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The first principle is that you must not fool yourself – and you are the easiest
person to fool. So you have to be very careful about that. After you’ve not fooled
yourself, it’s easy not to fool other scientists. You just have to be honest in a
conventional way after that.

– Richard Feynman

i

 
 
 



Declaration

I, Gordon Andreas Wells, declare that the thesis/dissertation, which I hereby submit for
the degree Philosophiae Doctor at the University of Pretoria, is my own work and has
not previously been submitted by me for a degree at this or any other tertiary institution.

SIGNATURE:.................................... DATE:.............................

ii

 
 
 



Abbreviations and Nomenclature

ADMET Absorption, Distribution, Metabolism, Excretation and Toxicity

AdoMetDC S-adenosylmethionine decarboxylase

Ama xa::Ama yb Salt-bridge between Ama x of monomer a and Ama y of monomer b

Ama xyz Amino acid position

αn Alpha/310 helix n

βn Beta strand n

ATP Adenosine tri-phosphate

AZ Antizyme

Å Ångström

BMIC Bio-Medical Informatics Centre

CAPRI Critical Assesment of PRedicted Interactions

CHPC Centre for High Perfomance Computing, Cape Town, SA

CJ Conjugate gradients

COM Centre of Mass

CSIR Council for Scientific and Industrial Research, SA

DDT Dichlorodiphenyltrichloroethane

DFMO alpha-Difluoromethylornithine

DHFR Dihydrofolate reductase

DHPS Dihydropteroate synthase

EC Enzyme Commission

EGEE Enabling Grids for E-sciencE

iii

 
 
 



Abbreviations and Nomenclature

eIF5A Eukaryotic initiation factor 5A

IRS Indoor residual spraying

ITN Instectiside treated nets

MD Molecular dynamics

NAP Nuclear Aggregates of Polyamines

NMR Nuclear Magnetic Resonance

ODC Ornithine Decarboxylase

PAO Polyamine oxidase

PDB Protein Data Bank

PfArg Plasmodium falciparum arginase

PfAdoMetdcDC Plasmodium falciparum AdoMetDC

PfODC Plasmodium falciparum ODC

PLP Pyridoxal 5’-phosphate

QSAR Quantitative Structure Activity Relationship

RMSD Root Mean Square Deviation

RP Residue Pairing Potential

SSAT Spermine/spermidine N1-acetyltransferase

TIM Triose-phosphate isomerase

TIP3 Transferable Intermolecular Potential

iv

 
 
 



Contents

Abbreviations and Nomenclature iii

Table of Contents v

List of Figures ix

List of Tables xiv

Acknowledgements xv

1 Introduction 1
1.1 Polyamines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Malaria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Introduction and prevalence . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Polyamine metabolism as a Plasmodium drug target . . . . . . . . . . 7

1.3 Computational structural biology and rational drug design . . . . . . . . . . 8
1.3.1 Rational drug design . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.2 Structural modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.3 In silico protein-protein docking . . . . . . . . . . . . . . . . . . . . . 15

1.4 Malaria proteins as drug targets . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.4.1 Expression of malaria proteins . . . . . . . . . . . . . . . . . . . . . . 18
1.4.2 Existing structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.4.3 Modeling of Plasmodium proteins . . . . . . . . . . . . . . . . . . . . 19

1.5 Summary and aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2 Structural metal dependency of P. falciparum arginase 24
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.1 Structure and reaction mechanism . . . . . . . . . . . . . . . . . . . . 24
2.1.2 Quaternary structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.1.3 Metabolic functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.2 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3.1 Sequence alignments . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.3.2 Homology modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

v

 
 
 



Table of Contents

2.3.3 Molecular dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.3.3.1 Simulations with charmm . . . . . . . . . . . . . . . . . . . 33

System setup: . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Long range interactions: . . . . . . . . . . . . . . . . . . . . . 33
Heating and equilibration: . . . . . . . . . . . . . . . . . . . . 33

