIBATINWMN_2309
pPRIBATNWMN_1394
pPRIBATNWMN_1395
pPRIBATNWMN_1396
pPRIBATNWMN_1398
pPRIBATINWMN_0753
pPRIBATNWMN_0958
pPRIBATNWMN_0364
pPRIBATNWMN_1841
pPRIBATINWMN_2579
pPRIBATINWMN_0677
pPRIBATNWMN_1689
pPRIBATINWMN_2308
pPRIBATNWMN_0336
pPRIBATNWMN_0369

pPRIBATNWMN_0646=116)

pPRIBATNWMN_0709
pPRIBATINWMN_1123

pPRIBATNWMN_1435=114)

pPRIBAEINWMN_1690
pPRIBAINWMN_1924
pPRIBAINWMN_2270

Construction ofjenedeletion mutants irS.aureus

pMAD

pABO060
pABO61
pAB062
pABO063
pAB064
pABO065
pABO66
pABO67
pABO068
pABO069
pABO070
pABO072
pABO73
PABO74
pABO75
pABO76
pABO77
pABO78
pABO79
pABO080

Chromosomal complementation génedeletion mutants irS.aureus

pABOS1
pAB082

ts shuttle vector for allelic replacementSmureus Amp Ery

pMADDNWMN_0245
pMADDNWMN_2309

pPMADDNWMN_1394NWMN_1398

pPMADDNWMN_2356
pMADDNWMN_0753
pMADDNWMN_0958
pMADDNWMN_0364
pMADDNWMN_1841
pPMADDNWMN_2579
pMADDNWMN_0677
pMADDNWMN_1689
pMADDNWMN_0336
pMADDNWMN_0369
pMADDNWMN_0646
pMADDNWMN_0709
PMADDNWMN_1123
pPMADDNWMN_1435
pMADDNWMN_1690
PMADDNWMN_1924
PMADDNWMN_2270

pMADNWMN_1435
pMADNWMN_0646

IBALifesciences
(Géttingen Ger-
many)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Arnaudet al.

2004160

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
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Materials

Plasmid Description Reference

Episomal complementation génedeletion mutants irS.aureus

pRB473 pRB373 based shuttle vector, Amp, Cm Bruckneret al.

199361

pRB47yIR pRB373 baseshuttle vector for xylose induced expression of proteil Knut Ohlsen,
Amp, Cm WNrzburg

pABO083 pRB473yIRNWMN_1435 This study

pAB084 pRB47XyIRNWMN_0646 This study

5.5 Enzymes

Table5 Enzymes used in this study

Enzyme Manufacturer
Ambicin® (recombinant lysostaphin) AMBI PRODUCTS LLC (Lawrence, New York, USA)
Bsd-HF® New England Biolabs GmbH (Ipswich, Massachusetts, US

DNase | Roche Diagnostics GmbH (Mannheim, Germany)
FastDigesEc@1l (=Bsd) LifeTechnologies GmbH (Darmstadt, Germany)
FastDigesEcdRl Life Technologies GmbH (Darmstadt, Germany)

GoTaq® G2 DNA Polymerase

Promega (Madison, Wisconsin, USA)

Proteinase K Thermo Fisher Scientific (Waltham, Massachusetts, USA)
rAPid Alkalin®hosphatase Roche Diagnostics GmbH (Mannheim, Germany)
RNase A Roche Diagnostics GmbH (Mannheim, Germany)
T7 RNA Polymerase Roche Diagnostics GmbH (Mannheim, Germany)

5.6 Antibodies

Table6 Antibodies used in this study

Antibody Description Dilution Manufacturer
Anti-DigoxigenirAP, Fab  Fab fragments from polyclonal audit 1:10,000 Roche Diagnostics
fragments foislot blots goxigenin antibodies, conjugated to alk GmbH (Mannheim,
line phosphatase Germany)
Anti-L14 Polyclonal IgG antibody, purified from 1:10,000 This study
mouse serum, against L14
Anti-mouse fowestern IRDye® 800 CW goat (polyclonal}anti 1:20,000 LFCOR Biosciences
blot mouse IgG (heavy & light chain), highly (Lincoln, Nebraska,

cross absorbed USA)

5.7 Mice strains

The animal experiments were approved by the Animal Welfare Committee of the University of
Greifswald and the state of Mecklenbe/grpommern, Germany (Docket animr&periments appli-
cation: 7221.31.1-019/11; valid until May 2014).

Table7 Miceused in this study

Organism Description Reference
CDB1 mice 5-6 weeks old, femal&.aureusfree CD1 out- Charles Rivdraboratories
breed mice® (Sulzfeld, Germany)
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5.8 Bacterial strainandbacterigphages

Table8 Bacterial strains and phages used in this study

Organism

Description

Reference

Escherichiaoli

BL21 (DE3) pLysS

DH&

Staphylococcus aureus

RN4220
Newman

FompT hsdSgal @mb+)5 9006 { I YT n
cUV5T7 Genl)

NEB®falpha Competent.coli(High Efficiency)

Restriction modified
Clinical isolaté¢tuberculous osteomyelitis)

S.aureusNewmangenedeletion mutants

S.aureusDIO1 S.aureusNewmanDNWMN _ 0245
S.aureusDI02 S.aureusNewmanDNWMN_1394NWMN_1398
S.aureusDIO3 S.aureusNewmanDNWMN_0753
S.aureusDI04 S.aureusNewmanDNWMN_ 0364
S.aureusDIO5 S.aureusNewmanDNWMN_ 1841
S.aureusDIO6 S.aureusNewmanDNWMN_0677
S.aureusDIO7 S.aureusNewmanDNWMN_0336
S.aureusDIO8 S.aureusNewmanDNWMN_0369
S.aureusDI09 S.aureusNewmanDNWMN_2309
S.aureusDI10 S.aureusNewmanDNWMN_1924
S.aureusDI11 S.aureusNewmanDNWMN_1690
S.aureusDI12 S.aureusNewmanDNWMN_2270
S.aureusDI13 S.aureusNewmanDNWMN_1123
S.aureusDI14 S.aureusNewmanDNWMN_ 1435
S.aureusDI15 S.aureusNewmanDNWMN_1689
S.aureusDI16 S.aureusNewmanDNWMN_0646
S.aureusDI17 S.aureusNewmanDNWMN_ 2356
S.aureusDI18 S.aureusNewmanDNWMN_2579
S.aureusDI19 S.aureusNewmanDNWMN_0958
S.aureusDI20 S.aureusNewmanDNWMN _ 0709
S.aureusDIgt S.aureusNewmanDlgt, Ery
S.aureusDsigB S.aureusNewmanDsigB

Chromosomal complemented deletion mutants

S.au reUS|D|14chrom7comp
S.au reUSD'chhromicomp

S.aureusDI14 DNWMN_1435::NWMN_ 1435
S.aureusDI16 DNWMN_0646NWMN_0646

Episomal complemented deletion mutants

S.au reug)llllepisomicomp
S.aureusDI16epsom_comp

S.aureusDI14+pAB083
S.aureusDI16+ pAB084

Suppressor mutants @14 andDI16

S.aureusDI14 S01-Di14 S20

S.aureusDI16_S01- DI16_S20

Suppressor mutants @14 generated through
passaging ddl14 overnight on TSRk solid me-
dium at 45°C

Suppressor mutants @16 generated through
passaging dbl16 overnight on TSRk solid me-
dium at 45°C

Deletion mutants imspaDsbibackground

S.aureusDspaDsbi

S.aureusDspaDsbDI14

S.aureusNewmanDspaDsbi

S.aureusNewmanDspaDshiDNWMN_ 1435

Studier & Moffatt

1986162

New England Biolabs
GmbH (Ipswich, Massa-
chusetts, USA)

Kreiswirthet al. 1983163
Duthie& Lorenz1952164

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Unpublished work

Kulliket al. 199865

This study
This study

This study
This study

This study

This study

Jan Maarten van Dijl, Grc

ningen
This study
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Organism Description

Reference

S.aureusDspabsbDI16

Bacteriophages
Staphylococcus phage &0

S.aureusNewmanDspaDsbiDNWMN_0646

This study

Rosenblum & Tyrone

1964166
5.9 Antibiotics
Table9 Antibiotics used in this study
Antibiotic Solvent Concentration fosel-  Manufacturer
ection
Actinomycin D RNasedree A. 500pg/ml Merck (Darmstadt, Germany),
dest
Ampicillin (Amp) A. bidest 100 pg/mt Carl Roth (Karlsruhe, Germany)
Chloramphenicol (Cm) Ethanol 25 pg/mt SERVA Electrophoresis GmbH (Hei
berg, Germany)
Erythromycin (Ery) Ethanol 10 pg/mf Sigma Aldrich (St. Louis, Missouri,
USA)
1E.coli, 2 S.aureus
5.10 Kits
Tablel0 Kits used in this study
Kit Manufacturer

Bacterial Genomic DNA lIsolation kit
DIG RNA Labeling Mix (SP6/T7)

FairPlay Microarray Labeling R852002 andD252003

FairPlay® Ill Microarray Labelind 52009

Fastf AY{un 5b! [AILGA2Y YA
High Pure Plasmid Isolation Kit

NEBuilder HiFi DNA Assembly Master Mix with com
tent cells

Phusion Higlridelity PCR Kit

QIAquick Gel Extraction Kit

RNA Cleatyp and Concentration Kit

RNaseFree DNase Set

StrepTactin® Spin Column Kit

Norgen Biotek Corp. (Thorold, Ontario, Canada)
Roche Diagnosti€&@mbH (Mannheim, Germany)
Agilent Technologies (Santa Clara, California, USA)

Agilent Technologies (Santa Clara, California, USA)

Epicentre (Madison, Wisconsin, USA)

Roche Diagnostics GmbH (Mannheim, Germany)
New England Biolalé&dmbH (Ipswich, Massachusetts,
USA)

Life Technologies GmbH (Darmstadt, Germany)
Quiagen (Venlo, Netherlands)

Norgen Biotek Corp. (Thorold, Ontario, Canada)
Quiagen (Venlo, Netherlands)

IBA Lifesciences (Géttingen, Germany)

5.11 Consumables

Tablell Consumables used in this study

Consumable Description

Manufacturer

Cuvettes foelectroporation
mm gap
Deuterated solvents

Dialysis tube MEMBRACEL dialysis tubing,
MWCO7000, cut off kDa
Filter paper Whatman® gel blotting paper,

Grade GB005

Electroporation Cuvettes with 1

Deuterated solvents for NMR spec
troscopy for LTA analysis

Molecular BioProducts Inc. (San £
ego, California, USA)

Deutero GmbH (Kastellaun, Ger-
many).

