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Abstract 

 

The mitochondrial pathway of apoptosis is an important mediator of cell death in many 

human diseases. A key event in this pathway is permeabilisation of the outer mitochondrial 

membrane and subsequent release of the heme-protein cytochrome c from mitochondria into 

the cytosol. Thereafter, cytosolic cytochrome c mediates the formation of the apoptosome 

complex, which cleaves the initiator caspase 9, thereby activating the caspase signalling 

cascade. Apoptosome formation is thought to require cytochrome c which has its heme iron 

in the ferric form.  

   Neuroglobin, a recently discovered globin, protects various cell lines and tissues from 

apoptosis. Previously, neuroglobin has been shown to efficiently reduce the heme iron of 

cytochrome c in vitro. We hypothesise that neuroglobin prevents apoptosome assembly by 

reducing cytochrome c. The work carried out in this thesis aimed to investigate the properties 

of the neuroglobin-cytochrome c complex and identify its role in the regulation of 

apoptosome formation. 

   Surface Plasmon Resonance experiments have been used to explore the nature of the 

complex and have revealed that neuroglobin binds to cytochrome c with weak affinity (KD = 

27-56 μM), forming a transient protein complex that is mediated largely by electrostatic 

interactions. A putative specific complex structure has been predicted by computer 

modelling. The interacting residues on the neuroglobin interface in the putative complex have 

been mutated and changes in binding affinity were measured with SPR. The results from 

these studies are consistent with the neuroglobin-cytochrome c interaction occurring via an 

encounter complex mechanism. Furthermore, cell-free in vitro assay systems have been 

developed to measure caspase activation and apoptosome formation induced by exogenous 

cytochrome c. In keeping with previous studies, ferric cytochrome c efficiently initiated 

apoptosome formation, while ferrous cytochrome c exhibited very little of this activity. 

Ferrous neuroglobin was capable of efficiently inhibiting apoptosome formation initiated by 

ferric cytochrome c, whereas ferric neuroglobin was significantly less effective. Taken 

together, these experiments suggest a role for ferrous neuroglobin in the prevention of 

apoptosome formation. 

 

 



iii 

 

Acknowledgements 

 

First and foremost, I would like to thank my supervisor, Associate Professor Tom Brittain for 

his support and patience during the course of this thesis. His wide breadth of knowledge and 

valuable advice has been of utmost help to me, and I will be eternally grateful. 

   Thanks to Dr Joanna Skommer and Dr James Dickson for showing me techniques that were 

invaluable to this project. I also owe a huge debt of gratitude to Associate Professor David 

Christie, Jo Dodd, Lia Yosaatmadja and the Snell lab, firstly for sharing their technical 

expertise, and secondly for creating a fantastic working environment. 

   Thanks to my co-supervisor Associate Professor Nigel Birch for help with tissue culture, 

and the use of facilities in the lab. Thanks to Angela van Diepen and others from the Birch 

lab for their support, and supplying me with a vial of Jurkat cells. 

   The Surface Plasmon Resonance was carried out in Professor John Fraser’s lab. Thanks to 

Fiona Clow for the training and the use of the Biacore 2000 and T200. 

   I would like to acknowledge Dr Ivan Ivanovich and Dr Chris Squire for growing the 

crystals and the data processing to obtain the neuroglobin structure. 

   Thanks to Dr Richard Kingston and Graham Bailey for the use of the MicroCal 

microcalorimeter, and Dr Debbie Hay for the use of the Envison plate reader. Thanks to 

Martin Middleditch, Kristine Boxen and the team at the Centre for Genomics and Proteomic 

for sequencing and protein mass determination. 

   Last but not least, I would like to thank my family and friends, with whose encouragement 

and support, I was able to complete this undertaking.  

   This work was supported by The Neurological Foundation, The University of Auckland 

Doctoral Scholarship and The Royal Society of New Zealand Travel Fund. 

 

 

 

 

 

 

 



iv 

 

Table of Contents 

 

 

Chapter One: Introduction…………………………………………………..1 

1.1  Introduction to the globins…………………………………………………….. ………1 

1.1.1  Introduction to neuroglobin…………………………………………………………. 3 

            Phylogeny…………………………………………………………………..…….....3 

            Structure…………………………………………………………………………….4 

            Expression…………………………………………………………………………. 6 

1.1.2  Searching for the function of neuroglobin…………………………………............... 7 

            Neuroglobin is upregulated by hypoxia/ischemia, and in glaucoma………………. 7 

            Neuroglobin protects against hypoxia and ischemia………………………. ………8 

            Neuroglobin protects against oxidative stress………………………………………9 

            Neuroglobin may protect against cell death in Alzheimer’s disease………. ………9 

1.1.3  Proposed mechanisms of neuroglobin-mediated cell protection……………………10 

           Neuroglobin as an oxygen store…………………………………………….. ……...10 

           Neuroglobin can neutralise oxidative molecules…………………………………… 11 

           Neuroglobin modulates the activity of G proteins………………………………….. 13 

1.1.4  Other reported interactions for neuroglobin………………………………………… 13 

           Neuroglobin associates with cytochrome c………………………………………….14 

1.2  Apoptosis……………………………………………………………………………… 16 

1.2.1  The mitochondrial pathway of apoptosis……………………………………………. 17 

            Apoptosome formation…………………………………………………………….. 19 

            The cytochrome c – Apaf-1 interaction……………………………………………. 20 

1.3  Hypothesis…………………………………………………………………………….. 22 

1.4  Aims…………………………………………………………………………………… 23 



v 

 

Chapter Two: Materials and Methods…... …………………………………24 

2.1  Materials………………………………………………………………………………. 24 

2.2   Buffers used in this study……………………………………………………………... 27 

2.3  Media used in this study………………………………………………………………. 28 

2.4  General methods………………………………………………………………………. 29 

         Calcium chloride competent cells……………………………………………………. 29 

         Transformation……………………………………………………………………….. 29 

         Plasmid DNA purification…………………………………………………………… 29 

         Sequencing…………………………………………………………………………… 30 

         SDS-PAGE…………………………………………………………………………... 30 

         Mass Spectrometry……………………………………………………………………31 

         Western blotting ………………………………………………………………………31 

2.5  Cloning and expression of human neuroglobin……………………………………….. 32 

         Cloning of the wildtype human neuroglobin gene…………………………………… 32 

         Neuroglobin mutagenesis…………………………………………………………….. 32 

         Expression of neuroglobin in E. coli…………………………………………………. 32 

         Determination of neuroglobin concentration in cells…………………………………33 

         Purification of neuroglobin from bacteria……………………………………………. 33 

         Ion Exchange Liquid Chromatography………………………………………………. 34 

         Gel filtration chromatography……………………………………………………….. 35 

         Spectral measurements………………………………………………………………..35 

         Apo-neuroglobin production…………………………………………………………. 35 

         Circular dichroism…………………………………………………………………… 36 

2.6  The neuroglobin – cytochrome c interaction………………………………………….. 36 

         X-ray crystallography………………………………………………………………... 36 

         Molecular modelling of neuroglobin – cytochrome c complex……………………… 37 

2.7  Neuroglobin mutagenesis………………………………………………………………38 



vi 

 

2.8  Isothermal Titration Calorimetry (ITC)……………………………………………….. 40 

2.9  Surface Plasmon Resonance…………………………………………………………... 42 

2.10 Caspase activity in a cell-free system……………………………………………….... 44 

         General assay design…………………………………………………………………. 44 

         Mammalian cell culture ………………………………………………………………45 

         S100 cytosolic extract preparation…………………………………………………… 45 

         Permeabilised HepG2 cells…………………………………………………………... 46 

         The Glo-9 assay……………………………………………………………………… 46 

2.11 Apoptosome assembly………………………………………………………………... 48 

         Apaf-1 Bacmid preparation………………………………………………………….. 48 

         Sf9 insect cell transfection…………………………………………………………… 49 

         Apaf-1 protein purification…………………………………………………………... 50 

         Apoptosome formation assay………………………………………………………… 50 

         Blue Native PAGE…………………………………………………………… ………51 

 

 

Chapter Three: Molecular modelling of the neuroglobin-cytochrome c 

complex………………………………………………………………………..52 

3.1  Soft docking simulations of the neuroglobin-cytochrome c complex………………… 52 

3.2  Soft docking simulations of other neuroglobin complexes…………………………….65 

3.3  Other soft docking simulations………………………………………………………... 68 

3.4  Summary of main findings…………………………………………………..................70 

 

 

Chapter Four: Production of recombinant wildtype neuroglobin………..71 

4.1  Expression and purification of wildtype neuroglobin…………………………………. 71 

4.2  Characterisation of purified recombinant wildtype neuroglobin protein ………………76 



vii 

 

Chapter Five: Characterisation of mutant neuroglobin proteins………...78 

5.1  Purification of mutant neuroglobin proteins…………………………………………... 78 

5.2  Characterisation of mutant neuroglobin proteins ………………………………………80 

         Spectral properties of mutant neuroglobin proteins………………………………….. 80 

5.3  Molecular dynamics of the mutant neuroglobin proteins……………………………... 83 

5.4  Secondary structure of neuroglobin proteins………………………………………….. 86 

         Secondary structure composition of apo-neuroglobin……………………………….. 88 

5.5  The three-dimensional structure of cysteine-free mutant neuroglobin………………... 89 

5.6  Summary of main findings……………………………………………………………..91 

 

 

Chapter Six: Characterisation of the neuroglobin-cytochrome c   

interaction…………………………………………………………………….92 

6.1  Isothermal Titration Calorimetry ………………………………………………………92 

6.2   Surface Plasmon Resonance………………………………………………………….. 94 

           Mutant neuroglobin binding affinities……………………………………………… 99 

           Binding affinity of apo-neuroglobin………………………………………………... 103 

6.3  Summary of main findings……………………………………………………………..105 

 

 

Chapter Seven: Investigations of the downstream effects of the 

neuroglobin-cytochrome c interaction……………………………….…….106 

7.1.  Cytochrome c-mediated caspase-9 activation in cytosolic extracts…………………... 106 

          The stability of the redox state of cytochrome c in the cytosolic extract…………… 112 

          Mitochondrial contamination of the cytosolic extract………………………………. 113 

          Limitations of the Glo-9 caspase 9 assay……………………………………………. 115 

7.2  Direct assay of apoptosome assembly in vitro………………………………………… 116 



viii 

 

         Apaf-1 expression……………………………………………………………………. 116 

         Apoptosome assembly assays………………………………………………………... 119 

7.3  Summary of main findings……………………………………………………………..126 

 

 

Chapter Eight: Discussion…………………………………………………..127 

8.1  The neuroglobin-cytochrome c interaction……………………………………………. 127 

         Investigations of complex formation………………………………………………… 128 

         Mechanisms of complex formation………………………………………………….. 129 

         The structure of encounter complexes……………………………………………….. 131 

         The predicted neuroglobin-cytochrome c interface………………………………….. 132 

         Glutamic acid 60……………………………………………………………………... 133 

         Arginine 66…………………………………………………………………………... 133 

         Lysine 67……………………………………………………………………………... 134 

         Glutamic acid 87……………………………………………………………………... 134 

         Arginine 94…………………………………………………………………………... 137 

         Double mutant K67E,N94E………………………………………………………….. 137 

         Triple mutant E60K,R66E,E87D…………………………………………………….. 137 

         Interpretation of mutational studies………………………………………………….. 138 

8.2  The redox state of cytochrome c regulates apoptosome formation…………………… 140 

         Ferric cytochrome c is required to form the apoptosome……………………………. 140 

         Neuroglobin inhibits the pro-apoptotic activity of cytochrome c……………………. 142 

         Physiological significance…………………………………………………………… 143 

8.3  Concluding remarks…………………………………………………………………… 145 

 

 

 



ix 

 

Appendix……………………………………………………………………..148 

Neuroglobin Primers……………………………………………………………………….. 148 

Mutant neuroglobin sequences…………………………………………………………….. 148 

Apaf-1 Primers……………………………………………………………………………... 151 

 

 

References……………………………………………………………............153 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

List of Figures 

 

Figure 1: A typical globin structure………………………………………………………... 1 

Figure 2: The heme iron of globins can exist in multiple histidine coordination states…… 2 

Figure 3: A simplified phylogeny of globins………………………………………………. 4 

Figure 4: The three dimensional structure of ferric neuroglobin…………………………... 5 

Figure 5: Proposed redox cycling mechanisms for Ngb-NO reactions……………………. 12 

Figure 6: A schematic diagram of the major events downstream of the mitochondria that 

contribute to the mitochondrial pathway of apoptosis……………………………………... 18 

Figure 7: Schematic diagrams of Apaf-1 and the apoptosome…………………………….. 20 

Figure 8: The three-dimensional structure of ferric cytochrome c……………………........ 21 

Figure 9: ITC data for the interaction between cytochrome c and cytochrome c              

peroxidase………………………………………………………………………………….. 40 

Figure 10: An example of a reference-subtracted sensorgram…………………………….. 43 

Figure 11: Scheme of Caspase Glo-9 reaction…………………………………………….. 47 

Figure 12: The 100 top ranked full neuroglobin-cytochrome c structures based on the global  

score………………………………………………………………………………………... 52 

Figure 13: The 100 top ranked structures of neuroglobin-cytochrome c complexes based on      

the global score…………………………………………………………………………….. 53 

Figure 14: The 100 top ranked structures of cytochrome c-neuroglobin complexes based on      

the global score…………………………………………………………………………….. 54 

Figure 15: Bar graph of iron-iron distance of the top 100 globally ranked neuroglobin-      

cytochrome c complexes…………………………………………………………………… 55 

Figure 16: Putative structures for neuroglobin-cytochrome c complex…………………….56 

Figure 17: Top 100 ranked neuroglobin-cytochrome c complexes based on scores from the 

hydrophobics parameter……………………………………………………………………. 57 

Figure 18: Electric dipole of neuroglobin and cytochrome c……………………………… 58 

Figure 19: Amino acids at the interface of the putative specific neuroglobin-cytochrome c 

complex of neuroglobin that may play a role in the neuroglobin-cytochrome c              

interaction………………………………………………………………………………….. 59 



xi 

 

Figure 20: A closer look at the amino acid pairs in the putative neuroglobin-cytochrome c   

complex…………………………………………………………………………………….. 60 

Figure 21: Likely interacting amino acid pairs in the putative specific                             

neuroglobin-cytochrome c complex……………………………………………………….. 61 

Figure 22: Soft docking simulations of mutant neuroglobins and cytochrome c………….. 63 

Figure 23: Soft docking simulations of mutant neuroglobins and cytochrome c………….. 64 

Figure 24: Soft docking simulations of neuroglobin docking to other hypothesised binding 

partners……………………………………………………………………………………... 65 

Figure 25: Soft docking simulations of neuroglobin docking to other hypothesised binding 

partners…………………………………………………………………………………….. 66 

Figure 26: Soft docking simulations of the neuroglobin-AIF complex……………………. 67 

Figure 27: The 100 top ranked structures of sperm whale myoglobin and equine cytochrome c 

complexes based on the global score………………………………………………………. 68 

Figure 28: The 100 top ranked structures of softdocking simulations for yeast cytochrome c 

peroxidise and yeast cytochrome c based on the global or electrostatic score and electrostatic 

score of mutant target protein ………………………………………………………………69 

Figure 29: The chromatogram showing the elution of proteins in the lysate from E. coli cells 

overexpressing wildtype neuroglobin from Q sepharose under a linear salt gradient of 100 %                 

cell lysis buffer to 100 % cell lysis buffer with 200 mM NaCl……………………………. 72 

Figure 30: The chromatogram of the elution profile of  lysate from E. coli cells 

overexpressing wildtype neuroglobin on sepharose-75 with bacterial cell lysis buffer recorded 

at 280 nm……………………………………………………………………………………73 

Figure 31: The chromatogram of the elution profile of lysate from E. coli cells 

overexpressing wildtype neuroglobin on sepharose-75 with bacterial cell lysis buffer recorded 

at 405 nm……………………………………………………………………………………74 

Figure 32: 15 % SDS PAGE of the sequence of steps of recombinant wildtype neuroglobin 

purification from E. coli cells overexpressing wildtype neuroglobin ………………………75 

Figure 33: The mass spectrum for purified wildtype neuroglobin………………………… 76 

Figure 34: Absorption spectra of purified recombinant neuroglobin……………………… 77 

Figure 35: 15% SDS PAGE of purified mutant neuroglobin proteins……………………...78 

Figure 36: Spectra of neuroglobin proteins………………………………………………... 80 

Figure 37: Comparison of mutant K67E neuroglobin and cysteine-free neuroglobin after     

energy minimisation………………………………………………………………………...83 



xii 

 

Figure 38: Coordination state of the heme in cysteine-free mutant neuroglobin and mutant    

K67E neuroglobin proteins after energy minimisation…………………………………….. 84 

Figure 39: CD spectrum of wildtype neuroglobin…………………………………………. 86 

Figure 40: CD spectra of wildtype holo-neuroglobin and 70 % apo-neuroglobin………… 88 

Figure 41: Crystals of cysteine-free mutant neuroglobin………………………………….. 89 

Figure 42: Structural alignment of the three dimensional structures of cysteine-free mutant 

neuroglobin made during this thesis and the published structure………….......................... 90 

Figure 43: Integrated ITC data for the interaction between neuroglobin and cytochrome c in 

10 mM Tris, 1 mM TCEP, pH 7.4 at 25 °C………………………………………………... 93 

Figure 44: Sensorgrams of cytochrome c binding to neuroglobin on a CM5 sensor chip in 10 

mM HEPES, 0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C………………………………... 94 

Figure 45: Sensorgrams of neuroglobin binding to cytochrome c on a CM5 sensor chip in 

10mM Tris, 0.5mM DTT, 0.5mM EDTA pH 7.4, 25 °C…………………………….......... 95 

Figure 46: Binding curve of neuroglobin binding to cytochrome c on CM5 sensor chip in 10 

mM Tris, 0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C………………................................ 96 

Figure 47: Effect of sodium chloride on neuroglobin binding to cytochrome c in 10 mM Tris, 

0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C……………………………………………… 97 

Figure 48: Effect of temperature on neuroglobin binding to cytochrome c in 10 mM Tris, 0.5 

mM DTT, 0.5 mM EDTA pH 7.4 at 25 °C………………………………………………… 98 

Figure 49: Binding curve of neuroglobin binding to cytochrome c on CM4 sensor chip in 10 

mM Tris, 0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C………………................................ 99 

Figure 50: Binding curves of neuroglobin mutants binding to cytochrome c in 10 mM Tris, 

0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C………………………………………………. 100 

Figure 51: Binding curves of neuroglobin mutants binding to cytochrome c in 10 mM Tris, 

0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C………………………………………………. 101 

Figure 52: Contribution of proteasome and caspase 9 activities to Glo-9 luminescent signal in 

a Jurkat cytosolic extract…………………………………………………………………… 107 

Figure 53: Example of a Glo-9 luminescence curve for a cytosolic extract treated with 4 μM 

cytochrome c
3+

 for 2 hours…………………………………………………........................ 108 

Figure 54: The effect of 0.1 mM dATP on Glo-9 luminescence in a Jurkat cytosolic extract 

incubated with 1 μM cytochrome c for 12 hours…………………………... ………………109 

Figure 55: The effect of cytochrome c concentration on the Glo-9 luminescent signal in a 

Jurkat cytosolic extract in the absence of dATP incubated for 2 hours……………………. 110 



xiii 

 

Figure 56: Bar graph of relative Glo-9 luminescence for a Jurkat cytosolic extract treated  

with 4 μM cytochrome c and neuroglobin and incubated for 12 hours……………………. 111 

Figure 57: The reduction of cytochrome c by a cytosolic extract in the absence of 

DTT………………………………………………………………………………… ………112 

Figure 58: Western blot against COX IV in a cytosolic extract preparation………. ……....113 

Figure 59: Caspase 9 activity in permeabilised HepG2 cells incubated with ferrous and ferric 

cytochrome c……………………………….........………………………………………….114 

Figure 60: 10 % SDS-PAGE gel showing total soluble and insoluble proteins and                   

Ni
2+

-NTA pull-down of His-tagged recombinant Apaf-1…………………………………. 116 

Figure 61: 10% SDS-PAGE gel of the Ni
2+

-NTA purification of recombinant His-tagged  

Apaf-1 using step elution of imidazole…………………………………………………….. 117 

Figure 62: Western blot of Ni
2+

-NTA purification of recombinant Apaf-1……………….. 118 

Figure 63: Native PAGE gel showing the effect of ferric cytochrome c concentration on 

apoptosome formation……………………………………………………………………... 119 

Figure 64: Native PAGE gel showing the effect of dATP on apoptosome formation…….. 120 

Figure 65: Native PAGE gel showing the effect of incubation time on apoptosome          

formation…………………………………………………………………………………… 121 

Figure 66: Native PAGE gel showing the effect of the redox state of cytochrome c on 

apoptosome formation over time…………………………………………………... ………122 

Figure 67: Native PAGE gel showing the effect of ferric wildtype neuroglobin on        

apoptosome formation……………………………………………………………............... 123 

Figure 68: Native PAGE gel showing the effect of ferric neuroglobin mutants on         

apoptosome formation……………………………………………………………... ………124 

Figure 69: Native PAGE gel showing the effect of ferric and ferrous neuroglobin on   

apoptosome formation……………………………………………………………... ………125 

Figure 70: A comparison of the energies of specific complex formation and encounter      

complex formation…………………………………………………………………. ………130 

Figure 71: Cytochrome c-cytochrome c peroxidase encounter complexes………... ………131 

Figure 72: Energy minimisation of the E87D mutant and cysteine-free mutant neuroglobin-

cytochrome c putative complexes………………………………………………………….. 136 

Figure 73: Comparison of binding constants of mutant neuroglobin proteins…….. ………138 



xiv 

 

Figure 74: A basic schematic diagram showing the protective activity of ferrous          

neuroglobin in the mitochondrial pathway of apoptosis…………………………… ………145 

Figure 75: Integrated role for neuroglobin in the prevention of cell death………… ……....146 

 

 

 

List of Schemes and Equations 

 

Scheme 1: Rates for distal histidine association and dissociation in human 

neuroglobin…………………………………………………………………………………….5 

Equation 1: Conversion of CD data in millidegrees to Delta Epsilon units………………….36 

Scheme 2: Steps involved in neuroglobin-cytochrome c interaction……………………….127 

 

 

 

List of Tables 

 

Table 1: Regulation of neuroglobin levels by hypoxic/ischemic insult in vivo……………….7 

Table 2: SDS-PAGE recipe…………………………………………………………………..30 

Table 3: Site-directed mutagenesis for neuroglobin……………………………….................39 

Table 4: Candidate interactions in the interface of the neuroglobin-cytochrome c         

complex……………………………………………………………………………................60 

Table 5: ESI-TOF mass spectrometry molecular weight determination of mutant neuroglobin 

proteins and their estimated molecular weights………………………...................................79 

Table 6: Ratio of absorption at 280 nm to absorption at Soret band for neuroglobin mutant 

proteins in the ferrous carbonmonoxy state……………………………….............................81 

