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2 Zusammenfassung
Der humanpathogene Erreger Staphylococcus aureus weist eine Gruppe von membranverankerten
Oberflächenproteinen auf, die als Lipoproteine bezeichnet werden. Obwohl sie eine tragende Rolle
im Infektionsgeschehen spielen, ist die Mehrzahl dieser Proteine funktionell uncharakterisiert. Ziel
dieser Arbeit war es, die Funktion von Lipoproteinen in S. aureus zu untersuchen.
Im ersten Schritt wurde hierzu ein bioinformatischer Ansatz verfolgt, um das Pan-Lipoproteom von
123 S. aureus Stämmen zu definieren. Hierbei wurden 192 Lipoproteine identifiziert, von denen
39 dem Core- und 153 dem variablen Lipoproteom zugeordnet wurden. Von den identifizierten
192 Lipoproteinen sind 141 bisher unbekannter Funktion. Basierend auf diesen Ergebnissen wurden
22 Lipoproteine - unbekannter, bzw. kaum charakterisierter Funktion - die hauptsächlich dem CoreLipoproteom zuzuordnen sind, sowie 2 Nachbarproteine von Lipoproteinen für eine weitere Charakterisierung ausgewählt. Von diesen insgesamt 24 Proteinen wiederum wurden 20 markerlos in
S. aureus Newman deletiert (S. aureus l01 - l20). Diese 20 Mutanten wurden anschließend auf phänotypische Veränderungen hinsichtlich ihres Wachstums unter verschiedenen Stress-Bedingungen
getestet. Hierbei fielen drei Mutanten als temperatursensitiv auf, zwei Mutanten bildeten Zellklumpen in TSB des Herstellers Merck (TSBMerck) und vier Mutanten zeigten ein reduziertes Wachstum unter osmotischem Stress. Ein verändertes Aggregationsverhalten konnte bei vier Mutanten unter Einfluss von Detergentien beobachtet werden. Zehn Mutanten zeigten sowohl verminderte Biofilmbildung als auch ein reduziertes Hämolyseverhalten. Unter allen Wachstums- bzw. Stress-Bedingungen
waren l14 (NWMN_1435) und l16 (NWMN_0646) auffällig, die sich durch ihre besondere Zellmorphologie und einen stark veränderten Zellteilungsprozess während der transienten Wachstumsphase in TSBMerck auszeichneten. Diese zwei Mutanten wurden anschließend für eine weiterführende
Charakterisierung ausgewählt. Elektronenmikroskopische Untersuchungen zeigten für Zellen von
S. aureus l14 und l16 in TSBMerck eine irreguläre, vergrößerte Gestalt, multiple und fehlplatzierte
Teilungssepten sowie eine unvollständige Separation der Tochterzellen, die zur Formierung von Aggregaten führte. Microarray-basierte Transkriptom-Analysen beider Mutanten, sowie whole-genomesequencing von Suppressormutanten wiesen auf eine Funktion von L14 und L16 in Zellhüllen- oder
Zellteilungsprozessen hin. Befunde aus diesen Analysen deuteten auf einen funktionellen Zusammenhang beider Lipopoteine mit Lipo- oder Wandteichonsäuren hin. Interessanterweise konnte der Mutantenphänotyp von S. aureus l14 und l16 nur unter bestimmten Bedingungen beobachtet werden.
Fraglich bleibt daher, ob die Funktion beider Lipoproteine durch metabolische Prozesse moduliert
wird, oder ob die Lipoproteine Teil eines „Backup Systems“ sein könnten, das nur unter bestimmten
Bedingungen für die S. aureus Zelle von Relevanz ist.
Zusammenfassend scheinen L14 und L16 eine wichtige Rolle in Zellhüllen- oder Zellteilungsprozessen
einzunehmen, die unter bestimmten Bedingungen zum Tragen kommt. Möglicherweise sind sie hierbei für die Funktionalisierung oder Lokalisation von Lipo- oder Wandteichonsäuren, und damit auch
für Kontrolle von Autolysinen verantwortlich. Somit liefert diese Arbeit wichtige Anhaltspunkte für die
Funktion von zwei bisher uncharakterisierten, hochkonservierten Lipoproteinen in S. aureus.
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3 Summary
Lipoproteins of Staphylococcus aureus represent a major class of surface proteins, which are anchored
to the outer leaflet of the cell membrane. Although they play a key role in the immune response and
virulence, the majority of lipoproteins in this organism is still of unknown function. The aim of our
study was to investigate the function of so far poorly or uncharacterized lipoproteins in S. aureus strain
Newman.
To this end, an integrated bioinformatical approach was applied to define the pan-lipoproteome of
123 completely sequenced S. aureus strains. In total, this analysis predicted 192 different potential
lipoproteins, with a core lipoproteome of 39 and a variable lipoproteome of 153 lipoproteins. Out of
those 192 lipoproteins, 141 are so far functionally uncharacterized. Primarily focusing on members of
the core-lipoproteome with unknown or poorly characterized function, 24 lipoproteins or co-encoded
neighbor proteins were selected for further characterization. Of those 24 proteins, 20 S. aureus markerless deletion mutants were constructed (S. aureus l01 - l20) and screened for an altered growth
behavior under various conditions. Here, three mutants showed a temperature-sensitive phenotype,
two mutants formed aggregates in the TSB of the manufacturer Merck (TSBMerck), and four mutants
showed reduced growth under osmotic stress with 8% NaCl. An altered aggregation behavior was
observed for four mutants in the presence of Triton X-100 and for eleven mutants in the presence of
SDS. Furthermore, ten mutants revealed an impaired biofilm formation capacity as well as reduced
hemolytic activity. Interestingly, S. aureus deletion mutants l14 (NWMN_1435) and l16
(NWMN_0646) showed an altered phenotype under nearly all tested growth and stress conditions.
Most strikingly, both deletion mutants demonstrated dramatic defects in cell morphology and cell
division during the transient growth phase in TSBMerck and were therefore selected for further detailed
characterization. Electron microscopy imaging of the two mutants revealed an irregular cell shape,
increased cell size, multiple displaced division septa, and incomplete separation of daughter cells resulting in the formation of cell aggregates in TSBMerck. Complementarily, microarray-based transcriptome analysis and whole-genome sequencing of S. aureus l14 and l16 suppressor mutants strongly
point to a functional association of both lipoproteins with cell envelope- or cell division-related processes. Specifically, multiple hints suggest a functional connection of both lipoproteins with lipo- or
wall teichoic acids. Of note, the phenotypes of S. aureus l14 and l16 are conditional and appear
under some, but not all growth conditions. Thus, it is conceivable that the function of L14 and L16 is
modulated by metabolic processes, or that the proteins might be part of a “backup system” becoming
important only under certain conditions.
Collectively, we propose that L14 and L16 fulfill a basic role in cell envelope- or cell division-related
processes under specific growth conditions. Particularly, the activity of L14 and L16 might be necessary for the function or localization of lipo- or wall teichoic acids, and thus, might be linked to the
regulation of autolysins. In conclusion, this study reveals important insights into the function of two
so far uncharacterized but highly conserved lipoproteins in S. aureus.
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4 Introduction
4.1 Staphylococcus aureus
4.1.1

General information about Staphylococcus aureus

Staphylococcus aureus is a Gram-positive, opportunistic bacterial pathogen with high relevance in
healthcare settings. It belongs to the low-GC content Firmicutes and appears as spherical cells of 0.8 –
1.2 µm in diameter. It was first described in 1883 by the Scottish physician Sir Alexander Ogston, who
isolated the bacterium from purulent wounds. Based on the typically formed grape-like structures he
referred them to as Staphylococci (derived from the Greek words staphylé = grape and coccus = grain,
seed, berry)

1,2.

The golden pigmentation of colonies grown on rich media led to the proposed no-

menclature Staphylococcus aureus (derived from the Latin word aureus = golden) by Rosenbach in
1884. These morphological characteristics were the early basis to distinguish S. aureus from other
wound-associated bacteria (e.g. chain-forming Streptococci), and from the white colony forming
Staphylococcus epidermidis2.
S. aureus is a representative of the skin and mucosal microbiota of healthy humans and can be isolated
from a variety of different host niches, particularly from the skin, anterior nares, pharynx, and perineum3. Here, approximately 20-40% of the healthy population carries the bacterium on the nasal mucosa4. Interestingly, S. aureus carriers are more prone to infection with this pathogen compared to
non-carrier, but the diseases progression and outcome are usually more severe in non-carriers. The
underlying mechanisms for this observation might be an adaptation of the carrier’s immune system
to the colonizing strain, which ultimately leads to an improved immune response5.
Although S. aureus colonization is typically asymptomatic in immunocompetent individuals, it has the
potential to cause diseases ranging from minor skin and soft tissue infections to even life-threatening
diseases (Figure 1). For instance, local S. aureus infections like impetigo, folliculitis and cutaneous abscesses account for more than 1 million infections in the USA per year2,6. Especially S. aureus wound
infections are one of the most feared post-surgery 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 osteomyelitis7. A systemic S. aureus infection can provoke bacteremia –
a lethal condition, which affects up to 50 of 100,000 people per year with a mortality rate between
10 and 30% (causing for more deaths than AIDS, tuberculosis, and viral hepatitis combined) 8. Moreover, with its ability to form biofilms, S. aureus is responsible for numerous medical implant-associated infections e.g. on prosthetic joints and artificial heart valves7. Besides these illnesses, S. aureus is
the causative agent of toxin-mediated diseases like toxic shock syndrome and staphylococcal foodborne diseases9. All in all, S. aureus accounts for 490,000 hospitalizations and more than 20,000
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deaths in the USA per year reflecting the high burden on human health imposed by S. aureus infections2,6.

Figure 1 Diseases caused by S. aureus. S. aureus can cause a multitude of infections in the human host. This figure is
derived from Salgado-Pabón & Schlievert 201410.

4.1.2

Methicillin-resistant Staphylococcus aureus (MRSA)

As outlined above, S. aureus infections can lead to serious conditions, which are often difficult to treat
due to the rapid spreading of multidrug resistances strains. Historically, the first penicillin resistances
in S. aureus mediated by a β-lactamase (BlaZ) were reported in the 1940s11. 1960 the first semi-synthetic anti-staphylococcal penicillins were developed, but resistances arose in less than 1 year after
the first treatment 11. Resistances were acquired by horizontal gene transfer of a specific mobile genetic element, the staphylococcal cassette chromosome mec (SCCmec) 11,12. This mobile genetic element includes mecA, encoding the penicillin-binding protein 2a (PBP2a), which is responsible for
crosslinking of peptidoglycans in the bacterial cell wall and which exhibits a very low affinity to βlactams. Therefore, it cannot be inhibited by penicillinase-resistant β-lactams like methicillin or oxacillin and methicillin-resistant S. aureus strains emerged (MRSA), which is de facto a synonym for
multi-resistant S. aureus11,13.
Currently, MRSA infections are treatment with last-resort antibiotics like vancomycin, daptomycin,
clindamycin, and linezolid. However, resistances have been observed even against these last-resort
antibiotics, which led to therapeutic failure and increased mortality2,11,14. MRSA infections affect approximately 80,000 individuals in the USA with a mortality rate of about 11,000 patients per year6,14,15.
The treatment costs of each patients range from approximately 12,000 $ to 23,000 $, which is roughly
twice as expensive as the treatment of methicillin-sensitive S. aureus (MSSA) infections16. The lack of
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effective antimicrobial therapy to fight MRSA infections, urgently demands for alternative drugs and
a number of new chemotherapeutics are currently in various stages of clinical trials e.g. including
ceftaroline, ceftobiprole, dalbavancin, oritavancin, iclaprim and delafloxacin11,17-20.

4.1.3

Virulence factors

S. aureus is 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 infection, S. aureus attaches to biotic surfaces like host tissues, cells and extracellular host cell matrix molecules 21. For this purpose, S. aureus can express an arsenal of adhesive factors like the “microbial surface components recognizing adhesive matrix molecules” (MSCRAMMs),
which mediate attachment to fibronectin, fibrinogen, collagen, or plasma clot. Prominent
MSCRAMMS are the fibronectin binding proteins A and B (FnbpAB), clumping factor A and B (ClfAB)
as well as the serine-aspartic acid repeat proteins SdrCDE9,21-24. Furthermore, attachment to abiotic
surfaces, like medical implants, mediated by the e.g. the biofilm-associated protein Bap, teichoic acids
and extracellular DNA are often critical at the beginning of the infection process 25-27.
The secretion of virulence factors for host cell lysis, degradation, and nutrient acquisition usually characterizes the next step of infection. To this end, e.g. toxins like α-, β-, and γ-hemolysin, phenol soluble
modulins (PSMs) and hydrolytic enzymes like the lipases like Geh and Plc are released9,28-30.
Other virulence factors of S. aureus are dedicated to evading the host’s immune system during the
infection. Protein A (encoded by the spa gene) and Sbi are hallmarks and good examples for the S. aureus immune evasion strategies. Localized at the cell surface, Spa and Sbi bind the Fc domain of immunoglobulin G (IgG), thereby impairing IgG-mediated opsonization and phagocytosis9,31. A further
immune evasion strategy of S. aureus is the secretion of leucocidins LukSF, LukAB/GH, and LukED,
which disrupt leukocytes by forming β-barrel pores in the cytoplasmic membrane9,28. Furthermore, to
overcome the oxidative burst by neutrophils, S. aureus produces enzymes, which enhance resistance
against the reactive oxygen species (ROS) of the oxidative burst, for instance superoxide dismutases
SodAM, peroxiredoxin AhpC, and catalase KatA32. In addition, the carotenoid pigment staphyloxhantin, which is incorporated in the cytoplasmic membrane and is responsible for the characteristic
golden appearance of S. aureus colonies, serves as an antioxidant to detoxify ROS33.
As a strategy of host survival and persistence, S. aureus is capable of forming so called “small colony
variants” (SCVs), which can be described as a slow-growing subpopulation of the infecting cells. This
growth form is characterized by a reduced metabolism, cell wall synthesis and low membrane potential, and renders S. aureus resistant to antimicrobial drugs including β-lactam and aminoglycoside antibiotics. Small colony variants can cause recurrent, persistent infections, even many years after the
initial infection by residing in human cells and thereby avoiding host immune defense and antimicrobial therapy9,34,35.
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4.2 Cell envelope of S. aureus
The bacterial cell envelope is a dynamic and sophisticated multilayered structure that provides stability and protects the bacterium from its harsh environment, including the host’s immune system. At
the same time, the envelope has to be permeable for the selective passage of nutrients and dynamic
enough to enable cell growth and division.
The structure of the cell envelope differs fundamentally between Gram-positive and Gram-negative
bacteria. In brief, Gram-negative bacteria exhibit an outer membrane and an only thin peptidoglycan
layer, while Gram-positive bacteria lack an outer membrane but have a thick peptidoglycan mesh. The
cell envelope of the Gram-positive bacteria S. aureus can be divided in three main structures that will
be covered in this chapter: the capsule, the cell wall peptidoglycan mesh with lipoteichoic acids (LTA)
and wall teichoic acids (WTA) as well as the cell membrane. In parallel, we will address proteins 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. In S. aureus, the most common CP serotypes are CP5 and CP8 accounting for approximately 25% and 50% of human hospital- and community-associated isolates, respectively36.
Chemically, both CP are composed of N-acetyl mannosaminuronic acid (ManNAc), N-acetyl-L-fucosamine (L-FucNAc), and N-acetyl-D-fucosamine (D-FucNAc) arranged as repeated trisaccharide units but
differ in their type of glycosylic bonds and O-acetylation sites. Of note, there were 11 other putative
CP serotypes described in S. aureus, but none of them were found to be disease-associated37-39.
Although studies confirmed a protective function of the capsule by preventing complement binding,
the capsule simultaneously represent a target of host-derived, opsonizing anti-capsular antibodies,
which mediate an uptake by neutrophils and subsequent killing39-42.

4.2.2

Cell wall

The peptidoglycan layer of Gram-positive bacteria is approximately 30 – 100 nm thick, and thus, many
times thicker than the peptidoglycan layer of Gram-negative bacteria with less than 10 nm43. The main
functions of the cell wall are (I) to define the cell shape, (II) to retain turgor pressure as well as (III) to
anchor covalently associated proteins. Chemically, the cell wall structure of Gram-positive and Gramnegative bacteria are very similar. It is composed of disaccharide-peptide repeat units, which are
crosslinked and thereby form a mesh-like scaffold around the cell43. The glycan strands in staphylococcal murein are composed of beta-(1-4)-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic
acid (MurNAc) 44. The stem peptide L-Ala–D-isoGln–L-Lys–D-Ala–D-Ala is attached via amidation on
the carboxyl group of each MurNAc. Typically, the S. aureus murein cross-linking is realized by a penta-
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glycine bridge attached to the ε-amino group of the lysine and is assembled by the non-ribosomal
peptidyl transferases FemA, B, and X43-46. Notably, the peptidyl-transferases assembling the stempeptide and the cross-linking penta-glycine bridge are important targets for antibiotics.
In addition to peptidoglycan, most Gram-positive bacteria exhibit impressive amounts of carbohydrate-based polymers in their cell envelope. The perhaps best studied class of these glycopolymers
are teichoic acids, which are also referred to as “secondary cell wall polysaccharides”47. There are two
major types of teichoic acids in S. aureus: lipoteichoic acids (LTA) and wall teichoic acids (WTA). LTA
consists of approximately 18 – 50 glycerol phosphate units, which are attached to the cell membrane.
In contrast, WTA are composed of approximately 40 ribitol phosphate units, are covalently linked to
the peptidoglycan of the cell wall47 and can account for as much as 60% of the cell wall mass in Grampositive bacteria48. The hydroxyl groups of the negatively charged, phosphate-containing glycopolymers can be substituted to a high degree with cationic D-alanine esters or N-Acetylglucosamine, accounting for the zwitterionic character of LTA and WTA49,50. Although both glycopolymers appear similar in their structure, their biosynthesis relies on different synthesis pathways.
For both types of teichoic acids, a broad but very similar spectrum of functions has been identified,
promoting the idea of redundant and perhaps complementary functions for LTA and WTA51. E.g., several studies investigating Gram-positive bacteria like S. aureus and B. subtilis have revealed a functional role for LTA as well as WTA particularly in cell division processes52-54, scaffolding and modulation
of autolysin activity55,56, resistance to heat stress53,56,57 and osmolarity 53,58, Iron and cationic homeostasis59-62, biofilm formation and adhesion to artificial surfaces55,56,58, and pathogenicity in terms of
adherence to host tissues and immune recognition63,64. As mentioned above, WTA also serve as phage
receptors in S. aureus65,66. Moreover, the D-alanine ester modification of the teichoic acids are crucial
for resistance to antimicrobial peptides67,68 and antibiotics69, secretion of proteins70 and host defence71.
In addition to LTA and WTA, the peptidoglycan mesh of S. aureus contains a broad spectrum of surface
proteins. These proteins are in direct contact to the surrounding, and therefore, it is not surprising
that many of them fulfill a function related to e.g. colonization, invasion or evasion of the host’s immune defense23. As Gram-positive bacteria lack an outer membrane, the surface proteins have to be
attached non-covalently or covalently to the cell wall to remain cell associated. For instance, some
proteins involved in cell wall-degradation are non-covalently associated with the peptidoglycan, and
many adhesins are attached to the cell surface via ionic interactions to peptidoglycans or teichoic
acids43. However, a multitude of surface proteins is covalently anchored to the peptidoglycan mesh.
For this purpose, the destined cell wall-anchored proteins contain a N-terminal secretory signal sequence which guides the nascent protein to the secretion machinery, and a C-terminal LPXTG-motive
which allows for its covalent anchoring to the stem peptide of the peptidoglycan by a sortase72. According to Foster et al. 2014, the cell wall-anchored proteins of S. aureus can be grouped into four
classes based on their structural and functional characteristics73: (I) microbial surface component
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recognizing adhesive matrix molecules (MSCRAMMs) including clumping factor A and B as well as fibronectin-binding protein A and B, (II) the near iron transporter (NEAT) motif family with IsdA or IsdB
as famous members, (III) the group of the three-helical bundle proteins with protein A being the only
cell wall-anchored representative of this group, and (IV) the G5-E repeat family including SasG. Interestingly, the composition of the S. aureus surface proteins varies depending on environmental condition74.

4.2.3

Cell Membrane

The bacterial cytoplasmic membrane separates the inner cell from the extracellular space. It forms a
classical bilayer composed of lipids, which belong to a small number of chemical classes but vary
greatly in regard to molecule size and isomers75,76. The most prominent lipid species in bacterial membranes are the zwitterionic phosphatidylethanolamine besides anionic phosphatidylglycerol and diphosphatidylglycerol (cardiolipin). Other frequently found but less abundant lipids are positively
charged lysyl phosphatidylglycerol, anionic phosphatidic acid, or glucolipids (mono- and diglucosyl diacylglycerol) 76-79. The molecules serving as precursors for membrane 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 environmental conditions76. Of note, despite some pathogenic and commensal bacteria are able to acquire
fatty acids and lipids from the environment/the host, self-produced fatty acids seem to be indispensable for S. aureus. This makes the fatty acid biosynthesis pathway an interesting candidate to fight
S. aureus infections77.
Like the other parts of the cell envelope, it also fulfills a variety of essential functions. First, it represents a stabilizing boundary around the cytoplasm. Second, in cooperation with associated proteins,
the cell membrane regulates the concentration of small molecules and secreted proteins in the intraand extracellular space thereby also excluding toxic molecules from the environment43. Third, it represents the site of respiration and facilitates crucial cellular processes powered by the transmembrane
electrochemical gradient76. Fourth, the cytoplasmic membrane harbors many other proteins with
membrane-spanning helices, which are involved in other vital cellular processes like peptidoglycan
biosynthesis, transport processes, and nutrient acquisition43. One major group of these membrane
proteins are lipoproteins, which will be discussed in the next section. Interestingly, in S. aureus lipoproteins fulfill a broad spectrum of different functions, but the majority of lipoproteins is still largely
unexplored.

4.3 Lipoproteins
As stated above, bacterial lipoproteins represent a major class of peripheral membrane proteins with
diverse functionality. They are composed of a main protein part which carries out the physiological
function, and a di- or triacylglycerol moiety linked to the N-terminal cysteine which ensures
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appropriate anchoring of the hydrophilic lipoprotein to the hydrophobic membrane. Of note, the lipid
moiety of lipoproteins can bind and activate toll-like receptors (TLR), which are a vital element of the
innate immune system. TLR recognize pathogen-associated molecular patterns (PAMPs) like lipids,
peptidoglycans or flagellin, and commence the immune response against the invading pathogens78
(see also 4.3.3).
While lipoproteins are positioned in the cytoplasmic membrane of Gram-positive bacteria facing the
extracellular surrounding, they can be found both in the inner and outer membrane of Gram-negative
bacteria. However, in the latter, approximately 90% of the lipoproteins are positioned in the outer
membrane protruding in the periplasm79.
After the first report of a lipoprotein in Escherichia coli by the pioneering work of Braun and coworkers
in the early 1970’s80,81, several reports and genome studies confirmed the universal distribution of
lipoproteins in bacteria82. Here, the number of predicted lipoproteins per genome varies greatly, ranging from zero lipoproteins in the Proteobacteria Buchnera aphidicola to 223 lipoproteins in Bacteroides thetaiotaomicron VPI-5482 as a member of the Bacteroidetes83. S. aureus encodes 50 - 70
lipoproteins per genome, which corresponds to about 2 – 3% of its coding capacity84. Interestingly,
studies have suggested a correlation between the number of lipoproteins and the virulence potential:
while highly epidemic S. aureus strains like USA300 or Newman bear more than 60 lipoproteins per
genome, moderate epidemic strains like S. aureus NCTC8325 reveal only around 50 lipoproteins85.

4.3.1

Synthesis of lipoproteins

Lipoproteins are translated as precursors (so called preprolipoproteins) containing an N-terminal secretory type II signal peptide, which is key for later secretion and anchoring to the membrane. The
signal peptide is approximately 20 amino acids in length and comprises three regions: (I) a short, positively charged N-region, (II) a hydrophobic H-region and (III) a comparably short cleavage C-region of
uncharged amino acids. The C-region further contains the unique consensus sequence [LVI]-[ASTVI][GAS]-C which is referred to as ‘lipobox’ and includes a highly conserved and invariant cystein83. Due
to its high degree of conservation, the lipobox is also used to predict lipoproteins in bacterial genomes
with bioinformatic algorithms.
The type II signal peptide ensures the direction of the lipoprotein precursor to the secretion machinery. The majority of lipoproteins is secreted in an unfolded state across the membrane via the general
secretory (Sec) pathway, which is the predominant route of protein secretion in bacteria. However,
studies also reported the secretion of lipoproteins in an folded confirmation via the Tat pathway in
representatives of both, Gram-negatives86 and Gram-positives87.
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After secretion, the lipoprotein synthesis machinery anchors the lipoprotein to the membrane. This
process was elucidated in the Gram-negative bacterium E. coli, where three membrane-localized enzymes act sequentially (Figure 2):

Figure 2 Schema of lipoprotein anchoring by the lipoprotein synthesis machinery as depicted by Nakayama et al.
2012. Lipoproteins are synthesized as precursors (preprolipoprotein) with a type II signal peptide which includes a lipobox sequence with a highly conserved cysteine. After secretion, the preprolipoprotein diacylglyceryl transferase (Lgt) covalently links a diacyl-glyceryl moiety to the thiol group of this conserved cysteine, thus anchoring the nascent lipoprotein (prolipoprotein) to the cytoplasmic membrane. The prolipoprotein signal peptidase (Lsp) subsequently removes the signal peptide from the precursor (apolipoprotein).
Gram-negative bacteria and some representatives of the Actinobacteria encode a third enzyme named
apolipoprotein N-acyltransferase (Lnt). Lnt attaches an acyl moiety to the conserved cysteine of the lipoprotein (hololipoprotein). The schema is derived from Nakayama et al. 201288.

In a first step, the preprolipoprotein diacyl-glyceryl transferase (Lgt) covalently attaches a diacyl-glyceryl moiety to the thiol group of the conserved cysteine residue in the lipobox89, thus forming a thioether bond. The incorporated diacyl-glyceryl group is derived from negatively charged phospholipids
of the cell membrane like phosphatidylglycerol90. As a result, the S-diacylated lipoprotein precursor is
anchored to the bacterial cytoplasmic membrane and is referred to as prolipoprotein. In a second
step, the prolipoprotein signal peptidase (Lsp) recognizes the diacylated prolipoprotein and cleaves
the Type II signal peptide leaving the conserved cysteine as the new N-terminus of the nascent lipoprotein. The modified precursor is then denoted apolipoprotein. In a third step, the apolipoprotein N-

11

Introduction
acyltransferase (Lnt) attaches a further acyl group to the available amino group of the conserved cysteine. This additional lipidation is vital in Gram-negative bacteria for the release of the lipoprotein into
the periplasm and its shuttling to the outer membrane via the lipoprotein localization Lol (lol) system.
The final triacylated lipoprotein is then designated hololipoprotein.
lnt is highly conserved in Gram-negative bacteria and in representatives of the high-GC-content Grampositive Actinobateria like Mycobacterium smegmatis. In contrast, low-GC-content Gram-positive Firmicutes and Tenericutes do not exhibit an E. coli lnt homologue88. Despite the absence of Lnt in S. aureus, MntC, has been detected in a triacylated form91. As a consequence, it has been suggested that
so far unidentified enzymes exist in S. aureus, which substitute the function of Lnt. Interestingly, the
degree of acylation varies in S. aureus depending on environmental factors. For instance, post-logarithmic growth combined with acidic conditions, or high temperatures combined with high salt concentrations promote the accumulation of diacylated lipoproteins over their triacylated form92.
The three enzymes of the lipoprotein synthesis machinery, Lgt, Lsp, and Lnt, are essential in Gramnegative bacteria and some representatives of the high GC-content Gram-positive Actinobacteria. In
contrast, Lgt and Lsp are dispensable in the low GC-content Firmicutes allowing for the construction
of knock-out mutants88. Especially the deletion of lgt has been widely used to study the impact of
lipoproteins for cell physiology. In this mutant, lipidation of lipoproteins is prohibited and thus, lipoproteins are mostly secreted into the surrounding. Intriguingly, growth of an S. aureus lgt deletion
mutant is not altered in rich medium 93. The maintained vitality of the lgt deletion mutant might be
explained by three observations: (I) even in the absence of Lgt, 20 – 25% of the lipoproteins are still
membrane-localized - most likely by (transient) insertion of the hydrophobic type II signal peptide into
the membrane 93, (II) moreover, also non-lipidated lipoprotein precursors showed functionality 94, (III)
other enzymes might be able to substitute functionality of the lipoprotein synthesis machinery enzymes, e.g. the recently recognized Eep peptidase has been shown to mimic Lsp activity in Enterococcus faecalis 95.
Of note, studies reported the release of lipoproteins into the culture supernatant despite functionality
of the lipoprotein synthesis machinery 96. This might be a mechanism of lipoprotein regulation or a
consequence of cell envelope turnover 97.
Lipoprotein synthesis requires at least one copy of lgt and lsp as well as lnt in Gram-negative bacteria.
Interestingly, some bacteria encode more than one gene copy for the lipoprotein synthesis machinery
enzymes. For instance, two putative lgt paralogues are encoded in Gram-negative Coxiella burnetti or
the Gram-positive Clostridium perfringens98, while two putative lsp paralogues are found in other bacteria like Listeria monocytogenes or Nocardia farcinica99. It remains a matter of speculation if the paralogues might be exclusively required for anchoring of selected lipoproteins.
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4.3.2

Function of lipoproteins

Studies on lgt deletion mutants in different bacterial organisms and investigations of selected lipoproteins in the past decades have revealed a broad spectrum of functionality for lipoproteins. It is not
surprising that the function of lipoproteins is closely related to their localization at the interface between the cytoplasmic membrane and the cell wall in Gram-positives as well as by their positioning in
the inner and outer membrane protruding into the periplasm in Gram-negatives. Consequently, lipoproteins are mainly involved in surface-associated functions, especially transport processes, maintenance of cell envelope functions or extracellular protein maturation.

Figure 3 Function of lipoproteins in S. aureus strain USA300 as evaluated by Shahmirzadi et al. 2016. The chart
demonstrates the functional distribution of lipoproteins in S. aureus USA300. Here, the numbers indicate
how many lipoproteins can be assigned to the cognate functional group. Of note, the majority of lipoproteins is involved in transport processes, followed by the group of lipoproteins with unknown function and
the group of tandem lipoproteins. The scheme is derived from Shahmirzadi et al. 201685.

The vast majority of so far characterized lipoproteins is involved in the acquisition of ions and nutrients. Approximately 40% of the encoded lipoproteins in S. aureus strain USA300 are annotated as
substrate binding proteins of ABC transporters85 (Figure 3) and many of these are involved in the uptake of iron. Mammalian hosts effectively sequester the essential trace mineral iron in order to inhibit
bacterial growth – a mechanism referred to as ‘nutritional immunity’100. Thus, the efficient uptake of
iron is a prerequisite for survival of invading bacteria, and lipoproteins participate in this process by
binding heme or ferric-loaded siderophores. For instance, Turlin et al. 2013 showed that the lipoprotein FepA together with the high affinity heme binding protein FepB and the integral membrane protein FepC most likely drive iron utilization from heme in S. aureus101. Similarly, the lipoprotein IsdE
together with eight other proteins constitutes the iron-regulated surface determinant (Isd) system,
which acquires iron from heme102.
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Besides the utilization of heme as the prevalent reservoir of iron in the human body 103, bacteria are
able to secrete different high affinity iron-binding siderophores, which sequester iron from the host
and are subsequently taken up by the bacterium. Here, the lipoprotein HtsA functions as a receptor
for the siderophore staphyloferrin A, while HtsBC function as a permease. Similarly, the lipoprotein
SirA together with the permease SirBC binds the siderophore staphyloferrin B104. Moreover, the lipoprotein SstD in concert with the membrane proteins SstA and SstB as well as the ATPase SstC is involved in ferrated catecholamines- and catechol siderophore-mediated iron uptake 105,106. Other examples are the two lipoproteins FhuD1 and FhuD2. Both are part of the ferric hydroxamate uptake
(fhu) system in S. aureus and are capable of binding an exogenously produced iron(III)-hydroxamate
siderophore107, while the iron permease FhuBG and the ATP-binding protein FhuC are responsible for
the siderophore transport across the membrane108.
In accordance to their function in iron uptake, each of the above-mentioned lipoproteins is iron-regulated on a transcriptional level, in particular by the iron regulator Fur109. Furthermore, the importance of lipoproteins for iron acquisition is also underlined by the observation, that an S. aureus
lgt deletion mutant showed reduced growth in iron-depleted media compared to the wildtype 110.
Besides iron, lipoproteins also participate in the uptake of other cations and anions. Here, MntC as
the most abundant lipoprotein in S. aureus should be mentioned. MntC was originally annotated as
SitC due to its sequence identity to the iron transporter SitC from S. epidermidis. However, Horsburgh
et al. 2002 demonstrated its implication in the uptake of the divalent metal ion manganese and reannotated the protein as manganese (Mn) transporter MntC111. Another example for the uptake of cations is the lipoprotein ModB. Together with the integral membrane protein ModB and the ModC as
ATP-binding protein it is involved in the acquisition of molybdate in S. aureus112. Moreover, bioinformatic analysis predicted lipoproteins with binding affinities for e.g. zinc, cobalt, nickel as well as phosphate or nitrate in S. aureus85.
Acting as the substrate-binding protein of ABC transporters, lipoproteins in S. aureus also participate
in the uptake of amino acids and peptides. For instance, Williams et al. 2004 confirmed binding of the
lipoprotein GmpC to the dipeptide glycylmethionine113, while Sibbald et al. 2004 predicted the presence of an OpuCC homolog with binding affinity for glycine betaine/carnitine/choline and an Opp 1A
homolog with specificity for oligopeptides in S. aureus 114.
Furthermore, Shahmirzadi et al. 2016 bioinformatically predicted the existence of one maltose-binding lipoprotein in S. aureus strain USA30085. It is beyond doubt that the main function of lipoproteins
in S. aureus is to facilitate transport processes by acting as substrate binding proteins. In this context
it is interesting to note, that lipoproteins in Gram-positive bacteria are supposed to be an equivalent
to periplasmic substrate-binding proteins in Gram-negatives. Here, the lipid anchoring of lipoproteins
to the cytoplasmic membrane in Gram-positive bacteria prevents the release of lipoproteins into the
extracellular milieu due to the lack of an outer membrane.
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In addition to transport processes, lipoproteins in S. aureus can also participate in other cell enveloperelated processes like extracellular protein maturation. For instance, the lipoprotein PrsA assists in the
folding of secreted proteins by exhibiting a peptidyl-prolyl cis/trans isomerase activity115 while the
lipoprotein DsbA catalyzes the formation of protein disulfide bonds in extracellular proteins by its
thiol-disulfid oxidoreductase activity116. Furthermore, the lipoprotein YidC is thought to function in
the membrane protein biogenesis by acting as a chaperone and membrane insertase for secreted
proteins117. Moreover, studies described the lipoprotein QoxA as an heme-dependent terminal oxidase supporting aerobic respiration118, while the lipoprotein SaeP together with SaeQ is thought to be
involved in signaling processes, most likely in the regulation of the two-component system SaeRS,
which in turn is a major regulator of virulence in S. aureus119,120. Another interesting example underlining the broad spectrum of lipoprotein function in S. aureus is the membrane anchored β-lactamase
BlaZ. BlaZ can be encoded chromosomally or on plasmids and confers resistance to the β-lactam antibiotic penicillin in S. aureus121. Moreover, the lipoprotein CamS might be important for the transfer
of genetic elements between S. aureus and bacteria of other genera. The protein reveals a heptapeptide at the C-terminus of its signal sequence. After processing, the heptapeptide is postulated to function as a sex pheromone similar to the sex pheromone cAM373 of Enterococcus faecalis122.
Of note, the function of several above-mentioned lipoproteins was only predicted based on sequence
homology to already characterized proteins and domains, respectively. Thus, the actual function remains to be experimentally confirmed in S. aureus.
The spectrum of lipoprotein function is not limited to the above-mentioned examples. Lipoproteins
of Gram-positive and Gram-negative bacteria are also often involved in a variety of cell envelopeassociated functions. The most prominent example is the Braun’s lipoprotein in E. coli, which was the
first identified bacterial lipoprotein and is numerically the most abundant protein in this organism80,123. Braun’s lipoprotein is lipid-anchored in the outer membrane but also covalently attached to
peptidoglycan. Thus, it tightly connects the outer membrane with the murein layer, maintaining cell
envelope stability. Recently, Braun’s lipoprotein was also identified as a major cell size determinant in
the bacterial periplasm of Salmonella enterica124,125. Moreover, the outer membrane lipoproteins
LpoA and LpoB regulate peptidoglycan synthesis by stimulating the transpeptidase activity of the peptidoglcycan synthases PBP1A and PBP1B, respectively126. Another outer membrane protein, RlpA, is
involved in cell division processes in E. coli. RlpA acts as a periplasmic interaction partner of FtsK and
is thought to suppress cell septation until the divisom has been assembled completely127. Lipoproteins were also shown to be involved in sporulation and competence. For instance, the oligopeptide
ABC transporter binding protein OppA (Spo0KA) is implicated in the sporulation process in Bacillus
subtilis by facilitating the import of cell-wall peptides into the bacterial cytoplasm. The accumulation
of these peptides is thought to act as a signal for sporulation initiation128. Moreover, OppA is required
for the development of competence in B. subtilis129. Ganeshkumar and colleagues further showed,
that lipoproteins can also act as adhesins. They characterized the lipoprotein SsaB in Streptococcus sanguis and revealed its binding affinity to salivary components and the contribution of SsaB in
the coaggregation process with Actinomyces130. Interestingly, lipoproteins are also implicated in the
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interplay between phages and bacteria. The most prominent example for such an interaction is the
lipoprotein Ltp, which is encoded in the lysogeny module of the temperate Streptococcus thermophilus phage TP-J34. Expressed on the surface of S. thermophilus, Ltp protects the bacterium from a new
phage infection by inhibiting the DNA-injection step – a process referred to as superinfection exclusion131.
Despite a variety of studies on the characterization of lipoproteins in S. aureus in the recent years, the
function of the majority of lipoproteins remains undefined. In an integrated bioinformatical approach
we determined the lipoproteome of 123 so far sequenced S. aureus strains and found that 73% of all
individually encoded lipoproteins in these strains (141 of 192) are still of unknown function84. Considering that these uncharacterized lipoproteins might have important implications for cell physiology or
even the infection process, they constitute highly interesting candidates for 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 staphylococci genomes. 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 lipoproteinlike lipoproteins (lpl), which are encoded on the pathogenicity island Sa132. Shahmiradzi et al. 2016
identified nine Lpl and six additional tandem lipoproteins in S. aureus strain USA 300, which together
account for 22% of all lipoproteins in this strain. Although their specific function remains to be elucidated, Nguyen and colleagues showed a distinct association of Lpl with virulence and pathogenicity in
the recent years133-135.

4.3.3

Recognition of lipoproteins by the innate and adaptive immune system

Lipoproteins are recognized by the innate immune system via TLR 2 signaling136. TLRs represent a class
of pattern-recognition receptors (PRR) recognizing distinct or overlapping pathogen-associated molecular patterns (PAMP) like lipids, proteins or nucleic acids78. For TLR2, many different ligands have
been postulated ranging from lipoproteins, lipopeptides, lipomannans, lipoarabinomannans, peptidoglycan or lipoteichoic acid137. However, these molecules are structurally diverse, and it was questionable whether they are all stimulators of TLR2. Indeed, studies on S. aureus lgt deletion mutants
and improved purification methods confirmed that lipoproteins and lipopeptides are the dominant
ligands of TLR2 while other suggested ligand molecules were shown to be contaminated with lipoproteins110,138-140.
The TLR2-mediated signaling can discriminate between di- and triacylated lipoproteins, and this discrimination is achieved by the heterodimerization of TLR2 with other TLRs. The current model of TLR
activation via lipoproteins suggests that diacylated lipoproteins are recognized by TLR2 and TLR 6 heterodimers141, while triacylated lipoproteins are sensed by TLR2 and TLR 1 heterodimers 142. In more
detail, it is postulated that the ester-bound diacyl chains of diacylated lipoproteins fit into a pocket of
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TLR2, while TLR6 provides complex stabilization143. For triacylated lipoproteins, it is hypothesized that
the additional amide-bound acyl chain inserts into a hydrophobic cavity in TLR1144. However, 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 the above-mentioned dogma
of lipoprotein recognition145 and raise evidence for a cross-talk 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 adaptor protein MyD88 fulfils a crucial role in this signaling process as MyD88-/- mice demonstrated reduced cytokines and leukocyte attraction, and showed higher bacterial burden110. Finally, the cascade
leads to the nuclear translocation of NFB, resulting in the transcription and synthesis of proinflammatory cytokines146.
Lipoproteins are potent activators of the innate immune system. However, it is an important question
whether the initial immune response also translates into an adaptive immune response with the generation of protective antibodies. Diep et al. 2014 observed low antibody titers against lipoproteins in
patients who suffered from S. aureus infection147. This indicates that natural lipoproteins of S. aureus
alone do not elicit an adaptive immune response. In accordance, Vu et al. 2016 focused on the induction of an adaptive immune response by lipoproteins in human, and demonstrated that titers of human IgG binding to S. aureus lipoproteins were generally low in both 2D immune proteomics and ELISA
approaches148. An exception to these findings was the lipoprotein SaeP, which induced a moderate
antibody response. The authors speculate that membrane-anchored lipoproteins of S. aureus might
be inaccessible for B cells or that an ineffective processing of lipoproteins to T cells might be the reason for the weak adaptive immune response against lipoproteins.
Despite the low adaptive immune response triggered by natural S. aureus lipoproteins in humans,
purified lipoproteins in higher dosage in the presence of adjuvants might still lead to the generation
of protective antibodies and thus may become useful as vaccines. Indeed, several studies using animal
models demonstrated the induction of a protective immune response by lipoprotein-based vaccines.
Mishra et al. 2012 used the lipoprotein FhuD2 as a vaccine candidate, which is involved in iron-hydroxamate uptake, and demonstrated its protective immunity against diverse clinical S. aureus isolates in murine infection models149. Similarly, Bagnoli et al. 2015 developed a vaccine composed of
five conserved S. aureus antigens including the two lipoproteins FhuD2 and Csa1A. The combined vaccine was formulated with an TLR7-dependent agonist absorbed to alum and provided nearly 100%
protection against four different staphylococcal strains in mice150.

