Delineating the interaction of pneumococcal
virulence factors with host eukaryotic cells
mediated by matricellular proteins fibronectin

and vitronectin

Inauguraldissertation

zur
Erlangung des akademischen Grades
doctor rerum naturalium (Dr. rer. nat.)
an der Mathematisch-Naturwissenschaftlichen Fakultat
der

Ernst-Moritz-Arndt-Universitat Greifswald

vorgelegt von

Sajida Kanwal
geboren am 08.01.1986
in Pishin (Balochistan),

Pakistan
Greifswald, 24.11.2017






Dekan: Herr Prof. Dr. Werner Weitschies

1. Gutachter: Herr Prof. Dr. Sven Hammerschmidt
2. Gutachter: Dr. Simone Bergmann

Tag der Promotion:; 24.11.2017



O0This study was financially supported by higher education comission of Pakistan
(HEC) and German academic exchange service (DAAD)b 6 .






Table of contents

CONTENTS
1. Zusammenfassung 1
2. Summary 4
3. INTRODUCTION 8
3.1 Streptococcus pneumoniae-history 8
3.2. Pneumococcal serotyping and diaghostics 9
3.2.1. Morphological and phenotypic characteristics 9
3.3. Pneumococcal colonization, pathogenesis and therapeutics 10
3.4. Pneumococcal colonization and virulence factors 1
3.4.1. Pneumococcal capsule 1
3.4.2. Cell wall 1
3.4.3. Protein families on pneumococcal surface 15
3.4.3.1. Choline-binding proteins (CBPSs) 15
3.4.3.2. Lipoproteins 1
3.4.3.3. Sortase-anchored proteins 17
3.4.3.4. Non-classical surface proteins 1
3.5. Human extracellular matrix 21
3.5.1. Molecular components of ECM 21
3.5.1.1. Proteoglycans 22
3.5.1.2. Collagen family 23
3.5.1.3 Laminins 24
3.5.1.4 Thrombospondins 24
3.5.1.5 Fibronectin 25
3.5.1.6 Vitronectin 27
3.6. Integrins - the predominant cellular receptors for ECM components ------- 29
3.8. Aims of the study 34
4. Results 35
4.1. Deciphering the interaction of Pneumococcal MSCRAMMS with human ECM components
fibronectin and vitronectin 35
4.1.1. Interaction studies of Pneumococcal MSCRAMMS PavA and PavB with human
adhesive glycoprotein fibronectin 35
4.1.1.1. Pneumococcal interaction with fibronectin is a hon-human specific trait 35
4.1.1.2. Binding of purified fibronectin by pneumococci 35
4.1.1.3. Host-cell bound fibronectin enhances pneumococcal adherence 37
4.1.1.4. Pneumococcal FnBPs PavA and PavB interact via C-terminal type Ill domains of human
fibronectin 39

4.1.1.5. Binding of PavA and PavB to Fnlll repeats analyzed by surface plasmon resonance-----42
4.1.1.6. Epitope mapping of binding sites of PavA and PavB within 47




Table of contents

C-terminal type Ill repeats of human fibronectin 47
4.1.1.7. Visualization of PavA and PavB binding epitopes in Fnlll repeats 49
4.1.1.8. Binding of Fnlll peptides to pneumococcal FnBPs PavA and PavB 52
4.1.2. Interaction studies of Pneumococcal MSCRAMM PavB with human glycoprotein and
complement inhibitor Vitronectin 56
4.1.2.1. Pneumococcal PavB contributes to the interaction of pneumococci with human
glycoprotein and complement regulator vitronectin 56
4.1.2.2. Pneumococcal PavB has the capability to interact with both soluble and immobilized
forms of vitronectin 57
4.1.2.3. Repetitive elements of PavB are pivotal for the interaction with human vitronectin -------- 61
4.1.2.4. The PavB-Vn interaction is charge-dependent and heparin sensitive 62
4.1.2.5. The C-terminal domain and heparin binding domain IIl of vitronectin are essential for the
interaction with pneumococcal PavB 63

4.2. Receptor identification of pneumococcal colonization factor PavB on human epithelial

cells 67
4.2.1.1. Pneumococcal PavB acts as an adhesin recognizing directly a eukaryotic receptor 67
4.2.1.2. PavB interacts directly with host cells as demonstrated in binding studies with
fluorescently labeled recombinant Hisg-SSURE .3 68
4.2.2. Role of human matricellular proteins Vn and Fn as competitor or mediator of PavB-
binding to host cells 69
4.2.3. Expression profile(s) of integrin(s) on human respiratory epithelial cells A549 and Detroit
562 72

4.2.4. Role of integrin U,b; as cellular receptor for PavB +3

4.2.4.1. Bl ocking,ionft etgre nU demonstr at edn PavB éindingite ol ve men

host cells 73
42.43.Thegenet i ¢ a b |, mtegrimerpressfon by siRNA did not impair PavB binding-----76
4.2.4.4. PavB-bi ndi ng studies with mouse e hintegrmiasac

cellular receptor for PavB 78

4.2.4.5. Pneumococcal P a ybB intdgiinn ab sindidated by surface plasmon

resonance studies 80
5. Discussion 81
5.1. Interaction of pneumococcal FnBPs with typelll repeats of Fn 81
5.2. Interaction of pneumococcal PavB with human glycoprotein vitronectin 87
5. 3. The adhesi n Pa v,B;todntarattdirectty withneukaryatic cellsth----------- 91
6. Materials 96
6.1. Microorganisms and culture media 96
6.2. Antibiotics 98
6.3 Eukaryotic cells and culture media 98
6.4 Enzymes, proteins and peptides 100
6.5 Antibodies 101

6.6 Commercial kits and markers 102

f

bro



Table of contents

6.7 Solutions, buffers and columns 102
7. Methods 105
7.1. Working with bacteria 105
7.1.1. Growth and cultivation of E. coli. 105
7.1.2. Growth and cultivation of S. pneumoniae. 105
7.1.3. Cryopreservation of bacterial strains 105
7.2. Handling eukaryotic cell lines 105
7.2.1. Cell culture conditions and sub-cultivation of eukaryotic cells 105
7.2.2. Cryopreservation of eukaryotic cell lines 106
7.2.3. Estimation of cell number for in-vitro infection assays 106
7.2.4. In-vitro cell culture infection assays 106
7.3. Flow cytometric analyses 107
7.3.1. Analysis of plasma Fn recruitment by pneumococci 107
7.3.2. Analysis of interaction of pneumococci with soluble human Vn 108
7.3.3. Analysis of pneumococcal recruitment of plasma Fn via Western blot 108
7.3.4. Direct interaction assays of PavB with eukaryotic cells 109
7.3.5. Integrin profiling of eukaryotic cells by flow cytometry 109
7.4. Transfection with siRNA 110
7.5. Field emission scanning electron microscopy (FESEM) 110
7.6. Protein biochemical methods 110
7.6.1. Purification of recombinant proteins 110
7.6.2. Fluorescent labeling of PavB with Cy5 111
7.6.3. Bradford concentration estimation assay 111
7.6.4. SDS polyacrylamide gel electrophoresis 112
7.6.5. Coomassie staining 112
7.6.6. Semi-dry western blotting 112
7.7. Direct protein-protein interaction analyses 113
7.7.1. Far western ligand overlay assays 113
7.7.2. Enzyme-linked immune sorbent assays (ELISA) 113
7.7.3. Surface plasmon resonance 114
7.7.4. MicroSPOT peptide array analysis 115
7.8. Visualization of PavA and PavB binding sites 116
8. References 117
9. Appendix 134
9.1. Tables 134
9.2. Figures 41
9.3. Chemicals used 144

9.4. Materials used




Table of contents

9.5. Equipment used 146
9.6. Softwares used 147
Publications and Conference contributions 149
Curriculum vitae 151
Acknowledgements 152

Eidesstattliche Erkl&rung --------m-mmmm s oo o 154



List of figures

List of figures

Figure 3.1:

Figure 3.2:
Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:
Figure 4.8:

Figure 4.9:

Figure 4.10:
Figure 4.11.:

Figure 4.12:

Figure 4.13:

Figure 4.14:

Figure 4.15:
Figure 4.16:

Figure 4.17:

Figure 4.18:

Schematic representation and 3D model of representative SSURE domains of
PavB

A simplified model depicting various molecular components of extracellular matrix
Schematic representation and 3D modles of hFn and Fn repeats respectively

Schematic representation of human glycoprotein Vitronectin depicting various
domains including characteristic C-terminal heparin binding domains (HBDs)

Domain structure and schematic representation of integrin

Schematic representation of key signaling molecules involved in integrin-mediated
signaling cascades

Recruitment of soluble fibronectin by pneumococci

Host cell bound fibronectin mediates pneumococcal adherence
Fnlll repeats and pneumococcal proteins used in this study
Binding of pneumococcal FnBPs PavA and PavB to Fnlll domains

Binding of soluble pneumococcal FnBPs to immobilized Fnlll domains analysed by
surface plasmon resonance

Interaction between immobilized pneumococcal FnBPs and soluble Fnlll domains
analysed by surface plasmon resonance

Epitope mapping of PavA and PavB binding sites within Fnlll repeats
Electrostatic surfaces of Fnlll repeats

Organization of epitopes of Fnlll repeats for pneumococcal FnBPs
Binding of synthetic Fnlll peptides to immobilized pneumococcal FnBPs
Pneumococcal PavB contributes to recruit soluble human vitronectin

Pneumococcal PavB can interact with both soluble and immobilized form of human
vitronectin as analysed by far western ligand overlays

PavB interacts with soluble and immobilized human vitronectin as demonstrated
by ELISA

Surface plasmon resonance measurements of PavB SSURE domains binding to
immobilized human vitronectin

The PavB-Vn interaction is charge-dependent and inhibited by heparin
Pneumococcal PavB targets the C-terminal region of of vitronectin

Surface plasmon resonance studies assessing the interaction between PavB and
truncated vitronectin fragments

PavB interacts directly with eukaryotic cells and mediates adherence to host cells



List of figures

Figure 4.19:

Figure 4.20:
Figure 4.21:
Figure 4.22:
Figure 4.23:
Figure 4.24:
Figure 4.25:

Figure 4.26:

Figure 4.27:

Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 9.1:

Figure 9.2:

The PavB protein binds directly to host eukaryotic cells as measured by flow
cytometry

Human Vn competes with binding of PavB to host eukaryotic cells

The expression profile of integrins on the surface of A549 cells

The expression profile of integrins on the surface of Detroit 562 cells
Pneumococcal P a v Bntegrim asla dostscellulan recepior

The phar macol ogi,n@drinsiandlts effection RavB binding U
Anal ysis of P aimagrintkrockedidowg celis §A549)

Analysis of direct binding of PavB to mouse embryonic fibroblasts expressing and
lacking specific integrins

Binding of PavB to integrins immobilized on a biosensor analyzed by surface
plasmon resonance

Model of the PavA

Topologies of the PavA-N and PavA-C compared to the FBPS-N and FBPS-C of
S. suis

Schematic model of interaction of pneumococcal FnBPs PavA and PavB with Fn
type lll repeats

Interaction between MBP and Fnlll domains analyzed by surface plasmon
resonance

Antibody control for the fibronectin SPOT peptide array



List of tables

List of tables

Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Table 4.6:
Table 4.7:
Table 4.8:
Table 4.9:

Table 4.10:

Table 4.11:

Table 4.12:

Table 6.1:
Table 6.2:
Table 6.3:
Table 6.4:
Table 6.5:
Table 6.6:
Table 6.7:
Table 6.8:
Table 6.9:
Table 6.10:
Table 6.11:
Table 6.12:
Table 6.13:
Table 6.14:
Table 6.15:
Table 6.16:

Table 6.17:

SPR analysis of immobilized Fnlll domains with PavA

SPR analysis of immobilized Fnlll domains with PavA,,

SPR analysis of immobilized Fnlll domains with PavB

SPR analysis of immobilized PavA with Fnlll domains

SPR analysis of immobilized PavA,, with Fnlll domains

SPR analysis of immobilized PavB with Fnlll domains

Synthetic Fn peptides tested for binding to PavA and PavB by SPR
Binding of Fnlll peptides to PavA,,

Binding of Fnlll peptides to PavB

Kinetics illustrating interaction of pneumococcal PavB with immobilized human Vn
as determined by SPR, fitted to Langmuir 1:1 model

Kinetics illustrating interaction of pneumococcal PavB with immobilized
recombinant Vn fragments as determined by SPR, fitted to Langmuir 1:1 model

Kinetics illustrating interaction of pneumococcal PavB (SSURE.s) with
i mmo b i Lbkiategidn asJdetermined by SPR, fitted to Langmuir 1:1 model

Competent E. coli strains used

E. coli strains used

Wild-type strains of S. pneumoniae

Mutant strains of S. pneumoniae

Culture media used for the cultivation of S. pneumoniae and E. coli
Final concentration of antibiotic solutions used for the selection of microorganisms
Characteristics and origin of human and murine cell lines

Culture media for cell lines

Cell culture supplements and other materials used in cell culture
Reagents and siRNA used for transfecting eukaryotic cells
Enzymes

Proteins

Antibodies

Size of markers used for protein electrophoresis

Commercial kits used for protein biochemical work

Buffers, solutions and substances for the protein biochemical work

Buffers and solutions used in protein purification



List of tables

Table 6.18:
Table 6.19:
Table 7.1.

Table 9.1:

Table 9.2:

Table 9.3:

Table 9.4:

Table 9.5:

Table 9.6:

Table 9.7:

Table 9.8:

Table 9.9:

Table 9.10:

Table 9.11:

Table 9.12:

Buffers and solutions used in cell biological work
Buffers and solutions used in surface plasmon resonance (BiacoreT100)

The seeding densities of different eukaryotic cell lines in 6-well cell culture plate.

Sequences of individual spots (1 - 445) of the Fn SPOT peptide array
Identified motifs in Fnlll recognized by pneumococcal FnBPs

Recruitment of soluble human vitronectin by S. pneumoniae (D 3 9cps and S.p.
35A) and their isogenic mutants devoid of PavB, PspC and double knockouts of
PavB and PspC as determined by flow cytometry

Quantification of direct binding of Cy5-SSURE,.; with host respiratory epithelial
cells (A549 and Detroit 562) as analyzed by flow cytometry

Quantification of surface expression of endogenous Vn and Fn produced by
respiratory epithelial cells A549 as analyzed by flow cytometry

Effect of ectopic surface bound Vn and Fn on direct binding of Cy5-SSURE,.; with
host respiratory epithelial cells (A549) as determined by flow cytometry

Expression profile of various integrin on the surface of eukaryotic respiratory
epithelial cells (A549 and Detroit 562)

Impact of functional blocking antibodies recognizing specific integrins on direct
binding of Cy5-SSURE,.3 to respiratory epithelial cells (A549 and Detroit 562) as
depicted by flow cytometry

Binding of Cy5-SSURE,,s; to A549 pharmacologically inhibited by RGD-peptide
mimetic drug CWHM12 and its enantiomer CWHM96 as demonstrated by flow
cytometry

Quantification of surface expression of U, integrin on U,-knocked down cells (A549)
transfected by U, T specific sSiRNA in comparison to the cells transfected with ctrl
siRNA

Binding of Cy5-SSURE,.; t 0 -kitbcked down cells (A549) transfected by U, i
specific SiRNA in comparison to the cells transfected with ctrl SIRNA

Direct binding of Cy5-SSURE2+3 to murine embryonic fibroblasts (MEFs) and
murine kidney fibroblasts (MKFs) lacking specific integrin as analyzed by flow
cytometry



Zusammenfassung

1. Zusammenfassung

Streptococcus pneumoniae (Pneumokokken) sind human-spezifische Pathobionten, die

einerseits die oberen Atemwege kolonisieren, aber andererseits schwerwiegende lokale und

invasive Infektionen beim Menschen verursachen. Pneumokokken exprimieren fir die
Kolonisierung und Pathogenese ein Repertoire an Kolonisierungs- und Virulenzfaktoren auf

der Bakterienoberflache. In dieser Studie wurden die molekularen Wechselwirkungen von

zwe i wi chtigen Vi r pnewnococcah kitulencee factor Afie m( PA v A) und
Aoneumococcal virulence fac t o r (PaBBj, mit den Matrixproteinen Fibronektin (Fn) und
Vitronectin (Vn) wuntersucht . méaebwalAurfaceaamperemss si nd
recognizing adhesive matrix moleculeso ( MSCRAMMs) , di e verschiede
extrazellularen Matrix bzw. des Serums binden und fir die Pathogenese ausnutzen.

PavA und PavB stellen in Bezug auf ihre Struktur und Assoziation mit der
Pneumokokkenoberflache zwei verschiedene Proteine dar. PavA ist ein nicht-klassisches
Oberflachenprotein (NCSP), dessen Sekretion und Verankerung nicht aufgeklart ist, wahrend
PavB ein charakteristisches MSCRAMM ist, das uber Sortase A kovalent an das
Peptidoglykan der Pneumokokken gebunden ist. PavB besteht neben dem Signalpeptid und
der C-terminalen Verankerungsdomane aus sich wiederholenden Peptidrepeats, die als
Astreptococcal surface repeatsfi(SSURE) bezeichnet werden.

Pneumokokken interagieren bevorzugt mit immobilisiertem humanem Fn. In vitro Infektionen
in der Zellkultur zeigen, dass die Anheftung von Pneumokokken an die Wirtszellen in
Gegenwart von zellgebundenem Fn erleichtert und unabhangig vom eukaryotischen
Wirtszelltyp ist. Diese Interaktion ist keine Spezies-spezifische Interaktion.
Durchflusszytometrische und Western-Blot Analysen zeigten, dass Pneumokokken auch die
|6sliche Form des Fibronektinmolekiils binden. Dabei war die Bindung dosisabhangig und mit
einer Praferenz fur das humane Fn. Die molekularen Wechselwirkungen von PavA und PavB
bzw. den SSURE Doménen mit Fn wurde in komplementaren Protein-Protein-
Interaktionsstudien analysiert. So wurde in Ligand-Overlay-Assays,
Oberflachenplasmonresonanzstudien und SPOT-Peptid-Arrays gezeigt, dass PavA und
PavB mindestens 13 der 15 Typ-lll-Fibronektin-Domanen im C-terminalen Bereich des
humanen Fibronektinmolekils erkennen. Interessanterweise binden die beiden Fibronektin-
bindenden Proteine (FnBPs) PavA und PavB ahnliche Peptide in den Fn Typ-llI-Repeats.
Strukturelle Vergleiche zeigten, dass die Typ-lll-Epitope auf den inneren Strange beider b-
Blatter, die die Fibronektin-Domanen bilden, lokalisiert werden kénnen. Die Spezifitat der
Interaktion wurde durch die direkte Bindung von synthetischen Peptiden von Fnlll1, FnllI5
oder Fnlll15 an die FnBPs PavA bzw. PavB nachgewiesen. Zusammenfassend zeigen die
Ergebnisse dieser Studien ein konserviertes und/oder gemeinsames Muster der molekularen
Wechselwirkung der Pneumokokken-FnBPs PavA und PavB mit dem Fibronektinmolekdl
auf.

Zusatzlich zu Fn interagiert PavB mit anderen Wirtsproteinen wie dem humanem
Plasminogen (Plg) und humanem Thrombospondin-1 (hTSP-1). Fir die S. pneumoniae
Proteine PspC und dem PspC-ahnlichen Hic wurde bereits gezeigt, dass sie mit hTSP-1
sowie menschlichem Vn interagieren konnen. Diese Ergebnisse deuteten eine redundante
Funktion der MSCRAMMs an. In dieser Studie wurde die Rolle von PavB als
Bindungsprotein fur Vitronektin (VnBP) untersucht. Die durchflusszytometrische Analyse
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bestédtigte PavB als VnBP, da Pneumokokken, die durch Mutagenese kein PavB
exprimierten, eine signifikant verminderte Fahigkeit der Vitronektinbindung im Vergleich zu
Wildtyp-Pneumokokken zeigten. Bei der Verwendung einer Doppelmutante, die weder PavB
noch das VnBP PspC exprimierte, konnte die Bindung von Vitronektin nahezu vollstandig
reduziert werden. Die direkten Protein-Protein-Interaktionsstudien wie der Liganden-Overlay,
ELISA sowie Oberflachenplasmonresonanzstudien bewiesen die Wechselwirkung von PavB
SSURE-Doménen sowohl mit Igslichem als auch mit immobilisiertem Vn. Die
Bindungsaktivitat ist jedoch abhangig von der Anzahl der SSURE-Domanen, wobei funf
SSURE Domaénen die héchste Bindungsaktivitat gegentber Vn zeigten. Die Wechselwirkung
von PavB mit Vitronektin ist ladungsabhéngig und kann durch Heparin inhibiert werden. Die
Bedeutung der Heparinbindungsdomanen von Vitronektin fir die PavB-Vn Interaktion wurde
ebenfalls Uber Protein-Protein-Interaktionsstudien analysiert. Die Untersuchungen mit
verklrzten rekombinanten Vn-Fragmenten zeigten, dass PavB, ebenso wie PspC, die C-
terminale Heparin-bindende Domane (HBD3) von Vitronektin erkennt. Daher deuten diese
Ergebnisse auf einen konservierten Mechanismus der Interaktion von Pneumokokken-
Proteinen mit Vitronektin hin.

Zusatzlich zu seiner Funktion als MSCRAMM besitzt PavB die Fahigkeit direkt an Wirts-
epithelzellen zu binden. Der zellulare Rezeptor fir PavB war bislang unbekannt und daher
war das Ziel dieser Studie, den/die Zellrezeptor(en) fur PavB zu identifizieren. Die
Adhéarenzstudien mit Epithelzellen bestatigten, dass PavB auch in Abwesenheit eines ECM
bzw. eines molekularen Briickenmolekils die Anheftung an respiratorische Epithelzellen
vermittelt. Die direkte Wechselwirkung zwischen PavB und den Wirtsepithelzellen wurde
durch die Verwendung von Cy5-markiertem PavB-Protein in der Durchflusszytometrie
analysiert und bestatigt. Interessanterweise hemmte exogen zugegebenes humanes
Vitronektin die Bindung von PavB an die verwendeten Wirtsepithelzellen. Diese
Beobachtung fuhrte zu der Hypothese, dass der wichtigste zellulare Rezeptor fir Vitronektin,
das Ubs-Integrin, ein potentieller Rezeptor fiir PavB ist. Diese Hypothese wurde durch
funktionelle Inhibitionsstudien mit monoklonalen Antikorpern, die spezifische Integrin-
Untereinheiten erkennen, unterstitzt. Die Ergebnisse zeigten eine reduzierte Bindung von
PavB in Gegenwart von blockierenden Ant i k ° r p e r plntegrihierkenngra Bas PavB
das U,bs-Integrin als Rezeptor auf eukaryotischen Zellen erkennt, wurde des Weiteren {iber
einen direkten Bindungsassay mit embryonalen Fibroblasten aus Mausen (MEFs) bestétigt.
In den MEFs fehlte das Integrin U,b; und eine deutliche Abnahme der Bindung von PavB im
Vergleich zu Integrin Ub; positiven Zellen konnte nachgewiesen werden. Obwohl die
funktionellen inhibitorischen Studien und die Bindungsstudien mt MEFs di e R4
Integrin als Rezeptor fir PavB unterstiitzten, konnte ein Knockdown des U-Integrin in
Epithelzellen mittels RNA-Interferenz die Bindung von PavB im Vergleich zu den
Kontrollzellen nicht signifikant vermindern. Die direkte Interaktion zwischen dem U,bs-Integrin
und PavB von S. pneumoniae wurde mittels Oberflichenplasmonresonanzanalysen
bewiesen. Damit zeigt diese Studie zum ersten Mal die direkte Wechselwirkung eines Gram-
positiven extrazellularen Pathogens, namlich Streptococcus pneumoniae, mit einem der
Wirts-ICAMs, dem U,bz-Integrin.

Zusammenfassend wurden in der vorliegenden Studie wichtige Aspekte der molekularen
Wechselwirkung von Pneumokokken MSCRAMMs PavA und PavB mit den humanen
Proteinen Fibronektin bzw. Vitronektin analysiert. Die Interaktion von PavA und PavB konnte
auf die C-terminalen Fnlll-Repeats eingegrenzt werden und die HBD3 des
Vitronektinmolekiils wurde als wichtige Bindungsdomane fir die Interaktion mit PavB

2
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identifiziert. Dariiber hinaus konnte in dieser Studie der zellulare Rezeptor Ubs-Integrin fir
das S. pneumoniae Adhasin PavB identifiziert werden. Der molekulare Mechanismus und die
biologische Bedeutung der PavB- U,bs-Integrin Interaktion fiir die zellulare Wirtsantwort muss
in zukUnftigen Studien aufgeklart werden.




Summary

2. Summary

Streptococcus pneumoniae (pneumococci), a human pathobiont, express and expose
several proteinaceous colonization and virulence factors on its surface to facilitate on the one
hand colonization of the upper respiratory tract and on the other hand pathogenesis in the
host. In this study the interaction of two of such factors referred to as pneumococcal
virulence factor A (PavA) and pneumococcal virulence factor B (PavB) and acting as
microbial surface components recognizing adhesive matrix molecules (MSCRAMMS), was
delineated with the two host matricellular proteins fibronectin (Fn) and vitronectin (Vn).
Despite similarity in nomenclature, PavA and PavB represent two diverse pneumococcal
proteins with respect to their structure and association with the pneumococcal surface. PavA
is a non-classical surface protein (NCSP) with an ambiguous mode of secretion and
anchorage while PavB is a characteristic MSCRAMM, anchored via sortase A to
pneumococcal peptidoglycan. PavB has a signature of repetitive modules termed as

streptococcal surface repeats (SSURE).

Pneumococci preferentially interact with immobilized human Fn. In vitro cell culture
adherence assays demonstrated that cell bound Fn facilitates the adherence of pneumococci
to the host cells and this particular interaction is indifferent to host cell type and is species
non-specific. Flow cytometry and immunoblot analyses further indicated the ability of
pneumococci to interact with the soluble form of Fn in a dose-dependent but species non-
specific manner. The molecular interaction of PavA and PavB (via its SSURE domains) with
Fn was delineated further in detail via several direct protein-protein interaction approaches.
Ligand overlay assays, surface plasmon resonance studies and SPOT peptide arrays
demonstrated that PavA and PavB target at least 13 out of the 15 type Il fibronectin domains
located in the C-terminal part of Fn. Strikingly, both pneumococcal fibronectin-binding
proteins (FnBPs) recognize similar peptides in targeted type Il repeats. Structural
comparisons revealed that the targeted type Il epitopes cluster on the inner strands of both
b-sheets forming the fibronectin domains. Importantly, synthetic peptides of Fnlll*, FnllI® or
Fnlll*® bind directly to FnBPs PavA and PavB, respectively. Thus, analysis of interaction of
pneumococcal FnBPs PavA and PavB revealed a probable conserved and/or common

pattern of molecular interaction with human Fn.

In addition to Fn, pneumococcal PavB interacts with other host matricellular proteins such as
human plasminogen (PIlg) and human thrombospondin-1 (hTSP-1). Pneumococcal proteins
such as PspC and PspC-like Hic have earlier been demonstrated to interact with hTSP-1 as

well as human Vn, thereby depicting a redundant function as MSCRAMMs. In this study the




Summary

role of PavB as a pneumococcal vitronectin binding protein (VnBP) was assessed. Flow
cytometric analysis suggested PavB as VnBP, because strains deficient for PavB exhibited a
significantly decreased ability to acquire vitronectin compared to wild-type pneumococci.
When using a double knockout, deficient in expression of PavB and the VnBP PspC, the
pneumococcal interaction with vitronectin was completely abolished. The direct protein-
protein interaction assays such as far western ligand overlay, ELISA, and surface plasmon
resonance indicated the interaction of SSURE domains with both soluble and immobilized
Vn. However, the binding activity depends on the number of SSURE domains with five
SSURE showing the highest binding activity to Vn. The interaction of PavB with Vn was
charge dependent and heparin sensitive as analyzed by ELISA. The importance of the
heparin binding domains of Vn in this interaction was further analyzed via direct protein-
protein interaction approaches. Binding studies (far western ligand overlay, ELISA, and
surface plasmon resonance) with truncated recombinant Vn fragments indicated that PavB
targets the C-terminal heparin-binding domain (HBD3) of vitronectin, a characteristic shared

with PspC, hence, suggesting a conserved molecular interaction of pneumococci with Vn.

In addition to its function as an MSCRAMM, PavB has the capability to interact directly with
host epithelial cells via an unknown cellular receptor. Thus, this study aimed to identify
cellular receptor(s) for PavB. In vitro cell culture adherence and invasion assays confirmed
that pneumococcal PavB is involved in promoting pneumococcal adherence to respiratory
epithelial cells without employing any molecular bridge. The direct interaction between PavB
and host epithelial cells was further confirmed via direct binding assays when using Cy5-
labeled PavB and flow cytometric analysis. Strikingly, exogenously added human vitronectin
competitively inhibited binding of PavB to respiratory epithelial cells. This observation led us

to hypothesi ze t hat t he maj orhbziatégtinracisnas & gotenial neceptoefprt o r

PavB. This hypothesis was supported by functional blocking assays with monoclonal
antibodies recognizing specific integrin subunits. The results revealed reduced binding of
PavB in the presence of b o,untedrin gdicatingd thadl PayB
e mp | o./f;steddn as its direct receptor on eukaryotic cells. This was further confirmed via
a direct binding assay of PavB to mouse embryonic fibroblasts (MEFs) where cells lacking

U.b; demonstrated a marked decrease in binding to PavB. Although functional blocking assay

U

recog

and direct binding assay wibtittegrM Bdadirest adhgsio fort e d t

PavB, RNA i nt antedrie in epithelial cetlsf did bot impair the binding of PavB in
U.knocked down cells in comparison to non-transfected cells. Finally, surface plasmon
resonance (SPR) analysis indicated the direct interaction between pneumococcal PavB and

r e c o mb i fniategrin. 1) this study we report for the first time the interaction of a Gram-
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Summary

positive extracellular pathogen, namely Streptococcus pneumoniae, with one of the host

ICAMs, namely the U,b; integrin.

In conclusion, the present study analysed some of the aspects of molecular interaction of
pneumococcal MSCRAMMs PavA and PavB with hFn and hVn. The hot spots of interaction
on C-terminal Fnlll repeats were delineated for PavA and PavB. HBD3 was revealed to be
pivotal for PavB-Vn interaction. In addition the redundant role of pneumococcal PavB as an
MSCRAMM was demonstrated. Furthermore this study successfully identifies a direct
receptor for pNneumo c gbg intagrin. TM@ mdhanism aanue Hiokogicdl
rationale of this newly identified interaction is a matter of debate and awaits further scientific
analyses.
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3. INTRODUCTION

3.1 Streptococcus pneumoniae-history

The history of human understanding about microbiology goes back to 1676 when a Dutch
tradesman and scientist Antonie Leewenhoek (known as father of microbiology) reported
some of the “animalculesd (small ani mal s)

that period and the following centuries, innumerable microorganisms have not only been
reported but have also been characterized and studied in finer depth and details. One of
these microorganisms is the Gram-positive diplococcus Streptococcus pneumonia, which
resides as an asymptomatic colonizer on the upper human respiratory epithelia. First
reported as an etiological agent of lobar pneumonia independently by Louis Pasteur and
Sternberg in 1881 (Austrian, 1999), this bacterium was studied as a model organism to
assess many scientific principles. It was this microbe which was used to decipher the so
called transforming substance by Avery, MacLeod and McCarty in 1944. Later on
pneumococci were exploited independently by scientists to understand various biological
phenomena such as antibiotic resistance of microbes, immune evasion strategies employed
by bacteria, mechanisms of phagocytosis of bacteria by host eukaryotic cells, development
of vaccines by using microbial polysaccharides as potential antigens. Thus S. pneumoniae
have been a subject of intensive research both at clinical and scientific levels and have
provided the bases for understanding of many biological phenomena leading to evolution of
many fields of microbiology i.e., microbial pathogenesis, microbial genetics, molecular

biology/genetics, antimicrobial therapeutics (vaccine development) etc (Watson et al., 1993).

Streptococcus pneumoniae belong to the phylum Firmicutes. It is a Gram-positive
facultative anaerobe. Biochemical attributes of this microorganism include U-hemolysis,
optochin sensitivity, bile solubility and lack of catalase and oxidase. Owing to the ability to
divide along only one axis, this oval or lancet shaped bacterium exists either as pairs (thus
name diplococcus) or in short chains. The polysaccharide capsule of pneumococci is the
basis for its distribution into more than 94 serotypes (Bentley et al., 2006, Park et al., 2007).
The serotypes of pneumococci show greater variability in terms of geographical and temporal
distribution as well as their pathogenic and/or virulence potential and antibiotic resistance.
Besides being known as an asymptomatic colonizer of human upper respiratory epithelia,
some of the pneumococcal serotypes are the etiological agents of both non-invasive and

invasive ailments.
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3.2. Pneumococcal serotyping and diagnostics

3.2.1. Morphological and phenotypic characteristics

Besides leading a life of an asymptomatic colonizer in upper respiratory epithelia of humans
the pneumococcus is an opportunistic pathogen which manifests its virulent and pathogenic
potential in the form of non-invasive ailments such as sinusitis, otitis media as well as severe
exacerbations including bacteremic pneumonia, sepsis and meningitis. To regulate and
control the pathogenesis of S. pneumoniae in humans and to devise appropriate therapies
thereafter, microbial and/or molecular diagnosis is a primary pre-requisite. Classically
S. pneumoniae are primarily identified on the basis of their morphological microscopic
characteristics followed by characteristic phenotypic attributes. Tests based upon phenotypic
attributes include optochin sensitivity, bile solubility and catalase negativity. Among all these
tests optochin susceptibility remains a method of preference owing to the ease of its
performance. This particular test is based on the ability of optochin to inhibit pneumococcal
ATPase which tends to distinguish pneumococci from other viridians streptococci (Martin-
Galiano et al., 2003). Besides this test bile solubility test is another reliable and accurate
identification criterion for pneumococci. This test is based on the ability and activation of an
autolytic enzyme N-acetylmuramyl-L-alanine amidase expressed by majority of

pneumococcal strains (Aguiar et al., 2006).

One of the striking characterisitics of pneumococci includes formation of capsular
polysaccharide (CPS). Variability in the structure of CPS tends to distribute pneumococci into
more than 94 serotypes (Bentley et al., 2006, Park et al.,, 2007). Thus capsule is another
useful criterion for serotyping of this particular bacterium (Hausdorff et al., 2000,
Brueggemann et al., 2004). Capsule is not only visualized by microscopy but specific anti-
sera are also employed to detect and distinguish the encapsulated serotypes from non-
encapsulated ones and to assign pneumococci to a particular serotype. In addition, PCR
based tests have also been devised which target specific serotype dependent cps genes by
using both conventional and real-time methods to identify serotypes of pneumococci from
different geographical and temporal backgrounds (Brito et al., 2003, Pai et al., 2006). In
another approach pneumococcal DNA is employed and genes encoding particular
pneumococcal proteins, e.g. LytA, Ply, PsaA and others, are amplified and the products are
further analyzed to detect a particular serotype. In some cases both the classical diagnostic
methods and molecular (PCR) based tests are hybridized for efficient diagnosis and

serotyping.

