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1. Zusammenfassung
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ZUSAMMENFASSUNG

1. Zusammenfassung
Streptococcus pneumoniae (Pneumokokken) sind Gram-positive, faktultativ anaerobe,
humanspezifische

Kommensalen

des

oberen

und

unteren

Respirationstraktes.

Pneumokokken können durch Ausbreitung in die Lunge und in das Blut vor allem in
Risikogruppen wie Kleinstkindern, älteren Menschen und immunsupprimierten Patienten
schwere sowie lebensbedrohliche Infektionen auslösesn. Neben lokalen Infektionen wie
einer Bronchitis, Rhinitis, akuten Sinusitis bzw. Otitis media (Mittelohrentzündung), können
Pneumokokken ebenso lebensbedrohliche
ambulant erworbene Pneumonie,

invasive Krankheiten wie zum Beispiel die

Sepsis und bakterielle Meningitis verursachen. Die

Pneumokokken sind von einem rigiden, komplexen Exoskelett, dem Murein-Sacculus,
besser als Peptidoglykan bekannt, umgeben. Das Peptidogklykan schützt die Zelle vor dem
osmotischen Druck und verleiht der Bakterienzelle ihre charakteristische Form. Das
Peptidoglykan ist ein Heteropolymer aus Glykansträngen, die über kurze Peptide
miteinander verbrückt sind. Während des Wachstums wird das existierende Peptidoglykan
kontinuierlich durch spezifische lytische Enzyme hydrolysiert, um den Einbau von neuen
Bausteinen in das Peptidoglykan zu ermöglichen. Bakterielle Zellwandhydrolasen sind
essentiell für den Peptidoglykan-Umsatz und entscheidend für den Erhalt der Zellform. Die
D,D-Carboxypeptidase

DacA und die L,D-Caboxypeptidase DacB von Streptococcus

pneumoniae wirken in sequentieller Weise. In dieser Arbeit wurde die Kristallstruktur des
oberflächenexponierten Lipoproteins DacB ermittelt, die starke Unterschiede zu der bereits
bekannten Struktur von DacA aufweist. DacB enthält ein Zn2+-Ion in seinem katalytischen
Zentrum, das sich in der Mitte einer frei zugänglichen Bindungstasche befindet. Zwei
verschiedene Konformationen mit unterschiedlicher Topologie der aktiven Zentren wurden
identifiziert. Zusätzlich wurden die für die Katalyse des Enzyms essentiellen Aminosäuren
und die Substratspezifität ermittelt. Ein Mangel von DacA oder DacB resultierte in einer
veränderten Peptidoglykan-Peptid-Zusammensetzung und führte zu einer veränderten
Morphologie der Dac-defizienten Mutanten. Im Gegensatz dazu zeigte eine Δlgt-Mutante, der
die Lipoprotein-Diacylglyceryl-Transferase-Aktivität fehlt, welche für erfolgreiche/erforderliche
Lipoproteinreifung erforderlich ist, eine L,D-Carboxypeptidase-Aktivität. Die, Bakterienzelle
wies daher auch einen intakten Murein-Sacculus. Des Weiteren wurden in dieser Arbeit die
pathophysiologischen Effekte einer veränderten DacA-bzw. DacB-Aktivität gezeigt. Das in
Echtzeit durchgeführte in vivo Bioimaging von intranasal infizierten Mäusen zeigte eine
erhebliche Abschwächung der Virulenz von ΔdacB und ΔdacAΔdacB Pneumokokken auf,
während der alleinige Funktionsverlust von DacA keinen signifikanten Effekt auf die Virulenz
der Pneumokokken hatte. Zudem war die Aufnahme dieser Mutanten durch professionelle
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Phagozyten verstärkt, während die Adhärenz dieser Mutanten an Lungenepithelzellen
vermindert war.
Der zweite Teil dieser Arbeit befasste sich mit der funktionellen und strukturellen
Charakterisierung des löslichen dimeren Pneumokokken-Lipoproteins PccL. Aufgrund der
Calycin-Faltung und der Strukturhomologie mit dem Lipocalin YxeF von Bacillus subtilis
wurde PccL als erstes Mitglied der Lipocalin-Proteinfamilie in Pneumokokken identifiziert und
das Protein als “PccL” (Pneumococcal calycin fold containing Lipoprotein) benannt. Ein
charakteristisches Strukturmotiv der Lipocalin-Proteinfamilie ist die ausgeprägte fassförmige
Struktur aus β-Faltbättern, welche an einem Ende offen ist. Dieses Strukturmotiv liegt
signifikant konserviert in PccL vor. Darüber hinaus zeigten die Infektionsversuche unter
Ausnutzung des in vivo akuten Pneumoniemausmodells und der in vitro Phagozytose eine
dsignifikante

Attenuation

der

Virulenz.

Die

Adhärenz-

und

Invasionssstudien

mit

Lungenepithelzellen zeigten eine verringerte Effizienz der Kolonisierung und invasion für die
ΔpccL-Mutante im Vergleich zum isogenen Wildtyp D39.
Diese Studie charakterisiert damit die maßgebliche Rolle der Carboxypeptidasen DacA und
DacB für den Peptidoglykanaufbau in Pneumokokken, die Form der Bakterien und die
Pathogenese. Unter Verwendung von in vivo- und in vitro-Ansätzen wurde eine enge
Beziehung zwischen Peptidoglykan-metabolismus und pathophysiologischen Effekten
aufgedeckt. Des Weiteren wurde die Struktur von DacB mit einer Auflösung von 2,0 Å
aufgeklärt, auf charakteristische Strukturmerkmale hin analysiert, und ein Strukturmodell
erstellt. Außerdem wurde die Peptidoglykanzusammensetzung analysiert, um den Einfluss
einer beeinträchtigten Lipoproteinbiogenese auf die Lokalisation und Aktivität von DacB
aufzuzeigen. Aufgrund des großen Einflusses von Carboxypeptidasen auf Zellform und
Virulenz ist DacB ein vielversprechendes Ziel für die Entwicklung neuer Arzneimittel bzw.
aufgrund

seiner

Oberflächenexposition

ein

verheißungsvoller

Kandidat

für

die

Impfstoffentwicklung. PccL ist das erste bei Pneumokokken identifizierte Lipocalin und es
konnte in dieser Arbeit auch gezeigt werden, das bakterielle Proteine der Lipocalinfamilie an
der bakteriellen Virulenz beiteiligt sein können. Der genaue Mechanismus und die
Wirkungsweise von PccL müssen in weiteren Studien analysiert werden.

3
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2. Summary
Streptococcus pneumoniae (pneumococci) are lancet-shaped, Gram-positive, α-hemolytic,
facultative anaerobic human specific commensals of the upper and lower respiratory tract.
Pneumococci may convert to pathogenic bacteria and spread to the lungs and blood. In
different population groups, such as children, the elderly and immunocompromised
individuals, pneumococci can cause local infections such as bronchitis, rhinitis, acute
sinusitis, and otitis media as well as life-threatening invasive diseases such as communityacquired pneumonia, sepsis and meningitis. Pneumococci are surrounded by a rigid and
complex exoskeleton, the peptidoglycan, also referred to as murein sacculus. The
peptidoglycan (PNG) protects the cells from rupture by osmotic pressure and maintains their
characteristic shape. The PNG is a heteropolymer made up of glycan strands that are crosslinked by short peptides and during growth the existing murein is continuously hydrolyzed by
specific lytic enzymes to enable the insertion of new peptidoglycan. Bacterial cell-wall
hydrolases are essential for peptidoglycan turnover and crucial to preserve cell shape. The
D,D-carboxypeptidase

DacA and L,D-carboxypeptidase DacB of Streptococcus pneumoniae

function in a sequential manner. This study determined the crystal structure of the surfaceexposed lipoprotein DacB, which differs considerably from the DacA structure. DacB
contains a Zn2+ ion in its catalytic center located in the middle of a fully exposed, large
groove. Two different conformations with differently arranged active site topology were
identified. In addition the critical residues for catalysis and substrate specificity were
identified. Deficiency in DacA or DacB resulted in a modified peptidoglycan peptide
composition and led to an altered cell shape of the Δdac-mutants. In contrast, a Δlgt-mutant
lacking lipoprotein diacylglyceryl transferase activity required for proper lipoprotein
maturation retained L,D-carboxypeptidase activity and showed an intact murein sacculus.
Furthermore, this study demonstrated the pathophysiological effects of disordered DacA or
DacB activities. Real-time bioimaging of intranasally infected mice indicated a substantially
attenuated virulence of ΔdacB and ΔdacAΔdacB pneumococci, while loss of function of
DacA had no significant effect. In addition, uptake of these mutants by professional
phagocytes was enhanced, while their adherence to lung epithelial cells was decreased.
The second part of this study focused on the functional and structure determination of the
soluble dimeric pneumococcal lipoprotein PccL. Because of its calycin fold and structural
homology with the lipocalin YxeF from Bacillus subtilis, PccL was introduced as the first
member of the lipocalin protein family in pneumococci and named “PccL” (Pneumococcal
calycin fold containing Lipoprotein). Similar to other lipocalins, the distinct β-barrel, which is
open at one end, is significantly conserved in PccL. Moreover, the application of the in vivo
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acute pneumonia mouse infection model and the in vitro phagocytosis as well as adherence
invasion studies revealed considerable differences in colonization and invasive infection
between the wild-type D39 and the ΔpccL-mutant.
In conclusion, this study characterized the crucial role of pneumococcal carboxypeptidases
DacA and DacB for PGN architecture, bacterial shape and pathogenesis. By applying in vivo
and

in

vitro

approaches,

a

close

relationship

between

PGN

metabolism

and

pathophysiological effects was discovered. In addition, the high resolution structure of DacB
has been solved and analyzed and a structure model with a resolution of 2.0 Å is provided.
Furthermore, analysis of the PGN composition was applied to indicate the impact of an
impaired lipoprotein biogenesis pathway on localization and activity of DacB. The major
impact of carboxypeptidases on cell shape and virulence proposes DacB as a promising
target for the development of novel drugs or due to its surface exposition also as a promising
vaccine candidate. PccL is the first pneumococcal lipocalin-like protein and this study
indicated its contribution to pneumococcal virulence. However, the mechanism and the mode
of action of PccL are still unknown and have to be deciphered in further studies.
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3. Introduction
3.1 Streptococcus pneumoniae
S. pneumoniae (pneumococcus) was independently discovered by Louis Pasteur and Georg
Miller Sternberg in 1881 (Austrian, 1959). In this pre-antibiotic era pneumococcal infections
were quite common, usually fatal and pneumococci were therefore named as the “old man’s
friend”, “captain of the men of death” and “American football” by William Osler. Pneumococci
are Gram-positive, catalase-negative, non-motile, and non-spore forming bacteria covered by
a polysaccharide capsule. These lancet-shaped cocci have a diameter of 1.0-1.5 μm from tip
to tip and a ‘waistline’ of 0.5-0.8 μm. Sometimes it is difficult to distinguish morphologically
pneumococci from other streptococci. S. pneumoniae cultured to the stationary growth phase
may lose the Gram-positive staining characteristic. In most media pneumococci grow in pairs
or short chains of diplococci and were therefore initially named Diplococcus pneumoniae.
Their colonies exhibit a central depression caused by rapid partial autolysis. Most
pneumococci are α-hemolytic, but can cause β-hemolysis when incubated aerobically (SáLeão and Tomasz, 2009, Brooks et al., 2007).
Opie and colleagues (1919) found out that the flu virus renders the air passage susceptible
to infections caused by different microorganisms including pneumococci (Opie et al., 1919).
More recently, medical officers in both, the U.S. and Europe, reported consistently that
primary infection with influenza virus leads to an increased susceptibility to a secondary
infection that is caused by bacterial respiratory pathogens and occurs two weeks after the
primary infection (Brundage, 2006). In these scenarios pneumococci are the causative agent
of the majority of fatal pneumonia cases.
As estimated by the WHO in 2010, 1.6 million people die annually due to S. pneumoniae,
including 0.7-1.0 million children in the age of less than five years (Navarro Torne et al.,
2014). In contrast, pneumococci are also commensals and belong to the normal flora of
children under 5 years. The opportunistic pathogen can cause a variety of diseases such as
otitis media, pneumonia, meningitis, and bacteremia. In the U.S., the annual frequency
reaches 2,000 cases of meningitis, 8,000 cases of blood stream infection, 106,000–175,000
cases of pneumonia, and 3,100,000 cases of otitis media in young children (Pilishvili et al.,
2010). S. pneumoniae has a variety of virulence factors and over 300 genes are implicated in
virulence. Some of these are directly involved in virulence, while others play an indirect role
and are primarily essential for bacterial fitness (Schulz and Hammerschmidt, 2013). The
major autolysin (LytA), the toxin pneumolysin (Ply) and capsular polysaccharide (CPS) are
examples for pneumococcal virulence factors. The CPS protects pneumococci against
uptake by professional phagocyts. Up to now, 94 different CPS types have been identified
10
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and the clinical spectrum of disease reaching from colonization to invasive pneumococcal
disease (IPD) appears to depend on the pneumococcal capsular serotype rather than the
genetic background (Austrian, 1981, Song et al., 2013).

3.2 Pneumococcal capsule and cell-wall
The pneumococcal surface is covered by a polysaccharide capsule that overlays the cellwall, which is comprised of peptidoglycan and teichoic acids.

3.2.1 The capsule
The pneumococcal capsule was first discovered by Pasteur in 1880. Several decades later,
the capsular material was isolated for the first time (Dochez and Avery, 1917, Austrian,
1981). The capsule is considered to be the most important virulence factor of pneumococci,
basically all clinical isolates are encapsulated. Encapsulated and nonencapsulated
pneumococci can be clearly distinguished by their colony morphology.

Encapsulated

bacteria form smooth colonies, while nonencapsulated pneumococci have rough colony
morphology. Pneumococci of these two groups played also a role in a famous
experimentcarried out by Friederick Griffith in 1928 (Griffith, 1928). He discovered that a
proportion of mice injected with a mixture of living rough and killed smooth pneumococci
died. Surprisingly, smooth pneumococci expressing the same capsular serotype as the killed
smooth strain were isolated from the blood of these mice (Griffith, 1928). Capsule production
requires a number of genes located in the ‘capsular polysaccharide synthesis’ (cps) region of
the pneumococcal genome. The cps region encodes for enzymes of a complex biosynthetic
pathway responsible for uptake and/or synthesis of the monosaccharide components,
activation of each monosaccharide by attachment to a nucleotide precursor, coordinated
transfer of each sugar molecule to the repeating oligosaccharide, and subsequent export,
polymerization, and attachment to the cell surface (Austrian, 1959). The simplest capsule
types are linear polymers with repeat units comprising two or more monosaccharides. The
more complicated structural types are branched polysaccharides with a backbone of
repeating units composed of one to six monosaccharides plus an additional side chain. Two
nomenclature systems for capsule serotypes have been developed, but the Danish system
combining antigenically cross-reacting types into groups is nowadays preferred to the
American system, which lists serotypes in chronological order of discovery (Morona et al.,
2006).
The capsule has strong antiphagocytic properties, forms an inert shield, which might prevent
either the Fc region of immunoglobulin G (IgG) or iC3b bound to buried pneumococcal cell
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surface structures from interacting with receptors on phagocytic cells. As a result the total
amount of complement deposited on the bacterial surface could be reduced (Winkelstein,
1981, Abeyta et al., 2003). The CPS covers the pneumococcal cell and is covalently linked to
the subjacent cell-wall, which is composed of peptidoglycan, teichoic and lipoteichoic acids
(Bergmann and Hammerschmidt, 2006). Currently 94 capsular serotypes have been
designated (Song et al., 2013).

3.2.2 Cell-wall
3.2.2.1 Peptidoglycan composition
Peptidoglycan is a highly complex macromolecule of the bacterial cell-wall enabling the
bacteria to resist osmotic pressure and is therefore essential for the bacterial cell (Vollmer et
al., 2008). N-acetylglucosamine and N-acetylmuramic acid are the basic structural
components of peptidoglycan. They are linked by a β1,4-glycosidic bond and form the glycan
strand. The glycan strand is bound to the stem peptide chains, consisting of alternating Land D-amino acid residues. The first amino acid residue of the stem peptide is L-alanine
followed by D-isoglutamine and L-lysine. Stem peptides containing two D-alanine residues at
the carboxyl terminus are rare. The most abundant stem peptides are monomeric tripeptide
and the directly cross-linked tri-tetra peptides, which is the most frequent dimeric component
of the peptidoglycan. Another interesting feature of the peptide network is the presence of
both, directly and indirectly cross-linked peptide components, thus allowing the classification
of the pneumococcal cell- wall either as A1-α or A3-α. Indirectly cross-linked stem peptides
contain alanyl-serine or alanyl-alanine interpeptide bridges. The indirect cross-link is
characteristic for penicillin resistant strain, whereas penicillin sensitive strains contain no
interpeptide bridge (Severin and Tomasz, 1996, Severin and Tomasz, 2000).
In penicillin resistant clinical isolates and laboratory mutants the high molecular-weight
penicillin-binding proteins (PBPs) are modified. As a result of this modification, PBPs have a
reduced affinity for the drug molecule. Penicillin is a close structural analog of the carboxyl
terminal D-alanyl-D-alanine residue of the muropeptide, which is the cell-wall building block
and the substrate of the transpeptidase reaction catalyzed by the bacterial PBPs.
Therefore, reduced affinity for the substrate analog penicillin may result in diminished
catalytic activity of the mutated PBPs towards their natural substrate as well. Hence, the
modification of PBPs leads to modified muropeptide cell-wall precursors instead of linear
muropeptide. On the one hand it has been proposed that the distorted muropeptide
composition identified in several penicillin-resistant clinical isolates may be ʽbiological price̕̕ of
penicillin resistance (Garcia-Bustos and Tomasz, 1990). On the other hand the abnormal
12
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cell-wall composition is not an obligatory consequence of penicillin resistance. Nevertheless,
it remains a mystery why in several penicillin-resistant clones the resistant phenotype is
closely linked to abnormal peptidoglycan structure. Figure 3.1; (Severin and Tomasz, 2000).
Penicillin susceptible

Figure 3.1:

Penicillin resistant

Structures of the cell-wall stem peptides identified in the peptidoglycan of penicillinsusceptible and -resistant pneumococci.
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3.2.2.2 Teichoic acids (TA) and lipoteichoic acids (LTA)
Teichoic acids (TA) and lipoteichoic acids (LTA) are widespread polymers of the cell-wall
membrane complex. At first, pneumococcal TA was described as pneumococcal Cpolysaccharide by (Tillett et al., 1930) Thirteen years later, pneumococcal LTA was isolated
by (Goebel and Adams, 1943) and named lipocarbohydrate or pneumococcal F-antigen
(Forssman antigen) owing to its fatty acid content. LTA possess a glycolipid anchor and are
hydrophobically anchored to the outer layer of the cytoplasmic membrane.
TA are covalently attached, usually through a linkage unit, by a phosphodiester bond to
some of the N-acetylmuramyl residues of the peptidoglycan and distributed on both, the
inside and outside of the cell-wall. Pneumococci are so far unique, because their TA and LTA
possess an identical repeat and chain structure consisting of D-glucose, the positively
charged

2

acetamide-4-amino-2,4,6-trideoxy-galactose

(AATGAL)

two

N-acetyl

galactosaminyl residues, phosphorylcholine (PCho) and ribitol 5-phosphate. The repeats are
joined together by phosodiester bonds between O5 of the ribitol and O6 of the glucosyl
residue of adjacent repeats. The chain of LTA is linked to the trihexosyl-lipid anchor by
aphosphodiester bond. Figure 3.2; (Severin and Tomasz, 2000, Gisch et al., 2013).

Figure 3.2:

Sketch
of
the
cell-wall
membrane
complex
of
pneumococci.
Pneumococcal surface protein (PspA) is shown as an example of a surface protein
with a choline-binding signature. PCho: phosphorylcholine; CbpA: cholin binding
protein A; TA: Teichoic acid; LTA: Lipoteichoic acid.
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Pneumococcai are not able to synthesize the choline required for the synthesis of LTA and
TA. Although choline is an essential growth factor, it can be substituted by ethanolamine
(Tomasz and Fischer, 2006). N-Acetylmuramyl-L-alanine-amidase (LytA), the major autolytic
enzyme of pneumococci was the first reported protein to contain a C-terminal choline-binding
domain of six choline recognizing repeats. LytA might be required for separation of daughter
cells during cell division and is responsible for autolysis in the stationary phase (Mellroth et
al., 2012).
Binding of the amidase to the PCho residues of TA is a prerequisite for peptidoglycan
hydrolysis and is also required for the conversion of the inactive E-form, in which LytA is
synthesized into the active C-form. The functionally important PCho residues are linked by
phosphodiester bonds to O6 of the N-acetyl-D-galactosaminyl residues. Depending on the
particular strain, between 15 to 30% of the muramic acid residues are expected to carry TA
chains (Tomasz and Fischer, 2006). The TA content of cell-walls changes with the reversible
phase variation that pneumococci spontaneously undergo between an opaque and
transparent colony form. The transparent phenotype is associated with lower amounts of
capsular polysaccharide, a higher content of TA, and higher amounts of choline in the cellwall. For the opaque phenotype, the opposite is true. Here, higher amounts of capsular
polysaccharide and lower content of TA are present (Kim and Weiser, 1998). The chain of
LTA may vary in length between two and eight repeats and yield a pattern of up to six bands
compared with opaque form. Moreover, the transparent phenotype contains two- to fourfold
more immune detectable TA and incorporates two- to fourfold higher amounts of choline into
the cell-wall (Fischer, 2000).

3.2.2.3 Pneumococcal surface proteins
3.2.2.3.1 LPXTG-anchored proteins
The sequence analysis of S. pneumoniae genomes indicates the presence of at least 16
LPxTG-anchored proteins (Tettelin et al., 2001, Hoskins et al., 2001, Pribyl et al., 2014),
although this number may vary between strains (Bergmann and Hammerschmidt, 2006,
Gamez and Hammerschmidt, 2012). LPxTG-anchored proteins are translocated across the
cytoplasmic membrane in general sec pathway dependent manner. The precursors contain a
C-terminal cell-wall sorting signal consisting of three fundamental motifs. The LPxTG
sequence motif with the x standing for any amino acid residue is followed by a region of
hydrophobic amino acid residues and a short positively charged tail at the C-terminus. The
LPxTG motif is recognized by a membrane-anchored enzyme with transpeptidase activity
called sortase (SrtA). The sortase covalently anchors the substrate protein to the
15
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peptidoglycan in the bacterial cell-wall. Figure 3.3; (Bergmann and Hammerschmidt, 2006,
Dramsi et al., 2008, Mitchell and Mitchell, 2010). Some pneumococcal LPxTG proteins are
modular proteins with adhesin function like plasmin-and fibronectin-binding protein (PfbA),
and the pneumococcal adherence and virulence factor B, PavB (Yamaguchi et al., 2008,
Jensch et al., 2010). In addition, LPxTG-anchored proteins with enzymatic functions, such as
glycosyl hydrolases (StrH, NanA, BgaA, EndoD, SpuA and Eng) polysaccharide lyases
(SpnHL) and proteases (ZmpA, ZmpB, ZmpC and PtrA) have been described (Perez-Dorado
et al., 2012).

3.2.2.3.2 Non-Classical Surface Proteins
Non-classical surface proteins (NCSPs) lack the classical anchoring or secretory signals.
These proteins are usually described as cytoplasmic proteins with functions not related to
virulence and host-pathogen interactions. So far unknown mechanisms are responsible for
translocation and anchoring of the NCSPs to the pneumococcal cell surface (Figure 3.3).
Displayed on the pneumococcal surface, their moonlighting function contributes to
pneumococcal pathogenesis (Perez-Dorado et al., 2012, Voss et al., 2012). NCSP bind for
example to different extra-cellular matrix proteins (ECM) such as the pneumococcal
adherence and virulence factor A (PavA), discovered as fibronectin binding protein (Holmes
et al., 2001). The two glycolytic enzymes, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and enolase bind plasminogen and this recruitment of host proteolytic activity
facilitates pneumococcal the transmigration through the basement membrane (Bergmann et
al., 2004, Bergmann et al., 2005, Eberhard et al., 1999). Another interesting protein family
belongs to the NCSPs the pneumococcal histidine triad (Pht) proteins consisting of the four
members PhtA, PhtB, PhtD, and PhtE. Thes Pht proteins possess the conserved sequence
motif HxxHHxH, which confers zinc binding and zinc ions are involved in the regulation of pht
gene expression. When used for the vaccination of mice, Pht proteins provide protection
against pneumococcal infection (Ogunniyi et al., 2009).

3.2.2.3.3 Choline-binding proteins (CBPs)
Pneumococci express a further special class of surface proteins possessing characteristic
structural features and referred to as choline-binding proteins (CBP). The number of CBP
varies among pneumococci. Strains R6 and TIGR4 express up to 15 different CBP, while
D39 strain express only 12 CBPs (Pribyl et al., 2014). The members of the CBP family
possess highly conserved choline-binding domains (CBD) essential for their anchoring to the
bacterial cell-wall via a non-covalent interaction with the phosphorylcholine (PCho) of teichoic
and lipoteichoic acids (Figure 3.3) (Hoskins et al., 2001, Tettelin et al., 2001). The CBD
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consists of repetitive sequences, each of conserved 20 amino acid residues that can be
repeated up to ten times (Hakenbeck et al., 2009) and typically located in the C-terminal part
of a CBP with the only exception of LytC (Bergmann and Hammerschmidt, 2006, Hakenbeck
et al., 2009). The number of characteristic repeats in the CBD varies within identical and
among different CBP. However, CBP differ mainly in their catalytic domain or functional
domains and they play a major role in pneumococcal adherence and virulence, which
indicated in numerous studies. Examples for CBP are PspA, PspC, and the cell-wall
hydrolases LytA, LytB, LytC, and CbpE (Bergmann and Hammerschmidt, 2006, Kadioglu et
al., 2008). The LytA activity disrupts the cell-wall thereby causing aA boost of immune
response due to the high inflammatory potential of the cell-wall degradation products, which
stimulate massively and more efficient than intact pneumococci the immune system. The
LytB, LytC and CbpE hydrolases have different functions during pneumococcal colonization
of the nasopharynx (Alonso De Velasco et al., 1995, Berry and Paton, 2000, Hakenbeck et
al., 2009).

Figure 3.3:

Schematic representation of the different classes of proteins that decorated on the
surface of S. pneumoniae. PCho, Phosphorylcholine; TA, teichoicacid; LTA,
lipoteichoic acid; CBPs, choline-binding proteins; NCSP, non-classical surface
proteins.
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3.2.2.3.4 Lipoproteins
Lipoproteins represent an important class of pneumococcal surface proteins. They are
anchored to the bacterial membrane via a lipid moiety at their N-terminus. A high functional
diversity is characteristic for the different lipoproteins. Many lipoproteins are components of
ABC transporter systems and substrate binding proteins. They are involved in the uptake of
nutrients and trace elements and contribute to the overall bacterial fitness of pneumococci
(Dintilhac et al., 1997, Brown et al., 2001, Jomaa et al., 2006, Schulz and Hammerschmidt,
2013). Additional functions have been reported for lipoproteins and examples are their
contributions to signal transduction, extracellular protein folding, and antibiotic resistance
(Hermans et al., 2006, Novak et al., 1998, Overweg et al., 2000, Sutcliffe and Russell, 1995).
Lipoproteins are also involved in pneumococcal virulence and contribute to processes such
as colonization, adherence, invasion, and immune evasion (Cron et al., 2009, Jomaa et al.,
2006, Kovacs-Simon et al., 2011, Palaniappan et al., 2005). The characteristic features of
bacterial lipoprotein precursors are an N-terminal signal peptide and a conserved lipoboxmotif (LVI)(ASTVI)(GAS)C, which contains a highly conserved cysteine residue. Lipoprotein
precursors are transported across the cytoplasmic membrane by a signal peptide dependent
mechanism (Scheffers and Pinho, 2005, Natale et al., 2008).
The hydrophilic lipoproteins are anchored to the hydrophobic bacterial membrane via a
diacylglyceryl moiety. In Gram-negative bacteria, lipoprotein anchoring occurs in three steps,
whereas Gram-positive bacteria facilitate the processing of lipoproteins in a two-step
mechanism (Hutchings et al., 2009, Kovacs-Simon et al., 2011). Anchoring of the lipoprotein
precursors to the lipid moiety, which is embedded in the bacterial membrane, is catalyzed by
the lipoprotein diacylglyceryl transferase Lgt. Lgt covalently links the proteins to the lipid units
via the highly conserved cysteine residue in the lipobox (Figure 3.4) (Babu et al., 2006,
Hutchings et al., 2009, Kovacs-Simon et al., 2011). The signal peptide is cleaved off directly
in front of the cysteine residue in the lipobox by the lipoprotein-specific signal peptidase II
Lsp, and thus the mature lipoprotein is anchored via a lipid-modified N-terminal cysteine
residue to the membrane (Figure 3.4) (Kovacs-Simon et al., 2011, Tokunaga et al., 1982).
The ubiquitous occurrence of the lipoprotein maturation pathway in bacteria reflects the
importance of lipoproteins for the bacterial fitness. The incomplete maturation of lipoproteins
has a significant impact on the individual lipoproteins and their function. Various pleiotropic
effects have been described for lipoprotein maturation mutants deficient in Lgt or Lsp in
different microorganisms. In Bacillus subtilis, the deficiency in Lgt strongly interfered with
cytochrome Caa3 activity, germination, and sporulation of the bacterium, which may be
associated with the loss-of-function of specific lipoproteins (Dartois et al., 1997, Igarashi et
al., 2004, Leskela et al., 1999, Robinson et al., 1998).
18

INTRODUCTION
In different Gram-positive pathogens lipoprotein maturation mutations led to an attenuation in
virulence and/or an activation of the host immune system, which was observed in in vitro cell
culture experiments and in vivo animal models (Hutchings et al., 2009). As observed in the in
vitro and in vivo models, mutations in lgt or lsp caused contrary effects in different
pathogens. In Streptcoccus agalactiae and S. aureus, for example, the lgt mutation led to a
hypervirulent phenotype in mouse models of infection, whereas Listeria monocytogenes and
S. pneumoniae carrying the gene deletion showed attenuated virulence in vivo. Due to the
opposite effects of the deficiency in Lgt on the virulence of various Gram-positive pathogens,
the Lgt enzyme has been excluded as a target for the development of antibiotics
(Baumgartner et al., 2007, Bubeck Wardenburg et al., 2006, Henneke et al., 2008, Petit et
al., 2001, Sutcliffe and Harrington, 2002).
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Figure 3.4:

Lipoprotein processing and anchoring to the membrane in Gram-positive
bacteria.
A. Schematic representation for the anchoring of lipoproteins to the cytoplasmic
membrane in Gram-positive bacteria.
B. Schematic model for the processing of the lipoprotein precursor. Initially, the lipid
moiety is covalently linked to the highly conserved cysteine residue of the lipobox by
the lipoprotein diacylglyceryl transferase (Lgt). In the second step, cleavage of the
signal peptide in front of the conserved cysteine by the lipoprotein-specific signal
peptidase II (Lsp) takes place (Modified from Kovacs-Simon et al., 2011).
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Nevertheless, because of their functional diversity and high conservation, the lipoproteins
themselves are promising candidates for the development of new antibiotics and therapeutic
approaches. Possible candidates with lipoprotein signature can be easily identified in the
bacterial genomes by bioinformatic analysis. The presence of characteristic features such as
the lipobox motif containing the highly conserved cysteine and the type II signal peptide are
exploited for the in silico analysis (Sutcliffe and Harrington, 2002, Harrington et al., 2002).
Several bioinformatic tools for the identification of lipoproteins are available online. In order to
validate lipoprotein-specific genes in the available genome sequences of different
pneumococcal

strains,

the

LipoP

program

(Juncker

et

al.,

2003);

(http://www.cbs.dtu.dk/services/LipoP/) can be used. In the pneumococcal strains R6 and
TIGR4, a number of 46 different lipoprotein encoding genes are annotated (Babu et al.,
2006, Hoskins et al., 2001, Tettelin et al., 2001). Hence, proteins with a typical lipoprotein
signature comprise about 2% of the total number of proteins. However, a current
bioinformatic analysis indicated that the number of lipoproteins might be lower, because the
original annotations contained some integral membrane proteins with a predicted lipid anchor
and a few peptides or very short proteins were also included (Pribyl et al., 2014). Based on a
validated LocateP (Zhou et al., 2008) data set a number of 37 different lipoproteins was
predicted for the pneumococcal strain D39 (Pribyl et al., 2014). In a recent study of the
pneumococcal surface proteome, 33 of these predicted lipoproteins were detected in strain
D39 and consequently, the hypothetical lipoproteins were validated for the first time (Table
3.1; Pribyl et al., 2014).
Transport protein complexes such as the ABC transporters are of mjor importance for the
versatile pneumococci. They are a striking example of host adapted microorganisms and
growth and infections depend on the uptake of nutrients that are available in the host since
several of their biosynthetic pathways are incomplete (Bergmann and Hammerschmidt,
2006, Hartel et al., 2011). In addition to the lipoproteins that are ABC transporter
components, other lipoproteins such as the peptidyl-prolyl isomerases (PPIases) SlrA
(streptococcal lipoprotein rotamase A) and PpmA (putative proteinase maturation protein A)
were identified and characterized (Cron et al., 2009, Hermans et al., 2006). Moreover, the
recently identified extracellular thioredoxin‐family lipoproteins Etrx1 and Etrx2 play a crucial
role in pneumococcal resistance against oxidative stress and thus in bacterial fitness and
virulence (Saleh et al., 2013).
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Table 3.1:

Predicted lipoproteins in S. pneumoniae D39.
Lipoproteins identified in a recent study of the surface proteome of the nonencapsulated S. pneumoniae strain D39Δcps using a biotinylation approach are
highlighted in white and the non-identified lipoprotein in gray (Pribyl et al., 2014).

Locus

Protein name

SPD_0090

-

Description/ molecular function
multiple sugar ABC transporter substrate-binding protein

SPD_0109

-

polar amino acid ABC transporter substrate-binding protein

SPD_0150

GshT

SPD_0151

MetQ

SPD_0179

-

hypothetical protein

SPD_0184

-

hypothetical protein

SPD_0313

-

hypothetical protein

SPD_0334

AliA

SPD_0540

-

glutathione ABC transporter substrate-binding protein GshT; polar amino acid transport system
substrate-binding protein
D-methionine ABC transporter substrate-binding protein

oligopeptide ABC transporter substrate-binding protein; peptide/nickel transport system
substrate-binding protein
glutamine ABC transporter substrate-binding protein; polar amino acid transport system
substrate-binding protein
L,D-carboxypeptidase

SPD_0549

DacB

SPD_0572

TlpA (Etrx1)

thioredoxin-like protein; extracellular thioredoxin family protein (Etrx1)

SPD_0652

LivJ

branched-chain amino acid ABC transporter substrate-binding protein

SPD_0672

SlrA

streptococcal lipoprotein rotamase A SlrA; cyclophilin-type peptidyl-prolylcis-trans isomerase

SPD_0739

TmpC

SPD_0792

-

SPD_0868

PpmA

putative proteinase maturation protein A; foldase protein PrsA

SPD_0886

Etrx2

extracellular thioredoxin family protein Etrx2

SPD_0888

AdcAII

zinc ABC transporter substrate-binding protein; adhesion lipoprotein Lmb

membrane lipoprotein; purine nucleoside receptor A (PnrA)
hypothetical protein; membrane-associated lipoprotein

SPD_0915

PiuA

iron-compound ABC transporter substrate-binding protein

SPD_1038

PhtA

pneumococcal histidine triad protein A

SPD_1170

AppA

SPD_1226

GlnH

oligopeptide ABC transporter substrate-binding protein; peptide/nickel transport system
substrate-binding protein
glutamine ABC transporter substrate-binding protein; polar amino acid transport system
substrate-binding protein
phosphate ABC transporter substrate-binding protein; PstS-like protein

SPD_1232

-

SPD_1328

AatB

polar amino acid transport system substrate-binding protein

SPD_1357

AliB

oligopeptide ABC transporter substrate-binding protein

SPD_1463

PsaA

manganeseiron/zinc/copper ABC transporter substrate-binding protein; adhesion lipoprotein

SPD_1495

-

multiple sugar ABC transporter substrate-binding protein

SPD_1502

-

multiple sugar ABC transporter substrate-binding protein

SPD_1585

-

sugar ABC transporter substrate-binding protein

SPD_1609

-

ABC transporter, substrate-binding protein; iron(III) transport system substrate-binding protein

SPD_1652

PiaA

SPD_1671

AmiA

SPD_1677

RafE

iron-compound ABC transporter substrate-binding protein (FatB)

SPD_1910

PstS

oligopeptide ABC transporter substrate-binding protein AmiA; peptide/nickel transport system
substrate-binding protein
raffinose/stachyose ABC transporter substrate-binding protein; multiple sugar transport system
substrate-binding protein (MsmE)
phosphate ABC transporter substrate-binding protein

SPD_1934

MalX

maltose/maltodextrin ABC transporter substrate-binding protein

SPD_1997

AdcA

zinc ABC transporter substrate-binding lipoprotein

SPD_2025

-

nitrate/sulfonate/bicarbonate ABC transporter substrate-binding protein

22

INTRODUCTION

3.3 Growth and division of S. pneumoniae
The model for growth and cell division of S. pneumoniae is consistent with its characteristic
shape that is achieved by both, peripheral and septal peptidoglycan (PGN) synthesis. Cell
division starts with an initial inward growth of the cross wall at the equator, marked by a
microscopically visible ‘wall band’ or ‘equatorial ring’. After duplication of the initial ring, the
resultant rings are progressively separated, marking the future division sites of the two
daughter cells (Scheffers and Pinho, 2005). The resulting peripheral growth, which is
estimated to be about 300 nm in dimension, progresses until the newly formed internal
hemispheres have reached the size of the original one. At this point, septal PGN synthesis
rapidly resumes and the complete septum is split by PG hydrolases (Figure 3.5) (Higgins and
Shockman, 1976, Land and Winkler, 2011, Severin and Tomasz, 2000).

Figure 3.5:

Proposed two-state model of PGN biosynthesis in S. pneumoniae.
Machineries for both, peripheral and septal PGN synthesis have been proposed to gain
an ellipsoid shape. At the beginning of a division cycle, components of both complexes
are located at the equator of the pneumococcal cell (bottom). Peripheral PGN
synthesis (light blue; orange dots; top) occurs between the future equator and septum
of dividing cells. Septal PGN synthesis (medium blue; green dots) starts at some point
and leads to the division of the cell. PGN hydrolases (red) remodel the PGN and allow
septal separation. (Land, A.D. and Winkler, M. 2011).
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In agreement with this model, the pneumococcal genome encodes proteins that are
components of the cell division (divisome) and the elongation (elongasome) machineries
(Figure 3.6). At the beginning, the cytoplasmic protein FtsZ is recruited to the site of division
(Addinall and Holland, 2002). FtsZ forms a homo-oligomeric ring-like structure (Z-ring) and is
localized in the middle of the cell at an early stage of the process (Morlot et al., 2003). The
formation of the Z-ring is required for septation (Fadda et al., 2007). Proteins known or
thought to be associated with the cell division machinery such as FtsA, FtsE, Ftsx, Ftsk, FtsQ
(DivlB), FtsB, FtsL, and FtsW are targeted to the septum and the equator in dividing
pneumococcal cells (Morlot et al., 2005, Sham et al., 2011). FtsW is recruited after FtsZ to
the middle of the cell, where it remains for a longer time. Occasionally, it is also observed at
the poles of the pneumococcal cell (Morlot et al., 2004).

Figure 3.6:

Schematic model describing the potential localization of proteins involved in
bacterial cell-wall formation.
FtsZ, Z; FtsA, A; FtsK, K; FtsW, W; PBP2x, 2x; PBP2a, 2a; DivIB, IB;
FtsL, L; DivIC, IC; PBP3, 3; RodA, RA; PBP2b, 2b; MreC, C; MreD, D; PcsB, B;
PBP1a, 1a; PBP1b, 1b.
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3.4 Penicillin-binding
proteins
peptidoglycan hydrolases

(PBPs)

and

S. pneumoniae has a set of six PBPs, including high molecular weight (HMW) PBPs of the
classes A and B, and a low molecular weight (LMW) PBP. The class A HMW PBPs PBP1a,
PBP1b, and PBP2a are bifunctional enzymes and catalyze both, glycosyltransfer and
transpeptidation, whereas class B contains the two unique monofunctional transpeptidases
PBP2b and PBP2x. The only LMW PBP is the D,D-carboxypeptidase DacA (Hakenbeck et
al., 1999, Hakenbeck et al., 2012).
In a comprehensive study, Morlot and colleagues determined the localization of HMW PBPs
during bacterial growth and division using immunofluorescence. Initially, PBP1a, PBP2x,
PBP2a, and PBP2b are equatorially localized together with FtsZ, whereas PBP2x and
PBP1a remain like FtsZ in the middle of the dividing cell. PBP2a and PBP2b are duplicated
and progressively separated during the cell cycle. Hence, the HMW PBPs PBP1a and
PBP2x are involved in cell division, while PBP2a and PBP2b are associated with peripheral
cell-wall synthesis (Morlot et al., 2003, Tomasz and Fischer, 2006).
The crystal structure of the LMW PBP3 reveals that the protein consists of an N-terminal D,Dcarboxypeptidase-like domain and a C-terminal elongated region, rich in β-sheets. The
carboxypeptidase domain harbors a penicilloyl serine transferase superfamily motif.
Carboxypeptidase activity and processing of β-lactams result in an acyl-enzyme
intermediate, which is finally deacylated, while the β-lactam ring is degraded. PBP3 could be
in a vertical position on the bacterial membrane with the C-terminal domain serving as a
base. In this model, the active site is in close proximity to the peptidoglycan. Hence, the
protein could glide on the surface of the membrane, while converting pentapeptides into
tetrapeptides (Morlot et al., 2005) that can then act as an acceptor for a transpeptidation
reaction or serve as a substrate for the L,D-carboxypeptidase DacB (Barendt et al., 2011).
Initially, PBP3 is evenly distributed throughout the pneumococcal surface during the cell
cycle, but seems to be absent from the future division site (Morlot et, al. 2005). Barendt et al.
suggest that pneumococcal DacA is somehow excluded from the equator at the beginning of
cell division, which leads to a preservation of PGN-pentapeptide substrate and directs the
PBPs to the location of cell division (Barendt et al., 2011). In non-dividing cells of the
pneumococcal mutant deficient in DacA, the apparent rings of PBPs are not co-localized with
that of FtsZ and FtsW. During cell division, the distribution of the proteins in the mutant is like
in the wild-type (Schuster et al., 1990, Morlot et al., 2004), indicating that truncation or
deficiency of DacA causes morphological defects such as the misplacement of the division
septum and that DacA is a PGN hydrolase (Figure 3.7) (Barendt et al., 2011). Bacterial PGN
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hydrolases form a vast and highly diverse group of enzymes capable of cleaving bonds in
polymeric PGN and/or its soluble fragments, thereby creating access points for the insertion
of newly synthesized glycan strands and facilitating the ultimate separation of daughter cells.
Furthermore, PGN hydrolases are important in bacterial cell-wall growth and its regulation
and are also involved in different lysis phenomena. Their role in pneumococci is poorly
understood (Barendt et al., 2011, Sham et al., 2013).
PcsB is a well-studied pneumococcal PGN hydrolase involved in cell division. Purified PcsB
lacks detectable enzymatic activity. Expression of the pcsB gene is under control of the
WalRKspn regulon. Deficiency of PcsB or WalRKspn leads to an inhibition of bacterial growth
and the development of deformed cells with severe defects in division and PGN biosynthesis
(Barendt et al., 2009, Barendt et al., 2011). PcsB interacts with FtsX, which recruits PcsB to
the division septum. Pneumococcal mutants deficient in PcsB or FtsX had strikingly similar
defects in cell division. In addition, deficiency in FtsX caused mislocalization of PcsB (Sham
et al., 2011).
Pmp23 has been identified as a putative PGN hydrolase based on the presence of a PGN
carbohydrate cleavage enzyme (PECACE) domain, although its activity and specificity
against pneumococcal PGN remains to be studied. Deletion of pmp23 results in distorted
division septa, irregular, more rounded cell shape and larger size (Pagliero et al., 2005,
Barendt et al., 2011).
S. pneumoniae produces also the CBPs and autolysins LytA, LytB and LytC (Figure 3.7).
LytA causes lysis by cleaving the lactyl-amide bond linking the stem peptides and the glycan
strands of the peptidoglycan, resulting in hydrolysis of the cell-wall (Howard and Gooder,
1974). During the exponential growth phase LytA resides in the cytoplasm without any lytic
activity due to the presence of capped mature peptidoglycan. After reaching the stationary
phase the cell-wall synthesis machinery becomes inactive and LytA initiates hydrolysis of the
cell wall. LytA is released from the cytoplasm and can bind to other pneumococcal cells
(Mellroth et al., 2012).
Pneumococci lacking the N-acetylglucosaminidase LytB have normal morphology, but grow
in long chains with deeply constricted septa, suggesting a role of LytB in the separation of
daughter cells after cell division (Garcia et al., 1999, De Las Rivas et al., 2002).
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Figure 3.7:

Schematic diagram of one glycan strand of the pneumococcal PGN.
Showing proteins containing PGN
hydrolytic domains and known sites of PGN
cleavage. MurNAc, N-acetylmuramic acid; GlcNAc, N-acetylglucosamine. (Modified
from Barendt et al., 2011).

