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1. Zusammenfassung

Streptococcus pneumoniae (Pneumokokken) sind Gram-positive, faktultativ anaerobe,
humanspezifische Kommensalen des oberen und unteren Respirationstraktes.
Pneumokokken koénnen durch Ausbreitung in die Lunge und in das Blut vor allem in
Risikogruppen wie Kleinstkindern, dalteren Menschen und immunsupprimierten Patienten
schwere sowie lebensbedrohliche Infektionen auslésesn. Neben lokalen Infektionen wie
einer Bronchitis, Rhinitis, akuten Sinusitis bzw. Otitis media (Mittelohrentziindung), kdnnen
Pneumokokken ebenso lebensbedrohliche invasive Krankheiten wie zum Beispiel die
ambulant erworbene Pneumonie, Sepsis und bakterielle Meningitis verursachen. Die
Pneumokokken sind von einem rigiden, komplexen Exoskelett, dem Murein-Sacculus,
besser als Peptidoglykan bekannt, umgeben. Das Peptidogklykan schiitzt die Zelle vor dem
osmotischen Druck und verleihnt der Bakterienzelle ihre charakteristische Form. Das
Peptidoglykan ist ein Heteropolymer aus Glykanstrdngen, die (ber kurze Peptide
miteinander verbrickt sind. Wéahrend des Wachstums wird das existierende Peptidoglykan
kontinuierlich durch spezifische lytische Enzyme hydrolysiert, um den Einbau von neuen
Bausteinen in das Peptidoglykan zu ermdéglichen. Bakterielle Zellwandhydrolasen sind
essentiell fir den Peptidoglykan-Umsatz und entscheidend fir 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
oberflachenexponierten Lipoproteins DacB ermittelt, die starke Unterschiede zu der bereits
bekannten Struktur von DacA aufweist. DacB enthélt ein Zn*-lon in seinem katalytischen
Zentrum, das sich in der Mitte einer frei zuganglichen Bindungstasche befindet. Zwei
verschiedene Konformationen mit unterschiedlicher Topologie der aktiven Zentren wurden
identifiziert. Zuséatzlich wurden die fir die Katalyse des Enzyms essentiellen Aminosauren
und die Substratspezifitat ermittelt. Ein Mangel von DacA oder DacB resultierte in einer
veranderten Peptidoglykan-Peptid-Zusammensetzung und fuhrte zu einer veranderten
Morphologie der Dac-defizienten Mutanten. Im Gegensatz dazu zeigte eine gigt-Mutante, der
die Lipoprotein-Diacylglyceryl-Transferase-Aktivitat fehlt, welche fur erfolgreiche/erforderliche
Lipoproteinreifung erforderlich ist, eine L,D-Carboxypeptidase-Aktivitat. Die, Bakterienzelle
wies daher auch einen intakten Murein-Sacculus. Des Weiteren wurden in dieser Arbeit die
pathophysiologischen Effekte einer veranderten DacA-bzw. DacB-Aktivitdt gezeigt. Das in
Echtzeit durchgefuhrte in vivo Bioimaging von intranasal infizierten Mausen zeigte eine
erhebliche Abschwéachung der Virulenz von gdacB und gdacAgdacB Pneumokokken auf,
wahrend 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 verstarkt, wahrend die Adhérenz dieser Mutanten an Lungenepithelzellen
vermindert war.

Der zweite Teil dieser Arbeit befasste sich mit der funktionellen und strukturellen
Charakterisierung des ldslichen 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 APcclLd (Pneumococcal calycin fold
charakteristisches Strukturmotiv der Lipocalin-Proteinfamilie ist die ausgepragte fassféormige
Struktur aus b-Faltbattern, welche an einem Ende offen ist. Dieses Strukturmotiv liegt
signifikant konserviert in PccL vor. Darlber hinaus zeigten die Infektionsversuche unter
Ausnutzung des in vivo akuten Pneumoniemausmodells und der in vitro Phagozytose eine
dsignifikante Attenuation der Virulenz. Die Adharenz- und Invasionssstudien mit
Lungenepithelzellen zeigten eine verringerte Effizienz der Kolonisierung und invasion fir die
gpcclL-Mutante im Vergleich zum isogenen Wildtyp D39.

Diese Studie charakterisiert damit die maf3gebliche Rolle der Carboxypeptidasen DacA und
DacB fur den Peptidoglykanaufbau in Pneumokokken, die Form der Bakterien und die
Pathogenese. Unter Verwendung von in vivo- und in vitro-Anséatzen wurde eine enge
Beziehung zwischen Peptidoglykan-metabolismus und pathophysiologischen Effekten
aufgedeckt. Des Weiteren wurde die Struktur von DacB mit einer Auflésung von 2,0 A
aufgeklart, auf charakteristische Strukturmerkmale hin analysiert, und ein Strukturmodell
erstellt. AulBerdem wurde die Peptidoglykanzusammensetzung analysiert, um den Einfluss
einer beeintrachtigten Lipoproteinbiogenese auf die Lokalisation und Aktivitat von DacB
aufzuzeigen. Aufgrund des grol3en Einflusses von Carboxypeptidasen auf Zellform und
Virulenz ist DacB ein vielversprechendes Ziel fur die Entwicklung neuer Arzneimittel bzw.
aufgrund seiner Oberflaichenexposition ein verheiBungsvoller Kandidat fur 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 koénnen. Der genaue Mechanismus und die