4.3.4

Impact of lipoproteins on the virulence of S. aureus

Lipoproteins fulfill a vital role in the infection process of S. aureus and were designated as “key players
in the immune response and virulence”

151.

These finding are based on a number of studies
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investigating the deletion of lgt in different bacteria or studying the effect of purified lipoproteins and
chemically synthesized lipopeptides on different cell types. In particular, lipoproteins have been
shown to participate in virulence-associated processes like immune modulation and evasion of the
host immune defense, invasion, intracellular survival as well as persistence in the host99,152.
Of all these steps of the infection process, lipoproteins might have the most dominant effect on the
stimulation and modulation of the host immune system by inducing proinflammatory cytokines in a
variety of cell types (see also paragraph 4.3.3 for the activation of the innate and adaptive immune
system by lipoproteins). For instance, Li et al. 2008 detected the stimulation of the NF-κB, JNK and
P38 signaling pathway in human corneal epithelial cells upon treatment with Triton X-114 extracted
lipoproteins from S. aureus. The authors further observed an up-regulation of inflammatory cytokines
and chemokines (IL-6, IL-8, ICAM-1) in these cells at both the mRNA and protein level153. Similarly,
Kang et al. 2015 showed that lipoproteins stimulate human intestinal epithelial cells leading to the
induction of chemokine IL-8. This might further result in the recruitment of immune cells as a first step
of intestinal inflammation154. Moreover, lipoproteins have been shown to stimulate the production of
TNF- and IL-6 in peritoneal macrophages110 and to induce IL-6 and IL-8 in human airway epithelial
cells93. Furthermore, Chi et al. 2016 detected the production of IFN-, IL-17A, IL-10, IL-12 and IL-1
towards the staphylococcal lipoproteins IsdE, Opp3A and PstS in cytokine proliferation assays using
peripheral blood mononuclear cells (PBMC) 148. Here, the authors speculate that this reaction might
support B lymphocyte differentiation and recruiting of neutrophils for phagocytosis. In addition to
cytokines, nitric oxides act as inflammatory mediators. Interestingly, lipoproteins have been shown to
stimulate the expression of the inducible nitric oxide synthase and to trigger nitric oxide production
in murine macrophages155. By implication, it could be speculated if an S. aureus mutant defective in
the synthesis of mature lipoproteins fails to activate the immune system, for instance via TLR. As a
consequence, the mutant induces less proinflammatory signals and might escape elimination. Indeed,
Wardenburg et al. 2006 showed that immune cells did not infiltrate sites of infection caused by S. aureus mutants defective in appropriate lipoprotein synthesis138. Taken together, the lipid anchor of
lipoproteins is an important PAMPs, which can be recognized by TLR. By activating the innate and
adaptive immune system, lipoproteins induce a wide range of proinflammatory mediators in different
cell types, and thus, play a critical role in the process of host immune recognition and evasion.
Besides their general immune stimulating property, lipoproteins function in different steps of the infection process. For instance, Nguyen et al. 2015 confirmed that S. aureus lipoproteins encoded by
the Sa specific lipoprotein-like cluster contribute to the invasion of S. aureus into human non-professional antigen presenting cells such as epithelial cells or keratinocytes134,135. Further emphasizing
the role of lipoproteins in the invasion process, lipoproteins were upregulated on mRNA and protein
level upon S. aureus invasion147,149.
After successful invasion into the host cell, lipoproteins also support the ability of S. aureus to survive
and persist. Schmaler et al. 2010 demonstrated a better survival of the S. aureus wildtype (expressing

18

Introduction
lipoproteins) in comparison to the S. aureus lgt deletion mutant (lacking lipoproteins) in TLR2-/- macrophages as well as in C57BL/6 and MyD88-/- cells152. As stated above, TLR2 and MyD88 belong to the
signal pathway by wich lipoproteins activate the innate immune syste. In TLR2-/- and MyD88-/- mice
both, the S. aureus WT and the lgt deletion mutant do not activate the innate immune response via
TLR2 signaling pathway. However, the WT has an advantage of better iron acquisition via its lipoproteins than the lgt mutant and thus, shows a better survival. For survival in macrophages, S. aureus has
to escape from the phagosome after phagocytosis to prevent its elimination. This process seems to
be supported by lipoproteins as preliminary data showed that a higher number of S. aureus wildtype
cells than S. aureus lgt deletion mutants cells are released from the intracellular compartment of macrophages152. However, the authors do not specify the underliying mechanism. By supporting intracellular survival, lipoproteins further promote immune evasion of S. aureus, what is a prerequisite for
persisting and relapsing infection.
Lipoproteins were also shown to interfere with the cell cycle of host cells during intracellular survival
in order to create a more beneficial surrounding for the following infection process. Specifically, lipoprotein-like proteins cause a delay in the G2/M phase transition of HeLa cells133, what is often accompanied with an increased bacterial infective efficiency156. These observations further underline the
impact of S. aureus lipoproteins in virulence and intracellular survival.
The above-mentioned findings clearly demonstrate the critical function of lipoproteins in the infections process of S. aureus. Based on these findings, it could be concluded that an S. aureus lgt deletion
mutant would show attenuated virulence in infection models. However, it was surprising that several
studies reported an opposite finding: an S. aureus lgt deletion mutant appeared hypervirulent in murine infection models. Wardenburg et al. 2006 observed that S. aureus variants with blocked diacylglycerol modification of lipoprotein precursors caused lethal infections with disseminated abscess formation in C57BL/6 mice138, and Stoll et al. 2005 found a hypervirulent phenotype of the S. aureus lgt
deletion mutant in a mouse infection model93. The authors explain these hypervirulent phenotype
with the great impact of lipoproteins on immune recognition: if lipoproteins are missing, the host does
not recognize the invading pathogen, less proinflammatory cytokines are released and thus, no protective immune response is elicited, which could combat the bacterial infection.
As described above, lipoproteins play a crucial role in the recognition of S. aureus by the host’s immune system. The question arises, whether the protein part or the lipid tail of a lipoprotein is immunogenic. Several studies dealt with this question and independently demonstrated that the immunogenic potential of lipoproteins is clearly based on their lipid modification. For instance, Nguyen et al.
2015 investigated the immune stimulating activity of purified S. aureus lipoprotein-like protein Lpl1
with and without lipid modification. Although applied in high concentration, the non-lipidated Lpl1
exhibited no proinflammatory properties134. In contrast, synthetic lipopeptide analogs with di- or triacylated cystein groups revealed strong stimulation activity towards murine B lymphocytes157 as well
as human monocytes158,159. Thus, the lipid anchor of lipoproteins is essential for immune signaling.
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In summary, lipoproteins provide vital functions for the physiology of S. aureus, especially as substrate-binding proteins of ABC transporters. Nonetheless, they also act as “key players in the immune
response and virulence” 151, particularly in the immune modulation and evasion of the host immune
defense, invasion, intracellular survival as well as persistence in the host. This constitutes lipoproteins
as highly attractive targets for antimicrobial treatment.

4.4 Aim of the present study
The aim of the present study is to investigate the function of so far poorly characterized lipoproteins
in S. aureus.
In a first step, all lipoproteins of 123 S. aureus strains will be defined using a comparative genomic
approach. The identified lipoproteins will be classified according to their function and degree of conservation, and out of these, functionally uncharacterized lipoproteins will be selected in order to predict their function by applying bioinformatic analyses, comprehensive literature reserach as well as
available structural information. Based on this integrated bioinformatic approach, lipoproteins from
the core and variable lipoproteome, which are not or only poorly functionaly understood, will be selected for further experimental characterization.
Firstly, selected lipoproteins will be heterologously expressed in E. coli and purified for (I) ELISA-based
analyses to study the adaptive immune response of S. aureus carriers and non-carrieres and (II) flow
cytometry-based analyses to study platelet activation and aggregation.
Secondly, markerless deletion mutants of the selected liproteins will be constructed and subjected to
a comprehensive phenotypical screening. Here, cultivation experiments under various growth and
stress conditions, different microscopic techniques as well as slot-blot and microarray-based transcritptome analyses will reveal insights in which processes the target lipoprotein might be involved in.
Finally, mutants showing striking phenotypic alterations compared to the wildtype will be selected for
detailed functional characterization to elucidate the molecular mechanisms underlying the observed
phenotypes.
In summary, these investigations are vital steps to widen our understanding about the function in cell
physiology and pathogenicity of an important group of S. aureus proteins. Potentially, this knowledge
will provide novel targets for anti S. aureus therapies.
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5 Materials
5.1 Chemicals
Table 1

Chemicals used in this study

Chemical
5 x Green GoTaq® Reaction Buffer
Agarose
Blocking Reagent
Calcium chloride dihydrate (CaCl2)
CDP-Star®
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
Freund’s Adjuvant, Incomplete
GeneRuler 1 kb DNA Ladder
GeneRuler 100 bp DNA Ladder
Glycerin
Glycogen
Guanidinium thiocyanate
Human plasma
IGEPAL CA-630
Immersion oil ''Immersol'' 518 F fluorescence free
IPTG
Isoamyl alcohol
Isopropanol
Lithium chloride (LiCl)
Magnesium chlorid hexahydrate (MgCl2)
MOPS
N-Laurylsarcosine sodium salt
Nile Red
Nutrient agar LB
Nutrient broth LB
Nutrient broth TSBMerck
Nutrient broth TSBOxoid
PageRuler™ Prestained Protein Ladder, 10 to 180 kDa
RNA Molecular weight Standard I (Dig-labeled)
RNase-free water
RNasin® Ribonuclease Inhibitors
Roti®-Aqua-Phenol
Roti®-GelStain
Rubidium chloride (RbCl)
SDS (ultrapure)

Manufacturer
Promega (Madison, Wisconsin, USA)
PEQLAB Biotechnologie GmbH (Erlangen, Germany)
Roche Diagnostics GmbH (Mannheim, Germany)
Sigma Aldrich (St. Louis, Missouri, USA)
Roche Diagnostics GmbH (Mannheim, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Merck (Darmstadt, Germany)
New England Biolabs GmbH (Ipswich, Massachusetts,
USA)
Merck (Darmstadt, Germany)
Life Technologies GmbH (Darmstadt, Germany)
Carl Roth (Karlsruhe, Germany)
Thermo Fisher Scientific (Waltham, Massachusetts,
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 Roth (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 number:
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
Select agar
Skim milk powder
Sodium acetate trihydrat
Sodium azide (NaN3)
Sodium bicarbonate (NaHCO3)
Sodium carbonate (Na2CO3)
Sodium chloride (NaCl)
Sodium metaperiodate
Thiourea
Tri-sodium citrate dihydrate
Trichlormethane/Chloroform
Tris-HCl
Trisodium citrate dihydrate (Na3-citrate)
Triton X-100
Triton X-114
Tween 20
Urea
X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside)
Xylose

Manufacturer
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 Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)
Sigma Aldrich (St. Louis, Missouri, USA)
Carl Roth (Karlsruhe, Germany)
Sigma Aldrich (St. Louis, Missouri, USA)
SERVA Electrophoresis GmbH (Heidelberg, Germany)
Merck (Darmstadt, Germany),
PEQLAB Biotechnologie GmbH (Erlangen, Germany)
Carl Roth (Karlsruhe, Germany)

5.2 Solid and liquid media

Table 2

Media used in this study

Medium
Columbia blood agar
plates
LB-Medium
LB-Agar
SOC outgrowth medium
Soft agar

TSBMerck

TSBOxoid

TSB-Agar

Composition

20 g
ad. 1 l
32 g
ad. 1 l

LB-Broth
A. dest
LB-Agar
A. dest

2g
0.6 g
ad. 100 ml
30 g
ad. 1 l

LB-Broth
Select agar
A. dest
TSB
A. dest

30 g
ad. 1 l

30 g
15 g
ad. 1 l

TSB
A. dest

TSB
Select agar
A. dest

Remark
•
Ordered from Oxoid (Basingstoke, England)
•
Adjust pH to 7.55
•
Autoclave for 20 min, 121 °C
•
No pH adjustment needed
•
Autoclave for 15 min, 121 °C
•
Ordered from New England Biolabs GmbH
(Ipswich, Massachusetts, USA)
•
Autoclave for 20 min, 121 °C
•
•
•
•
•
•
•
•

TSB ordering number from Merck (Darmstadt, Germany): 1.00550.0500
No pH adjustment needed
Autoclave for 15 min, 121 °C
TSB ordering number from Oxoid (Basingstoke, England): CM0129
No pH adjustment needed
Autoclave for 15 min, 121 °C
No pH adjustment needed
Autoclave for 15 min, 121 °C

5.3 Oligonucleotides

Primers used this study were synthesized by Thermo Fisher Scientific (Carlsbad, California, Germany).
The lyophilized Primers were dissolved in A. dest to a final concentration of 100 pmol/µl.
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Table 3

Oligonucleotides used in this study

OligoSequence (5’ → 3’)
nucleotide
Construction of pPR-IBA-1 vectors for protein expression in E. coli
586
ATGGTAGGTCTCAAATGTCTAATAAAGGTGAAAAGTATCAAAAAG
587
ATGGTAGGTCTCAGCGCTATCTTTTTCCACTTCTACATTTTCATC
588
ATGGTAGGTCTCAAATGGGTAATGATAAATATGTGAAAGAAATAG
589
ATGGTAGGTCTCAGCGCTGTTCGTCATATTTTCTTCATGATAATC
590
ATGGTAGGTCTCAAATGTCAACTACCAATAACGAATCCAACA
591
ATGGTAGGTCTCAGCGCTTTCTTGATCAAACACACCATATTCTG
592
ATGGTAGGTCTCAAATGAATAATGAATCAAAAAAAGACACAAATAC
593
ATGGTAGGTCTCAGCGCTTTCATCTTCAAATGCTCCAAACGAC
594
ATGGTAGGTCTCAAATGTCAACTACCAATAACGAATCTAATAAA
595
ATGGTAGGTCTCAGCGCTTTCATCTTTACGATACACTCCATATT
596
ATGGTAGGTCTCAAATGTCCACGATGGAAAATGAATCAAAAAA
597
ATGGTAGGTCTCAGCGCTTTCATCTTTACTGTGCACCCCATA
600
ATGGTAGGTCTCAAATGGGACATCATCAAGATAGTGCAAAAA
601
ATGGTAGGTCTCAGCGCTTACTTCATCTAAACCACTGTGGTC
602
ATGGTAGGTCTCAAATGACTACGGATAAAAAAGAAATTAAGGC
603
ATGGTAGGTCTCAGCGCTTTTAAATTGATCAACGTCTTGCTTTTC
604
ATGGTAGGTCTCAAATGGGCAATGATACTCCAAAAGATGAAA
605
ATGGTAGGTCTCAGCGCTGTGATCTTGCTCACTCTTTAATACT
606
ATGGTAGGTCTCAAATGGGTAACCATAAGGATGACCAGGC
607
ATGGTAGGTCTCAGCGCTATTACTGTAAATATGAACTTGCGGTT
608
ATGGTAGGTCTCAAATGTCCAAGCAAAATGAGAAAGCTCAAA
609
ATGGTAGGTCTCAGCGCTTTCTTCATAATCCCGATTCCCTTTA
610
ATGGTAGGTCTCAAATGGGTAATTCTAATTCACAAGATCAAGG
611
ATGGTAGGTCTCAGCGCTTTTTAATTTAGCGCCGCCGAAGAT
612
ATGGTAGGTCTCAAATGAGCAATCAATTCAAAAGCGAAGAAG
613
ATGGTAGGTCTCAGCGCTTTCTGTTGAAGCGTCGTACATGC
614
ATGGTAGGTCTCAAATGGGTAAAAAAGAATCAGCAACGACAT
615
ATGGTAGGTCTCAGCGCTTTTGATTTTATCTTTTAATAACTTCTCAT
616
ATGGTAGGTCTCAAATGGGGAACGACGATAGTAAGAAGGA
617
ATGGTAGGTCTCAGCGCTTTCAGTAATCACAGCCATTTTACTTA
618
ATGGTAGGTCTCAAATGGCGTCCGATCAATCTGATAACGA
619
ATGGTAGGTCTCAGCGCTTTTATCGATAACATCACTCTTGATAC
620
ATGGTAGGTCTCAAATGGGTAAAAGTCAAGAGAAAGCCACT
621
ATGGTAGGTCTCAGCGCTTGATTGGTGTTTGTCATTAGCTTTTT

Restriction enzyme

Orientation

Use

BsaI

for

Cloning of pAB036

BsaI

rev

Cloning of pAB036

BsaI

for

Cloning of pAB037

BsaI

rev

Cloning of pAB037

BsaI
BsaI

for
rev

Cloning of pAB038
Cloning of pAB038

BsaI

for

Cloning of pAB039

BsaI

rev

Cloning of pAB039

BsaI

for

Cloning of pAB040

BsaI

rev

Cloning of pAB040

BsaI

for

Cloning of pAB041

BsaI
BsaI

rev
for

Cloning of pAB041
Cloning of pAB043

BsaI
BsaI

rev
for

Cloning of pAB043
Cloning of pAB044

BsaI

rev

Cloning of pAB044

BsaI

for

Cloning of pAB045

BsaI

rev

Cloning of pAB045

BsaI
BsaI

for
rev

Cloning of pAB046
Cloning of pAB046

BsaI

for

Cloning of pAB047

BsaI
BsaI

rev
for

Cloning of pAB047
Cloning of pAB048

BsaI
BsaI

rev
for

Cloning of pAB048
Cloning of pAB049

BsaI
BsaI

rev
for

Cloning of pAB049
Cloning of pAB050

BsaI

rev

Cloning of pAB050

BsaI
BsaI

for
rev

Cloning of pAB051
Cloning of pAB051

BsaI
BsaI

for
rev

Cloning of pAB052
Cloning of pAB052

BsaI
BsaI

for
rev

Cloning of pAB053
Cloning of pAB053
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Oligonucleotide
622
623
624
625
626
627
628
629
630
631
632
633

Sequence (5’ → 3’)

ATGGTAGGTCTCAAATGGGTAATAAAGAAAAAGAGGCACAAC
ATGGTAGGTCTCAGCGCTTTTTTCTTCTAATTTTTCAAGCTTTTTTT
ATGGTAGGTCTCAAATGTCTTTTGGTGGGAATCATAAATTATC
ATGGTAGGTCTCAGCGCTTTTTAAAGAATCATCTGACGCTGTTT
ATGGTAGGTCTCAAATGGGATCACAAAATTTAGCACCATTAG
ATGGTAGGTCTCAGCGCTTGATTTTGCATTTAAGTTTAATTTTGAC
ATGGTAGGTCTCAAATGGGTGCTAATCAACATAAAGAAAATAG
ATGGTAGGTCTCAGCGCTTTTAACTTTAGTTTCTTCAGAATTATTTG
ATGGTAGGTCTCAAATGGGAAATGATGAGAATCAGGAAGAAT
ATGGTAGGTCTCAGCGCTATTATCATTATTTATAATTTCAGAAACTC
ATGGTAGGTCTCAAATGGGTCAAGATAGTGACCAACAAAAAG
ATGGTAGGTCTCAGCGCTTTGTTGGTAGTTTGGATCAGTAACC

Construction of pMAD vectors for gene deletion mutants in S. aureus
634
GCGAATTCGCTTATCGGTATCCATACATCATGG
635
GTTTTAAAGAAAGCCTATGCATTTTTCTCCTTAGATGGC
636
GCCATCTAAGGAGAAAAATGCATAGGCTTTCTTTAAAAC
637
GCGAATTCGTCGCTTATTTCATCTTTAGGCTTG
638
GCGAATTCGACGTTAATGCTTTAAAGAAAAATG
639
CATAATAACTCCTATTCATATTCCTACTATCAACTTCCAAC
640
GTTGGAAGTTGATAGTAGGAATATGAATAGGAGTTATTATG
641
GCGAATTCGTCGTTTTTATATGATTATCTTTCGC
642
GCGAATTCCGAAACCTGGAGATGAAATTGC
643
GTTAAATTTTCATCATTAATTATGACACCTCGAATAATTTA
644
TAAATTATTCGAGGTGTCATAATTAATGATGAAAATTTAAC
645
GCGAATTCGCTCTAGAATCTCACTAGATCAGCC
646
GCGAATTCGATATATTGTCTCTTGTATACTTTTCC
647
GGGCATTTTTAAGTTATAAAAGTCAGTCGCCTTCTTTCG
648
CGAAAGAAGGCGACTGACTTTTATAACTTAAAAATGCCC
649
GCGAATTCGGCGGCATCTGGTAAGTTAGTGACACC
650
GCGAATTCGCATTTTACTTAATCGTTTATATCC
651
GACAATCAACAAACCAAATTTAACATGTCTCCTTTATTTC
652
GAAATAAAGGAGACATGTTAAATTTGGTTTGTTGATTGTC
653
GCGAATTCGCTCTTTATTTGTAGCCAATTGG
654
GCGAATTCGCCTGAACGTAAACCATATCGTTTCGC
655
CTACCATCTGTATTATATTAATACTTGTACCTCCACTTGC
656
GCAAGTGGAGGTACAAGTATTAATATAATACAGATGGTAG
657
GCGAATTCGCTTCAGTTAATGGTAAACCATGCC
658
GCGAATTCCATATCTTGTACTTACTATCATTGGC
659
CGTTAATGCAACGAATCTTTAATATCACTCTCTCTTCC
660
GGAAGAGAGAGTGATATTAAAGATTCGTTGCATTAACG
661
GCGAATTCATAGCTTGATTATTTTATGTTATAGG
662
GCGAATTCGCTGCCATTCAACAAGCTAAGGAC
663
TTATTATCTTTAATTTACAACGACATACCCCTCTAACTAT
664
ATAGTTAGAGGGGTATGTCGTTGTAAATTAAAGATAATAA
665
GCGAATTCGGTGAAGAAAAAGCTAAAACGCACC
666
GCGAATTCCACTCCCAAAGGTTTACATAATTCC
667
CTATCTTTTTATTAAATTTAATAAACATTCTCCCTATGTTT
668
AAACATAGGGAGAATGTTTATTAAATTTAATAAAAAGATAG
669
GCGAATTCGTGCATAAATTTGATGCTCATGTTGCC
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Restriction enzyme
BsaI

Orientation

Use

for

Cloning of pAB054

BsaI

rev

Cloning of pAB054

BsaI

for

Cloning of pAB055

BsaI

rev

Cloning of pAB055

BsaI
BsaI

for
rev

Cloning of pAB056
Cloning of pAB056

BsaI

for

Cloning of pAB057

BsaI

rev

Cloning of pAB057

BsaI

for

Cloning of pAB058

BsaI

rev

Cloning of pAB058

BsaI

for

Cloning of pAB059

BsaI

rev

Cloning of pAB059

EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI

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

Materials
Oligonucleotide
670
671
672
673
674

Sequence (5’ → 3’)

675
676
677

GCCGAGCTACCCTGAAATTGCCTAAAAAATCTCCCTC
GAGGGAGATTTTTTAGGCAATTTCAGGGTAGCTCGGC
GCGGTCTCGAATTCGTTCATACCTGGATTGTATTTAGGGC

682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698

GCGAATTCCTATTTAGATAAAGAATTTGAGGG
CTTGTTCATAATTTGTCATTTTGACACCTCATTATAG
CTATAATGAGGTGTCAAAATGACAAATTATGAACAAG
GCGAATTCGCGGTAAATCTTTAAAGGCATCGGG
GCGAATTCCAATGGGCGCTGGTGCAAATGCAGC
CGCAATGATGGCTTTCAGAATGTAATATAACTCCTTAG
CTAAGGAGTTATATTACATTCTGAAAGCCATCATTGCG
GCGAATTCGGTGTAAATTGTGTGAGCGATAATATC
GCGAATTCCGATTAATATTGGAGAGGAAAATGAGG
CTATAACAAGTAAGCAATTCGAATAAAACTCCTTAACGTC
GACGTTAAGGAGTTTTATTCGAATTGCTTACTTGTTATAG
GCGAATTCCACAATAAATCATCGATTGACACTCC
GCGAATTCGCAATATCATCATTAGTTGATAAGAGG
CTTTGAAAAATGATTATAGGATTGCACTCCTTAACAG
CTGTTAAGGAGTGCAATCCTATAATCATTTTTCAAAG
GCGAATTCGCTATTCACGTCTAGTAGTGTAAGGC
GCGGTCTCGAATTCGCATTGAAGATTGATATTGATCCAC

699
700
701

TATTTTTCACACAGTAAATAAAACTTTCTCCTCTTAAG
CTTAAGAGGAGAAAGTTTTATTTACTGTGTGAAAAATA,
GCGGTCTCGAATTCCACGTAAAATAATACAATGCAACTG

702
703
704
705
706

GCGAATTCGCTGCTTTTTGAATTAAAGCAATTTCG
CGCATTAAAAGACTCCTATACTATCTCCCTAAAATC
GATTTTAGGGAGATAGTATAGGAGTCTTTTAATGCG
GCGAATTCGGCATTCGTTGAAAAAGCAGTTGCC
GCGGTCTCGAATTCCGATGTGTCAGAAAACATAGCCAACGC

707
708
709

CGATTAATCAAAGTATGCCATTTTTTATCTCCTTGATTTG
CAAATCAAGGAGATAAAAAATGGCATACTTTGATTAATCG
GCGGTCTCGAATTCGCTACAGCTTGCGAGTATGTAGCGTC

710
711
712
713
714
715
716
717

GCGAATTCGCGAACTATATAATTTACTACGAAG
GGCGGGCTACCCTGTGGAATCTCATTTCTCCTTTGCTTAC
GTAAGCAAAGGAGAAATGAGATTCCACAGGGTAGCCCGCC
GCGAATTCGTTCTGACTTCGTAGGTTTTCCGGC
GCGAATTCGACTTTCAAGGTGGCGGAAGAGG
GCATCATAGTTATATTAACAACATATCTCCTCCTATAATTCG
CGAATTATAGGAGGAGATATGTTGTTAATATAACTATGATGC
GCGAATTCGCCTATCATGTTGTGGTTCAGGG

GCGAATTCGTCTATTCCATTTTTAGCCCCTGCC
GTTTAACTCAGAAATTGAGCTAACTCCTCATTTCTTC
GAAGAAATGAGGAGTTAGCTCAATTTCTGAGTTAAAC
GCGAATTCCGTCGTATGTGCAACTATATTTGCG
GCGGTCTCGAATTCCAATCATCAAAAACGCAATTAACTC

Restriction enzyme
EcoRI
EcoRI
BsaI,
EcoRI
BsaI,
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI
BsaI,
EcoRI
BsaI,
EcoRI
EcoRI
EcoRI
BsaI,
EcoRI
BsaI,
EcoRI
EcoRI
EcoRI
EcoRI
EcoRI

Orientation

Use

for
rev
for
rev
for

Cloning of pAB069
Cloning of pAB069
Cloning of pAB069
Cloning of pAB069
Cloning of pAB070

rev
for
rev

Cloning of pAB070
Cloning of pAB070
Cloning of pAB070

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

Cloning of pAB072
Cloning of pAB072
Cloning of pAB072
Cloning of pAB072
Cloning of pAB073
Cloning of pAB073
Cloning of pAB073
Cloning of pAB073
Cloning of pAB074
Cloning of pAB074
Cloning of pAB074
Cloning of pAB074
Cloning of pAB075
Cloning of pAB075
Cloning of pAB075
Cloning of pAB075
Cloning of pAB076

for
rev
for

Cloning of pAB076
Cloning of pAB076
Cloning of pAB076

rev
for
rev
for
rev

Cloning of pAB077
Cloning of pAB077
Cloning of pAB077
Cloning of pAB077
Cloning of pAB078

for
rev
for

Cloning of pAB078
Cloning of pAB078
Cloning of pAB078

rev
for
for
rev
for
rev
for
rev

Cloning of pAB079
Cloning of pAB079
Cloning of pAB079
Cloning of pAB079
Cloning of pAB080
Cloning of pAB080
Cloning of pAB080
Cloning of pAB080

Construction of pMAD vectors for chromosomal complementation of gene deletion mutants in S. aureus
774
GAATTCTAGAAGCTTCTGCAGAC
EcoRI
for
Linearization of
pMAD for NEBuilder
775
GAATTCGAGCTCCCGGGTAC
EcoRI
rev
Linearization of
pMAD for NEBuilder
800
TGCATGCCATGGTACCCGGGAGCTCGAATTCGCTGCTTTTTEcoRI
for
Cloning of pAB081
GAATTAAAGC
801
GTCGACGCGTCTGCAGAAGCTTCTAGAATTCGGCATTCGTTEcoRI
rev
Cloning of pAB081
GAAAAAGC
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Oligonucleotide
802
803

Sequence (5’ → 3’)

TGCATGCCATGGTACCCGGGAGCTCGAATTCCGATTAATATTGGAGAGGAAAATG
GTCGACGCGTCTGCAGAAGCTTCTAGAATTCCACAATAAATCATCGATTGAC

Restriction enzyme
EcoRI

Orientation

Use

for

Cloning of pAB082

EcoRI

rev

Cloning of pAB082

Construction of pRB473-xylR vectors for episomal complementation of gene deletion mutants in S. aureus
806
GAATTCCGCTGCACTGCG
EcoRI
for
Linearization of
pRB473-xylR for
NEBuilder
807
GGATCCTACATTTTAGTTGGTTAATTTAATAAAC
BamHI
rev
Linearization of
pRB473-xylR for
NEBuilder
808
TATTAAATTAACCAACTAAAATGTAGGATCCTTGATTTTAGG- BamHI
for
Cloning of pAB083
GAGATAGTAATG
809
CCCTGCCACTCATCGCAGTGCAGCGGAATTCTCATGATTTTEcoRI
rev
Cloning of pAB083
GCATTTAAGTTTAATTTTG
810
TATTAAATTAACCAACTAAAATGTAGGATCCATBamHI
for
Cloning of pAB084
GACGTTAAGGAGTTTTATATG
811
CCCTGCCACTCATCGCAGTGCAGCGGAATTCTTATGATTEcoRI
rev
Cloning of pAB084
GGTGTTTGTCATTAG
Sequencing of different vector constructs
77
TAATACGACTCACTATAGGG

-

for

78

TAGTTATTGCTCAGCGGTGG

-

rev

772

CCCAATATAATCATTTATCAACTCTTTTACACTTAAATTTCC

-

for

773

GCAACGCGGGCATCCCGATG

-

rev

386

GCGTTTACAAAAAATGAACAATG

-

for

387

AACTGCCTTAAAAAAATTACGC

-

rev

Construction of probes for slot blots
947
ATGAAGAAATTAATCATCAG

-

for

948

GAAATTAATACGACTCACTATAGGGAGATTATGATTGGTGTTTGTCATTAGC
ATGAAAAAATTGGTTTCAATTG

-

rev

-

for

GAAATTAATACGACTCACTATAGGGAGATCATGATTTTGCATTTAAGTTT
ATGCGTAATATAATATTTTATCTTGTAC

-

rev

-

for

GAAATTAATACGACTCACTATAGGGAGACTATTTTCTTCTTTGATTTCTTTTATAC
ATGAGGACACTTAATAAAGATGAAC

-

rev

-

for

GAAATTAATACGACTCACTATAGGGAGACTAATCAATATCTTTATACATTTTCACATG
ATGCATGAACAAGATTTTAGAA

-

rev

-

for

GAAATTAATACGACTCACTATAGGGAGATTATTTTGATTTAGAAATATAACTTATAAGTTC
ATGATTTATTGTGAAACAGAGC

-

rev

-

for

GAAATTAATACGACTCACTATAGGGAGATCACTTTCGAAGATTAATGTAATAG

-

rev

949
950
951
952
953
954
955
956
957
958
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Sequencing of pPRIBA1 vectors
Sequencing of pPRIBA1 vectors
Sequencing of
pMAD vectors
Sequencing of
pMAD vectors
Sequencing of
pRB473-xylR vectors
Sequencing of
pRB473-xylR vectors

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

Materials

5.4 Plasmids

Table 4

Plasmids used in this study

Plasmid
Description
Protein expression in E. coli
pPR-IBA1
E. coli vector for expression of proteins with C-terminal Strep-tag®,
Amp
pAB036
pAB037
pAB038
pAB039
pAB040
pAB041
pAB043
pAB044
pAB045
pAB046
pAB047
pAB048
pAB049
pAB050
pAB051
pAB052
pAB053
pAB054
pAB055
pAB056
pAB057
pAB058
pAB059

pPR-IBA1-NWMN_0245
pPR-IBA1-NWMN_2309
pPR-IBA1-NWMN_1394
pPR-IBA1-NWMN_1395
pPR-IBA1-NWMN_1396
pPR-IBA1-NWMN_1398
pPR-IBA1-NWMN_0753
pPR-IBA1-NWMN_0958
pPR-IBA1-NWMN_0364
pPR-IBA1-NWMN_1841
pPR-IBA1-NWMN_2579
pPR-IBA1-NWMN_0677
pPR-IBA1-NWMN_1689
pPR-IBA1-NWMN_2308
pPR-IBA1-NWMN_0336
pPR-IBA1-NWMN_0369
pPR-IBA1-NWMN_0646 (= l16)
pPR-IBA1-NWMN_0709
pPR-IBA1-NWMN_1123
pPR-IBA1-NWMN_1435 (= l14)
pPR-IBA1-NWMN_1690
pPR-IBA1-NWMN_1924
pPR-IBA1-NWMN_2270

Reference
IBA Lifesciences
(Göttingen, Germany)
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

Construction of gene deletion mutants in S. aureus
pMAD
ts shuttle vector for allelic replacement in S. aureus, Amp, Ery

Arnaud et al.

pAB060
pAB061
pAB062
pAB063
pAB064
pAB065
pAB066
pAB067
pAB068
pAB069
pAB070
pAB072
pAB073
pAB074
pAB075
pAB076
pAB077
pAB078
pAB079
pAB080

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

pMAD-NWMN_0245
pMAD-NWMN_2309
pMAD-NWMN_1394-NWMN_1398
pMAD-NWMN_2356
pMAD-NWMN_0753
pMAD-NWMN_0958
pMAD-NWMN_0364
pMAD-NWMN_1841
pMAD-NWMN_2579
pMAD-NWMN_0677
pMAD-NWMN_1689
pMAD-NWMN_0336
pMAD-NWMN_0369
pMAD-NWMN_0646
pMAD-NWMN_0709
pMAD-NWMN_1123
pMAD-NWMN_1435
pMAD-NWMN_1690
pMAD-NWMN_1924
pMAD-NWMN_2270

Chromosomal complementation of gene deletion mutants in S. aureus
pAB081
pMAD-NWMN_1435
pAB082
pMAD-NWMN_0646

This study
This study
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Materials
Plasmid
Description
Episomal complementation of gene deletion mutants in S. aureus
pRB473
pRB373 based shuttle vector, Amp, Cm

Reference
Bruckner et al.
1993161

pRB473-xylR
pAB083
pAB084

pRB373 based shuttle vector for xylose induced expression of proteins,
Amp, Cm
pRB473-xylR-NWMN_1435
pRB473-xylR-NWMN_0646

Knut Ohlsen,
Würzburg
This study
This study

5.5 Enzymes

Table 5

Enzymes used in this study

Enzyme
Ambicin® (recombinant lysostaphin)
BsaI-HF®
DNase I
FastDigest Eco31I (= BsaI)
FastDigest EcoRI
GoTaq® G2 DNA Polymerase
Proteinase K
rAPid Alkaline Phosphatase
RNase A
T7 RNA Polymerase

Manufacturer
AMBI PRODUCTS LLC (Lawrence, New York, USA)
New England Biolabs GmbH (Ipswich, Massachusetts, USA)
Roche Diagnostics GmbH (Mannheim, Germany)
Life Technologies GmbH (Darmstadt, Germany)
Life Technologies GmbH (Darmstadt, Germany)
Promega (Madison, Wisconsin, USA)
Thermo Fisher Scientific (Waltham, Massachusetts, USA)
Roche Diagnostics GmbH (Mannheim, Germany)
Roche Diagnostics GmbH (Mannheim, Germany)
Roche Diagnostics GmbH (Mannheim, Germany)

5.6 Antibodies
Table 6

Antibodies used in this study

Antibody
Anti-Digoxigenin-AP, Fab
fragments for slot blots
Anti-L14
Anti-mouse for western
blot

Description
Fab fragments from polyclonal anti-digoxigenin antibodies, conjugated to alkaline phosphatase
Polyclonal IgG antibody, purified from
mouse serum, against L14
IRDye® 800 CW goat (polyclonal) antimouse IgG (heavy & light chain), highly
cross absorbed

Dilution
1:10,000

1:10,000
1:20,000

Manufacturer
Roche Diagnostics
GmbH (Mannheim,
Germany)
This study
LI-COR Biosciences
(Lincoln, Nebraska,
USA)

5.7 Mice strains
The animal experiments were approved by the Animal Welfare Committee of the University of
Greifswald and the state of Mecklenburg-Vorpommern, Germany (Docket animal experiments application: 7221.3-1.1-019/11; valid until May 2014).
Table 7

Mice used in this study

Organism
CD-1 mice
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Description
5-6 weeks old, female, S. aureus-free CD1 outbreed mice®

Reference
Charles River Laboratories
(Sulzfeld, Germany)

Materials

5.8 Bacterial strains and bacteriophages
Table 8

Bacterial strains and phages used in this study

Organism
Escherichia coli
BL21 (DE3) pLysS

Description

Reference

F- ompT hsdS gal (rb- mb+) DE3(Sam7 Δnin5 lacUV5-T7 Gen1)

Studier & Moffatt

DH5

NEB® 5-alpha Competent E. coli (High Efficiency)

1986162
New England Biolabs
GmbH (Ipswich, Massachusetts, USA)

Staphylococcus aureus
RN4220

Restriction modified

Kreiswirth et al. 1983163

Newman

Clinical isolate (tuberculous osteomyelitis)

Duthie & Lorenz 1952164

S. aureus Newman gene deletion mutants
S. aureus l01
S. aureus Newman NWMN_0245
S. aureus l02
S. aureus Newman NWMN_1394-NWMN_1398
S. aureus l03
S. aureus Newman NWMN_0753
S. aureus l04
S. aureus Newman NWMN_0364
S. aureus l05
S. aureus Newman NWMN_1841
S. aureus l06
S. aureus Newman NWMN_0677
S. aureus l07
S. aureus Newman NWMN_0336
S. aureus l08
S. aureus Newman NWMN_0369
S. aureus l09
S. aureus Newman NWMN_2309
S. aureus l10
S. aureus Newman NWMN_1924
S. aureus l11
S. aureus Newman NWMN_1690
S. aureus l12
S. aureus Newman NWMN_2270
S. aureus l13
S. aureus Newman NWMN_1123
S. aureus l14
S. aureus Newman NWMN_1435
S. aureus l15
S. aureus Newman NWMN_1689
S. aureus l16
S. aureus Newman NWMN_0646
S. aureus l17
S. aureus Newman NWMN_2356
S. aureus l18
S. aureus Newman NWMN_2579
S. aureus l19
S. aureus Newman NWMN_0958
S. aureus l20
S. aureus Newman NWMN_0709
S. aureus lgt
S. aureus Newman lgt, Ery
S. aureus sigB
S. aureus Newman sigB

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
Kullik et al. 1998165

Chromosomal complemented deletion mutants
S. aureus l14chrom_comp
S. aureus l14 NWMN_1435::NWMN_1435
S. aureus l16chrom_comp
S. aureus l16 NWMN_0646::NWMN_0646

This study
This study

Episomal complemented deletion mutants
S. aureus l14episom_comp
S. aureus l14+ pAB083
S. aureus l16episom_comp
S. aureus l16+ pAB084

This study
This study

Suppressor mutants of l14 and l16
S. aureus l14_S01 - l14_S20
Suppressor mutants of l14 generated through
passaging of l14 overnight on TSBMerck solid medium at 45 °C
S. aureus l16_S01 - l16_S20
Suppressor mutants of l16 generated through
passaging of l16 overnight on TSBMerck solid medium at 45 °C
Deletion mutants in spasbi background
S. aureus spasbi
S. aureus Newman spasbi
S. aureus spasbil14