3.4.1 The L,D-carboxypeptidase (DacB)
The L,D-carboxypeptidase was first discovered in E. coli in 1968 (Izaki and Strominger, 1968)
and later the activity of the Bacillus sphaericus enzyme was further characterized (Guinand
et al., 1974). After removal of the D-alanine from the Mur-NAc-(Lys) pentapeptide this
enzyme hydrolyzes the bond between L-lysine and D-alanine. More recently, an L,Dcarboxypeptidase was also discovered in Pseudomonas aeruginosa and Lactococcus lactis
(Korza and Bochtler, 2005, Courtin et al., 2006). Finally, Barendt and colleagues identified
the L,D-carboxypeptidase enzyme in S. pneumoniae and named the protein DacB (Barendt
et al., 2011), while this protein was also recently described as SpLdcB by Hoyland and
colleagues, who showed that the enzyme adopts a zinc-carboxypeptidase fold characteristic
of the LAS superfamily (Hoyland et al., 2014)
Depending on their activities, L,D-carboxypeptidases can be further divided into two enzyme
classes. Class I enzymes degrade the nucleotide activated precursor UDP-MurNActetrapeptide, whereas class II enzymes split off D-alanine residues from position four of the
peptide units in the nascent murein or the building block GlcNAc-MurNAc-tetrapeptide (Metz
et al., 1986b, Metz et al., 1986a).
In Gram-negative bacteria, 30 to 60% of the cell-wall PGN is recycled in a process that
involves numerous transglycosidases, amidases, endopeptidases, and carboxypeptidases
(Vollmer et al., 2008). A role in the PGN recycling pathway was demonstrated for the L,Dcarboxypeptidase LdcA in E. coli (Templin et al., 1999, Park and Uehara, 2008), the
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Pseudomonas aeruginosa enzyme Pa5198 (Korza and Bochtler, 2005), and NMB1620 of
Neisseria meningitides (Rashid and Kamran Azim, 2011). An L,D-carboxypeptidase involved
in PG recycling was also identified in Novosphingobium aromaticivorans (Das et al., 2013). It
has been demonstrated that this enzyme releases the terminal D-alanine from L-alanyl-Dglutamyl-meso-diaminopimelyl-D-alanine containing turnover products of the cell-wall
polymer murein. This reaction turned out to be essential for survival, because disruption of
the gene leads to spontaneous autolysis, which occurs when the culture enters the stationary
phase. Autolysis results from a dramatically reduced overall murein cross-linkage. Since a
single D-alanine cannot be added to a tetrapeptide, an activated tripeptide has to be present
to facilitate the synthesis of the final precursor. In the absence of the L,D-carboxypeptidase,
hydrolysis of tetrapeptide containing structures does not take place. Consequently,
accumulation of UDP-MurNAC-tetrapeptides occurs, which are dead-end intermediates that
cannot be reused and converted into a pentapeptide precursor (Templin et al., 1999, Park
and Uehara, 2008). Cell-wall synthesis is a complex process that is tightly coordinated with
the cell-wall remodeling required for cell growth and division. The bacterial cell-wall consists
of glycan strandscross-linked through peptide stems to form a “peptidoglycan” or “murein”
polymer. Polymerization of the glycan strand and cross-linking of the stem peptide are
catalyzed in separate domains of the bifunctional PBPs. The fifth amino acid present in the
murein precursor, the C-terminal D-alanine, is removed during the cross-linking and
polymerization process by a D,D-carboxypeptidase (Figure 3.7) (Barendt et al., 2011). About
half of the peptide side chains are cross-linked between D-alanine and the di-aminopimelic
acid. Presence of an active L,D-carboxypeptidase is a prerequisite. The bond binding the L
center of m-A2pm to D-alanine yielding tripeptides in E. coli whereas in Gram positive
hydrolyzes the peptide bond between L-Lysine and D-Alanine at the fourth position due to
the substrate differences (Vollmer et al., 2008, Courtin et al., 2006, Barendt et al., 2011).
Absence of DacB leads to a decreased level of PGN cross-linking. DacB is required for
normal growth and cell division in both, encapsulated and non-encapsulated pneumococcal
strains. Consistent with Campylobacter jejuni, the muropeptide profile of the mutant deficient
in the L,D-carboxypeptidase Pgp2 shows a complete absence of tripeptide-containing
muropeptides and an increase in tetrapeptides (Barendt et al., 2011, Frirdich et al., 2014).
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3.5 The protein super family “Calycin”
The members of the calycin superfamily share structural similarities that cannot be detected
at the primary sequence levels. The core structure of calycin fold contains an eight-stranded
calyx-shaped antiparallel β-barrel which opens toward one end, where the binding site is
located. In the case of lipocalins and avidins, the core fold is maintained and differences are
observed in the loop lengths and compactness of the barrel. In fatty acid-binding proteins
(FABPs), the core calycin fold is supplemented by two additional β-strands and two short
helices that pack on top of the lipid-binding cavity. In all cases, a short 310-helix caps the
barrel at one end, which is also latched by a conserved cation–π interaction involving a
tryptophan from the first β-strand and a lysine or arginine residue from the final β-strand of
the barrel. Both of these residues additionally form hydrogen bonds to main chain atoms in
the 310-helix (Figure 3.8) (Flower et al., 2000, Chiu et al., 2010).

3.5.1 Lipocalins and bacterial lipocalins
Lipocalins, avidins and fatty-acid binding proteins (FABPs) form a subset of the calycin
superfamily (Flower et al., 1993). The lipocalin protein family consists mainly of small
extracellular proteins that bind hydrophobic ligands and harbor multiple biological functions
such as ligand transport, cryptic coloration, sensory transduction, biosynthesis of
prostaglandins, and regulation of cellular homeostasis and immunity. The structurally
characteristic features of lipocalins are an 8-stranded antiparallel β-barrel followed by a Cterminal α-helix and an omega-type loop that spans between strand A and B forming a
typical lid which closes the ligand binding sit partially (Flower et al., 2000, Bishop, 2000,
Bishop et al., 2006). The lipocalins comprise a large number of proteins widely distributed
among vertebrates. However, a few have been isolated also from invertebrates and plants.
Due to unusual low level of overall sequence conservation, with pairwise comparisons often
falls below 20%, many common characteristics and common membership of the lipocalin
family has been assigned largely on the structural similarity basis. Before 1995 the lipocalin
family proteins were thought to be restricted to eukaryotes. The identification and existence
of bacterial lipocalins provides new insights into the evolutionary origins of the lipocalin family
and in combination with the powerful bacterial genetics tools, a fertile ground for the
investigation of lipocalin protein structures and functions is provided.
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Figure 3.8:

Schematic representation of Calycin protein super family, secondry structure
elements topologies.
A. Lipocalins B. Fatty acid-binding proteins. β-strands are represented by arrows,
α-helices by rectangles, and 310-helices by ellipses. N- and C- termini are indicated as
N and C respectively, and the “Ω-type” loop L1 in lipocalins is labeled. (modified from
(Wu, Y. et al., 2012).

In 1995 Bishop et al. identified the first bacterial lipocalin Blc as an outer membrane
lipoprotein of E. coli. Approximately 100 lipoproteins with diverse structures and functions are
encoded within the E. coli genome (Bishop et al., 1995). Recently, the lipoprotein YxeF from
Bacillus subtillis has been shown to carry the calycin fold and has proper similarity to the Blc
lipocalin.
As mentioned before, bacterial lipoproteins play crucial roles in a wide range of biological
processes and build a group of secreted or membrane anchored proteins that are conserved
in bacteria (Babu et al., 2006). They contain a conserved N-terminal type II signal peptide
also known as the ‘lipobox’, which is immediately followed by an invariant Cys residue. After
cleavage of the signal peptide, the lipoprotein is anchored into the bacterial membrane via a
diacylglycerol moiety forming a thioether linkage to the Cys side chain as well as a fatty acid
moiety coupled to the N-terminus. The residue following the Cys is important for localization
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of the lipoprotein (Babu et al., 2006) see (Figure 3.4). In Gram-negative bacteria the
lipoprotein is usually anchored in the inner membrane if Cys is followed by Asp, whereas
otherwise it is anchored in the inner leaflet of the outer membrane (Tokuda and Matsuyama,
2004). However, in YxeF of the Bacillus subtilis the Cys is followed by Gln (Wu et al., 2012).
In Table 3.2 see selected examples of bacterial lipocalins in different groups of bacteria.
Table 3.2:

Listing of bacterial lipocalin representatives.
Modified from (Bishop et al., 2006)

Bcteria

Signal peptide

b

βB-βC Cysteines

Accession Number

Alpha-Proteobacteria (α)
Agrobacterium tumefaciens

SPI

Yes

NC_003063

Beta-Proteobacteria (β)
Bordetella parapertussis

SPI

Yes

NC_002928

Gamma-Proteobacteria (ɤ)
Citrobacter freundii

SPII

No

U21727

nimipressuralis
Escherichia coli

SPII

No

P39281

Gamma-Proteobacteria (ɤ)
Salmonella typhi

SPII

No

NC_006511

Delta-Proteobacteria (б)
Desulfotalea psychrophila

SPII

No

NC_006138

Delta-Proteobacteria (Ԑ)
Campylobacter jejuni

None

Yes

AL139078

Bacteroidetes
Bacteroides fragilis

None

No

NC_006347

Chlamydiae
Parachlamydia
Cyanobacteria
Gloeobacter violaceus

SPI

Yes

NC_005861

SPII

Yes

NC_005125

Actinobacteria
Corynebacterium glutamicum

SPI

Yes

NC_003450

A TBLASTN search using the E. coli Blc protein sequence was performed on both microbial genomes and the
non-redundant database at the NCBI website (http://www.ncni.nlm.nih.gov). The genome sequence 500 bp
upstream and downstream of each hit was retrieved. The six resulting translations were evaluated to identify both
the full-length lipocalin sequences and the presence of the 16S ribosomal RNA binding site. The taxonomy of
each organism was also relative using NCBI TaxBrowser. Each amino acid sequence was evaluated for the
presence of signal peptides and these were assigned using SIGNALP. SPI, signal peptidase I; SPII, signal
peptidase II.
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3.6 Objectives
Streptococcus pneumoniae is the causative agent of life-threatening invasive pneumococcal
disease (IPD) such as meningitis, sepsis, pneumonia, and bacteraemia. Children, the elderly,
and immunocompromised people are at major risk. 1.6 million people, including one million also carriage of pneumococci were considerably reduced after the introduction of
pneumococcal conjugate vaccines, such as PCV7 and PCV13. However, serotype
replacement led to increased frequencies of carriage and disease of non-vaccine serotypes
and a rise of antibiotic resistant non-vaccine strains. Therefore continued monitoring of the
relative prevalence of circulating serotypes and antimicrobial resistance is of high
importance. Moreover, development of vaccine variants and therapeutic tools that are
specifically directed against highly conserved, surface-localized target proteins and trigger
the immune system is of prior interest. The main goals of this work were the identification of
novel surface-exposed lipoproteins, in particular DacB and PccL, and the assessment of their
impact on pneumococcal fitness and pathogenesis. Bioinformatic analysis of the genomes of
S. pneumoniae strains available in the databases, Reverse Transcriptase PCR (RT-PCR),
and Northern blot analysis were employed to study the genetic organization of the lipoprotein
encoding gene loci. Pneumococcal mutants deficient in the target lipoproteins were
generated by insertion-deletion mutagenesis. The dac and pccL mutants were employed in in
vitro phagocytosis and adherence experiments and in in vivo studies using the acute
pneumonia mouse model of infection in order to characterize the role of these lipoproteins in
pneumococcal virulence. Furthermore, the phenotype and cell shape of single and double
Δdac-mutants were analyzed and compared to the parental strain using scanning and
transmission electron microscopy. After heterologous expression in E. coli and subsequent
purification, the recombinant lipoproteins were used for the analysis of protein structure,
biochemical characterization, and the production of antisera. Structural differences between
DacB and the surface-exposed LMW PBP DacA leading to differences in their enzymatic
activity will be analzed by high resolution mass spectrometry.
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4. Results*
4.1 Bioinformatic identification of surface-localized
lipoproteins DacB and PccL from S.
pneumoniae
Pneumococcal lipoproteins are hydrophilic surface proteins, which are anchored to the
cytoplasmic membrane by a lipid moiety. These membrane-associated proteins represent an
important group of surface proteins. After translocation across the lipid bilayer, anchoring of
these proteins is catalyzed by the lipoprotein diacylglyceryl transferase (Lgt). The signal
peptide is cleaved within the lipobox (LX1X2C) by the lipoprotein-specific signal petidase II
(Lsp; SplI) (Kovacs-Simon et al., 2011). Due to their subcellular localization pneumococcal
lipoproteins play a central role in the pathogen-host interaction and can be described as
important virulence factors (Bergmann and Hammerschmidt, 2006). The bioinformatic
analysis of the genomes of pneumococcal strains TIGR4, R6, and D39 showed the presence
of approximately 2000 coding regions per individual genome. Approximately 50 gene regions
encode for proteins with a typical lipoprotein signature including several substrate binding
proteins of ABC transporter systems. In addition to these essential proteins, ten additional
gene regions have been identified encoding putative lipoproteins of unknown functions
(Table 4.1).
Table 4.1:
Locus

a

spd_0151
spd_0179
spd_0184
spd_0549
spd_0572
spd_0739
spd_0792
spd_0886
spd_0888

Overview of lipoproteins candidate with unknown or hypothetical function
identified in gene banks
Locus

b

sp_0149
sp_0191
sp_0198
sp_0629
sp_0659
sp_0845
sp_0899
sp_1000
sp_1002

gene product

(SpII)-cleavage site

ABC transporter, substrate-binding protein
hypothetical protein
PccL
DacB
thioredoxin-like protein
lipoprotein
hypothetical protein
thioredoxin-like protein
adhesive lipoprotein

GLALAAC
VLVGCGQ
SLLVACS
LSLAACS
LCLTACS
SVGLAACG
LGLAACQ
VVLMACG
VCLGACG

c

Gene loci are based on the genomes of S. pneumoniae strains a D39 and b TIGR4. c The prediction of signal peptides was
carried out by LipoP 1.0 (http://www.cbs.dtu.dk/services/LipoP/).

Because of their possible impact on virulence and role in the interaction between
S. pneumoniae and its host, it was of great interest to study the identified lipoprotein
candidates. To study the role of the identified putative lipoproteins in bacterial fitness and
virulence, pneumococcal mutants deficient in the lipoproteins and plasmids for heterologous
expression of the genes were generated.

*part of the results of this work is published in Abdullah, M.R. et al., 2014. (Mol Microbiol. 2014 Sep;93(6):1183-206).
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The mutants were constructed via insertion-deletion mutagenesis and homologous
recombination. Various functional studies of the interaction of the mutants with their host
were conducted in comparison to the wild-type. The purified lipoproteins were used for the
generation of antisera, for crystallization experiments and for different functional binding
experiments with host proteins or host cells. The focus of this work was on the DacB
(SPD_0549) lipoprotein, identified as an L,D-carboxypeptidase (Barendt et al., 2011), and its
mutual function with the D,D-carboxypeptidase DacA (PBP3) in peptidoglycan turnover,
pneumococcal virulence, and morphology. In addition, discovery of the first pneumococcal
calycin-fold containing lipoprotein (SPD_0184) is reported and its role in pneumococcal
virulence was studied.

4.2 Gene sequence conservation of DacB and PccL
lipoproteins among different pneumococcal
strains
The genomes of nine different S. pneumoniae strains were analyzed using bioinformatic
tools for two different lipoproteins, DacB (L,D-carboxypeptidase) and PccL (Pneumococcal
calycin fold containing Lipoprotein). The detailed molecular comparison on DNA and protein
levels, performed with BlastN and BlastP respectively, revealed highly conserved sequences
in the various clinically relevant serotypes. The protein sequence identity and similarity for
DacB and PccL in nine different S. pneumoniae strains is shown in (Table 4.2) and
(Appendix 9.6.1 and 9.6.2).
Table 4.2:

Protein sequence homology for DacB and PccL in different S. pneumoniae
strains

S. pneumoniae (TIGR4)

a

a

DacB

PccL

%Id
%Sim
TIGR4
100
100
D39
99.2
99.2
R6
99.2
99.2
P1031
98.3
98.7
JJA
87.0
93.7
G54
96.6
98.3
70585
89.1
95.0
Hungary19A-6
89.9
95.4
Taiwan19F-14
87.0
93.7
a
Analysis of the proteins BlastP (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
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%Id
100
98.3
98.3
98.3
98.3
98.3
99.4
98.7
98.7

%Sim
100
99.4
99.4
99.4
99.4
100
100
99.3
99.3

RESULTS

4.3 DacA and DacB carboxypeptidases
4.3.1 Genetic organization of dacA and dacB genes in
S. pneumoniae
The organization of the dacB gene region was analyzed in silico, by reverse transcriptase
PCR (RT-PCR), and Northern blot. The analysis of the pneumococcal target genes using the
online

sequence

databases

http://www.microbesonline.org)

"Microbes
and

"The

online"

(operon

Comprehensive

prediction

Microbial

tool;

Resource"

(http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi) showed that the dacA and dacB
gene regions are highly conserved in the different pneumococcal genomes (Appendix 9.7.1
and 9.7.2).
Contrary to the dacB gene, dacA, which is located on the antisense strand, is expected to be
transcribed as a monocistronic mRNA (Morlot et al., 2004). The upstream of dacA located
sufB gene (spd_0766) is annotated to encode a FeS assembly protein, whereas the
downstream located spd_0768 locus encodes a hypothetical protein (Figure 4.1). The dacB
gene proved to be located in a cluster containing also the genes spd_0547, encoding a
hypothetical protein, spd_0548 encoding a HIT family protein, and the genes rplK and rplA,
encoding ribosomal proteins (Figure 4.1). These proteins are not functionally related to the
L,D-carboxypeptidase

activity of the lipoprotein DacB. Three transcripts of about 3900, 2200

and 1400 nt, respectively, were identified by Northern blot analysis. The longest transcript
contains the mRNA of genes spd_0547 to rplA, suggesting that dacB is transcribed as a part
of a polycistronic mRNA of the entire spd_0547-rplA gene cluster. Differences in the
transcript size between the wild-type and the ΔdacB mutant RNA resulted from the insertion
of the ermB gene (+ 517 nt). The signal at about 2200 nt represents the transcript of genes
spd_0547 to dacB, whereas the shortest transcript corresponds either to spd_0547 (probe
S38) or to spd_0548/dacB mRNA (probe S37; Figure 4.1). Whether the signals at 2200 and
1400 nt represent discrete transcripts or are results of a post transcriptional processing or
degradation of mRNA remains to be elucidated.
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Figure 4. 1:

Genetic organization of dacA and dacB in S. pneumoniae.
A. and B. Genetic organization of dacA and the molecular analysis of dacB
expression in S. pneumoniae D39. Putative promoters (arrows) were predicted by the
Neural
Network
Promoter
Prediction
program
(http://www.fruitfly.org/seq_tools/promoter.html) and potential rho-independent
termination sequences were extracted from the TransTermHPTerminator Prediction
list
of
S. pneumoniae
D39
(http://transterm.cbcb.umd.edu/tt/Streptococcus_pneumoniae_D39.tt). Primers for RTPCR-analysis are indicated by black arrowheads.
C. Northern blot analysis of dacB mRNA levels in total RNA preparation of S.
pneumoniae wild-type strain D39 and its isogenic dacB-mutant. Blots were incubated
with DIG-labeled RNA probes S37 and S38. nt, nucleotide.
D. Transcript length analysis of the putative dacB operon by RT-PCR. PCRfragments, generated from cDNA of strain S. pneumoniae D39 using the indicated
primer combinations, are shown. Primers are depicted in A
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4.3.2 Cloning and heterologous expression of the genes
dacA and dacB
For the generation of heterologous expression constructs of dacA (sp_0872 in TIGR4; nt 671185, amino acid residues 23-394) and dacB (sp_0629 in TIGR4; nt 58-717, amino acid
residues 20-238; nt 181-717, amino acid residues 61-238; nt 145-717, amino acid residues
49-238), the gene sequences were amplified from genomic DNA of the pneumococcal strain
TIGR4 without including the signal sequences by using the specific oligonucleotide pairs
DacA_1068/DacA_1069 (NheI/SacI), DacB_484/DacB_485, DacB_1082/DacB_485, and
DacB_1140/DacB_485 (NheI/HindIII). The PCR products were inserted in the modified
pET28 vector (Novagen) pTP1 using specific restriction sites (Figure 4.2). The modification
of the vector is based on the insertion of a TEV (tobacco etch virus) protease cleavage site
between the sequence encoding for the N-terminal His6-tag and the target gene allowing
cleavage of the His6-tag and the production of tag free recombinant target protein. All target
gene containing plasmids were verified by sequencing (Eurofins MWG Operon, Ebersberg,
Germany) and transformed into E. coli strain BL21 (DE3) for gene expression.

Figure 4.2:

Plasmid constructs for the heterologous expression of dacA (pMA923) and dacB
(pMA652).
The gene sequences were inserted into the expression vector pET28TEV (pTP1) using
specific restriction sites. The genes dacA and dacB are shown in green, the His6 tag
coding sequence in dark blue, and the TEV cleavage site in red. The open reading
frames (ORFs) of pET28 are shown in blue. The vector maps were created using
Clone Manager 5.

Recombinant DacA and DacB proteins with their N-terminal His6-tag were produced for
crystal structure analysis and functional studies. Because of a flexible region in the protein,
three different N-terminally truncated variants of DacB were produced, to improve
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crystallization and structure analysis of the protein. After gene expression in E. coli BL21
(DE3) affinity chromatography was employed for protein purification.
To produce the recombinant proteins, the LB cultures inoculated with the expression strain
were incubated at 30°C. Gene expression was induced with IPTG (isopropyl-β-D-1thiogalactopyranoside) at a final concentration of 1 mM. Purification of His6-tagged target
proteins from the total protein lysate was carried out using a HisTrap™ HP Ni-NTA column
and the "ÄKTA purifier liquid chromatography system" (GE Healthcare GmbH) according to
the instructions of the manufacturer (Figure 4.3).

Figure 4.3:

Elution profile of the preparative purification of His6-DacA and His6-DacB by
affinity chromatography.
Purification was carried out by HisTrap™ HP Ni-NTA column and the "ÄKTA purifier
liquid chromatography system". An increasing concentration of imidazole (green line)
leads to the elution of the proteins A. His6-DacA and B. His6-DacB. The detection of
the proteins was carried out by online measurement of the UV absorption at 280 nm
(blue line).
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The His6-tag of the purified recombinant proteins was removed by treatment with the TEV
protease and a second purification step using the HisTrap™ HP Ni-NTA column. The
purified, tag-free proteins DacA and DacB were dialyzed against 20 mM Tris-HCl (pH 8.0)
and used for the functional and structural analysis. From 1 L culture volume approximately 9
mg protein and a protein concentration of about 10-15 mg/mL were achieved for both, DacA
and DacB. The thermal stability of the proteins was analyzed by incubation at room
temperature and at 4°C. DacA and DacB remained stable at these temperatures over several
days and no protein degradation was observed. The purity of the proteins was significantly
higher than 95% and visualized by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie Brilliant Blue (CBB) staining or by immunoblot
analysis using mouse anti-DacA or anti-DacB specific antisera (Figure 4.4). The His6-tagged
DacA protein had a molecular weight of 43 kDa. His6-tagged DacB had a weight of 26.74
kDa, whereas the N-terminally truncated DacB variants had a weight of 22.29 kDa (I) and
23.49 kDa (II). After cleaving off the His6-tag the molecular weight of the proteins was
reduced by approximately 2 kDa. The highly purified, tag-free proteins were used for the
generation of antisera in outbred CD-1 mice against DacA and DacB. For this purpose, mice
were intraperitoneally immunized at different times with 100 µl (30 ug) with the recombinantly
produced proteins mixed 1:1 with incomplete Freund's adjuvant.
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Figure 4.4:

SDS-PAGE and immunoblot analysis of the recombinant DacA and DacB
proteins.
Protein production of His6-DacA and His6-DacB was induced by IPTG at a final
concentration of 1 mM. Total protein lysates and purified proteins were separated by
SDS-PAGE (12%) in A. for DacA and in B. for DacB. The polyacrylamide gel was
stained with Coomassie Brilliant Blue (CBB). The His6-tagged DacA and DacB proteins
were purified by affinity chromatography, the His6 tag was removed by TEV protease
cleavage. The proteins were detected by immunoblot analysis using mouse anti-DacA
and anti-DacB specific antisera. NI, not induced; IN, induced; rP, recombinant protein.

4.3.3 Generation of dacA and dacB mutants in
S. pneumoniae
The role of DacA and DacB in (patho) physiological processes such as peptidoglycan
synthesis, colonization and virulence of the human pathogen S. pneumoniae was studied
using isogenic mutants. The mutants were generated by insertion-deletion mutagenesis and
the principle of homologous recombination in different pneumococcal strains (Rennemeier et
al., 2007) (Table 6.3). In the in vitro experiments the isogenic mutants of the nonencapsulated pneumococcal strain D39Δcps were used. The mutants of encapsulated strain
D39lux, which has an inserted luxABCDE gene cassette and is therefore a bioluminescent
derivative, were used in the mouse infection experiments.
To construct the dacA- and dacB-mutants the dacA and dacB genes were amplified by PCR
with their 5'-and 3'-flanking homologous regions from genomic DNA of the pneumococcal
strain

TIGR4

using

the

specific

oligonucleotide

pairs

DacA_659/DacA_662

and

DacB_411/DacB_414, cloned into the commercially available vectors pLitmus28 (NEB) or
pGEM®-T Easy (Promega). The resulting plasmids pMA561 (pGEM®-T Easy-dacA) and
pMA574 (pGEM®-T Easy-dacB) were used as a DNA template for an inverse PCR with the
oligonuleotide pairs DacA_661/DacA_660 (SmaI) and DacB_413/DacB_412 (HindIII) to
remove the corresponding target gene. The inverse PCR products were treated with the
appropriate restriction enzymes and ligated with the amplified antibiotic resistance gene
cassettes coding for erythromycin resistance (ermB, ErmB_105/ErmB_106) or spectinomycin
resistance (aad9, Spec_117/Spec_118). The ligation was transformed into E. coli DH5α. The
resulting plasmids pMA902 (pLitmus®ΔdacA) and pMA647 (pGEM®-T EasyΔdacB) (Figure
4.5), which carry the mutated gene regions of dacA and dacB respectively, were used for the
transformation of different S. pneumoniae strains to get the single or ΔdacAΔdacB double
mutants.

The immunizations were performed under S2 conditions in the animal house of the Friedrich Loeffler Institute for Medical
Microbiology in Greifswald according to the Declaration on the care and use of animals. The animal experiments were approved
by the Animal Welfare Committee of the University of Greifswald and the state of Mecklenburg-Vorpommern, Germany
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Figure 4.5:

Plasmids for insertion-deletion mutagenesis of the dacA and dacB in
S. pneumoniae.
®
The plasmid pLitmus28ΔdacA (pMA902) and pGEM -T EasyΔdacB (pMA647)
were used for the deletion of the dacA and dacB genes via
homologous recombination in the S. pneumoniae genome. The sequences of dacA
®
and dacB, which were inserted in pLitmus28 and pGEM -T Easy
vectors respectively, were deleted by inverse PCR. The products of the inverse
PCR were ligated with the antibiotic resistance gene cassettes aad9 and ermB
respectively. The remaining sequence of the dacA and dacB genes is shown in
black, the flanking gene regions are shown in green and the antibiotic resistance gene
cassettes in red. The ampicillin resistance gene cassette (amp) of the plasmids
®
pLitmus28 and pGEM -T Easy is shown in blue. The vector map was created using
Clone Manager 5.

The homologous recombination of the flanking regions with the corresponding regions in the
genomic DNA of the parental strain led to the deletion of the individual genes (allelic
replacement) in the genome of S. pneumoniae (Figure 4.6). For each isogenic mutant, the
details about the flanking and deleted regions are shown in (Appendix 9.4.2).
The verification of the integrity of the antibiotic resistance gene cassettes in pneumococcal
mutants was carried out by PCR by amplifying the 5'- and 3'-flanking homologous regions of
the corresponding gene. Due to the size difference of the amplification products containing
the intact target gene or the gene replaced by the antibiotic resistance gene cassette, wildtype and mutants could be distinguished and the mutagenesis could be confirmed on the
molecular level (Figure 4.6 B).
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Figure 4.6:

Construction and verification of mutants in the dacA and dacB genes.
A. Genetic organization of dacA and dacB gene regions after insertion of the aad9
cassette and ermB cassette in dacA and dacB respectively.
B. Verification of the integrity of the dacB gene regions in the genomes of S.
pneumoniae strains D39 and TIGR4 and their isogenic dacB mutants by PCR
analysis. The mutagenesis of dacB has been confirmed by PCR with the combination
of oligonucleotide pairs DacB_411/DacB_414 in two different pneumococcal genetic
backgrounds, D39 and TIGR4. Insertion of the antibiotic resistance gene cassettes
was indicated by the size difference between the amplification products of the wildtype and the mutants.

4.3.4 Identification of the growth behavior of ΔdacA or/and
ΔdacB pneumococcal mutants
A possible impact of the deficiency in the Dac proteins on the growth of the ΔdacA, ΔdacB
and ΔdacAΔdacB mutants in comparison to the S. pneumoniae wild-type strains D39lux and
D39Δcps was investigated in both, complex medium THY and chemically defined medium
(CDM). To determine the growth behavior the optical density (OD600) of the liquid cultures
was measured at different time points. Interestingly, growth of ΔdacA and ΔdacB single and
double mutants was not affected in complex THY medium compared to the encapsulated
wild-type D39lux. However, in comparison to the parental strain D39Δcps the isogenic
mutants entered the stationary phase earlier and started autolysis. In contrast, a decreased
growth rate of the mutants was observed in CDM. In addition, lower bacterial densities were
reached in CDM compared to the parental strain (Figure 4.7).
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Figure 4.7:

Growth behavior of S. pneumoniae wild-type strains D39Δcps and D39lux and
their isogenic ΔdacA and ΔdacB single and double mutants.
The wild-type and the isogenic mutant strains were grown at 37°C and 5% CO2 in
complex THY medium A. and B. and in chemically defined medium (CDM) C. and
D. The mean of three individual growth experiments is shown. No significant
differences in the growth of the wild-type D39lux and ΔdacA and ΔdacB single and
double mutants were observed in THY medium. Deficiency in DacA and/or DacB had a
negative impact on growth in CDM.
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4.3.5 Surface localization of DacA and DacB of
S. pneumoniae
The pneumococcal D,D-carboxypeptidase DacA is anchored to the bacterial membrane
through a COOH-terminal amphiphilic helix, while DacB is according to the in silico and
proteome analysis a lipoprotein (Pribyl et al., 2014). Proper anchoring of lipoproteins requires
both, the lipoprotein-specific signal peptidase Lsp and the diacylglyceryl transferase Lgt.
Loss of Lgt leads to striking changes in the maturation and distribution of lipoproteins (Pribyl
et al., 2014). To assess the functional consequences of loss-of-function of the Lgt or Dac
proteins on DacB surface localization, peptidoglycan turnover and virulence, pneumococcal
mutants deficient in DacA, DacB, DacA and DacB, or Lgt and the parental nonencapsulated
D39 strain were employed. Immunoblot and flow cytometric analyses performed with specific
antisera generated in mice against the recombinant Dac proteins indicated the presence of
these carboxypeptidases in D39Δcps, but not in the respective Δdac-mutants (Figures 4.8 A
and B). In the Δlgt-mutant lipoproteins lack the lipid moiety and are thought to be not properly
anchored to the membrane. Flow cytometry, employed to analyze the surface localization of
the Dac proteins, indicated a less efficient anchoring of DacB to the pneumococcal
membrane in the Δlgt-mutant. In contrast, the surface presence of DacA was not affected
(Figure 4.8 A). The immunoblots showed, in addition, a slightly larger form of the DacB
protein for the Δlgt-mutant compared to the parental strain, indicating the presence of
unprocessed lipoprotein precursor containing the signal peptide. The demonstrated protein
pattern for DacB suggests the presence of mature lipid-anchored protein in D39Δcps and a
lower amount of DacB precursor in the isogenic Δlgt-mutant. The results revealed that DacB,
in contrast to DacA, behaves like a typical lipoprotein, and that both Dac proteins remained
displayed on the pneumococcal surface, albeit to a varying amount, when Lgt is inactive
(Figure 4.8).
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Figure 4.8:

Expression and localization of DacA and DacB proteins in pneumococcal
mutants.
A. Flow cytometric analysis was used to investigate the surface localization of DacA
and DacB. Histograms on the left: wild-type and isogenic ΔdacA- and Δlgt-mutants
were incubated with anti-DacA antibody or PBS followed by detection using a goat
anti-mouse IgG coupled Alexa-Fluor-488. Histograms on the right: wild-type and
isogenic ΔdacB- and Δlgt-mutants were incubated with anti-DacB antibody or PBS
followed by detection using a goat anti-mouse IgG coupled Alexa-Fluor-488. The
increase of fluorescence intensity (FL-1-H) in the histograms indicates the presence of
the DacA and DacB proteins on the surface of nonencapsulated D39 pneumococci,
while mutants and control treated pneumococci do not show an increase in
fluorescence intensity. The wild-type related histogram of D39ΔcpsΔlgt
after incubation with anti-DacA antibody confirms the non-lipoprotein nature of DacA.
The reduced increase in fluorescence intensity of D39ΔcpsΔlgt after incubation with
anti-DacB antibody confirmed the lipoprotein nature of DacB and indicated a lower
abundance of DacB confirming the immunoblot analysis.
B. DacA and DacB expression in the parental strain D39Δcps and isogenic mutants
D39ΔcpsΔlgt, D39ΔcpsΔdacA, D39ΔcpsΔdacB, and D39ΔcpsΔdacAΔdacB was
investigated by immunoblot analysis using bacterial lysates and specific polyclonal
mouse antibodies raised against pneumococcal DacA (SPD_0767) and DacB
(SPD_0549). Enolase was used as a control and detected with the specific rabbit antienolase antibodies generated against the pneumococcal enolase.
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4.3.6 Morphological changes of D39Δcps and the ΔdacA,
ΔdacB single and double mutants
The deficiency of DacA and DacB affects the pneumococcal cell shape and division
processes (Barendt et al., 2011). Scanning (SEM) and transmission electron microscopy
(TEM) showed that D39Δcps exhibits the typical pneumococcal morphology of a more
ellipsoid than sphere-like Gram-positive bacterium with a mid-cell dividing and no variations
in length and width of pneumococci (Figure 4.9A). However, SEM and TEM also confirmed
changes in the cell morphology of ΔdacA, ΔdacB, ΔdacAΔdacB pneumococci (Figure 4.9A).
Mutants deficient in DacA or DacB show a highly variable length and width of bacteria and a
high number of bacteria exhibit an unusual cell division process. Especially the loss of DacB
results in non-midcell dividing pneumococci (Figure 4.9A). Importantly, growth of the mutants
is not affected in complex media like THY. In contrast, the growth rate is decreased in CDM
and lower bacterial densities are reached in comparison to the parental strain (Figure 4.7).
The ultrathin sections showed a further phenomenon. In mutant strains the content of the
cytoplasm is often less dense compared to the wild-type bacteria, most likely due to starting
autolysis of the bacteria. Although DacA and DacB are present on the pneumococcal surface
of D39Δlgt the loss of Lgt is also accompanied by morphological changes resulting in larger
pneumococci accompanied by a less dense cytoplasm. The ultrathin sections reveal two
different populations within the culture. Dividing of the cells occurs in the midcell region
(Figure 4.9B).

4.3.7 The influence of altered pneumococcal morphology
on antibiotic susceptibility and surface protein
architecture
The altered cell morphology is probably accompanied by a lower integrity of the PGN, which
in turn may also influence the susceptibility of pneumococci against antibiotics and
decoration of the cell surface with proteins. The minimum inhibitory concentrations (MICs)
were determined for ampicillin, cefotaxime, ceftriaxone, and vancomycin. The susceptibility
against the -lactam antibiotics was not affected. However, pneumococci deficient in one of
the carboxypeptidases showed a higher susceptibility against vancomycin, which binds to the
D-alanyl- D-alanine

portion of cell-wall precursors (Table 4.3). Differences in the protein

content of dac-mutants compared to the parental strain D39Δcps was assessed by
immunoblot analysis using whole pneumococcal cell lysates and specific antibodies
generated against the selected surface proteins.
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Figure 4.9:

Morphological changes induced by loss of DacA, DacB and Lgt.
A. FESEM analysis reveals that loss of DacA and DacB results in the formation of
unusual dividing cells (see arrows) and the formation of larger pneumococci cells.
Especially the loss of DacB results in the formation of non-midcell dividing
pneumococci. In addition, the content of the cytoplasm in the mutant strains is less
dense compared to the wild-type.
B. Loss of Lgt is also accompanied by morphological changes resulting in slightly
larger pneumococci with less dense cytoplasm. The ultrathin sections reveal two
different populations within the culture. Dividing of the cells is in the midcell region.

Pneumococci produce at least three classes of classical surface proteins, namely cholinebinding proteins (e.g. PspC), sortase-anchored surface proteins (e.g. PavB) and lipoproteins
(e.g. Etrx2, PpmA, and PsaA) (Bergmann and Hammerschmidt, 2006, Jensch et al., 2010,
Saleh et al., 2013). The surface abundance of the choline-binding protein PspC and of the
lipoproteins Etrx2, PpmA, and PsaA is not significantly altered in dac-mutants. In contrast,
the PavB-immunoblot suggests a slightly lower surface abundance of the sortase-anchored
PavB on all dac-mutants (Figure 4.10A). Because the deposition of the capsular
polysaccharide (CPS) may also be affected in mutants deficient for the D,D- or
L,D-Carboxypeptidase,

the amount of CPS on the wild-type D39 was compared with the CPS

levels in the isogenic dac-mutants. Immunofluorescence microscopy indicated the presence
of the CPS on all three dac-mutants and, more importantly, flow cytometric analyses
demonstrated similar amounts of CPS on the dac-mutants compared to S. pneumoniae D39
(Figures 4.10B-D).

The scanning and transmission electron microscopy were carried out in cooperation with Prof. Dr. Manfred Rohde (Helmholtz
Centre for Infection Research, Braunschweig.
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Table 4.3:

Antibiotic susceptibilities of pneumococcal dac-mutants.
MIC (µg|ml)

Antibiotics

D39

Ampicillin
Cefotaxime
Ceftriaxone
Vancomycin

 0.25
 0.12
 0.12
 0.5

D39ΔdacA
 0.25
 0.12
 0.12
 0.25

D39ΔdacB
 0.25
 0.12
 0.12
 0.25

D39ΔdacAΔdacB
 0.25
 0.12
 0.12
 0.25

The interpretation of antibiotic susceptibility was carried out according to the European Committee on Antimicrobial
Susceptibility Testing (ECAST) standard.

Figure 4.10:

Phenotypic changes induced by loss of DacA and DacB.
A. Effect of loss-of-function of carboxypeptidases on the abundance of surface
proteins. The protein levels of the choline-binding protein PspC, lipoproteins Etrx2,
PpmA and PsaA, and the sortase-anchored PavB protein were analysed by
immunoblotting using whole cell lysates and specific primary antibodies. The
intracellular enolase was used as loading control.
B-D. The relative amount of serotype 2 capsular polysaccharide (CPS) was
measured by flow cytometry using an anti-serotype 2 specific antiserum and a goat
anti-rabbit IgG coupled Alexa-Fluor-488. The similar increase of fluorescence intensity
(FL1-H) measured for the wild-type D39 and isogenic mutants indicate similar
amounts of CPS in the surface of all tested pneumococci (D and E). Shown are
results of a representative experiment. The immunofluorescence microscopic images
(F) indicate the presence of CPS on all pneumococci of the entire populations.

49

RESULTS

4.3.8 Influence of DacA and DacB on the peptidoglycanpeptide composition
To assess the peptidoglycan-peptide composition of the different isogenic mutants
(D39ΔcpsΔdacA, D39ΔcpsΔdacB, D39ΔcpsΔdacAΔdacB, D39ΔcpsΔlgt) of the parental wildtype strain D39Δcps and to decipher the effect of the reduced amount of DacB in the lgtmutant, PGN-peptides have been released from pneumococcal cell-walls by digestion with
the pneumococcal autolysin LytA. A schematic representation of the pneumococcal PGNpeptides including the action-sites of D,D- and L,D-carboxypeptidases, respectively, is
depicted in (Figure 4.11A). The structures of all identified PGN-peptides are depicted in
(Appendix: 9.8.1 and 9.8.2). Using size exclusion chromatography, two pools could be
generated for each strain, containing the dimeric and/or monomeric peptidoglycan derived
peptides shown for D39ΔcpsΔdacB in (Figure 4.11B). This allowed an easy investigation of
the PGN-type displayed by these strains using high-resolution mass spectrometry (Figures
4.11C and D, Appendix: 9.8.3-9.8.7 and 9.8.10) and reversed-phase HPLC (Appendix: 9.8.8
and 9.8.10).
Our analysis confirmed the previously published PGN-types for wild-type pneumococci
(Garcia-Bustos et al., 1987, Severin et al., 1992, Severin and Tomasz, 1996, Bui et al., 2012)
and for ΔdacA, ΔdacB, and ΔdacAΔdacB mutants (Figure 4.11E) (Barendt et al., 2011). Most
interestingly, analysis of the PGN-peptides isolated from the mutant deficient in the
diacylglyceryl transferase Lgt, which catalyzes the covalent attachment of the lipid anchor to
the DacB precursor, revealed a highly similar PGN-type as the parental strain D39Δcps
(Figure 4.11E). This clearly indicates that lipidation and proper anchoring is not essential for
L,D-carboxypeptidase

activity of DacB. Furthermore, some wild-type PGN-peptides were

present in the dacA-mutant (peptides 1, 9, and 12A/12A’/12B). All observed PGN-peptides in
the dacB-mutant reflect the expected PGN-type of this mutant having always a tetra-peptide
as stem-peptide. In the double-mutant (ΔdacAΔdacB) the dacB-PGN-type peptides 2 and
10 were also present. In contrast wild-type PGN-peptides as identified in the single dacAmutant could not be identified in the double-mutant. This observation suggests the presence
of a second, so far cryptic D,D-carboxypeptidase (with lower efficiency as dacA), which is
probably active in the absence of dacA.

The analysis of peptidoglycan-peptide composition was carried out in cooperation with Dr. Nicolas Gisch (Division of
Bioanalytical Chemistry, Research Center Borstel)
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Figure 4.11:

Analysis of S. pneumoniae peptidoglycan (PGN)-peptides.
A. Schematic structure representation of monomeric and dimeric (directly or
dipeptide- bridge cross-linked) pneumococcal PGN-peptides. Places of action of D,Dcarboxypeptidases (D,D-CPase) and L,D-carboxypeptidases (L,D-CPase) in PGN
turnover are indicated, respectively.
B. Representative gel permeation chromatography (GPC) of LytA-digested
pneumococcal cell-walls, here from S. pneumoniae D39cpsdacB. The indicated
pool 1 contains mainly the dimeric peptides, whereas the monomeric peptides
predominantely elute in pool 2.
C. and D. ESI-MS spectra of PGN-peptides isolated from S. pneumoniae
D39cpsdacB, GPC pool 1 (see B) (C) and D39cpslgt, GPC pool 1 (D),
respectively. The majority of significant signals could be assigned to PGN-peptides (*
background signal), mass accuracy is given in ppm. Peak assignment is based on the
HPLC profiles shown in (Appendix: 9.8.8 and 9.8.10) as well as ESI-MS/MS analysis.
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E. The identified peptides of all investigated strains are summarized and rated,
including schematic structure and number. Peptides belonging to a specific “PGNtype” have been colored: WT (green), D,D-CPase impaired (yellow), L,D-CPase
impaired (red); ++ = main component in HPLC profiles; + = significantly detected in
HPLC and/or MS (>5% rel. intensity); empty table element = peptide has not been
observed. It is obvious, that the lgt mutant strain comprises WT PGN-peptides. All
identified peptides in D39cpsdacB have as expected a tetrapeptide as stem
peptide. The major compounds identified in strains D39cpsdacA and
D39cpsdacAdacB comprise a pentapeptide as stem peptide. Interestingly, in the
single dacA-mutant still some WT PGN-peptides are detectable, whereas in the
double mutant some peptides belonging to the dacB-PGN-type could be observed.
The structures of the identified PGN-peptides including their calculated exact masses
are depicted in (Appendix: 9.8.1 and 9.8.2), all MS spectra of the investigated strains
including signal assignment and their detailed discussion can be found in (Appendix:
9.8.3-10).