Wirkungsweise von PccL miussen in weiteren Studien analysiert werden.

cont
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2. Summary

Streptococcus pneumoniae (pneumococci) are lancet-shaped, Gram-positive, U-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 community-
acquired 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 cross-
linked 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 surface-
exposed lipoprotein DacB, which differs considerably from the DacA structure. DacB
contains a Zn?' 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 | ed t o adac-natartselrne dc ccretligtanstahta pae o f t

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
attenuat ed vdadBuwlnadaopgdaoBf pnegmococci, 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 i n pneumococci 0&nedmocoecahe d

calycin fold containing Lipoprotein). Si mi | ar t o ot her |-bapeh sdchisn s,

open at one end, is significantly conserved in PccL. Moreover, the application of the in vivo

iPccl
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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
betweenthe wild-t y pe D39 pach-thutanthe o

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 A 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 thereforenamed as t he fAol d n
friendo, Afcaptain of t he men of deat ho and fAAmer. i
are Gram-positive, catalase-negative, non-motile, and non-spore forming bacteria covered by
a polysaccharide capsule. These lancet-shaped cocci have a diameterof 1.0-1 . 5 em from t i g
to tip atnldi nae & w@&fi sOn. 5 S b is difficultmae 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
pneumococ-bemar et iUc, b uhemolysis when maulsated abrobically (Sa-
Le&o 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, 106,0001 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 fithess (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
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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 cell-
wall, 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 | ocat ed cpa)regitnef
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 peptidogly can. They ar el-glicosidic leodd abdyformathefglycan
strand. The glycan strand is bound to the stem peptide chains, consisting of alternating L-
and 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-U o r-U.A 3l ndi r dinkddIstgm peptides s
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 Aiological pricevof

penicillin resistance (Garcia-Bustos and Tomasz, 1990). On the other hand the abnormal
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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).
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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 C-
polysaccharide 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 unigque, 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 Os of the ribitol and Og 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).

spA

el

ORI
SRR el

- LTA, =z TA

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 Og 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 cell-
wall. 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
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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 pneumaococcal 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).
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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 lipobox-
motif (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 I
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, lgarashi et
al., 2004, Leskela et al., 1999, Robinson et al., 1998).
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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 Igt or Isp caused contrary effects in different
pathogens. In Streptcoccus agalactiae and S. aureus, for example, the Igt 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).

19



INTRODUCTION

Lgt - lipoprotein- Lsp - lipoprotein-
diacylglyceryl transferase specific signalpeptidase Il

N /N

O A aanmN §
4 00400000040040040004040044044

cytoplasm
sec or tat
pathway
B —— signal peptide mature lipoprotein
// +1
NH2—| Met H /] Htew H A2 H aly = COOH
1 pre-prolipoprotein

lipobox

LGT - lipoprotein-
diacylglyceryl-transferase

NH,— Met_H ,I’:ll H ev H A= | Gly & = COOH
1 $ prolipoprotein

o

NI

diacylglyceryl-group ©

specific signalpeptidase I

w..*oocm
d mature lipoprotein
°]

\/\/\/\/\/\/\/\{ .

diacylglyceryl-group

l LSP - lipoprotein-

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 Il (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 Il 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 (PPlases) SIrA
(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 thioredoxinZamily 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).

21



INTRODUCTION

Table 3.1: Predicted lipoproteins in S. pneumoniae D39.
Lipoproteins identified in a recent study of the surface proteome of the non-
encapsulated S. pneumoniae st r ai n D39 mcps using a
highlighted in white and the non-identified lipoprotein in gray (Pribyl et al., 2014).

Locus Protein name Description/ molecular function
SPD_0090 - multiple sugar ABC transporter substrate-binding protein
SPD_0109 - polar amino acid ABC transporter substrate-binding protein
SPD 0150 GshT glutathione ABC transporter substrate-binding protein GshT; polar amino acid transport system
- substrate-binding protein
SPD_0151 MetQ D-methionine ABC transporter substrate-binding protein
SPD_0179 - hypothetical protein
SPD_0184 = hypothetical protein
SPD_0313 = hypothetical protein
n oligopeptide ABC transporter substrate-binding protein; peptide/nickel transport system
SPELEE Al substrate-binding protein
SPD 0540 ) glutamine ABC transporter substrate-binding protein; polar amino acid transport system
- substrate-binding protein
SPD_0549 DacB L,D-carboxypeptidase
SPD_0572 TIpA (Etrx1) thioredoxin-like protein; extracellular thioredoxin family protein (Etrx1)
SPD_0652 LivJ branched-chain amino acid ABC transporter substrate-binding protein
SPD_0672 SIrA streptococcal lipoprotein rotamase A SIrA; cyclophilin-type peptidyl-prolylcis-trans isomerase
SPD_0739 TmpC membrane lipoprotein; purine nucleoside receptor A (PnrA)
SPD_0792 - hypothetical protein; membrane-associated lipoprotein
SPD_0868 PpmA putative proteinase maturation protein A; foldase protein PrsA
SPD_0886 Etrx2 extracellular thioredoxin family protein Etrx2
SPD_0888 AdcAll zinc ABC transporter substrate-binding protein; adhesion lipoprotein Lmb
SPD_0915 PiuA iron-compound ABC transporter substrate-binding protein
SPD_1038 PhtA pneumococcal histidine triad protein A
SPD 1170 ADDA oligopeptide ABC transporter substrate-binding protein; peptide/nickel transport system
- PP substrate-binding protein
SPD 1226 GInH glutamine ABC transporter substrate-binding protein; polar amino acid transport system
- substrate-binding protein
SPD_1232 - phosphate ABC transporter substrate-binding protein; PstS-like protein
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(lll) transport system substrate-binding protein
SPD_1652 PiaA iron-compound ABC transporter substrate-binding protein (FatB)
SPD 1671 AmiA 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
SPD_1677 RafE substrate-binding protein (MsmE)
SPD_1910 PstS 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
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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