Table 7: Spectral properties of the mutant neuroglobin proteins………………….................82 



xv 

 

Table 8: Secondary structure composition of wildtype and mutant neuroglobin 

proteins……………………………………………………………………………………….87 

Table 9: Binding constants of neuroglobin mutants binding to cytochrome c in 10 mM Tris,      

0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C…………………………….............................102 

Table 10: Affinities of wildtype neuroglobin samples containing apo-

neuroglobin……………………………………………………………………….... ………103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvi 

 

Abbreviations 

Aβ - Amyloid Beta peptide 

AIF - Apoptosis Inducing Factor 

Apaf-1 - Apoptotic Protease-Activating Factor 1 

Bcl-2 - Breast Cancer Linked-2 

CcP - Cytochrome c peroxidase 

Cyt c - Cytochrome c 

DMEM - Dulbecco’s Modified Eagle’s Medium 

DMSO - Dimethyl sulphoxide  

DTT - Dithiothreitol 

ECL - Enhanced Chemiluminescence  

EDC - 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide)  

EDTA - Ethylenediaminetetraacetic acid  

EGTA - Ethylene glycol tetraacetic acid  

ER - Endoplasmic Reticulum 

ESI-TOF - ElectroSpray Ionisation – Time Of Flight 

FCS - Fetal Calf Serum 

GDI - Guanidine Nucleotide Dissociation Inhibitor 

HBS-EP - HEPES Buffered Saline - EDTA Polysorbate 20 

HEPES - (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP - Horse Radish Peroxidase 

IP3 - Inositol Triphosphate 

IPTG - Isopropyl-β-D-thio-galactoside 

ITC - Isothermal Titration Calorimetry 

LS-TTBS - Low Salt-Tween Tris Buffered Saline  

LB - Luria-Bertani 

MOMP - Miochondrial Outer Membrane Permeability 

MWCO - Molecular Weight Cut Off 

Ngb - Neuroglobin 

NHS - N-Hydroxysuccinimide  

NMDA - N-Methyl-D-aspartic acid 

NMR - Nuclear Magnetic Resonance 

NO - Nitric Oxide 



xvii 

 

NTA - Nitrilotriacetic acid 

PAGE - Polyacrylamide Gel Electrophoresis 

PBS - Phosphate Buffered Saline 

PEG - Polyethylene glycol 

PCR - Polymerase Chain Reaction 

PDB - Protein Data Bank 

PM -Plasma Membrane 

PrPc - Cellular Prion Protein 

PSG - Penicillin Streptomycin Glutamine 

PVDF - Polyvinylidene fluoride 

RPMI - Roswell Park Memorial Institute 

ROS - Reactive Oxygen Species 

RNS - Reactive Nitrogen Species 

TAT - Trans-Activator of Transcription 

TB - Terrific Broth 

TCEP - Tris (2-carboxyethyl) phosphine hydrochloride  

TE - Tris EDTA 

TEMED - Tetramethylethylenediamine  

Tg - Transgenic 

SDS - Sodium Dodecyl Sulphate  

SOC - Super Optimal broth with Catabolite repression 

SPR - Surface Plasmon Resonance 

 



1 

 

Chapter One 

Introduction 

 

1.1  Introduction to the globins 

Members of the evolutionarily ancient globin super-family are present in all five kingdoms 

(Lankester, 1872; Keilin, 1953; Vanshtein, et al., 1975; Wakabayashi, et al., 1986; Yamauchi, et 

al., 1992). They are one of the best described protein families, featuring diverse functions that 

range from oxygen storage to signalling (Benesch, et al, 1962; Crawford, et al., 1998; Stevanin, 

et al., 2000; Merx, et al., 2001; Persson, et al., 2009).  

   Globins are characterised by a common structure composed of six alpha helices in a three-

over-three helical tertiary fold (Figure 1) with the exception of a small group of truncated globins 

which have a two-over-two fold; and all globins contain one heme group per polypeptide chain 

(Takano, 1977; Ellis, et al., 1997; Pesce, et al., 2000).   

 

 

 

 

Figure 1: A typical globin structure, showing the three-over-three helical fold. The three vertical helices 

are in aqua and three horizontal helices in blue (sperm whale deoxymyoglobin, Protein Data Bank ID 

4MBN). 
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   The heme group contains one iron atom in its centre that can form bonds with six ligands. The 

iron atom is ligated to four nitrogen atoms that encircle it within heme, and is also coordinated to 

the protein by one or two histidine residues that bind to the fifth and sixth sites (Figure 2). The 

iron normally exists in either the ferrous (Fe
2+

) or ferric (Fe
3+

) state (Antonini, et al., 1964). The 

coordination and redox states of the heme can be measured by the changes in the visible 

spectrum (Dewilde, et al., 2001). 

   The fully conserved proximal histidine is bound to the fifth position on the iron atom in 

pentacoordinate globins (Takano, 1977; Pesce, et al., 2004a). The sixth site is therefore free and 

can reversibly bind small ligands such as oxygen (Wittenberg, et al., 1970). Well known 

pentacoordinate globins include the oxygen binding and storage proteins hemoglobin and 

myoglobin (Takano, 1977; Xu, et al., 2006).  

   In hexacoordinate globins, the proximal histidine is bound to the fifth position on the iron 

atom. A second histidine, the distal histidine, can bind to the sixth site (Figure 2) (Trent, et al., 

2001; Pesce, et al., 2004a). Ligands such as oxygen can bind to the heme after the distal histidine 

dissociates, a slow rate-limiting process in hexacoordinate globins such as neuroglobin (Dewilde, 

et al., 2001). Therefore, the functions performed by hexacoordinate globins are usually quite 

distinct from pentacoordinate globins, and some are known to participate in redox reactions 

(Perazzolli, et al., 2004).  

 

 

 

Figure 2: The heme iron of globins can exist in multiple histidine coordination states. Left: 

pentacoordination of myoglobin, with the proximal histidine at top of figure (sperm whale myoglobin, 

Protein Data Bank ID 30GB); right: hexacoordination of neuroglobin, with proximal histidine at top, and 

distal histidine at bottom of figure (human neuroglobin, Protein Data Bank ID 1OJ6). 
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   There are four known human globins: hemoglobin, myoglobin, cytoglobin and neuroglobin 

(Neel, 1957; Mukai, et al., 1979; Burmester, et al., 2002; Burmester, et al., 2000). The focus of 

this thesis will be neuroglobin, a protein first reported 11 years ago (Burmester, et al., 2000). 

 

 

1.1.1  Introduction to neuroglobin 

The discovery of neuroglobin was made during a search of the then newly sequenced human 

genome for unannotated genes with common intron-exon structures and other sequence 

similarities to known globin genes (Burmester, et al., 2000). This study described a globin that 

was highly expressed in the vertebrate brain, thus it was named neuroglobin (Burmester, et al., 

2000).  

 

Phylogeny 

The coding region of the neuroglobin gene is highly conserved, with no known variants in 

humans (Szymansky, et al., 2010). There is 94 % amino acid identity between mouse and human 

(Burmester, et al., 2000), and 46 % amino acid identity between 11 vertebrate sequences 

including several teleost fish species, the cow, the chicken, and human sequences, with absolute 

conservation among the heme associated amino acids across all of these species (Burmester, et 

al., 2004). In addition, the amino acid mutation rate is three times lower than that of hemoglobin, 

a globin that is considered to be highly conserved (Burmester, et al., 2004). Thus, it is likely that 

the neuroglobin sequence is very highly conserved in order to retain an important function(s). 

   A phylogenetic analysis shows that the neuroglobin lineage is ancient and split from the 

lineage of hemoglobin and myoglobin before deuterostomia and protostomia diverged 

(Burmester, et al., 2000). Thus, the neuroglobin sequence is not similar to human hemoglobin 

and myoglobin (<25 % and <21 % amino acid identity, respectively), rather it is more closely 

related to invertebrate globins (30 % amino acid identity) (Figure 3) (Burmester, et al., 2000; 

Burmester, et al., 2004). Additionally, the neuroglobin gene contains two conserved vertebrate 

introns, but a third, central intron is novel and may be a relic of the ancestral globin (Burmester, 

et al., 2000; Go, et al., 1981).  
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Neuroglobin

Invertebrate nerve globins

Vertebrate hemoglobins

Myoglobin

Cytoglobin

Ancestral globin

 

Figure 3: A simplified phylogeny of globins (modified from Burmester, et al., 2000 and Hoffman et al., 

2010). 

 

 

Structure 

The structures of ferric human and mouse hexacoordinated neuroglobin have been solved by X-

ray crystallography (Pesce, et al., 2003; Vallone, et al., 2004). The iron atom of neuroglobin has 

since been shown to rapidly reduce during X-ray exposure, so the structures determined may be 

that of ferrous neuroglobin (Arcovito, et al., 2008). The protein is folded into the typical globin 

three-over-three helical fold (Figure 4) (Pesce, et al., 2004b), and contains 78 % alpha helix 

(Hamdane, et al., 2005). The protein contains a cavity in which heme is bound (Pesce, et al., 

2003; Pesce, et al., 2004b; Vallone, et al., 2004; Vinck, et al., 2006). 
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Figure 4: The three dimensional structure of ferric neuroglobin (human neuroglobin Cys46→Gly, 

Cys55→Ser, Cys→120 Ser, Protein Data Bank ID 1OJ6). 

 

 

   The heme iron of neuroglobin is predominantly in the hexacoordinated state (Nistor, et al., 

2002). Hexacoordinated globins are unusual in vertebrates, but common in invertebrates and 

plants (Sugimoto, et al., 2004; Dewilde, et al., 2006; Perrson, et al., 2009; Perazzolli, et al., 

2004). At equilibrium, a very small percentage of neuroglobin exists in the pentacoordinate state 

and distal histidine dissociation from the hexacoordinated iron is very slow (Scheme 1) 

(Dewilde, et al., 2001; Kiger, et al., 2004).  

 

 

Scheme 1: Rates for distal histidine association and dissociation in human neuroglobin (from Kiger, et 

al., 2004).  

 

 

                          Ngb-Fe-His                     Ngb-Fe 

         His koff = 0.6 s
-1   

                        

 

 

         His kon = 1800s
-1
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Expression 

The neuroglobin gene is flanked by regulatory elements that are common to known 

housekeeping genes (Burmester, et al., 2000) and by conserved hypoxia-inducible mRNA 

stabilisation signals (Wystub, et al., 2004). Chemical inducers of hypoxia-regulated genes 

enhance neuroglobin expression in mouse neurons (Sun, et al., 2001). 

   Neuroglobin mRNA is found at low concentrations in most human cell types, but is found at 

higher levels in human neurons, retinal cells and some endocrine tissues (Hankeln, et al., 2005). 

More specifically, neuroglobin is abundant in the neurons of the mouse central and peripheral 

nervous systems (Reuss, et al., 2002), but neuroglobin is not present in canine glial cells 

(Ostojić, et al., 2006a), ex vivo cultured mouse astroglial cells (Laufs, et al., 2004) or astrocytes 

in healthy mice (Dellavalle, et al., 2010). However, in several mouse models, neuroglobin does 

get expressed in astrocytes (Dellavalle, et al., 2010). 

   Neuroglobin is particularly highly expressed in the focal regions of the mouse and rat brains 

such as the hypothalamus, hippocampus, olfactory bulb and amygdala (Mammen, et al., 2002; 

Zhang, et al., 2002; Reuss, et al., 2002; Hundahl, et al., 2008). It is also abundant in the 

endocrine tissues of the pituitary and adrenal glands, and the spermatogonia in the testis of the 

mouse and rat (Reuss, et al., 2002), and the islets of Langerhans in the mouse and human 

pancreas (Geuens, et al., 2003; Ostojić, et al., 2008). Neuroglobin is also present in the mouse 

retinal tissues of the nuclear and ganglion layers and photoreceptor cells (Schmidt, et al., 2003).  

   The neuroglobin protein is localised to the cytosol in the same tissues and cells as shown by the 

mRNA studies (Wystub, et al., 2003; Zhang, et al., 2002; Schmidt, et al., 2003; Schmidt, et al., 

2005; Rajendram, et al., 2007), and tends to be localised near the mitochondria (Schmidt, et al., 

2003; Bentman, et al., 2005; Mitz, et al., 2009). Neuroglobin levels are estimated to be 100 μM 

in the mouse retina, but lower in the brain and lower again in other tissues (Geuens, et al., 2003; 

Schmidt, et al., 2005; Burmester, et al., 2000).  
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1.1.2  Searching for the function of neuroglobin 

Following the discovery that neuroglobin is expressed predominantly in the brain and retina, the 

functional role of the protein was investigated.  

 

Neuroglobin is upregulated by hypoxia/ischemia, and in glaucoma 

Neuroglobin mRNA is upregulated by hypoxia in human glioblastoma cell lines and 

glioblastoma multiforme tumour tissues (Emara, et al., 2009; Emara, et al., 2010), rat 

pheochromocytoma PC12 and mouse hippocampal HN33 cell lines (Schmidt-Kastner, et al., 

2006). Furthermore, the neuroglobin mRNA and protein levels in human neuroblastoma SH-

SY5Y cells are upregulated by oxygen-glucose deprivation, but not anoxia (Fordel, et al., 

2007a). 

   Both mRNA and protein levels have been shown to increase under a variety of 

hypoxia/ischemic insults in vivo in various animal studies (Table 1). However, several studies 

show no change or a decrease in neuroglobin levels after insult. Thus neuroglobin expression in 

response to hypoxia/anoxia is complex and depends on the type and duration of the insult, and 

cell/tissue type.  

 

Table 1: Regulation of neuroglobin levels by hypoxic/ischemic insult in vivo. 

Model mRNA level Protein level Reference 
Rat under hypoxia  Up in brain Up in brain Li, et al., (2006) 

Gerbil global forebrain 

ischemia-reperfusion  
- 

Up in cerebral cortex 

Down in hippocampus 
Shang, et al., (2006) 

Transient global ischemia 

in rat 

No change in 

brain 
- 

Schmidt-Kastner, et 

al., (2006) 

Chronic intermittent 

hypoxia in rat 
- Up in carotid body 

Di Giulio, et al., 

(2006) 

Intermittent hypoxia 

preconditioning in mice 
Up in brain Up in brain Shao, et al., (2009) 

Short term hypoxia in the 

mouse 

No change in 

brain or retina 
- 

Hundahl, et al., 

(2005) 

Transient middle cerebral 

artery occlusion in the rat 
Down in the brain - 

Hundahl, et al., 

(2006) 

Human stroke - 
Up in cortical peri-

infarct region 
Jin, et al., (2010) 
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   Nonetheless, hypoxia-mediated upregulation is also observed in lower vertebrates (Milton, et 

al., 2006; Roesner, et al., 2006; Roesner, et al., 2008), which is suggestive of conserved 

regulatory mechanisms for neuroglobin.  

   Glaucoma is an age-related eye disease in which the retinal ganglion cells damage is associated 

with oxidative injury or glutamate toxicity (Izzotti, et al., 2003; Dreyer, et al., 1996). 

Neuroglobin is upregulated in the retina in human patients with chronic glaucoma (Rajendram, et 

al., 2005), in the canine glaucomatous retina (Ostojic, et al., 2006b), and a rat model of acute 

ischemic glaucoma (Li, et al., 2008a). 

 

Neuroglobin protects against hypoxia and ischemia 

Overexpression of neuroglobin protects against cell death caused by hypoxia in mouse neurons 

cultured ex vivo (Sun, et al., 2001), SH-SY5Y cells (Shao, et al., 2009), and cultured human 

neuronal cells (Duong, et al., 2009), and increases the long term survival of cultured primary 

mouse neurons after oxygen-glucose deprivation (Yu, et al., 2009). Furthermore, RNA 

knockdown of endogenous neuroglobin in mouse astrocytes cultured ex vivo decreases viability 

after hypoxia (Chen, et al., 2005).  

   Wildtype zebrafish neuroglobin has the ability to cross the plasma membrane and incubation of 

PC12 cells with this protein enhances survival after hypoxia (Watanabe, et al., 2008b). In 

addition, a fusion protein of the transduction domain of HIV-TAT protein and human 

neuroglobin is capable of crossing the plasma membrane and increases the viability of cultured 

human pancreatic islet cells after several days in culture (Mendoza, et al., 2005), and rat 

neuroglobin-TAT enhances survival of cultured rat cortical neurons after hypoxia (Zhou, et al., 

2007). Additionally, injection of mouse neuroglobin-TAT before middle cerebral artery 

occlusion in mice significantly decreases infarct volume (Cai, et al., 2011). However, human 

neuroglobin-TAT does not increase survival of the retinal ganglion RGC-5 or SH-SY5Y cell 

lines after oxygen-glucose deprivation (Peroni, et al., 2007). Thus, cell protection by TAT-

neuroglobin depends on the type of insult and the model used.  

   Several intronic polymorphisms in the human neuroglobin gene have been observed to be 

associated with a lower risk for stoke and better outcome following traumatic brain injury (Lin, 

et al., 2008; Chuang, et al., 2010). Overexpression of neuroglobin by adenoviral delivery in the 

rat brain decreases the size of infarct after focal ischemia, whereas knockdown increases the size 
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of infarct (Sun, et al., 2003). Furthermore, neuroglobin overexpressing transgenic mice have a 

~30 % decrease in volume of cerebral infarct (Khan, et al., 2006; Wang, et al., 2008), and 

display decreased cell death after hippocampal ischemia-reperfusion (Li, et al., 2010). 

Transgenic mice also exhibit decreased cell death in the inferior colliculus after injection of 

sodium salicylate (Yin, et al., 2005), and have decreased lipid peroxidation, a marker of 

oxidative stress after focal ischemia compared to control (Wang, et al., 2008; Li, et al., 2010). 

Neurons extracted from the transgenic mouse exhibit increased survival after exposure to 

excitotoxic concentrations of the neurotransmitter NMDA (Khan, et al., 2007).  

 

Neuroglobin protects against oxidative stress 

Excessive amounts of reactive oxygen (ROS) and nitrogen (RNS) species are generated by 

mitochondrial respiration during cell death after insults such as ischemia (Piantadosi, et al., 

1996). ROS such as hydrogen peroxide and RNS such as peroxynitrite (a metabolite of NO) are 

known to cause cell death (von Harsdorf, et al., 1999; Bao, et al., 2003). Mouse neurons 

overexpressing neuroglobin are more resistant to death after treatment with NO donors (Jin, et 

al., 2007). Furthermore, neuroglobin expression in PC12 cells is upregulated by hydrogen 

peroxide (Li, et al., 2008b) and ectopic overexpression of neuroglobin enhances survival of 

PC12 and SHSY-5Y cells exposed to hydrogen peroxide (Fordel, et al., 2006; Li, et al., 2008b; 

Antao, et al., 2010), whereas neuroglobin knockdown decreases survival after the same treatment 

(Li, et al., 2008b). Neuroglobin is also upregulated in response to oxidative stress induced by 

nanoparticles in the mouse brain (Rahman, et al., 2009). Interestingly, neuroglobin levels show a 

negative correlation to endogenous ROS levels in PC12 and SH-SY5Y cells (Fordel, et al., 

2007a; Li, et al., 2008b) and in the eyes of mice exposed to chronic hypoxia (Fordel, et al., 

2007b). 

 

Neuroglobin may protect against cell death in Alzheimer’s disease 

Alzheimer‟s disease is associated with amyloid beta (Aβ) peptide deposits in and around neurons 

in subcortical areas of the brain (Liu, et al., 2008). Several single nucleotide intronic 

polymorphisms in the neuroglobin gene have been associated with an increased risk of 

Alzheimer‟s disease (Szymanski, et al., 2010) and neuroglobin expression was found to be 

upregulated in the brain of Alzheimer‟s disease patients (Syzmanski, et al., 2010). PC12 cells 
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and cultured mouse neurons overexpressing neuroglobin exhibit decreased cell death after 

incubation with Aβ peptide fragments (Li, et al., 2008c; Khan, et al., 2007). Additionally, a 

transgenic Alzheimer‟s disease mouse model overexpressing neuroglobin displayed a milder 

Alzheimer‟s disease phenotype compared to the Alzheimer‟s disease mice, and characteristically 

had a decreased amount of Aβ deposits (Khan, et al., 2007).  

 

 

1.1.3  Proposed mechanisms of neuroglobin-mediated cell protection 

Neuroglobin as an oxygen store 

The first hypothesis of a role for neuroglobin was that it could act as an oxygen storage protein, 

releasing oxygen during hypoxia to maintain oxygen homeostasis (Burmester, et al., 2000). 

Original measurements suggested that oxygen affinity of neuroglobin was very high with a p50 = 

2 torr (Burmester, et al., 2000).  

   Oxygen binding measurements are variably affected by autoxidation of the heme, a process 

that occurs occasionally during oxygen dissociation leaving the heme iron in the Fe
3+

 state, and 

unable to bind oxygen (Wittenberg, et al., 1965; Cordone, et al., 1990; Dewilde, et al., 2001). 

Autoxidation occurs at different rates in different globins (Wallace, et al., 1974; Atef, et al., 

2009), with oxidation of sperm whale myoglobin occurring very slowly k = 0.012 h
-1

 (Brantley, 

et al., 1993). However, neuroglobin has been shown to rapidly autoxidise with a half life of 

several minutes, an event that is likely to have impacted on the earlier measurement of oxygen 

affinity (Dewilde, et al., 2001).  

      It has since been shown that an internal disulphide bond forms in the wildtype neuroglobin 

protein, which increases the observed oxygen affinity (Hamdane, et al., 2003). The amount of 

neuroglobin with a disulphide bond is not likely to be significant in vivo because thioredoxin 

reductase efficiently reduces the bond (Trandafir, et al., 2007). Further measurements taken in 

the presence of a reducing agent to maintain cysteine residues in the reduced state, or with a 

mutant cysteine-free protein gave a much lower affinity for human neuroglobin than initially 

reported with a p50 = 6.8-10 torr at 25-37 °C (Hamdane, et al., 2003; Hamdane, et al., 2004; 

Fago, et al., 2004; Kiger, et al., 2004).  
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   The low affinity for oxygen has consequences for the hypothetical role of neuroglobin as an 

oxygen store in the tissues in which it is most highly expressed. It is difficult to measure 

intracellular oxygen levels, however neurons are likely to experience low oxygen levels due to 

their extremely high metabolic rate (Laughlin, et al., 1998), and many regions of the retina 

regularly experience close to zero oxygen, especially when the eye is exposed to dark 

(Linsenmeier, 1986). At an estimated intracellular oxygen concentration of ~ 1 torr, neuroglobin 

is expected to be 12 % oxygenated, and would therefore be unable to act as a significant oxygen 

store in these tissues (Fago, et al., 2004). Furthermore, known oxygen storage globins are 

expressed at millimolar levels (Wittenberg, et al., 1965; Vandergon, et al., 1998; Kraus, et al., 

1986), whereas neuroglobin is present at its highest level at micromolar levels in the retina and 

submicromolar levels in other tissues (Schmidt, et al., 2005; Geuens, et al., 2003).  

