ZUTS

UNIVERSITY OF TECHNOLOGY, SYDNEY

Proteomic Investigation of the
Genome-Reduced Pathogen,
Mycoplasma hyopneumoniae

Jessica Leigh Tacchi

Submitted in fulfilment of the requirements for
the degree of Doctor of Philosophy

The ithree institute

University of Technology, Sydney

2015



Declaration

1, Jessica L. Tacchi, certify that the work in this thesis has not previously been
submitted for a degree nor has it been submitted as part of requirements for a degree
except as fully acknowledged within the text.

1 also certify that the thesis has been written by me. Any help that I have received in my
research work and the preparation of the thesis itself has been acknowledged. In
addition, I certify that all information sources and literature used are indicated in the
thesis.

This thesis includes chapters that have been published, or are in preparation for
publication in refereed journals. I declare that [ was primarily responsible for data
collection, analysis and interpretation and responding to editing suggestions from co-
authors. The contributions from other authors are described at the beginning of each

chapter.

Jessica Leigh Tacchi

2015

i



Acknowledgements

Right from the outset, completing my PhD has been an amazing experience, and I owe

it to so many people.

Professor Steve Djordjevic and Dr. Matt Padula. I would never have come this far if not
for their enthusiasm, dedication and support. I could not have asked for better role
models, each inspirational in their own, often completely different ways. I could not be
prouder of my academic roots and hope that I can in turn pass on the values and the

passion for science that they have instilled in me.

I extend my sincerest gratitude to those who have helped contributed to this thesis,
whether directly or through providing technical assistance or discussions and ideas:
Cheryl Jenkins, Linda Falconer, Lauren Woolley, Chris Minion, Paul Haynes, Mark
Raftery, Joyce To, Joe Moxon and Jens Coorssen. I am also fortunate to have followed
in the footsteps of Lisa Seymour, Ania Deutscher and Daniel Bogema and I thank them

for being so open to answering my questions and letting me build on their foundations.

To the researchers at UTS and the ithree institute with whom I shared scientific
discussions, ideas and endeavours, I must thank for their encouragement and
collaboration. I am also grateful to have had the support of the most wonderful technical
staff and lab managers over the years; they were always happy to help.

I am also grateful to UTS for generously providing a Scholarship to fund my PhD.

Thanks also goes to the AB Sciex representatives and technical support staff for keeping

the instruments running and always being willing to let me watch and learn.

To my family; Mum, Wayne and Gabbie, who had no idea what I was talking about half
the time but smiled and nodded anyway.
To Luke, for everything, but mostly for bringing me coffee. Soon it’ll be my turn.

Finally, I have to thank the proteomics lab family. Ben, Jerran, Isa, Mike, Krish, Kate,
Jacqui, Ronnie, lain, Marz, Samira, “George”, Joel and the countless students and

visitors. I could not have asked for better labmates or friends.

i1



Table of Contents

Declaration...........cceeevueeernenennes ii
ACKNOWICAGEIMENLS...cuueiiiriisnricsssrnnecssssnsiessssassessssssssssssssssssssssssssssssssssssssssssssssssssssssssnass iii
LSt Of FIGUIES cuueiieiiineiicsisnniecsssnnneccsssnnsecssssnssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss ix
LiSt Of TADIES c.uuueiiineiiiiiiiniiinttiinnticnnticsnnicsneccsneicssncsssnessssesssssessssssesssssssssssssssasssses xi
ADDIEVIALIONS ouuerrueeinininecsuininensueisstensaensseecsecsssesssnssssssssessssesssessssesssnsssassssassssssssssssaesss xii
PUbliCAtiONS...ccueeiiiiiiiiiniiieeistinneecsnnnstecsneissnecssessssecssnssssesssessssessssssssnsssassssassssssssssssassss XV
ADSEract......ceceeeeecsneecssneecsnnnes Xix
Chapter 1. Introduction .1
L. 1. The MOIICULRS .....eeueieiiieiieieeieee ettt ettt 1
1.2. Mycoplasma hyopneumoniae features and pathogenesis...........ccoeeeeeieecreenveennn. 4
1.2.1. Adhesin proteins of M. hyopneumoniae .................cccoueeecueeeecueeeecueeeeiieeneneanns 7
1.2.2. Proteolytic cleavage of adhesins .........ccceceeviieiiienieiiiienieeee e, 12
1.2.3. Processing in other bacteria ..........cccoveieiieriieiieiieeeee e 23

