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ABSTRACT 

Studies in Protein Structure : 

The structures of �-lactoglobulin in two new crystal forms. 

The structure and properties of the iron superoxide dismutase from 

Methanobacterium thermoautotrophicum. 

By 

J ulian J ames A dams 

The crystal structure of Methanobacterium thermoautotrophicum iron 

superoxide dismutase (Mt-FeSOD) has been determined by X-ray 

diffraction to a resolution of 2.6 A. The crystals were grown from PEG 

6000 at a pH of 5 . 5 , and the structure was solved by molecular 

replacement. The structure, in concert with structural and functional data 

from other Fe and Mn SODs, provides insights into aspects of metal 

specificity, reactivity of superoxide dismutase towards toward the 

inhibitor azide and deactivator hydrogen peroxide, and how the primary 

structure is involved in subtle tuning of these properties. The structure 

reveals how the protein is designed for thermal and chemical stability, yet 

retains moderate superoxide dismutase activity at ambient temperature. 

Bovine �-lactoglobulin (BLG) has been studied for many decades; 

numerous X-ray and NMR structures are available. Here we present two 



lV 

new X-ray structures, one from a crystal grown at very low ionic strength, 

and at the lowest pH (�5 .2) of any X-ray structure. This structure 

provides validation of the other, high ionic strength X-ray structures .  The 

core elements of BLG, an eight-stranded B-barrel, a three-turn a-helix 

external to the barrel, and an external B-strand (that forms the dimeric 

interface), are almost invariant across all structures. Four flexible loops 

have a variety of positions in the known structures and this represents a 

set of snapshots of the in vivo states of BLG. These flexible loops play an 

important role in the entropic stabilization of the B-barrel. 



V 

ACKNOWLEDGEMENTS 

The many staff and students in the Institutes of Fundamental sciences and 

Molecular BioSciences are to be thanked for their help and input to the 

success of my studies .  The following people deserve special mention: 

My supervisor, Professor Geoffrey Jameson, for his unwavenng 

enthusiasm, support and advice. Dr. Bryan Anderson and Dr. Gillian 

Norris my secondary supervisors, Professor Edward Baker of The 

University of Auckland also a secondary supervisor, for their invaluable 

input into my studies. I greatly appreciate the assistance of Dr. Paul 

Hempstead who guided me through the process of macro-molecular 

crystallography. 

I would like to thank all of my coworkers in the Centre for Structural 

Biology; Trevor Loo, Dr. Renu Kadirvelraj , Dr. Nandana Ariyaratne, Dr. 

Stan Moore, Dr. Charlie Matthews and Matthew Bennett. Thanks also to 

all of my friends, especially Dr' s Emily Parker, Rachel Williamson and 

Gavin Collis . 

The efforts of the departmental technical staff is greatly appreciated, 

especially U do V on Mulert, and the staff of Electronic Services and Barry 

Evans, and the staff of Mechanical Services. 

I cannot put into words how important the love and support of my wife, 

Santi, has been in the last two years, thank you. Lastly my parents and 

brother for their support and encouragement. 