   Features such as low oxygen affinity, low expression levels and fast autoxidation rate make 

this hypothesis less tenable. All of these factors must be taken into account when considering the 

role of neuroglobin as a possible oxygen carrier. 

 

Neuroglobin can neutralise oxidative molecules 

Neuroglobin could have a protective role against oxidative stress. A mouse hippocampal cell line 

overexpressing neuroglobin was protected against cell death caused by NO donors (Jin, et al., 

2007). Furthermore, neuroglobin binds to NO (Van Doorslaer, et al., 2003; Brunori, et al., 

2005), and neuroglobin-NO reacts with peroxynitrite, which could further enhance protection 

against oxidative stress (Herold, et al., 2004). However, NO binding to neuroglobin exhibits 

physiologically unfavourable kinetics. NO affinity for ferrous neuroglobin is low, but higher for 

oxyneuroglobin (Peterson, et al., 2008), which only accounts for ~10 % of total neuroglobin in 

neurons (Fago, et al., 2004). NO reactions with either form of neuroglobin oxidises the heme 

(Brunori, et al., 2005; Peterson, et al., 2008).  

   Normally, hydrogen peroxide and peroxynitrite binding to ferric hemoglobin or myoglobin 

result in heme oxidation to the ferryl form (Fe
4+

), which is a highly reactive free radical that is 

toxic to cells (Hayashi, et al., 1999). Due to the coordination of the distal histine on the iron 

atom, ferric neuroglobin does not change to the ferryl form and this may be significant in 

prevention of oxidative stress (Herold, et al., 2004; Nicolis, et al., 2007; Lardinois, et al., 2008).  
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   Nonetheless, ferric neuroglobin would need to undergo enzymatic redox cycling back to 

reactive ferrous neuroglobin (Figure 5) if neuroglobin is to act as a significant RNS sink in vivo 

(Brunori, et al., 2005; Smagghe, et al., 2008). 

 

His-Fe2+-HisHis-Fe3+-His

His-Fe3+-His

His-Fe2+

His-Fe3+-O2

His-Fe3+-NO            His-Fe3+-His

+ NO (slow)

+ O2 (fast)

+ O2 (slow)

+ NO (fast)

(slow)(slow)

Unknown Ngb reductase

Unknown Ngb reductase

 

 

Figure 5: Proposed redox cycling mechanisms for Ngb-NO reactions (modified from Brunori, et al., 

2005). 

 

 

   In E. coli cells overexpressing neuroglobin, the heme is predominantly reduced (Dewilde, et 

al., 2001; Van Doorslaer, et al., 2003; Trandafir, et al., 2004; Ramser, et al., 2007; Trandafir, et 

al., 2007). However, human tissue extracts reduce added neuroglobin very slowly, with full 

reduction occurring only after ~20 minutes (Trandafir, et al., 2007). Thus, reduction of 

neuroglobin in human tissues is unlikely to be efficient enough to compete with rapid oxidation. 

Furthermore, a reducing system for eukaryotes has not yet been described. Apoptosis Inducing 

Factor (AIF), a protein released from the mitochondria during cell death, was proposed to be the 

reducing protein for neuroglobin (Giuffré, et al., 2008), however the reduction process was 

found to be inefficient (Moschetti, et al., 2009). Likewise, the cytosolic protein cytochrome b5, a 
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known reducer of other globins, is an inefficient reducing agent for neuroglobin (Fago, et al., 

2006). Thus, a ROS or RNS detoxifying mechanism is unlikely to be a significant contributor to 

the cell protection that is associated with neuroglobin overexpression. 

 

Neuroglobin modulates the activity of G proteins 

G protein coupled receptors are important in many cell signalling pathways. Many G proteins 

have a Gα subunit with GTPase activity. GTP association causes the Gα subunit to dissociate, 

allowing the Gβγ to modulate cell signalling (Ford, et al., 1998). Neuroglobin has a high degree 

of sequence homology to known regulators of G-protein signalling and the ferric form can bind 

to the heterotrimeric G-protein α-subunit, preventing GDP dissociation, thus acting as a guanine 

nucleotide dissociation inhibitor (GDI) (Wakasugi, et al., 2003). Ferric neuroglobin GDI activity 

may thus protect cells from oxidative stress by modulating Gβγ activity (Wakasugi, et al., 2003; 

Watanabe, et al., 2008a). Furthermore, in primary mouse neurons neuroglobin coprecipitates 

with Rho A, which is another GTPase that requires GTP association for activation (Khan, et al., 

2008). The Rho family is also implicated in modulating cell death signalling (Subauste, et al., 

2000). The exact signalling mechanisms that could be regulated by neuroglobin in these 

interactions have not been ascertained. 

   In addition, neuroglobin overexpression enhances phosphoinositide-3 kinase (PI3K) 

phosphorylation of Akt, a mechanism shown to protect SHSY-5Y cells from hydrogen peroxide-

mediated cell death (Antao, et al., 2010). Akt is involved in cell protection via a phosphorylation 

cascade through 14-3-3γ and Bcl-2 family member BAD (Powell, et al., 2002; Masters, et al., 

2001; Datta, et al., 2000). Furthermore, knockdown of neuroglobin has been shown to 

downregulate 14-3-3γ expression (Ye, et al., 2009). 

 

 

1.1.4  Other reported interactions for neuroglobin 

In hypoxic neurons, cell membranes become polarized, lipid microdomains form and 

mitochondria aggregate beneath them to initiate signaling processes (Khan, et al., 2008). Lipid 

microdomain formation is mediated by Rac1, which is regulated by Pak1 kinase activity 

(Villalba, et al., 2001; DerMardirossian, et al., 2004). In neurons, neuroglobin becomes recruited 

beneath the microdomains during hypoxia (Khan, et al., 2008), an event that is likely to be 
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mediated by its interaction with flottilin-1, a lipid raft-associated membrane protein (Wakasugi, 

et al., 2004a; Khan, et al., 2008). Primary mouse neurons that overexpress neuroglobin do not 

undergo membrane polarization and are resistant to hypoxic cell death (Khan, et al., 2008), 

possibly due to inhibition of Rac1 liberation from Rho-GDI (Khan, et al., 2008), and regulation 

Pak1 kinase activity (Khan, et al., 2008). Neuroglobin has also been shown to bind to the 

Na
+
,K

+
-ATPase β2 subunit (Xu, et al., 2003), which is localised to the lipid microdomains in 

primary mouse neurons after hypoxia (Khan, et al., 2008). These studies suggest that 

neuroglobin could protect cells by modulating lipid microdomain signalling. 

   Neuroglobin has also been shown to interact with H2S, a gaseous neuromodulator in the human 

central nervous system that increases in the ischemic brain and causes damage to the brain 

during stroke (Cheung, et al., 2007; Qu, et al., 2006; Brittain, et al., 2008). Neuroglobin can also 

bind cystatin C, a cysteine protease inhibitor that is associated with human stroke (Wakasugi, et 

al., 2004b; Ni, et al., 2007). However, it is still unknown whether these interactions are of 

biological significance. 

   Cellular prion protein (PrP
c
) is an inducer of cell death (Solforosi, et al., 2004). Neuroglobin 

and PrP
c
 interact and form aggregates, which may protect the cell (Lechauve, et al., 2009).  

 

Neuroglobin associates with cytochrome c 

Preliminary work performed in this laboratory aimed to find potential redox partners for 

neuroglobin. This study revealed an interaction between neuroglobin and cytochrome c (Fago, et 

al., 2006). Like neuroglobin, cytochrome c has an iron-containing heme that can exist in both 

Fe
2+ 

and Fe
3+

 forms. Fago, et al., (2006) showed that an efficient redox reaction occurs during 

the interaction between ferrous neuroglobin and ferric cytochrome c, resulting in the rapid 

reduction of cytochrome c.  

   As yet, a convincing role for neuroglobin in the prevention of cell death that unites all of the 

cell death mechanisms that neuroglobin is known to protect against has not been conceived. One 

such possibility is the one-electron reduction of cytochrome c. The release of ferric cytochrome c 

from mitochondria is an important event in the mitochondrial pathway of apoptosis that leads to 

cell death, and can be initiated by hypoxia, ischemia, oxidative stress, amyloid accumulation and 

many other stressors (Chapter 1.2). The cytosolic pool of reduced neuroglobin could mediate 
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reduction of released cytochrome c, therefore preventing this form of cell death following an 

acute insult.  

   The next section of this chapter will outline the mitochondrial pathway of apoptosis in which 

neuroglobin is proposed to intervene. 
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1.2. Apoptosis 

Apoptosis is a form of „programmed‟ cell death that removes cells during embryonic 

development of the limbs and hollow organs (Ellis, et al., 1986; Coucouvanis, et al., 1995; Zou, 

et al., 1996; Macias, et al., 1997), and maintains tissue homeostasis throughout life (Tomkinson, 

et al., 1997; Brocker, 1997). It allows for the safe removal of dying cells from tissues by 

phagocytosis (Kurosaka, et al., 2003), a process initiated by presentation of pro-phagocytotic 

molecules such as phosphotidylserine on the external leaflet of the plasma membrane (Martin, et 

al., 1995). 

   Apoptosis is considered to be one of the most highly regulated and complex signalling 

pathways in biology (Hengartner, 2000). The balance of pro-apoptotic and pro-survival 

responses is of utmost importance to the organism. Perturbations in this balance are particularly 

important in cancer and autoimmune diseases, where apoptosis is inhibited (Tsujimoto, et al., 

1985; Rieux-Laucat, et al., 1995); and neurodegenerative diseases such as Alzheimer‟s, 

Huntington‟s and Parkinson‟s diseases, where cells are sensitised to pro-apoptotic stimuli (Su, et 

al., 1994; Stadelmann, et al., 1999; Mockizuki, et al., 1996). Apoptosis is also a major 

contributor to cell death in the penumbra (the area surrounding the core in the infarct) following 

cerebral ischemia, while necrosis tends to occur in the much more poorly oxygenated core 

(Degirolami, et al., 1984; Linnik, et al., 1993; Yao, et al., 2001; Ferrer, et al., 2003). 

   After a specific pro-apoptotic stress signal, two major pathways may be activated. The 

extrinsic pathway of apoptosis is initiated by external signals such as the stimulation of cell 

surface death receptors by ligands expressed on the surface of immune cells (Nogae, et al., 

1998). The mitochondrial (intrinsic) pathway of apoptosis is activated by internal stress signals 

such as DNA damage, ER stress and oxidative stress (Dunkern, et al., 2002; Chen, et al., 2003a).  

   Both pathways activate caspases, a family of cysteine-dependent aspartate cleaving proteases 

(Juo, et al., 1998; Hu, et al., 1999). Caspases are expressed as inactive zymogens that once 

activated amplify the apoptotic signal via the caspase signalling cascade (Slee, et al., 1999). 

Initiator caspases activate executioner caspases (Stennicke, et al., 1998; Slee, et al., 1999), which 

execute apoptosis by proteolytic degradation of nuclear repair enzymes such as topoisomerase 

(Samijima, et al., 1999), and structural proteins such as actin (Mashima, et al., 1999) and lamin 

(Ruchaud, et al., 2002), and plasma membrane calcium pumps (Schwab, et al., 2002). Caspases 

also initiate the externalisation of phosphotidylserine by indirect activation of phospholipid 
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scramblase (Frasch, et al., 2000; Denning, et al., 1998). Inhibition of caspases blocks the process 

of apoptosis (Scholz, et al., 2005). 

 

 

1.2.1  The mitochondrial pathway of apoptosis 

The mitochondrial pathway of apoptosis is initiated by intracellular stress-induced signalling 

events that converge on the mitochondria where the balance between pro- and anti-apoptotic 

members of the Bcl-2 protein family regulate mitochondrial outer membrane permeabilisation 

(MOMP) (Yang, et al., 1997; Jürgensmeier, et al., 1998; Marzo, et al., 1998; Narita, et al., 1998; 

Eskes, et al., 2000; Kuwana, et al., 2002; Fletcher, et al., 2008). MOMP can also be 

„accidentally‟ initiated by a sustained increase in intracellular calcium (Brustovetsky, et al., 

2002; Chipuk, et al., 2004; Miyamoto, et al., 2005). This is of particular importance in neuronal, 

retinal, muscle and endocrine cells that experience brief calcium oscillations during normal 

signalling (Dani, et al., 1992; Peterson, et al., 1997; Ambler, et al., 1988; Thomas, et al., 1996), 

because calcium handling can be dysregulated, as observed in glaucoma (He, et al., 2008), and 

several neurodegenerative conditions including cerebral ischemia (Kristiàn, et al., 1994; 

Pellegrini-Giampietro, et al., 1992; Crompton, 2000; Tang, et al., 2005; Cheung, et al., 2010; 

Chow, et al., 2010). 

   The defining phase of the mitochondrial pathway of apoptosis is the release of a number of 

pro-apoptotic molecules from the permeabilised mitochondria to the cytosol (Daugas, et al., 

2000; Twiddy, et al., 2004), of particular interest is the release of cytochrome c (Liu, et al., 

1996). Cytochrome c can bind to IP3R receptors on the ER causing the release of calcium, 

amplifying the pro-apoptotic signal (Boehning, et al., 2003). Furthermore, cytochrome c initiates 

the oligomerisation of the cytosolic protein Apaf-1 to form a large scaffolding protein complex 

called the apoptosome (Zou, et al., 1997), which activates the caspase signalling cascade (Figure 

6) (Zou, et al., 1999; Cain, et al., 1999). 
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Procaspase 9  

 
Figure 6: A schematic diagram of the major events downstream of the mitochondria that contribute 
to the mitochondrial pathway of apoptosis. 
 

 

   Activation of the caspase signalling cascade is considered to be the step that fully commits 

many cell types to apoptosis because once activated, caspases execute apoptosis by cleaving their 

targets within minutes (Tyas, et al., 2000). Moreover, caspases undergo rapid bistable activation, 

so that the entire caspase pool is either inactive or active in a single cell at a given time (Tyas, et 

al., 2000; Eissing, et al., 2004, Raychaudhuri, et al., 2008). Furthermore, the kinetics of caspase 

activation on a single cell level is independent of the intensity of the pro-apoptotic signal, thus 

weak and strong signals will both give the same ultimate level of caspase activity (Rehm, et al., 

2002; Luo, et al., 2003). This is due to some degree to mediation of a self-amplification loop-

induction of MOMP (Marzo, et al., 1998), but also because of amplification steps in the caspase 

cascade (Slee, et al., 1999).  

   Caspase activation therefore needs to be tightly controlled to prevent „accidental‟ induction of 

apoptosis. This is achieved in part by Inhibitors of Apoptosis Proteins (IAP) such as XIAP, 

which inhibit caspase activation by associating with caspases and the apoptosome (Bratton, et 

al., 2001). In addition, many heatshock proteins bind to and inhibit cytochrome c, the 

apoptosome and several caspases (Paul, et al., 2002; Bruey, et al., 2000; Saleh, et al., 2000; 

Pandey, et al., 2000; Kamradt, et al., 2001).  
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Apoptosome formation 

The apoptosome is a large 700 kDa scaffolding complex composed of a heptamer of Apaf-1 

(Acehan, et al., 2002). Apaf-1 is a large cytosolic protein consisting of a CARD domain, an 

ATPase domain and several WD-40 repeat motifs (Figure 7) (Zou, et al., 1997).  

   Cytochrome c binds to the WD-40 repeat motifs on Apaf-1 (Hu, et al., 1998). This event, 

followed by dATP hydrolysis initiates the oligomerisation of Apaf-1 (Hu, et al., 1999; Kim, et 

al., 2005).  Deletion of the WD-40 repeats makes Apaf-1 constitutively active in the absence of 

cytochrome c/dATP, therefore, the WD-40 repeats inhibit apoptosome formation, and 

cytochrome c/dATP binding lifts this inhibition to promote oligomerisation (Srinivasula, et al., 

1998).  

   The structure of the apoptosome has been solved at low resolution (27 Å) by electron 

cryomicroscopy, revealing a wheel-like structure with 7 spokes projecting outward from a 

central hub (Acehan, et al., 2002). 

   Procaspase-9 binds to the central hub of the apoptosome via CARD-CARD interactions 

(Acehan, et al., 2002; Zou, et al., 1999), and undergoes autocatalytic cleavage while bound 

(Srinivasula, et al., 1998; Rodriguez, et al., 1999). Active caspase 9 initiates the caspase 

signalling cascade by processing executioner caspases such as caspase 3 (Slee, et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 



20 

 

N    CARD      ATPase WD-40 repeats                                C 

 

  
Figure 7: Schematic diagrams of Apaf-1 and the apoptosome. A: Primary structure of the Apaf-1 

protein showing the positions of the CARD, ATPase and WD-40 repeat domains; B: Quaternary structure 

of the apoptosome showing the arrangement of the Apaf-1 domains, as coloured in (A). C: Apoptosome 

structure reconstruction at 27 Å (Acehan, et al., 2002). 

 

 

The cytochrome c – Apaf-1 interaction 

Cytochrome c is a small heme protein that normally functions as an electron shuttle during 

respiration (Figure 9). The heme face of cytochrome c contains 11 lysine residues that bind 

electrostatically to aspartic acid residues on Apaf-1 (Purring-Koch, et al., 2000). Lysine 72 is a 

key residue in the interaction of cytochrome c with Apaf-1 (Figure 8). Trimethylation and 

mutation of lysine 72 to alanine both lead to decreased apoptotic activity (Kluck, et al., 2000, 

Hao, et al., 2005). Furthermore, because the level of nucleotides such as ATP and dATP in 

healthy cells is high, they can bind directly to lysine residues on cytochrome c, preventing 

apoptosome formation (Chandra, et al., 2006). The decreased level of nucleotides in cells 

undergoing apoptosis (Chandra, et al., 2006; Dagher, 2000; Chimploy, et al., 2000) causes a 

release of this inhibitory effect, while still supporting apoptosome formation, which requires 

dATP hydrolysis (Liu, et al., 1996). 

A 

B                                                              C 
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Figure 8: The three-dimensional structure of ferric cytochrome c (from equine heart; Protein Data 

Bank ID 1HRC; Bushnell, et al., 1990). The heme face of cytochrome c is facing the top of the diagram. 

Lysine 72 is highlighted in green. 

 

 

   There is evidence that the redox state of the heme of cytochrome c is important during 

apoptosome formation. Several groups have shown that the presence of the heme is required for 

apoptosis (Hampton, et al., 1998; Martin, et al., 2002; Martin, et al., 2004). Further experiments 

on cell-free lysates and permeabilised cells have shown that ferric, but not ferrous cytochrome c 

supports apoptotic signalling (Pan, et al., 1999; Borutaite, et al., 2007; Li, et al., 2008d).  

   Some studies suggest that cytochrome c is released in a rapid “all-or-none” manner by simple 

diffusion (Goldstein, et al., 2000). Most studies show a slower release that is moderated by 

accessibility of several pools of soluble and membrane-bound cytochrome c to the cytosol, the 

release of which are differentially regulated (Scorrano, et al., 2002, Ott, et al., 2002; Enoksson, 

et al., 2004). In live cells, the mitochondrial pool of cytochrome c is ~70% oxidised and this is 

the major form that is released into the cytosol during apoptosis (Ripple, et al., 2010). However, 

the majority of cytochrome c is reduced within 90 minutes after release is initiated (Ripple, et al., 

2010). This reduction is mediated by cellular antioxidants such as ascorbate and glutathione, 
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which thereby buffer a proportion of released cytochrome c from inducing apoptosome 

formation (Pan, et al., 1999).  

   Despite reduction of cytochrome c, only a small amount of pro-apoptotic cytochrome c is 

required to initiate apoptosome formation because the interaction between Apaf-1 and 

cytochrome c is very strong (Purring, et al., 1999; Purring-Koch, et al., 2000) and apoptosome 

formation is rapid (Hill, et al., 2004). Thus, it is likely that there are further mechanisms that 

regulate the apoptotic activity of cytochrome c in addition to cellular antioxidants to prevent 

apoptosis when small amounts of cytochrome c are released „accidentally‟. One such possible 

mechanism is the reduction of cytochrome c by the cytosolic protein neuroglobin (Chapter 1.1) 

(Fago, et al., 2006).  

 

 

1.3  Hypothesis 

The hypothesis that led to this research was grounded on the finding that ferrous neuroglobin can 

interact with, and reduce ferric cytochrome c (Fago, et al., 2006). The physiological relevance of 

this observation is that ferric cytochrome c could come into contact with neuroglobin after 

MOMP during the mitochondrial pathway of apoptosis (Liu, et al., 1996). Release of ferric 

cytochrome c into the cytosol drives apoptosome formation, leading to caspase amplification of 

the pro-apoptotic signal (Zou, et al., 1999; Slee, et al., 1999; Pan, et al., 1999; Li, et al., 2008d).  

We know that these events are tightly regulated by anti-apoptotic proteins and cytosolic 

antioxidants to protect the cell against accidental apoptosis (Bratton, et al., 2001; Pan, et al., 

1999). Thus, perhaps neuroglobin can be added to this repertoire of anti-apoptotic molecules. 

   Furthermore, endogenous neuroglobin is found at its highest levels in neuronal, retinal and 

endocrine cells (Hankeln, T., et al., 2005). These are cell types that regularly experience large 

calcium fluctuations during normal signalling (Pasti, et al., 1997; Peterson, et al., 1997; Thomas, 

et al., 1996). Mishandling of calcium fluctuations have been demonstrated to cause MOMP, 

leading to „accidental‟ induction of the mitochondrial pathway of apoptosis (Szalai, et al., 1999). 

Accidental apoptosis may be significant in neurological conditions such as cerebral ischemia 

(Duffy, et al., 1996; Crompton, M., 2000), which neuroglobin has been shown to protect against 

in animal models (Khan, et al., 2006; Wang, et al., 2008). Perhaps the normal physiological role 

of neuroglobin in these cells which are constantly exposed to a calcium pro-death stimulus is to 



23 

 

protect against accidental apoptosis by buffering the cytosol against accidental release of 

cytochrome c. 

 

 

1.4  Aims 

The overall aim of this project was to characterise the neuroglobin-cytochrome c interaction, and 

determine whether neuroglobin can inhibit cytochrome c-mediated apoptosome assembly. This 

was to be achieved by determination of the binding affinity of the interaction under a number of 

conditions.  

   Furthermore, a putative structure of the complex was to be modelled in silico, and the 

important interacting amino acid pairs in the neuroglobin-cytochrome c complex interface were 

to be identified. 

   The interacting residues of neuroglobin were to be mutated and their importance in the 

neuroglobin-cytochrome c interaction measured by changes in binding affinity. 