1.2.4. Proteases of M. hyopneumoniae and identification of proteolytic processing

................................................................................................................................. 24
1.3. Proteomic analysis of M. hyopneumoniae .................cccceeveeeeeceeenceeencieeeneeeenne, 27
1.3.1. Global analyses and Mycoplasmas as model organisms.............cccceeuveennnee. 28
1.3.2. Surface proteome INVEStIZAtION .......ccccurrerureeriieeriieerieeerieeerreeeaeesaeeeeneeas 29
1.3.2.1. Membrane enrichment ..........c.cccooeeriieiiiiniiinienieeiceeeeee e 30
1.3.2.2, SRAVING.c..eeuiieiieiieie ettt sttt st sttt e 31
1.3.2.3. Cell surface 1abelling...........ccceeevuiieriiiiiriiieriieeeiie e 32

1.4. Functional cell surface analyses.........ccccoceereriiiiiniiieniienieeciceeceee e 33

1.4.1. Interactions of M. hyopneumoniae with extracellular matrix components...33

1.4.1.1. GlycoSaminOglyCans ............ceecueerieiiiieniieeiienieeieesiie e seee e seee e 34
1.4.1.2. FIDTONECHIN ..c.eeutiiiiiiiieieeeeitee ettt st s 35
1.4.1.3. PIaSMINOZEN ...cuviiiiieiieeiiieiie ettt ettt e e e nees 38

v



LA T4 ACHI ..ot 41

1.4.1.5. Host epithelial cell surface proteins ..........c.cccceeevvevieeriienieesiienieeieenen. 42

1.5. MoONlighting PrOt@INS ........cccveriieiiieriieiieeieeriie et eee et eieeeaeesreesbeessaeenseenaee e 44
1.6. Conclusions and reSearch aims ..........cocevvereerierienienienieneeeee et 49
Chapter 2. Materials and methods ..........eeeeenirnreinseinsecssnnnsenseesseecsseecssessssccssecsnns 51
2.1. Bacterial strains and growth conditions ...........ccceeevveeeiieencieencie e 51
2.1.1. Mycoplasma hyopneumoniae Culture.............ccceeeevveeeeieencieeeeiieesiee e 51
2.1.2. Escherichia coli CUltUTe.............ccceiiiiiiiiiiiiiiieeeeee e 51
2.1.3. PKIS Cell CUUIE....eoiiiiiieiieeeee e 52
2.2. Recombinant protein expression, purification and generation of antisera........... 52
2.2.1. Recombinant protein €XpreSSION ......cccueeeureeeiueeerreeesireeerreeesreeessreesssseesnsnens 52
2.2.2. Recombinant protein purification ............ccceeeveeereiieeeireeeniieeeiee e eevee e 52
2.2.3. Generation of polyclonal antiSera ............ccceeeveeruieeiienieeiiienieereesee e 53
2.3. Sample preparation fOr ProtEOMICS .......ccveievierieeirierieeiienreeieeereereeseeeeeeesaee e 53

2.3.1. Preparation of Mycoplasma whole cell lysates for 2D gel electrophoresis ..53

2.3.2 Triton X-114 phase extraction of Mycoplasma proteins...........ccccceeeruveennnee. 54
2.3.3. Preparation of native whole cell eXtracts ..........cceeveevcveeniieeniiieeniie e, 54
2.3.4. Preparation of whole cell lysates for dimethyl labelling..............cccceeueeenneee. 54
2.4, Cell surface analySes ........ceeevieeiiiieiiieeiiee ettt e e 55
2.4.1 BIOtINYLAtION.c..couiiiiiiiiiiiiiieieceet et 55
2.4.2 Enzymatic cell surface shaving..........cccoceeviiviniiininiiniinnccncccneceees 55
2.5. Proteomic tEChNIQUES .......oouviriiiiiiiiiiiieieet ettt 56
2.5.1. Isoelectric focusing — immobilised pH gradient strips (IPG IEF)................. 56
2.5.2. Liquid-phase isoelectric focusing (LP-IEF).......ccccccceviiniininiiniininicnces 57