Solvated shell system: . . . . . . . . . . . . . . . . . . . . 33
In vacuo trimer - early model: . . . . . . . . . . . . . . . 33
In vacuo trimer - models based on a1 and a2 alignments: . 34

Sampling: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Hardware: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3.3.2 In vacuo simulations with namd . . . . . . . . . . . . . . . 34
Long range interactions: . . . . . . . . . . . . . . . . . . . . . 34
Minimisation: . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Dynamics: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Hardware: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3.3.3 Solvated simulations with NAMD - NP sampling . . . . . . 35
Long range interactions: . . . . . . . . . . . . . . . . . . . . . 35
System setup: . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Heating: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Equilibration and sampling: . . . . . . . . . . . . . . . . . . . 36
Hardware: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3.3.4 Solvated simulations with NAMD - NPT sampling . . . . . 36
Heating: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Equilibration and sampling: . . . . . . . . . . . . . . . . . . . 36
Hardware: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3.5 Site-directed mutagenesis (IBM) . . . . . . . . . . . . . . . . . . . . . 37
2.3.6 Simulation of mutants . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.4.1 Sequence alignment and homology modeling . . . . . . . . . . . . . . 38

2.4.1.1 Plasmodium-specific inserts . . . . . . . . . . . . . . . . . . 38
2.4.1.2 Active site and inter-monomer residue conservation . . . . . 39
2.4.1.3 Inter-monomer interactions . . . . . . . . . . . . . . . . . . 39

2.4.2 Initial simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.4.2.1 Simulation times with charmm . . . . . . . . . . . . . . . . 41
2.4.2.2 Trimer interface integrity with charmm . . . . . . . . . . . 41
2.4.2.3 In vacuo simulations with namd . . . . . . . . . . . . . . . 45
2.4.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.4.3 Solvated simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.4.3.1 Introduction of chain break for insert1 . . . . . . . . . . . . 47

vi

 
 
 



Table of Contents

2.4.3.2 RMSD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.4.3.3 Preservation of secondary structure . . . . . . . . . . . . . . 49
2.4.3.4 Effect of Mg2+removal on movement of insert 2 . . . . . . . 52
2.4.3.5 Integrity of inter-monomer salt-bridges . . . . . . . . . . . . 54
2.4.3.6 Co-ordination geometry of Mg2+ . . . . . . . . . . . . . . . 60
2.4.3.7 Movement per residue . . . . . . . . . . . . . . . . . . . . . 68

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3 Quaternary structure of Plasmodium AdoMetDC/ODC 73
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.1.1 Ornithine decarboxylase . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.1.1.1 Structure and reaction mechanism . . . . . . . . . . . . . . 73
3.1.1.2 Quaternary structure . . . . . . . . . . . . . . . . . . . . . . 76

3.1.2 S -Adenosylmethionine Decarboxylase . . . . . . . . . . . . . . . . . . 77
3.1.2.1 Structure and reaction mechanism . . . . . . . . . . . . . . 77
3.1.2.2 Quaternary structure and allosteric regulation . . . . . . . . 81

3.1.3 Bifunctional Plasmodium AdoMetDC/ODC . . . . . . . . . . . . . . 82
3.2 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.3.1 Docking of AdoMetDC and ODC . . . . . . . . . . . . . . . . . . . . 85
3.3.1.1 Modeling of AdoMetDC/ODC . . . . . . . . . . . . . . . . . 85
3.3.1.2 Validation of models . . . . . . . . . . . . . . . . . . . . . . 88
3.3.1.3 Docking of AdoMetDC/ODC with 3d-dock/ftdock . . . 89
3.3.1.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.4.1 modeling of AdoMetDC/ODC . . . . . . . . . . . . . . . . . . . . . . 89

3.4.1.1 Model quality . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.4.1.2 Topology and tertiary structure of AdoMetDC/ODC models 91
3.4.1.3 Definition of poses . . . . . . . . . . . . . . . . . . . . . . . 94
3.4.1.4 Surface distribution of divergence . . . . . . . . . . . . . . . 95