SERVA Electrophoresis GmbH (H
delberg, Germany)

Sigma Aldrich (St. Louis, Missouri,
USA)
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Consumable

Description

Manufacturer

Glass beads

Microarrays

Microscope cover glasses
Microscope slides

Microtiter plate for static biofilm
formation assay

Mini SDSyels

Nitrocellulose membrane favest-
ern blot

Nylon membrane faglot blots
Parafilm

Polycarbonate filter for scanning
electron microscopy

RNA Nano Chip for Bioanalyzer
Sepharose column for hydrophobit
interaction chromoatography of
isolated LTA

Sepharose columns for murine 1gC
purification

Square Petri dishes

Syringe filter

Glass beads with 0c10.11 mmdi-
ameter

Hybridisation & gasket slide (8 Mi-
croarrays per slide), customized
Microscope cover glasses (22 mm
22 mm)

Microscope slides (76 mm x 26 mr
X 1 mm)

96-well microtiter plate, state

4¢20% Minit wh ¢ 9! bt ¢
cast Protein Gels, 3ell, 30 pl
Trans. £ 201 ¢ dNitlo&hu-
lose Transfer Packs

Nylon membrane, positively
charged (0.3 x 3 m)

PARAFILM® M

polycarbonate filter (0.2m)
RNA 6000 Nano Kit

HiPrep OctySepharose colmn
(16 x 100 mm, bed volume 20 ml)

ProteinA-Sepharos&4Bcolumn
(Fast Flow, fronstaphylococcus au
reus

Square Petri dishes 12 cm x 12 cn
1.7 cm, steril

Sterile Syringe Filter Op2n Cellu-
loseAcetate

Sartorius (Gottingen, Germany)

Agilent Technologies (Santa Clara
California, USA)

PaulMarienfeld GmbH & Co. KG
(LaudaKonigshofen, Germany)
Paul Marienfeld GmbH & Co. KG
(LaudakKénigshofen, Germany)
BRAND GMBH + CO KG (Werthei
Germany)

Bio-Rad Laboratories, Inc. (Hercu-
les, California, USA

Bio-Rad Laboratories, Inc. (Hercu-
les, California, USA

Roche Diagnostics GmbH (Mann-
heim, Germany)

Bemis Company, Iifdleenah, Wis-
consin, USA)

Merck (Darmstadt, Germany)

Agilent Technologies (Santa Clara
California, USA)

GE Healthcare (Chicago, lllinois,
USA)

Sigma Aldrich (St. Louis, Missouri,
USA)

Carl Roth (Karlsruhe, Germany)

VWR International (Radnor, Penn-
sylvania, USA)

5.12 Devices

Tablel2 Devices used in this study

Device

Description

Manufacturer

Cell homogenizer for isolation of
lipoproteins

Cell homogenizer for RNA Isolatio
for microarray analysis

Cell homogenizer for RNA Isolatio
for dot blots

Centrifuge (for 2nl and 50ml reac-
tion tubes)

Centrifuge (for 2nl reaction tubes)

Centrifuge (for 50@nl reaction
tubes)

FastPrep24™5G

Mikro-Dismembrator S with cus-
tomized teflon vessels and 7 mm ¢
ameter steel balls

Precellys®

[ SYGNRFdzAS a¢KS|
G A FaASGM T dz3 S  yl wedic-
GA2y (GdzoS NRG2N
(radius85 mm) or with 50nl reac-
GA2Yy G(GdzoS NRG2N
dius 120 mm)

/| SYGNRTdzAS azx2w
withN2 G 2 NJ a ¢ KS NI 2
1.5mL/2.0mL Rotor 75003424 witk
I T LIY{9!'] [ARE
I Sy i NR Y& S{ @x Bobil
gl ttun w/ c tfdz:
{ OA S yQIAMGTSANI #8 Xi580«
LEX Fixed Angle Rotor with Auto
[ 2014 ONI RAdzA ™|

MP Biomedicals (Santa A@alifor-
nia, USA)
Sartorius AG (Gottingen, Germany

PEQLAB Biotechnologie GmbH (E
langen, Germany)

Thermo Fisher Scientific (Waltharr
Massachusetts, USA)

VWR International (Radnor, Penn-
sylvania, USA) and

Thermo Fisher Scientific (Waltharr
Massachusetts, USA)

Thermo Fisher Scientific (Waltharr
Massachusetts, USA)
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Device

Description

Manufacturer

Chip Priming Station

confocal laser scanning microscog
DNA/RNA gel electrophoresis sys-
tem

Electroporator

Fluorescence microscope
French press

Hybridization oven
Incubator (Platten)
Laminar flow cabinet
MicroarraySlideholder

Microfluidicsbased platform for
quality control of RNA
Microtiter plate reader

Nuclear magnetic resonanspec-
trometer for metabolic footprint
analysis

Nuclear magnetic resonance spec
trometer for structural analysis of
lipoteichoic acid

Orbital shaker for RNA isolation
Scanner for DNA gels
Scanner for microarrays

Scanner for SDS gels
Scanner foslot blots

Scanner fowesternblots
Scanning electron microscope
Shaking incubator

Shaking water bath

Slotblot system

Spectral photometer (for determin-
ing RNA concentration for Microar:
ray analysis)

Spectral photometer (for determin-
ing RNA, DNAnd protein concen-
tration)

Spectral photometer (for measurin
of optical densities)

Tabletop shaker

Thermocycler

Transmission electron microscope
Ultramicrotome

Chip Priming Station

LSM 510 META

Mini-Sub Cell GT System, Wide
Mini-Sub Cell GT System, St
GT System

Electro Cell Manipulator® ECM 63
Zeiss ImagerM2

Constant Cell Disruption System,
Serial No. 1020

PEQLAB PerfectBlot

INCULine® IL115

¢ KSN)Y2 { Seke2q2G A T.
MicroarraySlideholder
Bioanalyzer 2100

Synergy MX

Bruker AVANGE 600 MHz NMR
spectrometer

Bruker Avancelll 700 MHz NMR
spectromeer (equipped with an in-
verse 5 mm quadrupleesonance
Z-grad cryoprobe)

IKAVibragVXR

Gel iX20 Imager

Agilent G2505C Microarray Scann
System

ViewPix 700

ChemoCam Imager

LFCOR Odyssey® CLx

EVO LS10

Innova 44

GFL 1086

Bio-Dot SF Microfiltration Appa-

ratus
NanoDrop NEB00OO

DeNovix D31

Ultrospec 2100 pro

Eppendorf ThermoMixer® C
peqSTAR 2X Universal

LEO 906
Reichert Ultracut

AgilentTechnologies (Santa Clara,
California, USA)

Carl Zeiss (Oberkochen, Germany
Bio-Rad Laboratories, Inc. (Hercu-
les, California, USA)

BTX Harvard Apparatus (Holliston
Massachusetts, USA)

Carl Zeiss (Oberkochen, Germany
Constant Systems Limited (North-
ants, United Kingdom)

PEQLAB Biotechnologie GmbH (E
langen, Germany)

VWR International (Radnor, Pen
sylvania, USA)

Thermo Fisher Scientific (Waltharr
Massachusetts, USA)

Agilent Technologies (Santa Clara
California, USA)

Agilent Technologies (Santa Clara
California, USA)

BioTek Instruments (Winooski, Ve
mont, USA).

Bruker Biospin GmbH (Rheinstet-
ten, Germany)

Bruker Biospin GmbH (Rheinstet-
ten, Germany)

IKA®Verke GmbH & CO. KG (Stal
fen, Germany)

Intas Science Imaging Instruments
GmbH (Géttingen, Germany)
Agilent Technologies (Santa Clara
California, USA)

Biostep (Burkhardtsdorf, Germany
Intas Science Imaging Instruments
GmbH (Gottingen, Germany)
LFCOR Biosciences (Lincoln, Ne-
braska, USA)

Carl Zeis@Oberkochen, Germany)

New Brunswick Scientific (Edison,
New Jersey, USA)

GFL Gesellschaft fir Labortechnik
mbH (Burgwedel, Germany)
Bio-Rad Laboratories, Inc. (Hercu-
les, California, USA)

Thermo Fisher Scientific (Waltharr
Massachusetts, USA)

DeNovix Inc. (Wilmington, Dela-
ware, USA)

Biochrom (Holliston, Massachus-
etts, USA)

Eppendorf AG (Hamburg, German
PEQLAB Biotechnologie GmbH (E
langen, Germany)

Carl Zeiss (Oberkochen, Germany
Leica UK Ltd (Miltokeynes, UK)
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Device

Description Manufacturer

Ultrasonic homogenizer with sonoi SONOPULS HD 3100 with sound BANDELIN electronic GmbH & Ca

rode

UV crosdinker
Vorexter forMicroarrays
Vortexer

Westernblot transfer system

proof box LS 4 and probe MS 73 KG (Berlin, Germany)

UVP Crosslinker Analytik Jena (Jena, Germany)

IKA Model MS3 IKA®Verke GmbH & CO. KG (Stal
fen, Germany)

VortexGenie 2 Scientific Industries, Inc. Bohemia.

New York, USA)
TransBlo®®¢ dzND 2 1 ¢ NJ y BioRad Laboratories, Inc. (Hercu-
les, California, USA)

5.13 Software and databases

Tablel3 Software and databases used in this study

Name URL/Reference

2100 Expert Software Agilent Technologies (Santa Cl&alifornia, USA)
B.02.09.S1725

Aureowiki http://aureowiki.med.unigreifswald.de

BLAST http://blast.ncbi.nim.nih.gov/Blast.cgi

Expasy ProtParam tool
Expasy Translate tool
Geneious 2019

Kegg Pathway Database
LocateP

Microsoft Office 2018
Multalin

NanoDropTM 8000

NCBI database

Reverse complement
S.aureusExpression Data
Browser

SMART

ZEN 2011

NEBcutter V2.0

GraphPad Prism v7.0D
Feature Extraction Software
11.5.1.1

Perseus v1.6.1.3

AMIX v3.9.12

Papers v3.4.18

TOPSPIN 3.2

Image StudioTM Software 5.:
R v3.5.1 with limma v3.36.5
and the package En-
hancedVolcano

https://web.expasy.org/protparam/
http://web.expasy.org/translate/

Biomatters Ltd, Auckland, New Zealand
www.genome.jp/kegg/
http://www.cmbi.ru.nl/locatepdb/cgibin/locatepdb.py
Microsoft Corporation, Redmond, USA
http://multalin.toulouse.inra.fr/multalin/

Thermo Fisher Scientific (Waltham, Massachusetts, USA)
www.nchi.nlm.nih.gov/
http://www.bioinformatics.org/sms/rev_comp.html
http://genome.jouy.inra.fr/cgbin/aeb/index.py

http://smart.embkheidelberg.de/

Carl Zeiss (Oberkochen, Germany)
http://tools.neb.com/NEBcutter2/

Graph Pad, San Diego, CA, USA

Agilent Technologies (Santa Clara, California, USA)

https://maxquant.net/perseus/

BrukerBiospin GmbH (Rheinstetten, Germany)

Digital Science & Research Solutions, Inc (Cambridge, Massachusetts, US,
Bruker Biospin GmbH (Rheinstetten, Germany)

LFCOR Biosciences (Lincoln, Nebraska, USA)

https://www.R-project.org/

https://github.com/kevinblighe
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6 Methods

6.1 Working with DNA

6.1.1 Isolation ochromosomal DNA

Chromosomal DNA was isolatiedm Escherichiacoli using the Bacterial Genomic DNA Isolation Kit
(Norgen, ThoroldCanada) as specified by the manufacturer. For isolating chromosomal DNA from
Staphylococcus aureusl Lysostaphir5 mg/ml)were added to theysisbuffer andthe cell solution
wasincubated for Jh at 37°C In the final step, chromosomal DNA was elidtech the spin columns

with 100pl A. destwhen used atemplate DNA for PCBr with 100ul 10 mM TrisHCJ pH 7.5 when

used for whole genome sequencifidne flow through was collected amdnsferredbackon the col-

umn for a second centrifugation stefh€elisolatedDNA was stored a0 C.