2.5.3. One-dimensional sodium dodecyl sulphate —polyacrylamide gel

electrophoresis (1D SDS-PAGE) .......c.coooiiiiiiieeeeeeeee e 57



2.5.4. Two-dimensional sodium dodecyl sulphate —polyacrylamide gel

electrophoresis 2D SDS-PAGE........c.cooiiiiiiiieiecieeeee et 58
2.5.5. Dimethyl labelling of bacterial proteins...........ccceecveevveeeieenieecieenieeieeneeen 58
2.5.6. Enrichment of labelled N-terminal peptides ..........ccceeveeviieerciieenieeeeiee e, 59
2.5.7. In-gel trypsin digeStION .......eeecuiieeiiiieeii e e 59
2.5.8. Solid phase extraction (SPE)........cccooooiiiiiiiiceeee e 60
2.6. Detection Of INTEIACTIONS ....cccueieiiiiiieiieeitie ettt ettt e e e 60
B T R 21 o] 51 oY 60
2.6.2. Avidin purification of interacting Proteins..........ccecceeveereieerienieeeseenseeeneeenne 62
2.6.3. Heparin column affinity chromatography...........cccccoevieiiiiniiniinniiiieee 63
2.6.4. Avidin purification of fibronectin binding proteins...........c.ccceevverveevrrennnnnnn. 63
2.6.5. Avidin purification of plasminogen binding proteins............cccceeeveeeveennnnne. 64
2.6.6. Avidin purification of actin binding proteins...........cccceeeveerieecreerieenieennennn. 64
2.6.7. Co-Immunoprecipitation using Dynabeads protein A ...........cccceevveerirennnnnn. 65
2.7. Mass spectrometry and data analysis ........c.cceecuervierieeiieeniieeiiienie e 66
2.7.1. 1D LC-MS/MS using QTOF .......ccoiiiiiiiiiiiiieeee et 66
2.7.2. 1IDLC-MS/MS using Ion Trap .....cccceceriireriiiniiieieneereeeeteeeee e 66

2.7.3. Protein extraction and digestion for strong cation exchange chromatography

and MUAPIT ...ttt st 67
2.7.4. Peptide fractionation by cation-exchange chromatography............c.cccccceu... 67

2.7.5. Multidimensional Protein Identification Technology (MudPIT) analysis

USING FT ICR ..ot e e e e s e e 68
2.7.6. MS/MS Data ANALYSIS ...cccveeeriiiieiiieeiieeeiieeeiteeeiteeeieeesreeesveeesereeesnaeeeeaees 68
2.8, BIOINTOTMALICS .....vieeiiiieiie ettt ettt e et e e e e e ebeeesnseeenseeennneeennns 69

Chapter 3. Global protein-centric proteomic approaches highlight the widespread

nature of post-translational protein processing in Mycoplasma hyopneumoniae....71
3L ADSIIACT .ttt et 72

3.2 IEEOUCTION ... sesesesesesmsmnenmnmnmne 73



33 ML ROAS .t nnnnnnnnnnnn 77

34 RESUILS ..ttt ettt et 84
3.4.1. The global ProteOmME ........ceeecvieruiieiieiieeieeeie ettt et saee e enes 84
3.4.2. 2D gel mapping - Processing of cilium adhesins...........cccccceevveevienieenennen. 92

3.4.3. Evidence that the P65 lipoprotein is processed on the surface of M.

NYOPHCUIMONIAE ......cc.veeeeeeeeeeieeeeeeeeteeeaeeestaeesaaeesssaeesssaeessseeessseeensseesnsseeenseas 94

3.4.4. Processing events identified in atypical cell surface proteins of M.

NYOPHCUMONIAC. .........eeeeeeeeeeeesieeeeieeesteeeaeeetaeesetaeesssaeessseeessseeessseeensseesnsesenseas 96
3. 5. PrOTCASES ettt e et e e e e e et ————aaeee et e ———————————— 101
35 DISCUSSION e seeeeeeeseseneseeenesesesesenmemnenmnnn 103

PTOLEOMMIC ... tieeuiieeiiiee ettt e ettt e eiiee e et te et e esateeeeaeeensseeensseesssseeassaeensseesanseesnnseesnnseenns 103
3.5.2. The extent of proteolytic processing in M. hyopneumoniae........................ 106
3.5.3. Cleavage of uncharacterised proteins...........ceceveereeieneenenieeneeneeeenneennes 107
3.6. CONCIUSION ...ttt ettt ettt st ees 107

Chapter 4. Proteomic and functional analyses elucidate the diversity of surface

proteins of the genome-reduced organism Mycoplasma hyopneumoniae .............. 109
A1 ADSITAC ..ttt 110
4.2, INETOAUCTION ..ttt ettt e b s e e 111
4.3. Materials and methods ...........cooiiiiiiiiiiiiiiie e 114
4. RESUILS ..ottt st e 118

4.4.1. The surface proteome of M. hyopneumoniae.................cccccueeeeueeeeceeeencunann. 118
4.4.2. B1OINTOTMALICS ....ceiutiiiiieiieiiee ettt st 120
4.4.3. “CytoSOlIC” PIOLEINS .....eevieiieeiieeiieiie ettt ite ettt et e e ebeesaeeeseeneees 122
4.4.4. Interactions with host COMPONENtS.........c.cccueeeiieviiiiiieiiieiiee e, 125
4.4.5. P97 and P102 paralogs and proteases ............cceeveerereenuieesieeniesiieeneeeneenes 132
4.5, DISCUSSION «..uviiiiiieieeieeiteet ettt ettt ettt et sttt et sbe et satesbe et et e sbe e aesaee e 134
4.6, CONCIUSION ..ottt st 141



Chapter 5. Cilium adhesin P216 (MHJ_0493) is a target of ectodomain shedding

and aminopeptidase activity on the surface of Mycoplasma hyopneumoniae........