4.3.9 Influence of the Dac proteins on the course of
infection in the acute pneumonia mouse model
The acute pneumonia mouse model of infection was applied to assess the role of DacA and
DacB in pneumococcal colonization and lung infection. CD-1 outbred mice (n=10) were
challenged intranasally with 1.0 x 107 bioluminescent wild-type D39lux or its isogenic mutants
D39luxΔdacA, D39luxΔdacB, and D39luxΔdacAΔdacB, respectively. As monitored by realtime bioimaging mice infected with the bioluminescent wild-type or the mutant deficient in
DacA showed the first signs of pneumococcal spread into the lungs 32 h or 40 h postinfection (Figure 4.12A). This was followed by a remarkable increase of bioluminescence in
the lungs, which correlated with a strong increase in bacterial load in the lungs. In contrast,
the increase of bioluminescence in the lungs of mice infected with the D39luxΔdacB single
mutant and the D39luxΔdacAΔdacB double mutant, respectively, was substantially delayed
(Figure 4.12). This delay in the development of pneumococcal pneumonia and septicemia
after intranasal infection suggested in particular an attenuation of virulence for the
D39luxΔdacB-and the D39luxΔdacAΔdacB-mutants. Although the ΔdacA-mutant showed no
significant difference in bioluminescence compared to the isogenic wild-type D39lux, there
was also a slight delay (Figure 4.12C). The major proportion of ΔdacA-mutant infected mice
developed sepsis due to severe pneumonia 56 h post-infection, while the wild-type
developed this stage already 40 h post-infection (Figure 4.12B). Mice infected with the
ΔdacB-mutant or the ΔdacAΔdacB double mutant developed pneumonia, visible 40 h postinfection, however, spread into the bloodstream was significantly lower compared to the wildtype and the ΔdacA-mutant (Figures 4.12A and C). The real-time monitoring and
quantification of bioluminescence correlated with the survival rates of mice. The intranasal
infection with the D39luxΔdacB- and D39luxΔdacAΔdacB-mutants prolonged significantly the
survival time of mice (P<0.01 and 0.02, respectively), whereas survival of mice infected with
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the DacA-deficient strain was not significantly altered compared to mice infected with the
wild-type (Figure 4.12B). Taken together, the in vivo infections suggest that loss of DacA
affects virulence. However, the loss-of-function of the DacB lipoprotein had a significantly
higher impact on spread of pneumococci from the nasopharynx into the lungs and blood.

Figure 4.12:

Impact of DacA and DacB on pneumococcal lung infections in mice.
A. and C. Real-time monitoring of pneumococcal dissemination observed by
bioluminescent optical imaging. After intranasal infection of CD-1 mice (n=10)
multiplication and dissemination of bioluminescent D39lux, D39luxΔdacA,
D39luxΔdacB, or D39luxΔdacAΔdacB was analyzed at indicated time points by
determination of the luminescence intensity (photons/second) measured with the
®
IVIS Spectrum system. The bioluminescent flux of grouped mice is shown for
indicated time points in the box whisker graph.
B. Survival of CD-1 mice after intranasal infection with S. pneumoniae. Groups of
7
mice (n=10) were intranasally infected with 10 CFU of S. pneumoniae D39 wild-type
or its isogenic dacA-, dacB-mutant, or ΔdacAΔdacB double mutant.

In vivo infection experiments were carried out in a closed system under S2 conditions in the animal house of the Friedrich
Loeffler Institute for Medical Microbiology in Greifswald in accordance with the Declaration on the care and use of animals. The
animal experiments were approved by the Animal Welfare Committee of the University of Greifswald and the state of
Mecklenburg-Vorpommern, Germany.
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4.3.9.1 Loss of DacA and DacB impair
survival pneumococci in macrophages

the

intracellular

The acute pneumonia model suggested that Δdac-mutants possess a lower capability to
resist the immune defense mechanisms of the host. To evaluate the influence of DacA and
DacB on internalization by professional phagocytes and their ability to survive intracellularly,
murine macrophages J774A.1 were infected with D39Δcps and its isogenic ΔdacA, ΔdacB
single mutants and ΔdacAΔdacB double mutant. The number of recovered survivors was
determined by killing extracellular bacteria 30 min post-infection by antibiotic treatment.
Subsequently, surviving intracellular pneumococci were recovered and their number was
determined by plating on blood agar plates. The results revealed a significantly lower number
of recovered ΔdacA and ΔdacB single and double knockout mutants compared to the
parental strain D39Δcps (Figure 4.13B) and (Table 9.9.1) in Appendix. However, the
enumeration of the ΔdacA-, ΔdacB- and ΔdacAΔdacB-mutants internalized by macrophages
using immunofluorescence microscopy showed no significant differences compared to the
D39Δcps wild-type (Figures 4.13A and C). To solve the inconsistencies between the
antibiotic protection assay and immunofluorescence microscopy, the viability of phagocytized
pneumococci was investigated by live/dead staining of intracellular pneumococci (Figure
4.13D). The results revealed that the ability to survive inside the phagocytes was significantly
reduced for the ΔdacA, ΔdacB- and ΔdacAΔdacB-mutants, respectively, when compared to
the survival of the parental strain. These results indicated that the impaired cell division
affects the intracellular fate of pneumococci in professional phagocytes.
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Figure 4.13:

Effect of DacA and DacB deficiency on uptake of S. pneumoniae D39 by
professional phagocytes.
A. J774 murine macrophages were infected for 30 min with nonencapsulated D39 or
isogenic Δdac-mutants. The multiplicity of infection was 50 bacteria per cell. The
recovery of intracellular pneumococcal survivors was quantified by applying antibiotic
protection and plating the bacteria on blood agar plates. Experiments were done at
least three times in triplicate and data represent the mean ± SD. The number of
5
recovered intracellular wild-type pneumococci per 10 phagocytes was set to 100%.
*P < 0.05, and ***P < 0.001.
B. The number of intracellular pneumococci was determined by immunofluorescence
microscopy. At least 100 phagocytes were counted. Results show the mean ± SD.
The results showed no significant differences between the strains.
C. Immunofluorescence microscopy of pneumococci attached (green) to J774
macrophages and phagocytized, intracellular pneumococci (red) 30 min postinfection. Attached bacteria were stained with Alexa 488 (green), while intracellular
bacteria were stained with Alexa 568 (red).
D. Live/dead staining of phagocytized pneumococci. J774A.1 murine macrophages
were infected for 30 min with parental non-encapsulated D39 or its isogenic mutants:
ΔdacA, ΔdacB and ΔdacAΔdacB. Viable bacteria are only stained with SYTO9 (green
fluorescence), while dead bacteria appear red fluorescent as stained with propidium
iodide.
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4.3.10

Deficiency in Dac proteins leads to reduced
pneumococcal adherence

The in vivo infections further suggested that the loss of carboxypeptidase function is not only
associated with changes in the cell shape and division, but may be also associated with a
reduced ability of the Δdac-mutants to adhere to host cells, thereby reducing the efficiency of
colonization and spread into the lungs. To assess the effect of Δdac-mutations on
adherence, alveolar lung epithelial cells A549 were infected with D39Δcps or the isogenic
ΔdacA-, ΔdacB-, and ΔdacAΔdacB-mutants. Loss of both Dac-proteins and the individual
proteins, respectively, resulted in a significant reduction of adherence compared to the
parental strain D39Δcps (Figures 4.14A and B) and (Table 9.10.1) in Appendix. Antibiotic
protection assays were conducted to quantify the effect of DacA and DacB on pneumococcal
adherence and internalization by epithelial cells. Similar to the adherence, the results
revealed a significant reduction of recovered intracellular ΔdacA-, ΔdacB-, and ΔdacAΔdacBmutants compared to the parental strain D39Δcps (Figure 4.14C). Because the rate of
reduction was almost similar to the reduced number of adherent pneumococcal mutants, the
results suggested that the impaired adherence of DacA- and/or DacB-deficient strains
caused this reduction in pneumococcal uptake by and recovery from host cells (Figure 4.14).
However, a decreased ability to survive intracellularly may also lead to the lower numbers of
recovered survivors. The phagocytosis and adherence assays demonstrate that an impaired
cell division decreases adherence and accelerates killing by phagocytes, which in
combination results in an attenuation under in vivo condition.
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Figure 4.14:

Impact of DacA and DacB on pneumococcal adherence and invasion.
A. Pneumococcal adherence to human epithelial cells A549 was quantified 3 h postinfection by plating attached and intracellular pneumococci and colony counting.
Results are presented as the mean ± SD for at least three independent experiments.
*P < 0.05, and ***P < 0.001 relative to the parental pneumococcal strain.
B. Immunofluorescence images of pneumococci attached to lung epithelial cells A549
after 3 h of infection. Adherent pneumococci were stained with anti-pneumococci
antiserum followed by secondary Alexa 488 conjugated anti-Ig antibody.
C. Invasion and intracellular survival of pneumococci in A549 epithelial cells 3 h postinfection as quantified by the antibiotic protection assay. The value of intracellular
5
recovered nonencapsulated D39 survivors isolated from 2 x 10 A549 cells was set to
100%. **P < 0.05 and ***P < 0.001 relative to D39Δcps.
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4.3.11

Comprehensive
lipoprotein

structure

analysis

of

DacB

The S. pneumoniae DacB protein consists of a single chain of 238 residues divided into an
N-terminal region (from residue 1 to 55) and a catalytic domain (residues 55 to 238) (Figures
4.4 and 4.15). The N-terminal region is composed of a transmembrane helix covering the first
15-20 residues (predicted by TMpred and PSIPRED; (Buchan et al., 2013, Hoffman and
Stoffel, 1993) followed by a disordered region that extends up to Ala55 (disorder probability
>70%, according to DISOPRED2, PONDR-FIT and DisEMBL; (Ward et al., 2004, Xue et al.,
2010, Linding et al., 2003). The catalytic domain covers from Ala55 to the C-terminus. Three
different constructs were done in order to solve the crystal structure of DacB, the final model
presenting the complete catalytic domain (residues 55-238).

Figure 4.15:

Sequence and secondary structure elements of S. pneumoniae DacB.
Sequence of S. pneumoniae DacB showing the secondary structure elements, the
β5- 4 loop is colored in green and residues involved in coordination of catalytic
2+
Zn are inserted in red boxes. Secondary structural elements are represented for
chain A (chain B presents 4 helix with four residues more).

The catalytic domain shows a globular folding that belongs to the + class. The protein
presents a small region formed by three-stranded antiparallel  sheet (1-3) and the
catalytic core that is formed by a 4-stranded antiparallel  sheet (4-7) surrounded by seven
-helices (1-7) and two 310 helices (310-1, 310-2) (Figures 4.16A and B). Two independent
monomers were found in the asymmetric unit. Interestingly, while both chains present overall
the same structure (root mean squared deviation, rmsd, of 0.166 Å), remarkable differences
are observed in the region comprising the loop connecting 5 and 4 that dramatically alters
the active site cavity as it will be detailed below. Contacts between both chains are weak and
owing to the crystal packing, hence no dimer is expected in vivo (as confirmed by the PISA
server; (Krissinel and Henrick, 2007).
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A search for the closest structural relatives by using the DALI server (Holm and Rosenstrom,
2010)

reveals

that

VanY-like

L-lysyl-D-alanine

carboxypeptidase

(BaLdcB)

from

Bacillus anthracis (PDB code 4MPH, Z score of 20.3 and rmsd of 1.8 Å for 184 Cα atoms) is
the protein with the highest similarity to DacB. Two other related proteins, the D-alanyl-Dalanine carboxypeptidases VanXYc from Enterococcus gallinarum (PDB code 4MUS, Z
score of 18.2 and rmsd of 2.1 Å for 188 Cα atoms) and VanXYg from Enterococcus faecalis
(PDB code 4F78, Z score of 15.8 and rmsd of 2.4 Å for 251 Cα atoms) also showed a high
structural similarity. The general folding and catalytic site is highly conserved among these
proteins.

A

B

Figure 4.16:

Crystal structure of lipoprotein DacB.
2+
A. General fold of DacB, showing the catalytic cavity and the coordinated Zn (red
sphere). The helices flanking the active site are labebeled.
B. Topology diagram of the DacB protein. The catalytic domain comprises from
residues 55 to 238. The disordered N-terminal region (residues 20-55) and the
transmembrane helix (residues 1-20) are represented as dashed lines.
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However, there are three regions in which differences are significant (Figure 4.17). First, the
loop connecting 5 and 4 is shorter in DacB than in VanXYc/g and does not cover the
whole catalytic site. Interestingly, while the structurally-related D,D-carboxypeptidases
(VanXYc, VanXYg) present a long 5-4 loop, the L,D-carboxypeptidases (DacB and
BaLdcB) present a short 5-4 loop (Figure 4.17). A relevant difference between DacB and
its structural homologues is that BaLdcB and VanXYc/g presents a 20-aa long loop just
before 1; this loops shape the active site in these enzymes. DacB lacks this loops resulting
in a wider active site (Figure 4.17).

Figure 4.17:

Structural comparison of DacB (chain A) with its closest homologues.
The crystal structures of BaLdcB (cyan, PDB code 4MPH), VanXYc (grey, PDB
code 4MUS) and VanXYg (white, PDB code 4F78) are superimposed with DacB
(orange, PDB code 4D0Y). The β5-4 loop is different between D,Dcarboxypeptidases (VanXYc and VanXYg) and L,D-carboxypeptidases (DacB and
BaLdcB). In BaLdcB, VanXYc and VanXYg enzymes there is an extra-loop before
1 that is not present in DacB.

Structural comparison reveals that DacA presents both a completely different fold and
different catalytic machinery (Figure 4.18). DacA folds into an N-terminal,

D,D-

carboxypeptidase-like domain, and a C-terminal, elongated beta-rich region (Morlot et al.,
2005). The carboxypeptidase domain harbors the classic signature of the penicilloyl serine
transferase superfamily, in that it contains a central, five-stranded antiparallel beta-sheet
surrounded by -helices.

The crystallization experiments and the structural elucidation of the DacB lipoprotein were carried out in collaboration with the
working group of Prof. Dr. Juan A. Hermoso (Department of Crystallography and Structural Biology, Instituto Quimica-Fisica
"Rocasolano", CSIC, Spain) and were performed by Javier Gutiérrez-Fernández.
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The active site of DacA is defined by three conserved structural motifs: SXXK (Ser56-Ile57Thr58-Lys59), which includes the nucleophilic Ser56 residue, the SXN motif (Ser119-Ala120Asn121) and K(T/S)G motif (Lys239-Thr240-Gly241) (Morlot et al., 2005) (Figure 4.18).
Class A -lactamases present the so-called omega-like loop that harbor residues required
both for maintenance of active site topology and for enzymatic activity. It has been reported
that in D,D-carboxypeptidases from species whose stem peptide has a lysine residue at the
third position, as in S. pneumoniae, the omega-like loop has a 14-residue insertion, a feature
that distinguishes it from D,D-carboxypeptidases from bacteria whose peptidoglycan harbors
a diaminopimelate moiety at this position (Morlot et al., 2005). DacB does not have a
remnant of the omega-like loop (Figure 4.18). Electrostatic potential on the molecular surface
is also different between DacA and DacB carboxypeptidases (Figure 4.19). DacA presents a
constrained active site with a strong basic character while DacB presents a long groove with
a mainly acidic-character (Figure 4.19).

A

B

Figure 4.18:

Structural comparison between S. pneumoniae DacB and DacA.
2+
A. Overall structure and catalytic site composition in DacB. Zn atom is shown in
red. Relevant residues conforming the DacB active site are labeled and represented
in sticks. Phosphate molecule attached to the active site of DacB is represented in
sticks.
B. Overall structure of DacA. Relevant residues conforming the DacA active site are
labeled and represented in sticks. Sulphate molecule attached to the active site of
DacA is represented in sticks. The critical omega-like loop is labeled.
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Figure 4.19:

4.3.12

Electrostatic potential on the molecular surfaces of DacB and DacA.
Electrostatic potential on the molecular surface is colored in blue for basic regions
and in red for acidic regions. The substrate-binding sites in DacB and DacA are
indicated by dashed boxes. DacB presents a more acidic character in agreement
with recognition of the basic L-Lys residue while DacA presents a strong basic
character that would recognize the carboxy terminal moiety and, at the same time,
would impede the interaction of the L-Lys residue from the peptide stem.

The catalytic machinery and substrate bindingsite in DacB

The active site of DacB (Figure 4.20) is formed by a Zn2+ ion tetrahedrically coordinated by
two histidines (His153 and His207, located in 310-1 and 7, respectively) and an aspartic acid
(Asp160, located in 5). Coordination is completed by an OH moiety from a phosphate
molecule, very likely bound during the purification step. By analogy with other Zn-dependent
metallopeptidases (Meziane-Cherif et al., 2014), the presumed catalytic acid/base would be
Glu204 that is also interacting with the phosphate molecule found in the active site of DacB.
The stabilization of the negative charge at the tetrahedral center in the transition state is
performed by Arg120 as also observed in other related enzymes (Korndorfer et al., 2008).
The position of this Arg residue is fixed through a H-bond interaction with Gln125 (Figure
4.20).
The catalytic machinery of DacB is located in the middle of a large groove built by the central
beta-sheet and flanked by helices  and 3 from one side, and by helices  and from
the other (Figure 4.16A). In chain B, presenting the largest active site, the binding site cavity
is 24 Å long and 15 Å wide, while in chain A, presenting a closed conformation, the binding
site presents the same length but is just 10 Å wide (Figure 4.20B and figure 4.21). Structural
differences observed in both chains are profound and concern not just a different
conformation for the 5–4 loop but also a rearrangement of helix 4 (Figure 4.20B and
Figure 4.22). The ‘open’ conformation (chain B) presents a long 4 helix starting at Leu168
to Tyr185, while in the ‘closed’ conformation (chain A) this helix starts in residue Glu172 to
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Tyr185. This structural rearrangement produces large movements in critical residues forming
the substrate-binding site. In the open conformation the side-chain of Leu168 is 20 Å far from
the catalytic Zn2+, while in the closed conformation is just 7 Å far (Figure 4.23). The Trp206
residue is inserted in a hydrophobic pocket in the open conformation. In the closed
conformation another residue (Val167) is filling this hydrophobic pocket, the Trp206 residue
protruding into the active site in close proximity of the catalytic cation (Figure 4.23).
Very recently the crystal structures of vancomycin resistance D,D-peptidases VanXYC and
VanXYG have been reported (Meziane-Cherif et al., 2014). The crystal structures present a
long  loop that covers the active site creating a constricted active site in which the
D-Ala-D-Ala

substrate can be hydrolyzed (Figure 4.21 and 4.22). Crystallization of these

enzymes in complex with their substrate D-Ala-D-Ala and with a phosphinate transition state
analog provided the key residues for substrate specificity for these enzymes (Meziane-Cherif
et al., 2014).

A

Figure 4.20:

B

DacB catalytic site.
A. Detail of the catalytic cavity of the ‘open’ conformation of DacB (chain B),
2+
showing the Zn (red sphere) coordinated by His153, Asp160, His207 and a
phosphate molecule. Other residues involved in catalysis and substrate
recognition are shown in sticks and properly labeled. In this conformation,
Trp206 is oriented towards the - loop, widening the cavity.
B. Structural changes between the “open” and “closed” conformations of DacB.
Superimposition of the ‘open’ conformation (chain A, blue) and the ‘closed’
conformation (chain B, orange), showing the rearrangement of the - loop.
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Figure 4.21:

Substrate-binding sites in DacB and VanXYg.
A. the molecular surface of the DacB ‘open’ conformation is represented with the 2+
 loop colored in green. The Zn ion and the phosphate molecule in the catalytic
groove are also depicted.
B. the molecular surface of the DacB ‘closed’ conformation is represented with the 54 loop colored in green. Dimensions for the binding site are indicated for DacB.
C. Molecular surface for VanXYg showing that, instead of a groove, the catalytic site
is only accessible through a narrow tunnel. D-Ala- D-Ala is substrate is shown in
sticks. The 5-4 loop colored in green.

64

RESULTS

Figure 4.22:

Structural comparison of loop β5-4 in S. pneumoniae DacB and
E. gallinarum VanXYc.
Superposition of the closed conformation of DacB (chain A, colored in yellow) with
the open conformation of DacB (chain B, colored in blue) and VanXYc in complex
with D-Ala-D-Ala (PDB code 4OAK, in grey). The D-Ala-D-Ala substrate is
represented in pink sticks. While VanXYc shows a long loop covering the catalytic
cavity, DacB presents two different conformations for the loop providing two
different conformations for the active. Catalytic cations are represented as spheres.

Figure 4.23:

Different structural rearrangement for β5-4 loop between the open (blue) and
closed (yellow) DacB conformations.
Superposition of DacB in the open conformation (chain B, blue) and in the closed
2+
one (chain A, yellow). Residues involved in Zn coordination, the residues of the
β5-4 loop and the Trp206 are represented in sticks. Important structural changes
are observed between the open and closed conformation, the largest change
corresponding to Leu168 (dashed line). The loop rearrangement also affects the
side chain conformation of Trp206, which rotates about 90º to approach the active
site.
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In order to gain insights into the substrate recognition by DacB, a model of the L-Lys-D-Ala
substrate was created by direct superimposition of the VanXYC:D-Ala-D-Ala complex onto the
DacB structure (Figure 4.24). Interestingly, the closed conformation of DacB (chain A) is
closer to that observed in the VanXYC:D-Ala-D-Ala complex than chain B (especially marked
in residues like Trp206) and therefore we used chain A for the comparison. While DacB
presents a similar substrate-binding pocket than VanXYC to stabilize the terminal D-Ala
(corresponding to the fifth peptide in the VanXYC and the fourth in the DacB peptidase),
DacB presents a larger binding site to accommodate the L-Lys (Figure 4.24). Residues that
stabilize the main chain of the substrate dipeptide in VanXYC: D-Ala-D-Ala complex are also
conserved in DacB. Specifically, Gln125 and Ser151 could interact with the C-terminus of DAla. The catalytic Glu204 and the Trp206 (as observed in the chain A but not in the chain B)
could also play a relevant role in substrate stabilization. DacB presents a specific pocket to
accommodate the side-chain of L-Lys that could interact with Ser145, a residue present in
DacB but not in VanXYc (Val87) in agreement with the different specificity in both enzymes.
It is worth to mention that the L conformation of the substrate to be hydrolyzed in DacB
versus the D conformation in VanXYC provides clues about the different positioning of the
peptide-stem in both enzymes. While in VanXYC the remaining substrate (the stem-peptide)
should be oriented towards the entrance of the tunnel, in DacB the remaining peptide stem
should be located in the unique exposed groove found in the crystal structure of DacB.

Figure 4.24:

DacB: L-Lys-D-Ala computational model.
Superimposition of DacB ‘closed’ conformation (chain B, colored in orange) with the
complex VanXYg: D-Ala- D-Ala (colored in white) and a computational model of L-LysD-Ala. A dipeptide L-Lys- D-Ala (green sticks) has been built by changing the chirality
of the first D-Ala to L-Ala, then adding the side chain of a lysine residue. Potential
polar interactions between the substrate and the DacB cavity are indicated by dashed
lines.
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4.4 Molecular and functional characterization of
the Pneumococcal calycin fold containing
Lipoprotein PccL
4.4.1 Molecular analysis of the pccL gene region in
S. pneumoniae
The organization of the pccL (sp_0198 in TIGR4 and spd_0184 in D39) genomic region in
S. pneumoniae strains was studied in silico, by reverse transcriptase PCR (RT-PCR), and
Northern blot analysis. The in silico analysis of the pneumococcal pccL locus using the online
databases "Microbes online- operon prediction tool" and "The Comprehensive Microbial
Resource" suggested a monocistronic organization and that the pccL gene is highly
conserved in the different pneumococcal genomes (Appendix 9.6.1).
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Figure 4.25:

Molecular analysis of pccL expression in S. pneumoniae.
A. Genetic organization of pccL in S. pneumoniae D39. Putative promoters (arrows)
were predicted by the Neural Network Promoter Prediction program and potential rhoindependent termination sequences were extracted from the TransTermHP
Terminator Prediction list of S. pneumoniae D39. Primers for RT-PCR-analysis are
indicated by black arrowheads.
B. Northern blot analysis of pccL transcription in total RNA preparations of
S. pneumoniae. Wild-type and isogenic pccL-mutant of pneumococcal strains D39
and TIGR4 were analyzed. Blots were incubated with DIG-labeled RNA probes S43;
nt, nucleotide.

The gene upstream of pccL (TIGR4: sp_0197; D39: spd_0183) is annotated to encode for a
dihydrofolate synthase, whereas the gene downstream of pccL (TIGR4: sp_0199; D39:
spd_0185) encodes a cardiolipin synthetase (Figure 4.25). A short transcript of
approximately 550 nt has been identified by Northern blotting in pneumococci TIGR4 and
D39 using the RNA-probe S43, while isogenic pccL the -mutants showed no transcript. Two
further signals were detected at approximatilly 1500 nt and 2600 nt, respectively,
representing most likey the ribosomal RNAs. These data confirm the in silico analysis and
indicate that pccL gene is transicribed as a monosistronic mRNA (Figure 4.25).

4.4.2 Heterologous expression and purification of PccL
To decipher the biological function of PccL and its structure, the PccL protein was
recombinantly produced with an N-terminal His6-tag. Two different N-terminally truncated
variants of the PccL protein have to be produced to improve the crystallization and structural
analysis of PccL. The expression of the different PccL proteins was induced in E. coli BL21
(DE3) harboring the pET28 derived plasmids. Affinity chromatography and the "ÄKTA purifier
liquid chromatography system" (GE Healthcare GmbH) were employed for protein
purification. To construct the heterologous expression plasmids of pccL (sp_0198 inTIGR4;
nt 64-459, amino acid residues 22-152; nt 189-459, amino acid residues 64-152), the
corresponding gene sequences lacking the pccL signal sequence were amplified by PCR
using TIGR4 genomic DNA and cloned into modified pET28 vector pTP1. The pccL was
amplified with the specific oligonucleotide pairs Lp-0198_445/Lp-0198_446 (NheI/HindIII) or,
Lp-0198_645/Lp-0198_446 (NheI/HindIII), digested with NheI and HindIII and cloned into
similarly digested pTP1 (Figure 4.26). The integrity of the pccL sequences was verified by
sequencing (Eurofins MWG Operon, Ebersberg, Germany) and plasmids were transformed
into E. coli strain BL21 (DE3) for gene expression. The heterologous E. coli BL21 harboring
the plasmids were cultured in LB at 30°C and expression of recombinant PccL proteins was
induced with 1 mM IPTG (isopropyl-β-D-1-thiogalactopyranoside). A culture of 1.5 liter was
sufficient to yield 2 ml of PccL protein with a concentration of 10-15 mg/ml. Purification of the
His6-tagged PccL proteins was carried out with the total protein lysate using a HisTrap
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™HPNi-NTA column and the "ÄKTApurifier liquid chromatography system" according to the
manufacturer (Figure 4.27).

Figure 4.26:

Plasmid construct for the heterologous expression of pccL (pMA650).
The gene sequence of pccL was cloned into NheI and Hind III sites of the expression
vector pET28TEV (pTP1). The gene pccL is shown in green, the His6 coding
sequence in dark blue and the TEV cleavage site in red. The open reading frames
(ORFs) of pET28 are shown in blue. The vector maps were created using the Clone
Manager 5 program.

Figure 4.27:

Elution profile of the preparative purification of His 6-PccL by affinity
chromatography.
Purification was carried out by a HisTrap™ HP Ni-NTA column and "ÄKTApurifier
liquid chromatography system". An increasing concentration of imidazole (green line)
leads to the elution of the His6-PccL proteins. Protein detection was carried out by
measuring the UV absorption at 280 nm (blue line).
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The His6-tag of the purified fusion proteins was removed by treatment with TEV protease,
and separated from rPccL proteins by a re-purification step using the HisTrap™ HP Ni-NTA
column. The purified, tag-free protein rPccL was dialyzed against 20 mM Tris-HCl (pH8.0)
and then used to generate specific mouse anti-PccL serum and perform different functional
studies. The highly purified, tag-free protein was used for for the generation of antisera in
outbred CD-1® mice agaist PccL. For this purpose, mice were intraperitoneally immunized
and boosted two times with 30µg of rPccL mixed 1:1 incomplete Freund´s adjuvant. In
addition, rPccL was provided to the group of Prof. Juan Hermoso (CSIC, Madrid, Spain) to
solve the structure of PccL see (Figure 4.36 and 4.37) and (Table 4.4). The purity of the
protein was significantly higher than 95% (Figure 4.28) as visualized by SDS-PAGE and CBB
commassi-brilliant blue staining or immunoblot analysis using mouse anti-PccL specific
antiserum. The molecular weight of His6-tagged PccL was 16.54 kDa (N-terminally truncated
form: 12.19 kDa). Cleavage of the His6-tag reduced the molecular weight of the proteins by
approximately 2 kDa (Figure 4.28). The thermal stability of the PccL reminded stable over
several days and no degradation was observed. The oligomerization state of the protein was
identified by size exclusion chromatography using Superdex 75 GL (GE Healthcare). The
results suggested that PccL forms a dimer.

Figure 4.28:

SDS-PAGE and native PAGE of rPccL proteins.
A. SDS-PAGE (15%) and CBB staining of bacterial cell lysates and purified
recombinant PccL proteins. Protein production of His6-PccL was induced by 1mM
IPTG and total bacterial protein lysates or purified proteins were separated by SDSPAGE (15%).
B. Native PAGE and CBB staining of purified PccL proteins. Expression of the His6tagged PccL protein was induced with 1 mM IPTG and the protein was purified by
affinity chromatography. The His6 tag was removed via TEV-protease cleavage. NI,
not induced; IN, induced; His6-rP, His6-tag-PccL and rP, recombinant PccL protein
lacking the His6-tag.
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4.4.3 Construction of pccL mutants in S. pneumoniae
To study the impact of the PccL protein on pneumococcal colonization and adherence and
pathogenesis including, host cell invation and phagocytosis by immune cells, pccL-mutants
were generated. The pccL-gene was deleted and replaced by an antibiotic resistant cassette
by applying the insertion-deletion mutagenesis (Rennemeier et al., 2007). Mutants were
generated in different pneumococcal genetic backgrounds such as in D39 and TIGR4 and
their isogenic nonencapsulated or biolomuniescent muants and TIGR4, D39lux (Table 6.3).
The nonencapsulated pneumococcal strains were mainly used for the in vitro experiments,
while the bioluminescent and encapsulated strains like D39lux were used for the mouse
infection experiments.
In order to construc the PccL-mutants, the pccL gene including its 5'-and 3'-flanking
homologous regions were amplified by PCR with using genomic DNA of the strain TIGR4 a
template DNA and the oligonucleotide pair Lp-0198_398/Lp-0198_401. The PCR product
was cloned into the commercially available vector pGEM®-T Easy (Promega). The resulting
plasmid pMA571 (pGEM®-T Easy-pccL) was used as a DNA template for an inverse PCR
with the oligonucleotide pair Lp-0198_400/Lp-0198_399 (each with an incorporated HindIII
restriction site), to remove the pccL sequence from nt 04 to nt 423. The inverse PCR product
was digested with HindIII and ligated with the antibiotic resistance gene cassette aad9, which
was amplified with primers Spec_117/Spec_118 and encods for spectinomycine resistance.
The ligation was transformed into E. coli DH5α and the resulting plasmid pMA603 (pGEM®-T
EasyΔpccL) (Figure 4.29) carrying the gene region of pccL and 5´and 3´flanking sequences
for homologous recombination was used to transform different pneumococcal strains (Figure
4.30).
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Figure 4.29:

Plasmid constructed for insertion-deletion mutagenesis of the pccL gene of
S. pneumoniae.

The plasmid pGEMT EasyΔpccL (pMA603) was used to delete the pccL
sequence of TIGR4 (sp_0198) was inserted in the pGEM®-T Easy vector and
deleted by inverse PCR. The product of the inverse PCR was ligated with the
spectinomycin resistance gene cassette aad9. The remaining sequence of the
pccL gene is shown in black, the flanking gene regions are shown in green,
and the antibiotic resistance gene cassette in red. The ampicillin resistance
gene cassette (ampR) of the plasmid pGEM®-T Easy is shown in blue. The
plasmid map was created using the Clone Manager 5 program.
Details of the flanking regions and the in the isogenic mutants deleted region are shown in
the Appendix 9.4. The verification of the chromosomal sequence deletion and integration of
the antibiotic resistance gene cassette in the pneumococcal mutants was carried out by
PCR. Difference between PCR amplicates of the intact target gene region and the gene
region replaced by the antibiotic resistance gene cassette confirmed the mutagenesis (Figure
4.30).
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Figure 4.30:

Verification of the integrity of the pccL gene region in the pneumococcal genome of S.
pneumoniae strains D39 (spd_0184) and TIGR4 (sp_0198) is shown schematically in
A. Schematic model of the genomic pccL locus in strain D39.
B. Confirmation of the mutagenesis by PCR using the oligonucleotide pair LP0198_398/LP-0198_401 in two different pneumococcal genetic backgrounds, D39 and
TIGR4. Successful insertion of the antibiotic resistance gene cassette was indicated
by different PCR product sizes for the wild-type and mutant.

4.4.4 PccL is displayed on the pneumococcal cell surface
The cell-surface localization of the PccL protein was tested by flow cytometr. Immunblot
analysis using the anti-PccL antibody indicated the absence of the PccL protein in the mutant
D39ΔcpsΔpccL, while the isogenic parental strain showed a protein running at approximately
18 kDa, which is in accordance with the expected molecular mass of the mature PccL protein
(Figure 4.31A). The flow cytometric analysis revealed that the PccL protein is displayed on
the surface of the parental wild-type strain D39Δcps (Figure 4.31B), but not, as expected,
detectable on the surface of the isogenic pccL-mutant.
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Figure 4.31:

Surface localization of PccL
A. Expression of PccL as analyzed by immunoblotting. Whole pneumococcal protein
cell lysates were separated on a 15% SDS-PAGE, transferred to a nitrocellulose
membrane and after blocking incubated with the specific anti-PccL antibody. An
unspecific signal was detected in both, the parental strain and the mutant.
B. The localization of the PccL protein on the pneumococcal surface was shown by
flow cytometry. The increase in fluorescence intensity (FL1-H-channel) in the
histograms indicated the presence of the protein on the surface of the parental strain
D39Δcps, whereas the isogenic pccL-mutant showed no increase in fluorescence
intensity

4.4.5 Impact of PccL on pneumococcal fitness under in
vitro conditions
The potential influence of PccL deficiency on pneumococcal fitness under in vitro conditions
was assayed in growth experiments. Importantly, growth of S. pneumoniae D39lux and
D39Δcps wild-type strains and their isogenic ΔpccL-mutants was compared in the complex
THY medium and a chemically-defined medium (CDM). Growth of the pccL-mutants was, if
at all, moderately delayed in compared to the parental strains (Figure 4.32). These results
could indicate that PccL is not involved in processes essential for bacterial growth and fitness
under in vitro conditions. In order to verify the stability of the mutants, the bacteria were
cultured in liquid medium at least two times without addition of antibiotics before plating on
blood agar plates with and without antibiotic. More than 80% of the pneumococci grew on
blood agar with antibiotic, confirming the stable integration of the antibiotic gene cassette in
the genome of the mutants. Verification of the stability of the mutation was a prerequisite for
the use of the mutants in the in vitro and in vivo infection experiments.

The immunizations were performed under S2 conditions in the animal house of the Friedrich Loeffler Institute for Medical
Microbiology in Greifswald according to the Declaration on the care and use of animals. The animal experiments were approved
by the Animal Welfare Committee of the University of Greifswald and the state of Mecklenburg-Vorpommern, Germany.
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Figure 4.32:

Growth behavior of S. pneumoniae wild-type strains D39Δcps and D39lux and
their isogenic ΔpccL-mutants.
The parental D39 strains and their isogenic pccL-mutant were cultured at 37°C and
5% CO2 in complex THY medium (A. and C.) or in chemically-defined medium (CDM)
(B. and D.). The mean of three independent experiments is shown.

4.4.6 The lipoprotein PccL is contributes to respiratory
infections but not to septicemia
The role of the lipoprotein PccL in pneumococcal colonization and lung infections was
assessed in the acute pneumonia model (Hartel et al., 2011, Saleh et al., 2014). Groups of
CD-1 outbred mice (n=10) were infected intranasally with the parental and bioluminescent
strain D39lux or its isogenic pccL-mutant D39luxΔpccL-mutant using an infection dose of 1.0
x 107 bacteria. The multiplication and continuous spread of pneumococci from the mouse
nasopharynx to the lungs and blood was monitored in real-time by measuring the
bioluminescence using the IVIS® Spectrum bioimaging system (Saleh et al., 2014). During
the course of infection all infected mice showed an increase in bioluminescence and hence,
an increased bacterial load in the lungs. However, wild-type infected mice developed already
after 32 or 48 hours severe lung or invasive pneumococcal diseases, whereas mice infected
with the pccL-mutant showed a significant delay in the development of a severe lung
infection (Figure 4.33B and C). In addition, the pccL-mutant seems to be impaired in
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breaching the lung-blood barrier, because the spread into the blood was significantly
decreased and first signs of bacteremia were detectable 80 hours post-infection compared to
~48 hours observed for the wild-type D39lux. Thus, the deficiency in PccL significantly
attenuates pneumococci to develop pneumonia, which is further indicated by the significantly
extended survival time of D39luxΔpccL infected mice (p<0.03) compared to wild-type
infected mice (Figure 4.33A). Because the knockout in the pccL gene has only a minor
impact on pneumococcal fitness under in vitro conditions (Figure 4.32), the significant
differences in the acute pneumonia model suggest an important role of PccL for the
development of pneumococcal lung infections. In addition, PccL is probably also involved in
the ability of pneumococci to breach the cellular barrier and to enter the bloodstream,
because septicemia develops slowly.
The sepsis-mouse model of infection was employed in order to study the influence of PccL at
later stages of invasive infections. Groups of CD-1 mice (n=10) were infected
intraperitoneally with 5 x 103 D39lux or D39luxΔpccL. The loss-of-function of PccL had only
a minor but not significant difference in the survival rate of infected mice (Figure 4.33D),
suggesting that PccL is not of major importance for dissemination within the bloodstream.

76

RESULTS

Figure 4.33:

Influence of the PccL lipoprotein on virulence of S. pneumoniae.
A. Kaplan-Meier survival curves of CD-1 mice intranasally infected with
7
S. pneumoniae. Groups of mice (n = 10) were infected intranasally with 10 CFU of
the S. pneumoniae strains D39lux and D39luxΔpccL.
B. and C. Spread of pneumococci in CD-1 mice after intranasal infection monitored by
bioluminescence measurement. The distribution of bioluminescent pneumococci was
visualized and measured at indicated time points and the luminescence intensity
®
(photons/second) was determined using the IVIS Spectrum system. Resulte of the
bioluminescence intensity of the different mice groups is shown as a mean at each
time point in a box-whisker diagram.
D. Septecemia mouse infection model. CD-1 mice (n =10 per group) were infected
3
with pneumococci via the intraperitoneal route. An infection dose of 5 x 10 CFU was
used. The Kaplan-Meier graph shows the time until mice became moribund.

In vivo infection experiments were carried out in a closed system under S2 conditions in the animal house of the Friedrich
Loeffler Institute for Medical Microbiology in Greifswald in accordance with the Declaration on the care and use of animals. The
animal experiments were approved by the Animal Welfare Committee of the University of Greifswald and the state of
Mecklenburg-Vorpommern, Germany
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4.4.7 PccL influences pneumococcal phagocytosis and
intracellular survival
The phagocytosis of foreign particles is an important process of the innate immune system
(Freeman and Grinstein, 2014). Pneumococci are encased by a capsular polysaccharide and
are therefore protected against phagocytosis by antigen-presenting cells (Casal and Tarrago,
2003, Kung et al., 2014). Uptake of pneumcococci by professional phagocytosis leads to
killing and ultimately, to the presentation of antigens. To assess the role of PccL for
pneumococcal uptake by professional phagocytes and intracellular survival, the nonencapsulated D39Δcps and its isogenic pccL-mutant D39ΔcpsΔpccL were used to infect the
murine macrophage cell line J774A.1. The macrophages were infected for 30 minutes with a
MOI of 50 bacteria per cell. After killing of the extracellular, not adherent bacteria by antibiotic
treatment, the macrophages were lysed and number of recovered intracellular bacteria was
determined by quantifying the colony forming units after plating the bacteria on blood agar
plates. The number of recovered intracellular D39ΔcpsΔpccL-mutant was significantly lower
compared to the recovered isogenic wild-type strain (Figure 4.34A) and (Table 9.9.2) in
Appendix suggesting a reduced uptake or decreased intracellular survival of the pccLmutant.
To further analyze the differences in phagocytosis and to visualize the number of
extracellular and intracellular pneumococci, immunofluorescence microscopy was applied.
The immunofluorescence microscopy showed a higher number of intracellular pccL-mutant
bacteria compared to the parental strain D39Δcps. Because the antibiotic protection assays
showed lower numbers of survivors for the pccL-mutant, the intracellular viability of
pneumococci was analyzed by LIVE/DEAD staining. The staining revealed that the ability of
the pccL-mutant to survive intracellularly was significantly reduced (Figure 4.34C) explaining
the reduced revovery rate for the mutant.
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Figure 4.34:

Role of PccL in the uptake of S. pneumoniae D39Δcps by the murine
macrophage cell line J774A.1.
A. The number of intracellular surviving pneumococci was determined by applying the
antibiotic protection assay. J774A.1 macrophages were incubated with the parental
strain D39Δcps or its isogenic mutant D39ΔcpsΔpccL with an MOI of 50. The number
of recovered internalized bacteria was determined by plating the bacteria of
permeabilized macrophages on blood agar plates after killing the extracellular
bacteria. The results represent the mean ± SD of three independent experiments.
B. Immunofluorescence microscopy showing adherent (green; Alexa 488) and
internalized (red; Alexa 568) D39Δcps or isogenic ΔpccL-mutant 30 minutes postinfection of J774A.1 macrophages.
C. The ability of the PccL deficient mutant and the parental strain D39Δcps to survive
inside the professional macrophage cell line J774A.1 was estimated by LIVE/DEAD
staining. Alive bacteria are stained green, while dead bacteria are stained red.

79

RESULTS

4.4.8 Deficiency in the PccL lipoprotein
pumococcal adherence to epithelial cells

diminishs

The mouse infection experiments suggested that PccL may also contribute to colonization.
Therefore the impact of PccL on pneumococcal adherence to and invasion into host
epithelial cells was tested by infecting nasopharyngeal dervived epithelial cells Detroit 562
and alveolar lung epithelial cells A549, respectively with the nonencapsulated parental strain
D39Δcps or isogenic pccL-mutant. The number of adherent and invasive pneumococci was
determined 3 h post-infection of epithelial cells with a MOI of 50 bacteria per cell. The results
revealed a substantial decrease in adherent mutant bacteria (Figure 4.35A) and (Table
9.10.2) in Appendix. Similar the number of recovered intracellular, as determined by the
antibiotic protection assay, was significantly lower for the pccL-mutant compared to the
isogenic parental strain D39Δcps (Figure 4.35B) and (Table 9.10.2) in Appendix. These
results were confirmed by immunofluorescence microscopy showing also a significant
reduction (70% for Detroit 562 and 60% for A549) of attached pccL-mutant pneumcococci
compared to D39Δcps (Figure 4.35C). This suggests that PccL contributes directly to
pneumococcal adherence to host epithelial cells and that the absence of PccL impairs
pneumococcal adherence.
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Figure 4.35:

Impact of PccL on pneumococcal adherence to and invasion into host epithelial
cells.
A. Pneumococcal adherence to human nasopharyngeal (Detroit 562) or and lung
epithelial cells (A549) was quantified 3 h post-infection by plating the bacteria on
blood agar plates. Results are presented as the mean ± SD for at least three
independent experiments. *P < 0.05, and ***P < 0.001 relative to the parental
pneumococcal strain.
B. Invasion and intracellular survival of pneumococci in host epithelial cells 3 h postinfection were quantified by the antibiotic protection assay. The value of intracellular
5
recovered nonencapsulated D39 survivors isolated from 2 x 10 host cells was set to
100%. **P < 0.05 and ***P < 0.001 relative to D39Δcps.
C. Immunofluorescence images of pneumococci attached to nasopharyngeal or lung
epithelial cells after 3 h of infection. Adherent pneumococci were stained with antipneumococci antiserum followed by secondary Alexa 488 and Alexa 568 conjugated
anti-Ig antibody.
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4.4.9 Crystallization and structural analysis of the PccL
lipoprotein
Three-dimensional structures of PccL together with bioinformatics analysis indicate the
secondary structure elements of PccL lipoprotein (Figure 4.36A). The α1 reagion represents
the signal peptide with the lipobox, shown as a gray box (Figure 4.36A and B), followed by
three linker residus connecting the coiled-coil structure which is suppose to be embedded in
peptidoglycan layer. A flexible region elongated after the coiled-coil strand and ended with
eight anti-parallel β-sheets, forming the structurally uniqe β-barrel, till the C-terminus of the
protein. An α-helix formed between the β-sheets 7 and 8 (Figure 4.36A and B).