6.1.2 Polymerase chain reaction (PCR)

ThePhusion Higlridelity PCR Kit (Life Technologies GmbH, Darmstadt, Germany) was used to amplify
DNA fragmentfor claning procedureThis polymerase offers short extension times;38 s/kb)and
a 50fold lower error rate than the Taq polymerase. A P@Rtimn was set up as statedTiablel4

using a standarBCRprotocol listed inTablels.

Tablel4 StandardPCR reaction

Volume Component

1yl Template DNA

1ul Primer 1

1ul Primer 2

1l dNTP

10pl 5 x Phusion HBuffer
35.5 pl A. dest

0.5 pl Phusiorpolymerase

Tablel5 Standard®CR program

Initial denatur- | Denaturation Annealing Elongation | Final elonga- Storage
ation tion
Temperature 98°C 98°C 52¢68°C 72°C 72°C 4°C
Time 30 sec 10 sec 30 sec 30 s/kb 5 min K
Cycle ' Y /
x35
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6.1.3 DNA gl electrophoresis andupification of DNA

DNA was separated for purification purpose and size control o% agarose gekontaining

5 pl/100 ml Roti®GelStainCarl Roth, Karlsruhe, GermariyNA samples were mixed with 6 x DNA
Gel Loading Dye from Thermo Fisher Scientific (Waltham, Massachusettend $¥)GeneRuler 1
kb or 100 bp DNA ladder (Thermo Fisher Scientific, Waltham, Massachusettssld88¢dfor size
estimation.The electrophoresis was performed in 1 x TBE buffer (90 mM Tris, 90 niMr8otsnM
EDTA) for h at 50 V (small chamber}l00 V (medium chamber) or 120(big chamber). DNA frag-
ments were visualized and cut out of the DNAW&eker UV light exposuren the Gel iX20 Imager
(Intas Science Imaging Instruments Gbéttingen, Germanyfgarose gel pieces wer®ed at-
20°C

6.1.4 Purification of DNA fragments

DNA fragments were purified with the QlAquick Gel ExtractiofQWiagn, Venlo, Netherlands).
Here, different protocols were applied depending on the source offfalyients

(1) DNA fragments obtained from gel electrophoresiee isolated from agarose pieces as described
by the manufacturer in the QIAquick Gel ExtradidrProtocol using a microcentrifuge.

(1) DNA fragments obtained from enzymatic digeddiaring cloning procedurevere purified with

the QIAquik PCR Purification KitusingR @ N2 OSY G NA Fdz3S | OO02NRAyYy 3 (2
dation. For both protools, 50ul A. dest were added to the spin column for the final elution step.
DNA concentratiomasdetermined with the DeNovix E1S spectral photometer (DeNovix Inc., Wil-
mington, Delaware, USA) at 260,rand DNA was stored aR0°C

6.1.5 Construction of plasmids with restriction enzymes

Classical cloning using restriction enzymesappbedto constructpPRIBAL vectors for homologous
expression of proteins .coliand pMAD vectors for generating lipoprotein deletion mutanBsam-

reus

6.1.5.1 Digestion of DNA using restriction enzymes

pPRIBA1 vectors and the appropriate DNA inserts were digestedBeighHF®&= Eco31I) form New
England Biolabs GmbH (Ipswich, Massachusetts, USA). Here, the NEB CutSmart Buffewittas used
aprolongel incubation time ofL.5 h.

pMAD vectors were constructed whastDigest EcoRI from Life Technologies GmbH (Darmstadt, Ger-
many). Thencubationtime was extended to 30 min.

Digested vectoraere purified via DNA gel electrophoresis 4e3 and insertsvere purifiedwith

the QIAquick Gel Extraction Kit as described above (e
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6.1.5.2 Dephosphorylation of plasmids

To inhibit the relegation of enzymatic digested vector backboneg ##eds of the vectorsvere
dephosphorylated using the rARkaline Phosphatas®dgche Diagnostics GmbH, Mannheim, Ger-
many)) OO2NRAY 3 (G2 (KS ThedephdsphonylasdBebi@msiwereldsBdifo? igadidn

without additionalpurification steps.

6.1.5.3 Ligation of DNAragments

Dephosphorylated vector backbones and the digested inserts Wgated with the Fast Ay 1 # 5b!
[AQFGA2Y YAG O09LIAOSYGNBI alRA&2YI 2A402yaiys
the incubation time was extended to 4 h.

6.1.5.4 Transformation of plsmids irE.coli

For cloning purposeplasmids were transformed MEB® falpha ompetentE.coli(New England Bi-
olabs GmbH, Ipswich, Massachusetts, UB#9 transformation was conducted as recommended by
NEB

pPRIBA1 vectors for heterologous expsdan of proteins were transformed in chemically competent
E.coliBL21 (DE3) pLy&®e6.4.2. The saméransformationprotocol as described by NEB veas
plied, but the heat shock was conducted for 45 sec &Gland LB mediurinstead of SOC medigm
wasaddedto the cellsafter the heat shockAfter the transformation, cells were plated bB agar

containing appropriatantibioticsandthe plates wereéncubated overnight at 37C

6.1.6 Construction of plasmids withEBuilder®

pMAD vectors for chromosomal complementation and pRB#¢IR¥ectors for episomal complemen-
tation of lipoprotein deletion mutants iB.aureuswere constructed with the NEBuilder HiFi DNA As-
sembly Master Mix (New England Biolabs GmbH, Ipswich, Massachusetts, USA)yTuertugtent
E.colicells recommended by NEB were used for efficient transformation. All steps were conducted as

described g the manufacturer.

6.1.7 ColonyPCRor E.coliandS.aureus

A colonyPCR allows for fagtentificationof DNA sequences bacterial cellge. g.identificationof
plasmids in transformef.colicells) without the need to isolate DftAm these cellbeforehand
ForE.coli, a colony was picked with a sterile tip aredls wereaesuspended in 1fl A. dest. The cell
suspension was heated for frin at 95°C centrifugated for Inin at 16,000 g RTand 10ul were
used as template DNA for a PCR.

ForS.aureus a colony was resuspended in 100/sisbuffer (20 mM Tris, 3 mM MgC0.26Tween
20, 05%IGEPAICA630, 60 pug/ml Proteinase K), awdsincubated for 1h at 55°Cand additional
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10minat 95°C Thelysed cells were centrifugated fbmin at 16,000 g RT, and 10l were used as
template DNA for a PCR.

Forboth types of colomPCRthe GoTaqg® G2 DNA Polymerase (Promega, Madison, Wisconsin, USA)
was usedThe PCR reaction was set up as statd@dblel6 using the PCR protocol listedTiablel7.

Tablel6 PCR reaction for coloiBCR

Volume Component

10pl Template DNA

05l Primer 1

05 ul Primer 2

05 pl dNTP

5ul 5 x Green GoTaq® Reactiuffer
8.25ul A. dest

0.25pl GoTag® G2 DNA Polymerase

Tablel7 PCR program for coloiBCR

Initial denatura-| Denaturation Annealing Elongation | Final elonga- Storage
tion tion
Temperature 95°C 95°C 53°C 72°C 72°C 4°C
Time 2 min 40 sec 40 sec 1 minkb 5 min K
Cycle L Y J
x35

6.1.8 Isolation of plasmids

Plasmids were isolated using the High Pure Plasmid IsolatioRdGte (Diagnostics GmbH, Mann-
heim, Germany

ForE.coli the protocol was performed as suggestedhi®s/manufacturerbutthe plasmid DNA was
eluted form the spin columns with 1Q0A. dest.

For S.aureus the protocol was adaptetb increase the final amount of plasmid DNAst, 15ml
(instead of 5 mIpf an overnight culture were used as starting material, and all buffer volumes were
upscaled accordingly. Here, multiple centrifugation steps were needed to loadtitbased vaime

onto a single spin colummo ensure sufficient cell lyseséureus 15 pllysostapln (5 mg/ml) were
added to the resuspensiorufier and cells were incubated fohlat 37°Cuntil the suspension be-

came clearln the final step, lasmid DNA waduted with 15ul A.destandwasstored at- 20 °C

6.1.9 DNA sequencingf constructed plasmids or amplified DNA fragments

Constructed plasmids amplifiedDNA fragmentsf interestswere sequenced b¥urofins MWG Op-
eron (Ebersberg, Germanifere, 12ul of DNA template and i3 of a 1:20 diluted pmer were mixed
and send to the sequencing company.
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6.1.10 Whole genome sequencing

DNA was isolated as described earléel.@) and was send for whole genome sequencing to Dr.

Stephan Fuchs (Robé€bchinstitute, Werningerode, Germanyjere, the Qubits dsDNA HS Assay Kit

(Thermo Fisher Scientific, Karlsruhe, Germany) was used for the quantificatimheaf acids. Here,

0KS LINRG202f gFa LISNF2NY¥SR a RSAONAROSR Ay (GKS YI
were generated with the Nextera XT DNA Library Preparation Kit (lllumina, San Diego, CA, USA) and
pairedend sequencing was performed ugia MiSeq instrument with the 2 x 300 MiSeq v3 reagent

kit (Illlumina, San Diego, CA, UEAstQC v0.11.5ifps://www.bioinformatics.babraham.ac.uk/pro-

jects/fastgd was used to ctek quality of raw sequence data. To investigate the taxonomic read clas-
sification, Kraken v0.13%8wasused. For referenebased read alignments, raw reads were trimmed

using Trimmomatic v0.36 (default paramet&i)

6.2 Working with RNA

6.2.1 Slotblots

Slot blots were carried out to study the transcription tfe lipoprotein encoding genél4
(NWMN_143% 116 (NWMN_064% and their respective neighbor genetNWMN_1436
NWMN_0645NWMN_0647NWMN_0648 in S.aureusNewmanwildtype WT), S.aureusDI14 and
Di16 as well as irs.aureusDsigBin the exponential, transient and stationary growth phdge ex-

periments were carried out in three independent, biological replicates.

6.2.1.1 Synthesis anthbeling of RNA probes

Digoxygenidabeled probes were synthesizég in vitro-transcription for all six above mentioned

genesHere DNA fragments were amplified as described in se6tlbBusingS.aureuschromosomal

DNA as template arttie appropriate primers listed ihable3. The purified DNA fragmenservedas

template DNA for vitréranscriptionusing theT7 RNA Polymerase atite DIG RNA Labeling Kit

(SP6/T7) (both froRoche Diagnostics GmbH, Mannheim, Germany OO2 NRAY 3 (2 (GKS YU yd:
recommendationProbes were precipitately adding 7%l 98%ethanol for 30min at - 70 °C were

pelletedfor 15min at 16,000 gwere washed with 5l 70% ethanol andwere dissolved in 10Ql

RNasdree A. destl pl RNAInhibitor was added to prevent RNA digestidheprobes were stored

at-70°C

6.2.1.2 Cultivationand @Il harvesfor slot blots

Thethree abovementionedS.aureusstrains were cultivated overnight (ca. 15 h) im2QB @37 °C
120 rpm. For each strain, a culturel®@@ ml TSBxoiganda culture ofLOOMI TSKerckwWere inoculated
to an Olguo nmof 005 0n the next dayand cells were cultivated at 3Cwith shaking at 120 rpm.
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20 OD unitof the cell culturesvere harvestedafter 2h of cultivation éxponential growth phase
after), after 4h of cultivation {ransient growth phaseandafter 8h of cultivation(statiorary growth
phase afte). Cells were immediately cooled down with liquid nitrogenvesicd pelleted for 3nin at
10,000 Cell pellets were completely freezed in liquid nitrogenvese stored at- 70 °C

6.2.1.3 RNA Isolatiofor slot blots

The RNA was isolated with the acidic phenol method at room temper@eiig@ellés were dissolved
in 500ul Suspension buffer (3 mM EDpA = 80, 200 mM NaCljvere mixed with 50@u phenot
chloroformrisoamydalcohotsolution (ratio 25:24:1xnd were transferred in aeaction tube, which
was prefilled with glas beadp to the 500l marking. Cell disruption was performed witike Precel-
lys®cell homogenizerREQLAB Biotechnologie GmbH, Erlangen, Germany) for 806s&@0 rpm.
After centrifugation foi5 minat 16,000 g RT, the uppeaqueougphasecontaining the RN#as trans-
ferred in a new reaction tube.