S L ADSETACE ettt ennnnnnnnnennnnn

5.2 TETOAUCTION e e e e e e e e e e e e e e e e e e eeeeeeeaaaeeeeeeenaans

5.3. Materials and METhOAS .....e .o e e e eeee e e e e e e eeenaees

S RESUILS oot e e e e aaaaaaaaanaaa

54.1.

54.2.

54.3.

5.4.4.

5.4.5.

5.4.6.

5.4.7.

5.4.8.

5.4.9.

Structural and chemical features of P216 .........ccoccoiiiiiiiniiiiii
Immunoblotting studies with anti-F1py16 — F3p216 S€ra ..veeevveeniiiiciieeeee
Identification of cleavage sites in P216 ......ccccooviiiiiiiiiiiiiieeeeee,
Surface exposed cleavage products of P216..........cooceeiiiiiiiiiieniiiiee
Identification of intact P216........cceeiiiiiiiiiiieeee e
Identification of true N-termini and cleavage Sites..........cccceevereveerereeneenen.
N-terminal dimethyl [abelling...........cccoevvviviieniieiiiiniieiieeeeee e,
Regions of P216 that bind heparin...........cccceeieveiiiiiiniieiecieeeeeeeee,

P216 binding capacity to PK15 cell surface proteins...........cccceevevueeuennene.

5.5, DIISCUSSION ettt e ettt e e e e ettt e e e e e e e et ee e aaeseeeeeeaeanaaaeseeeeereennnnaaeseeeeeneens

Chapter 6. Discussion and concluding comments

BIblioGraphy cceeecvieeniinuinieenstensinnsnensecssnecssnnssansssnesssecssnssssnssssssssessssssssssssassssassssssasss

Appendix I — Supplementary information

Appendix II — Electronic supporting information

143

170

181

200

214

viil



List of Figures

Figure 1.1. Diagrammatic representation of size comparisons of bacteria and

INOITICULES. ..veiieiiieeiiee ettt ettt e et e e et e e e teeeeabeeessseeessseeessseeesseeesseeensseessseensseenns 3
Figure 1.2. Cycle of pathogenicity of M. hyopneumoniae. ..............cc.ccoueveueeevenvreneane. 6
Figure 1.3. Microscopy of Mycoplasma hyopneumoniae binding cilia. .......................... 7

Figure 1.4. Immunogold labelling and electron microscopy, showing the localization of
adhesins, indicated by black arrOWS. ..........cocuuieeiiiieeiiiece e 9

Figure 1.5. Paralog gene structure and genome location in M. hyopneumoniae strain

Figure 1.6. Map of cleavage of the P97 cilium adhesin and immunoblot analyses using
MAD FIBO and F2G5. ...ooiiiiiiiieieeee ettt 14
Figure 1.7. Model for signal peptide insertion into the cytoplasmic membrane and
Cleavage DY SPaSE L ....cooiiiiiiciieieece et e 15
Figure 1.8. Diagrammatical illustration of the effect of post-translational modifications
of adhesin molecules of M. hyopneumoniae. ................cccoecueeceesoiiiiieniieiieseeieeeeee, 17
Figure 1.9. Diagrammatic representation of enzymatic cell surface shaving, releasing
extracellular exposed dOMAINS. ........c.cccueeriiiiiiiiiiieiie e e 31
Figure 1.10. Fluorescence micrographs showing the distribution of fibronectin in M.
hyopneumoniae-infected PK15 monolayers. ........c.ccoceeieiieieniiniininiieneceeicneeeeeeee 37
Figure 1.11. Overview of the mammalian plasminogen (Plg) system, its control and
how pathogenic bacteria engage the SYStem. .......cceevvieieriiiiriieeriie e 40
Figure 1.12. Scanning electron micrographs depicting the interaction of

M. hyopneumoniae with PK15 CellS........ccocoeviriiniiiiiiiiiicnicecceeeee 43
Figure 1.13. Examples of moonlighting functions. ...........ccccceeveiieriieincieeriie e 45
Figure 1.14. The glycolytic pathway and moonlighting actions of bacterial glycolytic
PTOTEIMS. 1.ttt ettt ettt ettt ettt b bt ea e sh e sb et e bt e s b e et e sbe e bt et e ebeesbeeatesbee bt ennens 47
Figure 1.15. Immunogold electron microscopy detection of EfTu and PdhB proteins on
M. pneumoniae Cell SUTTACES. ........cccueieiiiiiiieciiie e 48