S. aureus Newman spasbi NWMN_1435

This study

This study

Jan Maarten van Dijl, Groningen
This study
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Materials
Organism
S. aureus spasbil16

Description
S. aureus Newman spasbi NWMN_0646

Bacteriophages
Staphylococcus phage 80

Reference
This study

Rosenblum & Tyrone
1964166

5.9 Antibiotics
Table 9

1

Antibiotics used in this study

Antibiotic

Solvent

Actinomycin D
Ampicillin (Amp)
Chloramphenicol (Cm)

RNase-free A.
dest
A. bidest
Ethanol

Erythromycin (Ery)

Ethanol

Concentration for selection
500µg/ml

Manufacturer

100 µg/ml1
25 µg/ml1

Carl Roth (Karlsruhe, Germany)
SERVA Electrophoresis GmbH (Heidelberg, Germany)
Sigma Aldrich (St. Louis, Missouri,
USA)

10 µg/ml2

Merck (Darmstadt, Germany),

E. coli, 2 S. aureus

5.10 Kits
Table 10 Kits used in this study
Kit
Bacterial Genomic DNA Isolation kit
DIG RNA Labeling Mix (SP6/T7)
FairPlay Microarray Labeling Kit 252002 and 252003
FairPlay® III Microarray Labeling Kit 252009
Fast-Link™ DNA Ligation Kit
High Pure Plasmid Isolation Kit
NEBuilder HiFi DNA Assembly Master Mix with competent cells
Phusion High-Fidelity PCR Kit
QIAquick Gel Extraction Kit
RNA Clean-Up and Concentration Kit
RNase-Free DNase Set
Strep-Tactin® Spin Column Kit

Manufacturer
Norgen Biotek Corp. (Thorold, Ontario, Canada)
Roche Diagnostics GmbH (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 Biolabs GmbH (Ipswich, Massachusetts,
USA)
Life Technologies GmbH (Darmstadt, Germany)
Quiagen (Venlo, Netherlands)
Norgen Biotek Corp. (Thorold, Ontario, Canada)
Quiagen (Venlo, Netherlands)
IBA Lifesciences (Göttingen, Germany)

5.11 Consumables
Table 11 Consumables used in this study
Consumable
Cuvettes for electroporation
Deuterated solvents
Dialysis tube
Filter paper
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Description
Electroporation Cuvettes with 1
mm gap
Deuterated solvents for NMR spectroscopy for LTA analysis
MEMBRA-CEL dialysis tubing,
MWCO7000, cut off 7 kDa
Whatman® gel blotting paper,
Grade GB005

Manufacturer
Molecular BioProducts Inc. (San Diego, California, USA)
Deutero GmbH (Kastellaun, Germany).
SERVA Electrophoresis GmbH (Heidelberg, Germany)
Sigma Aldrich (St. Louis, Missouri,
USA)

Materials
Consumable
Glass beads
Microarrays
Microscope cover glasses
Microscope slides
Microtiter plate for static biofilm
formation assay
Mini SDS-gels
Nitrocellulose membrane for western blot
Nylon membrane for slot blots
Parafilm

Description
Glass beads with 0.1 – 0.11 mm diameter
Hybridisation & gasket slide (8 Microarrays per slide), customized
Microscope cover glasses (22 mm x
22 mm)
Microscope slides (76 mm x 26 mm
x 1 mm)
96-well microtiter plate, sterile
4–20% Mini-PROTEAN® TGX™ Precast Protein Gels, 10-well, 30 µl
Trans-Blot® Turbo™ Mini Nitrocellulose Transfer Packs
Nylon membrane, positively
charged (0.3 x 3 m)
PARAFILM® M

Polycarbonate filter for scanning
electron microscopy
RNA Nano Chip for Bioanalyzer

polycarbonate filter (0.2 µm)

Sepharose column for hydrophobic
interaction chromoatography of
isolated LTA
Sepharose columns for murine IgG
purification

HiPrep Octyl-Sepharose col- umn
(16 × 100 mm, bed volume 20 ml)

Square Petri dishes
Syringe filter

RNA 6000 Nano Kit

Manufacturer
Sartorius (Göttingen, Germany)
Agilent Technologies (Santa Clara,
California, USA)
Paul Marienfeld GmbH & Co. KG
(Lauda-Königshofen, Germany)
Paul Marienfeld GmbH & Co. KG
(Lauda-Königshofen, Germany)
BRAND GMBH + CO KG (Wertheim,
Germany)
Bio-Rad Laboratories, Inc. (Hercules, California, USA
Bio-Rad Laboratories, Inc. (Hercules, California, USA
Roche Diagnostics GmbH (Mannheim, Germany)
Bemis Company, Inc (Neenah, Wisconsin, USA)
Merck (Darmstadt, Germany)
Agilent Technologies (Santa Clara,
California, USA)
GE Healthcare (Chicago, Illinois,
USA)

Protein A-Sepharose® 4B column
(Fast Flow, from Staphylococcus aureus)
Square Petri dishes 12 cm x 12 cm x
1.7 cm, steril
Sterile Syringe Filter 0.2 µm Cellulose Acetate

Sigma Aldrich (St. Louis, Missouri,
USA)

Description
FastPrep-24TM5G

Manufacturer
MP Biomedicals (Santa Ana, California, USA)
Sartorius AG (Göttingen, Germany)

Carl Roth (Karlsruhe, Germany)
VWR International (Radnor, Pennsylvania, USA)

5.12 Devices
Table 12 Devices used in this study
Device
Cell homogenizer for isolation of
lipoproteins
Cell homogenizer for RNA Isolation
for microarray analysis
Cell homogenizer for RNA Isolation
for slot blots
Centrifuge (for 2 ml and 50 ml reaction tubes)

Centrifuge (for 2 ml reaction tubes)

Centrifuge (for 500 ml reaction
tubes)

Mikro-Dismembrator S with customized teflon vessels and 7 mm diameter steel balls
Precellys®
Centrifuge „Thermo Scientific™ Megafuge 8R” with 2 ml reaction tube rotor “MicroClick 24x2”
(radius 85 mm) or with 50 ml reaction tube rotor “HIGHConicIII” (radius 120 mm)
Centrifuge „VWR Micro Star 17R“
with rotor „Thermo Scientific 24 x
1.5mL/2.0mL Rotor 75003424 with
CLICKSEAL Lid” (radius 86 mm)
Centrifuge “Thermo Scientific™ Sorvall™ RC 6 Plus” with rotor “Thermo
Scientific™ Fiberlite™ F12-6 x 500
LEX Fixed Angle Rotor with AutoLock” (radius 152 mm)

PEQLAB Biotechnologie GmbH (Erlangen, Germany)
Thermo Fisher Scientific (Waltham,
Massachusetts, USA)

VWR International (Radnor, Pennsylvania, USA) and
Thermo Fisher Scientific (Waltham,
Massachusetts, USA)
Thermo Fisher Scientific (Waltham,
Massachusetts, USA)
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Materials
Device
Chip Priming Station

Description
Chip Priming Station

confocal laser scanning microscope
DNA/RNA gel electrophoresis system

LSM 510 META
Mini-Sub Cell GT System, Wide
Mini-Sub Cell GT System, Sub-Cell
GT System
Electro Cell Manipulator® ECM 630

Electroporator
Fluorescence microscope
French press
Hybridization oven

Zeiss ImagerM2
Constant Cell Disruption System,
Serial No. 1020
PEQLAB PerfectBlot

Incubator (Platten)

INCU-Line® IL115

Laminar flow cabinet

Thermo Scientific™ Safe 2020

Microarray-Slideholder

Microarray-Slideholder

Microfluidics-based platform for
quality control of RNA
Microtiter plate reader

Bioanalyzer 2100

Nuclear magnetic resonance spectrometer for metabolic footprint
analysis
Nuclear magnetic resonance spectrometer for structural analysis of
lipoteichoic acid

Bruker AVANCE-II 600 MHz NMR
spectrometer

Synergy MX

Orbital shaker for RNA isolation

Bruker AvanceIII 700 MHz NMR
spectrometer (equipped with an inverse 5 mm quadruple- resonance
Z-grad cryoprobe)
IKA-Vibrax®-VXR

Scanner for DNA gels

Gel iX20 Imager

Scanner for microarrays
Scanner for SDS gels
Scanner for slot blots

Agilent G2505C Microarray Scanner
System
ViewPix 700
ChemoCam Imager

Scanner for western blots

LI-COR Odyssey® CLx

Scanning electron microscope

EVO LS10

Shaking incubator

Innova 44

Shaking water bath

GFL 1086

Slot blot system

Bio-Dot SF Microfiltration Apparatus
NanoDrop ND-8000

Spectral photometer (for determining RNA concentration for Microarray analysis)
Spectral photometer (for determining RNA, DNA and protein concentration)
Spectral photometer (for measuring
of optical densities)
Table-top shaker
Thermocycler
Transmission electron microscope
Ultramicrotome
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Manufacturer
Agilent Technologies (Santa Clara,
California, USA)
Carl Zeiss (Oberkochen, Germany)
Bio-Rad Laboratories, Inc. (Hercules, California, USA)
BTX Harvard Apparatus (Holliston,
Massachusetts, USA)
Carl Zeiss (Oberkochen, Germany)
Constant Systems Limited (Northants, United Kingdom)
PEQLAB Biotechnologie GmbH (Erlangen, Germany)
VWR International (Radnor, Pennsylvania, USA)
Thermo Fisher Scientific (Waltham,
Massachusetts, USA)
Agilent Technologies (Santa Clara,
California, USA)
Agilent Technologies (Santa Clara,
California, USA)
BioTek Instruments (Winooski, Vermont, USA).
Bruker Biospin GmbH (Rheinstetten, Germany)
Bruker Biospin GmbH (Rheinstetten, Germany)

IKA®-Werke GmbH & CO. KG (Staufen, Germany)
Intas Science Imaging Instruments
GmbH (Göttingen, Germany)
Agilent Technologies (Santa Clara,
California, USA)
Biostep (Burkhardtsdorf, Germany)
Intas Science Imaging Instruments
GmbH (Göttingen, Germany)
LI-COR Biosciences (Lincoln, Nebraska, USA)
Carl Zeiss (Oberkochen, Germany)
New Brunswick Scientific (Edison,
New Jersey, USA)
GFL Gesellschaft für Labortechnik
mbH (Burgwedel, Germany)
Bio-Rad Laboratories, Inc. (Hercules, California, USA)
Thermo Fisher Scientific (Waltham,
Massachusetts, USA)

DeNovix DS-11

DeNovix Inc. (Wilmington, Delaware, USA)

Ultrospec 2100 pro

Biochrom (Holliston, Massachusetts, USA)
Eppendorf AG (Hamburg, Germany)
PEQLAB Biotechnologie GmbH (Erlangen, Germany)
Carl Zeiss (Oberkochen, Germany)
Leica UK Ltd (Milton Keynes, UK)

Eppendorf ThermoMixer® C
peqSTAR 2X Universal
LEO 906
Reichert Ultracut

Materials
Device
Ultrasonic homogenizer with sonotrode
UV cross-linker
Vorexter for Microarrays

Description
SONOPULS HD 3100 with sound
proof box LS 4 and probe MS 73
UVP Crosslinker
IKA Model MS3

Vortexer

Vortex-Genie 2

Western blot transfer system

Trans-Blot® Turbo™ Transfer System

Manufacturer
BANDELIN electronic GmbH & Co.
KG (Berlin, Germany)
Analytik Jena (Jena, Germany)
IKA®-Werke GmbH & CO. KG (Staufen, Germany)
Scientific Industries, Inc. Bohemia,
New York, USA)
Bio-Rad Laboratories, Inc. (Hercules, California, USA)

5.13 Software and databases

Table 13 Software and databases used in this study
Name
2100 Expert Software
B.02.09.SI725
Aureowiki
BLAST
Expasy ProtParam tool
Expasy Translate tool
Geneious 2019
Kegg Pathway Database
LocateP
Microsoft Office 2018
Multalin
NanoDropTM 8000
NCBI database
Reverse complement
S. aureus Expression 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 5.2
R v3.5.1 with limma v3.36.5
and the package EnhancedVolcano

URL/Reference
Agilent Technologies (Santa Clara, California, USA)
http://aureowiki.med.uni-greifswald.de
http://blast.ncbi.nlm.nih.gov/Blast.cgi
https://web.expasy.org/protparam/
http://web.expasy.org/translate/
Biomatters Ltd, Auckland, New Zealand
www.genome.jp/kegg/
http://www.cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py
Microsoft Corporation, Redmond, USA
http://multalin.toulouse.inra.fr/multalin/
Thermo Fisher Scientific (Waltham, Massachusetts, USA)
www.ncbi.nlm.nih.gov/
http://www.bioinformatics.org/sms/rev_comp.html
http://genome.jouy.inra.fr/cgi-bin/aeb/index.py
http://smart.embl-heidelberg.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/
Bruker Biospin GmbH (Rheinstetten, Germany)
Digital Science & Research Solutions, Inc (Cambridge, Massachusetts, USA)
Bruker Biospin GmbH (Rheinstetten, Germany)
LI-COR Biosciences (Lincoln, Nebraska, USA)
https://www.R-project.org/
https://github.com/kevinblighe

33

Methods

6 Methods
6.1 Working with DNA
6.1.1

Isolation of chromosomal DNA

Chromosomal DNA was isolated from Escherichia coli using the Bacterial Genomic DNA Isolation Kit
(Norgen, Thorold, Canada) as specified by the manufacturer. For isolating chromosomal DNA from
Staphylococcus aureus, 5 µl Lysostaphin (5 mg/ml) were added to the lysis buffer and the cell solution
was incubated for 1 h at 37 °C. In the final step, chromosomal DNA was eluted from the spin columns
with 100 µl A. dest when used as template DNA for PCR, or with 100 µl 10 mM Tris-HCl, pH 7.5 when
used for whole genome sequencing. The flow through was collected and transferred back on the column for a second centrifugation step. The isolated DNA was stored at - 20 C.

6.1.2

Polymerase chain reaction (PCR)

The Phusion High-Fidelity PCR Kit (Life Technologies GmbH, Darmstadt, Germany) was used to amplify
DNA fragments for cloning procedure. This polymerase offers short extension times (15 – 30 s/kb) and
a 50-fold lower error rate than the Taq polymerase. A PCR reaction was set up as stated in Table 14
using a standard PCR protocol listed in Table 15.
Table 14 Standard PCR reaction
Volume
1 µl
1 µl
1 µl
1 µl
10 µl
35.5 µl
0.5 µl

Component
Template DNA
Primer 1
Primer 2
dNTP
5 x Phusion HF-Buffer
A. dest
Phusion polymerase

Table 15 Standard PCR program

Temperature
Time

Initial denaturation
98 °C
30 sec

Denaturation

Annealing

Elongation

98 °C
10 sec

52 – 68 °C
30 sec

72 °C
30 s/kb

Cycle
x 35
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Final elongation
72 °C
5 min

Storage
4 °C
∞

Methods
6.1.3

DNA gel electrophoresis and purification of DNA

DNA was separated for purification purpose and size control on a 1% agarose gel containing
5 µl/100 ml Roti®-GelStain (Carl Roth, Karlsruhe, Germany). DNA samples were mixed with 6 x DNA
Gel Loading Dye from Thermo Fisher Scientific (Waltham, Massachusetts, USA), and the GeneRuler 1
kb or 100 bp DNA ladder (Thermo Fisher Scientific, Waltham, Massachusetts, USA) were used for size
estimation. The electrophoresis was performed in 1 x TBE buffer (90 mM Tris, 90 mM Borsäure, 1 mM
EDTA) for 1 h at 50 V (small chamber), 100 V (medium chamber) or 120 V (big chamber). DNA fragments were visualized and cut out of the DNA Gel under UV light exposure on the Gel iX20 Imager
(Intas Science Imaging Instruments GmbH, Göttingen, Germany). Agarose gel pieces were stored at 20 °C.

6.1.4

Purification of DNA fragments

DNA fragments were purified with the QIAquick Gel Extraction Kit (Quiagen, Venlo, Netherlands).
Here, different protocols were applied depending on the source of DNA fragments:
(I) DNA fragments obtained from gel electrophoresis were isolated from agarose pieces as described
by the manufacturer in the QIAquick Gel Extraction Kit Protocol using a microcentrifuge.
(II) DNA fragments obtained from enzymatic digestion during cloning procedure were purified with
the QIAquick PCR Purification Kit using a microcentrifuge according to the manufacturer’s recommendation. For both protocols, 50 µl A. dest were added to the spin column for the final elution step.
DNA concentration was determined with the DeNovix DS-11 spectral photometer (DeNovix Inc., Wilmington, Delaware, USA) at 260 nm, and DNA was stored at - 20 °C.

6.1.5

Construction of plasmids with restriction enzymes

Classical cloning using restriction enzymes was applied to construct pPR-IBA-1 vectors for homologous
expression of proteins in E. coli and pMAD vectors for generating lipoprotein deletion mutants in S. aureus.

6.1.5.1

Digestion of DNA using restriction enzymes

pPR-IBA-1 vectors and the appropriate DNA inserts were digested with BsaI-HF® (= Eco31I) form New
England Biolabs GmbH (Ipswich, Massachusetts, USA). Here, the NEB CutSmart Buffer was used with
a prolonged incubation time of 1.5 h.
pMAD vectors were constructed with FastDigest EcoRI from Life Technologies GmbH (Darmstadt, Germany). The incubation time was extended to 30 min.
Digested vectors were purified via DNA gel electrophoresis (see 6.1.3) and inserts were purified with
the QIAquick Gel Extraction Kit as described above (see 6.1.4).
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6.1.5.2

Dephosphorylation of plasmids

To inhibit the relegation of enzymatic digested vector backbones, the 5‘-ends of the vectors were
dephosphorylated using the rAPid Alkaline Phosphatase (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s protocol. The dephosphorylated vectors were used for ligation
without additional purification steps.

6.1.5.3

Ligation of DNA-fragments

Dephosphorylated vector backbones and the digested inserts were ligated with the Fast-Link™ DNA
Ligation Kit (Epicentre, Madison, Wisconsin, USA). The manufacturer’s protocol was performed, but
the incubation time was extended to 4 h.

6.1.5.4

Transformation of plasmids in E. coli

For cloning purpose, plasmids were transformed in NEB® 5-alpha competent E. coli (New England Biolabs GmbH, Ipswich, Massachusetts, USA). The transformation was conducted as recommended by
NEB.
pPR-IBA-1 vectors for heterologous expression of proteins were transformed in chemically competent
E. coli BL21 (DE3) pLysS (see 6.4.2). The same transformation protocol as described by NEB was applied, but the heat shock was conducted for 45 sec at 42 °C, and LB medium (instead of SOC medium)
was added to the cells after the heat shock. After the transformation, cells were plated on LB agar
containing appropriate antibiotics and the plates were incubated overnight at 37 °C.

6.1.6

Construction of plasmids with NEBuilder®

pMAD vectors for chromosomal complementation and pRB473-xylR vectors for episomal complementation of lipoprotein deletion mutants in S. aureus were constructed with the NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs GmbH, Ipswich, Massachusetts, USA). The highly competent
E. coli cells recommended by NEB were used for efficient transformation. All steps were conducted as
described by the manufacturer.

6.1.7

Colony-PCR for E. coli and S. aureus

A colony-PCR allows for fast identification of DNA sequences in bacterial cells (e. g. identification of
plasmids in transformed E. coli cells) without the need to isolate DNA from these cells beforehand.
For E. coli, a colony was picked with a sterile tip and cells were resuspended in 15 µl A. dest. The cell
suspension was heated for 10 min at 95 °C, centrifugated for 1 min at 16,000 g, RT, and 10 µl were
used as template DNA for a PCR.
For S. aureus, a colony was resuspended in 100 µl lysis buffer (20 mM Tris, 3 mM MgCl2, 0.5% Tween
20, 0.5% IGEPAL CA-630, 60 µg/ml Proteinase K), and was incubated for 1 h at 55 °C and additional
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10 min at 95 °C. The lysed cells were centrifugated for 1 min at 16,000 g, RT, and 10 µl were used as
template DNA for a PCR.
For both types of colony-PCR, the GoTaq® G2 DNA Polymerase (Promega, Madison, Wisconsin, USA)
was used. The PCR reaction was set up as stated in Table 16 using the PCR protocol listed in Table 17.
Table 16 PCR reaction for colony-PCR
Volume
10 µl
0.5 µl
0.5 µl
0.5 µl
5 µl
8.25 µl
0.25 µl

Component
Template DNA
Primer 1
Primer 2
dNTP
5 x Green GoTaq® Reaction Buffer
A. dest
GoTaq® G2 DNA Polymerase

Table 17 PCR program for colony-PCR

Temperature
Time

Initial denaturation
95 °C
2 min

Denaturation

Annealing

Elongation

95 °C
40 sec

53 °C
40 sec

72 °C
1 min/kb

Final elongation
72 °C
5 min

Storage
4 °C
∞

Cycle
x 35

6.1.8

Isolation of plasmids

Plasmids were isolated using the High Pure Plasmid Isolation Kits (Roche Diagnostics GmbH, Mannheim, Germany).
For E. coli, the protocol was performed as suggested by the manufacturer, but the plasmid DNA was
eluted form the spin columns with 100 µl A. dest.
For S. aureus, the protocol was adapted to increase the final amount of plasmid DNA. First, 15 ml
(instead of 5 ml) of an overnight culture were used as starting material, and all buffer volumes were
upscaled accordingly. Here, multiple centrifugation steps were needed to load the increased volume
onto a single spin column. To ensure sufficient cell lyses of S. aureus, 15 µl lysostaphin (5 mg/ml) were
added to the resuspension buffer and cells were incubated for 1 h at 37 °C until the suspension became clear. In the final step, plasmid DNA was eluted with 15 µl A. dest and was stored at - 20 °C.

6.1.9

DNA sequencing of constructed plasmids or amplified DNA fragments

Constructed plasmids or amplified DNA fragments of interests were sequenced by Eurofins MWG Operon (Ebersberg, Germany). Here, 12 µl of DNA template and 3 µl of a 1:20 diluted primer were mixed
and send to the sequencing company.
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6.1.10 Whole genome sequencing
DNA was isolated as described earlier (6.1.1) and was send for whole genome sequencing to Dr.
Stephan Fuchs (Robert-Koch-Institute, Werningerode, Germany). Here, the Qubits dsDNA HS Assay Kit
(Thermo Fisher Scientific, Karlsruhe, Germany) was used for the quantification of nucleic acids. Here,
the protocol was performed as described in the manufacturer’s instructions. Sequencing libraries
were generated with the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA, USA) and
paired-end sequencing was performed using a MiSeq instrument with the 2 x 300 MiSeq v3 reagent
kit (Illumina, San Diego, CA, USA). FastQC v0.11.5 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used to check quality of raw sequence data. To investigate the taxonomic read classification, Kraken v0.10.6185 was used. For reference-based read alignments, raw reads were trimmed
using Trimmomatic v0.36 (default parameters)186.

6.2 Working with RNA
6.2.1

Slot blots

Slot blots were carried out to study the transcription of the lipoprotein encoding gene l14
(NWMN_1435), l16 (NWMN_0646) and their respective neighbor genes (NWMN_1436,
NWMN_0645, NWMN_0647, NWMN_0648) in S. aureus Newman wildtype (WT), S. aureus l14 and
l16 as well as in S. aureus sigB in the exponential, transient and stationary growth phase. The experiments were carried out in three independent, biological replicates.

6.2.1.1

Synthesis and labeling of RNA probes

Digoxygenin-labeled probes were synthesized by in vitro-transcription for all six above mentioned
genes. Here, DNA fragments were amplified as described in section 6.1.2 using S. aureus chromosomal
DNA as template and the appropriate primers listed in Table 3. The purified DNA fragments served as
template DNA for vitro-transcription using the T7 RNA Polymerase and the DIG RNA Labeling Kit
(SP6/T7) (both from Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s
recommendation. Probes were precipitated by adding 75 µl 98% ethanol for 30 min at - 70 °C, were
pelleted for 15 min at 16,000 g, were washed with 50 µl 70% ethanol and were dissolved in 100 µl
RNase-free A. dest. 1 µl RNA inhibitor was added to prevent RNA digestion. The probes were stored
at - 70 °C.

6.2.1.2

Cultivation and cell harvest for slot blots

The three above-mentioned S. aureus strains were cultivated overnight (ca. 15 h) in 20 ml LB at 37 °C,
120 rpm. For each strain, a culture of 100 ml TSBOxoid and a culture of 100 ml TSBMerck were inoculated
to an OD600 nm of 0.05 on the next day, and cells were cultivated at 37 °C with shaking at 120 rpm.
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20 OD units of the cell cultures were harvested after 2 h of cultivation (exponential growth phase
after), after 4 h of cultivation (transient growth phase) and after 8 h of cultivation (stationary growth
phase after). Cells were immediately cooled down with liquid nitrogen and were pelleted for 3 min at
10,000. Cell pellets were completely freezed in liquid nitrogen and were stored at - 70 °C.

6.2.1.3

RNA Isolation for slot blots

The RNA was isolated with the acidic phenol method at room temperature. Cell pellets were dissolved
in 500 µl Suspension buffer (3 mM EDTA pH = 8.0, 200 mM NaCl), were mixed with 500 µl phenolchloroform-isoamyl-alcohol-solution (ratio 25:24:1) and were transferred in a reaction tube, which
was prefilled with glas beads up to the 500 µl marking. Cell disruption was performed with the Precellys® cell homogenizer (PEQLAB Biotechnologie GmbH, Erlangen, Germany) for 30 sec at 6,800 rpm.
After centrifugation for 5 min at 16,000 g, RT, the upper aqueous phase containing the RNA was transferred in a new reaction tube.
For RNA isolation, 500 µl phenol-chloroform-isoamyl-alcohol-solution (ratio 25:24:1) were added. The
reaction tube was shaken for 5 min at maximum speed and was centrifugated for 5 min at 16,000 g
at RT. The upper phase was transferred in a new reaction tube. This step was repeated twice with
500 µl chloroform-isoamyl-alcohol (ratio 24:1).
RNA was precipitated with 40 µl 3 M sodium acetate (pH 5.2) and 1 ml 98% ethanol for at least 2 h at
- 70 °C. The RNA was centrifugated for 30 min at 16.000 g at 4 °C and was washed with 500 µl ice-cold
70% ethanol. Again, the RNA was centrifugated for 10 min at 16,000 g at 4 °C, and the pellet was dried
for two minutes. After this, the RNA was dissolved in 50 – 200 µl RNase-free A. dest and was stored at
- 70 °C.
RNA concentrations were determined with the DeNovix DS-11 spectral photometer (DeNovix Inc.,
Wilmington, Delaware, USA) at 260 nm.

6.2.1.4

Blotting, hybridization and detection

For slot blot analysis, 10 µg RNA of each sample were filled up to final volume of 100 µl with 10 x SSC
(1x SSC is 150 mM NaCl, 0.015 mM sodium citrate) and samples were denaturated for 10 min at 65 °C.
The positively charged nylon membrane (Roche Diagnostics GmbH, Mannheim, Germany) and two
filter paper were first soaked in A. dest, and then in 20 x SSC. Afterwards, the RNA was transferred on
the nylon membrane by vacuum blotting.
After UV cross linking for 5 min with 120 mJ/cm2, the membrane was prehybridized for 1 h at 68 °C in
hybridization buffer (5 x SSC, 0.1% N-lauroylsarcosine, 7% SDS, 50% formamide, 1% blocking reagent
(Roche Diagnostics GmbH, Mannheim, Germany)) and was hybridized overnight at 68 °C with hybridization buffer including the DIG-labeled RNA probes in a dilution of 1:100.
Next day, the membranes were washed twice for 5 min at RT with Wash buffer I (2 x SSC, 0.1% SDS)
and twice for 15 min at 68 °C with Wash buffer II (0.2 x SSC, 0.1% SDS). Following this, membranes
were incubated shortly at RT with buffer I (100 mM maleine acid, 150 mM sodium chloride), for 30 min
in buffer II (1% blocking reagent in buffer I) and further 30 min in buffer II containing anti-digoxygenin
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antibodies coupled to alkaline phosphatase (Roche Diagnostics GmbH, Mannheim, Germany) in a dilution of 1:10,000.
To remove unbound antibodies, membranes were washed twice for 15 min with buffer I. Membranes
were equilibrated for 5 min in buffer III (100 mM diethanolamine) and were finally incubated for 5 min
with CDP-Star® (Roche Diagnostics GmbH, Mannheim, Germany) diluted 1:200 in buffer III.
Chemiluminescence signals were detected with a ChemoCam Imager (Intas Science Imaging Instruments GmbH, Göttingen, Germany).

6.2.2

Microarray analysis

The global transcriptome of S. aureus WT and lipoprotein deletion mutants S. aureus l14 and l16
was investigated in collaboration with Hermann Rath and Dr. Ulrike Mäder from the Department of
Functional Genomics (Greifswald, Germany). Here, we used a customized expression array including
10,426 probes against selected transcripts of coding and non-coding regions of the eight S. aureus
strains COL, MRSA252, MSSA476, Mu50, MW2, N315, NCTC 8325 and USA300_FPR3757. Strains were
cultivated in TSBMerck and TSBOxoid until they reached the transient growth phase. The experiments
were carried out in three independent, biological replicates.

6.2.2.1

Cultivation and cell harvest for microarray analysis

The above-mentioned S. aureus strains were cultivated overnight in 20 ml LB at 37 °C, 120 rpm. The
next day, 100 ml TSBOxoid and 100 ml TSBMerck were inoculated to an OD600 nm of 0.05 and cells were
cultivated at 37 °C with shaking at 120 rpm.
16 OD units were harvested in the transient growth phase (after 4 h of growth). Cells were immediately cooled down with liquid nitrogen and pelleted for 3 min at 10,000 g. After complete freezing of
the cell pellet in liquid nitrogen, cells were stored at - 70 °C.

6.2.2.2

Cell disruption and RNA Isolation for microarray analysis

For microarray analysis, cells were mechanically disrupted with a bead mill (Sartorius AG, Göttingen,
Germany). Here, the cell pellet was resuspended in 200 µl ice-cold killing buffer (20 mM Tris-HCl pH
7.5, 5 mM MgCl2, 20 mM NaN3), and was transferred in pre-cooled teflon vessles containing a steel
ball (7 mm diameter). Cell disruption was performed for 2 min at 2,600 rpm and the resulting lysate
powder was resuspended in 4 ml lysis buffer (4 M guanidinium thiocyanate, 25 mM Na-acetate pH
5.2, 0.5% N-lauroylsacrosine), which was pre-warmed to 50 °C. The solution was equally split in four
2 ml reaction tubes, was immediately frozen in liquid nitrogen and stored at - 80 °C for further processing.
The RNA isolation for microarray analysis differs slightly from the above described acidic phenol
method protocol (6.2.1.3): The cell lysate was mixed with 1 ml phenol-chloroform-isoamyl-alcoholsolution (ratio 25:24:1), was mixed well on an Eppendorf tube shaker for 5 min at maximum speed at
RT and was centrifuged for 5 min at 16,000 g at RT. The upper phase was transferred into a new
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reaction tube. This step was repeated once with 1 ml phenol-chloroform-isoamyl-alcohol-solution and
twice with 1 ml chloroform-isoamyl-alcohol (ratio 24:1). RNA was precipitated with 100 µl 3 M sodium
acetate (pH 5.2) and 700 µl pre-chilled isopropanol overnight at - 20 °C. Next day, the RNA was pelleted for 15 min at 16,000 g at 4 °C and was washed with 1 ml ice-cold 70% ethanol. Again, the RNA
was centrifuged for 15 min at 16,000 g at 4 °C, and the supernatant was completely removed. After
this, the RNA of each pellet was dissolved in 50 µl RNase-free A. dest, and the RNA of four pellets was
combined to a final volume of 200 µl RNA. The RNA was stored at - 70 °C.
The DeNovix DS-11 spectral photometer (DeNovix Inc., Wilmington, Delaware, USA) was used to
measure RNA concentration at 260 nm.

6.2.2.3

RNA purification and quality check with Bioanalyzer

Before using the isolated RNA for microarray analysis, a DNase digestion, a purification step and a
quality check were performed.
First, a DNase digestion was performed to remove remaining DNA in the RNA sample. For this, 35 µg
isolated RNA were filled up to a volume of 87.5 µl with RNase-free A. dest and were mixed with 10 µl
RDD buffer and 2.5 µl DNase I (Quiagen, Venlo, Netherlands). The reaction was incubated for 10 min
at RT.
Second, the RNA was subsequently purified using the RNA Clean-Up and Concentration Kit from Norgen Biotek Corp. (Thorold, Ontario, Canada) as recommended by the manufacturer. For elution, 30 µl
RNase-free A. dest were used.
Third, the quality of the purified RNA was determined with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA). For this purpose, 1 µl RNA sample was filled up with RNasefree water to a concentration of 100 ng/µl. The resulting RNA solution was injected in an RNA Nano
LabChip® (Agilent Technologies, Santa Clara, California, USA) and measured on the Bioanalyzer as described in the Agilent RNA 6000 Nano kit guide.

6.2.2.4

Synthesis of labeled cDNA 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 III Microarray Labeling
Kit from Agilent Technologies (Santa Clara, California, USA) according to the description in Nicolas
et al. 2012167.
Briefly, 5 µg of each RNA sample were transcribed into an amino allyl modified cDNA by using an
engineered, thermostable reverse transcriptase of the Moloney Murine Leukemia Virus. To avoid the
formation of antisense transcription, 1.6 µl Actinomycin D (500 µg/ml) were supplemented to the reaction168. The amino allyl modified DNA was precipitated and chemically coupled to a CyTM fluorescent
dye containing an NHS-ester 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. After
purification, 75 ng Cy5-labeled cDNA and 75 ng Cy3-labeled cDNA were hybridized together on the
microarray. The following hybridization-, washing- and detection steps were performed as described
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in the Agilent Two-Color Microarray-based Gene Expression Analysis protocol (version 5.5). The experiments were carried out in three independent, biological replicates.

6.2.2.5

Data analysis and statistical evaluation

The data generated by microarray analysis were extracted and processed with the Feature ExtractionSoftware v11.5.1.1 (Agilent Technologies, Santa Clara, California, USA). The relative values for each
probe on the microarray were calculated as the ratio of the sample RNA value against the pool RNA
value. For our analysis, we have taken into consideration only expression values of genes with a homologue in S. aureus Newman (at least 50% identity on DNA level or 70% identity on protein level, according to Aureowiki) and only probes with valid values in each of the 18 tested biological samples.
Furthermore, Perseus v1.6.1.3169 was used to calculate the expression value for one gene as average
of all probes values corresponding to this gene. All in all, we generated a dataset compromising the
expression values of 2,401 genes in S. aureus Newman.
The principal component analysis (PCA) was performed with Perseus v1.6.1.3169. For differential expression analysis, we used limma v.3.36.5170,171 in R v3.5.1172 which employs a t-statistics with Bayes
moderation of standard errors. The data was log-normalized before statistical calculations, and p-values were adjusted using the Benjamini-Hochberg procedure173 for FDR control as implemented in
limma. Volcano plots were generated using the package EnhancedVolcano174 in R. Expression changes
were defined as biologically relevant with a fold change (FC) 0.5  FC  2 and a p-value < 0.05.

6.3 Working with proteins
6.3.1

Heterologous expression and purification of Strep-tagged proteins

Selected lipoproteins of S. aureus Newman were expressed and purified with the Strep-tag®:StrepTactin® affinity chromatography system.
For cloning of expression vectors, the proteins of interest were C-terminally fused to a short linker
sequence (Ser-Ala) and the Strep-Tag®, which is a short sequence consisting of only eight amino acids
(Trp-Ser-His-Pro-Gln-Phe-Glu-Lys). For this, the gene of interest was amplified by PCR using chromosomal DNA as template and primers listed in Table 3. Importantly, the N-terminal signal sequence of
lipoproteins (including the conserved cystein of the lipobox) as well as the stop-codon were not amplified. The resulting DNA fragments were cloned with BsaI (= Eco31I) into the pPR-IBA-1 (containing
the linker and the Strep-Tag® amino acid sequence). The resulting plasmids were sequenced.
For heterologous expression, the pRP-IBA-1 vectors were first transformed in chemically competent
E. coli BL21 (DE3) pLysS, and transformed cells were plated on LB-agar containing ampicillin and chloramphenicol. Five colonies were picked to inoculate a 20 ml LB overnight culture with antibiotics. Next
day, 500 ml LB with ampicillin and chloramphenicol were inoculated to an OD540 nm of 0.05 and cells
were cultivated at 23 °C or 37 °C and 120 rpm. After reaching an OD540 nm of 0.4 – 0.6, the expression
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of recombinant proteins was induced with IPTG in a final concentration of 1 mM. 2 h after induction,
the culture was centrifuged for 10 min at 6,000 g at 4 °C and was split in ten portions. The ten pellets
were stored at - 20 °C.
The disruption of cells was achieved by sonification using the SONOPULS HD 3100 with the probe MS
73 (BANDELIN electronic GmbH & Co. KG, Berlin, Germany). For this, each of the ten pellets was resuspended in 1 ml ice-cold buffer W and was sonicated three times for 1 min on ice with a 1 min break
in between.
For the purification of recombinant proteins, the Strep-Tactin® Spin Column Kit from IBA Lifesciences
(Göttingen, Germany) was used as described by the manufacturer. To ensure a high protein amount,
ten cell lysates (each resulting from 50 ml cell culture) were used. Thereby, one cell lysate was purified
with one spin column. Finally, the flow through of all ten columns was combined (approx. 500 µl protein extract in total).
For antibody generation in mice, enzyme-linked immunosorbent assay (ELISA) and platelet activation
assays, the recombinant proteins had to be dissolved in PBS. Thus, the approx. 500 µl protein extracts
were dialyzed overnight in a dialysis tube with a cut-off of 7 kDa (SERVA Electrophoresis GmbH, Heidelberg, Germany) in 5 l PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) under stirring.
Protein concentrations were determined with the DeNovix DS-11 spectral photometer (DeNovix Inc.,
Wilmington, Delaware, USA). Here, the individual molecular weight and the extinction coefficient of
each purified protein were calculated with the Expasy ProtParam tool and used to get a more specific
determination of protein concentration as compared to a whole-protein measurement at 280 nm.

6.3.2

Generation of murine antibodies

Polyclonal antibodies were generated against S. aureus lipoproteins L14 and L16 in collaboration with
Dr. Thomas Kohler from the Department of Molecular Genetics and Infection Biology (Greifswald,
Germany).
In a first step, mice were immunized with heterologously expressed and purified proteins (see 6.3.1).
For this, five 6 to 8 weeks old female, S. aureus-free CD1 outbreed mice® (Charles River Laboratories,
Sulzfeld, Germany) were immunized intraperitoneally on day 1 with an emulsion of 20 µg of the recombinant protein (dissolved in 100 µl PBS) and 100 µl Freund’s adjuvant (incomplete, from Sigma
Aldrich, St. Louis, Missouri, USA). To enhance the production of antibodies in mice, the immunization
was repeated on day 7 and day 14. 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 antibody-containing serum was separated
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from other blood components by centrifugation for 1 h at 60 g, RT. The resulting serum was stored at
- 20 °C until further processing.
In a second step, IgG antibodies were isolated from the murine serum by affinity chromatography.
Here, 500 µl serum were purified using one Protein A-Sepharose® 4B column (Fast Flow from S. aureus, ordered from Sigma Aldrich, St. Louis, Missouri, USA) according to the manufacturer’s recommendation. The IgG antibodies were eluted from the columns in six elution fractions, each with 1 ml
elution buffer. Each of the six 1 ml eluates was mixed with 50 µl phosphate buffer, and the protein
concentration was determined for all fractions. For L14 and L16, Elution fraction 3 showed the highest
protein concentration (3.06 mg/ml for L14 and 2.07 mg/ml for L16), and was chosen for further experiments. Finally, the antibodies were stored as 50 µl aliquots at - 20 °C.

6.3.3

Isolation of lipoproteins from S. aureus

Lipoproteins were isolated from S. aureus by Triton X-114 phase separation as described by Kurokawa
et al. 2012175 and Asanuma et al. 2011176.
S. aureus was cultivated overnight (ca. 15 h) in 20 ml LB at 37 °C, 120 rpm. The next day, 125 ml
TSBMerck were inoculated to an OD600 nm of 0.05 and cells were cultivated for 18 h at 37 °C with shaking
at 120 rpm. The culture was centrifuged for 10 min, 10,000 g, 4 °C, and the resulting pellet was resuspended in 20 ml 1 M NaCl. The cells were transferred to a 50 ml tube containing 12 g glass beads and
were disrupted in a FastPrep-24TM5G (MP Biomedicals, Santa Ana, California, USA) for 7 x 1 min at 6.5
m/s. Between the disruption steps, the cell lysate was cooled in liquid nitrogen to avoid overheating
of the sample. The sample was centrifuged for 10 min at 2,000 g to remove cell debris and glass beads.
To remove peptidoglycan, the supernatant was centrifuged for 10 min at 12,000 g and transferred in
a new reaction tube. This step was repeated a second time. The resulting supernatant was mixed with
Triton X-114 in a final concentration of 2% and was incubated for 1 h at 4 °C. The Triton X-114 phase
showed a characteristic orange color after this incubation step, as it contains the carotenoid pigments
of the S. aureus cell envelope. The following procedure was repeated three times to isolate the lipophilic lipoproteins: The mixture was first incubated for 10 min at 37 °C to achieved phase separation;
was then centrifuged for 10 min at 10,000 g at 25 °C; and finally, the upper phase was removed and
replaced with the same volume of TBSE buffer (20 mM Tris-HCl pH 8.0, 130 mM NaCl, 5 mM EDTA).
The precipitation of lipoproteins in the Triton X-114 phase was performed by adding the 2.5-fold volume of ethanol over night at - 20 °C. Next day, the proteins were centrifuged for 20 min at 10,000 g
at 4 °C and were dissolved in 500 µl urea/thiourea buffer (8 M urea, 2 M thiourea).
The protein concentration was determined with the DeNovix DS-11 spectral photometer (DeNovix
Inc., Wilmington, Delaware, USA) at 280 nm.