3.4.2 Docking of AdoMetDC/ODC . . . . . . . . . . . . . . . . . . . . . . 102
3.4.2.1 Docking scores . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.4.2.2 Centre of mass distribution . . . . . . . . . . . . . . . . . . 105
3.4.2.3 Mutually favoured contacting regions . . . . . . . . . . . . . 112
3.4.2.4 Conserved interactions between AdoMetDC and ODC . . . 112

Region 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Region 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4 Concluding Discussion 127

Summary 131

vii

 
 
 



Table of Contents

Bibliography 133

A Supplementary data for Chapter 2 A1
A.1 Inter-monomer interactions in arginase . . . . . . . . . . . . . . . . . . . . . A1
A.2 Co-ordination geometry of Mg2+ . . . . . . . . . . . . . . . . . . . . . . . . . A2

A.2.1 Glu 295Ala . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A2
A.2.2 Glu 295Ala/Arg 404Ala . . . . . . . . . . . . . . . . . . . . . . . . . A4
A.2.3 Glu 295Arg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A7
A.2.4 Glu 347Gln . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A9
A.2.5 Arg 404Ala . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A12

B Supplementary data for Chapter 3 B1
B.1 Model quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B1
B.2 Surface distribution of divergence . . . . . . . . . . . . . . . . . . . . . . . . B7
B.3 Distribution of RP scores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B23
B.4 Distribution of centres of mass . . . . . . . . . . . . . . . . . . . . . . . . . . B27

B.4.1 AdoMetDC relative to ODC . . . . . . . . . . . . . . . . . . . . . . . B27
B.4.2 ODC relative to AdoMetDC . . . . . . . . . . . . . . . . . . . . . . . B30

B.5 Conserved interactions between AdoMetDC and ODC . . . . . . . . . . . . . B33
B.5.0.1 All pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B33

B.5.1 Conserved pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B36

viii

 
 
 



List of Figures

1.1 The polyamines: putrescine, spermidine and spermine. . . . . . . . . . . . . 1
1.2 Outline of polyamine metabolism. . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Secondary metabolites formed from spermidine . . . . . . . . . . . . . . . . 3
1.4 Endemicity of P. falciparum for 2007 . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Life cycle of Plasmodium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 Common inhibitors of polyamine metabolism. . . . . . . . . . . . . . . . . . 8
1.7 Examples of 3D QSARs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.8 Typical forcefield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.9 Homology modeling methodology . . . . . . . . . . . . . . . . . . . . . . . . 15
1.10 A standard protein-protein docking protocol . . . . . . . . . . . . . . . . . . 17
1.11 Typical Plasmodium protein modeling difficulties . . . . . . . . . . . . . . . 20

2.1 Arginase reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 Topology of arginase monomer . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3 Co-ordination of Mn2+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4 Arginase reaction mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5 Inter monomer interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.6 Alignment 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.7 Alignment 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.8 Effect of alignment on conformation of insert 2 . . . . . . . . . . . . . . . . . 38
2.9 Inter-monomer salt bridges in pfArg . . . . . . . . . . . . . . . . . . . . . . . 41
2.10 charmm in vacuo equilibration on early model . . . . . . . . . . . . . . . . 42
2.11 charmm in vacuo equilibration on a1 derived model . . . . . . . . . . . . . 43
2.12 charmm in vacuo equilibration on a2 derived model . . . . . . . . . . . . . 43
2.13 charmm in vacuo equilibration on a2 derived model with symmetry . . . . 44
2.14 namd in vacuo equilibration a2 derived model . . . . . . . . . . . . . . . . . 46
2.15 Cα RMSD - namd in vacuo . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.16 Cα RMSD - namd NP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.17 Cα RMSD - namd NPT1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.18 Cα RMSD - namd NPT 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.19 Cα RMSD - Mutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.20 Tertiary structure of the Plasmodium arginase model . . . . . . . . . . . . . 50
2.21 Movement of insert 2 - top view . . . . . . . . . . . . . . . . . . . . . . . . . 53

ix

 
 
 