   Consequently, the importance of cytochrome c redox state on apoptosome formation in vitro 

was to be measured. Thereafter, the ability of neuroglobin and its mutants to interfere with 

apoptosome formation would be tested. 
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Chapter Two 

Materials and methods 

 

 

2.1  Materials  

Supplier Material 
AnalaR Ammonium persulphate 

Hydrochloric acid 

Sodium ferricyanide 

Sodium hydrogen carbonate 

Sodium hydroxide pellets 

Anchor Low fat milk powder (0.1 % fat) 

AppliChem Actinomycin D 

BD Agar 

Tryptone 

Yeast extract 

Biacore (GE) CM5 and CM4 sensor chips 

Cysteine coupling reagents 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide) (EDC) and N-

Hydroxysuccinimide (NHS) and ethanolamine) 

10 mM sodium formate pH 5 

Biorad 30 % Acrylamide/Bis acrylamide solution (37.5:1) 

Anti-rat-HRP secondary antibody 

Avidin-HRP 

Ni
2+

-NTA agarose 

Protein molecular weight standards (unstained and stained) 

BOC CO, N2, CO2/H2 mixture 

Calbiochem Cleland‟s reagent (reduced dithiothreitol)  

NP-40 alternative (detergent) 

Tetracycline 

Falcon 10 cm dishes for cell culture 

15 mL and 50 mL Falcon tubes 

Fluka Hydrogen dipotassium phosphate (HK2PO4) 

GE Anti-His tag primary antibody  

Anti-mouse-HRP secondary antibody 

Anti-rabbit-HRP secondary antibody 

Enhanced Chemiluminescence (ECL) western blotting 

reagent 

Q Sepharose fast flow 

Genscript 

 

Anti-actin primary antibody 

Anti-His antibodies primary antibody 
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Genscript Monoclonal rabbit anti-COXII primary antibody  

Site directed mutants of neuroglobin in pET29a plasmid 

Gibco Sodium dodecyl sulphate ultrapure (SDS) 

 Greiner Bio-one Sterile 6- and 12-well cell culture plates  

Sterile cell scrapers 

Invitrogen 100 mM dATP solution 

100 × Penicillin Streptomycin Glutamine (PSG) 

20 × Anode buffer 

4-16 % NativePAGE gels 

Cathode buffer additive 

Cell culture media (DMEM/F12, DMEM, RPMI, SF900 III) 

Custom primers (Appendix 1) 

Fetal bovine serum (FBS) 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

Loading dye (Native PAGE) 

NativeMARK protein marker 

PVDF membrane (0.2 μM pore size) 

Restriction enzymes (KpN 1, Xba 1, Nde 1, BamH 1)  

Restriction enzyme compatible buffers 

Sterile water (DNase and RNase free) 

Subcloning and sequencing primers (Appendix) 

T4 DNA ligase 

T7 and 17R primers 

Trypsin 

Melford X-gal 

Merck 2-propanol (isopropanol) 

Acetic acid (ACS reagent) 

Acetone 

Anti-rat secondary antibody  

Caspase 9 inhibitor III (218728)  

Glycerol (ACS reagent) 

Human recombinant Caspase-9  

Methanol 

MG-132 proteasome inhibitor 

Monoclonal anti-Apaf-1 antibody 

Novagen GeneJuice 

Nunc White solid-bottom 96-well plates 

Origene pCMV6-XL6-hNGB clone 

Pharmacia 5 mL desalting columns 

XK 26 column 

Superdex 75 10/300 GL column 

Promega Caspase Glo® 9 reagent 

Riedel-de-haën Dihydrogen potassium phosphate (H2KPO4) 

Roche Complete mini protease inhibitors tablets 

Sapphire Biosciences Rat anti-Apaf-1 primary antibody 

Serva Tween 20 (detergent) 
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Sigma 2-betamercaptoethanol 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)  

Ampicilin 

Ammonium sulphate 

Brilliant blue (Coomassie blue R-250) 

Bromophenol blue 

Calcium chloride (CaCl2) 

Dimethyl sulphoxide (DMSO) 

Equine heart cytochrome c 

Ethylene glycol tetraacetic acid (EGTA)  

Ethylenediaminetetraacetic acid (EDTA) 

Gentamycin 

Glucose 

Glycine 

Imidazole 

Kanamycin 

Lysozyme (chicken egg white, lyophilised) 

Magnesium chloride (MgCl2) 

Potassium acetate 

Potassium Chloride (KCl) 

RNase A 

Sodium chloride (NaCl) 

Sodium dithionite 

Tetramethylethylenediamine (TEMED) 

Triton X-100 

Tris(hydroxymethyl)aminomethane (Tris)  

Spectrum laboratories Spectra/POR Molecular porous membrane tubing (dialysis 

tube) 3,500 Da MW cutoff 

Techno-Plas 10ul sterile plastic loops (for plating bacteria) 

Thermo Fischer 

Scientific 

Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) 

Vivaspin 500 μL and 15 mL centrifugal concentrators (5,000 Da MW 

cutoff) 
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2.2   Buffers used in this study  

 

TE buffer 

10 mM Tris, 1 mM EDTA, pH 8.0 

 

Reducing buffer (for loading SDS-PAGE) 

0.125 M Tris, 4 % SDS, 20 % glycerol, 10 % 2-mercaptoethanol, bromophenol blue 

 

SDS PAGE running buffer 

25 mM Tris pH 8.3, 192 mM glycine, 0.1 % SDS 

 

5 × Low Salt-Tween Tris Buffered Saline (LS-TTBS) 

20 mM Tris/HCl pH 7.4, 0.15 M NaCl, 0.05 % Tween 20 

 

4 × Transfer buffer 

48.44 g Tris, 230.62 g glycine, H2O to 4 L 

 

Transfer buffer 

250 mL 4 × transfer buffer, 550 mL H2O, and 200 mL methanol 

 

SDS PAGE Coomaisse blue stain 

0.125 % Coomaisse blue R-250, 50 % methanol, 10 % acetic acid 

 

SDS PAGE destain 

50 % methanol, 10 % acetic acid 

 

Phosphate buffered saline (PBS) 

4.3 mM Na2HPO4, 1.47 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4 

 

HBS-EP running buffer 

10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005 % Tween 20 
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Native PAGE anode buffer 

50 mL anode buffer, 950 mM milliQ H2O 

 

Native PAGE cathode buffer 

10 mL anode buffer, 5 mL cathode buffer additive, 185 mL H2O 

 

Native PAGE Fix 

40 % methanol, 8 % acetic acid 

 

Native PAGE destain 

8 % acetic acid 

 

 

2.3  Media used in this study 

 

LB (Luria-Bertani) medium 

1 g Yeast extract, 2 g Tryptone, 2 g NaCl, H2O to 200 mL, pH 7.5 

 

LB agar 

3 g Agar per 200 mL LB medium 

 

TB (Terrific Broth) medium 

24 g Yeast extract, 12 g Tryptone, 4 mL Glycerol, H2O to 900 mL 

100 mL phosphate buffer per 1L TB medium (final volume) 

 

Phosphate buffer for TB medium 

17 mM KH2PO4, 72 mM K2HPO4, pH 7.5 

 

SOC (Super Optimal broth with Catabolite repression) medium 

1 L contains 20 g tryptone, 5 g yeast extract, 0.58 g NaCl, 0.19 g KCl, 4 mL 1 M NaOH. 10 mM 

MgCl2 and 20 mM glucose (final concentrations) added after autoclaving. 
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2.4  General methods 

Calcium chloride competent cells 

The desired strain of E. coli was plated onto LB agar and grown overnight at 37 °C. A colony 

was picked and inoculated into 5 mL of LB media in a 50 mL Falcon tube, and grown with 

shaking at 37 °C for 12 hours. Then 50 μL of the culture was added to 50 mL Falcon tubes 

containing 5 mL LB media and the bacteria were allowed to grow as above for 2-3 hours until 

the absorbance reached 0.3 at 600 nm (1 cm path length). The bacteria were harvested by 

centrifugation at 6,000 × g in 50 mL Falcon tubes for 10 minutes and gently resuspended in 5 

mL of ice cold 100 mM CaCl2. The bacteria were incubated on ice for 10 minutes, then 

centrifuged again (as above) and resuspended in 500 μL ice cold CaCl2. The bacteria were then 

incubated for 1 hour on ice. Sterile glycerol was added to a final concentration of 15 % and the 

suspension was divided into 100 µL aliquots that were stored at -80 °C. 

 

Transformation 

Aliquots of the desired strain of competent cells (prepared as above) were thawed and 5 µL of 

the desired plasmid (100 ng/μL) was added, and the mixture was incubated on ice for 30 

minutes. One aliquot of competent cells was used as a negative control to which 5 μL of milliQ 

H2O was added instead of plasmid. The bacteria were then incubated for 45 seconds at 42 °C and 

then incubated on ice for several minutes. Then 100 μL of LB media was added to the cells in 15 

mL Falcon tubes which were then incubated for 30 minutes in a 37 °C shaking incubator. The 

cells were then plated on LB agar plates containing the selecting antibiotic (ampicillin 50 µg/mL 

or kanamycin 30 µg/mL) and incubated overnight. Several colonies were selected and restreaked 

and grown as above to confirm antibiotic resistance. Colonies were then grown overnight in 5 

mL of LB media with selecting antibiotic (as above). 

 

Plasmid DNA purification  

Plasmid DNA was propagated in E. coli strain DH5α and purified using the alkaline lysis method 

as described here. The bacterial cells from 5 mL LB media inoculated with a single colony of the 

desired bacteria and grown overnight were centrifuged for 3 minutes in 1.5 mL centrifuge tubes 

at 6,000 × g, and resuspended in 300 μL of 15 mM Tris, 10 mM EDTA, pH 8.0 containing 50 

μg/mL RNase A. Then 300 μL of 200 mM NaOH containing 1 % SDS was added and the 
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mixture was incubated at room temperature for 10 minutes. Then 300 μL of 3 M potassium 

acetate, pH 5.5 was added and the mixture was incubated on ice for a further 10 minutes, and 

then centrifuged for 15 minutes at 16,000 × g at 4 °C. The supernatant was then put into fresh 1.5 

mL centrifuge tubes to which 800 μL of isopropanol was added, and the tubes were incubated at 

room temperature for 10 minutes. The tubes were then centrifuged for 15 minutes at 16,000 × g 

at 4 °C. The pellet of precipitated DNA was washed with 1 mL 70 % ethanol, centrifuged as 

above, dried in a Speedvac centrifuge, and then resuspended in 10 μL of TE buffer. The plasmid 

concentration and purity was measured with a Nanodrop spectrophotometer using the nucleic 

acids (DNA) setting. 

 

Sequencing 

The sequencing primers (Appendix) and the purified plasmid were diluted in TE buffer to 5 

pmol/μL and 500 nmol/μL, respectively. Sequencing was carried out by Kristine Boxen at the 

Centre for Genomics and Proteomics (The University of Auckland) on a 3130XL capillary 

sequencer using BigDye version 3.1 Dye terminator chemistry on a 9700 thermal cycler (Applied 

Biosystems). Sequences were analysed using the Geneious software. 

 

SDS-PAGE 

Table 2: SDS-PAGE recipe (for 5 × gels): 
 

Reagent  10 % gel 15 % gel Stacking gel 

30 % Acrylamide/Bis acrylamide 

solution (37.5:1) 

10 mL 15 mL 2.66 mL 

4 × Running buffer  

(1.5 M Tris pH 8.8) 

7.5 mL 7.5 mL - 

4 × Stacking buffer 

(0.5 M Tris pH 6.8) 

- - 5 mL 

10  % SDS 0.3 mL 0.3 mL 0.2 mL 

MilliQ H2O 12.04 mL 7.04 mL 12.03 mL 

10 % Ammonium persulphate 150 μL 150 μL 100 μL 

TEMED 10 μL 10 μL 10 μL 
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SDS polyacrylamide gels containing 10 % or 15 % acrylamide (for resolving Apaf-1 and 

neuroglobin, respectively) were cast between two glass plates with 6 mm spacers and 10 or 15 

well combs. The samples were prepared by adding reducing buffer to a volumetric ratio of 1:1, 

and heating the samples to 95 °C for several minutes. The wells were loaded with 20 μL of 

sample, and 10 μL of unstained (or stained for western blotting) protein molecular weight 

standard was loaded into one lane as a marker. Electrophoresis was performed in SDS running 

buffer with constant voltage at 100 V for 1-2 hours until the dye front reached the bottom of the 

gel. Gels were stained in Coomaisse blue stain for at least four hours and destained until the 

desired background staining was achieved. Stained gels sandwiched between two sheets of 

transparency film (3M) and were scanned to 600 dpi resolution (Epson perfection 4990 photo 

scanner). 

 

Mass Spectrometry 

Expected molecular weights were calculated using the ExPASy Compute pI/MW tool 

(www.ca.expasy.org/tools/pi_tool.html). Prior to molecular weight determination, the samples 

were exchanged into water using Vivaspin concentrators (MWCO 5,000 kDa). A Q Star Mass 

Spectrometer (ESI-TOF) was used to determine the mass of recombinant protein samples. The 

sample was injected into the mass spectrometer as an infusion. The resulting mass spectra were 

deconvoluted and analysed using the Q star data analysis software. These measurements were 

made by Martin Middleditch at the Centre for Proteomics and Genomics. 

 

Western blotting 

Proteins were transferred onto PVDF membrane in transfer buffer for 1 hour at 100 V or 

overnight at 30 V in a Biorad transfer apparatus. The membrane was blocked with 5 % low fat 

milk in 1 × LS-TTBS for 1 hour. The membrane was probed with 1° antibody for 1 hour at room 

temperature or overnight at 4 °C in 5 mL of 1 % milk/1 × LS-TTBS. The membrane was then 

washed 4 times with 1 × LS-TTBS for 8 minutes and the secondary antibody was incubated with 

the membrane in 1 % milk/1 × LS-TTBS for 1 hour. The membrane was washed 4 times with 1 

× LS-TTBS for 8 minutes, and then incubated with 1.5 mL of freshly prepared ECL reagent for 3 

minutes. The membrane was then sandwiched between two sheets of transparency film (3M) and 
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the chemiluminescent bands on the membrane were visualised with a FujiFilm LAS 4000 camera 

using the increment setting (30 seconds) at high resolution (600 dpi). 

 

 

2.5  Cloning and expression of human neuroglobin 

Cloning of the wildtype human neuroglobin gene 

The clone for wildtype human neuroglobin (hNGB) in the pCMV6-XL6 vector was purchased 

from Origene technologies. The pCMV6-XL6 vector was unsuitable for expression of 

neuroglobin in E. coli expression strain BL21(DE3). Thus, the hNGB insert was cloned into the 

pET29a vector. PCR was performed using the pCMV6-XL6 vector as a template and the hNGB 

pcDNA forward and reverse primers (Appendix) to yield pcDNA which was then cut with KpN1 

and Xba1 restriction enzymes to release the insert. The pET29a vector and insert were digested 

with Nde 1 and Bam H1 restriction enzymes. The insert was ligated with T4 DNA ligase into the 

linearised pET29a vector. PCR was performed on the insert using the hNGB pET29a forward 

and reverse primers (Appendix). The PCR product was gel purified and the sequence was 

verified. This was performed by Yuliana Yosaatmadja. 

 

Neuroglobin mutagenesis 

Wildtype human neuroglobin was mutated to the cysteine-free Cys46→Gly, Cys55→Ser, 

Cys120→Ser mutant described by Pesce, et al., (2002). The site-directed mutagenesis was 

performed individually for each mutation using PCR reactions with Taq polymerase and custom 

designed megaprimers (Appendix). This was performed by Yuliana Yosaatmadja. The sequence 

was verified by sequencing (T7 and 17R sequencing primers). 

 

Expression of neuroglobin in E. coli  

Expression of human neuroglobin was carried out in the E. coli expression strain BL21(λDE3). 

After transformation, the cells were plated on LB plates containing kanamycin (30 μg/mL) and 

incubated overnight, and colonies were restreaked to confirm kanamycin resistance. After 

restreaking colonies to confirm resistance, 50 mL Falcon tubes containing 4.5 mL of TB 

medium, 500 μL phosphate buffer and kanamycin (30 μg/mL) were inoculated with a single 
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colony to make the starter culture. The culture tubes were incubated at 37 °C on a shaker for 24 

hours. 

   The starter cultures were used to inoculate 4 L conical flasks containing 900 mL of TB 

medium, 100 mL phosphate buffer and kanamycin (30 μg/mL), which were grown for 48 hours 

at 28 °C at 155 rpm with tinfoil loosely covering the opening of the flask.  

 

Determination of neuroglobin concentration in cells 

The concentration of neuroglobin in the bacterial cells was determined by difference spectrum on 

a dual beam Shimadzo UV-2501PC spectrophotometer. A 1 mL aliquot of bacterial culture was 

centrifuged at 6,000 × g for 5 minutes and the bacterial cells were resuspended in 6 mL of PBS. 

A few crystals of sodium dithionite were added to the resuspended cells to reduce the 

neuroglobin, and this was split into two samples. One sample was placed in front of the reference 

beam and carbon monoxide was bubbled through the other sample which was then placed in 

front of the sample beam of the spectrophotometer. The difference in absorbance between the 

two samples in quartz curvettes was measured as the difference spectrum. The concentration in 

the original sample was then determined from the peak-to-trough height of the difference 

spectrum using the published extinction coefficients for ferrous and carbonmonoxyneuroglobin 

(Fago, et al., 2004). 

 

Purification of neuroglobin from bacteria 

Purification of neuroglobin was carried out as previously described (Dewilde, et al., 2001), with 

some modifications. The bacterial cells were centrifuged in 500 mL polypropylene centrifuge 

bottles at 7,400 × g for 20 minutes in a Sorval centrifuge with SLA-3000 rotor. The supernatant 

was discarded and the cell pellet was scrapped out of the container and deposited into a 50 mL 

falcon tube. The cell pellet was stored at -80 °C, or used immediately. 

   The cell pellet was resuspended in 50 mM Tris, 0.5 mM DTT, 0.5 mM EDTA pH 8.0 (bacterial 

cell lysis buffer) at a 1:5 v/v ratio and 400 μg of lysozyme, 1 % Triton X-100 and 2 protease 

inhibitor tablets were added per 150 mL of cell paste/lysis buffer mixture. The mixture was 

stirred for 30 minutes on ice and the cells were lysed by sonication for 1 minute at 0.5 second 

bursts at 24 watts in batches of 40 mL in 50 mL Falcon tubes in an ice bath. The sample was 
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centrifuged for 15 minutes at 18,600 × g in 50 mL polypropylene centrifuge tubes at 4 °C, and 

the supernatant was collected. 

   Saturated ammonium sulphate solution was added drop wise to the bacterial lysate on ice to a 

final concentration of 20 % and stirred for 30 minutes. The suspension was centrifuged for 30 

minutes at 24,200 × g at 4 °C in 50 mL polypropylene centrifuge tubes and the supernatant 

collected. The above process was repeated for a 60 % saturated ammonium sulphate mixture. 

The supernatant was discarded and the red precipitate was resuspended in an equal volume of 

bacterial cell lysis buffer. The suspension was then centrifuged in 50 mL polypropylene 

centrifuge tubes for 30 minutes at 24,200 × g at 4 °C and the supernatant was collected. 

   A 30 cm length of dialysis membrane (MWCO 3,500 Da) was clamped at one end and the 

suspension was pipetted into the tubing, air bubbles were removed and the other end was 

clamped. The tubing was put into 2 L of bacterial cell lysis buffer and dialysed overnight at 4 °C 

on a magnetic stirrer. The buffer was replenished at least twice over 24-48 hours until the 

conductivity of the lysate was the same as fresh buffer. Then the lysate was heat treated for 3 

minutes in Falcon tubes in a 75 °C water bath and centrifuged for 30 minutes at 24,200 × g at 4 

°C. The supernatant was collected. 

 

Ion Exchange Liquid Chromatography  

An XK 26 column packed with Q sepharose fast flow medium was equilibrated with bacterial 

cell lysis buffer at a flow rate of 1 mL/minute. The dialysed neuroglobin suspension was run 

onto the column and then washed with bacterial cell lysis buffer for approximately 1 hour until 

the absorbance returned to baseline (at 280 nm). Neuroglobin was eluted with a linear gradient of 

100 % bacterial cell lysis buffer to 100 % bacterial cell lysis buffer containing 200 mM NaCl 

over 120 minutes, and the single red band was collected. Eluted neuroglobin was concentrated 

with 15 mL Vivaspin centrifugal concentrators at 3,000 × g to approximately 1 mL (~200 μM 

final neuroglobin concentration).  
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Gel filtration chromatography 

A Superdex 75 10/300 GL column was equilibrated with bacterial cell lysis buffer containing 

150 mM NaCl. 100 μL of the concentrated neuroglobin sample was loaded onto the column, and 

eluted at a flow rate of 1 mL/minute. The chromatogram was recorded at 280 nm and the fraction 

containing monomeric neuroglobin was collected. The purified neuroglobin was concentrated 

with 15 mL and 500 μL Vivaspin centrifugal concentrators to approximately 100 μM and stored 

at -80 °C. Purity was assessed by 15 % SDS-PAGE, and the mass of the protein was determined 

by mass spectrometry (Chapter 2.4). 

 

Spectral measurements 

The concentration of ferric neuroglobin was measured using the extinction coefficient ε532 nm = 

10.7 cm
-1

 (Fago, et al., 2004). UV-Vis spectra of neuroglobin solutions were measured with a 

Shimadzo UV-2501PC spectrophotometer in a quartz curvette with a 1 cm path length. The 

ferric neuroglobin spectrum was measured on an untreated neuroglobin solution in bacterial cell 

lysis buffer. The ferrous spectrum of neuroglobin was measured directly after the addition of a 

few crystals of sodium dithionite. The carbon monoxyneuroglobin spectrum was measured after 

carbon monoxide gas had been bubbled through a freshly reduced sample for several minutes. 

 

Apo-neuroglobin production 

Apo-neuroglobin was produced using the acid-acetone method previously described with small 

modifications (Ascoli, et al., 1981; Mu, et al., 2010). Neuroglobin (500 μL of 1 mM) was added 

drop-wise to 50 mL of acetone containing 2.5 mL of 2 M HCl per litre at -20 °C under vigorous 

stirring. The suspension was centrifuged in 1.5 mL polypropylene centrifuge tubes at 10,000 × g 

on a bench top centrifuge at -9 °C for 8 minutes. The pellet, if red was resuspended in water and 

the above process was repeated. If the pellet was clear, it was resuspended in water and dialysed 

against 0.1 % sodium bicarbonate, then 50 mM phosphate buffer, then water. The apo-

neuroglobin was then buffer exchanged into 10 mM Tris, 0.5 mM EDTA, 0.5 mM DTT pH 7.5 

using Vivaspin centrifugal concentrators. Total neuroglobin concentration was determined using 

the extinction coefficient ε280nm = 20 mM
-1

 cm
-1

 estimated from Mu, et al., (2010). 
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Circular dichroism 

Neuroglobin was diluted to 1 μM in 10 mM KH2PO4/NaOH pH 7. Circular dichroism (CD) 

analysis was performed on the PiStar instrument at room temperature (25 °C). The instrument 

baseline was calibrated to the above buffer in a quartz curvette with a path length of 1 cm. The 

CD spectrum of each neuroglobin protein was measured between 190-260 nm at 1 nm 

increments four times on the same sample and the average of the four spectra was calculated. 