TABLE OF CONTENTS 

ABSTRACT 

ACKNOWLEDGMENTS 

LIST OF TABLES 

LIST OF FIGURES 

PUBLICATIONS 

CHAPTER 

Part 1 Superoxide dismutase 

1 Superoxide dismutase 

1 . 1  Superoxide dismutase 

1 .2 Superoxide 

1 .3 Superoxide in biochemical systems 

1 .4 The manganese and iron superoxide dismutases 

1 .5 The superoxide dismutase cycle 

1 .6 Metal specificity in superoxide dismutases 

1 .7 Inactivation of FeSOD by hydrogen peroxide 

1 .8 Inhibition of FeSOD by N3-

1 .9 The structure of Fe and Mn superoxide dismutase 

Vl 

iii 

V 

xii 

xiv 

xviii 

1 

5 

6 

8 

9 

1 3  

1 6  

1 7  

1 8  

1 . 1 0  Methanobacterium thermoautotrophicum iron superoxide 

dismutase 1 9  

1 . 1 1 Goals 2 1  



2 The structure of Methanobacterium thermoautotrophicum iron 

superoxide dismutase at 3 .0  A resolution 

2 . 1 Protein expression and purification 

2.2 Crystallization 

2 .3  Data collection 

2 .4 Solution 

2 .5  Refinement 

Vll 

22 

23 

24 

26 

3 1  

3 The structure of Methanobacterium thermoautotrophicum iron 

superoxide dismutase at 2 .6 A resolution from a crystal grown with 

1 00 mM NaN3 

3 . 1  Crystallization 

3 .2 Data collection 

3 .3 Solution 

3 .4 Refinement 

37 

37 

39 

39 

4 The structure of Methanobacterium thermoautotrophicum iron 

superoxide dismutase at 2 .6 A resolution from a crystal grown with 

20 mM NaN3 and 5rnM FeCh 

4. 1 Crystallization 

4.2 Data collection 

4 .3  Solution 

4 .  4 Refinement 

42 

42 

44 

44 



5 Results and discussion 

5 . 1 Structure determinations of Mt-FeSOD 

5 .2 Description of the asymmetric unit 

5 . 3  Quality of  the model 

5 .4 Overall structure 

5 . 5  Surface properties 

5 . 6  Active site and outer sphere 

5 . 7  Peroxide resistance 

5 . 8  Azide inhibition 

5 .9  Concluding remarks 

6 References 

Part 2 J3-Lactoglobulin 

7 f3-Lactoglobulin 

7 . 1 Early stu dies of f3-lactoglobulin 

7 .2 Distribution of f3-lactoglobulin 

7 .3  The lipocalin super-family 

7.4 Ligand-binding properties of f3-lactoglobulin 

7 .5  Possible physiological function of B LG 

7 .6  Crystal forms of B LG 

7 .7  The structure of bovine BLG 

7 . 8  B inding of  fatty acids, the structures 

7 . 9  Recombinant bovine f3- lactoglobu1in 

7 . 1 0  Goals 

Vlll 

50 

52 

52 

53  

57 

59  

6 1  

67  

7 1  

72 

83 

85 

87 

88  

90 

9 1  

92 

95 

98  

1 0 1  



8 Th e  struct ure ofBLGA Y' latt ice at 2 .6 A resolut ion 

8 . I Cryst allizat ion 

8 .2 Dat a  collect ion 

8 .3  Solut ion 

8 .4 Refinement 

9 Th e  st ruct ure of BLGA U' latt ice at 3 .0  A resolut ion 

9 .I Crystallizat ion 

9.2 Dat a  collect ion 

9 .3  Solut ion 

9.4 Refinement 

I 02 

I02 

1 1 0 

I I 2 

I I 8 

I I 9 

I 20 

I 26 

IO Th e  preliminary X-ray analysis of B LGA J latt ice at 3 .0  A resolut ion 

I 0 . 1 Cryst allizat ion 

I 0.2 Dat a  collect ion and processing 

I 32 

1 32 

IX 



1 1  Site-directed mutagenesis to produce the K69E mutant ofbovine 

BLGA 

1 1 . 1  Point mutations in recombinant BLGA 

1 1 .2 Expression system 

1 1 .3 Site-directed mutagenesis 

1 1 .4 Cloning 

1 1 .5 Protein expression 

1 1 .6 Protein purification ( 1 )  

1 1 .7 Protein purification (2) 