mi croscopically visible o6wall bandé or o6éequato
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).

remodeling @

N
Peripheral PG
synthesis @
Septal PG
synthesis @
PG hydrolytic
C ) >

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
(DiviB), 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).

Peptidoglycan Septum

Cytoplasmic
membrane

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 (PBPs) and
peptidoglycan hydrolases

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 uniqgue 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, PBPla, 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 PBPla 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,D-

carboxypeptidase-like domain and a C-t er mi n a l el ongat esheets.elhgei o n,

carboxypeptidase domain harbors a penicilloyl serine transferase superfamily motif.
Carboxypeptidase acti vi tlagtamsa nedult ip rao caeybeniymeg
intermedi ate, which i s flactamarindg iy degtacled.cPBP3aduld 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
WalRKs,, regulon. Deficiency of PcsB or WalRKg,, 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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D,D-carboxypeptidase
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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; GIcNAc, N-acetylglucosamine. (Modified
from Barendt et al., 2011).

3.4.1 The L,b-carboxypeptidase (DacB)

The L,D-carboxypeptidase was first discovered in E. coli in 1968 (lzaki 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,D-
carboxypeptidase 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 | enzymes degrade the nucleotide activated precursor UDP-MurNAc-
tetrapeptide, whereas class Il enzymes split off D-alanine residues from position four of the
peptide units in the nascent murein or the building block GIcNAc-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,D-
carboxypeptidase 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-D-
glutamyl-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-l i nked through peptide stems to form e
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-Apm 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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35 The protein super fami/l

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 b-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 b-strands and two short
helices that pack on top of the lipid-binding cavity. In all cases, a short 3;0-helix caps the
barrel at one end, which is also latched by a conserved cationi ™ interaction involving a
tryptophan from the first b-strand and a lysine or arginine residue from the final b-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 b-barrel followed by a C-
t e r mi-hetixl andtan 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. b-strands are represented by arrows,
U-helices by rectangles, and 3,-helices by ellipses. N- and C- termini are indicated as
NandCrespectivelyypand! bbelnfiqlabeled. (nodifiedl fra
(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 Il signal peptide
al so known a6, tvwhli dH iip®obiommedi ately foll owed by a
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 GIn (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” bB-bC Cysteines Accession Number
Alpha-Pr ot eobacteria (U)

Agrobacterium tumefaciens SPI Yes NC_003063
Beta-Proteobacteria (D)

Bordetella parapertussis SPI Yes NC_002928
Gamma-Pr ot eobacteria (7Y)

Citrobacter freundii SPII No u21727
nimipressuralis

Escherichia coli SPII No P39281
Gamma-Pr ot eobacteria (7)

Salmonella typhi SPIl No NC_006511
Delta-Pr ot eobacteria (B)

Desulfotalea psychrophila SPII No NC_006138
Delta-Pr ot eobacteria ( )

Campylobacter jejuni None Yes AL139078
Bacteroidetes

Bacteroides fragilis None No NC_006347
Chlamydiae

Parachlamydia SPI Yes NC_005861
Cyanobacteria

Gloeobacter violaceus 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
gdac-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 (LX;X,;C) by the lipoprotein-specific signal petidase I
(Lsp; Spll) (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: Overview of lipoproteins candidate with unknown or hypothetical function
identified in gene banks

Locus® Locus” gene product (Spll)-cleavage site®
spd_0151 sp_0149 ABC transporter, substrate-binding protein GLALAAC

spd_0179 sp_0191 hypothetical protein VLVGCGQ

spd_0184 sp_0198 PccL SLLVACS

spd_0549 sp_0629 DacB LSLAACS

spd_0572 sp_0659 thioredoxin-like protein LCLTACS

spd_0739 sp_0845 lipoprotein SVGLAACG
spd_0792 sp_0899 hypothetical protein LGLAACQ

spd_0886 sp_1000 thioredoxin-like protein VVLMACG

spd_0888 sp_1002 adhesive lipoprotein VCLGACG

Gene loci are based on the genomes of S. pneumoniae strains ® D39 and ° TIGR4. ° 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 fithess 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 PcclL in different S. pneumoniae

strains
S. pneumoniae (TIGR4) DacB? PcclL?
%Ild %Sim %Id %Sim

TIGR4 100 100 100 100
D39 99.2 99.2 98.3 99.4
R6 99.2 99.2 98.3 99.4
P1031 98.3 98.7 98.3 99.4
JJA 87.0 93.7 98.3 99.4
G54 96.6 98.3 98.3 100
70585 89.1 95.0 99.4 100
Hungary19A-6 89.9 954 98.7 99.3
Taiwanl9F-14 87.0 93.7 98.7 99.3