S. pneumoniae are diverse microorganisms particularly in terms of geographical and

temporal serotype distribution as well as their virulence potential and antibiotic resistance.
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Besides having more than 94 serotypes only a subset of serotypes have been reported to be
responsible for invasive diseases. In addition, the pneumococcal serotype variation is ever
increasing owing to its inherent potential of transformation leading to horizontal gene transfer
both of inter-specific and intra-specific nature. This particular trend poses a need for the
epidemiological understanding of S. pneumoniae to keep on tracking the evolution of this
microbe which consequently facilitates scientists to devise new therapeutic strategies. One of
the most commonly employed molecular typing method is pulsed-field-gel-electrophoresis
(PFGE) in which total genomic DNA of pneumococcus is digested using an enzyme Smal,
followed by resolution of digested fragments on to a two dimensional gel. The patterns are
further analyzed by using specific softwares with subsequent assigning of pneumococcal
strain to a particular serotype (McClelland et al., 1987, Carrico et al., 2005). Besides being
used most frequently for pneumococcal molecular typing PFGE possesses some limitations
which include requirement of expertise to analyze the data and the software and differences
in results from one laboratory to another. To overcome these limitations another efficient
molecular typing technique is being used for quite a long time termed as multilocus sequence
typing (MLST). It is a PCR-based method targeting the internal fragments of seven
housekeeping genes belonging to core genome of pneumococci followed by their allelic
comparison. The sets of these seven types of alleles then define specific sequence types
(ST) (Enright & Spratt, 1998, Feil et al., 2000). In addition to conventional molecular typing
methods such as PFGE and MLST, whole genome sequencing (WGS) is another
comprehensive approach to evaluate the molecular epidemiological evolution of
pneumococci and might represent the future of molecular typing of pneumococci along with
other bacteria (Croucher et al., 2011, Croucher et al., 2012, Golubchik et al., 2012, Wyres et
al., 2013a, Donati et al., 2010).

3.3. Pneumococcal colonization, pathogenesis and
therapeutics

The human nasopharynx harbors diverse collection of microbiota on its mucosal surface, one
of the members of this microbiota is Streptococcus pneumoniae. Every single individual is
known to harbor this bacterium at least once in his/her life time. This particular carriage state
is of specific importance and consideration as dynamics of this state further leads to various
exacerbations when pneumococcus Omi s (arlboasgtesd as
al.,, 2010). Based upon the strength of the immune system, the colonization status of
pneumococci in humans follows a hierarchy of age in reverse order with young children
under the age of five years being colonized at the highest rate (30-60%) followed by adults (<
15%) and adolescents (<10%). However elderly people (>60 years) have been reported to

have a considerably higher rate of colonization than adults and adolescents (Garenne et al.,
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1992, Leowski, 1986). Besides age, other risk factors for colonization include socio-economic
condition, compromised immune system, infected siblings, increased consumption of
carbohydrates, and exposure to tobacco smoke in the household (Lynch et al., 2009, Reis et
al., 2008, Donkor et al., 2013, Bogaert et al., 2004, Tapiainen et al., 2014). Duration of
colonization varies depending upon the serotype of strain and might range from few days to
several months (Sleeman et al., 2006, Lipsitch et al., 2012).

Besides being a commensal on the mucosal surfaces of the human upper respiratory tract,
pneumococcus possesses a remarkable pathogenic potential once it gets access to other
respiratory locations (bronchi) and/or normally sterile niches like the lungs, blood and brain
(Cartwright, 2002). The transition from colonizer to an invasive state is a highly complex
multi-factorial process and involves the interplay of phase variation, differential gene
regulation of various proteinaceous colonization and/or virulence factors (Kadioglu et al.,
2008, Bergmann & Hammerschmidt, 2006, Orihuela et al., 2004b) and evasion from host
immune attacks at various sites of infection. In most of the cases it has been reported that
the colonization factors on the surface of pneumococci also act as virulence factors in its
pathogenic state (Kadioglu et al., 2008, Bergmann & Hammerschmidt, 2006). Once gaining
the pathogenic potential pneumococci cause a variety of diseases ranging from mild local
infections such as otitis media (in middle ear), bronchitis (in bronchi), and sinusitis (in
sinuses) to severe invasive exacerbations such as pneumonia (in lungs and alveoli);
bacteremic pneumonia (in blood) and meningitis (in the central nervous system).
S. pneumoniae are one of the major causes of community-acquired pneumonia, with higher
morbidity rates in all individuals (Bartlett & Mundy, 1995). One of the extreme pathogenic
manifestations of pneumococci includes community-acquired meningitis responsible for
almost 70,000 mortalities per annum. Besides being distributed into more than 94 different
serotypes based upon polysaccharide capsular characteristics, only a limited number of
serotypes (1, 5, 6A, 6B, 7F, 8, 10A, 15B, 19A, 19F, 23F) are responsible for invasive
pneumococcal disease (IPD) all over the globe ((Brueggemann et al., 2003, van der Linden
et al.,, 2013, Grabenstein & Musey, 2014). Nevertheless the plasticity of pneumococcal
genome owing to its inherent transformable nature, capsular switching during carriage state
and antibiotic resistance tends to replace the serotypes and consequently require a perpetual

epidemiological monitoring.

The human immune system is able to combat both colonization and pathogenesis of
Streptococcus pneumoniae depending upon the strength of host immune system, age of the
host age and serotype of the pneumococcus (Sleeman et al., 2006, Lipsitch et al., 2012,
Turner et al.,, 2012). In general adaptive immunity plays a greater role in comparison to

innate immunity. Nevertheless the main armour employed by the host to control
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pneumococcal colonization and pathogenesis include phagocytosis (Hyams et al., 2010a)
and the complement system (Hyams et al., 2010b, Zipfel et al., 2007). Despite the ability of
the host immune system to regulate colonization and pathogenesis of pneumococci, the
bacterium continues to evolve new combating strategies on its part to persist and succeed in
the form of a commensal and/or pathogen. This includes e.g., expression of a thicker
polysaccharide capsule and a plethora of diverse surface-exposed virulence factors which
tend to facilitate the bacterium to escape from phagocytosis (Hyams et al., 2010a) and
complement attack(Tu et al.,, 1999, Dave et al., 2004, Dave et al., 2001). This particular
ability of pneumococcus to evade immune attack necessitates clinical interventions, which

include use of antibiotics and/or prevention by using vaccination.

As initiated by Alexander Flemming in 1928, antibiotics have been a therapeutic intervention
strategy for bacteria till now. Inthe 1 9406 s peni ci kdtdcontralpneumocactat o d u ¢
induced diseases and remained an effective method till 1960 when the first case of penicillin-
nonsusceptibilty was reported for pneumococci. Since then several other alternative
antibiotics e.g., macrolide, fluoroquinolone, tetracycline, rifampin, chloramphenicol and
others have been introduced followed by the emergence of pneumococcal resistance for
almost each one of these antibiotics (Kupronis et al., 2003, Wyres et al., 2013a, Wyres et al.,
2013b, Ferrandiz et al., 2005, Widdowson et al., 2000). Another greater risk to public health
is the recent emergence of multidrug resistant strain 19A (Richter et al., 2009, Simoes et al.,
2007, Croucher et al., 2011). Several risk factors account for the rapid emergence of
resistance of pneumococci against antibiotics, some of which include age of both children
and elderly patients, exposure to antibiotics, hospitalization, urbanization, day care
attendance, co-morbitidites (especially in case of HIV) and last but certainly not at least the
clonal structure of pneumococci (Brandileone et al., 2006, Jacobs, 1998, Crowther-Gibson et
al.,, 2012, Chen et al., 1999, Mthwalo et al., 1998, Schlievert et al., 1995, Ho et al., 2001,
Vanderkooi et al., 2005, Feikin et al., 2001, Yagupsky et al., 1998, Buie et al., 2004, Soeters
et al, 2012). Horizontal transfer of genes owing to naturally transformable ability of
pneumococcus is another driving force for antibiotic resistance development. Increase in
antibiotic resistance further poses a need to devise new effective therapeutics and/or

effective preventive strategies in the form of vaccination.

Vaccination is one of the greatest tools to prevent humans and especially children from
severe infectious diseases. In case of pneumococcal diseases, firstly a whole cell vaccine
was administered in early 1900 6 is South African Gold miners (Austrian, 1978), which
besides being effective in reducing the disease rate proved to be an ineffective tool in the
long run owing to its loss of preventive nature (Grabenstein & Klugman, 2012). Considering

the immunogenic nature of polysaccharide capsule (CPS) of pneumococci (Macleod et al.,
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1945), capsule was used as a means to formulate effective vaccines. Attempts were made to
include first six capsular variants in the vaccine forming a hexavalent vaccine followed by a
12-valent formulation in 1970s. In 1977 the number of polysaccharide variants increased to
17 in vaccine (Austrian et al., 1976) while in 1983 a 23-valent pneumococcal polysaccharide
vaccine (PPSV-23) was introduced especially for individuals 65 years of age which covered
more than 90% of pneumococcal serotypes responsible for causing invasive pneumococcal
diseases (Fedson et al., 2011, Grabenstein & Manoff, 2012). Besides being highly effective
for adults, elderly and older people, these polysaccharide vaccines (PPSVs) proved to be
ineffective for children less than two years of age which is in actual practice the most
vulnerable group in addit i onlodolwe thpsaessup theconzdpt
of conjugate vaccines was brought forward in which the carbohydrate moieties of
polysaccharide capsular antigens were conjugated with a protein moiety to activate IgG
mediated response which tends to be longer lasting as compared to IgM mediated response.
For this reason several conjugate vaccines have been introduced so far with varying number

of seroytypes included in vaccine formulations and include PCV7 (Prevenar®, including

ol

d

ac

serotypes 4, 6B, 9V, 14, 18C, 19F, 23F) (Paradiso, 2012), PCV10 (SynflorixE,

serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F) and PCV13 Prevenar®13, including
serotypes of PCV10 and 3, 6A and 19A). Since pneumococci are naturally transformable
microorganisms, administration of vaccines including limited number of serotypes resulted in
capsular switching at the colonization state and consequently results in serotype
replacement (Jackson et al., 2013). To deal with this problem, studies have been conducted,
which consider proteinaceous virulence factors such as PspA (Wu et al., 1997, Roche et al.,
2003, Ogunniyi et al., 2000, Ogunniyi et al., 2001, Ogunniyi et al., 2007), PspC
(Balachandran et al., 2002, Ogunniyi et al., 2001), LytA (Lock et al., 1992; Sato et al., 1996;
Yuan et al., 2011 Book) , pneumolysin (Roche et al., 2003, Ogunniyi et al., 2000, Ogunniyi et
al., 2007) and others as potential vaccine candidates.

3.4. Pneumococcal colonization and virulence
factors

3.4.1. Pneumococcal capsule

Pneumococci secrete an extracellular layer of polysaccharide capsule, which is in most of
the strains covalently linked to the cell wall. Being able to advocate host immune evasion, the
capsule is one of the significant determinants of pneumococcal virulence and has been a
subject of extensive research over the years. Depending upon the type of saccharide units,
their order and linkage, so far 94 different serotypes (belonging to 46 groups) of

pneumococci have been reported (Bentley et al., 2006, Calix et al.,, 2012a, Calix et al.,
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2012b, Moxon & Kroll, 1990, Park et al., 2007, Tomita et al., 2011). A total of 15-18%
serotypes are non-typable (NT) (Marsh et al., 2010) and are further grouped into two
subgroups based upon the presence (Group | NT pneumococci) and absence (Group Il NT
pneumococci) of cps gene loci. In general the capsule is either synthesized via a Wzy
dependent pathway (Cartee et al., 2005, Cartee et al., 2000) or via a synthase dependent
mechanism (serotype 3 and 37) (Dillard et al., 1995) the latter being less complex in gene
organization and mechanism of synthesis. Biochemically the capsule of S. pneumoniae is
anionic in nature and thereby prevents clearance by the mucus (Nelson et al., 2007) in
addition to repelling phagocytes electrostatically with the exception of a few serotypes (7A,
7F, 14, 33F, 33A, and 37) (Lin et al., 2014). Another exception in this regard is serotype 1,
which harbors a zwitterionic capsule known to stimulate T-cell and is responsible for its
invasive nature (Lindberg et al., 1980). Besides playing different roles to increase the
invasive potential of a pneumococcal strain (i.e. influencing formation of biofilm, promoting
interaction with host nasopharyngeal epithelia) (Moscoso et al., 2009, Bootsma et al., 2007,
Wartha et al., 2007), the utmost role of this extracellular cover remains to shield the cell wall
and consequently protecting the bacterium from host immune attack e.g., antibodies and/or
complement (Oliver et al., 2013, Kim et al., 1999).

3.4.2. Cell wall

A thick multilayered cell wall underlies the diverse polysaccharide capsules of pneumococci.
Chemically the pneumococcal cell wall is composed of peptidoglycan (PGN) and teichoic
acids. Peptidoglycan is a huge macromolecule composed of alternating glycan chains of
N-acetylglucosamine (GIcNAc), N-acetylmuramic acid (MurNAc) and pentapeptide chains
linked to N-acetylmuramic acid (MurNAc) (Bui et al., 2012, Garcia-Bustos et al., 1987). The
synthesis of peptidoglycan (PGN) is a highly complex process involving almost 20 different
enzymes playing their roles in different bacterial compartments i.e., cytoplasm, cell wall, cell
membrane (Denapaite et al., 2012). The pentapeptide is in general arranged as L-Ala_D-
(0)Glu_L-Lys_D-Ala_D-Ala. The teichoic acids of pneumococcal cell wall exists in two forms
i.e., either attached covalently to the PGN and termed wall teichoic acid (WTA) or anchored
to the cell membrane in the form of lipoteichoic acids (LTA). In both cases the structural units
of teichoic acids remain highly conserved among diverse serotypes of S. pneumoniae
(Fischer, 1997, Vialle et al., 2005, Gisch et al.,, 2013). In addition teichoic acids of
pneumococci are unique in being highly complex structures as well as harboring
phosphorylcholin (PCho) residues, an attribute singular to pneumococci (Garcia et al., 1998,
Fischer, 1997). Both peptidoglycan and teichoic acids are active sites to evade host immune

attacks as well as promoting interactions with host cellular factors thereby advocating the
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survival as a commensal and/or influencing the pathogenic potential of microbe (Neuhaus &
Baddiley, 2003, Koppe et al., 2012).

3.4.3. Protein families on pneumococcal surface

Streptococcus pneumoniae are not only successful colonizers of human upper respiratory
epithelia but are skilled in opportunistic pathogenesis resulting in exacerbations of variable
intensities. Pneumococci accomplish both of these biological roles because of their ability to
express and expose a myriad of proteinaceous factors on its surface. In most of the cases
these factors aid in colonization and pathogenesis. In general, based on the anchoring
mechanism, these proteinaceous factors are divided into four broader families i) choline-
binding proteins (CBPs) ii) LPXTG proteins anchored covalently to the peptidoglycan in a
sortase-dependent manner iii) lipoproteins-attached to the bacterial cell membrane iv) non-
classical surface proteins (NCSP) with ambiguous modes of secretion and anchorage.
(Perez-Dorado et al., 2010, Hammerschmidt, 2006, Bergmann & Hammerschmidt, 2006,
Kadioglu et al., 2008, Orihuela et al., 2004a, Voss et al., 2012). The following section is a
brief description of each of these four families with specific foci on pneumococcal adherence
and virulence factor A (PavA; a NCSP) and pneumococcal adherence and virulence factor B
(PavB; a sortase-anchored protein) because the present study is based upon these two

pneumococcal proteins and their interaction with host eukaryotic factors.

3.4.3.1. Choline-binding proteins (CBPSs)

Pneumococci possess a varying number of choline-binding proteins (CBPs) (from 13 to 16
depending upon the strain) which are attached to the phosphorylcholine (PCho) moieties of
teichoic acids of the bacterial cell wall (wall teichoic acids, WTA) or cell membrane (lipo-
teichoic acids, LTA). Structural attribute of this class of proteins include repetitive elements
termed as choline-binding repeats (CBR; each harboring ~ 20 amino acid residues) located
in most of the cases towards the C-terminal parts of the protein with a few exceptions like in
LytB and LytC (Garcia et al., 1988, Garcia et al., 1998). While the C-terminal parts of these
proteins tend to be homologous the N-terminal parts of the CBPs seems to be diverse.
Owing to this variation in the N-terminal parts, CBPs of pneumococci are diverse in functions.
CBPs like PspC and PspA have been reported to be crucial for virulence and facilitate host
immune evasion by using various strategies (Li et al., 2007, Ren et al., 2004) e.g., PspC is
known to interact with complement inhibitor Factor H (Dave et al., 2001, Agarwal et al., 2010)
while PspA has been reported to evade host immune response by inhibiting the activation
and deposition of human complement C3 through both the classical and alternative pathways
(Ogunniyi et al., 2001, Virolainen et al., 2000, Tu et al., 1999, Li et al., 2007, Ren et al.,

2004). PspC is a multifactorial protein and has also been reported to interact directly with
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host eukaryotic cells via human polymeric immunoglobulin receptor (hplgR) on
nasopharyngeal epithelial and endothelial cells (Hammerschmidt et al., 2000). In addition it
has been recently reported to be one of the pneumococcal MSCRAMMS owing to its ability to
interact with host matricellular proteins vitronectin and thrombospondin (Voss et al., 2013,
Binsker et al., 2015). Some of the CBPs of S. pneumoniae are known to possess enzymatic
activity e.g. LytA, LytB , LytC, CbpD and CbpG (Garcia et al., 1985; Garcia et al., 1999,
Tettelin et al., 2001; Gosink et al., 2000). LytA has been implicated to be one of the virulence
factors (Yuan et al., 2011, Sato et al., 1996), while the others of the aforementioned CBPs
have been reported to be important for pneumococcal colonization (Gosink et al., 2000,
Claverys et al., 2007, Perez-Dorado et al., 2010, Hoskins et al., 2001).

3.4.3.2. Lipoproteins

Lipoproteins are another important class of pneumococcal proteins characterized by their
covalent binding to the lipid moiety of bacterial cell membrane. Gram-positive bacteria
including S. pneumoniae share a common two step pathway of secretion and anchorage of
lipoproteins. In general proteins belonging to this particular group are synthesized as
precursors termed as pre-prolipoproteins characterized by an N-terminal signal peptides and
a characteristic C-terminally located lipobox motif i a recognition sequence used to direct its
attachment to the lipid moiety of cell membrane (Oudega et al., 1993). The maturation
process of these precursor lipoproteins generally involve two key enzymes i) a diacylglycerol
transferase (Lgt), which tends to attach the pre-prolipoprotein to the diacylglycerol moiety in
the cell membrane via a conserved cysteine residue in the lipobox and ii) signal peptidase I
(Lsp), which finally converts the prolipoprotein to the mature lipoprotein by cleaving off the
signal peptide (Hutchings et al., 2009, Kovacs-Simon et al., 2011). Pneumococcal
lipoproteins reported so far are 42-46 in number and are known to play several roles in
regulating bacterial fithess and homeostasis in particular being involved in substrate intake
and transport as ABC transporters (Tettelin et al., 2001, Babu et al., 2006). Out of the total
46 pneumococcal lipoproteins, a major part (~ 25) has been reported to function as ABC
transporters. Besides substrate transport these proteins also play physiological roles in
regulating signal cascades, protein folding, activation of cell surface molecules and oxidative
stress (Hermans et al., 2006, Novak & Titus, 1998, Overweg et al., 2000, Sutcliffe & Russell,
1995, Saleh et al., 2013). In addition some pneumococcal lipoproteins have also been
implicated to play significant role in colonization and virulence. Examples are the substrate-
binding protein PsaA of the manganese ABC trasnporter atwo peptidyl-prolyl cis/trans
isomerases: the putative protease maturation protein A (PpmA) and streptococcal lipoprotein
rotamase A (SIrA). Pneumococcal iron acquisition protein (Pia) and pneumococcal iron

uptake protein (Piu) (known to be involved in iron uptake) are other examples (Lawrence et
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al., 1998, Novak et al., 1996, Novak & Titus, 1998, Jomaa et al., 2005, Whalan et al., 2005,
Cron et al., 2009, Hermans et al., 2006).

3.4.3.3. Sortase-anchored proteins

One of the ubiquitous classes of cell surface anchored proteins in Gram-positive bacteria are
sortase-anchored proteins, which are covalently anchored to the PGN via their LPXTG motif.
Members belonging to this family of proteins are characterized by an N-terminal signal
peptide dictating its transport to the outside of the cell and a C-terminal LPXTG motif
directing its attachment to the PGN. The characteristic LPXTG motif is recognized and
cleaved between the threonine and glycine consequently by a class of transpeptidases
tremed as sortase A to finally anchor the protein covalently to the cell wall (Bergmann &
Hammerschmidt, 2006, Dramsi et al., 2008, Mitchell & Mitchell, 2010). Based upon the whole
genome sequence data a total number of 17 putative pneumococcal sortase-anchored
proteins have so far been reported (Tettelin et al., 2001, Hoskins et al., 2001, Pribyl et al.,
2014). Biologically these proteins serve variety of functions determining pneumococcal
colonization and virulence, often via their enzymatic activities. A part of pneumococcal
sortase-anchored proteins include enzymes of lytic nature such as hydrolases (BgaA, StrH,
NanA, EnG, SpuA and EndoD), and the hyaluronate lyase (Hyl) (Pluvinage et al., 2011,
Hoskins et al., 2001, Willis et al., 2009, Tettelin et al., 2001, Abbott et al., 2009). In addition
metalloproteases such as ZmpB, ZmpC, ZmpD, PrtA and IgA1l protease belong to this class
of surface proteins (Tettelin et al., 2001, Hoskins et al., 2001). Another category of
pneumococcal surface proteins include adhesins such as PfbA and PavB (PfbB) which are
sortase-anchored proteins and employ host matricellular proteins as molecular mediators to
adhere indirectly to host eukaryotic cells (Yamaguchi et al., 2008, Paterson & Orihuela, 2010,
Jensch et al., 2010, Binsker et al., 2015). In general major functional attributes of these
proteins include adhesion to the host cell surface structures and/or glycoproteins (Jensch et
al., 2010, Yamaguchi et al., 2008, Binsker et al., 2015), and enzymatic degradation of host
cell associated glycoproteins and glycoconjugates as well (Hoskins et al., 2001, Camara et
al., 1994, Wani et al., 1996, Zahner & Hakenbeck, 2000). Both of these processes tend to
facilitate pneumococcal colonization and virulence by promoting contact with host eukaryotic
cells, or contribute to breach various physical immune barriers to gain access to sterile

infection sites and/or modulate host immune response.

3.4.3.3.1 Pneumococcal adherence and virulence factor B (PavB)
Pneumococcal adherence and virulence factor B (PavB) is one of the colonization factors of
pneumococci which act as an adhesin either by interacting directly with eukaryotic cells via

an unknown receptor or by employing matrix proteins as molecular bridges to interact
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indirectly with its host cells. Pneumococcal PavB is structurally organized to have an N-
terminal signal peptide (~ 42 amino acids) and a C-terminal hydrophobic transmembrane
domain (108 amino acids) along with an LPNTG peptidoglycan anchorage motif, which
serves to anchor the protein to the pneumococcal cell wall following a cleavage by the
sortase A. Preceding the LPNTG anchorage maotif is a flexible proline rich peptide linker. The
major part of pneumococcal PavB is composed of repetitive domains termed as
Streptococcal Surface Repeats, referred to as SSURE domains (Bumbaca et al., 2004,
Jensch et al., 2010). Three different kinds of SSURE domains in PavB have been predicted.
First, core and last SSURE domain(s). First and the core SSURE are composed of ~150
amino acid residues (152 in case of first repeat while 150 in case of core repeat) while the
last repeat comprises of 136 amino acid residues with a C-terminal truncation. The first and
last repeats are highly conserved among the strains while the core repeats display inter-
strain and/or intra-strain (single nucleotide polymorphism; SNP) variation. The number of
these characteristic core SSURE is strain dependent and ranges from two (G54) to six
(D39/R6). This particular variability in number of core SSURE domains is consequently
decisive for the observed differences in molecular weight of PavB in different pneumococcal
strains (Jensch et al., 2010). Homologues of PavB have been reported in other streptococcal
species as well such as S. agalactiae, S. mitis and S. gordonii but not in S. mutans (Jensch
et al., 2010, Jedrzejas, 2007). A murine nasopharyngeal carriage model demonstrated the
crucial role of PavB in pneumococcal colonization of the nasopharynx as the strain deficient
in PavB showed a significant reduction in colonization when compared to wild-type (D39). In
addition to colonization, this proteinaceous factor has also been shown to be an important
virulence determinant as pneumococci devoid of the pavB gene and subsequently the
surface exposed PavB showed a delay in pulmonary spreading while at the same time no
significant effect was observed regarding virulence of pneumococci in mouse meningitis
model. In vitro cell culture studies demonstrated that PavB is an adhesin. PavB can interact
with host eukaryotic cells in a dual mode either directly engaging an unknown host eukaryotic
cellular receptor or employing host matricellular proteins as molecular bridges thereby acting
as an MSCRAMM. As an MSCRAMM PavB interacts with human matrix proteins such as
human fibronectin, plasminogen (Jensch et al., 2010) and human thrombospondin-1 (Binsker
et al., 2015). Owing to its high immunogenic nature it has also been suggested to be an

important candidate for protein-based vaccine against pneumococci (Jensch et al., 2010).

18



Introduction

Fig. 3.1. Schematic representation and 3D model of representative SSURE domains of
PavB

A) Schemtaic representation of pneumococcal PavB depicting various repetitive SSURE
domains along with a C-terminal LPNTG anchoring motif.

B) Three dimensional (3D) model of single SSURE repeat of pneumococcal PavB. The
sites responsible for interacting with human fibronectin are depicted in the form of sticks
along with the neighboring N and C-terminal parts. (Jedrzejas, 2007)

3.4.3.4. Non-classical surface proteins

In addition to the classical surface proteins possessing characteristic secretion and
anchorage mechanisms, there is another class of surface proteins which besides being
present on the extracellular surface have yet an unknown mode of secretion and anchorage.
This group of proteins is thus termed non-classical surface proteins (NCSPs). So far six of
such proteins have been identified in pneumococci. Most of the NCSPs are originally located
inside the cytoplasm and serve primarily as enzymes of metabolic pathways including
enolase (Bergmann & Hammerschmidt, 2006, Nobbs et al., 2009, Bergmann et al., 2003),
phosphoglycerate kinase (PGK) (Bernardo-Garcia et al., 2011), glycerate-3-phosphate
dehydrogenase (GAPDH) (Hoskins et al.,, 2001, Tettelin et al, 2001) and 6-
phosphogluconate dehydrogenase (6-PGD) (Daniely et al., 2006, Nobbs et al., 2009). One of
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the NCSPs has been reported to be a serine protease termed as HtrA and has been shown
to be involved in nasopharyngeal colonization (Hoskins et al., 2001, Tettelin et al., 2001,
Sebert et al., 2002, Nobbs et al., 2009). Another important NCSP termed pneumococcal
adherence and virulence factor A (PavA) serves as a virulence factor of pneumococci and is
involved in binding to the human adhesive glycoprotein fibronectin (Holmes et al., 2001,
Pracht et al., 2005). Pneumococcal enolase has also been reported to interact with human
plasminogen thereby recruiting host-derived proteolytic activity and has important
implications in pneumococcal adherence and nasopharyngeal colonization. Pneumococcal
GAPDH has also been shown to interact with human plasminogen albeit with lower affinity.
Another important NCSP is pneumococcal PGK which has recently been shown to act as
complement inhibitor by interfering with MAC formation (Blom et al., 2014). In addition PGK
is also known to interact simultaneously with host plasminogen and its activator tPA (tissue
plasminogen activator) (Bernardo-Garcia et al., 2011). In general, besides primarily residing
inside the cytoplasm and serving metabolic functions, pneumococcal NCSPs have accessory
functions when presented outside the cell thereby facilitating bacterium in colonization and
virulence (Holmes et al., 2001, Ehinger et al., 2004, Pracht et al., 2005, Agarwal et al., 2013).

3.4.4.1. Pneumococcal adherence and virulence factor A (PavA)

PavA, as a member of the NCSP, is secreted and exposed on the pneumococcal cell
surface by a so far unsolved mechanism. Immunoelectron micrographs confirm the surface
localization of this protein despite the absence of any classical signal peptide and/or
anchorage motif. This protein has been shown to be ubiquitous in all of the tested
pneumococcal isolates and serotypes thereby illustrating its highly conserved nature in the
bacterium. Homologues of PavA have been identified in other streptococcal species as well
including S. gordonii (FbpA; 74% identity) and S. pyogenes (Fbp54; 67% identity) (Holmes et
al., 2001). PavA is composed of ~551 amino acids, has a molecular weight of ~64kDa and is
an important adhesin and a virulence factor. The deficiency of PavA causes a loss of
adherence to respiratory epithelial cells and human brain microvascular endothelial cells and
a high degree of attenuation resulting in an inability to cause pneumonia, septicemia or
meningitis in mouse infection models (Holmes et al., 2001, Pracht et al., 2005, Kadioglu et
al., 2008). Strikingly, exogenously added recombinant PavA (rPavA) restores the wild-type in
a pavA-mutant and these mutant bacteria covered with rPavA escape phagocytosis in
dendritic cells and induce a cytokine profile similar to wild-type pneumococci (Noske et al.,
2009) in dendritic cells. PavA was the first reported pneumococcal MSCRAMM and has the
ability to bind to fibronectin (Fn). Genetic ablation of pavA from pneumococci led to a 50%
decrease in the ability of pneumococcus to interact with immobilized form of human

fibronectin suggesting the presence of FnBPs other than PavA. PavA binds in a heparin-
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sensitive mechanism to immobilized fibronectin via its C-terminal end. Heparin sensitivity
suggests that pneumococcal PavA might interact with the Fn repetitive modules harboring
the heparin binding domain although currently no concrete scientific data regarding this
assumption exists (Holmes et al., 2001).

3.5. Human extracellular matrix

All eukaryotic cells are in general ubiquitously surrounded by an extracellular, non-cellular
component broadly termed as extracellular matrix (ECM). Besides possessing fundamentally
simpler components such as water, proteins and polysaccharides, the composition, physical
and functional attributes of ECM is highly heterogenous not only among different tissues but
also sometimes within the tissues. It is this composition and consequently structural and
functional uniqueness of ECM surrounding each tissue which is decisive for the properties of
the tissue itself. Owing to the diversity in the individual biochemical composition of ECM and
its biomechanical and physical properties thereof, eukaryotic ECM is responsible for myriad
of functions in a multicellular being. It ranges from maintaining shape and integrity of cell
and/or tissues, providing a physical scaffold for proper orientation of cells and tissues, tissue
differentiation, morphogenesis and homeostasis, providing and receiving cues from and to
the micro-environment of cells and thereby regulating cellular signaling cascades specifically
interacting with cellular receptors e.g., integrins, syndecans, discoidin domain receptors etc.
(Frantz et al., 2010, Kim et al., 2011, Nascimbeni et al., 2003, Rozario & DeSimone, 2010).
ECM exists in different forms in a human body e.g., in the form of diversified basement
membranes thereby surrounding various epithelia, endothelia, muscle, fat, nerves, interstitial
stroma which surrounds glandular epithelial cells and elastic fibers in the skin, lung, large
blood vessels (Frantz et al., 2010). ECM also results in the formation of discrete organs such
as skin, bone, tooth and cartilage (Gentili & Cancedda, 2009). In addition it tends to be
important for the muscular system of the human body by forming structures like tendons and
ligaments (Gillies & Lieber, 2011).

3.5.1. Molecular components of ECM

Extracellular matrix is composed of three basic macromolecules 1) Proteoglycans 2) collagen
fibers 3) soluble multi-adhesive matrix glycoproteins, which are all secreted by the cells. The
following section is a brief description of these individual components with a special focus on
human adhesive glycoprotein fibronectin and on human glycoprotein and complement

inhibitor vitronectin.

21



Introduction

% ;,R'Gel-formil:g\(f\: ‘ _

.‘“... polysaccharideés
&

Extracellular matrix
(ECM)

N r

Plasma

Cytoskeleton membrane

L Actin filament

Fig.3.2. A simplified model depicting various molecular components of extracellular
matrix. (Biological Science. 2" Ed.. 2005. Freeman, Pearson Prentice Hall)

3.5.1.1. Proteoglycans

Proteoglycans are one of the essential components of the extracellular matrix, which are
chemically composed of a core protein linked with multiple polysachharide chains called
glycosaminoglycan chains. The exception is hyaluronan, which is devoid of a core protein.
Glycosaminoglycans, named simply GAGs, are linear anionic polysaccharide chains and are
classified into two groups based upon the presence or absence of sulphated groups. First,
sulphated GAGs include heparan sulfate (HS), heparin, dermatan sulfate (DS), chondroitin
sulfate (CS) and keratan sulfate (KS). Second, non-sulphated GAGs such as hyaluronan
(HA). Based upon the type of polysaccharide chain(s) covalently attached to the core protein,
proteoglycans exhibit a great degree of molecular diversity resulting further in functional
versatility (Hardingham & Fosang, 1992, Schaefer & Schaefer, 2010, Oldberg et al., 1990,
Esko & Lindahl, 2001, lozzo, 1998, Seidler & Dreier, 2008). Based upon the subcellular
localization proteoglycans are subdivided into four families.: First, intracellular proteoglycans
including only one unique proteoglycan named as serglycine being singular in harboring
heparin as glycosaminoglycan side chain (Kolset & Tveit, 2008, Pejler et al., 2009, Perrimon
& Bernfield, 2001)and secondcell surface proteoglycans anchored to the cell membrane via a
transmembrane domain or a GPIl-anchor. Some of the members of this family include
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syndecan, CSPG4/NG2, betaglycan, phosphacan and glypican, (Couchman, 2003, Filmus et
al., 2008). Third, pericellular and basement membrane associated proteoglycans which are
closely associated with the cellular surface by anchoring cellular receptors e.g., integrins.
Examples of proteoglycans belonging to this class include perlecan, agrin and collagens
XVIII and XV (Costell et al., 1999, lozzo, 1998). Fourth,extracellular proteoglycans comprise
the largest class of proteoglycans and are characterized by their binding to hyaluronan and
they form highly viscous supramolecular complexes. Members belonging to this class include
hyalectans (hyaluronan and lectin binding proteoglycans), aggrecan, versican, neurocan and
brevican and various small leucine rich proteoglycans (SLRPs) (Bix & lozzo, 2008, Schaefer
& lozzo, 2008). Approximately 1 in 10,000 genes of the human genome is restricted for
expression of a proteoglycan protein core reflecting the importance of this class of
compounds in human body. Owing to the greater molecular diversity of this component of the
human ECM, a wide spectrum of functions exists regarding proteoglycans. Because of
possessing highly hydrophilic nature, these macromolecules form a hydrogel like structure
facilitating cellular matrices to resist compressive forces. Several SLRPs have been reported
to be involved in regulation of various signaling cascades, especially involving several growth
factors and their receptors such as epidermal growth factor receptor (EGFR) and insulin like
growth factor 1 receptor (IGFIR). Some of the modular proteoglycans tend to modulate
various cellular processes such as cell division, adhesion, spreading, migration, matrix
assembly etc (Schaefer & Schaefer, 2010, Brown, 2001, Schaefer & lozzo, 2008).

3.5.1.2. Collagen family

Collagen represents the major fibrous protein of human extracellular matrix and connective
tissue. In addition to be the predominant fibrous structure in ECM, it is the most abundant
protein in the human body. Although almost 20 different types of collagen exists, most
abundant collagen forms include type |, Il and Il (~90%) (Gelse et al., 2003). Structurally
collagen is composed of a fundamental unit of 300 nm long triple-stranded U-helix. The
helical structure of collagen is due to the presence of three dominant amino acids glycine,
proline and hydroxyproline in the form of a distinct motif Gly-Pro-X (X is any amino acid),
which dictates the formation of a primary chain of amino acid to finally a three dimensional
right handed U-helix. The individual triple stranded helices then laterally join together to form
fibrous structures possessing huge tensile strength. It is at this stage of self association
where different classes of collagens vary and thereby form diverse structural forms in various
tissues and organs (Ricard-Blum & Ruggiero, 2005). The major function of the collagen
family in the human body is to maintain the structural integrity of various tissues and organs,
but this is not the sole role these proteins play in our body. Collagens are also known to

interact with various cellular receptors, regulating cell-signalling events and thereby
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modulating several cellular processes such as adhesion, differentiation, growth and cellular
survival (Leitinger & Hohenester, 2007). These proteins are also involved in tissue repair,
wound healing and organ development by mediating release of several growth factors and
cytokines. In addition, collagens also tend to interact with various growth factors and
cytokines. These particular interactions are especially important for bone remodeling in the
human body (Frantz et al., 2010, Gelse et al., 2003, Muiznieks & Keeley, 2013).