Figure 4.36:

Secondary structure and topology of PccL.
A. Sequence of S. pneumoniae PccL showing the secondary structure elements, the
1 and the coiled-coil structure are represented in gray boxes, 8 β- strands colored in
blue and the 2-helix is shown in red.
B. Topology diagram of the PccL protein. The lipoprotein signal peptide with the
lipobox (1) and the coiled-coil structure (gray boxes). β-barrel comprises 8 antiparallel
β-strands (pink) from residues 75 to 144. A short -helix (2) is present comprising
residues 144 to 148.

The crystallization experiments and the structural anlysis of the Pneumococcal calycin-fold containing Lipoprotein (PccL) was
carried out in cooperation with the group of Prof. Dr. Juan A. Hermoso (Department of Crystallography and Structural Biology,
Instituto Quimica-Fisica "Rocasolano", CSIC, Spain) and was performed and provided by Dr. César Carrasco-López.
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The method of vapor diffusion in sitting drops and highly concentrated recombinant PccL
protein (18 mg/ml) was used in the crystallization experiments. The protein was mixed in a
1:1 ratio (total volume of 500µl) with several commercial screenings by a high throughput
approach. The preliminary crystals (Figure 4.37A) were obtained using a pH-, anion- and
cation-testing PACT suite® kit (QIAGEN) in the condition: 0.01 M Zinc chloride, 0.1 M sodium
acetate pH 5 and 20% (w/v) PEG 6000 polyethylene glycol. The manually optimized crystals
(Figure 4.37B) diffracted up to resolution of 2.6 Å at the European Synchrotron Radiation
Facility (ESRF), in the beam line ID14-4. Final structural determination parameters and
refinement statistics are summarized in (Table 4.3). The structure was solved by molecular
replacement method using the deposited structure PDB ID: 3GE2 as initial template. Refined
model presents a good geometry and parameters (Table 4.3). A search for structural
homologues of PccL pointed this lipoprotein as a member of the calycin-fold super family.
Interestingly, the members of the calycin protein super family share overall structure
similarity, which is not necessarily based on sequence similarity (Flower et al., 2000, Chiu et
al., 2010). Since bringing evidence confirming our thought, PccL is a member of lipocalin
family, structural studies were employed. PccL has the main characteristic features of a
member of the calycin-fold protein super family. It contains eight β-sheets in antiparallel
arrangement, which form a β-barrel (PDB ID: 3GE2) (Figure 4.37C). The electrostatic
potential on the molecular surface of PccL is also typical for calycin-fold containing proteins
(Figure 4.37D).
Table 4.4

Crystallographic data collection and refinement statistics of PccL.*
Data collection
Space group
Cell dimensions
a, b, c (Å)
α, β, ɤ ()
Resolution (Å)
Rmerge
I / σI
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork / Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (Å)
Bond angles ()

PccL
P 65 2 2
107.49, 107.49, 63.87
90, 90, 120
37.6-2.1 (2.22-2.1) *
0.04 (0.57)
7.88 (2.08)
99.6 (99.1)
6 (3.2)
2.1
10080
24.5/26.5
662
56
45.88
47.3
0.004
1.521

* Values in parentheses are for highest-resolution shell
.
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Figure 4.37:

Crystallization and structure analysis of PccL.
A. Crystallization of PccL (18 mg/ml) was carried out by vapor diffusion in the
sitting drop method, Initial crystal obtained from the high through put technique.
B. Manually improved crystals in (0.1M Na Acetate pH 4.6 0.01 Zn Chloride 18%
PEG 6000) conditions.
C. Crystal structure of the soluble domain of the lipoprotein PccL at a resolution of
2.6 Å. β-strands are colored in blue, the α-helix in red and loops in white. All the
secondary structural determinants are labeled. The structure comprises amino acid
residues 65-153. The main fold is a β-barrel (a number of β-sheets rolled into a
cylindrical shape) composed by eight symmetrical and antiparallel strands. The fold
and the number of β-strands (8) are highly conserved in the calycin family.
D. The net electrostatic charge of the molecular surface of PccL is shown. Red color
represents negative electrostatic charge, whereas blue stands for positive charge.
The most exposed part of the β-barrel, representing the putative site for interaction of
the calycin family proteins with their substrates (the center of the β-barrel and the
loops between the β-strands), is negatively charged.
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5. Discussion
S. pneumoniae is a Gram-positive commensal of the upper and lower respiratory tract of
humans and can over the years colonize its ecological niche asymptomatically. However,
under certain circumstances they may cause serious and often life-threatening diseases in
their host (Cartwright, 2002). Children under two years are at risk, in addition to the elderly
and immunocompromised people (Mitchell, 2003, Lynch and Zhanel, 2010, Zhanel et al.,
2010). In these risk groups, propagation of the pneumococci from the biological habitat into
the sterile areas of the body such as the lungs, blood, and brain is possible due to a weak
immune system. There they might cause life-threatening diseases such as pneumonia,
sepsis, and meningitis (Tuomanen et al., 1995, Cartwright, 2002, Bogaert et al., 2004).
According to the World Health Organization (WHO), the estimated annual mortality rate from
infections with S. pneumoniae is about 10 million children under the age of five worldwide. As
stated in the doctor’s reports approximately 75.000 children die in Germany each year. The
most serious diseases are the bacterial meningitis and community-acquired pneumonia
(CAP), which lead to more than one million deaths per year worldwide within the risk group of
children. (Black et al., 2003, Atkinson et al., 2009). The bacterial meningitis itself is
responsible for about 0.6% of all deaths worldwide. Overall, only one third of infected
patients survive this disease (Koedel et al., 2010, Gamez and Hammerschmidt, 2012). In the
U.S. and the European countries the CAP represents a real threat compared to other
diseases, especially if the bacteria translocate from the damaged lung alveoli to the blood
stream, which may lead to respiratory failure and bacterial sepsis (Rubenfeld et al., 2005,
Schulz and Hammerschmidt, 2013). Hence, in the 21st century, the further development of
strategies for the prevention and treatment of these dangerous diseases persists as a great
challenge in infection research. The number of deaths caused by pneumococcal infections in
developed countries in recent years was significantly reduced due to the use of the
polysaccharide-based Pneumovax®23 and the introduction of a new generation of vaccines
such as the heptavalent pneumococcal conjugate vaccine PCV7 (Mulholland et al., 1999,
McGee, 2007). Currently, there are 94 different pneumococcal serotypes known worldwide
(Song et al., 2013). The limited efficacy of the currently available pneumococcal vaccines is
due to the fact that an increase of antibiotic resistance has been registered as a side effect of
immunization. Another problem is that not all pneumococcal serotypes are affected and
therefore the vaccines cannot be used universally against all pneumococci. In addition,
because of the different geographical distribution of the serotypes, vaccination campaigns
may show very diverse effects in different regions and cause ‘serotype replacement’, which
means that serotypes not covered by the vaccine take over the ecological niche (Hausdorff
et al., 2001, Henriques-Normark and Normark, 2010).
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The focus of current research is on the identification of target proteins for novel therapeutic
approaches and the development of serotype-independent vaccines with effective coverage
of all serotypes based on highly conserved immunogenic protein structures. In addition, low
production costs are necessary to ensure that these treatment options are also available in
developing countries. For this reason, the identification and functional characterization of
surface-localized pneumococcal proteins is of extremely high importance.

5.1 Structural and functional identification of
representative lipoproteins in S. pneumoniae
The availability of genome sequences of numerous pneumococcal strains is facilitating the
identification of new pneumococcal proteins in silico. For the different pneumococcal strains
such as TIGR4, R6, and D39 about 2000 genes have been annotated in the individual
genomes (Hoskins et al., 2001, Tettelin et al., 2001). Lipoproteins, which represent an
important class of surface-associated proteins and are characterized by high functional
diversity, are encoded by a small fraction of genes. In S. pneumoniae strain D39, 37 genes
encoding lipoproteins were identified based on the bioinformatic analysis of LocateP in
combination with other programs for the prediction of protein localization. The presence of
the lipobox sequence motif (Leu–3-Ser/Ala–2-Ala/Gly–1-Cys+1) at the C-terminus of the signal
peptide is the key feature of lipoprotein prediction. During the analysis of the surface
proteome by a biotinylation approach and subsequent mass spectrometry analysis, at least
33 of these lipoproteins were detected in strain D39Δcps (Pribyl et al., 2014) Table 3.1. In
addition to the well-characterized representatives of this group of proteins, there were
numerous lipoproteins that are annotated as hypothetical proteins of unknown function in the
databases.
Sequence comparisons analyses revealed that all previously investigated pneumococcal
lipoproteins are highly conserved in the different strains or serotypes. This is an important
requirement for the potential use in a protein-based vaccine. Examples are the wellcharacterized substrate-binding proteins PsaA (Pneumococcal surface adhesin A), and PiuA
(Pneumococcal iron uptake A), as well as SlrA (streptococcal lipoprotein rotamase A), and
PpmA (putative proteinase maturation protein A). These lipoproteins could be considered
therefore as promising vaccine candidates (Morrison et al., 2000, Hermans et al., 2006, Cron
et al., 2009, Voss et al., 2012). The influence of these proteins on the pathogenesis of
pneumococci was detected in previous studies using in vitro cell culture models and in vivo
mouse models. It was shown that psaA and piuA deletion mutants of S. pneumoniae were
significantly attenuated in their virulence in the mouse model (Brown et al., 2001, Brown et
al., 2002, Rajam et al., 2008). As an ABC transporter component they are important for the
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survival of pneumococci and play an important role in bacterial fitness and their deficiency is
often accompnied with pleiotropic effects.
In addition to the known lipoprotein encoding genes ten other genes were identified in silico
encoding lipoproteins of unknown function or hypothetical pneumococcal proteins (Table
4.1). The detailed investigation revealed that five of these genes in S. pneumoniae strain
D39 encode hypothetical proteins: PccL (SPD_0184), DacB (SPD_0549), LP-0845
(SPD_0739), Etrx2 (SPD_0886) and AdcAII (SPD_0888). The proteins LP-0845, Etrx2, and
AdcAII have been bioinformatically and functionally analyzed. The insertion-deletion
lipoprotein mutants were constructed in different pneumococcal strains. The proteins were
heterologously expressed in E. coli BL21 (DE3), produced and purified by affinity
chromatography. The recombinant proteins were used for functional studies, preparation of
antisera, and structure elucidation. Etrx1 and AdcAII showed an influence on virulence or
colonization of pneumococci in the host, respectively (Saleh et al., 2013, Bayle et al., 2011).
In a recent study, Etrx2 and Etrx1 were identified as novel extracellular thioredoxin-family
proteins interacting with MsrAB2 and compensating each other during failure of one Etrx.
The whole CcDA-Etrx-MsrAB2 protein complex is essetnial for pneumococci to resist
oxidative stress (Saleh et al., 2013). AdcAII was previously discovered as a component of
zinc uptake and regulation system (Bayle et al., 2011, Plumptre et al., 2014). In order to
evaluate the potential use of the proteins PccL, DacB, LP-0845, Etrx2, and AdcAII in the
production of a protein-based vaccine or as a target protein for new antibiotics follow up
studies are required.

5.2 Pneumococcal D,D- and L,D-Carboxypeptidases
Carboxypeptidases are crucial in the biosynthesis of PNG in S. pneumoniae, but their role in
PGN turnover is still not well-understood. Whereas previous studies primarily focused on the
phenotypic comparison of the parental strain with the isogenic ΔdacA and/or ΔdacB mutant
strains (Barendt et al., 2011), this study reveals the close relation between PG turnover and
virulence with respect to the D,D-carboxypeptidase DacA and the L,D-carboxypeptidase
DacB. DacB has been predicted to be a lipoprotein. The immunoblot analysis (Figure 4.8)
confirmed the lipoprotein nature of DacB. In a recent analysis of the pneumococcal surface
proteome, the lgt mutation caused drastic changes in the distribution of the DacB protein
between bacterial surface and the exoproteome. In the ∆lgt mutant, the surface-associated
amount of DacB was significantly reduced, whereas more DacB protein was released into
the supernatant in comparison to the isogenic parental strain (Pribyl et al., 2014), indicating
that DacB shows the behavior of a typical lipoprotein. Lipoproteins are anchored to the
bacterial membrane via a process directed by Lgt and the Lipoprotein-specific signal
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peptidase Lsp. Since the majority of the lipoproteins are substrate-binding proteins of ABC
transporters, the lgt mutation proved to have a major impact on the uptake of
cations such as Fe2+, Mn2+, Zn2+, Cu2+, and Ni2+, which obviously affects pneumococcal
fitness and virulence (Brown et al., 2002, Dintilhac et al., 1997, Janulczyk et al., 1999). In
addition, fitness and virulence of S. pneumoniae can also be affected by malfunctioning nonABC transporter lipoproteins, as has previously been described for PpmA and SlrA (Hermans
et al., 2006). Moreover, Chimalapati and colleagues have demonstrated that in the ∆lgt
mutant ABC transporter function and growth in vivo is impaired (Chimalapati et al., 2012).
Because of the above-mentioned points, it was quite interesting to investigate if the deletion
of lgt has also an influence on peptidoglycan architecture. As shown in (Figure 4.8), the
amount of surface-associated and non-lipidated DacB precursor slightly decreases in the ∆lgt
mutant. Interestingly, improper processing and anchoring of DacB in the ∆lgt mutant seems
to have no major impact on DacB activity, suggesting that lipidation is not necessary for
activity and that there is still enough surface-associated DacB precursor to fulfill the function.
Hence, the same muropeptide species are produced in both, the ∆lgt mutant and the wildtype (Figure 4.8).

5.3 Peptidoglycan biosynthesis and turnover
The assembly of PGN is known to be a multi-enzyme complex driven process with numerous
coordinated interactions between the PGN enzymes. The enzymatic activity of the Dac
proteins has been demonstrated previously (Barendt et al., 2011). This study confirms that
DacA has D,D-carboxypeptidase activity and converts stem pentapeptides into tetrapeptides
and that DacB is an L, D-carboxypeptidase catalyzing further processing of the tetrapeptides
into tripeptides. In this sequential reaction, DacA provides the substrate for DacB. Afterwards
transpeptidation can occur as the final step of PGN biosynthesis. Transpeptidation is
performed by PBPs such as PBP2 or PBP2x, making the final PGN cross-linking a target of
β-lactam antibiotics (Templin and Höltje, 2013).
The inactivation of one or both of the dac genes leads to abnormal bacterial shape and
growth. New species of PGN muropeptides were identified in the mutants (Figure 4.8)
(Morlot et al., 2004, Barendt et al., 2011), indicating that the composition of the elastic PGN
macromolecule defines not only the architecture of the pneumococcal cell-wall, but also the
shape of the bacteria. Electron microscopic analysis performed in this study confirmed the
altered phenotypes in single and double dac mutants, respectively. A high number of
mutants show an unusual cell division process, which is accompanied with a less dense
cytoplasmic content observed in ultrathin sections. The detailed inspection of the ultrathin
sections suggested that this phenomenon is most likely due to an enhanced rate of autolysis.
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This is confirmed by the fact that dac-mutants reach lower bacterial densities in chemicallydefined medium compared to the wild-type, demonstrating a link between improper PGN
turnover, an accelerated rate of autolysis and a slightly reduced bacterial fitness.
Because of the specific building blocks and the unique structure of PGN, dedicated enzymes
are required for its turnover. Whereas the process of PGN turnover or remodeling is wellunderstood in Gram-negative bacteria, knowledge about Gram-positive bacteria is limited. In
addition to the importance of PGN turnover for bacterial growth and division, PGN fragments
(muropeptides) have a prominent function as messengers in the communication between
bacteria. Recycling of PGN considerably contributes to an efficient management of resources
and energy. The rate of PGN turnover apparently differs significantly from species to species
ranging from 25% to 50%. Different PGN turnover rates are also common among Grampositive bacteria. This is due to existing differences in presence and expression of specific
genes (Park and Uehara, 2008, Johnson et al., 2013). In Gram-negative bacteria like E. coli,
PGN recycling is quite well-understood. It starts with the degradation of PGN during bacterial
division by hydrolases and other enzymes such as endopeptidases, carboxypeptidases and
transglycosylases. The MurNAc-GlcNAc bonds in the glycan backbone of the peptidoglycan
are cleaved by transglycosylases releasing anhydromuropeptides, which are trapped in the
periplasm. The majority of the anhydro muropeptides is taken up by the permease AmpG
(Cheng and Park, 2002). Cleavage of MurNAc-L-Ala bonds in the murein by the periplasmic
amidases AmiA, B and C (Heidrich et al., 2001, Priyadarshini et al., 2006, Uehara and Park,
2008) or by the outer membrane-anchored murein amidase AmiD (Uehara and Park, 2007)
is involved in a minor recycling pathway. Murein tripeptides (L-Ala-γ-D-Glu-m-DAP) and
tetrapeptides (L-Ala-γ-D-Glu-m-DAP-D-Ala) can be taken up from the periplasm into the
cytoplasm via the general oligopeptide transporter Opp that recruits the specific peptidebinding proteins OppA and MppA (Park, 1993, Park et al., 1998). In the cytoplasm
anhydromuropeptides are further degraded by the β-N-acetylglucosaminidase NagZ (Votsch
and Templin, 2000), the N-acetyl-anhydromuramyl-L-alanine-amidase AmpD (Holtje et al.,
1994), and the L,D-carboxypeptidase LdcA (Templin et al., 1999). As a result GlcNAc,
anhMurNAc, D-Ala, and L-Ala-γ-D-Glu-m-DAP tripeptide are formed in the cytoplasm. The
tripeptide is directly transferred to UDP-MurNAc by the muropeptide ligase Mpl. Thereby
UDP-MurNAc-L-Ala-γ-D-Glu-m-DAP is generated and the murein synthesis pathway is reentered (Mengin-Lecreulx et al., 1996). As different studies of the PGN recycling in Bacillus
subtilis, Lactobacillus, S. aureus, and Listeria species showed, extending this concept to
Gram-positive bacteria is not possible due to their massive cell-wall (Litzinger et al., 2010).
Nevertheless, orthologous genes encoding PGN hydrolases or other enzymes have been
found in some Gram-positive bacteria, whereas they are missing in others, indicating that
differences not only exist between Gram-negative and Gram-positive bacteria, but also
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among Gram-positives (Reith and Mayer, 2011). A key difference is the mechanism of
muropeptide hydrolysis and entry into the cytoplasm.
This raises the question of whether pneumococci re-import muropeptides directly through an
AmpG-like transporter or take up the degradation products after hydrolysis. Up to now an
ortholog of ampG or another muropeptide transporter encoding gene has not been identified
in pneumococci. On the other hand, lysozyme-like muramidases, which release MurNAccontaining muropeptides instead of anhydromuropeptides, are more widespread in Grampositive bacteria than lytic transglycosylases. Moreover, GlcNAcases that cleave
peptidoglycan or muropeptides were frequently identified in Gram-positives. Furthermore,
hydrolysis of the peptidoglycan stem peptides by carboxypeptidases and amidases is of
paramount importance for peptidoglycan degradation in Gram-positive bacteria (Reith and
Mayer, 2011). In S. pneumoniae, uptake of the degradation products could be facilitated by
the Ami-AliA/AliB oligopeptide permease (Alloing et al., 1990). This ABC transport system
comprises the two transmembrane proteins AmiC and AmiD, the two ATPases AmiE and
AmiF, and the three oligopeptide-binding lipoproteins AmiA, AliA, and AliB. AliA and AliB are
paraloges of AmiA (Alloing et al., 1994). The re-use of peptides in the murein synthesis
pathway is limited to tripeptides (Park and Uehara, 2008, Reith and Mayer, 2011, Johnson et
al., 2013). Obviously, an L,D-carboxypeptidase activity is required for re-using the cell-wall
components. This L,D-carboxypeptidase could be either the surface-associated lipoprotein
DacB or could be localized in the cytoplasm, suggesting the presence of a cytoplasmic L,Dcarboxypeptidase (Barendt et al., 2011). The analysis of the PGN by high resolution mass
spectrometry by Barendt et al (Barendt et al., 2011) identified new muropeptides in the Δdacmutants, indicating that the composition of the elastic PGN macromolecule defines not only
the architecture of the pneumococcal cell-wall, but also the shape of the bacteria. However,
the composition of the PGN-peptides identified in the Δlgt-mutant was almost identical to
those of the parental pneumococcal strain (Figure 4.11 E). Bacterial cells might be able to
recycle more than half of their cell-wall per generation, and hence a significant gain of
resources if the liberated cell-wall fragments were recycled (Figure 5.1).
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Figure 5.1:

Model of cell-wall biosynthesis, recycling, and turnover in Gram-positive
bacteria.
The biosynthesis of all precursors for the peptidoglycan occurs in the bacterial
cytoplasm. The final intermediate LipidII is translocated into the periplasm for de
novo peptidoglycan polymer synthesis as catalyzed by the bifunctional penicillinbinding protein enzymes (PBPs). Remodeling of the peptidoglycan polymer occurs
during both growth and septation, liberating peptidoglycan fragments called
muropeptides. Peptidoglycan cell-wall recycling refers to the recovery and removal of
these muropeptides to the cytoplasm, for integration into the biosynthesis of the
peptidoglycan precursors. Peptidoglycan cell-wall turnover refers to the loss of
muropeptides from the bacterium to its media. Muropeptides lost to turnover may reenter the periplasm for recycling. Modified from (Jarrod W. Johnson, et al., 2013)

5.4 Functional implications from DacA and DacB
structures
The crystal structure of pneumococcal DacB reveals a fold close to that of vancomycin
resistance D,D-peptidase VanXY. However, the substrate-binding site is substantially
different in both enzymes. DacB carries a fully open active site with a 24 Å-long groove, in
which longer stem peptides could be accommodated. Interestingly, VanXY contains a long
mobile cap over the catalytic site, whose flexibility is involved in substrate specificity
(Meziane-Cherif et al., 2014) and the same flexibility is observed for this region (the 5-4
loop) in DacB (Figure 4.17). Two different structural configurations were observed in DacB
for this loop, one providing a wide active site (chain B) and the other one resulting in a more
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restrained active site (chain A). It is worth to mention that in any case the length of this loop
would allow covering the active site as it occurs in VanXY structure. Structural changes in
DacB upon movement of the loop from the open to the closed conformation also involve
changes in the side chain of other residues such as Trp206. These changes provide an
active site configuration close to that observed in the VanXY:D-Ala-D-Ala complex (Figure
4.18). DacB can accommodate the terminal D-Ala in a similar way to that observed in the
VanXY: D-Ala-D-Ala complex but presents a wider and polar sub-site to accommodate the LLys residue, instead of the constricted and hydrophobic one observed for VanXY, in
agreement with their different L,D- and D,D-activities.
Pneumococcal DacB and DacA carboxypeptidases present both a completely different
structure and catalytic machineries (Figure 4.18). These structural differences correlate with
their specific catalytic activities. The more restricted active site of DacA could better
accommodate the D-Ala-D-Ala terminal stem than the long groove observed in DacB (Figure
4.19). Besides, the electrostatic potential in DacA presents a strong basic character that
would recognize the C-terminal moiety and at the same time would impede the interaction of
the L-Lys residue from the peptide stem. In contrast, DacB presents a more acidic character
(Figure 4.19) in agreement with recognition of the basic L-Lys residue. As both DacA and
DacB have to act on the same regions of PGN. The question is how these enzymes could
reach their substrate? DacA is a bimodular protein with N-terminal catalytic domain followed
by an elongated C-terminal domain, at the end of which an amphipathic helix anchors the
protein to the membrane (Figure 5.2). The distance between the end of the C-terminal
domain and the catalytic site is roughly 70 Å. In contrast, in DacB an extremely flexible 34
amino acid-long linker connects the globular catalytic domain with the transmembrane helix
(Figure 5.2). The linker presents a slightly basic character (pI 8.3, six acidic residues and
seven basic residues) and many Gly residues and short side chain residues (Ala, Thr, Val,
Ser) provide a great flexibility to this region. Modeling of the residues composing the linker
indicates that a fully extended conformation for the linker will cover around 50 Å from the
membrane to the catalytic domain; the total distance from membrane to the catalytic site
being around 80 Å. Therefore, the combination of a long linker together with the higher
flexibility would allow DacB to reach different regions of the PGN. The specific nature of
DacB (globular catalytic domain and flexible linker) would explain that even improper
anchoring to the membrane would allow catalytic activity as observed in the mutant deficient
for the diacylglyceryl transferase Lgt.
Another relevant point concerns regulation. While DacA can act freely on the PGN, activity of
DacB must be down-regulated in order to allow PGN biosynthesis by PBPs. Indeed, it has
been shown that the deficiency in DacB results in a decrease in the relative amount of crosslinked PGN and in the presence of new cross-linked species (Barendt et al., 2011) and this
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work. This regulation could be performed first by complex formation with DacA and/or other
PBPs and second by inactivation of the enzyme (very likely in a conformation similar to that
found for chain B).

Figure 5.2:

Schematic model of DacA and DacB activities on pneumococcal stem peptides.
Proposed model for the interaction of pneumococcal carboxypeptidases DacA and
DacB with the peptidoglycan. Membrane bound helices and linker region not present in
the crystal structures of DacA (PDB code 1XP4) and DacB (this report; PDP code
4D0Y) were modeled and colored in grey. Peptidoglycan is represented in schematic
mode. In a first step, DacA hydrolyzes the stem pentapeptide into a tetrapeptide by
cleaving the last D-Ala residue. Then DacB would cleave the next D-Ala moiety,
resulting in the stem tripeptide.

Biosynthesis and recycling of PGN highly influence bacterial virulence and host immune
response via muropeptide shedding. Muropeptides serve as messengers in bacterial
signaling and communication. Inactivation of a single enzyme in the PGN metabolism leads
to abnormal cell-wall features and thus dramatic changes in triggering the immune response.
In this study, remarkable changes in the shape of pneumococcal mutants lacking DacA
and/or DacB and the ∆lgt mutant have been observed by electron microscopy. These
changes can be explained by the close relation between PGN metabolism and bacterial
growth and division. In a previous study of the Gram-negative bacterium Campylobacter
jejuni, deficiency in the D, L-caboxypeptidase or L,D-caboxypeptidase resulted in a dramatic
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change of the bacterial shape from helical to rod-like (Frirdich et al., 2014). In addition to the
bacterial shape, improper peptidoglycan configuration and architecture influences anchoring
and distribution of surface molecules such as teichoic acids (TAs), lipoteichoic acids (LTAs),
LPxTG-anchored proteins, choline-binding proteins (CBPs), and other surface-exposed
virulence determinants. Numerous surface molecules serve as an arsenal of powerful tools
necessary for adherence to and invasion into host cells. In the present study, deficiency in
one or both Dac proteins led to a significant decrease of pneumococcal adherence to and
invasion into A549 lung epithelial cells. As has been previously shown, interference with the
L,D-caboxypeptidase

activity of C. jejuni also leads to impaired adherence and invasion

(Frirdich et al., 2014).
The pneumococcal autolysin LytA hydrolyses the lactyl-amide bond between the stem
peptides and the glycan backbone of the peptidoglycan (Mellroth et al., 2012). Deficiency in
one or both of the Dac proteins impairs with the unique architecture of the pneumococcal
cell-wall triggering LytA mediated autolysis and the release of other virulence factors such as
pneumolysin (Martner et al., 2008). Despite a similar uptake rate by professional phagocytes,
the intracellular survival of the pneumococcal ΔdacA, ΔdacB and ΔdacAΔdacB mutants was
impaired compared to the parental strain. This suggests the existence of a close link
between alterations of the cell shape, accelerated lysis, and reduced intracellular survival of
pneumococci deficient for one of their carboxypeptidases.
The attenuation of dac-mutants under physiologically relevant in vivo conditions was further
demonstrated in the acute pneumonia mouse model of infection. Under these
pathophysiological conditions the altered cell-wall composition and enhanced tendency of
Dac-deficient pneumococci to lyse reduce spread of the bacteria within the host.
Furthermore, pneumococci are confronted under in vivo situations with numerous host
factors, especially those in the first line of immune defense. Nucleotide-binding
oligomerization domain (NOD) proteins of the host cell act as sensors for PGN part
structures.

Lysozyme-dependent

pneumococcal

cell-wall

digestion

in

professional

phagocytes senses NOD2 and triggers in a pneumolysin-dependent manner the innate
immune response including expression of monocyte chemoattractant protein-1 [MCP-1],
thereby promoting clearance of colonization (Davis et al., 2011). In addition, in the past years
it has become apparent that the NLRP3 (NALP3; NOD-like receptor pyrin-domain containing
3) inflammasome has a key function in this PGN recognition and pneumococcal
pathogenesis (Kanneganti et al., 2007, Shimada et al., 2010, Hoegen et al., 2011, van
Lieshout et al., 2014). NOD1 recognizes meso-DAP containing muropeptides like MurNAc-Lalanine-ɤ-D-glutamate-meso-DAP (MTP(DAP)) (Chamaillard et al., 2003, Girardin et al.,
2003b), which are specific for Gram-negative bacteria, but are also present in specific Grampositive bacteria like in Bacillus species (Hasegawa et al., 2006). In contrast, the minimal
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recognition motif of NOD2 is MurNAc-L-alanine-D-glutamate (MDP), is present in both,
Gram-positive and Gram-negative bacteria (Girardin et al., 2003c). The direct binding of
NOD2 to MDP has been proven recently (Mo et al., 2012). Therefore, in case of
S. pneumoniae NOD2 has to be considered as an important pattern recognition receptor.
It has been shown that Lys-type MTP, present in most Gram-positive bacteria, can stimulate
NOD2 similar to MDP in immune assays using NOD2-transfected cells (Girardin et al.,
2003a, Gisch et al., 2011), whereas the muramyl-pentapeptide is no longer able to trigger
this receptor (Girardin et al., 2003a). Moreover, using chemically synthesized PGN part
structures it has been shown that the TNF release in human mononuclear cells (hMNC) is
significantly reduced if the PGN part structures contained tetra- or pentapeptides instead of
di- or tripeptides, with tripeptides inducing the maximum response (Inamura et al., 2006).
This is most likely an additional explanation of the decreased virulence of pneumococcal
Δdac-mutants since these mutants contain predominantly tetra- and/or pentapeptides in their
PGN.
Moreover, kinases of the Toll-like receptor-signaling cascade and the Rip-2 kinase are
involved in the NOD2-dependent activation of NF-B (nuclear factor kappa-light-chainenhancer of activated B cells) induced by pneumococci (Opitz et al., 2004, Moreira and
Zamboni, 2012), indicating an important role of the Dac carboxypeptidases in immune
evasion. Previous in vivo experiments with Listeria monocytogenes (Iurov et al., 2009, Iurov
et al., 2012) and C. jejuni (Frirdich et al., 2014) also suggest a relationship between
deficiency in the L,D-carboxypeptidase and reduced bacterial virulence.
The relationship between cell-wall recycling and antibiotic resistance is still of special
interest. Bacterial infections caused by Gram-positive pathogens are routinely treated with βlactams. Because of the central role of hydrolases in both, bacterial cell-wall biosynthesis
and recycling, and the relationship between cell-wall recycling and resistance to cell-wall
targeting β-lactam antibiotics, new compounds that efficiently target cell-wall hydrolases are
needed (Johnson et al., 2013). Extensive use of β-lactam antibiotics causes release of
acquired resistance strains. It has been shown that dithiozoline inhibits the E. coli L,Dcarboxypeptidase in the stationary growth phase (Baum et al., 2005). However, combination
of antibiotics targeting both, growing bacteria and stationary phase cells, might be required to
develop an optimized new therapy.
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5.5 Bacterial lipocalins
5.5.1 The family of bacterial lipocalins
From the identification of the first bacterial lipocalin in 1995 until the year 2000, 20 lipocalins
were identified in Gram-negative bacteria. In 2006, the number of identified lipocalins
exceeded 90 in Gram-negative bacteria, confirming the diversity of the lipocalin family.
It was assumed that, the bacterial lipocalins were only associated with Gram-negative and
CMN branch (Corynebacteria, Mycobacteria, Nocardia) bacteria, because these bacteria
have either lipopolysaccharide (LPS) or mycolic acid, which provide the bacterial
permeability barrier that has the β-barrel membrane proteins (Bishop et al., 2006).
In previous studies both, horizontal and vertical transfer of lipocalin encoding genes has
been postulated. The explanation of horizontal acquirement of bacterial lipocalins by
eukaryotes was the endosymbiosis theory, especially after the identification of some bacterial
lipocalins in plants and yeast (Bishop, 2000). In contrast, a genome fusion event between
proteobacteria and archaea was alternatively proposed to create the first eukaryotic cell and
to vertically transfer the bacterial lipocalin genes. (Rivera and Lake, 2004, Golding and
Gupta, 1995). Gupta and colleagues further proposed that both, the monoderm archaea and
the diderm Gram-negative bacteria/CMN were generated from the monoderm Gram-positive
bacteria. (Gupta, 1998). Thus it was concluded in 2006 that bacterial lipocalins had
developed only in the Gram-negative bacteria, representing a late stage in bacterial evolution
(Bishop et al., 2006).
More recently, a new lipocalin subfamily has been proposed, which is called “slim lipocalins”.
The distant homology of the YxeF from B. subtilis with Blc lipocalin from E. coli and the high
sequence similarity of all current members of protein family PF11631 support the constitution
of slim lipocalins, which are only characterized by their distinct β-barrel (Wu et al., 2012). The
emergence of lipocalins in Gram-positive bacteria is either due to their evolution before the
divergence of Gram-positive and Gram-negative bacteria or the result of horizontal gene
transfer. The latter hypothesis has already been disproven. Wu and colleagues speculated
that the ancient lipocalins evolved into YxeF-like proteins of Gram-positive bacteria and the
lipocalins in Gram-negative and eukaryotes (Wu et al., 2012). Examples of lipocalins in
different bacterial species are provided in (Table 3.2). Another representative of lipocalins
from Gram-positive bacteria is obviously the pneumococcal lipoprotein PccL described here
for the first time. In this study, the importance of this novel lipoprotein in the pathogenesis of
S. pneumoniae was deciphered by comparing the pathophysiology of the pccL-mutant with
its isogenic parental strain.
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5.5.2 Structure and function
The two representative bacterial lipocalins, Blc lipocalin from E. coli and YxeF from B. subtilis
were selected to show both, structural and functional features, in comparison to the
lipoprotein PccL. The 18-carbon unsaturated fatty acid known as vaccenic acid (cis-11octadecenoic acid has been identified as a substrate of the Blc lipocalin after cocrystallization analysis (Bishop et al., 2006). Similar to Blc, pneumococcal PccL forms a
complex of iso-structurs with asymmetric unit of the crystal contains two monomers in the
native form. The PccL monomer has a typical lipocalin fold consisting of a β-barrel with eight
anti-parallel strands and a 3/10-helix before the C-terminal β-strand. Contrary to PccL, Blc
has the 310-helix at the N-terminus and α-helix at the C-terminus. A well-defined elongated
electron density inside the cavity of the β -barrel could easily accommodate a vaccenic acid
molecule.
The dimeric organization with a lipid-binding pocket at the subunit interface and the high
affinity to lysophospholipids (LPLs) discriminates the bacterial Blc from eukaryotic lipocalins.
The Blc lipocalin also shares some structural and functional similarities with β-barrel
membrane proteins (Bishop et al., 2006). Lipocalins contain three “structurally conserved
regions” (SCRs), which show sequence conservation to a certain extent. Depending on the
presence or absence of these regions the members of the protein family can be classified
into “kernel” or “outlier” lipocalins. (Flower, 1996).
SCR1 and SCR3 represent the signature motif (Gly-X-Trp/Arg) of the “Calycin” super family.
SCR1 contains the N-terminal Gly-X-Trp segment located on β-strand A, while SCR3 is
basically formed by the Arg residue in β-strand H. The SCR2 is formed by the ends of βstrands F and G including loop L6. (Figure 5.3)(Bishop, 2000). Based on the amino acid
sequence, the Blc lipocalin was initially classified as an “outlier” lipocalin, because of the
absence of SCRs 2 and 3 (Bishop, 2000). However, the Blc X-ray structure revealed its close
structural similarity with “kernel” lipocalins (Schiefner et al., 2010). YxeF shares two structural
features with lipocalins, the eight strands forming the β-barrel and the presence of the “Ωtype loop” containing the β-strands A and B. This loop forms the lid for the open end of the βbarrel in lipocalins. Furthermore, YxeF lacks two structural features, which are conserved in
lipocalins, the N-terminal 310-helix (sometimes replaced by a longer α-helix) (Mans et al.,
2008, Paesen et al., 1999), and the C-terminally located α-helix, which is followed by an
additional β-strand (Skerra, 2000). Like in the Blc lipocalin, the signature motif (Gly-XTrp/Arg) of the “Calycin” super family is conserved in YxeF, but disulfide bridges, which are
frequently found in lipocalins, are missing in the YxeF monomer (Bishop et al., 2006).
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Figure 5.3:

Comparison of YxeF NMR structure (PDB ID 2JOZ, blue) and Blc Xray crystal structure (PDB ID 3MBT, orange).
Structure-based sequence alignment between YxeF and Blc obtained with the
program DALI. The three structurally conserved regions (SCRs 1-3) typically found in
lipocalins are boxed (violet line for SCR1, which appears to be conserved in YxeF;
gray line for SCR2 and SCR3). Conserved residues being part of the calycin
signature motif resulting in an interaction between Gly 36-X-Trp 38 in SCR1 and Arg
128 in SCR3 are highlighted using red boxes. Residues being part of the second
hydrophobic core of Blc are highlighted using cyan boxes. Modified from (Wu, Y. et al.,
2012).

The presence of the highly conserved hydrophobic core in the basic structure of the calycin
fold gave it some kind of specificity promising unravel novel aspects of molecular details of
lipid membrane biogenesis relevant to both, bacteria and higher organisms. In Gramnegative bacteria lipocalins are thought to play a role in antibiotic resistance and activation of
the host immune response. Lipocalins of Gram-positive bacteria differ from their counterparts
in Gram-negative bacteria and eukaryotes. Therefore, a new concept for the design of
lipocalins in Gram-positive bacteria has been proposed. The “slim lipocalin” YxeF lacks the
C-terminal α-helix (and the entire second hydrophobic core) as well as disulfide bridges.
However, YxeF provides promising novel ligand binding functions, so called “anticalins” that
can be used for bioanalytical purposes, the identification of biomedical targets, the
development of new antibiotics, and separation tasks (Bishop, 2000, Schonfeld et al., 2009,
Jansson et al., 1996). Most intriguingly, the structural similarity between PccL and YxeF
clearly supports the proposed characteritics of PccL being a lipocalin. The Ω-type loop, which
is shorter in YxeF, forms a small “V-shaped” slit on the β-barrel, probably reflecting the
differences in ligand specificity (Figure 5.4). Remarkably, the bacterial lipocalins such as Blc
and YxeF are anchored to the membrane via a lipid moiety covalently bound to the Nterminus. Interestingly, in a recent proteome based study focusing on such surface-exposed
lipoproteins in the non-encapsulated S. pneumoniae strain D39Δcps, the lipoprotein PccL
was not identified indicating the presenceof only smaller amounts of surface-associated PccL
under in vitro conditions (Pribyl et al., 2014).
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Figure 5.4:

Comparison of PccL structure PDB ID: 3GE2, coded in blue and YxeF structure
PDB ID: 2JOZ, coded in pink (salmon).
Structural superposition generated by Click software (Nguyen and Madhusudhan,
2011) viewed from the side of the β-barrel in A. and viewed from the open end of the βbarrel in B.