   The raw PiStar data (in millidegrees), was converted to Delta Epsilon units (mdeg M
-1

 cm
-1

) by 

using the following equation:  

 

Equation 1: Conversion of CD data in millidegrees to Delta Epsilon units 

 

∆ελ = θλ / MW × l × C 

      

where θλ is the observed ellipticity in millidegrees at wavelength λ, MW is the molecular weight 

of the protein, C is the protein concentration estimated by Absorbance at 280 nm, and l is the 

optical path length in centimetres. 

   The data in the 200-240 nm range was then uploaded into the K2D2 server to determine the 

secondary structure organisation (http://www.ogic.ca/projects/k2d2/orainaldia.html). 

 

 

2.6  The neuroglobin – cytochrome c interaction 

X-ray crystallography 

Cysteine-free mutant neuroglobin and equine heart cytochrome c were prepared in 10 mM Tris 

pH 8.0 to a concentration of ~12.5 mg/mL of each. Equine cytochrome c was used in this study 

as it has been previously shown to have a similar apoptotic activity as human cytochrome c 

(Martin, et al., 2002), the reduction potentials of equine and human cytochrome c are very 

similar E‟0 = 273 and 274 mV, respectively (Osheroff, et al., 1983), there is 90 % sequence 

identity between the protein sequences (Blast alignment of NP_061820.1 and NP_001157486.1 

sequences obtained from NCBI), and it is much easier to obtain large quantities of the equine 

protein than the human protein.  

http://www.ogic.ca/projects/k2d2/orainaldia.html
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   Crystallisation trials with equimolar amounts of each protein using a custom screen were 

performed by Dr Ivan Ivanovich. The conditions that led to crystal growth were condition one: 

50 % PEG 400, 0.2 M Li2SO4, 0.1 M sodium acetate, pH 5.0; condition two: 7 % mPEG 5000, 

0.2 M acetic acid/KOH pH 5.5; condition three: 2.5 M NaKPO4, 20 % glycerol, 0.1 M 

NaHEPES pH 7.5. Small cubic crystals from condition two were used to seed further crystal 

growth in 5% mPEG 5000, 0.1 M acetic acid/NaOH pH 5.5. 

   Crystals were flash cooled in liquid nitrogen and data was collected to 2.2 Å using a Rigaku 

MicroMax 007HR rotating anode generator equipped with a Mar345dtb detector and an Oxford 

Cryosystems Cobra cooling unit. Data was processed using Mosflm and Scala, and the structure 

was solved by molecular replacement using Phaser with the previously determined structure for 

human neuroglobin (1OJ6.pdb). The structure (containing one molecule of neuroglobin) was 

refined using Refmac, and iterative cycles of building and refinement in Coot completed the 

structure. LSQ Superpose structural alignments were performed with chain A of the 1OJ6.pdb 

model in Coot. Data processing was performed by Dr Christopher Squire. 

 

Molecular modelling of neuroglobin – cytochrome c complex 

Molecular modelling was used to simulate the complex formation between neuroglobin and 

cytochrome c using the Chemera 3.0 Beta and BiGGER software package. BiGGER is a protein-

protein docking algorithm that is used within the Chemera graphics and modelling program. The 

BiGGER algorithm uses soft docking to explore all of the possible complementary geometries of 

the two proteins, while allowing for a degree of overlap for surface Arg, Lys, Glu and Met amino 

acids. A user-defined number of putative complex structures are then ranked on their geometric 

complementarities, electrostatic interactions, and likely amino acid pairs on the respective 

interfaces, and the contributions of each to a global score for each complex structure are 

weighted accordingly (Krippahl, et al., 2003; Palma, et al., 2000). The BiGGER software has 

been used previously to study electron transfer complexes (Pettigrew, et al., 2003; Dell‟Acqua, 

et al., 2008). 

   The structure for ferric human neuroglobin (1OJ6.pdb) was uploaded into the YASARA 

software (www.yasara.com), and back mutated to the wildtype sequence (Gly46→Cys, 

Ser55→Cys, Ser120→Cys). All structures were cleaned, waters were removed and hydrogens 

were added using the Python plugin in the YASARA Structure program. The structures were 
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then uploaded to the BiGGER docking manager using the default docking parameters (15° 

angular step, soft dock with 1 Å resolution). 

   The putative complex structures were grouped into clusters of structurally similar complexes 

(within 2 Å), and then filtered to exclude those that had iron-iron intermolecular distances of 

greater than 15 Å. The process was repeated for the opposite probe/target orientation 

(cytochrome c as the target and neuroglobin as the probe). The putative complexes were then 

energy minimised in YASAYA using the Amber 99 forcefield in a cube filled with water. 

Interacting amino acids were identified on the interface of the putative specific complex in 

YASARA. 

   In addition, simulations were performed for neuroglobin docking to monomeric Cystatin C 

(3GAX.pdb), Rac1 (2P2L.pdb), Pak1 (1F3M.pdb), rat thioredoxin reductase (1H6V.pdb) and 

AIF (1M6I.pdb). Furthermore, cytochrome c was docked with cytochrome c peroxidase 

(2PCC.pdb) (Bashir, et al., 2010), as a known example of a cytochrome c interaction. All pdb 

files were obtained from the Protein Data Bank (www.rcsb.org/pdb/home/home.do). 

 

 

2.7  Neuroglobin mutagenesis 

Possible key amino acids on the interface of the putative neuroglobin-cytochrome c complex 

structure were identified manually. Mutants were designed that had changes to these residues on 

the interface. These mutants were derived from the cysteine-free mutant (Cys46→Gly, 

Cys55→Ser, Cys120→Ser) and had the changes as shown (Table 3) (Appendix).  
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Table 3: Site-directed mutagenesis for neuroglobin. 

Mutant name Codon changes 

Cysteine-free mutant TGC to GGC, TGT to TCT, TGT to TCT 

Mutant E60K GAG to AAG 

Mutant R66E AGG to GAG 

Mutant K67E AAG to GAG 

Mutant E87D GAG to GAC 

Mutant R94E AGG to GAG 

Mutant K67E,R94E as above for K67E and R94E 

Mutant E60K,R66E,E87D as above for E60K and R66E and E87D 

 

 

   To identify possible structural changes in the mutant proteins, energy minimisation was 

performed for each mutant using the YASARA Structure software by uploading the human 

neuroglobin structure (1OJ6.pdb) and making the necessary mutations. Energy minimisation was 

performed using the Amber 99 forcefield in a cube filled with water. The final structure was 

saved as a pdb file and viewed using the Swiss-PdbViewer 4.0.1 software (www.rcsb.org). 

   The mutants were made using site-directed mutagenesis by GenScript (www.genscript.com). 

The pET29a vector containing the mutant neuroglobin inserts were transformed into E. coli 

strain DH5α for propagation of the plasmid DNA, the sequence was verified (T7 and 17R 

sequencing primers), and then the plasmid was retransformed into BL21(λDE3) for protein 

expression. Protein expression and purification was carried out as described for wildtype and 

cysteine-free neuroglobin (Chapter 2.4). 
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2.8  Isothermal Titration Calorimetry (ITC) 

The interaction between two compounds typically results in energy released or taken up in the 

form of heat, depending on whether the interaction is exothermic or endothermic, respectively. 

The heat of the reaction is known as the enthalpy of binding, and can be studied by various 

calorimetric techniques to determine the equilibrium constant (KD). 

 

 

 

 

 

 

Figure 9: ITC data for the interaction between cytochrome c and cytochrome c peroxidase. Top: Raw data 

of differential power caused by heat of injections. Bottom panel: Integrated data of enthalpy versus molar 

ratio. From Pielak, et al., (2001). 
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   An isothermal titration calorimeter contains two identical cells that are maintained at the same 

temperature by the surrounding adiabatic jacket. One of the cells is a control cell, and the sample 

cell contains one of the binding partners. The other binding partner is injected into the sample 

cell in small equal volumes from a syringe at defined time increments. Power is automatically 

applied to this cell to maintain it at the same temperature as the control cell. Subsequently, a real 

time graph is plotted of the differential power between the two cells as a function of time (Figure 

9, top panel). This data can also be represented as kCal/mol versus molar ratio of the two binding 

partners (Figure 9, bottom panel). 

   ITC was performed using the MicroCal VP-ITC MicroCalorimeter to study the interaction 

between neuroglobin and cytochrome c. Ferric neuroglobin and cytochrome c were prepared and 

thoroughly exchanged into identical buffers. The buffers used included: 10 mM Tris or HEPES, 

with or without 0.5 mM DTT or 1 mM TCEP, with or without 50 mM NaCl, at pH 7.4. 

Neuroglobin (~20-40 μM) was put into the sample cell, and cytochrome c (100-200 μM) into the 

syringe. These protein concentrations were estimated based on previous NMR measurements that 

the KD value for the ferric neuroglobin-ferric cytochrome c interaction was in the micromolar 

range (Bønding, et al., 2008). The cells and syringe were calibrated to 25 °C. During the 

experiment, cytochrome c was injected into the neuroglobin-containing cell every 6 minutes at 

volumes of 10 μL with a flow rate of 0.5 μL/second (29 injections in total). The control 

experiments involved injecting cytochrome c under the same protocol into the sample cell which 

contained buffer instead of neuroglobin. The data was analysed by subtracting the control data 

from the sample data as described (MicroCal Origin manual).  
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2.9  Surface Plasmon Resonance 

The Biacore® SPR instruments use a „sensor chip‟, which is a glass surface coated with a thin 

layer of gold and an alkanethiol monolayer. The Biacore CM4 and CM5 sensor chips contain 

four flow cells, which each have carboxymethylated unbranched dextran molecules attached to 

the alkanethiol monolayer. The dextran molecules form a matrix that provides a large surface 

area to which ligand molecules such as proteins can be attached. The ligand can be immobilised 

on a surface directly by amine or disulphide bonds, or indirectly by antibody-mediated 

attachment. 

   Surface Plasmon Resonance occurs when incident light on an interface between two media of 

different refractive indexes (the glass surface and the sample solution) leaks an evanescent wave 

field across the interface into the medium of lower refractive index. At the SPR angle of incident 

light and at a certain wavelength, the incident light excites plasmons in the gold layer, resulting 

in a decreased intensity of reflected light. Surface Plasmon resonance is very sensitive to the 

refractive index of the sample solution near the glass surface. Therefore, if a protein binds to its 

binding partner, which is coupled to the dextran matrix in the vicinity of the surface, the 

refractive index will change due to increased protein concentration. 

   In a typical experiment, one flow cell has a ligand coupled to the dextran surface and one flow 

cell (the reference) has nothing coupled to the surface. The binding partner or „analyte‟ is 

injected through both flow cells in series (from control flow cell to sample flow cell). The 

change in refractive index is expressed as response units (RU), which are plotted as a function of 

time in a real-time plot called the sensorgram (Figure 10). The refractive index of the sample 

flow cell should be increased compared to the reference flow cell if the ligand and analyte 

interact with each other. The change in refractive index of the reference flow cell is subtracted 

from the sample flow cell. 
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Figure 10: An example of a reference-subtracted sensorgram, showing the association and dissociation 

phases.  

 

 

   During an experiment, a series of concentrations of the analyte are passed through the flow 

cells. From the sensorgrams, the association and dissociation rate constants can be directly 

determined, and can also be used to determine the value of KD. Alternatively, the KD can be 

determined by plotting the response units at the steady-state phase of association versus the 

concentration of the analyte. 

   Using the Biacore® 2000 and T200 instruments, horse heart cytochrome c (Sigma) was 

directly immobilised on the surface of a Biacore CM5 or CM4 sensorchip with amine coupling 

under HBS-EP running buffer (0.01 M
 
HEPES [pH 7.4], 0.15 M NaCl, 3 mM EDTA, 0.005 % 

surfactant P20). This was achieved by first washing the sensorchip at a flow rate of 100 

μL/minute twice each with 20 μL of 10 mM NaOH, 20 μL of 10 mM HCl and 20 μL of 10 % 

SDS. The sensorchip was then activated at a flow rate of 5 μL/minute by passing 35 μL of fresh 

EDC/NHS over the sensorchip, and coupled by successive 5 μL injections of 6 μg/mL 

cytochrome c in 10 mM sodium formate buffer pH 5 until response units of ~200 was achieved. 

The remaining active sites on the sensorchip surface were deactivated with 35 μL of 1 M 

ethanolamine. The sensorchip was stored in HBS-EP buffer at 4 °C when not in use.  

Injection start                                            Injection end 

Association                                        Dissociation 
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   To determine the equilibrium constant of the interaction between neuroglobin and immobilised 

cytochrome c, an automated method called a wizard was created with the Biacore control 

software. The running buffer was 10 mM Tris/HCl, 0.5 mg/mL DTT, 0.5 mM EDTA 

equilibrated at pH 7.4 filtered through a 0.2 μm membrane (Millipore). DTT and ETDA were 

present to prevent intermolecular disulphide bond formation in the wildtype protein which could 

mask the cytochrome c binding surface. A serial dilution was made from 100 μM to 0.8 μM 

neuroglobin in running buffer. A volume of 200 μL of neuroglobin at each concentration was 

injected at a flow rate of 30 μL/minute. In between each injection of neuroglobin, the surface 

was cleaned and regenerated with a 15 μL injection of 2 M guanadinium chloride and the needle 

washed with 15 μL of running buffer. Measurements of KD were made at salt concentrations of 

0, 50, 100 and 150 mM NaCl at 25 °C. To determine the effect of temperature on affinity, 

measurements were made at temperatures of 20, 25, 30 and 37 °C with 0 mM NaCl for the 

wildtype protein, and a Van t Hoff analysis was performed by plotting In(K) versus 1/T. 

Additionally, measurements were made with 0 NaCl at 25 °C the mutant neuroglobin proteins 

described (Table 3). 

   The association rate constant for the interaction between neuroglobin and cytochrome c was 

outside of the limits suggested for the Biacore T200. Thus, each set of experiments was analysed 

by measuring the height of the sensorgram at which steady-state was reached. This value was 

then plotted as a function of neuroglobin concentration. A hyperbolic function was fitted to the 

data points in TableCurve 2Dv5, and the value of KD was thus determined. For the proteins in 

which holo-neuroglobin and apo-neuroglobin were both present, the sum of two hyperbola 

curves were fit to the data to obtain the KD values for both forms of neuroglobin. 

 

 

2.10  Caspase activity in a cell-free system  

General assay design 

Caspase activity can be used to study elements of the mitochondrial pathway of apoptosis in 

vitro. Kits are commercially available that contain a synthetic caspase substrate conjugated to a 

compound that when cleaved by the activated caspases, produces a luminescent, fluorescent or 

colorimetric signal.  
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    An assay was developed to directly measure the effect of the redox state of added cytochrome 

c on caspase activity. The cytosolic extract of a mammalian cell line contains some of the 

components necessary for apoptosome formation (Apaf-1 and procaspase-9). Because the 

cytosolic extract of healthy cells should be free of mitochondria and cytochrome c, cytochrome c 

can be added together with dATP to initiate apoptosome formation. Thus the initial redox state of 

added cytochrome c can be controlled. The kit used for this assay was the Glo-9 kit which 

contains a luminescent substrate for caspase 9.  

 

Mammalian cell culture 

Jurkat cells were grown in 10 mL RPMI with 10 % FCS and 1 % PSG in plastic 10 cm Petri 

dishes at 37 °C under 5 % CO2. To passage, the cells were centrifuged at 500 × g for 5 minutes 

in 15 mL Falcon tubes, and resuspended in 3 mL fresh media. The cells were counted and 

replated at a density of 1 × 10
5
 cells per mL. The cells were passaged every 2-3 days to maintain 

a cell density of 1 × 10
5
 to 1 × 10

6
 cells/mL recommended for Jurkat cells (www.ATCC.org). 

   HepG2 cells were grown in DMEM medium with 10 % FCS and 1 % PSG in plastic 10 cm 

Petri dishes at 37 °C under 5 % CO2. HepG2 cells are adherent cells, thus detachment was 

achieved by removal of the media, washing the cells with 2 mL PBS, and incubating with 2 mL 

trypsin at 37 °C. The cells were centrifuged at 500 × g for 5 minutes and resuspended in 3 mL of 

fresh media, counted and replated at a density of 1×10
5
 cells per mL. HepG2 cells were passaged 

every 2-3 days once they reached ~80 % confluence. 

 

S100 cytosolic extract preparation 

Approximately 5 × 10
7
 Jurkat cells were harvested by centrifugation and washed twice with ice 

cold PBS, and immediately resuspended in 4 volumes of ice cold 250 mM sucrose, 10 mM KCl, 

20 mM HEPES, pH 7.4, 1.5 mM MgCl2, 0.5 mM EDTA, 0.5 mM EGTA containing 1 complete 

mini protease inhibitor tablet per 10 mL of buffer. The resuspended cells were immediately 

dounced for 50 strokes with a glass homogeniser and Teflon pestle (Thomas PHILA USA), or by 

3 freeze/thaw cycles in liquid nitrogen. The resulting homogenate was centrifuged at 16,000 × g 

for 30 minutes at 4 °C or 100,000 × g for 1 hour at 4 °C. The supernatant was collected and used 

immediately. 
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Permeabilised HepG2 cells 

Permeabilisation of human liver carcinoma HepG2 cells was carried out as described (Li, et al., 

2008d). HepG2 cells were washed with PBS and incubated with trypsin for 5 minutes. The cells 

were resuspended in 3 mL fresh HepG2 cell media and centrifuged at 500 × g for 5 minutes. The 

cells were then resuspended in 140 mM mannitol, 46 mM sucrose, 50 mM KCl, 1 mM KH2PO4, 

5 mM MgSO4, 5 mM succinate, 1 mM EGTA, 5 mM Tris, pH 7.4, and permeabilised with the 

addition of digitonin (5 mg/100 mL) and rotenone (5 mM). The cells were then used in the same 

way as the cytosolic extract for the Glo-9 assay. 

 

The Glo-9 assay 

The Glo-9 assay was used to detect active caspase 9 generated by the apoptosome in cytochrome 

c-treated cytosolic extracts and permeabilised HepG2 cells. The Glo-9 caspase 9 luminescent 

substrate is cleaved by caspase 9, producing aminoluciferin, a substrate for luciferase, which then 

produces luminescence in the presence of ATP and oxygen (Figure 11). 

   Cytochrome c was oxidised or reduced by addition of a few crystals of ferricyanide or sodium 

dithionite, respectively. Surplus oxidant/reductant was subsequently removed from the solution 

by passing the solution through a desalting column equilibrated with 10 mM Tris pH 8.0. The 

leading portion of the protein band was collected and the tail-end discarded. Complete reduction 

and oxidation was measured by the absorption spectrum between 400-600 nm. Ferrous and ferric 

cytochrome c are stable in air. The concentration of the protein was determined using the 

extinction coefficients in ε528 nm = 11.2 mM
-1

 cm
-1

 for ferric cytochrome c and ε550 nm = 27.6 mM
-1

 

cm
-1

 for ferrous cytochrome c (Margoliash, et al., 1959; Butt, et al., 1962). 
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Figure 11: Scheme of Caspase Glo-9 reaction. From Caspase Glo-9 technical bulletin. 

 

 

   The Glo-9 buffer, reagent and MG-132 inhibitor were mixed as per the manufacturer‟s 

instructions, aliquoted and stored at -20 °C. The assays were set up in white solid bottom 96-well 

plates. Cytochrome c, dATP and neuroglobin were added to the plate and the cytosolic extract 

was added last. The plate was incubated at various temperatures and times. Immediately prior to 

measurement, the Glo-9 reagent was added in a 1:1 volume ratio to the lysate/cytochrome 

c/dATP/neuroglobin mixture and mixed by gentle trituration with a pipette. Care was taken to 

avoid introducing air bubbles to the solution. The luminescence was immediately measured 

every 30 seconds for 30 minutes on a Perkin Elmer Envision plate reader using the standard 

luminescence protocol. The luminescence (cps) was measured for 0.1 second per well. 

   The contribution of caspase 9 and proteasome activities to the activity in control samples were 

measured by the addition of caspase 9 inhibitor Ac-LEHD-CMK reconstituted in water and/or 

proteasome inhibitor MG-132. Lyophilised caspase 9 inhibitor (1 mg) was reconstituted in water.  

   A western blot was performed on cytosolic extract using rabbit anti-COXIV (cytochrome c 

oxidase IV) monoclonal antibody (1:1,000 in LS-TTBS) and anti-rabbit-HRP secondary 

antibody (1:3,000) to determine the presence of mitochondrial contamination in the extract. The 

western blot was performed as described (Chapter 2.4). 
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2.11  Apoptosome assembly  

An assay was developed to study apoptosome formation directly in vitro. Briefly, recombinant 

Apaf-1 was produced and incubated with dATP and cytochrome c under different conditions to 

form the apoptosome. Monomeric Apaf-1 (140 kDa) and the oligomeric apoptosome (700 kDa) 

were then resolved by native PAGE. 

   The Invitrogen native PAGE system uses pre-cast near-neutral pH non-denaturing gradient gels 

to allow electrophoresis of native proteins at high resolution (Invitrogen NativePAGE
TM

 

NOVEX® Bis-Tris Gel system manual). The electrophoresis is performed using Coomaisse 

G250 as a charge-shift molecule that binds to proteins and confers a net negative charge, causing 

the proteins to migrate to the anode. Unlike SDS, which is the charge-shift molecule used in SDS 

PAGE, Coomaisse G250 does not denature the protein and thus native protein complexes can be 

resolved using this form of electrophoresis. 

 

Apaf-1 Bacmid preparation 

The pFastBacI plasmid containing the human gene Apaf-1XL with N-6-His and C-9-His tags 

was generously provided by Dr Wang (Kim, et al., 2005). The plasmid was extracted from filter 

paper by incubating in 50 μL of DNAse free water at room temperature for 30 minutes. 

Transformation into DH5α competent cells and purification of plasmid DNA was performed as 

described previously (Chapter 2.4). Sequencing primers were designed with the Genscript 

sequencing primer design tool (Appendix). Sequencing was performed as described earlier in 

this chapter. 

   The pFastBac1-Apaf-1 plasmid was transformed into MultiBac cells to produce bacmid DNA 

with the Apaf-1 gene insert. Multibac cells contain protease deficient bacmid DNA and a helper 

plasmid that aides in the recombination event between the gene in the tranformed plasmid and 

the bacmid DNA. Transformation was carried out as described (Chapter 2.4) with the exception 

that the newly transformed bacteria were grown up in 1 mL SOC media for 4 hours at 37 °C 

prior to plating on LB plates with 50 μg/mL kanamycin, 7 μg/mL gentamycin, 10 μg/mL 

tetracycline, 200 μg/mL X- gal (dissolved in N,N-dimethylformamide) and 40 μg/mL IPTG, 

which were grown for 48 hours. The colonies underwent blue/white selection, with white 

colonies having a non-functional LacZα gene due to successful transposition of the Apaf-1 gene 

into the bacmid DNA. Several white colonies were restreaked on LB plates (as above) and grown 
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for 48 hours to verify the white phenotype. Several clones were grown up overnight in 5 mL LB 

(50 μg/mL kanamycin, 7 μg/mL gentamycin and 10 μg/mL tetracycline). Bacmid DNA was 

isolated using the alkaline lysis method as described (Chapter 2.4), with the only exception being 

that more care was taken during mixing and pipetting to avoid shearing the large bacmid DNA. 