1 1 . 8 Protein analysis 

1 2  Results and discussion 

1 2. 1  Structure determinations of BLG 

1 2 .2 BLGA Y' structure at 2.6 A resolution 

1 34 

1 34 

1 35 

1 38 

1 4 1  

14 3 

14 5 

14 6 

14 9 

1 2 .2. 1 Description of the asymmetric unit and structure 1 50 

1 2.2.2 Quality ofthe model 1 5 1  

1 2 . 3  BLGA U'  structure at 3 .0  A resolution 

1 2 .3 . 1 Description of the asymmetric unit and structure 1 52 

1 2 . 3 .2 Quality of the model 1 53 

1 2 .4 Comparison of BLGA structures 1 53 

1 2.5  BLG functionality (stability) and structure 1 60 

1 2 .6 Industrial importance of BLG 1 64 

1 2 .7 BLG folding and unfolding 1 65 

1 2 . 8  Recombinant protein studies 1 67 

1 2 .9  Concluding remarks 1 7 1  

X 



1 3  References 

Appendix A 

XI 

1 72 

1 82 



Xll 

LIST OF TABLES 

1 . 1  Iron and manganese superoxide dismutase structures 1 3  

1 .2 Manganese-substituted FeSOD 1 4  

1 .3 Iron-substituted MnSOD 1 5  

1 .4 Cambailistic and Mn-preferring SODs 1 6  

1 .5 Prim ary residues that distinguish Fe and Mn SODs 20 

2 . 1 Data collection for Mt-FeSOD at 3 .0 A resolution 25 

2.2 Data collection statistics for Mt-FeSOD at 3 .0  A resolution 25 

2 .3  Solution to the rotation function for Mt-FeSOD at 3 .0 A 
resolution 27 

2.4 Solution to the translation function for Mt-FeSOD at 3 . 0  A 
resolution 28 

2.5 Final solutions for Mt-FeSOD at 3 .0 A resolution 30 

2 .6 Refinement statistics for Mt-F eSOD at 3 .0  A resolution 33  

3 . 1  Data collection statistics Mt-FeSOD grown from 1 00 mM azide 38  

3 .2  Refinement statistics Mt-FeSOD grown from 1 00 mM azide 40 

4. 1 Data collection statistics for Mt-FeSOD at 2.6 A resolution 43 

4.2 Refinement statistics for Mt-FeSOD at 2.6 A resolution 46 

5 . 1 Radical pathway residues for selected SODs 63 

7. 1 Mutation sites for bovine B LG variants 85 

7.2 Species where B LG is present in the milk 86 

7 .3  Ligand-binding constants to B LG 89 

7.4 Crystal forms of B-lactoglobulin 92 

7 .5 Molecular contacts between B LGA and 1 2-bromododecanoic 

acid 97 



xm 

7.6 Report ed expression systems for recombinant BLG 1 00 

8 . 1 Dat a  merging st at ist ics for B LGA in t he Y' latt ice 1 04 

8 .2 Dat a  collect ion st at ist ics for B LGA in t he Y' latt ice 1 07 

8 .3  Solut ion t o  t he rot at ion funct ion for B LGA in t he Y' latt ice 

1 1 0 

8 .4 Solut ion t o  t he t ranslat ion funct ion for BLGA in the Y' latt ice 

1 1 1  

8 .5  Final solut ions for B LGA in t he Y' latt ice 11 1 

8 .6  Refinement st at ist ics for BLGA in t he Y' latt ice 1 1 4 

9. 1 Dat a  collect ion st at ist ics for B LGA in t he U' latt ice 1 20 

9.2 Solut ion to t he rot at ion funct ion for B LGA in t he U' latt ice 

1 2 1  

9 .3  Solut ion to t he t ranslat ion funct ion for B LGA in t he U' latt ice 

122 

9 .4 Final solut ions for B LGA in t he U' latt ice 1 26 

9 .5 Refinement st at ist ics for BLGA in t he U' latt ice 128  

1 0. 1  Dat a  collect ion st at ist ics for B LGA J latt ice 1 33 

1 2 . 1  Pair-wise st ructural alignment of B LG monomers 1 55 



LIST OF FIGURES 

1 . 1  Dismutation of superoxide 

1 .2 Bovine CuZnSOD 

1 .3 MnSOD from E. coli 

1 .4 The active site ofNiSOD from Streptomyces seoulensis 

1 . 5 The electrochemistry of superoxide 

1 .6 The superoxide dismutase cycle 

2 . 1 SDS-PAGE of Mt-FeSOD 

2.2 Mt-FeSOD crystals 

2 .3  Stereo figure of the asymmetric unit of Mt-FeSOD at 3 .0 A 
resolution 

2.4 Ramachandran plot for Mt-FeSOD at 3 .0 A resolu tion aft er final 

refinement 

2 .5  Typical electron density for Mt-FeSOD around Trp l 2 1  of 

Mt-FeSOD 

2.6 Real space R-factors per residue for Mt-FeSOD at 3 .0 A 
resolu tion 

3 . 1  Active site electron density 

4. 1 Ramachandran plot for Mt- FeSOD at 2.6 A resolu tion aft er final 

refinement 

4.2 Real space R-factors per residue for Mt-FeSOD at 2.6 A 

XIV 

1 

3 

4 

5 

5 