The verification and identification of the lipoprotein PccL by immunoblotting and flow
cytometric analysis (Figure 4.25) indicated the structural uniqueness of the protein and
further supports the proposed low surface abundance. The behavior of the pccL-mutant
under in vivo conditions was further investigated using the acute pneumonia mouse model of
infection (Figure 4.27). Lipoproteins are presented to CD-14 on the surface of macrophages.
The CD-14-lipoprotein complex is thought to interact with the transmembrane Toll-like
receptor 2. Hence, lipoproteins are implicated in the activation of the immune response of the
host (Brightbill et al., 1999, Aliprantis et al., 1999). The pathogenicity and the infectivity of
pccL-deficient pneumococci were significantly reduced compared with the parental strain
D39lux, whereas the growth behavior under in vitro conditions showed only a moderate delay
between the wild-type strain and its isogenic pccL-mutant. To understand the mechanism
underlying the attenuated virulence of PccL-dificient pneumococci, experiments studying
phagocytosis and adherence and invasion are of prime importance. Consequently,
phagocytosis experiments together with immunofluorescence microscopy were performed.
The experiments showed a dramatic increase in pneumococcal uptake of the isogenic
mutant D39ΔcpsΔpccL by the professional murine macrophage cell line J774A.1. This
seems to be contradictory to the low number of recovered intracellular pneumococci obtained
by the antibiotic protection assay (Figure 4.28). However, live/dead staining revealed that the
PccL-deficient pneumococci were not only taken up more frequently by the macrophages,
but also killed at higher rates. Impaired adherence to both, human lung epithelial cells A549
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and human pharynx carcinoma Detroit 562 cells significantly reduces the potency of the
pccL-mutant to invade into these cells (Figure 4.29 and 4.30). Taken together, the in vivo and
in vitro experiments as well as the three dimensional structure of PccL pave the way for
unraveling novel aspects of the pneumococcal lipoprotein PccL, introducing it as the first
calycin fold containing pneumococcal protein belonging to the lipocalin protein family.
Introducing it as a first calycin fold containing pneumococcal protein and belongs to lipocalin
protein familyBesides being another representative of lipoproteins playing a key role in
pneumococcal virulence, PccL is also a promising candidate in vaccine research.
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6. Materials
6.1 Microorganisms and culture media
6.1.1 Escherichia coli and other microorganisms
Table 6.1:

E. coli strains used in this study

Strain

Relevant genotype

Source

DH5α

Δ(lac)U169, endA1, gyrA46, hsdR17,Φ80Δ(lacZ)M15,
recA1, relA1, supE44, thi-1
E. coli B,F-dcm, ompT, hsdS, gal λ (DE3), T7 polymerase
gene under control of the lacUV5 promoter
E. coli B, F-dcm, ompT, hsdS, gal λ (DE3), T7
R
E. coli B, F– ompThsdS(rB– mB–) dcm+ Tet galλ(DE3),
R
end AHte [argUproLCam ]

Novagen

BL21 (DE3)
BL21 Rosetta (DE3)
BL21 CodonPlus (DE3)-RP

Stratagene
Novagen
Stratagene

6.1.2 Streptococcus pneumoniae
Table 6.2:

Wild-type strains of S. pneumoniae

Strain

Serotyp

Source or Reference

P37
P139 (R6)
P173 (R800)
P257 (D39)
P311 (TIGR4)

35A
non-encapsulated derivative of D39
non-encapsulated derivative R36A
2
4

NCTC 10319
(Hoskins et al., 2001)
(Holmes et al., 2001)
NCTC7466
(Tettlin et al., 2001)

Table 6.3:
Strain
PN107
PN111
PN149
PN315
Lipoprotein PccL:
PN305
PN304
PN338
PN296
PN297
PN289
PN293
PN297

Mutant strains of S. pneumoniae
Genotyp

Resistance
R

TIGR4Δcps
39Δcps
D39lux
TIGR4lux

Km
R
Km
R
Km
R
Km

TIGR4ΔpccL
TIGR4ΔcpsΔpccL
TIGR4luxΔpccL
D39ΔpccL
D39ΔcpsΔpccL
D39luxΔpccL
R800ΔpccL
NCTC10319ΔpccL

Spec
R
R
Km , Spec
R
R
Km , Spec
R
Spec
R
R
Km , Spec
R
R
Km , Spec
R
Spec
R
Spec

Source or Reference
(Pearce et al., 2002)
(Rennemeier et al., 2007)
(Jensch et al., 2010)
I. Jensch

R

ErmR: Erythromycin; KmR: Kanamycin; Spec R: Spectinomycin; R: Resistance
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Continuation of table 6.3:
Strain

Genotyp

Resistance

Source or Reference

Penicillin-Binding Protein 3 (PBP3) DacA (Sp_0872) and lipoprotein DacB (Sp_0629):
R
PN444
TIGR4ΔdacA
Spec
this work
R
R
PN441
TIGR4ΔcpsΔdacA
Km , Spec
this work
R
R
PN446
TIGR4luxΔdacA
Km , Spec
this work
R
PN436
D39ΔdacA
Spec
this work
R
R
PN434
D39ΔcpsΔdacA
Km , Spec
this work
R
R
PN438
D39luxΔdacA
Km , Spec
this work
R
PN450
R800ΔdacA
Spec
this work
R
PN448
NCTC10319ΔdacA
Spec
this work
R
PN268
TIGR4ΔdacB
Erm
this work
R
R
PN272
TIGR4ΔcpsΔdacB
Km , Erm
this work
R
R
PN339
TIGR4luxΔdacB
Km , Erm
this work
R
PN275
D39ΔdacB
Erm
this work
R
R
PN279
D39ΔcpsΔdacB
Km , Erm
this work
R
R
PN286
D39luxΔdacB
Km , Erm
this work
R
PN294
R800ΔdacB
Erm
this work
R
PN283
NCTC10319ΔdacB
Erm
this work
R
R
PN445
TIGR4ΔdacAΔdacB
Spec , Erm
this work
R
R
R
PN452
TIGR4ΔcpsΔdacAΔdacB Km , Spec ,Erm
this work
R
R
R
PN447
TIGR4luxΔdacAΔdacB
Km , Spec ,Erm
this work
R
R
PN437
D39ΔdacAΔdacB
Spec ,Erm
this work
R
R
R
PN435
D39ΔcpsΔdacAΔdacB
Km , Spec ,Erm
this work
R
R
R
PN439
D39luxΔdacAΔdacB
Km , Spec ,Erm
this work
R
R
PN451
R800ΔdacAΔdacB
Spec ,Erm
this work
R
R
PN449
NCTC10319ΔdacAΔdacB Spec ,Erm
this work
Lipoprotein LP-845 (Sp_0845):
R
PN269
TIGR4Δlp-845
Erm
this work
R
R
PN273
TIGR4ΔcpsΔlp-845
Km , Erm
this work
R
R
PN340
TIGR4luxΔlp-845
Km , Erm
this work
R
PN276
D39Δlp-845
Erm
this work
R
R
PN280
D39ΔcpsΔlp-845
Km , Erm
this work
R
R
PN287
D39luxΔlp-845
Km , Erm
this work
R
PN290
R800Δlp-845
Erm
this work
R
PN284
NCTC10319Δlp-845
Erm
this work
Lipoprotein Etrx2 (Sp_1000):
R
PN270
TIGR4Δetrx2
Erm
this work
R
R
PN274
TIGR4ΔcpsΔetrx2
Km , Erm
this work
R
R
PN341
TIGR4luxΔetrx2
Km , Erm
this work
R
PN277
D39Δetrx2
Erm
this work
R
R
PN281
D39ΔcpsΔetrx2
Km , Erm
this work
R
R
PN288
D39luxΔetrx2
Km , Erm
this work
R
PN291
R800Δetrx2
Erm
this work
R
PN285
NCTC10319Δetrx2
Erm
this work
Lipoprotein LP-1002 (Sp_1002):
R
PN271
TIGR4Δlp-1002
Erm
this work
R
PN278
D39Δlp-1002
Erm
this work
R
R
PN282
D39ΔcpsΔlp-1002
Km , Erm
this work
R
PN292
R800Δlp-1002
Erm
this work
R
PN295
NCTC10319Δlp-1002
Erm
this work
Pneumococcal surface adhesin A (PsaA).Lipoprotein LP-PsaA (Sp_1650):
R
R
PN301
D39ΔcpsΔlp-1650
Km , Erm
this work
ErmR: Erythromycin; KmR: Kanamycin; SpecR: Spectinomycin; R: Resistance
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6.1.3 Culture media used for cultivation of microorganisms
Table 6.4:

Culture media used for the cultivation of S. Pneumoniae and E. coli

Microorganisms

Culture media

Composition

S. pneumoniae

Blood agar plates

E. coli

THY-Medium
CDM-Medium
LB-Medium

23 g/l Pepton, 5 g/l NaCl, 14 g/l Agar,65 ml/l
Sheep blood, pH 7.4 (Oxoid, Wesel, Deutschland)
36.4 g/l Todd Hewitt Broth, 0.5% yeast extract
Composition: see (Table 6.5)
1% Bacto-Trypton, 0.5% yeast extract,
0.5% NaCl, pH 7.5
1% Bacto-Trypton, 0.5% yeast extract, 0.5% NaCl,
1.5% Agar, pH 7.5

LB-Agar -Plates

Table 6.5:

The composition of the chemically defined medium (CDM)

Solution

Composition

solution 1a

FeSO4 x 7 H2O
Fe(NO3)2 x 9 H2O
K2HPO4
KH2PO4
MgSO4 x 7 H2O
MnSO4 x H2O
L-Alanine
L-Asparagine
L-Aspartate
L-Glutamate
L-Glutamine
Glycine
L-Isoleucine
L-Leucine
L-Lysine
L-Proline
Hydroxy-L-Proline
L-Serine
L-Threonine
L-Valine
L-Arginine
L-Histidine
L-Methionine
L-Phenylalanine
L-Tryptophan
L-Tyrosine
p-aminobenzoic
Biotin
folic acid
Niacinamide
β-nicotinamide adenine dinucleotide
Calciumpantothenate
Pyridoxal
PyridoxamineDihydrochloride
Thiaminehydrochloride
Vitamin B12

solution 1b
solution1c
solution 2a

solution 2b

solution 3a

Final concentration [mg/l]
5.04
1.06
200
500
700
5.58
100
100
100
100
200
100
100
100
100
100
100
100
200
100
100
100
100
100
100
100
0.2
0.2
0.8
1
2.5
2
1
1
1
0.1

The detailed instruction for the medium is listed in (Appendix 9.3) (Mickelson, 1964, van de Rijn and Kessler, 1980).
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Continuation of table 6.5
Solution

Composition

Solution 3b
Solution 4
Solution 5

Riboflavin
Glucose
Adenine
GuanineHCl
Uracil
CaCl2 x 2 H2O
Choline-Chloride
NaH2PO4 x H2O
Na2HPO4 x2 H2O
Sodium acetate
NaHCO3
L-Cystine

Solution 6a
Solution 6b

Solution 6c

Final concentration [mg/l]
1.6
10000
40
20
40
20
20
3200
9220
2500
2500
50

The detailed instruction for the medium is listed in (Appendix 9.3) (Mickelson, M. N. 1964., van de Rijn, I., and R. E. Kessler,
1980).

6.2 Antibiotics
Table 6.6:

The final concentration of antibiotic stock solutions used for the
selection of microorganisms

Antibiotic

E. coli [µg/ml]

S. pneumoniae [µg/ml]

Source

Ampicillin
Erythromycin
Kanamycin
Spectinomycin
Penicillin G
Gentamicin
Chloramphenicol

100
250
50
100
/
/
50

/
5
50 bzw. 150
50
100 Units/ml
100
/

Applichem
Sigma
Serva
Sigma
Sigma
Sigma

6.3 Plasmids and Oligonucleotides
Table 6.7:

Vectors
a

Vector

No.

Properties

Source

pGEM-T Easy
pGXTXcmI
pET28c
pTP1

/
E165
E64
E160

pMHT∆238
T-vector
pLitmus

E171
/
/

TA-cloning vector (3016bp), Pt7, lacZ, Amp
R
TA-cloning vector(3047 bp), Pt7,lacZ, Amp
R
expression vector (5369 bp), Pt7, lacI, Km
pET28c modified expression vector (5314 bp) with
R
R
TEV-Protease-restriction site, Km , Erm
pQE30 Vector for TEV protease-Production
R
multi-purpose cloning vector, Amp
R
multi-purpose cloning vector, Amp

R

a

Promega
(Chen et al., 2009)
Novagen
(Saleh M. et al., 2013)
(Blommel and Fox, 2007)
Promega
NEB

Numbering from the internal lists of Prof. Hammerschmidt working group (EMAU), AmpR: Ampicillin; ErmR: Erythromycin; KmR:
Kanamycin; R: resistance; TEV: Tobacco Etch Virus.
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Table 6.8:
Plasmid

Recombinant plasmids
a

No.

Antibiotic cassettes:
pE89
89

Properties

b

Source
R

pCR2.1 Vector with Erm resistance gene cassette, (Hammerschmidt et al., 2000)
R
R
Amp , Km
R
pE96
96
pGEM-T Easy Vector with Spec resistance
(Pracht et al., 2005)
R
gene cassette (aad9), Amp
Insertion-deletion-mutagenesis:
Lipoprotein PccL:
pMA571
571
pGEM-T Easy vector with sp_0198 + 5´and 3´
This work
R
flanking region for mutagenesis, Amp
pMA603
603
pMA603 Mutagenesis vector of sp_0198 after
This work
R
R
assembly of the Spec resistance gene cassette, Amp
DacA (Sp_0872) and DacB (Sp_0629):
pMA561
561
pGEM-T Easy vector with sp_0872 + 5´and
This work
R
3´ flanking region for mutagenesis, Amp
pMA902
902
pMA902 Mutagenesis vector of sp_0872 after
This work
R
R
assembly of the Spec resistance gene cassette, Amp
pMA574
574
pGEM-T Easy vector with sp_0629 + 5´and 3´
This work
R
flanking region for mutagenesis, Amp
pMA647
647
pMA647 Mutagenesis vector of sp_0629 after
This work
R
R
assembly of the Erm resistance gene cassette, Amp
Lipoprotein LP-0845 (Sp_0845):
pMA576
576
pGEM-T Easy vector with sp_0845 + 5´and 3´
This work
R
flanking region for mutagenesis, Amp
pMA6456
646
pMA646 Mutagenesis vector of sp_0845 after
This work
R
R
assembly of the Erm resistance gene cassette, Amp
Etrx2 (Sp_1000):
pMA575
575
pGEM-T Easy vector with sp_1000 + 5´and 3´
This work
R
flanking region for mutagenesis, Amp
pMA645
645
pMA645 Mutagenesis vector of sp_1000 after
This work
R
R
assembly of the Erm resistance gene cassette, Amp
Lipoprotein LP-1002 (Sp_1002):
pMA572
572
pGEM-T Easy vector with sp_1002 + 5´and 3´
This work
R
flanking region for mutagenesis, Amp
pMA599
599
pMA599 Mutagenesis vector of sp_1002 after
This work
R
R
assembly of the Erm resistance gene cassette, Amp
Plasmid constructs for heterologous expression:
Lipoprotein PccL:
pMA650
650

pTP1 withsp_0198 from TIRG4 for protein production,
R
immunization of mice and crystallization, Km
pMA733
733
pTP1 with sp_0198 from TIRG4 for protein production
R
and crystallization, N-terminal truncated form, Km
DacA (Sp_0872) and DacB (Sp_0629):
pMA923
923
pTP1 with sp_0872 from TIRG4 for protein production
R
and immunization of mice, Km
pMA652
652
pTP1 with sp_0629 from TIRG4 for protein production,
R
immunization of mice and crystallization, Km
pMA947
947
pTP1 with sp_0629from TIRG4 for protein production
R
and crystallization, N-terminal truncated form, Km
Lipoprotein LP-0845 (Sp_0845):
pMA649
649
pTP1 with sp_0845 from TIRG4 for protein production,
R
immunization of mice and crystallization, Km
Etrx2 (Sp_1000):
pMA651
651
pTP1 with sp_1000 from TIRG4 for protein production,
R
immunization of mice and crystallization, Km
pMA807
807
pTP1 with sp_1000 from TIRG4 for protein production
R
and crystallization, N-terminal truncated form, Km
Lipoprotein LP-1002 (Sp_1002):
pMA648
648
pTP1 with sp_1002 from TIRG4 for protein production
R
and immunization of mice, Km
a

This work
This work

This work
This work
This work

This work

This work
This work

This work

Numbering from the internal lists of Prof. Hammerschmidt working group (EMAU), bNomenclature of S. pneumoniae TIGR4,
AmpR: Ampicillin; ErmR: Erythromycin; KmR: Kanamycin; SpecR: Spectinomycin; R: resistance.
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Table 6.9:

Oligonucleotides

The oligonucleotides listed were checked with the program Oligoanalyser
(http://eu.idtdna.com/analyzer/applications/oligoanalyzer/). The restriction sites used for cloning are
underlined.
Used

Primer-Name

Sequence (5’-3’)

ErmB_105

5`- GATGATGATGATCCCGGGTACCAAGCTTG
AATTCACGGTTCGTGTTCGTGCTG-3`
5`-AGTGAGTGAGTCCCGGGCTCGAGAAGCTTGA
ATTCGTAGGCGCTAGGGACCTC-3`
5`-AAAAAGCTTGAATTCGGATCCATCGATTTT
CGTTCGTGAATAC-3`
5`-AAAAAGCTTGCTAGCAATTAGAATGAAT
ATTTCCC-3`

Antibiotic cassettes:
Erythromycin (ermB)

ErmB_106
Spectinomycin (aad9)

Aad9_117
Aad9_118

Vector-binding oligonucleotides:
M13 (pGEMTeasy)

M13_115
M13_116
T7_42
T7_41

5`-GTAAAACGACGGCCAGTG-3`
5`-GGAAACAGCTATGACCATG-3`
5`-TAATACGACTCACTATAGGG-3`
5`-GCTAGTTATTGCTCAGCGG-3`

Lipoprotein PccL:
amplification of sp_0198
5´and 3´ flanking region

LP-0198_398
LP-0198_401

inverse PCR ofsp_0198

LP-0198_400

5`-CTACTACTAGAATTCCCTTGGCGTTGCAAACTT -3`
5`-AACCTTCCAAGCTGCAGTGCGATTCCACATCAAA
CC-3`
5`-ACTCACTCACTGAAGCTTCCATCGGACCAAATCG
TT-3`
5`-ATCATCATCATCGAAGCTTTCATGATGAATTTCC
TTTCTGC-3`

T7 (pET28)
Insertion-deletion-mutagenesis:

and flanking region
LP-0198_399
(pMA571)
DacA (Sp_0872) and DacB (Sp_0629):
amplification of dacA (Sp_0872)
dacA_659
5´and 3´flanking region
dacA_662
Inverse PCR of sp_0872 and
dacA_660
flanking region (pMA571)
dacA_661
amplification of dacB (Sp_0629)
dacB_411
5´and 3´ flanking region
dacB_414

5`-CGGGATCCGATAAGAGCTGACAAGACG-3`
5`-CGCTCGAGGTCTAAATCCATCGCTAAAG-3`
5`-CGCCCGGGCTCAACAGCAATCGCATG-3`
5`-CGCCCGGGTGGAATCAGTTTGTCCGC-3`
5`-CTACTAGAATTCTATGGGAGCCATGGGAGA-3`
5`-TTCCAAGCTGCAGTCGATCATACGCATTGCAG-3`

Inverse PCR of sp_0629 and
flanking region (pMA647)
Lipoprotein LP-0845 (Sp_0845):
Amplification of Sp_0845
5´and 3´ flanking region

dacB_413
dacB_412

5`-CTCACTGAAGCTTGGCTTTGAAGGCGGAGA-3`
5`-ATCATCGAAGCTTCCATCAGCTTTGGCTGTC-3`

LP-0845_415
LP-0845_418

5`-CTACTAGAATTCAAAAAGCTGGGGCTGAC-3`
5`-CCAAGCTGCAGCGGTCAGAAACTGCTCGAAT-3`

Inverse PCR of sp_0845and
flanking region (pMA646)
Etrx2 (Sp_1000):
Amplification of Sp_1000
5´and 3´ flanking region

LP-0845_417
LP-0845_416

5`-CTCACTGCTCGAGTGGAAGCGTAAAAGTTCCTGA-3`
5`-ATCATCGGTACCGAGCGGTTACCACATGCAG-3`

Etrx2_423
Etrx2_426

5`-CTACTAGAATTCTCCTCTTCTGCCAGTCTATGC-3`
5`-CCAAGCTGCAGCCAACCAGGCAGGGAAT-3`

Inverse PCR of sp_1000and
flanking region (pMA645)
Lipoprotein LP-1002 (Sp_1002):
Amplification of Sp_1002
5´and 3´ flanking region

Etrx2_425
Etrx2_424

5`-CTCACTGCTCGAGCGGATGCAGAAGCAGCA-3`
5`-ATCATCGGTACCTGACAAGAGACTTAAGCCAGCA-3

LP-1002_427
LP-1002_430

5`-CTACTAGAATTCGATGATGCCGTTGCCTTT-3`
5`-TTCCAAGCTGCAGATCCCTGCTTCCCATTCC-3`

Inverse PCR of sp_1002and
flanking region (pMA599)

LP-1002_429
LP-1002_428

5`-CTCACTGAAGCTTGACCCACAAAATGACAAGACC-3`
5`-ATCATCGAAGCTTCCCCCAAGCACAAAAGAA-3`

The oligonucleotides were synthesized by Eurofins MWG Operon (Ebersberg, Germany) and double-distilled treated with
DEPC. H2O adjusted to a concentration of 10pmol /ul.
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Continuation of table 6.9:
Used

Primer-Name

Capsule deletion of ΔpsaA D39 pneumococci
dexBF2
dexBF2
aliAR2
aliAR2

Sequence (5’-3’)
5`-GAATCAGGCGACCTTTGGAG-3`
5`-GCCGATCCATCAACCTACCTTG-3`

Heterologousexpressionandprotein production:
Lipoprotein PccL:
Sp_0198 (TIGR4)

LP-0198_445
LP-0198_446
Sp_0198 (TIGR4)
LP-0198_645
(N-terminal truncated form)
LP-0198_446
DacA (Sp_0872) and DacB (Sp_0629):
Sp_0872 (TIGR4)
dacA_1068
dacA_1069
Sp_0629 (TIGR4)

dacB_484
dacB_485
dacB_1082
dacB_485

Sp_0629 (TIGR4)
(N-terminal truncated form)
Lipoprotein LP-0845 (Sp_0845):
Sp_0845 (TIGR4)
LP-0845_449
LP-0845_450
Etrx2 (Sp_1000):
Sp_1000 (TIGR4)
Etrx2_486
Etrx2_487
Sp_1000 (TIGR4)
Etrx2_789
(N-terminal truncated form)
Etrx2_487
Lipoprotein LP-1002 (Sp_1002):
Sp_1002 (TIGR4)
LP-1002_451
LP-1002_449
PsaA (Sp_1650):
Sp_1650 (TIGR4)
PsaA_488
PsaA _489
Reversetranscriptase-PCR (RT-PCR):
Sp_0198 (spd_0184) Operon:
spd_0183 (D39)
987
988
spd_0184 (D39)
989
990
spd_0185 (D39)
991
992
dacB (spd_0549) Operon:
spd_0546 (D39)
877
878
spd_0547(D39)
868
869
spd_0548 (D39)
870
871
spd_0549(D39)
872
873
spd_0550(D39)
947
948
spd_0551(D39)
949
950
Sp_0845 (spd_0739) Operon:
spd_0736(D39)

1110
1111

5`-AAGCGCTAGCTCACAAAGAGCTCAACAGG-3`
5`-GGCCAAGCTTATTTAGTTAAAACGATTTGGTCCG -3`
5`-AACCGCTAGCCAACCTGTTGCTCAACCGACC -3`
5`-GGCCAAGCTTATTTAGTTAAAACGATTTGGTCCG -3`
5`-GCGCGCTAGCCAAGATTTTACCATTGCCGC-3`
5`-GGCCGAGCTCTATTTTTCAATTTTCTTGTCTG
CTACC-3`
5`-GCGCGCTAGCCAAGAAAAAACAAAAAATGAAG-3`
5`-GGCCAAGCTTAATCGACGTAGTCTCC-3`
5`-GCGCGCTAGCGGTGATTACTACAGCATTC-3`
5`-GGCCAAGCTTAATCGACGTAGTCTCC-3`
5`-AAGCGCTAGCGGTAACCGCTCTTCTCGTA-3`
5`-GGGGCCAAGCTTATTTTTCAGGAACTTTTACGC -3`
5`-AAACGCTAGCGGTGAGGAAGAAACTAAAAAG-3`
5`-ACGCGAGCTCCTAGTTCATTTCTTTAAATGC -3`
5`-AAGGGCTAGCGCTGTTGGAAAAGATGCT-3`
5`-ACGCGAGCTCCTAGTTCATTTCTTTAAATGC -3`
5`-GGGCGCTAGCGGTCAAAAGGAAAGTCAGAC-3`
5`-GCGGCCAAGCTTACTTTAATTCTTCTGCTAG-3`
5`-GCGCGCTAGCGGAAAAAAAGATAC-3`
5`-GCGCAAGCTTATTTTGCCAATCCTTCAG-3`

5`- GGCGTTGCAAACTTTTCTTC-3`
5`- CTGCCCTTTCTTCAAAATCG-3`
5`- GAGCTCAACAGGTTCAACAGC-3`
5`- TGGTCCGATGGGTCTCTATC-3`
5`-GCCTTTGTGCCAGTATTTGG-3`
5`-CACCCTGAGCTACCTTTTGC-3`
5`-AACGCCAGTCTTTGCAATTT-3`
5`-TTGAGCTGTTGAGCCAAAGA-3`
5`-AGTCTCGCCATTTGGATGAC-3`
5`-CCAGAAGCATCCTTGACACA-3`
5`-TGGAAACAGGCTATCTTGTGG-3`
5`-ACGACCCTTGAGACCATGAC-3`
5`-AGGAGCTGCCCAGAAGAAAG-3`
5`-TTCCTTTTCCTTGCCTTTGA-3`
5`-AAAATTGCAAATCCCTGCTG-3`
5`-CAGCTGGTGGTGTTTTCGTA-3`
5`-TTCGTGCTGCTCTTGAGAAA-3`
5`-AGTCTGCACCAGCAGCTTTT3`
5`-AACGAGACGGTCAAGAACTGA-3`
5`-GCCGACACCACCAGTAGAAT-3`

The oligonucleotides were synthesized by Eurofins MWG Operon (Ebersberg, Germany) and double-distilled treated with
DEPC. H2O adjusted to a concentration of 10pmol /ul.
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Continuation of table 6.9:
Used

Primer-Name

Sequence (5’-3’)

spd_0737 (D39)

1112
1113
1114
1115
1116
1117
1118
1119

5`-CGCTTTTAAAACAAGATGCAAA-3`
5`-TCTCATCTGCACCATTTTGG-3`
5`-GCAATTGAAACCAGCAAACA-3`
5`-GCGAGATCGGTTTTTCAGTT-3`
5`-TAGTTGCAGTGGCAGCAGTT-3`
5`-GCAAAACCAACACCGAAGAT-3`
5`-TTACCAAGGTGTTTGGTGGA-3`
5`-CTGCTTTAGATGGGGAGTCG-3`

773
774
775
776
777
778
779
780
806

5`-AGGATGCAAAACAAGGAACG-3`
5`-CTTTCTTACGGCGAATCAGC-3`
5`-TGCCAGTCTATGCTGGGATT-3`
5`-CCCATGACATATCGAAACCA-3`
5`-GCCTGTGGTGAGGAAGAAAC-3`
5`-CACCATGAAGCCCAAAACTT-3`
5`-TGATTTTGCTGGGTATTGGAG-3`
5`-GGGCTGATAATCCCACACAC-3`
5`GGAAACAGCTATGACCATGAACTGCTAGAGGTT
GATCGT-3`
5`-GGAAACAGCTATGACCATGCCCTTAAAGTGT
AGAATCTC-3`

spd_0738 (D39)
spd_0739(D39)
spd_0740(D39)
etrx2 (spd_0886) Operon:
spd_0884 (D39)
spd_0885 (D39)
spd_0886 (D39)
spd_0887 (D39)

807
Northern blot:
Sp_0198(spd_0184):
spd_0183 (D39)

1100
1101

spd_0184 (D39)

1102
1103

spd_0185 (D39)

1104
1105

dacB(spd_0549):
spd_0546 (D39)

945
946

spd_0547(D39)

943
944

spd_0549(D39)

941
942

spd_0550(D39)

1196

spd_0551(D39)

1197

Sp_0845 (spd_0739):
spd_0736(D39)

1106

spd_0739(D39)

1107

spd_0740(D39)

1108
1109

etrx2 (spd_0886):
spd_0886 (D39)

787
788

5`-ATGGCTCCATAGTCGGATTG-3`
5`-CTAATACGACTCACTATAGGGAGACG
TGTCAAGTAAGCCACCAA-3`
5`-GATTCACACTTTCTCTTGCTTCTC-3`
5`-CTAATACGACTCACTATAGGGAGATG
GTCCGATGGGTCTCTATC-3`
5`-TTGAACTTTGTCTTGTTTTTGGTC-3`
5`-CTAATACGACTCACTATAGGGAGA
GCGATTCCACATCAAACCTT-3`
5`-ACAGGTTTGCTCCTGTTTGG-3`
5`-CTAATACGACTCACTATAGGGAGA
CGTCCAATGCGGTCTAAGAT-3`
5`-TGCGTCGCCAACAGGCTTTA-3`
5`-CTAATACGACTCACTATAGGGAGA
TTTGGTGGATGAGGATGGTT-3`
5`-TCTTGACAGCTTTGCTAGCCTTGAG-3`
5`-CTAATACGACTCACTATAGGGAGA
TGGGCTGCTTTTTCTTCTGT-3`
5`-CTAATACGACTCACTATAGGGAGAC
TACGTTTGCTGCGTTCAAA-3`
5`-CTAATACGACTCACTATAGGGAGAT
GCTTGAACGTTACCTGCAC-3`
5`-CTAATACGACTCACTATAGGGAGACA
CGAAGGGCATAGAGAAGC-3`
5`-CTAATACGACTCACTATAGGGAGAAG
CCACACCTGCAAGGTAAC-3`
5`-CCAAGGTGTTTGGTGGATTT-3`
5`-CTAATACGACTCACTATAGGGAGAGA
GTCAAAACAGCCGTTGGT-3`
5`- GACTCAAGCAGCACAACAGC-3`
5`-CTAATACGACTCACTATAGGGAGAGG
AAGGTGGTTGCTTTGGTA-3`

The oligonucleotides were synthesized by Eurofins MWG Operon (Ebersberg, Germany) and double-distilled treated with
DEPC. H2O adjusted to a concentration of 10pmol /ul.
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6.4 Eukaryotic cells and culture media
6.4.1 Eukaryotic cell lines
Table 6.10:

Characteristics and origin of human and murine cell lines

Cells

Properties

A549

adherent alveolar epithelial cells,
Type II pneumocytes from human
lung carcinoma
human adherent epithelial cells from
a pharynx (throat) cancer
murine macrophage-likecell line (BALB / c)

Detroit 562
J774

Source or Reference
ATCC CCL-185. (Giard et al., 1973)

ATCC CCL-138. (Peterson et al., 1968)
DSMZ. (Ralph et al., 1975)

6.4.2 Culture media and culture additives for eukaryotic
cells
Table 6.11:

Culture media for the cell lines

Cells

Medium

A549

DMEM (Dulbecco's Modified Eagle Medium) low glucose (1 g / l) (PAA Laboratories GmbH),
10% FBS, 2 mM glutamine, 0.1 mg / ml streptomycin, 100 units / ml penicillin
RPMI1640 (PAA Laboratories GmbH), 10% FBS, 2 mM glutamine,1 mM sodium pyruvate, 0.1
mg/ml streptomycin,100 units/ml penicillin
RPMI1640 (PAA Laboratories GmbH), 10% FBS, 2 mM glutamine,1 mM sodium pyruvate, 0.1
mg/ml streptomycin,100 units/ml penicillin

Detroit 562
J774

Table 6.12:

Cell culture supplements for the cultivation of eukaryotic cells.

Additive

Components andorigin

FBS (FCS)
Penicillin/Streptomycin
Trypsin/EDTA
PBS/EDTA
Freeze medium

Fetal Bovine Serum “Gold” (PAA, Laboratories GmbH)
0.1 mg/ml Streptomycin, 100 Units/ml Penicillin (PAA, Laboratories GmbH)
5 mg/ml Trypsin, 2.2 mg/ml EDTA (PAA, Laboratories GmbH)
2.2 mg/ml EDTA dissolved in PBS pH 7.4, sterilized by filtration
cell-culture medium (PAA, Laboratories GmbH), 10% FBS, 10% DMSO

6.5 Mice
strains,
pharmacological
immunomodulatory substances

and

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). For in vivo infection
experiments and the lipoprotein antibody production were 5-6 weeks old, female CD1
outbreed mice®-from Charles River (Sulzfeld, Germany).
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Table 6.13:

Pharmacological and immunomodulatory substances

Substance

Source

Ketamine, KetanestS
®
Xylazine, Rompun
®
Isoflurane CP
Sevoflurane
Freund's adjuvant, CFA (complete)
Freund's adjuvant,IFA(incomplete)

Pfizer Pharmaceuticals; Provet AG
Provet AG
Baxter
Abbott
Sigma
Sigma

6.6 Enzymes, proteins and peptides
The commercially acquired enzymes were used with the respective buffers according to the
manufacturer.
Table 6.14:

Enzymes

Enzymes

Source

AmpliTaq Gold DNA-Polymerase
PfuUltraII fusion HS DNA-Polymerase
Pfu-DNA-Polymerase, recombinant
Taq-DNA-Polymerase
Taq-DNA-Polymerase, recombinant
T4-DNA-Ligase
RQ1 RNase-freie DNase
RNase A
Lysozym
Mutanolysine
Hyaluronidase Type IV-S
Pronase E
TEV-Protease, recombinant

Applied Biosystems
Fermentas
T. Pribyl, AG Hammerschmidt
New England BioLabs
T. Pribyl, AG Hammerschmidt
New England BioLabs
Promega
QIAGEN
Sigma
Sigma
Sigma
Merck
(Blommel and Fox, 2007)

Table 6.15:

Restriction enzymes

Enzyme

recognition site

BamHI
EcoRI
HindIII
KpnI
NheI
PstI
SacI
XhoI

G↓GATCC
G↓AATTC
A↓AGCTT
GGTAC↓C
G↓CTAGC
CTGCA↓G
GAGCT↓C
C↓TCGAG

Table 6.16:

Source
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs

Commercial proteins

Protein/Peptide

Source

BSA, Albumin Fraktion V, Protease-free
CSP-1 (Competence Stimulating Peptide 1,
EMRLSKFFRDFILQRKK)
CSP-2 (Competence Stimulating Peptide 2,
EMRISRIILDFLFLRKK)

Roth
AnaSpec. (Havarstein et al., 1995)
AnaSpec
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Table 6.17:

Produced and used recombinant proteins

The recombinant protein

E. coli-Strain

expression condition

purification with

His6-PccL
His6-PccL (N-terminal truncated)
His6-DacA
His6-DacB
His6-DacB_truncated I
His6-DacB_truncated II
(N-terminal truncated)
His6-LP-0845
His6-Etrx2
His6-Etrx2(N-terminal truncated)
His6-LP-1002
His6-PsaA
His6-Mrp (Lpc)

BL21 (DE3)
BL21 (DE3)

1 mM IPTG/30°C/3 h
1 mM IPTG/30°C/3 h

His Tag/TEV cleavages
His Tag/TEV cleavages

BL21Rossetta (DE3)
BL21 (DE3)
BL21Rossetta (DE3)
BL21Rossetta (DE3)

1 mM IPTG/30°C/4 h
1 mM IPTG/30°C/3 h
1 mM IPTG/30°C/3 h
1 mM IPTG/30°C/3 h

His Tag/TEV cleavages
His Tag/TEV cleavages
His Tag/TEV cleavages
His Tag/TEV cleavages

BL21 (DE3)
BL21 (DE3)
BL21 (DE3)

1 mM IPTG/30°C/3 h
1 mM IPTG/30°C/3 h
1 mM IPTG/30°C/3 h

His Tag/TEV cleavages
His Tag/TEV cleavages
His Tag/TEV cleavages

BL21 (DE3)
BL21 (DE3)
BL21Rossetta (DE3)

1 mM IPTG/30°C/3 h
1 mM IPTG/30°C/3 h
1 mM IPTG/30°C/3 h

His Tag/TEV cleavages
His Tag/TEV cleavages
His Tag/TEV cleavages

6.7 Antibodies / anti-sera and convalescent
patients
Table 6.18:

Antibodies

Antibodies

Dilution

Source

Rabbit-anti S. pneumoniae IgG
Rabbit-anti-α-Enolase Serum
Mouse-Penta-His™
goat-anti- rabbit ,Peroxidase coupled
goat-anti-mouse, Peroxidase coupled
goat-anti-human IgG (γ-chain), Peroxidase coupled
Alexa Fluor 488 goat-anti-Rabbit IgG
Alexa Fluor 488 goat-anti-mouse IgG
Alexa Fluor 568 goat-anti-rabbit IgG
Alexa Fluor 568 goat-anti-mous IgG

1:50
1:50/1:500
1:600/1:2000
1:2000
1:2000/1:5000
1:500
1:300
1:300
1:350
1:350

Eurogentec
Eurogentec
QIAGEN
Dianova
Dianova
Sigma
Invitrogen
Invitrogen
Invitrogen
Invitrogen

Antibodies

Dilution

Source

Mouse-anti-PccL (α-PccL)
Mouse -anti-PccL short (α-PccL-short)
Mouse -anti-DacA (α-Sp_0872)
Mouse -anti-DacB (α-Sp_0629)
Mouse -anti-LP-845 (α-Sp_0845)
Mouse -anti-Etrx2 (α-Sp_1000)
Mouse -anti-LP-1002 (α-Sp_1002)
Mouse -anti-PsaA (α-Sp_1650)
Mouse -anti-Mrp(Lpc) (α-Mrp)

1:20/1:1000
1:20/1:1000
1:20/1:1000
1:20/1:1000
1:20/1:1500
1:20/1:1000
1:20/1:1500
1:20/1:1250
1:20/1:1000

This work
This work
This work
This work
This work
This work
This work
This work
This work

Table 6:19: Produced and used anti-sera
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6.8 Commercial kits and markers
Table 6.20:

Commercial kits

Commercial Kits

Source

Molecular Biology:
pGEM-T-Easy-Vector System
Qiaquick PCR Purification Kit
®
Qiagen Plasmid MiniKit (100)
Qiagen RNeasyTMMini Kit
Protein and Cell Biology:
Amersham™ Cy™5 Mono-Reactive Dye Pack
®
Protino Ni-TED 1000 und 2000
®
LIVE/DEAD BacLight™ Bacterial Viability Kits
The kits were used according to the respective manufacturer.

Promega
QIAGEN
QIAGEN
QIAGEN
GE Healthcare
Macherey-Nagel GmbH
Invitrogen

Table 6:21: Size of markers used for DNA and Protein electrophoresis
Protein-/DNA-/RNAmarker size
Molecular Biology:
1 kb DNA Ladder
RNA Molecular Weight
Marker I DIG-labeled
Protein analysis:
PageRuler™ Prestained
Protein Ladder
PageRuler™ Unstained
Protein Ladder

Band size in kDa or Bp

Source

10000, 8000, 6000, 5000, 4000, 3500, 3000, 2500,
2000, 1500, 1000, 750, 500, 250 [Bp]
6948, 4742, 2661, 1821, 1517, 1049, 575, 438, 310 [Bp]

Fermentas

170, 130, 100, 70, 55, 40, 35, 25, 15, 10 [kDa]

Fermentas

200, 150, 120, 100, 85, 70, 60, 50, 40, 30, 25, 20,
15, 10 [kDa]

Fermentas

Roche

6.9 Solutions, buffers and columns
Table 6:22: Solutions and buffers used for molecular biology.
Solutions/buffers

Composition or source

TE-buffer
TES-buffer
50 x TAE
Lysozyme, stock solution
RNase A- stock solution
Pronase E
X-Gal

20 mM Tris-HCl, 1 mM EDTA, pH 7.0
50 mM Tris-HCl, 5 mM disodium EDTA, 10 mM NaCl, pH 8.0
2 M Tris-HCl, 600 mM EDTA, 0.57% glacial acetic acid
10 mg/ml, dissolved in TES-buffer
5 mg/ml, dissolved in TES-buffer
5 mg/ml, dissolved in TES-buffer
20 mg/ml 5-Brom-4-Chlor-3-indolyl-β-D-galactopyranosid in
Dimethyl formamid (DMF)
10% in 250 nM disodium-EDTA
25:25:1- mixture, Roth

Lauroyl sarcosyl solution
Phenol-chloroform-isoamyl
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Table 6.23:

Buffers, solutions and substances for the protein biochemical work

Solutions/buffer/Substances

Composition or source

EDTA-free Protease-Inhibitor
IPTG
PMSF
10 x SDS-Page-running buffer
20 x Semi-Dry-SDS-Transfer buffer
1 x Semi-Dry-SDS-Transfer buffer

Roche
1 M IPTG, dissolved in dest. H2O
100 mM, dissolved in DMSO, stored at -20°C
120 mM Tris-HCl, 0.96 M glycine, 0.5% SDS, dissolved in dest. H2O
116 g Tris-HCl, 58 g glycin, 74 ml 10% SDS, dissolved in dest. H2O
50 ml 20 x Semi-Dry-SDS-Transfer buffer, 20 ml Methanol, add
1000 ml dest. H2O
6 ml dest. H2O, 10 ml stacking buffer, 10% SDS, 10 ml glycerin, 5 ml
β-Mercaptoethanol, spatula tip's bromophenol blue
50 mM Tris-HCl, 150 mM NaCl, dissolved in dest. H2O
6 ml H20, 10 ml stacking buffer, 10% SDS, 10 ml Glycerin, spatula
tip's bromophenol blue
Sigma
Sigma
0.2% Coomassie Brilliant Blue™ R250, 50% Methanol, 5.8% glacial
acetic acid, in dest. H2O
40% Methanol, 10% glacial acetic acid, in dest. H2O

5 x SDS-PAGE-Protein sample buffer
TBS, pH 7.5
5 x nonreducing Proteinprobenpuffer
Bradford reagent
Ponceau S Solution
Coomassie- staining solution
Coomassie-destaining solution

Table 6.24:

Systems and buffers used in protein purification

Systeme/buffer

composition

Affinity chromatography by HisTrap ™
FF Columns 1ml, 5ml (GE Healthcare GmbH):
Binding buffer
20 mM NaH2PO4, 500 mM NaCl, 20 mM Imidazol, pH 7.4
Elution buffer
20 mM NaH2PO4, 500 mM NaCl, 500 mM Imidazol, pH 7.4
TEV-Protease-buffer
20 mM NaH2PO4, 150 mM NaCl, pH 7.4
Stripping buffer
20 mM NaH2PO4, 500 mM NaCl, 50 mM EDTA, pH 7.0
Ion exchange chromatography by Mono Q (anion exchangers)
5/50 GL (GE Healthcare GmbH):
Binding buffer
20 mM Tris-HCl, pH 8.0
Elution buffer
20 mM Tris-HCl, 1 M NaCl, pH 8.0
Size exclusion chromatography on
Superdex 75 10/300 GL (GE Health care GmbH):
Running buffer
20 mM Tris-HCl, pH 8.0
Protein A-Sepharose, S.aureus (Sigma):
Binding buffer
50 mM Tris-HCl, pH 7.0
Phosphate buffer
100 mM glycine/HCl, pH 3.0

Table 6.25:

Buffers and solutions used in cell biological work

System/buffer

composition

1 x PBS

137 mM NaCl, 2,7 mM KCl, 80 mM Na2HPO4,
1.8 mM KH2HPO4, pH 7.4
37% Paraformaldehyde (v/v) in dest. H2O
100 mM Na-Citrate, dissolved in dest. H2O
100 mM Na2CO3, 100 mM NaHCO3, pH 9.2
20 g Mowiol 4-80 in 80 ml 1 x PBS
1% Saponin (w/v), dissolved in RPMI1640
1% Triton X-100 in 1 x PBS
2% PFA in 1 x PBS
10% FBS in 1 x PBS

PFA-stock solution
Citrate buffer
Sodium carbonate buffer
Mowiol
permeabilization solution
DIF-Permeabilization
DIF-Fixation solution
DIF-Blocking solution
Electron microscopy:
washing buffer
Fixative
Flow Cytometry (FACS):
FACS-buffer
FACS-Fixation buffer

100 mM Cacodylate buffer (Sodium cacodylate trihydrate),
90 mM sucrose, 1 mM MgCl2,1 mM CaCl2
2% Glutaraldehyde, 5% PFA in 0.1 M HEPES buffer (23.83
g HEPES in 1 liter dest. H2O. pH: 7.4)
0.5% FBS in 1 x PBS
0.5% FBS, 1% PFA in 1 x PBS
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7. Methods
7.1 Microbiological methods
7.1.1 Cultivation of E. coli
The cultivation of E. coli was carried out by default in LB liquid medium or on LB agar plates
under selection pressure by the addition of the corresponding antibiotic overnight at 37°C.
The liquid cultures were grown in shaking incubatorsat120-195 rpm and temperatures of 30
to 37°C.

7.1.2 Cultivation of S. pneumoniae
The cultivation of S. pneumoniae was performed by pre-culture on blood agar plates in an
incubator with 5% CO2 and 37°C. For the cultivation of main culture, the liquid media THY or
CDM were used (composition and instructions in Table 7.5 andsection9.3).The cultures were
incubated under selection pressurein a water bathat 37°C.The bacteria were incubated for
most experiments to mid-log phase of growth, i.e. an optical density (OD600nm) from 0.35 to
0.40.For the studyof bacterial growththe optical density (OD600nm) of the cultures
wasmeasured and recordedevery hour.

7.1.3 Cryopreservation of bacteria
Storage of the bacteria over a long period of their cryopreservation was carried out at -80 °C
in the appropriate bacterial culture medium supplemented with 20% (v / v) glycerol.

7.1.4 Counting of S. pneumoniae
The number of pneumococci was determined photometrically from liquid cultures. This
corresponds to an OD600nm of 1 a number of approximately 1x 109 bacteria per milliliter.

7.1.5 Transformation in E. coli
The transformation of vectors and ligation approaches in E. coli was performed using CaCl2treated competent bacteria according to standard protocols in molecular biology. The
bacterial strains were mixed with the transforming DNA and incubated on ice for 30 minutes.
This was followed by a heat shock at 42°C for 45 seconds and a cold shock on ice for two
minutes, the incubation of the transformants for 45 minutes at 37°C in a shaking incubator.
The selection of positive transformants is by plating on selective medium.
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7.1.6 Transformation in S. pneumoniae
Pneumococci are naturally transformable microorganism their ability to take DNA from the
environment can be increased by the addition of competence- stimulating peptides, so-called
CSPs (Havarstein et al., 1995). For transformation, parental strain has to pre-cultured firstin
liquid medium (THY medium) and incubated in water bath until the early exponential growth
phase (OD600nm 0.1-0.15) and after addition of the strain-specific competence stimulating
peptide (1 µg) and the transforming DNA (1 µg) put on ice for 10 minutes as a cold shock.
For transformation of TIGR4 strain the CSP2 has to be used, while CSP2 for all other strains,
including D39. Subsequently, the bacteria were incubated for 30 minutes at 30°C and for 2
hours at 37°C. The selection of positive transformants was carried out on blood agar plates
containing antibiotics overnight at 37°C and 5% CO2.

7.1.7 Preparation of pneumococcal lysate
Pneumococcal strains were cultured to an OD600

nm

of 0.35 to 0.5 and centrifuged bacteria

resuspended in 2x SDS sample buffer. The detection of the proteins produced by
S. pneumoniae was carried out as standard immunoblot analysis using specific antibodies. A
specific amount of bacteria was prepared for each protein for the electrophoretic separation.

7.1.8 Detection of pneumococcal surface proteins by
immunofluorescence
The detection of surface localized proteins was carried out byAlexa488 fluorochromecoupled secondary antibodies by flow cytometry and fluorescence microscopy. For this
purpose, 1x108 pneumococcal strain was tested in 100µl PBS, 0.5% FBS was added and
incubated with the appropriate amount of the specific primary antiserum for 30min on ice.
After washing three times, the bacteria were stained with the secondary antibody and also
incubated for 30 minutes on ice. This was followed by further washing steps, the fixation at
4°C overnight in 1% PFA. The samples were measured by flow cytometry (FACS Calibur™,
BD, Germany) and examined in fluorescence microscopy. The flow cytometric data were
analyzed using the WinMDI program (URL:http://www.facs.scripps.edu/software.html)
evaluated.