List of Figures

2.22 Movement of insert 2 - side view . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.23 Arg 346a::Arg 347b salt bridge - NP ensemble . . . . . . . . . . . . . . . . . . 54
2.24 Arg 346a::Arg 347b salt bridge - NPT1 ensemble . . . . . . . . . . . . . . . . 55
2.25 Arg 346a::Arg 347b salt bridge - NPT2 ensemble . . . . . . . . . . . . . . . . 55
2.26 Arg 295a::Arg 404b salt bridge - NP ensemble . . . . . . . . . . . . . . . . . . 56
2.27 Arg 295a::Arg 404b salt bridge - NPT1 ensemble . . . . . . . . . . . . . . . . 56
2.28 Arg 295a::Arg 404b salt bridge - NPT2 ensemble . . . . . . . . . . . . . . . . 56
2.29 Temperature increase during NP simulation . . . . . . . . . . . . . . . . . . 57
2.30 Effect of Glu 295a::Arg 404b salt-bridge mutations . . . . . . . . . . . . . . . 58
2.31 Arg 346a::Glu 347b salt bridge - Glu 295Ala . . . . . . . . . . . . . . . . . . . 60
2.32 Arg 346a::Glu 347b salt bridge - Glu 295Alal/Arg 404Ala . . . . . . . . . . . 60
2.33 Arg 346a::Glu 347b salt bridge - Glu 295Arg . . . . . . . . . . . . . . . . . . . 61
2.34 Arg 346a::Glu 347b salt bridge - Arg 404Ala . . . . . . . . . . . . . . . . . . . 61
2.35 Glu 295a::Arg 404b salt bridge - Glu 347Gln . . . . . . . . . . . . . . . . . . . 61
2.36 General co-ordination of Mg2+ . . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.37 Asp 216O δ1/δ2–Mg2+

B interaction in wild type arginase . . . . . . . . . . . . . 63
2.38 His 218N δ1–Mg2+

B interaction in wild type arginase . . . . . . . . . . . . . . . 64
2.39 Co-ordination of active site Mg2+ in solvated simulations . . . . . . . . . . . 65
2.40 Asp 216O δ1/δ2–Mg2+

B interaction in pfArg Glu 295Ala . . . . . . . . . . . . . 66
2.41 His 218N δ1–Mg2+

B interaction in pfArg Glu 295Ala . . . . . . . . . . . . . . . 66
2.42 Asp 216O δ1/δ2–Mg2+

B interaction in pfArg Glu 295Arg . . . . . . . . . . . . . 67
2.43 His 218N δ1–Mg2+

B interaction in pfArg Glu 295Arg . . . . . . . . . . . . . . 67
2.44 Asp 323O δ1/δ2–Mg2+

A interaction in pfArg Glu 347Gln . . . . . . . . . . . . . 68
2.45 His 218N δ1–Mg2+

B interaction in pfArg Glu 347Gln . . . . . . . . . . . . . . 68
2.46 RMSD per residue: NP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
2.47 RMSD per residue: NPT1 and NPT2 . . . . . . . . . . . . . . . . . . . . . . 69
2.48 RMSF per residue (Cα): NP . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.49 RMSF per residue (Cα): NPT1-2 . . . . . . . . . . . . . . . . . . . . . . . . 70

3.1 ODC reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.2 Topology of ODC domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.3 Ornithine decarboxylase reaction mechanism . . . . . . . . . . . . . . . . . . 75
3.4 ODC active site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.5 ODC qauternary structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.6 AdoMetDC reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.7 Topology of AdoMetDC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.8 Topology of bacterial AdoMetDC . . . . . . . . . . . . . . . . . . . . . . . . 79
3.9 Pyruvoyl generation mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.10 AdoMetDC reaction mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.11 Quaternary structures of AdoMetDC . . . . . . . . . . . . . . . . . . . . . . 82
3.12 Linear structure of P. falciparum AdoMetDC/ODC . . . . . . . . . . . . . . 83

x

 
 
 