Figure 2.1. Schematic depiction of cup-loading for isoelectric focusing in IPG strips. 57

Figure 2.2. Electroblotting apparatus SETUP. ........ceceerieeriienieeriienieeieeseeeiee e esee e enne 61
Figure 3.1. Analysis by GELC-MS/MS........ccoiiiiiiiiiiieeeeseeeeese et 86
Figure 3.2. MHJ 0523 cleavage map. ......ccccceereeerieenieniienieeiee sttt 91
Figure 3.3. 2D gels and immunoblots. ...........ccooeiiiiiiiiiiiieeeee 92

iX



Figure 3.4. Cleavage map of PO5. ......ccooiiiiiiiiiieeeeee e 95

Figure 3.5. Cleavage map of Elongation Factor Tu. ..........ccceovvviiiiieniiienieieeiee, 98
Figure 3.6. Structural model of EfTU. .......cccooviiiiiiiiieceeeee e 101
Figure 4.1. Overview of surface protein identifications............ccceeeeveeerieeerieeesieeennen. 118

Figure 4.2. Avidin affinity purification of Mycoplasma hyopneumoniae surface
DIOtINYIAtEd PIOLEINS. ...vieiiieiiiieiiieiie ettt ettt et e s e b e e seaeebeesaaeenseenenas 120
Figure 4.3. Surface proteins identified from affinity chromatography using key host
MOLECUIES @S DAIL. ...ttt ettt ettt et 126
Figure 4.4. Inmuno-affinity chromatography and convalescent sera blots showing
immuno-reactive proteins of M. hyopneumoniae.................ccccceeeeeveeeeeienceeeneenneennnens 128
Figure 4.5. Immuno- and ligand-blots of pH 4-7 and 6-11 2D gels of M.
hyopneumoniae Whole Cell 1ySates. .........cooiiiiiiiiiiiieieeeeeee e 131
Figure 5.1. Schematic depiction of the modular nature of P216;.........cccevveveeiennnnnne. 153

Figure 5.2. Detection of P216 cleavage fragments by immunoblotting with antisera

generated to recombinant protein fragments. ..........ccoeceeriieiieniieniiee e 155
Figure 5.3. Identification of protein fragments of P216,3; by 2D PAGE. ................... 156
Figure 5.4. Identification of biotinylated (surface) fragments of P216; by 2D SDS-

PAGE and LC-MS/MS. ..ottt st 157

Figure 5.5. Identification of intact P216; from a 1D gel of purified biotinylated surface
proteins from a Triton X-114 insoluble fraction. ..........ccccceevieeiieniiienieniieieeeeeee, 158

Figure 5.6. Semi-tryptic peptides identified from P216; indicating putative cleavage

Figure 5.7. Identification of overlapping dimethyl-labelled peptides in the putative

transmembrane domain of P216; by N-TAILS. .......ccccoiiiiiiiiiiieceeeeeeee 161
Figure 5.8. Heparin binding fragments of P2167.........cccooviriiniiiiiiiniiniceeicee, 162
Figure 5.9. Cleavage fragments Of P216. ........ccooiieeiiiiiiiiieee e 164



List of Tables
Table 1.1: Members of the P97/P102 paralog family of adhesins and their equivalent

genes N Srains J and 232, . .c.uiiiiii e e aae e 12

Table 1.2. Adhesin proteins of M. hyopneumoniae strain J and respective cleavage

fragments SO far identified. ...........ooecuiiriiiiiiiiie e 20
Table 1.3. Inhibitory mechanisms of different competitors. .........ccccevrveeerieeicieeennnennn. 35
Table 3.1. Overview of number of identifications by each method. ...........c.c.ccveennnn. 84
Table 3.2. Cleaved proteins identified from protein-centric analyses............ccccvennennne. 88

Table 3.3. Putative proteases identified in the global proteome of M. hyopneumoniae.

Table 4.1. Summary of bioinformatics predictions of identified surface proteins....... 121
Table 4.2. Interactions of surface-associated glycolytic enzymes and selected metabolic
proteins With host MOLECUIES. .......cc.eeeiiiiiiiiiieieceee e 124
Table 4.3. Surface proteins of M. hyopneumoniae that bind heparin, fibronectin,

plasminogen and PK15 surface proteins. .........ccoceeveeriieiienieeiienieeeece e 127
Table 4.4. Inmunogenic surface proteins of M. hyopneumoniae. ....................ccu........ 129

Table 5.1. Semi-tryptic peptides identified which align to putative cleavage sites. .... 159