For RNA isolation, 5@0phenolchloroformrisoamydalcoholtsolution (ratio 25:24:vere added. The
reaction tube was shakedor 5min at maximumspeedandwas centrifugated for Bin at 16,000 g
at RT. The upper phase was transferred in a new reaction tube. This step was repieatedth
500pl chloroformrisoamydalcohol (ratio 24:1)

RNA was precipitated wi0 ul 3 M sodium acetate (pHZ.and 1Iml 98%ethanol for at least b at

- 70°C The RNA wa®ntrifugated for 30ninat 16.000 cat 4 °Candwaswashed with 50Qul ice-cold
70%ethanol. Again, the RNA waentrifugated for 10ninat 16,000 cat 4°C and thepellet was dried
for two minutes After this, the RNA was dissolved irg 200l RNasdree A.dest andwasstored at
-70°C

RNA concentratiawere determined with theDeNovix D@1 spectral photometer (DeNovix Inc.,

Wilmington, Delaware, USA) at 260 nm.

6.2.1.4 Blotting hybridizationand cetection

Fordlot blot analysis, 10 pg RNA of each sample were filled up to final volume@fnif010x SSC
(1x SSC 150mM NaClp.015 mM sodium citrate) arshmplesvere denaturated for 1éninat 65°C
The positivly charged nyloomembrane(Roche Diagnostics GmbH, Mannheim, Gerpnang two
filter paperwerefirst soakedn A. dest, anthenin 20 x SSQ\fterwards, the RNA was transferred on
the nylon membrane by vacuum blotting.

After UV cross linking fomgin with 120mJ/cn?, the membrane wagrehybridized for h at 68 °Cin
hybridization buffer (% SSC, .@%N-lauroylsarcosine,%SDS, Sformamide, 2oblocking reagent
(Roche Diagnostics GmbH, Mannheim, Germangwas hybridizedvernightat 68°Cwith hybrid-
ization bufferincludingthe DIGlabeled RNA probes in a dilution of 1:100

Next day, the membranes were washed twice foribat RT with Wash buffer | (2S6C, 0% SDS)
and twice for 15nin at 68°Cwith Wash buffer Il (@.x SSC, % SDS)Following thismembranes
were incubated shortly at RT with buffer | (100 mM maleine acid, 150 mM sodium chiorig@jnin
in buffer 1 (Poblocking reagent in bufferénd further 30minin buffer licontaininganti-digoxygenin
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antibodies coupled to alkaline phosphat#Reche Diagnostics GmbH, Mannheim, Geriiarg di-
lution of 1:10000.

To remove unbound antibodies, membearwere washed twice for IBinwith buffer I. Membranes
were equilibrated for Bninin buffer 111 (100 mM diethanolamine) and were finialkpbatedfor 5min

with CDPStar®Roche Diagnostics GmbH, Mannheim, Gerindihyted 1:200 in buffer IlI.
Chemiluminescence signals were detected watChemoCam Imager (Intas Science Imaging Instru-
ments GmbH, Gottingen, Germany).

6.2.2 Microarrayanalysis

The global transcriptome &.aureusWT and lipoprotein deletion mutan&aureusbDi14 and DI16

was investigated in collaboration with Hermann Rath and Dr. Ulrike Mader from the Department of
Functional Genomics (Greifswald, Germany). Here, weausestomizd expression array including
10426 probes againgelectedtranscripts of coding and nesoding regionf the eight S.aureus
strains COL, MRSA252, MSSA476, Mu50, MW2, N315, NCTC 83283001 FPR3757rehts were
cultivated in TSR« and TSBwig until they reachedhe transient growth phasélhe experiments

were carried out in three ingeendent, biological replicates.

6.2.2.1 Cultivationandcell harvesfor microarray analysis

The abovementionedS.aureusstrains were cultivated overnight in 20 LB at 37C 120 rpm. The
next day, 100nl TSBysidand 100ml TSkerck Were inoculated to an Qg nmof 005 and cells were
cultivated at 37Cwith shaking at 120 rpm.

16 OD units werdnarvestedin the transient growth phas@fter 4h of growth) Cells were immedi-
ately cooled down with liquid nitrogeand pelleted for 3ninat 10,000 gAfter complete freezing of

the cell pelletin liquid nitrogen, cellaere stored at 70°C

6.2.2.2 Cell disruption an&NA Isolatiofor microarray analysis

For microarray analysis, cells were mechanically disruptechdwéhd mil (Satorius AG Goéttingen,
Germany). Here, the cell pellet was resuspended inuRi@g@-cold kiling buffer (20mM TrisHCI pH
75,5 mM MgG| 20 mM Nabh), andwastransferred inpre-cooledteflon vessles containing a steel
ball (7 mm diameter)Cell disruptin was performed for gin at 2600rpm and theresulting lysate
powder was resuspended i lysis buffer (4 M guanidinium tidyanate, 25 mM Nacetate pH
5.2, 05% N-lauroylsacrosinewhich was prevarmed to 50C The solution wasquallysplit in four
2 ml reaction tubeswasimmediatelyfrozenin liquid nitrogen and stored at30 °Cfor further pro-
cessing.

The RNA isolation for microarray analghfters slighty from the above describedcidic phenol
method protocol(6.2.1.3: The cell lysate was mixed withml phenokchloroform-isoamydalcohot
solution(ratio 25:24:1)wasmixed well on an Eppendorf tube shaf@r5 min at maximum speed at

RT and was centrifuged fomtin at 16,000 g at RTThe upper phase was transferredbim new
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reaction tube. This step was repeatatte with Iml phenolchloroformrisoamydalcohotsolution and
twice with 1ml chloroformrisoamydalcohol (ratio 24:1). RNA was precipitatgth 100 ul 3 M sodium
acetate (pH 2) and700ul pre-chilled isopropanabvernight at- 20°C Next day, the RNA wpsl-
leted for15min at 16,000 gat 4°Candwaswashed withl ml ice-cold 70%ethanol. Again, the RNA
was centrifuged for3min at 16,000 gat 4°C and thesupernatant was completely removetifter
this, the RNAf each pelletvas dissolved in 50 RNasdree A.dest andthe RNA of four pellets was
combinedto a final volume o200l RNA The RNA was stored-at0°C

The DeNovix D31 spectral photometerDeNovixinc., Wilmington, Delaware, USA&s used to

measure RNA concentratiah 260 nm.

6.2.2.3 RNA purificatiomndquality check with Bioanalyzer

Before using the isolated RNA for microarray analydi¥\ase digestion, a purification step and a
quality check werperformed.

First, a DNase digestion was performed to remove remaining DNA in the RNA sample. Fargthis, 35
isolated RNA ere filled up to a volume of &l with RNasdree A. desandwere mked with 10ul

RDD buffer and 241l DNasd (Quiagen, Venl Netherlands). The reaction was incubated fomir®

at RT.

Second, the RNA was subsequeptisified using the RNA Cledwp and Concentration Kit from Nor-
gen Biotek Corp. (Thorold, Ontario, Canada) as recommended by the manufacturer. For elution, 30
RNasdree A. destwere used.

Third, the quality of the purified RNA was determiwéti the Agilent 210Bioanalyzer (Agilent Tech-
nologies, Santa Clara, California, USA). For this purpgsBNA sample was filled up with RNase
free water to aconcentration of 100 ng/pl. The resulting RNA solution was injectedRNA Nano
LabChip® (Agilent Technologies, Santa Clara, California, USA) and measured on the Bioanalyzer as de-
scribed in the Agilent RNA 6000 N&itquide.

6.2.2.4 Synthesis dabeledcDNA and microarray analysis

The purified RNA served as a template for the synthesis of labeled cDNA, which was finally hybridized
and detected on the microarray. This process was performed using the FairPlay Il Microarray Labeling
Kit from Agilent Technalies (Santa Clara, California, USA) according to the description in Nicolas
etal. 201267,

Briefly, 5 pg of each RNA sample were transcribed into an amino allyl modified cDNA by using an
engineered, thermostable reverse transcriptaséhefMoloney Murine Leukemia Virus. To avoid the
formation of antisense transcription,6lul Actinomycin D (500 pg/ml) were supplemented to the re-
action'®® The amino allyl modified DMAs preciftated and chemicallyoupled to a CY'fluorescent

dye containing an NHster leaving group. Here, Cy5 dye was used to label individual samples and
Cy3 dye was used to label a reference pool containing equal amounts of RNA from each sample. Aft
purification, 75 ng Cykbeled cDNA and 75 ng dgBeled cDNA were hybridized together on the

microarray. The following hybridizatipmwashingand detection steps were performed as described
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in the Agilent TweColor Microarrayjpased Gene Expressigmalysis protocol (version 5.9he ex-

periments were carried out in three independent, biological replicates.

6.2.2.5 Data analysis and statistical evaluation

The datagenerated by microarray analysiere extracted and processed with the Feature Extraction
Softwarev11.5.1.1(Agilent Technologies, Santa Clara, California, USA). The relative values for each
probe on the microarray were calculatedths ratio ofthe sample RNA value agaitise pool RNA
value.For our analysis, weave taken into consideration ordypression values geneswith a hom-
ologue inS.aureusNewman &t least 50c0identity on DNAevelor 70%identity on protein levelac-
cording to Aureowikiand only probes with validalues in each of the 18 tested biological samples
Furthermore, Perseus v1.6.3¥3was used to calculate the expression value for one gene as average
of all probes values corresponding to this geliéin all, we generated a dataset compromising the
expression values of 2,401 gsteS.aureusNewman.

The principal component analy$RCAwas performed with Perseus v1.6¥%3For differential ex-
pression analysis, we used limma v.3.885%in R v3.5.12which employs a-$tatistics with Bayes
moderation of standard errors. The data wasrHogmalized before statistical calculatipasdp-val-

ues were adjusted using the Benjantittichberg procedufé® for FDR control as implemented in
limma. Volcano plots were generated using the package EnhancedV#litaRdExpression changes

were defined as biologically relevant with a fold change (FE)RL5 2 anda pvalue < 0.05.

6.3 Working with proteins

6.3.1 Heterologous expressi@and purificatiorof Streptaggedproteins

Selected lipoproteinef S.aureusNewman were expressed and purified witle tStreptag®:Strep
Tactin@affinity chromatography system.

For cloning of expression vectptise proteins of interest weré&terminallyfused toa short linker
sequence (&-Ala) andthe StrepTag®, which is a short sequence consisting of only eight amino acids
(Trp-Ser-His-Pro-Gh-PheGluLy9. For this, thegene of interest was amplifidgy PCR using chromo-
somal DNA as template and primers listedlable3. Importantly, the Nierminal signal sequence of
lipoproteins (including the conserved cystein of the lipobox) as well as theagtop were not am-
plified. The resulting DNA fragments wererngdwith Bsal (= Eco31ifjto the pPRBAL (containing

the linker and theStrepTag® amino acid sequehcEne resulting plasmids wersequenced.