1 2  

24 

24 

3 1  

34 

35 

36 

4 1  

47 

resolution 48 

Typical electron density around the active site of Mt-FeSOD 49 

5 . 1 Structural alignment of an E. coli FeSOD monomer 

and Mt-FeSOD monomer 56 

5 .2  Orthogonal views of the electrostatic potential of Mt-FeSOD 59 



XV 

5.3 Stereo diagram of the active site and outer-sphere of 

Mt-FeSOD 61 

5.4 Fen ton chemistry 62 

5.4 Structural alignment of E. coli FeSOD radical cascade 

and Mt-FeSOD 65 

5.5 Radical cascade for Fe SOD from A. pyrophilus 66 

5.6 Radical cascade for FeSOD from Sulfolobus acidocaldarius 66 

5.7a Structural alignment of an E. coli FeSOD/azide monomer and 

T. thermophilus MnSOD/azide monomer 70 

5.7b Structural alignment of a T. thermophilus FeSOD/azide 

monomer and Mt-FeSOD 70 

7.1 BLG monomer 84 

7.2 Hydrophobic core of BLGA 95 

7.3 12-Bromododecanoic acid bound in the calyx of BLGA 98 

8.1 BLGA Y lattice crystals 102 

8.2 C2221 lattice overlay 108 

8.3 P212121 lattice overlay 109 

8.4 Real space R-factor for each residue of BLGA in the Y' lattice 

115 

8.5 Typical electron density of the f3-barrel about Trp 19 of BLGA 

in the Y' lattice 116 

8.6 Ramachandran plot of BLGA residues from the Y' lattice 117 

9.1 BLGA U lattice crystals 118 

9.2 Stereo view of the asymmetric unit contents of 

BLGA U' lattice 126 

9.3 Real space R-factor for each residue for BLGA U' lattice 129 

9.4 Typical electron density of the f3-barrel about Trp 19 of BLGA 



XVI 

in the U' lattice 130 

9.5 Ramachandran plot of BLGA residues from the U' lattice 131 

10.1 BLGA U lattice crystals 

11.1 The three-step PCR process for site-directed mutagenesis 

11.2 PCR products K69E _1 and K69E _ 2 

11.3 Full PCR product 

11.4 DNA sequence of the cloned gene with the K69E point 

mutation 

11.5 Plasmid isolated from 5 randomly chosen transformants 

11.6 Single and double digest of colony 4 

11.7 SDS-PAGE following induction 

11.8 SDS-PAGE showing the purification scheme 

11.9 SDS-PAGE enterokinase digestion of K69E-fusion purified 

section 11.6 

11.1 0 Mass spectrum of BLG* 

11.11 CD spectrum of the BLG-thioredoxin fusion protein 

12.1 Ramachandran plot from the X-ray structure 1beb 

12.2 Ramachandran plot from the NMR structure 1cj5 

12.3 Ramachandran plot from the NMR structure 1 dv9 

12.4 Stereo figure of the I strand dimer interface 

12.5 Stereo figure of the structural alignment of the dimers of 

BLGA in different lattices, based on the superposition of 

the A monomer 

12.6 Secondary structure and hydrogen bonding in BLGA 

12.7 Stereo figure showing the conformationally labile loops in the 

BLGA structure 

132 

136 

138 

138 

140 

141 

141 

142 

144 

146 

147 

148 

157 

157 

157 

159 

159 

161 

162 



12.8 Thermal denaturation curves of the common BLG variants 

12.9 Secondary structure prediction of the first 40 residues 

of BLGA 

xvn 

166 

170 



XVlll 

PUBLICATIONS 

Parts or all of chapters 2, 3, 4 and 5 have been submitted to the Journal of 

Biological Inorganic Chemistry: Adams, 1. 1., Anderson, B. F., Renault, 

1. P., Vechere-Beaur, C., Morgenstem-Badarau, 1., & 1ameson, G. B. 

(2002). Structure and properties of the atypical iron superoxide dismutase 

from Methanobacterium thermoautotrophicum, J. Bioi. Inorg. Chem. 

Accepted. 

Parts or all of chapters 9 and 13 have been published in the International 

Dairy Journal: 1ameson, G. B., Adams, 1. 1., Creamer, L. K. (2002). 

Flexability, functionality and hydrophobicity of bovine B-lactoglobulin, 

International Dairy Journal. 12, 319. 

Manuscript in preparation for Acta. Crystallographica Section D 

(Biological Crystallography): Adams, 1. 1., Anderson, B. F. , Hempstead, 

P. D., Creamer, L. K., 1ameson G. B. (2002). The structure of bovine B­

lactoglobulin A, from crystals grown at very low ionic strength, Acta. 

Cryst. D, manuscript in preparation. 