6.3.1

Denaturating one-dimensional sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE)

Proteins were separated and visualized by denaturating one-dimensional sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis (PAGE).
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For this, 1 – 10 µg protein were filled up to final volume of 20 µl, were mixed with 10 µl 3 x SDS sample
buffer (1 M Tris-HCl pH 6.8, 0.5 M EDTA, 3% SDS, 3% 2-mercaptoethnaol, 30% glycerin, bromphenol
blue) and were denaturated for 10 min at 95 °C. Samples were loaded on a 4 – 20% Mini-PROTEAN®
TGX™ Precast Protein gel (10 wells, from Bio-Rad Laboratories, Inc., Hercules, California, USA) with
5 µl PageRuler™ Prestained Protein Ladder (10 – 180 kDa, from Thermo Fisher Scientific, Waltham,
Massachusetts, USA) as standard. The gel run was performed for 60 – 90 min in running buffer (25
mM Tris, 192 mM glycin, 0.1% SDS) at 150 V, 200 mA.

6.3.1.1

Coomassie staining

SDS-gels were fixed for 30 min with fixation solution (40% ethanol, 10% acetic acid) and were stained
over night with coomassie solution (1 M ammonium sulfate, 12.5% of 85% phosphoric acid, 0.15%
Coomassie brilliant blue G-250, 20% 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 higher staining sensitivity compared to a coomassie staining.
Thus, it was used 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 fixed overnight in fixation solution (50% ethanol, 12% acetic acid,
50 µl 37%-formaldehyde per 100 ml). On the next day, the gel was stained under permanent shaking
in a five-step process: washing, sensitizing, staining, processing, stopping. Table 18 summarizes the
different steps and the composition of the used solutions. Every solution was prepared freshly.
Table 18 Silver staining procedure
Step
Washing

Procedure
2 x 50 ml for 20 min

Sensitizing

1 x 100 ml for 1 min

Washing
Staining

3 x 100 ml for 20 sec
1 x 100 ml for 20 min

Washing
Processing

3 x 100 ml for 20 sec
1 x 100 ml for 4 – 5 min (depending on intensity of staining)

Stopping

1 x 100 ml für 30 sec

Washing
Stopping

1 x 100 ml für 30 sec
1 x 100 ml für 10 – 30 min

Washing

1 x 100 ml für 30 sec

Composition of solution (prepared freshly)
50 ml 96% Ethanol
46 ml A. dest
200 µl 10% Na2S2O3 x 5 H2O-solution
99.8 ml A. dest
300 ml A. dest
0.2 g AgNO3
75 µl 37% Formaldehyd
100 ml A. dest
300 ml A. dest
3 g Na2CO3
4 µl 10% Na2S2O3 x 5 H2O-solution
50 µl 37% Formaldehyd
100 ml A. dest
1 g Glycin
100 ml A. dest
100 ml A. dest
1 g Glycin
100 ml A. dest
100 ml A. dest
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6.3.2

Western blot

The western blot technique allows to detect specific proteins in a protein extract and was used e.g. (I)
to test the binding of anti-L14 and anti-L16 antibodies against recombinant L14 and L16, and (II) to
detect theses lipoproteins in cell extracts of S. aureus.
An SDS gel was loaded with 10 µg protein per well and was run as described in 6.3.1. The separated
proteins in the unstained SDS gel were directly transferred to a ready-to-use nitrocellulose membrane
using the Trans-Blot® Turbo™ Mini Nitrocellulose Transfer Packs (Bio-Rad Laboratories, Inc., Hercules,
California, USA). The transfer was performed with the Trans-Blot® Turbo™ Transfer System (Bio-Rad
Laboratories, Inc., Hercules, California, USA) in 7 min at 2.5 A and 25 V.
For binding of the primary and secondary antibody, all incubation steps were performed under gentle
shaking on a bench top orbital shaker at room temperature. After protein transfer, the membrane
was rinsed briefly in A. dest, and unspecific binding sites were blocked for 1 h with blocking buffer
(143 mM NaCl, 24.7 mM Tris, 0.1% Tween 20, 5% Skim milk). The membrane was washed twice with
excessive amounts of TBS/T (143 mM NaCl, 24.7 mM Tris, 0.1% Tween 20), and was incubated over
night with TBS/T containing the primary antibody (e.g. the anti-L14 antibody was used in a dilution of
1:10,000). On the next day, the membrane was washed 4 x for 10 min with TBS/T. The secondary
antibody (IRDye® 800 CW goat (polyclonal) anti-mouse IgG from LI-COR Biosciences, Lincoln, Nebraska, USA) was dissolved in TSB/T in a final dilution of 1:20,000. The membrane was incubated with
the secondary antibody for 1 h in the dark. After binding of the secondary antibody, the membrane
was washed 4 x for 10 min with an excessive amount of TBS/T, and was rinsed in TBS (143 mM NaCl,
24.7 mM Tris) to remove residual Tween 20.
The following immune detection was performed with the LI-COR Odyssey® CLx (LI-COR Biosciences,
Lincoln, Nebraska, USA) as recommended by the manufacturer.

6.4 Working with cells and phages
6.4.1

Strain maintenance

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 inoculate 10 ml LB in a 100 ml Erlenmeyer shaking flask. Cells were incubated overnight at 37 °C with 120 rpm shaking. On the next day,
the culture was mixed with 5 ml steril glycerin, and 500 µl aliquots were stored at - 70 °C.

6.4.2

Preparation of chemically competent E. coli BL21 (DE3) pLysS

pPR-IBA-1 vectors were transformed in chemically competent E. coli BL21 (DE3) pLysS for heterologous protein expression. For preparation of these cells, an E. coli BL21 (DE3) pLysS overnight culture
was used to inoculate 100 ml LB to on an OD540 nm of 0.05. Cells were cultivated at 37 °C under shaking
at 120 rpm until the culture reached an OD540 nm of 0.8. Subsequently, the culture was portioned in
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four Falcons, which were immediately centrifugated for 10 min at 10,000 g, 4 °C. After this, each of
the four pellets was washed with 10 ml ice-cold solution 1 (10 mM MOPS pH 7.0, 10 mM RbCl) and a
further centrifugation step was conducted. All four pellets were resuspended in 10 ml solution 2 (100
mM MOPS pH 6.5, 10 mM RbCl, 50 mM CaCl2), and two pellets were combined. After incubating the
cells on ice for 30 min, the two Falcons were centrifugated again. Each of the two pellets was resuspended in 2.5 ml ice-cold Solution 2, and both cell suspensions were unified to one. The resulting 5 ml
cell suspension was mixed with 1.3 ml Glycerin, aliquoted in 250 µl portions and stored at - 70 °C.

6.4.3
6.4.3.1

Genetic modification of S. aureus
Genetic modification of S. aureus using pMAD

The thermosensitive pMAD shuttle vector was used for the genetic modification of the S. aureus chromosome as described by Arnaud et al. 2004160. Specifically, this method was applied to individually
knock-out 20 genes encoding lipoproteins or proteins which are co-encoded with lipoproteins. Furthermore, for two of these lipoprotein deletion mutants (namely S. aureus l14 and l16), the pMAD
vector was used to restore the wildtype genotype by chromosomal complementation.
For cloning of a pMAD vector for gene deletion purpose, the 500 bp upstream and the 500 bp downstream flanking region of a gene of interest were amplified by PCR as described in 6.1.2 with chromosomal S. aureus DNA as template and primers listed in Table 3. The two resulting DNA fragments were
fused and cloned into the pMAD vector with EcoRI. The resulting plasmids were sequenced to verify
the correct nucleotide sequence.
The constructed pMAD vector was transferred into S. aureus RN4220 by electroporation (see 6.4.3.4).
Using these cells, a phage lysate was generated (see 6.4.3.5), and the pMAD vector was transduced
into the final S. aureus stain of interest (see 6.4.3.6). Here, the pMAD vector was integrated in a random event into the S. aureus chromosome via homologous recombination via the 500 bp upstream
or 500 bp downstream region of the gene of interest. Due to the heat sensitive origin of replication of
the pMAD vector, only S. aureus with chromosomally integrated pMAD vector were able to replicate
during cultivation at 42 °C in the presence of erythromycin. Theses colonies appeared blue on LB
plates containing erythromycin and X-Gal, and were picked for following processing. In a further random event, the pMAD vector was excised from the chromosome by cultivating the cells at 42 °C but
without erythromycin. These cells appeared white on LB-agar with X-Gal and were used for the next
steps. Depending on the way of recombination during the excision, the chromosomal region exhibited
the initial nucleotide sequence (with gene of interest), or the fused 500 bp upstream and 500 bp
downstream region as it was present on the pMAD vector (without gene of interest). A colony PCR
was performed to screen several white colonies for the gene deletion. Promising clones were sequenced to ensure the correct nucleotide sequence of the flanking regions as well as the deletion of
the gene of interest. The genetically modification of S. aureus with pMAD vectors is illustrated in
Figure 4.
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The above-mentioned protocol was also used for the chromosomal complementation of deletion mutants in S. aureus. Here, the gene of interest with its 500 bp flanking upstream and downstream region
was amplified and cloned into the pMAD vector with the NEBuilder HiFi DNA Assembly Master Mix
(New England Biolabs GmbH, Ipswich, Massachusetts, USA). The rest of the procedure was performed
as described above.

Figure 4 Illustration of the genetical modification of S. aureus with the pMAD vector. A PCR fusion product of the
500 bp up- and downstream region of the target lipoprotein gene is cloned into the pMAD vector, transformed in S. aureus RN4220 and then transduced into S. aureus Newman. Mutants with chromosomal integration of the vector are selected with antibiotics at 42 °C, where the vector cannot replicate. Excision of the
vector is performed at 30 °C in the absence of antibiotic pressure. Lipoprotein gene deletion mutants can be
identified by blue-white screening.

6.4.3.2

Genetic modification of S. aureus using pRB473-xylR

The pRB473-xylR shuttle vector (Brückner et al. 1993161 and personal correspondence Knut Ohlsen,
Würzburg, Germany) was used for episomal complementation of S. aureus gene deletion mutants.
Here, the vector enables the xylose induced expression of genes in S. aureus (e.g. the production of
L14 in the S. aureus l14 lipoprotein deletion mutant).
A gene of interest was amplified with its 20 nt upstream region (including the Shine-Dalgarno-sequence for ribosome binding) and was cloned into the pRB473-xylR vector using the NEBuilder HiFi
DNA Assembly Master Mix (New England Biolabs GmbH, Ipswich, Massachusetts, USA).
The constructed pRB473-xylR vector was transferred into S. aureus RN4220 by electroporation (see
6.4.3.4). Using these cells, a phage lysate was generated (see 6.4.3.5), and the pRB473-xylR vector
was transduced into the final S. aureus stain of interest (see 6.4.3.6). Here, the expression of the gene
was induced by supplementing xylose in a final concentration of 1% to the cell culture medium. Noteworthily, the xylose was added to the medium directly at the beginning of the cultivation.
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6.4.3.3

Generation of electro-competent S. aureus RN4220

S. aureus RN4220 is characterized by a mutation in its sau1 type restriction-modification system. It
does not cleave foreign, inadequately methylated plasmid DNA from E. coli, but instead, its site-specific DNA methyltransferase methylates the DNA in an S. aureus-typical pattern. Thus, S. aureus
RN4220 is a perfect intermediate cloning host for shuttling plasmids from E. coli to S. aureus.
S. aureus RN4220 was cultivated overnight in 20 ml LB at 37 °C with 120 rpm. On the next day, 2 x
100 ml TSB were inoculated to an OD600 nm of 0.05. Cells were cultivated at 37 °C with shaking at 120
rpm until they reached an OD600 nm of 0.5. Both cultures were pooled and pelleted for 5 min at 2,500
g at 4 °C. The resulting pellet was resuspended in 100 ml ice-cold 0.5 M sucrose solution and was
centrifuged again. The cells were washed for a first time in 50 ml sucrose solution and a second time
in 25 ml sucrose solution. To dissolve residual ionic components from the pellet, the cells were incubated on ice for up to 2 h, and a third washing step was performed with 12.5 ml sucrose solution.
Finally, the cells were resuspended in 800 µl 20% glycerin, and 50 µl aliquots were stored at - 70 °C.

6.4.3.4

Electroporation of plasmids in S. aureus RN4220

Plasmids isolated from E. coli were transferred into electro-competent S. aureus RN4220 using electroporation.
For this, 50 µl electro-competent S. aureus RN4220 (see 6.4.3.3) were thawed on ice, mixed with 200
ng plasmid DNA and incubated on ice for 30 min. The cells were filled into a sterile electroporation
cuvette with 1 mm distance between electrodes (Molecular BioProducts Inc., San Diego, California,
USA), and were electroporated using the Electro Cell Manipulator® ECM 630 (BTX Harvard Apparatus,
Holliston, Massachusetts, USA) wit 1.5 kV, 100  and 25 µF. Immediately after the electrical impulse,
cells were mixed with 900 µl prewarmed SOC medium, transferred into a new reaction tube and incubated for 90 min and 750 rpm at 37 °C (pRB473-xylR) or 30 °C (pMAD). Finally, cells were gently
pelleted (3 min, 4000 g, RT), resuspended in a small volume of SOC medium and plated on antibiotic
containing LB agar. Successfully transformed cells formed colonies after incubation for 24 – 48 h at
37 °C (pRB473-xylR) or 30 °C (pMAD).

6.4.3.5

Generation of phage lysates

Plasmids were transduced from the intermediate cloning host S. aureus RN4220 to the final S. aureus
stain of interest using phage transduction with the Staphylococcus phage 80.
For this, S. aureus RN4220 containing a plasmid of interest was cultivated overnight in 20 ml LB with
antibiotics with 120 rpm at 37 °C (pRB473-xylR) or 30 °C (pMAD). On the next day, CaCl2 was supplemented to the overnight culture in a final concentration of 5 mM to facilitate later phage attachment.
The cells were cultivated for further 30 min at 37 °C (pRB473-xylR) or 30 °C (pMAD) at 120 rpm. Then,
300 µl culture were transferred into a 15 ml reaction tube and cells were heat shocked for 2 min at
52 °C in a water bath. Immediately after the heat shock, 100 µl of a serial diluted phage stock (no
dilution; 10-1; 10-2; 10-3; each dilution in LB with 5 mM CaCl2) were added to the cells, and the resulting
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suspension was incubated for 15 min without shaking at RT. 4 ml prewarmed (52 °C) soft agar with 5
mM CaCl2 were added to the cell-phage suspension. The suspension was gently mixed, spread on a
blood agar plate, and was incubated over night at 37 °C (pRB473-xylR) or 30 °C (pMAD). On the next
day, an agar plate with nearly confluent lyses and minimal bacterial growth was selected for bacteriophage harvest.
For determining the degree of cell lysis on the different agar plates, a phage transduction only with
phage buffer and no phages was conducted as negative control. The selected plate for bacteriophage
harvest was overlaid with 2 ml LB containing 5 mM CaCl2, and the soft agar layer was scraped off with
a plate spreader. The resulting mixture containing bacterial cells and phages was centrifuged for
10 min at 3,000 g at RT, and the supernatant was filtered through a 0.45 µm syringe filter to retain
S. aureus RN4220 cells. The phage lysate was stored at 4 °C.

6.4.3.6

Phage transduction

The phage transduction was conducted in a similar manner as described for the generation of phage
lysate.
Here, the S. aureus stain of interest was cultivated overnight in 10 ml LB with 120 rpm at 37 °C
(pRB473-xylR) or 30 °C (pMAD). On the next day, CaCl2 was added to the overnight culture in a final
concentration of 5 mM, and cells were incubated for 30 min. Then, 300 µl cell culture were transferred
into a 15 ml reaction tube and were heat shocked for 2 min at 52 °C in a water bath. 100 µl of the
generated phage lysate (no dilution; 10-1; 10-2; 10-3; each dilution in LB with 5 mM CaCl2) were added
to the cell culture, and the suspension was incubated for 15 min at RT without shaking. 4 ml prewarmed (52 °C) soft agar containing Na3-citrate in a final concentration of 20 mM were added to the
cell suspension. Here, the Na3-citrate chelates calcium in the medium, which is important for phage
absorption by S. aureus. Thus, the addition of Na3-citrate disrupts the phage infection cycle. The soft
agar was mixed gently and was spread on a LB plate containing appropriate antibiotics. After incubation for 24 – 48 h at 37 °C (pRB473-xylR) or 30 °C (pMAD), colonies were picked for further analysis.

6.4.4

Screening of S. aureus lipoprotein deletion mutants

S. aureus gene deletion mutants were screened under several growth conditions to reveal phenotypically differences compared to the S. aureus wildtype.

6.4.4.1

Screening in liquid media

Three to five S. aureus colonies were picked from an LB agar plate and were cultivated overnight (15 h)
in 20 ml LB in a 100 ml Erlenmeyer shaking flask at 37 °C with 120 rpm shaking. On the next day, a
main culture of 100 ml in a 500 ml Erlenmeyer shaking flask was inoculated to an OD600 nm of 0.05.
Here, different liquid media were used for the screening: TSBMerck; TSBOxoid; TSBMerck with 0.5% Triton
X-100; TSBMerck with 0.006% SDS. Importantly, TSBMerck was supplemented with Triton X-100 and SDS
before the beginning of the cultivation. The cells were cultivated in these media at 37 °C with 120 rpm
shaking for 24 h, and the optical density was determined every hour in the first 8 hours, and once
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after 24 h. Phase contrast microscopy was performed after 2 h of cultivation (exponential growth
phase), 4 h (transient growth phase), 8 h of cultivation (early stationary phase) and after 24 h (late
stationary growth phase) as described in 6.5.1. All experiments were conducted in three independent,
biological replicates.

6.4.4.2

Drop tests on plates

Three to five S. aureus colonies were picked from an LB agar plate and were cultivated overnight (15
h) in 20 ml LB in a 100 ml Erlenmeyer shaking flask at 37 °C with 120 rpm shaking. On the next day,
20 ml TSBOxoid in a 100 ml Erlenmeyer shaking flask were inoculated to an OD600 nm of 0.05. Cells were
cultivated for 2 h at 37 °C and 120 rpm until cells were harvested. For this, 1 ml culture was centrifuged for 3 min at 2000 g at 4 °C, and the cells were washed with 1 ml 0.9% NaCl. After a second
centrifugation step, the cell pellet was resuspended in 0.9% NaCl to adjust cell density to an optical
density of 1. The resulting cell suspension was serially diluted in 0.9% NaCl (10-1 – 10-5), and 4 µl of
each dilution were carefully spotted on agar plates. Here, different solid media were used, and the
plates were incubated at 15 °C, 37 °C or 42 °C overnight or for seven days (see Table 19). All experiments were conducted in three independent, biological replicates.
Table 19 Cultivation condition for drop tests on plates
Solid medium
TSBMerck

TSBOxoid

TSBMerck + 8% NaCl
TSBMerck + 0.075 µg/ml oxacillin

6.4.4.3

Incubation temperature
15 °C
37 °C
42 °C
15 °C
37 °C
42 °C
37 °C
37 °C

Incubation period
7 days
15 h
15 h
7 days
15 h
15 h
15 h
15 h

Static biofilm formation assay

S. aureus deletion mutants were also tested for their ability to form biofilms using a static biofilm
formation assay as described by O’Toole et al. 2011177 with minor modifications.
In a first step, a microtiter plate (BRAND GMBH + CO KG, Wertheim, Germany) was coated overnight
with human plasma as suggested by Cassat et al. 2007178 to enhance bacterial attachment to the plastic surface and biofilm stability. Here, 20% human plasma (Dunn Labortechnik, Asbach, Germany) was
prepared in 50 mM bicarbonate coating buffer (14.3 mM Na2CO3, 35.7 mM NaHCO3, pH 9.6), and
100 µl of the plasma solution were transferred in each well of the plate. The plate was incubated
overnight at 4 °C, and the plasma solution was carefully removed on the next day.
In a second step, the microtiter plate was inoculated with S. aureus for biofilm formation. For this,
S. aureus was cultivated in 20 ml LB at 37 °C and 120 rpm overnight, and cells from the overnight
culture were used to inoculate 10 ml TSBMerck to an OD600 nm of 0.01. 100 µl 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 sealed with PARAFILM®. Cells were incubated for 24 h at 37 °C without
shaking.
In a third step, the growth of the cultures was evaluated by measuring the OD600nm in a microtiter
plate reader (BioTek Instruments, Winooski, Vermont, USA) and the formed biofilm mass was determined by crystal violet staining. The cell culture was carefully removed from the wells and each well
was washed with 100 µl PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4), and stained
for 15 min at RT with 125 µl 0.1% (w/v) crystal violet (Merck, Darmstadt, Germany). The staining solution was removed, and the wells were washed twice with 125 µl PBS. The microtiter plate was dried
overnight. On the next day, 125 µl 30% acetic acid were added to the wells, and the plate was incubated for 15 min a RT to dissolve the bound crystal violet. Here, the amount of crystal violet is in direct
correlation to the amount of formed biofilm mass by S. aureus. For quantification of biofilm mass, the
absorption of the dissolved crystal violet in each well was determined at 550 nm with a microtiter
plate reader (BioTek Instruments, Winooski, Vermont, USA). For evaluation of biofilm forming capacity, the staining intensity (A550nm) was normalized by growth (OD600nm) and expressed as the biofilm
index A550nm/OD600nm
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. aureus deletion 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 (Oxoid, Basingstoke, England). Plates were incubated overnight for 15 h at 37 °C and the hemolysis diameter of single colonies was quantified.

6.4.4.5

Disruption of S. aureus l14 and l16 cell aggregates

The lipoprotien deletion mutants S. aureus l14 and l16 formed cell aggregates in TSBMerck. We
aimed to disrupt the aggregates by enzymatic digestion, inorganic salt and mechanical forces.
For this, S. aureus l14 and l16 were cultivated overnight in 5 ml LB at 37 °C and 120 rpm shaking.
On the next day, 10 ml TSBMerck were inoculated to an OD600 nm of 0.05, and cells were cultivated at
37 °C and 120 rpm. Cells were harvested at an OD600 nm of 2.5 and 7.0.
Cells harvested at an OD600 nm of 2.5 underwent mild disruption methods. Here, cells were centrifuged
for 4 min at 6,000 g, RT and were mechanically disrupted by 30 sec vortexing or 30 sec in a sonification
bath. The enzymatic digestion was performed by adding proteinase K, DNase I or RNase A to the cell
culture, and cells were incubated for 30 min at 37 °C under shaking at 120 rpm. Furthermore, cells
were treated with the inorganic salt sodium metaperiodate.
Cells harvested at an OD600 nm of 7.0 underwent stronger disruption methods. Here, cells were pelleted
for 4 min at 6,000 g, RT and were mechanically disrupted by 3 min vortexing or 3 min in an ultrasonification bath. The enzymatic digestion was performed by resuspending the cell pellet in an adequate
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enzyme buffer and adding proteinase K, DNase I or RNase A to the S. aureus culture or by treating the
cells in sodium metaperiodate. Here, cells were incubated for 30 min at 37 °C.
The result of 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 mutants S. aureus l14 and
l16 were generated by cultivating cells at higher temperature.
Here, S. aureus l14 and l16 were cultivated overnight in 20 ml LB at 37 °C with 120 rpm shaking.
On the next day, a 100 ml TSBMerck main culture was inoculated to an OD600 nm of 0.05, and cells were
cultivated for 2 h at 37 °C and 120 rpm. 1 ml culture was serially diluted with TSBMerck (10-1 – 10-5), and
100 µl of each dilution step were plated on TSBMerck solid medium. Plates were incubated overnight at
45 °C. On the next day, colonies of different sizes were observed, and 20 larger colonies were picked
as potential suppressor mutants for S. aureus l14 and l16, respectively.
The picked colonies were tested (I) for deletion of l14 and l16 using colony PCR (see 6.1.7) to exclude
contamination by S. aureus wildtype cells; (II) for their ability to form cell aggregates in TSBMerck during
transient phase using phase contrast microscopy (see 6.5.1); (III) for a temperature sensitive growth
behavior at 45 °C using drop test on TSBMerck solid medium (see 6.4.4.2).

6.5 Microscopy
6.5.1

Phase contrast microscopy

Phase contrast microscopy was performed particularly for the S. aureus deletion mutant screening in
liquid media (see 6.4.4.1) and for the analysis of S. aureus l14 and l16 suppressor mutants (see
6.4.5).
Here, object slides were prepared with a thin layer of 1.5% agarose (in A. dest) to fix the cells one focal
plain. 4 µl of an S. aureus culture were pipetted on the slide, and cells were overlayed with a cover
slip.
Phase contrast microscopy was performed using the Zeiss Imager.M2 (Carl Zeiss, Oberkochen, Germany) equipped with the 100x/NA 1.3 oil immersion objective. Pictures were processed with the ZEN
2011 software (Carl Zeiss, Oberkochen, Germany).

6.5.2

Cell staining and fluorescence microscopy

Fluorescence microscopy was used especially to stain the DNA (DAPI) and cell membranes (Nile red)
of aggregated S. aureus l14 and l16 cells.
Lipoprotein deletion mutants S. aureus l14 and l16 were cultivated overnight in 20 ml LB at 37 °C,
120 rpm. A 20 ml TSBMerck main culture was inoculated to an OD600 nm of 0.05, and cells were cultivated
for 4 h at 37 °C. 1 ml cell suspension was pelleted by centrifugation for 3 min at 7,000 g and RT. The
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supernatant was removed, and the cell pellet was resuspended in 1 ml 0.9% NaCl. Next, DAPI was
added in a final concentration of 200 ng/mL followed by 15 min incubation at RT in the dark. Cells
were pelleted as described above and were washed using 1 ml NaCl. For membrane staining, Nile Red
was added in a final concentration of 1 µg/mL and cells were incubated for 5 min in the dark. Cells
were washed as described and 4 µl of the cell suspension were applied on a thin layer of 1.5% agarose
mounted on a microscopic slide. Images were acquired using the Zeiss Imager.M2 (Carl Zeiss, Oberkochen, Germany) equipped with the 100x/NA 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 software (Carl Zeiss, Oberkochen, Germany).

6.5.3

Scanning electron microscopy

Scanning electron microscopy was performed in collaboration with Dr. Rabea Schlüter from the Imaging Center Greifswald, Department for Microbial Physiology and Molecular Biology (Greifswald, Germany).
Cell preparation of S. aureus for scanning electron microscopy was modelled after Hammerschmidt
et al. 2005179. Briefly, cells adsorbed to a polycarbonate filter (0.2 µm, GTTP, Merck, Darmstadt, Germany) were fixed first with 2.5% glutaraldehyde and 2% paraformaldehyde in cacodylate buffer (0.1 M
cacodylate pH 7.0, 10 mM CaCl2, 10 mM MgCl2, 0.09 M sucrose, 25 mM NaN3) containing 0.075%
ruthenium red and 0.075 M lysine-acetate for 20 min on ice. After washing steps with cacodylate
buffer containing 0.075% ruthenium red (CB-RR), cells were fixed a second time with 2.5% glutaraldehyde and 2% paraformaldehyde in CB-RR at 4 °C overnight. After washing with CB-RR, cells were postfixed in 1% osmium tetroxide in CB-RR for 1 h at room temperature, washed several times with CB-RR
and dehydrated in a graded series of ethanol (10%, 30%, 50%, 70%, 90%, and 100% for 15 min each
step) on ice. After bringing the samples to room temperature and another change of 100% ethanol
for 10 min, samples were critical point-dried with liquid CO2, mounted on aluminium stubs, sputtered
with gold/palladium and examined with a scanning electron microscope EVO LS10 (Carl Zeiss, Oberkochen, Germany). Afterwards, the micrographs were edited by using Adobe Photoshop CS6.

6.5.4

Transmission electron microscopy

Transmission electron microscopy was performed in collaboration with Dr. Rabea Schlüter from the
Imaging Center Greifswald, Department for Microbial Physiology and Molecular Biology (Greifswald,
Germany).
Cells were fixed first with 2.5% glutaraldehyde and 2% paraformaldehyde in cacodylate buffer (0.1 M
cacodylate pH 7.0, 10 mM CaCl2, 10 mM MgCl2, 0.09 M sucrose, 25 mM NaN3) containing 0.075%
ruthenium red and 0.075 M lysine-acetate for 20 min on ice. After washing steps with cacodylate
buffer containing 0.075% ruthenium red, cells were fixed a second time with 2.5% glutaraldehyde and
2% paraformaldehyde in cacodylate buffer with 0.075% ruthenium red at 4 °C overnight according to
Hammerschmidt et al. 2005179. Subsequent to embedding in low gelling agarose, specimen were
washed with buffer (0.1 M cacodylate pH 7.0, 10 mM CaCl2, 10 mM MgCl2, 0.09 M sucrose), postfixed
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with 1% osmium tetroxide and 0.8% in potassium ferrocyanide in 100 mM cacodylate buffer (pH 7.0)
for 1 h on ice and washed again with buffer. After dehydration in graded series of ethanol (10%, 30%,
50%, 70%, 90%, 100% for 30 min each step) at room temperature, the material was infiltrated with a
mixture of AGAR 100 resin and AGAR 100 LV resin at a ratio of 1:2 at room temperature. For this,
1 part 100% ethanol was mixed with 1 part resin-mixture for 2 h. After that, 1 part 100% ethanol was
mixed with 3 parts resin-mixture and stored overnight. Finally, samples were infiltrated with pure
resin-mixture. The resin was polymerized for 48 h at 60 °C. Ultrathin sections were cut on an ultramicrotome (Leica UK Ltd, Milton Keynes, UK), stained with 4% aqueous uranyl acetate for 3 min followed
by lead citrate for 30 s and analyzed with a transmission electron microscope LEO 906 (Carl Zeiss,
Oberkochen, Germany). Afterwards, the micrographs were edited by using Adobe Photoshop CS6.

6.6 Nuclear magnetic resonance (NMR) analysis
6.6.1

Metabolic footprint analysis of TSB media

The composition of TSBMerck and TSBOxoid was analyzed by metabolic footprint analysis with 1H-nuclear
magnetic resonance (1H-NMR) spectroscopy.
400 µl of each TSB medium were mixed with 200 µl 200 mM sodium hydrogen phosphate buffer (pH
7.0), which consists of 50% D2O, including 1 mM 3-trimethylsilyl [2,2,3,3 D4] 1 propanoic acid for 1H
NMR analysis. For sample analysis, the Bruker AVANCE-II 600 NMR spectrometer with TOPSPIN 3.2
software was used, and data analysis was performed with AMIX v3.9.12 software (Bruker Biospin
GmbH, Rheinstetten, Germany).

6.6.2

NMR analysis of lipoteichoic acids

1H-nuclear magnetic resonance (1H-NMR) spectroscopy was performed to analyze the structural com-

position of lipoteichoic acids (LTA) from S. aureus Newman WT and the two lipoprotein deletion mutants S. aureus l14 and l16.
In a first step, the three S. aureus strains were cultivated overnight in 20 ml LB at 37 °C and 120 rpm,
and the overnight culture was used to inoculate 1 l TSBMerck medium to an OD600 nm of 0.05 on the next
day. Cells were cultivated for 5 h (transient growth phase, approx. OD600 nm of 5.0) at 37 °C and 120
rpm. The culture was pelleted for 15 min at 3,000 g at 4 °C, and the pellet was resuspended in 60 ml
citric buffer (40% 50 mM citric acid, 60% 50 mM trisodium citrate), heated for 30 min at 100 °C, and
lyophilized at - 70 °C.
The following steps were conducted by the group of Dr. Nicolas Gisch at the Research Center Borstel
(Leibniz Lung Center, Borstel, Germany) as described in Heß et al. 2017180. Briefly, S. aureus cells were
disrupted using a French press. Cell lysates were heated for 30 min at 100 °C in the presence of 4%
SDS and were stirred overnight at room temperature to extract LTA from the membranes. After
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ultracentrifugation, the LTA containing supernatant was lyophilized and washed with ethanol to remove residual SDS. Subsequently, LTA were isolated from cell extracts by phase separation using butan-1-ol. The upper aqueous phase containing LTA was lyophilized and dialyzed. Next, the isolated LTA
were purified by hydrophobic interaction chromatography and the LTA-containing fractions were detected by a photometric phosphate test. These fractions were subjected to (1H-NMR) spectroscopy to
analyze the structure of isolated LTA.

6.7 Bioinformatic workflow for the selection and characterization of lipoproteins in S. aureus Newman
The lipoproteome of 123 S. aureus strains was analyzed as described in the publication Graf
et al. 201884.
In brief, we downloaded the genomic sequences of 123 fully annotated S. aureus strains from the
RefSeq database181 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 orthology. Protein sequences sharing at least 90 % pairwise identity were
clustered into orthologous groups and were partially revised by hand, because of great sequence similarities of multiple paralogs. Lipoproteins were identified and bioinformatically characterized by applying an integrated bioinformatic workflow. This approach integrated tools from different disciplinay
fields and with disparing functions for reaching optimum performance. For instance, it summarized
the results from tools like Pfam182 and SMART183 for predicting protein domains, the Protein Databank
PDB (https://www.rcsb.org/) for gaining 3D structural information or the S. aureus Expression Data
Browser184 for information on gen transcription in S. aureus. For detailed information, we refert to the
publication Graf et al. 201884.
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7 Results
7.1 Analysis of the S. aureus lipoproteome and selection of lipoproteins for
this study
7.1.1

The lipoproteome of S. aureus consists of 192 lipoproteins

To first gain a comprehensive overview of the theoretical S. aureus lipoproteine repertoire, we
screened the genome sequneces of 123 S. aureus strains for the occurnece of lipoproteins and subjected the predicted lipoproteins to an extensive bioinformatic analysis. The results of this analysis
were published in the article “The hidden lipoproteome of Staphylococcus aureus” by Graf et al.
201884. The key findings of this analysis are summarized in the following two sections.
In a first step, we searched the genome sequences of 123 annotated S. aureus strains for coding sequences. Resulting protein sequences with an alignment coverage of at least 90 % were designated
into orthologous cluster. Next, orthologous groups representing lipoprotiens were identified based
on the presence of a well conserved lipobox. For the sake of clarity, the cluster will be refered to as
“proteins” or “lipoproteins”, respectively, in this work. In total, we were able to identify 192 lipoproteins, constituting the lipoproteome of S. aureus.
Of the 192 lipoproteins constituting the lipoproteome of S. aureus, only 20% (= 39 lipoproteins) are
encoded in at least 90% of the investigated S. aureus strains, and therefore, were defined as members
of the core lipoproteome (Figure 5). In contrast, the remaining 80% (153 lipoproteins) belong to the
variable lipoproteome of S. aureus. In regard to their function, we categorized the lipoproteins into
three classes: (I) lipoproteins with known function if they reveal homology to functionally characterized proteins or protein domains, (II) lipoproteins with conserved domains of unknown function, and
(III) lipoproteins without homology to characterized proteins or predicted domains. In total, 51 lipoproteins were grouped as class I lipoproteins, 109 as class II lipoproteins and 32 as class III lipoproteins
(see also Supplemental Table S1 for overview of all 192 identified lipoproteins and their classification).
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Figure 5 Proportion of lipoproteins in 123 S. aureus strains in regard to their conservation and function. The lipoproteome of 123 S. aureus strains consists of 192 lipoproteins. Out of these, 39 lipoproteins are encoded in more
than 90% of the investigated strains, and therefore, belong to the conserved lipoproteome. In contrast, 153
lipoproteins belong to the variable lipoproteome. Furthermore, out of the 192 lipoproteins constituting the
lipoproteome of S. aureus, 51 belong to what we defined as class I lipoproteins (lipoproteins with known
function as they reveal homology to functionally characterized proteins or protein domains), 109 to class II
(lipoproteins with conserved domains of unknown function (DUF)) and 53 to class 3 lipoproteins (lipoproteins
without homology to characterized proteins or predicted domains).

7.1.2

24 proteins in S. aureus Newman were selected for functional characterization

Based on our bioinformatic analysis, we seeked to select a heterogenous group of lipoproteins for
futher functional characterization.
We chose S. aureus strain Newman for our experimental analysis, because it has been extensively
studied in regard to molecular mechanisms of S. aureus pathogenesis and shows pronounced virulence potential in different animal desease models. In this strain, we selected 22 lipoproteins and two
additional cytoplasmic proteins which are co-transcribed with lipoproteins (according to transcriptome data of orthologous genes in S. aureus strain NCTC8325167). The selected lipoproteins are heterogenic in regard to their conservation and function: they belong to the conserved as well as to the
variable lipoproteome and are derived from all three functional classes I – III that we defined
(Table 20).
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Table 20 Overview of the 20 selected proteins for functional characterization
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The majority of our selected lipoproteins belong to the conserved lipoproteome. All in all, 14 of the
24 lipoproteins in our study can be designated to this group. These proteins are interesting candidates,
because the high degree of conservation might indicate a fundamental role for S. aureus. Importantly,
we covered nearly all conserved lipoproteins with unknown function in S. aureus: of the 39 lipoproteins of the core lipoproteome in S. aureus, eleven are of unknown function. Of these, we selected
ten lipoproteins (lipoproteins with conservation of at least 90 % and functional category II or III,
namely: L04, L06, L08, L09, L12, L14, L15, L17, L19, L20). In contrast, ten of the 24 selected proteins
show a variable conservation ranging from 23 – 87% in the 123 S. aureus strains. These proteins are
also of interest, as they might be involved in strain specific characteristics.
The selected lipoproteins are also diverse in regard to their function. Of the selected 24 proteins, we
selected four proteins with poorly characterized function (lipoproteins from functional category I).
Current knowledge suggests that these proteins are important during pathogenicity but the molecular
mechanisms behind these functions are poorly understood and deserve further characterization.
These four proteins are: CamS, an S. aureus sexual pheromone enhancing conjugal plasmid transfer191
(L05); FepA, an ortholog to EfeO, which is involved in heme iron acquisition in Escherichia coli192 (L07);
NWMN_2579, which might act as an polysaccharide deacetylase due to its predicted polysaccharide
deacetylase domain (L18); and DsbA, which exhibits a thiol-disulfide oxidoreductase activity192 (L21).
The other 20 selected proteins are widely uncharacterized and mainly defined as hypothetical proteins (lipoproteins from functional category II or III).
The 24 proteins were also specifically selected to cover different predicted protein domains. Here,
seven proteins contain domains, which also occur in other functionally characterized proteins. Of
note, the functional association and domain architecture of proteins with these predicted domains as
well as alignments and the species distribution of the predicted domains can be found at the Pfam
webpage. Briefly, for L04 two PepSY (Peptidase propeptide and YPEB) domains were predicted, which
are distributed predominantly in Bacteria and are likely to have a protease inhibitory function; L05
displays an CamS domain, which is especially found in proteins from Firmicutes encoding genes with
sequence identity to CamS; L06 encodes a DM13 domain, which is widely distributed in Bacteria, Eukaryota and Archea and is suggested to be a component of a novel electron-transfer system potentially involved in oxidative modification of animal cell-surface proteins; L07 shows a Peptidase_M75
domain, which can be found in Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes, and displays a HXXE motive with a conserved histidine and glutamine; L18 displays a polysaccharide deacetylase type 1 domain, which is found in Bacteria, but also in Eukaryota (especially in fungi) and Archaea,
and occurs in proteins with a chitooligosaccharide deacetylase activity (NodB from Rhizobium) or in
chitin deacetylases from yeast; L19 shows a YkyA domain, which consists of a lipoprotein signal and a
hydrolase domain, and shows similarities to cell wall binding proteins; and finally, L21 has a thioredoxin 2 domain, which is encoded predominantly in Bacteria and is common to enzymes with functional association in disulfide bond formation and isomerization.
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Furthermore, nine of the selected proteins reveal a domain of unknown function (DUF domain). As
the name implies, these DUF domains are functionally uncharacterized. However, they are highly conserved and present in many different proteins. Nonetheless, the species distribution of DUF domains
or the co-occurrence of these domains in already characterized proteins can be estimated and is summarized on the pfam webpage (http://pfam.xfam.org). Here, L02.1 – L02.4 reveal a DUF1672 domain
with predominantly occurrence in Bacillaceae and Staphylococcaceae; L01 and L09 show a DUF4467
domain with a cystatin-like fold; L03 has a DUF5067 domain, which appears in a superfamily of extracellular proteins, that form immune-protective receptor domains; L15 encodes a DUF 4352 domain,
which often occurs in members of a superfamily of proteins with immunoprotective extracellular function; and L17 encodes a DUF1307 domain, which is present in proteins from Firmicutes and Proteobacteria.
The remaining eight selected proteins (L08, L10, L11, L12, L13, L14 and L16) have no predicted domain.
Of note, multiple proteins were determined as L02 (L02.1 – L02.4). On a genetic level, the five genes
NWMN_1394 – NWMN_1398 are encoded in immediate proximity to each other on the DNA minus
strand (Figure 6). Except for NWMN_1397, the other four genes encode paralogous proteins, which
share 54% sequence identity on amino acid level. Interestingly, theses four proteins are the only proteins in S. aureus Newman with a DUF1672 domain. Therefore, all four proteins were selected for
further analyses and were termed L02.1 – L02.4. Here, L02.1, L02.3 and L02.4 exhibit a lipobox and a
conserved cysteine and are thus defined as lipoproteins, while L02.02 misses these characteristics and
is predicted as a cytoplasmic protein. Nevertheless, L02.2 was taken into account for further analysis
due to its sequence similarity to lipoproteins and as it is the only cytoplasmic protein in S. aureus
Newman with a DUF1672 domain.
Furthermore, the cytoplasmic protein NWMN_1689 (L15) was selected for further characterization.
The gene encoding L15 is located upstream of the gene encoding NWMN_1690 (L11). Both genes are
co-transcribed under the control of a sigma A promotor, according to the S. aureus Expression Data
Browser based on transcription data from S. aureus strain HG001184. L15 was selected, as it reveals
two interesting features: (I) an N-terminal glutamine/asparagine-rich region, which are generally speculated to act as modular mediators of protein-protein interaction184, and (II) a remarkable amount of
serines in its amino acid sequence (14%) (Figure 7).
Finally, we want to highlight the two lipoproteins NWMN_1435 (L14) and NWMN_0646 (L16), which
show a high content of positively and negatively charged amino acids. In particular, L16 reveals a 22
amino acid long sequence consisting only of alternating lysine, asparagine, aspartic acid and glutamic
acid (Figure 8).
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Figure 6 Gene organization and characteristics of L02.1 – L02.4. The selected proteins L02.1 – L02.4 exhibit a DUF1672
domain, while no domain was predicted for NWMN_1397. Moreover, only L02.1, L02.3 and L02.4 are lipoproteins. However, the cytoplasmic protein L02.2 has been selected for this study. The black bar indicates
the size of 1 kb.

