Molecular Characterisation of the
Polyhistidine Triad Proteins of

Streptococcus pneumoniae

THE UNIVERSITY

o ADELAIDE

Charles Deveron Plumptre, BA (Hons)
A thesis submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy from the University of Adelaide

February 2013

Research Centre for Infectious Diseases
School of Molecular and Biomedical Science
The University of Adelaide
Adelaide, S.A., Australia






Table of Contents

ADSIFACT et %
DECIANALION oo R Rt R s vii
YN o] o] =1V T- L u o] o TSP iX
ACKNOWIEAGEIMENTS ...ttt b bbbt b e bt b e sb st e b nb e e eb e s b e e ebenb e s e et e nbe e abear e Xi
Chapter 1: INTEFOTUCTION ... b et bbbt nn 1
1.1 Significance of Streptococcus pneumoniae for human health ..., 1
1.2 Pathogenesis of pneumococcal disease and underlying molecular mechanisms ............cccooeeecnennene, 1
1.2.1 COONISALION.......evevieeieieseetece ettt n s 2
1.2.2 Progression t0 iINVASIVE GISBASE .....cverueruerierieiteieeieiesiestestesteseesasseessessessestessestessesssessessessessessessessens 3
1.2.3 Host immune reSPoNSE t0 PNEUMOCOCCH ....cveivriieieerieieiestesteseeseeeesessessessessessessesssessessessessessesessens 3

1.3 Treatment and prevention of pneumOoCOCCal ISEASE.........ccuevirieieiirise et 4
1.3 1 ANEIDIOTICS .. 4
1.3.2 Vaccines in current use and their [Imitations ..o 5
1.3.3 Alternative VacCination SEFAtEOIES . .......c.veviirieiitiiieeste sttt sb e ene e 6
1.3.4 Protein-Dased VACCINES ........cccviiiiiieiesiese ettt st sttt st e ste st besre s eneestesteseesreaneanens 8

1.4 Protein VacCing CANAITALES ... ...cveieieieriee ettt sttt st st ste s e et et sbestesneaneas 9
1.4, 1 PREUMOIYSIIN 1.ttt bbb bbbt b e bt b e nb et ekt nb e ek e bt et nr e b e nnes 9
1.4.2 Pneumococcal surface Protein A (PSPA) ..ottt 10
1.4.3 Pneumococcal surface protein C (PSPC) .....oveiierieiierieesie ettt 11
1.4.4 Pneumococcal surface adhesin A (PSAA) ......c.cceiue et ese e ve et e e sreesne e 11
1.4.5 COMDINALION VACCINES......c.eiviieiiireeeiestese et sttt sttt r et r et r et r e nr et nr e nn s 12

1.5 Polyhistiding triat PrOtEINS ......cccvviieiie ettt et e st et e e e e e raesneesneeaneenas 12
1.5.1 Structural features Of Pht ProteinS ........cccveiieiiiii i 13
1.5.2 Genetic organisation and regulation of expression of pht genes ..........ccccccevvvevveieiie e, 15
1.5.3 USE IN VACCHNES ...ttt et r ettt r et r et r ettt nn e 16
1.5.4 Roles and functions of Pht proteins in pathOgenesis ..., 19

1.6 Zinc homeostasis iN S. PNEUMONIAE ........eiviiiireiiitirieeeie sttt bbb 22
1.6.1 Requirement for zinc and its import and EXPOIT ..........ccociiereiienei e 22
1.6.2 Mechanism Of ZINC TOXICILY ....c.viverieiieieeie et 23

1.7 PTOJECE @IMS .veeteite ettt bbbt b bbbt b bbbt bt bbbt bbbt n et 24
Chapter 2: Materials and MEthOdS..........cccviiiiiic e e 27
S L AL Lo To o] TS o PP 27
2.2 GIOWEN IMEOIA ...ttt bbb bbb bbbt bt n et r et nr s 29
R O ] [ToTo] 10T (=Yoo (=T o] T 1T SR 29
2.4 Manipulation OF DINA ..o oot ae e st e et et eeab e eae e s be e teesteesteaneesneeareeeis 32
2.4.1 PCR, agarose gel electrophoresis and DNA SEQUENCING .......coiverieieeiieiiesiesieeseesie e e e e 32
2.4.2 Restriction digestion and HYAtION ..........ccoiiiiiiiiiie bbb 33

2.5 Transformation OF DACLEIIA. ........uiiviieieiee ettt seesbesreereene e 33
2.5.1 THY method for pneumococcal transformation ...........ccccceveiiiriininein e 33
2.5.2 Preparation of pneumococcal competent cells and back transformation ...........cccccooevviiiicvnninnns 33
2.5.3 Preparation of competent E. coli and transformation ... 34