X1



Abbreviations

l
1D

2D
6xHis-tagged
ACN

amu
ATCC
ATP
BALF
BLAST
BM

BN

BSA
C-terminus

C7BzO

CDS
CN

CO,
ddH20
DNA
DTT
ECM
EDTA
EfTu
ELISA
EMAI
ESI
ExPASy
Fn
FnBP
FT

FT ICR
G+C
GAG
GAPDH

GeLC-MS/MS

GO
HCI
HEPES
HLB
HRP

Denotes site of cleavage

One-dimensional

Two-dimensional

Hexahistidine tagged

Acetonitrile

atomic mass units

American Type Culture Collection
Adenosine triphosphate

Bronchoalveolar lavage fluid

Basic Local Alignment Search Tool
Basement membrane

Blue native

Bovine Serum Albumin
Carboxyl-terminus

3-(4-Heptyl)phenyl-3-
hydroxypropyl)dimethylammoniopropanesulfonate
Coding sequences

Clear Native

Carbon Dioxide

Double-distilled water

Deoxyribonucleic Acid

Dithiothreitol

Extracellular matrix

Ethylenediamine tetraacetic acid
Elongation factor Tu

Enzyme-linked immunosorbent assay
Elizabeth Macarthur Agricultural Institute
Electrospray Ionisation

Expert Protein Analysis System
Fibronectin

Fibronectin binding protein

Fourier transform

Fourier transform ion cyclotron resonance
Guanine and cytosine
Glycosaminoglycan
Glyceraldehyde-3-phosphate dehydrogenase
Gel-electrophoresis-coupled liquid chromatography
tandem mass spectrometry

Gene Ontology

Hydrochloric acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hydrophillic-lipophillic balanced
Horseradish peroxidase

xii



HSP

ID

IDA
IEF

Ig
IMAC
IPG
IPTG
KCl
kDa
kVh

LB

LC

LPS
LTQ
MO
MAD
MALDI
MMP
mRNA
MS
MS/MS
MudPIT
N-terminus
NH4HCO;
ODs0o
ORF
PAGE
PAI-1
PAMP
PBS
PBS-T
PDB
PEP

pl

PICS
PK15 cell
Plg
PONDR
PPLO
ppm
PRRSV
PVDF
Q-TOF

Heat shock protein

Inside/Inner Diameter

Intelligent Data Acquisition

Isoelectric focusing

Immunoglobulin

Immobilised metal affinity chromatography
Immobilised pH gradient
Isopropyl-B-D-thiogalactopyranoside
Potassium Chloride

Kilodalton

KiloVolt Hours

Luria-Bertani

Liquid chromatography
Lipopolysaccharide

Linear Trap Quadrupole

Macrophages

Monoclonal antibody

Matrix-assisted laser desorption/ionization
Matrix metalloproteinases

Messenger Ribonucleic Acid

Mass spectrometry

Tandem mass spectrometry
Multidimensional protein identification technology
Amino-terminus

Ammonium bicarbonate

Optical density at 600 nm

Open reading frame

Polyacrylamide gel electrophoresis
Plasminogen activation inhibitor-1
Pathogen-associated molecular pattern
Phosphate buffered saline

Phosphate buffered saline-Tween 20
Protein Database

Porcine enzootic pneumonia

Isoelectric point

Proteomic identification of protease cleavage site
Porcine kidney epithelial-like cell
Plasminogen

Predictor of Naturally Disordered Regions
Pleuropneumonia-like organism

Parts per million

Porcine reproductive and respiratory syndrome virus
Polyvinylidene fluroride

Quadrupole time-of-flight



R1
R2
rpm
SCX
SDS
SEM
SPE

Sulfo-NHS-LC-biotin

TAILS
TBP

TCA
TCA cycle
TEM
TFA

TOF

tPA

Tris

Tllfsp
Tween-20
TX-100
TX-114
uPA
uPAR

v/v

w/v
WHO

Repeat region 1

Repeat region 2

Revolutions per minute

Strong cation exchange

Sodium Dodecyl Sulphate

Scanning electron microscopy

Solid phase extraction
Sulfosuccinimidobiotin long chain biotin
Terminal amine isotopic labelling of substrates
Tributylphosphine

Trichloroacetic acid

Tricarboxylic acid cycle

Transmission electron microscopy
Trifluoroaceteic Acid

Time of flight

Tissue-type plasminogen activator
2-Amino-2-hydroxymethyl-propane-1,3-diol

Elongation factor Tu (Tuf) of Streptococcus pneumoniae

Polyoxyethylenesorbitan monolaurate

Triton X-100

Triton X-114, Octylphenoxy polyethoxyethanol
Urokinase-type plasminogen activator
Urokinase-type plasminogen activator receptor
Volume per volume

Weight per volume

World Health Organisation

Xiv



Publications

“Sequence TTKF | QE defines the site of proteolytic cleavage in Mhp683 protein, a
novel glycosaminoglycan and cilium adhesin of Mycoplasma hyopneumoniae.”
Bogema DR, Scott NE, Padula MP, Tacchi JL, Raymond BB, Jenkins C, Cordwell SJ,
Minion FC, Walker MJ, Djordjevic SP. J Biol Chem. 2011.