Figure 7 Amino acid sequence of cytoplasmic protein L15. The N-terminal glutamine/asparagine-rich region is highlighted in yellow and serine residues are highlighted in purple.

Figure 8 Amino acid sequence of lipoprotein L14 and L16. The negatively charged amino acids aspartic acid (D) and
glutamic acid (E) are displayed in orange, while the positively charged amino acids lysine (K) and arginine (R)
are colored in blue. The 22 amino acid sequence of L16 consisting of alternating lysine, asparagine, aspartic
acid and glutamic acid is highlighted in yellow.

Of note, for some above listed lipoproteins further information can be found in our paper “The hidden
lipoproteome of Staphylococcus aureus”84, where we analyzed the structure and potential function of
lipoproteins in S. aureus on a bioinformatical level.

7.1.3

The majority of the 24 selected proteins was successfully expressed in E. coli

The selected 24 S. aureus proteins were expressed as recombinant variants with a C-terminal StrepTag®. The expressed proteins should be used to generate antibodies (e.g. as molecular tool), as targets
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on ELISA plates to investigate serum IgG binding against lipoprotein from human patients and to investigate the potential of lipoproteins to activate platelet aggregation.
Therefore, the genes were cloned into pPR-IBA-1 vectors for translational fusion with a C-terminal
Strep-Tag®. Of note, the signal sequence including the conserved cysteine was removed as it is only
necessary for extracellular transport and anchoring of the lipoproteins to the S. aureus cell. Proteins
were heterologously expressed in E. coli at 23 °C or 37 °C, purified, dialyzed in PBS, and the protein
concentration was determined with a DeNovix DS-11 spectral photometer (DeNovix Inc., Wilmington,
Delaware, USA). Samples of the protein purification process for each recombinant protein were separated on a Sodium dodecyl sulfate (SDS) gel.
The majority of recombinant proteins were successfully expressed in E. coli and purified using the
Strep-tag®:Strep-Tactin® affinity chromatography system (Figure 9). 19 of the selected 24 proteins
(L02.1 – L08, L13, L14, L16, L18 – L21) were produced as soluble proteins and detected in the affinity
chromatography elution fraction.

Figure 9 Coomassie-stained SDS gels of heterologously expressed and Strep-Tag® purified proteins. For each protein,
three samples from the purification process were separated on a SDS gel: (1) soluble and non-soluble proteins
in the E. coli whole cell fraction after protein induction and expression, (2) soluble proteins in the cell lysate
after cell disruption, and (3) proteins after Strep-Tag® purification (before dialysis). The protein concentration
after Strep-Tag® purification is listed under the SDS gels. Red arrows indicate the expected localization of the
recombinant protein band in the SDS gel based on its molecular weight.

In most cases, one single protein band was visible in the Strep-tag® elution fraction at the correct size,
as visible e.g. for L02.1 or L04. Here, the proteins were successfully expressed without contamination
of other proteins. For other proteins, minor additional weak protein signals were detectable in the
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Strep-tag® elution fraction – e.g. for L05 or L21 – demonstrating expression of the target protein with
weak contamination by other proteins. Only L03 and L13 showed two distinct protein bands in the
Strep-tag® elution fraction: one band on the expected size and another band on a lower size. Here,
western blot experiments using an anti-Strep-tag® antibody confirmed for L03 and L13, that both
bands could be assigned to the respective recombinant protein (data not shown). Hence, one band
shows the correctly expressed protein while the other band indicates a degraded product of the protein. Furthermore, for L01 and L09 no protein bands were visible in the Strep-tag® elution fraction.
However, a silver staining of the SDS gel and western blot experiments showed a distinct band for
each protein on the correct size (data not shown). Thus, both proteins were successfully expressed
even if the Coomassie staining was inappropriate to detect it.
For the two recombinant proteins L10 and L11, one band was detected with an unexpected molecular
weigth. For Strep-tagged L10, a molecular weight of 17 kDa was calculated. However, the protein band
is located at a size of approximately 25 kDa. Similarly, L11 had an estimated weight of 23 kDa, while
the protein band on the SDS gel was detected at 35 kDa. Nevertheless, for both proteins, a specific
signal was detected against the Strep-tag® on a western blot using an anti-Strep-tag® antibody. These
signals appeared on the same size as in the SDS gel (data not shown). It might be speculated if the
proteins show an unexpected behavior in the SDS gel, perhaps due to their charged character. For
instance, L10 reveals a 29 amino acid long K and E rich region. In addition, the amino acid sequence
of L11 consits of 37 % charged amino acid. It could be also taken into account, that the proteins might
form dimers or if there might be problems with translational termination during expression.
Protein L12 and L15 did not show distinct protein bands on the SDS gel. For L12, slightly enhanced
protein bands were visible in the whole cell and cell lysate fraction. However, no band was detected
in the Strep-tag® elution fraction. Also, the protein concentration of L12 was comparably low with 60
ng/µl in contrast to the other purified proteins. For L15, no specific protein band was detected on the
SDS gel in any of the three fractions. Thus, the expression of these proteins failed.
Despite multiple attempts, no pPR-IBA-1 vector could be constructed for Strep-tagged L17. In contrast
to all other proteins, no positive E. coli colonies grew after transformation of the ligated plasmid.
Therefore, L17 could not be expressed or purified.
The protein concentrations of the 19 purified proteins ranged from 110 – 10,205 ng/µl after Streptag® purification (Table 21). After dialysis of the protein extracts, the protein concentration decreased
by approximately 20%.
Taken together, 19 of the 24 selected proteins were successfully expressed as Strep-tagged variants
and were purified using the Strep-tag®:Strep-Tactin® affinity chromatography system. These purified
and dialyzed proteins were used in a study from Vu et al. 2017, where the adaptive immune response
of S. aureus carriers and non-carrieres to S. aureus lipoproteins was investigated using ELISA-based
analyses148. Furthermore, the proteins were used in a study from Binsker et al. 2018 in a flow cytometry-based assays to study platelet activation and aggregation by secreted S. aureus proteins193.
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Table 21 Protein concentration of recombinant proteins after Strep-Tag® purification and dialysis. Recombinant proteins were heterologously expressed in E. coli at 23 °C or 37 °C, purified and dialyzed in PBS. The protein
concentration was determined after Strep-Tag® purification and after dialysis in PBS using the DeNovix DS11 spectral photometer (DeNovix Inc., Wilmington, Delaware, USA). For protein measurement, the individual
molecular weight and extinction coefficient of the recombinant proteins were calculated with the Expasy
ProtParam tool (https://web.expasy.org/protparam/).
Lipoprotein
L01
L02.1
L02.2
L02.3
L02.4
L03
L04
L05
L06
L07
L08
L09
L10
L11
L12
L13
L14
L15
L16
L17
L18
L19
L20
L21

Molecular
weight [Dalton]

Extinction
coefficient

Cultivation
Protein concentration after
temperature Strep-Tag® purification
[°C]
[ng/µl]
13,973.6
18,910
37 °C
215
33,951.8
26,360
23 °C
595
35,187.4
29,340
23 °C
530
34,536.3
32,320
23 °C
1,975
35,094.3
33,810
23 °C
4,375
27,903.9
21,430
37 °C
10,205
20,687.8
23,950
37 °C
1,175
44,737.5
40,800
37 °C
485
15,263.1
14,440
37 °C
290
31,689.7
28,880
37 °C
315
22,801.7
14,440
37 °C
1,230
13,665.9
21,890
37 °C
320
17,183.6
8,480
37 °C
1,120
23,149.9
14,440
23 °C
630
22,789.0
21,890
37°C
60
35,234.7
41,830
37 °C
2,830
21,102.4
12,950
37 °C
110
37,062.6
26,595
37 °C
455
14,522.9
5,500
37 °C
255
The pPR-IBA-1 expression vector could not be constructed for L17
42,384.4
61,770
37 °C
335
23,214.3
15,930
37 °C
3,120
33,284.9
21,890
37 °C
705
22,269.5
31,525
23 °C
4,600

Protein concentration after dialysis
[ng/µl]
190
365
325
1,345
3,295
8,350
830
435
250
250
705
265
850
545
50
2,050
95
265
295
365
2,205
535
3,685

7.2 Screening of S. aureus deletion mutants
In order to experimentally characterize the function of the above selected proteins L01 – L21, gene
deletion mutants for each protein were constructed in S. aureus Newman using the thermosensitive
pMAD vector for allelic replacement160.
Despite several attempts, we were not able to construct a pMAD vector for the deletion of lipoprotein
L21, and therefore, had do exclude this protein from further experimental investigation. However, we
were able to delete the genes encoding protein L01 – L20 and named the resulting mutants S. aureus
l01 - l20 accordingly. Of note, due to the highly paralogous nature of the proteins L02.1 – L02.4,
we deleted the complete 6.2 kb genetic region of l02.1 – l02.4 (NWMN_1394 – NWMN_1398), to
avoid possible redundancy effects in single gene deletion mutants. With this, also the gene encoding
the cytoplasmic protein NWMN_1397 was deleted. The resulting gene deletion mutant for l02.1 –
l02.4 was designated S. aureus l02.
The constructed 20 deletion mutants S. aureus l01 – l20 and the S. aureus Newman wildtype (WT)
were cultivated under diverse growth conditions in order to observe a different growth behavior compared to the WT, what might raise first evidence for a functional association of the corresponding
protein.
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7.2.1

Testing cultivation in TSBMerck: S. aureus l14 and l16 formed aggregates

In a fist test, the growth behavior and the cell morphology of S. aureus WT and the 20 deletion mutants was investigated during cultivation in liquid media.
For this, the stains were cultivated for 24 h in tryptic soy broth (TSB) of the manufacturer Merck at
37 °C and phase contrast microscopy images were acquired along the growth in the exponential
growth phase after 2 h, in the transient growth phase after 4 h, in the early stationary phase after 8 h
and in the late stationary phase after 24 h (Figure 10).

Figure 10 Growth curve of S. aureus WT and the 20 deletion mutants in TSBMerck. The growth of S. aureus WT and the
20 deletion mutants was observed for 24 h. The cultivation was performed in three independent, biological
replicates, and error bars indicate the standard deviation between measurements of the three replicates.

In TSBMerck, the 20 deletion mutants showed a very similar growth behavior compared to the S. aureus
WT. All tested strains reached the exponential growth phase after 2 h and the transient growth phase
after 4 h. At this timepoint, the growth rate of the strains abruptly decreased. After 8 h of cultivation,
cultures were in the early stationary growth phase and after 24, cultures were in the late stationary
growth phase.
At the time period of 6 - 7 h of cultivation, the growth of the tested strains can be categorized in two
groups:
(I)

The S. aureus WT and eleven deletion mutants (S. aureus l01 - l02, l05, l11, l13
and l15 - l20) reached a comparably lower OD ranging from 9.4 (S. aureus l11) – 10.2
(S. aureus l16) after 6 h of cultivation.

(II)

In contrast, nine deletion mutants (S. aureus l03 - l04, l06 - l10, l12 and l14)
reached a higher OD ranging from 10.9 (S. aureus l14) – 12.0 (S. aureus l07) at the
same timepoint.

69

Results
After 8 h of cultivation, some stains proceeded growing and increased their OD after 24 h of cultivation, while other strains showed a decrease in their OD from 8 h to 24 h of cultivation:
(I)

Here, the S. aureus WT and the ten deletion mutants S. aureus l02, l11, l13 - l20
increased in their OD to 13.7 (S. aureus l18) – 15.4 (S. aureus l19) after 24 h of cultivation.

(II)

In comparison to this, the ten deletion mutants S. aureus l01, l03 - l10 and l12 decreased in their OD to values ranging between 11.7 (L05) – 13.3 (l07).

Parallel to the cultivation, phase contrast microscopy was performed for all tested strains along the
growth in TSBMerck (Figure 11).
Generally, cells exhibited an S. aureus typical, coccid form. Cells laid separated as single cells or were
arranged in small clusters. Moreover, cells in the exponential growth phase (where cells are highly
replicative) appeared bigger than cells of the late stationary growth phase (were cells are less replicative). With increasing OD, the number of cells in the microscopic field-of-view increased from the exponential to the late stationary phase as expected.
Intriguingly, the two lipoprotein deletion mutants S. aureus l14 and l16 showed an aberrant phenotype compared to the S. aureus WT and the other deletion mutants: from the exponential to the
stationary growth phase, cells of both mutants appeared bigger, less dense and offered a more irregular than round shape. Furthermore, instead of single cells, cells were found predominantly as large
aggregates. Separated cells besides these large aggregates were found in dimers and especially tetramers, rather than as single cells. In the late stationary phase, cells of S. aureus l14 and l16 tendentially appeared smaller than in the other growth phases and less aggregates were observed. However, in this growth phase, the cells of both mutants were inhomogeneous in size and were found as
single cells as well as in smaller aggregates.
Taken together, in TSBMerck the 20 S. aureus deletion mutants showed a very similar growth behavior
compared to the S. aureus WT. Nevertheless, phase contrast microscopy revealed an increase in cell
size and the formation of large aggregates for lipoprotein deletion mutants S. aureus l14 and l16.
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TSBMerck
S. aureus ∆l01

S. aureus ∆l02

S. aureus ∆l03

S. aureus ∆l04

S. aureus ∆l05

S. aureus ∆l06

S. aureus ∆l08

S. aureus ∆l09

S. aureus ∆l10

S. aureus ∆l11

S. aureus ∆l12

S. aureus ∆l13

S. aureus ∆l15

S. aureus ∆l16

S. aureus ∆l17

S. aureus ∆l18

S. aureus ∆l19

S. aureus ∆l20

Stationary
(24 h)

Stationary
(8 h)

Transient
(4 h)

Exponential
(2h)

S. aureus WT

TSBMerck

Stationary
(24 h)

Stationary
(8 h)

Transient
(4 h)

Exponential
(2h)

S. aureus ∆l07

TSBMerck

Stationary
(24 h)

Stationary
(8 h)

Transient
(4 h)

Exponential
(2h)

S. aureus ∆l14

Figure 11 Phase contrast microscopy of S. aureus WT and the 20 deletion mutants in TSBMerck. Samples were taken in
the exponential growth phase after 2 h, the transient growth phase after 4 h, the early stationary phase
after 8 h and the late stationary phase after 24 h. White bars are equivalent to 10 µm.
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7.2.2

Testing different temperatures: S. aureus l01, l14 and l16 showed a temperature sensitive phenotype

Lipoproteins are extracellular, membrane anchored proteins and thus, are part of the S. aureus cell
envelope. In S. aureus, mutations of certain proteins involved in the biosynthesis of cell envelope
structures lead to a temperature sensitive phenotype, e.g. a deletion mutant of murC194, which is involved in the peptidoglycan biosynthesis, or deletion of ltaS53, which polymerizes lipoteichoic acids.
Therefore, the influence of high or low temperature was tested on the 20 deletion mutants of S. aureus performing a drop test. For this, cultures of the S. aureus WT and the 20 deletion mutants were
spotted in different dilution steps on TSBMerck and TSBOxoid solid medium, and the plates were incubated at 15 °C, 37 °C and 45 °C, respectively.
On TSBOxoid, no growth was observed at 15 °C for any of the tested S. aureus stains (data not shown).
At 37 °C (Figure 12 upper panel), the 20 S. aureus deletion mutants showed no difference in their
growth behavior compared to the S. aureus WT. All strains formed a complete cell layer up to dilution
step 10-2, a nearly complete cell layer in dilution step 10-3 and single colonies in dilution steps 10-4
and 10-5.
In contrast, at 45 °C (Figure 12 lower panel), lipoprotein deletion mutants S. aureus l14 and l16
showed a remarkably impaired growth. While the S. aureus WT revealed the same growth as at 37 °C,
S. aureus l14 and l16 formed a thin cell layer with only a few colonies of varying size until dilution
step 10-2. In dilution step 10-3 – 10-5, nearly no growth was observed for S. aureus l14 and l16.

Figure 12 Drop test of S. aureus WT and 20 S. aureus deletion mutants on TSBOxoid at 37 °C and 45 °C. Cultures of
S. aureus WT and the 20 deletion mutants S. aureus l01 – l20 were spotted on TSBOxoid medium in different dilution steps (no dilution, dilution 10-1 - 10-5). Plates were incubated at 37 °C and 45 °C. No growth was
observed on TSBOxoid plates at 15 °C.

72

Results
In contrast to TSBOxoid, the S. aureus WT and the 20 deletion mutants S. aureus l01 - l20 grew at
15 °C on TSBMerck (Figure 13 upper panel). Here, lipoprotein deletion mutant S. aureus l01 showed a
dramatically reduced growth: while the non-diluted sample showed similar growth like the S. aureus
WT, no cell layer and only a few scattered colonies appeared in dilution steps 10-1 – 10-5. Of note, also
other deletion mutants like l08 or l09 showed these single, broad colonies between an otherwise
thin or absent cell layer. It might be speculated, if these colonies are suppressor mutants. In contrast
to these mutants, the growth of lipoprotein deletion mutants S. aureus l14 and l16 appeared
slightly enhanced compared to the S. aureus WT and the other deletion mutants. Of note, the number
of colonies for S. aureus l14 and l16 was not increased in the different dilution steps, but the cell
layer was denser and single colonies appeared bigger. Interestingly, both deletion mutants revealed
a darker colony color compared to the other mutants.
At 37 °C (Figure 13 middle panel), lipoprotein deletion mutant S. aureus l01 showed a decreased
growth on TSBMerck. Here, a cell layer was observed up to dilution step 10-2, while single colonies appeared in dilution step 10-3 and 10-4, and no colonies grew in dilution step 10-5. The other 19 S. aureus
deletion mutants showed a similar growth to the S. aureus WT.
At 45 °C (Figure 13 lower panel), the growth of S. aureus l14 and l16 was clearly restricted. Only a
thin cell layer was observed in the undiluted sample and only a few colonies grew in dilution step 101,

while no growth was observed in the other dilution steps. Again, we observed single, broad colonies

between an otherwise thin or absent cell layer, indication the growth of suppressor mutants.

Figure 13 Drop test of S. aureus WT and 20 S. aureus deletion mutants on TSBMerck at 15 °C, 37 °C and 45 °C. Cultures
of S. aureus WT and the 20 deletion mutants S. aureus l01 – l20 were spotted on TSBMerck medium in different dilution steps (no dilution, dilution 10-1 - 10-5). Plates were incubated at 15 °C, 37 °C and 45 °C.

73

Results
All in all, lipoprotein deletion mutant S. aureus l01 showed a reduced growth at 15 °C – at least on
TSBMerck medium. In contrast, the growth of S. aureus l14 and l16 appeared slightly increased at
15 °C on TSBMerck, while both mutants showed a clearly decreased growth at 45 °C independent of the
tested medium.

7.2.3

Testing osmotic stress: S. aureus l01, l05, l14 and l16 showed reduces
growth on TSBMerck with 8% NaCl

The 20 deletion mutants S. aureus l01 - l20 were also tested for their growth behavior under osmotic stress conditions induced by high salt concentration. Here, cultures of the S. aureus WT and the
20 deletion mutants were spotted in different dilution steps on TSBMerck solid medium containing 8%
NaCl, and plates were incubated at 37 °C.

Figure 14 Drop test of S. aureus WT and 20 S. aureus deletion mutants on TSBMerck + 8% NaCl at 37 °C. Cultures of
S. aureus WT and the 20 deletion mutants S. aureus l01 – l20 were spotted in different dilution steps (no
dilution, dilution 10-1 - 10-5) on TSBMerck medium containing 8% NaCl. Plates were incubated at 37 °C.

On TSBMerck medium containing a high salt concentration of 8% (Figure 14), S. aureus WT and most
deletion mutants formed a cell layer up to dilution step 10 -3 and single colonies in dilution steps 10-4
and 10-5. In contrast to this, four lipoprotein deletion mutants S. aureus l01, l05, l14 and l16
showed reduced growth. For all four mutants, a cell layer was observed only up to dilution step 10-2,
while only single colonies were visible for dilution step 10-3. Moreover, for all four lipoprotein deletion
mutants, no growth was observed at dilution step 10-4 and 10-5.
Taken together, lipoprotein deletion mutants S. aureus l01, l05, l14 and l16 showed impaired
growth at high salt concentration of 8% on TSBMerck medium.
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7.2.4

Testing detergents: S. aureus l02, l14, l16 and l17 aggregated in the presence of 0.5% Triton X-100, while the S. aureus WT and nine deletion mutants
formed aggregates in the presence of 0.006% SDS

Lipoproteins in S. aureus are located at the interface between the cell wall and the cytoplasmic membrane. Thus, a functional connection of lipoproteins to the stability or integrity of the cell wall or cytoplasmic membrane might be speculated. Therefore, we tested the effect of the anionic detergent
Triton X-100 (which is commonly used in S. aureus autolysis assays) and of the ionic detergent SDS on
the different S. aureus strains. Here, the S. aureus WT and the deletion mutants S. aureus l01 - l20
were cultivated in TSBMerck with sub-lethal concentration of Triton X-100 (0.5%) or SDS (0.006%) and
phase contrast microscopy pictures were acquired along the growth in the exponential, transient as
well as in the early and late stationary phase (Note: We also performed this test using a drop test with
TSBMerck containing Triton X-100 and SDS. However, the culture spots smeared immediately after careful pipetting on the plates so that an evaluation was not possible. Therefore, these data were excluded).

7.2.4.1

Testing 0.5% Triton X-100

Figure 15 represents the growth of S. aureus WT and the 20 deletion mutants in TSBMerck containing
0.5% Triton X-100.
In general, the growth of all tested strains followed the same pattern: the cells reached the exponential phase after 2 h of cultivation, entered the transient phase after 4 h, were in the early stationary
phase after 8 h and in late stationary phase after 24 h. Here, the transition from exponential to stationary phase did not occur abruptly but was a steady process.
On a detailed view, the growth of the S. aureus deletion mutant strains can be categorized into three
groups:
(I)

The four mutants S. aureus l02, l14, l16 and l17 showed a delayed growth compared to the S. aureus WT and all other mutants. E.g. while the S. aureus WT reached an
OD600 nm of 9.8 after 8 h, an OD600 nm between 4.0 (S. aureus l02) and 7.3 (S. aureus l16)
was observed for the four mutants at this timepoint. However, S. aureus l02, l14, l16
and l17 proceeded growing and reached an OD600 nm of 8.0 (S. aureus l02) to 12.0
(S. aureus l14) after 24 h of cultivation, what was similar to the OD of the other strains
at this timepoint.

(II)

For the seven deletion mutants S. aureus l05, l11, l13, l15 and l18 - l20, a growth
comparable to the S. aureus WT was observed. These strains showed an enhanced
growth rate in the exponential phase compared to the first group of mutants and reached
an OD600 nm between 9.3 (S. aureus l18) and 9.9 (S. aureus l05) in the early stationary
phase after 8 h of cultivation. After 24 h of cultivation, S. aureus l18 continued to grow
to an OD600 nm of 10.0, while the other deletion mutants and the S. aureus WT declined
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in their OD and reached a final OD600 nm between 8.3 (S. aureus l20) to 8.9 (S. aureus
l11).
(III)

The nine deletion mutants S. aureus l01, l03 - l04, l06 - l10 and l12 revealed the
steepest increase in the exponential growth phase and reached an OD600 nm between 12.8
(S. aureus l01) and 14.6 (S. aureus l08) after 8 h of cultivation, which is considerably
higher than the OD600 nm of 8.9 of the S. aureus WT. All mutants in this group decreased
in their OD during stationary phase and had an OD600 nm ranging from 9.4 (S. aureus l01)
– 10.8 (S. aureus l07) after 24 h of cultivation.

Figure 15 Growth curve of S. aureus WT and the 20 deletion mutants in TSBMerck containing 0.5% Triton X-100. The
growth of S. aureus WT and the 20 deletion mutants was observed for 24 h. The cultivation was performed
in three independent, biological replicates, and error bars indicate the standard deviation between measurements of the three replicates.

During cultivation in TSBMerck with 0.5% Triton X-100, microscopic phase contrast images were acquired along the growth (Figure 16). In general, the S. aureus cells of the different strains exhibited a
coccoid form, and partially formed clusters consisting of maximum 100 cells. Especially, these clusters
appeared in the transient and early stationary growth phase. After 24 h of cultivation, the majority of
cells was found as single cells or in small aggregates of approximately 20 cells. Furthermore, cells in
the exponential growth phase (where cells are highly replicative) appeared bigger than cells of the
late stationary growth phase (were cells are less replicative). Moreover, with increasing OD, the number of cells in the microscopy field-of-view increased from the exponential to the late stationary phase
as expected.
The microscopy pictures revealed a coincidence between the growth behavior and the formation of
cell aggregates of the tested S. aureus strains:

76

Results
(I)

The four mutants S. aureus l02, l14, l16 and l17, which showed a delayed growth in
liquid culture, formed large cell aggregates in the early stationary growth phase after 8 h.
These aggregates consisted of more than 200 cells, which lay in multiple focal planes. Nearly
no single cells or small cell cluster were observed at this timepoint. Aggregates were also
visible after 24 h for S. aureus l14 and l16.

(II & III) The remaining 16 S. aureus deletion mutants with similar (group II) or increased growth
(group III) compared to the S. aureus WT showed only single cells or small cluster with up to
100 cells during cultivation. Mostly, cells in small clusters lay in one focal plain.
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Figure 16 Phase contrast microscopy of S. aureus WT and the 20 deletion mutants in TSBMerck containing 0.5% Triton X100. Samples were taken in the exponential growth phase after 2 h, the transient growth phase after 4 h, the
early stationary phase after 8 h and the late stationary phase after 24 h. White bars are equivalent to 10 µm.
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Summarizing the results of the cultivation in TSBMerck containing 0.5% Triton X-100, deletion mutants
S. aureus l02, l14, l16 and l17 showed a delayed growth in TSBMerck containing 0.5% Triton X-100
compared to the S. aureus WT and all other deletion mutants. Furthermore, these four mutants
formed large cell aggregates with more than 200 cells in the early stationary growth phase after 8 h
cultivation.

7.2.4.2

Testing 0.006% SDS

Besides the effect of the non-ionic detergent Triton X-100, the influence of the ionic detergent SDS
was tested on the S. aureus WT and all 20 deletion mutants.
In general, the strains in TSBMerck containing 0.006% SDS showed a similar growth pattern like cells in
TSBMerck containing 0.5% Triton X-100. In both media, cells were in the exponential growth phase after
2 h of cultivation, in the transient growth phase after 4 h and reached the early stationary phase after
8 h. After 24 h of cultivation, the cells were late stationary (Figure 17). Furthermore, the investigated
strains reached similar OD in TSBMerck containing 0.006% SDS compared to TSBMerck containing 0.5%
Triton X-100 in the first 8 h of cultivation. In contrast, all cells in TSBMerck containing 0.006% SDS proceeded growing up to an OD600 nm of 20 (S. aureus l12), while the majority of strains in TSBMerck containing 0.5% Triton X-100 decreased in their OD to approximately 10.
A detailed view on the linear growth diagram allows to separate the strains based on their growth
behavior in three main categories:
(I)

The mutant S. aureus l02 showed the most impaired growth in TSBMerck with 0.006% SDS. It
exhibited the lowest growth rate in the exponential growth phase and reached an OD600 nm of
only 6.8, while the WT had an OD600 nm of 9.2. However, S. aureus l02 continued growing
and reached a final OD of 15.7 after 24 h, which is similar to the other tested strains.

(II)

The growth of the nine deletion mutants S. aureus l11 and l13 - l20 was comparable to
the growth of the S. aureus WT. In the early stationary growth phase, the mutants reached
an OD600 nm between 8.8 (S. aureus l13) and 9.1 (S. aureus l18) and continued growing up
to an OD600 nm between 15.7 (S. aureus l11) and 17.0 (S. aureus l19) in the late stationary
phase after 24 h. During cultivation, S. aureus l14 and l16 showed a slightly reduced OD
after 7 h of cultivation but reached a higher final OD of 19.7 (S. aureus l14) and 19.1 (S. aureus l16) after 24 h of cultivation.

(III)

The remaining ten mutants S. aureus l01, l03 - l10 and l12 exhibited the highest growth
rate in the exponential growth phase in TSBMerck containing 0.006% SDS. Interestingly, the
growth curve revealed a biphasic growth of these strains. The ten mutants reached an OD
between 10.6 (S. aureus l09) and 14.7 (S. aureus l07) in the early stationary phase after 8 h
of cultivation and proceeded growing to an OD of 16.6 (S. aureus l01) – 20.3 (S. aureus l12)
in the late stationary growth phase after 24 h. In this group of the ten mutants, S. aureus l01
revealed the slowest growth rate in the transient phase and reached the lowest OD after 24 h.
Furthermore, growth of S. aureus l09 nearly stagnated between 5 h of cultivation
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(OD600 nm of 9.5) and 8 h of cultivation (OD600 nm of 10.6) in contrast to the S. aureus WT and
the other mutants. However, S. aureus l09 reached a final OD600 nm of 18.5, which is comparable to the other mutants in this group.

Figure 17 Growth curve of S. aureus WT and the 20 deletion mutants in TSBMerck containing 0.006% SDS. The growth of
S. aureus WT and the 20 deletion mutants was observed for 24 h. The same data are shown in a semi-logarithmic diagram (A) and in a linear diagram (B). The cultivation was performed in three independent, biological replicates, and error bars indicate the standard deviation between measurements of the three replicates.

The microscopic phase contrast images of the tested strains revealed the formation of tendentially
more and bigger cell clusters in TSBMerck with 0.006% SDS compared to TSBMerck with 0.5% Triton X100 (Figure 18). Again, a connection between the growth behavior of the deletion mutants and the
degree of aggregate formation can be observed:
(II)

The nine deletion mutants S. aureus l11 and l13 - l20 and the S. aureus WT were assigned
to group II (see above) based on their similar growth pattern in TSBMerck with 0.006% SDS.
Interestingly, the S. aureus WT and the nine deletion mutants already formed small cell clusters in the exponential growth phase after 2 h of cultivation and revealed remarkable cell
aggregation in the transient growth phase after 4 h. The cells in these aggregates appear nonhomogeneous and less dense, they exhibit a more edged than round cell shape and appeared
to be bigger in size than normal S. aureus cells. Particularly, cells of S. aureus l14 and l16
appeared to have nearly the doubled cell size compared to normal S. aureus cells. The aggregation of the S. aureus WT and the nine deletion mutants was already reduced in the early
stationary phase after 8 h of growth. At this timepoint, only S. aureus l11, l13 and l16
showed larger aggregates, and the cells in these aggregates appeared smaller than in the
exponential phase.
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Figure 18 Phase contrast microscopy of S. aureus WT and the 20 deletion mutants in TSBMerck containing 0.006% SDS.
Samples were taken in the exponential growth phase after 2 h, the transient growth phase after 4 h, the early
stationary phase after 8 h and the late stationary phase after 24 h. White bars are equivalent to 10 µm.
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(I & III) For the other eleven mutants S. aureus l01 - l10 and l12 (previously assigned to group I
and III, respectively), only smaller aggregates consisting of maximum 100 cells were observed.
Here, the aggregated cells exhibited a relative normal cell size and a normal cell shape. Interestingly, although S. aureus l02 revealed the most impaired growth in TSBMerck with 0.006%
SDS, it showed similar aggregation behavior like the other deletion mutants in this group.
Summarizing the results of the cultivation in TSBMerck with 0.006% SDS, cells of the S. aureus WT and
the nine mutants S. aureus l11 and l13 - l20 appeared bigger in cell size, less dense, more edged
and formed large cell aggregates in the transient growth phase. In contrast, the eleven deletion mutants S. aureus l01 - l10 and l12 showed an aberrant phenotype by demonstrating a normal cell
size and shape and forming only smaller cell aggregates.
All in all, both the non-ionic detergent Triton X-100 and the ionic detergent SDS induced the formation
of aggregates in the tested S. aureus strains. Interestingly, this effect appealed to different deletion
mutants and was observed in the early stationary phase for Triton X-100 and in the transient growth
phase for SDS.

7.2.5

Testing cell wall-targeting antibiotics: Oxacillin had no effect on the S. aureus
WT or the 20 deletion mutants

Putative lipoproteins in Gram-positive organisms were predicted to have important roles in the stability, cross-linking or remodeling of the bacterial cell wall98,195. To gain fist insights in a possible functional relation of the 20 selected lipoproteins in peptidoglycan synthesis or stability, we investigated
whether the tolerance of the 20 deletion mutants against cell wall-active antibiotics might be increased or decreased. Here, we selected oxacillin as a -lactam antibiotic, which specifically binds to
penicillin-binding proteins (PBP) and thus, inhibits the biosynthesis of the peptidoglycan.
For the analysis, the S. aureus WT and the 20 constructed deletion mutants were tested using a drop
test with TSBMerck plates containing the sub-lethal concentration of 0.075 µg/ml oxacillin (Figure 19).
All tested strains showed a slightly impaired growth on TSBMerck containing 0.075 µg/ml oxacillin compared to growth on TSBMerck without antibiotics (see drop test on TSBMerck at 37 °C in paragraph 7.2.2
for comparison). On TSBMerck containing 0.075 µg/ml oxacillin, the cell layers and single colonies appeared thinner and more transparent. Besides this, all 20 deletion mutants showed a similar growth
behavior compared to the S. aureus WT: all tested strains formed a complete cell layer up to dilution
step 10-2, an incomplete cell layer in dilution step 10-3, and single colonies in dilution steps 10-4 and
10-5.
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Figure 19 Drop test of S. aureus WT and 20 S. aureus deletion mutants on TSBMerck + 0.075 µg/ml oxacillin at 37 °C.
Cultures of S. aureus WT and the 20 deletion mutants S. aureus l01 – l20 were spotted in different dilution
steps (no dilution, dilution 10-1 - 10-5) on TSBMerck medium containing 0.075 µg/ml oxacillin. Plates were incubated at 37 °C.

In summary, for none of the tested 20 deletion mutants, a reduced or increased tolerance against
sub-lethal concentration of 0.075 µg/ml oxacillin was detected.

7.2.6

Testing biofilm formation: The ten mutants S. aureus l01, l03 - l10 and l12
showed a significantly reduced formation of biofilms

Lipoproteins in Gram-positive bacteria were shown to be involved in adhesion processes. For instance,
the lipoprotein SsaB of Streptococcus sanguis mediates attachment to saliva-coated hydroxyapatite
beads196 as well as coaggregation with Actinomyces197 and is involved in endocarditis virulence198.
To test whether the 20 selected lipoproteins mediate adhesion processes in S. aureus, we performed
a static biofilm formation assay with the 20 deletion mutants in comparison to the S. aureus WT in
human plasma-coated microtiter plates.
Here, a set of ten deletion mutants consisting of S. aureus l02, l11 and l13 – l20 revealed no
significant differences in their ability to form biofilms in the static biofilm formation assay compared
to the S. aureus WT (Figure 20). These ten mutants showed a biofilm index ranging from 8.2 (S. aureus
l16) to 12.1 (S. aureus l13), while the S. aureus WT demonstrated an index of 12.5.
In contrast to this, the ten deletion mutants S. aureus l01, l03 - l10 and l12 revealed a significantly reduced biofilm formation with a biofilm index between 4.3 (S. aureus l12) to 6.9 (S. aureus
l09).
Taken together, the static biofilm formation assay revealed a reduced ability to form biofilms of the
ten deletion mutants S. aureus l01, l03 - l10 and l12.
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Figure 20 Static biofilm formation assay of S. aureus WT and the 20 deletion mutants. Results of the static biofilm formation assay are shown after the quantification of crystal violet staining (A550nm) normalized by growth
(OD600nm). A representative picture of the stained biofilm is shown below the bars. The biofilm formation
assay was performed in three independent biological replicates, each with five technical replicates per tested
strain. ns: not significant, **: p<0.01, ***: p<0.001, ***<0.0001

7.2.7

Testing hemolysis: The ten mutants S. aureus l01, l03 - l10 and l12
demonstrated reduced hemolysis on blood agar plates

Lipoproteins in Gram-positive bacteria were referred to as “key players in the immune response and
virulence”151, e.g. by mediating inflammation in a Toll-like receptor 2 dependent manner139,199. We
investigated the virulence of all 20 deletion mutants in comparison to the S. aureus WT by studying
the hemolysis activity of all strains on sheep blood agar plates.
Here, colonies of the ten deletion mutants S. aureus l02, l11 and l13 - l20 appeared in an S. aureus-characteristic golden shade and single colonies were surrounded by a hemolytic halo (Figure 21).
The observed hemolysis was comparable to the hemolysis of the S. aureus WT.
In contrast to this, deletion mutants S. aureus l01, l03 - l10 and l12 also exhibited a golden shade,
but single colonies showed a dramatically reduced - and partially completely missing - hemolysis.
All in all, deletion mutants S. aureus l01, l03 - l10 and l12 showed a decreased hemolytic activity
on sheep blood agar plates compared to the S. aureus WT.
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Figure 21 Hemolysis assay of S. aureus WT and the 20 deletion mutants on sheep blood agar plates. S. aureus WT and
the 20 deletion mutants S. aureus l01 - l20 were streaked on sheep blood agar and plates were incubated
overnight at 37 °C. A light halo surrounding S. aureus colonies indicates hemolysis of erythrocytes in the blood
agar plates.

7.2.8

The liquid media TSBMerck and TSBOxoid differed greatly in their composition

The above described screening experiments on agar plates and in liquid media showed different results when performed with TSBMerck or TSBOxoid media, respectively. For instance, lipoprotein deletion
mutants S. aureus l14 and l16 formed aggregates in the transient phase when cultivated in TSBMerck,
but not in TSBOxoid. Thus, these results let us speculate, that TSBMerck and TSBOxoid might differ in their
medium composition – although both media are referred to as “tryptic soy broth” media.
To test this hypothesis, the manufacturer specifications of both media were compared and components of the liquid media TSBMerck and TSBOxoid were quantified with 1H-nuclear magnetic resonance
(NMR) spectroscopy.
The manufacturer specification of TSBMerck and TSBOxoid showed the same quantity of the medium basis, sodium chloride, glucose and dipotassium hydrogen phosphate, the same preparation instruction
and the same expected pH range of the final medium (Table 22). However, the origin of the medium
basis differs between both media: while TSBMerck medium is composed only of peptones from a nonanimal source (20 g/l), TSBOxoid is mainly composed of pancreatic digested casein from animal source
(17 g/l) and a small proportion of enzymatic digested soya beans (3 g/l). In addition, TSBMerck is gammairradiated by the manufacturer, while no specification is made for TSBOxoid concerning sterilization.
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Table 22 Manufacturer specifications for TSBMerck and TSBOxoid in regard to medium composition and preparation.
Medium components
Medium basis

TSBMerck
20.0 g/l peptone from vegetables (nonanimal origin)

Sodium chloride
Glucose
Dipotassium hydrogen
phosphate
pH value at 25 °C
Preparation
Processed by manufacturer

5.0 g/l
2.5 g/l
2.5 g/l

TSBOxoid
17.0 g/l pancreatic digest of casein (animal origin)
3.0 g/l enzymatic digest of soya bean
5.0 g/l
2.5 g/l
2.5 g/l

7.1 – 7.5
30 g in 1 l A. dest
Gamma-irradiated with 48 – 76 kGy

7.1 – 7.5
30 g in 1 l A. dest
Not specified

Using 1H-NMR spectroscopy, we were able to quantify 18 medium components in TSBMerck and TSBOxoid,

which were predominantly amino acids and sugars (Figure 22). Both media showed a similar con-

centration of glucose, isoleucine, leucine, acetate and pyruvate with a TSBMerck/TSBOxoid ratio  0.5 and
 2.0. Beside these components, only lysine, tyrosine and lactate were higher in TSBOxoid compared to
TSBMerck with a TSBMerck/TSBOxoid ratio of  0.5. The other ten tested components were at least twice as
high concentrated in TSBMerck compared to TSBOxoid with ratios  2. Especially trehalose (ratio of 12.6),
glycin (ratio of 9.5) and adenosine (ratio 9.8) were dramatically higher in TSB Merck in contrast to
TSBOxoid.