3.5.1.3 Laminins

Laminins form yet another diverse class of macromolecules predominantly located in the
basal lamina (basement membranes) of tissues. They are multidomain heterotrimeric
gylcoproteins with a huge molecular weight of 500-800 kDa. Each laminin is composed of
variable combination of three fundamental isoforms termed as U, b and Y Among these
isoforms the largest ones are U chains (200-400 kDa) followed by b and "Y(120-200 kDa). So
far almost sixteen isoforms formed by the variable combination of these three fundamental
isoforms are known for humans. The isoforms of laminins are ubiquitously glycosylated and
in some cases also harbor glycosaminoglycan chains. The heterotrimeric form of laminins
organize finally into a three dimensional T-like structure with interaction sites for various
ligands such as lipids, integrins, cellular receptors, proteoglycans, thereby further resulting in
diversity in their functions. Owing to the ability to interact with multiple ligands, laminins are
dynamic three dimensional macromolecules involved in various functions as a part of the
human ECM like modulating cellular behavior by regulating cell differentiation, migration and
influencing phenotypic stability. In addition this class of macromolecules also regulates
apoptosis by modulating cellular signaling cascades via their interaction with cellular
receptors such as integrins and dystroglycan (Frantz et al., 2010, Halper & Kjaer, 2014, Beck
et al., 1990, Domogatskaya et al., 2012, Miner & Yurchenco, 2004).

3.5.1.4 Thrombospondins

Thrombospondins (TSPs) form another group of modular proteins of human extracellular
matrix. In total five of such macromolecules are known so far each one expressed by an
individual open reading frame or gene (Murphy-Ullrich & lozzo, 2012, Adams & Lawler, 2004,
Adams & Lawler, 2011, Bornstein, 1995). This particular group of proteins is divided into
subgroups A (TSP1 and 2) and B (TSP 3-5). A typical macromolecule of TSP is a
homotrimer of three polypeptide chains (each 150 kDa subunits). Each polypeptide subunit is
structurally composed of an N-terminal laminin G-like domain, several EGF-like domains, 13
calcium-binding repeats and a globular lectin-like domain. The afore mentioned domains
other than the laminin G-like domain comprise the last 650 amino acids of thrombospondin

and is termed as the C-terminal o r natsu ge 6 (Moshgri &0Adams, 2012, Bornstein &
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Sage, 2002). Human platelets are the predominant site of storage of TSP1 and TSP is
generally released from the U-granules upon injury (Sweetwyne & Murphy-Ullrich, 2012).
TSP1 has multiple binding sites for various biological ligands such as integrins, heparin
sulphate, CD47 (Resovi et al., 2014). Being able to bind several ligands, thrombospondins
regulate various cellular processes (Murphy-Ullrich & lozzo, 2012, Lopez-Dee et al., 2011) in
di fferent tissues and are generally ter me
ECM (Mosher & Adams, 2012, Bornstein & Sage, 2002).

3.5.1.5 Fibronectin

Another ubiquitous but equally essential constituent of human ECM is the adhesive
glycoprotein fibronectin. Human fibronectin is a multifunctional glycoprotein playing not only
structural roles to form and stabilize the ECM scaffold but also tends to regulate various
cellular processes. Fibronectin exists either as a compact dimer in human plasma or as a
multimeric fibrous cellular form as an essential part of ECM. A typical dimer is composed of
two nearly identical fibronectin chains (each ~ 220 kDa) linked by two disulfide linkages at
their C-terminal parts. Fibronectin is structurally characterized by harboring a multidomain
structure. Each monomer is composed of three types of repetitive modules termed type I,
type Il, and type lll repeats. Fibronectin possesses 12 type | repeats (each of 40 amino acid
residues), two type Il repeats (nearly 60 amino acid residues each) and 15-17 type Il repeats
(approximately 90 amino acid residues each) (Pankov & Yamada, 2002, Henderson et al.,
2011). Both type | and type Il repeats are rigid structures due to the presence of intra-
molecular disulfide bonds in contrast to the flexible b barrels of type Ill repeats, which are
devoid of any such linkages (Wierzbicka-Patynowski & Schwarzbauer, 2003, Singh et al.,
2010c). Nearly 4-9% of hFn is glycosylated (N- or O-glycosylation), with glycosylation
restricted to either type Ill repeats or collagen binding regions. Besides being encoded by a
single gene, fibronectin exists in several isoforms (~20 isoforms in humans), which is the
consequence of exon shuffling and alternative splicing of a single gene. Three prominent
sites have been reported as a target of alternative splicing. One site is the region between
Fnlll” and Fnlli®; Fn HI** and Fnlll*? resulting in exclusion or inclusion of repetitive elements
termed as EDB (also termed as EIlIB or EDII) and EDA (also termed as EIIIA or EDI). The

third region of exon shuffling or alternative splicing is located between Fn type 1I**

15
i

and type
and is localized to a non-homologous stretch termed as variable (V-region) region or
IICS (type Il connecting segment) region. Besides having repetitive modules, human
fibronectin contains distinct sites of proteolysis yielding smaller fragments with significant

functional attributes (Pankov & Yamada, 2002, Henderson et al., 2011).
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Fig. 3.3. Schematic representation and 3D modles of hFn and Fn repeats respectively.

A) Schematic representation of a typical dimer of human adhesive glycoprotein
Fibronectin depicting its various repetitive domains.

B) Representative 3D models of each of the three Fn type (Fnl (First repeat), Fnll (2nd
repeat), Fnlll (10lh repeat) repetitive modules. Fnl and Il domains have distinct
intramolecular disulphide linkages, while Fnlll are devoid of such linkages and are more
flexible as compared to former two types of repeats (Henderson et al., 2011).

Human fibronectin circulates at a high concentration (300 ug ml™*) as a soluble
compact dimer in plasma and also forms a significant component of ECM in an in-soluble
multimeric fibrous form. Both of these forms are different both in terms of structure as well as
functions with the soluble plasma fibronectin being simpler in structure as compared to the
multimeric fibrous form. Plasma fibronectin has its main site of synthesis in hepatocytes and
is important in wound healing, tissue repair, platelet aggregation and cellular adhesion and
invasion. The insoluble fibrous cellular Fn is synthesized by several cell types, including
endothelial cells, fibroblasts, synovial cells, chondrocytes and myocytes. While plasma
fibronectin has a simpler alternative splicing pattern, the cellular form of fibronectin is much
more heterogenous in terms of harboring alternative splicing isoforms, consequently resulting
in diversity in structural and functional attributes of Fns thereby generating tissue specific
ECM (Pankov & Yamada, 2002, Romberger, 1997, Henderson et al., 2011, Moretti et al.,

2007). Incorporation of cellular fibronectin into the human ECM involves a highly dynamic
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and complex phenomenon termed as fibronectin fibrillogenesis. This particular process
involves an initial contact of Fn | domains with specific integrins resulting in domain unfolding
(Gao et al., 2003, Ohashi & Erickson, 2011, Bae et al., 2004). The Fn repetitive modules self
associate within the same protein or between different monomers resulting in stretching and
finally formation of elongated fibres. These fibres then form the essential scaffold of human
ECM not only holding the components of ECM together but also mediating cellular signaling
cascades culminating in cellular cytoskeleton (Gao et al., 2003, Ohashi & Erickson, 2011).

The multifunctional nature of human fibronectin is attributed to the ability of repetitive
modules of Fn to interact with a variety of biologically important molecules including
proteoglycans such as heparin, components of ECM such as collagen and fibrin, and various
cellular receptors like integrins, syndecans. Each of these interactions further result in
several biological consequences making human fibronectin a versatile functional component
of the human ECM (Pankov & Yamada, 2002, Romberger, 1997, Henderson et al., 2011)).
Fibronectin potentially interact with several kinds of integrins on the cellular surface by
employing various ligand binding sites on its repetitive modules some of which include Fn
type | 1-9 (Ubs), RGD (Fnlll*) along with synergy domains PHSRN (Fnlll®) and KNEED
(Fnll®) interacting with Usb, integrin. These interactions are responsible for regulating cellular
adhesion, migration and differentiation especially during embryogenesis. Fibronectin also
interacts with proteoglycans such as heparin and glycosaminoglycans like chondroitin
sulphate. Two distinct heparin binding sites have so far been reported. These are the N-
terminal type | repeats termed as heparin binding site | (HBD 1), while the other is located in
the C-terminal typelll**™ repetitive modules termed as heparin binding site Il (HBD II). HBD II
tends to have higher affinity for heparin as compared to HBD 1. In addition to heparin the
HBD Il is also involved to interact with another glycosaminoglycan chondroitin sulfate. Both
the HBDs are the hot spots of interaction for fibronectin-binding proteins (FnBPs) of several
Gram-positive and Gram-negative microbes (Patti et al., 1994, Hussain et al., 2001, Oviedo-
Boyso et al., 2011, Jakubovics et al., 2009). In humans these sites are physiologically
responsible for mediating cellular adhesion. The N-terminal type | repeats 4 and 5 of human
fibronectin interact with fibrin (Fibrin | and Fibrin 1), which tends to regulate cellular adhesion
and migration during the process of blood coagulation (Pankov & Yamada, 2002,
Romberger, 1997, Henderson et al., 2011).

3.5.1.6 Vitronectin

Human vitronectin (Vn), originally termed serum-spreading factor, epibolin and/or S-protein
and later ren a me d 0 v i due to itsebinding abdity with glass and adhesive properties
(Hayman et al., 1983), is a multifunctional protein with a molecular weight of 75 kDa in its

monomeric state. Being a glycoprotein it is glycosylated at three different sites with a total
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glycosylation mass of 30%. Vn is encoded by a single gene (4.5-5 kb) containing eight exons
and seven introns. Expression of the mature transcript results ino a protein of 459 amino acid
residues. The monomeric form of Vn circulates at a high concentration (200-700 ug ml™) in
human plasma (Boyd et al., 1993, Chauhan & Moore, 2006), while the multimeric form is
found to be associated with cells.

i o #\H\/c

SMB HBDI HBDII HBDIII

Fig. 3.4. Schematic representation of human glycoprotein Vitronectin depicting various
domains including characteristic C-terminal heparin binding domains (HBDs).

Besides being synthesized predominantly in the liver (Preissner & Seiffert, 1998), Vn is also
produced by several other cells and tissues including skeletal muscles, heart, respiratory
epithelial cells, human umbilical vascular endothelial cells (HUVECSs) (Glasgow & Colman,
1984, Singh et al., 2010b). Structural attributes of this particular protein include an N-terminal
somatomedin B (SMB) domain followed by an integrin binding site (RGD) (Lossner et al.,
2009). There are at least four known integrin receptors capable of recognizing vitronectin:
i ncl ugbg nbg Lhi (platelet integrin) a n d,b,.Vitronectin possesses four hemopexin-
like domains, speculated to be putative haem binding regions with a so far unsolved function.
Human vitronectin also possesses three distinct heparin binding domains (Liang et al.,
1997b), of which the ones located towards the C-terminal are known to be specifically
important for determining its multimeric state and consequently for associating with the
cellular ECM. In its molecular niches,that means in plasma or in the cell bound state,
vitronectin possesses a variety of functions (Preissner & Seiffert, 1998). While circulating in
plasma this protein is involved in regulating fibrinolysis, blood coagulation and maintaining
homeostasis by regulating terminal complement cascade (Preissner & Jenne, 1991). In
contrast in its cell bound multimeric form Vn serves to mediate cellular migration, cell
adhesion and angiogenesis (Smith & Marshall, 2010, Preissner, 1991). Several Gram-
negative bacteria exploit the complement inhibiting potential of human vitronectin to evade
the host immune attack (Blom et al., 2009, Zipfel et al., 2007, Hallstrom et al., 2009, Singh et
al., 2010a, Hallstrom et al., 2006, Attia et al., 2006) while some Gram-positive microbes have
been reported to make use of this glycoprotein as molecular mediator to adhere and
subsequently invade the host eukaryotic cells by integrin route (Chhatwal et al., 1987, Liang
et al., 1997a, Bergmann et al., 2009, Eberhard & Ullberg, 2002, Li et al., 2001, Heilmann et
al., 2003).
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3.6. Integrins - the predominant cellular receptors for
ECM components

Various components of ECM interact with the cells via specific receptors, one of these group
of receptors are the integrins. Integrins are the surface exposed receptors of eukaryotic cells
which tend to interact with and sense signals from the extracellular matrix (ECM). Structurally
these receptors are characterized as heterodimers composed of one U and one b subunits.
So far 8 b and 18 U subunits are characterized in vertebrates which are combined in various
ways to give rise to nearly 24 different types of heterodimeric integrins with individual distinct
functions (Humphries et al., 2006). Integrins are not only involved in interaction with ECM
components, but are also responsible for various cell-cell interactions thereby mediating
several processes like cell growth, proliferation, migration, apoptosis and differentiation
especially during embryogenesis. In addition, several bacteria and viruses exploit integrins
directly or indirectly via ECM proteins to adhere and finally invade their respective eukaryotic
host cells (Hynes, 2002, Miranti & Brugge, 2002).

As mentioned earlier, integrins are U b hetreodimeric transmembrane receptors. Each
subunit of integrin harbors distinct structural and functional attributes. Both the subunits
associate to form a structure which resembles a large deadéresiding on two degséwhere the
head harbors the sites to interact with ligands and the other subunit (Campbell & Humphries,
2011). The major part of each of the sub units of these receptors is devoted to extracellular
space (>1600 amino acids), while the smaller part is reserved to form two smaller
cytoplasmic tails (~20-50 amino acids) with the exception of the b, subunit which possesses
one of the largest known cytoplasmic tails (~1000 amino acid residues) of any membranous

protein. Individually each Uand b subunits are structurally divided into multiple
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Fig. 3.5. Domain structure and schematic representation of integrin.

A) Domain structure of Uxb2 subunits B)
C) Schematic representation of heterodimeric integrin in bent and open conformation
with various dimensions of respective domains (Campbell & Humphries, 2011).

domains linked via flexible linkers. Depending upon the spatial position each subunit is
composed of an ectodomain facing the extracellular milieu, a membrane spanning region
crossing the plasma membrane and a cytoplasmic tail exposed to the cytoplasmic
environment of cell including various effector molecules involved in signaling cascades and
cellular cytoskeleton. The ectodomain of t h e subidinit is composed of 4-5 domains which
include a seven-bladed b-propeller, a thigh domain and two calf domains. Fifty percent (9 out
of total 18) of the U chains in vertebrates are composed of an I/A domain which is composed
of five b chains surrounded by seven U helices. This domain is attached to the b propeller via
flexible linkers and is more flexible as compared to the leg domains (thigh and calf domain)
thereby regulating ligand binding affinity. T h e 0 | tieegebtodamfin of the b subunit is
composed of seven domains connected with several linkers including a hybrid domain which
attaches with the b Idomain followed by an insertion into plexin-semaphorin integrin (Psi)
domains. Psi is further linked to four epidermal growth factor modules and a b -tail domain.
Following the ectodomain, the transmembrane domain traverses the lipid bilayer of cells.
Structural studi e sybsoenealgdlthatthe transmenibrarte danain ait Weé 1 U
subunit tends to arrange temporally in a straight fashion while the b subunit has been shown

to exist in a tilted position. In both the U and b subunits the ectodomain tends to endow
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flexibility to the transmembrane domain of integrins. The cytoplasmic tails of both integrin
subunits are flexible and extendable (especially that of b subunit). Cytoplasmic tails of
integrins interact with various effector molecules in the cytosol including vinculin, kindlin,
parvin thereby regulating the physiological state and homeostasis of a cell (Hynes, 2002,
Jones & Walker, 1999, Moser et al., 2009, Karakose et al., 2010).

Ligand binding with integrins is mediated by binding of specific divalent cations like Mn*
and/or Mg*? on specific sites termed as metal ion depending adhesion site (MIDAS). Binding
of metal ions induce specific conformational changes in U and b subunits and consequently
turns integrimefrbm 0ohb(E4qlderovdody 2004). Adjacentttoethese
MIDAS are also calcium (Ca*®) binding-sites inactivating integrins upon interaction with
respective Ca* ions. Regulation of integrins activation is of high importance to modulate
various cellular activities especially in case of blood cells for example U Lbk integrins of
platelets (Miranti & Brugge, 2002).

Integrins are diverse extracellular receptors interacting with various ligands including
components of ECM, proteoglycans like heparin and other receptors on adjacent cellular
surfaces. In addition, several ECM components are able to interact with more than one type
of integrin. This phenomenon creates a diversity of interaction mechanisms and thereby
leads to various biological and/or physiological consequences. Among various mechanisms

fic o

of interaction, the recognition o fmaaomslgrdes
remains a subject of promiscuity. Recognition of this tripeptide active site involves domains
from both U and b subunits. In addition to RGD, another motif recognized by some of the
integrins is the 0L DMlbrepeatstofitife humaneadhesive glycoproteinh e t y p €
fibronectin. Integrins are also known to interact with collagen (U-A containing b, integrins)

and laminin (non U-A containing integrins) by using specific domains.
3.7. Integrin-mediated cellular signaling

Integrins serve as a transmembrane mechanical link from the extracellular contacts to the
cytoskeleton inside of the cells. Besides providing a mechanical link, integrins are also able

to receive chemical sti mul or signathemifitheom t he
form of a complex signaling cascade thereby culminating into an appropriate cellular

response. In most of the cases integrin-mediated signaling cascades are linked to the

activation of actin cytoskeleton other than LVJBb4, which interacts with intermediate filaments

(Zaidel-Bar et al., 2007, Longhurst & Jennings, 1998)

The whole molecular complex piled up around the heterodimeric integrin is also termed as

t h etegén adhesomedand in total composed of almost 156 fundamental proteins, while still
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others being involved in transient interactions (Zaidel-Bar et al., 2007). Besides having such
a complexity, integrin mediated signaling is comprised of four generalized steps such as
integrin activation (inside-out signaling), integrin clustering and focal adhesion formation and
finally integrin deactivation (Widmaier et al., 2012). Owing to the lack of an intrinsic catalytic
activity, integrins respond to the extracellular signals (outside-in signaling) by recruiting
accessory molecules for catalytic activity for further downstream signaling culminating in
actin cytoskeleton organization. The integrin adhesome is comprised of a diverse range of
kinases, phophatases and adaptor proteins which display their roles in initiating and
regulating the signaling cascades. Some of the proteins having kinase (tyrosine kinase) and
phosphatase activities include Src, focal adhesion kinase (FAK), receptor type tyrosine
protein phosphatase U (RPTPU) and SH2 domain containing protein tyrosine phosphatase 2
(SHP2) (Tilghman & Parsons, 2008). The integrin linked kinase (ILK) is another cellular
signaling molecule involved in integrin mediated signaling cascade which tends to form a
ternary complex with other adaptor proteins like PINCH and parvin (IPP complex) and
thereby facilitate the formation of mature focal adhesions (Zhang et al., 2002, Widmaier et
al., 2012). The enzymatic activity of this particular protein has recently been a subject of
controversy (Hannigan et al., 2011). Recent reports suggest the role of ILK as a scaffolding
protein rather than its role as a kinase (Wickstrom et al., 2010, Fukuda et al., 2009, Widmaier
et al., 2012). By modulating the birectional signaling across the cellular membrane
heterodimeric integrin receptors in coordination with several ECM components and growth
factors seem to mediate diverse cellular activities including cellular migration, differentiation,
adhesion and morphogenesis (Hynes, 2002, Jones & Walker, 1999, Karakose et al., 2010,
Kim et al., 2011) Kim et al., 2011).
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Fig. 3.6.
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Schematic model of an integrin mediated signaling cascade.
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3.8. Aims of the study

Streptococcus pneumoniae are not only successful colonizers of human upper respiratory
epithelia but are also known as pathobionts possessing a high virulence potential. To survive
in these biologically different environments these microbes tend to employ several
proteinaceous colonization and/or virulence factors, which then interact with eukaryotic cells
in several ways. Some of these proteinaceous factors act as MSCRAMMS and facilitate the
adherence to and invasion of pneumococci into the host cells. This study is focused on two
pneumcococal factors facilitating colonization and virulence, namely PavA and PavB, which
both act as MSCRAMMS. The interaction of these two pneumococcal MSCRAMMS with the
host eukaryotic matrix proteins fibronectin and vitronectin has been delineated in finer
details. In addition to interacting with host matrix proteins Fn, TSP, Vn, PLG, pneumococcal
PavB also tends to interact directly with host eukaryotic cells via so far unidentified cellular
receptor. In this particular study the direct interaction of PavB with its cellular receptor has
also been studied. One of the putative cellular receptors has been identified to function as

target receptor for the pneumococcal colonization factor PavB.
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4. Results

4.1. Deciphering the interaction of Pneumococcal
MSCRAMMS with  human ECM components
fibronectin and vitronectin

4.1.1. Interaction studies of Pneumococcal MSCRAMMS
PavA and PavB with human adhesive glycoprotein
fibronectin

4.1.1.1. Pneumococcal interaction with fibronectin is a non-human
specific trait

The ability of S. pneumoniae to recruit soluble, plasma-derived fibronectin from humans was
assessed. Binding of plasma-derived soluble fibronectin was demonstrated by flow
cytometry, thereby revealing a dose-dependent effect. The amount of bacterial-bound
fibronectin correlated with the percentage of used human plasma in the binding experiments
(Fig. 4.1). Immunoblot analysis of pneumococci incubated with increasing amounts of human
plasma further indicated that pneumococci are able to recruit soluble fibronectin when

present in plasma (Fig. 4.1B).

Pneumococci are human-specific pathogens, however, the interaction of pneumococcal
PspC with the ectodomain of the polymeric immunoglobulin receptor (plgR) is the only
human species-specific interaction known so far (Hammerschmidt et al., 2000). To decipher
whether the interaction of pneumococci with fibronectin is a species-specific phenomenon,
bacteria were incubated with plasma from other species such as bovine, pig, goat, alpaca
and weasel. Binding of plasma fibronectin from these species was indicated by immunoblot
and flow cytometric analysis suggesting that the recruitment of plasma fibronectin is a non-
species specific trait. Remarkably, the lowest binding activity was demonstrated for bovine
fibronectin (Fig. 4.1B and C). This is in accordance with our observation that pneumococci
did not recruit detectable amounts of fibronectin from fetal bovine serum used in the following

adherence assays, as verified by flow cytometry and immunoblot analysis (data not shown).

4.1.1.2. Binding of purified fibronectin by pneumococci
Pneumococci were also compared for their efficiency to bind soluble plasma (pFn) or cellular
fibronectin (cFn) from humans. Immunoblot analysis post-incubation of pneumococci with

pFn or cFn demonstrated a dose-dependent binding of both fibronectin forms (Fig. 4.1D).
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The non-species-specificity of Fn-binding was further investigated by incubating
pneumococci with purified human pFn and bovine pFn. Similar to the results of bovine
plasma (Fig. 4.1B and 4.1C), pneumococci bound pure bovine fibronectin, although with a
substantial lower efficiency compared to human pFn and cFn (Fig. 4.1D). Hence, in lieu of
binding bovine fibronectin or fibronectin from other species, pneumococci seem to interact

preferentially with human fibronectin.
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Fig. 4.1: Recruitment of soluble fibronectin by pneumococci.

S. pneumoniae 35A were incubated with different amounts of plasma (human, bovine,
pig, goat, alpaka and weasel) or with different forms of purified fibronectin.
Pneumococcal bound fibronectin was also detected by flow cytometry using anti-
fibronectin IgG followed by FITC-labelled secondary antibody (A and C). In addition,
whole cell lysates of pretreated bacteria were separated by SDS-PAGE and bound
fibronectin was detected by immunoblot analysis (B and D). A. Dot plots of the flow
cytometric analysis of fibronectin binding by pneumococci incubated with different
amounts of human plasma. Each individual spot is one event. The increase in intensity
(FITC) indicates higher amounts of Fn binding. B. Binding of fibronectin from plasma of
different species by pneumococci analyzed by immunblot analysis. Pneumococcal
enolase was used as loading control and detected with the anti-enolase specific
antibody. Plasma and purified Fn were loaded as positive controls. C. Binding of
fibronectin from plasma of different species as analyzed by flow cytometry. D.
Immunoblot analysis demonstrating binding of soluble human pFn and cFn and binding
of bovine pFn.l

! Experiments have been partially done during the PhD thesis of Daniela SomjtatakhesisDaniela
Somplatzki, 2007
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4.1.1.3. Host-cell bound fibronectin enhances pneumococcal adherence

To assess the role of human pFn and cFn in pneumococcal attachment to host epithelial
cells, nasopharyngeal Detroit 562 epithelial cells (D562 cells) or pneumococci were treated
with human pFn before starting the infection. Two different approaches were conducted and
analysed by immunofluorescence microscopy. In one series of experiments host cell
unbound pFn was removed prior infection with pneumococci, while in the other series the
infection was performed in the presence of the exogenously added pFn. In the presence of
exogenously added pFn pneumococcal adherence to Detroit 562 cells was not affected (Fig.
4.2A). In contrast, pre-incubation of D562 cells and removal of unbound pFn resulted in a
significant increase of pneumococcal adherence to D562 cells compared to untreated cells
(Fig. 4.2A). Importantly, pre-incubation of pneumococci with fibronectin results in bacterial
adherence that is similar to the level of the control assay and hence, reached in the absence
of fibronectin (Fig. 4.2A). Because adherence of pneumococci to D562 cells was only
increased after pre-incubation with pFn and removal of unbound pFn prior to the infection, all
the other experiments assessing the effect of Fn on pneumococcal adherence to host cells

were conducted in this particular way.

To compare the efficiency of pFn to enhance pneumococcal attachment to epithelial cells
with the potential effect of cFn, nasopharyngeal D562 cells were incubated with different
amounts of pFn or cFn prior to the bacterial infection. The number of adherent bacteria was
determined by double immune fluorescence staining. Treatment of D562 cells with 2 pg
human pFn or cFn per well resulted in significant increased levels of bacterial adherence
(Fig. 4.2 B). The number of adherent pneumococci on D562 cells reached a maximum after
pre-incubation of the cells with 2 ug pFn or cFn per monolayer and decreased slightly after
pre-incubation of epithelial cells with 5 pug cFn or pFn (Fig. 4.2 B and 4.2 D). This effect
might be attributed to the steric hindrance endowed by the increased amount of fibronectin
fibrils. However, the fibronectin-mediated increase of bacterial adherence remained
significant.

Furthermore, the fibronectin-mediated adherence mechanism was also demonstrated for
lung epithelial cells A549, HEp-2 cells (Fig. 4.2 C), and human brain microvascular
endothelial cells (data not shown). Similar to the human forms of Fn also bovine pFn
enhanced significantly pneumococcal adherence to host cells as shown for A549, HEp-2,
and D562 epithelial cells (Fig. 4.2 C). Taken together, both forms of human fibronectin, cFn
and pFn, but also bovine Fn are able to enhance significantly pneumococcal adherence to

various Fn-decorated host cells.
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Fig. 4.2: Host cell bound fibronectin mediates pneumococcal adherence.

Human epithelial cells were infected with pneumococci under two different experimental
conditions. Either eukaryotic host cells were pre-incubated with purified human
fibronectin or bacterial cells were pre-incubated with human fibronectin. Adherence
pattern of pneumococci was assessed further in the presence of unbound human
fibronectin or after washing the unbound fibronectin from the cells. A. Host cell bound
purified human fibronectin increases pneumococcal adherence to human
nasopharyngeal cells Detroit 562 (washed cells), while the presence of fibronectin in
adherence studies with unwashed cells and pneumococcal bound fibronectin (S.p. 35A)
have no significant effect on bacterial adherence. B. Detroit 562 cells were infected with
S. pneumoniae serotype 35A after incubating the cells with different amounts of human
plasma or cellular fibronectin and depleting unbound fibronectin. The number of
adherent bacteria per cell was determined by immunofluorescence microscopy. C. The
effect of host cell bound human fibronectin or bovine fibronectin on pneumococcal
adherence was tested using Detroit 562 cells, type Il pneumocytes A549 and larynx
carcinoma cells HEp-2. Host cells were pre-incubated with 5 pg human or bovine
fibronectin and pneumococcal adherence was quantified by immunofluorescence
microscopy. D. Scanning electron microscopy showing the increase in pneumococcal
adherence in the presence of host cell bound fibronectin. Detroit 562 cells were pre-
incubated with 5 pg pFN.2

2 Experiments have been partially done during the Bi3is of Daniela SomplatzKHD thesisDaniela
Somplatzki, 2007
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4.1.1.4. Pneumococcal FnBPs PavA and PavB interact via C-terminal
type Il domains of human fibronectin

Pneumococcal PavA and PavB were shown to interact with immobilized human fibronectin,
however, their impact on recruiting soluble human fibronectin as present in serum has not
been investigated. To investigate this, far western ligand overlay assays were conducted in
which pneumococcal PavA, its N-terminal 42 kDa fragment (PavA,,. the N-terminal half of
PavA and the first long a-helix of the C-terminal half according to the PavA model based on
FBPS, Fig. 5.1), and representative SSURE domains of PavB were immobilized on a
nitrocellulose membrane followed by incubation with human plasma (Fig. 4.3 A and Fig.
4.4A). The full-length PavA was heterologously expressed and purified as maltose-binding
protein (MBP) fusion protein; hence MBP was employed as a control protein to rule out false
positive binding due to plasma protein binding to MBP. The FnBPA of S. aureus (Hauck &
Ohlsen, 2006) was used as a positive control while pneumococcal enolase and BSA were
used as negative controls. The results of these binding experiments revealed the ability of
both pneumococcal FnBPs PavA and PavB to interact with soluble human plasma fibronectin
(Fig. 4.4 A) and moreover, both PavA proteins, full-length PavA (MBP-PavA) and PavA,;,
recruited human fibronectin from plasma (Fig. 4.4 A). Binding of Fn to PavB protein
fragments seems to be dependent on the number of repetitive domains (Fig 4.4 A), a finding
similar to the interaction with immobilized Fn (Jensch et al., 2010). SSURE, s, representing
the mature core domain of TIGR4 PavB (Jensch et al., 2010), bound plasma derived Fn with
the highest efficiency followed by the PavB derivative SSURE,.; consisting of two repeats,
while a single SSURE, domain showed a negligible efficiency to recruit the soluble form of
human Fn from plasma (Fig. 4.4 A).
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Fig. 4.3: Fnlll repeats and pneumococcal proteins used in this study.
A. MBP-PavA, PavA,, and PavB SSURE domains heterologously expressed as Hisg-
tagged proteins and visualized by silver stain after separation by SDS-PAGE.
B. An SDS gel (12%) of recombinant Hisg-Fnlll repeats used in this study stained with
Coomassie R250 (CBB, upper panel). Homogeneity of these proteins was also
confirmed by employing an immunoblot probed with anti-human fibronectin (Rabbit)
antiserum, followed by membrane development using alkaline phosphatase conjugated
secondary antibody (1B, lower panel).
C. A native dot blot demonstrating the specificity of rabbit anti-PavA and rabbit anti-
MBP. Anti-PavA specifically detects only PavA in MBP-PavA while anti-MBP detects
MBP in case of MBP and MBP-PavA. Bound primary antibody was detected by using
goat anti-rabbit secondary IgG conjugated with alkaline phosphatase (AP) followed by
membrane development using substrates of AP (NBT/BCIP).

To decipher the interaction domain(s) of pneumococcal FnBPs in the fibronectin molecule,
purified fibronectin type Ill repeat (Fnlll) (Fig. 4.3 B and Fig. 4.4 B) fragments (Ohashi &
Erickson, 2005) were immobilized and ligand overlay assays with MBP-PavA, PavA,; and
PavB SSURE,.; were performed.

The overlay assays confirmed binding of PavA, PavA,, and SSURE,.; to immobilized Fn, but
demonstrated no binding (PavB) and a negligible binding (PavA) to the 70 kDa N-terminal
part of the Fn molecule. Importantly, both pneumococcal FnBPs bound to the C-terminal part
of Fn, however, binding to the various Fnlll repeats was variable. Full length PavA interacted
virtually with all Fnlll repeats with the lowest binding efficiency to Fnlll*” and Fnlll"™* and
highest binding efficiencies to Fnlll**** followed by FnlllI***? and FnllI***°. Similar to PavA,
truncated PavA,, showed the highest binding efficiency to Fn type [I"** followed by
Fnll**2 Enil™*°, EnllI*’. In contrast to PavA the truncated PavA,, seem to lack an efficient
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interaction with FnllI***® and Fnlll*® (Fig. 4.4 C and 4.4 D). PavB (SSURE,.s) showed
comparable binding efficiencies to Fnlll*’, FnllI”™*® and FnllI****, but a markedly reduced
binding to FnllI*®, FnlllI*®* and Fnlll**** (Fig. 4.4 E). Taken together, both PavA and PavB
interact with C-terminal type Il repeats of human Fn, and both FnBPs showed the highest
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Fig. 4.4: Binding of pneumococcal FnBPs PavA and PavB to Fnlll domains.
A. Binding of fibronectin from human plasma to PavA and PavB SSURE domains
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identified by a far western blot. Different amounts (0.25-2 ug) of respective proteins
were immobilized on an NC membrane and incubated with human plasma. Bound
plasma fibronectin was detected by using specific antiserum followed by AP-conjugated
secondary antibody. BSA and S. aureus FnBPA (interacting with the N-terminal part of
Fn) were taken as negative and positive controls, respectively. B. Schematic model of
the primary structure of the fibronectin molecule and the 70 kDa Fn domain as well as
the recombinant Fnlll domains used in the binding studies. C. and D. Far western ligand
overlay indicates binding of pneumococcal FnBPs PavA and PavB to Fnlll repeats.
Human Fn, N-terminal 70 kDa fibronectin fragment and Hiss-tagged Fn fragments (Fnlll
repeats) were immobilized in different amounts (0.25-2.0 pg) on a NC membrane and
incubated with MBP-PavA (C), biotinylated-Hisg-PavA42 (50 pg/ml) (D) and biotinylated-
Hisg-SSURE,.3 (150 pg/ml) (D), respectively. Bound ligands were detected by using
either a specific antiserum against PavA (1:500) followed by a secondary IgG
conjugated with alkaline phosphatase (C) or streptavidin-AP conjugated antibody (D and
E). Far western blotting indicated that PavA and PavB interact with human fibronectin
via its C-terminal type lll repeats as the N-terminal 70 kDa peptide showed neither
binding to PavA nor to PavB. BSA was taken as a negative control.

4.1.1.5. Binding of PavA and PavB to Fnlll repeats analyzed by surface
plasmon resonance

To confirm the mode of interaction between pneumococcal FnBPs and Fnlll repeats, full-
length Fn, the N-terminal 70 kDa Fn domain and the afore mentioned different Fnlll repeats
were employed in direct protein-protein interaction analysis with pneumococcal FnBPs using
the surface plasmon resonance (SPR) technique. Fibronectin and its subdomains were on
the one hand used as ligands immobilized on the CM5 biosensor and on the other hand as

analytes in their soluble form.