7.1.9 Detection of Pneumococcal surface proteins by
membrane fractionation
The membrane fractionation for detecting proteins in the individual components (the
cytoplasm, membrane) of a bacterial cell is carried out with slight changes according to a
protocol by (Neef et al., 2011). The pneumococcal strains were cultivated till an optical
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density (OD600nm) reached 0.35 to 0.4 sedimented by centrifugation, in a lysis buffer (20 %
sucrose, 20 mM MgCl2, 5 mg/ml lysozyme, 200 U/ml mutanolysin, EDTA received-free
protease inhibitor (Roche), 100 mM Tris-HCl, pH 8.0) bacterial sediment was lysed and then
incubated for 30 minutes at 37°C. The sedimented protoplasts were resuspended the next
step in 0.5 ml of a sucrose-containing buffer (20% sucrose, 10 mM Tris-HCl, pH 8.0).
Disruption of the protoplast was completed by the addition of 9.5 ml of a 100 mM Tris-HCl
buffer. The intact protoplasts were removed by a centrifugation step (10 min, 3750 g, 4°C).
The membrane separation was performed on the supernatant through ultracentrifugation (1
hour, 100,000 g, 4°C). The individual fractions were added to a 5x SDS-PAGE protein
sample buffer, the proteins were separated on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized with specific antibodies in immunoblotting. The
proteins in the supernatant were precipitated with a final concentration of 50% trichloroacetic
acid (TCA) and examined in the same ratio to the proteins of the components.

7.2 Molecular biological methods
7.2.1 DNA-related methods
7.2.1.1 Preparation

of

insertion-deletion

mutants

in

S. pneumoniae
The creation of the mutants used in this work by S. pneumoniae was carried out by the
principle of homologous recombination. For this, the corresponding genes were amplified by
PCR with the 5'-and 3' -flanking homologous regions of the chromosomal DNA of the
pneumococcal strain TIGR4 and TA- cloning into the commercially available vector pGEM ®T Easy (Promega) and pGXT cloned. The selection of positive clones was carried out by
transformation into competent E. coli strain DH5a through blue-white selection. The
recombinant plasmids were then used as the template for inverse PCR, to remove portions
or the entire sequence corresponding to the target gene.The inverse PCR products were
treated with the appropriate restriction enzymes, with the antibiotic resistance cassette for
erythromycin (ermB) or spectinomycin (aad9) were ligated and transformed into E. coli strain
DH5a. The recombinant plasmids containing the mutant gene regions were used for the
transformation of the single strains of S. pneumoniae. This led the recombination of the
flanking homologous regions in the genomic DNA finally the deletion of the corresponding
gene in the genome of S. pneumoniae. The verification of successful homologous
recombination in the genome of pneumococcal strains was performed under DNA level with
specific oligonucleotides and the colony-PCR. On the protein level, immunoblot analysis was
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performed with protein-specific antisera. The oligonucleotides used with the appropriate
restriction sites and the resulting vector derivatives are listed in (Tables 6.8 and 6.9).

7.2.1.2 Constructions of heterologous expression vectors
For the creation of the heterologous expression vectors, the gene sequences of the proteins
with specific oligonucleotides from the pneumococcal strain TIGR4 were amplified. The
choice of the oligonucleotides was taken to ensure that the signal sequences and
transmembrane domains were not amplified. The PCR products were treated with specific
restriction enzymes as well as their ligation with the modified vector pET28a PTP1 on the
specific restriction sites. The modification of the vector based on the insertion of a TEV
(tobacco etch virus) protease cleavage site located between the N-terminal sequence of the
His6-tag and the coding sequence. Successful cloning of the target gene into the expression
vector was verified by sequencing (Eurofins MWG, Ebersberg, Germany) and transformed
for expression in E. coli strain BL21 (DE3). The primers used for the generation of
heterologous expression plasmids are summarized in (Table 6.8)

7.2.1.3 Preparation of plasmid DNA from E. coli
The preparation of plasmid DNA from E. coli was based on the different physical properties
of the plasmid DNA and chromosomal DNA.

7.2.1.3.1 Preparation of plasmid DNA of E.coli by TELT method
The isolation of the plasmid DNA for analytical purposes has been carried out with the Micro
TELT quick method (Holmes and Quigley, 1981).This method is preferably used for the
analysis of a large number of transformants. Overnight cultures of centrifugation and
resuspended in 200µlTELTbuffer (Tris-HCl/EDTA/LiCl/Triton X-100 buffer) supplemented
with 20 µl of lysozyme (10 mg/ ml). For the lysis of the bacteria, the suspension was heated
for 3 minutes at 95°C and then incubated for 5 minutes on ice. After a further centrifugation
(15 min,17000g, 4°C), gained plasmid DNA in the supernatant precipitated with
isopropanol(30 min,17000g, 4°C), ethanol (70%) and resuspended in double-distilled water.

7.2.1.3.2 Preparation of plasmid DNA of E. coli by column chromatography
The isolation of the plasmid DNA, which was used for the cloning of DNA fragments, or as
templates for the inverse PCR was carried out by column chromatography using the Wizar®
Plus SV Minipreps DNA purification kit from Promega according to the manufacturer.
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7.2.1.4 Preparation of genomic DNA from S.pneumoniae
The genomic DNA of S. pneumoniae was used as template for the cloning of the
mutagenesis and heterologous expression constructs as well as for the study of the
distribution of the different lipoprotein coding genes. The preparation was carried out from 40
ml of THY-cultures were centrifuged at an OD600 of 0.6 to 0.8 for 6 min at 3750 rpm. The
sediment was taken up in TES buffer and the bacterial cells were disrupted with lysozyme (5
mg/ml) and mutanolysin (2500 U/ml) during an incubation period of one hour at 37°C. This
was followed by incubation of the cell lysate for 30 minutes at 37 °C with RNase A (5 mg/ml)
and 500 µl of Pronase E. After a further incubation for one hour with a Lauroylsarkosyl
solution (500 µl) followed by DNA extraction with phenol and DNA precipitation using 0.8x
isopropanol (v/v). The isolated genomic DNA was added to 100 µl double distilled water.
Determining the concentration of the DNA was carried out by measuring the absorbance at
260 nm in a NanoDrop (PeqLab).

7.2.1.5 Polymerase Chain Reaction (PCR)
In the polymerase chain reaction (PCR) (Saiki et al., 1988), the amplification of DNA
fragments is carried out using specific oligonucleotides. PCR has been used in cloning
protocols for amplification of the target sequence using genomic DNA of S. pneumoniae
strains TIGR4 and D39, as well as plasmids as a template. In addition, characterization of
the mutants after transformation using specific oligonucleotides was also performed by PCR.
The amplifications of DNA was performed using Taq DNA polymerase or the Pfu DNA
polymerase (3 '-5' exonuclease activity).
5 μl reaction buffer (10x)
1 μl dNTPs (10 mM)
1-3 μl MgCl2 (25 mM)
1 μl Forward-Oligonucleotide (20 pmol)
1 μl Reverse-Oligonucleotide (20 pmol)
1 μl DNA (~ 100 ng)
0.5 μl DNA-Polymerase
to 50 μl Bidist. H2O

Standard PCR reaction mixture:

Reaction conditions for Taq DNA polymerase:
Start:
Denaturation
Annealing:
Polymerization:
Final extension:

95°C, 5 min
95°C, 45 sec
56-58°C, 1 min
72°C, 1 kb/min
72°C, 5 min

29 cycles
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Reaction conditions for Pfu DNA polymerase:
Start:
Denaturation:
Annealing:
Polymerization:
Final extension:

95°C, 2 min
95°C, 20 sec
56-58°C, 20 sec
72°C, 1 kb/30 sec
72°C, 5 min

29 cycles

7.2.1.6 Agarose gel electrophoresis
Electrophoresis with agarose is a simple and efficient method for the separation of nucleic
acids. The separation of the nucleic acid was analyzed by using 0.8% agarose gels at a
voltage of 100 V. In order to visualize the nucleic acids of the intercalator, ethidium bromide
was used. Using a DNA size standards (1 kb ladder, Invitrogen) was detected (1 µg/200 ml),
the DNA in the transilluminator and the fragment size determined after staining in ethidium
bromid. For the electrophoretic separation of ribonucleic acid RNase-free agarose gels were
used, which were treated with 1% formaldehyde to prevent intra-and intermolecular
interactions of RNA molecules.

7.2.2 Methods for working with RNA
7.2.2.1 Preparation of total RNA from S. pneumoniae and cDNA
synthesis by RT-PCR
The isolation of total RNA from S. pneumoniae was performed using the RNeasy® Mini Kit
from Qiagen according to manufacturer's instructions. In this case, the preparation was
carried out from 100 ml of THY- culture, which was harvested at an OD

600nm

of 0.35 to 0.4.

The bacteria were lysed (100 µg/ml) by lysozyme treatment and with RLT buffer and βmercaptoethanol (10 µl/ml). After a centrifugation step (5 min, 3000 x g, RT) the supernatant
was mixed with ethanol (96%) and the RNA was purified using the RNeasy® Mini Kit.
Determining the concentration of total RNA was carried out by measuring the absorbance at
260 nm in a NanoDrop (PeqLab).
For the synthesis of cDNA, gene-specific oligonucleotides and the SuperScript® III Reverse
Transcriptase from Invitrogen according to the manufacturer's instructions were used. The
DNA-free cDNA served as a template for PCR. Chromosomal DNA and total RNA were used
as a control. The conditions of reaction for amplification with Taq DNA polymerase are des

7.2.2.2 Northern blot analysis
Total RNA samples were Separated (3-5 ug/lane) by electrophoresis in a denaturing agarose
gel (1.2%) and transferred by a vacuum pump (4 h, 60 mbar) to a Hybond™-N-nylon
membrane (Amersham Biosciences, UK). The RNA was cross-linked with the membrane by
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incubation at 120 °C for one hour. mRNA and the DIG labeled RNA or DNA probes were
hybridized overnight at 68 °C or 42 °C. The hybridization signals were determined and
detected by anti-DIG-AP (alkaline phosphatase), Fab fragments, and CDP-Star (Roche
Applied Sciences). The alkaline phosphatase catalyzes the conversion of the substrate into
a luminescent product, which is detected by exposure of the membrane in the
chemiluminescence imaging system. DIG-labeled probes were generated T7 transcriptional
labeling, using the SP6/T7 transcription kit (Roche), for detection of spd_0547 and spd_0549
transcripts. The oligonucleotides used for generation of probes are listed in (Table 6.9)

7.3 Biochemical and Protein Analytical Methods
7.3.1 His6-tagged protein expression and purification of
lipoproteins
For expression of the recombinant proteins in E. coli BL21 (DE3) the overnight cultures (10
ml) of the respective bacteria were used to inoculate the main cultures (500 ml) with an initial
OD

600 nm

of 0.1. Selection was performed with the antibiotic kanamycin (100 µg/ml). The

bacteria were incubated at 30°C and 140-195 rpm until an OD600nm of 0.5 to 0.7 and protein
expression

induced

with

IPTG

(isopropyl-β-D-1-thiogalactopyranoside)

at

a

final

concentration of 1 mM. Protein production was stopped after an incubation time of three
hours at 30°C and 195 rpm by means of a centrifugation step (10 min, 3250 g, 4°C). To
examine the amounts of protein produced in E. coli, samples were taken by harvesting of the
bacterial culture with IPTG and at the end of the induction prior to induction.
Digestion of the bacteria was carried out in binding buffer (20 mM NaH2PO4 , 500 mM NaCl,
20 mM imidazole , 1 mM PMSF , DNase, pH 7.4) after the addition of lysozyme (100 µg / ml ,
20 min, 4°C) and subjected to ultrasonic treatment (3 x 30 sec , 30 sec rest , 50%) in
Branson Sonifier 250 . After the cell debris were pelleted (30 min, 17000 g, 4°C) and the
supernatant was used for purification by affinity chromatography through a filter (0.45 µM)
cleaned. The purification of the His6 - tag lipoproteins was performed using His Trap ™ HP
Ni- NTA column (1 ml, 5 ml, GE Healthcare) and the Sytem "ÄKTApurifier liquid
chromatography system"(GE Healthcare GmbH) according to the manufacturer about an
increasing imidazole gradient , of the different concentrations of imidazole in buffer A (20 mM
NaH2PO4 , 500 mM NaCl, 20 mM imidazole) and B ( 20 mM NaH2PO4 , 500 mM NaCl, 500
mM imidazole) was established. The His6-tag of the proteins was followed by treatment with
TEV protease (1/ 40 overnights) at 4°C, column removed and a new purification step via the
His Trap ™ HP Ni -NTA. The purified proteins were concentrators (Vivaspin 15R, Sartorius)
The RT-PCR and Northern blot analysis were performed in collaboration with Dr. Lothar Petrushka and the technical assistance
of Ms. Kristine Sievert Giermann performed (Institute of Genetics, Ernst-Moritz-Arndt University of Greifswald).
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against 20 mM Tris-HCl (pH 8), dialyzed and concentrated to final concentrations between
10-25 mg/ml.The concentration of the proteins were determined photometrically using the
Bradford reagent (Bradford, 1976) and by measuring the absorbance at 280 nm and the
extinction

coefficient,

determined

from

the

amino

acid

sequence

(ProtParam,

http://web.expasy.org/protparam/). The purity of the proteins was the sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie Brilliant Blue (CBB)
staining and tested by immunoblotting.

7.3.2 SDS-polyacrylamide gel electrophoresis
The method of SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) for
determining molecular weight of proteins was performed in all protein analytical methods in
this study. The acrylamide concentration of the separating gels had to be adjusted according
to the molecular size of the protein. The concentration of the resolving gels was varied
between 12% and 15%. The concentration of stacking gel was 4%. The SDS-polyacrylamide
gels were prepared according to standard protocols of the protein analysis. The preparation
of the tested protein samples for the electrophoresis was carried out by the addition of SDS
sample buffer and denatured at 95°C for 10 min. Electrophoresis was carried out at a
constant voltage of 180 volts. Visualization of the proteins was carried out by Coomassie
brilliant blue staining (CBB staining). The molecular weight of the proteins was determined
over a size standard (Unstained Protein Ladder, Invitrogen).

7.3.3 Semi-dry immunoblot analysis
The specific detection of proteins was carried out by Western blot or immunoblot using the
specific antibodies or antisera against a target protein (Towbin et al., 1979). The detected
proteins or bacterial lysates on SDS-PAGE were electrophoretically separated and
transferred onto a nitrocellulose membrane (hard rock) transferred. The protein transfer was
performed at a constant voltage of 15 V for one hour, through the semi-dry system from
BioRad according to the manufacturer. Before the immune reaction, the membranes to
saturate free binding sites with 5 % skim milk (dissolved in 1× TBS, 0.05% Tween 20) were
incubated. Treatment with the primary antibodies or antisera was carried out in 5 % skim milk
(dissolved in 1 x TBS, 0.05% Tween 20) for at least two hours at RT. After several washing
steps was followed by incubation with peroxidase-conjugated secondary antibodies (5 %
skim milk dissolved in 1x TBS, 0.05% Tween 20) for one hour at RT. The visualization of the
enzyme-linked immune response was via the Enhanced Chemiluminescence (ECL)
detection (GE Healthcare GmbH and Millipore). All antibodies or antisera are listed in (Table
6.18 and 6.19) according to the corresponding dilutions.
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7.3.4 Far Western Blotting "overlay assay"
Far Western blot was used to detect protein-protein interactions in the native state. The
proteins to be analyzed have been immobilized at different concentrations on the dot-spot
method (BioRad apparatus) on a nitrocellulose membrane. After blocking the nonspecific
binding sites on the membrane (5% BSA in PBS), incubation was performed with the
potential binding partner (100 µg/ml) in PBS overnight at 4°C or patient serum (Jensch et al.,
2010). This was followed by three washes of the membrane (1x TBS, 0.05% Tween20), the
immune response to the corresponding antibodies against the potential binding partner. The
detection was performed using the Enhanced Chemiluminescence reagent (ECL). The
antibodies or antisera used with the appropriate dilutions are listed in (Table 6.18 and 6.19).

7.3.5 Isolation of pneumococcal peptidoglycan-peptide
Strains were grown in THY-medium [pH 7.4] to the late logarithmic phase (OD600 ≈ 1) and
then harvested by centrifugation (8,000 × g, 10 min, r.t.). After washing with citric buffer (50
mM, pH 4.7) cells were resuspended in citric buffer containing 4% SDS and incubated for 20
min at 100 °C. Cells were then stored at −80 °C overnight and lyophilized subsequently.
Following an earlier described protocol (Gisch et al., 2013) for pnLTA isolation,
pneumococcal cells were resuspended in distilled water prior to extraction, thus restoring the
concentration of citric buffer (50 mM, pH 4.7) and SDS (4%). Cells were disrupted in a cell
homogenizer (Vibrogen Cell Mill VI 6, Edmund Bühler GmbH) with 0.1 mm glass beads (Carl
Roth GmbH). Afterwards, glass beads were removed by centrifugation (2,000 × g, 10 min,
r.t.) and washed two times with citric buffer. To the combined supernatants SDS (20%
solution) was added to reobtain a total concentration of 4%. This solution was incubated for
30 min at 100 °C and centrifuged (30,000 × g, 15 min, 4 °C) subsequently. The pellet was
washed four times with citric buffer. (The pnLTA containing supernatants were combined and
lyophilized) After washing the pellet SDS-free, it is treated with DNase, RNase, and trypsin,
followed by boiling in 1% SDS, ultra centrifugation, washing with 8 M LiCl, 10 mM EDTA,
acetone and water (following the protocol of (Bui et al., 2012). The resulting pellet containing
cell-walls was used for LytA treatment. Cell-walls were stirred at 37 °C in 50 mM Tris-HCl (pH
7.0) [10 mg/mL] with His-tagged LytA amidase (1 mg/mL) added in three aliquots (0.33 mg
LytA/100 mg cell-walls each aliquot) after 0, 24 and 48 h for a total incubation period of 72 h.
Afterwards the sample was centrifuged (25,000 × g, 15 min, 20 °C) and the supernatant was
lyophilized. The obtained material was subsequently separated by gel permeations
chromatography (GPC) using a BioGel P-30 column (120 × 1.5 cm) with 150 mM NH4Ac
buffer (pH 4.7) as eluting buffer.
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7.3.6 Analysis of the peptidoglycan-peptide containing
GPC pools by mass spectrometry
Electrospray Ionization Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry
(ESI-FT-ICR-MS) was performed on a 7 Tesla APEX Qe instrument (Bruker Daltonics, USA).
For

the

negative-ion

mode

the

samples

were

dissolved

in

a

water/propan-2-

ol/triethylamine/acetic acid mixture (50:50:0.006:0.002 v/v/v/v). Most spectra were acquired
with micro-ESI ionization using a flow rate of 2 µl/mi with a capillary voltage set to -3.8 kV,
the pools of D39cpslgt were analysed using the Triversa Nanomate (Advion, USA) as ion
source with a spray voltage set to -1.1 kV. Mass spectra were recorded in broad band mode
and the mass scale was externally calibrated with glycolipids of known structure. The spectra
were charge deconvoluted and mass numbers given refer to the monoisotopic mass of the
neutral molecules. Only the relevant sections of the measured survey scans are depicted,
respectively.

7.4 Crystallization and structure determination of
DacB lipoprotein
Crystallization trials were performed by the sitting drop vapor-diffusion method at 18 ºC. A
wide range of crystallization conditions were assayed by high-throughput techniques using a
NanoDrop robot with Innovadyne SD-2 microplates (Innovadyne Technologies Inc.,
California, USA). The mixture contained 250 nl of protein solution and 250 nL of precipitant
solution, equilibrated against 65 μL of well solution. Successful crystallization conditions were
optimized by mixing 1 μL of protein solution and 1 μL of precipitant solution, equilibrating
against 500 μL of reservoir solution. A first construction representing nearly the full-length
DacB (residues 20-238) was assayed at 10 mg/mL in 20 mM Tris-HCL pH 8.0. Small plate
crystals were obtained with 10 mM zinc chloride, 0.1 M Tris-HCl pH 8.0 and 20% (w/v) PEG
6000, in presence of 34.5 mM CYMAL-3 detergent. Diffraction datasets for these crystals
were collected in beamlines BL13-XALOC (ALBA Synchrotron, Barcelona, Spain) and ID29
(ESRF, Grenoble, France). Diffraction patterns showed low resolution and a high anisotropy
(from 3.5 to 11 Å) (Table 7.1).

The isolation and pneumococcal peptidoglycan-peptide analysis were performed in collaboration with Dr. Nicolas Gisch in
Division of Bioanalytical Chemistry, Research Center Borstel, Germany.
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A partial model covering the core of the protein was built by using the VanXYg structure from
E. faecalis (PDB code 4F78, (Meziane-Cherif et al., 2014) as the initial model for molecular
replacement method, followed by manual model building. A new construction was designed,
DacB61-238 comprising from residues 61 to 238 in order to avoid disordered region connecting
the membrane anchor to the catalytic domain. DacB61-238 sample was assayed at 10 mg/mL
and crystals were obtained with 0.2 M calcium chloride, 0.1 M Tris-HCl pH 8.5 and 20% (w/v)
PEG 4000.
Diffraction datasets were collected in beamlines BL13-XALOC (ALBA Synchrotron,
Barcelona, Spain) and X06DA-PXIII (Swiss Light Source, Villigen, Switzerland) diffracting at
high resolution (up to 1.7 Å) but showing different degrees of tetartohedral and perfect
hemihedral twinning. A better model for the catalytic domain was built from these datasets,
but the twining problem avoided the definition of a reliable structure. Finally, a new
construction DacB49-238 was designed comprising from residue 49 to 238. This final
construction of DacB was assayed at 15 mg/mL in 20 mM Tris-HCl pH 8.4, best crystals
being obtained at 10 mM zinc chloride, 0.1 M Tris-HCl pH 8.0 and 14% (w/v) PEG 6000.
Diffraction datasets of these new crystals were collected, using synchrotron radiation, at
beamline I03 in the Diamond Light Source (Oxfordshire, UK). Crystals diffracted up to 2.0 Å
resolution and belonged to the monoclinic P21 space group (a = 50.95 Å, b = 37.63 Å, c =
102.84 Å; = 97.98º). The DacB61-238 previous model was used as initial model in the
molecular replacement method in order to complete the structure of DacB49-238 construction.
Two monomers were found in the asymmetric unit, with a Matthews' coefficient of 2.29 Å3 Da1

and a solvent content of 46.4%. All datasets were processed with XDS (Kabsch, 2010) and

scaled with SCALA (Evans, 2006), from CCP4 suite (Winn et al., 2011). Molecular
replacements were performed with Phaser (McCoy et al., 2007). Refinement was carried out
with Phenix (Adams et al., 2010) and REFMAC5 (Murshudov et al., 2011). Model building
was performed in Coot (Emsley et al., 2010) and figures created with Molecular Graphics
System Version 1.5.0.4, Schrödinger, LCC.
The refinement of DacB49-238 converged to final values of Rwork = 0.179 and Rfree = 0.239. The
final model presents 184 amino acids (residues 55-238) perfectly defined for both chain A
and B. In addition to the catalytic site, other Zn2+ ions (very likely from the crystallization
condition) have been found surrounding both monomers, located at nonspecific sites and
showing occupancies from 1 to 0.7, generally coordinated by His and Asp residues from
symmetry related molecules and contributing to the crystal contacts. Final structural
determination parameters and refinement statistics are summarized in (Table 7.1).

The crystallization experiments and the structural elucidation of the DacB lipoprotein were carried out in cooperation with the
working group of Prof. Dr. Juan Hermoso (Department of Crystallography and Structural Biology, Instituto Quimica-Fisica
"Rocasolano", CSIC, Spain) and were performed by Javier Gutiérrez-Fernández.
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TABLE 7.1:

Crystallographic data collection and refinement statistics
DacB20-238

DacB61-238

DacB49-238

P21

P32

P21

a, b, c (Ǻ)

103.29, 37.71, 106.32

37.05, 37.05, 110.82

50.95, 37.63, 102.84

 (º)

90, 109.83, 90

90, 90, 120

90, 97.98, 90

48.6 – (3.16 - 3.00)

36.94 – (1.74 - 1.65)

101.8 – (2.05 - 2.00)

Data collection
Space group

Resolution range (Ǻ)
X-ray source

Synchrotron

Synchrotron

Synchrotron

Wavelength (Ǻ)

1.2812

1.0000

1.0000

Total no. of reflections

53269

189245

178326

No. of unique reflections
a

Rpim

CC1/2

b

I/(I)
Completeness (%)
Redundancy

15936

20338

26483

0.11 (0.41)

0.04 (0.41)

0.08 (0.33)

0.98 (0.78)

1.00 (0.60)

1.00 (0.79)

6.4 (2.0)

13.6 (2.3)

8.2 (2.3)

99.6 (99.7)

100 (99.9)

99.7 (99.2)

3.3 (3.4)

9.3 (7.8)

6.7 (6.6)

Refinement
No. atoms (non H)

3454

Mean B value

24.17

Rwork/Rfree

c

0.18/0.24

R.m.s. deviations
Bond length (Ǻ)

0.021

Bond angles (º)

1.888

PDB code

4D0Y

* Values in parentheses correspond to the highest resolution shell.
a

Rpim = Σhkl[1/(N – 1)] 1/2 Σi | Ii(hkl) – [I(hkl)] | / ΣhklΣiIi(hkl), where ΣiIi(hkl) is the i-th measurement of

reflection hkl, [I(hkl)] is the weighted mean of all measurements and N is the redundancy for the hkl
reflection.
b

c

As defined by [86]. Rwork/Rfree = Σhkl| Fo - Fc | / Σhkl | Fo |, where Fc is the calculated and Fo is the

observed structure factor amplitude of reflection hkl for the working / free (5%) set, respectively.

7.5 Immunological and cell biological methods
The cultivation of the cell lines used in this work was carried out according to standard
protocols in cell biology. All the cells and culture media used are listed in (Tables 6.10, 6.11
and 6.12).

7.5.1 Mouse immunization for the production of antisera
and purification of IgG
The antisera against the different proteins were purified in 6 to 8 weeks old female CD-1
mice (Charles River Laboratories, Sulzfeld, Germany). The immunization of mice was
performed by intraperitoneal injection with 100 µl of the protein in a 1:1 emulsion consisting
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of (50 µg) of the recombinant protein and Freund's adjuvant (complete, Sigma). For
enhancing the antibody production of the mice, an emulsion of the protein (25 µg), and
Freund's adjuvant (incomplete, Sigma) was administered intraperitoneally on day 14 and 28.
The extraction of the serum of the mice was carried out in the sixth week by disclosed heart
puncture. The serum was separated from the cellular components of the blood by
centrifugation (60 min, 700 rpm, RT) and stored at -20°C. The IgG antibody has been purified
by affinity chromatography. The IgG purification antibody was carried out by binding to
protein A sepharose 4B (Sigma) after equilibration of the column with PBS, pH 7.2. For
elution of the antibody (0.1 M) glycine/HCl buffer (pH 3.0) was used.

7.5.2 Phagocytosis study of S. pneumoniae by murine
macrophages
7.5.2.1 The antibiotic-protection-assay
For the investigation of phagocytosis and intracellular survival of pneumococcal mutants
compared to non-encapsulated wild-type (D39Δcps), phagocytosis experiments were
performed with murine J774A.1 macrophage (DSMZ, Braunschweig, Germany) in vitro. For
this, the J774A.1 cells were seeded in 96-well cell culture plates and in the cell culture
medium

RPMI1640/Gln.

(PAA

Laboratories)

supplemented

with

10%

FBS

(PAA

Laboratories) cultured. The confluent monolayers of cells (about 80 %) was in infection
medium (RPMI 1640, 1% FBS) for 30 minutes incubated with pneumococci of the parental
strain or its isogenic mutants at MOI (multiplicity of infection) of 50 (Jensch et al., 2010,
Hartel et al., 2011). It was followed by the killing of the extracellular and not adherent
bacteria by the addition of the antibiotics gentamicin (100 µg/ml) and penicillin G (300 U/ml).
The intracellular bacteria were gained by saponin mediated lysis (1% w/v) of the
macrophages and the number of viable bacteria on blood agar plates is determined (Jensch
et al., 2010). The CFU "Colony Forming Units" were determined by counting after overnight
cultivation at 37°C. The experiments were performed at least three times, each with four
replicates.

7.5.2.2 Double immunofluorescence staining (DIF staining)
Double immunofluorescence staining (DIF staining) was performed to visualize the
extracellular and intracellular pneumococci after infection experiments. The cells were
washed 3 times with PBS and fixed with 3 % paraformaldehyde for 45 min at room
temperature. The fixed cells were washed gently with PBS and blocked overnight with 10 %
FBS at 4°C. The extracellular, adhered pneumococci were stained with polyclonal antipneumococcal antiserum followed by secondary goat anti rabbit IgG coupled to Alexa 488
(green) (Invitrogen). In order to stain the intracellular bacteria, the cells were permeabilized
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with 0.1% Triton X-100 solution in PBS for 10 min and then stained with polyclonal antipneumococcal antiserum followed by secondary goat anti rabbit IgG coupled to Alexa 568
(red) (Invitrogen).
The samples were incubated for 30-45 min with antibodies and were washed gently after the
incubation. For image acquisition, the fluorescence microscope (Zeiss Axiovert ) or confocal
laser scanning microscope (Zeiss LSM510 META ) and the VisiView® software (Visitron
Systems GmbH) or the LSM Image Browser were software (Zeiss ) was used.

7.5.2.3 Live/dead staining
The viability of pneumococci was tested with the LIVE / DEAD bacterial viability kit BacLight
(Invitrogen). The adhered and internalized S. pneumoniae D39 in the presence of
macrophages J774.A1, 30 min post-infection compared to isogenic mutants were
investigated. The kit consisted of two fluorescent dyes, SYTO 9 and propidium iodide.
Bacteria with intact cell membranes stain fluorescent green, whereas bacteria with damaged
membranes stain fluorescent red. Propidium iodide reduced the SYTO9 fluorescence when
incorporated into the DNA, which caused a red coloration of the dead bacteria. Living
bacteria give fluorescent green by SYTO9. The excitation / emission for SYTO9 is 480/500
whereas 490/635 for propidium iodide.

7.5.3 In vivo mouse infection model of S. pneumoniae
Different mouse models were applied to study the virulence of S. pneumoniae in vivo. For the
experiments 8-10 week old female CD-1 ® outbred mice were from Charles River (Sulzfeld,
Germany) were used.

7.5.3.1 Mouse infection models and visualization via the IVIS®
spectrum Imaging System
The infection of mice was intranasally or intraperitoneally infected with the bioluminescent
parental strain D39lux and the isogenic mutants (D39luxΔsp_0198, D39luxΔdacA,
D39luxΔdacB and D39luxΔdacAΔdacB). The strains were grown in THY supplemented with
10 % FCS, cultured to an OD

600nm

of 0.35. The infection dose was 1 × 107 CFU in 25 µl and

intraperitoneal infection 5 x 103 CFU in 100 µl (Saleh et al., 2014) for intranasal infection (n =
10). The infectious dose was verified by plating on blood agar plates. For the infection of the
respiratory tract , the mice first had by the intraperitoneal injection of ketamine (Ketanest S;
Pfizer Pharma, Karlsruhe, Germany) and xylazine (Rompun®; Provet AG, Lyssach,
Germany) are anesthetized (Jensch et al., 2010, Hartel et al., 2011, Saleh et al., 2014). The
spread of the bioluminescent pneumococci in real time was monitored using the IVIS®
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Spectrum imaging system (Caliper Life Sciences) (Jensch et al., 2010, Hartel et al., 2011).
The measurement at certain points in time over a number of days from the day of infection
was carried out under light anesthesia for the animals with isofluorane. The measurement
was performed with medium of one minute "binning" factor. The analysis of the recordings
and the quantification of the emitted photons were performed using Living Image® 4.1
software package (Caliper Life Sciences) (Saleh et al., 2014).

7.5.4 Electron microscopic study of parental pneumococci
and isogenic mutants
7.5.4.1 Field emission scanning electron microscopy (FESEM)
For morphological studies 5 x 108 pneumococci were cultured in THY till an OD600nm reached
0.35 to 0.4, harvested and washed with cacodylate buffer and fixed with 2.5%
glutaraldehyde, 2% formaldehyde containing 0.5% tannic acid in cacodylate buffer (0.1M
cacodylate, 0.01 M CaCl2, 0.01 M MgCl2, 0.09 M sucrose, pH 6.9) for 1 hour on ice, washed
with cacodylate buffer, and further fixed with 1% aqueous osmium for 1 hour at room
temperature. Kept at 4°C before washing with cacodylate buffer and TE-buffer (20 mM TRIS,
1 mM EDTA, pH 6.9). Samples were placed on poly-L-lysine coated glass cover slips,
allowed to settle for 5 min, fixed with 2% glutaraldehyde at room temperature, and
subsequently washed with TE-buffer. Samples were dehydrated in a graded series of
acetone (10, 30, 50, 70, 90, 100) % on ice for 15 min for each step. Samples in the 100%
acetone step were allowed to reach room temperature before another change in 100%
acetone. Samples were then subjected to critical-point drying with liquid CO2 (CPD 300,
Leica). Dried samples were covered with a gold-palladium film by sputter coating (SCD 500,
Bal-Tec, Liechtenstein). Processed samples were then examined in a field emission
scanning electron microscope Zeiss DSM 982 Gemini with an acceleration voltage of 5 kV or
a field emission scanning electron microscope Merlin, Zeiss. Contrast and brightness were
adjusted with Adobe Photoshop CS5.

The implementation of in vivo infection experiments carried out in a closed system under S2 conditions in the animal house of
the Friedrich Loeffler Institute for Medical Microbiology in Greifswald in accordance with the Declaration on the care and use of
animals. The animal experiments were approved by the Animal Welfare Committee of the University of Greifswald and the state
of Mecklenburg-Vorpommern, Germany.

132

METHODS

7.5.4.2 Transmission electron microscopy (TEM)
For examination of the pneumococcal ultrastructure bacteria were fixed as described above,
after further fixation with 1% aqueous osmium for 1 hour at room temperature. Dehydration
was achieved with a graded series of acetone (10, 30, 50, 70, 90, 100) % on ice for 30 min in
each step. Samples were then embedded in the epoxy resin
Spurr according to described procedures (Spurr, 1969). Ultrathin sections were cut with a
diamond knife, picked up with butvar-coated grids, counterstained with uranyl acetate and
examined in a TEM 910 transmission electron microscope (Carl Zeiss, Oberkochen) at an
acceleration voltage of 80 kV. Images were recorded digitally at calibrated magnifications
with a Slow-Scan CCD-Camera (ProScan, 1024x1024, Scheuring, Germany) with ITEMSoftware (Olympus Soft Imaging Solutions, Münster, Germany). Contrast and brightness
were adjusted with Adobe Photoshop CS5.

7.6 Statistical evaluations
All data collected in this work are expressed as the mean of at least three independent
experiments with the standard deviation of  SD. The results were evaluated using the
unpaired two-tailed Student's t-test statistics (Excel, Microsoft). The Kaplan-Meier survival
curves were compared using the log-rank test. P-values for the bioluminescence
measurements were used with the one-sided unpaired t-test for the determination of the
differences between the groups. The differences within the group between days were
analyzed using the paired t-test. Statistical significances were tested by ANOVA analysis
with the Bonferroni Multiple Comparison post-hoc test. Here, a P-value <0.05 considered
statistically significant.

7.7 Bioinformatic analysis of the genomes of
S. pneumoniae
For a detailed analysis of the genomes of surface localized lipoproteins various
bioinformatics approaches were used. Sequence analyzes mainly on the LocateP record
(Zhou et al., 2008) (URL: http://www.cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py) of 3.0
PSORTdb

database

protein

subcellular

localizations

(Yu

et

al.,

2011),

URL:

http://db.psort.org/) DOLOP the database (Babu et al., 2006) (URL: http://www.mrclmb.cam.ac.uk/Genome/dolop/) and the protein sorting tools, such as LipoP (Rahmann et al.,
2008) URL: http://www.cbs Basis.dtu.dk / services /)

The electron microscopy has been carried out in cooperation with Prof. Dr. Manfred Rohde (Department of Medical
Microbiology, HZI, Braunschweig, Germany).
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and SignalP 4.0 (Emanuelsson et al., 2007, Petersen et al., 2011) (URL: http://www.cbs
Basis.dtu. dk / services /).
The prediction of transmembrane domains was the TMHMM 2.0 algorithm (Krogh et al.,
2001) (URL: http://www.cbs.dtu.dk/services/TMHMM/) performed.
The genomic sequences of the examined surface proteins are deposited from CMR
database

"J.

Craig

Venter

Institute,

JCVI"

(URL:

http://cmr.jcvi.org/tigr-

scripts/CMR/shared/Genomes.cgi) or in the GenBank database of the" National Center for
Biotechnology Information, NCBI" (URL: http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi).
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9. Appendix
9.1 List of abbreviations
%
Å
Amp
AmpR
Bp
BSA
°C
C-terminal
CAP
CBD
CBB
CBP
CDM
cDNA
CFU
CHAPS
CLSM
CMN
Cps
Ctrl
CSP
Da
DacA
DacB
dest. H2O
DIF
DIG
DMSO
DMEM
DNA
DNnase
dNTP/s
E
ECL
ECM
E.coli
EDTA
ELISA
EM
EMAU
ESI-FT-ICR-MS

Erm
ErmR
et al.
Etrx
FABP
FACS
FBS
fw
g
GAPDH
GmbH
GPC
h
HEPES
HLPC
His
His-tag
hmm
I.N.
I.P.
IPD
I.V.

percent
angstrom
ampicillin
ampicillin-resistance
base pair (s)
Bovine Serum Albumin
degree centigrade
Carboxy-terminus of the Proteins
Community-Aquired Pneumonia
Cholin-Binding Domain
Coomassie Brilliant Blue
Cholin-Bindungs Protein
Chemically Defined Media
complementary DNA
Colony Forming Units
3-Cholamidopropyl-dimethylannonio1-propansulfonate
Confocal Laser Scanning Microscopy
Corynebacteria, Mycobacteria, Nocardia
Capsular polysaccharides
control
Competence Stimulating Peptide
Dalton
D,D-carboxypeptidase
L,D-carboxypeptidase
distilled water
Double immunofluorescence staining
Digoxigenin
Dimethyl sulfoxide
Dulbecco’s Modified Eagle Medium
deoxyribonucleic acid
deoxyribonuclease
Deoxynucleoside triphosphate
extinction
Enhanced Chemoluminiscent Reagents
Extra Cellular Matrix proteins
Escherichia coli
Ethylenediaminetetraacetic acid
Enzyme linked immuno-sorbent assay
Electron Microscopy
Ernst-Moritz-Arndt-University
Electrospray Ionization Fourier-Transform
Ion Cyclotron Resonance Mass
Spectrometry
Erythromycin
Erythromycin-Resistance
and others
Extracellular thioredoxin-like Lipoprotein
Fatty Acid Binding Protein
Fluorescence Activated Cell Sorting
Fetal Bovine Serum
forward
acceleration due to gravity
Glyceraldehyde-3-phosphate
dehydrogenase
Gesellschaft mit beschränkter Haftung
Gel Permeations Chromatography
hours
4-(2-Hydroxyethyl)-piperazin1-ethansulfonsäure
High Pressure Liquid Chromatograpy
Histidine
Histidine tagged
high molecular mass
Intra Nasal
Intra Peritoneal
Invasive Pneumococcal Disease
Intra venous
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Kb
KDa
l
LB
Lgt
lmm
LPS
Lsp
LTA
lux
m
M
MetQ
mg
MIC
min
ml
mM
MOI
MS
MW
n
NCSPs
NF-kB
NLRP3
nm
nM
NOD
n.s.
N-terminal
OD
P
PAGE
PavA
PBP
PBS
PccL
PCho
PCR
PDB
Pen
PFA
PfbA
Pfu
PGN
Pht
PMSF
PpmA
®
R
rev
RNA
RNase
rpm
RT
RT PCR
s
SCRs
SD
SEM
SlrA
S. p.
SDS

Kilo base pair
Kilo-Dalton
Liter
Luria Bertani broth
Lipoprotein-Diacylglyceryl-Transferase
low molecular mass
Lipopolysaccharide
Lipoprotein-specific signal peptidase
Lipoteichoic acid
luxABCDE, Bioluminescence-Gen
Milli (10-3)
Molar (mol/l)
D-Methionine-Binding protein
Milligram
Minimal Inhibitory Concentration
Minute
Milliliter
Millimolar
multiplicity of infection
Mass Spectrometry
Molecular Weight
nano (10-9)
Non Classical Surface Proteins
Nuclear Factor kappa-light-chainenhancer of activated B cells
NOD-Like Receptor Pyrin-domain
containing 3
nanometer
nanomolar
Nucleotide-binding Oligomerization
Domain
not significant
Amino-Terminus of the Proteins
Optical Density
p-value
Polyacrylamide gel electrophoresis
Pneumococcal adherence and virulence
factor A
Penicillin Binding Protein
Phosphate Buffered Saline
Pneumococcal calycin fold containing
Lipoprotein
Phosphorylcholine
Polymerase Chain Reaction
Protein Data Bank
Penicillin
Paraformaldehyde
Plasma and fibronectin binding protein
Pyrococcus furiosus
Peptidoglycan
Pneumococcal histidine triad
Phenyl Methane Sulfonic acid Fluoride
Putative proteinase maturation protein A
Registered
Resistance
reverse
Ribonucleic acid
ribonuclease
revolutions per minute
Room Temperature
Reverse Transcriptase PCR
Second
Structurally Conserved Regions
Standard deviation
Scanning Electron Microscopy
Streptococcal lipoprotein rotamase A
Streptococcus pneumoniae
Sodium Dodecyl Sulfate

APPENDIX
IgG
IPTG
Kan
KanR
TAE
Taq
TBS
TCA
TE
TEM
TEMED
TEV
THY
TM
Tris
Triton X-100
Trx
Tween 20
U
UV
(v/v)
V
Vol.
wt
(w/v)
(w/w)
X-Gal
αβμg
μl
µm

Immunglobulin G
Isopropyl-β-D-thiogalactopyranosid
Kanamycin
Kanamycin-Resistance
Tris/Acetate/EDTA
Thermus aquaticus
Tris buffered saline
Trichloroacetic
Tris/EDTA
Transmission Electron Microscopy
N, N, N‘, N‘-tetramethylethylenediamine
Tobacco etch virus
Todd Hewitt Broth
Trade Mark
Tris-(hydroxymethyl)-aminomethan
Polyoxyethylene (9-10) p-t-octylphenol
Thioredoxin
polyoxyethylene sorbitan monooleate
Unit
Ultraviolet light
Volume percent, volume per volume
Volt
volume
wild-type
weight, weight per volume
weight, weight per weight
5-Brom-4-Chlor-3-indolyl-β-Dgalactopyranoside
Alpha, anti
Beta
Microgram
Microliter
Micrometer

Spec
SpecR
TA
TA

Spectinomycin
Spectinomycin-Resistance
Thymine/Adenine
Teichoic acid

Amino acids:
A
C
D
E
F
G
H
I
K
L
M
N
P
Q
R
S
T
V
W
Y

Ala
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys
Leu
Met
Asn
Pro
Gln
Arg
Ser
Thr
Val
Trp
Tyr

Alanine
Cysteine
Aspartate
Glutamate
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan
Tyrosine

Nucleobase (Nitrigenous base)
A
C
G
T

149

Adenine
Cytosine
Guanine
Thymine
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9.2 Chemicals, laboratory equipment, consumables
and software
Table 9.2.1:

Chemicals
Chemicals

Provider

Acetic acid
Acetone
Acrylamide-N, N-methylene-bis-acrylamide
Activated carbon
Adenine
Agar
Agarose
Ammonium Acetate
Ammonium sulfate
Ampicilline
APS
Bacto-Agar
Bacto-Trypton
BD FACS Clean
BD FACS FlowTM
Blood agar plates
Bromophenol blue
BSA, albumin fraction V protease-free
CaCl2-dihydrate A. (99,5%)
Chloro-naphthol
Chloroform
CHAPS
Coomassie Brilliant BlueTM R250
DEPC
DMSO
EDTA
Ethanol 99,8%
Ethidium bromide
Glacial acetic acid
Glucose
Glycerol
Glycine
Hydrochloric acid
Hydrogen peroxide
Imidazole
Immersion oil
IPTG
Isopropanol > 99,8%
K2HPO4
KCl
KH2PO4
Liquid nitrogen N35
Luminol
β-Mercaptoethanol
Methanol
Magnesium chloride (MgCl2-Hexahydrate)
Mowiol 40-80
Na2HPO4
NaCl
NaH2PO4
NaOH
Paraformaldehyde
Peptone
Phenol
Phenol-Chloroform-Isoamyl (25:24:1)
PMSF