Figure 22 Quantitative comparison of medium components between TSBMerck and TSBOxoid. TSBMerck and TSBOxoid were
analyzed with 1H-NMR spectroscopy and the concentration of 18 medium components was quantified in both
media. The ratio of medium components of TSBMerck compared to TSBOxoid was calculated and is depicted
above the bars.

Although TSBMerck and TSBOxoid are both referred to as “tryptic soy broth”, both media differ greatly in
their composition. While the formula of TSBMerck medium is based on peptones from vegetables (nonanimal source), TSBOxoid is mainly based on a pancreatic digested casein (animal source). Furthermore,
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both media differ in their composition as 13 of 18 detected medium components showed concentration differences greater than 2-fold.

7.3 Characterization of lipoprotein deletion mutant S. aureus l14 and l16
7.3.1

Influence of l14 and l16 deletion on neighbor genes in S. aureus Newman and
the effects of l14 and l16 deletion in other strain backgrounds

The deletion of the lipoprotein encoding genes l14 and l16 had a remarkable impact on the S. aureus
Newman morphology in our screening experiments: The respective lipoprotein deletion mutants
S. aureus l14 and l16 formed aggregates during cultivation in TSBMerck medium and showed impaired growth at 45 °C and in the presence of 8% NaCl. Thus, both deletion mutants were selected for
further analysis.

7.3.1.1

Antibodies could be generated against lipoprotein L14, but not against L16

In regard to further experimental investigation of S. aureus l14 and l16, we aimed to generate antibodies against the lipoproteins L14 and L16.
In a first step, l14 and l16 were C-terminally fused with a Strep-Tag® (IBA Lifesciences, Göttingen,
Germany), expressed and the recombinant lipoproteins were purified. Samples from the purification
process were separated by SDS gel electrophoresis, and proteins in the SDS gels were detected by
coomassie and silver staining.
Lipoproteins L14 and L16 were successfully produced in E. coli, where a specific protein band was
detected in the E. coli whole cell fraction after induction (Figure 23 A and B). Here, the protein band
for L14 appeared at the expected size of 21 kDa. In contrast, the protein band for L16 was detected
at approximately 20 kDa, although the molecular weight for L16 was calculated with 15 kDa. Notably,
this observation for L16 has already been described in section 7.1.3. During the Strep-Tag® purification
process, L14 and L16 were present in the column flow-through sample and in all six wash steps with
slightly decreasing protein concentrations as indicated by decreased band intensity. In parallel, the
intensity of other unspecific protein bands strongly decreased from wash step 3 to wash step 6, where
unspecific protein bands were nearly not visible anymore. After dialysis, lipoprotein L14 and L16
showed clear, specific protein bands in the coomassie stained SDS gel. For L14, a second visible protein
band was detected at approximately 13 kDa and a very light protein band at approximately 75 kDa
was observed. A very light protein band at approximately 75 kDa was also detected in the dialyzed
fraction of L16.
The dialyzed fractions of L14 and L16 were also evaluated on an SDS gel using silver staining, which is
more sensitive than the coomassie staining (Figure 23 C). Again, a clear protein band at the expected
size of lipoprotein L14 was detected. Beside this expected signal, further protein bands at approximately 13 kDa, 40 kDa, 75 kDa and two very light bands at approximately 80 kDa and 100 kDa appeared. Surprisingly, L16 was not detectable by silver staining, despite clear bands on the coomassie
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stained SDS gel. Instead, a “shadow band” appeared at the expected size of L16. Furthermore, an
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Figure 23 Coomassie- and silver stained SDS gels with samples of the purification process of L14 and L16. The two
lipoproteins L14 and L16 were heterologously expressed as Strep-tagged® variants in E. coli, were purified
using Strep-Tactin® columns and were dialyzed in PBS. Samples of the different steps were separated on SDS
gels, which were visualized by coomassie (A and B) and silver staining (C), respectively. Red arrows indicate
the expected location of L14 and L16 on the SDS gels.
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All in all, L14 and L16 were successfully expressed and purified with minor contaminations of other
proteins. Interestingly, L16 can be detected on an SDS gel using coomassie, but not by silver staining.
In a second step, the purified lipoproteins L14 and L16 were injected in mice for the generation of IgG
antibodies. The produced antibodies were purified using Protein A-Sepharose® 4B column (Fast Flow,
from Staphylococcus aureus, ordered from Sigma Aldrich, St. Louis, Missouri, USA) and binding of the
synthesized antibodies was tested against purified L14 and L16 in a western blot.
The western blot analysis revealed a specific binding of the anti-L14 antibodies against purified L14:
clear signals of the antibody were detected against L14, which decreased with decreasing L14 protein
amounts from 2 – 0.01 µg on the membrane (Figure 24 A). Furthermore, we observed a specific antibody binding signal in the whole cell fraction of E. coli expressing L14, while no signal was detected in
the whole cell fraction of E. coli not expressing L14. Beside the binding of the anti-L14 antibody against
purified L14, further weaker signals against two protein bands at 75 kDa and 80 kDa were detected in
all E. coli whole cell fractions and against proteins with a molecular weight of 13 kDa, 17 kDa, 30 kDa
and 40 kDa in the purified and dialyzed L14 samples. No binding of anti-L14 against heterologously
expressed L16 in the E. coli whole cell fraction was detected.
Unfortunately, a specific signal of the anti-L16 antibody was neither detected against purified L16, nor
in the whole cell fraction of E. coli expressing L16 (Figure 24 B). Only two signals were detected against
proteins of an approximate size of 75 kDa and 80 kDa in all E. coli whole cell fractions. The anti-L16
antibody did not bind to heterologousy expressed L14 in the E. coli whole cell fraction.
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Figure 24 Testing of anti-L14 and anti-L16 antibody binding against heterologously expressed and purified L14 and L16
using western blot. Whole cell extracts of E. coli BL21 and E. coli BL21 expressing L14 (from plasmid pAB056)
and L16 (from plasmid pAB053), as well as purified L14 and L16 were separated on SDS gels and were transferred to a nylon membrane. These membranes were used for western blot analysis with anti-L14 (A) and
anti-L16 (B) antibodies to test their specific binding ability. Red arrows indicate the expected size of L14 and
L16 on the membrane.

Thus, we successfully generated polyclonal antibodies against L14. These antibodies revealed strong
signals against purified L14 and weaker signals against protein contaminations during western blot
analysis. Unfortunately, no antibody with specific binding to L16 could be synthetized.
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7.3.1.2

Deletion of l14 and l16 can be restored by chromosomal complementation,
but not by episomal complementation

Lipoprotein deletion mutants S. aureus l14 and l16 showed an increased cell size and aggregation
in the transient growth phase during cultivation in TSBMerck (7.2.1). We aimed to restore the S. aureus
WT phenotype in both deletion mutants by chromosomal and episomal complementation to exclude
that other mutations might have occurred, which led to the aberrant phenotype of S. aureus l14 and
l16.
At first, we chromosomally complemented S. aureus l14 and l16 using the pMAD vectors pAB081
and pAB082 for allelic replacement. We checked the resulting complemented strains S. aureus
l14chrom_comp and l16chrom_comp for lost of the pMAD vector and correct sequence in the restored
DNA region by DNA sequencing. The strains were then cultivated in TSBMerck until they reached the
transient growth phase, where the typical mutant morphology of S. aureus l14 and l16 was previously observed.
Phase contrast microscopy revealed a successful restoration of the S. aureus WT phenotype in the
chromosomally complemented strains S. aureus l14chrom_comp and l16chrom_comp (Figure 25 A). While
the lipoprotein deletion mutants S. aureus l14 and l16 showed an increased cell size, an angular
shaped cell morphology and aggregation, the chromosomally complemented strains S. aureus
l14chrom_comp and l16chrom_comp phenotypically appeared like the S. aureus WT. As side note, the cells
of S. aureus l14 and l16 already showed the restored S. aureus WT phenotype after the pMAD vectors for complementation were inserted into the genome (data not shown).
In addition to the chromosomal complementation, deletion mutants S. aureus l14 and l16 were
episomally complemented using the pRB473-xylR derivates pAB082 and pAB083, which allow for a
xylose-induced expression of l14 and l16 in S. aureus. Here, different xylose concentrations ranging
from 0.02 – 2% were tested for optimal expression of the plasmid encoded genes from the pRB473xylR vectors.
We did not observe a restoration of the S. aureus WT phenotype in the episomally complemented
strains S. aureus l14episom_comp and l16episom_comp (Figure 25 B). The cells of S. aureus l14episom_comp
and l16episom_comp formed cell aggregates and appeared irregularly shaped like the lipoprotein deletion mutants S. aureus l14 and l16 in the transient growth phase during cultivation in TSBMerck.
However, the cells of the episomally complemented strains S. aureus l14episom_comp and l16episom_comp
appeared slightly smaller than the respective lipoprotein deletion mutants. No influence of the xylose
concentration on the morphology of S. aureus l14episom_comp and l16episom_comp was observed.
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Figure 25 Chromosomally and episomally complemented strains of lipoprotein deletion mutants S. aureus l14 and
l16. The S. aureus WT, the lipoprotein deletion mutants S. aureus l14 and l16, the chromosomally complemented strains S. aureus l14chrom_comp and l16chrom_comp (A) as well as the episomally complemented
strains S. aureus l14epsiom_comp and l16episom_comp (B) were cultivated in TSBMerck. For episomal complementation, the TSBMerck medium was supplemented with xylose in concentrations ranging from 0.02 – 2%. After
4 h of cultivation, cells reached the transient growth phase and phase contrast microscopy pictures were
acquired of all strains. White bars indicate 10 µm.

To verify if the restoration of the S. aureus WT phenotype in the episomally complemented strains
failed due to insufficient protein amounts of the respective lipoprotein, a western blot analysis was
performed. Of note, we were only able to generate antibodies against L14 (see section 7.3.1.1), and
therefore, we were only able to investigate the expression of l14. For the analysis, the S. aureus WT,
lipoprotein deletion mutant S. aureus l14 and the episomally complemented strain S. aureus l14episom_comp were cultivated in TSBMerck. For induction of l14 expression from pAB083, a final concentration

of 1% xylose was added to TSBMerck. Whole cell extracts as well as lipoprotein enriched fractions of the
strains and the purified L14 lipoprotein were investigated on SDS gels stained with Coomassie and on
western blots using anti-L14 antibodies.
The western blot analysis enabled us to specifically detect lipoprotein L14 using the previously generated anti-L14 antibody (Figure 26). We detected lipoprotein L14 in S. aureus WT and the epsisomally
complemented strain S. aureus l14episom_comp, but not in the lipoprotein deletion mutant S. aureus
l14. For both strains, the L14 signals were strongly enhanced in the lipoprotein enriched fraction in
comparison to the respective whole cell fraction. Interestingly, we detected a stronger signal against
L14 in the S. aureus WT than in the episomally complemented strain S. aureus l14episom_comp.

91

Results
Moreover, further signals appeared in all whole cell fractions of S. aureus WT, S. aureus l14 and
S. aureus l14episom_comp for proteins of an approximate size of 33 kDa, 35 kDa, 50 kDa, 60 kDa and
70 kDa, respectively. In the lipoprotein-enriched fraction of S. aureus WT, S. aureus l14 and S. aureus
l14episom_comp, we detected an additional signal at approximately 55 kDa. The purified L14 protein
showed a distinct signal in the Coomassie stained SDS gel, but a strongly oversaturated signal in the
western blot.

Figure 26 Detection of lipoprotein L14 in the episomally complemented strain S. aureus l14episom_comp. S. aureus WT,
lipoprotein deletion mutant S. aureus l14 and the respective episomally complemented strain S. aureus
l14episom_comp were cultivated in TSBMerck. 10 µg protein of the whole cell extracts and lipoprotein enriched
fractions of these strains as well as purified lipoprotein L14 were separated on an SDS gel, which was stained
with coomassie (A). The same samples were also transferred to a nylon membrane for western blot analysis
using an anti-L14 antibody (B). Red arrows indicate the expected size of L14 in the gel and the western blot,
respectively. Marker (M); whole cell extract (WE); lipoprotein extract (LE).

Consequently, we were able to restore the S. aureus WT phenotype in lipoprotein deletion mutant
S. aureus l14 and l16 by chromosomal, but not by episomal complementation. Western blot analysis revealed a lower expression of lipoprotein L14 in the episomal complemented strain S. aureus
l14episom_comp in contrast to the S. aureus WT.

7.3.1.3

Slot blot analysis revealed a minor increased expression of l14 and l16 neighbor genes in the S. aureus l14 and l16 lipoprotein deletion mutant

We were able to restore the S. aureus WT phenotype in S. aureus l14 and l16 by chromosomal, but
not by episomal complementation. The failure of episomal complementation might be caused by polar effects on expression of neighboring genes of l14 and l16, which resulted from the deletion of the
genes encoding L14 and L16.
To address this problem, we first used the S. aureus Expression Data Browser184 to estimate if a
polycistronic expression of l14 and l16 with their respective neighbor genes can be expected. Of note,
the results for the S. aureus Expression Data Browser were obtained from studies of S. aureus strain
HG001 and therefore, are limited in their validity to predict transcription in S. aureus Newman. Thus,
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we also performed slot blot analysis to verify the expression of the proteins in S. aureus WT, l14 and
l16 in TSBMerck and TSBOxoid experimentally. Slot blots were performed in three independent biological replicates, and one representative slot blot for each tested transcript is shown.
Results from the S. aureus Expression Data Browser revealed a polycistronic transcript for l14 and
NMWN_1436, which has been predicted to be under transcriptional control of a Sigma A promoter
(Figure 27). The transcript can be expressed up to 10-fold upon different growth condition tested in
the Expression Data Browser (e.g. different growth media, eukaryotic infection experiments)184.

Figure 27 Genomic organization and transcriptional profiles of l14 and l16 as well as their neighbor genes. The genomic
organization of the genes encoding lipoprotein L14, L16 and their respective neighbor genes is symbolized
by grey arrows in the upper panel. Below, data extracted from the S. aureus Expression Data Browser184 show
from top-to-bottom (I) transcriptional segments in framed boxes, 5’ untranslated regions in green boxes and
strictly intracistronic regions in dark blue boxes, (II) transcriptional upshifts and downshifts and the length of
mRNA transcripts (indicated by red lines) as well as predicted promotors indicated by red flags, and (III) 30
representative mRNA abundance profiles from S. aureus strain HG001 (horizontal lines indicate the median
chromosome transcription and the 5-fold and 10-fold cut-offs). A (+) indicates that the information refers to
gene expression from the coding DNA strand, while a (-) symbolizes that information are related to transcription from the complementary DNA strand.

Slot blot analysis revealed a low expression of l14 in all three growth phases and in both media tested
(Figure 28). However, in TSBMerck, the expression of l14 was slightly enhanced in the transient growth
phase. As expected, no signal against the l14 transcript was detected in the S. aureus l14 lipoprotein
deletion mutant. We observed no difference in l14 expression between the S. aureus WT and the
sigB deletion mutant, indicating that SigB has no regulatory effect on l14 expression.
In general, the same observations from l14 can be applied to the expression of the neighbor gene
NWMN_1436. Nevertheless, its expression appeared to be slightly lower in the stationary growth
phase in TSBMerck. In both media, the expression of NWMN_1436 was tendentially slightly increased in
the S. aureus l14 deletion mutant compared to the S. aureus WT, S. aureus l16 and sigB.
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Figure 28 Slot blot analysis for the lipoprotein encoding genes l14 and l16 and their respective neighbor genes. S. aureus WT, sigB, l14 and l16 were cultivated in TSBMerck and TSBOxoid, respectively. Samples for slot blot
analysis were taken in the exponential growth phase (after 2 h), in the transient growth phase (after 4 h) and
in the stationary growth phase (after 8 h). Probes were used against the transcripts of l14 and its neighbor
gene NWMN_1436 as well as against l16 and its neighbor genes NWMN_0645, NWMN_0647 and
NWMN_0648. Exponential (exp); transient (tra); stationary (sta).

l16 is encoded together with the genes encoding the uncharacterized, cytoplasmic proteins
NWMN_0645, NWMN_0647 and NWMN_0648. From this genetic organization, three mRNAs are
transcribed: (I) a monocistronic transcript for NWMN_0645, which is predicted to be controlled by a
Sigma B promotor, (II) a transcript comprising l16 and its two downstream neighbor genes
NWMN_0647 and NWMN_0648 which is predicted to be regulated by a Sigma A promotor and (III) a
transcript covering NWMN_0647 and NWMN_0648 which is also predicted to be controlled by a
Sigma B promotor. While the first transcript showed only up to 5-fold induction under various conditions listed in the S. aureus Expression Data Browser, the second and third transcript were up to 10fold induced.
The upstream l16 neighbor gene NWMN_0645 revealed a decreasing transcription from exponential
to stationary phase in all four tested strains in TSBMerck. Here, a slightly lower signal intensity was observed in the S. aureus sigB mutant. In TSBOxoid, the signals against the NWMN_0645 transcript
showed the same pattern but appeared slightly more intense than in the samples derived from
TSBMerck medium. Again, also in TSBOxoid the signal intensity in the S. aureus sigB mutant was slightly
lower compared to the other stains, indicating a certain regulation of this gene by SigB. This is in good
accordance to the result obtained from the Expression Data Browser, which predict a SigB promotor
for this transcript.
l16 was also expressed in all tested growth phases. In TSBMerck, expression was slightly higher in the
transient growth phase compared to the exponential and stationary growth phase. In TSBOxoid, expression was equal in all strains and in all tested growth phases. As expected, no signal was observed for
L16 in the l16 deletion mutant. There was no difference in the expression between S. aureus sigB
and the S. aureus WT. This is consistent with the information gained from the Expression Data
Browser, which does not predict a SigB promotor for this transcript.
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NWMN_0647 and NWMN_0648 showed a very similar transcription profile. This is in good accordance
to the Expression Data Browser, which shows that both genes are on the same transcript. The transciption is much more intense than observed for the other transcripts and can be observed in all
growth phases. In TSBMerck, expression of NWMN_0647 was slightly higer in the transient growth
phase, while for NWMN_0648 expression was slightly decreasing from exponential to stationary
growth phase. In contrast to TSBMerck, transcription of both genes was generally stronger than in
TSBOxoid. Here, the expression was dominant in the transient growth phase. Interestingly, the expression of both genes was clearly reduced in the S. aureus sigB mutant in TSBMerck and TSBOxoid. This
finding underlines the results from the Expression Data Browser, which predicts a SigB promotor for
this bicistronic transcript.
Taken together, the expression profiles of l16 and its three neighbor genes differ from each other.
However, the deletion of l16 in S. aureus l16 seems to have a slightly increasing effect on the expression of NWMN_0647 in TSBMerck, but not in TSBOxoid medium. Furthermore, the genes NWMN_0645,
NWMN_0647 and NWMN_0648, which are under the control of a Sigma B promoter according to the
S. aureus Expression Data Browser, showed a decreased expression in the S. aureus sigB mutant.

7.3.1.4

Deletion of l14 and l16 in the S. aureus spasbi background led to the same
phenotype as described for S. aureus l14 and l16

For immunogold labeling experiments using electron microscopy, we constructed l14 and l16 deletion
mutants in an S. aureus Newman spasbi background, where the antibody binding proteins Spa
(protein A, NWMN_0055) and Sbi (immunoglobulin-binding protein, NWMN_2317) were knocked
out. As part of this project, we were also interested to see, whether the deletion of l14 and l16 in the
S. aureus Newman spasbi background would also lead to the same phenotype that has been described for S. aureus l14 and l16 (see 7.2.1).
Therefore, S. aureus WT, S. aureus l14, l16 as well as S. aureus spasbi, spasbil14 and
spasbil16 were cultivated in TSBMerck, and samples for phase contrast microscopy were taken in
the exponential growth phase (after 2 h), in the transient growth phase (after 4 h) and stationary
growth phase (after 8 h).
Phase contrast microscopy revealed the expected phenotype for S. aureus WT, S. aureus l14 and
l16 in TSBMerck (Figure 29). In all growth phases, cells of the S. aureus WT appeared with an S. aureus
typical round shape, showed a normal cell size of approximately 0.8 µm and formed only minor clusters consisting of a few cells. In contrast, cells of S. aureus l14 and l16 appeared in different cell
sized of up to 2 µm, showed an aberrant, slightly angular cell shape and – most dominantly – formed
aggregates of up to 100 cells, especially in the transient growth phase, but also in the early stationary
growth phase after 8 h of cultivation.
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We made the same observation for cells in the S. aureus spasbi background: While S. aureus
spasbi showed the same phenotyp as the S. aureus WT, the deletion of l14 and l16 in this background resulted in the same phenotype as described for S. aureus l14 and l16. Here, S. aureus
spasbil14 and spasbil16 showed an increased cell size and an aberrant cell shape as well as
the formation of cell aggregates in the transient and stationary growth phase.
Taken together, the deletion of l14 and l16 in the S. aureus spasbi background lead to the phenotype as previously described for S. aureus l14 and l16.

Figure 29 Phase contrast microscopy of S. aureus WT, S. aureus l14 and l16 as well as of S. aureus spasbi,
spasbil14 and spasbil16 in TSBMerck. Samples were taken in the exponential growth phase after 2 h,
the transient growth phase after 4 h and the stationary phase after 8 h. White bars are equivalent to 10 µm.

7.3.1.5

The S. aureus lgt deletion mutant showed the same phenotype as S. aureus
l14 and l16 in the transient growth phase in TSBMerck

The deletion of l14 and l16 in S. aureus Newman caused a severe phenotype of the cells, especially in
the transient growth phase in TSBMerck medium. We were wondering, if the mutant phenotype of
S. aureus l14 and l16 can be also observed in an S. aureus lgt mutant, where the lipoprotein anchoring protein Lgt (prolipoprotein diacylglyceryl transferase, NWMN_0729) is deleted, and, as a result, lipoproteins are not anchored to the outer leaflet of the membrane but are secreted to the extracellular medium.
To test our hypothesis, we conducted a drop test with S. aureus WT, the lipoprotein deletion mutant
S. aureus l14 and S. aureus lgt at 15 °C, 37 °C and 45 °C on TSBMerck plates. Furthermore, we cultivated the three strains in TSBMerck and performed phase contrast microscopy of the cells in the exponential (2 h), transient (4), early stationary (8 h) and late stationary growth phase (24 h). Furthermore,
we conducted a drop test with the three strains at 15 °C, 37 °C and 45 °C.
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The drop test on TSBMerck agar revealed a very similar growth behavior of the S. aureus lgt deletion
mutant like the S. aureus WT at 37 °C and at 45 °C (Figure 30). Of note, the lgt deletion mutant did
not show the heat sensitive phenotype which we observed for S. aureus l14. Surprisingly, at 15 °C,
the S. aureus lgt mutant showed better growth than the S. aureus WT and l14.
Althoug S. aureus lgt did not share the heat sensitive phenotype of S. aureus l14 on TSBMerck solid
medium, both strains showed the same aberrant cell phenotype during cultivation in liquid TSB Merck
medium in the transient growth phase. However, the mutant morphology in S. aureus lgt was not
that pronounced in the exponential growth phase compared to S. aureus l14. Moreover, cells of
S. aureus lgt recovered faster from the cell morphology defects by already showing the normal WT
phenotype in the stationary growth phase after eight hours of cultivation.
In summary, the S. aureus lgt deletion mutant showed the same phenotype as the S. aureus l14
lipoprotein deletion mutant in the transient growth phase during cultivation in TSB Merck but did not
reveal a heat sensitive growth defect on TSBMerck agar at 45 °C as described for S. aureus l14.

Figure 30 Phase contrast microscopy of S. aureus WT, S. aureus l14 and lgt in TSBMerck and drop test of the three
strains on TSBMerck agar at 15 °C, 37 °C and 45 °C. Cultures of S. aureus WT, S. aureus l14 and lgt were
spotted on TSBMerck medium in different dilution steps (no dilution, dilution 10-1 - 10-5). Plates were incubated
at 15 °C, 37 °C and 45 °C (A). Furthermore, S. aureus WT, S. aureus l14 and lgt were cultivated in TSBMerck
and phase contrast microscopy was performed in the exponential growth phase after 2 h, the transient
growth phase after 4 h, the early stationary growth phase after 8 h and in the late stationary phase after 8 h
(B). White bars are equivalent to 10 µm.
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7.3.2

Characterization of lipoprotein deletion mutants S. aureus l14 and l16

Based on our screening experiments with 20 S. aureus deletion mutants, we selected lipoprotein deletion mutant S. aureus l14 and l16 for further analysis.

7.3.2.1

Cell aggregates of S. aureus l14 and l16 could not be disrupted by selected
enzymes, inorganic salt or mechanical forces

Cells of S. aureus l14 and l16 formed aggregates in the transient growth phase during cultivation in
TSBMerck. To investigate if molecules like proteins, DNA, RNA or polysaccharides might contribute to
the attachment of the cells in the aggregates, cell aggregates were treated with lytic enzymes (Proteinase K, DNase 1, RNase A) targeting the different biological macromolecules, mechanical forces (30
sec vortexing or sonification bath) or the inorganic salt sodium metaperiodate (30 min), which depolymerizes polysaccharides like the polysaccharide intercellular adhesin (PIA) found in biofilms.
Phase contrast microscopy revealed the previously described, phenotype of S. aureus l14 and l16
cells (see 7.2.1) and the formation of cell aggregates for both lipoprotein deletion mutants. However,
neither mechanical forces nor enzymatic activities or treatment with sodium metaperiodate led to
the disruption of S. aureus l14 and l16 aggregates (Figure 31). Here, no differences were observed
between the treated aggregates in comparison to the non-treated control of S. aureus l14 and l16
in regard to size, form or composition.

Figure 31 Phase contrast microscopy of S. aureus WT, S. aureus l14 and l16 aggregates treated with mechanical and
enzymatic forces. S. aureus WT, S. aureus l14 and l16 were cultivated in TSBMerck until the early transient
growth phase (OD600 nm = 2.5). Cells were vortexed or treated in a sonification bath for 30 sec or cultures were
supplemented with proteinase K, DNase 1, RNase A or sodium periodate for 30 min. White bars are
equivalent to 10 µm.

We repeated the disruption experiments with cells in the late transient growth phase (OD600 nm = 7.0)
with stronger mechanical forces (3 min vortexing or sonification bath), enzymatic action (cells resuspended in adequate buffer for Proteinase K, DNase 1, RNase A and incubation for 30 min; data not
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shown) or in the presence of the inorganic salt sodium metaperiodate for 2 h. Again, we did not observe any differences in the aggregates in the treated samples compared to the non-treated control
cells.
Thus, we were not able to disrupt aggregates of S. aureus l14 and l16 with the tested mechanical
forces, enzymatic activity or the effect of sodium metaperiodate.

7.3.2.2

Microscopy revealed cell division defects of S. aureus l14 and l16

Lipoprotein deletion mutants S. aureus l14 and l16 formed aggregates, which could not be disrupted by mechanical and enzymatic forces. Thus, we investigate the cell morphology and structure
of cell aggregates in more detail.
For this, S. aureus WT, S. aureus l14 and l16 were cultivated in TSBMerck until cells reached the transient growth phase and cells were observed with scanning and transmission electron microscopy.
Here, scanning electron microscopy confirmed the previously observed formation of cell aggregates
of S. aureus l14 and l16. While cells of the S. aureus WT lay together in small cells accumulations,
which were uniformly distributed all over the microscopy grid (Figure 32 A, upper panel), we found
that the majority of S. aureus l14 and l16 cells formed large, multilayered, 3-dimensional cell aggregates with a size of approximately 30 – 65 µm. We also observed smaller cell clusters, but nearly
no single cells or diplococci. Instead, we found many tetrameric arranged cells as smallest unit.
At a higher magnification, scanning electron microscopy clearly revealed and emphasized the strikingly altered phenotype of S. aureus l14 and l16, which was already indicated by phase contrast
microscopy (Figure 32 A, lower panel). Here, the S. aureus WT showed equally, coccoid shaped cells
with a typical S. aureus cell size of approximately 0.8 µm. Only few cells were in cell division process
and nearly no matrix was observed between the cells. In contrast to this, cells of S. aureus l14 and
l16 revealed huge variation in cell size, ranging from approximately 0.8 µm to 1.6 µm. The majority
of cells appeared to undergo cell division. Interestingly, it appeared that many cells divided into multiple daughter cells of unequal cell size. This division defect appeared more pronounced in S. aureus
l14 than in l16. In addition, we observed a thin, mesh-like matrix connecting cells of lipoprotein
deletion mutants S. aureus l14 and l16, respectively, which might be related to the formation of
the large cell aggregates.
Our results from transmission electron microscopy confirmed the previously reported altered cell
shape and aggregation phenotype of S. aureus l14 and l16, and moreover, revealed defects in cell
size and cell division for both lipoprotein deletion mutants (Figure 32 B). Cells of the S. aureus WT
showed an S. aureus typical morphology (Figure 32 B left panel). Cells in the division process were
about 0.8 µm in size and revealed only one central division septa, resulting in the generation of two
daughter cells of equal cell size and form. In contrary, we measured a nearly doubled cell diameter of

99

Results
up to 1.6 µm for S. aureus l14 and l16 and observed remarkable cell division defects (Figure 32 B
middle and right panel). Specifically, cells formed multiple cell division septa, which were positioned
offside the midcell and were orientated in different angle to each other. Thus, the resulting daughter
cells were of different cell size and showed an irregular cell shape. Interestingly, many of the cells with
an aberrant positioned cell division septum completed the septation process but did not separate into
daughter cells. Instead, the daughter cells stacked together on their division plane. Thus, small cell
aggregates of S. aureus l14 and l16 can be seen as a cell which divides into multiple daughter cells
but does not complete the cell separation process. However, in non-septal regions, cells of S. aureus
l14 and l16 offered an intact cytoplasmic membrane with an overlying, normal cell wall. Of note,
in some cells the septal wall appeared ticker than in the S. aureus WT. Furthermore, we detected
small, round-shaped structures of varying size between the cells, which might represent separated
cell parts or small vesicles.
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Figure 32 Scanning and transmission electron microscopy of S. aureus WT, S. aureus l14 and l16. S. aureus WT, S. aureus l14 and l16 were cultivated in TSBMerck until the transient growth phase. Images of the cells were
taken with scanning electron microscopy (A) and transmission electron microscopy (B). Black bars indicate
the cell size.

Next, we asked whether the DNA of S. aureus l14 or l16 mother cells is distributed to all resulting
daughter cells (as it is typical for cell division processes), or if some resulting daughter cells are only
filled with cytoplasm. To address this question, we cultivated S. aureus WT, S. aureus l14 and l16 in
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TSBMerck until cells reached the transient growth phase and performed fluorescence microscopy using
Nile red to stain the cell membrane and DAPI to stain the DNA.
Fluorescence microscopy confirmed an intact cell membrane for all cells of S. aureus l14 and l16
(Figure 33). Furthermore, we detected DAPI signals in all cells regardless of their size, shape or arrangement in cell aggregates. This indicates that all daughter cells of S. aureus l14 and l16 contained DNA, although the cell division process did not lead to the typical formation of two equally
shaped daughter cells. Of note, we did not observe the formation of division septa over DNA nucleoid
as reported for noc deletions in S. aureus200.

Figure 33 Fluorescence microscopy of S. aureus WT, S. aureus l14 and l16. S. aureus WT, S. aureus l14 and l16
were cultivated in TSBMerck until cell reached the transient growth phase and images were taken with phase
contrast and fluorescence microscopy. Here, cell were stained with Nile red (552/636 nm) to visulize cell
membranes and with DAPI (358/461 nm) to visulize DNA. White bars indicate the size of 5 µm.

In summary, our scanning electron microscopic analysis confirmed the formation of large S. aureus
l14 and l16 aggregates and showed a mesh-like substance between the cells. Furthermore, transmission electron microscopy revealed severe cell division defects of S. aureus l14 and l16, like the
formation of multiple cell division septa in one cell and the resulting formation of daughter cells with
unequal size and shape. Here, every daughter cell contains DNA as confirmed by fluorescence microscopy.
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7.3.2.3

The lipoteichoic acid composition was similar between S. aureus WT, S. aureus
l14 and l16, respectively

Electron microscopy revealed an enhanced cell size and the formation of multiple division septa in
lipoprotein deletion mutants S. aureus l14 and l16. A very similar phenotype has been reported for
S. aureus cells lacking lipoteichoic acids (LTA)52, which are a major component of the S. aureus cell
wall. Thus, we tested if LTAs show an altered structure in S. aureus l14 and l16.
To address this question, we cultivated S. aureus WT and both lipoprotein deletion mutants in TSBMerck
and harvested the cells in the transient growth phase, where the phenotype of S. aureus l14 and
l16 has been observed. In cooperation with Dr. Nicolas Gisch from the Research Center Borstel (Leibniz Lung Center, Borstel, Germany), LTA were isolated from the three strains and analyzed by 1H-nuclear magnetic resonance (1H-NMR) spectroscopy.
The obtained spectra from 1H-NMR spectroscopy revealed a typical composition of LTA in the S. aureus WT and in both lipoprotein deletion mutants S. aureus l14 and l16 (Figure 34 B). Most importantly, the spectra of LTA derived from the three strains were almost identical. We identified three
signals at 0.8, 1.3 and 2.3 ppm for the methylene and methyl groups of the fatty acids, which are part
of the diglycosyl-diacylglycerol anchor of LTA (Figure 34 A). Furthermore, the peak at 5.4 ppm could
be assigned to the methine group of alanine-substituted glycerol, which is together with unsubstituted
glycerol a main component of the polyglycerol phosphate backbone of LTA. This polyglycerol phosphate backbone is typically substituted with D-alanine or N-acetylglucosamine in S. aureus as described e.g. by Morath et al. 2001 in their study on LTA from S. aureus strain Rosenbach 1884201. Indeed, we identified the methine and methyl groups of D-alanine as two peaks at 1.6 and 4.3 ppm.
However, in contrast to Morath et al. 2001, we did not detect any N-acetylglucosamine signals in our
1H-NMR

spectra, indicating that S. aureus strain Newman does not decorate its polyglycerol phos-

phate backbone with N-acetylglucosamine. Another peak at 1.9 ppm could be assigned to free acetate
from sample buffer and the peak at 4.7 ppm resulted from deuterium hydrogen monoxide (HDO). In
addition, multiple overlaying peaks between 3.8 and 4.2 represented diverse hydrogen-containing
groups from the analyzed LTA.
Thus, the LTA of the three investigated strains show an S. aureus typical structure. Furthermore, LTA
are neither missing nor changed in their composition in the two lipoprotein deletion mutants S. aureus
l14 and l16 in contrast to the S. aureus WT.
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Figure 34 1H-NMR spectra of isolated LTA from S. aureus Newman WT, S. aureus l14 and l16 and the derived molecular structure of LTA. 1H-NMR spectra were obtained from isolated LTA of S. aureus WT, S. aureus l14 and
l16 (A). Here, we highlighted hydrogen containing groups: methine group of C2-position of alanine-substituted glycerol phosphate (green), methine and methyl groups of D-alanine (blue), methylene and methyl
groups of fatty acids (orange). The 1H-NMR spectroscopic analysis revealed an S. aureus typical LTA structure
for S. aureus WT, S. aureus l14 and l16 (B). We used the same color coding to assign the hydrogen-containing groups of the LTA molecules. AcO = free acetate from buffer, D-Ala = D-alanine, CxHy = fatty acids, GroP
= glycerol phosphate, HDO = deuterium hydrogen monoxide. The design of both illustrations is based on a
figure from Morath et al. 2001201.
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7.3.2.4

Transcriptome analysis revealed for both lipoprotein deletion mutants a significant upregulation of genes encoding proteins of the cell wall stress regulon
and a downregulation of autolysins and prophage-encoded genes

Lipoprotein deletion mutants S. aureus l14 and l16 showed remarkable, morphological changes
and cell division defects compared to the S. aureus WT in the transient growth phase in TSBMerck, but
not in TSBOxoid. Thus, we aimed to investigate (1) how the gene expression profile of S. aureus differs
between the cultivation in TSBMerck compared to the cultivation in TSBOxoid, and (2) how the gene expression profile of S. aureus l14 and l16 is changed compared to the WT in TSBMerck. For this, we
cultivated S. aureus WT, S. aureus l14 and l16 in TSBMerck and in TSBOxoid until cells reached the transient growth phase and performed microarray-based transcriptome analysis. All experiments were
conducted in three biological replicates.
All in all, we were able to detect and relatively quantify 2,401 transcripts in the 18 investigated samples (Supplemental Table S2). The principal component analysis (PCA) of the obtained data revealed
an explicit separation of TSBMerck samples from TSBOxoid samples, indicating that the most profound
differences in the S. aureus transcriptome are caused by the media (Figure 35). All samples derived
from S. aureus WT, S. aureus l14 and l16 in TSBOxoid tightly clustered together, demonstrating less
differences between the samples in this media. However, in TSBMerck, we observed a clear separation
between samples from the WT and samples from both deletion mutants in each biological replicate.
Despite the consistent distribution of S. aureus WT, S. aureus l14 and l16 samples in each biological
replicate, the three biological replicates itself were slightly separated from each other. Interestingly,
the PCA showed no differences between the S. aureus l14 and l16 samples in TSBMerck.
For further evaluation of the transcriptome data, we performed t-statistics with Bayes moderation of
standard errors and adjusted the p-values with the Benjamini-Hochberg procedure to compare (1)
S. aureus WT in TSBMerck with S. aureus WT in TSBOxoid, (2) S. aureus l14 with S. aureus WT in TSBMerck
and (3) S. aureus l16 with S. aureus WT in TSBMerck. Here, we defined transcriptional changes as biologically relevant with a p-value < 0.05 and a fold change (FC) 0.5 ≥ FC ≥ 2.
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Figure 35 Principal component analysis (PCA) of the 18 microarray samples. S. aureus WT, S. aureus ΔL14 and ΔL16
were cultivated in three biological replicates in TSBMerck and TSBOxoid and microarray analysis was performed
to investigate the transcription of 2,401 genes. The depicted PCA demonstrates the variance of the obtained
data in regard to component 1 (x-axis) and component 2 (y-axis). Color coding indicates: samples from
TSBMerck (red data points), samples from TSBOxoid (blue data points), S. aureus WT (round shape), S. aureus
ΔL14 (square shape) S. aureus ΔL16 (diamond shape), three replicate A – C (framed with dotted lines).

Confirming the PCA, we found massive transcriptional changes in the S. aureus WT transcriptome in
TSBMerck compared to TSBOxoid, which is reflected by 523 biologically relevant transcriptional changes
(Table 23). In contrast to this, only 35 transcripts in S. aureus l14 and 34 transcripts in S. aureus l16
showed a biologically relevant change compared to the WT in TSBMerck. Interestingly, both lipoprotein
deletion mutants shared nearly identical upregulated genes and showed a great overlap in their downregulated genes.
Table 23 Number of biologically relevant up- and downregulated genes between the S. aureus WT and tested media,
and the mutants, respectively. We compared the expression of 2401 genes between S. aureus WT grown in
TSBMerck and in TSBOxoid, and between lipoprotein deletion mutants S. aureus l14 and l16 in TSBMerck compared to the WT in TSBMerck. Transcripts were defined as biologically relevant with 0.5 ≥ FC ≥ 2 and a p-value
< 0.05.