List of Figures

3.13 Homology model of P. falciparum ODC . . . . . . . . . . . . . . . . . . . . . 84
3.14 Homology model of P. falciparum AdoMetDC . . . . . . . . . . . . . . . . . 84
3.15 Alignment for modeling AdoMetDC . . . . . . . . . . . . . . . . . . . . . . . 86
3.16 Alignment for modeling ODC . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.17 Effect of alignment on O1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.18 P. berghei whatif RMS Z-scores and procheck G-factor . . . . . . . . . . 90
3.19 P. berghei whatif Structure Z-scores . . . . . . . . . . . . . . . . . . . . . . 91
3.20 Tertiary structure of the Plasmodium AdoMetDC model . . . . . . . . . . . 92
3.21 Tertiary structure of the Plasmodium ODC model . . . . . . . . . . . . . . . 93
3.22 AdoMetDC poses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.23 ODC poses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
3.24 Pairwise conservation of P. berghei AdoMetDC surface . . . . . . . . . . . . 97
3.25 Conservation of P. berghei AdoMetDC surface residues . . . . . . . . . . . . 98
3.26 Pairwise conservation of P. berghei ODC surface . . . . . . . . . . . . . . . . 100
3.27 Conservation of P. berghei ODC surface . . . . . . . . . . . . . . . . . . . . 101
3.28 Distribution of top 100 human and P. berghei RP scores . . . . . . . . . . . 104
3.29 Centre of mass distributions of P. berghei AdoMetDC vs ODC . . . . . . . 106
3.30 Centre of mass distributions of P. falciparum AdoMetDC vs ODC . . . . . 107
3.31 Centre of mass distributions of P. berghei ODC vs AdoMetDC . . . . . . . 109
3.32 Centre of mass distributions of P. vivax ODC vs AdoMetDC . . . . . . . . 110
3.33 Comparison of human vs Plasmodium COMs (AdoMetDC relative to ODC) 111
3.34 Comparison of human vs Plasmodium COMs (ODC relative to AdoMetDC) 112
3.35 Mutually contacting regions AdoMetDC: relative to ODC . . . . . . . . . . . 113
3.36 Mutually contacting regions ODC: relative to AdoMetDC . . . . . . . . . . . 114
3.37 All AdoMetDC and ODC models residue position by colour gradient . . . . . 115
3.38 Contact count heat-maps for P. berghei . . . . . . . . . . . . . . . . . . . . . 116
3.39 Contact count heat-maps for P. berghei, conserved pairs only . . . . . . . . . 117
3.40 Interactive heat maps for region 1 . . . . . . . . . . . . . . . . . . . . . . . . 118
3.41 Region 1 and 2 conserved AdoMetDC/ODC contacts . . . . . . . . . . . . . 119
3.42 Region 1 conserved residues . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
3.43 ODC patch of region 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

A.1 3D summary of inter-monomer interactions in arginase . . . . . . . . . . . . A1
A.2 Asp 216O δ1/δ2–Mg2+

A interaction in pfArg Glu 295Ala . . . . . . . . . . . . . A2
A.3 Asp 220O δ1/δ2–Mg2+

A interaction in pfArg Glu 295Ala . . . . . . . . . . . . . A2
A.4 Asp 323O δ1/δ2–Mg2+

A interaction in pfArg Glu 295Ala . . . . . . . . . . . . . A3
A.5 Asp 323O δ1/δ2–Mg2+

B interaction in pfArg Glu 295Ala . . . . . . . . . . . . . A3
A.6 Asp 325O δ1/δ2–Mg2+

B interaction in pfArg Glu 295Ala . . . . . . . . . . . . . A3
A.7 His 193N δ1–Mg2+

B interaction in pfArg Glu 295Ala . . . . . . . . . . . . . . . A4
A.8 Asp 216O δ1/δ2–Mg2+

A interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . A4
A.9 Asp 216O δ1/δ2–Mg2+

B interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . A5

xi

 
 
 



List of Figures

A.10 Asp 220O δ1/δ2–Mg2+
A interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . A5

A.11 Asp 323O δ1/δ2–Mg2+
A interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . A5

A.12 Asp 323O δ1/δ2–Mg2+
B interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . A6