 

Sf9 insect cell transfection 

Recombinant baculovirus was produced by transfecting Sf9 insect cells with bacmid DNA. This 

was done by first seeding a 6-well plate with Sf9 cells to approximately 90 % confluency. The 

cells were grown at 28 °C for several hours in SF900 III media (Invitrogen) and allowed to 

attach to the bottoms of the wells. The transfection procedure was done without antibiotics. The 

following solution was made up per well: Solution A contained 2, 3 or 4 μg bacmid and 100 μL 

Sf900 III media and solution B contained 90 μL Sf900 III media and 10 μL GeneJuice. Solution 

A and B were mixed and incubated at room temperature for 30 minutes to make the transfection 

mixture. Then 800 μL of Sf900 III media was added to each tube. The media was removed from 

the cells, and the transfection mixture was added to the cells. The plate was then incubated 

overnight at 28 °C.  Growth of the cells was monitored for 72 hours. The media was collected 

and centrifuged at 500 × g for 5 minutes, and the supernatant containing the mature virus 

particles was collected.  

   A 6-well plate was prepared with 500 μL of the viral stock and 1.5 mL fresh media with 1.5 × 

10
6
 cells/mL. The cells were grown for 72 hours, and the cells were centrifuged and the media 

was collected (the P1 virus stock) using the same method as above. The virus was further 

propagated by infecting 20 mL Sf9 insect cells (2 × 10
6
 cells per mL) which were grown for 72 

hours. The cells were centrifuged and the media was collected using the same method as above 

to produce the P2 virus stock. The viral stock was stored at 4 °C with 2 % FCS. 

   Apaf-1 expression trials were carried out by infecting 20 mL of Sf9 cells (2 × 10
6
 cells/ mL) 

with 1:5,000, 1:10,000 and 1:15,000 dilutions of the P2 virus stock and growing the cultures for 

72 hours. A His-tag pull-down was performed by lysing the cells harvested from 1 mL of culture 

in 700 μL of 20 mM Tris pH 8, 100 mM NaCl, 0.5 % v/v NP-40 alternative. The lysate was 

clarified by centrifugation at 16,000 × g for 5 minutes and 15 μL of Ni
2+

-charged resin was 

added to the supernatant which was then incubated on a spinner wheel at room temperature for 1 

hour. The resin was centrifuged at 16,000 × g for 5 minutes and washed twice with PBS. Then 
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SDS loading dye was added to the resin and the total protein samples at a 1:1 ratio and the 

samples were heated to 95 °C for 1 minute. Expression levels were tested by resolving total 

protein samples and His-tag pull-down samples on 10 % SDS-PAGE.  

 

Apaf-1 protein purification 

Expression was carried out with 50 mL cultures (2.5 × 10
6
 cells/mL) infected with 1:8,000 

dilution of the P2 virus stock grown for 72 hours. Cells were harvested 72 hours post-infection 

by centrifugation in 50 mL Falcon tubes for 5 minutes at 2,000 × g, and resuspended in 5 mL 25 

mM HEPES/NaOH pH 7.5, 300 mM NaCl, 10 mM KCl, 1.5 MgCl2, 10 % glycerol, 0.1 mM 

DTT with one complete mini protease inhibitor tablet (insect cell lysis buffer). The resuspended 

cells were homogenised by 20 strokes with the dounce homogeniser on ice, and the homogenate 

was immediately centrifuged at 16,000 × g for 30 minutes at 4 °C. The supernatant was loaded 

onto a 2 mL bed volume column containing Ni
2+

-NTA agarose equilibrated with the insect cell 

lysis buffer at 4 °C. The column was washed with insect cell lysis buffer and Apaf-1 was eluted 

with a step gradient of imidazole in insect cell lysis buffer. Each fraction was 2 mL. The 

fractions were resolved on 10 % SDS-PAGE to confirm the Apaf-1 containing fractions by 

coommaisse staining and western blotting. The 1° antibodies were mouse anti-His 1:3,000, anti-

His 1:3,000, rat anti-Apaf-1 1:2,000. Secondary antibodies were anti-rat HRP 1:2,000, anti-

mouse HRP 1:3,000 and avidin HRP 1:1,000.  

   Apaf-1 containing fractions were concentrated to <10 % original volume in 1 mL 10 kDa 

Vivaspin concentrators and buffer exchanged into insect cell lysis buffer 3-4 times to remove the 

imidazole. The protein was stored in 150 μL aliquots at -80 °C. For each assay, a new aliquot 

was taken. 

 

Apoptosome formation assay 

To form the apoptosome, Apaf-1 was incubated with dATP and cytochrome c. Initially, 100 mM 

dATP stock was diluted to 25 mM in insect cell lysis buffer. Equine heart cytochrome c was 

prepared as described (Chapter 2.10). 

   To set up the assay, dATP (1 μL), and ferric or ferrous cytochrome c (0.6 μL) and neuroglobin 

(0.6 μL) at various concentrations in 10 mM Tris pH 8 were added to 1.5 mL Eppendorf tubes on 

ice. Then 13.4 μL of Apaf-1 was added (to a final volume of 15 μL + 0.6 μL if neuroglobin is 
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present) to the tubes and mixed by triturating the solution 2-3 times with the pipette. Then the 

tubes were incubated at 4 °C for various times.  

   Ferrous neuroglobin was made in an anaerobic hood. A desalting column was equilibrated with 

anaerobic 10 mM Tris/HCl pH 7.5. A few crystals of sodium dithionite were added to a 100 μM 

wildtype neuroglobin sample. Approximately 200 μL was passed through a 5 mL desalting 

column and eluted with the buffer described above. The first half of the neuroglobin band to 

elute was collected and assumed to be free of dithionite. The ferrous neuroglobin was incubated 

with cytochrome c in 1.5 mL centrifuge tubes inside the anaerobic hood for several minutes. The 

tubes were then removed from the hood and dATP and Apaf-1 was added before running the 

samples on the native PAGE gel. The spectrum of the neuroglobin was measured using the 

extinction coefficient ε532 nm = 10.7 cm
-1

 (Fago, et al., 2004) in air (to allow autoxidation) to 

determine the concentration.  

 

Blue Native PAGE 

The Native PAGE apparatus was set up at 4 °C. A 15-well 4-16 % gel was set up in the 

apparatus as per the manufacturer‟s instructions. 8 μL of NativeMARK protein molecular weight 

marker was run in the left lane on each gel. A 2.5 μL aliquot of Native PAGE loading dye was 

added to each sample. The gel was run with cathode buffer and anode buffer in their respective 

compartments. The electrophoresis was performed at 150 V for 1 hour, followed immediately by 

250 V for 1 hour. The gel was immediately removed from the cast and submerged in 100 mL fix 

and microwaved for 30 seconds. The  gel was put on a shaker for 15 minutes and then the fix 

was removed and replaced with 100 mL destain  and microwaved for 30 seconds. The gel was 

put on a shaker until the desired background was achieved (approximately 1 hour). The gel was 

placed between two sheets of transparency film (3M) and scanned to 600 dpi resolution (Epson 

perfection 4990 photo scanner). Western blots were performed using anti-His and anti-Apaf-1 

antibodies as described (Chapter 2.4). 

 

 

 



 

52 
 

Chapter Three 

Molecular modelling of the neuroglobin-cytochrome c complex 

 

 

3.1  Soft docking simulations of the neuroglobin-cytochrome c complex 

Molecular modelling was performed using the Chemera/BiGGER software to simulate 

complexes of the neuroglobin-cytochrome c interaction. Initial simulations were carried out 

using wildtype human neuroglobin as the target, and equine cytochrome c as the probe. 5,000 

complex structures were generated and ranked according to the parameters described (Chapter 

2.6). The vast majority of the complex structures that were highly ranked by global score had 

cytochrome c targeting one surface around the exposed heme edge of neuroglobin (Figure 12), 

with only 2 complexes out of the top 100 having cytochrome c targeting alternative surfaces.  

 

 

Figure 12: The 100 top ranked full neuroglobin-cytochrome c structures based on the global score. The 

100 full structures of the cytochrome c probes are indicated in stick drawing, and the single structure of 

the human wildtype neuroglobin target is indicated in blue ribbon. 
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   The position of the probe molecule in the complexes can be visualised by generating an 

ensemble of the geometric centres of the probe molecules around the target molecule. The 

geometric centre of cytochrome c in the majority of the top 100 globally ranked complexes in 

this simulation form an arc over the E and F helices of neuroglobin (Figure 13). Only a very 

small proportion of the predicted complexes have cytochrome c positioned outside of this arc 

elsewhere on the neuroglobin surface (4 out of 500).  

 

 

 

 

Figure 13: The 100 top ranked structures of neuroglobin-cytochrome c complexes based on the global 

score. Spheres indicate the geometric centre of cytochrome c, red spheres are highly ranked, through to 

green which are the lowest ranked. 
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   In these simulations, the cytochrome c molecule was positioned in a range of different 

orientations relative to the neuroglobin molecule. This observation is best represented by 

reversing the orientation of the simulation so that equine cytochrome c is the target and 

neuroglobin is the probe (the opposite orientation to the previous simulation). In this simulation, 

neuroglobin populated several major surfaces on cytochrome c in the top 100 globally ranked 

structures, and a large proportion of the complexes positioned neuroglobin near the loops that 

surround the heme edge of cytochrome c (Figure 14). Thus, in the neuroglobin-cytochrome c soft 

docking simulations, cytochrome c is predicted to interact with a specific surface on neuroglobin, 

but the interaction could take place on several different surfaces of cytochrome c.  

 

 

 

 

 

Figure 14: The 100 top ranked structures of cytochrome c-neuroglobin complexes based on the global 

score. Spheres indicate the geometric centre of neuroglobin, red spheres are highly ranked, through to 

green which are the lowest ranked. 
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Figure 15: Bar graph of iron-iron distance of top 100 globally ranked neuroglobin-cytochrome c 

complexes. Red line indicates 15 Å cut-off required for efficient electron transfer. 

 

 

   Previous studies have shown that a small iron-iron distance (< 16 Å) is critical in electron 

transfer complexes (Moser, et al., 1992). Thus, the iron-iron distance was measured in the top 

100 globally ranked complexes (Figure 15). Many these complexes had iron-iron distances 

greater than this, with just 24 % having a distance of less than 15 Å.  
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   In order to choose a putative specific complex for the neuroglobin-cytochrome c interaction, 

the complexes were filtered to an iron-iron distance of 15 Å, and complexes within 2 Å of each 

other were clustered. The structure of the complex with the highest global score shows very close 

association between the two heme groups, and an iron-iron distance of 13.4 Å (Figure 16).  

 

 

 

 

Figure 16: Putative structures for neuroglobin-cytochrome c complex. Neuroglobin in blue and 

cytochrome c in red. Left: structure of highest globally ranked complex; right: structure of highest 

globally ranked complex when complexes were filtered to an iron-iron distance of < 15 Å. 

 

 

   In addition to global ranking, the complexes can be ranked by the individual parameters 

(electrostatics, hydrophobics, sidechains, geometric). This may be useful to see if highly ranked 

complexes in individual parameters are being averaged out and lost in the global score, which 

may be important if one parameter is dominant in the specific complex.  
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   In the simulations of the neuroglobin-cytochrome c complexes, the distribution of the 

geometric centre of the probes around the target do not change significantly if the complexes are 

ranked by individual parameters compared to the global score. The exception is the hydrophobics 

parameter, in which the heme edge of cytochrome c is the dominant surface in the highly ranked 

complexes, and the surface area that forms the interaction decreases significantly on both 

molecules compared to the complexes ranked by global score (Figure 17). Thus, ranking the 

complexes by global score reduces the perceived specificity of the cytochrome c interface 

because the global score takes an average across all of the parameters. 

 

 

 

Figure 17: Top 100 ranked neuroglobin-cytochrome c complexes based on scores from the hydrophobics 

parameter. Left, neuroglobin target; right, cytochrome c target. Red spheres are highly ranked, through to 

green which are the lowest ranked. 
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   Because only an interaction between the heme faces of both proteins will provide the close 

distance that is known to be required for electron transfer complexes, the complexes were 

filtered to a 15 Å iron-iron distance. The best ranked structure in this case had the smallest small 

iron-iron distance (13.4 Å). This structure was ranked number 37 when ranked globally. 

 

 

 

 

 

 

 

Figure 18: Electric dipole of neuroglobin and cytochrome c. Top: equine cytochrome c, with red cone 

indicating dipole; bottom: wildtype human neuroglobin with blue cone indicating dipole. 

 

 

   In addition to the soft docking simulations, electric dipoles were calculated for neuroglobin and 

cytochrome c using Chemera. Both proteins have strong electric dipole, with neuroglobin and 

cytochrome c having dipoles of 171 and 282 Debye, respectively (Figure 18). Furthermore, the 

dipoles are aligned such that the heme edge of each protein would be likely to come close to each 

other during complex formation.  
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   Based on the results from the simulations and electric dipole calculations, the interaction 

between neuroglobin and cytochrome c is likely to take place on surfaces of the proteins such 

that the hemes come as close as possible in the complex.  

   The hypothesised interacting surface of neuroglobin is composed of the E and F helices, and 

the heme group. The two helices and the connecting loop contain 7 negatively charged aspartic 

acid and glutamic acid residues (out of 41). By close inspection of the neuroglobin surface, 

several candidate amino acids can be identified that project out into the interface that could 

potentially interact with amino acids on cytochrome c (Figure 19, Figure 20). 

 

 

 

 

Figure 19: Amino acids at the interface of the putative specific neuroglobin-cytochrome c complex of 

neuroglobin that may play a role in the neuroglobin-cytochrome c interaction. Neuroglobin in blue and 

cytochrome c in red. Key amino acids on neuroglobin are highlighted in green. 
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Glu 60

Arg 66

Lys 67
Glu 87

Arg 94

 

Figure 20: A closer look at the amino acid pairs in the putative neuroglobin-cytochrome c complex.  

 

 

   The hypothesised interacting surface of cytochrome c has 6 positively charged lysine and 

histidine residues that project into the interface of the putative complex. These could form 

intermolecular electrostatic interactions with the negatively charged neuroglobin residues to 

stabilise the complex in the neuroglobin-cytochrome c interface. The putative specific complex 

with the lowest iron-iron distance (Figure 16) was used to identify several candidate interactions 

(Table 4, Figure 21). 

 

 

Table 4: Candidate interactions in the interface of the neuroglobin-cytochrome c complex. 

Neuroglobin residue Possible interacting residue on cytochrome c 

Glu 60 Lys 72  (Electrostatic) 

Arg 66 Asp 50  (Electrostatic) 

Lys 67 Lys 79  (Charge repulsion) 

Glu 87 Lys 25  (Electrostatic) 

Arg 94 Lys 27  (Charge repulsion) 
 

E helix                                                 

 

                                                                  F helix 
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Asp 50

Arg 66

Lys 72

Glu 60

 

Glu 87   

Arg 94   

Lys 25
Lys 27

 

 

Figure 21: Predicted interacting amino acid pairs in the putative neuroglobin-cytochrome c complex. Blue 

ribbon: neuroglobin, red ribbon: cytochrome c. 

 

 

   Other residues projecting out into the interface on neuroglobin are aspartic acid 63 and serine 

91; however these have no apparent contacts. In addition aspartic acid 73, threonine 77, 

asparagine 78, glutamic acid 80, aspartic acid 81 and serine 84 project outwards into the 

interface, but these are further away from the heme and cannot make contacts with cytochrome c 

Lys 79

Lys 67



 

62 
 

in the putative complex structure. Thus, the five most promising candidate neuroglobin residues 

were investigated further (Table 4). 

   Soft docking simulations were performed to simulate the interaction between cytochrome c and 

the neuroglobin proteins with single mutations as above (after energy minimisation using 

Yasara). An ensemble of the top 100 globally ranked structures showed that there was no 

significant change in the distribution of cytochrome c molecules around the exposed heme edge 

of neuroglobin compared to wildtype neuroglobin (Figure 22). However, the simulations for 

mutant 60 and 60,66,87 neuroglobin, and to a lesser extent, mutant 87 neuroglobin showed the 

appearance of a second, minor binding interface on the opposite side of the protein to the heme 

edge. This new binding site is introduced by complexes that are highly ranked by the 

hydrophobics parameter (Figure 23). Thus, mutation of the glutamic acid 60 residue to lysine 

may form a new binding site on the surface of neuroglobin for cytochrome c. All of the other 

mutants have just one major binding site observed under all of the parameters viewed 

individually. 
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Figure 22: Soft docking simulations of mutant neuroglobins to cytochrome c. Top 100 complexes ranked 

globally. Red spheres are highly ranked, through to green which are the lowest ranked. 

 

 

 

 

 

 

Ngb WT                                      Ngb cysteine-free                                   Ngb 60 

Ngb 94                                                   Ngb 67,94                                 Ngb 60,66,87 

Ngb 66                                        Ngb 67                                                         Ngb 87 
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Figure 23: Soft docking of mutant neuroglobins to cytochrome c. Top 100 complexes ranked by 

hydrophobic parameter. Red spheres are highly ranked, through to green which are the lowest ranked. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ngb 60                                                                  Ngb 60, 66, 87 
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3.2  Soft docking simulations of other neuroglobin complexes 

Soft docking simulations were performed to investigate if the interaction between neuroglobin 

and cytochrome c was more or less specific, compared to the interaction with other hypothesised 

binding partners of neuroglobin. These simulations showed that in a large proportion of the top 

100 globally ranked complexes the binding partner formed a complex on the surface over the 

exposed heme edge of neuroglobin, for all of the binding partners tested (Figure 24, Figure 25).  

 

 

 

Figure 24: Soft docking simulations of neuroglobin docking to other hypothesised binding partners. Top 

100 complexes ranked globally. Red spheres are highly ranked, through to green which are lowest ranked. 

   Neuroglobin                                                          Rac1 

   Neuroglobin                                                        Pak1                                        
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Figure 25: Soft docking simulations of neuroglobin docking to other hypothesised binding partners. Top 

100 complexes ranked globally. Red spheres are highly ranked, through to green which are the lowest 

ranked. 

 

 

   By global score ranking, neuroglobin does not interact with a single specific surface on any of 

the binding partners for which simulations were performed. When the rankings are divided into 

the individual parameters, the distribution of the complexes in the ensembles does not change 

significantly in any of these simulations (not shown). The exception is the simulation for the 

AIF-neuroglobin complex which is predicted to form a complex between the specific surfaces 

around the exposed heme edge of neuroglobin and the surface around Gly 506 on AIF in the top 

100 complexes when only the sidechains parameter is ranked (Figure 26). 

   Neuroglobin                                                          Thioredoxin 

   Neuroglobin                                                       Cystatin C 
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Figure 26: Soft docking simulations of the neuroglobin-AIF complex. Top 100 complexes ranked 

globally (top), and by sidechains (bottom). Red spheres are highly ranked, through to green which are the 

lowest ranked. 

 

 

 

 

   Neuroglobin (global)                                                        AIF (global) 

   Neuroglobin (sidechains)                                    AIF (sidechains) 
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3.3  Other soft docking simulations 

To test the ability of the Chemera/BiGGER software to discriminate between specific complex 

and non-specific structures, several simulations were performed on protein partners that are 

known to interact and others that are known to not interact with each other. 

   Myoglobin and cytochrome c are not known to form a physiologically relevant complex. Soft 

docking of myoglobin and cytochrome c showed that these two proteins do not interact with each 

other on a specific interface, and in particular the surfaces around the exposed heme edge on 

both proteins are largely unpopulated by the respective partner in the ensembles (Figure 27). 

Thus, the interaction between neuroglobin and cytochrome c observed in the previous 

simulations is not globin-specific, and is not expected to be an artefact caused by globin heme-

edge geometry. 

 

 

Figure 27: The 100 top ranked structures of sperm whale myoglobin (4MBN) and equine cytochrome c 

(1HRC) complexes based on the global score. Left: Equine cytochrome c probe and sperm whale 

myoglobin target, Right: Equine cytochrome c target and sperm whale myoglobin probe. Red spheres are 

highly ranked, through to green which are the lowest ranked. 

 

 

 

 

 

  Myoglobin                                                               Cytochrome c 
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   The interaction of the well characterised cytochrome c peroxidise (CcP)-cytochrome c complex 

was simulated. An ensemble of the top 100 ranked complexes based on a global score failed to 

predict a specific interface for the CcP and cytochrome c interaction (Figure 28).  

 

 

 

Figure 28: The 100 top ranked structures of soft docking simulations for yeast cytochrome c peroxidise 

(CcP) and yeast cytochrome c based on the global (left) or electrostatic score (centre) and electrostatic 

score of mutant target protein (right). Top: CcP target and cytochrome c probe; bottom: cytochrome c 

target and CcP probe. Coordinates from yeast CcP-cytochrome c complex structure (2PCC). Red spheres 

are highly ranked, through to green which are the lowest ranked. 

 

   However, when the ensemble is ranked on electrostatic interactions which are known to drive 

complex formation in this interaction, a specific interface between CcP and cytochrome c is 

shown that is similar to previous simulations (Bashir, et al., 2010). Additionally, when known 

interacting residues (Bashir, et al., 2010) are mutated to an oppositely charged residue (Gly 290 

on CcP, or Lys 72 on cytochrome c), the distribution of the ensemble on this surface becomes 

more disperse.  

 

CCP (global)                                     CCP (electrostatic)                     CCP Gly 290- Asn (electrostatic)                                    

Cyt c (global)                                        Cyt c (electrostatic)                  Cyt c Lys 72-Glu (electrostatic) 
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3.4  Summary of main findings 

 

 Molecular modelling predicts that cytochrome c binds to a specific surface on 

neuroglobin, around the exposed heme edge. 

 Neuroglobin is predicted to bind to a specific surface over the exposed heme edge of 

cytochrome c in complexes ranked highly by the hydrophobics parameter. 

 Neuroglobin and cytochrome c have very strong charge dipoles. 

 A putative specific complex with an iron-iron distance of less than 15 Å was identified 

for the neuroglobin cytochrome c interaction. 

 Key residues on the interface were predicted as Glu 60, Arg 66, Lys 67, Glu 87 and Arg 

94 of neuroglobin. 

 Molecular modelling of complex formation between these mutant proteins and 

cytochrome c show changes in the distribution of cytochrome c over the surface of 

neuroglobin for some mutants. 

 Molecular modelling predicts that other hypothesised neuroglobin binding partners may 

bind to the same surface as indicated in the neuroglobin-cytochrome c complex. 