MBP-PavA, PavA,;, and PavB (SSURE.,.3) bound to immobilized hFn with different binding
efficiencies. MBP, used as a control, did not bind to one of the immobilized ligands (Fig 9.1).
Pneumococcal PavA and PavA,, bound to immobilized human Fn when used as analytes in
nanomolar concentrations (0.0005 uM i 0.025 pM) suggesting a higher affinity to hFn in
comparison to PavB, which has to be used in a low micromolar concentration to bind to hFn.
Importantly, the sensorgrams of PavA and PavA,, were similar, suggesting that the
C-terminal truncation in PavA has only a minor effect on the PavA-fibronectin interactions.
SPR analysis revealed further that PavA, Pav,,, and PavB showed only a negligible binding
to the immobilized N-terminal Fn 70 kDa fragment (Fig. 4.5), confirming the results of the far
western blot analysis. More importantly, PavA and PavB demonstrated variable binding
efficiencies to the different Fnlll repeats. The highest RUs for PavA and PavA,;, were
reported for the interactions with FnllI*>, FnllI*’ and FnlllI**** followed by FnllI*** In
contrast, PavA or PavA,, binding to immobilised Fnlll”*® and FnllI***? was insignificant.
Interestingly, both Fnlll repeats lacking FnBPs binding activities contain the RGD site in Fn

type |l
were measured for PavB. The highest binding activities were measured for Fnlll*®, Fnlll*’

required to inter acib (Wg. 4.5). Simial Hindigaactivitiesnt e gr i r
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and Fnlll*** followed by FnllI***°. Similar to PavA, no or extremely low binding was indicated
to the RGD containing recombinant Fn fragments (Fig. 4.5).

When higher micromolar concentration were used (2uM for MBP-PavA, 5 uM for PavA,, and
10 puM for PavB(SSURE,.3)), the FnBPs showed the highest binding activities to Fnlll*> and
FnlllI*” and also an efficient binding to Fnlll****, with RUs of ~50 RU for MBP-PavA, ~100 RU
for PavA and ~150-200 RU for PavB (Fig. 4.5; Table 4.1, 4.2, 4.3).

To investigate whether soluble Fnlll repeats show differences in their interaction capacities
with pneumococcal FnBPs, we reversed the experimental design and analysed the
interaction of equimolar concentrations of soluble Fnlll repeats as analytes with immobilized
PavA (full length PavA and PavA,;) and PavB (SSURE..3), respectively.

In this particular experimental approach MBP, used as control protein for MBP-PavA, bound
soluble Fnlll fragments albeit at a lower level as compared to MBP-PavA (Figure 9.1). SPR
analysis revealed binding of Fnlll**** followed by FnllI*’, EnllI****, FnllI*®, and FnIll*®*? t
PavA, while Fnlll”*° bound negligibly to immobilized PavA. For PavA,;, and SSURE,.3, the
SPR analysis revealed highest RUs for FnllI**** (~200 RU) followed by FnllI*®, Fnlll***®,
Fnlll*?, Fnlli***2 and Fnlll™° (Fig. 4.6). Similar to the approach with immobilized Fnlil

(0]

repeats, lower binding activities to pneumococcal FnBPs were demonstrated for repeats
possessing the RGD motif (Fig. 4.6, Table 4.4, 4.5 and 4.6). However, the soluble forms of
the latter mentioned Fnlll repeats interacted more efficiently with PavA and PavB compared
to the immobilized forms as higher RUs were measured. This apparent discrepancy is most
likely the result of conformational differences and thus, the exposure of cryptic sites of these
particular domains in soluble and immobilized forms are decisive for the interaction with

PavA and PavB, respectively.
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Fig. 4.5:
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Binding of soluble pneumococcal FnBPs to immobilized Fnlll domains analysed
by surface plasmon resonance.

Binding of MBP-PavA (PavA), Hisg-tagged PavA,, and Hisg-tagged SSURE,.; (PavB) to
immobilized human plasma fibronectin (Millipore) and Hise-tagged fibronectin fragments
(Fnlll) was analysed by SPR. Fn and Hisg-tagged Fn domains were coated on the CM5
biosensor and used as ligands, while different concentrations of PavA, PavA,, and
SSURE,.; were used as analytes. Binding was assessed with a flow rate of 10 pl/min in
PBS-Tween 20 (0.05%) using the indicated concentrations. MBP as analyte did not bind
to Fn or Fnlll repeats (Fig. 9.1).
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Table 4.1. SPR analysis of immobilized Fnlll domains with PavA. Kinetics illustrating
the interaction of immobilized human fibronectin and its fragments with pneumococcal
PavA (MBP-PavA) as determined by SPR, fitted to Langmuir 1:1 model. RU: Response

unit.

Fn Ka(1/Ms)  Kd(1/s) KD(M) Rmax(RU)  Chi°(RU)
fragment(s)

Whole Fn 1.453E+5  9.593E-4 6.603E-9  310.4 13.0
Fn-70kDa 2.309E+5  4.116E-4 1.782E-9  22.28 12.8
Fnlll1-5 1.413E+6  4.594E-4 3.250E-10 174.6 0.926
Fnlll4-7 8.312E+5  0.04339 5.220E-8  2.690E+4 1.39
Fnlll7-10 2.040E+6  3.215E-4 1.576E-10  25.09 0.0541
Fnlll10-12 1.396E+5  6.089E-4 4.363E-9  15.16 0.667
Fnlll12-14 7.721E+4  0.003371 4.366E-8  16.25 0.314
Fnlll13-15 8.322E+4  6.418E-4 7.711E-9  65.66 5.85

Table 4.2. SPR analysis of immobilized Fnlll domains with PavAy,. Kinetics

illustrating

interaction of immobilized human fibronectin and

its fragments with

pneumococcal PavA (Hisg-PavAy,) as determined by SPR, fitted to Langmuir 1:1 model.
RU: Response unit.

Fn Ka(1/Ms)  Kd(1/s) KD(M) Rmax(RU)  Chi®(RU?)
fragment(s)

Whole Fn 1.395E+5  0.002544 1.824E-8 7779 33,6
Fn-70kDa 1.717E+4  6.420E-4 3.739E-8  8.986 3.30
Fnlll1-5 8688 1.889E-4 2.174E-8  264.5 10.1
Fnlll4-7 1.169E+4  6.813E-4 5.829E-8  295.9 30.7
Fnlll7-10 2.599E+4  6.911E-7 2.659E-11  5.662 0.259
Fnlll10-12 9.541E+4  8.070E-4 8.459E-9  11.68 0.256
Fnlll12-14 3.405E+4  2.266E-4 6.654E-9  65.42 46.6
Fnlll13-15 7.033E+4  0.001076 1.530E-8  39.74 1.51

Table 4.3. SPR analysis of immobilized Fnlll domains with PavB. Kinetics illustrating
interaction of immobilized human fibronectin and its fragments with pneumococcal PavB
(Hise-SSURE,.3) as determined by SPR, fitted to Langmuir 1:1 model. RU: Response

unit.

Fn Ka(1/Ms)  Kd(1/s) KD(M) Rmax(RU)  Chi®(RU?)
fragment(s)

Whole Fn 5.768E+4  8.918E-4 1.546E-8 197.5 666
Fn-70kDa 714.4 5.414E-4 7.578E-7 21.84 1.13
Fnlll1-5 7.705E+4  0.004396 5.705E-8 105.9 21.6
Fnlll4-7 4.676E+4  0.004622 9.883E-8 193.0 35.4
Fnlll7-10 9.096E+5 0.03749 4.121E-8 8.804 1.50
Fnlll10-12 3708 5.567E-6 1.501E-9 20.07 1.80
Fnlll12-14 1732 3.362E-4 1.941E-7 142.8 36.6
Fnlll13-15 1225 1.127E-4 9.200E-8 117.3 2.31
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Fig. 4.6:
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Interaction between immobilized pneumococcal FnBPs and soluble Fnlll domains
analysed by surface plasmon resonance.

In the reverse approach MBP-PavA (PavA), His6-tagged PavA42 and His6-tagged
SSUREZ2+3 (PavB) were used as ligands and immobilized on the CM5 biosensor. His6-
Fnlll domains, purified under native conditions, were used as analytes at a flow rate of
10 pl/min in PBS-Tween 20 (0.05%). When MBP-PavA was used as ligand the
concentration for Fnlll fragments ranged from 0.125-2uM, for PavA42 the Fnlll fragment
concentrations ranged from 0.018 to 1.25 pM, while for PavB (SSURE2+3) the Fn
fragments were analysed for their binding in the range between 0.075 and 5 pM.
Changes in plasmon resonance are shown as relative response units (RUs). The values
of the control flow cell and the 0 uM data were subtracted from each sensorgram.
Binding of Fnlll repeats to immobilized MBP is shown in Fig. 9.1.
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Table 4.4. SPR analysis of immobilized PavA with Fnlll domains. Kinetics illustrating interaction of
Fnlll fragments with immobilized pneumococcal PavA (MBP-PavA) as determined by SPR, fitted to
Langmuir 1:1 model. RU: Response unit.

Fn fragment(s)  Ka(1/Ms) Kd(1/s) KD(M) Rmax(RU) Chi® (RU?)
Fnlll1-5 6238 0.002854 4.575E-7 26.71 1.72
Fnll4-7 1748 8.750E-4 5.006E-7 190.0 9.22
Fnlll7-10 3502 0.001440 4.113E-7 5.572 64.0
Fnlll10-12 5147 0.005912 1.149E-6 24.10 1.46
Fnlll12-14 907,0 0.001003 1.105E-6 167.1 7.31
Fnlll13-15 1827 0.001574 8.618E-7 92.97 2.68

Table 4.5. SPR analysis of immobilized PavA,, with Fnlll domains. Kinetics illustrating interaction
of Fnlll fragments with immobilized pneumococcal PavA (Hisg-PavA,,) as determined by SPR, fitted to
Langmuir 1:1 model. RU: Response unit.

Fn fragment(s)  Ka(1/Ms) Kd(1/s) KD(M) Rmax(RU) Chi” (RU?)
Fn-70kDa 1.06E+04  0.007894 7.43E-07 89.25 98.6
Fnlll1-5 8033 0.004244 5.28E-07 238.9 38.4
Fnlll4-7 452E+05  0.1151 2.55E-07 102.1 20.7
Fnlll7-10 4804 0.006784 1.41E-06 165.4 275
Fnlll10-12 2.73E+04  0.005682 2.08E-07 90.93 13.9
Fnlll12-14 7.61E+05  0.01268 1.67E-08 67.86 39.6
Fnlll13-15 4.37E+05  0.005616 1.28E-08 63.71 67.9

Table 4.6. SPR analysis of immobilized PavB with Fnlll domains. Kinetics illustrating interaction of
Fnlll fragments with immobilized pneumococcal PavB (Hise-SSURE,.3) as determined by SPR, fitted
to Langmuir 1:1 model. RU: Response unit.

Fn fragment(s)  Ka(1/Ms) Kd(1/s) KD(M) Rmax(RU) Chi® (RU?)
Fn-70kDa 15320 0.00002143 1.40E-09 4.338 31.6
Fnlll1-5 2.07E+04 0.001216 5.89E-08 54.46 7.18
Fnlli4-7 9626 0.002881 2.99E-07 70.82 14.6
Fnili7-10 4246 0.001898 4.47E-07 34.2 0.966
Fnlll10-12 1.04E+04 0.001717 1.66E-07 58.55 10.1
Fnlll12-14 1.32E+04 0.002845 2.16E-07 76.43 28.3
Fnlll13-15 5.17E+04 0.003244 6.28E-08 91.99 52.1

4.1.1.6. Epitope mapping of binding sites of PavA and PavB within

C-terminal type Il repeats of human fibronectin

In order to further narrow down the binding motifs of PavA and PavB, respectively, in Fnlll
repeats, and to map the binding epitopes, we used a SPOT peptide array of chemically
synthesized peptides (Bergmann et al., 2003, Frank, 1992) covering the complete Fnlll

region. The sequence of the Fnlll*™*®

region was divided into 445 peptides, each comprising
15 aa with an offset of three amino acids (Table 9.1). The peptides come tethered to the
membrane support via their C-terrmini. The array was incubated with MBP-PavA or

SSURE..3, and bound ligand was visualized. When the peptides were only incubated with
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the antibodies as a control, positive reactions were observed (Fig. 9.2). After background
subtraction, the spots above a threshold level (difference of 1000 RU between overlay and
control spot) were considered as significant, marked and quantified by Image J.

The overlay assay with PavA demonstrated the interaction with all Fnlll repeats. The number
of positive epitopes differed among the Fnlll repeats. Three positive regions for PavA were
indicated in Fnlll’, while two binding stretches were identified inFnlll> Fnlll®, Fnlll*, Fnlll*>
Fnlll®, Fnlll®, Fnlll*®, Fnlll*™ Fnlli** and Fnlll*®. Single stretches of peptides were positive in
FnlllY, Fnlll®, FnllI*, and Fnlll*® respectively (Fig. 4.7A and 4.7C, Table 9.2).

PavB showed, similar to PavA, a comparable combination of positive motifs in Fn type Ill
repeats without a positive motif in Fnlll* and Fnlll” (Fig. 4.7B and 4.7C, Table 9.2). When
incubated with SSURE,.5, the peptide array demonstrated three positive sequences in Fnlll*
Fnlll® and Fnlll*®,, two positive sequences in Fnlll®, and Fnlll*®

region was identified in Fnlll*, Fnlli®, FEnll®, Fnll®, Enlli®, Enlli**, Fnili** and Fnill*

while only one positive binding

respectively (Fig. 4.7B and 4.7C, Table 9.2). Remarkably, several of these sequence motifs
targeted by PavA and PavB in the Fnlll repeats overlapped in the individual repeats,
demonstrating that there is a common pattern of interaction among FnBPs with Fnlll repeats.
1*° and also not to
those including the synergistic PHSRN motif in Fnlll°® and KNEED motif in FnllI®, while PavB

did not recognize the RGD maotif in Fnlll*® and its synergistic motif KNEED in FnllI®, thereby

In addition, PavA did not bind to peptides including the RGD motif in Fnll

leaving this particular combination of peptides accessible to interact with the host integrin
Usb, receptor.
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A PavA c
L Fnlll Sequence Sequence
PavA SSURE;,;
1 SHPIQWNAPQPSHISKYIL HISKYILS LNSY
2 a) TASSFWSW X
b) LLPGRK
3 a) DDTSIVVRWSRP SIVVRWSRP
b) QpGvaY
a a) TOVKVTIMWTPPESA a) PRD
b) VTGLSPGVTYYF b) QRL
) KVFAVSHGR
5 a) VRWTPPRAQ a) YRLTVGLTRRGQPRQYNVGPSVSK
b) YNVGPSVSKYPL b) TVSLVAI
6 a) NTEVTETTIVITWTP WTPAPRIGF
b) LTPGVEYWYTIQ
7 a) NPDTGVLTVSWE x
b) VVHADQSSCTFD
c) EYNVSVYTV
B 8 a) DTMRVTWAPPPS VYEQHESTPLRG
b) LPGTEYVVSVSSVYEQHE
9 ANSFTVHWIAPRATITGY a) APRATITGYRIR
b) DRVPHSRN
c) TEYWVSIVA
10 a) PTSLLISWDAPAVTV PGSKST
b) KPGVDYTITVYA
1 a) ISVKWL SPVTGYRVTTTP
b) MTIEGLQPT
12 VDSIKIAWESPQGQVSRY SPQGQVSRY
13 TPTSLSAQWTPPNVQLTGYRV a) NVQLTGYRVRVTPKE
b) PAQGWTT
1 a) TETTITISW NvsP
b) TGLQPGTOYKIY
15 a) ATTPNSLLVSWQPPRARITGYIIKYEK a) RFL
b) TIYVIALKNNQK b) HKYEKPGS
) LKNNQK

Fig. 4.7 Epitope mapping of PavA and PavB binding sites within Fnlll repeats.

A. and B. The sequences of Fnlll**® repeats were divided into 445 peptides of 15 amino
acid residues each (Table S5) with an overlap of twelve amino acids (shift of three aa).
Peptides were generated on a cellulose membrane by the SPOT method. The peptide
array was incubated with (A) MBP-PavA (50 pg/ml) or (B) Hise-tagged SSURE;.3
(150pg/ml) representing PavB as a ligand. Bound ligands (MBP-PavA and SSURE;.s)
were detected using specific antisera followed by peroxidase conjugated secondary IgG.
C. Overview of peptide sequences of identified PavA or PavB binding epitopes in Fnlll
repeats. x: no positive peptide. 4.5C, Table 9.2).

4.1.1.7. Visualization of PavA and PavB binding epitopes in Fnlll repeats

To visualize the distribution of the bound peptides, three-dimensional structures of Fnlll
domains were taken from the PDB or modelled based on the structure of Fibcon, which has a
synthetic Fn consensus sequence (Jacobs et al., 2012). Due to pairwise sequence identities
of more than 30%, missing structures can be sensibly modelled. All structures could be
superimposed onto Fnlll’ wi t h a root mean square deviation
(except the experimental models obtained by NMR: Fnlll* 2.2 A, Fnill*> 1.8 A). The
recognized epitopes cluster on regions 15-35 (b-strands B and C) and 67-69 (b-strand F,
numbering of Fibcon, residues recognized 9 times or more by SSURE,.; or PavA). The
electrostatic surfaces of the repeats (Fig. 4.8 and Fig. 4.9) show no common pattern.
Nevertheless, charge does play a role in binding as can be seen in the recognition
propensities, i.e. the preference of certain amino acid types to occur in the recognized
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peptides compared to the complete sequence (Fig. 4.8 and Fig. 4.9). In the peptide array, the
immobilized peptides are not structured and all residues assumed to be equally accessible to
the probe. As this is not true for the native Fnlll repeats, the binding propensities were
calculated for solvent accessible residues (buried residues were taken from (Jacobs et al.,
2012)). Smaller hydrophobic and neutral hydrophilic amino acids show no preference. Acidic
amino acids and larger hydrophobic ones are bound less often, basic amino acids more often
than expected based on their frequency in the Fnlll repeats (Fig. 4.8). Cys and Trp are not or
only once on the surface, therefore, no propensities are given for these residues.

The majority of the epitopes are located on b-strands B, C and F and the AB- and BC-loop.
These are the strands in the centre of the 3-stranded and 4-stranded b-sheets, whereas the
more flexible b-sheet edges are rarely bound to. In those experimental structures showing
the arrangement of neighbouring Fnlll repeats, the C-terminal tip of one domain contacts the
N-terminal end of the next domain on the side of the 4-stranded b-sheet. The well-recognized
b-strand connections AB-loop and BC-loop are therefore accessible (Fig. 4.9 and Fig. 4.10
A).
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Fig. 4.8: Electrostatic surfaces of Fnlll repeats.
Electrostatic surfaces were calculated for structures or models of each Fnlll domain.
Positive potential is shown in blue, negative in red.
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Fig. 4.9: Organization of epitopes of Fnlll repeats for pneumococcal FnBPs.

A. Binding sites of PavA and PavB (SSURE,.3) are are visualized in color on the surface
of Fnlll structural models. Regions recognized by PavA are depicted in blue, while
regions recognized by PavB are depicted in red color code. The regions depicted in lila
are recognized by both PavA and PavB. Light to dark colors span from the N- to the C-
terminus. B. Enlarged surface recognition for Fnlll* as a representative example. C.
Worm model of a representative Fnlll domain as part of a chain of Fnlll domains. The
thickness of the worm represents the frequency in which residues are recognized by
PavA and PavB.

4.1.1.8. Binding of Fnlll peptides to pneumococcal FnBPs PavA and
PavB

In order to analyse whether positive peptide sequences of the array indeed interact with
PavA and PavB, respectively, six peptides were synthesized and employed in binding assays
using SPR. FnBPs, immobilized on the CM5 biosensor, were incubated with increasing
amounts of peptides derived from Fnlll*, Fnlll°, Fnlll*?, Fnlli** or FnllI*® because of their
positive reaction with FnBPs (Table 4.7). The surface localization and the electrostatic
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properties of the repeats are shown in Fig. 4.8 and Fig. 4.10 A. We only selected peptides
that are presented on the Fnlll domain surface and are accessible for the interaction. The
peptide sequences are found in b-sheets, however, they differ in their length with the shorter
peptides of Fnlll** and Fnlll** and also their isoelectric point (pl). The peptides of Fnlll*,
Fnll®, and FnllI* have a pl above 10, while the Fnlll** and Fnlll** peptides have a pl of 8.69
and 3.67, respectively. The results revealed that the four peptides of Fnlll*, Fnlll°, and Fnlll*®
(n=2) showed a concentration-dependent binding to both FnBPs, while the tested peptides of
FnllI*? and FnllI** were negative for binding (Fig. 4.10 B). Notably, these were the shortest
peptides in this set of experiments. In general the binding efficiency was higher for PavA
(Hise-PavAy,) than for PavB (Hisg-SSURE,.3) in terms of maximum RUs. These results are in
accordance with the data obtained for recombinant Hisg-Fnlll repeats (Fig. 4.5 and Fig. 4.6).
For PavA the highest associations were observed with the Fnlll® peptide and Fnlll*®> peptide
(residues 1910 to 1936) followed by the Fnlll* peptide and the second Fnlll*®> peptide
(residues 1970 to 1991) used in SPR studies (Fig. 4.10 B, Table 4.8). In the case of
pneumococcal PavB, the FnllI* peptide (residue 1970 to 1991) showed the highest affinity
followed by the peptides of Fnlll*, Fnlll°, and Fnlll*® (residues 1910 to 1936) (Fig. 4.10B,
Table 4.9). In conclusion, the direct binding assays indicated the function of identified short
Fnlll peptides for the interaction with pneumococcal FnBPs, which contain basic amino acids
and have a more basic pl.

Table 4.7:  Synthetic Fn peptides tested for binding to PavA and PavB by SPR

Fn peptides sequence MW (D) pl

Fnll11634-651 QPSHISKYILRWRPKNSV 2249.2 11.10
Fnlll5 1015-1038 VRWTPPRAQITGYRLTVGLTRRGQ 2822.6 12.18
Fnlll12 1648-1662 IKIAWESPQGQVSRY 1801.9 8.59
Fnlll14 1823-1834 TDATETTITISW 1378.6 3.67
Fnlll15 1910-1936 RFLATTPNSLLVSWQPPRARITGYIIK 3138.8 11.72
Fnlll15 1970-1991 TIYVIALKNNQKSEPLIGRKKT 2554.5 10.17
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Fig. 4.10: Binding of synthetic Fnlll peptides to immobilized pneumococcal FnBPs.
A. Location of peptides on the surface (front/rear) of the Fnlll domains and ribbon
diagram viewed from the front. B. Surface plasmon resonance studies with Hisg-
tagged PavA, and Hisg-tagged SSURE,.; as ligands and selected synthetic Fn
peptides as analytes. Binding of Fnlll peptides was tested at a flow rate of 10 pl/min in
PBS-Tween 20 (0.05%). Changes in plasmon resonance are shown as relative
response (RU: response units). The values of the control flow cell and the 0 uM data
were subtracted from each sensorgram. When PavA was used as ligand, the
concentration range for Fnlll peptides was from 0.18 to 10 pM, while for PavB a Fnlll
peptide concentration range of 3.6 to 50 uM was used.
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Table 4.8. Binding of Fnlll peptides to PavA,,. Kinetics illustrating the interaction of synthetic Fnlll
peptides with immobilized pneumococcal PavA (Hisg-PavA,,) as determined by SPR, fitted to
Langmuir 1:1 model. RU: Response unit.

Fn fragment(s) Ka(1/Ms) Kd(1/s) KD(M) Rmax(RU) Chi® (RU?)
Fnllll 1581 0.004759 3.010E-6 89.30 23.4
634-651

Fnlll5 2484 0.004503 1.813E-6 219.2 41.7
1015-1038

Fnill12 3491 0.002444 7.001E-7 3.815E-4 0.114
1648-1662

Fnlll14 2.381E+4 6.639E-6 2.788E-10 0.5048 0.134
1823-1834

Fnllll5 4180 0.007593 1.816E-6 172.5 345
1910-1936

Fnllll5 43.51 0.006383 1.467E-4 670.9 0.891
1970-1991

Table 4.9. Binding of Fnlll peptides to PavB. Kinetics illustrating the interaction of synthetic Fnlll
peptides with immobilized pneumococcal PavB (Hise-SSURE,.3) as determined by SPR, fitted to
Langmuir 1:1 model. RU: Response unit.

Fn fragment(s) Ka(1/Ms) Kd(1/s) KD(M) Rmax(RU) Chi® (RU?)
Fnllll 1065 0.003212 3.016E-6 29.29 5.60
634-651

Fnlll5 298.1 0.002239 7.510E-6 66.39 8.13
1015-1038

Fnlll12 1.038E+5 1.497E-4 1.443E-9 0.05721 2.54
1648-1662

Fnlll14 1380 5.850E-6 4.238E-9 3.113 0.311
1823-1834

Fnllll5 102.5 0.005184 5.059E-5 96.81 9.05
1910-1936

Fnllll5 43.01 0.01196 2.780E-4 1171 26.1
1970-1991
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4.1.2. Interaction studies of Pneumococcal MSCRAMM
PavB with human glycoprotein and complement inhibitor
Vitronectin

4.1.2.1. Pneumococcal PavB contributes to the interaction of
pneumococci with human glycoprotein and complement regulator
vitronectin

Pneumococci have been reported earlier to preferentially interact with the multimeric form of
human vitronectin (Bergmann et al., 2009). Recently classical choline-binding protein PspC
(Voss et al.,, 2013) and non-classical PspC-like protein and inhibitor of complement Hic
(Kohler et al., 2015) have been elucidated as pneumococcal vitronectin binding proteins. To
assess the contribution of pneumococcal PavB in binding to human vitronectin a flow
cytomtery based assay was used. Pneumococc al sps aral INGTRC10B19 arad
their isogenic mutants DpspC (as control), DpavB and DpspCDpavB were incubated with
varying concentrations of multimeric vitronectin and analyzed for differences in soluble
vitronectin acquisition. The results suggested a role of pneumococcal PavB as potential
vitronectin-binding protein (VnBP), because pneumococcal strains devoid of PavB showed a
marked decrease in their ability to acquire soluble multimeric human vitronectin. Similarly the
strains lacking pneumococcal PspC showed lower levels of Vn-binding when compared to
their respective isogenic wild-type strains (Fig. 4.11, Table 9.3). Furthermore the double
knockouts DpspCDpavB showed further decrease in acquiring human vitronectin as
compared to the single mutants indicating possibly an additive effect these two proteins
might have in pneumococci to interact with human glycoprotein and complement inhibitor

vitronectin.
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Fig. 4.11: Pneumococcal PavB contributes to recruit soluble human vitronectin.

Recruitment of soluble vitronectin by intact pneumococci was analysed by flow

cytometry. Bound vitronectin was detected by using specific anti-vitronectin antiserum

followed by FITC-conjugated anti-rabbit IgG. Data is represented as a product of GMFI

and %age of FITC-labeled and gated bacterial population.

A and B. Recruitment of soluble vitronectin by wild-t y pe p ne u mo cpsamdi
S.p.35A) and their isogenic mutants devoid of PspC, PavB and double knockouts of

PspC and PavB. Graph represents the mean values of three independent experiments

with respective S.D. *, p00.05; **,  pOO.
C. Representative dot plots of a flow cytometric analysis assessing the ability of WT

pneumococcps) (eDBd et heir i s o gpsapspC, mD 3pSegeatvB

D 3 9cpsapspCapavB depicting FITC-labelled and gated bacteria without and with

incubation of vitronectin (2.5 pg/ml).

4.1.2.2. Pneumococcal PavB has the capability to interact with both
soluble and immobilized forms of vitronectin

Flow cytometric analysis suggested the contribution of pneumococcal PavB in recruiting the

human glycoprotein vitronectin. In order to study the interaction between pneumococcal

PavB and human Vn on a biochemical level, direct protein-protein interactions studies were

performed. The mature part of PavB is comprised of SSURE domains; hence, varying
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numbers of SSURE domains were heterologously expressed in E. coli as His-tagged
recombinant proteins and further purified by affinity chromatography. The different PavB
SSURE regions produced as Hisg-tagged proteins consists of five repeats representing the
complete mature PavB designated as SSURE, 5 (94kD), two repeats termed as SSURE;.3
(33.7kDa) and one single repeat, namely SSURE, (17.5kDa) (Fig. 4.12A). The purity and
homogeneity of these Hise-tagged SSURE proteins were controlled after SDS-PAGE and
silver staining (Fig. 4.12B).

To assess the ability of pneumococcal PavB to interact with human plasma vitronectin a far-
western dot blot was first employed. The various Hise-SSURE regions (SSURE;.s, SSURE,3
and SSURE;) were immobilized on a nitrocellulose membrane in different amounts (0.15-5
Kg) and probed for vitronectin binding by incubating with human plasma. The mature PspC
domain PspC SH13, which has previously been shown to interact with vitronectin (Voss et
al., 2013), was used as positive control while BSA was used as negative control. The result
demonstrated that pneumococcal PavB is able to bind human plasma vitronectin. Similar to
the interactions with other ECM proeins or plasminogen the SSURE; s domain showed the
strongest binding activity followed by SSURE,.s;, while one repeat represented by the
SSURE, domain recruited human plasma vitronectin only to a negligible extent (Fig. 4.12C).
Thus, dot blot analysis revealed that intensity of Vn recruitment depends on the number of
repeats, with two repeats being a pre-requisite for Vn-binding and with one repeat (SSURE,)
being not sufficient under these conditions to show an efficient binding of Vn. Because of the
stability and homogeneity, we further selected SSURE,.; as a representative peptide of PavB

to further analyze the PavB-vitronectin interaction on the molecular level.
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Fig. 4.12: Pneumococcal PavB can interact with both soluble and immobilized form of
human vitronectin as analysed by far western ligand overlays.
A. Schematic representation of recombinant Hiss-SSURE fragments of pneumococcal
PavB. SSURE, s represents the mature PavB while SSURE,,; and SSURE, represents
two or one repeat(s) of PavB.
B. A silver stained SDS polyacrylamide gel (12%) depicting the purity and homogeneity
of the three SSURE domains and their respective molecular weight.
C. Recruitment of soluble vitronectin from human plasma by PavB. SSURE domains,
the mature fragment of PspC (SH13; positive control), and BSA (negative control) were
immobilized on a nitrocellulose membrane and analysed for their ability to recruit
plasma vitronectin. Bound ligand was detected by using anti-vitronectin antiserum
followed by alkaline phosphatase-conjugated IgG (anti-rabbit).
D. Binding of biotinylated SSURE..3to immobilized human vitronectin. Human proteins,
Vn, Fn and TSP1, were immobilized on a nitrocellulose membrane and analysed for
their interaction with soluble biotinylated-SSURE,.;. Bound biot-SSURE;.; was
detected by using streptavidin-alkaline phosphatase conjugated IgG. Fn and hTSP1
were taken as positive controls while BSA as a negative control.

In a vice versa approach human ECM proteins Vn, Fn, and hTSP-1 were immobilized in
variable concentrations (0.21-3.0 pg) on a nitrocellulose membrane and probed for
interaction with biotinylated-SSURE,.;. Human Fn and hTSP-1 were taken as positive
controls, because their specific binding to PavB has been reported ealier (Jensch et al.,
2010, Binsker et al., 2015). BSA was used as a hegative control. Altogether the far western

dot blot analyses revealed the ability of PavB to interact with the immobilized form of human
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Vn but also being able to recruit this glycoprotein in its soluble form from human plasma (Fig.
4.12D).

To confirm the ability of the pneumococcal MSCRAMM PavB to interact with both, the
immobilized and soluble form of vitronectin, enzyme linked immunosorbent assays (ELISA)
were conducted. In one experimental approach mutlimeric human vitronectin was
immobilized in wells of a microtitre plate (0-40 pg ml™) and analyzed for binding to SSURE
domains. SSURE domains demonstrated a dose-dependent binding to immobilized
vitronectin with SSURE;.s showing a higher efficiency to bind to human vitronectin compared
to SSURE,.3; (Fig. 4.13A). In the vice versa approach recombinant Hise-SSURE domains
were immobilized and incubated with soluble vitronectin in different concentrations (0-25 ug
ml™). All the three recombinant Hiss-SSURE domains showed a dose-dependent binding to
soluble vitronectin. Remarkably, the SSURE, shows the highest efficiency to interact soluble
vitronectin followed by SSURE,.; and SSUREs (Fig. 4.13B). Taken together, far western
blots and ELISA confirmed that pneumococcal PavB interacts with the soluble and

immobilized form of the human glycoprotein vitronectin.
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Fig. 4.13: PavB interacts with soluble and immobilized human vitronectin as demonstrated
by ELISA.
A. Binding of PavB fragments with immobilized human vitronectin. Human vitronectin
(10 pg/ml) was immobilized in wells of a 96-well microtitre plates and analysed for its
interaction with soluble SSURE fragments (0-40 pg/ml). Bound ligands were detected
using the specific anti-PavB antiserum followed by an HRP-conjugated anti-mouse
19G.
B. Dose-dependent binding of soluble human vitronectin to immobilized SSURE
domains. SSURE fragments (10 pg/ml) were immobilized and incubated with soluble
human vitronectin (0-25 pg/ml). Bound vitronectin was detected by the specific anti-
vitronectin antiserum followed by HRP-conjugated anti-rabbit 19G. The reaction was
developed by using substrate 1,2-phenylenediamine dihydrochloride followed by
measurements in a spectrophotometer (A49,). Data reperesent the means of at least
three independent experiments with error bars depicting the S.D.
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4.1.2.3. Repetitive elements of PavB are pivotal for the interaction with
human vitronectin

Far western dot blots and ELISA demonstrated a direct interaction between
pneumococcal PavB and human vitronectin. These assays further suggested that the
strength of this protein-protein interaction depends on the number of repetitive elements of
PavB, i.e. on the number of SSURE. In order to verify this hypothesis and to quantitatively
analyze the PavB-vitronectin interaction surface plasmon resonance (SPR) were conducted.
Hence, in this complementary approach multimeric vitronectin was immobilized on a CM5
biosensor chip and binding of soluble recombinant Hisg&-SSURE domains was meausred
under a dynamic flow cell system. Sensorgrams showed dose-dependent binding of the
three different SSURE domains when used in micromolar concentrations. At equimolar
concentrations (e.g. 5 uM) Hisg-SSURE; 5 showed highest affinity (~120RU) for immobilized
vitronectin followed by SSURE,.sz (~100RU) and SSURE, (~80RU) (Fig. 4.14). To further
guantify the interaction between PavB and human Vn the simple 1:1 Langmuir binding model
was applied to fit the data (Table 4.10). The lowest equilibrium constant Ky (dissociation
constant) was calculated for the interaction of SSURE, s with immobilized Vn followed by
SSURE,.;z and SSURE,. These data indicate the direct bindng of PavB to Vn but also point to
important role of the number of repetitive adhesive structures of PavB for the interaction with
vn.
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Fig. 4.14: Surface plasmon resonance measurements of PavB SSURE domains binding to
immobilized human vitronectin
The interaction between PavB SSURE domains (Hisg-tagged SSURE, s Hiss-tagged
SSURE,.3; and Hisg-tagged SSURE,) to immobilized human vitronectin was analysed
by SPR using a Biacore T100. Human vitronectin as a ligand was immobilized on a
CM5 biosensor and different concentrations (0.16 i 5.0 uM) of SSURE domains were
usd as analytes and bindng was measured with a flow rate of 10 pl/min in PBS-Tween
20 (0.05%).