A.13 Asp 325O δ1/δ2–Mg2+
B interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . A6

A.14 His 193N δ1–Mg2+
A interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . . . A6

A.15 His 218N δ1–Mg2+
B interaction in pfArg Glu 295Ala/Arg 404Ala . . . . . . . . A7

A.16 Asp 216O δ1/δ2–Mg2+
A interaction in pfArg Glu 295Arg . . . . . . . . . . . . . A7

A.17 Asp 220O δ1/δ2–Mg2+
A interaction in pfArg Glu 295Arg . . . . . . . . . . . . . A8

A.18 Asp 323O δ1/δ2–Mg2+
A interaction in pfArg Glu 295Arg . . . . . . . . . . . . . A8

A.19 Asp 323O δ1/δ2–Mg2+
B interaction in pfArg Glu 295Arg . . . . . . . . . . . . . A8

A.20 Asp 325O δ1/δ2–Mg2+
B interaction in pfArg Glu 295Arg . . . . . . . . . . . . . A9

A.21 His 193N δ1–Mg2+
A interaction in pfArg Glu 295Arg . . . . . . . . . . . . . . A9

A.22 Asp 216O δ1/δ2–Mg2+
A interaction in pfArg Glu 347Gln . . . . . . . . . . . . . A10

A.23 Asp 216O δ1/δ2–Mg2+
B interaction in pfArg Glu 347Gln . . . . . . . . . . . . . A10

A.24 Asp 220O δ1/δ2–Mg2+
A interaction in pfArg Glu 347Gln . . . . . . . . . . . . . A10

A.25 Asp 323O δ1/δ2–Mg2+
B interaction in pfArg Glu 347Gln . . . . . . . . . . . . . A11

A.26 Asp 325O δ1/δ2–Mg2+
B interaction in pfArg Glu 347Gln . . . . . . . . . . . . . A11

A.27 His 193N δ1–Mg2+
A interaction in pfArg Glu 347Gln . . . . . . . . . . . . . . A11

A.28 Asp 216O δ1/δ2–Mg2+
A interaction in pfArg Arg 404Ala . . . . . . . . . . . . . A12

A.29 Asp 216O δ1/δ2–Mg2+
B interaction in pfArg Arg,404Ala . . . . . . . . . . . . . A12

A.30 Asp 220O δ1/δ2–Mg2+
A interaction in pfArg Arg,404Ala . . . . . . . . . . . . . A13

A.31 Asp 323O δ1/δ2–Mg2+
A interaction in pfArg Arg 404Ala . . . . . . . . . . . . . A13

A.32 Asp 323O δ1/δ2–Mg2+
B interaction in pfArg Arg 404Ala . . . . . . . . . . . . . A13

A.33 Asp 325O δ1/δ2–Mg2+
B interaction in pfArg Arg 404Ala . . . . . . . . . . . . . A14

A.34 His 193N δ1–Mg2+
A interaction in pfArg Arg 404Ala . . . . . . . . . . . . . . . A14

A.35 His 218N δ1–Mg2+
B interaction in pfArg Arg 404Ala . . . . . . . . . . . . . . . A14

B.1 P. falciparum whatif RMS Z-scores and procheck G-factor . . . . . . . . B1
B.2 P. falciparum whatif Structure Z-scores . . . . . . . . . . . . . . . . . . . . B2
B.3 P. knowlesi whatif RMS Z-scores and procheck G-factor . . . . . . . . . B2
B.4 P. knowlesi whatif Structure Z-scores . . . . . . . . . . . . . . . . . . . . . B3
B.5 P. vivax whatif RMS Z-scores and procheck G-factor . . . . . . . . . . . B3
B.6 P. vivax whatif Structure Z-scores . . . . . . . . . . . . . . . . . . . . . . . B4
B.7 P. yoelii whatif RMS Z-scores and procheck G-factor . . . . . . . . . . . B4
B.8 P. yoelii whatif Structure Z-scores . . . . . . . . . . . . . . . . . . . . . . . B5
B.9 Pairwise conservation of P. falciparum AdoMetDC surface . . . . . . . . . . B7
B.10 Conservation of P. falciparum AdoMetDC surface . . . . . . . . . . . . . . . B8
B.11 Pairwise conservation of P. knowlesi AdoMetDC surface . . . . . . . . . . . B9
B.12 Conservation of P. knowlesi AdoMetDC surface . . . . . . . . . . . . . . . . B10
B.13 Pairwise conservation of P. vivax AdoMetDC surface . . . . . . . . . . . . . B11
B.14 Conservation of P. vivax AdoMetDC surface . . . . . . . . . . . . . . . . . . B12