2.6 Expression and purification of Proteins ..........ccociiiiiiiinie e 34
2.6.1 Expression of pneumocOCCal PrOtEINS ........c.civeiiiiierii et ste et e e ae e reesne e 34
2.6.2 Purification of pneumoCOCCal PrOtEINS ..........coiiuiriiieie e 34
2.6.3 Cloning, expression and purification of factor H and SCR domain proteins............cccccoccvoeneneennnn 35

2.7 Enzyme-linked immuUNOSOIDENT SSAY .....c.verviiterieitirieeiieie ettt sttt sttt e e e bbb e 36
2.8 SUrface PlasmON FESONANCE ... ....ciui ittt ettt ettt b e ae et et et sb e b e bt bt ebe e st et e sbenbesbe et e ane e 36
2.9 FIOW CYEOMEBIIY ...ttt bttt bbbt bbbt e st et et sb e bt e bt eb e ebeen e e beneenbesbeebeene e 37
2.10 Preparation of bacterial lysates and precipitation of proteins from culture supernatants..................... 37
2.11 Cell Wall dIgESHION @SSAY .....evereerirtenietirieieiiste ettt b ettt sttt b ettt be st e ene et 38
2.12 Assay for release of PhtD OVEF TIME ......cviiiiiiiiieeie e 38
2.13 SDS-PAGE and WEeStern BIOTHING ..........couiiririiirieeirieese et 38
2.14 Inductively coupled plasma mass SPECIFOMELIY ........cviiriiiririeiresiese e 39
2.14. 17 PUFITIEA PIOTEINS ...ttt ettt bbbttt b e bbbt b e st e e et e besbesbesbeeneas 39