 Analysis of the proteins BlastP (http://blast.ncbi.nim.nih.gov/Blast.cgi)
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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  "Microbes online" (operon  prediction  tool,
http://www.microbesonline.org) and "The Comprehensive  Microbial Resource"
(http://cmr.jevi.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 mMRNA (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-t y p e a nddcB imbutant RI4A 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 mMRNA remains to be elucidated.
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A Gene organization of dacA in S. pneumoniae D39

spd_0765-spd_0768

J——w
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B Gene organization of dacB-operon in S. pneumoniae D39

spd_0546-spd_0551 (6863 bp)
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Figure 4. 1:
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probe S38 probe S37

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://lwww.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 RT-
PCR-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. PCR-
fragments, 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 67-
1185, 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 (Nhel/Sacl), DacB_484/DacB_485, DacB_1082/DacB_485, and
DacB_1140/DacB_485 (Nhel/Hindlll). The PCR products were inserted in the modified
pPET28 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 Hise-tag and the target gene allowing
cleavage of the Hisg-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.

Nhel

lacl

pEt28TEV-DacB

pET28TEV-DacA

6430 bp 5954 bp

Figure 4.2:  Plasmid constructs for the heterologous expression of dacA (pMA923) and dacB
(PMAB52).

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 Hisg 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 Hisg-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
(DE3J) 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-b-D-1-
thiogalactopyranoside) at a final concentration of 1 mM. Purification of Hiss-tagged target
proteins from the total protein lysate was carried out using a Hi s THPaNd-NETA column
and the "AKTA purifier liquid chromatography system" (GE Healthcare GmbH) according to
the instructions of the manufacturer (Figure 4.3).
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Figure 4.3: Elution profile of the preparative purification of Hisg-DacA and Hisg-DacB by
affinity chromatography.
Purification was car rN-&TBA cadunh and the "BKTA purifierp
liquid chromatography system". An increasing concentration of imidazole (green line)
leads to the elution of the proteins A. Hisg-DacA and B. Hisg-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 Hise-tag of the purified recombinant proteins was removed by treatment with the TEV
protease and a second purification step using the Hi s T r &P Ei-NTA column. The
purified, tag-free proteins DacA and DacB were dialyzed against 20 mM Tris-HCI (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 Hisg-tagged
DacA protein had a molecular weight of 43 kDa. Hiss-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 (Il). After cleaving off the Hisg-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 ul (30 ug) with the recombinantly

produced proteins mixed 1:1 with incomplete Freund's adjuvant.

A DacA
NI IN rP kpa NI IN rP
—-70 _
T8 < Hiss-DacA
— | -
= i =
CBB anti-DacA
B DacB
NI IN rPrP kba NI IN rP rP
—70 _
e e —40 —
e — —25 _ —— : Hisg-DacB
rDacB
- 15—
CBB anti-DacB
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Figure 4.4: SDS-PAGE and immunoblot analysis of the recombinant DacA and DacB
proteins.
Protein production of Hisg-DacA and Hisg-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 Hiss-tagged DacA and DacB proteins
were purified by affinity chromatography, the Hisg 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 non-
encapsulatedp neumoc oc c al cps Wwereaused. THe gAtapts of encapsulated strain
D39lux, which has an inserted luxXABCDE 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 (Smal) and DacB_413/DacB 412 (Hindlll) 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.coi DH5 U. The
resulting plasmids pMA902 (pLitmus®qrdacA) and pMA647 (pGEM®-T E a s gagB) (Figure
4.5), which carry the mutated gene regions of dacA and dacB respectively, were used for the
transformation of different S. pneumoniae st r ai ns t o ¢ e tacAgdaeB deublen g | e ¢

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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Smal

Figure 4.5:
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Plasmids for insertion-deletion mutagenesis of the dacA and dacB in
S. pneumoniae.

The plasmid pLitmus28qdacA (pMA902) and pGEM®—T E a dagBgp (pMAG47)
were used for the deletion of the dacA and dacB genes Vvia
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, wild-

type and mutants could be distinguished and the mutagenesis could be confirmed on the

molecular level (Figure 4.6 B).
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S. pneumoniae D39 dac-mutants
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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 TIGRA4. Insertion of the antibiotic resistance gene cassettes
was indicated by the size difference between the amplification products of the wild-
type and the mutants.