For heterologougxpression the pRABAL vectors werdirst transformed in chemically competent
E.coliBL21 (DE3) pLysS, and transformed cells were platedagyat.Bontaining ampicillin and chlo-
ramphenicolFive colonies wengickedto inoculate a 2@nl LB overnight culture with antibiotics. Next
day,500mlI LBwith ampicillin and chloramphenicekreinoculated to an O nmof 0.05 andcells

were cultivated at23 °Cor 37 °Cand 120 rpmAfter reaching a OB nm0f 0.4 ¢ 0.6, the expression
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of recombinant proteins was induced with IPTG in a final concentration of 2 mafter induction,
the culture wasentrifuged for 10ninat 6,000 g at 4Cand wassplit inten portions Theten pellets
were stored at 20°C

The disruption of cells washieveday sonificationusing theSONOPULS HD 3100 with phebe MS
73 (BANDELIN electronic GmbH & Co. KG, Berlin, GerfFanthjiseach of the terpelletswas re-
suspended in inlice-cold buffer W anavassonicated threeitnes for Iminon ice with a Ininbreak
in between.

For the purification of recombinant proteins, t8&repTactin® Spin Coluniit from IBA Lifesciences
(Goéttingen, Germany) wassed aslescribed by the manufacturéfo ensure a high protein amount,
ten cell lysategeach resulting from 5@l cell culture) weraised Therebypne cell lysate was purified
with onespin columnFinallythe flow through ogéllten columns was combinddpprox. 50Qul pro-
tein extract in otal).

Forantibody generation in micenzymelinked immunosorbent ass@lL1SAgnd platelet activation
assaysthe recombinant proteins had to lekssolved in PBS. Thus, @iygprox. 50Qul protein extracts
were dialyzd overnight ira dialysidube wih a cutoff of 7kDa(SERVA Electrophoresis GmbH, Hei-
delberg, Germanyih 5 | PBSIE7 mM NaCR.7 mM KCI, 1M NaHPQ, 2 mM KKPQ) under stir-

ring.

Protein concentratioswere determined with the DeNovi2S11 spectral photometemeNovix Inc.,
Wilmington, Delaware, USAJere, theindividual molecular weight arttle extinction coefficienof
each purified proteinvere calculated with the Expasy ProtParam tool and used to get a more specific

determinationof protein concentratiorascompared to avhole-proteinmeasurement at 280 nm.

6.3.2 Generation of murine antibodies

Polyclonal atibodies were generated agairsiaureudipoproteins L14 and L16 collaboration with
Dr. Thomas Kohler from tHeepartment of Molecular Genetics and InfectiBiology (Greifswald,
Germany).

In a first step, mice were immunized witbterologoushexpressed and purified proteifsee6.3.1).

For this five 6 to 8 weeks old femalg,aureusfree CD1 outbreed mice€harles River Laboratories,
Sulzfeld, Germany) were immunized intraperitoneailyday Iwith anemulsionof 20 pgof the re-
combinant protein (dissolved in 1QO0PBS) and 100 FremR Qa I Rreanplets/ fiom Sigma
Aldrich, St. Louis, Missouri, USF) enhance the production of antibodies in mice, theumgation

was repeated on day 7 and di4. On day 28, the blood of the five mice was isolated by a disclosed

heart puncture. The blood of 5 mice was pooled and the antisodtaining serum was separated
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from other blood corponents by centrifugation foriat 60 g RT. The resulting serum was stored at

- 20 °Cuntil further processing.

In a second stefggGantibodies were isolated froithe murine serum by affinity chromatography.

Here,500ul serum were purified using orferoteinA-Sepharos&4B column (Fast Flofrom S.au-

reus ordered from Sigma Aldrich, St. Louis, Missouri, USAD2 NRAY 3 G2 GKS Y| ydzFl O o
mendation.The I1gG antibodies were eluted from the columns in six elution fractions, eachmith 1

elution buffer. Each of the sixml eluates wasnixed with 5Qul phosphate bufferandthe protein
concentrationvasdeterminedfor all fractionsFor L14 and L16, Elution fractiosh®wedthe highest

protein concentration (86 mg/ml br L14and 207 mg/ml for L16)and waschosenfor further ex-

periments.Finally, theantibodieswere stored as 5l aliquots at 20°C

6.3.3 Isolation of lipoproteins frorS.aureus

Lipoproteins were isolated froBraureusby Triton X114 phase separation as described by Kurokawa
etal. 20125and Asanumat al. 201176,

S.aureuswas cultivated overnight (ca. 15 h) inrBDLB at 37C 120 rpm. The next day, 188
TSRerckWere inoculated to an Qb nmof 005 and cells were cultivated for hét 37°Cwith shaking

at 120 rpm.The culturevascentrifuged for 10 minl0,000 g4 °G and the resulting pelletas resus-
pended in 2Gnl 1 M NaClIThe cells weré&ransferred toa 50ml tube containingl2 g glass beads and
were disrupted in &astPref24™5G MP Biomedicals, Santa Ana, California, @8&)x Iminat 65

m/s. Betweerthe disruption steps, the cell lysate was cooled in liquid nitrogen to avoid overheating
of the sampleThesamplewas centrifuged for 16hinat 2,000 gto remove cell debris and glass beads.
To remove peptidoglycarhé supernatant wasentrifuged for 10ninat 12000 g and transferred in

a new reaction tube. This step was repeated a second time. The resufiBrgatant was mixed with
Triton X114 in a final concentration of2and was incubated foriiat 4°C The Triton X14 phase
showed a characteristic orange color after this incubation step, as it contazerdienoid pigments

of the S.aureuscell envelope. The following procedure was repeated three times to isolate the lipo-
philic lipoproteins: The mixture was first incubated10min at 37°Cto achievedphase separation;
was tren centrifuged for 1@ninat 10000 g at 25C and finally, the upper phase was removed and
replaced with the same volume of TBSE buffer (20 mMHGigH 8.0, 130 mM NacCl, 5 mM EDTA).
The precigation of lipoproteins in th@riton X114 phase was performed by adding the-f2l8 vol-
ume of ethanol over night at20 °C Next daythe proteinswere centrifiged for 20min at 10000 g

at 4°Cand were dissolved in 5Q@uredthiourea buffer (8 M ura, 2 M thiourea).

The potein concentration was determined with the DeNovix1Spectral photometer (DeNovix

Inc., Wilmington, Delaware, USAP80 nm.

6.3.1 Denaturatingone-dimensional sodium dodecyl sulfate (SDS) polyacrylamide gel electro-
phoresis (PAGE)

Proteins were separated and visualized by denaturatingdonensional sodium dodecyl sulfate

(SDS) polyacrylamide gel electrophoresis (PAGE).
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For this, X 10 pg potein were filled up to final volume of 20 ul, were mixed witlu®x SDS sample
buffer (1 M TriHCI pH 6.8, 0.5 M EDTA»SDS, & 2-mercaptoethnaol, 3%glycerin, bromphenol
blue) and were denaturated for Hin at 95°C Samples were loaded on @ 20%Mini-PROTEAN®

¢D-nu t NBOIai
Sult F 3Swdzf SNMu

t NB (i BidR@Ad LaBratoriésminc., idefbles, aCaliforRid)RIEH
t NBadl A&KDa fradBTBefivio Fishpr ISEeRtBidNIVaitham,

Massachusetts, USA) as standard. Theupewas performed for 6@ 90 min in running buffe (25
mM Tris, 192 mM glycin, B4 SDS) at 150 V, 200 mA.

6.3.1.1 Coomassie staining

SD§jels were fixed for 3tin with fixation solution (4%ethanol, 1@6acetic acid) andiere stained

over night with coomase solution (1 M ammonium sulfate,.5% of 853% phosphoric acid, @5%

Coomassie brilliant blue250, 2@methanol). The gel was destained by multiple washing steps with

A. dest.

6.3.1.2 Silver staining

The silver staining of SDS gels offers a higfaaring sensitivity compared tocaomassie staining.

Thus, it wasised to detect e.g. minor protein contamination in heterologous expressed and purified

proteins for antibody generation in mice.

For silver staining, the SDS gel was fxexinight in fixation solution (88ethanol, 126acetic acid,

50 ul 37%formaldehyde per 100 ml). On the next day, the gel was stained under permanent shaking

in a fivestep process: washing, sensitizing, staining, processing, stopablgl8 summarizes the

different steps and the composition of the used solutions. Every solution was prepared freshly.

Tablel8 Silver stainingrocedure

Step Procedure Composition of solution (prepared freshly)
Washing 2 x 50mlfor 20 min 50 ml 96%Ethanol
46 ml A. dest
Sensitizing 1 x 100mlfor 1 min 200l 10%NaS0s x 5 HO-solution
998 ml A. dest
Washing 3 x 100ml for 20 sec 300ml A. dest
Staining 1 x 100ml for 20 min 0.2 g AgNO3
75 ul 37%Formaldehyd
100ml A. dest
Washing 3 x 100ml for 20 sec 300ml A. dest
Processing 1 x 100mlfor 4¢ 5 min(depend- 3 g NaCQ
ing on intensity of staining) 4 ul 10%6Na2S0s X 5 HO-solution
50 ul 37%Formaldehyd
100ml A. dest
Stopping 1 x 100ml fur 30 sec 1 g Glycin
100ml A. dest
Washing 1 x 100ml fiir 30 sec 100ml A. dest
Stopping 1 x 100ml far 10¢ 30 min 1 g Glycin
100ml A. dest
Washing 1 x 100ml fiir 30 sec 100ml A. dest
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6.3.2 Westernblot

Thewesternblot techniqueallows to detecspecific proteins in a protein extract andsused e.g(l)

to test the binding ofinti-L14 and antL16 antibodieggainst recombinarit14 and L16nd (Il)to

detecttheses lipoproteing cell extracts oS.aureus

AnSDS gel was loaded with 10 pg protein per well and was run as deschtid ifhe separtad

proteins in the unstained SDS gel were directly transféoradeadyto-use nitrocellulosenembrane

usingtheTrans. £ 201 ¢ dzNd2u aAyA bA G NMRBIQ&OratatiEsAne.SHertuelb,y a8 FS NI t |
California, USA). The transfer was performed with the Tren® 1t ¢ dzZND2u ¢ MRhdy a FSNJ { & &
Laboratories, Inc., Hercules, California, WsAinat 2.5 Aand 25 V.

Forbinding of the primary and secondary antibaaly/incubation steps were performed under gentle
shaking on a bench top orbital shaker at room temperature. After protein transfemeh@rane
was rinsed briefly in A. dest, and unspecifialinig sites were blockefr 1 h with blocking buffer
(143 mM NacCl, 24.7 mM Tris, @TIween 20, %Skim milk). The membrane was washed twiite w
excessive amounts of TB$IA3 mM NacCl, 24.7 mM Tris, @Iween 20), and was incubateder
night with TBSV containing the primary antibody (e.g. the drit#h antibody was used in a dilution of
1:10,000). On the next day, the membrane was washedod 20 min with TBS/T. The secondary
antibody (IRDye® 800 CW goat (polyclonalinamtise 19G from {TOR Biosemces, Lincoln, Ne-
braska, USA) was dissolved in TSB/T in a final dilufic20gd00. fie membrane was incubatedth

the secondary antibodfpr 1 hin the dark. After binding of the secondary antibody, the membrane
was washed 4 for 10 min with an excesiveamountof TBS/T, and was rinsed in TBS (143 mM NacCl,
24.7 mM Triyto remove residual Twee®.