2.14.2 PNEUMOCOCCAI CUITUIES ...ttt ettt ettt e s sttt e e s e b e e e s s bt e e e s erb b e e e sbae e e s eaees 39



2.15 THermMal SNITE @SSAY ....vcuveveiiieiisiese sttt e st eene e s e et e e s tesbesteeneeseeeetesresresreaneas 40

2.16 GIOWEN CUIVE GSSAYS .vv.vveveereerreseestestessesseasestessessesseasessesssessessessessessessesssessessessessessessesssesessessessessessensens 40
2.17 Zeta potential MEASUIEIMENTS ......ciuiiieieeeeeeieiteste e steereeeeee st e stesresre s e asseeessesbesaesbesseanseseensessesresresseanens 40
2.18 Circular diChroiSm SPECITOSCOPY . .v.vviveeeeieiesiestiseeteeeerete st e stesteste s e asseseeseesbesaestesraaneeseensesseseesresseanens 40
2.19 In vivo models of pneumoCOCCal QISEASE .........ccviieieiiieieieie et sre e e eneas 41
P T YT OSSO POOPRRPR 41
2.19.2 Generation of POlYCIONAl ANTISEIA ........coiviiiiriiiiire e 41
2.19.3 Intranasal ChalIENGE .......covciiiie s 41
2.19.4 IMMUNISALION EXPEITMENTS.....eviuiitirtiiiitirt ettt b ettt b et nb e e b 42
Chapter 3: Interaction of Pht proteins and PspA with the human complement regulator Factor H-
(]G o ) (=1 o 1 USSP 43
T8 A 1o To [0 To{ T OSSR URRU TP 43
3.2 Virulence of the AphtABDE mutant strain in a murine sepsis model ..........cccocovvvvviviieveveiie s 46
3.3 In vivo competition between wild-type and the AphtABDE mutant Strain.........ccccooveveieneneicnenieennen, 46
3.4 Pht proteins and PspA bind to SCR 1-7 of faCtor H........ccccooiiiiie i 49
3.5 Binding of SCR 1-7 to Pht proteins and PspA occurs via ionic interaction with SCR 7 .............c......... 49
3.6 Non-conserved charged residues of SCR 7 are critical for binding .........ccccccovvvviie i 53
3.7 Surface plasmon resonance measurement of the interaction of SCR 1-7 with Pht proteins and PspA ..53
3.8 Flow cytometric measurements of the interaction of SCR 1-7 with Pht proteins and PspA................... 55
3.9 Contributions of Pht proteins, PspA and PspC to evasion of complement deposition..............ccocceveen. 57
310 DISCUSSION .ttt ettt st st te et e s et es e saesbesbeebe et e eseesee e e benbeebeeseameeseene e besaeabeebeaneeseensenbeseenbenrennens 59
Chapter 4: The relationship between Pht proteins and zZiNC..........ccooviiiiiiniiiiieeeeee e 63
s I 11 (T [NTox o} o OSSPSR 63
4.2 Effect of zinc concentration on expression levels of Pht proteins and AdCR.........cccccovvivivieiieiieceenns 64
4.3 Binding of metal ions by purified PRt Proteins ........c.ccceiiiiieiieiice et 67
4.4 Metal ion accumulation of the AphtABDE MULANt SEraiN .......ccccccveieiiieiieeiee et 72
4.5 Growth of the AphtABDE mutant strain over a range of zinc concentrations............cccocevvveveevieeiennens 75
4.6 Surface charge of the APhtABDE MULANE STFAIN .......c.cooviiiiiieieee et 78
4.7 DISCUSSTON ...ttt ettt ettt et h ke h bt s e bbb e e h e b e e e s b eb e b e A bt e b £ e b e e m b et e nb e e b e e bt eb e e b e e nb et e nneebenbeebeens 81
Chapter 5: AdcA, AdcAll and the IMPOort 0f ZINC ... 87
T80 A o o [0 Tod £ T o RSOSSNSO 87
5.2 CONSLIUCTION OF MULANTS ....eoviieieiisc ettt e et sbesreeneeseeneeneeseesresreanens 88
5.3 Growth of mutants under zinc-liMiting CONAILIONS ..o 92
5.4 ICPMS analysis 0f AQAC MULANTS .......cviiiiieirie et 96
5.5 Virulence of Aadc mutants in mouse models of pneumococcal diSEase .........ccovvreriienennenenieennen, 101
5.5.1 Pathogenesis Of AQAC MULANTS .........cc.oiiiiieiice et sreesre e 101
5.5.2 Virulence of Aadc mutants after intranasal challenge ...........cccooviiiiii i, 104
5.5.3 In vivo competition between AadcA and AadCAT MUEANES.........cccooviiiiiiiiicieee e 104
5.6 DIISCUSSION ...ttt ettt bbbt bt b s e st eeh b ekt e b £ e b £ e Rt e b e eb e bt e bt e bt e bt eht e b e b et nbe bt nne e 106
Chapter 6: Vaccination using truncated derivatives of PhtA and PhtD..........c..cccooeviviiv v, 111
LGB0 10T [0 Tod T o ST 111
6.2 Design Of truNCAted JEriVALIVES. ........ciriiiiirieice bbb 112
6.3 Cloning, expression and purification of truncated derivatives.........c..ceoevererieiieiiieieeee e 112
6.4 Binding of antibodies to truncated derivatives of PhtA and PhtD .........cccccoocvviviiiiinineienenece e 118
6.5 Design and antibody reactivity of the PhtA and PhtD adjunct regions..........ccccoeveeveiveierenenesnsennneans 118
6.6 CD spectroscopy of truncated forms of PHtD ........ccccciiiiiiiniiiiee e 122
6.7 Immunisation with truncated derivatives of PhtA and PhtD.........cccccooiiiiiiiiie e 124
6.7.1 D39 SEPSIS MOUEN......eeiiiieiie ettt bbbt e e bbbt e e b b sbesreene s 124
6.8 Immunisation with truncated derivatives 0f PhtD ..o 127
6.8.1 D39 cOloNiSAtioN MOE .........couiiiiiiiiitiee e bbb b ene s 127
6.8.2 PO SEPSIS MOTEI ...ttt be bbb ene s 127
5.9 DIISCUSSION ...ttt ettt ettt ettt s e bbbt bt b e s e e se e s bt b e s bt e b £ e b £ eReesb e eb e bt eR e e b e e b e ens e st e b e besbeebenne e 133
6.9.1 Secondary structural elements and immunogenicity of truncated proteins...........cccocevveverernenns 133
6.9.2 Protective immunity elicited by immunisation with truncated proteins in D39 sepsis model ......134
6.9.3 Failure to elicit protective immunity in D39 colonisation and P9 sepsis models ............cccccvvnene 135
Chapter 7: Surface attachment Of PRED ........ccooviiiiiie s 137