xii

 
 
 



List of Figures

B.15 Pairwise conservation of P. yoelii AdoMetDC surface . . . . . . . . . . . . . B13
B.16 Conservation of P. yoelii AdoMetDC surface . . . . . . . . . . . . . . . . . . B14
B.17 Pairwise conservation of P. falciparum ODC surface . . . . . . . . . . . . . . B15
B.18 Conservation of P. falciparum ODC surface . . . . . . . . . . . . . . . . . . B16
B.19 Pairwise conservation of P. knowlesi ODC surface . . . . . . . . . . . . . . . B17
B.20 Conservation of P. knowlesi ODC surface . . . . . . . . . . . . . . . . . . . . B18
B.21 Pairwise conservation of P. vivax ODC surface . . . . . . . . . . . . . . . . . B19
B.22 Conservation of P. vivax ODC surface . . . . . . . . . . . . . . . . . . . . . B20
B.23 Pairwise conservation of P. yoelii ODC surface . . . . . . . . . . . . . . . . . B21
B.24 Conservation of P. yoelii ODC surface . . . . . . . . . . . . . . . . . . . . . B22
B.25 Distribution of top 100 human and P. berghei RP scores . . . . . . . . . . . B23
B.26 Distribution of top 100 human and P. berghei RP scores . . . . . . . . . . . B24
B.27 Distribution of top 100 human and P. berghei RP scores . . . . . . . . . . . B25
B.28 Distribution of top 100 human and P. berghei RP scores . . . . . . . . . . . B26
B.29 Centre of mass distributions of P. knowlesi AdoMetDC vs ODC . . . . . . . B27
B.30 Centre of mass distributions of P. vivax AdoMetDC vs ODC . . . . . . . . B28
B.31 Centre of mass distributions of P. yoelii AdoMetDC vs ODC . . . . . . . . B29
B.32 Centre of mass distributions of P. falciparum ODC vs AdoMetDC . . . . . B30
B.33 Centre of mass distributions of P. knowlesi ODC vs AdoMetDC . . . . . . . B31
B.34 Centre of mass distributions of P. yoelii ODC vs AdoMetDC . . . . . . . . B32
B.35 Contact count heat-maps for P. falciparum . . . . . . . . . . . . . . . . . . . B33
B.36 Contact count heat-maps for P. knowlesi . . . . . . . . . . . . . . . . . . . . B34
B.37 Contact count heat-maps for P. vivax . . . . . . . . . . . . . . . . . . . . . . B34
B.38 Contact count heat-maps for P. yoelii . . . . . . . . . . . . . . . . . . . . . . B35
B.39 Contact count heat-maps for P. falciparum, conserved pairs only . . . . . . . B36
B.40 Contact count heat-maps for P. knowlesi, conserved pairs only . . . . . . . . B36
B.41 Contact count heat-maps for P. vivax, conserved pairs only . . . . . . . . . . B37
B.42 Contact count heat-maps for P. yoelii, conserved pairs only . . . . . . . . . . B37

xiii

 
 
 



List of Tables

2.1 Homologous arginase active site residues . . . . . . . . . . . . . . . . . . . . 26
2.2 Properties of mutated PfArg . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3 Preservation of secondary structure during MD . . . . . . . . . . . . . . . . 51
2.4 Effect of Glu 295a::Arg 404b salt-bridge mutations . . . . . . . . . . . . . . . 58

3.1 ODC/AdoMetdc homology models chosen for docking . . . . . . . . . . . . . 91
3.2 Significant Wilcox rank sum tests . . . . . . . . . . . . . . . . . . . . . . . . 102
3.3 Core hydrophobic residues and potential salt-bridges in Region 1 . . . . . . . 121
3.4 Core hydrophobic residues and potential salt-bridges in Region 1 . . . . . . . 122

xiv

 
 
 



Acknowledgements

My supervisor Prof. A.I. Louw and co-supervisors Prof. F. Joubert, Prof. L-M. Birkholtz
and Prof. R.D. Walter for their patience and advice.