Thefollowingimmune detection was performed with theCOR Odyssey® CL>CQR Biosciences,

Lincoln, Nebraska, USA) as recommended by the manufacturer.

6.4 Working with celland phages

6.4.1 Strain mainénance

Bacterial strains were stored as glycerin cultures. For the preparation of glycerin cultures, three to five
single colonies were picked from an agar plate and were used to inoculaté.Bdn a 10énl Erlen-

meyer shaking flask. Cells wareubated overnight at 37Cwith 120 rpm shaking. On the next day

the culture was mixed with il sterilglycerin and 500ul aliquots werestored at- 70°C

6.4.2 Preparation of chemically competdbicoliBL21 (EB3) pLysS

pPRIBAL vectors were transformed in chemically competéntoliBL21 (DE3) pLy&8 heterolo-
gous protein expression. For preparation of these cellg,.eoliBL21 (DE3) pLys®ernight culture
was used to inoculate 1061 LB to on an Ol nmof 0.05. Cells were cultivated at 3Cunder shaking

at 120 rpm until the culture reached an &mof 08. Subsequently, the culture was portioned in
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four Falcons, which were immedt centrifugéed for 10min at 10,000g, 4°C After this, each of
the four pellets was washed with ) ice-cold ®lution 1 (10mM MOPS pH @, 10 mM RbCI) and a
further centrifugation step was conducted. All fourgislwere resuspended in 1l solution 2 (100
mM MOPS pH 6, 10 mM RbCI, 50 mM CgCand two pellets were combined. After incubating the
cells on ice for 30 min, the two Falcons were centrifugated again. Each wbtipeltets was resus-
pended in 5 mlice-cold Solution 2, and both cslispensions were unified to one. The resulting 5
cell suspasion was mixed with 3ml Glycerin, aliquoted in 250 portions and stored at70°C

6.4.3 Genetic modification db.aureus

6.4.3.1 Genetic modification db.aureususing pMAD

The thermosensitive pMAD shuttle veoteas used for the genetic modification of Beaureuschro-
mosome as described Byrnaudet al. 2004'6°. Specificallythis methodwas applied tandividually
knockout 20 genes encoding lipoproteirs proteins vinich are ceencoded with lipoproteinsFur-
thermore,for two of these lipoprotein deletion mutants (ham&yaureusDi14 and DI16), the pMAD

vector was used to restore thvaldtype genotype by chromosomal complementation

For cloning o pMAD vetor for gene deletion purpose, the 500 bp upstream and5d@ bp down-
stream flanking region of a gene of interest were amplbigdCR as describeddri.2with chromo-
somalS.aureusDNA as template and primers listedable3. Thetwo resulting DNA fragments were
fused and cloned into the pMAERctor with ECORThe resulting plasmids were sequenced to verify

the correct nucleotide sequence.

The constructed pMAD vectaastransferred intaS.aureusRN422Mmy electroporation(see6.4.3.4.
Usingthese cells, a phage lysate was generdse#6.4.3.9, and the pMAD veor wastransduced

into the finalS.aureusstain of interes{see6.4.3.9. Here, the pMAD vector wastegratedin a ran-
dom event into theS.aureuschromosome vidnomologousrecombinationviathe 500 bp upstream

or 500 bpdownstream region of the gene of interest. Due to the heat sensitive origin of replication of
the pMAD vector, onl$.aureuswith chromosomally integrated pMAD vector were ableeplicate
during cultivation at 42Cin the presence of erythromyciffheses colonies appeared blue on LB
plates containing erythromycin and&él, and were picked for followipgocessinglin a further ran-
dom event, the pMADector was excised from the chromosomechitivating the cellat 42°Cbut
without erythromycinThese cells appeared white onddgar with XGal and were used for the next
steps. Depending on the way of recombination duringetteésion the chromosomlaregionexhibited

the initial nucleotide sequencéwith gene of interest), or the fused 500 bpstream and 500 bp
downstreamregion ast was presenbn the pMAD vector (without gene of interest). A colony PCR
was performed to screen several white codenfor the gene deletiorPromising clones were se-
guenced to ensure the correnticleotidesequence of the flanking regioas well ashe deletion of

the gene of interestThe genetically modification ob.aureuswith pMAD vectors is illustrated in
Figured.
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Theabovementionedprotocol was also used for the chromosomal complementation of deletion mu-
tants inS.aureus Here, the gene of interest with its 500 bp flanking upstream and downstream region
was amplified and cloned into the pMAD veatdth the NEBuilder HiFi DNA AsténMaster Mix
(New England Biolabs GmbH, Ipswich, Massachusetts, TU8Agst of the procedure wpsrformed

as described above.

PMAD & gene of interest Cloning Electroporation Phage lysate

\\\\\\\

o | N U B ’

9666 bp ;
ocoe ':m, Lsoom - S. aureus
. e dommseeom RN4220
A
Deletion mutant pMAD excision pMAD Integration Transduction
<+ uy®
g e % - «g =
— = =_=_~ *J - S. aureus
o —. F'I*u_ . .EE-’D— Newman

Figure4 lllustration of the genetical modification 8faureuswith the pMADvector. A PCR fusion product of the
500bp up and downstream region of the target lipoprotein gene is cloned into the pMAD vector, trans-
formed inS.aureusRN4220 and then transduced irfcaureusNewman. Mutants with chromosomal inte-
gration of the vear are selected with antibiotics at 42, where the vector cannot replicate. Excision of the
vector is performed at 30 in the absence of antibiotic pressure. Lipoprotein gene deletion mutants can be
identified by bluewhite screening.

6.4.3.2 Genetic modifiation ofS.aureususing pRB478yIR

The pRB473yIR shuttle vector (Bckneret al. 1993 and personal correspondence Knut Ohlsen,
Wirzburg, Germanyyas used for episomal complementation®&ureusgene deletion mutants.
Here, the vectoenablesthe xylose induced expression of geneS.mureus(e.g the production of
L14 in theS.aureusDI14 lipoprotein deletion mutant).

A gene of interest was amplified itts 20 nt upstream region (including the SHDagarnese-
quence for ribosome bindinghd was cloned into the pRB4X@R vector using the NEBuilder HiFi
DNA Assembly Master Mix (NemgE&nd Biolabs GmbH, Ipswich, Massachusetts, USA).

The constructed pRB4%§IR vector was transferred inBaureusRN4220by electroporation (see
6.4.3.9. Usingthese cells, a phage lysate was generated §s€8.5, and thepRB47ylIR vector
wastransduced into the fing.aureusstainof interest (seé.4.3.6. Here, the expression of the gene
was induced by supplementing xylose in a final concentratio¥btaf the cell culture radium.Note-

worthily, the xylose was added to the medium directly at the beginning of the cultivation.
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6.4.3.3 Generation of electr@ompetentS.aureusRN4220

S.aureusRN4220is characterized by mutation in its saul typeestrictionrmodification systemit
does not cleave foreign, inadequately methylated plasmid DNAHroati, but instead, its sitspe-
cific DNA methyltransferasmethylatesthe DNA in a S.aureustypical pattern.Thus, S.aureus
RN4220 is perfect intemediate cloning host for shuttlipgasmids fronk.colito S.aureus
S.aureusRN4220 was cultivated overnight inrfB0LB at 37Cwith 120 rpm. On the next dag,x
100mI TSB were inoculated to an &&xmof 0.05. Cellsvere cultivated at 37Cwith shaking at 120
rpm until they reached an @& nmof 0.5. Both cultures wengooledand pelleted for $nin at 2500
g at 4°C The resulting pellet was resuspended in id@ce-cold 0.5 Msucrosesolution and was
centrifuged again. The cells wereshad for a first time in 5@l sucrosesolution and a second time
in 25ml sucrosesolution. Talissolveresidual ionic componenfsom the pellet the cells weréncu-
bated on ice for up to 2 h, and a third \wawg) step was performed with Bl sucrosesolution.
Finally, the cells were resuspended in f0P0%glycerin, and 5@l aliquots were stored at70°C

6.4.3.4 Electroporation of plasmids $iaureusRN4220

Plasmidssolatedfrom E.coliwere transferred into electrgompetentS.aureusRN4220 using elec-
troporation.

For this, 5Qul electrocompetentS.aureusRN422(see6.4.3.3 were thawedon ice, mixed with 200

ng plasmid DNA and incubated on ice for 30 min. The cells were filletisietdle electroporation
cuvette with 1 mm distance between electrodes (Molecular BioProducts Inc., San Diego, California,
USA), and were electropaied using the Electro Cell Manipulator® ECM 630 (BTX Harvard Apparatus,
Holliston, Massachusetts, USA) wit 1.5 kv \W@ad 25 pFlmmediately after the electrical impulse,

cells were mixed with 9@ prewarmed SOC medium, transferred into a new readiibe and in-
cubated for 90min and 750 rpm at 37C(pRB473ylR or 30°C(pMAD). Finally, cells werergly
pelleted (3 min4000 g RT), resspended in a small volume of S@€&dium and plated on antibiotic
containing LB aga&uccessfullyransbrmed cellformed ®loniesafter incubation for 24; 48h at
37°C(pRB473yIR or 30°C(pMAD)

6.4.3.5 Generation of phage lysates

Plasmids were transduced from the intermediate clohiogtS.aureusRN422@0 the finalS.aureus
stain of interest using phage transduction with the Staphylococcus phage 80

For this,S.aureusRN422Containinga plasmid of interest was cultivated overnight imA@Bwith
antibioticswith 120 rpm at37 °C(pRB473yIR or 30°C(pMAD). On the next dagaCGlwassupple-
mented to the overnight culturm a final concentration of 5 mMd facilitate later phage attachment.
Thecells were cultivated fdurther 30 minat 37°C(pRB473yIR or 30°C(pMAD at120 rpm.Then,
300ul culture were transferred into &5 ml reaction tube andellswere heat shocked for rain at
52°Cin a water bathlmmediately after the heat shockDOul of aserial diluted phage stocko
dilution; 10%; 10%; 108, eachdilution in LB with 5 mM Caldlere addel to the cellsand theresulting
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suspension was incubated for dBn without shaking at RA.ml prewarmed(52 °Q soft agamwith 5
mM CaClwere added to the celphage suspension. Tlsespensiorwasgentlymixed,spread on a
blood agar plateand wasncubated oer night at 37C(pRB473ylIR)or 30°C(pMAD) On the next
day,an agar plate with nearly confluent lyses and minimal bacterial growth was selected for bacteri-
ophage harvest.

For determining the degreef cell lysis on the different agar platesphage transductioonly with
phage buffer andio phagesvas conducte@s negative control he selected plate for bacteriophage
harvest was overlaid withml LBcontainings mM CaGJ and the soft agar layer was scraped off with
a plate spreader. Theesulting mixture containing bacterial cells and phageas centrifuged for
10min at 3,000 gat RT,and the supernatanivas filtered through &.45um syringe filter toretain
S.aureusRN4220 cells. The phage lysate was stored@t 4

6.4.3.6 Phage transduction

The phage transductiomas conductedn a similar manner as described for the generatiophage
lysate.

