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Preface

In November 1996, the Netherlands Foundation for Chemical Research (SON, now NWO/CW)
and Unilever decided to initiate a joint research program called Computational chemistry of
biosystems, as this field was considered scientifically challenging and promising.

In the early years of biotechnological research, attention focused on obtaining
molecules with new properties, while more recently this has shifted towards optimization of
a molecule in relation to its application. Therefore, insight is needed in the requirements for
the application, as well as the properties of the biomolecules; this often necessitates a
multidisciplinary approach.

Enzymes that catalyze redox reactions are of interest for industrial applications like the
(trans)formation of coloring and flavoring agents. The chemistry of such transformations is
complex and enzyme mechanism is not always easily understood. Quantum chemical
calculations on model complexes can then be helpful for understanding which factors of the
redox system contribute to the catalytic process. Until recently the presence of transition
metals prohibited the computational treatment of large molecules. And as the interactions
of transition metals are difficult to treat properly with simplified classical force fields,
semi-empirical methods have also been of limited use. With the recent success of Density
Functional Theory (DFT) in treating large systems in an efficient and accurate manner, the
calculations have gained importance over the last few years.

One of the projects within the Computational chemistry of biosystems program is the
Modeling of metal-based redox reactions, which involves two PhD-positions (Marieke van den
Bosch in Leiden, Marcel Swart in Groningen) under the supervision of the professors G.W.
Canters (Universiteit van Leiden), H.J.C. Berendsen and J.G. Snijders (Rijksuniversiteit
Groningen). In this project, a combined approach of DFT calculations and Molecular
Dynamics (MD) simulations is applied to the copper protein azurin, in an attempt to get a
good description of the active site of the protein. The project involves the creation of a copper
force field, including the development of two methods to extract force field parameters from
the DFT calculations that can be used in the MD simulations; the geometry optimization of
the active site in the presence of the protein; the calculation of magnetic, redox and UV/Vis
properties that characterize the protein, as well as the application of DFT to two transition
metal catalyzed chemical reactions, one of which takes place in a copper-containing enzyme.
This thesis is the first one resulting from this project.






Contents

CHAPTER 1

INTRODUCTION AND HISTORICAL BACKGROUND 1
1.1 Computational chemistry 3
1.2 Copper proteins 4
1.3 Overview thesis 7
CHAPTER 2

METHODS 9
2.1 Quantum chemistry 11
2.2 Classical mechanics 14
2.3 Hybrid QM/MM methods 18
2.4 Optimizations and simulations 20
CHAPTER 3

FORCE FIELD PARAMETERS FROM QUANTUM CHEMICAL CALCULATIONS 25
3.1 Multipole derived charge analysis 27
3.2 IntraFF force constants 40
CHAPTER 4

APPLICATIONS OF DENSITY FUNCTIONAL THEORY 59
4.1 Polarizabilities 61
4.2 Accuracy of geometries 68
4.3 Validation of charge analyses 81
CHAPTER 5

REACTION MECHANISMS 87
5.1 Aminothiol/alcohol promoted reactions 89
5.2 Quercetinase 101
CHAPTER 6

COPPER PROTEINS: AZURIN 113
6.1 Redox chemistry 115
6.2 Force constants 124
6.3 Axial bonding 128

6.4 Vibrational frequencies 132



viill Contents

CHAPTER 7

MAGNETIC INTERACTIONS IN COPPER PROTEINS AND COPPER COMPLEXES 141
7.1 Theory and practice 143
7.2 G-tensors of copper complexes 146
7.3 Hyperfine splittings 153
7.4 Copper proteins 157
CHAPTER 8

UV/VIS SPECTRA OF COPPER COMPLEXES 163
8.1 Calibration 165
8.2 Oxidized states 169
8.3 Protein environment 173
CHAPTER 9

QM/MM APPROACH: ACTIVE SITE GEOMETRIES OF COPPER PROTEINS 177
9.1 AddRemove 179
9.2 Wildtype azurin 186
9.3 Metal substitution and mutants 192
9.4 Hi117G/N42C azurin 202
APPENDICES 205
A.1 Units 207
A.2 Abbreviations 209
REFERENCES 211
SPECIAL 221
S.1  Samenvatting 222
S.2 Summary 225
S.3 Dankwoord 228

S.4 List of publications 231