B 1211 (o Yo (U1 £ o] o TR TORR 137



7.2 Signal peptide prediction fOr PRED ...t 138

7.3 Construction of AphtABDE strains complemented with altered forms of phtD..........ccccoceviiviecnnne. 141
7.4 Deletion of amino acid stretches causing loss of surface attachment of PhtD .........c.cccoceveviiiiecnnnne, 141
7.5 Site-directed mutagenesis in PhtD leading to loss of attachment ............ccccccoovviviivecicne s, 146
7.6 Assessment of the chemical nature of attachment by released protein assay........c..cccocevevevivnesecnnnne. 149
7.7 Digestion of the cell wall leads to release 0f PhtD ........cccociiiiiinieciciccc e 151
7.8 Culture supernatant swaps show that PhtD does not reversibly detach from and re-attach to the cell
R0 = Lot TSP 153
7.9 PhtD iS releaSea OVET TIME ....oviieiieieieiieie ettt bbbt e e sbe st e e sreenes 156
7.10 Comparison of levels of PhtD in the culture supernatants of four pneumococcal strains.................. 159
8 T B ot U3 o o OO URPTURTRPR 161
Chapter 8: FINAI DISCUSSION ...ttt bbb bbbttt ne 165
8.1 Importance of research into Pht Proteins .........ccccviiiiiiiieieic e 165
LS 0 g Tod 1 o) ) B 01 0] () =[S 165
8.2.1 Binding of FHL-1 and defence against complement deposition............ccccevvvveivevevese s se s, 165
8.2.2 ROIE N ZINC NOMEOSLASIS ..ottt ettt b e r bbb 166
8.3 Use of Pht proteins as protective imMmMUNOGENS ..........veiieiierieiieeiesieeseeseesteesteesre e ssee e e e sreesreeeeas 167
8.4 Surface attachment and release 0f PNED ..o s 168
8.5 FULUIE IFBCTIONS ...ttt ettt sttt st ne e e e e e st e st e beene e s e e e e eesaenbenreeneenes 170
] (=] o= PSSP 173

Publications and ConferenCe PreSENTAtIONS ........c..viivveiiiiteie ettt e ettt e e s et e e s st e e s s et e e e s sbaeessreees 193






Abstract

The polyhistidine triad (Pht) proteins are a family of proteins defined by the presence of
multiple copies of the histidine triad motif (HxxHxH). There are four members of this
family in Streptococcus pneumoniae: PhtA, B, D and E. The proteins are found on the cell
surface and immunisation with them has been shown to elicit protective immunity against

disease caused by this Gram positive pathogen.

The aim of the work presented in this thesis was to extend our understanding of the
structure and functions of these proteins, as well as to explore their potential use in
vaccines. Firstly, the previously reported interaction of the Pht proteins with factor H (a
negative regulator of the alternative pathway of the complement system) was investigated
by testing binding of the proteins to different regions of factor H by ELISA and flow
cytometry. This revealed that the Pht proteins bind to the first seven domains of factor H

more strongly than they do to the full length protein.

Pht proteins have also been implicated in binding to zinc ions. In this work the proteins
were found to interact to a certain extent with a number of transition metal ions. However,
measurements of metal ion content of wild-type and AphtABDE mutant strains only
showed decreases in zinc and nickel content of the mutant relative to the wild-type.
Growth of the mutant strain was impaired relative to wild-type in media with low
concentrations of available zinc. Further work indicated that this phenotype is linked to
the zinc-specific ABC transporter substrate binding proteins AdcA and AdcAll, and
implied that the Pht proteins may facilitate acquisition of zinc by AdcAll.

It is not clear which region or regions of the Pht proteins are required for protective
immunity to be induced against pneumococcal disease when used as immunogens. To
investigate this, truncated derivatives of PhtA and PhtD were cloned, expressed and
purified and analysed for their capacity to bind antibodies that had been generated against
the full length protein. This led to the identification of immunogenic regions in both
proteins which were subsequently tested as immunogens in mouse models of
pneumococcal disease and colonisation. However, significant protective effects were not
found in almost all cases, including for control groups immunised with the full length
proteins, leading to the conclusion that PhtA and PhtD are not effective vaccine candidates

in the models tested.



Lastly, the mechanism of attachment of PhtD to the cell surface was examined by
deletion of regions near the N-terminus of the protein and subsequent analysis of the
surface accessibilities of the mutant forms of the protein. These experiments identified a
short stretch of amino acids that are required for the protein to be cell-associated.
Furthermore, a considerable proportion of the total amount of wild-type PhtD produced
was found to be released into culture supernatants. Further experiments revealed that the
released protein could not re-attach to the surface and that PhtD release occurs in a number

of different pneumococcal strains.
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°C degrees Celsius

ug microgram/s

ul microlitre/s

uM micromolar

ABC transporter ATP-binding cassette transporter

ATP adenosine triphosphate

bp base pairs
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CFU colony forming units
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EDTA ethylenediaminetetraacetic acid disodium salt
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Kb dissociation constant
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I litre/s

LB Luria Bertani broth

M molar
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min minute/s



ml
mM
MOPS
ng
Ni-NTA
nm
ODs0o
PAGE
PBS
PCR
PMSF
RT
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SDS
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TTBS
viv
wiv
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phosphate buffered saline
polymerase chain reaction
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solute-binding protein
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spectinomycin
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tris-borate EDTA buffer
tetracycline
N,N,N’,N’-Tetrakis(2-pyridylmethyl)ethylenediamine
Tween tris buffered saline
volume per volume

weight per volume
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