The South African National Research Foundation (NRF)

The South African National Bioinformatics Network (NBN)

The NRF German-South African Co-operation Grant

Temporary access was granted to the iQudu cluster at the Centre for High Performance
Computing (CHPC), Meraka Institute, Council for Scientific and Industrial Research (CSIR),
Cape Town, South Africa.

Access was granted to the C4 computer clusters at the BioMedical Informatics Centre,
Meraka Institute, CSIR, Pretoria, South Africa.

Unnecessary ear damage was prevented by a robust pair of Sennheiser PXC 250 noise reduc-
tion headphones.

Many thanks to my family, friends and colleagues in the Malaria Research Group (De-
partment of Biochemistry, University of Pretoria), the Bioinformatics and Computational
Biology Unit (University of Pretoria) and the Biochemical Parasitology Group (Bernhard
Nocht Institute of Tropical Medicine, Hamburg, Germany). Special mentions go to Ingrid,
Jandeli and Marni for your support and friendship.

xv

 
 
 



Summary

Malaria remains a debilitating disease, especially in developing countries of the tropics and
sub-tropics. Increasing drug resistance and the rising cost of drug development calls for
methods that can cost-effectively identify new drugs. The proteins of the malaria causing
Plasmodium parasites often exhibit unique features compared to their mammalian counter-
parts. Such features invite discovery of parasite-specific drugs.

In this study computational methods were applied to understand unique structural fea-
tures of enzymes from the Plasmodium polyamine biosynthesis pathways. Molecular model-
ing of P. falciparum arginase was used to explore the structural metal dependency between
enzyme activity and trimer formation. This dependency is not observed in the mammalian
host. A novel inter-monomer salt-bridge was discovered between Glu 295 and Arg 404 that
helps mediate the structural metal dependency. Removal of the active site metal atoms pro-
moted breaking of the Glu 295a::Arg 404b interaction during simulation. The involvement
of this salt-bridge was further confirmed by site-directed mutagenesis of the recombinantly
expressed enzyme and subsequent simulation of the mutants in silico. Mutations designed
to break the salt-bridge resulted in decreased enzyme activity and oligomerisation. Further-
more, simulation of the mutants indicated potential loss of metal co-ordination within the
active site. The interface around Glu 295a::Arg 404b could thus serve as a novel therapeutic
target.

In Plasmodium the usually separate activities S -adenosylmethionine decarboxylase and
ornithine decarboxylase occur in a single bifunctional enzyme. Previous studies have es-
tablished the importance of complex formation and protein-protein interactions for correct
enzyme functioning. Disturbing these interactions within the complex may therefore have
inhibitory potential. In the second aspect of this study the potential quarternary struc-
ture of AdoMetDC/ODC was studied by homology modeling of the domains followed by
protein-protein docking. The results from five Plasmodium species suggest that one face
of each domain is favoured for complex formation. The predicted faces concur with exist-
ing experimental results, suggesting the direct involvement of Plasmodium-specific inserts in
maintaining complex formation. Further fine-grained analysis revealed potentially conserved
residue pairs between AdoMetDC/ODC that can be targeted during experimental follow-up.

In both aspects of this study computational methods yielded useful insights into the
parasite-specific features of polyamine biosynthesis enzymes from Plasmodium. Exploitation
of these features may lead to novel parasite-specific drugs. Furthermore, this study highlights
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Concluding Discussion

the importance of simulation and computational methods in the current and future practise
of Science.
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