Roth
Roth
Roth
Roth
Sigma-Aldrich
Difco
Peqlab
Riedel de Haen
Applichem
Sigma
BioRad
Difco
Difco
BD Biosciences
BD Biosciences
Oxoid
Applichem
Roth
Merck
Sigma
Riedel-deHaën
Roth
BioRad
Sigma
Sigma
Applichem
Universitäts-Klinikum Greifswald
Applichem
Baker
Applichem
Merck
Applichem
Roth
Merck
Merck
Zeiss
Applichem
J. T. Baker
Sigma
Roth
Sigma
Linde
Fluka
Sigma
Roth
Merck
Sigma-Aldrich
Merck
Roth
Merck
Roth
Fluka
Roth
Roth
Roth
Applichem
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Continuation of table 9.2.1:
Chemicals

Provider

SDS
Skimmed milk
Sodium acetate
Sodium citrate
Sodium lauroyl sarcosinate
Sucrose
TEMED
Todd Hewitt Broth
Tris
Triton-X-100
Trypan blue
Tryptone
®
Tween 20
Urea
Yeast extract

Table 9.2.2:

Roth
Roth
Applichem
Merck
Sigma
Roth
Roth
Roth
Applichem
Applichem
Gibco BRL
Roth
Sigma
Roth
Roth

Lab equipments
Equipments

Provider

Agarose gel electrophoresis chambers
TM
ÄKTA purifier -900
Autoclave VX-100 and VX-150
Balance Sartorius Basic
BioPhotometer plus
Burner
Centrifuges:
®
Allegra X-12
®
Allegra X-15R
Centrifuge 5417R
RC5B
RC5C
Pico17 centrifuge
Optima™ Max-XP Ultracentrifuge
Dissecting set
Dot Spotter
®
Electric pipetting aids accu-jet pro
FACS Calibur
Fluostar Omega, microplate reader
French Pressure Cell Press, SLM Aminco
Freezers, -20°C
Heating block, ThermoMixer compact
®
Homogenizer, Ultra-Turrax T10

Biorad
GE Healthcare
Systec, Wettenberg
Sartorius
Eppendorf
WLD-Tec

Ice machine
Incubator
CO2 incubators Heracell 150
®
INTAS GDS , gel documentation system
®
IVIS Lumina Imaging System
Magnetic stirrer, RCT basic
Microscopes:
Confocal Laser Scanning Microscope Zeiss LSM510 META
Deep freezer, -80°C
Fluorescence microscope Elipse TS100 -F
SEM Zeiss EVO LS10-Electronemicroscope
TEM Zeiss LEO 906 Electronemicroscope
Microwave
Multipipette
Multistep Pipettierhilfe, HandyStep
Neubauer counting chamber
PCR-Thermocycler T3 Thermocycler
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Beckman Coulter
Beckman Coulter
Eppendorf
Sorvall Instruments
Sorvall Instruments
Heraeus, Thermo Scientific
®
Beckmann Coulte
Hartenstein
BioRad
Brand
Becton Dickinson
BMG Labtech, Germany
SLM instruments
Siemens
Eppendorf
IKA, Germany
®
Scotsman
Thermo Scientific
Heraeus, Thermo Scientific
INTAS
Xenogen Corporation,
Caliper Life Sciences
IKA, Germany
Zeiss
New Brunswick Scientific,
Thermo Scientific
Nikon
Zeiss
Zeiss
LG
Eppendorf
Brand
Brand
Biometra

APPENDIX
Continuation of table 9.2.2:
Equipments

Provider

pH-Meter
Photo developing machine
Pipettes Gilson/ Eppendorf research
Power Supply Power Pac 200 und 300
ProScan CCD camera, 1024x1024
Refrigerator, 4°C
Rolling incubator RM5
Rotors:
Rotor SX 4750
SLA-300

WTW
Fuji
Gilson und Eppendorf
BioRad
Scheuring, Germany
Liebherr
Schmidt GmbH

SA-300
SE-12
MLA-55 Rotor
Scanner jet 8200
SDS-Gel electrophoresis chamber
Sensitive balance
®
Shaking incubator, innova 44
Shaking incubator
SpeedVac RV-C 2-25
Spectrophotometer, NanoDrop ND-1000
Sterile workbenches for bacterial culture, HeraSafe
Sterile work benches for cell culture, MSC-Advantage
Timer
Transblot SD Semidry Transfer Cell
Ultrasound device, Sonifier 250
Ultrasonic bath, Ultrasonic cleaner
Vacuum pump
Vortex
Welder, Vacupack plus
X-ray cassettes, Dr. Goose suprema

Sorvall Instruments
Sorvall Instruments
Beckmann Coulter
HP
peQLab/BioRad
OHAUS
New Brunswick Scientific
VKS-75 control Edmund Bühler
Christ
peQLab
Heraeus Instruments
Thermo Scientific
Roth
BioRad
Branson
Unisonic
KNF
IKA
Krups
Hartenstein

Table 9.2.3:

Beckman Coulter
Sorvall Instruments

Lab consumables
Provider

Consumables
6-, 24-, 96-Cell culture plates, flat bottom, Cellstar bio one
96-Cell culture plates, round bottom, Cellstar bio one
Butterfly needles
Forceps, 130 mm
2
2
Cell culture flasks, 25 cm , 75 cm
Cell scraper
Centrifuge tube, 12 ml, 250 ml
Coverslips, 12mm
Dialysis bag 12-14000 MWCO
Disposable serological pipettes, steril, 5 ml, 10 ml, 25 ml
FACS-tube, 500 µl
FACS-tube, 5 ml, Polysterene Round-bottom tube
Glass beads 3 mm
Injection cannulas, G26, G24
Microtiter plates, Maxisorp
Multitips, 0.5ml, 1.25 ml, 2.5 ml, 5ml
®
Nitro cellulose membranes Protran Whatman
Opti Seal™ Tubes
Parafilm
Pasteur pipettes
PCR reaction vessels, 0.2 ml, MicroAmp
Petri dishes
Pipette tips, 10 μl, 200 μl, 1000 μl
Plastic cuvettes
Precellys (glass beads), 0.5 mm
Reaction vessels, 0.5 ml, 1.5 ml, 2.0 ml
Reaction vessels, conical, 15 ml, 50 ml
Scalpel
Screw cap, 2 ml
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Greiner
Greiner
Rose GmbH
Hartenstein
Greiner
Hartenstein
Greiner
Hartenstein
neoLab Laborbedarf, Heidelberg
Greiner
Sarstedt
BD Biosciences
Hartenstein
Hartenstein
Nunc
Hartenstein
Hartenstein
Beckmann Coulter
Hartenstein
Hartenstein
Perkin Elmer
Greiner
Sarstedt
Sarstedt
PEQLAB
Sarstedt
Sarstedt
Braun
PEQLAB

APPENDIX
Scissors, curved 105 mm
Scissors, straight 105 mm
Slides
Syringe filter, 0.22 μm, 0.45 µm
VIVASPIN 15R 10.000
Whatman paper
X-ray films Super RX, Fuji Super RX

Table 9.2.4:

Hartenstein
Hartenstein
Hartenstein
Roth
Sartorius Stedim
Noras und Hartenstein
Hartenstein

Computer programs
Programs

Provider/Source

Adobe Acrobat Standard 8.0.0
Adobe Design Standard CS3
Adobe Reader 9.3
CellQuestPro Software 6.0
EndNote X1
GraphPad Prism 5.01
HP Precision ScanPro 3.02
®
INTAS GDS , gel documentation system
Living Image IgorPro 4.0 software package
LSM Image Browser Zeiss
Micro plate reader
MS Office Professional Plus 2007
NanoDrop-1000 3.5.2
Omega 1.10
PDF Creator 0.9.0.9
Serial Cloner 2.1
Simple Reads Varian
Unicorn 5.11
®
VisiView
WinMDI 2.8

Table 9.2.5:

Adobe Systems
Adobe Systems
Adobe Systems
BD Bioscience/ Mac Intosh
Thomson, Wintertree software
GraphPad
HP
INTAS
Xenogen Corporation
Zeiss
Tecan, Crailsheim, Deutschland
Microsoft
peQLab
BMG Labtech
pdfforge GbR
http://serialbasics.free.fr/html
Microsoft
GE Healthcare
Visitron Systems GmbH
http://www.facs.scripps.edu/software.html

Databases and computer analysis softwares

Databases and softwares
NCBI database
CMR database
Genomic blasts
MultAlin
PSORTdb 3.0 database
LocateP database
TMHMM 2.0 algorithm
SignalP 4.0
DOLOP
Microbes online
ProtParam tool
IDT (Integrated DNA technologies)
Default.aspx
KEGG database
ClustalW2
STRING database
Neural Network Promoter Prediction
TransTermHP Terminator Predicti
list of S. pneumoniae D39

Source
http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi
http://cmr.jcvi.org/tigr-scripts/CMR/shared/Genomes.cgi
http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi
http://multalin.toulouse.inra.fr/multalin/
http://db.psort.org/
http://www.cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs Basis.dtu.dk/services/
http://www.mrc-lmb.cam.ac.uk/Genome/dolop/
http://www.microbesonline.org/operons/
http://web.expasy.org/protparam/
http://eu.idtdna.com/ANALYZER/Applications/OligoAnalyzer/
http://www.genome.jp/kegg/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://string-db.org/
http://www.fruitfly.org/seq_tools/promoter.html
http://transterm.cbcb.umd.edu/tt/
Streptococcus_pneumoniae_D39.tt
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9.3 The composition of the Chemically Defined
Medium (CDM)
Solution 1a: (final volume: 50 ml)
FeSO4 x 7 H2O
(FeNO3)2 x 9 H2O

25.2 mg
5.3 mg

Solution 1b: (final volume: 50 ml)
K2HPO4
KH2PO4

1g
5g

Solution 1c: (100x; 50 ml)
MgSO4 x 7 H2O
MnSO4 x H2O

20 mg

Solution 4: (final volume: 500 ml)
D-(+)-Glucose

50 g

Solution 5, Nucleotide: (final volume: 500 ml)
adenine
2g
uracil
2g

3.5 g
27.9 mg

Solution 6a: (10x; 500 ml)
CaCl2 x 2 H2O
Choline-Chloride

Solution 2a, L-amino acids I: (final volume: 500 ml)
alanine, aspartic acid, asparagine,
glutamic acid, glycine,
isoleucine, leucine, lysine,
1g
proline, hydroxy-proline,
serine, valine
glutamine
2g
threonine
2g

Solution 6b: (final volume: 500 ml)
NaH2PO4 x H2O
Na2HPO4 x 2 H2O
sodium acetate (anhydrous)
NaHCO3

Solution 2b, L-amino acid II: (final volume: 500 ml)
arginine, histidine, methionine,
phenylalanine, tryptophan,
1g
tyrosine
Solution 3a, Vitamins: (final volume: 500 ml)
p-aminobenzoic acid
Niacin amid
β-nicotinamide adenine dinucleotide
Calcium-D(+)-Pantothenate
pyridoxal
pyridoxamin-dihydrochloride
thiamin-hydrochloride
Vitamin B12
biotin (dissolved in PBS, pH 7.4)
Folic acid (dissolved in 5 ml 2,5 N NaOH)

Solution 3b: (final volume: 400 ml)
Riboflavin

100 mg
100 mg

16 g
46.1 g
13.6 g
12.5 g

Solution 6c: (final volume: 20ml)
L-cystine
cystine in 20 ml 1 N HCL solution

10 mg
50 mg
125 mg
100 mg
50 mg
50 mg
50 mg
5 mg
10 mg
40 mg

To prepare 1 Liter CDM:
Solution 1a
Solution 1b
Solution 1c
Solution 2a
Solution 2b
Solution 3a
Solution 3b

Solution 4
Solution 5
Solution 6a
Solution 6b
Solution 6c
dest. H2O

10 ml
10 ml
10 ml
50 ml
50 ml
10 ml
40 ml

100 ml
10 ml
100 ml
100 ml
2 ml
508 ml

All the amino acids, vitamins and bases used for the preparation of the medium were purchased from Applichem GmbH
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9.4 Sequences and recombinant plasmid maps for
the
insertion-deletion
mutagenesis
in
S. pneumoniae
The chromosomal DNA of the strain S. pneumoniae TIGR4 was used to create the
mutagenesis constructs. In the mutagenesis construct diagrams, antibiotic cassette is shown
in red and the gene-flanking regions are shown in green. The oligonucleotides of the flanking
sequences and of the oligonucleotides used for the insertion of antibiotic cassettes are
underlined in black. The start and stop codons are shown in bold.

9.4.1 Sequences of the antibiotic cassettes
>ermB
ACGGTTCGTGTTCGTGCTGACTTGCACCATATCATAAAAATCGAAACAGCAAAGAATGGCGGAAACGTAAAAGAAGTTATGGA
AATAAGACTTAGAAGCAAACTTAAGAGTGTGTTGATAGTGCAGTATCTTAAAATTTTGTATAATAGGAATTGAAGTTAAATTA
GATGCTAAAAATTTGTAATTAAGAAGGAGTGATTACATGAACAAAAATATAAAATATTCTCAAAACTTTTTAACGAGTGAAAA
AGTACTCAACCAAATAATAAAACAATTGAATTTAAAAGAAACCGATACCGTTTACGAAATTGGAACAGGTAAAGGGCATTTAA
CGACGAAACTGGCTAAAATAAGTAAACAGGTAACGTCTATTGAATTAGACAGTCATCTATTCAACTTATCGTCAGAAAAATTA
AAACTGAATACTCGTGTCACTTTAATTCACCAAGATATTCTACAGTTTCAATTCCCTAACAAACAGAGGTATAAAATTGTTGG
GAGTATTCCTTACCATTTAAGCACACAAATTATTAAAAAAGTGGTTTTTGAAAGCCATGCGTCTGACATCTATCTGATTGTTG
AAGAAGGATTCTACAAGCGTACCTTGGATATTCACCGAACACTAGGGTTGCTCTTGCACACTCAAGTCTCGATTCAGCAATTG
CTTAAGCTGCCAGCGGAATGCTTTCATCCTAAACCAAAAGTAAACAGTGTCTTAATAAAACTTACCCGCCATACCACAGATGT
TCCAGATAAATATTGGAAGCTATATACGTACTTTGTTTCAAAATGGGTCAATCGAGAATATCGTCAACTGTTTACTAAAAATC
AGTTTCATCAAGCAATGAAACACGCCAAAGTAAACAATTTAAGTACCGTTACTTATGAGCAAGTATTGTCTATTTTTAATAGT
TATCTATTATTTAACGGGAGGAAATAATTCTATGAGTCGCTTTTGTAAATTTGGAAAGTTACACGTTACTAAAGGGAATGTAG
ATAAATTATTAGGTATACTACTGACAGCTTCCAAGGAGCTAAAGAGGTCCCTAGCGCCTACG

>aad9 (spec)
ATCGATTTTCGTTCGTGAATACATGTTATAATAACTATAACTAATAACGTAACGTGACTGGCAAGAGATATTTTTAAAACAAT
GAATAGGTTTACACTTACTTTAGTTTTATGGAAATGAAAGATCATATCATATATAATCTAGAATAAAATTAACTAAAATAATT
ATTATCTAGATAAAAAATTTAGAAGCCAATGAAATCTATAAATAAACTAAATTAAGTTTATTTAATTAACAACTATGGATATA
AAATAGGTACTAATCAAAATAGTGAGGAGGATATATTTGAATACATACGAACAAATTAATAAAGTGAAAAAAATACTTCGGAA
ACATTTAAAAAATAACCTTATTGGTACTTACATGTTTGGATCAGGAGTTGAGAGTGGACTAAAACCAAATAGTGATCTTGACT
TTTTAGTCGTCGTATCTGAACCATTGACAGATCAAAGTAAAGAAATACTTATACAAAAAATTAGACCTATTTCAAAAAAAATA
GGAGATAAAAGCAACTTACGATATATTGAATTAACAATTATTATTCAGCAAGAAATGGTACCGTGGAATCATCCTCCCAAACA
AGAATTTATTTATGGAGAATGGTTACAAGAGCTTTATGAACAAGGATACATTCCTCAGAAGGAATTAAATTCAGATTTAACCA
TAATGCTTTACCAAGCAAAACGAAAAAATAAAAGAATATACGGAAATTATGACTTAGAGGAATTACTACCTGATATTCCATTT
TCTGATGTGAGAAGAGCCATTATGGATTCGTCAGAGGAATTAATAGATAATTATCAGGATGATGAAACCAACTCTATATTAAC
TTTATGCCGTATGATTTTAACTATGGACACGGGTAAAATCATACCAAAAGATATTGCGGGAAATGCAGTGGCTGAATCTTCTC
CATTAGAACATAGGGAGAGAATTTTGTTAGCAGTTCGTAGTTATCTTGGAGAGAATATTGAATGGACTAATGAAAATGTAAAT
TTAACTATAAACTATTTAAATAACAGATTAAAAAAATTATAAAAAAATTGAAAAAATGGTGGAAACACTTTTTTCAATTTTTT
TGTTTTATTATTTAATATTTGGGAAATATTCATTCTAATT

155

APPENDIX

9.4.2 Mutagenesis sequences of the lipoproteins
>pccL-Region in S. pneumoniae TIGR4 (sp_0198)
CTACTACTAGAATTCCCTTGGCGTTGCAAACTTTTCTTCTTTTTATGAGAGAAAGAAAGGAAGCTGTTGATGAACAGGCTGTA
AGAAAGGCCTTGGAACAGACCCATTGGGCTGGTCGCTTGGAGCGTATTCGCCCACAGATTTATTTGGATGGTGCTCATAACCT
CCCTGCCTTGACTCGCTTGGCTGAGTTTATCAAAGAAAAAGAGCAGGAAGGCTATCGACCTCAAATCCTCTTTGGATCCTTGA
AACGTAAGGATTATCAAGGGATGTTGGGTTATCTGACTGAAAAATTGCCTCAGGTGGAACTCAAGGTGACCGGCTTTGACTAT
CAGGGGGCTTTGGACGAAAGGGATGTGACAGGTTACGATATAGTTTCTTCTTACCGAGAATTTATCAGCGATTTTGAAGAAAG
GGCAGACGCTCAAGACTTGCTGTTCGTTACAGGGTCTCTCTATTTTATCTCAGAAGTACGGGGCTACCTGCTGGACCGTGAGC
AGATAAATTGACTCCATTTTTTGAACTTGTTATACTAGGGGAATTGCTGGTTAGAGAAAATTTCTCTAAATTGGTAGCAGAAA
GGAAATTCATCATGAAATTAAAAAGATTCACACTTTCTCTTGCTTCTCTAGCAAGTTTTAGTCTCTTAGTAGCTTGTTCACAA
AGAGCTCAACAGGTTCAACAGCCTGTTGCTCAGCAGCAGGTCCAACAACCTGCTCAACAGAATACCAATACTGCAAATGCAGG
AGGTAACCAAAATCAAGCGGCTCCAGTACAAAACCAACCTGTTGCTCAACCGACCGATATTGATGGGACTTATACTGGTCAGG
ATGACGGAGACCGTATCACTTTAGTGGTAACTGGAACGACTGGTACATGGACTGAGCTCGAATCTGACGGGGATCAGAAAGTC
AAACAGGTTACATTGGATTCAGCAAATCAACGCATGATTATTGGCGATGATGTCAAAATTTACACTGTAAACGGTAATCAAAT
CGTCGTAGATGATATGGATAGAGACCCATCGGACCAAATCGTTTTAACTAAATAAGACTATGCAAGTAGAAAGGGCTGGATTT
TTCAGCCTTTTTACTTTTACCTAGAAAATAATCATAAATACTTGCCTTCTACCGAATACCTGCGTTATACTAGTATCAATTAC
TTGTTTTTAGCATTCAAACTATCAAGGAGGGGATATGAAATATAGGAAATTTCAATTATTGATGTCCAAGTATGGCTTTAGTC
TTTCGATTATGCTACTTGAACTTTGTCTTGTTTTTGGTCTCTTTCTTTATTTAGGACGCATGGCTCCCATTTTATGGATTACT
GTCCTCATTCTACTGAGTATCATCACAATCATTTCGATAGTCAACCGTAATACGACTCCTGAGAATAAGGTAACCTGGTTGTT
AGTAGCCTTTGTGCCAGTATTTGGTCCCTTGCTCTATCTGATGTTTGGTGAAAGGCGATTGTCCAAAAAAGAAATCAAACAAC
TGAAGAAGCTAGGCTCTATGCATTTCCAAGAAGCAAATAGCCAGCTACTAAAAGAGAAATTAAAAGAAAGTGACAAGGCAGCT
TATGGAGTCATCAAGTCCTTATTGAGTATGGATACCAATGCTGACATCTATGATCAAACTGCCTCTACATTTTTTCCTAACGG
AGAAGCTATGTGGAAAAAGATGGTAGAAGATCTTAAAAAGGCTGAGAAATTTATTTTCTTGGAATATTACATTATAGAAGAAG
GTTTGATGTGGAATCGCACTGCAGCTTGGAAGGTT
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>dacA-Region in S. pneumoniae TIGR4 (sp_0872)
CGGGATCCGATAAGAGCTGACAAGACGCTCCCCACACTATTTGATACGCTATTTAGGATATTTTGAAGAATATCAACATAGGA
TAAGTTTAACTGCTGAATTGTAGCTTCTACATCCAAATTCTGGAGCGCAGGATAATTAGATAAGTCTATGATTAAGTCTTGTA
CTCGACTATAAATAGTTTGACTAGATATAATCAAACTAGATAACTGATTAATCAAAATAGGTAAGAGATAGACAACACCTATG
ACCATTCCCCAGACCAAAGTACACAAGGTAATTAAAATACCAAGCAAACGATTGAGTTTACAGACTTTATTTAAGAAAGTAAC
AATAGGGTTTGTCAAATAATAAAGAAAGCCCCCTAATAAAAATGGAATCATAATTGTATTAAGCACGCTAACAAAAGGGTTAA
TCAAAGATCCCATCTGTCTCCATAGGTAAAAGATGATGGTTAAGAGTAAAATTTCTGTGGTCCAAAAAAATAATTTATTTCTA
CGAAACATGAGTTACCTCCCTCACTTTATTTTACCATATTTTCAAAAAGCTTAACAGATGAATTATTAAAGCAAGAATATTTT
TTTTCTTTATGATAGAATAAGACTACTATGAAAAAAATATTTTTAACTTTGTTAACTGTCTCTCTTTTAGGGGGTGTTTCTAC
TGCTGTTGCTCAAGATTTTACCATTGCCGCTAAACATGCGATTGCTGTTGAGCCCAAAAAGCTTGAATTCGGATCCATCGATT
TTCGTTCGTGAATACATGTTATAATAACTATAACTAATAACGTAACGTGACTGGCAAGAGATATTTTTAAAACAATGAATAGG
TTTACACTTACTTTAGTTTTATGGAAATGAAAGATCATATCATATATAATCTAGAATAAAATTAACTAAAATAATTATTATCT
AGATAAAAAATTTAGAAGCCAATGAAATCTATAAATAAACTAAATTAAGTTTATTTAATTAACAACTATGGATATAAAATAGG
TACTAATCAAAATAGTGAGGAGGATATATTTGAATACATACGAACAAATTAATAAAGTGAAAAAAATACTTCGGAAACATTTA
AAAAATAACCTTATTGGTACTTACATGTTTGGATCAGGAGTTGAGAGTGGACTAAAACCAAATAGTGATCTTGACTTTTTAGT
CGTCGTATCTGAACCATTGACAGATCAAAGTAAAGAAATACTTATACAAAAAATTAGACCTATTTCAAAAAAAATAGGAGATA
AAAGCAACTTACGATATATTGAATTAACAATTATTATTCAGCAAGAAATGGTACCGTGGAATCATCCTCCCAAACAAGAATTT
ATTTATGGAGAATGGTTACAAGAGCTTTATGAACAAGGATACATTCCTCAGAAGGAATTAAATTCAGATTTAACCATAATGCT
TTACCAAGCAAAACGAAAAAATAAAAGAATATACGGAAATTATGACTTAGAGGAATTACTACCTGATATTCCATTTTCTGATG
TGAGAAGAGCCATTATGGATTCGTCAGAGGAATTAATAGATAATTATCAGGATGATGAAACCAACTCTATATTAACTTTATGC
CGTATGATTTTAACTATGGACACGGGTAAAATCATACCAAAAGATATTGCGGGAAATGCAGTGGCTGAATCTTCTCCATTAGA
ACATAGGGAGAGAATTTTGTTAGCAGTTCGTAGTTATCTTGGAGAGAATATTGAATGGACTAATGAAAATGTAAATTTAACTA
TAAACTATTTAAATAACAGATTAAAAAAATTATAAAAAAATTGAAAAAATGGTGGAAACACTTTTTTCAATTTTTTTGTTTTA
TTATTTAATATTGGGAAATATTTCATTCTAATTGCTAGCAAGCTTTTGGGTGGAATCAGTTTGTCCGCTTTGTTAACGAGAAA
TTATAAAAAATCGCGATTTTAAACCGCGATTTTTTGATACAAGTTCATCTTCAAAATCAAAGAACAAACTAGGAAGCTAGCCG
CAGGTTGCTCAAAACACTGTTTTGAGGTTGTAGATGAAACTGACGAAGTCAGTAACCATACATACGATAAGGCGATGCTGACG
TGGTTTGAAGAGATTTTCGAAGAGTATAAAATCAAATTTTATCCAACTGATCCCTCCATTTCATAGCTAATCAAGCGGTTCAG
CTCAACTGCGTATTCCATTGGAAGTTCTTTTGTAAAGGGTTCTACAAATCCCATGACAATCATTTCAGTTGCCTCAGATTCTG
ACAATCCACGGCTCATGAGATAATACAATTGCTCTTCTGAAATCTTAGATACTTTGGCTTCGTGTTCCAAAGCCACTTGCGAG
TTGTGAATTTCATTAAATGGAATAGTATCTGATGCTGACAAGTCATCCATGATAATGGTATCACATTCAATGTGGGAAACAGA
TTTCTTAGAGTTCTTGTTAAAGGTGACTTGTCCACGGTAGTCAACCTTTCCTCCACCTTTAGCGATGGATTTAGACCTCGAGC
G
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>dacB-Region in S. pneumoniae TIGR4 (sp_0629)
ATATGGGAGCCATGGGAGATGACCAGCAAACAGACGAATATACAGTGTCTATCTGTGTCAAGGATGCTTCTGGACCTTATCAC
TATGACTTCCGTCAACATTTGGTGGCTTTGGCGAAAGAGCAAGATATTCCATTTAAGCTGGATATCTATCCATTTTATGGTTC
GGACGCTTCAGCGGCTATGTCTGCAGGGGCAGAAGTCAAACACGCCCTTCTCGGTGCTGGTATAGAGTCTAGCCATTCCTATG
AGCGTACCCATATTGACTCGGTGATCGCAACAGAACGAATGGTCGATGCTTATCTTAAGAGCACGTTGGTGGACTAATATGTG
CCTTATTTGTCAGAGAATTGACCTCATCAAGAAGGAAGAAAATCCTTACTTTGTCAAAGAGTTGGAAACAGGCTATCTTGTGG
TTGGAGACCACCAGTATTTTGAAGGCTATAGTCTCTTTCTAGCCAAGGAGCATGTCAGCGAATTGCACCATTTGAAAAAGGAG
ACAAGACTCCGTTTTCTAGAAGAAATGAGTTTAGTCCAAGAGGCAGTTGCCAAGGCCTTTGCTGCTGAGAAAATGAATATCGA
ACTGCTAGGAAATGGCGATGCTCATCTTCATTGGCATCTGTTTCCACGACGGACAGGTGATATGAATGGTCATGGTCTCAAGG
GTCGTGGACCAGTCTGGTGGGTTCCCTTTGAAGAAATGACAGCAGAAACCTGCCAAGCAAAACCGGATGAGATTAAAAGATTA
GTCAAACGTTTATCGTCAGAAGTAGATAAACTATTAGAAATAAAGGAGTAGAAATGAAGAAAAGATACCTAGTCTTGACAGCT
TTGCTAGCCTTGAGTCTAGCAGCTTGTTCACAAGAAAAAACAAAAAATGAAGATGGAGAAACTAAGACAGAACAGACAGCCAA
AGCTGATGGAACAGTCGGTAGTAAGTCTCAAGGAGCTGCCCAGAAGAAAGCAGAAGTGGTCAATAAAGGTGATTACTACAGCA
TTCAAGGGAAATACGATGAAATCATCGTAGCCAACAAACACTATCCATTGTCTAAAGACTATAATCCAGGGGAAAATCCAACA
GCCAAGGCAGAGTTGGTCAAACTCATCAAAGCGATGCAAGAGGCAGGTTTCCCTATTAGTGATCATTACAGTGGTTTTAGAAG
TTATGAAACTCAGACCAAGCTCTATCAAGATTATGTCAACCAAGATGGAAAGGCAGCAGCTGACCGTTACTCTGCCCGTCCTG
GCTATAGCGAACACCAGACAGGCTTGGCCTTTGATGTGATTGGGACTGATGGTGATTTGGTGACAGAAGAAAAAGCAGCCCAA
TGGCTCTTGGATCATGCAGCTGATTATGGCTTTGTTGTCCGTTATCTCAAAGGCAAGGAAAAGGAAACAGGCTATATGGCTGA
AGAATGGCACCTGCGTTATGTAGGAAAAGAAGCTAAAGAAATTGCTGCAAGTGGTCTCAGTTTGGAAGAATACTATGGCTTTG
AAGGCGGAGACTACGTCGATTAATACTCTTCGAAAATCTCTTCAAACCACGTCAGCGTCGCCTTACCTACTGACTGCGTCGGT
TCTATTCACAACCTCAAAACAGTGTTTTGAGCTGACTTCGTCAGTTTTATCTGCAACCTCAAAGCTGTACTTTGAGCAGCCTG
CGGCTAGCTTCCTAGTTTGCTCTTTGATTTTCATTGAGTACAAAAAGTAAACTTTTCTCTTGCAATTCCAGATAAATAGTGTA
TAATGGATGGGTATGTGAAAAACATACTTGTGGGAGGTAAAAATCTCTAATTACCGCCAAAACCACAAAGGAGGATTTAAAAA
TGGCTAAAAAAGTCGAAAAACTTGTAAAATTGCAAATCCCTGCTGGTAAAGCTACACCAGCTCCACCGGTTGGACCTGCTCTT
GGTCAAGCTGGTATCAACATCATGGGATTCACAAAAGAGTTCAACGCTCGTACAGCTGACCAAGCTGGTATGATCATTCCAGT
TGTTATCTCAGTTTACGAAGATAAATCATTTACTTTCGTTACGAAAACACCACCAGCTGCTGTTCTTTTGAAAAAAGCTGCAG
GTGTTGAAAAAGGATCAGGTACACCTAATAAAACTAAAGTTGCTACAGTTACTCGTGCACAAGTACAAGAAATTGCAGAAACT
AAGATGCCAGATTTGAACGCAGCAAACGTAGAGTCTGCAATGCGTATGATCGAAGGTACTGCTCGTTCTATGGGATTCACTGT
TGTTGACTAATCAATAACACAGTAGAAAATCTCACAGCAGTCTATTAGTTGCTTTTCATACTAGGCAAGTGACTGA
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>lp-0845-Region in S. pneumoniae TIGR4 (sp_0845)
GCGCAGTAGTGGAAGCAAGTGGTGATAAGTTAGTGAAAGTCATTATTGAAGCTTGCCTTCTGACAGACCAAGAAAAAGTTGTT
GTTTGCCAATTGGCCCAAAAAGCTGGGGCTGACTTTGTCAAAACATCTACTGGCTTTTCAACTGGTGGTGCTACGATAGCAGA
TGTTACATTAATGCGTGAAACAGTTGGATCTGATATGGGTGTCAAGGCCGCCGGTGGAGCTCGTTCTTATGCAGATGCTCTTG
CCTTTGTCGAAGCAGGTGCGACCCGTATCGGAACGTCAGCTGGGGTAGCTATTTTAAAAGGAGAATTGGCAGATGGCGACTAC
TGAGTTGATTGAACTGGCAATTGAAACCAGCAAACATGCCTATGTCCCCTATTCTCACTTTCCTATCGGAGCAGTTTTAGTAG
CTAAAGACGGAAGTGTTTACACGGGAGTGAATATTGAAAATGCTAGCTATCCTTTGACCAATTGCGGTGAGAGAACAGCTATT
TTTAAGGCTATATCTGAAGGCCAAAGAGAATTTTCAGAATTGATTGTCTATGGTCAAACTGAAAAACCGATCTCGCCATGTGG
TGCTTGTCGCCAAGTGATGGCTGAATTTTTTGAACAAGATCTAAAAGTGACCTTAGTCGCAAAAGATAAATCGACGGTCGAGA
TGACGGTCGGGGAATTACTTCCATACTCTTTTACAGACTTAAACTAGTCTGAGTCGCTCTCTGAGTGGCACGGTCCTTGTGGC
CAACCAATCCATACTTGCAACATCGTTGCACATCTTATTTAGGAGGTTCAGTAATGAACAAGAAACAATGGCTAGGTCTTGGC
CTAGTTGCAGTGGCAGCAGTTGGACTTGCTGCATGTGGTAACCGCTCTTCTCGTAACGCAGCTTCATCTTCTGATGTGAAGAC
AAAAGCAGCAATCGTCACTGATACTGGTGGTGTTGATGACAAATCATTCAACCAATCAGCTTGGGAAGGTTTGCAGGCTTGGG
GTAAAGAACACAATCTTTCAAAAGATAACGGTTTCACTTACTTCCAATCAACAAGTGAAGCTGACTACGCTAACAACTTGCAA
CAAGCGGCTGGAAGTTACAACCTAATCTTCGGTGTTGGTTTTGCCCTTAATAATGCAGTTAAAGATGCAGCAAAAGAACACAC
TGACTTGAACTATGTCTTGATTGATGATGTGATTAAAGACCAAAAGAATGTTGCGAGCGTAACTTTCGCTGATAATGAGTCAG
GTTACCTTGCAGGTGTGGCTGCAGCAAAAACAACTAAGACAAAACAAGTTGGTTTTGTAGGTGGTATCGAATCTGAAGTTATC
TCTCGTTTTGAAGCAGGATTCAAGGCTGGTGTTGCGTCAGTAGACCCATCTATCAAAGTCCAAGTTGACTACGCTGGTTCATT
TGGTGATGCGGCTAAAGGTAAAACAATTGCAGCCGCACAATACGCAGCCGGTGCAGATATTGTTTACCAAGTAGCTGGTGGTA
CAGGTGCAGGTGTCTTTGCAGAGGCAAAATCTCTCAACGAAAGCCGTCCTGAAAATGAAAAAGTTTGGGTTATCGGTGTTGAT
CGTGACCAAGAAGCAGAAGGTAAATACACTTCTAAAGATGGCAAAGAATCAAACTTTGTTCTTGTATCTACTTTGAAACAAGT
TGGTACAACTGTAAAAGATATTTCTAACAAGGCAGAAAGAGGAGAATTCCCTGGCGGTCAAGTGATCGTTTACTCATTGAAGG
ATAAAGGGGTTGACTTGGCAGTAACAAACCTTTCAGAAGAAGGTAAAAAAGCTGTCGAAGATGCAAAAGCTAAAATCCTTGAT
GGAAGCGTAAAAGTTCCTGAAAAATAATGGATGGAAGTCATTTCTTAGGAAGCGGCCAAGGGCCGCTTTTTTAAGAGTTGAGA
CAAAGTCATTTTGTCTAAGTAAAGCTTGCTACTAGACAAACTAGCAAGTTTTATTGAAATAAAATAAGACTCTGAAAGGAAGA
GCACATGGCACACGAAAATGTCATTGAGATGCGTGATATTACCAAGGTGTTTGGTGGATTTGTTGCCAACGACAAAATCAACT
TGCACCTACGAAAAGGTGAAATTCATGCACTTTTAGGAGAAAATGGGGCTGGTAAGTCCACGCTAATGAACATGTTAGCAGGC
CTTCTTGAACCAACTAGTGGTGAAATCGCGGTCAACGGTCAAGTTGTCAATCTCGACTCCCCATCTAAAGCAGCTAGCTTGGG
AATCGGGATGGTTCACCAGCACTTTATGTTGGTTGAAGCCTTCACAGTGGCTGAAAACATCATTTTAGGTAGTGAATTGACTA
AAAATGGTGTGCTAGATATCGCTGGAGCTAGCAAAGAAATCAAGGCTCTTTCTGAACGTTATGGCTTAGCTGTTGACCCTTCT
GCCAAGGTAGCAGATATCTCAGTTGGAGCCCAACAACGTGTAGAAATTTTAAAAACACTTTATCGGGGGGCTGATATCCTTAT
CTTTGACGAACCAACGGCTGTTTTGACTCCATCAGAAATTGATGAGTTGATGGCTATTATGAAAAATCTTGTCAAAGAAGGAA
AATCAATTATCTTGATTACCCACAAATTGGATGAAATTCGAGCAGTTTCTGACCGTGTTACAGTTATCCGTCGTGGGAAA
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>etrx2-Region in S. pneumoniae TIGR4 (sp_1000)
TCCTCTTCTGCCAGTCTATGCTGGGATTTTATTGGATGATCAAGAAAGTGCAAAAAGCTTTTCTTTGTTTGGGAGAAAGGTTC
TCTGGTCAGGCTTGATTCGAACACTTTGCTTTATCGCTGGTATCTCTCTCATTTTCTTTATTCTAGGCTTTGGTGCTGGTTAC
TTTGGTCATATTCTCTATGCAAATTGGTTTCGATATGGCATGGGAGCTATTATTATCATTTTGGGTCTTCACCAGATGGAAAT
TTTTCATTTGAAGAAATTAGAAGTTCAAAAAAGTTTTACCTTTAAAAAATCAGATTCTAATCGTTATTGGTCAGCTTTTTTAC
TTGGTATTACCTTTAGCTTTGGTTGGACACCTTGTATTGGTCCAGTTTTAAGTTCTGTTTTAGCACTTGCGGCTTCTGGAGGC
AATGGCGCTTGGCAAGGAGCGATTTATACTCTCATTTACACTCTGGGCATGGCCCTTCCTTTCTTGGTATTGGCACTAGCTTC
AGGTCTAGTCATGCCATATTTTAGTAAAATCAAGCGTCATATGATGCTACTAAAGAAAATTGGTGGTTTCCTCATTGTTTTAA
TGGGAATTTTGTTACTATTAGGACAAGTAAATGTTCTAGCTGGAATTTTTGAATAAAGGAGGACAAATGAAAAAAGTAATGTT
TGCTGGCTTAAGTCTCTTGTCATTAGTTGTATTGATGGCCTGTGGTGAGGAAGAAACTAAAAAGACTCAAGCAGCACAACAGC
CAAAACAACAAACGACTGTACAACAAATTGCTGTTGGAAAAGATGCTCCAGACTTCACATTGCAATCCATGGATGGCAAAGAA
GTTAAGTTATCTGATTTTAAGGGTAAAAAGGTTTACTTGAAGTTTTGGGCTTCATGGTGTGGTCCATGCAAGAAAAGTATGCC
AGAGTTGATGGAACTAGCGGCGAAACCAGATCGTGATTTCGAAATTCTTACTGTCATTGCACCAGGAATTCAAGGTGAAAAAA
CTGTTGAGCAATTCCCACAATGGTTCCAGGAACAAGGATATAAGGATATCCCAGTTCTTTATGATACCAAAGCAACCACCTTC
CAAGCTTATCAAATTCGAAGCATTCCTACAGAATATTTAATTGATAGCCAAGGAAAGATTGGAAAGATTCAATTTGGTGCTAT
CAGTAATGCGGATGCAGAAGCAGCATTTAAAGAAATGAACTAGAATCGATAAAATCTGATTACAAGATGTAGTCAGATTTTGG
TAACTTCTAAAACTAACTTCCAGTTTCCCACAACCTAGCTTTTAGTATGAGAAAAACGCGTGACATCAGTGGAAATCCGTCTT
AGACTAACTTCCACTGGTTTTCTTTTTCTTGATATATAAGGGTTCAAAAGCGAAAAGACTCAGAAAAAGTGCACGACAAATAG
CCCTAAAACAGAGTCGTCTTAGAGTAACTTCCAGTTTTGGGAGAGAGATGGAAGTTACTTTGAGAAGTTACGGTAGTCAGATT
TTTTTAGAAAAACATTTTATAAATATTCACATATCTCCTATATTTATGGTAAAATAGAATTATCAGTTTATTTTGGAGTCAAA
GATGAATATATTTAGAACAAAGAATGTTAGTTTAGATAAAACAGAGATGCATAGGCATTTGAAGTTATGGGATTTGATTTTGC
TGGGTATCGGAGCCATGGTAGGGACAGGCGTCTTTACAATCACAGGTACTGCAGCTGCAACACTTGCTGGCCCAGCCCTAGTG
ATTTCAATCGTTATTTCTGCCTTGTGTGTGGGATTATCAGCCCTCTTTTTTGCAGAATTTGCCTCGCGAGTACCCGCTACAGG
AGGTGCCTATAGTTACCTCTATGCTATCTTAGGAGAATTCCCTGCCTGGTTGGCTG
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>lp-1002-Region in S. pneumoniae TIGR4 (sp_1002)
GATGATGCCGTTGCCTTTGCCCTTCGTAGTGTTGGGATTAGTTGGGCAGCCAACTATGTGTCATTAGTGGCTATCTTGACCTT
GATTACAGTTTGTATTTCGATGACCTATGCCCTATCGCGTATGATTTACAGTTTAGCACGTGACGGCTTAGTGCCTGCTGCCT
TTAAGGAACTGACGAAGACTAGCAAGATACCAAAGAATGCTACTATCTTGACAGGTCTAGCTTCAGCAGTAGCAGCAGGAATG
TTCCCACTAGCCAGTATTGCAGCCTTTTTAAATATTTGTACCTTAGCCTACTTGATCATGTTGGCTTATGGTCTGATTCGCTT
ACGGAAAGAAAAAGGAATGCCCAAAGCTGGGGAATTTAAAACACCATTGGTACCTCTGTTACCAATTTTATCGATCATCATTT
GTTTATCCTTCATGTTACAGTATAATATGAATACCTGGATTGCTTTCCTAGTTGCGTTGTTAGTAGGAAGTATTATTTACTTC
ACTTATGGCTATAAGCATTCTACCATAGAAGAATAAAGTGAAAGTCTATTGAGTTGTTGACACTCAGTAGATTTTTATATGTA
AAGAAATTTCAAATTTTTTCTAAAAATATCTTGACAGATTAAATTTTCAGGAGTAGAATATTTACTAGTTAATTAAATGGTTA
AGGAGTTGTTCATGAAGAAACAAAATTTATTTTTAGTCCTGTTAAGTGTCTTTCTTTTGTGCTTGGGGGCTTGTGGTCAAAAG
GAAAGTCAGACAGGAAAGGGGATGAAAATTGTGACCAGTTTTTATCCTATCTACGCTATGGTTAAGGAAGTATCTGGTGACTT
GAATGATGTTCGGATGATTCAGTCAAGTAGTGGTATTCACTCCTTTGAACCTTCGGCAAATGATATCGCAGCCATCTATGATG
CAGATGTCTTTGTTTACCATTCTCATACACTCGAATCTTGGGCAGGAAGTCTGGATCCAAATCTAAAAAAATCCAAAGTGAAG
GTCTTAGAGGCTTCTGAGGGAATGACCTTGGAACGTGTCCCTGGACTAGAGGATGTGGAAGCAGGGGATGGAGTTGATGAAAA
AACGCTCTATGACCCTCACACATGGCTAGATCCTGAAAAAGCTGGAGAAGAAGCCCAAATTATCGCTGATAAACTTTCAGAGG
TGGATAGTGAGCATAAAGAGACTTATCAAAAAAATGCGCAAGCCTTTATCAAAAAAGCTCAGGAATTGACTAAGAAATTCCAA
CCAAAATTTGAAAAAGCGACTCAGAAAACATTTGTAACACAACATACAGCCTTTTCTTATCTAGCGAAGAGATTTGGGCTTAA
TCAACTTGGTATTGCAGGTATCTCTCCTGAACAAGAACCAAGTCCACGACAACTAACAGAAATTCAGGAATTTGTTAAGACCT
ATAAGGTTAAAACGATTTTTACAGAAAGTAACGCTTCTTCAAAAGTAGCTGAAACTCTTGTCAAATCAACAGGTGTGGGTCTT
AAAACTCTGAATCCTTTAGAGTCAGACCCACAAAATGACAAGACCTATTTAGAAAATCTTGAAGAAAATATGAGTATTCTAGC
AGAAGAATTAAAGTGAGGAAAGAATGAAAATTAATAAAAAATATCTAGCAGGTTCAGTGGCAGTCCTTGCCCTAAGTGTTTGT
TCCTATGAACTTGGTCGTCACCAAGCTGGTCAGGTTAAGAAAGAGTCTAATCGAGTTTCTTATATAGATGGTGATCAGGCTGG
TCAAAAGGCAGAAAACTTGACACCAGATGAAGTCAGTAAGAGGGAGGGGATCAACGCCGAACAAATCGTCATCAAGATTACGG
ATCAAGGTTATGTGACCTCTCATGGAGACCATTATCATTACTATAATGGCAAGGTCCCTTATGATGCCATCATCAGTGAAGAG
CTCCTCATGAAAGATCCGAATTATCAGTTGAAGGATTCAGACATTGTCAATGAAATCAAGGGTGGTTATGTTATCAAGGTAGA
TGGAAAATACTATGTTTACCTTAAGGATGCAGCTCATGCGGATAATATTCGGACAAAAGAAGAGATTAAACGTCAGAAGCAGG
AACACAGTCATAATCACGGGGGTGGTTCTAACGATCAAGCAGTAGTTGCAGCCAGAGCCCAAGGACGCTATACAACGGATGAT
GGTTATATCTTCAATGCATCTGATATCATTGAGGACACGGGTGATGCTTATATCGTTCCTCACGGCGACCATTACCATTACAT
TCCTAAGAATGAGTTATCAGCTAGCGAGTTAGCTGCTGCAGAAGCCTATTGGAATGGGAAGCAGGGATCTCGTCCTTCTTCAA
GTTCTAGTTATAATGCAAATCCAGCTCAACCAA
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9.5 Sequences and recombinant plasmids for the
heterologous expression
The cloning of heterologous expression constructs was carried out without the respective
DNA sequences of the signal peptides. The necessary gene sequences were amplified from
the genomic DNA of the strain S. pneumoniae TIRG4. The sequences of the signal peptide
are shown in blue. The amino acid sequence of His6-tags is marked in blue and the TEV
protease cleavage site in red.
>pccL in S. pneumoniae TIGR4 (sp_0198)
ATGAAATTAAAAAGATTCACACTTTCTCTTGCTTCTCTAGCAAGTTTTAGTCTCTTAGTAGCTTGTTCACAAAGA
GCTCAACGGTTCAACAGCCTGTTGCTCAGCAGCAGGTCCAACAACCTGCTCAACAGAATACCAATACTGCAAATG
CAGGAGGTAACCAAAATCAAGCGGCTCCAGTACAAAACCAACCTGTTGCTCAACCGACCGATATTGATGGGACTT
ATACTGGTCAGGATGACGGAGACCGTATCACTTTAGTGGTAACTGGAACGACTGGTACATGGACTGAGCTCGAAT
CTGACGGGGATCAGAAAGTCAAACAGGTTACATTGGATTCAGCAAATCAACGCATGATTATTGGCGATGATGTCA
AAATTTACACTGTAAACGGTAATCAAATCGTCGTAGATGATATGGATAGAGACCCATCGGACCAAATCGTTTTAA
CTAAATAA