Table 4.10. Kinetics illustrating interaction of pneumococcal PavB with immobilized
human Vn as determined by SPR, fitted to Langmuir 1:1 model. (RU: Response unit)

SSURE domains ka(1/Ms) Kd(1/s) KD(M) Rmax(RU) Chi?
SSURE, 5 4662.5 0.002736 5.93E-07 79.495 10.27
SSURE,.3 2689 0.01 4.26E-06 95.795 7.725
SSURE, 379.35 0.009 4.66E-05 524.9 11.655

4.1.2.4. The PavB-Vn interaction is charge-dependent and heparin
sensitive

To assess the biochemical nature of the interaction between pneumococcal PavB and Vn the
binding of recombinant Hiss-SSURE,.; to immobilized Vn was analyzed in the presence of
increasing concentration of sodium chloride by an ELISA. The ability of PavB, here
SSURE,.3, to bind to Vn declined with increasing concentrations of sodium chloride (Fig.
4.15A). A 50% reduction in binding was reached at a physiological salt concentration (0.125

M), suggesting that the interaction between pneumococcal PavB and human vitronectin is
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dependent on charged amino acids. These data confirm the SPR data, which suggested a

low affinity PavB-Vn interaction.
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Fig. 4.15: The PavB-Vn interaction is charge-dependent and inhibited by heparin.

Binding of PavB SSURE,.; to immobilized human vitronectin was measured in the
presence of sodium chloride (NaCl) (A) and heparin (B). Human vitronectin (100
ng???) was immobilized in microtitre plates and analysed for binding of soluble
SSURE,;.; in the presence of increasing concentration of NaCl (0.125-1.0 M; 50 pl/well)
and heparin (0-100 mg/ml; 50pl/well). Bound SSURE,.; was detected by using specific
polyclonal anti-PavB antiserum followed by an peroxidase-cooupled secondary anti-
mouse IgG and using 1,2-phenylenediamine dihydrochloride as substrate. The colour
reaction was measured at 492 nm using a spectrophotometer. Data represent the
means of at least three independent experiments with error bars corresponding to
S.D.. *,p < 0.05; **,p < 0.01; *** p < 0.001 versus buffer.

Glycosaminoglycans (GAGs) are one of the important components of human ECM and have
diverse biological functions. In order to assess the role of heparin for the interplay of Vn with
pneumococcal PavB, a further competitive binding experiment was performed using the
ELISA approach. Binding of Hiss-SSURE,.; to immobilized Vn was measured in the
presence of increasing concentration of heparin. The results demonstrated a decrease of
Hise-SSURE.. binding to Vn in the presence of high amounts of heparin. A reduction of 40%
in Hisg-SSURE,.3 binding to Vn was measured at a heparin concentration of 100 pg/mi (0.1
mg/ml) (Fig. 4.15B). Taken together these data demonstrate that the interaction of PavB with
human vitronectin is influenced by the ionic strength and inhibited by heparin. This leads to
the hypothesis that the heparin binding domain(s) of vitronectin are involved in the PavB-Vn

interaction.

4.1.2.5. The C-terminal domain and heparin binding domain Il of
vitronectin are essential for the interaction with pneumococcal PavB

Human vitronectin possesses three distinct heparin binding domains spanning amino acids
82-137 (HBDI), 175-219 (HBDIl) and 348-361 (HBDIIl). The competitive inhibition

experiments with heparin as competitor suggested the involvement of heparin binding
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domains of Vn in interaction of PavB with vitronectin. To substantiate this hypothesis a series
of C-terminally truncated fragments of vitronectin spanning amino acid residues 80-396 were
heterologously expressed in HEK293 cells and used for far western dot blot analysis, ELISA,
and direct protein-protein interaction studies by SPR (Fig. 4.16A).

For the ligand overlay assays the different Vn fragments were immobilized on a nitrocellulose
membrane and probed with biotinylated SSURE,.;. Biot-SSURE,.; bound in a dose
dependent manner to the Vn fragments harboring all three heparin binding domains. Even
the absence of the HBDIII and the amino acid residues 321 to 396 did not abolish binding of
80-229

biot-SSURE,.5, as shown by binding to Vn®***, while the truncated Vn fragment Vn
showed no binding to the bacterial adhesin. (Fig. 4.16B).

In another complementary ELISA approach binding of soluble C-terminally truncated Vn
fragments was tested to immobilized Hise-SSURE,.;. Low absorbance values were
measured for the Vn fragments lacking the HBDIII, meaning that in contrast to the ligand
overlay assay with immobilized Vn the soluble Vn fragments Vn®2° vn®3% and vn®*
339 showed no binding to the immobilized Hiss-SSURE,.s. Strikingly, also Vn®**%, lacking
part of the HBDIII (aa 348-361) and lacking the peptide sequence following the HBDIII, was
negative for binding to Hisg&-SSURE.3. The shortest Vn fragment showing binding of soluble
Hiss-SSURE,.; was therefore Vn®3%, Thus, the interaction between PavB and Vn seem to

depend on HBDIII and whether Vn is available in its soluble or immobilized form (Fig. 4.16C).
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Pneumococcal PavB targets the C-terminal region of of vitronectin.

A. Models of recombinant vitronectin fragments heterologously expressed in HEK293
cells. The typical three heparin binding domains (HBDs) are depicted in black.

B. The immobilized Vn fragments were tested for their potential interaction with
pneumococcal PavB (biot-SSURE,.3). The Vn fragments (0.25 - 2.0 pg) were
immobilized on the nitrocellulose membrane and examined for binding of soluble biot-
SSURE,:s. Bound ligand was detected using streptavidin-alkaline phosphatase
conjugated 1gG. BSA was taken as a negative control.

C. Binding of soluble Vn fragement to immobilized Hiss-SSURE,.3; was analysed by
an ELISA. Hisg-SSURE,.5 (5 ng/ml; 50 pl/well) was immobilized in microtitre plates and
incubated with 5ug/ml (50 ul/well) of Vn fragments. Bound Vn was detected with a
specific anti-vitronectin antserum, secondary peroxidase-coupled anti-rabbit 1IgG and
using as substrate 1,2-phenylenediamine dihydrochloride. The colour reaction was
measured at 492nm (Ag,). Data represent the means of at least three independent
experiments with error bars depicting S.D.*, p < 0.05; **, p < 0.01; ***, p < 0.001 versus
buffer.

were conducted using the representative Vn fragments Vn®>?%, vn®3%* and vn®3%%*, These

Vn fragments were immobilized on a CM5 biosensor chip and binding of soluble Hisg-

SSURE,.; taken as analyte, was measured. When considering equimolar concentrations like

5 uM, pneumococcal PavB (Hiss-SSURE,.3) showed the highest binding activity to Vn2°3
with more than 120 RU followed by Vn®®**° with ~60 RU and Vn®?% with less than 20 RU.

The latter Vn fragment is lacking the C-terminal peptide sequence from residue 330 to 396
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and the HBDIII, while the Vn fragment Vn®3*° only lacks the HBDIII but contains the C-
terminal peptide sequence up to residue 339. (Fig. 4.17, Table 4.11). These results confirm
the ligand overlay assay with immobilized vitronectin that the HBDIIl and the peptide
sequence between HBDII and HBDIII is important for the PavB-Vn interaction.
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Surface plasmon resonance studies assessing the interaction between PavB and

Binding of soluble Hisg-tagged SSURE,.; (PavB) to the truncated vitronectin fragments
immobilized on the CM5 biosensor was analyzed with a flow rate of 10 pl/min in PBS-

Tween 20 (0.05 %).

Table 4.11. Kinetics illustrating interaction of pneumococcal PavB with immobilized
recombinant Vn fragments as determined by SPR, fitted to Langmuir 1:1 model. (RU:

Response unit)

Vn fragments ka(1/Ms) Kd(1/s) KD(M) Rmax(RU) Chi®

8039 7553 0.009249 1.225E-6 115.7 10.7
Vi 80-3%9 5080 0.005776 1.137E-6 50.73 4.62
vn80#2° 4605 0.005756 1.250E-6 11.28 1.03
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4.2. Receptor identification of pneumococcal
colonization factor PavB on human epithelial cells

PavB is functioning as an MSCRAMM, but also interacts directly with host cells without
involving a host-bridging molecule. So far no specific receptor has been identified for PavB.
Here, several complementary attempts were made to identify PavB cellular receptor(s) on
eukaryotic host cells.

4.2.1. Assessing the direct interaction of pneumococcal

PavB with host eukaryotic cells

4.2.1.1. Pneumococcal PavB acts as an adhesin recognizing directly
a eukaryotic receptor

The pneumococcal colonization factor PavB was shown previously to act as a direct adhesin
for host eukaryotic cells (Jensch et al.,, 2010). To confirm this phenomenon, in vitro cell
culture infection assays were performed. Human respiratory epithelial cells such as
pulmonary type Il pneumocytes (A549) and nasopharyngeal epithelial cells (Detroit 562;
D562) were infected with S.p. 35A (NCTC10319) and its isogenic mutant devoid of the
surface-exposed PavB (S.p. 3 5 Aa¥B). In one of the adherence assays performed with
pneumococci expressing and/or lacking PavB, the cell-bound bacteria were visualized by
immunofluorescence staining. For A549 epithelial cell, pneumococci deficient for PavB
demonstrated a significant decrease in adherence (Fig. 4.18A, Fig. 4.18C), while the loss-of-
fucntion of PavB did not alter significantly S.p. 3 5 ApawB adherence to D562 epithelial cells

compared to the isogenic mutant.

In the other cell culture-based infection assays the intracellular and recovered pneumococci
were quantified by employing antibiotic protection assay. In this approach the pavB-mutant
showed a significantly reduced number of intracellular and recovered bacteria in both A549
and D562 epithelial cells (Fig. 4.18B). Altogether these data confirmed the role of
pneumococcal PavB as an adhesin, thereby enhancing pneumococcal attachment to host
cells and triggering their uptake by a yet unknown mechanism. Thus, the reduced number of
recovered intracellular pneumococci deficient for PavB can be correlated with their

decreased potential to adhere to host cells.
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Fig. 4.18: PavB interacts directly with eukaryotic cells and mediates adherence to host
cells.
A and C. Host respiratory epithelial cells were infected with pneumococci S.p. 35A and
its isogenic mutant devoid of surface-exposed PavB (S.p. 3 5 Aa¥B) at an MOI of 25
and analyzed for their adherence pattern to host epithelial cells (A549 and D562) via
immunofluorescence staining. The PavB-deficient strain demonstrated a reduced
potential to adhere to the host cells.
B. Host respiratory epithelial cells were infected with pneumococci S.p. 35A and its
isogenic mutant S.p. 3 5 Apaw at an MOI of 50 and analyzed for differences in
intracellular and recovered bacteria via the antibiotic protection assay. Uptake of
strains devoid of pneumococcal PavB was reduced compared to wild-type
pneumococci. Data represent the mean values of at least three independent
experiments along with the error bars representing S.D. n.s. p>0.05; *, pO0 . 05
pO0 . 0 1pOO0* *0*0,1 .

4.2.1.2. PavB interacts directly with host cells as demonstrated in
binding studies with fluorescently labeled recombinant Hisg-SSURE,. 3

To characterize the direct interaction between PavB and host cells, a direct binding assay
was employed. The representative SSURE domain of PavB, SSURE,.; heterologously
expressed in E. coli and purified as Hise-SSURE;.; was Cy5-labeled and tested for its
potential to bind directly to host respiratory epithelial cells A549 or D562 by flow cytometric
analysis. The epithelial cells were incubated with different concentrations of Cy5-Hise-
SSURE..3 (10, 20, 50 pug/ml) or Cy5-labelled BSA (50 pug/ml), which was used as a negative
control. The results demonstrated a dose-dependent increase in binding of Cy5-SSURE.; to
host epithelial cells (Fig 4.19 A-C, Table 9.4) as compared to the control protein Cy5-BSA,

thereby confirming the potential of PavB to interact directly with host cells.
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Fig.4.19: The PavB protein binds directly to host eukaryotic cells as measured by flow
cytometry.
Host eukaryotic epithelial cells (A549 and D562) were cultured into confluent
monolayers and incubated with defined concentrations of Cy5 labeled recombinant
Hisg-SSURE .3 (10-50 pg/ml) for a specified time (1 hr). The samples were analyzed
for cell-bound Cy5-SSURE,.3 by flow cytometry. Fluorescent and gated population of
cell-bound PavB was measured in FL4-H. Cy5-BSA (50 pg/ml) was used as a control
protein. Data is represented as the product of geometric mean fluorescent intensity
and gated events.
A -C. Recombinant Cy5-SSURE,.; representing PavB showed a direct and dose-
dependent binding to host epithelial cells A549 and D562, illustrating the ability of PavB
to interact directly with host cells. Data represent the mean values of at least three
independent experiments along with the error bars representing S.D. n.s. p>0.05; *,
pO0. 0500 * 6 1pO0* *0*0,1 .

4.2.2. Role of human matricellular proteins Vn and Fn as competitor

or mediator of PavB-binding to host cells

As analyzed and described in detail in previous sections, pneumococcal PavB is able to
interact with Fn (results 4.1.1) and Vn (results 4.1.2). In order to assess the role of these host
proteins on the interaction of PavB with A549 host epithelial cells a direct binding-assay was
conducted. To rule out the role of intrinsically expressed Vn and/or Fn by A549 cells on PavB
binding to these host cells, the presence of Vn and Fn on the surface of A549 was verified by
a flow cytometric approach. Surface presented Vn and Fn produced by host cells were
recognized by antisera specifically recognizing these ECM proteins. As positive controls

different amounts of Vn and Fn were added exogenously to A549 cells and in addition, the
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background was measured by using only the secondary antibody (FITC anti-rabbit). The
results showed that A549 intrinsically produce Vn at a very low level, while Fn is produced at
a higher level, in particular when the amount was compared to Vn levels (Fig. 4.20 A and B,
Table 9.5). Nevertheless, exogenously added Vn and Fn bound in a dose-dependent manner
to A549 cells. In comparison to Fn, binding of Vn to A549 is more pronounced as evident
from the higher GMFI values depicted in Fig. 4.20A and corresponding histograms (Fig.
4.20B).

After confirming the intrinsic expression levels of Vn and Fn direct bindin-assays were
conducted to assess if pre-bound Vn and Fn advocates the binding of PavB to host epithelial
cells. A549 cells were pre-incubated with different concentrations of Vn and Fn (3, 5 and 10
pg/ml). After removal of unbound matricellular proteins, host cells were further incubated with
a defined concentration of Cy5-SSURE..s, representing PavB (20 ug/ml). Host cell-bound
Cy5-SSURE,.; was measured by flow cytometry. Unexpectedly pneumococcal PavB
demonstrated a reduced binding to host cells in the presence of pre-bound human Vn, while
pre-incubation of human Fn increased the binding of pneumococcal PavB to host cells. Pre-
incubation of 3.0 pug of Vn reduced the binding of PavB to host epithelial cells to nearly 40%
(Fig. 4.20 C, Table 9.6). This decrease in PavB binding was also measured for 5.0 ug of Vn,

whereas a further increase in Vn
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Fig. 4.20: Human Vn competes with binding of PavB to host eukaryotic cells.

A and B. Host epithelial cells A549 were analyzed for their intrinsic expression of Vn
and Fn. The cell monolayers were incubated with specific anti-sera against Vn and Fn
and analyzed for the presence of Vn and Fn without and with exogenously added
Vn/Fn at defined conentrations. Following the addition of primary anti-sera, the
Alexa488-conjugated secondary IgG was added. Fluorescently labeled and gated
population of cells was analyzed by flow cytometry. Data are represented as the
product of geometric mean fluorescent intensity (GMFI) and gated events. The A549
cells intrinsically expressed Vn in negligible amounts as compared to Fn, which was
observed to be expressed at a higher rate.

C and D. The effect of human Vn and Fn as a competitor or bridging molecule for PavB
binding to host cells was analyzed. Confluent monolayers of A549 were incubated with
specific concentrations of Vn or Fn (3-10 pg). Following the removal of unbound
proteins, the cells were incubated with Cy5-SSURE,.s. Fluorescently labeled and gated
populations of cells were analyzed by flow cytometry. Data are represented as the
percentage binding of Cy5-SSURE,.3 to epithelial cells. PavB binding to host cells in
the absence of Vn/Fn represents 100% binding. Unexpectedly Vn served as a
competitor while Fn acted as a mediator of PavB binding to host cells. Data represent
the mean values of at least three independent experiments along with the error bars
representing S.D. n.s. p>0.05; *, pO0 . 0 500 * ® 1 pO0* *0*0,1 .

concentrations resulted in binding of PavB similar to untreated host cells. Contrary, pre-
incubation of epithelial cells with human Fn demonstrated an additive effect on the binding of
pneumococcal PavB (Fig 4.20D, Table 9.6). This mediating effect on PavB binding was more

pronounced when cells were pre-incubated with 3.0 pg of Fn as compared to higher Fn

concentrations. Any further increase beyond 3.0 pg Fn decreased the binding of PavB to
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eukaryotic cells (Fig 4.20D, Table 9.6). These data resulted in the hypothesis that the major

vitronect ifmisadrectceltlay recepior for pneumococcal PavB.

4.2.3. Expression profile(s) of integrin(s) on human respiratory epithelial
cells A549 and Detroit 562

Prior to analyzing the role of integrin(s) as direct cellular receptor(s) for PavB on host
respiratory epithelial cells, the integrin and/or integrin sub-unit expression profiles of A549
and Detroit 562 cell lines were investigated by flow cytometry using specific monoclonal

antibodies recognizing specific heterodimeric integrins or one subunit of the integrin.
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Fig. 4.21: The expression profile of integrins on the surface of A549 cells.

Human type Il pneumocytes were analysed for the surface expression of depicted
integrins. A549 cells cultured to a confluent monolayer were incubated with specific
monoclonal antibodies (1:1000) against integrin subunits followed by incubation with
Alexa488-conjugated anti-mouse secondary IgGs (1:1000). IgG2b was used as
negative control. The fluorescently labeled and gated population of cells was analyzed
by flow cytometry. Data are represented as the product of geometric mean fluorescent
intensity and gated events.

The heterodimeric integrin U,b; a n dsb, Were analyzed for their level of expression on A549

and Detroit 562 epithelial cells. IgG2b was taken as an isotype negative control. The integrin
profile of A549 de mon,s4dalnad; isfegrinssubtinitsgoih thel serface bf o f U
A549 <cell s, whereas the sunbfabanexpranadswerabh ebeva

relatively low (Fig. 4.21, Table 9.7).
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For Detroit 562 nasopharyngeal e mtegrirhsedunitavds cel | s
at the highest level measuredf or al | integrins or intwqardi iJ subu
subunits of integrins. I n contrast to A549 cell
Gandiimtegrin subugiinttse,g rwhni |seu btuhné;wéreaxpressedatt e gr i n
negligible levels (Fig. 4.22, Table 9.7).

Fig. 4.22: The expression profile of integrins on the surface of Detroit 562 cells.

Human nasopharyngeal epithelial cells were profiled for the surface expression of a set
of integrins. Confluent monolayers of D562 were incubated with specific monoclonal
antibodies (1:1000) against integrin sub-units followed by incubation with Alexa488-
conjugated anti-mouse secondary IgG (1:1000). IgG2 was used as an isotype negative
control. Fluorescently labeled and gated population of cells was analyzed by flow
cytometry. Data is represented as the product of geometric mean florescent intensity
and gated events.

4.2.4. Role of integrin U,b3 as cellular receptor for PavB

4.2.4.1. Bl ocki n g, irgefrin tledmenstrited the involvement of
U, in PavB binding to host cells

To confirm the role of the integrin(s) or integrin subunit(s) as a host cellular receptor for
pneumococcal PavB, functional blocking assays were initially conducted. Two important
heterodimeric integrins, representing receptors for Vn and Fn, were considered for functional
bl ocking J6;i et g gt hbe intéhnird Modoclonal functional blocking antibodies
recognizing these two heterodimeric integrins were used to block potential binding domains

of PavB on these integrins and/or integrin subunits. The eukaryotic respiratory epithelial cell
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lines A459 and Detroit 562 were pre-incubated with the blocking antibodiesr ecogni,zi ng U
bs, Ubs, Us a n d, infegrin. Unbound antibodies were removed and the confluent monolayers

of epithelial cells were then incubated with Cy5-SSURE,.; (20ug) representing PavB. Host

cell-bound PavB was measured by flow cytometry.
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Fig.4.23: Pneumococcal P av B, imegpn as § st cdilidar téceptor.
Direct binding of pneumococcal PavB to the host eukaryotic cells was analyzed in the
absence (w/o) and presence of bound blocking antibodies (1:500) directed against
depicted integrins.
A. Representative histograms of blocking assay of A549 are depicted.
B and C. Graph representing the effect of functional blocking antibodies on direct
binding of PavB on host eukaryotic cells A549 (B) and Detroit 562 (C). Data are
represented as percentage of PavB binding to host cells. PavB binding to host cells in
the absence of blocking antibody represents 100% binding. Data represent the mean
values of at least three independent experiments with the error bars representing S.D.
n.s. p>0.05;*, pO0 . 0 500 * ® 1 pO0* *0*0,1 .

In case, a significant reduction (nearly 40%) was observed for pulmonary type Il
pneumocytes A549 when the cells were pre-incubated with anti-U, antibody followed by a
lower level of reduction for anti-b; and anti-U,b; antibodies (Fig. 4.23 A and B, Table 9.8).
The presence of anti-Us and anti-b, did not influence the interaction of PavB with host
eukaryotic cells compared to the binding of PavB in the presence of bound iso-type controls
IgG1 and 1gG2b (Fig. 4.23 A and B, Table 9.8).
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Similar blocking assays were performed with nasopharyngeal cells Detroit 562 as host cells
and with the same set of blocking antibodies. The presence of pre-bound blocking antibodies
did not significantly influence the binding of pneumococcal PavB on Detroit 562 cells (Fig.
4.23 C, Table 9.8).

4.2.42. The PavB- Ub;integrin interaction is probably mediated

by a non-RGD motif mechanism

Pharmacological inhibition has always been proved instrumental for understanding host-
pathogen interaction in vitro as well as in vivo. A recent study reported RGD peptide-mimetic
drug CWHM12 with a pot ent,inebring(ldendersoa etlal., 2051%
This particular drug along with its R-enantiomer CWHM©96 (kindly provided by David Griggs,
Saint Louis university), which was used as a control and was expected to have no probable
effect on PavB binding, were employed to pharmacologically inhibit the interaction of
fluorescently-labeled PavB (Cy5-SSURE,.;) with A549 host cells and their integrins. Hence, to
assess whether the interaction of pneumococcal PavB with the U/b; integrin depends on a
RGD mot i f (which is not present i n  Peaaiat&in,
pharamacological inhibition experiments with the RGD peptide-mimetic drug CWHM12, and
its R-enantiomer CWHM96 were conducted. However, the presence of RGD-peptide and
RGD peptide-mimetic inhibitor (CWHM12) did not impair PavB binding to A549 lung epithelial
cells. Unexpectedly the presence of the R-enantiomer (CWHM96) revealed a significant
effect on binding of PavB to A549 host cells (Fig. 4.24, Table 9.9).
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Fig.424: The pharmacol ogi c aihtegiins lridlits efféecoom PavB birding.
A. Chemical structures of the pharmacological inhibitors used. CWHM-12 is the RGD
peptide-mimetic drug while CWHM-96 is its R-enantiomer.
B. Confluent monolayers of A549 were pre-incubated with the pharmacological inhibitor
and its R-enantiomer (50 puM). Binding of Cy5-SSURE,.; (20pg/ml) to epithelial cells
was monitored in the presence of the inhibitors. The samples were analyzed for the
difference in PavB binding via flow cytometry. Data is represented as the product of
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geometric mean fluorescent intensity (GMFI) and the gated events. Data represent the
mean values of at least three independent experiments with the error bars representing
S.D. n.s. p>0.05; *,pO0 . 0 5900 * & 1 pO0O* *0*0,1 .

4.2.4.3. The genet i cintegrin expressianrby stRNA dibl not
impair PavB binding

To verify theinrtoelge i mf atshe eld e p integrin ekpoessiorPveas B | t he
knocked down by using an siRNA approach. A549 lung epithelial cells were transiently
transfected with a s pegciitegrinsubuit dRdNas a toatrolgaenbn- ng t he
specific scrambled siRNA conjugated with FITC was used to assess the success of

transfection. Cells were monitored under the fluorescence microscope 24 hrs and 48 hrs
post-transfection. FITC-labeled siRNA was used as a reporter to visualize the success of the
transfection (Fig. 4.25A) . The transfected cells were  furthe
integrins expression using the specific anti-U, integrin antibody followed by a secondary

antibody conjugated with Alexa488. In parallel the transfected cells were also analyzed for

the differences in PavB binding by incubating the transfected host cells with Cy5-SSURE ..
Despite a successf ul intdgnms fcom A4 nells~ 80%) H{Fég. 4(25B,

4.25C, Table 9.10) only a moderate and non significant reduction of PavB binding (~ 20%)

was measured by flow cytometry when PavB binding was tested to A549 cells with an , U

integrin knockdown (Fig. 4.25D, Table 9.11). Thus, these transfection studies did not support

t he r ol gintegrin asahlieeeptor for pneumococcal PavB.
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Fig.4.25: Anal ysis of Pa yiBtegvin kndckdogn A549 cdlls

A. Representative histogram depicting cell population possessing FITC-labelled

scrambled siRNA (green color) thereby confirming successful transfection.

B. A549 were cultured in the ,pntegris and folowed |
for successful transfection after 24 and 48 hours. After 48 hours A549 cells were

analyzed for t he eintggrneby dlowoaytometdy. Spebife anti-h,

antibody recognizing M, integrin was used to analyze the surface expression of h,

integrin on A549 host cells. Data are represented as the product of geometric mean

fluorescence intensity and gated events.

C. Representative histogram depi,dintegrinsgrons
A549 cells by transfecting cells with siRNA targeted against h, integrin compared to

cells transfected with non-specific scrambled siRNA (ctrl. SiRNA).

D. Binding of pneumococcal Cy5-SSURE,.3 (20 pg/ml) was analyzed to A549 cells with

t h g kndtkdown. Binding difference was analyzed via flow cytometry. Data represent

the mean values of at least three independent experiments along with the error bars

representing S.D. n.s. p>0.05; *, pO0 . 0 500 * ® 1 pO0* *0*0,1 .
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4.2.44. PavB-binding studies with mouse embryonic fibroblasts
conf i rJbinteria as@ cellular receptor for PavB

To verify and confirm the role of the U/b; integrin as PavB receptor, another complementary

strategy was employed by using mouse embryonic (MEF) and kidney fibroblasts (MKF)

expressing and lacking some specific integrins (kindly provided by Dr. Groshup, FLI, Insel

Riems). These cell lines have a stable knockout of specific integrins and could therefore be

used to assess the binding of pneumococcal PavB. Similar to other binding assays with host

cells Cy5-SSURE,,; (10ug) was incubated with these cells and cell-bound PavB was

measured by flow cytometry. The results indicated binding of Cy5-SSURE,.;, as a
representative PavB domain, to MEFs expressing all integrins (MEF WT) (Fig. 4.26, Table

9.12). A significant decrease in PavB binding to MEFs lacking either th e ; ifitegrin subunit or

t heb;Untegrin confirmed the r o |bgintegrin ag eheellulari t r on e
receptor for PavB. Further more Payilegrmxebcuedi t ed a
MEFs as c¢ o mgdndegria defictert celbs, although the differences in binding were not

significant. In addition, PavB binding was also not completely restored to the level of WT

MEF <c el | sj;integrin rescheecellh PavB binding was also tested to murine kidney

fibroblasts (MKFs). PavB binding to MFKs was less efficient compared to MEFs. The MKFs

| ac ki ngntegrih sububit did not show difference in PavB binding when compared with

t h g intégrin positive MKFs (Fig. 4.26, Table 9.12). These data confirm on the one hand the

Ubsintegrin as PavB receptor and e x csbuntegrin asrcelldah e ot he
receptor for PavB.
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Fig. 4.26: Analysis of direct binding of PavB to mouse embryonic fibroblasts expressing

and lacking specific integrins.

Murine embryonic (MEFs) and murine kidney (MKFs) fibroblasts possessing and
lacking specific integrins were cultured into confluent monolayers and analyzed for the
differences in binding of Cy5-SSURE.5 (10 pg/ml).

A. Representative histograms reflecting the binding differences of pneumococcal PavB
to different cell lines are depicted. The fluorescently labeled and gated population of
cells was analyzed by flow cytometry.

B. Data are represented as the product of geometric mean fluorescent intensity (GMFI)
and gated events. Data represent the mean values of at least three independent
experiments along with the error bars representing S.D. n.s. p>0.05; *, pO0 . 05
pO0 . 0 1pOO0* *0*0,1 .
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4245 Pneumococcal Pg@yinBegrin asindicated by U
surface plasmon resonance studies

In order to analyze the protein-pr ot ei n i nteraction betweeh; pneumo
integrin, surface plasmon r esonanc ¢hsistdgnnchmde s we r ¢
b, integrin were immobilized on the CM5 biosensor and analyzed for binding of soluble

SSURE,.; which was used here as a representative PavB domain and analyte. The SPR

studies confirmed the direct interaction between pneumococcal PavB (SSURE,.;) and the

U,b; integrin, while no direct interaction was observed between PavB and the Usb, integrin

(Fig. 4.27). The kinetic experiment and evaluation of the data using a simple 1:1 langmuir
binding mo d e | showed t hat t he Bz nntegrin @scin the n betv
micromolar range (Kp=4.875 uM) (Table 4.12).
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Fig. 4.27: Binding of PavB to integrins immobilized on a biosensor analyzed by surface
plasmon resonance 5
Binding of PavB (Hisg-SSURE,.3) to i mmobil i bean distaliwag

analyzed by surface plasmon resonance (SPR). Commercially purchased
recombi,/mg1%a0 RU) a n dsb, §2800 RU) were immobilized on the CM5
biosensor chip and specific concentrations (1.25 i 20uM) of Hisg-SSURE,.3 were
analyzed for binding to immobilized integrins at a flow rate of 10 yl/min in PBS-
Tween 20 (0.05%).

A. Kinetics of dose-dependent binding of Hisg-SSURE,.3 t 0 i mmo b,bsl
integrin.

B. Manual SPR run of Hisg-SSURE,.3 (20uM)b i ndi ng t o dbynmtegrib.i |

Table 4.12: Kinetics demonstrating interaction of pneumococcal PavB (SSURE..3) with
i mmobi | /bsandegrinlds determined by SPR, fitted to Langmuir 1:1 model.
(RU: Response unit)

PavB ka(1/Ms) Kd(1/s) Kp(M) Rmax(RU) Chi2

Hiss-SSURE ;.3 729.3 0.003555 4.875E-6 36.6 3.37
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5. Discussion

5.1. Interaction of pneumococcal FnBPs with typelll
repeats of Fn

Streptococcus pneumoniae is a pathobiont of the human nasopharyngeal microbiome
exploiting a diverse repertoire of its virulence factors to successfully maintain its commensal
or even pathogenic status. A major strategy is the engagement of proteinaceous
MSCRAMMS (Paterson & Orihuela, 2010, Voss et al., 2012) to interact with host adhesive
glycoproteins such as fibronectin. Our study reveals to our knowledge for the first time the
ability of pneumococci to acquire species-independent soluble Fn from plasma, indicating its

ability to interact with Fn not only as a part of ECM but also as part of the serum.

Several Gram-positive bacteria like S. aureus and S. pyogenes use fibronectin as a
molecular bridgetointeract wi t h host eukar yot isbg (Inghan dt al.,
2004, Talay et al., 2000). Pneumococci are reported to exploit cell-bound human vitronectin,
Factor H, human thrombospondin and Fn as molecular bridge, thereby linking the bacterium
with the eukaryotic cell and enhancing adherence (Bergmann et al., 2009, Agarwal et al.,
2010, Rennemeier et al., 2007, Yamaguchi et al., 2008). This study confirms the ability of
pneumococci to exploit fibronectin, in a species-unspecific manner, as molecular bridge

leading to enhanced adherence to the host cells independent of the cell type.

Pneumococcal FnBPs documented so far include PavA, PavB, PfbA, PfbB, and
endopeptidase O (Paterson & Orihuela, 2010, Voss et al.,, 2012). Our study focuses on
FnBPs PavA and PavB, representing diverse molecules with respect to their primary
sequence and molecular organization. Far western ligand overlay assays with human plasma
Fn and SPR studies suggest that both PavA proteins (full length PavA and PavA,;) and PavB
(SSURE,,3) interact with plasma Fn and purified Fn as well as Fnlll repeats. Thus, our
results deciphered the mechanism of how PavA and PavB interact with Fn and its Fnlll
repeats. In an earlier study PavA,, has been reported to lack the ability to interact with
immobilized Fn (Holmes et al., 2001), while this study suggests also the interaction with Fn
via the extended N-terminal part of PavA, PavA,,. This construct covers the N-terminal half of
PavA and the following long helix of the C-terminal half (Fig. 5.1). The N-terminal half of the
PavA homolog FBPS of Streptococcus suis, FBPS-N, is properly folded, which should thus
be true for PavA-N as well. It was not determined if the exposed helix folds, however,

precipitation of PavA,, as expected for unstructured proteins has not been observed. The
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different binding behaviour between PavA and PavA,, could thus lie in the C-terminal 186
residues or in an improperly folded helix of PavA,. FBPS of S. suis interacts via its
C-terminal part FBPS-C with the N-terminal 30 kDa part of Fn when used in micromolar
concentrations in surface plasmon resonance studies (Musyoki et al., 2016). FBPS-N did not
bind to the N-terminal part of Fn. However, binding of FBPS to Fnlll repeats has not been
tested and therefore it is still unknown whether the PavA homolog has the capacity to interact

also with Fnlll repeats.

domain N-I  domain N-Il  domain C-I domain C-Il

Fig. 5.1: Model of the PavA

Model of PavA based on the structure of the homologue FBPS. The N-terminal part of
PavA (amino acids 1 7 266) and the C-terminal part of PavA (amino acids 267 1 551)
were modelled by Swiss-Model (Biasini et al., 2014) based on the structures of FBPS-
N (PDB 5H3X) and FBPS-C (PDB 5H3W) of Streptococcus suis (Musyoki et al., 2016).
The relative orientation of both halves is based on the SAXS model of FBPS (Musyoki
et al., 2016). Residues 1-366 corresponding to PavA42 are shown in vivid colors, the
rest is dimmed. Domains | and Il of the N-terminal and C-terminal half, respectively, are
colored green, blue, magenta and yellow.
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Fig. 5.2: Topologies of the PavA-N and PavA-C compared to the FBPS-N and FBPS-C of S.
suis.

Topologies of the N-terminal part of PavA (PavA-N, amino acids 1 i 266) and the C-
terminal part of PavA (PavA-C, amino acids 267 i 551).

The Phyre2 Server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) was
used to produce homology models of PavA-N and PavA-C based on the published
structures of FBPS-N (PDB 5H3X) and FBPS-C (PDB 5H3W) of Streptococcus suis
(Musyoki et al., 2016). The sequence identity is 70% for the N-terminal part and 78%
for the C-terminal part. PavA42 used in this study comprises amino acids 1 to 362 and
thus, also parts of PavA-C. The secondary structure of this region is a-helical
secondary structure.
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Discussion

PavB is characterized by its repetitive SSURE domains (Jensch et al., 2010), while such
repetitive attributes are not present in pneumococcal PavA (Holmes et al., 2001). PavB is a
multifunctional adhesin molecule, interacting directly with a yet unknown cellular receptor, but
interacts in addition with Fn further with plasminogen and thrombospondin (Binsker et al.,
2015, Jensch et al., 2010). The binding activities of PavB depend on the number of SSURE
domains and accordingly, this study indicates that a decreasing number of SSURE reduces
the binding efficiency, supported by a negligible binding of soluble Fn for the single repeat
SSURE,. The crucial role of repetitive elements of pneumococcal PavB and PspC was also
indicated for the interaction with human thrombospondin (both PavB and PspC) (Binsker et
al., 2015) and vitronectin (only PspC) (Voss et al.,, 2013), strengthening the concept that
repetitive elements of bacterial proteins play a pivotal role in determining their function and
activity (Lin et al., 2012).