Number of biologically
relevant up- and
downregulated genes
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WT in TSBMerck/
WT in TSBOxoid

l14 in TSBMerck/

l16 in TSBMerck/

WT in TSBMerck

WT in TSBMerck

208 
315 

11 
24 

12 
22 

Genes with a biologically relevant
changed expression shared in
l14 and l16
10 
16

523

35

34

26
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7.3.2.4.1 S. aureus WT in TSBMerck compared to S. aureus WT in TSBOxoid
Of the 523 transcripts with a biologically relevant change in S. aureus WT between both TSB media,
we found 208 upregulated and 315 downregulated in TSBMerck (Supplemental Table S3). The most
dominantly upregulated genes encode enzymes for fermentation (pflAB, adh1, ldh2), anaerobic synthesis of deoxyribonucleotides (nrdDG) as well as nitrate respiration and nitrogen utilization (nar, nas,
nir, nre operon), (Figure 36 and Figure 37). Furthermore, we observed a strong upregulation of virulence factors like leukocidines (lukDEGH), superantigen-like proteins (ssl genes), staphylococcal enterotoxin-like toxin (selX), immune evasion molecules (flr), serin protease-like proteins (spl genes), adhesins (emp, eap), and genes for the utilization of the mucosal surface component sialic acid (nan genes).
Moreover, transporter for the uptake of sulfonates (ssuABC), trehalose (tre genes) and thiamin (thi
genes) were upregulated as well as genes encoding proteins which are involved in cell lysis (lytRS,
lrgAB).
In contrast to this, we found a clear downregulation of genes necessary for the biosynthesis of purines
(pur operon), pyrimidines (pyr operon) and amino acids like leucine, isoleucine, valine and threonine
(ilv, leu, thr genes). In addition, genes for the synthesis of capsular polysaccharides (cap operon), enzymes for the mevalonate synthesis (mev genes) and the subsequent biosynthesis pathway of staphyloxanthin (crt operon) were downregulated. A reduced expression was also observed for genes encoding enzymes for the synthesis of the osmoprotectant betain (betAB) and the osmoprotectant uptake system (opuD genes). Moreover, we found a downregulation of the two major cell wall hydrolysis
in S. aureus (atl and sle1) and the asp23 operon (asp23, NWMN_0287, amaP, opuD2), for which a
functional association in cell envelope homeostasis has been suggested 202. Beside these, genes encoding the oligopeptide permease 3 transporter (opp-3 genes) and a spermine/spermidine transporter (pot genes) were downregulated in the S. aureus WT grown in TSBMerck compared to TSBOxoid.
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Figure 36 Vulcano plots displaying the distribution of differentially expressed genes in S. aureus WT grown in TSBMerck
compared to TSBOxoid. The expression of 2,401 genes was compared between the S. aureus WT in TSBMerck
and the S. aureus WT in TSBOxoid. The distribution along the x-axis demonstrates the FC of the expression for
each gene, while the y-axis shows the -log10 adjusted p-value for the altered gene expression. The cutoff for
biologically relevant FC was defined as 0.5 ≥ FC ≥ 2 (-1  log2 FC  1), while the cutoff for significantly changed
gene expression was defined as p < 0.05 (-log10 > 1.3). Black dots = not significantly changed gene expression
and no biologically relevant FC (p-value  0.05 and 0.5 < FC < 2); blue dots = not significantly changed gene
expression but biologically relevant FC (p-value  0.05 and 0.5 ≥ FC ≥ 2); yellow dots = significantly changed
gene expression but no biologically relevant FC (p-value < 0.05 and 0.5 < FC < 2); red dots = significantly
changed gene expression with biologically relevant FC (p-value < 0.05 and 0.5 ≥ FC ≥ 2).
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Figure 37 Voronoi treemap reflecting the up- and downregulation of genes in S. aureus WT grown in TSBMerck compared
to TSBOxoid. We determed the relative abundance of 2,401 transcripts of S. aureus WT grown in TSBMerck and
in TSBOxoid in a microarray-based transcriptome study. The detected genes are depicted as single tiles and
were grouped in a Voronoi treemap according to the functional categorization of the TIGRFAMs database
with manual curation (upper panels, see also Supplemental Table S4. for underlying hierarchy). The color
code displays an upregulation (orange) or downregulation (blue) of genes in TSB Merck compared to TSBOxoid
(lower panel). Genes with unknown function were removed from the treemap.
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7.3.2.4.2 S. aureus l14 and l16 in TSBMerck compared to S. aureus WT in TSBMerck
We found a very similar set of up- and downregulated genes in lipoprotein deletion mutants S. aureus
l14 and l16 compared to the WT in TSBMerck (Table 24 and Table 25). The genes with the highest
upregulation in both deletion mutants were genes, which were typically found upregulated in other
studies upon cell wall stress including vraX (vancomycin-resistance associated gene X, 27-fold upregulation in S. aureus l14) and cwrA (cell wall responsive for antibiotics, 13-fold upregulation in S. aureus l14) (Figure 38 and Figure 39, Supplemental Figure S1). Furthermore, the transcription of genes
encoding cell envelope-related isomerases and peptidases (prsA, NWMN_0605 and NWMN_0150)
was upregulated in S. aureus l14 and l16 compared to the S. aureus WT as well as of the membrane
localized cytochrome d ubiquinol oxidase (cydAB) and enzymes for the biosynthesis of riboflavin/flavin
mononucleotide/flavin adenine dinucleotide (rib genes), which act as cofactors in different oxidoreductases. Moreover, superantigen-like proteins (ssl genes) and virulence factors mediating attachment to host surfaces (ecb, efb, emp, eap), a spermine/spermidine transporter (pot genes) and hypothetical proteins were found upregulated in S. aureus l14 and l16 respectively. Of note, most of
these upregulated genes encode for proteins with a predicted membrane-, cell wall- or extracellular
localization.
We also found genes encoding proteins with cell envelope-related functions under the most biologically relevant downregulated genes, like the Staphylococcus aureus surface proteins (sas genes) and
the two major peptidoglycan hydrolases in S. aureus (atl and sle1), which were also shown to be implicated in cell separation. In addition, we ascertained a downregulation of the asp23-operon (asp23,
NWMN_0287, amaP, opuD2) and genes encoding for proteins, which are involved in murein hydrolysis (lrgAB, scdA). Furthermore, virulence factors like staphopain A (sspB2), staphylococcal serine protease-like proteins (spl genes), leukocidine (luk genes), hemolysins (hlg genes) and a transporter for
phenol-soluble modulins (pmt genes) were downregulated. Interestingly, we observed a consistently
reduced transcription of several genes encoded by the S. aureus Newman prophage NM1 and NM2.
Of note, almost all biologically relevant downregulated genes in S. aureus l14 and l16 belong to
prophage genes or encode proteins with a predicted membrane-, cell wall- or extracellular localization. Interestingly, nether genes encoding for proteins involved in the synthesis of capsular proteins,
cell wall precursors, teichoic acids, other lipoproteins nor enzymes for the extracellular conjunction
of peptidoglycan strands or proteins of the cell divisome were remarkably changed in S. aureus l14
and l16.
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Table 24 Upregulated genes in lipoprotein deletion mutants S. aureus l14 and/or l16 compared to the S. aureus
Newman WT with a FC  2 and a p-value < 0.05. Genes, which do not match both criteria are grayed out.
Locus tag

Gene Description
name

Localization

l14/WT

l16/WT

FC

p-value

FC

p-value

Cell envelope-related function
NWMN_0150

-

lysostaphin-like cell wall peptidase

Extracellular

2.51

0.020

2.63

0.021

NWMN_0542

vraX

0.000

21.81

0.001

-

no significant
prediction
Cytoplasmic
Membrane

26.93

NWMN_0605

2.27

0.012

2.20

0.018

NWMN_1733

prsA

vancomycin-resistance associated
gene X
putative membrane-associated
zinc metallopeptidase, peptidase
M50
peptidyl-prolyl cis/trans-isomerase

2.09

0.002

2.59

0.001

NWMN_2456

cwrA

cell wall responsive for antibiotics
protein cwrA

Cytoplasmic
Membrane
Cytoplasmic
Membrane

13.67

0.000

13.82

0.000

ecb

extracellular complement binding
protein

Extracellular

2.41

0.029

1.95

0.081

-

drug resistance MFS transporter

Cytoplasmic
Membrane

2.21

0.083

2.62

0.043

NWMN_1659

ribH

1.97

0.020

2.04

0.021

NWMN_1661

ribB

6,7-dimethyl-8-ribityllumazine syn- Cytoplasmic
thase
riboflavin synthase subunit alpha
Cytoplasmic

2.09

0.027

2.00

0.041

hypothetical protein

Cytoplasmic

2.30

0.006

2.14

0.013

Cytoplasmic
Membrane
Cytoplasmic
Membrane
Cytoplasmic
Membrane

2.19

0.029

2.14

0.038

4.49

0.000

4.58

0.001

4.33

0.006

4.08

0.010

Pathogenesis
NWMN_1066

Transport and binding
NWMN_0208
Miscellaneous

Unknown function
NWMN_0622
NWMN_0623

-

hypothetical protein

NWMN_1552

-

hypothetical protein

NWMN_1553

-

hypothetical protein

Table 25 Downregulated genes in lipoprotein deletion mutants S. aureus l14 and/or l16 compared to the S. aureus
Newman WT with a FC  0.5 and a p-value < 0.05. Genes, which do not match both criteria are grayed out.
Locus tag

Gene
name

Description

Localization

l14/WT

l16/WT

FC

p-value

FC

p-value

Cell envelope-related function
NWMN_0078

sasD

surface protein SasD

Cellwall

0.12

0.003

0.11

0.003

NWMN_0429

sle1

N-acetylmuramoyl-L-alanine

Cellwall

0.45

0.007

0.46

0.010

NWMN_0922

atl

amidase AAA precursor
bifunctional autolysin precursor

Extracellular

0.31

0.017

0.40

0.042

NWMN_2392

sasG

surface protein sasG

Cellwall

0.45

0.039

0.53

0.089

NWMN_0041

plc

Extracellular

0.30

0.005

0.39

0.014

NWMN_1705

splB

phosphatidylinositol-specific
phospholipase C
serine protease SplB

Extracellular

0.35

0.009

0.49

0.041

NWMN_1706

splA

serine protease SplA

Extracellular

0.26

0.003

0.31

0.010

NWMN_1847

sspB2

staphopain A

Extracellular

0.37

0.010

0.39

0.014

Pathogenesis
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Locus tag

Gene
name

Description

NWMN_1016

-

phage portal protein

NWMN_1017

-

NWMN_1020

Localization

l14/WT

l16/WT

FC

p-value

FC

p-value

Cytoplasmic

0.45

0.039

0.47

0.048

Cytoplasmic

0.21

0.010

0.32

0.035

-

phage head morphogenesis protein
prophage encoded protein

Cytoplasmic

0.34

0.013

0.33

0.013

NWMN_1021

-

prophage encoded protein

Cytoplasmic

0.24

0.003

0.33

0.013

NWMN_1022

-

prophage encoded protein

Cytoplasmic

0.28

0.010

0.38

0.035

NWMN_1023

-

prophage encoded protein

Cytoplasmic

0.29

0.002

0.33

0.003

NWMN_1030

-

prophage encoded protein

Cytoplasmic

0.41

0.029

0.42

0.039

NWMN_1772

-

phage tail fiber

Cytoplasmic

0.43

0.029

0.56

0.121

NWMN_1774

-

prophage encoded protein

0.40

0.003

0.51

0.013

NWMN_1783

-

phage major tail protein

Cytoplasmic
Membrane
Cytoplasmic

0.34

0.007

0.38

0.013

NWMN_1795

rinA

Cytoplasmic

0.23

0.023

0.54

0.239

NWMN_1914

-

phage transcriptional activator
RinA
prophage encoded protein

Cytoplasmic

0.38

0.013

0.50

0.051

Cytoplasmic
Membrane
Cytoplasmic
Membrane
Cytoplasmic
Membrane
quinolone resistance protein, mul- Cytoplasmic
tidrug efflux pump
Membrane
amino acid permease
Cytoplasmic
Membrane

0.50

0.041

0.51

0.054

0.45

0.054

0.40

0.039

0.51

0.013

0.50

0.018

0.49

0.097

0.38

0.045

0.41

0.051

0.35

0.041

Cytoplasmic

0.48

0.029

0.50

0.041

Cytoplasmic

0.55

0.063

0.49

0.041

Prophage genes

Transport and binding
NWMN_0085

phnE2

NWMN_0086

phnC

NWMN_0696

dtpT

NWMN_1346

norB

NWMN_1347

-

phosphonates ABC transporter
permease
ABC transport ATP-binding protein
di-/tripeptide ABC transporter

Miscellaneous
NWMN_0349

metF

NWMN_1349

ald1

bifunctional homocysteine S-methyltransferase/5,10-methylenetetrahydrofolate reductase
alanine dehydrogenase

NWMN_1831

ftnA

bacterial non-heme ferritin

Cytoplasmic

0.49

0.013

0.54

0.033

Cytoplasmic
Membrane
Cytoplasmic
Membrane

0.94

0.956

0.03

0.003

0.01

0.000

1.04

0.969

Unknown function
NWMN_0646

-

hypothetical protein

NWMN_1435

-

hypothetical protein
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A

S. aureus ∆l14 in TSBMerck/
S. aureus WT in TSBMerck

sspB2

B

S. aureus ∆l16 in TSBMerck/
S. aureus WT in TSBMerck

sspB2

p-value ≥ 0.05 and 0.5 < FC < 2
p-value ≥ 0.05 and 0.5 ≥ FC ≥ 2

p-value < 0.05 and 0.5 < FC < 2
p-value < 0.05 and 0.5 ≥ FC ≥ 2

Figure 38 Vulcano plots displaying the distribution of differentially expressed genes between S. aureus l14 and l16
compared to the S. aureus WT in TSBMerck. The expression of 2,401 genes was compared between S. aureus
l14 and S. aureus WT in TSBMerck (A) and between S. aureus l16 and S. aureus WT in TSBMerck (B). The distribution along the x-axis demonstrates the FC of the expression for each gene, while the y-axis shows the log10 adjusted p-value for the altered gene expression. The cutoff for biologically relevant FC was defined as
0.5 ≥ FC ≥ 2 (-1  log2 FC  1), while the cutoff for significantly changed gene expression was defined as p <
0.05 (-log10 > 1.3). Black dots = not significantly changed gene expression and no biologically relevant FC (pvalue  0.05 and 0.5 < FC < 2); blue dots = not significantly changed gene expression but biologically relevant
FC (p-value  0.05 and 0.5 ≥ FC ≥ 2); yellow dots = significantly changed gene expression but no biologically
relevant FC (p-value < 0.05 and 0.5 < FC < 2); red dots = significantly changed gene expression with biologically
relevant FC (p-value < 0.05 and 0.5 ≥ FC ≥ 2).
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Figure 39 Voronoi treemap reflecting the up- and downregulation of genes in S. aureus l14 grown in TSBMerck
compared to S. aureus WT in TSBMerck. We determed the relative abundance of 2,401 transcripts of S. aureus
l14 grown in TSBMerck and of S. aureus WT in TSBMerck in a microarray-based transcriptome study. The
detected genes are depicted as single tiles and were grouped in a Voronoi treemap according to the
functional categorization of the TIGRFAMs database with manual curation (upper panels, see also
Supplemental Table S4. for underlying hierarchy). The color code displays an upregulation (orange) or
downregulation (blue) of genes in TSBMerck compared to TSBOxoid (lower panel). Genes with unknown function
were removed from the treemap.
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The downregulation of several genes encoded by the S. aureus Newman prophage NM1 and NM2
intrigued us to reevaluate the electron microscopic pictures of S. aureus l14 and l16 in order to
seek for phage-like structures. Surprisingly, we observed several phage-like structures, which were
associated with the cell envelope (Figure 40). Indeed, these potential phages revealed a typical morphology that was previously described by Bae et al. 2006 for phages encoded by S. aureus Newman:
they reveal a morphology of the siphoviridae family with non-contractile, flexible tails and hexagonal
phage heads of about 50 nm in diameter203. However, for some of the phage-like structures it was
difficult to differentiate between potential phage-like structures and loos cell envelope material of the
mutant cells.

Figure 40 Transmission electron microscopy of S. aureus l14 showing phage-like structures. Lipoprotein deletion mutant S. aureus l14 was cultivated in TSBMcerk until cells reached the transient growth phase and cells were
prepared for transmission electron microscopy. The black arrow points to a phage-like structure, which
seems to be attached to the outer cell envelope of S. aureus l14. The black bar indicates the size of 250 nm.

7.3.2.4.3 Comparison of our microarray-based transcriptome results with the results of other studies
In the past decades, many studies have focused on the adaptation of S. aureus gene expression to
antibiotic challenges or to the deactivation of regulatory systems to determine regulons.
We have compared our results with the study of (1) Utaida et al. 2003 determining the S. aureus cell
wall stress regulon upon treatment with bacitracin, D-cycloserine and oxacillin204, (2) McCallum et al.
2006 investigating the response of S. aureus to vancomycin205 and (3) Muthaiyan et al. 2008 analyzing
the response of S. aureus to daptomycin190 (see also Supplemental Table S5). Interestingly, we found
a very similar adaptation in the transcription profile in S. aureus l14 and l16 as it was observed for
S. aureus coping with the cell envelope-targeting antibiotics bacitracin, D-cycloserine and oxacillin
(Figure 41 and Supplemental Figure S2): Here, the majority of the 103 upregulated genes after
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antibiotic treatment also showed an at least slightly increased expression in S. aureus l14 of which
23 genes were upregulated with an FC  1.5. Of the 53 downregulated genes upon antibiotic challenge, nearly all genes showed a consistent repression in our dataset of which 30 genes were downregulated with a FC  0.66. Comparably, we observed a great overlap in the response of S. aureus to
vancomycin in S. aureus l14 and l16: Here, of the 66 upregulated genes in S. aureus after vancomycin treatment, the vast majority of genes showed an increased expression. 26 of the upregulated
genes revealed a FC  1.5. Nearly all downregulated genes upon vancomycin challenge were also repressed in S. aureus l14 of which 19 genes were downregulated with a FC  0.66. Similar results were
obtained for S. aureus l16. However, no correlation was found between the response of S. aureus to
daptomycin in S. aureus l14 or l16.
Furthermore, we have analyzed the adapted gene expression in S. aureus l14 and l16 in the light
of regulatory systems (especially two-component systems, TCS), which are associated with cell envelope homeostasis (see also Supplemental Table S5). For this, we have extracted the induced and repressed genes of the WalKR system as defined by Delaune et al. 2012206, of the GraSR system as declared by Falord et al. 2011207, of the ArlSR system as described by Liang et al. 2005208, of the VraSR
system as defined by Kuroda et al. 2004209 and of the LytSR system investigated by Sharma-Kuinkel
et al. 2009210, and have evaluated the expression of these genes in S. aureus l14 and l16 compared
to the S. aureus WT in TSBMerck (Figure 42 and Supplemental Figure S3). We observed that most of the
51 repressed genes by the TCS WalKR system were also downregulated in S. aureus l14 with 29 of
them being downregulated with a FC  0.66. Moreover, the majority of the 43 induced genes by the
TCS VraSR showed an at least slightly upregulated in S. aureus l14 of which 13 genes offered an FC
 1.5.
Similar results were obtained for S. aureus l16. However, we found no obvious correlation between
the other regulons and the expression profile in S. aureus l14 and l16.
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Figure 41 Voronoi treemaps comparing the results of our microarray-based analysis with other studies investigating
the adaptation of S. aureus gene expression to various cell wall- or cell membrane-targeting antibiotics. The
depicted Voronoi treemaps contain only genes (visualized as single tiles), that were found upregulated (left
side) or downregulated (right side) in the study of (1) Utaida et al. 2003 determining the S. aureus cell wall
stress regulon upon treatment with bacitracin, D-cycloserine and oxacillin (upper panel), (2) McCallum et al.
2006 investigating the response of S. aureus to vancomycin (middle panel) and (3) Muthaiyan et al. 2008
analyzing the response of S. aureus to daptomycin (lower panel). Genes in the Voronoi treemap were
grouped depending on the functional categorization of the TIGRFAMs database after manual curation. The
color code reflects the upregulation (orange) or downregulation (blue) of genes in lipoprotein deletion mutant S. aureus l14 compared to the WT in TSBMerck. Of note, only genes with an altered expression of 0.5 
FC  2 in the different studies were taken into account for the comparison with our results.
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Figure 42 Voronoi treemaps comparing the results of our microarray-based analysis with other studies investigating
the adaptation of S. aureus gene expression after activation or deactivation of two-component systems which
are associated with cell envelope homeostasis. The depicted Voronoi treemaps contain only genes (visualized
as single tiles), that were found induced (left side) or repressed (right side) in the study of (1) Delaune et al.
2012 by the WalKR system (upper panel), (2) in the study of Falord et al. 2011 by GraSR (second panel from
top), (3) in the study of Liang et al. 2005 by ArlSR (third panel from top) as well as (4) in the study of Kuroda
et al. 2004 by the VraSR system (left lower panel) and (5) in the study of Sharma-Kuinkel et al. 2009 showing
downregulated genes after LytS deletion (right lower panel). Genes in the Voronoi treemap were grouped
depending on the functional categorization of the TIGRFAMs database after manual curation. The color code
reflects the upregulation (orange) or downregulation (blue) of genes in lipoprotein deletion mutant S. aureus
l14 compared to the WT in TSBMerck. Of note, only genes with an altered expression of 0.5  FC  2 in the
different studies were taken into account for the comparison with our results.
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In 2016, Mäder et al. published a comprehensive study on the transcriptional adaptation of S. aureus
strain HG001 towards a large variety of growth conditions, like in vitro growth in rich and minimal
medium, growth in the presence of antibiotics or growth under infection relevant condition in eukaryotic host cells184. Here, genes with the same transcription pattern were grouped in clusters. The gene
encoding the L14 homolog in HG001 (SAOUHSC_01627) and three other transcriptional units were
grouped into Cluster B120 (http://genome.jouy.inra.fr/cgi-bin/aeb/index.py?cluster=B120). These
three units are the superantigen-like protein ssl10 (SAOUHSC_00395), a hypothetical protein (SAOUHSC_02004) and gene segment 800, which is encoded directly downstream of SAOUHSC_02004, suggesting a potential functional association between these four encoded proteins. However, nether
SAOUHSC_00395, nor SAOUHSC_02004 were changed in their expression in S. aureus l14 or l16.
The gene encoding the L16 homolog in HG001 (SAOUHSC_00685) was grouped together with 14 other
transcriptional units into cluster B170 (http://genome.jouy.inra.fr/cgi-bin/aeb/index.py?cluster=B170). Besides genes encoding for hypothetical proteins with so far uncharacterized function and
newly annotated gene segments, the cluster contained the following members: genes encoding vancomycin-associated proteins (vraF, vraG), the LTA synthase (ltaS), cell wall localized carboxy-terminal
processing proteinase (ctpA) and the alternative sigma factor SigB along with SigV and SigW (sigB,
sigV, sigW), which are key factors in the regulation of stress-response proteins and virulence factors.
Interestingly, none of these genes showed a biologically relevant changed expression in S. aureus
l16. However, these findings especially bring S. aureus L16 in a relation with proteins revealing a cell
wall-associated function.
Taking the results of our microarray-based transcription study together, we observed an extensive
difference in the gene expression profile of S. aureus between TSBMerck and TSBOxoid and very similar
gene expression changes in S. aureus l14 and l16 compared to the S. aureus WT in TSBMerck. In
S. aureus l14 and l16, we observed an upregulation of genes encoding proteins with implication in
cell envelope-related functions and downregulation of prophage genes. Interestingly, the vast majority of genes with a biologically relevant expression change encode for proteins with a membrane-, cell
wall- or extracellular localization (except for the mostly cytoplasmic prophage encoded proteins). The
gene expression profile of S. aureus l14 and l16 is similar to the response of S. aureus against the
cell envelope antibiotics bacitracin, D-cycloserine, oxacillin and vancomycin. Furthermore, WalKR repressed genes were also repressed in S. aureus l14 and l16, and VraSR regulated genes were upregulated in both mutants. Finally, l16 shows the same transcriptional pattern like proteins implicated
in cell wall-related functions, according to Mäder et al. 2016.

7.3.2.5

Suppressor mutants of S. aureus l14 and l16 revealed mutations in genes
encoding for proteins with membrane or extracellular localization

Suppressor mutations are secondary mutations in an organism, that recover the mutant phenotype,
which was caused by a first mutation. We tried to generate such suppressor mutants for lipoprotein
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deletion mutants S. aureus l14 and l16 to see (I) if such a severe phenotype of S. aureus l14 and
l16 can be restored at all and (II) which genes or genetic regulators are affected by secondary mutations to also conclude the function of S. aureus L14 and L16.
In a first step, we have cultivated the heat sensitive S. aureus l14 and l16 lipoprotein deletion mutants on TSBMerck solid agar at 45 °C overnight to generate suppressor mutants. Indeed, the cultivation
step led to the growth of colonies with greatly varying size (Figure 43). As S. aureus l14 and l16
showed a heat-sensitive phenotype, we expected that bigger colonies might represent potential suppressor mutants, and thus, we picked 20 bigger colonies for each lipoprotein deletion mutant for further experimental procedure. All potential suppressor mutants were successfully tested for their deletion in genes l14 and l16, respectively and will be designated in the following as S. aureus l14_S01
- l14_S20 and S. aureus l16_S01 - l16_S20.

Figure 43 Photo of S. aureus l14 and l16 suppressor mutants on agar plates. Lipoprotein deletion mutants S. aureus
l14 and l16 were plated on TSBMerck agar and were cultivated over night at 45 °C. The grown colonies
greatly varied in their size. Bigger colonies were supposed to be suppressor mutants of the heat-sensitive
lipoprotein deletion mutants S. aureus l14 and l16 and 20 potential suppressor mutants for each deletion
mutant were picked for further analysis. The depicted plates were derived from plating 100 µl of an 10-1
diluted culture of S. aureus l14 and l16. White bars indicate the size of 2 cm.

All 20 potential suppressor mutants generated from S. aureus l14 and l16, respectively, were then
cultivated in TSBMerck at 37 °C until cells reached the transient growth phase, where the aberrant phenotype of S. aureus l14 and l16 is typically observable. We perfomed phase contrast microscopy
for all suppressor mutants (Figure 44 and Figure 45) and observed two groups of suppressor mutants:
(I) suppressor mutants which now showed the restored S. aureus WT phenotype, namely S. aureus
l14 suppressor mutants S03, S06, S07, S09, S10, S13 as well as S. aureus l16 suppressor mutants
S03, S05, S08, S16, S20 and (II) the remaining suppressor mutants still showing the lipoprotein deletion
cell morphology phenotype. Thus, it appeared that the severe cell division defect of S. aureus l14
and l16 in TSBMerck can be restored by suppressor mutations which occur by passaging of l14 and
l16 at 45 °C.
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Figure 44 Microscopy of the 20 potential suppressor mutants of S. aureus l14 in the transient growth phase of
TSBMerck. The 20 potential suppressor mutants of S. aureus l14 were cultivated in TSBMerck until cells reached
the transient growth phase where the typical aggregation phenotype of S. aureus l14 is observable. White
bars are equivalent to 10 µm.
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Figure 45 Microscopy of the 20 potential suppressor mutants of S. aureus l16 in the transient growth phase of
TSBMerck. The 20 potential suppressor mutants of S. aureus l16 were cultivated in TSBMerck until cells reached
the transient growth phase where the typical aggregation phenotype of S. aureus l16 is observable. White
bars are equivalent to 10 µm.

Based on the microscopy results, we selected four suppressor mutants showing the restored S. aureus
WT phenotype (l14_S09, l14_S10, l16_S03, l16_S20) and four suppressor mutants still showing
the lipoprotein deletion mutant morphology (l14_S12, l14_S19, l16_09, l16_S12). These eight
mutants were also cultivated on TSBMerck at 45 °C to test their heat sensitivity. Indeed, all eight selected
suppressor mutants demonstrated a remarkably improved growth at 45 °C compared to their parental
strains S. aureus l14 and l16, respectively (Figure 46).

122

Results

Figure 46 Drop test of selected, potential suppressor mutants of S. aureus l14 and l16 on TSBMerck at 37 °C and 45 °C.
Cultures of S. aureus WT, S. aureus l14 and l16 as well as four of their potential suppressor mutants showing the S. aureus WT or lipoprotein deletion mutant phenotype during cultivation in TSBMerck were spotted in
different dilution steps (no dilution, dilution 10-1 - 10-5) on TSBMerck agar. Plates were incubated at 37 °C and
45 °C.

All in all, we were able to generate four suppressor mutants from each of the lipoprotein deletion
mutants l14 and l16. All suppressor mutants showed a restored heat tolerance. For l14 and l16,
respectively, two suppressor mutants revealed the S. aureus WT phenotype, while two showed the
typical deletion mutant morphology with an increased cell size and cell aggregation in the transient
growth phase during cultivation in TSBMerck.
The S. aureus WT, both S. aureus lipoprotein deletion mutants l14 and l16, and all eight suppressor
mutants were sent to Dr. Stephan Fuchs (Robert-Koch-Institute, Werningerode, Germany) for whole
genome sequencing.
The sequencing revealed that each suppressor mutant gained one to three mutations in coding DNA
regions (Table 26) Over all sequenced suppressor mutants, six different genes were affected, whereby
some suppressor mutants shared mutations in the same genes. Interestingly, none of the detected
mutations was silent. Instead, each mutation resulted in the substitution or deletion of an amino acid
in the later protein or in a frameshift particularly with subsequent protein truncation.
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Table 26 Mutated genes in the S. aureus suppressor mutants
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One of the six mutated genes encode the ATP-dependent protease ClpX and was affected in the suppressor mutant l14_S10. Here, we detected a deletion of two bp in the ClpX encoding gene
NMMN_1568, which led to a frameshift after 40% of the amino acid sequence. ClpX can associate
with ClpP to form proteolytic complexes, which are essential for maintaining protein homeostasis by
degrading damaged or unnecessary proteins of the cell211.
We observed two independent mutations in the gene encoding the lipoteichoic acid synthetase LtaS
in the genome of the S. aureus suppressor mutants l14_S09 and l16_K20. The mutations resulted
in amino acid substitutions at position 42 and 478 – both regions are supposed to be extracelluarly
located212. Interestingly, Lu et al. 2009 demonstrated, that mutagenesis of the aspartic acid at position
475 resulted in a LtaS variant with no enzymatic activity212.
The four suppressor mutants l14_S09, l14_S12, l14_S19 and l16_S12 exhibited a two bp deletion in the gene NWMN_RS04585. In S. aureus strain Newman this gene is annotated as a pseudogene
with no functionality. However, our sequencing result revealed that the gene of our used S. aureus
strain has the same nucleotide sequence as the functional gene SAOUHSC_00877 from S. aureus strain
NCTC8325. SAOUHSC_00877 encodes the iron-sulfur cluster assembly accessory protein SufA, which
transports preformed Fe-S cluster for their incorporation to apo-proteins213. Thus, the protein encoded by NWMN_RS04585 is most likely functional in S. aureus WT as well as in S. aureus L14 and
l16 but shows a frameshift in the four suppressor mutants. Of note, NWMN_RS04585 is encoded
five genes downstream of the dlt operon, which is responsible for the addition of D-alanine to teichoic
acids.
An 18 bp deletion was detected in saeS of the suppressor mutant l14_S09. SaeS is the membranelocated sensor histidine kinase of the TCS SaeRS, which is a key player in the regulation of virulence
factors in S. aureus120. The deletion appears after approximately two thirds of the gene length. However, it does not lead to a frameshift.
The two suppressor mutants l14_S19 and l16_S12 revealed an insertion of 4 bp in the gene encoding the hypothetical protein NWMN_0899. Thus, the protein is truncated after approximately 75% of
its length. A Protein BLAST search indicated a homology of this protein to a CPBP (CAAX proteases and
bacteriocin-processing enzymes) family intramembrane metalloprotease. As the name indicates,
these enzymes are involved in regulated proteolytic events occurring in the cytoplasmic membrane
or in its direct proximity214. Interestingly, NWMN_0899 is cotranscribed with the upstream encoded
neighbor gene NWMN_0898. The product of this gene has homology to YajC, which is part of the
bacterial holo-translocon SecYEG-SecDF-YajC-YidC supercomplex. This supercomplex inserts transmembrane helices of proteins into the membrane.
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Last, the gene NWMN_0958 was mutated in the suppressor mutant l16_S03. The encoded protein
is a putative cell-wall-binding lipoprotein with homology to YkyA and was one of our selected lipoproteins for this study (see 7.1.2). The mutation occurred after approximately 85% of the protein length
and led to protein truncation.
It should be pointed out, that four of these six mutated genes in all investigated suppressor mutants
encode for a protein with membrane- or cell wall-associated localization (LtaS, SaeS, NWMN_0899,
NWMN_0958).
No distinct correlation of the mutated genes could be found between suppressor mutants with WT or
with mutant phenotype. Similarly, no correlation of mutated genes could be detected between the
suppressor mutants of the l14 or l16 background.
Thus, we were able to generate suppressor mutants of l14 and l16 which are no longer heat sensitive. However, the sequencing of the suppressor mutants did not reveal one exclusive gene whose
inactivation could solely account for this effect. Moreover, there is also no direct correlation of the
mutated genes between the suppressor mutants with WT or with mutant phenotype or between suppressor mutants of the l14 and l16 background. However, it is interesting that all mutations led to
amino acid alterations in the encoded proteins and that four of the six affected genes have a membrane- or cell wall-associated localization.
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8 Discussion
8.1 Different growth conditions were selected to investigate a cell wall or
cell membrane-related function of the 20 deletion mutants
Lipoproteins of Staphylococcus aureus are extracellular, membrane attached proteins, which are located directly at the interface between cell membrane and cell wall. Therefore, they are predestined
to participate in the infection process within the human host. Indeed, many studies have demonstrated a key role for lipoproteins in S. aureus pathogenicity and immune response151, for example as
mediators of inflammation in a TLR2 dependent manner110. However, 73% of all lipoproteins in S. aureus are still of unknown function, revealing a wide gap in our understanding of the organism’s physiology and leaving a great potential to discover new determinants of the infection process. Thus, we
aimed to shed light on the function of so far poorly or uncharacterized lipoproteins in S. aureus.
For our study, we constructed 20 knockout mutants deleting lipoproteins or cytoplasmic proteins
which are co-encoded (and therefore likely functionally associated) with lipoproteins. We tested these
20 mutants in comparison to the S. aureus wildtype (WT) under a variety of growth conditions to find
altered phenotypes in the mutants. Here, we specifically selected growth conditions or substances,
which target the cell envelope, or which enable us to monitor virulence associated traits of S. aureus
such as biofilmformation or exoprotein secretion.

8.1.1

High and low temperature

First, we speculated that some of our uncharacterized lipoproteins might be associated with the
function, homeostasis or biosynthesis of the cell wall or cell membrane. Therefore, we screened
the 20 deletion mutants for a temperature-sensitive phenotype under heat stress at 45 °C and
under cold stress at 4 °C as many studies have demonstrated a heat-sensitive phenotype for deletion mutants of proteins with cell envelope-related functions. Interestingly, we observed a remarkably reduced growth of S. aureus l14 and l16 at 45 °C and an impaired growth of S. aureus
l01 at 4 °C. Such a heat-sensitive phenotype has already been observed for several mutants de-

leted for e.g. murB215 and murC194 encoding for enzymes involved in peptidoglycan-synthesis; srtA
encoding for the S. aureus sortase involved in the anchoring of surface proteins216; or genes encoding teichoic acids biosynthesis proteins217. The shared temperature sensitivity with S. aureus mutants impaired in cell envelope-related processes strengthens the hypothesis that L14 and L16 could
have cell wall-related functions.
S. aureus cells favor a small colony variant phenotype with a significantly thicker and more diffuse cell
wall under prolonged cold exposure218. Problems in this adaptation process due to the deletion of l01
could lead to the observed cold-sensitive phenotype of S. aureus l01. Consequently, a cell wall-
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related function might be also speculated for L01. Besides a cell wall-related function, an association
of L01, L14 and L16 with the cell membrane is conceivable. For instance, it is known, that S. aureus
adapts its fatty acid composition and membrane fluidity depending on the temperature219. This hypothesis can be further supported for L14 and L16 by the growth defect at 45 °C but improved growth
at 4 °C, where the cells also demonstrated a more intense orange colony color. This might result from
the additional incorporation of the carotenoid pigment and membrane lipid component staphyloxanthin in the cell membrane of S. aureus l14 and l16 increasing membrane rigidity220. Collectively, our
growth experiments at different temperatures raised first evidence for a cell membrane- or cell wallrelated function of L01, L14 and L16.

8.1.2

Cell wall-targeting antibiotic oxacillin

Next, we further wondered, if the lipoproteins might have a functional link to peptidoglycan synthesis
or stability. Several lipoproteins in Escherichia coli are involved in peptidoglycan synthesis and cell wall
homeostasis: for instance, the peptidoglycan-associated lipoprotein Pal and Brauns’s lipoprotein – the
most abundant membrane protein in E. coli – link the peptidoglycan layer with the outer cell membrane to maintain cell envelope stability80,221. Furthermore, the two lipoproteins LpoA und LpoB regulate peptidoglycan synthesis in E. coli specifically by stimulating the activity of the two major peptidoglycan synthases penicillin-binding-proteins (PBP)1A and PBP1B222. To test, whether our selected
lipoproteins might have a similar function, we stressed the corresponding deletion mutants with sublethal concentrations of the beta-lactam antibiotic oxacillin, which irreversibly binds to PBP and inhibits their transpeptidase activity. However, no mutant revealed growth defects under the tested oxacillin concentration. An extended screening using more antibiotics targeting different steps of the cell
wall synthesis should complement this experiment.

8.1.3

Osmotic stress through high salt concentration

We also tested the growth behavior of our mutants at high osmotic conditions since one of the most
striking functions of the bacterial cell envelope is to maintain the cell turgor of up to 25 atm223 and
ion homeostasis of the cell under hyper- or hypoosmotic conditions. Especially S. aureus as an organism with a considerable tolerance to high saline conditions is interesting in this context. Our screening
revealed a reduced growth for S. aureus l01, l05 as well as for S. aureus l14 and l16 in the presence of 8% NaCl. Thus, it can be speculated that the corresponding proteins might be involved in the
stability of the cell membrane or in cell membrane-related functions like transport processes to maintain ion homeostasis.

8.1.4

SDS and Triton X-100

Cell wall homeostatic processes include the synthesis, rearrangement or degradation of peptidoglycan
and rely on an autolytic enzyme system. It is possible, that lipoproteins might be involved in the
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regulation of such an autolytic enzyme. Thus, we examined the growth of our 20 deletion mutants
S. aureus l01 - l20 in the presence of sublethal concentrations of the ionic detergent sodium dodecyl sulfate (SDS) and the non-ionic detergent Triton X-100, which were used in many studies to
determine the autolytic activity of S. aureus. Here, we first showed a diminished growth of S. aureus
l02, l14, l16 and l17 under 0.5% Triton X-100. The enhanced sensitivity of the mutants led to the
assumption, that L02, L14, L16 and L17 might be involved in cell wall-related functions, perhaps also
in the regulation of autolytic processes. Here, especially the interaction of L02.01 – L02.4 or L17 with
other proteins or molecules might be of importance. For instance, our bioinformatic structure analysis
suggested a potential role of the DUF1672-containing proteins L02.01 – L02.4 as scaffold for the interaction with other proteins. Similarly, L17 contains a hydrophobic pocket, which could be necessary
for the interaction with extracellular partner ligands.
Interestingly, a different set of deletion mutants – namely S. aureus l01 - l10 and l12 – showed
altered growth behavior in the presence of SDS. The results of both detergents might be explained by
their different mode of action: while SDS is thought to disrupt cell membranes by binding and denaturating proteins, the effect of Triton X-100 relies on an indirect mechanism by inactivating inhibitors of the autolytic enzyme system224, thus triggering autolysis. Therefore, the eleven mutants with
an altered growth behavior compared to the S. aureus WT under 0.006% SDS might have modified
cell wall or cell membrane structures, which affect the susceptibility against SDS, while the mutants
with increased sensitivity towards Triton X-100 migth have altered amounts of autolysins or a defect
in the control of autolysin activity. For instance, our literature- and bioinformatical analysis revealed
two PepSY domains for L04. Interestingly, it has been suggested that PepSY domains may generally
inhibit peptide bond-interacting proteins187. Thus, it might be of speculation, if L04 is necessary for
regulating autolytic or cell wall-modifying proteins.

8.1.5

Hemolysis and biofilm formation assay

Lipoproteins of S. aureus are involved in pathogenesis and virulence. Hence, we tested two aspects of
the S. aureus virulence by investigating the biofilm formation capability in 96-well plates and hemolysis activity on blood agar plates of the 20 deletion mutants. Intriguingly, the same set of ten lipoproteins (S. aureus l01, l03 - l10 and l12) revealed a reduced biofilm formation and a reduced hemolysis activity.
Several studies have demonstrated attenuated immune activation in an S. aureus lgt mutant (which
lacks the lipoprotein anchoring enzyme phosphatidylglycerol-prolipoprotein diacylglyceryl transferase, and consequently does not exhibit membrane-anchored lipoproteins in its cell envelope)93 and in
S. aureus mutants where the so far less characterized Sa specific lipoprotein-like gene cluster was
deleted134. Furthermore, lipoproteins are also involved in the formation of biofilms as described by
Romero et al. 2011 for Bacillus subtilis225.
Taken together, it can be speculated that the ten lipoproteins of the respective mutants S. aureus
l01, l03 - l10 and l12 showing a reduced biofilm formation and a reduced hemolysis activity
might be directly or indirectly involved in biofilm formation or other virulence-associated functions.
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In our screening, lipoprotein deletion mutants S. aureus l14 and l16 appeared as the most interesting candidates for further experimental characterization, as both mutants showed a heat-sensitive
phenotype, reduced growth under NaCl, aggregation at 0.5% Triton X-100 and – most surprisingly –
aggregation in the transient and stationary growth phase in the common medium tryptic soy broth
(TSB) from the manufacturer Merck, but interestingly not in TSB from the manufacturer Oxoid. These
observations raised multiple evidence for an important function of both proteins in cell enveloperelated processes, like cell wall synthesis, -homoeostasis, or cell division. Therefore, both proteins
were selected for detailed functional characterization.