4341 denti fication of t hdacAgor/anavt h
gdacB pneumococcal mutants

A possible impact of the deficiency in the Dac proteins on the growth of t h edacg dapB
a n ddachgdacB mutants in comparison to the S. pneumoniae wild-type strains D39lux and
D 3 9cps was investigated in both, complex medium THY and chemically defined medium
(CDM). To determine the growth behavior the optical density (ODgqo) Of the liquid cultures
was measured at different time points. I nt er est i ndptAya,n ddagPosmglehando f
double mutants was not affected in complex THY medium compared to the encapsulated
wild-type D39lux. However, in comparison to the parental strain D 3 9cpgs 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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The wild-type and the isogenic mutant strains were grown at 37°C and 5% CO, 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 gdacA a n d daaPB single and
double mutants were observed in THY medium. Deficiency in DacA and/or DacB had a

negative impact on growth in CDM.

44



RESULTS

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 D39qxps, but not in the respective gdac-mutants (Figures 4.8 A
and B). In the gdgt-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 gdgt-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 gdgt-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-anc hor ed pr ocpseandma

n

D

| ower amount of DacB p hgemant $he resuitsmevealédahatiDac8,g e ni ¢

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-t ype and dasfe gnd mi -gtitats
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
i s 0g eadatBe andpp! -gtitants 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 hi st ogr am apgadgt
after incubation with anti-DacA antibody confirms the non-lipoprotein nature of DacA.
Thereducedi ncrease in f 1l uor es cpsgigtafter incubaton with t
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 D 3 9cps and isogenic mutants
D 3 9cpzadat, D 8p8qgmdacA, D 8p8qgracB, and D 3 9cpgsquacAgdacB 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 anti-
enolase antibodies generated against the pneumococcal enolase.
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436 Mor phol ogi cal Cc hcphnagred todeeAD® 9 g
gdacB 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 t h at cps3eQhipits 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 mo r p h o tlacAg ydapB,f dapfqdacB 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 Dig theposs 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 b-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 daccmut ant s compared t o t haps was assessech by st r a
immunoblot analysis using whole pneumococcal cell lysates and specific antibodies

generated against the selected surface proteins.

a7



RESULTS

AdacB AdacAAdacB
' g

SEM

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 choline-
binding 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 (pg|ml)

Antibiotics D39 D 3 9dazA D3 9dgxB D 3 9dgrAgdacB
Ampicillin ¢ 0.25 ¢ 0.25 ¢ 0.25 ¢ 0.25
Cefotaxime ¢ 0.12 ¢ 0.12 ¢ 0.12 ¢ 0.12
Ceftriaxone ¢ 0.12 ¢ 0.12 ¢ 0.12 ¢ 0.12
Vancomycin ¢ 0.5 ¢ 0.25 ¢ 0.25 ¢ 0.25

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

To assess the peptidoglycan-peptide composition of the different isogenic mutants
( D 3 @spdacA, D 8p8gmacB, D 8p8gmacAqdacB, D 3 9cpsadgt) of the parental wild-
type st r ai rcps @@ Qoquecipher the effect of the reduced amount of DacB in the Igt-
mutant, PGN-peptides have been released from pneumococcal cell-walls by digestion with
the pneumococcal autolysin LytA. A schematic representation of the pneumococcal PGN-
peptides 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 s h o wn f epsqd&rB B @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 faocA dapB, a matAggacB 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-t ype as the pareant al str
(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/1 2 A2B). 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-mu t a ndacAqdapB) the DdacB-PGN-type peptides 2 and
10 were also present. In contrast wild-type PGN-peptides as identified in the single dacA-
mutant could not be identified in the double-mutant. This observation suggests the presence
of a second, so far cryptic b,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,D-
carboxypeptidases (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 D39DcpsDdacB. 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
D39DcpsDdacB, GPC pool 1 (see B) (C) and D39DcpsDigt, 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 numb
typebo have been c o b,p-CRask: impavad (yellgw),e LeDfCPase
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 DIigt mutant strain comprises WT PGN-peptides. All
identified peptides in D39DcpsDdacB have as expected a tetrapeptide as stem
peptide. The major compounds identified in strains D39DcpsDdacA and
D39DcpsDdacADdacB 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 DdacB-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 10" bioluminescent wild-type D39lux or its isogenic mutants
D39luxguacA, D39luxgracB, and D39luxgdacAgdacB, respectively. As monitored by real-
time 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 post-
infection (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 D39luxgdacB single
mutant and the D39luxgdacAqgdacB 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
D39luxgdacB-and the D39luxgqdacAgdacB-mut ant s . A | dabAemutgnh shawkdeno
significant difference in bioluminescence compared to the isogenic wild-type D39lux, there
was also a slight delay (Figure 4.12C). The maj or dacfenutamt infected micef
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
grdacB-mutant or the gqdacAgadacB double mutant developed pneumonia, visible 40 h post-
infection, however, spread into the bloodstream was significantly lower compared to the wild-
type and the ogdacA-mutant (Figures 4.12A and C). The real-time monitoring and
guantification of bioluminescence correlated with the survival rates of mice. The intranasal
infection with the D39luxgdacB- and D39luxgrdacAqgdacB-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.
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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, D39luxgdacA,
D39%9luxqdacB, or D39luxgdacAgqdacB 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
mice (n=10) were intranasally infected with 10’ CFU of S. pneumoniae D39 wild-type
or its isogenic dacA-, dacB-mutant, or gdacAgdacB 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 the intracellular
survival pneumococci in macrophages
The acute pneumonia model suggest e d tdhcanutantp 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 J 774 A. 1 wer e i n¢€psanditsd swigtetacAD 3dapd
single mut a nt sdachqudcB gouble 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 r e c odaeAr eendd dapP single and double knockout mutants compared to the
parental st r ai n cpd Figue 4.13B) and (Table 9.9.1) in Appendix. However, the
enumer at i odacA-pgdacB-la @ ddpapgrdacB-mutants internalized by macrophages
using immunofluorescence microscopy showed no significant differences compared to the
D 3 9cpgs 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 gracA, qdacB- a n ddacfAqdacB-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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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 gdac-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
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 post-
infection. 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:
gdacA, qdacB a n ddacfpqdacB. 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 gdac-mutants to adhere to host cells, thereby reducing the efficiency of
colonization and spread into the lungs. To assess the effect of gdac-mutations on
adherence, alveolar lung epithelial cells A549 were infected with D 3 9cgs or the isogenic
gracA-, qdacB-, a n d dacdgdacB-mutants. Loss of both Dac-proteins and the individual
proteins, respectively, resulted in a significant reduction of adherence compared to the
parent al s r(Fgures 4.043 Gnd 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 r eddacA,iqgiacB-, ah ddachgdacBer ed i nt
mutants compar ed to t he p apsdhgura 4.143).t Beausa theDr&t® ap
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 post-
infection 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-lg antibody.