“Mhp182 (P102) binds fibronectin and contributes to the recruitment of plasmin(ogen)
to the Mycoplasma hyopneumoniae cell surface.”

Seymour LM, Jenkins C, Deutscher AT, Raymond BB, Padula MP, Tacchi JL, Bogema
DR, Eamens GJ, Woolley LK, Dixon NE, Walker MJ, Djordjevic SP. Cell Microbiol.
2012.

“Mycoplasma hyopneumoniae Surface proteins Mhp385 and Mhp384 bind host cilia
and glycosaminoglycans and are endoproteolytically processed by proteases that
recognize different cleavage motifs.”

Deutscher AT, Tacchi JL, Minion FC, Padula MP, Crossett B, Bogema DR, Jenkins C,
Kuit TA, Walker MJ, Djordjevic SP. J Proteome Res. 2012.

“Characterization of cleavage events in the multifunctional cilium adhesin Mhp684
(P146) reveals a mechanism by which Mycoplasma hyopneumoniae regulates surface
topography.”

Bogema DR, Deutscher AT, Woolley LK, Seymour LM, Raymond BB, Tacchi JL,
Padula MP, Dixon NE, Minion FC, Jenkins C, Walker MJ, Djordjevic SP. MBio. 2012.

“MHJ_0125 is an M42 glutamyl aminopeptidase that moonlights as a multifunctional
adhesin on the surface of Mycoplasma hyopneumoniae.”

Robinson MW, Buchtmann KA, Jenkins C, Tacchi JL, Raymond BBA, To J, Roy
Chowdhury P, Woolley LK, Labbate M, Turnbull L, Whitchurch CB, Padula MP,
Djordjevic SP. Open Biol. 2013.

“Formation of assemblies on cell membranes by secreted proteins: molecular studies of

free A light chain aggregates found on the surface of myeloma cells.”

XV



Hutchinson AT, Malik A, Berkahn MB, Agostino M, To J, Tacchi JL, Djordjevic SP,
Turnbull L, Whitchurch CB, Edmundson AB, Jones DR, Raison RL, Ramsland PA.
Biochem J. 2013.

“P159 from Mycoplasma hyopneumoniae binds porcine cilia and heparin and is cleaved
in a manner akin to ectodomain shedding.”

Raymond BBA¥, TacchiJ L¥, Jarocki VM, Minion FC, Padula MP, Djordjevic SP.

J Proteome Res. 2013. (*Co-first authors)

“Proteogenomic mapping of Mycoplasma hyopneumoniae virulent strain 232.”
Pendarvis K, Padula MP, Tacchi JL, Petersen AC, Djordjevic SP, Burgess SC, Minion
FC. BMC Genomics. 2014.

“Proteome analysis of multidrug-resistant, breast cancer-derived microparticles.”
Pokharel D, Padula MP, Lu JF, Tacchi JL, Luk F, Djordjevic SP, Bebawy M. Journal of

extracellular vesicles. 2014.

“Proteolytic processing of the cilium adhesin MHJ 0194 (P123) in Mycoplasma
hyopneumoniae generates a functionally diverse array of cleavage fragments that bind
multiple host molecules.”

Raymond BB, Jenkins C, Seymour LM, Tacchi JL, Widjaja M, Jarocki VM, Deutscher
AT, Turnbull L, Whitchurch CB, Padula MP, Djordjevic SP. Cell Microbiol. 2014.

“Non-proteolytic functions of microbial proteases increases pathological complexity.”

Jarocki VM, Tacchi JL, Djordjevic SP. Proteomics. 2014.

“MHJ 0461 is a multifunctional leucine aminopeptidase on the surface of Mycoplasma

hyopneumoniae.”

Jarocki VM, Santos J, Tacchi,JL, Raymond BB, Deutscher AT, Jenkins C, Padula MP,

and Djordjevic SP. Open biology 2015.

XVi



Conference Presentations — Presenting author

20th Lorne Proteomics Symposium, 2015 — Poster presentation: “Post-
translational processing, multifunctionality and moonlighting.”