8.2 The formation of large cell aggregates of S. aureus l14 and l16 cells
results from a cell division defect
Before we focused on the morphological and functional characterization of L14 and L16, we conducted several experiments to prove that the S. aureus l14 and l16 mutant phenotype is exclusively
caused by the deletion of l14 and l16. Here, complementation experiments, whole genome sequencing analyses, as well as the observation that our S. aureus lgt deletion mutant showed the same
phenotype raised evidence that no further mutations caused the S. aureus l14 and l16 mutant phenotype. Furhtermore, slot blot analyses showed that the expression of neighbor genes is not critically
influenced by the deletions.
The most striking phenotypic characterisitcs of both lipoprotein deletion mutants were observed in
the transient growth phase in TSBMerck by phase contrast microscopy: (I) the cells formed aggregates
and (II) the cells were increased in size, appeared less dense and offered an irregular, slightly angular
cell shape.
First, we tested if the observed cell aggregation can be explained by the formation of biofilms or planktonic aggregates as described by Haaber et al. 2012226. Here, cells adhere tightly together due to extracellular polymeric substances (EPS) like extracellular DNA (eDNA), proteins, and polysaccharides
like the polysaccharide intracellular adhesin (PIA). However, we found multiple evidence that the cell
aggregation is not based on the formation of classical biofilms or planktonic aggregates: (I) the cell
aggregates could not be enzymatically or mechanically separated, (II) the biofilm formation capacity
in our screening experiments was not increased for S. aureus l14 and l16, (III) transcription for
genes relevant for of biofilm formation was not significantly increased.
Second, after an enhanced biofilm formation was excluded as the cause for S. aureus l14 and l16
cell aggregation, we were curious to understand, how the cells could otherwise adhere tightly together in the formed cell cluster. Here, transmission electron microscopy revealed a dramatic cell
division defect of S. aureus l14 and l16, that led to an incomplete separation of the daughter cells
and thus, resulted in the formation of aggregates after several cell division cycles. Moreover, cells
showed multiple division septa at the same time, which were positioned offside the midcell and were
orientated in different angles to each other. This inappropriate division septa placement further resulted in the generation of daughter cells of varying size. In addition, many cells appeared much bigger

130

Discussion
than the S. aureus WT, suggesting further problems in cell size regulation. Interestingly, we found that
every daughter cell contained DNA as verified by fluorescence microscopy after DAPI staining, suggesting that cells do not occasionally separate cytoplasma-filled vesicles, but seem to accomplish a
perturbed cell division process.
As the incorporation of new cell wall material occurs mainly at the cell division septum227,228 (where
daughter cells of S. aureus l14 and l16, respectively, stick together) both lipoprotein deletion mutants might be also defective in a process related to the cell wall biosynthesis. In contrast, the cell
membrane and cell wall apart from the division septum appeared regular like in the S. aureus WT,
what led us to the conclusion, that existing cell membrane or cell wall material is not affected by the
deletion of l14 and l16.
Taken together, the transmission electron microscopy in combination with our phenotypic screens
(e.g. heat-, salt-, Triton X100-sensitivity) provides strong evidence for a role of L14 and L16 in the cell
wall synthesis, cell division with special regard to the division septum placement or the separation of
daughter cells.

8.2.1

Cell envelope and cell division defects were reflected on a transcriptional level
in S. aureus l14 and l16

Next, we expected that such striking cell defects would be also reflected in the transcriptional response of the S. aureus l14 and l16 cells, which might provide further clues regarding the process
requiring functional L14 and L16 proteins. Indeed, our microarray-based transcriptional analysis of
both lipoprotein deletion mutants revealed a clear induction of the S. aureus cell wall stress stimulon
(CWSS) and an adapted transcription of many genes, whose corresponding proteins have a cell envelope-related function and localization.

General comparison of our transcriptome data with other studies
From a global point of view, S. aureus l14 and l16 showed a remarkable overlap of up- and downregulated genes with S. aureus cells treated with the cell wall-active antibiotics oxacillin, D-cycloserine
and bacitracin204 and with S. aureus cells stressed with vancomycin205. In line with this, we detected
an at least slightly but consistent upregulation of many genes, which are positively controlled by the
vancomycin-resistance associated two component system (TCS) VraRS209. Furthermore, many genes
known to be repressed by the WalKR TCS – which plays a central role in the cell wall metabolism229 were also repressed in S. aureus l14 and l16.
Notably, it is striking, that the vast majority of genes with a biologically relevant and significantly upor downregulated expression have an extracellular, cell wall- or membrane-anchored localization, reflecting that the cells recognized damages in this cell area and specifically change the synthesis of
proteins belonging to this cell region.
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Upregulated genes in S. aureus l14 and l16
We found a strong upregulation of vraX (26-fold in S. aureus l14, 21-fold in S. aureus l16) and cwrA
(13-fold in S. aureus l14 and l16) as well as an increased expression of prsA (2-fold in S. aureus l14
and l16). All three genes were reported to be upregulated in a multitude of studies focusing on the
effect of cell wall-targeting antibiotics on S. aureus cells, they were designated as part of the S. aureus
CWSS204, and were shown to be controlled by the VraRS TCS209,230. This TCS was initially described as
upregulated in vancomycin-resistant S. aureus231, but is also induced by other inhibitors of the cell
wall biosynthesis as well as by damages of cell wall structures209. In addition, mutational analysis of
the VraRS TCS showed an increased susceptibility of S. aureus towards cell wall-active antibiotics230.
Therefore, the strong expression of the CWSS members vraX, cwrA and prsA in S. aureus l14 and
l16 clearly demonstrates that the cells recognize and react to damages of their cell wall.

Downregulated genes in S. aureus l14 and l16
Second, we concentrated on downregulated genes of S. aureus l14 and l16, which also revealed a
clear correlation to cell wall biosynthesis processes.
Most interestingly, we found genes encoding the two major peptidoglycan hydrolases Atl and Sle1
under the biologically relevant and significantly downregulated genes in S. aureus l14 and l16. Several studies have demonstrated a fundamental role for both proteins in cell wall turnover and especially in cell separation processes232-235. Moreover, we observed a repression of the dicistronic operon
lrgAB, which is encoded directly downstream of the genes encoding the LytRS TCS. The LytRS TCS
controls hydrolase activity in S. aureus236 and positively regulates the expression of lrgAB237. LrgA and
LrgB in turn inhibit extracellular murein hydrolase activity. In addition to atl, sle1 and lrgAB, we detected a downregulation of scdA, which is also involved in cell wall modelling of S. aureus.
Thus, S. aureus l14 and l16 showed explicit attempts to adjust the hydrolytic activity of their cell
wall. This appears to be very interesting since decreased cell wall hydrolysis might be the cause for
the incomplete daughter cell separation after cell division in both mutants. Interestingly, Antignac
et al. 2007 reported a repression of hydrolytic enzymes as a consequence of cell wall perturbations238.
Thus, it remains unclear, whether the reduced transcription of the above-mentioned genes is a direct
result of l14 and l16 deletion leading to the lipoprotein deletion phenotype, or if the downregulation
is a response towards cell wall damages.
Besides the cell wall hydrolases or cell wall hydrolysis regulating proteins, the asp23 operon was also
repressed in S. aureus l14 and l16. Although the clear function of this operon remains elusive, Müller et al. 2014 suggested a function of Asp23 in the cell wall homeostasis202. Surprisingly, neither the
expression of genes encoding for proteins involved in the synthesis of capsular proteins, cell wall precursors, teichoic acid synthesis, other lipoproteins, proteins of the cell divisome, nor the enzymes for
the extracellular conjunction of peptidoglycan strands were remarkably changed in S. aureus l14 and
l16.
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Taken together, on the basis of these results we hypothesize a functional association of both lipoproteins specifically with the cell wall biosynthesis or cell division, perhaps with the regulation, export or
folding of cell wall hydrolytic enzymes.

8.2.2

Transcriptomic analysis raised evidence for a potential role of prophages in
S. aureus l14 and l16 phenotype

Interestingly, of the 16 downregulated genes shared between S. aureus l14 and l16, eight belong
to prophages. This observation is discussed in the following section.

Prophages and cell wall lytic enzymes
Considering the impaired daughter cell separation of S. aureus l14 and l16, we first asked if the
prophages might encode cell wall lytic enzymes. Indeed, it is essential for bacteriophages to encode
such mureinolytic enzymes to pass the thick cell wall of the host bacterium to be released after correct
assembly. In our transcriptome data, we detected a non-significant downregulation of at least
NWMN_1770 (FC = 0.31 in S. aureus l14 and 0.45 in S. aureus l16) which encodes the holin of
NM1. However, the eight significantly downregulated prophage genes also belonged to the packaging, head and tail module, indicating a general downregulation of prophage genes instead of a specifically reduced expression of the holin/endolysin system. Furthermore, to our knowledge, no involvement of a prophage-encoded mureinolytic enzyme in the normal cell division process has been reported so far. Thus, it appears very unlikely that the downregulation of the phage-encoded holin/endolysin system leads to the impaired daughter cell separation phenoypte of S. aureus l14 and l16.

Prophages and the cell division cycle
Second, we were curious if prophages might have an influence on the cell division cycle, what might
explain the impaired cell division process in S. aureus l14 and l16. In fact, several studies reported
an influence of prophage derived proteins on the cell division process of its host. For instance, the cell
division inhibition protein DicB encoded by the cryptic Kim (Qin) prophage of E. coli K-12 was shown
to inhibit cell division by its interaction with MinC, a key protein involved in the septal ring positioning
in this bacterium239. Similarly, the kil peptide of bacteriophage  in E. coli interacts with FtsZ and ZipA
to prevent the assembly of FtsZ into division-competent ring structures240, thereby blocking cytokinesis. However, a BLAST protein search did not reveal any similarities of these proteins to S. aureus Newman encoded genes. Thus, it appears also unlikely, that the downregulation of the prophages in S. aureus l14 and l16 might have an influence on the remarkable cell division defect of these mutants.

Prophages and lipoproteins
Next, we searched the literature functional association between lipoproteins and prophages. Interestingly, phage-encoded lipoproteins have been reported to participate in superinfection exclusion, a
mechanism by which an intracellular prophage prevents its host from a secondary infection of the
same or related virus particle241. Here, the lipoproteins impede phage infection by inhibiting the DNA-
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injection step into the host242. Perhaps the best-studied example is the Ltp lipoprotein (lipoprotein of
temperature phage TP-J34) encoded in the lysogeny module of the prophage TP-J34, which drives
superinfection exclusion in S. thermophilus131,243. In our study on the lipoproteome of S. aureus84, we
detected only one prophage-encoded lipoprotein, namely NWMN_1924 on prophage NM3. However, this gene encodes a truncated version of beta-hemolysin and does not participate in superinfection exclusion. Moreover, a BLAST protein search with the amino acid sequence of Ltp (H316_gp01)
against the S. aureus Newman genome revealed no relevant match. In addition, to our knowledge, no
superinfection exclusion system has been reported for prophages in S. aureus so far. Thus, a functional
association of L14 and L16 with prophages might appear not very evident, even though it cannot be
excluded.
In the context of superinfection exclusion, it appears interesting that we observed phage-like structures attached to the cell envelope of S. aureus l14 and l16 cells during transmission electron microscopy, despite prophage-encoded genes in both lipoprotein deletion strains being downregulated.
We asked, whether phages might be produced in S. aureus l14 and l16 cells but are not able to
infect other cells and thus, accumulate in the medium. On the one side, this could be caused by superinfection exclusion. On the other side, it might be explained by missing of a phage receptor on the
S. aureus cell envelope. Xia et al. 2011 have shown that members of the siphoviridae family (like the
above-mentioned prophages of S. aureus Newman) use N-acetylglucosamine substituted wall teichoic
acids (WTA) as a receptor for host attachment66. In an S. aureus WT strain, phages can infect bacteria
and the phage titers in a liquid culture decline in the end-logarithmic or stationary growth phase. In
contrast, in an isogenic WTA-deficient mutant, phages are no longer able to infect S. aureus cells and
phage titers remain high in the medium203. Thus, we wondered, if L14 and L16 are involved in a superinfection exclusion mechanism of S. aureus Newman or if the deletion of l14 and l16 might lead to
changes in the cell envelope which in turn prevent phage attachment to the S. aureus cell.
Summarizing this section, our transcriptional analysis of S. aureus l14 and l16 revealed a downregulation of prophage-encoded genes. However, it remains an open question if L14 and L16 are directly
linked to the life cycle of the prophage.

8.3 The function of L14 and L16 is not directly associated with the synthesis
of LTA, but might be connected to other aspects of teichoic acid functionality
The most interesting similarity of the two lipoproteins L14 and L16 is their highly charged amino acid
composition (and their resulting similar theoretical pI (L14 = 9.8 and L16 = 9.4)). L14 is rich in positively- (21%) and negatively-charged (15%) amino acids; similarly, 31% of the L16 sequence is composed of positively-charged and 29% of negatively-charged amino acids. Especially a 22 amino acid
sequence of L16 should be emphasized, which consists exclusively of alternating lysine, asparagine,
aspartic acid and glutamic acid. This remarkably high content of charged amino acids in L14 and L16
led us to the speculation, that both proteins might be functionally or spatially linked to the equally
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highly charged teichoic acids in the cell envelope of S. aureus. In the following section, we first want
to briefly summarize the current knowledge about the effects of WTA and LTA depletion in S. aureus,
the connection of WTA and LTA with autolysins, and then discuss the evidence for a functional association of L14 and L16 with both kinds of teichoic acids.

8.3.1

S. aureus defective in WTA or LTA synthesis

Campbell et al. 2011 and Vergara-Irigaray et al. 2008 described extensive cell division defects in an
S. aureus tagO deletion mutant, defective in the synthesis of WTA 56,244. These cells demonstrated a
similar phenotype as we observed for our mutants: multiple, asymmetrically placed cell division septa,
which were oriented in parallel or in irregular angels, incomplete division septa and daughter cell separation leading to the formation of pseudo-multicellular clusters, thicker but less dense peptidoglycan
in the division region, a heat-sensitive phenotpye, increased autolysis, decreased adherence to abiotic
surfaces and reduced biofilm formation. Interestingly, tagO deletion mutants in B. subtilis lost their
rod shape, increased in cell size, also revealed cell aggregation, showed an aberrant septation and a
partially thicker peptidoglycan layer244.
The phenotype of WTA defective S. aureus mutants clearly indicates a functional role of WTA in cell
wall formation and division. Supporting this finding, other studies have demonstrated a co-localization
and interaction of WTA and peptidoglycan synthesis enzymes in B. subtilis51,245-247.
For a long time, LTA were thought to be essential in S. aureus as multiple attempts failed to delete
ltaS – encoding the enzyme necessary for the polymerization of LTA. Thus, the role of LTA was investigated e.g. by deleting ypfP, which encodes a protein involved in the biosynthesis of the LTA anchor,
or by controlling ltaS by an IPTG-inducible promotor. LTA depleted S. aureus cells showed a strongly
reduced autolysis rate, even if there were no detectable changes in the patterns of cell wall proteins
or autolytic enzymes55, increased size, partially thickened cell walls and parallel but not perpendicular
division septa52. Later, Gründling and coworkers demonstrated, that LTA is nonessential in S. aureus
cells lacking the chaperon ClpX248. However, it was shown that indeed, an S. aureus ltaS deletion
mutant can be constructed, but has to be propagated at 30 °C53. Here, the cells were impaired in cell
division and separation, had decreased levels of peptidoglycan hydrolases and accordingly, a decreased rate of autolysis. Of note, cultivation in a high-osmotic medium was shown to rescue the ltaS
phenotype.
The studies on LTA depleted cells underline a critical role for LTA in the cell division process. In accordance, LTA synthesis enzymes have been demonstrated to localize at the division septum, supporting
a spatial and functional association of LTA with the cell division process60,249-251.

8.3.2

WTA, LTA and their association with autolysins

How does the deletion of WTA and LTA can result in such severe cell division defects and cell morphological impairments? Interestingly, several studies consider the regulation of autolysin localization by
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LTA, and especially by WTA as a key element in the understanding of this process. The major autolysin
Atl in S. aureus is targeted via repeat domains to the septal region, where it functions in the separation
of daughter cells. In parallel, WTA are disseminated throughout the cell surface of S. aureus, except
for the cross wall. This led to the assumption, that WTA have an “repelling” or “exclusion” effect on
Atl, promoting its localization at the cell division site252. In line with these findings, it is well documented that WTA contribute to the proton-binding capacity in the cell wall of S. aureus leading to the
formation of an acidic milieu. As the activity of Atl declines at lower pH, WTAs could therefore further
inhibit Atl function aside the division septum253.
Similarly, WTA have been shown to prevent the binding of the autolysins LytN and Sle1 to peptidoglcan254, to be spatial and temporal regulators of PBP4255 and mediate the recruitment of FmtA to
the cell wall256. Thus, WTA defects in the S. aureus cell wall lead to disturbed localization and regulation of autolysins, which finally results in incomplete cell separation processes and aberrant cell morphology. The effect of teichoic acids on the activity of autolysins is also interesting in regard to the
significant downregulation of atl and sle1 that we observed in S. aureus l14 and l16, connecting the
deletion of l14 and l16 with a downregulation of autolysins and the severe phenotype of LTA and WTA
deletion mutants.

8.3.3

L14 and L16 in the context of LTA and WTA

Our study revealed multiple evidence for a direct or indirect functional association of L14 and L16 with
WTA and LTA.
First, as described above, the phenotypes of WTA- and LTA-depleted S. aureus cells are nearly identical to the phenotype that we observed in our study on S. aureus l14 and l16.
Second, according to the S. aureus expression browser184 l16 was assigned to the same transcriptional
cluster as ltaS, which endcodes the lipoteichoic acid synthetase. This indicates that both genes are
coexpressed under many conditions, and thus, L16 and LtaS may have to be present at the same time
in the cell – perhaps due to a functional association. However, our microarray-based transcriptome
analysis did not show transcriptional alterations in LTA or WTA-synthesis genes in the S. aureus l14
and l16 deletion mutants.
Third, WTA have been shown to serve as a receptor for binding of phages and to mediate cell infection
(see 8.2.2). Interestingly, we observed that phage-like structures can be found on the surface of S. aureus l14 cells. In addition, our transcriptome analysis showed changes in the expression of phage
genes, which migth be indicative of altered infection cycle due to changes in amount, structure or
acessability of WTA phage receptor.
Fourth and most importantly, the sequencing of the l14 and l16 suppressor mutants revealed mutations in several genes, which independently show a connection to LTA and WTA:
(I)

The two suppressor mutants l14_S09 and l16_S20 had independent mutations in ltaS.
These mutations led to amino acid substitutions at position 42 and 478. Interestingly, Lu et al.
2009 demonstrated, that mutagenesis of the aspartic acid at position 475 resulted in a nonactive LtaS variant212. Thus, it is very likely that the amino acid substitution at position 478
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results in altered LtaS activity. Of note, both suppressor mutants were not only heat resistant,
but also almost completely restored S. aureus WT cell morphology.
(II)

Further analysis of our suppressor mutants revealed, that l14_S10 became heat insensitive
and had a restored phenotype comparable to the S. aureus WT. In this mutant, we found a 2
bp deletion in clpX. ClpX forms a proteolytic complex with ClpP, which is necessary for the
degradation of damaged or obsolete proteins in the cell211. Comparable to S. aureus l14,
l16 and ltaS, a deletion of clpX displays incomplete cell septum formation and defective
cell separation257. Similar to the above described compensatory effect of l14 or l16 deletion
in the presence of ltaS mutation, loss of clpX and ltaS can compensate each other: Baek et al.
2016 demonstrated that growth of S. aureus clpX cells is rescued by loss-of-function mutations in ltaS, and – vice versa – the septum placement defect in an S. aureus mutant depleted
for LTA can be partly compensated by the absence of ClpX248. Here, the authors speculate
that “the dual inactivation of ClpX and LtaS may help to balance the aberrant autolytic activity
caused by the inactivation of either ClpX or LtaS alone”248. We would like to pick up this hypothesis and extend it with the results of our analysis by hypothesizing, that L14, L16, LtaS
and ClpX might be functionally connected with each other via LTA or WTA-synthesis or a related function (like the mentioned regulation of autolytic activity).

Taken together, our analysis revealed several strong connections between L14 and L16 with WTA
and/or LTA in independent experiments.

8.3.4

Structural analysis of LTA in S. aureus l14 and l16

The multiple evidence for a functional association of L14 and L16 with LTA or WTA prompted us to
analyze the structure of LTA and WTA in more detail. In contrast to WTA, LTA are membrane-attached
components, and thus, might more likely be in contact with membrane-anchored lipoproteins like L14
and L16. We therefore started with an analysis of the LTA composition in S. aureus l14 and l16 in
comparison to the S. aureus Newman WT by 1H-nuclear magnetic resonance (1H-NMR) spectroscopy.
Surprisingly, the obtained 1H-NMR spectra of all three tested strains were nearly identical and represented a typical LTA composition for S. aureus of a D-alanine ester substituted poly-glycerolphosphate
backbone. Interestingly, the LTA of our tested strains did not reveal N-acetylglucosamine modifications. However, LTA were nether missing in the lipoprotein deletion mutants S. aureus l14 and l16,
nor was their composition changed. At this point, however, we can not fully exclude a change in the
abundance of LTA, which deserves further investigation.
In summary, L14 and L16 do not seem to play a direct role in the synthesis of LTA in S. aureus as the
composition of LTA is not changed in S. aureus l14 and l16. However, the similarity of our lipoprotein deletion mutants to LTA and WTA-depleted S. aureus cells as well as the sequencing results of our
suppressor mutants still reinforces a functional association of L14 and L16 with LTA or WTA. Highlighting the significant downregulation of the genes encoding the major autolysins Atl and Sle1 in S. aureus
l14 and l16, a direct or indirect effect (via teichoic acids) of both lipoproteins on the synthesis,
localization, function or regulation of autolysins appears very reasonable.
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8.3.5

The temporary appearance of the S. aureus l14 and l16 phenotype indicated
a conditional character of L14 and L16 function, which becomes important only
under certain environmental settings

In the last part of this discussion, we want to concentrate on the surprising fact that the S. aureus l14
and l16 phenotype was only temporarily observable. It is fascinating, that both lipoprotein deletion
mutants showed a normal S. aureus WT phenotype under many conditions (like in TSBOxoid), but revealed serve morphological changes (I) specifically in TSBMerck medium, (II) only in the transient growth
phase and (III) medium-independent at high temperatures. All three aspects will be discussed below.

Medium dependency of the S. aureus l14 and l16 phenotype
First, it was very surprising for us to observe a typical S. aureus Newman WT phenotype of S. aureus
l14 and l16 in TSBOxoid but the above described mutant phenotype in TSBMerck. Therefore, we asked,
if both media differ in their composition. Indeed, although they are referred to as “TSB”, both media
showed major differences in their component concentrations as we have demonstrated with 1H-NMR
spectroscopy. Of 18 detected components, 13 differed at least 2-fold between both media.
We aimed to find out, which component or property of the TSBMerck medium might be responsible for
the dramatic morphological defects of S. aureus l14 and l16 and performed a number of experiments trying to supplement TSBMerck or TSBOxoid with diverse components (including all components
that were detected with 1H-NMR spectroscopy). However, we were not able to find such a component
inducing the mutant phenotype in TSBMerck (data not shown). We also failed to induce the phenotype
of S. aureus l14 and l16 under anerobic conditions or in other media like chemically defined S. aureus minimal medium, RPMI, BHI or LB.
Thus, it remains elusive which component – or lack of it - of the TSBMerck medium triggers the phenotype of S. aureus l14 and l16. We propose that the mutant phenotype only in TSBMerck medium is
based on a redundancy effect, meaning that L14 and L16 fulfill a specific function in the S. aureus cell,
which can be also fulfilled by other proteins. Under most conditions, the other proteins are more
active or show a higher abundance compared to TSBMerck and lead to the normal S. aureus WT phenotype in the S. aureus l14 and l16 deletion mutants. Only under very few conditions (like in TSBMerck),
the other proteins are not present or functional and the deletion of l14 and l16 comes into play by
resulting in the mutant phenotype. Supporting this idea, our transcriptome analysis revealed tremendous differences in the transcriptomes between TSBMerck and TSBOxoid, indicating that different sets of
proteins might be active in the different TSB media.

Growth phase-dependency of the S. aureus l14 and l16 phenotype
Second, we want to briefly discuss, why the phenotype of S. aureus l14 and l16 in TSBMerck is most
prominent in the transient phase and is completely restored after 24 h. Initially, we speculated that
an enhanced growth rate might be the cause for the morphological changes in S. aureus l14 and
l16 because cells grow faster in TSBMerck compared to TSBOxoid. In addition, the phenotype of S. aureus
l14 and l16 is nearly absent in TSBMerck at 25 °C, where the growth rate is much slower. However,
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at 37 °C, S. aureus l14 and l16 cultures grow even faster in BHI than in TSBMerck but appear like the
S. aureus WT (data not shown). Thus, we excluded that an enhanced growth rate per se could cause
the mutant phenotype.
Taken together, it remains unclear why the occurrence of morphological changes in S. aureus l14
and l16 is most prominent in the transient growth phase in TSBMerck. However, it can be seen as an
indication that L14 and L16 are directly or indirectly relevant for cell division-related processes (at
least after some cell division cycles) as the dramatic effects of l14 and l16 deletion are rescued in the
stationary phase when cell proliferation is diminished.

Temperature-dependency of the S. aureus l14 and l16 phenotype
Third and most interestingly, a striking characteristic of S. aureus l14 and l16 is their medium-independent heat-sensitivity. Interestingly, this property has led to a false annotation of L14 as an “essential” protein in S. aureus in multiple studies: (I) Chaudhuri et al. 2009 have performed a microarrayand PCR-based “transposon-mediated differential hybridization” assay and determined a set of 351
essential genes in S. aureus strain SH1000 (an NCTC 8325 derivate). This set also included the homologous gene of l14 in this strain258. (II) Fey et al. 2013 have constructed the “Nebraska transposon
mutant library” in the MRSA strain USA300 and found that 579 genes were not disrupted by transposon insertion, constituting essential genes in this strain. Under these genes were also the homologs
of l14, its neighbor NWMN_1436 as well as l16. Of note, a transposon was found in l14, but it appeared
only in the far 3 % of the coding sequence259. (III) Valentino et al. 2014 generated a transposon library
in S. aureus strain HG003 to define essential genes for S. aureus infection-related processes. According to their results, 420 genes were determined to be essential in the investigated strain, including the
homologous gene of l14260.
In all three studies, a transposon-based mutant library was constructed. Importantly, the construction
process included high temperature incubation steps between 43 – 45 °C to remove plasmids carrying
the transposon or transposase, respectively. These incubation steps also had a negative selection on
S. aureus mutants with deletion in genes which are only essential for survival under high-temperature
conditions, but not under standard growth conditions. This was also confirmed by Santiago et al. 2015
using a phage-based method for the construction of a transposon library without the need to incubate
the mutants under high temperature261. The study revealed a set of 321 essential and 190 domainessential genes in S. aureus HG003. Neither l14 and l16, nor their respective neighbor genes were
defined as essential under 37 °C. However, the authors specifically showed that l14 was essential under 43 °C, while l16 was domain-essential, meaning that transposon insertions were only identified in
the last 10% and thus probably not affecting the function of the proteins core domains.
Thus, several studies consistently showed that L14 and L16 are important for survival under high temperature conditions in different S. aureus strains. This is in accordance to the heat sensitivity that we
described for S. aureus l14 and l16. Of note, the pMAD-based mutation approach that we used to
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construct S. aureus l14 and l16 also involved high temperature incubation steps and it seems surprising that we were able to generate deletion mutants for both lipoproteins. However, our incubation
steps were performed at 42 °C, what might mark the maximum limit for L14 and L16 functionality.
Last, it should be mentioned, that at least the three neighbor genes of l16 can be transcribed from a
Sigma B-depended promotor. The alternative Sigma factor B is known to be activated under a variety
of stress conditions – including heat shock – helping the bacterium to adapt to unfavorable growth
conditions262. This might further underline a potential role of L16 under stress conditions like heat.

A conditional peptidoglycan biosynthesis system in S. aureus?
It is challenging to explain how the deletion of only one lipoprotein can lead to dramatic morphological
alteration of the S. aureus cell under one condition but seems to have no impact on the cell under
another condition. Perhaps, the function of L14 and L16 becomes important under a so far unknown
condition or combination of conditions. In this context it is interesting to note, what was postulated
by Santiago et al. 2015. Here, the authors explain, that rod-shaped bacteria encode two distinct peptidoglycan synthesis systems: one for lateral elongation and one at the cell septum for cell division
processes. In contrast, cocci reveal only the latter peptidoglycan synthesis machinery. As summarized
by Pinho et al. 2013, multiple evidence indicate that cocci evolved from rod-shaped bacteria by losing
some essential components of the elongation machinery like MreB, while maintaining other parts of
it, which now fulfill redundant function in the cell division and peptidoglycan synthesis process of
cocci263. Based on this theory, Santiago et al. 2015 speculated, that S. aureus exhibits a predominant
peptidoglycan biosynthetic apparatus and a secondary machinery that becomes only important under
environmental stress conditions261. We would like to take up this idea to raise the hypothesis that L14
and L16 could be also part of a “secondary”, “conditional” or “backup” system involved in cell envelope-related processes, which takes over only under specific conditions, e.g. in the presence or absence of certain nutrients or under defined stress conditions. These conditions might be initiated especially under heat but are also triggered in the transient growth phase during cultivation in TSBMerck.

Suppressor mutants of S. aureus l14 and l16
Standard cultivation conditions did not display selective conditions to trigger the generation of suppressor mutants as repeated passaging did not lead to the generation of suppressor mutants (data
not shown). However, when cells of S. aureus l14 and l16 were cultivated on TSBMerck solid media
at 45 °C overnight, the cells formed colonies of different size, where larger colonies were suspected
to be suppressor mutants. Indeed, we were able to generate heat-resistant mutants for S. aureus l14
and l16. Hence, high temperature appears to be a key factor in the understanding of the L14 and
L16 function. It also appears that the heat-sensitivity on the one hand and the expression of the S. aureus WT phenotype on the other hand are based on two connected, but not completely dependent
mechanisms, as some suppressor mutants were heat-resistant but still revealed the deletion mutant
morphology. The sequencing results did not allow to deduce a clear correlation of the mutated genes
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between suppressor mutants with WT or with mutant phenotype. However, all detected mutations in
the sequenced suppressor mutants lead to amino acid alteration in the coding sequence, and four of
the six affected genes encode for proteins with membrane- or cell wall-associated localization. This
underlindes that the detected mutations are most likely responsible for restoring the heat restance,
and where appropriate also for restoring the WT morphology. Moreover, we observed two independent mutations in the gene encoding the lipoteichoic acid synthetase LtaS in the genome of the S. aureus suppressor mutants l14_S09 and l16_K20. The mutations resulted in amino acid substitutions
at position 42 and 478 – both regions are supposed to be extracelluarly located212. Interestingly, Lu
et al. 2009 demonstrated, that mutagenesis of the aspartic acid at position 475 resulted in a LtaS
variant with no enzymatic activity212. In addition, the four suppressor mutants l14_S09, l14_S12,
l14_S19 and l16_S12 exhibited a two bp deletion in the gene NWMN_RS04585. Of note,
NWMN_RS04585 is encoded five genes downstream of the dlt operon, which is responsible for the
addition of D-alanine to teichoic acids. Thus, our whole genome sequencing approach strengths a
possible connection between L14 and L16 with LTA.
Taken together, there does not seems to be “the one and only” gene whose deletion could compensate for the lack of L14 or L16. Instead, the dysfunction of several different proteins appears to be
accountable to restore the temperature resistance and/or the S. aureus WT phenotype. However,
the occurenance of mutations within ltaS in both mutant backgrounds strongly suggests a direct an
indirect role for both proteins in teichoic acid associated processes.

8.3.6

Outlook

Our study shed light on the function of so far poorly characterized lipoproteins in S. aureus and raised
fundamental evidence for a function of lipoprotein L14 and L16 in basic cell envelope- or cell divisionrelated processes. Specifically, multiple hints point to a functional association of L14 and L16 towards
LTA or WTA. However, additional experiments are indispensable to further specify the function of L14
and L16.
Investigating structure, quantity, and localization of peptidoglycan, WTA and LTA in S. aureus l14 and
l16
To examine a potential role for L14 and L16 in peptidoglycan synthesis or function, it would be intriguing to analyze the peptidoglycan structure and -composition of S. aureus l14 and l16 compared
to the WT. Especially the structure and composition of WTA as well as the localization of LTA and WTA
might reveal key insights in the potential function of L14 and L16. In addition, analysis of the LTA
content and structure in suppressor mutants S. aureus l14_S09 and l16_S20 would be insightful,
as mutations in ltaS results in amino acid changes in the lipoteichoic acid synthetase. These experiments would be also intriguing for the S. aureus ltaS deletion mutant. E.g. 1H-NMR could be also
performed for WTA to gain insights in the structure of this polymer or the localization of WTA and LTA
could be investigated using ConcanavalinA-fluorescein conjugates264.
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Furthermore, the amount and composition of the autolysis system could be analyzed on a proteomic
level, while the activity of this system could be investigated e.g. by the preparation of autolysis enzyme
extracts from the S. aureus WT, S. aureus l14 and l16 with subsequent enzymatic hydrolysis of reference crude S. aureus cell walls and following zymographic analysis or with a Triton X-100-based
static autolysis assay as described by Antignac et al. 2007238.
Localization and interaction of L14 and L16 with cell membrane or cell wall components
Insights into the function of L14 and L16 could be also gained by investigating the localization of both
lipoproteins in the S. aureus cell envelope. For immuno-histochemical labeling experiments using
transmission electron or fluorescence microscopy, the anti-L14 antibodies should be further purified
against the L14 protein to improve the signal specificity. In contrast, the generated anti-L16 antibodies
should be tested under native conditions at first or need to be generated ab initio. An alternative
method to study the localization of the lipoprotein are translational fusions either using a fluorescence
protein like mCherry, or a small SNAP-tag for visualization with a fluorescence dye ligand. Not only the
localization of L14 and L16 itself, but also the potential colocalization with the peptidoglycan synthesis
enzyme complex, the cell division machinery or the secretion system could reveal fundamental evidence for the function of L14 and L16. Alternatively, protein-interaction studies between these proteins and L14 as well as L16 should be considered for further characterization of both lipoproteins.
Similarly, interaction studies between LTA and WTA with L14 and L16 might finally demonstrate a
direct interaction.
Investigating the impact of charged amino acids in L14 and L16
We have already emphasized the highly charged amino acid composition of L14 and L16 and their
potential implication for the protein’s function. The highly charged character of L14 and L16 might be
especially of importance for a potential interaction with charged cell wall components like LTA and
WTA. Here, it would be compelling to perform an alanine-scanning for the exchange of single amino
acids or to completely delete highly charged protein parts like the 22 amino acid long, lysine/asparagine/aspartic acid/glutamic acid-rich sequence of L16. The latter deletion would be also interesting in
the context that L16 was defined as “domain essential” at high temperature in the study of Santiago
et al. 2015261.
Testing the role of L14 and L16 in S. aureus virulence
Many virulence factors were repressed in S. aureus l14 and l16. Here, it might be speculated that
the cells have a reduced fitness and alleviate their virulence potential as a consequence. However, we
did not detect a reduced virulence of S. aureus l14 and l16 in our hemolysis assay on sheep blood
agar plates and in the biofilm formation assay. Nonetheless, further studies on the virulence of the
S. aureus l14 and l16 lipoprotein deletion mutants in eukaryotic cell cultures or in in vivo animal
infection models are inevitable to solve this question.
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Construction of an S. aureus l14 and l16 double deletion mutant
The deletion of l14 and l16 in S. aureus resulted in nearly identical morphological and transcriptional
changes in the S. aureus cell, implication that both lipoproteins might fulfill a very similar function.
Hence, it would be intriguing if it is possible to construct an S. aureus double mutant by deleting both,
l14 and l16, and if such a mutant might show even worse phenotypical impairments.

8.4 Conclusions
Our study focused on the functional characterization of lipoproteins in the human pathogen S. aureus.
Using an integrated, bioinformatical approach, we quantified the lipoproteome of 123 S. aureus
strains. All in all, we identified 192 different lipoproteins, with 39 of these lipoproteins belonging to
the core lipoproteome and 153 belonging to the variable lipoproteome. Of the 192 lipoproteins, 141
proteins are of unknown function, revealing a great gap in our knowledge regarding the role of lipoproteins in the S. aureus physiology. Based on our bioinformatical analysis, we selected 24 proteins
for functional characterization, focusing on conserved lipoproteins with so far unknown function. We
generated deletion mutants for 20 of the selected proteins and screened them under various growth
conditions like different temperatures, different growth media, in the presence of detergents, and
tested their ability to form biofilms or to induce hemolysis. Here, especially two S. aureus mutants
deleted in lipoprotein L14 and L16, respectively, showed growth defects under multiple tested conditions. Thus, we selected both for detailed functional characterization. Electron microscopy, microarray-based transcriptome analysis and whole-genome sequencing of S. aureus l14 and l16 suppressor mutants clearly showed a functional role of both lipoproteins in cell envelope- or cell divisionrelated processes, perhaps because of autolysin dysfunction. Particularly, multiple evidences point
towards a functional association of L14 and L16 with LTA and/or WTA. Interestingly, the effect of l14
and l16 deletion appears conditional: While the mutants appear like S. aureus WT cells in TSBOxoid at
37 °C, the same mutants reveal dramatic morphological changes in TSBMerck at 37 °C in the transient
growth phase, but not in the stationary growth phase. Thus, the function of L14 and L16 appears to
be relevant only under certain growth conditions. It is of speculation, if L14 and L16 might be part of
a “functional backup system” that becomes necessary only under certain conditions, or whether the
function of L14 and L16 is modulated by metabolic processes. Our study represents an important
cornerstone to shed light on the function of so far uncharacterized lipoproteins like L14 and L16. However, further investigation will be required to elucidate the specific function of L14 and L16.
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Supplemental Figure S 1 Voronoi treemap reflecting the up- and downregulation of genes in S. aureus l16 grown in
TSBMerck compared to WT in TSBMerck. We determed the relative abundance of 2,401 transcripts of S. aureus l16 grown
in TSBMerck and of WT in TSBMerck in a microarray-based transcriptome study. The detected genes are depicted as single
tiles and were grouped in a Voronoi treemap according to the functional categorization of the TIGRFAMs database with
manual curation (upper panels, see also Supplemental Table S3 for underlying hierarchy). The color code displays an
upregulation (orange) or downregulation (blue) of genes in TSBMerck compared to TSBOxoid (lower panel). Genes with
unknown function were removed from the treemap.
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Supplemental Figure S 2 Voronoi treemaps comparing the results of our microarray-based analysis with other studies
investigating the adaptation of S. aureus gene expression to various cell wall- or cell membrane-targeting antibiotics.
The depicted Voronoi treemaps contain only genes (visualized as single tiles), that were found upregulated (left side)
or downregulated (right side) in the study of (1) Utaida et al. 2003 determining the S. aureus cell wall-stress regulon
upon treatment with bacitracin, D-cycloserine and oxacillin (upper panel), (2) McCallum et al. 2006 investigating the
response of S. aureus to vancomycin (middle panel) and (3) Muthaiyan et al. 2008 analyzing the response of S. aureus
to daptomycin (lower panel). Genes in the Voronoi treemap were grouped depending on the functional categorization
of the TIGRFAMs database after manual curation. The color code reflects the upregulation (orange) or downregulation
(blue) of genes in lipoprotein deletion mutant S. aureus l16 compared to the WT in TSBMerck. Of note, only genes with
an altered expression of 0.5  FC  2 in the different studies were taken into account for the comparison with our
results.
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Supplemental Figure S 3 Voronoi treemaps comparing the results of our microarray-based analysis with other studies
investigating the adaptation of S. aureus gene expression after activation or deactivation of two-component systems
which are associated with cell envelope homeostasis. The depicted Voronoi treemaps contain only genes (visualized as
single tiles), that were found induced (left side) or repressed (right side) in the study of (1) Delaune et al. 2012 by the
WalKR system (upper panel), (2) Falord et al. 2011 by GraSR (second panel from top), (3) Liang et al. 2005 by ArlSR
(third panel from top) as well as (4) Kuroda et al. 2004 by the VraSR system (left lower panel) and (5) Sharma-Kuinkel
et al. 2009 showing downregulated genes after LytS deletion (right lower panel). Genes in the Voronoi treemap were
grouped depending on the functional categorization of the TIGRFAMs database after manual curation. The color code
reflects the upregulation (orange) or downregulation (blue) of genes in lipoprotein deletion mutant S. aureus l16
compared to the WT in TSBMerck. Of note, only genes with an altered expression of 0.5  FC  2 in the different studies
were taken into account for the comparison with our results.
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