C. Invasion and intracellular survival of pneumococci in A549 epithelial cells 3 h post-
infection as quantified by the antibiotic protection assay. The value of intracellular
recovered nonencapsulated D39 survivors isolated from 2 x 10° A549 cells was set to
100%. *P <0.05and***P< 0. 001 rela@s$.i ve to D39
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4.3.11 Comprehensive structure analysis of DacB
lipoprotein

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).
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Figure 4.15: Sequence and secondary structure elements of S. pneumoniae DacB.
Sequence of S. pneumoniae DacB showing the secondary structure elements, the

b 5 a4 loop is colored in green and residues involved in coordination of catalytic
Zn*" are inserted in red boxes. Secondary structural elements are represented for
chain A (chain B presents a4 helix with four residues more).

The catalytic domain shows a globular folding that belongs to the a+b class. The protein
presents a small region formed by three-stranded antiparallel b sheet (b1-b3) and the
catalytic core that is formed by a 4-stranded antiparallel b sheet (b4-b7) surrounded by seven
a-helices (al-a7) and two 3;4 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 A), remarkable differences
are observed in the region comprising the loop connecting b5 and a4 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 (BalLdcB) from
Bacillus anthracis (PDB code 4MPH, Z score of 20.3 and rmsd of 1.8 A for 184 C atoms) is
the protein with the highest similarity to DacB. Two other related proteins, the D-alanyl-D-
alanine carboxypeptidases VanXYc from Enterococcus gallinarum (PDB code 4MUS, Z
score of 18.2 and rmsd of 2.1 A for 188 Cy atoms) and VanXYg from Enterococcus faecalis
(PDB code 4F78, Z score of 15.8 and rmsd of 2.4 A for 251 Cy atoms) also showed a high
structural similarity. The general folding and catalytic site is highly conserved among these
proteins.

Figure 4.16: Crystal structure of lipoprotein DacB.
A. General fold of DacB, showing the catalytic cavity and the coordinated zZn* (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 b5 and a4 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 b5-a4 loop, the L,D-carboxypeptidases (DacB and
BalLdcB) present a short b5-a4 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 al; this loops shape the active site in these enzymes. DacB lacks this loops resulting

in a wider active site (Figure 4.17).

B5-a4 loop

74 /

Figure 4.17: Structural comparison of DacB (chain A) with its closest homologues.
The crystal structures of BalLdcB (cyan, PDB code 4MPH), VanXYc (grey, PDB
code 4MUS) and VanXYg (white, PDB code 4F78) are superimposed with DacB
(orange, PDB c ode -a4l DodpY )is. diffefehte betweén D,D-
carboxypeptidases (VanXYc and VanXYg) and L,D-carboxypeptidases (DacB and
BalLdcB). In BaLdcB, VanXYc and VanXYg enzymes there is an extra-loop before
al 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, b,b-
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 a-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-Fernandez.
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The active site of DacA is defined by three conserved structural motifs: SXXK (Ser56-1le57-
Thr58-Lys59), which includes the nucleophilic Ser56 residue, the SXN motif (Ser119-Alal20-
Asnl21) and K(T/S)G motif (Lys239-Thr240-Gly241) (Morlot et al., 2005) (Figure 4.18).
Class A b-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).
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Figure 4.18: Structural comparison between S. pneumoniae DacB and DacA.
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: 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.