19th Lorne Proteomics Symposium, 2014 — Poster presentation: “Proteolytic
processing of adhesin proteins on the surface of Mycoplasma hyopneumoniae”
BacPath 12: The Molecular Biology of Bacterial Pathogens, Tangalooma Resort
QLD, 2013 — Poster presentation: “Protein Processing and Promiscuity in
Pathogenesis”

18th Lorne Proteomics Symposium, 2013 — Oral presentation: “It’s all about
cleavage: generating diversity in a genome-reduced organism”

Proteomics and Beyond Symposium, Macquarie University, 2012 — Poster
Presentation: “Mining 2D gels for a wealth of biological information”

17th Lorne Proteomics Symposium, 2012 — Poster presentation: “The Surface
Proteome of Mycoplasma hyopneumoniae”

19"™ Congress of the International Organisation for Mycoplasmology, Toulouse,
France 2012 — Poster presentation: “Endoproteolytic Adhesin Fragments and
Geographical Moonlighting Proteins Dominate the Surfaceome of Mycoplasma
hyopneumoniae”

16th Lorne Proteomics Symposium, 2011 — Poster presentation: "Surface
Proteins of a Reduced-Genome Pathogen: Mycoplasma hyopneumoniae"

Royal North Shore Hospital Annual Scientific Research Meeting, 2010 — Poster
Presentation: “Protein Complexes of Mycoplasma hyopneumoniae Revealed by
High-Resolution Clear Native Electrophoresis”

HUPO 9th Annual World Congress, Sydney 2010 — Poster presentation:
“Protein Complexes of Mycoplasma hyopneumoniae Revealed by High-
Resolution Clear Native Electrophoresis”

Australian Society for Microbiology Annual Scientific Meeting & Exhibition,
Sydney 2010 — Poster presentation: “A Comprehensive Proteomics Analysis of
Mycoplasma hyopneumoniae Strain J”

18™ Congress of the International Organisation for Mycoplasmology,
Chianciano Terme, Italy 2010 — Oral presentation: “A Comprehensive

Proteomics Analysis of Mycoplasma hyopneumoniae Strain J”

Xvii



Awards and Scholarships

e Poster Presentation Award — 20" Lorne Proteomics Symposium, 2015

e Student Oral Presentation Award — 18th Lorne Proteomics Symposium, 2013

e Best poster — 17th Lorne Proteomics Symposium, 2012

e IOM Student Travel Award — 19" Congress of the International Organisation
for Mycoplasmology, Toulouse, France, 2012

e Student Travel Award to attend the Human Proteome Organization Congress
(HUPO) Congress in Sydney, 2010

e Vice-Chancellor’s Postgraduate Research Students Conference Funding, 2010

e Faculty of Science Post Graduate Conference Funding, 2010

e IOM Student Travel Award — 18" Congress of the International Organisation
for Mycoplasmology, Chianchiano Terme, Italy, 2012

e UTS Doctoral Scholarship, 2010

Xviil



Abstract

Mycoplasma hyopneumoniae is a genome-reduced bacterium and an economically
significant pathogen that chronically infects the respiratory tract of swine. This infection
often leads to pneumonia and secondary infections, costing agricultural industries
significantly in the use of antibiotics and vaccines, which are currently largely
ineffective. An improved understanding of the molecular mechanisms behind the
infection process is essential to our ability to rationally design better vaccine and
therapeutic interventions. With fewer than 700 predicted protein coding sequences, M.
hyopneumoniae possesses one of the smallest genomes of any free-living organism. As

such, it lends itself well to thorough proteomic interrogation.

In this thesis, a range of proteomic techniques have been used to investigate the M.
hyopneumoniae global and surface proteome at the protein and peptide level, including
surface shaving and labelling techniques, ligand and immuno-blotting and affinity
chromatography, as well as N-terminal dimethyl labelling to determine true N-termini
of mature proteins. This conceptually unbiased, function-oriented approach has revealed
an unexpected level of complexity in the use of proteolytic processing, multifunctional
proteins and moonlighting to compensate for reduced coding capacity at the genome
level. While microarray and transcriptome studies suggest that under normal culture
conditions, the majority of genes are transcribed; our analyses identified less than 400
detectable expressed protein products under similar conditions. A significant number of
the expressed proteins were discovered to be multifunctional, post-translationally

modified by proteolysis.

Surface proteome analyses identified a range of proteins to be surface exposed, despite
lacking known signal peptides. Even though many of these proteins had well-
characterised functions in the cytoplasm, they were also identified to have secondary
functions at the cell surface, a phenomenon known as moonlighting. Many of the
proteins present at the cell surface were identified to be subjected to proteolytic
cleavage events. These were predominantly cell surface adhesins, many of which have

already been described in the literature, however a large number of cytoplasmic

X1X



“housekeeping” proteins are also found to be post-translationally cleaved,

multifunctional proteins or moonlighting proteins.

These findings can be applied to improve the rational design and development of
vaccines and therapeutics for the prevention and treatment of Mycoplasma
hyopneumoniae, as well as having wider implications for the field of biology as a
whole, if similar levels of post-translational regulation can be found in other bacterial

pathogens.
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