The structural characteristics of a typical monomer of Fn include the repetitive elements each
type repeat having an independent three-dimensional modular structure with multiple binding
sites for various biological ligands, thereby endowing this macromolecule with a huge
functional versatility (Henderson et al., 2011, Pankov & Yamada, 2002). Bacterial FnBPs
exploit the structural dynamics of Fn to colonize host eukaryotic cells and to enhance their
pathogenicity potential (Sinha et al., 1999, Talay et al., 2000, Edwards et al., 2010). While
FnBPs of Gram-positive bacteria such as S. aureus (FNBPA/B) (Ingham et al., 2004) and
S. pyogenes (Sfbl) (Talay et al., 2000) or of Gram-negative B. burgdorferi (BBK32) (Kim et
al., 2006, Probert & Johnson, 1998) bind to the N-terminal type | and type Il Fn repeats by
usi ng a ipgperdnedel, pheumococcal FnBPs differ most likely in this regard. The
Fn interaction of PavA with Fn is heparin sensitive (Holmes et al., 2001) suggesting the
involvement of heparin binding domain(s) of Fn. For PavB Bumbaca and colleagues
hypothesized that Fnlll repeats are targeted because the inter-domain distance of 41 A
between SSURE domains is similar to the 45 A distance between consecutive Fnlll repeats
as compared to the N-terminal Fnl repeats showing a distance of 22 A (Bumbaca et al.,
2004).

In agreement with this assumption, our study indicates binding of pneumococcal PavA,
PavA,, and PavB (SSURE,.;) to Fnlll repeats, while binding to the 70 kDa N-terminal Fn
domains was negative. The interaction patterns of PavA and PavA,, with Fnlll show some
variability, which depends on the experimental approach. SPR analysis demonstrated
negligible interaction of PavA and SSURE,.; with Fnlll;.;o, while far western dot blots imply

considerable interaction between these two interacting partners. For PavB no interaction
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region was reported for Fnlll”. PavA targets all Fnlll repeats with slight differences in binding
efficiencies, while PavA,, binds with highest affinity to the HBD represented by Fnlll***.
SSURE,.; as a representative of PavB protein interacts similar to PavA with all the Fnlll
repeats, and interacts most efficiently with Fnlll*#*,

The specific mode of interaction of pneumococcal FnBPs PavA and PavB to target
C-terminal Fnlll repeats reflects the mode of action of FnBPs expressed by other species like
Embp of Staphylococcus epidermidis, ShdA of Salmonella typhimurium, Pap31 of Bartonella
henselae, PM1665 of Pasteurella multocida, and Ail of Yersinia pestis, which also target the
Fnlll domain (Christner et al., 2010, Dabo et al., 2006, Kingsley et al., 2004, Mullen et al.,
2008, Tsang et al., 2012). However, pneumococcal FnBPs PavA and PavB bind to several of
the Fnlll repeats with variable intensity and affinity, while Embp binds preferentially to FnllI*?,
Shdl and Pap31 to Fnlll*3, Ail to Fnlll° and PM1665 to FnllI®*°, respectively. The FnBPs of
Gram-positive S. aureus and S. pyogenes or of Gram-negative B. burgdorferi possess

intrinsically disordered fibronect i-sheets ofrdli

re

domains by forming an additional anti-p a r a |-sheet| thefso called 62 i pper mechani s

(Kim et al., 2004, Schwarz-Linek et al., 2004, Schwarz-Linek et al., 2003). Such information
regarding the molecular mechanism of interaction between pneumococcal FnBPs and Fnlll

repeats awaits further structural analysis.

Strikingly, PavA and PavB recognized similar epitopes in Fnlll*, Enlll®, Enlll®, Fnlll®, Fnllli*2,
FnllI**and Fnlll*®, suggesting a common pattern of interactions. Fnlll*® contains repetitive
modules that have been shown to be important for Fn fibrillogenesis (Gao et al., 2003,
Ohashi & Erickson, 2011), a phenomenon crucial for the interaction of Fn with integrins and
further downstream cellular signalling (Abu-Lail et al., 2006, Wierzbicka-Patynowski &
Schwarzbauer, 2003). Fnlll**** encompasses the typical heparin binding domain 1l (HBDII) of

fibronectin, which is essential for Fn multimerisation (Mitsi et al., 2008) and assists the

central celkbi ndi ng domai n ( CCBDgp; integrin (Kimt et @la 2Q06). wi t h

Considering the biological function of both of these stretches of Fnlll repeats, it is logical to
speculate that pneumococcal FnBPs might exploit the individual function of these repeats to
interact with host eukaryotic cells via the integrin route. Consequently, pneumococcal PavA
and PavB did not recognize the amino acids in the critical motif RGD (Fnlll10) and the
synergistic motifs PHSRN (FnllI°) (only PavA) (Aota et al., 1994) and KNEED (FnllI®) (Wong
etal.,2002). These regions are empl oyed b wb;integnma n

Binding of PavA and PavB to Fnlll repeats was further analysed with regard to amino acid
composition and location of the bound epitopes. The bound epitopes preferably contain basic

amino acids, but disfavour acidic and larger hydrophobic residues. Consequently, the
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negatively charged motif KNEED in FnllI® is not bound. Competition of heparin and PavA for
the same binding sites on Fn also fits to these preferences. The negatively charged heparin
likely binds to basic amino acids as do PavA and PavB. Despite the large number of
recognized surface residues of Fnlll domains (more than 400 for PavA and PavB together),
no amino acid pattern or even specific recognition sequence emerges. It should be
emphasized at this point that the peptides presented on the membrane are too short for
building stable three-dimensional structures, which are present in the native structure of the
Fnlll domains. In addition the interaction studies with these short peptides cannot represent
the in vivo interaction of pneumococcal FnBPs with folded human fibronectin. Additionally, no
structural information on the glycosylation of these domains is available to date.
Topologically, the epitopes cluster on the inner strands of both b-sheets, which form the
fibronectin domain. The bordering/outer strands are less well recognized in contrast to the
Fnl domains where the edges of b-sheets of two neighbouring domains bind a streptococcal
FnBP peptide via a tandem b-zipper (Schwarz-Linek et al., 2003). This analysis has the
caveat that binding to peptides is used to model the location of binding epitopes on folded
Fnlll domains. Direct structural confirmation is missing. The unfolded state of Fnlll domains,
on the other hand, is not completely unphysiological. Fnlll domains can spontaneously unfold
exposing b-strands otherwise in the interior of b-sheets (Ohashi & Erickson, 2005). Also,
mechanical tension partially unfolds Fnlll domains exposing cryptic sites and enabling new b-

strand interactions required and observed during fibrillogenesis (Gao et al., 2003).
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Fig. 5.3: Schematic model of interaction of pneumococcal FnBPs PavA and PavB with Fn
type lll repeats.
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Some of the regions recognized by the FnBPs were synthesized as short peptides and these
peptides were tested individually for their capacity to interact directly with immobilized
pneumococcal PavA and PavB via SPR. Indeed, four of the six peptides (Fnlll* 634-651,
FnlllI® 1015-1038, Fnlll*® 1910-1936 and Fnlll*® 1970-1991) bind to PavA and PavB. These
peptides are rich in lysine and arginine residues and thus positively charged. In contrast, the
two other peptides of Fnlll**** (Fnlll'* 1648-1662 and Fnlll** 1823-1834) showing no positive
interaction with PavA and PavB, respectively, are neutral or even negatively charged. In
addition these peptides are shorter compared to the positively tested peptides. This point to
a pivotal role of basic amino acids in Fnlll repeats to interact with FnBPs. Remarkably, this
fits perfectly to the interaction of PavB with plasminogen (Jensch et al., 2010).

In conclusion, the identified direct binding of these Fnlll peptides may thus find an application
for these peptides as antimicrobial agents specifically for S. pneumoniae but also for other
Gram-positive and Gram-negative bacteria targeting Fnlll repeats by their respective FnBPs
in order to combat colonization and invasive infections. In fact, one of these peptides, namely
Fnlll*™®> 1910-1936, has indeed been confirmed earlier for its antimicrobial potential against
some Gram-positive and Gram-negative bacteria (Andersson et al., 2004, Malmsten et al.,
2006).

5.2. Interaction of pneumococcal PavB with human
glycoprotein vitronectin

Human vitronectin is a multifunctional glycoprotein displaying multiple functional attributes at
various biological sites of the human body (Preissner 1991; Preissner & Seifert 1998).
Vitronectin is, similar to other proteins of the human extracellular matrix (ECM) or serum
complement proteins, exploited by various Gram-positive and Gram-negative bacteria to i)
evade the host immune response based upon the complement inhibiting potential of
vitronectin (Blom et al., 2009, Zipfel et al., 2007, Hallstrom et al., 2009, Singh et al., 2010a,
Hallstrom et al., 2006, Attia et al., 2006) and/or ii) to adhere and subsequently invade the
host eukaryotic cells via e .bgowngtb theeassociajion of
vitronectin with host ECM (Chhatwal et al., 1987, Liang et al., 1997a, Bergmann et al., 2009,
Eberhard & Ullberg, 2002). Streptococcus pneumoniae preferentially interacts with the
multimeric form of vitronectin and exploits this glycoprotein as a molecular bridge to interact
with host eukaryotic cells via the integrin route (Bergmann et al., 2009). Recently, two
pneumococcal proteins expressed by different serotypes, namely the choline-binding protein
PspC and the sortase-anchored PspC-like protein Hic expressed exclusively by serotype 3

strains, have been reported as pneumococcal vitronectin-binding proteins (Voss et al., 2013,
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Kohler et al., 2015). A further study indicated the role of PspC and pneumococcal colonizing
factor PavB as adhesins for human thrombospondin-1 (hTSP-1) (Binsker et al., 2015). As a
classical MSCRAMM, PavB is bound to the pneumococcal peptidoglycan via a sortase
dependent transpeptidation reaction. PavB is a multifunctional adhesin and interacts also
with the human adhesive glycoprotein fibronectin and plasminogen (Jensch et al., 2010).
This study hypothesized that PavB plays a role in the capability of pneumococci to bind
human vitronectin along with hTSP-1, considering the redundant potential of pneumococcal
PspC which can also interact with both of these matricellular proteins i.e., Vn and hTSP-1.

Pneumococcal PspC and PspC-like protein Hic have been reported as Vn-binding proteins
(VnBP) interacting with the HBDIIlI and its N-terminal region (Kohler et al., 2015). The
deficiency of PspC or Hic in serotype 3 decreased significantly the acquisition of vitronectin
when compared to the isogenic wild-type strains. However, Vn-binding was not abolished
suggesting the presence of other so far unidentified VnBP(s). To assess whether
pneumococcal PavB is a potential VnBP, a flow cytometry based approach was conducted.
Indeed, the results indicated that PavB contributes to the acquisition of soluble human
vitronectin as the mutant devoid of PavB showed a significant decrease in binding. In
addition, a double knockout lacking both surface-exposed proteins PspC and PavB showed a
significant decrease in Vn-binding compared to the single knockouts of these genes. This
additive effect clearly demonstrates a concerted role of these proteins for the interaction with

human vitronectin.

In its core domain pneumococcal PavB is composed of repetitive elements, known as
Streptococcal SUrface REpeats (SSURE). The core SSURE, highly conserved with only a
few nucleotide polymorphisms, are crucial for the interaction with host proteins (Jensch et al.,
2010, Binsker et al., 2015). The genetic background of the pneumococcal strain is decisive
for the number of these core SSURE in PavB (Jensch et al., 2010, Jedrzejas, 2007). To
delineate the interaction of pneumococcal PavB with human vitronectin various direct
protein-protein interaction assays were conducted. Native dot blots demonstrated that PavB
is able to recruit vitronectin from human plasma thereby indicating its ability to interact with
human vitronectin when present in serum. In addition, pneumococcal PavB was also able to

interact with the immobilized multimeric form of Vn.

The Vn-PavB interaction was further verified in a complementary approach. ELSIA indicated
the potential of PavB to interact with both soluble and immobilized human vitronectin.
However, all binding assays suggested that the binding activities of PavB rely on the number
of SSURE domains. Hise-SSURE, s representing the full-length PavB showed the highest
binding activities in dot blots and ELISA, followed by Hiss-SSURE,.; representing two
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repeats and the single repeat Hiss-SSURE,. Interestingly, this order of interaction intensities
was opposite when binding assays were performed with soluble vitronectin. In these assays
a single Hise-SSURE domain showed the highest binding activities followed by SSURE;.;
and SSURE,s. The ability to interact with both the soluble and immobilized form of human Vn
was also reported for pneumococcal PspC and Hic (Voss et al., 2013, Kohler et al., 2015)
and similar to PavB, there was a discrepancy in the adhesin-Vn interaction between results
obtained for soluble or immobilized Vn. A plausible explanation for this disparity is
conformational differences between the soluble and immobilized form of vitronectin, which
are associated with the exposure of cryptic sites and are an important factor for the function
of matricellular proteins (Zhuang et al., 1996, Izumi et al., 1989, Francois et al., 1999).

Considering the results of native dot blots and enzyme linked immunosorbent assays, the
interaction of pneumococcal PavB with human vitronectin was further explored by surface
plasmon resonance (SPR). This specific technique aimed to quantitatively analyze the
kinetics of the PavB-Vn interaction. The results revealed a similar hierarchy of binding
activities between pneumococcal PavB and immobilized multimeric hVn compared to native
far western blots and ELISA. All SSURE domains interacted with immobilized human
vitronectin in the micromolar range. When equimolar concentrations (5 uM) were applied, the
highest association rate was measured for Hisg-SSURE;s , indicated by the highest
response unit (RU=120) and lowest value of dissociation constant (K;=5.93E-07) ,followed
by Hisg-SSURE,.; (100 RU and Kp=4.26E-06), and the single repeat Hiss-SSURE, (80 RU
and Kp =4.66E-05).

Taken together various protein-protein interaction approaches applied confirmed a direct
interaction between pneumococcal PavB with human vitronectin. The PavB-Vn interaction
was dose-dependent and dependent on the number of PavB SSURE domains. The
importance of repetitive elements of pneumococcal MSCRAMMs has also been shown for
the interaction of PspC with Vn (Voss et al., 2013) and TSP1 (Binsker et al., 2015) as well as
for the PavB-Fn (Kanwal et al., 2017) and PavB-TSP1 interaction (Binsker et al., 2015).
These findings point to a general and conserved molecular mechanism of how
pneumococcal MSCRAMMSs interact with matricellular or adhesive glycoprotein(s) like Fn,
Vn, or TSP1.

After analyzing the kinetic parameters of the PavB-Vn interaction, the biochemical
parameters and the charge dependence of this interaction was assessed by ELISA. In the
presence of sodium chloride the ability of PavB (Hiss-SSURE,.3) to interact with human
multimeric vitronectin was inihibited, indicating that this interaction is governed by ionic

forces. In addition, the PavB-Vn interaction was heparin sensitive, similar to the PspC-Vn or
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Hic-Vn interaction (Kohler et al., 2015, Voss et al., 2013). This leads to the hypothesis that
one of the heparin-binding domain(s) of vitronectin might play a role in this interaction

Contrary to other human ECM proteins, vitronectin and hTSP-1 are matricellular proteins
(Bornstein, 1995) and differ therefore from other ECM proteins. For example the human
glycoprotein fibronectin is a classical ECM protein and plays a structural role in the
developing host via its fibrillogenesis, which is a cell-mediated matrix assembly process
(Ohashi et al.,, 1999, Moretti et al., 2007, Ohashi & Erickson, 2011). The function of
vitronectin, in its oligomeric form, is largely dependent on the matrix to which it is bound
(Bornstein, 1995). Important factors in these various processes are the glycosaminoglycans
(GAGSs), which are one of the constituents of human ECM. These GAGs and in particular
heparin dictate the biological role of vitronectin by influencing its oligomeric state (Francois et
al.,, 1999) and consequently, GAGs affect the association of Vn with the characteristic
vitronectin r©sc(Ehllakarret . \2BIR)) VnBPs of several Gram-negative
bacteria such as H. influenzae (Cotter et al., 2005, Hallstrom et al., 2006), M. catarrhalis
(Attia et al., 2006, Singh et al., 2010a) and N. gonorrhoeae (Arko et al., 1991) target the
HBD(s) of human vitronectin. In case of S. pneumoniae the bacterial uptake by epithelial
cells via vitronectin is influenced by heparin, further confirming the importance of this
glycosaminoglycan in the interaction between human vitronectin and pneumococci
(Bergmann et al., 2009). Competitive ELISA indicated the potential role of HBD(s) of human
vitronectin for the interaction with pneumococcal PavB. In order to narrow down the heparin-
binding domain for pneumococcal PavB a series of C-terminally truncated fragments of
vitronectin (spanning amino acid residues 80-396) were employed and investigated for their
binding via various direct protein-protein interaction assays (Fig. 5A). Native dot blots
indicated that the HBDIII located in the C-terminal part of Vn is crucial for the interaction
between PavB and human glycoprotein vitronectin as the fragment lacking HBDIII (Vn80-
229) showed a negligible interaction with PavB (Hiss-SSURE,.3). In addition, other
complementary approaches like ELISA and SPR confirmed that pneumococcal PavB exploits
the C-terminal HBDIII to interact with human Vn. This particular phenomenon has also earlier
been reported for other pneumococcal VnBPs such as PspC and Hic (Voss et al., 2013,
Kohler et al., 2015). In addition, PavB further interacts with matricellular hTSP-1 in a heparin
sensitive manner (Binsker et al., 2015). This might indicate a conserved mode of interaction

of pneumococcal VnBPs with the human glycoprotein Vn.

Taken together this study analyzed the potential of pneumococcal MSCRAMM PavB to
interact with vitronectin. We confirmed that PavB has a redundant potential to interact directly

with human Vn in addition to its interaction with hTSP-1, Fn and PLG. The interaction of
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PavB with human host proteins including Vn is dependent on the repetitive SSURE domains
of PavB. Moreover, the interaction between PavB and Vn is similar to the interaction of
pneumococcal PspC or Hic with Vn in terms of exploiting the C-terminal HBDIII of human Vn.
Although various aspects of the direct interaction of pneumococcal PavB with human
glycoprotein vitronectin were successfully analyzed, there are nevertheless several avenues
of this particular biological phenomenon which have to be explored in future. Human
vitronectin plays a crucial role of complement regulation as a serum protein by inhibiting the
terminal complement cascade (Zipfel et al., 2007). Several Gram-positive and Gram-negative
bacteria have been investigated for their ability to exploit Vn to acquire serum resistance
(Hallstrom et al., 2006, Hallstrom et al., 2009, Singh et al., 2010a, Attia et al., 2006). For
PspC and PspC-like Hic it has been shown that Vn bound to these bacterial proteins was
biologically active and able to inhibit the terminal complement cascade (Voss et al., 2013,
Binsker et al., 2015). Nevertheless, pneumococcal VnBPs have not been studied in detail
regarding their potential to endow serum resistance to this microbe and hence, this
phenomenon awaits further analysis. Further studies are also needed to analyze the
underlying structural basis of this interaction and to decipher complex structures as they
have been elucidated for the interaction of FnBPs of Gram-positive S. aureus and S.
pyogenes and Gram-negative B. burgdorferi with human Fn (Schwarz-Linek et al., 2003,
Schwarz-Linek et al., 2004, Kim et al., 2004). In addition, it is also important to study the
underlying signaling transduction cascades involved during host-pathogen interaction
mediated by these specific VnBPs.

5. 3. The adhesin Pav B ,bibto
interact directly with eukaryotic cells

The pneumococcal virulence factor B (PavB) has emerged as one of the multi-factorial
virulence factors in Streptococcus pneumoniae. On the one hand this pneumococcal protein
acts as an MSCRAMM and targets several host proteins such as fibronectin, plasminogen,
vitronectin and thrombospondin-1 to interact with eukaryotic host cells (Jensch et al., 2010,
Binsker et al., 2015, Kanwal et al., 2017). On the other hand PavB plays a dual role of
interacting directly with host cells without any molecular mediator (Jensch et al., 2010). In
vitro cell culture infection assays confirmed the role of PavB as a direct adhesin as
demonstrated earlier by Jensch et al. (Jensch et al., 2010). This direct interaction of PavB
with host eukaryotic cells has been delineated in this study and i nt e gbg a host ¢ellular

receptor for PavB has been identified.
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Because of the diversity of pneumococcal surface-exposed adhesins, the interaction
analysis of pneumococci with host eukaryotic cells specifically mediated by PavB and
identification of its specific receptor(s) on eukaryotic host cells is potentially limited. To
overcome this limitation the direct interaction of PavB with host cells was analyzed by using a
stable and representative recombinant fragment of PavB i.e. SSURE,.;. The direct binding
assays with host respiratory epithelial cells (A549 and D562) demonstrated a dose-
dependent interaction of Cy5-SSURE,.; further confirming the direct interaction of PavB with
host cells as shown earlier (Jensch et al., 2010). These preliminary analyses confirmed that
pneumococcal PavB indeed employs directly a host cellular receptor to facilitate

pneumococcal interaction with host tissue.

The role of PavB as a pneumococcal MSCRAMM has already been indicated in
several studies (Jensch et al., 2010, Binsker et al., 2015, Kanwal et al., 2017). In order to
assess the effect of matricellular proteins like Fn and Vn when PavB interacts directly with
host respiratory epithelial cells, binding assays with Cy5-SSURE.,.; were conducted in the
presence of these host proteins. As expected the presence of cell-bound Fn increased the
binding of PavB (Cy5-SSURE..3) to host cells. Strikingly, surprising results were obtained in
the presence of cell-bound Vn. Besides the fact that pneumococcal PavB can interact with
human Vn, the ectopic Vn on the eukaryotic cellular surface decreased the binding of this
adhesin. This competitive inhibition was more dominant at lower concentrations of host cell-

bound Vn (3.0 pg and 5.0 pg) and diminished at higher concentration (10 pug) of Vn.

This competitive effect of vitronectin led us to hypothesize that the specific vitronectin
r e c e p,bsanay fudction as cellular receptor for PavB. To substantiate this hypothesis, a
series of complementary binding experiments were conducted. Functional antibodies
bl ocking different integri ns,sduebnonni§ttirbaidinglf
SSURE;.3. Bl ocking ant i byaadidbssid noesgufigantly mfluenge bibding
of SSURE,.3 to host cells, which might be attributed to the lower presentation of these two

S

i ntegrins on the surf aaa dofegriddubulits arecekpressed aBae si de s

significant level on the surface of A549, their blocking did not inhibit binding of SSURE.5 to
host cells. This finding is corroborated by the supportive role of hFn in binding of SSURE.3to

host respiratory epi tdbantegriadan be exclided as ancdrididatetofi n g

PavB receptor on host cells. Noteworthy, blocking experiments performed with
nasopharyngeal epithelial cells D562 did not reveal a role as pneumococcal PavB receptor
for the ,bgotrghginat have bedn analysed. As a complementary approach binding
of SSURE,.; was anal y-kmoaked tdawn ¢l lines. Despite a successful genetic

abl ati on and decr eas gitegearnxspburet 8rsA549 repittelial celld) enly g
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minimal reduction was observed in interaction of SSURE,.; wi t Jknotked down cells as
compared to the non-transfected cells. Because integrins represent a crucial group of cell-
celkadhesi on mol ecul es, a receptor compesiRBAt i on f
transfection of A549 cells might be speculated to be one of the reasons for this observation
and mini mal e f f e c,bsiintedrih for the ditee interdction df pneubhococcal
PavB with host cells was further confirmed in binding studies of Cy5-SSURE,.; with murine
embryonic fibroblasts (MEFs) and murine kidney fibroblasts (MKFs) expressing and lacking
U, s ®r , irflegrin subunits. Indeed, binding of Cy5-SSURE,.; was significantly reduced to
MEFs lacking either Ub; integrin or o n | y stintregrin Bubunit. Confirming the blocking
experiments no significant differences in binding of Cy5-SSURE,.; were measured to MKFs
expressing an dintdgrin sdbunit. ghede hlata fusther rule out the possibility of
t h eb, ibtegrin to function as a receptor candidate for pneumococcal PavB. Importantly,
direct binding studies using SPR indicated the direct interaction between PavB (SSURE..3)
and recombin a n tbs-integrin. The affinity between the representative PavB domain

SSUREx»s;and r e c o nf-intaganmwas chlculated to be in the micromolar range.

Pneumococcal colonization and/or virulence factors interacting directly with eukaryotic host
cells include the choline-binding protein PspC, the substrate-binding lipoprotein for the ABC
manganese transporter PsaA, pneumococcal serine rich repeat (PsrP) and RrgA subunit
of Pilus-1 adhesin. These proteinaceous virulence factors employ hpIgR, laminin
receptor (PspC), E-cadherin (PsaA), CR3 receptor (RrgA) and keratin-10 (PsrP),
respectively, as direct cellular receptors to facilitate colonization and pathogenesis of
eukaryotic host (Hammerschmidt, 2006, Agarwal & Hammerschmidt, 2009, Agarwal et
al.,, 2010, Asmat et al., 2011, Asmat et al., 2012, Orihuela et al., 2009, Anderton et al.,
2007, Shivshankar et al., 2009, Moschioni et al., 2010, Orrskog et al., 2012). In case of
RrgA of pilus islet 1, the CR3 receptor is exploited to mediate the systemic dissemination of
pneumococci via macrophages (Orrskog et al., 2012) nevertheless the cellular receptor on
epithelial cells is not known for this adhesin (Moschioni et al., 2010). Remarkably, this study
proves for the first time the ability of a pneumococcal adhesin, namely PavB, to interact
directly with one of the integrin of host epithelial cells, thereby bypassing the need of a
bridging molecule to promote the host-pathogen interaction. This finding appears to be
paradoxical because PavB can on one hand recruit human Vn and exploit on the other hand
i t s r edeoeittevact with host cells. It is likely that pneumococcal PavB interacts with
human Vn at a higher concentration (in plasma) and employs this protein to evade host
complement attack. This hypothesis is supported by our observation that Vn competes with

PavB only at a | ow c¢ onc e bfimegrin,iwhile kighfcancentrations di ng t
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of endogenously added Vn tend to diminish the competitive effect of Vn in direct binding of

PavB to host cells. In this case PavB is analogous to the invasin of enteropathogenic

Yersiniae, which bypasses binding to ECM (Fn) at low concentrations and prefer targeting of

t h e,bg-ifﬂtegrin to interact with host cells (Hudson et al., 2005, Wiedemann et al., 2001).

Therefore pneumococcal PavB presents a unique case in being able to manipulate the
concentration of Vn to its benefit. It therefore facilitates S. pneumoniae to successfully

pathogenize the cells by not only supporting host immune evasion (via interaction with Vn)

but also enhancing adherence with eukaryotic hos t cells (ingbgpthaebyt i ng wi
displaying a dual mode of action in two different host niches.

Several Gram-negative bacterial species as well as several viruses have the potential to
interact directly with integrins (Niemann et al., 2004, Pizarro-Cerda & Cossart, 2006, Cossart
& Sansonetti, 2004, Relman et al., 1990, Isberg et al., 1987, Hoepelman & Tuomanen, 1992,
Grassl et al., 2003, Watarai et al., 1996, Kwok et al., 2007, Plancon et al., 2003, Hussein et
al., 2015, Nemerow & Cheresh, 2002, Chu & Ng, 2004, Berinstein et al., 1995, Mathias et al.,
1994, Hudson et al., 2005). In most of the cases the microbes utilize this route to get
internalized inside the cells. Prominent examples are intracellular pathogens including
bacterial species such as H. pylori, N. meningitidis, Y. pseudotuberculosis, B. pertussis and
several viruses including Herpes virus, West Nile virus, adenoviruses and foot-and-mouth
disease virus (Grassl et al., 2003, Cossart & Sansonetti, 2004, Watarai et al., 1996, Leong et
al., 1990, Hussein et al., 2015, Kwok et al., 2007, Plancon et al., 2003).

This study reports to our knowledge the first example of a Gram-positive extracellular
pathogen to interact with inegrik His§rmattdér af debazA M, nan
whether S. pneumoniae utilizes this direct interaction with the integrin solely for adherence to
host eukaryotic cells or whether this interaction can also be exploited like the PspC-hpIlgR
interaction to facilitate transcytosis of bacterium across respiratory epithelium (Agarwal &
Hammerschmidt, 2009, Asmat et al., 2011, Asmat et al., 2012). In addition, the mode of
interaction has still to be analyzed. Pneumococcal PavB does not have an RGD motif able to
promote binding to the integrin. This suggests the possibility of an RGD-independent mode
of interacti on,,ym$istiuefor the RGDmtepepdent imterattion of invasin of
enteropathogenic Yersiniae (Leong et al., 1990, Isberg & Leong, 1990, Isberg et al., 2000,
Wiedemann et al., 2001, Hudson et al., 2005). This hypothesis is also supported by the
inability of RGD peptidomimetic drug CWHM12 to inhibit binding of PavB (Cy5-SSURE,.3) to
host cells, while the enantiomer of this drug (CWHM96) significantly inhibited the binding of

PavB to host cells.
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In conclusion, this study provides the evidence of a direct interaction of the pneumococcal
protein PaV®integiintab a edukargoticltellular receptor. The biological relevance
of this particular phenomenon still lies in obscurity and therefore demands further scientific

studies.
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6. Materials

6.1 Microorganisms and culture media
6.1.1 Microorganisms

Escherichia coli

Table 6.1: Competent E. coli strains used

strain genotype

source

DH5U F-0 8 AdcZ oM 1 Slachy@-argF) U169 recAl endAl
hsdR17 (r, mg’) phoA supE 4 4- thel gyrA96 relAl

Life Technologies

BL21 (DE3) F- ompT hsdSB(rg", mg) gal dcm (DE3) Merck
Table 6.2: E. coli strains used
clone E.coli description vector characteristics sourcel/reference
#
320 DH5 U pQSSURE2(3) pQE-30 Amp', SSURE, Daniela Pracht,
TIGR4 hi 2005
1Sg
387 DH5 U pQrepeat2+3 PQE-30 Amp', SSURE;.3 Daniela Somplatzki,
TIGR4 . 2006
Hisg
388 DH5 U pFnbl/2 PQE-30 Amp', SSURE 5 Christa Albert,
TIGR4 hise 2006
400 BL21 pET15b pET15b  Pt7, lacl, his6, Amp', Ohashi et al., 2005
DE3  FN315 fili1-5
401 BL21 pET15b pET15b  Pt7, lacl, his6, Amp®, Ohashi et al., 2005
DE3  FN34-7 il 4-7
402  BL21  pET15b pET15b  Pt7, lacl, his6, Amp®, Ohashi et al., 2005
DE3  FN37-10 frill 7-10
403 BL21 pPET15b pET15b  Pt7, lacl, his6, Amp®, Ohashi et al., 2005
DE3  FN310-12 il 10-12
404 BL21 pPET15b pPET15b Pt7, lacl, his6, AmpR , Ohashi et al., 2005
fnlll 12-14

DE3 FN3 12-14
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405 BL21  pETI15b pET15b  Pt7, lacl, hisé, Amp®, Ohashi et al., 2005
DE3 FN3 13-15 fnlll 13-15

Numbers correspond to the collection of the working group. Abbreviations used for Antibiotics: Amp":
Ampicillin; Erm®: Erythromycin; Km": Kanamycin; R: resistance

Streptococcus pneumoniae

Table 6.3: Wild-type strains of S. pneumoniae

number strain serotype NCTC Number source or reference

SP257 D39 2 NCTC 7466 Tiraby et al., 1975

SP37 NCTC10319 35A NCTC10319 Hammerschmidt et
al., 1995

Numbers correspond to the collection of the working group.