 Molecular modelling can be applied to other known complexes to identify known binding 

sites. 
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Chapter Four 

Production of recombinant wildtype neuroglobin 

 

 

4.1  Expression and purification of wildtype neuroglobin 

Human wildtype neuroglobin was produced in E. coli BL21(DE3) grown for 2 days at 28 °C 

under leaky expression. The bacterial cells were reddish in colour compared to untransformed 

cells which are pale brown. The reddish colour was attributed to the presence of recombinant 

neuroglobin. The yield of recombinant neuroglobin in E. coli cells was approximately 60-80 

mg/L of culture as assessed by difference spectrum (Chapter 2).  

   After sonication and centrifugation of the cell lysate, a two-step ammonium sulphate 

precipitation was performed. After 20 % saturated ammonium sulphate, the supernatant 

remained a reddish brown colour, indicating that neuroglobin was still soluble. However, after  

60 % saturated ammonium sulphate, neuroglobin precipitated out of solution as a red precipitate, 

leaving the supernatant a milky colour. The red neuroglobin precipitate was rapidly resolubilised 

upon addition of lysis buffer.  

   Neuroglobin is highly stable at high temperatures, with a melting temperature of 100 °C 

(Hamdane, et al., 2005), thus the neuroglobin solution was heat-treated after dialysis to remove 

contaminants that are denatured by high temperatures. The heat-treated neuroglobin sample was 

then further purified by ion-exchange chromatography (Figure 29). 
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Figure 29: The chromatogram showing the elution of proteins in the lysate from E. coli cells 

overexpressing wildtype neuroglobin from Q sepharose under a linear salt gradient of 100 % cell lysis 

buffer to 100 % cell lysis buffer with 200 mM NaCl. Black line: chromatogram, red line: percentage of 

salt gradient. See Chapter 2 for detailed description of method. 

 

 

   The chromatogram of the elution profile during ion exchange chromatography revealed that 

several contaminating proteins remained in the lysate after ammonium sulphate precipitation, 

and as these were distinct peaks they could be removed by collecting only the red neuroglobin-

containing band. A large amount of material immediately eluted from the column during the 

washing step. The salt gradient was started when this material was fully washed off the column 

and the absorption returned to baseline. Neuroglobin eluted from the column as a single large red 

peak at a sodium chloride concentration of approximately 100-150 mM NaCl.  
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   The neuroglobin-containing fraction from ion exchange chromatography was concentrated and 

further purified by gel filtration, which was the final purification step for neuroglobin 

purification. Several non-heme proteins remained in the lysate after ion exchange 

chromatography; however neuroglobin was the predominant species in the chromatogram 

recorded at 280 nm (Figure 30). 
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Figure 30: The chromatogram of the elution profile of lysate from E. coli cells overexpressing wildtype 

neuroglobin on sepharose-75 with bacterial cell lysis buffer recorded at 280 nm. See Chapter 2.5 for 

detailed description of method. 

 

 

 

Neuroglobin 
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   When the gel filtration process is carried out while recording the absorption at 405 nm, two 

heme-containing protein peaks are visualised (Figure 31). The minor leading peak (a) 

corresponded to the neuroglobin dimer previously shown to be formed by an intermolecular 

disulphide bond (Hamdane, et al., 2004). The dimer has a molecular weight of 34 kDa, whereas 

the large second peak (b) corresponded to the monomer, which has a molecular weight of about 

17 kDa (Figure 31). Using gel filtration chromatography, the peak containing monomeric 

neuroglobin could be isolated from dimeric neuroglobin by collecting only the second peak. 
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Figure 31: The chromatogram of the elution profile of lysate from E. coli cells overexpressing wildtype 

neuroglobin on sepharose-75 with bacterial cell lysis buffer recorded at 405 nm (a) corresponds to 

neuroglobin dimer and (b) to monomer. 

 

 

(a) 

(b) 
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   The resulting eluent containing the red fraction was collected and run on an SDS 

polyacrylamide gel. 15 % SDS-PAGE gels were used to resolve neuroglobin because in gels 

containing lower percentages of acrylamide (12 % or 10 %) the neuroglobin ran at the same 

speed as the dye front and could not therefore be distinguished from dye.  
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Figure 32: 15 % SDS PAGE of the sequence of steps of recombinant wildtype neuroglobin purification 

from lysate from E. coli cells overexpressing wildtype neuroglobin. 

 

 

   As visualised by SDS-PAGE, there was no discernable contamination of the purified 

neuroglobin sample with E. coli proteins after gel filtration chromatography, and at each step in 

the purification procedure there was a significant improvement in the purity of the sample 

(Figure 32). In addition, neuroglobin had an apparent molecular weight of approximately 17 

kDa, which is in agreement with other reports (Hamdane, et al., 2004).  

 

 

 

   Neuroglobin ~ 17 kDa 
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4.2  Characterisation of purified recombinant wildtype neuroglobin protein 

Mass spectrometry confirmed that the purified neuroglobin sample had little heterogeneity, and 

that the protein had the expected molecular weight of 16,932.7 Da (Figure 33). Previous 

measurements showed that the molecular weight of neuroglobin is dependent on the oxidation 

state of the cysteine residues, because native ferric neuroglobin containing a disulphide bond is 

16,931.3 (+/- 1.1) Da, and neuroglobin with reduced cysteines is 16,933.3 (+/- 0.8) Da 

(Trandafir, et al., 2007). This suggests that the wildtype neuroglobin sample produced here 

contains mostly neuroglobin without a disulphide bond. The reduction of the disulphide bond is 

attributed to the presence of DTT in the bacterial cell lysis buffer. 
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Figure 33: The mass spectrum for purified wildtype neuroglobin. Spectrum was generated with the Q-star 

mass spectrometer. 
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   To confirm that the heme group of purified recombinant neuroglobin was bound to the protein 

as expected, the spectra of the ferrous and ferric forms were measured (Figure 34). These spectra 

had the same λ values to those reported in the literature (Dewilde, et al., 2001), thus the protein 

was assumed to be functional holo-neuroglobin.  
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Figure 34: Absorption spectra of purified recombinant neuroglobin (25 μM heme concentration), in 

bacterial cell lysis buffer. Redox state was modified as described in Chapter 2.5. Blue line: ferrous 

neuroglobin, red line: ferric neuroglobin. 
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Chapter Five 

Characterisation of mutant neuroglobin proteins 

 

 

5.1  Purification of mutant neuroglobin proteins 

The mutant neuroglobin proteins were expressed and purified in the same manner as the wildtype 

protein (Chapter 2.5). This protocol yielded comparable amounts of neuroglobin protein as for 

the wildtype protein (Chapter 3.1). The purified proteins had very similar levels of purity as 

assessed by SDS-PAGE (Figure 35).  
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Figure 35: 15% SDS PAGE of purified mutant neuroglobin proteins (at a final concentration of 5 μM 

determined by absorbance at 280 nm). 
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      The molecular weights of the mutant neuroglobin proteins were determined by ESI-TOF 

mass spectrometry. A calibration of the mass spectrometer with lactoglobin (expected MW 

18,277.25 Da) gave a MW of 18,277.78 Da. Thus, an error of approximately 0.003 % was 

expected to be associated with measurements in this molecular weight range. Most of the 

proteins had molecular weights within this error range of their expected molecular weights 

(Table 5). The mutant E66K and R94E and K67E,R94E neuroglobin proteins had molecular 

weights that were 0.9, 1.7 and 0.7 Da less than their expected molecular weights, respectively. 

As these values are outside of the range of expected measurement error, the mutations could 

have caused some deprotonation of the proteins. 

 

 

Table 5: ESI-TOF mass spectrometry molecular weight determination of mutant neuroglobin 

proteins and their estimated molecular weights. 

Neuroglobin Expected MW (Da) Observed MW (Da) 

Cysteine-free mutant 16,855.2 16,855.4 

Mutant E60K 16,854.3 16,854.7 

Mutant R66E 16,828.1 16,827.2 

Mutant K67E 16,856.1 16,856.4 

Mutant E87D 16,841.2 16,841.3 

Mutant R94E 16,828.1 16,826.4 

Mutant K67E,R94E 16,829.1 16,828.4 

Mutant E60K,R66E,E87D 16,813.2 16,812.8 

 

 

 

 

 

 

 

 

 



 

80 
 

5.2  Characterisation of mutant neuroglobin proteins 

Spectral properties of mutant neuroglobin proteins 

The mutant neuroglobin proteins were visually similar to the red wildtype protein, with the 

exception of mutant K67E and K67E,R94E neuroglobin proteins which were a brownish colour. 

The visible spectrum was measured for each mutant neuroglobin to characterise their spectral 

properties.  
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Figure 36: Spectra of neuroglobin proteins (at 15 μM total protein concentration by 280 nm absorption). 

Red: wildtype neuroglobin, brown: mutant K67E neuroglobin. A: Spectra between 280 nm-700 nm. B: 

Enlarged spectra of 500 nm -700 nm region showing the appearance of the 660 nm peak in the spectrum 

of the mutant K67E neuroglobin protein. 

 

500 525 550 575 600 625 650 675 700

0.00

0.05

0.10

0.15

0.20

0.25

 B

A
b
so

rb
an

ce

Wavelength (nm)

 

 

A                                                              B 



 

81 
 

   During spectral measurements of the mutant proteins, it was found that several of the mutant 

neuroglobin proteins had a much smaller Soret peak compared to the wildtype protein (Figure 

36, Table 6), although the concentrations of the proteins were the same (measured at 280 nm). 

Thus, the Soret/280 nm absorption ratios were calculated.  

   The ratios of mutant neuroglobin E60K and K67E and K67E,R94E and E60K,R66E,E87D 

proteins were approximately half that of the wildtype and other mutant proteins. However, the 

purity of the neuroglobin mutant proteins was similar. Thus, the increased 280 nm absorption 

was most likely due to the presence of a significant proportion (~ 50 %) of apo-neuroglobin in 

these samples. 

 

 

Table 6: Ratio of absorption at 280 nm to absorption at Soret band for neuroglobin mutant 

proteins in the ferrous carbonmonoxy state. 

Neuroglobin mutant Soret/280 ratio 

Wildtype 3.4 

Cysteine-free 3.4 

Mutant E60K 1.6 

Mutant R66E 3.6 

Mutant K67E 1.5 

Mutant E87D 3.7 

Mutant R94E 3.4 

Mutant K67E,R94E 1.3 

Mutant E60K,R66E,E87D 2.1 

 

 

   In addition to changes in relative proportions of apo- and holo-neuroglobin, the spectra 

revealed heme coordination changes for some mutant neuroglobin proteins. The ferrous 

carbonmonoxy spectra of the mutant K67E and K67E,R94E neuroglobin proteins had a ~1 nm 

right-shifted Soret peak compared to the wildtype protein (Table 7), and there was a small peak 

at 660 nm in the ferric spectra of these mutant proteins (Figure 36). These features are 

characteristic of pentacoordinated globin proteins. The spectra of the other mutant proteins were 

essentially identical to the spectra obtained for the wildtype protein, and the delta (360 nm), 

alpha (559 nm) and beta (532 nm) peaks of wildtype neuroglobin were unchanged for all mutant 

neuroglobin proteins. 
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Table 7: Spectral properties of the mutant neuroglobin proteins.  

Neuroglobin mutant 

λ (nm) 

Soret γ peak (ferrous 

carbonmonoxy neuroglobin) 

High spin peak (ferric 

neuroglobin) 

Wildtype 417.5 - 

Cysteine-free 417.5 - 

Mutant E60K 417 - 

Mutant R66E 418 - 

Mutant K67E 418.5 660 

Mutant E87D 417.5 - 

Mutant R94E 417 - 

Mutant K67E,R94E 417.5 660 

Mutant E60K,R66E,E87D 417.5 - 
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5.3  Molecular mechanics of the mutant neuroglobin proteins 

To investigate the possible origin of the change in the heme coordination state of neuroglobin 

possessing the K67E mutation compared to the wildtype, the neuroglobin structure was mutated 

in silico and then steepest descent energy minimisation was performed using YASARA 

Structure. The structures were then compared by performing an ‘iterative magic fit’ structural 

alignment with the SPDBV Swiss-pdbViewer 4.0.1 software, in order to identify any overall 

changes in protein structure. 

 

 

 

 

Figure 37: Comparison of mutant K67E neuroglobin and cysteine-free neuroglobin after energy 

minimisation. Blue ribbon: cysteine-free neuroglobin, red ribbon: mutant K67E neuroglobin. RMSD 0.55 

Å.  
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   Despite showing a very small degree of structural variation compared to the cysteine-free 

mutant neuroglobin in a structural alignment (RMSD 0.55 Å) (Figure 37), the K67E mutation 

was predicted to have the distal histidine dissociated from the heme (Figure 38). Dissociation of 

the distal histidine was also predicted in the mutant K67E,R94E neuroglobin protein, which 

contained the same K67E mutation. 

   Dissociation of the distal histidine from the heme in neuroglobin with the K67E mutation is 

most easily represented by showing the heme flanked by the two histidine residues (Figure 38). 

The distal histidine is very clearly predicted to be orientated away from the heme, such that it can 

no longer form a bond with the iron atom. This is also predicted to cause doming of the heme 

(Figure 38). Doming is known to occur in the high spin hemes of globins such as hemoglobin 

and myoglobin (Perutz, 1979; Franzen, et al., 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Coordination state of the heme in cysteine-free mutant neuroglobin and mutant K67E 

neuroglobin proteins after energy minimisation (using YASARA Structure with Amber 99 forcefield). 

Note: the movement of the distal histidine away from the heme and the dome-shape of the heme in the 

mutant K67E neuroglobin compared to the cysteine-free mutant neuroglobin. 

Distal histidine 
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Cysteine-free mutant neuroglobin                                                    Mutant K67E neuroglobin 
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   Energy minimisation and structure comparison of the remaining neuroglobin mutant proteins 

showed that none of the other mutations significantly changed the structure of the proteins, 

because structural alignments of the energy minimised structures returned RMSD values of ≤ 

0.53 Å. This is considered to be a negligible difference because a structural alignment of the A 

and B chains of the cysteine-free neuroglobin structure 1OJ6.pdb (the 1OJ6.pdb file consisted of 

an asymmetric cell containing four neuroglobin molecules, chains A,B,C and D) returned an 

RMSD value of 0.58 Å. All of the proteins except mutant K67E and K67E,R94E neuroglobin 

were in the hexacoordinated state, as was indicated by the visible spectra. 
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5.4  Secondary structure of neuroglobin proteins 

Because several of the mutant neuroglobin proteins contained apo-neuroglobin and 

pentacoordinated neuroglobin, the Circular Dichroism (CD) spectra were measured for each of 

the neuroglobin proteins to determine any changes in the secondary structure content. 
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Figure 39: CD spectrum of wildtype neuroglobin (at a protein concentration of 1 μM by total protein 

concentration determined at 280 nm in 10 mM NaH2PO4, pH 7.0). 

 

 

   The wildtype protein had a CD spectrum characteristic of a protein containing mainly alpha 

helices (74 % alpha helix) (Figure 39). This value is similar to the value obtained from the 

previously reported spectrum, which estimated an alpha helix content of 75 % (Picotti, et al., 

2009). 
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   All of the neuroglobin mutants had CD spectra very similar to the wildtype protein (Figure 39) 

within errors of measurement. The CD spectrum measurements were taken at 1 μM total protein 

concentration (at 280 nm).  

   The proteins had very similar secondary structure composition, containing between 69-76 % 

alpha helix (Table 8). Neuroglobin E60K mutant had a slightly decreased percentage of alpha 

helices (50 %).  

    The measurement of secondary structure percentage was associated with some error because 

the CD spectrum measurement is exquisitely sensitive to protein concentration. For example, if 

the Mutant E60K data is recalculated with a concentration of 10 % higher (a reasonable value 

considering small differences in purity between the different mutant proteins), the percentage of 

alpha helix is calculated by the K2D2 server as 63 %. Furthermore, a maximum calculated error 

associated with secondary structure determination calculated by the K2D2 software was < 1 % 

for all of the spectra. Thus, the difference between Mutant E60K and wildtype secondary 

structure determinations cannot be commented on with any degree of certainty. 

 

 

Table 8: Secondary structure composition of wildtype and mutant neuroglobin proteins. 

Neuroglobin  % alpha helix 

Wildtype 74 

Cysteine-free 74 

Mutant E60K 50 

Mutant R66E 76 

Mutant K67E 70 

Mutant E87D 69 

Mutant R94E 76 

Mutant K67E,R94E 76 

Mutant E60K,R66E,E87D 70 
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Secondary structure composition of apo-neuroglobin 

Apo-wildtype neuroglobin was made using the acid-acetone method, yielding two samples, one 

containing about 70 % apo-neuroglobin and the other, about 47 % apo-neuroglobin, as estimated 

from the relative 280 nm and Soret absorptions of the protein in the ferric state. 

   Both apo-neuroglobin samples had similar CD spectra compared to the holo-neuroglobin 

sample (Figure 40). The proteins consisted of 76 and 64 % alpha helix for the 47 and 70 % apo-

protein samples, respectively, compared to the wildtype holo-neuroglobin which contained 74 % 

alpha helix. Thus, the percentage of alpha helix slightly decreases as the proportion of apo-

neuroglobin in the sample increases. The CD spectra of holo- and apo-neuroglobin produced 

here are similar to those previously reported (Picotti, et al., 2009).  
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Figure 40: CD spectra of wildtype holo-neuroglobin (black line) and 70 % apo-neuroglobin (red line) 

(protein concentration of 1 μM in 10mM NaH2PO4, pH 7.0). 
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5.5  The three-dimensional structure of cysteine-free mutant neuroglobin 

Crystallisation trials of equimolar amounts of the cysteine-free neuroglobin and cytochrome c 

performed by Dr Ivan Ivanovich failed to crystallise the complex. However, the cysteine-free 

neuroglobin formed crystals and the structure was then solved by Dr Chris Squire.  

   Large red crystals grew under two conditions. Two major crystal forms were identified: small 

cubes and large needles (Figure 41).  

 

  
 

Figure 41: Crystals of cysteine-free mutant neuroglobin (produced during a screen of crystallisation 

conditions). A: small cubes crystallised in 50 % mPEG 5000, 0.2 M acetic acid/KOH pH 5.5; B: large 

needles crystallised in 2.5 M NaK PO4, 20 % glycerol, 0.1 M NaHEPES, pH 7.5. Crystals were 

photographed under a dissecting microscope at 10 × magnification. 

 

 

   Small red cuboid crystals were used to seed further crystal growth in 50 % mPEG 5000, 0.2 M 

acetic acid/KOH pH 5.5. The structure of cysteine-free mutant neuroglobin was solved by x-ray 

diffraction of a cuboid crystal.  

   The structure was essentially identical to the previously published structure for cysteine-free 

neuroglobin (1OJ6.pdb), with a C-alpha structural alignment returning an RMSD value of 0.53 Å 

(Figure 42). Thus, the cysteine-free neuroglobin produced here was considered to be identical to 

the published structure (Pesce, et al., 2004). This confirms that the heat treatment step introduced 

to the purification protocol (Chapter 2.5) did not change the structure of the cysteine-free mutant 

neuroglobin protein. 

   A                                                           B 
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Figure 42: Structural alignment of the three dimensional structures of cysteine-free mutant neuroglobin 

made during this thesis and the published structure (1OJ6.pdb). C-alpha structural alignment of residues 

5-149 RMSD = 0.53 Å. Resolution 2.2 Å. 
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5.6  Summary of main findings 

 

 Neuroglobin mutant E60K and K67E and K67E,R94E and E60K,R66E,E87D contained 

significant amounts of apo-neuroglobin. 

 Neuroglobin K67E and K67E,R94E mutant proteins were pentacoordinated, the wildtype 

and other mutant neuroglobin proteins were hexacoordinated. 

 Wildtype apo-neuroglobin had a similar percentage of alpha helix compared to holo-

neuroglobin. 

 Cysteine-free mutant neuroglobin had essentially the same structure as the previously 

published structure, thus heat treatment during purification did not change the structure. 
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Chapter Six 

Characterisation of the neuroglobin-cytochrome c interaction 

 

 

6.1  Isothermal Titration Calorimetry 

Isothermal Titration Calorimetry (ITC) was used to study the interaction between neuroglobin 

and cytochrome c. This technology measures the enthalpy of the interaction, and can be used to 

determine the stoichiometry and affinity of protein-protein interactions (see Chapter 2.8 for a 

detailed description). 

   Initially, wildtype neuroglobin and equine cytochrome c were diluted in 10 mM HEPES, pH 

7.4 running buffer to final concentrations of 10 μM and 100 μM, respectively. Neuroglobin was 

placed into the sample cell and cytochrome c was injected into the cell via the syringe. In these 

experiments, the heat of the interaction was below the limits detectable by the Microcal 

instrument (< 1 kcal/mole). 

   The lack of heat of interaction could have been due to dimerisation of the neuroglobin by 

intermolecular disulphide bonds masking the cytochrome c binding interface. Thus, 1 mM of 

DTT or TCEP were added to the running buffer in subsequent experiments to maintain cysteine 

residues in the reduced state. However, this modification to the experiments did not increase the 

heat of interaction. 

   Thereafter, alternative running buffers were considered. Protein-protein interactions can be 

associated with protonation of ionisable side-chains. Protonation of the protein leads to a change 

in the free H
+
 concentration in the system which can cause a change in enthalpy associated with 

the ionisation of the buffer. The heat of ionisation of Tris buffer is significantly larger than that 

of HEPES buffer (Bernhard, 1955; Baker, et al., 1996). Thus, experiments were performed with 

the aim to amplify the heat of the neuroglobin-cytochrome c interaction by using Tris buffer. 

Experiments were performed as above with the exception that the proteins were diluted in 10 

mM Tris, 1 mM TCEP, pH 7.4. Additionally, increasing the protein concentrations can increase 

the measured heat of interaction, thus protein concentrations were increased to 40 μM and 200 

μM for neuroglobin and cytochrome c, respectively. However, these adaptations to the ITC 
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experiments did not increase the heat of interaction, which was still below the limits of detection 

of the machine (Figure 43).  
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Figure 43: Integrated ITC data for the interaction between neuroglobin and cytochrome c in 10 mM Tris, 

1 mM TCEP, pH 7.4 at 25 °C (with protein concentrations of 40 μM and 200 μM for neuroglobin and 

cytochrome c, respectively). 

 

 

   Under these experimental conditions, no significant change in enthalpy was observed. This 

could arise either because the intrinsic heat of interaction is too small to be detected or else the 

equilibrium constant for the reaction is too small to yield any detectable reaction under these 

experimental conditions. Thus Surface Plasmon Resonance, a technique that does not rely on the 

heat of the interaction, was used to further investigate the interaction. 
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6.2  Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) can be used to measure the binding affinity of an interaction 

in the absence of significant enthalpy change because this technology indirectly measures the 

binding of one partner to the other by detecting a change in refractive index in the sample 

solution over the surface to which the other partner is coupled.  