>PccL in S. pneumoniae TIGR4
MKLKRFTLSLASLASFSLLVACSQRAQQVQQPVAQQQVQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGT
YTGQDDGDRITLVVTGTTGTWTELESDGDQKVKQVTLDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVL
TK

>His6TEV_PccL
MGSSHHHHHHMSGENLYFQGASSQRAQQVQQPVAQQQVQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGT
YTGQDDGDRITLVVTGTTGTWTELESDGDQKVKQVTLDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVL
TK

>His6TEV_PccL (N-terminal trancated)
MGSSHHHHHHMSGENLYFQGASQPVAQPTDIDGTYTGQDDGDRITLVVTGTTGTWTELESDGDQKVKQVTLDSAN
QRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLTK
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>dacA in S. pneumoniae TIGR4 (sp_0872)
ATGAAAAAAATATTTTTAACTTTGTTAACTGTCTCTCTTTTAGGGGGTGCTTCTACTGCTGTTGCTCAAGATTTT
ACCATTGCCGCTAAACATGCGATTGCTGTTGAGGCAAATACTGGTAAAATTCTCTATGAGAAGGATGCAACGCAA
CCTGTCGAAATTGCTTCCATAACAAAATTGATTACTGTTTATCTGGTCTATGAAGCTTTGGAAAACGGAAGTATT
ACCCTCTCCACTCCTGTAGATATTTCTGATTATCCTTATCAATTGACGACAAATTCTGAAGCCAGTAATATTCCT
ATGGAGGCCCGTAATTATACTGTCGAAGAGTTGCTTGAAGCAACTCTGGTATCTAGTGCCAACAGCGCCGCTATT
GCCCTAGCTGAGAAAATTGCTGGCTCAGAAAAAGATTTCGTCGATATGATGCGGGCAAAACTCTTGGAATGGGGA
ATTCAGGATGCCACTGTTGTCAATACGACAGGTCTTAACAATGAAACTCTAGGGGATAACATTTACCCAGGTTCT
AAAAAAGATGAGGAAAATAAGCTTAGTGCTTATGATGTCGCTATCGTTGCTCGCAACCTCATCAAAAAATACCCA
CAAGTCTTAGAAATCACCAAAAAACCTTCTTCTACTTTTGCTGGGATGACAATCACTTCAACCAACTACATGTTA
GAAGGTATGCCTGCTTACCGTGGTGGTTTTGATGGGCTAAAAACAGGAACAACAGATAAGGCTGGAGAGTCTTTT
GTTGGTACTACTGTCGAAAAAGGCATGAGAGTCATCACAGTTGTTTTAAATGCAGATCATCAAGACAATAATCCT
TACGCTCGATTTACAGCTACATCTTCCCTAATGGATTATATTTCTTCTACATTTACACTTCGCAAAATCGTTCAA
CAAGGCGATGCCTATCAAGATAGCAAAGCCCCTGTACAAGATGGAAAAGAAGATACAGTAACTGCAGTGGCTCCA
GAGGATATCTATCTAATCGAACGTGTTGGGAATCAATCTTCCCAATCTGTTCAATTCACACCTGATTCCAAAGCA
ATCCCAGCACCACTTGAAGCTGGAACAGTGGTTGGCCATTTGACTTATGAAGACAAGGACTTGATTGGTCAAGGT
TACATCACCACAGAGCGCCCTAGTTTCGAAATGGTAGCAGACAAGAAAATTGAAAAAGCCTTCTTCTTAAAAGTT
TGGTGGAATCAGTTTGTCCGCTTTGTTAACGAGAAATTATAA

>DacA in S. pneumoniae TIGR4
MKKIFLTLLTVSLLGGASTAVAQDFTIAAKHAIAVEANTGKILYEKDATQPVEIASITKLITVYLVYEALENGSI
TLSTPVDISDYPYQLTTNSEASNIPMEARNYTVEELLEATLVSSANSAAIALAEKIAGSEKDFVDMMRAKLLEWG
IQDATVVNTTGLNNETLGDNIYPGSKKDEENKLSAYDVAIVARNLIKKYPQVLEITKKPSSTFAGMTITSTNYML
EGMPAYRGGFDGLKTGTTDKAGESFVGTTVEKGMRVITVVLNADHQDNNPYARFTATSSLMDYISSTFTLRKIVQ
QGDAYQDSKAPVQDGKEDTVTAVAPEDIYLIERVGNQSSQSVQFTPDSKAIPAPLEAGTVVGHLTYEDKDLIGQG
YITTERPSFEMVADKKIEKAFFLKVWWNQFVRFVNEKL
• The yellow highlighted residues is the deleted sequence

> His6TEV_DacA (truncated)
MGSSHHHHHHMSGENLYFQGASQDFTIAAKHAIAVEANTGKILYEKDATQPVEIASITKLITVYLVYEALENGSI
TLSTPVDISDYPYQLTTNSEASNIPMEARNYTVEELLEATLVSSANSAAIALAEKIAGSEKDFVDMMRAKLLEWG
IQDATVVNTTGLNNETLGDNIYPGSKKDEENKLSAYDVAIVARNLIKKYPQVLEITKKPSSTFAGMTITSTNYML
EGMPAYRGGFDGLKTGTTDKAGESFVGTTVEKGMRVITVVLNADHQDNNPYARFTATSSLMDYISSTFTLRKIVQ
QGDAYQDSKAPVQDGKEDTVTAVAPEDIYLIERVGNQSSQSVQFTPDSKAIPAPLEAGTVVGHLTYEDKDLIGQG
YITTERPSFEMVADKKIEK

163

APPENDIX
>dacB in S. pneumoniae TIGR4 (sp_0629)
ATGAAGAAAAGATACCTAGTCTTGACAGCTTTGCTAGCCTTGAGTCTAGCAGCTTGTTCACAAGAAAAAACAAAA
AATGAAGATGGAGAAACTAAGACAGAACAGACAGCCAAAGCTGATGGAACAGTCGGTAGTAAGTCTCAAGGAGCT
GCCCAGAAGAAAGCAGAAGTGGTCAATAAAGGTGATTACTACAGCATTCAAGGGAAATACGATGAAATCATCGTA
GCCAACAAACACTATCCATTGTCTAAAGACTATAATCCAGGGGAAAATCCAACAGCCAAGGCAGAGTTGGTCAAA
CTCATCAAAGCGATGCAAGAGGCAGGTTTCCCTATTAGTGATCATTACAGTGGTTTTAGAAGTTATGAAACTCAG
ACCAAGCTCTATCAAGATTATGTCAACCAAGATGGAAAGGCAGCAGCTGACCGTTACTCTGCCCGTCCTGGCTAT
AGCGAACACCAGACAGGCTTGGCCTTTGATGTGATTGGGACTGATGGTGATTTGGTGACAGAAGAAAAAGCAGCC
CAATGGCTCTTGGATCATGCAGCTGATTATGGCTTTGTTGTCCGTTATCTCAAAGGCAAGGAAAAGGAAACAGGC
TATATGGCTGAAGAATGGCACCTGCGTTATGTAGGAAAAGAAGCTAAAGAAATTGCTGCAAGTGGTCTCAGTTTG
GAAGAATACTATGGCTTTGAAGGCGGAGACTACGTCGATTAA

>DacB in S. pneumoniae TIGR4
MKKRYLVLTALLALSLAACSQEKTKNEDGETKTEQTAKADGTVGSKSQGAAQKKAEVVNKGDYYSIQGKYDEIIV
ANKHYPLSKDYNPGENPTAKAELVKLIKAMQEAGFPISDHYSGFRSYETQTKLYQDYVNQDGKAAADRYSARPGY
SEHQTGLAFDVIGTDGDLVTEEKAAQWLLDHAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSL
EEYYGFEGGDYVD

>His6TEV_DacB
MGSSHHHHHHMSGENLYFQGASQEKTKNEDGETKTEQTAKADGTVGSKSQGAAQKKAEVVNKGDYYSIQGKYDEI
IVANKHYPLSKDYNPGENPTAKAELVKLIKAMQEAGFPISDHYSGFRSYETQTKLYQDYVNQDGKAAADRYSARP
GYSEHQTGLAFDVIGTDGDLVTEEKAAQWLLDHAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGL
SLEEYYGFEGGDYVD

>His6TEV_DacB (truncated I)
MGSSHHHHHHMSGENLYFQGASGDYYSIQGKYDEIIVANKHYPLSKDYNPGENPTAKAELVKLIKAMQEAGFPIS
DHYSGFRSYETQTKLYQDYVNQDGKAAADRYSARPGYSEHQTGLAFDVIGTDGDLVTEEKAAQWLLDHAADYGFV
VRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD

>His6TEV_DacB (truncated II)
MGSSHHHHHHMSGENLYFQGASGAAQKKAEVVNKGDYYSIQGKYDEIIVANKHYPLSKDYNPGENPTAKAELVKL
IKAMQEAGFPISDHYSGFRSYETQTKLYQDYVNQDGKAAADRYSARPGYSEHQTGLAFDVIGTDGDLVTEEKAAQ
WLLDHAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD
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>lp-0845 in S. pneumoniae TIGR4 (sp_0845)
ATGAACAAGAAACAATGGCTAGGTCTTGGCCTAGTTGCAGTGGCAGCAGTTGGACTTGCTGCATGTGGTAACCGC
TCTTCTCGTAACGCAGCTTCATCTTCTGATGTGAAGACAAAAGCAGCAATCGTCACTGATACTGGTGGTGTTGAT
GACAAATCATTCAACCAATCAGCTTGGGAAGGTTTGCAGGCTTGGGGTAAAGAACACAATCTTTCAAAAGATAAC
GGTTTCACTTACTTCCAATCAACAAGTGAAGCTGACTACGCTAACAACTTGCAACAAGCGGCTGGAAGTTACAAC
CTAATCTTCGGTGTTGGTTTTGCCCTTAATAATGCAGTTAAAGATGCAGCAAAAGAACACACTGACTTGAACTAT
GTCTTGATTGATGATGTGATTAAAGACCAAAAGAATGTTGCGAGCGTAACTTTCGCTGATAATGAGTCAGGTTAC
CTTGCAGGTGTGGCTGCAGCAAAAACAACTAAGACAAAACAAGTTGGTTTTGTAGGTGGTATCGAATCTGAAGTT
ATCTCTCGTTTTGAAGCAGGATTCAAGGCTGGTGTTGCGTCAGTAGACCCATCTATCAAAGTCCAAGTTGACTAC
GCTGGTTCATTTGGTGATGCGGCTAAAGGTAAAACAATTGCAGCCGCACAATACGCAGCCGGTGCAGATATTGTT
TACCAAGTAGCTGGTGGTACAGGTGCAGGTGTCTTTGCAGAGGCAAAATCTCTCAACGAAAGCCGTCCTGAAAAT
GAAAAAGTTTGGGTTATCGGTGTTGATCGTGACCAAGAAGCAGAAGGTAAATACACTTCTAAAGATGGCAAAGAA
TCAAACTTTGTTCTTGTATCTACTTTGAAACAAGTTGGTACAACTGTAAAAGATATTTCTAACAAGGCAGAAAGA
GGAGAATTCCCTGGCGGTCAAGTGATCGTTTACTCATTGAAGGATAAAGGGGTTGACTTGGCAGTAACAAACCTT
TCAGAAGAAGGTAAAAAAGCTGTCGAAGATGCAAAAGCTAAAATCCTTGATGGAAGCGTAAAAGTTCCTGAAAAA
TAA

>LP-0845 in S. pneumoniae TIGR4
MNKKQWLGLGLVAVAAVGLAACGNRSSRNAASSSDVKTKAAIVTDTGGVDDKSFNQSAWEGLQAWGKEHNLSKDN
GFTYFQSTSEADYANNLQQAAGSYNLIFGVGFALNNAVKDAAKEHTDLNYVLIDDVIKDQKNVASVTFADNESGY
LAGVAAAKTTKTKQVGFVGGIESEVISRFEAGFKAGVASVDPSIKVQVDYAGSFGDAAKGKTIAAAQYAAGADIV
YQVAGGTGAGVFAEAKSLNESRPENEKVWVIGVDRDQEAEGKYTSKDGKESNFVLVSTLKQVGTTVKDISNKAER
GEFPGGQVIVYSLKDKGVDLAVTNLSEEGKKAVEDAKAKILDGSVKVPEK

>His6TEV_LP-0845
MGSSHHHHHHMSGENLYFQGASGNRSSRNAASSSDVKTKAAIVTDTGGVDDKSFNQSAWEGLQAWGKEHNLSKDN
GFTYFQSTSEADYANNLQQAAGSYNLIFGVGFALNNAVKDAAKEHTDLNYVLIDDVIKDQKNVASVTFADNESGY
LAGVAAAKTTKTKQVGFVGGIESEVISRFEAGFKAGVASVDPSIKVQVDYAGSFGDAAKGKTIAAAQYAAGADIV
YQVAGGTGAGVFAEAKSLNESRPENEKVWVIGVDRDQEAEGKYTSKDGKESNFVLVSTLKQVGTTVKDISNKAER
GEFPGGQVIVYSLKDKGVDLAVTNLSEEGKKAVEDAKAKILDGSVKVPEK
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>etrx2 in S. pneumoniae TIGR4 (sp_1000)
ATGAAAAAAGTAATGTTTGCTGGCTTAAGTCTCTTGTCATTAGTTGTATTGATGGCCTGTGGTGAGGAAGAAACT
AAAAAGACTCAAGCAGCACAACAGCCAAAACAACAAACGACTGTACAACAAATTGCTGTTGGAAAAGATGCTCCA
GACTTCACATTGCAATCCATGGATGGCAAAGAAGTTAAGTTATCTGATTTTAAGGGTAAAAAGGTTTACTTGAAG
TTTTGGGCTTCATGGTGTGGTCCATGCAAGAAAAGTATGCCAGAGTTGATGGAACTAGCGGCGAAACCAGATCGT
GATTTCGAAATTCTTACTGTCATTGCACCAGGAATTCAAGGTGAAAAAACTGTTGAGCAATTCCCACAATGGTTC
CAGGAACAAGGATATAAGGATATCCCAGTTCTTTATGATACCAAAGCAACCACCTTCCAAGCTTATCAAATTCGA
AGCATTCCTACAGAATATTTAATTGATAGCCAAGGAAAGATTGGAAAGATTCAATTTGGTGCTATCAGTAATGCG
GATGCAGAAGCAGCATTTAAAGAAATGAACTAG

>Etrx2 in S. pneumoniae TIGR4
MKKVMFAGLSLLSLVVLMACGEEETKKTQAAQQPKQQTTVQQIAVGKDAPDFTLQSMDGKEVKLSDFKGKKVYLK
FWASWCGPCKKSMPELMELAAKPDRDFEILTVIAPGIQGEKTVEQFPQWFQEQGYKDIPVLYDTKATTFQAYQIR
SIPTEYLIDSQGKIGKIQFGAISNADAEAAFKEMN

>His6TEV_Etrx2
MGSSHHHHHHMSGENLYFQGASGEEETKKTQAAQQPKQQTTVQQIAVGKDAPDFTLQSMDGKEVKLSDFKGKKVY
LKFWASWCGPCKKSMPELMELAAKPDRDFEILTVIAPGIQGEKTVEQFPQWFQEQGYKDIPVLYDTKATTFQAYQ
IRSIPTEYLIDSQGKIGKIQFGAISNADAEAAFKEMN

>His6TEV_Etrx2 (N-terminal truncated)
MGSSHHHHHHMSGENLYFQGASAVGKDAPDFTLQSMDGKEVKLSDFKGKKVYLKFWASWCGPCKKSMPELMELAA
KPDRDFEILTVIAPGIQGEKTVEQFPQWFQEQGYKDIPVLYDTKATTFQAYQIRSIPTEYLIDSQGKIGKIQFGA
ISNADAEAAFKEMN
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>lp-1002 in S. pneumoniae TIGR4 (sp_1002)
ATGAAGAAACAAAATTTATTTTTAGTCCTGTTAAGTGTCTTTCTTTTGTGCTTGGGGGCTTGTGGTCAAAAGGAA
AGTCAGACAGGAAAGGGGATGAAAATTGTGACCAGTTTTTATCCTATCTACGCTATGGTTAAGGAAGTATCTGGT
GACTTGAATGATGTTCGGATGATTCAGTCAAGTAGTGGTATTCACTCCTTTGAACCTTCGGCAAATGATATCGCA
GCCATCTATGATGCAGATGTCTTTGTTTACCATTCTCATACACTCGAATCTTGGGCAGGAAGTCTGGATCCAAAT
CTAAAAAAATCCAAAGTGAAGGTCTTAGAGGCTTCTGAGGGAATGACCTTGGAACGTGTCCCTGGACTAGAGGAT
GTGGAAGCAGGGGATGGAGTTGATGAAAAAACGCTCTATGACCCTCACACATGGCTAGATCCTGAAAAAGCTGGA
GAAGAAGCCCAAATTATCGCTGATAAACTTTCAGAGGTGGATAGTGAGCATAAAGAGACTTATCAAAAAAATGCG
CAAGCCTTTATCAAAAAAGCTCAGGAATTGACTAAGAAATTCCAACCAAAATTTGAAAAAGCGACTCAGAAAACA
TTTGTAACACAACATACAGCCTTTTCTTATCTAGCGAAGAGATTTGGGCTTAATCAACTTGGTATTGCAGGTATC
TCTCCTGAACAAGAACCAAGTCCACGACAACTAACAGAAATTCAGGAATTTGTTAAGACCTATAAGGTTAAAACG
ATTTTTACAGAAAGTAACGCTTCTTCAAAAGTAGCTGAAACTCTTGTCAAATCAACAGGTGTGGGTCTTAAAACT
CTGAATCCTTTAGAGTCAGACCCACAAAATGACAAGACCTATTTAGAAAATCTTGAAGAAAATATGAGTATTCTA
GCAGAAGAATTAAAGTGA

>LP-1002 in S. pneumoniae TIGR4
MKKQNLFLVLLSVFLLCLGACGQKESQTGKGMKIVTSFYPIYAMVKEVSGDLNDVRMIQSSSGIHSFEPSANDIA
AIYDADVFVYHSHTLESWAGSLDPNLKKSKVKVLEASEGMTLERVPGLEDVEAGDGVDEKTLYDPHTWLDPEKAG
EEAQIIADKLSEVDSEHKETYQKNAQAFIKKAQELTKKFQPKFEKATQKTFVTQHTAFSYLAKRFGLNQLGIAGI
SPEQEPSPRQLTEIQEFVKTYKVKTIFTESNASSKVAETLVKSTGVGLKTLNPLESDPQNDKTYLENLEENMSIL
AEELK

>His6TEV_LP-1002
MGSSHHHHHHMSGENLYFQGASGQKESQTGKGMKIVTSFYPIYAMVKEVSGDLNDVRMIQSSSGIHSFEPSANDI
AAIYDADVFVYHSHTLESWAGSLDPNLKKSKVKVLEASEGMTLERVPGLEDVEAGDGVDEKTLYDPHTWLDPEKA
GEEAQIIADKLSEVDSEHKETYQKNAQAFIKKAQELTKKFQPKFEKATQKTFVTQHTAFSYLAKRFGLNQLGIAG
ISPEQEPSPRQLTEIQEFVKTYKVKTIFTESNASSKVAETLVKSTGVGLKTLNPLESDPQNDKTYLENLEENMSI
LAEELK
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>psaA in S. pneumoniae TIGR4 (sp_1650)
ATGAAAAAATTAGGTACATTACTCGTTCTCTTTCTTTCTGCAATCATTCTTGTAGCATGTGCTAGCGGAAAAAAA
GATACAACTTCTGGTCAAAAACTAAAAGTTGTTGCTACAAACTCAATCATCGCTGATATTACTAAAAATATTGCT
GGTGACAAAATTGACCTTCATAGTATCGTTCCGATTGGGCAAGACCCACACGAATACGAACCACTTCCTGAAGAC
GTTAAGAAAACTTCTGAGGCTAATTTGATTTTCTATAACGGTATCAACCTTGAAACAGGTGGCAATGCTTGGTTT
ACAAAATTGGTAGAAAATGCCAAGAAAACTGAAAACAAAGACTACTTCGCAGTCAGCGACGGCGTTGATGTTATC
TACCTTGAAGGTCAAAATGAAAAAGGAAAAGAAGACCCACACGCTTGGCTTAACCTTGAAAACGGTATTATTTTT
GCTAAAAATATCGCCAAACAATTGAGCGCCAAAGACCCTAACAATAAAGAATTCTATGAAAAAAATCTCAAAGAA
TATACTGATAAGTTAGACAAACTTGATAAAGAAAGTAAGGATAAATTTAATAAGATCCCTGCTGAAAAGAAACTC
ATTGTAACCAGCGAAGGAGCATTCAAATACTTCTCTAAAGCCTATGGTGTCCCAAGTGCTTACATCTGGGAAATC
AATACTGAAGAAGAAGGAACTCCTGAACAAATCAAGACCTTGGTTGAAAAACTTCGCCAAACAAAAGTTCCATCA
CTCTTTGTAGAATCAAGTGTGGATGACCGTCCAATGAAAACTGTTTCTCAAGACACAAACATCCCAATCTACGCT
CAAATCTTTACTGACTCTATCGCAGAACAAGGTAAAGAAGGCGACAGCTACTACAGCATGATGAAATACAACCTT
GACAAGATTGCTGAAGGATTGGCAAAATAA

>PsaA in S. pneumoniae TIGR4
MKKLGTLLVLFLSAIILVACASGKKDTTSGQKLKVVATNSIIADITKNIAGDKIDLHSIVPIGQDPHEYEPLPED
VKKTSEANLIFYNGINLETGGNAWFTKLVENAKKTENKDYFAVSDGVDVIYLEGQNEKGKEDPHAWLNLENGIIF
AKNIAKQLSAKDPNNKEFYEKNLKEYTDKLDKLDKESKDKFNKIPAEKKLIVTSEGAFKYFSKAYGVPSAYIWEI
NTEEEGTPEQIKTLVEKLRQTKVPSLFVESSVDDRPMKTVSQDTNIPIYAQIFTDSIAEQGKEGDSYYSMMKYNL
DKIAEGLAK

>His6TEV_PsaA
MGSSHHHHHHMSGENLYFQGASGKKDTTSGQKLKVVATNSIIADITKNIAGDKIDLHSIVPIGQDPHEYEPLPED
VKKTSEANLIFYNGINLETGGNAWFTKLVENAKKTENKDYFAVSDGVDVIYLEGQNEKGKEDPHAWLNLENGIIF
AKNIAKQLSAKDPNNKEFYEKNLKEYTDKLDKLDKESKDKFNKIPAEKKLIVTSEGAFKYFSKAYGVPSAYIWEI
NTEEEGTPEQIKTLVEKLRQTKVPSLFVESSVDDRPMKTVSQDTNIPIYAQIFTDSIAEQGKEGDSYYSMMKYNL
DKIAEGLAK
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>lpc in Legionella pneumophila
ATGTTAAAACGGAATGTATTGATTTTATTGGCCGCCTGCAGTTTGGTTGCTACACCACTCTTTGCAGAAGACATG
TCTTCTGGTTCTCAAATGAATAATACGAATAGCATGGGAATGCAAAGCTCTAATCAGCAGTCAACCCAACTGCAA
GACGAAATGAAACAAATGCAAGAAGCACTAAAACAAATGCAGGAGATGCATGATAAGCTTATGAATGCAAAAACA
ACGGAAGAAAAGAAATCGTTGATGCAAACACAAATGCCCATGATGGAAGAAGGCATGCATGCGATGCAAAAAGGC
ATGAAGATGATGAAAAGTATGCAGGATGATGCAGCTAAACAACCCGAAACGATGGAGCAGCGTACGAAAATGATG
CAAATGATGATGCAAATGATGCAGATGATGATGGATAGACAAATGATGGGATGCCCCATGATGAAAAACCAATAA

>LPC (methionine rich protein) in Legionella pneumophila
MLKRNVLILLAACSLVATPLFAEDMSSGSQMNNTNSMGMQSSNQQSTQLQDEMKQMQEALKQMQEMHDKLMNAKT
TEEKKSLMQTQMPMMEEGMHAMQKGMKMMKSMQDDAAKPEMEQRTKMMQMMMQMMQMMMDRQMMGCPMMKNQ

>His6TEV_LPC
MGSSHHHHHHMSGENLYFQGASEDMSSGSQMNNTNSMGMQSSNQQSTQLQDEMKQMQEALKQMQEMHDKLMNAKT
TEEKKSLMQTQMPMMEEGMHAMQKGMKMMKSMQDDAAKPEMEQRTKMMQMMMQMMQMMMDRQMMGCPMMKNQ
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9.6 Amino acid sequence comparisons
9.6.1 Amino acid sequence comparisons of PccL in
S. pneumoniae
Signal peptide
TIGR4_spn_SP_0198
SP70585_snm_0256
Hungary
Taiwan
G54_spx_SPG_0185
D39_spd_0184
R6_spr_0179
P1031_spp_0250
JJA_sjj_SPJ_0210

-----------------------------MKLKRFTLSLASLASFSLLVACSQRAQQVQQ
MTPFFELVILGELLVRENFSKLVAERKFIMKLKRFTLSLASLASFSLLVACSQRAQQVQQ
-----------------------------MKLKRFTLSLASLASFSLLVACSQRAQQVQQ
-----------------------------MKLKRFTLSLASLASFSLLVACSQRAQQVQQ
MTPLFELVILGELLVRENFSKLVAERKFIMKLKRFTLSLASLASFSLLVACSQRAQQVQQ
-----------------------------MKLKRFTLSLASLASFSLLVACSQRAQQVQQ
MTPFFELVILGELLVRENFSKLVAERKFIMKLKRFTLSLASLASFSLLVACSQRAQQVQQ
MTPFFELVILGELLVRENFSKLVAERKFIMKLKRFTLSLASLASFSLLVACSQRAQQVQQ
MTPFFELVILGELLVRENFSKLVAERKFIMKLKRFTLSLASLASFSLLVACSQRAQQVQQ
*******************************

31
60
31
31
60
31
60
60
60

TIGR4_spn_SP_0198
SP70585_snm_0256
Hungary
Taiwan
G54_spx_SPG_0185
D39_spd_0184
R6_spr_0179
P1031_spp_0250
JJA_sjj_SPJ_0210

PVAQQQVQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
PVAQQQVQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
PVAQQ-VQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
PVAQQ-VQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
PVAQQQVQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
---------PAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
---------PAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
PVAQQ-VQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
PVAQQ-VQQPAQQNTNTANAGGNQNQAAPVQNQPVAQPTDIDGTYTGQDDGDRITLVVTG
***************************************************

91
120
90
90
120
82
111
119
119

TIGR4_spn_SP_0198
SP70585_snm_0256
Hungary
Taiwan
G54_spx_SPG_0185
D39_spd_0184
R6_spr_0179
P1031_spp_0250
JJA_sjj_SPJ_0210

TTGTWTELESDGDQKVKQVTLDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTLDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTFDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTFDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTFDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTFDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTFDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTFDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
TTGTWTELESDGDQKVKQVTFDSANQRMIIGDDVKIYTVNGNQIVVDDMDRDPSDQIVLT
********************:***************************************

151
180
150
150
180
142
171
179
179

TIGR4_spn_SP_0198
SP70585_snm_0256
Hungary
Taiwan
G54_spx_SPG_0185
D39_spd_0184
R6_spr_0179
P1031_spp_0250
JJA_sjj_SPJ_0210

K
K
K
K
K
K
K
K
K
*

152
181
151
151
181
143
172
180
180
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9.6.2 Amino acid sequence comparisons of DacB in
S. pneumoniae
signal peptide
Taiwan_SPT_0654
P1031
JJA_sjj_SPJ_0581
SP_70585_snm_0690
Hungary_SPH_0722
D39_SPD_0549
R6_spr_0554
TIGR4_SP_0629
G54_SPG_0573

MKKRYVILSGLLALTLAACSQEKTKVEENTQKTEQSSQPEGTVGSKSQASSQKKAEVSNK
MKKRYVILSGLLALTLAACSQEKTKVEENTQKTEQSSQPEGTVGSKSQASSQKKAEVSNK
MKKRYVILSGLLALTLAACSQEKTKVEENTQKTEQSSQPEGTVGSKSQASSQKKAEVSNK
MKKRYVILSGLLALTLAACSQEKTKVEENTQKTEQSSQPEGTVGSKSQASSQKKAEVSNK
MKKRYIVLSGLLAVILAACSQEKPKNEENTQKTEQTSQPEGTVGSKSQASSQKKAEVVNK
MKKRYLVLTALLALSLAACSQEKTKNEDGETKTEQTAKADGTVGSKSQGAAQKKAEVVNK
MKKRYLVLTALLALSLAACSQEKTKNEDGETKTEQTAKADGTVGSKSQGAAQKKAEVVNK
-KKRYLVLTALLALSLAACSQEKTKNEDGETKTEQTAKADGTVGSKSQGAAQKKAEVVNK
MKKRYIVLSGLLAVTLAACSQEKAKNEDGTAKTEQTAKADGTVGSKSQGAAQKKAEVVNK
****::*:.***: ********.* *:. ****:::.:********.::****** **

60
60
60
60
60
60
60
59
60

Taiwan_SPT_0654
P1031
JJA_sjj_SPJ_0581
SP_70585_snm_0690
Hungary_SPH_0722
D39_SPD_0549
R6_spr_0554
TIGR4_SP_0629
G54_SPG_0573

GSYYSIQGKYDEIILANKRYPLSKDYNPGENPTAKAELLKLIAAMQAEGYPISDQYSGFR
GSYYSIQGKYDEIILANKRYPLSKDYNPGENPTAKAELLKLIAAMQAEGYPISDQYSGFR
GSYYSIQGKYDEIILANKRYPLSKDYNPGENPTAKAELLKLIAAMQAEGYPISDQYSGFR
GSYYSIQGKYDEIILANKRYPLSKDYNPGENPTAKAELLKLIAAMQAAGYPISDHYSGFR
GDYYSIQGKYDEIVIANKHYPLSKDYNPGENPTAKAELVKLIAAMQAAGYPISDHYSGFR
GDYYSIQGKYDEIIVANKHYPLSKDYNPGENPTAKAELVKLIKAMQEAGFPISDHYSGFR
GDYYSIQGKYDEIIVANKHYPLSKDYNPGENPTAKAELVKLIKAMQEAGFPISDHYSGFR
GDYYSIQGKYDEIIVANKHYPLSKDYNPGENPTAKAELVKLIKAMQEAGFPISDHYSGFR
GDYYSIQGKYDEIIVANKHYPLSKDYNPGENPTAKAELVKLIKAMQEAGFPISDHYSGFR
*.***********::***:*******************:*** *** *:****:*****

120
120
120
120
120
120
120
119
120

Taiwan_SPT_0654
P1031
JJA_sjj_SPJ_0581
SP_70585_snm_0690
Hungary_SPH_0722
D39_SPD_0549
R6_spr_0554
TIGR4_SP_0629
G54_SPG_0573

SYETQAKLYQDYVNQDGKEAADRYSARPGYSEHQTGLAFDLIGTDGDLVTEEKAAQWLLD
SYETQAKLYQDYVNQDGKEAADRYSARPGYSEHQTGLAFDLIGTDGDLVTEEKAAQWLLD
SYETQAKLYQDYVNQDGKEAADRYSARPGYSEHQTGLAFDLIGTDGDLVTEEKAAQWLLD
SYETQTKLYQDYVNQDGKAAADRYSARPGYSEHQTGLAFDVIGTDGDLVTEEKAAQWLLD
SYETQTKLYQDYVNQDGKEAADRYSARPGYSEHQTGLAFDLIGTDGDLVTEEKAAQWLLD
SYETQTKLYQDYVNQDGKEAADRYSARPGYSEHQTGLAFDVIGTDGDLVTEEKAAQWLLD
SYETQTKLYQDYVNQDGKEAADRYSARPGYSEHQTGLAFDVIGTDGDLVTEEKAAQWLLD
SYETQTKLYQDYVNQDGKAAADRYSARPGYSEHQTGLAFDVIGTDGDLVTEEKAAQWLLD
SYETQTKLYQDYVNQDGKAAADRYSARPGYSEHQTGLAFDVIGTDGDLVTEEKAAQWLLD
*****:************ *********************:*******************

180
180
180
180
180
180
180
179
180

Taiwan_SPT_0654
P1031
JJA_sjj_SPJ_0581
SP_70585_snm_0690
Hungary_SPH_0722
D39_SPD_0549
R6_spr_0554
TIGR4_SP_0629
G54_SPG_0573

HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD-HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD-HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVDLK
HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD-HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD-HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAESGLSLEEYYGFEGGDYVD-HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAESGLSLEEYYGFEGGDYVD-HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD-HAADYGFVVRYLKGKEKETGYMAEEWHLRYVGKEAKEIAASGLSLEEYYGFEGGDYVD-*************************************** ******************

238
238
240
238
238
238
238
237
238
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9.7 Gene region comparison
9.7.1 Gene region comparison of dacA in S. pneumoniae
dacA
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9.7.2 Gene region comparison of dacB in S. pneumoniae
dacB
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9.8 Supplementary
figures
related
to
the
peptidoglycan analysis in S.pneumoniae D39
parental strain and its Δlgt, ΔdacA, ΔdacB and
ΔdacAΔdacB mutants

Figure 9.8.1

Structures and calculated masses for the identified monomeric LytA-released
pneumococcal PGN-peptides.

The analysis of peptidoglycan-peptide composition was carried out in cooperation with Dr. Nicolas Gisch (Division of
Bioanalytical Chemistry, Research Center Borstel)
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Figure 9.8.2

Structures and calculated masses for the identified dimeric LytA-released
pneumococcal PGN-peptides.
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Figure 9.8.3

ESI-FT-ICR-MS spectra (charge deconvoluted) of PGN-peptides isolated from
strain S.p. D39Δcps.
A. Spectrum of P-30 pool 1 and B. Spectrum of P-30 pool 2 Mass accuracy is given
in ppm, peak assignment is based on HPLC profiles (Figure 9.8.8 and 9.8.9) and
MS/MS experiments. The majority of identified peptides clearly indicate the WT PGN+
§
type: 1 (as Na -adduct ion), 4, 4’, 9, 12A/12B, 12A/12B’, 17, and 17’/17’ . Peptides 2
*
and 3 are derived from not fully processed PGN-peptide strands.
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Figure 9.8.4

ESI-FT-ICR-MS spectra (charge deconvoluted) of PGN-peptides isolated from
strain S.p. D39ΔcpsΔdacA.
A. Spectrum of P-30 pool 1 and B. Spectrum of P-30 pool 2. Mass accuracy is given
in ppm, peak assignment is based on HPLC profiles (Figure 9.8.8 and 9.8.9) and
MS/MS experiments. Most of the identified PGN-peptides clearly display the ΔdacAPGN type, because a pentapeptid was detected as stem peptide: 3, 3*, 8, 11, 11*,
16, 16*, 16’, and 16’*. In addition some peptides from WT PGN have been observed:
9, 12A/12B, and 12A’/12B’.
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Figure 9.8.5

ESI-FT-ICR-MS spectra (charge deconvoluted) of PGN-peptides isolated from
strain S.p. D39ΔcpsΔdacAΔdacB.
A. Spectrum of P-30 pool 1 and B. spectrum of P-30 pool 2. Mass accuracy is given
in ppm, peak assignment is based on HPLC profiles (Figure 9.8.8 and 9.8.9) and
MS/MS experiments. The ΔdacAΔdacB-mutant shows mainly a ΔdacA-PGN type
because the same molecules with a pentapeptide as stem peptide were identified: 3,
3*, 8, 11, 11*, 16, 16*, and 16’* (compare Figure 9.8.4) as well as 7, 15, and 15’ in
addition. Peptides 2 and 10 belong to the L,D-CPase impaired (ΔdacB) PGN-type. (#
peaks could not be assigned to a PGN-peptide; ## peak can originate from
TetraTetra(SA)2 or Penta(SA)Tetra(S))
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Figure 9.8.6

ESI-FT-ICR-MS spectrum (charge deconvoluted) of PGN-peptides isolated from
strain S.p. D39ΔcpsΔdacB P-30 pool 2.
The spectrum of the respective P-30 pool 1 is depicted in Figure 4.11C. Mass
accuracy is given in ppm, peak assignment is based on HPLC profiles (Figure 9.8.8
and 9.8.9) and MS/MS experiments. All identified peptides clearly indicate an L,DCPase impaired PGN-type since they have a tetrapeptide as their stem: 2, 5/5’, 10,
+
13/13’, 14/14’, and 18/18’ (and respective Na -adduct ions and/or ions for 2M).

Figure 9.8.7

ESI-FT-ICR-MS spectrum (charge deconvoluted) of PGN-peptides isolated from
strain S.p. D39ΔcpsΔlgt P-30 pool 2.
The spectrum of the respective P-30 pool 1 is depicted in Figure 4.11D. Mass
accuracy is given in ppm, peak assignment is based on HPLC profiles (Figure 9.8.8
and 9.8.9) and MS/MS experiments (# signals derive from cluster of 1 (M) with a
second molecule). The analysis of the peptides isolated from the Δlgt-mutant clearly
reveals that this mutant strain displays a WT PGN-type in contrast to the some
extend expected ΔdacB-PGN-type. The peptides indicative for the WT PGN-type are:
1 (as monomer, dimer, trimer, and cluster ions), 4, 4’, 9, 12A/12B, 12A/12B’, 17, and
§
17’/17’ .
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Figure 9.8.8

RP-HPLC profiles of the PGN-peptide GPC pools 2, which mostly contain the
monomeric peptides. A similarity between the profiles of D39Δcps and D39ΔcpsΔlgt
is observed as well as between D39ΔcpsΔdacA and D39ΔcpsΔdacAΔdacB. The
profile for D39ΔcpsΔdacB shows no clear similarity to either profile described above.
In the profile of D39ΔcpsΔdacA some WT PGN-peptides were identified.
Chromatograms were recorded at 210 nm, peak assignment is based on MS(/MS)
analysis. For the respective peptide structures see (Figure 9.8.1 and 9.8.2).
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Figure 9.6.9

RP-HPLC profiles of the PGN-peptide GPC pools 1, which mostly contain peptide
dimers. A similarity between the profiles for D39Δcps and D39ΔcpsΔlgt is observed
as well as between D39ΔcpsΔdacA and D39ΔcpsΔdacAΔdacB. The profile of
D39ΔcpsΔdacB exhibits a higher similarity to the latter ones, because the major
peptides have almost the identical retention times (10 compared to 11, 14/14’
compared to 16/16’). But the peptides are clearly different entities, which can easily
be shown by mass spectrometry. Chromatograms were recorded at 210 nm, peak
assignment is based on MS(/MS) analysis. For peptide structures see (Figure 9.8.1
and 9.8.2).
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Figure 9.8.10

ESI-MS/MS analysis of 3* A. compared to 3 B., clearly showing that a glycine is
present instead of an alanine at position 5 of the stem peptide.
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9.9 Supplementary tables related to the influence
of DacA, DacB and PccL in pneumococcal
phagocytosis and intracellular survival
Table 9.9.1

Number of recovered intracellular pneumococci D39Δcps wild-type and
ΔdacA, ΔdacB and ΔdacAΔdacB mutants estimated from cfu plated on
blood agar plates after 30 min infection of J774 murine macrophages.
3

recovered bacteria [cfu x 10 ]
5
per 1 x 10 cells

Bacterial strains
D39Δcps

17.96 + 5.9

P value

D39ΔcpsΔdacA

1.16 + 0.25

0.001

D39ΔcpsΔdacB
D39ΔcpsΔdacAΔdacB

2.85 + 0.95

0.01

1.00 + 0.32

0.01

*P value less than 0.05 was taken as statistically significant.

Table 9.9.2

Number of recovered intracellular pneumococci D39Δcps wild-type and
ΔpccL mutant estimated from cfu plated on blood agar plates after 30 min
infection of J774 murine macrophages.
3

recovered bacteria [cfu x 10 ]
5
per 1 x 10 cells

Bacterial strains
D39Δcps

2.01 + 0.6

D39ΔcpsΔpccL

0.94 + 0.2

P value*

0.021

*P value less than 0.05 was taken as statistically significant.

9.10

Supplementary tables related to the impact
of Dac and PccL proteins in reduce
pneumococcal adherence

Table 9.10.1

Number of associated and recovered intracellular pneumococci D39Δcps
wild-type and ΔdacA, ΔdacB and ΔdacAΔdacB mutants estimated from
cfu plated on blood agar plates after 3 h infection of A549 cells.

Bacterial strains

Associated bacteria [cfu x 105]
5

per 1 x 10 cells

2

Intracellular bacteria [ cfu x 10 ]
5
per 1 x 10 cells

D39Δcps

5.42 + 2.27

P value

4.04 + 0.22

P value

D39ΔcpsΔdacA

3.36 + 0.87

0.08

2.34 + 0.53

0.001

D39ΔcpsΔdacB

2.72 + 0.77

0.03

1.25 + 0.78

0.06

D39ΔcpsΔdacAΔdacB

2.86 + 0.97

0.66

1.44 + 0.90

0.76

*P value less than 0.05 was taken as statistically significant.
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Table 9.10.2

Number of associated and recovered intracellular pneumococci D39Δcps
wild-type and ΔpccL mutant estimated from cfu plated on blood agar
plates after 3 h infection of A549 and Detroit 562 cells.
Associated bacteria [cfu x 105]
5

per 1 x 10 cells
A549
Detroit 562
D39Δcps
6.40 + 2.52
12.54 + 7.5
D39ΔcpsΔpccL
2.3 + 1.49
3.78+ 2.4
P value
0.031
0.12
*P value less than 0.05 was taken as statistically significant.
Bacterial strains

9.11

Publications
conferences

9.11.1

Publications

and

2

Intracellular bacteria [cfu x 10 ]
5
per 1 x 10 cells
A549
22.76 + 16.4
1.64 + 0.94
0.042

Detroit 562
7.81 + 7.1
2.16 + 3.06
0.27
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