Table 6.4: Mutant strains of S. pneumoniae

number WT genotype resistance source or reference
PN111 D39 gxps Km' Rennemeier et al.,
2007
PN140 D39 grps qpavB Erm' Jensch et al., 2010
PN194 D39 gTps Erm’ Voss et al., 2013
qpspC
PN361 D39 grps qpavB  Km', Erm', Binsker et al., 2015
gpspC Spec'
PN114 NCTC10319 gpspC Erm' Hammerschmidt et
al., 2007
PN126 NCTC10319 qpspC Erm' Jensch et al., 2010
PN483 NCTC10319 gpavB Km', Erm’, Binsker et al., 2015
gpspC spec’

Numbers correspond to the collection of the working group. Abbreviations used for Antibiotics: Erm":
Erythromycin; Km®: Kanamycin; Spec': Spectinomycin; R: resistance (referring to table 6.4)
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6.1.2 Culture media used for cultivation of microorganisms

Table 6.5: Culture media used for the cultivation of S. pneumoniae and E. coli

microorganisms

culture media

composition

S. pneumoniae

E. coli

blood agar plates

THY-medium

LB-agar -plates

LB-medium

23 g/l Pepton, 5 g/l NaCl,

14 g/l Agar, 65 ml/l sheep
blood, pH 7.4 (Oxoid, Wesel,
Deutschland)

36.4 g/l Todd Hewitt Broth,
0.5 % yeast extract

1 % Bacto-Trypton, 0.5 %
yeast extract,

1% Bacto-Trypton, 0.5 %
yeast extract, 0.5 % NacCl,
pH 7.5

6.2. Antibiotics

Table 6.6: Final concentration of antibiotic solutions used for the selection of

microorganisms

antibiotic E.coli[ € g/ ml ] S.pneumoniae source
[ eg/ ml]

Erythromycin 250 5 Sigma

Kanamycin 50 50 Roth

Penicillin G - 100 Units/ml Sigma

Gentamicin - 100 Sigma

6.3 Eukaryotic cells and culture media

6.3.1 Eukaryotic cell lines

Table 6.7: Characteristics and origin of human and murine cell lines

cells properties source or reference
A549 adherent alveolar epithelial ATCC CCL-185
cells (Typell pneumoc_ytes) Giard et al., 1973
from human lung carcinoma
Detroit 562 human adherent epithelial ATCC CCL-138

cells from pharynx carcinoma

Peterson WD Jr. 1968
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MEFs mouse embryonic fibroblasts  Dr. Groshup. FLI, Insel
Riems
MEFITGAYV -/- kn o ¢ k o u, integrii U Dr. Groshup. FLI, Insel
Riems
MEFITGB3 -/- kn o ¢ k 0 wintegoirf b Dr. Groshup. FLI, Insel
Riems
MEFITGB3 -/- rescue MEF wi t h 4 es c u Dr.Groshup. FLI, Insel
expression Riems
MKFITGBL1 flox/flox mouse kidney fibroblasts Dr. Groshup. FLI, Insel
expressin g ; ifitegrin Riems. (R. Fassler, Max
Planck Institute, Martinsried,
Germany)
MKFITGBL1 -/- mouse kidney fibroblasts Dr. Groshup. FLI, Insel
| ac k iimegrinb Riems (R. Fassler, Max
Planck Institute, Martinsried,
Germany)

6.3.2 Culture media and culture additives for eukaryotic
cells

Table 6.8: Culture media for cell lines

cells medium

A549 and MEFs DMEM (Dul beccobds Modi fied
Glucose (PAA), 10 % FBS
(Foet al Bovine Serum AGol

(PAA), 0.1 mg/ml Streptomycin (PAA), 100 Units/ml
Penicillin (PAA)

Detroit 562 RPMI1640 (PAA Laboratories GmbH), 10 % FBS, 2
mM glutamine, 1 mM sodium pyruvate, 0.1 mg/ml
streptomycin, 100 units/ml penicillin

Table 6.9: Cell culture supplements and other materials used in cell culture

additive components and origin
FBS (FCS) Fet al Bovine Serum fAGol
GmbH)

Fetal Bovine Serum (GIBCO®)

Penicillin/Streptomycin 0.1 mg/ml Streptomycin, 100 Units/ml Penicillin
(PAA, laboratories GmbH)

Trypsin/EDTA 5 mg/ml trypsin, 2.2 mg/ml EDTA (PAA,

99



Materials

laboratories GmbH)
0.25 % 2.5 g trypsin EDTA (Hyclone)

Zeocin InvivoGen (100mg/ml)

Table 6.10: Reagents and siRNA used for transfecting eukaryotic cells

reagent(s) source

Lipofectamine RNAiMax Life technologies
Opt-rMEME medi a Thermofisher (Gibco®)

s i RN A (s¢-29373) Santa cruz Biotechnology

control-siRNA (FITC conjugated), (sc-36869) Santa cruz Biotechnology

6.4 Enzymes, proteins and peptides

Table 6.11: Enzymes

enzymes source
DNase | Roche
Lysozyme Sigma

Table 6.12: Proteins

protein source

BSA, Albumin fraktion V, protease-free Roth

Human fibronectin Haematologic Technologies Inc.,UK
Human vitronectin AG Hammerschmidt

Human thrombospondin-1 AG Hammerschmidt

Fn-70kDa Millipore

U/bs integrin R&D

Usb, integrin YO proteins, part nr. 638
recombinant Vn fragments produced in Dr. Kristian Riesbeck, Lund University
HEK293 cells Sweden

Fnlll peptides Dr. Werner Tegge, Braunschweig
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Fnlll spot membrane (445 spots) Dr. Werner Tegge, Braunschweig

6.5 Antibodies

Table 6.13; Antibodies

antibodies dilution source

Fluorophore conjugated

Alexa Fluor 488 goat-anti-rabbit IgG 1:500 Invitrogen
Alexa Fluor 568 goat-anti-rabbit IgG 1:500 Invitrogen
Alexa Fluor 488 goat-anti-mouse 1gG 1:1000 Invitrogen

Enzyme conjugated

goat-anti-mouse-peroxidase coupled 1:5000 Dianova

goat-anti-rabbit-peroxidase coupled 1:25000 Dianova

goat anti-mouse, alkaline phosphatase  1:7500 Dianova

conjugated

goat anti-rabbit, alkaline phosphatase 1:5000 Abcam

conjugated

Streptavidin-alkaline phosphatase 1:5000 Millipore

conjugated 1gG

Unconjugated

rabbit anti-pneumococcal antiserum 1:500 AG Hammerschmidt

rabbit anti-vitronectin antiserum 1:1000 Complement
technology

rabbit anti-fibronectin 1:600 Dianova

mouse anti-PavB (SSURE..s) 1:500 AG Hammerschmidt

rabbit anti-PavA 1:500 AG Hammerschmidt

anti-Integrin U, (CD51) mouse IgG1 1:1000 Chemicon/millipore

anti-l nt e g (Cb6i) mouse IgG1 1:1000 Chemicon/millipore

anti-Integrin Ubs; mouse IgG1 1:1000 Chemicon/millipore

mouse lgGlkappa 1:1000 Ancell

mouse IgG2b 1:1000 Immunotools
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6.6 Commercial kits and markers

Table 6.14: Size of markers used for protein electrophoresis

protein-/DNA-marker band size in [kDa] or [bp] source

size

P ag e Ru prestaifed 170, 130, 100, 70, 55, 40, 35, 25, 15, 10 Fermentas
[kDa]

Table 6.15: Commercial kits used for protein biochemical work

commercial kit source

Amer s hamE Cy-Eéactivélo n GE Healthcare
dye pack

regeneration Scouting Kit, BIACORE GE Healthcare

FluoReporter®Mini-biotin-XX protein I nvitrogeneE, Mol ecul ar
labeling Kit

6.7 Solutions, buffers and columns

Table 6.16: Buffers, solutions and substances for the protein biochemical work

solutions/buffer/substances components

I s opr ®dAyhlogalctopyranoside 1 M IPTG, dissolved in dist. H,O
(IPTG)

Lysozyme, stock solution 10 mg/ml, dissolved in TES-buffer

stacking buffer 0.5 M Tris-HCI, pH 6.8

separation buffer 1.5 M Tris-HCI, pH 8.8

10 x SDS-PAGE-running buffer 230 mM Tris, 1.52 M glycine, 1 % SDS

1 x SDS-PAGE-running buffer 230 mM Tris, 1.52 M glycine, 1 % SDS

20 x semi-dry-SDS-transfer buffer 116 g Tris-HCI, 58 g glycine, 74 ml 10 % SDS,

dissolved in dist. H,O

1 x semi-dry-SDS-transfer buffer 50 ml 20 x Semi-Dry-SDS-Transfer buffer, 20 ml
Methanol, add 1000 ml dist. H,O

5 x SDS-PAGE-protein sample buffer 6 ml dest. H,O, 10 ml stacking buffer, 10 % SDS,
10 ml gl y c-reercaptoethabol, spatulafip
bromophenol blue
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2 x SDS-PAGE-protein sample buffer

TBS

coomassie-staining solution

coomassie-destaining solution

20 % stacking buffer, 2 % SDS, 20 % glycerin, 10
% b-mercaptoethanol, spatula tip bromophenol blue

50 mM Tris-HCI, 200 mM NacCl, dissolved in dist.
H,O, pH 7.4

25 % ethanol, 10 % acetic acid, 0.5 % Coomassie
brilliant blue-R250, dissolved in dist. H,O

25 % ethanol, 10 % acetic acid, in dist. H,O

Table 6.17: Buffers and solutions used in protein purification

system/buffer

composition

af finity chromatog
His Trap FF Crude 1 ml

stripping buffer

column storage

binding buffer

elution buffer

FF Columns, GE Healthcare

20 mM NaH,PO,, 500 mM NaCl, 50 mM EDTA, pH
7.0

20 % ethanol

20 mM NaH,PO,4, 500 mM NacCl, 20 mM imidazole,
pH 7.4

20 mM NaH,PO,, 500 mM NacCl, 500 mM imidazole,
pH 7.4

Table 6.18: Buffers and solutions used in cell biological work

system/buffer

composition

1 x PBS

PFA-stock solution

Mowiol solution

permeabilization solution
DIF-permeabilization
DIF-fixation

DIF-blocking solution

37 mM NacCl, 2,7 mM KCI, 80 mM Na,HPO,, 1.8 mM
KH,PO,, pH 7.4

37 % paraformaldehyde (v/v) in dist. H,O

2.4 g Mowiol®, 6 g glycerol, 12 ml 0.2 M Tris pH 8.5,
0.1 % DABCO®, 6 ml dist. H,O

1 % saponin (w/v), dissolved in RPMI1640
1 % Triton X-100 in 1 x PBS
1% PFAIn1xPBS

10 % FBS in 1 x PBS
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Table 6.19: Buffers and solutions used in surface Plasmon resonance (BiacoreT100)

system/buffer

composition

activating reagent
activating reagent

coupling buffer

running buffer

regeneration buffer

20 mM (Diethylaminopropyl) carbodiimide, EDC
50 mM N-hydroxysuccinimide, NHS

10 mM Natriumacetat, pH 4.0
10 mM Natriumacetat, pH 4.5
10 mM Natriumacetat, pH 5.0
10 mM Natriumacetat, pH 5.5

PBS, 0.05% Tween, pH 7.4

50 mM NaOH
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7. Methods

7.1. Working with bacteria
7.1.1. Growth and cultivation of E. coli.

E. coli were grown on LB agar plates or in liquid LB medium at 30°C. In case of liquid culture
the bacteria were cultivated under shaking conditions (120 rpm). Appropriate antibiotics were

added wherever applicable.
7.1.2. Growth and cultivation of S. pneumoniae.

Streptococcus pneumoniae were grown on blood agar plates (Oxoid, Wesel, Germany) for
6-8 hrs or in Todd-Hewitt-broth (Roth, Karlsruhe, Germany) supplemented with 0.5% yeast
extract (THY) to mid-log phase at 37°C and 5% CO.. In case of mutant strains the cultivation
and growth was carried out by adding appropriate antibiotics.

7.1.3. Cryopreservation of bacterial strains

The bacterial strains were cryo-preserved in 20% (v/v) glycerol at -80°C for long term use
and storage.

7.2. Handling eukaryotic cell lines

7.2.1. Cell culture conditions and sub-cultivation of eukaryotic
cells

The eukaryotic cell lines were handled under carefully maintained sterile conditions. Cell line
specific media were used for culturing, seeding and sub-cultivating cell lines in sterile tissue
culture flasks and/or plates at 37°C under 5% CO, atmosphere. All the reagents including the
media were pre warmed in the incubator (37°C) before starting with any cell culture

procedure.

The cell cultures were carefully maintained and observed till they reached the required
confluence (75-80 %) in cell culture flasks after which they were sub-cultured into new flasks
with fresh medium. The adherent cells were at first detached by adding trypsin-EDTA (2ul in
25 cm? cell culture flasks and 4ml in 75 cm? cell culture flask) and incubating the cells with
trypsin-EDTA in incubator at 37 °C. Once the cellular layer was detached from the surface of
flask, the respective cell culture medium was added to further dilute the trypsin-EDTA and to
uniformly suspend the cells. The cellular suspension was then transferred to falcon tubes
and subjected to a mild centrifugation step (200 x g, 3 min) for sedimentation. The

supernatant was discarded and the sediment was dissolved into the respective cell culture
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medium. Afterwards the cells were split in different ratios in sterile cell culture flasks and

cultured under appropriate conditions.

Since murine embryonic (MEFs) and murine kidney (MKFs) fibroblasts tend to adhere firmly
to the surface of cell culture flasks, a prior washing step with sterile PBS (1x, pH 7.4) was
employed before trypsinizing the cells. This step tends to make detachment of cellular layer
easier and faster. The cell lines were cultured, sub-cultivated and seeded without using anti-

biotics. MEF ;7™ cells were cultured under the selection pressure of zeocin
(500u1/200ml).

7.2.2. Cryopreservation of eukaryotic cell lines

In order to maintain a continuous supply of cell lines, the cell lines were carefully maintained
and regularly preserved in liquid nitrogen. For this purpose, the cells having reached the
desired confluence (75-80 %) were taken and sedimented as described above. After re-
suspending the cells in cell culture medium, the cells were stored in special cryo-vials in 10%
DMSO. One 75 cm? cell culture flask was used to split cells into three separate vials and
were then stored in liquid nitrogen. Before adding to the liquid nitrogen tank, the vials were
subjected to a gradual freezing step by adding them into a box containing iso-propanol at -
80°C. This prevents ice crystal formation in cells thereby avoiding the damage that might be
incurred upon the cells by a sudden freeze shock. After 24 hours the vials were then

transferred carefully to liquid nitrogen tank.

7.2.3. Estimation of cell number for in-vitro infection assays

To calculate the right multiplicity of infection (MOI) during in-vitro cell culture infections, the
exact number of cells in wells of cell culture plate was recorded by using a Neubauer
counting chamber. After trypsinizing and resuspending cells in one of the wells of a cell
culture plate, a 10 ul sample of cell suspension was added into the neubauer chamber and
cells were counted by observing the chamber under the microscope. The central largest
square was used for counting the cells. The counted number was then multiplied with 10 to

get the exact number of cells per ml of suspension (volume of the large square is 10™ ml).

7.2.4. In-vitro cell culture infection assays

Pneumococcal adherence studies were performed in 24-well tissue culture plates (Greiner,
Germany) as described previously (Pracht et al., 2005). Eukaryotic cells were incubated in
some experiments with indicated amounts of purified fibronectin for 45 min. To conduct
adherence studies only in the presence of host cell bound Fn, unbound Fn was removed by
washing the cells with DMEM HEPES/ 1% FBS. Infections were performed with 5 x 10°

pneumococci grown in THY medium to an ODgy of 0.3 to 0.4. In other adherence
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experiments 5 x 10° bacteria were pre-incubated with 5 pg human fibronectin for 20 min at
37°C and these bacteria were used for the adherence studies at an MOI of 25. After 4 h of
incubation at 37°C in 5% CO,, non-adherent bacteria were removed by rinsing several times
the wells with phosphate buffered saline (PBS), the host cells and bacteria were fixed with
1% PFA and bacteria were stained for immune-fluorescence microscopy as described
(Pracht et al., 2005).

In case of analyzing the direct interaction of pneumococcal PavB with host eukaryotic cells,
the host cells were infected with wild type pneumococci S.p.35A and its isogenic mutant
devoid of surface exposed PavB (S.p. 35AapavB) at an MOI of 25 (adherence studies) and
50 (invasion studies). The infection was carried out for 3h or for 1h with synchronization (in
case of antibiotic protection assay). Post infection the unbound bacteria were removed by
washing with infection medium and the bacteria were fixed with 1% PFA followed by staining
for immune-fluorescence microscopy. In case of antibiotic protection assay, the unbound
bacteria were washed off by washing with infection medium followed by killing of extracellular
bacteria which was done by incubation with 100ug of gentamicin and 100U penicillin G for 1
hr at 37°C. Later on the cells were subjected to saponin (1% w/v) mediated lysis and the
intracellular bacteria were plated on to the blood agar plates (Oxoid). The recovered bacteria

were counted by using the colony counter.

7.3. Flow cytometric analyses

7.3.1. Analysis of plasma Fn recruitment by pneumococci

To detect binding of Fn by pneumococci a flow cytometric analysis was conducted.
Pneumococci (S.p. 35A) were cultured overnight on blood agar plates at 37°C, 5% CO..
Bacteria were transferred to THY with a starting ODgy 0.07, cultured to mid-log phase
(0.D.gp0=0.35-0.4) at 37°C and after harvesting in DMEM-low glucose (PAA) without any
supplements adjusted to 1x10° colony forming units (CFU) per ml. The bacterial suspensions
were incubated with human or bovine plasma (kindly provided by Peter Valentin-Weigand,
Veterinary School Hannover, Germany), FBS (PAA) or purified human plasma (Invitrogen),
cellular (Biomol) or bovine plasma (Sigma) fibronectin in indicated amounts in a volume of
100 pl for 30 min at 37°C. Pneumococci were washed once in PBS and incubated with rabbit
anti-fibronectin antibody (Dako) (1:300) for 30 min at 37°C. After washing the bacteria with
PBS secondary FITC-labeled goat anti-rabbit Ig (Dianova/Jackson ImmunoResearch) (1:300)
was incubated for 30 min at 37°C. After another washing step with PBS, pneumococci were
fixed with 1% paraformaldehyde for 1 h at 4°C and Fn binding was analyzed via flow

cytometry by using a FACSCalibur (Becton Dickinson).
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7.3.2. Analysis of interaction of pneumococci with soluble

human Vn

To analyze the role of pneumococcal PavB in recruiting soluble human vitronectin a flow
cytometry based assay was employed. Pneumococci from two genetic backgrounds
D 3 9cps and NCTC10319 (S.p. 35A) and their isogenic single mutants DpspC, DpavB and
the double knockouts DpspCDpavB lacking expression of PspC and PavB were cultured
overnight on blood agar plates at 37°C, 5% CO,. Bacteria were transferred to THY with a
starting ODggo 0.07, cultured to mid-log phase (O.D.00=0.35-0.4) at 37°C and after harvesting
in DMEM-low glucose (PAA) without any supplements adjusted to 2x102 colony forming units
(CFU) per ml. Bacterial suspensions (100 i) in wells of a 96-well U-bottom plate (Greiner)
were incubated with specific concentrations of human multimeric vitronectin (07 2.5 pg/ml) at
37°C for 30 min. Unbound vitronectin was removed twice with washing buffer
(0.05%FCS/PBS) by centrifugation at 1575 x g for 6 min. Bound vitronectin was detected by
incubating the samples with rabbit anti-human vitronectin anti-serum (1:1000 in PBS, 50
pl/well) for 1 h at 4°C. After two successive washing steps, samples were incubated with
secondary antibody conjugated with FITC (1:500; 50 pl/well) for another hour at 4°C. After
removing unbound secondary antibody, bacteria were fixed with 1%PFA in 0.05%FCS/PBS
at least for 1 h at 4°C and analyzed for bound vitronectin by flow cytometry using a FACS
CaliburE (BD Biosciences). The dat awamee2rs.8.
(Turku Centre for Biotechnology, Finland). Results are represented as a product of geometric

mean fluorescence intensity (GMFI) and percentage of fluorescence visibility.

7.3.3. Analysis of pneumococcal recruitment of plasma Fn via
Western blot

To detect pneumococci-bound Fn by immunoblot analysis 2 x 10° cfu were incubated in a
volume of 100 pl with plasma of different species (human, cow, pig, alpaca, goat and
weasel), FBS (GIBCO), indicated amounts of fibronectin or PBS as control for 30 min at
37°C. After washing the bacteria once with PBS, bacterial suspensions were transferred to a
new 1.5 ml tube, equal amounts of samples were separated in an SDS-PAGE under
reducing conditions, blotted on nitrocellulose membranes (Millipore) using a semi-dry blotting
system (Biorad) and blocked with 1% skim milk (Roth). Plasma (0.25 pl) and purified
fibronectin (0.1 pg) were applied as positive controls. Fn was detected using rabbit anti-

fibronectin IgG (Dako) diluted 1:1000 followed by incubation with alkaline phosphatase
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labelled goat anti-rabbit Ig (Dianova) and finally the membrane was developed by using
suitable substrates (NBT and BCIP).

7.3.4. Direct interaction assays of PavB with eukaryotic cells

To analyze the direct interaction of PavB with host eukaryotic cells a direct binding assay
was conducted. Recombinant Hisg-SSURE,.; was employed as a representative of
pneumococcal PavB. Host eukaryotic cells (A549, D562, mouse embryonic fibroblasts
(MEFs) and mouse kidney fibroblasts (MKFs)) were seeded in 6-well cell culture plate
(Greiner Bio-One) at a particular density to get a confluent monolayer after 48 hours with a
final cell density of 5x10° cells/well. The cellular monolayer was washed twice with cell
culture medium without any supplements. Finally the cells were incubated with specific
concentrations of Cy5-labelled SSURE,.; for 1 hour at room temperature. The unbound
protein was removed by washing (2 x) with PBS (pH 7.4) and the samples were fixed with
1% PFA in PBS overnight at 4°C. Later on the samples were examined for PavB binding by
flow cytometry (FACS, BD FACSCalibur™) followed by data analysis via flowing software
2.5.1 (Turku Centre for Biotechnology, Finland).

The cell lines were seeded at different densities to get confluent mono layers. The respective

densities are given in the table below.

Table 7.1. The seeding densities of different eukaryotic cell lines in 6-well cell culture plate.

Eukaryotic cell line seeding density (6-well plate)
A549 10 x 10*
D562 15 x 10*
MEFs 0.5 x 10°
MKFs 0.5 x 10°

7.3.5. Integrin profiling of eukaryaotic cells by flow cytometry

Respiratory epithelial cells were analyzed for the surface expression of various integrins. For
this purpose the cell lines were seeded in 6-well cell culture plates (Greiner Bio-One) to a
confluent monolayer. The cells were later incubated with antibodies recognizing the different
integrin subunits at a dilution of 1:1000 in a volume of 1ml/well for one hour at 4°C. The
unbound antibodies were washed off by PBS (1x; pH 7.4) followed by incubation with
Alexa488-conjugated anti-mouse IgG (1:1000) in a volume of 1ml/well for 1 hour at 4°C. After
washing the unbound secondary IgG, the samples were fixed with 1% PFA in 1 x PBS (pH
7.4) in a volume of 1ml/well overnight at 4°C. Later on the samples were examined for
expression of integrins by flow cytometry (FACS, BD FACSCalibur™) (20,000 events /cells)
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followed by data analysis via flowing software 2.5.1 (Turku Centre for Biotechnology,
Finland).

7.4. Transfection with siRNA

To knockdown U, integrin, A549 cells were transfected transiently with siRNA targeted
a g ai p subunitlusing RNAIMax Lipofectamine reagent (Life technologies). FITC labeled

non-specific siRNA was used as a control as well as a reporter to track successful

transfection.Br i ef 'y 60 pM (3 Ol diluted in prewarméd/OptiVIEM (SO0 RNA wa

p) and incubated in 7-8 pl of lipofectamine RNAiIMax reagent for 20-30 min for RNA-lipid
complex formation. The cells were cultured in the 6-well cell culture plates (Greiner Bio-One)
containing medium (2 ml/well) with lipid-RNA complex (reverse transfection) and cultivated
and monitored for 24 hr, 48hr and/or 72 hr post transfection. Once successful transfection
was observed by using control siRNA (FITC labeled) via immune-fluoresence microscopy,
the cells were analyzed § and/or forhlndingeoll PaeBxwith
transfected cells via flow cytometry.

7.5. Field emission scanning electron microscopy
(FESEM)

After the in vitro cell culture infection experiments, the samples were fixed with 2%
glutaraldehyde and 5% formaldehyde in cacodylate buffer (0.1 M cacodylate, 0.01 M CacCl,,
0.01 M MgCl,, 0.09 M sucrose, pH 6.9) on ice. After washing with cacodylate buffer cover
slips were then washed with TE-buffer (20 mM TRIS, 1 mM EDTA, pH 6,9) before
dehydrating in a graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 15 min for
each step, critical-point dried with liquid CO, (CPD 30, Balzers, Liechtenstein) and covered
with a gold film by sputter coating (SCD 40, Balzers Union, Liechtenstein) before
examination in a field emission scanning electron microscope (Zeiss DSM 982 Gemini) using
the Everhart Thornley SE-detector and the inlens SE-detector in a 50:50 ratio at an
acceleration voltage of 5 kV. Images were recorded onto a MO-disk and contrast and

brightness were adjusted using Adobe Photoshop 5.0.

7.6. Protein biochemical methods

7.6.1. Purification of recombinant proteins

Hise-tagged recombinant proteins were expressed heterologously in and purified from
respective E. coli strains. At first the expression of the proteins was induced in E. coli with
IPTG (1 pg/ml) at an O.D. of 0.7-0.8 at 30 °C for 3-4 hrs. After induction the bacteria were
sedimented by centrifugation (3273 x g, 4°C, 15 min.) After discarding the supernatant, the
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bacterial sediment was once again washed by centrifugation with HisTrap binding buffer and
later on stored at -20°C for further processing. To purify the recombinant proteins the
bacterial sediment was lysed by resuspending in binding buffer with the addition of lysozyme
(2 mg/ml), EDTA-free Protease Inhibitor Cocktail (PIC, 25 x) and DNase for 30 min on ice.
Later on the samples were subjected to ultra-sonification (5 x 30 sec. at power 50). The
disrupted samples were further subjected to mechanical disruption by using Precellys® glass
beads grinding cell material at 5179 x g in a homogenizer (Precellys®) The lysed and
disrupted samples were then centrifuged at 13000 rpm in a bench top centrifuge
(Thermoscientific) for 15 min at 4°C. The supernatant was collected and subjected to further
purification steps. The protein was purified by immobilized metal affinity chromatography
(IMAC) by using Akta purifier. A gradient of imidazole was used to elute the fraction bound to
the HisTrap FF crude column. The samples were collected and later analyzed for protein
purification by SDS-PAGE, coomassie staining and/or western blotting. Once purified, the
concentration of proteins was estimated by the Bradford assay and proteins were further

stored at -20°C to prevent degradation.

7.6.2. Fluorescent labeling of PavB with Cy5

Recombinant Hisg-SSURE,.; was selected as a representative fragment of pneumococcal

PavB. After purification, Hise-SSURE,.; was labeled with fluorescent dye Cy5 by using a
commercial kit O6Ame-RebhamEv€yBHe MPaok (GE Healthe
was labeled accordingtot he manuf act ur eBriéflg thei prodeinr(al tedst Io n s .
mg/ml) was at first dialysed in 1M Na-carbonate buffer (pH 9.2) overnight at 4°C. After

dialysis, the protein was incubated with Cy5 dye provided in reaction tubes for 30 min at RT

with occasional shaking. The labeled protein was then purified by gel filtration (G-25

Sephadex NAP columns; GE Healthcare). After labeling, the concentration was estimated by

using Bradford concentration estimation assay followed by an SDS PAGE. The labeled

proteins were further stored at 4°C until use.

7.6.3. Bradford concentration estimation assay

The concentration of purified proteins was determined by applying the Bradford
concentration estimation assay. This colorimetric method is based upon the absorbance shift
in the coomassie dye following forming a complex with proteins. The complex formed after
the interaction between coomassie and protein components tend to show a shift in the
absorbance from 450-595 nm. The measurement of absorbance at 595 nm tends to be
proportional to the amount of bound dye and/or formed complex and consequently refers to
the amount of protein present in the sample. To conduct this assay a 5 pl protein sample is
taken and filled up to 500 pl by adding PBS followed by the addition of 500ul of Bradford
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reagent. After incubating the samples for 10-15 minutes, the absorbance is measured
spectrophotometrically at 595 nm. A standard curve of 0.5-10 pg/ml of BSA is used as a

reference to assess the concentration of protein numerically.

7.6.4. SDS polyacrylamide gel electrophoresis
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is a method to

separate the proteins according to their respective molecular weights. The underlying
principle of this method is based on the fact that once proteins get uniformly charged they
move electrophoretically according to their size. Thus sodium dodecyl sulphate, an anionic
detergent, gives a uniform charge to the proteinaceous components of the samples. The
samples are then run initially at a lower voltage (80 V) to stack the samples in a stacking gel.
To resolve the proteins into bands of different sizes the samples are run in resolving gel
running at a higher voltage (120 V). The gel is later stained with coomassie (CBR-250) for
visualisation of separated protein bands or processed for western blotting for further

downstream analyses.

7.6.5. Coomassie staining

In order to confirm the homogeneity and integrity of proteins, SDS PAGE was followed by
staining with Coomassie Brilliant Blue (CBR-250), which tends to interact with proteins only.
For this purpose the gel was transferred to a trough containing CBB solution and was
incubated in the solution from few hours to overnight. After this the gel was de-stained by
using a de-staining buffer. The gel was later documented by taking picture or via scanning.

7.6.6. Semi-dry western blotting

In order to specifically detect the proteins of interest by using specific antibodies, semi-dry
western blotting was employed. The proteins were first separated via an SDS-PAGE and
then transferred to a nitrocellulose membrane by using a semi dry transfer cell Trans-Blot®
apparatus (BIO RAD) which is composed of graphite plates acting as electrodes. The gel and
membrane are arranged between the two electrodes, separated by Whatmann paper on both
sides. The protein separation is conducted under the influence of an electric field at 15 V for
1 hr. Once the transfer process is completed, the membrane was blocked with 2x casein
blocking solution (Sigma) for 1 hr at RT or overnight at 4°C. The membrane was then
incubated with the primary antibody followed by incubation with the secondary antibody
conjugated with alkaline phosphatase (1:5000). The color reaction was developed by
incubating membrane with the specific substrate 5-bromo-4-chloro-3-indolyl-phosphate/nitro

blue tetrazolium (NBT/ BCIP). The reaction was finally stopped with PBS.
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7.7. Direct protein-protein interaction analyses

7.7.1. Far western ligand overlay assays

To analyze the interaction of pneumococcal proteins with human Fn and Vn under native
conditions, far western ligand overlay assays were conducted. Matricellular proteins (Fn and
Vn) and/or their fragments were immobilized on a nitrocellulose membrane (NC). Non-
specific binding was blocked by treatment of the NC with 5% skimmed milk (Roth), followed
by PBS washing steps and the incubation with the specific ligands (biotinylated SSURE.3
and/or biotinylated PavA,,) overnight at 4°C. Unbound ligands were removed in washing
steps with PBS-Tween (0.05%) and bound ligands were detected with a streptavidin-alkaline
phosphatase conjugated antibody (Millipore) at a dilution of 1:5000. In case of overlay with
non-biotinylated ligands (MBP-PavA), specific antisera were used to detect bound ligand. In
a reverse approach pneumococcal recombinant proteins were spotted on NC and after
blocking with 5% skimmed milk (Roth) the membrane was incubated overnight at 4°C with
human plasma (obtained from healthy individuals upon their informed consent). After
extensively washing with PBS-Tween (0.05%) the membrane was incubated for 1 h at RT
with the specific antibodies for human fibronectin (1:1000, Dako) or human Vn (1:1000,
Complement technology). Binding of the primary antibody was detected after two washing
steps with PBS using an anti-rabbit secondary antibody conjugated with alkaline
phosphatase (1:5000) followed by incubation with the specific substrate 5-bromo-4-chloro-3-
indolyl-phosphate/nitro blue tetrazolium (NBT/ BCIP). The reaction was finally stopped with
PBS.

7.7.2. Enzyme-linked immune sorbent assays (ELISA)

Human multimeric vitronectin was immobilized at a concentration of 10 pg/mlin PBS, pH 7.4
(50 OI/well) i n microtitr-#mmpbneodue)sovelnigt at,4°CMaxi sor
After removing thrice unbound protein with washing buffer (0.05%Tween/PBS), plates were
incubated with blocking buffer (2% BSA in PBS) for 1 h at room temperature (RT). After
successive washing, the incubation with varying concentrations (0-40 ug/ml) of recombinant
Hise-SSURE repeats was conducted for 1 h at RT. After three washing steps, the bound
ligand (SSURE domains) was detected by using mouse anti-PavB anti-serum (1:500 diluted
in PBS; 50 pl/well) for 1 h at RT followed by an incubation step of HRP-conjugated IgG anti
mouse (1:1000 diluted in PBS; 50 pl/well) (Jensch et al., 2010). OPD tablets were used to
detect binding and absorbance was measured at a wavelength of 492 nm. In a vice versa
approach the different Hise-SSURE domains were immobilized in wells of microtitre plates
(F96, Pol y s-mmbn&modull)uah & concentration of 10 pg/ml in PBS, pH 7.4,

overnight at 4°C. After washing, bound Hiss-SSURE domains were incubated with human
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vitronectin in the range from 0-25 pg/ml in PBS (50 pl/well). Binding of vitronectin was

detected by an incubation with rabbit anti-human vitronectin anti-serum (1:1000 in PBS; 50

pl/well) followed by HRP-conjugated anti-rabbit secondary IgG (1:1000; 50 pl/well). In ELISA

with recombinant vitronectin fragments, Hise-SSURE;.; was immobilized at a concentration

of 5 0g/ mli in PBS, pH 7. 4, i n  mi cr o-tmmunoneodulp)l at es
overnight at 4°C. Samples were then incubated with 5 pg/ml of recombinant vitronectin
fragments followed by detection of bound ligand using rabbit anti-human vitronectin anti-

serum (Complement technology). Results are represented as absorbance values, normalized

against the negative control.

7.7.3. Surface plasmon resonance

To analyze directly protein-protein interactions without using antibodies the SPR technique
was employed using a BiacoreT100 optical biosensor as described (Binsker et al., 2015,
Kohler et al., 2015, Jensch et al., 2010). Binding of MBP-PavA (full- length PavA), MBP
(control), PavA,, (Hisg-PavA;,) or PavB (Hisg-SSURE,.3) to human Fn and Fn domains,
respectively, was investigated to immobilized Fn and recombinant Hise-tagged Fn domains.
Briefly, 10 pg/ml of Fn (10mM sodium acetate buffer pH 4.0) or 10 yg/ml of the 70 kDa
proteolytic N-terminal domain of Fn (10 mM sodium acetate, pH 4.5), Fnlll domains FnlllI*®
(10 mM sodium acetate, pH 4.5), FnllI*” (10 mM sodium acetate, pH 5.0), FnllI"* (10 mM
sodium acetate, pH 5.5), FnllI**** (10 mM sodium acetate, pH 4.5), and FnllI**** (10 mM
sodium acetate, pH 5.0), respectively, were coupled on a carboxymethyl dextran (CM5)
biosensor at a flow rate of 10 pl/min onto the N-hydroxysuccinimide (NHS)/N-ethyl-N 13-
dimethylaminopropyl) carbodiimide (EDC) (NHS 0.5M and EDC 0.2 M) activated CM5

biosensor (70 pl, 10 pl/min). For FnllI***2

a concentration of 25 pg/ml (L0mM sodium acetate,
pH 4.5) was used. Control flow cells were also activated but without injecting the specific
protein. Binding of PavA/PavB analytes was performed in PBS-Tween (0.05%) (pH 7.4) at
25°C at a flow rate of 10 pl/min in all experiments. The affinity surface was regenerated
between subsequent sample injections of SSURE,.; and PavA,, proteins with 10 pl of 12.5
mM NaOH. In the vice versa approach MBP-PavA, MBP, Hisg-PavA,;, and Hisg-SSURE .3
were immobilized on the CM5 biosensor and Fn domains used as analytes. Here, 25 pg/ml
of MBP-PavA (10 mM sodium acetate, pH 4.0), 25 pg/ml of MBP (10 mM sodium acetate, pH
4.0), 10 pg/ml of Hisg-PavA;; (10 mM sodium acetate, pH 4.0) and 10 pg/ml of Hise-
SSURE;.; (10 mM sodium acetate, pH 5.5) were coupled to the CM5 biosensor. Each
interaction was measured at least three times. The sensorgrams represent the values of the

response units (RU) after subtraction of the blank run and value(s) without analyte protein(s)
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from the corresponding sensorgrams. Data were analysed using BiacoreT100 Evaluation

Software (version 2.0.1.1).

To analyse the direct protein-protein interaction between pneumococcal PavB with human
vitronectin, surface plasmon resonance SPR) was applied using a Biacore T200 optical
biosensor. The analysis was conducted as described before for PspC and Hic (Voss et al.,
2013, Kohler et al., 2014, Binsker et al., 2017). Briefly, vitronectin or the recombinant Hise-
tagged vitronecin fragments purified from HEK293 cells (5 pg/ml); 25 pg/ml each of Vn (80-
396), Vn (80-339) and Vn(80-229) were covalently immobilized as ligands on a
carboxymethyl dextran (CM5) biosensor chip. Proteins in 10 mM sodium acetate buffer pH
4.0 were coupled to CM5 at a flow rate of 10 pl/min onto N-hydroxy succinimide- (NHS, 0.5
M) and N-ethyl-N Ngliethylaminopropyl) carbodiimide (EDC, 0.2 M) i activated sensor chips.
Control flow cells were prepared in the same way but without injecting the ligand protein.
Binding of the analytes was performed in PBS-Tween (0.05%) (pH 7.4) at 25°C at a flow rate
of 10 pl/min in all experiments. The affinity biosensor surface was regenerated between
sample injections of Hise-SSURE repeats (SSURE;.s, SSURE;.; or SSURE, with 12.5 mM
NaOH. Each interaction was measured at least thrice. The sensorgrams represent the
response unit (RU) values after subtraction of the blank run and value(s) without analyte

protein(s) from the corresponding sensorgrams.

Similarly the r ebs¢2mpgimhia hOmM sodiameagetaie buffdd pH 4.5) and
Usb; (25 pg/ml in 10mM sodium acetate buffer pH 4.5) were immobilized as ligands on a
CM5 biosensor chip to analyze the direct interaction between PavB and respective

immobilized integrins.
7.7.4. MicroSPOT peptide array analysis

To delineate the interaction of pneumococcal FnBPs with Fnlll domains down to the amino
acid level, a SPOT peptide array was generated and used in ligand overlay assays. The
complete sequence of the Fnlll region (Table 9.5) was divided into 445 peptides consisting of
15 amino acids each with an overlap of 12 amino acids (shift of three aa). The peptides were
synthesized as array of spots on aminopegylated cellulose membrane (AIMS Scientific
Products GmbH, Germany) as described (Bergmann et al., 2003, Frank, 1992). After final
assembly and deprotection of the amino acid side chains, the membrane was blocked over a
period of one to two days with two-fold casein containing-blocking reagent (Sigma-Aldrich;
B6429). Thereafter the membrane was incubated with the specific ligand (MBP-PavA or Hise-
SSURE_.3) overnight at 4°C. Bound ligands were detected by using specific anti sera against
PavA (rabbit anti-PavA) (Noske et al., 2009) and PavB (mouse anti-PavB) followed by the

secondary antibody (goat anti-rabbit in case of PavA and goat anti-mouse in case of PavB)
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(Jensch et al., 2010) conjugated with peroxidase (1: 5000) and chemiluminescence reagent
and H,O, as substrate. In control experiments the membranes were incubated only with
primary and secondary antibodies.