4.3.12 The catalytic machinery and substrate binding-
site in DacB

The active site of DacB (Figure 4.20) is formed by a Zn®" ion tetrahedrically coordinated by
two histidines (His153 and His207, located in 3154 and b7, respectively) and an aspartic acid
(Aspl160, located in b5). 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 GIn125 (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 a 2and a3 from one side, and by helices a land a 4from
the other (Figure 4.16A). In chain B, presenting the largest active site, the binding site cavity
is 24 A long and 15 A wide, while in chain A, presenting a closed conformation, the binding
site presents the same length but is just 10 A 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 b5i a4 loop but also a rearrangement of helix a4 (Figure 4.20B and

Figure 422) . The O6opend conf or mat i atreliX statirg iatl_euB6B

present

to Tyr 185, while in the 6closeddéd conformation (cl
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Tyrl85. 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 A far from
the catalytic Zn?*, while in the closed conformation is just 7 A far (Figure 4.23). The Trp206
residue is inserted in a hydrophobic pocket in the open conformation. In the closed
conformation another residue (Vall67) 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 VanXY¢ and
VanXYg have been reported (Meziane-Cherif et al., 2014). The crystal structures present a
long b 5 - #odp 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).

Figure 4.20: DacB catalytic site.

A. Det ai |l of the <catalytic <cavity (chan B},
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 b5-a4 loop, widening the cavity.

B. Structural changes bet ween the fiopeno and i c
Superi mposi ti on comfdrmatiobnh @haind A, pbtue)d6 and t
conformation (chain B, orange), showing the rearrangement of the b 5a 4loop.
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Figure 4.21:

A acB ‘open’ conformation

Substrate-binding sites in DacB and VanXYg.

A. the molecular surface of t he Dac B 6 o pierepieseatednvithothien & 1
a 4loop colored in green. The Zn* ion and the phosphate molecule in the catalytic
groove are also depicted.

B. the molecular surfaceof t he DacB 6cl osedd conf obsn
a, 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. b-Ala- D-Ala is substrate is shown in
sticks. The bs-a,4 loop colored in green.
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Figure 4.22:

Figure 4.23:

= B5-04 loop
a N ) DacB
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€
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v,

Structural comparison of loop b5-a4 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 40AK, 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.

/,/ Val169

Asp167

Thr170

Glu171

Gly166

Asp165

Thr164

Different structural rearrangement for b5-a4 loop between the open (blue) and
closed (yellow) DacB conformations.

Superposition of DacB in the open conformation (chain B, blue) and in the closed
one (chain A, yellow). Residues involved in Zn*" coordination, the residues of the
b 5a4 loop and the Trp206 are represented in sticks. Important structural changes
are observed between the open and closed conformation, the largest change
corresponding to Leul68 (dashed line). The loop rearrangement also affects the
side chain conformation of Trp206, which rotates about 90° 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 VanXY¢: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 VanXY.: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 VanXY. 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, GIn125 and Ser151 could interact with the C-terminus of D-
Ala. 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 VanXY¢ provides clues about the different positioning of the
peptide-stem in both enzymes. While in VanXY¢ 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.

s p L-Lys ‘\\
> »
s145% ‘
: i Y\ DAl «
¥ 151
V
Q125
1
4 R120 3

Figure 4.24: DacB: L-Lys-D-Ala computational model.
Superimposition of DacB o6closeddé confor
complex VanXY,: D-Ala- D-Ala (colored in white) and a computational model of L-Lys-
D-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.

66



RESULTS

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).

A Gene organization of pccL in S. pneumoniae D39
spd_0180-spd_0185 (6863 bp)
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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 rho-
independent 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 mMRNA (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 Hisg-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 "AKTA 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 (Nhel/Hindlll) or,
Lp-0198_645/Lp-0198_446 (Nhel/Hindlll), digested with Nhel and Hindlll 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-b-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

Hise-tagged PccL proteins was carried out with the total protein lysate using a HisTrap
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E H P NNTA column and the "AKTApurifier liquid chromatography system" according to the

manufacturer (Figure 4.27).

pET28TEV-pccL

5690 bp
\ﬁi

Figure 4.26: Plasmid construct for the heterologous expression of pccL (pMA650).
The gene sequence of pccL was cloned into Nhel and Hind Il sites of the expression
vector pET28TEV (pTP1). The gene pccL is shown in green, the Hisg 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.
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Figure 4.27:  Elution profile of the preparative purification of Hisg-PccL by affinity
chromatography.
Purification was carried out by a HisTra p E  H PNTA¢olumn and "AKTApurifier
liquid chromatography system”. An increasing concentration of imidazole (green line)
leads to the elution of the Hisg-PccL proteins. Protein detection was carried out by
measuring the UV absorption at 280 nm (blue line).
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The Hise-tag of the purified fusion proteins was removed by treatment with TEV protease,
and separated from rPccL proteins by a re-purification step usingt he Hi s Tr aNT&
column. The purified, tag-free protein rPccL was dialyzed against 20 mM Tris-HCI (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 30ug 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 Hiss-tagged PcclL was 16.54 kDa (N-terminally truncated
form: 12.19 kDa). Cleavage of the Hise-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.
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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 Hisg-PccL was induced by 1mM
IPTG and total bacterial protein lysates or purified proteins were separated by SDS-
PAGE (15%).