Here, theS.aureusstain of interest was cultivated overnight inrhDLB with 120 rpm at 37TC
(pPRB47%ylIR) or 30C(pMAD).On the next day, Ca@Vas added to the overnight culture in a final
concentration of 5 mM, and ts were incubated for 30 min. The®03ul cell culture were transferred
into a 15ml reaction tube and were heat shocked fomih at 52°Cin a water bath. 10l of the
generaed phage lysate (no dilution; £0102; 103; each dilution in LB with 5 mM Ca@lere added

to the cell culture and the suspension was incubated fomiib at RT without shaking.ml pre-
warmed(52°Q soft agar containing Naitrate in a final congdration of 20mM were added to the

cell suspension. Here, the Natrate chelates calcium in the medium, which is important for phage
absorption byS.aureus Thus, the addition of Maitrate disrupts the phage infection cyclehe soft
agar was mixedegtly and was spread on a LB plate containing appropriate antibiotics. After incuba-
tion for 24¢ 48 h at 37°C(pRB47%yIR) or 30C(pMAD) colonieswere picked for further analysis.

6.4.4 Screening ob.aureudlipoprotein deletion mutants

S.aureusgene deletion mutants were screened under several growth conslitaevealphenotyp-

icallydifferences compared tthe S.aureuswildtype.

6.4.4.1 Screeningn liquid meda

Three to fiveS.aureuscolonies were pickefdlom an LB agar plate and were cultivated overnighhj15
in 20ml LB in a 10@nl Erlenmeyer shaking flask at 3with 120 rpm shaking. On the next day,
main culture of 100nl in a 500ml Erlenmeyer shaking flask was inoculated to asRof 0.05.
Here different liquid media werased for the screenind SBerck TSBxoid TSBerck With 0.5% Triton
X100, TSBierck With 0.006% SDSImportantly, TSEerck was supplemented witfiriton X100 and SDS
before the beginning of the cultivationhecells were cultivateth these media at 37Cwith 120 rpm
shaking for 24, and the opticadensitywas determinedevery hour in the first 8 hours, and once
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after 24 h Phase contrast microscopy was performed aftérd? cultivation (exponential growth
phase), 4 (transient growth phaseBh of cultivation (early stationary phasad after 24 (late
stationary growth phase) as describe@./b.1 All experiments were conducted in three independent,

biological replicates.

6.4.4.2 Droptestson plates

Three to fiveS.aureuscolonies were picked from an LB agar plate and were cultivated overnight (15
h) in 20mI LB in a 10@nl Erlenmeyer shaking flask at 3Fwith 120 rpm shaking. On the next day,

20 ml TSBxeiain @ 100ml Erlenmeyer shaking flask were inoculated to ag€3Rof 0.05. Cells were
cultivated for zh at 37°Cand 120 rpruntil cells were harvestedror this,1 ml culture was centri-
fuged for 3min at 2000 gat 4°G and the cells were washed withml 0.9% NaCl. After a second
centrifugation step, the cell pellet was resuspended iB6NACI to adjust cell density to an optical
density of 1Theresultingcell suspension was serially diluted ir0NaCl (10 ¢ 10°), and 4ul of

each dilution were careflyispotted onagar plats. Here,different solid media were used, and the
plates were incubated at & 37°Cor 42°Covernight or for seven days (s€ablel9). All experi-
ments were conducted in three independent, biological replicates.

Tablel9 Cultivation condition for drop tests on plates

Solid medium Incubation temperature Incubation period
TSBherck 15°C 7 days
37°C 15h
42°C 15h
TSBxoid 15°C 7 days
37°C 15h
42°C 15h
TSBIerck"’ FoNaCl 37°C 15 h
TSRerck+ 0.075 pg/ml oxacillin 37°C 15h

6.4.4.3 Static biofilm formation assay

S.aureusdeletion mutants were also tested for their ability to form biofilms using a static biofilm
F2NXIFGA2Y | aal e letal 2RI WitNKidoSrRodificdtions. Q¢ 2 2 S

In a firg step, a microtiter plate (BRAND GMBH + CO KG, Wertheim, Germany) was coated overnight
with human plasma as suggested by Caxtsat 200778to enhance bacterial attachment to the plas-

tic surface and biofilm stability. Here %28uman plasma (Dunn Labortechnik, Asbach, Germany) was
prepared in 50 mM bicarbonate coating buffer (14.3 mMQ@®@, 35.7 mM NaHCGQOpH 9.6), and
100ul of the plasma solution were transferred in each well of the plate. The plate was incubated
overnight at £G and the plasma solution was carefully removed on the next day.

In a second step, the microtiter plate was inoculated Bitureusfor biofilm formation. For this,
S.aureuswas cultivated in 2fnl LB at 37Cand 120 rpm overnight, and cells from tbeernight
culture were used to inoculate 0l TSBerck to an O nmOf 0.01. 10Qul of the resulting culture

were transferred in each well. To avoid evaporation of the culture, the microtiter plate was closed
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with its lit and was additionally sealedmRARAFILM®. Cells were incubated fore2487 °Cwithout

shaking.

In a third step, the growth of the cultures was evaluated by measuring thg.@ID a microtiter

plate reader (BioTek Instruments, Winooski, Vermont, USA) and the formed biofilmanak=tey-

mined by crystal violet staining. The cell culture was carefully removed from the wells and each well
was washed with 100l PBS (137 mM NacCl, 2.7 mM KCI, 10 mMRa@, 2 mM KRHPQ), and stained

for 15minat RT with 125 0.1% (w/v) crystal vi@t (Merck, Darmstadt, Germany). The staining so-
lution was removed, and the wells were washed twice withllPBS. The microtiter plate was dried
overnight. On the next day, 1pb30%acetic acid were added to the wells, and the plate was incu-
bated for 5 mina RT to dissolve the bound crystal violet. Here, the amount of crystal violet is in direct
correlation to the amount of formed biofilm mass$gureus For quantification of biofilm mass, the
absorption of the dissolved crystal violet in each wall determined at 550 nm with a microtiter

plate reader (BioTek Instruments, Winooski, Vermont, USA). For evaluation of biofilm forming capac-
ity, the staining intensity €4nnm) Was normalized by growth (B and expressed as the biofilm

index Asonn{ ODsoonm

For each mutant, the static biofilm formation assay was performed in three independent biological
replicates, each with five technical replicates. Statistical significance was assessed by ANOVA testing.

6.4.4.4 Hemolysis assay on plates

S.aureusdeletion mutants were tested on blood agar plates for hemolysis activity.
For this, cells were taken from glycerol stocks and were streaked on Columbia blood agar plates (Ox-
oid, Basingstoke, England). Plates were incubated overnightiat & °Candthe hemolysigliam-

eter of single colonies was quantified.

6.4.4.5 Disruption ofS.aureusDI14 andDI16 cell aggregates

The lipoprotiendeletion mutans S.aureusDi14 and DI16 formed cell aggregatei®) TSBierck. We
aimed to disrupt theggregateby enzymatic digestigrinorganic salhnd mechanical forces.

For this,S.aureusDI14 and DI16 were cultivated overnight in sl LB at 37Cand 120 rpm shaking.
On the next day, 10 TSRerck Were inoculated to an QB nmof 0.05, anccells werecultivated at
37°Cand 120 rpmCellswere harvested at an Q& nmof 2.5 and 7.0

Cells harvested at an @bnmof 2.5 underwenmild disruption methodsHere, ceflwere centrifuged
for 4minat6,000 g, RT and wemechanically disrupteloly 30 sec vortexing or 3&c in a sonation
bath. The enzymatic gistion was performed by adding proteinase KadeNor RNase A to theell
culture, andcells wereincubatd for 30min at 37°Cunder shaking at 120 rprirurthamore, cells

were treated with the inorganic salt sodium metaperiodate.

Cells harvested at an @b\mof 7.0underwent stronger disruption methods. Here, eakrepelleted
for 4minat 6,000 g, RT and weraechanically disruptelly 3 minvortexing or 3ninin an ultrasoni-

fication bath. The enzymaticggistion was performed by resuspending the cell pellet in an adequate
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enzyme buffer and adding proteinase KagNlor RNae A to theS.aureuscultureor by treating the

cells in sodium metaperiodatelere, ells were incubated for 3@inat 37°C

Theresultof mechanical or enzymatic disruption was determined by phase contrast microscopy (see
6.5.1).

6.4.5 Generation and testing of suppressor mutants

Suppressor mutants of the temperature sensitive lipoprotein deletion mutatsreusDI14 and
Dil6were generated by cultivating cells agler temperature.

Here,S.aureusDI14 and DI16 were cultivated overnight iB0ml LBat 37°Cwith 120 rpm shaking.
On the nextday,a 100ml TSBerck main culture was inoculateid an ORoo nmof 0.05, and cells were
cultivated for 2h at 37°Cand 120 rpm1 ml culture was serially diluted with T\@RB« (10 ¢ 10°), and
100l of each dilution step wenglated on TSRk solid medium. Plates were incubated overnight at
45°C On the next dga colonies of different sizavere observed, and0 larger colonies were picked
as potential suppressor mutants feraureusDI14 andDI16, respectively.

The picked colonies wetested(l) for deletion ofl14 andI16 usingcolony PCR (sé&el.?) to exclude
contamination bys.aureuswildtype cells(ll) for their ability to forntell aggregates in T&Rxduring
transient phasaising phase contrast microscopy (6e8.1); (lll)for a temperature sensitive growth
behavior at 43Cusing drop test on T&Bcsold medium (seé.4.4.9.

6.5 Microscopy

6.5.1 Phase contrast microscopy

Phase contrast microscopy was perforrpadticularlyfor the S.aureusdeletion mutant screening in
liquid media (se®.4.4.]) and for the analysis &.aureusDI14 and DI16 suppressor mutants (see
6.4.5.

Here object slidswere preparedwith a thin layer ofl.5%agaros€in A. destjo fixthe cells ondocal
plain. 4ul of anS.aureusculture were pipettecbn the slideand cellswere overlayed with a cover
slip.

Phase contrast ioroscopy was performegsingthe Zeiss Imager.MZ@rl Zeiss, Oberkochen, Ger-
many) equippedwith the 100x/NA 1.3il immersiorobjective Pictures were processed with the ZEN
2011 softwargCarl Zeiss, Oberkochen, Germany).

6.5.2 Cell staining anduorescence microscopy

Fluorescence microscopy was used especially to stain the DNA (DAPI) and cell membranes (Nile red)
of aggregateds.aureusDi14 and D16 celks.

Lipoprotein deletion mutargS.aureusDI14 and DI16 were cultivated overnight in 201 LB at 37G

120 rpm. A 20nl TSBerckmain culture was inoculated to an é&xmof 0.05, and cells were cultivated

for 4h at 37°C 1 ml cell suspension was pelleted by centrifugation foméh at 7000g and RT. The
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supernatant wasemoved,and the cell pellet wagesuspended in finl 0.9% NaCl. Next, DAPI was
added in a final conegration of 200 ng/mL followed by 1Bin incubation at RT in the dark. Cells
were pelleted as described above amefewashed using inl NaCl. For membrane staining, Nile Red
was added in a final concentration of 1 pg/mL and cells were incubatedniorid the dark. Cells

were washed as described angdl#f the cell suspension were applied on a thin layer ébadarose
mounted on a microscopic slide. Images were acquired using the Zeiss Img@arMeeiss, Ober-
kochen, Germanygquipped with the 100WA 1.3 oil immersion objective and filter and detector
settings for monitoring DAPI (358/461 nm) and Nile Red (552/636 nm). Pictures were processed with
the ZEN 2011 softwaf€arl Zeiss, Oberkochen, Germany).