7.8. Visualization of PavA and PavB binding sites

To map the epitopes identified in epitope mapping onto the surface of the three-dimensional
structure of the Fnlll repeats, known structures were used as supplied by the PDB. Repeats
whose structure has not been determined were modeled with Swiss-Model (Biasini et al.,
2014). An alignment of all 15 repeats has been described and the structure of its consensus
sequence, called Fibcon, solved to high resolution (Jacobs et al., 2012). The resulting

I** was fed into the

pairwise alignment of Fibcon with Fnlli®, Fnlll*, Fnlll°, Fnlll® and Fnll
Target-Template Alignment mode of Swiss-Model and the resulting model used for
visualization. Each repeat was superimposed on Fnlll” using the CAs in Align (Cohen, 1997).
Surfaces with either the electrostatic potential (red negative, blue positive; Fig. 4.8) or the
PavA- and PavB-binding epitopes (Fig. 4.9) were created with CCP4MG (McNicholas et al.,
2011). For calculating the binding propensities of each amino acid aa the number of residues
in all Fnlll repeats aay and those in the recognized epitopes aayoung, taking into account only
those residues that are not buried (Jacobs et al., 2012), were counted and compared to the

total numbers ny and Npoyng:
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9. Appendix
9.1. Tables

Table 9.1. Sequences of individual spots (1-445) of the Fn SPOT peptide array

SSSGPVEVFITETPS
GPVEVFITETPSQPN
EVFITETPSQPNSHP
ITETPSQPNSHPIQW
TPSQPNSHPIQWNAP
QPNSHPIQWNAPQPS
SHPIQWNAPQPSHIS
IQWNAPQPSHISKYI
NAPQPSHISKYILRW
10 QPSHISKYILRWRPK
11 HISKYILRWRPKNSV
12 KYILRWRPKNSVGRW
13 LRWRPKNSVGRWKEA
14 RPKNSVGRWKEATIP
15 NSVGRWKEATIPGHL
16 GRWKEATIPGHLNSY
17 KEATIPGHLNSYTIK
18 TIPGHLNSYTIKGLK
19 GHLNSYTIKGLKPGV
20 NSYTIKGLKPGVVYE
21 TIKGLKPGVVYEGQL
22 GLKPGVVYEGQLISI
23 PGVVYEGQLISIQQY
24 VYEGQLISIQQYGHQ
25 GQLISIQQYGHQEVT
26 ISIQQYGHQEVTRFD
27 QQYGHQEVTRFDFTT
28 GHQEVTRFDFTTPLV
29 EVTRFDFTTPLVATS
30 RFDFTTPLVATSESV
31 FTTPLVATSESVTEI
32 PLVATSESVTEITAS
33 ATSESVTEITASSFV
34 ESVTEITASSFVVSW
35 TEITASSFVVSWVSA
36 TASSFVVSWVSASDT
37 SFVVSWVSASDTVSG
38 VSWVSASDTVSGFRV
39 VSASDTVSGFRVEYE
40 SDTVSGFRVEYELSE
41 VSGFRVEYELSEEGD
42 FRVEYELSEEGDEPQ
43 EYELSEEGDEPQYLD
44 LSEEGDEPQYLDLPS
45 EGDEPQYLDLPSTAT
46 EPQYLDLPSTATSVN
47 YLDLPSTATSVNIPD
48 LPSTATSVNIPDLLP
49 TATSVNIPDLLPGRK
50 SVNIPDLLPGRKYIV
51 IPDLLPGRKYIVNVY
52 LLPGRKYIVNVYQIS
53 GRKYIVNVYQISEDG
54 YIVNVYQISEDGEQS
56 NVYQISEDGEQSLIL
57 QISEDGEQSLILSTS
58 EDGEQSLILSTSQTT
59 EQSLILSTSQTTPDA
60 LILSTSQTTPDAPPD

OCooO~NOOUDWNE

62 QTTPDAPPDTTVDQV
63 PDAPPDTTVDQVDDT
64 PPDTTVDQVDDTSIV
65 TTVDQVDDTSIVVRW
66 DQVDDTSIVVRWSRP
67 DDTSIVVRWSRPQAP
68 SIVVRWSRPQAPITG
69 VRWSRPQAPITGYRI
70 SRPQAPITGYRIVYS
71 QAPITGYRIVYSPSV
72 ITGYRIVYSPSVEGS
73 YRIVYSPSVEGSSTE
74 VYSPSVEGSSTELNL
75 PSVEGSSTELNLPET
76 EGSSTELNLPETANS
77 STELNLPETANSVTL
78 LNLPETANSVTLSDL
79 PETANSVTLSDLQPG
80 ANSVTLSDLQPGVQY
81 VTLSDLQPGVQYNIT
82 SDLQPGVQYNITIYA
83 QPGVQYNITIYAVEE
84 VQYNITIYAVEENQE
85 NITIYAVEENQESTP
86 IYAVEENQESTPVVI
87 VEENQESTPVVIQQE
88 NQESTPVVIQQETPS
89 STPVVIQQETPSPRD
90 VVIQQETPSPRDLQF
91 QQETPSPRDLQFVEV
92 TPSPRDLQFVEVTDV
93 PRDLQFVEVTDVKVT
94 LQFVEVTDVKVTIMW
95 VEVTDVKVTIMWTPP
96 TDVKVTIMWTPPESA
97 KVTIMWTPPESAVTG
98 IMWTPPESAVTGYRV
99 TPPESAVTGYRVDVI
100 ESAVTGYRVDVIPVN
101 VTGYRVDVIPVNLPG
102 YRVDVIPVNLPGEHG
103 DVIPVNLPGEHGQRL
104 PVNLPGEHGQRLPIS
105 LPGEHGQRLPISRNT
106 EHGQRLPISRNTFAE
107 QRLPISRNTFAEVTG
108 PISRNTFAEVTGLSP
109 RNTFAEVTGLSPGVT
110 FAEVTGLSPGVTYYF
111 VTGLSPGVTYYFKVF
112 LSPGVTYYFKVFAVS
113 GVTYYFKVFAVSHGR
114 YYFKVFAVSHGRESK
115 KVFAVSHGRESKPLT
116 AVSHGRESKPLTAQQ
117 HGRESKPLTAQQTTK
118 ESKPLTAQQTTKLDA
119 PLTAQQTTKLDAPTN
120 AQQTTKLDAPTNLQF

122 LDAPTNLQFVNETDS
123 PTNLQFVNETDSTVL
124 LQFVNETDSTVLVRW
125 VNETDSTVLVRWTPP
126 TDSTVLVRWTPPRAQ
127 TVLVRWTPPRAQITG
128 VRWTPPRAQITGYRL
129 TPPRAQITGYRLTVG
130 RAQITGYRLTVGLTR
131 ITGYRLTVGLTRRGQ
132 YRLTVGLTRRGQPRQ
133 TVGLTRRGQPRQYNV
134 LTRRGQPRQYNVGPS
135 RGQPRQYNVGPSVSK
136 PRQYNVGPSVSKYPL
137 YNVGPSVSKYPLRNL
138 GPSVSKYPLRNLQPA
139 VSKYPLRNLQPASEY
140 YPLRNLQPASEYTVS
141 RNLQPASEYTVSLVA
142 QPASEYTVSLVAIKG
143 SEYTVSLVAIKGNQE
144 TVSLVAIKGNQESPK
145 LVAIKGNQESPKATG
146 IKGNQESPKATGVFT
147 NQESPKATGVFTTPG
148 SPKATGVFTTPGSSI
149 ATGVFTTPGSSIPPY
150 VFTTPGSSIPPYNTE
151 TPGSSIPPYNTEVTE
152 SSIPPYNTEVTETTI
153 PPYNTEVTETTIVIT
154 NTEVTETTIVITWTP
155 VTETTIVITWTPAPR
156 TTIVITWTPAPRIGF
157 VITWTPAPRIGFKLG
158 WTPAPRIGFKLGVRP
159 APRIGFKLGVRPSQG
160 IGFKLGVRPSQGGEA
161 KLGVRPSQGGEAPRE
162 VRPSQGGEAPREVTS
163 SQGGEAPREVTSDSG
164 GEAPREVTSDSGSIV
165 PREVTSDSGSIVVSG
166 VTSDSGSIVVSGLTP
167 DSGSIVVSGLTPGVE
168 SIVVSGLTPGVEYVY
169 VSGLTPGVEYVYTIQ
170 LTPGVEYVYTIQVLR
171 GVEYVYTIQVLRDGQ
172 YVYTIQVLRDGQERD
173 TIQVLRDGQERDAPI
174 VLRDGQERDAPIVNK
175 DGQERDAPIVNKVVT
176 ERDAPIVNKVVTPLS
177 APIVNKVVTPLSPPT
178 VNKVVTPLSPPTNLH
179 VVTPLSPPTNLHLEA
180 PLSPPTNLHLEANPD

61 STSQTTPDAPPDTFRV

121 TTIKL D ADTAIL A\ /N
TZ T T TISCOINT TINCOT vINE

18I PPTNEHEEANPDTGV
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182 NLHLEANPDTGVLTV
183 LEANPDTGVLTVSWE
184 NPDTGVLTVSWERST
185 TGVLTVSWERSTTPD
186 LTVSWERSTTPDITG
187 SWERSTTPDITGYRI
188 RSTTPDITGYRITTT
189 TPDITGYRITTTPTN
190 ITGYRITTTPTNGQQ
191 YRITTTPTNGQQGNS
192 TTTPTNGQQGNSLEE
193 PTNGQQGNSLEEVVH
194 GQQGNSLEEVVHADQ
195 GNSLEEVVHADQSSC
196 LEEVVHADQSSCTFD
197 VVHADQSSCTFDNLS
198 ADQSSCTFDNLSPGL
199 SSCTFDNLSPGLEYN
200 TFDNLSPGLEYNVSV
201 NLSPGLEYNVSVYTV
202 PGLEYNVSVYTVKDD
203 EYNVSVYTVKDDKES
204 VSVYTVKDDKESVPI
205 YTVKDDKESVPISDT
206 KDDKESVPISDTIIP
207 KESVPISDTIIPAVP
208 VPISDTIIPAVPPPT
209 SDTIIPAVPPPTDLR
210 IIPAVPPPTDLRFTN
211 AVPPPTDLRFTNIGP
212 PPTDLRFTNIGPDTM
213 DLRFTNIGPDTMRVT
214 FTNIGPDTMRVTWAP
215 IGPDTMRVTWAPPPS
216 DTMRVTWAPPPSIDL
217 RVTWAPPPSIDLTNF
218 WAPPPSIDLTNFLVR
219 PPSIDLTNFLVRYSP
220 IDLTNFLVRYSPVKN
221 TNFLVRYSPVKNEED
222 LVRYSPVKNEEDVAE
223 YSPVKNEEDVAELSI
224 VKNEEDVAELSISPS
225 EEDVAELSISPSDNA
226 VAELSISPSDNAVVL
227 LSISPSDNAVVLTNL
228 SPSDNAVVLTNLLPG
229 DNAVVLTNLLPGTEY
230 VWLTNLLPGTEYVWVS
231 TNLLPGTEYVVSVSS
232 LPGTEYVVSVSSVYE
233 TEYVVSVSSVYEQHE
234 VVSVSSVYEQHESTP
235 VSSVYEQHESTPLRG
236 VYEQHESTPLRGRQK
237 QHESTPLRGRQKTGL
238 STPLRGRQKTGLDSP
239 LRGRQKTGLDSPTGI
240 RQKTGLDSPTGIDFS
241 TGLDSPTGIDFSDIT
242 DSPTGIDFSDITANS

243 TGIDFSDITANSFTV
244 DFSDITANSFTVHWI
245 DITANSFTVHWIAPR
246 ANSFTVHWIAPRATI
247 FTVHWIAPRATITGY
248 HWIAPRATITGYRIR
249 APRATITGYRIRHHP
250 ATITGYRIRHHPEHF
251 TGYRIRHHPEHFSGR
252 RIRHHPEHFSGRPRE
253 HHPEHFSGRPREDRV
254 EHFSGRPREDRVPHS
255 SGRPREDRVPHSRNS
256 PREDRVPHSRNSITL
257 DRVPHSRNSITLTNL
258 PHSRNSITLTNLTPG
259 RNSITLTNLTPGTEY
260 ITLTNLTPGTEYVVS
261 TNLTPGTEYVVSIVA
262 TPGTEYVVSIVALNG
263 TEYVVSIVALNGREE
264 VVSIVALNGREESPL
265 IVALNGREESPLLIG
266 LNGREESPLLIGQQS
267 REESPLLIGQQSTVS
268 SPLLIGQQSTVSDVP
269 LIGQQSTVSDVPRDL
270 QQSTVSDVPRDLEVV
271 TVSDVPRDLEVVAAT
272 DVPRDLEVVAATPTS
273 RDLEVVAATPTSLLI
274 EVVAATPTSLLISWD
275 AATPTSLLISWDAPA
276 PTSLLISWDAPAVTV
277 LLISWDAPAVTVRYY
278 SWDAPAVTVRYYRIT
279 APAVTVRYYRITYGE
280 VTVRYYRITYGETGG
281 RYYRITYGETGGNSP
282 RITYGETGGNSPVQE
283 YGETGGNSPVQEFTV
284 TGGNSPVQEFTVPGS
285 NSPVQEFTVPGSKST
286 VQEFTVPGSKSTATI
287 FTVPGSKSTATISGL
288 PGSKSTATISGLKPG
289 KSTATISGLKPGVDY
290 ATISGLKPGVDYTIT
291 SGLKPGVDYTITVYA
292 KPGVDYTITVYAVTG
293 VDYTITVYAVTGRGD
294 TITVYAVTGRGDSPA
295 VYAVTGRGDSPASSK
296 VTGRGDSPASSKPIS
297 RGDSPASSKPISIEI
298 SPASSKPISIEIDKP
299 SSKPISIEIDKPSQM
300 PISIEIDKPSQMQVT
301 IEIDKPSQMQVTDVQ
302 DKPSQMQVTDVQDNS
303 SQMQVTDVQDNSISV

304 QVTDVQDNSISVKWL
305 DVQDNSISVKWLPSS
306 DNSISVKWLPSSSPV
307 ISVKWLPSSSPVTGY
307 KWLPSSSPVTGYRVT
308 PSSSPVTGYRVTTTP
309 SPVTGYRVTTTPKNG
310 TGYRVTTTPKNGPGP
311 RVTTTPKNGPGPTKT
312 TTPKNGPGPTKTKTA
313 KNGPGPTKTKTAGPD
314 PGPTKTKTAGPDQTE
315 TKTKTAGPDQTEMTI
316 KTAGPDQTEMTIEGL
317 GPDQTEMTIEGLQPT
318 QTEMTIEGLQPTVEY
319 MTIEGLQPTVEYWVS
320 EGLQPTVEYVVSVYA
321 QPTVEYVVSVYAQNP
322 VEYVVSVYAQNPSGE
323 VVSVYAQNPSGESQP
324 VYAQNPSGESQPLVQ
325 QNPSGESQPLVQTAV
326 SGESQPLVQTAVTNI
327 SQPLVQTAVTNIDRP
328 LVQTAVTNIDRPKGL
329 TAVTNIDRPKGLAFT
330 TNIDRPKGLAFTDVD
331 DRPKGLAFTDVDVDS
332 KGLAFTDVDVDSIKI
333 AFTDVDVDSIKIAWE
334 DVDVDSIKIAWESPQ
335 VDSIKIAWESPQGQV
336 IKIAWESPQGQVSRY
337 AWESPQGQVSRYRVT
338 SPQGQVSRYRVTYSS
339 GQVSRYRVTYSSPED
340 SRYRVTYSSPEDGIH
341 RVTYSSPEDGIHELF
342 YSSPEDGIHELFPAP
343 PEDGIHELFPAPDGE
344 GIHELFPAPDGEEDT
345 ELFPAPDGEEDTAEL
346 PAPDGEEDTAELQGL
347 DGEEDTAELQGLRPG
348 EDTAELQGLRPGSEY
349 AELQGLRPGSEYTVS
350 QGLRPGSEYTVSVVA
351 RPGSEYTVSVVALHD
352 SEYTVSVVALHDDME
353 TVSVVALHDDMESQP
354 VWALHDDMESQPLIG
355 LHDDMESQPLIGTQS
356 DMESQPLIGTQSTPA
357 SQPLIGTQSTPAPTD
358 LIGTQSTPAPTDLKF
359 TQSTPAPTDLKFTQV
360 TPAPTDLKFTQVTPT
361 PTDLKFTQVTPTSLS
362 LKFTQVTPTSLSAQW
363 TQVTPTSLSAQWTPP

364 TPTSLSAQWTPPNVQ
365 SLSAQWTPPNVQLTG
366 AQWTPPNVQLTGYRV
367 TPPNVQLTGYRVRVT
368 NVQLTGYRVRVTPKE
369 LTGYRVRVTPKEKTG

425 LLVSWQPPRARITGY
426 SWQPPRARITGYIIK
427 PPRARITGYIIKYEK
428 ARITGYIIKYEKPGS
429 TGYIIKYEKPGSPPR
430 IIKYEKPGSPPREVV
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370 YRVRVTPKEKTGPMK
371 RVTPKEKTGPMKEIN
372 PKEKTGPMKEINLAP
373 KTGPMKEINLAPDSS
374 PMKEINLAPDSSSVV
375 EINLAPDSSSVVVSG
376 LAPDSSSVVVSGLMV
377 DSSSVVVSGLMVATK
378 SVVVSGLMVATKYEV
379 VSGLMVATKYEVSVY
380 LMVATKYEVSVYALK
381 ATKYEVSVYALKDTL
382 YEVSVYALKDTLTSR
383 SVYALKDTLTSRPAQ
384 ALKDTLTSRPAQGVV
385 DTLTSRPAQGVVTTN
386 TSRPAQGVVTTNVSP
387 PAQGVVTTNVSPPRR
388 GVVTTNVSPPRRARV
389 TTNVSPPRRARVTDA
390 VSPPRRARVTDATET
391 PRRARVTDATETTIT
392 ARVTDATETTITISW
393 TDATETTITISWRTK
394 TETTITISWRTKTET
395 TITISWRTKTETITG
396 ISWRTKTETITGFQV
397 RTKTETITGFQVDAV
398 TETITGFQVDAVPAN
399 ITGFQVDAVPANGQT
400 FQVDAVPANGQTPIQ
401 DAVPANGQTPIQRTI
402 PANGQTPIQRTIKPD
403 GQTPIQRTIKPDVRS
404 PIQRTIKPDVRSYTI
405 RTIKPDVRSYTITGL
406 KPDVRSYTITGLQPG
407 VRSYTITGLQPGTDY
408 YTITGLQPGTDYKIY
409 TGLQPGTDYKIYLYT
410 QPGTDYKIYLYTLND
411 TDYKIYLYTLNDNAR
412 KIYLYTLNDNARSSP
413 LYTLNDNARSSPWVI
414 LNDNARSSPVVIDAS
415 NARSSPVVIDASTAI
416 SSPVVIDASTAIDAP
417 VVIDASTAIDAPSNL
418 DASTAIDAPSNLRFL
419 TAIDAPSNLRFLATT
420 DAPSNLRFLATTPNS
421 SNLRFLATTPNSLLV
422 RFLATTPNSLLVSWQ
423 ATTPNSLLVSWQPPR
424 PNSLLVSWQPPRARI

431 YEKPGSPPREVVPRP
432 PGSPPREVVPRPRPG
433 PPREVVPRPRPGVTE
434 EVVPRPRPGVTEATI
435 PRPRPGVTEATITGL
436 RPGVTEATITGLEPG
437 VTEATITGLEPGTEY
438 ATITGLEPGTEYTIY
439 TGLEPGTEYTIYVIA
440 EPGTEYTIYVIALKN
441 TEYTIYVIALKNNQK
442 TIYVIALKNNQKSEP
443 VIALKNNQKSEPLIG
444 LKNNQKSEPLIGRKK
445 KNNQKSEPLIGRKKT
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Table 9.2. Identified motifs in Fnlll recognized by pneumococcal FnBPs. Shown are the sequences of respective Fnlll repeats identified as binding epitopes
via the SPOT peptide array analysis using FnBPs PavA or PavB as probes.

Fn repeat Probe Sequence
e PavA  SSSGPVEVFITETPSQPNSHPIOWNAPQPSHISKYILRWRPKNSVGRWKEATIPGHLNSYTIKGLKPGVVYEGQLISIQQYGHQEVTRFDFTT
(607-699) PavB  SSSGPVEVFITETPSQPNSHPIQWNAPQPSHISKYILRWRPKNSVGRWKEATIPGHLNSYTIKGLKPGVVYEGQLISIQQYGHQEVTRFDFTT
112 PavA  PLVATSESVTEITASSFVVSWVSASDTVSGFRVEYELSEEGDEPQYLDLPSTATSVNIPDLLPGRKYIVNV YQISEDGEQSLILSTSQTT
(720-809) PavB  PLVATSESVTEITASSFVVSWVSASDTVSGFRVEYELSEEGDEPQYLDLPSTATSVNIPDLLPGRKYIVNV YQISEDGEQSLILSTSQTT
e PavA  PDAPPDTTVDQVDDTSIVVRWSRPQAPITGYRIVYSPSVEGSSTELNLPETANSVTLSDLQPGVQYNITIYAVEENQESTPVVIQQET
(811-898) PavB  PDAPPDTTVDQVDDTSIVVRWSRPQAPITGYRIVYSPSVEGSSTELNLPETANSVTLSDLQPGVQYNITIYAVEENQESTPVVIQQET
n PavA  PSPRDLQFVEVTDVKVTIMWTPPESAVTGYRVDVIPVNLPGEHGQRLPISRNTFAEVTGLSPGVTYYFKVFAVSHGRESKPLTAQQTT
(908-995) PavB  PSPRDLQFVEVTDVKVTIMWTPPESAVTGYRVDVIPVNLPGEHGQRLPISRNTFAEVTGLSPGVTYYFKVFAVSHGRESKPLTAQQTT
e PavA  KLDAPTNLQFVNETDSTVLVRWTPPRAQITGYRLTVGLTRRGQPRQYNVGPSVSKYPLRNLQPASEYTVSLVAIKGNQESPKATGVFTT
(996-1084) PavB  KLDAPTNLQFVNETDSTVLVRWTPPRAQITGYRLTVGLTRRGOPRQYNVGPSVSKYPLRNLQPASEYTVSLVAIKGNQESPKATGVFTT
116 PavA  PGSSIPPYNTEVTETTIVITWTPAPRIGFKLGVRPSQGGEAPREVTSDSGSIVVSGLTPGVEYVYTIQVLRDGQERDAPIVNKVVT
(1087-1172) PavB  PGSSIPPYNTEVTETTIVITWTPAPRIGFKLGVRPSQGGEAPREVTSDSGSIVVSGLTPGVEYVYTIQVLRDGQERDAPIVNKVVT
n’ PavA  PLSPPTNLHLEANPDTGVLTVSWERSTTPDITGYRITTTPTNGQQGNSLEEVVHADQSSCTFDNLSPGLEYNVSVYTVKDDKESVPISDTIIP
(1173-1265) PavB  PLSPPTNLHLEANPDTGVLTVSWERSTTPDITGYRITTTPTNGQQGNSLEEVVHADQSSCTFDNLSPGLEYNVSVYTVKDDKESVPISDTIIP
e PavA  AVPPPTDLRFTNIGPDTMRVTWAPPPSIDLTNFLVRYSPVKNEEDVAELSISPSDNAVVLTNLLPGTEYVVSVSSVYEQHESTPLRGRQKT
(1266-1356) PavB  AVPPPTDLRFTNIGPDTMRVTWAPPPSIDLTNFLVRYSPVKNEEDVAELSISPSDNAVVLTNLLPGTEYVVSVSSVYEQHESTPLRGRQKT
e PavA GLDSPTGIDFSDITANSFTVHWIAPRATITGYRIRHHPEHFSGRPREDRVPHSRNSITLTNLTPGTEYVVSIVALNGREESPLLIGQQST
(1357-1446) PavB  GLDSPTGIDFSDITANSFTVHWIAPRATITGYRIRHHPEHFSGRPREDRVPHSRNSITLTNLTPGTEYVVSIVALNGREESPLLIGQQST
1120 PavA  VSDVPRDLEVVAATPTSLLISWDAPAVTVRYYRITYGETGGNSPVQEFTVPGSKSTATISGLKPGVDYTITVYAVTGRGDSPASSKPISI
(1447-1536) PavB  VSDVPRDLEVVAATPTSLLISWDAPAVTVRYYRITYGETGGNSPVQEFTVPGSKSTATISGLKPGVDYTITVYAVTGRGDSPASSKPISI
e PavA  EIDKPSQMQVTDVQDNSISVKWLPSSSPVTGYRVTTTPKNGPGPTKTKTAGPDQTEMTIEGLQPTVEYVVSVYAQNPSGESQPLVQTAVT
(1541-1630) PavB  EIDKPSQMQVTDVQDNSISVKWLPSSSPVTGYRVTTTPKNGPGPTKTKTAGPDQTEMTIEGLQPTVEYVVSVYAQNPSGESQPLVQTAVT
1112 PavA  NIDRPKGLAFTDVDVDSIKIAWESPQGQVSRYRVTYSSPEDGIHELFPAPDGEEDTAELQGLRPGSEYTVSVVALHDDMESQPLIGTQST
(1631-1720) PavB  NIDRPKGLAFTDVDVDSIKIAWESPQGQVSRYRVTYSSPEDGIHELFPAPDGEEDTAELQGLRPGSEYTVSVVALHDDMESQPLIGTQST
& PavA  PAPTDLKFTQVIPTSLSAQWTPPNVOLTGYRVRVTPKEKTGPMKEINLAPDSSSVVVSGLMVATKYEVSVYALKDTLTSRPAQGVVTT
(1723-1810) PavB  PAPTDLKFTQVTPTSLSAQWTPPNVOLTGYRVRVTPKEKTGPMKEINLAPDSSSVVVSGLMVATKYEVSVYALKDTLTSRPAQGVVTT
|||14 PavA NVSPPRRARVTDATETTITISWRTKTETITGFQVDAVPANGQTPIQRTIKPDVRSYTITGLOPGTDYKIYLYTLNDNARSSPVVIDAST
(1813-1901) PavB NVSPPRRARVTDATETTITISWRTKTETITGFQVDAVPANGQTPIQRTIKPDVRSYTITGLQPGTDYKIYLYTLNDNARSSPVVIDAST
1% PavA  AIDAPSNLRFLATTPNSLLVSWOPPRARITGYIIKYEKPGSPPREVVPRPRPGVTEATITGLEPGTEYTIYVIALKNNQKSEPLIGRKKT
(1902-1991) PavB  AIDAPSNLRFLATTPNSLLVSWQPPRARITGYIIKYEKPGSPPREVVPRPRPGVTEATITGLEPGTEYTIYVIALKNNQKSEPLIGRKKT
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Table 9.3: Recruitment of soluble human vitronectin by S. pneumoniae ( D 3 @seand S.p. 35A) and

their isogenic mutants devoid of PavB, PspC and double knockouts of PavB and PspC as determined
by flow cytometry.

S. GMFI x % gated events

pneumoniae Vn concentration (ug/ml)

strains 0 p 1.0 p 2.5 p
value value value

D3 %ps 56.46 + 7.923 - 1049 + 45.29 - 1486 + 371.53 -
apavB 70.35 + 19.638 - 379+ 181 0.0366  509.748 + 185.29 0.079
apspC 46.42 + 4.498 - 172 + 103.60 0.008 333.08 £ 98.135 0.051
apspC apavB  58.27 + 25.89 - 78.88 +32.12  0.0016 100.63 + 57.44 0.034

S.p. 35A 64.49 + 21.74 - 876.04 + 99.46 - 1331.921 + 267.30 -
apspC 63.36 + 10.03 - 329.81+£82.45 0.0268 560.477 + 40.345 0.056
apavB 47.53 £ 9.77 - 475.229 £ 106.3  0.06 467.792 + 43.321 0.045
apspC apavB  43.86 + 3.97 - 174.94 £+ 58.35 0.013  264.096 + 126.205 0.036

Table 9.4: Quantification of direct binding of Cy5-SSURE,.; with host respiratory epithelial cells (A549
and Detroit 562) as analyzed by flow cytometry.

Eukaryotic ctrl Cy5-BSA Cy5-SSURE,,3
cell line 10 pg 20ug 50ug
A549 GMFI x 21.32 1218.57 4939.014 8777.96 20398.20
% gated + + + + *
events 21.75 134.23 1791.77 2070.06 3536.252000
p value - 0.006 0.06 0.02 0.014
D562 GMFI x 57.16 21945.06 27218.67 41147.43 102628.5
% gated + + + + *
events 41.98 16496.48 17340.53 25768.57 37212.26
p value - - 0.722 0.338 0.01

Table 9.5: Quantification of surface expression of endogenous Vn and Fn produced by respiratory
epithelial cells A549 as analyzed by flow cytometry.

\ GMFI x % gated events

Vn/Fn concentration (ug/ml) Vn Fn
0 823.67 + 262.37 4610.01 + 1807.68
3.0 9795.46 + 2347.28 7467.47 + 2037.32
5.0 12815 + 2185.54 11093.194 + 3403.12
10.0 14995.476 + 2785.74 9691.38 + 2183

Table 9.6: Effect of ectopic surface bound Vn and Fn on direct binding of Cy5-SSURE,.3 with host
respiratory epithelial cells (A549) as determined by flow cytometry.

Vn/Fn concentration Binding of Cy5-SSURE,.3to A549
(ug/ml) % binding to host cells
Vn p value Fn p value
0 100 - 100 -
3.0 60.82 + 1.634 0.00086 134.42 + 22.11 0.15
5.0 51.96 + 5.23 0.0058 119.30 + 18.94 0.28
10.0 77.66 + 18.55 0.230 111.36 + 0.085 2.85x 10
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Table 9.7: Expression profile of various integrin on the surface of eukaryotic respiratory epithelial cells

(A549 and Detroit 562)

GMFI x % gated events

A549 Detroit 562
ctrl 21.10+7.60 19.1785
Alexa488 44.65+29.04 773.1875
U, 28604.52+2485.66 214.9817

b3 199.96+173.47 5187.8700
U,bs 257.39+147.39 343.0000
Us 14442.39+1650.26 500.2250

b, 17932.64+5243.71 1798.7670

IgG2b 42.97+27.60 6819.0840

Table 9.8: Impact of functional blocking antibodies recognizing specific integrins on direct binding of
Cy5-SSURE,.s to respiratory epithelial cells (A549 and Detroit 562) as depicted by flow cytometry.

A549 Detroit 562
Cy5-SSURE ;.3 % binding to eukaryotic p value % binding to eukaryotic p value
cells cells
w/o antibodies 100 - 100 -
with anti-U, 58.828220+ 12.401990 0.0045 133.709000+43.419280 0.249
with anti-bs 76.038170+16.077710 0.06 153.421900+34.866660 0.056
with anti-U,b 75.866810+£11.559470 0.02 116.802800+15.592650 0.135
with anti-Us 91.291450+3.290947 0.015 83.500750+40.281220 0.517
with anti-b, 91.217770£13.976630 0.31 79.225790+£37.526990 0.391
with 1IgG2b 96.304560+14.260850 0.304 82.861100+25.678410 0.31
with 1IgG1 92.435270+4.649912 0.05 82.186310+23.913110 0.266

Table 9.9: Binding of Cy5-SSURE.,.3; to A549 pharmacologically inhibited by RGD-peptide mimetic
drug CWHM12 and its enantiomer CWHM96 as demonstrated by flow cytometry.

Cy5-BSA Cy5-SSURE 3

w/o CWHM-12

CWHM-96

GMFI x % gated
events

1766.29+755.30

16009.30+1780.46 17990.11+1169.40 9039.90+1367.66

p value

0.319

0.048

Table 9.10: Quanti fi cation of

t r ansf e ¢itsgedfic SIRNA th comparison to the cells transfected with ctrl SiRNA.

s uirnftaecger |-emociachalews icalsn (A5

\ GMFI x % gated events p value
ctrl 15.07 + 3.875 -
Alexa488 337.94 £ 256.79 -
ctrl siRNA 18000.541 + 3670.51 =
U, SiRNA 3752.477 + 1815.2573 0.0389
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Table 9.11: Binding of Cy5-SSURE,,;t o-klhocked down cel |l s ( Aispedfi
siRNA in comparison to the cells transfected with ctrl SIRNA.

ctrl Cy5-BSA Cy5-SSURE2+3
ctrl SiRNA U, sSiRNA
GMFI x % gated 9.97 + 0.105 1584 + 498.24  16725.72 + 767.27 13462 + 1366.78
events
p value - - - 0.0985

Table 9.12: Direct binding of Cy5-SSURE,.; to murine embryonic fibroblasts (MEFs) and murine
kidney fibroblasts (MKFs) lacking specific integrin as analyzed by flow cytometry.

GMFI x % gated events

Cy5-BSA Cy5-SSURE,.3 p value relative to WT
cells
MEF WT 2658.37 + 552.98 12552.43 + 5341.82 -

MEF ITGAVB3 -/- 591.29 + 524.34 3738.36 + 314.45 0.046

MEF ITGB3 -/- 1100.26 + 22.16 2966.67 + 852.18 0.037

MEF ITG B3 -/- "®°°¢ 2394.42 + 123.03 5334.30 + 1243.33 0.084
MKF ITGB1 "% 1003.75 + 1249.9 3625.174 + 1116.63

MKF ITGB1 -/- 887.98 + 377.20 2649.5 + 783.18 0.283
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9.2. Figures
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Fig. 9.1: Interaction between MBP and Fnlll domains analyzed by surface plasmon
resonance.

A. Binding of MBP (as control) to immobilized human plasma fibronectin (Millipore) and
Hise-tagged fibronectin fragments (Fnlll) was analyzed by SPR. Fn and Hisg-tagged Fn
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domains were coated on the CM5 biosensor (ligand), and different concentrations of
MBP were analyzed for binding with a flow rate of 10 pl/min in PBS-Tween 20 (0.05%).
B. In the reverse approach MBP (as control) was used as a ligand and immobilized on
the CM5 biosensor. Hisg-Fnlll domains, purified under native conditions, were used as
analytes (0.125-2.0 uM) at a flow rate of 10 pl/min in PBS-Tween 20 (0.05%).
Changes in plasmon resonance are shown as relative response units (RUs). The
values of the control flow cell and the O uM data were subtracted from each
sensorgram.

Fig. 9.2:

Antibody control for the fibronectin SPOT peptide array.

The membrane with a series of spots representing 15mer peptides of Fnlll repeats was
probed for background by using primary antibodies (A. rabbit anti-PavA ; B. mouse
anti-PavB) followed by secondary antibody conjugated with peroxidase. The
membrane was developed using luminol and H,O, as substrate.
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Fig. 9.3: Amino acid binding propensities.
These values show, if specific amino acids are more (> 1.0) or less (< 1.0) likely than
statistically bound by PavA and PavB (SSURE,.3). While binding was measured to all

residues (A) in the epitope mapping, only exposed residues (B) should be considered
for the native protein.
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