B. Native PAGE and CBB staining of purified PccL proteins. Expression of the Hise-
tagged PccL protein was induced with 1 mM IPTG and the protein was purified by
affinity chromatography. The Hisg tag was removed via TEV-protease cleavage. NI,
not induced; IN, induced; Hise-rP, Hisg-tag-PccL and rP, recombinant PccL protein
lacking the Hisg-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 pPGEM®-T Easy (Promega). The resulting
plasmid pMA571 (pGEM®-T Easy-pcclL) was used as a DNA template for an inverse PCR
with the oligonucleotide pair Lp-0198_400/Lp-0198_399 (each with an incorporated Hindlll
restriction site), to remove the pccL sequence from nt 04 to nt 423. The inverse PCR product
was digested with Hindlll 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 DH5U and the resulting plasmid pMA603 (pGEM®-T
Easyqgpccl) (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 EasyqgpccL (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 (ampF) 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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S. pneumoniae D39 pccL (spd_0184) mutant
Aspd_0184::aad9
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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 LP-
0198 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 PcclL 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
D 3 9cpgsgpccL, 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 D 3 9cps (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
D 3 9cps, 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 fithess under in vitro conditions
was assayed in growth experiments. Importantly, growth of S. pneumoniae D39lux and
D 3 9cps wild-type strains and their i s o g e ptdlL-enutapts 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-t y pe st r acpsiand DBYI9xgand
their isogenic gpcclL-mutants.
The parental D39 strains and their isogenic pccL-mutant were cultured at 37°C and
5% CO, 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 D39luxgpccl-mutant using an infection dose of 1.0
x 10’ 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 D39luxgpccL 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 10° D39lux or D39luxgpccL. 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.
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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
S. pneumoniae. Groups of mice (n = 10) were infected intranasally with 10" CFU of
the S. pneumoniae strains D39lux and D39luxgpccL.

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
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 non-
encapsul adpeand it Bogepic pccL-mu t a nt cpfyPcelgvere 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 D 3 9cpgsgpccL-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 pccL-
mutant.

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 D 3 9cpgs. 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 D39qcps 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 D39qgxps or its isogenic mutant D39gxpsapccL 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) D39qgxps or isogenic gpccL-mutant 30 minutes post-
infection of J774A.1 macrophages.
C. The ability of the PccL deficient mutant and the parental strain D39qxps 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.
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4.4.8 Deficiency in the PccL Ilipoprotein diminishs
pumococcal adherence to epithelial cells

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
D 3 9cpgs 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 D @sgFigure 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
compar ed do (Figore #.QC). 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 post-
infection were quantified by the antibiotic protection assay. The value of intracellular
recovered nonencapsulated D39 survivors isolated from 2 x 10° host cells was set to
100%. *P <0.05and***P< 0. 001 rela@s$.i ve to D39

C. Immunofluorescence images of pneumococci attached to nasopharyngeal or lung
epithelial cells after 3 h of infection. Adherent pneumococci were stained with anti-
pneumococci antiserum followed by secondary Alexa 488 and Alexa 568 conjugated
anti-lg 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). TheU1 r eagi on repr
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-p ar a l-sheets, Bf or mi ng t he shamel tlitthe C-tetminys ofuthei ge b
protein. AhelDi x f or me d -sheets vardes fFigtiré4e364band B).
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Figure 4.36: Secondary structure and topology of PccL.

A. Sequence of S. pneumoniae PccL showing the secondary structure elements, the
al and the coiled-coil structure arer e pr es ent ed i n- sgands golodedix
blue and the a2-helix is shown in red.

B. Topology diagram of the PccL protein. The lipoprotein signal peptide with the
lipobox (al) and the coiled-c 0 i | st r uct ur-barr¢l comaises dantiparadle)
b-strands (pink) from residues 75 to 144. A short a-helix (a2) 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-Lopez.
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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 500pul) 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 A at the European Synchrotron Radiation
Facility (ESRF), in the beam line 1D14-4. 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: 3GEZ2 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 b-sheets in antiparallel
arrangement, which form a b-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 PcclL
Space group P6s22
Cell dimensions
a, b, c(R) 107.49, 107.49, 63.87
U, b)Y Y ( 90, 90, 120
Resolution (A) 37.6-2.1 (2.22-2.1) *
Rmerge 0.04 (0.57)
I/ 10 7.88 (2.08)
Completeness (%) 99.6 (99.1)
Redundancy 6(3.2)
Refinement
Resolution (A) 2.1
No. reflections 10080
Rwork/ Rfree 245/265
No. atoms
Protein 662
Ligand/ion -
Water 56
B-factors
Protein 45.88
Ligand/ion -
Water 47.3
R.m.s. deviations
Bond lengths (A) 0.004
Bond angles () 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 A. b-strands are colored in blue, t h e-held in red and loops in white. All the
secondary structural determinants are labeled. The structure comprises amino acid
residues 65-153. The ma i n f o |-larreli (8 numberfof b-sheets rolled into a
cylindrical shape) composed by eight symmetrical and antiparallel strands. The fold
and t he n wtmahds (8) are highfy 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.
Themost exposed garelirepedentihghthe pubative site for interaction of
the calycin family proteins with their substrates (the center of the b-barrel and the
| oops bet veteaads), i< negativdly charged.
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