6.5.3 Scanninglectron microscopy

Scanning electron microscopy was performed in collaboration with Dr. Rabea Schliter from the Imag-
ing Center Greifswald, Department for Microbial Physiology and Molecular Biology (Greifswald, Ger-
many).

Cell preparation o8.aureusfor scanning electron migscopy was modelled after Hammerschmidt
etal. 20057°. Briefly, cells adsorbed to a polycarbonate filter (@2 GTTP, Merck, Darmstadt, Ger-
many) were fixed first with 25bglutaraldehyde and%parabrmaldehyde in cacodylate buffé.1M
cacodylate pH 7.0, @M CaCGl| 10mM MgC4, 0.09M sucrose, 25 mM NaNcontaining 0.07%
ruthenium red and 0.07H lysineacetate for 20min on ice. After washing steps with cacodylate
buffer containing 0.07&ruthenium red (CHRR), cells were fixed a second time wit@Rtaralde-

hyde and %paraformaldehyde in GBR at 4Covernight. After washing with &R, cells were post-

fixed in Zoosmium tetroxide in GBR for h at room temperature, washed sevetahes with CBRR

and dehydrated in a graded series of ethano®418%4 50% 70%, 90%, and 100% for rhi each

step) on ice. After bringing the samples to room temperature and another change of 100% ethanol
for 10 min, samples were critical pothtied with liquid CQ, mounted on aluminium stubs, sputtered

with gold/palladium and examined with a scanning electron microscope EVO LS10 (Carl Zeiss, Ober-
kochen, Germanyjfterwards, the micrographs were edited by using Adobe Photoshop CS6.

6.5.4 Transmissiorlectron microscopy

Transmission electron microscopy was performed in collaboration with Dr. Rabea Schluter from the
Imaging Center Greifswald, Department for Microbial Physiology and Molecular Biology (Greifswald,
Germany).

Cells were fixed first with 2&glutaraldehyde and@paraformaldehyde in cacodylate buf{@1M
cacodylate pH 7.0, 1M CaCGl| 10mM MgC4, 0.09M sucrose, 25 mM NaNcontaining 0.07%
ruthenium red and 0.078 lysineacetate for 20min on ice. After washing steps with cacodylate
buffer containing 0.07&ruthenium red, cells were fixed a second time wit®&jfutaraldehyde and
2%paraformaldehyde in cacodylate buffeith 0.07%%6ruthenium red at #Covernight according to
Hammerschmidet al. 2005°. Subsequent to embedding in low gelling agarose, specimen were
washed with buffer (0.M cacodylate pH.0, 10mM CaCl| 1.0mM MgCl, 0.09M sucrose), postfixed
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with 1%o0smium tetroxide and 0%in potassium ferrocyanide in 1068M cacodylate buffefpH 7.0)

for Lhon ice and washed again with buffer. After dehydration in graded series of ethé¥oB(40

500 704 90% 100%for 30min each step) at room temperature, the material was infiltdabgth a
mixture of AGAROO resin and AGAR 100 LV resin at a ratio of 1:2 at room temperature. For this,
1 part 10®%6ethanol was mixed with 1 part regimixture for 2 h. After that, 1 part 18@8ethanol was

mixed with 3 parts resimixture and stored oveight. Finally, samples were infiltrated with pure
resinmixture. The resin was polymerized fort¥& 60°C Ultrathin sections were cut on an ultrami-
crotome (Leica UK Ltd, Milton Keynes, UK), stained %itigjdeous uranyl acetate fon8in followed

by lead citrate for 3G and anabled with a transmission electron microscope LEO 906 (Carl Zeiss,

Oberkochen, Germanyfterwards, the micrographs were edited by using Adobe Photoshop CS6.

6.6 Nuclear magnetic resonance (NMR) analysis

6.6.1 Metabolicfootprint analysis of TSB media

The composition of TRB«and TSBwiswas analyzed by metabolic footprint analysis Witinuclear
magnetic resonancé-NMR) spectroscopy.

400l of each TSB medium were mixed with A0R00 mM sodiunhydrogen phosphate buffer (pH
7.0), which consists of %0D,0, including 1 mM-&imethylsilyl [2,2,3,3 £ 1 propanoic acid foiH

NMR analysig-or sample analysid)a Bruker AVANGEGOO NMR spectrometer with TOPSPIN 3.2
software was used, and dataaysis was performed with AMIX v3.9.12 software (Bruker Biospin
GmbH, Rheinstetten, Germany).

6.6.2 NMR analysis of lipoteichoic acids

H-nuclear magnetic resonancé{NMR) spectroscopy was performed to analyze the structural com-
position of lipoteichoic acids TA) front.aureusNewman WT and the two lipoprotein deletion mu-
tants S.aureusDI14 and DI16.

In a first step, the thre8&.aureusstrains were cultivated overnight in 80 LB at 37Cand 120rpm,
and the overnight culture was used to inoculate 1 h&&Bnedium to an OB nmof 0.05 on the next
day. Cells were cultivated fohStransient growth phase, approx. €&mmof 5.0) at 37Cand 120
rpm. The culture was pelleted for tin at 3,000 g at 4G and the pellet was resuspended inr6D
citric buffer (40% 50 mM citric acid, 60% 50 mM trisodium citrate), heated foirdgt 100°G and
lyophilized at 70°C

The following steps were conducted by the group of Dr. Nicatak @i the Research Center Borstel
(Leibniz Lung Center, Borstel, Germany) as described &t BleR01 72, Briefly S.aureuscells were
disrupted using a French press. Cell lysates were heated foinZ@ 100°Cin the presence of%

SDS and were stirred overnight at room temperature to extract LTA from the membranes. Afte
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ultracentrifugation, the LTA containing supernatant was lyophilized and washed with ethanol to re-
move residual SDS. Subsequently, LTA were isolated from cell extracts by phase separation using bu-
tan-1-ol. The upper aqueous phase containing LTA was ligephand dialyzed. Next, the isolated LTA

were purified by hydrophobic interaction chromatography and thedofkaining fractions were de-

tected by a photometric phosphate test. These fractions were subjectéd-d\R) spectroscopy to

analyze the struatre of isolated LTA.

6.7 Bioinformatic wrkflowfor the selectiorand characterizatioof lipopro-

teins inS.aureusNewman

The lipoproteome of 123.aureus strains wasanalyzedas describedn the publicationGraf

etal. 20184,

In brief,we downloaded the genomic sequences of 123 fully annot&tadreusstrains from the
RefSeq databa&®in August 2016, determined all coding sequences in these genomes and predicted
protein characteristics like physiochemnical properties, transmembrane topology, signal peptides,
bacterial lipoboxes and gene ortholoByoteinsequences sharing at least 9p&trwiseidentity were
clustered into orthologous groups and were partially revised by hand, because of great sequence sim-
ilarities of multiple paralogs. Lipoproteins were identiied bioinformatically characterizéy ap-

plying an integrated bioinforntia workflow This approach integrated tools from different disciplinay
fields and with dipaing functions for reaching optimum performance. For instance, it summarized
the results from tools like Pfafdand SMARF3for predicting protein domains, the Protein Databank
PDB(https://www.rcsb.org/)for gaining 3D structural information dret S.aureusExpression Data
Browset®4for information on gen transcription Siaureus For detailed information, we refert to the
publication Graét al. 20184,
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7 Results

7.1 Analysis of th&.aureuslipoproteome and selection of lipoproteins for

this study

7.1.1 The lipoproteome o%.aureusconsists of 192 lipoproteins

To first gain a comprehensive overview of the theoretiSahureuslipoproteine repertoire, we
screened the genome sequneces of B&ureusstrains for the occurnece of lipoproteins and sub-
jected the predicted lipoproteins to an extensive bioinformatic analyses.resul of this analysis
GSNBE Llzof AaKSR Ay ligopr&eormeNaIStaghylosoccastakir@us Ko ReFEENA F
2018 The key findings of this analyais summarized inhe following two sections.

In a first step, wasearched the gezme sequences df23 annotatedS.aureusstrainsfor coding se-

gquences. Resulting protein sequences with an alignment coverage of at least 90 % were designated
into orthologous clusteMext, orthologous groups representing lipoprotiens were identifieddbase

on the presence of a well conserved lipolfeor the sake of clarity, the cluster will be refered to as
GLINRGSAYyae 2N af AL LNE hdhlyne ivete abldbta idddtily 192 @bdre® = Ay
teins, constituting the lipoproteome &.aureus

Of the 192 lipoproteinsonstituting the lipoproteome ds.aureus only 20% (= 3Bpoproteins) are
encoded in at least 90% of the investigaBeaureusstrains, and therefore, were defined as members
of the core lipoproteoméFigure5). In contrast, the remaining 80% (1§®proteing belong to the
variable lipoproteome ofS.aureus In regard to their function, weategoizedthe lipoproteins into
three classes(l) lipoproteins wittknown functionif they reveahomology to functionally character-
ized proteins or protein domain@l) lipoproteins with @nserved domains of unknown function, and
(1) lipoproteins without homology to characterized proteins or predicted domaitmtal, 51 lipo-
proteinswere groupedas class | lipoproteins, 188class Il lipoproteins and 32class lllipoproteins

(see als@upplemental TdbS1for overview of all 192 identified lipoproteins and their classification).
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192 lipoproteins in 123 S. gureus strains

Conservation Function

39 lipoproteins of 51 lipoproteins of CLASS |

the (homology to functionally
lipoproteome characterized proteins/domains)

153 lipoproteins 32 lipoproteins of 109 lipoproteins of
of the VARIABLE (no homology to characterized (with conserved domain of
lipoproteome protein/domain) unknown function)

Figure5 Proportion of lipoproteins in 128.aureusstrains in regard to their conservation and function. The lipopro-
teome of 1235.aureusstrains consists of 192 lipoproteins. Out of these, 39 lipoproteins are encoded in more
than 90% of the investigated strains, and therefore, belong to the consgueedoiecome. In contrast, 153
lipoproteins belong to the variable lipoproteome. Furthermore, out of the 192 lipoproteins constituting the
lipoproteome ofS.aureus 51 belong to what we defined as class | lipoproteins (lipoproteins with known
function as tley reveal homology to functionally characterized proteins or protein domains), 109 to class I
(lipoproteins with conserved domains of unknown function (DUF)) and 53 to class 3 lipoproteins (lipoproteins
without homology to characterized proteins or preeccdomains).

7.1.2 24 proteins inS.aureusNewman were selected for functional characterization

Based on our bioinformatic analysige seeked to select a heterogenous group of lipoproteins for
futher functional characterization.

We close S.aureusstrain Newmarfor our experimentabnalysis becausdt has been extensively
studied in regard to molecular mechanisragS.aureuspathogeresisand showspronounced viru-
lence potential idifferentanimal desease models. this strain, we selected 22 lipoproteins and two
additional cytoplasmic proteins which aretcanscribed with lipoproteingaccording to transcrip-
tome data of orthologous genes $aureusstrain NCTC832%). The selected lipoproteirare het-
erogericin regard to their conservation and function: tHegfong to the conserved as well as to the
variable lipoproteome and are derived from all three functional clakgell that we defined
(Table20).
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