   In the first experiments, wildtype neuroglobin was coupled to the surface of a CM5 sensor chip 

using thiol chemistry with the Biacore 2000 instrument. The experiment was performed in this 

way because the neuroglobin molecules would be spatially separated on the surface and 

intermolecular disulphide bonds that could mask the binding interface for cytochrome c would 

be avoided. When cytochrome c (in 10 mM HEPES pH 7.4) was passed across the surface there 

was significant non-specific binding of cytochrome c to the dextran on the sensor chip surface, 

and thus the reference-subtracted sensorgrams were not consistent with a protein-protein 

interaction (Figure 44). 
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Figure 44: Sensorgrams of cytochrome c binding to neuroglobin on a CM5 sensor chip in 10 mM HEPES, 

0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C. Lines in descending order of concentration are: purple: 100 

μM, red: 50 μM, green: 25 μM, blue: 12.5 μM, cyan: 6.25 μM and pink: 3.125 μM cytochrome c. 
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   Therefore, experiments were performed with cytochrome c bound to the sensor chip. 

Cytochrome c was bound to the surface of the sensor chip using amine chemistry as cytochrome 

c possesses no cysteine residues. Wildtype neuroglobin was passed across the surface at 

concentrations between 0-100μM (in 10mM HEPES pH 7.4). The observed reference-subtracted 

sensorgrams were not consistent with a simple protein-protein interaction. This could have been 

due disulphide bonds forming between neuroglobin molecules in solution. To address this 

problem DTT was added to the running buffer in subsequent experiments to maintain the 

cysteine in a reduced form. However, this made little difference to the observed reference-

subtracted sensorgrams.  

   A subsequent experiment was performed using concentrations from 0 to 100 μM neuroglobin 

in bacterial cell lysis buffer (10 mM Tris/HCl, 0.5 mM DTT, 0.5 mM EDTA, pH 7.4). The 

observed reference-subtracted sensorgrams were consistent with a protein-protein interaction 

(Figure 45). Thus, exchanging the running buffer for Tris significantly improved the result.  
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Figure 45: Sensorgrams of neuroglobin binding to cytochrome c on a CM5 sensor chip in 10mM Tris, 

0.5mM DTT, 0.5mM EDTA pH 7.4, 25 °C. Lines in descending order of concentration are: red: 50 μM, 

green: 25 μM, blue: 12.5 μM, cyan: 6.25 μM, pink: 3.125 μM, dark blue: 1.56 μM, brown: 0 μM 

neuroglobin. 
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   The SPR sensorgrams for neuroglobin binding to cytochrome c had on rates (ka) that were 

indicated to be too fast to be measured by the Biacore 2000 instrument (ka > 10
7
 M

-1
s

-1
), thus the 

affinity could not be measured by a kinetic analysis. Therefore, the ‘steady-state’ analysis was 

used in which the height of the sensorgram at steady-state was plotted against the concentration.  

   At some neuroglobin concentrations, the sensorgrams did not reach steady state, thus the data 

was extrapolated using an exponential function to estimate the end point. Replicate 

concentrations were reproducible within the same experiment to ~ 5 RU. A hyperbolic function 

was then fit to the endpoints versus concentration to obtain the value of KD (Figure 46).  
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Figure 46: Binding curve of neuroglobin binding to cytochrome c on CM5 sensor chip in 10 mM Tris, 0.5 

mM DTT, 0.5 mM EDTA pH 7.4, 25 °C. Individual sensorgrams were extrapolated to estimate endpoint. 

KD = 53 +/- 3 μM (90 % confidence range). 
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   Individual measurements for the binding affinity of wildtype neuroglobin for cytochrome c for 

three separate experiments performed on different days gave values of KD = 45 +/- 4, 53 +/- 3 

and 64 +/- 2 μM (90 % confidence range) (in 10 mM Tris, 0.5 mM DTT, 0.5 mM EDTA pH 7.4 

at 25 °C). The source of error is likely to be a combination of error in protein concentration 

measurement, buffer pH and chloride concentration (from HCl during buffer pH titration). Due 

to this variation in measured KD from day-to-day, all comparisons were made on data collected 

on a single day. The stoichiometry of the neuroglobin-cytochrome c interaction could not be 

determined by the steady-state method of data analysis. 

   The chloride concentration of the running buffer had an effect on the affinity, with increasing 

sodium chloride decreasing the affinity of wildtype neuroglobin for cytochrome c from KD = 45 

μM +/- 4 (90 % confidence range) in 0 mM NaCl, to 120 μM +/- 6 (90 % confidence range)  in 

50 mM NaCl (Figure 47). 
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Figure 47: Effect of sodium chloride on neuroglobin binding to cytochrome c in 10 mM Tris, 0.5 mM 

DTT, 0.5 mM EDTA pH 7.4, 25 °C. 
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Figure 48: Effect of temperature on neuroglobin binding to cytochrome c in 10 mM Tris, 0.5 mM DTT, 

0.5 mM EDTA pH 7.4 at 25 °C. 

 

 

   The affinity of wildtype neuroglobin for cytochrome c was measured at temperatures between 

20-37 °C. An increase in temperature led to a decrease in affinity for the interaction. A Van t 

Hoff analysis of this data gives a value of ∆H = 1.9 kcal mol
-1

 for the change in enthalpy of the 

interaction (Figure 48), which corresponds to an entropy change of ∆S = 14.8 cal deg
-1

 mol
-1

 at 

37 °C. 
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Mutant neuroglobin binding affinities 

Cytochrome c was coupled to a new CM5 sensor chip on the newly acquired Biacore T200. 

However, during binding experiments performed as above, there was a large amount of non-

specific binding of neuroglobin to the surface of the sensor chip. Thus, a CM4 sensor chip was 

coupled with cytochrome c for further experiments. The CM4 sensor chip has shorter dextrans 

on the surface and was thus expected to support less non-specific interactions. To test the new 

sensor chip, a binding experiment was performed with wildtype neuroglobin. Wildtype 

neuroglobin bound with an affinity of KD = 39 +/- 3 μM (90 % confidence range) to cytochrome 

c on the CM4 sensor chip (Figure 49).  
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Figure 49: Binding curve of neuroglobin binding to cytochrome c on CM4 sensor chip in 10 mM Tris, 0.5 

mM DTT, 0.5 mM EDTA pH 7.4, 25 °C. KD = 39 +/- 3 μM (90 % confidence range). 
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   On the same day, binding experiments were performed for all of the neuroglobin mutants on 

the CM4 sensor chip as for wildtype neuroglobin. The binding constant was determined using 

the same method as for wildtype neuroglobin (Figure 50, Figure 51). 
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Figure 50: Binding curves of neuroglobin mutants binding to cytochrome c in 10 mM Tris, 0.5 mM DTT, 

0.5 mM EDTA pH 7.4, 25 °C. Protein concentration determined at 532 nm. KD values +/- (90 % 

confidence range). 
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Figure 51: Binding curves of neuroglobin mutants binding to cytochrome c in 10 mM Tris, 0.5 mM DTT, 

0.5 mM EDTA pH 7.4, 25 °C. Protein concentration determined at 532 nm. KD values +/- (90 % 

confidence range). 

 

 

 

   Cysteine-free mutant neuroglobin had a slightly lower affinity for cytochrome c compared to 

wildtype neuroglobin (KD = 56 +/- 2 μM compared to 39 +/- 3 μM, respectively). All of the other 

mutant proteins were based on the cysteine-free mutant, thus their affinities were compared to 

this protein rather than wildtype neuroglobin. 
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Table 9: Binding constants of neuroglobin mutants binding to cytochrome c in 10 mM Tris, 0.5 

mM DTT, 0.5 mM EDTA pH 7.4, 25 °C. KD values +/- (90 % confidence range). 

 

Mutant name 
KD (μM) (concentration 

measured at 532 nm) 

KD (μM) (concentration 

measured at 280 nm) 

Wildtype 39 +/- 3 39 +/- 3 

Cysteine-free mutant 56 +/- 2 56 +/- 2 

Mutant E60K 12 +/- 1 26 +/- 2 

Mutant R66E 36 +/- 6 36 +/- 6 

Mutant K67E 17 +/- 2 37 +/- 5 

Mutant E87D 274 +/- 190 274 +/- 190 

Mutant R94E 66 +/- 6 66 +/- 6 

Mutant K67E,R94E 8 +/- 1 21 +/- 3 

Mutant E60K,R66E,E87D 16 +/- 3 25 +/- 4 

 

 

   Neuroglobin mutants E60K and K67E and K67E,R94E and E60K,R66E,E87D had 

significantly increased binding affinities compared to cysteine-free mutant neuroglobin (KD = 12 

+/- 1, 17 +/- 2, 8 +/- 1 and 16 +/- 3 μM compared to 56 +/- 2 μM, respectively) when their 

concentrations were measured by heme concentration (Table 9). However, all of these four 

mutant protein samples contained significant amounts of apo-neuroglobin. When the binding 

curves were reanalysed based on total protein concentration (measured at 280 nm), the affinities 

for these mutant proteins decreased to KD = 26 +/- 2, 36 +/- 6, 21 +/- 3 and 25 +/- 4 μM, for the 

E60K and K67E and K67E,R94E and E60K,R66E,E87D mutant proteins, respectively. The 

R66E mutant neuroglobin did not contain apo-neuroglobin and had a higher affinity for 

cytochrome c compared to the cysteine-free mutant (KD = 36 +/- 6 compared to 56 +/- 2 μM, 

respectively). The R94E mutant neuroglobin had a similar affinity for cytochrome c compared to 

cysteine-free mutant neuroglobin (KD = 66 +/- 6 and 56 +/- 2 μM, respectively). Though the 

error in the KD calculation was large, neuroglobin mutant E87D had a significantly decreased 

binding affinity compared to cysteine-free mutant neuroglobin (KD = 274 +/- 190 μM compared 

to 56 +/- 2 μM, respectively). Because several of the purified neuroglobin mutants contained 

significant amounts of apo-neuroglobin (Chapter 5.2), it was necessary to assess any impact of 

apo-neuroglobin on the binding constants of these proteins. 
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Binding affinity of apo-neuroglobin 

To identify whether apo-neuroglobin in the samples could impinge on the affinity measurements, 

wildtype apo-neuroglobin was made using the acid-acetone method (Chapter 2.5), and the 

affinities of the apo-neuroglobin samples for cytochrome c were measured using SPR. Pure 

untreated wildtype neuroglobin was assumed to be ~100 % holo-neuroglobin because the 

spectrum was similar to the published spectrum (Chapter 4.2). Wildtype holo-neuroglobin had an 

affinity of KD = 27 +/- 3 μM in this experiment. Two samples containing 70 % and 47 % apo-

neuroglobin were produced. To investigate if apo-neuroglobin and holo-neuroglobin had 

different affinities, the sum of two hyperbolas were fit to the data points to deconvolute the 

affinity of apo-neuroglobin from the known affinity for holo-neuroglobin (KD = 27 +/- 3 μM). 

The KD values determined from the raw data and the values determined for apo-neuroglobin are 

given (Table 10). 

 

Table 10: Affinities of wildtype neuroglobin samples containing apo-neuroglobin. 

Neuroglobin Raw KD (μM) of total 

protein 

KD (μM) apo-neuroglobin  

100 % holo-neuroglobin 27 +/- 3 - 

47 % apo-neuroglobin 16 +/- 3 11 +/- 2 

70 % holo-neuroglobin 10 +/- 3 8 +/- 2 

 

 

   The presence of apo-neuroglobin had a significant effect on the binding affinities of these 

wildtype neuroglobin samples. The apparent affinity of wildtype apo-neuroglobin for 

cytochrome c was deconvoluted from the raw binding curves, yielding a binding affinity that was 

approximately three times higher than holo-neuroglobin (KD = 8-11 +/- 2 μM compared to 27 +/- 

3 μM, respectively) (Table 10). 

   The affinity for several of the mutant neuroglobin proteins (E60K and K67E and K67E,R94E 

and E60K,R66E,E87D) may have been similarly affected by the presence of apo-neuroglobin. 

Thus, the previously obtained SPR binding curves of these mutant neuroglobin proteins (Table 9) 

were reassessed by fitting the sum of two hyperbolas to the data points to deconvolute the 

affinity of apo-neuroglobin from the affinity for holo-neuroglobin. The E60K mutant 

neuroglobin had apparent KD values of 32 +/- 1 and 8 +/- 1 μM for holo- and apo-neuroglobin, 
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respectively, compared to KD = 56 +/- 2 μM for cysteine-free mutant holo-neuroglobin that was 

measured on the same day. However, sensible fits for the K67E and K67E,R94E and 

E60K,R66E,E87D mutant neuroglobin samples containing apo-neuroglobin could not be 

obtained with a sum of two hyperbola curve. The presence of apo-neuroglobin could have 

affected the apparent affinities of these mutants, but in the absence of an accurate method to 

deconvolute the holo- and apo-neuroglobin affinities, the affinities determined by total protein 

concentration are predicted to be the best estimates of KD. 

   Taken together, these studies suggest that the E60K and R66E and K67E and K67E,R94E and 

E60K,R66E,E87D mutant proteins have a higher affinity for cytochrome c than the cysteine-free 

mutant neuroglobin, though the confidence in these results is limited by the possible effect of 

apo-neuroglobin on the apparent KD values. The mutant E87D neuroglobin sample had a much 

lower affinity for cytochrome c compared to the cysteine-free mutant neuroglobin. Interestingly, 

mutant E60K,R66E,E87D neuroglobin also possessed the E87D mutation, but had an increased 

rather than decreased affinity compared to the cysteine-free mutant. Furthermore, the small 

difference in affinities between the R94E mutant neuroglobin and cysteine-free neuroglobin are 

not considered to be significant because they fall within the range of error. 
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6.3  Summary of main findings 

 

 The interaction between neuroglobin and cytochrome c is associated with a small change 

in enthalpy and a large change in entropy. 

 The interaction between wildtype neuroglobin and cytochrome c had an equilibrium 

constant of approximately KD = 27-56 μM, dependent on the sensor chip used and day-to-

day variability. 

 The majority of the neuroglobin mutants had similar equilibrium constants to wildtype 

neuroglobin, with the exception of the E87D mutant neuroglobin. 

 Apo-neuroglobin had a slightly higher affinity for cytochrome c than holo-neuroglobin. 
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Chapter Seven 

Investigations of the downstream effects of the neuroglobin-

cytochrome c interaction 

 

 

In the previous chapter, evidence for an interaction between neuroglobin and cytochrome c was 

described. This chapter describes experiments aimed at identifying a role for this interaction in 

the prevention of cytochrome c-mediated apoptosome formation, as a regulatory mechanism of 

the mitochondrial pathway of apoptosis. Two studies were undertaken to investigate this 

hypothesis. The first study measured cytochrome c-mediated activation of the mitochondrial 

pathway of apoptosis by detection of caspase 9 activity. The second study directly monitored 

cytochrome c-mediated apoptosome formation in vitro. 

 

 

7.1  Cytochrome c-mediated caspase-9 activation in cytosolic extracts 

Cytosolic extracts from healthy cells contain all of the necessary components for apoptosome 

activation and downstream caspase cascade except for the mitochondrial protein cytochrome c. 

Here, cytosolic extracts were incubated with exogenous cytochrome c to induce formation of the 

apoptosome from Apaf-1. The apoptosome activates caspase 9, the activity of which can be 

measured by addition of a luminescent caspase 9 substrate, Glo-9 (for detailed description, see 

Chapter 2.10). Thus, the measured luminescence is proportional to caspase 9 activity. This 

system was developed to study the effect of cytochrome c redox status on cytochrome c-

mediated caspase 9 activity and to investigate the inhibition of caspase 9 activity by neuroglobin. 
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Figure 52: Contribution of proteasome and caspase 9 activities to Glo-9 luminescent signal in a Jurkat 

cytosolic extract (in the presence of 0.1 mM proteasome inhibitor (MG-132) and 0.1 mM caspase 9 

inhibitor (single experiment)). 

 

 

   The Glo-9 substrate, when made as per the manufacturer’s instructions contains 60 μM of 

proteasome inhibitor MG-132. To first investigate the specificity of the Glo-9 substrate for 

caspase 9, a cytosolic extract was incubated with Glo-9 substrate in the presence of saturating 

levels of caspase 9 inhibitor III and/or additional proteasome inhibitor MG-132. Basal levels of 

luminescence in cytosolic extracts incubated with Glo-9 substrate were quite high. About 80% of 

this was attributable to proteasome activity, which could be knocked down by the proteasome 

inhibitor MG-132. The luminescent signal was completely abolished by incubation of the extract 

with MG-132 and caspase-9 inhibitor together (Figure 52). Thus, in further experiments 

additional proteasome inhibitor MG-132 was added to the Glo-9 to knockdown proteasome 

activity. 
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Figure 53: Example of a Glo-9 luminescence curve for a cytosolic extract treated with 4 μM cytochrome 

c
3+ 

for 2 hours. Blue curve: control extract, black curve: extract treated with cytochrome c. 

 

 

   Many of the cytosolic extracts made over the course of this thesis exhibited a maximal caspase 

9 activity that could not be further activated by incubation with exogenous cytochrome c. On 

several occasions an extract was made that had increased caspase 9 activity after incubation with 

cytochrome c (Figure 53). The incubation time required to induce caspase 9 activation was 

variable between the different extracts (2-12 hours).  
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Figure 54: The effect of 0.1 mM dATP on Glo-9 luminescence in a Jurkat cytosolic extract incubated with 

1 μM cytochrome c for 12 hours (single experiment). 

 

 

   Surprisingly, the presence of dATP increased the luminescence of the extracts such that the 

response was similar to that of cytochrome c-activated extracts (Figure 54). It is widely 

acknowledged that dATP is required for apoptosome formation, and therefore caspase 9 

cleavage. Therefore, it is likely that dATP interferes with the luminescent signal in the Glo-9 

assay, as the luminescence generated by luciferase activity also requires ATP (see Chapter 2.10 

for detailed description of Glo-9 assay). 
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Figure 55: The effect of cytochrome c concentration on the Glo-9 luminescent signal in a Jurkat cytosolic 

extract in the absence of dATP incubated for 2 hours (single experiment). 

 

 

   In the absence of dATP, caspase 9 activity in a cytosolic extract is dependent on the 

concentration of cytochrome c. The luminescence signal plateaus at 0.4 μM cytochrome c (Figure 

55). 
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 concentration 
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Figure 56: Bar graph of relative Glo-9 luminescence for a Jurkat cytosolic extract treated with 4 μM 

cytochrome c and neuroglobin and incubated for 12 hours (plotted is the average and range for two 

separate experiments, n = 2 for each bar). 

 

 

   The redox state of cytochrome c appears to be important in the activation of caspase 9 because 

significantly less activity was observed for cytosolic extract incubated with ferrous cytochrome c 

(cyt c
2+

) compared to ferric cytochrome c (cyt c
3+

) (Figure 56).  

   Additionally, the presence of equimolar amounts of ferric neuroglobin decreases caspase 9 

activity generated by ferric cytochrome c. This is not due to a non-specific effect, because 

incubation of cytosolic extract with ferric neuroglobin alone has the same level of luminescence 

as control extract (Figure 56). 
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The stability of the redox state of cytochrome c in the cytosolic extract 

During incubation of the cytosolic extract with ferric cytochrome c, it was noticed that the 

cytochrome c appeared to change colour from red to pink. This colour change is indicative of a 

change in redox state. Thus, the reduction of cytochrome c by the cytosolic extract was 

investigated in a separate experiment. The redox state of 100 μM cytochrome c was measured 

during incubation with a cytosolic extract at a ratio of 1:1 over time (Figure 57). In this 

experiment, ferric cytochrome c was rapidly reduced by the cytosolic extract in lysis buffer in the 

absence of DTT. Before reduction of cytochrome c begins, there is a rapid phase of oxidation. 

Thus, the redox state of cytochrome c in the cytosolic extract is not fixed; rather it is readily 

modified depending on the redox status of the cytosolic extract. 
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Figure 57: The reduction of cytochrome c by a cytosolic extract in the absence of DTT. Full reduction 

was considered to occur after addition of a few crystals of sodium dithionite, at which time the 

absorbance reached a maxima of 0.977 at 550 nm. 
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Mitochondrial contamination of the cytosolic extract 

To investigate the possibility of mitochondrial contamination of cytosolic extract, a western blot 

against the mitochondrial protein COX IV was performed on one sample of cytosolic extract. 

The western blot showed that while COX IV was detectable in the pellet after centrifugation of 

the homogenate, COX IV is not detectable in the cytosolic extract itself (Figure 58). Thus, 

mitochondrial contamination may be absent from the cytosolic extract, or the level of COX IV is 

below the limits of detection with this antibody. Mitochondrial contamination is likely to be 

variable between different preparations of cytosolic extract due to slight differences in the 

handling of the cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58: Western blot against COX IV in a cytosolic extract preparation. Lane 1: Prestained molecular 

weight marker, lane 2: cell pellet after centrifugation of homogenate during cytosolic extract preparation, 

lane 3: cytosolic extract. 
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Figure 59: Caspase 9 activity in permeabilised HepG2 cells incubated with ferrous and ferric cytochrome 

c. Black line: control cells, blue lines: cells incubated with ferrous and ferric cytochrome c, as labelled. 

 

 

   In addition to the Jurkat cytosolic extract experiments, permeabilised HepG2 cells were 

produced as previously described (Li, et al., 2008). The authors in the aforementioned paper used 

this system to investigate the effect of cytochrome c redox state on caspase 9 activity. During the 

method development process, this system was tried because it might be more reproducible than 

the Jurkat cytosolic extract system for measuring cytochrome c-mediated caspase 9 activation. 

Indeed, one preparation of cells displayed increased caspase 9 activity after incubation with 

ferric cytochrome c and no additional activation of caspase 9 activity by ferrous cytochrome c 

(Figure 59). However, like the Jurkat extract, preparations of permeabilised HepG2 cells were 

not reproducible, and thus the effect of neuroglobin in this system is equivocal. 
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  Ferrous cytochrome c 
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Limitations of the Glo-9 caspase 9 assay  

Others have shown that ferric cytochrome c can induce the activation of caspases in cytosolic 

extracts in the presence of dATP using fluorescence assays (Pan, et al., 1999; Suto, et al., 2005; 

Borutaite, et al., 2007). However, this result was only achieved a handful of times during this 

study. A possible cause of the variability of the outcome of these experiments was contamination 

of the cytosolic extract with cytochrome c. While mitochondrial contamination was not detected 

in a single cytosolic extract by western blot, only a few molecules of released cytochrome c 

would be required for the generation of the caspase signalling cascade (Purring, et al., 1999). 

Thus, just a small degree of mitochondrial damage, the likes of which would be undetectable by 

western blot caused during the process of cytosolic extract preparation may have generated 

caspase activation in many of the individual cytosolic extracts. Furthermore, digitonin was used 

to make the permeabilised HepG2 cell model, as described (Li, et al., 2008). Despite the general 

acceptance that digitonin is specific for the plasma membrane and does not permeabilise the 

mitochondria, digitonin has been shown to cause some release of cytochrome c from the 

mitochondria (Scorrano, et al., 2002).  

   Additionally, the redox state of cytochrome c was not static in these assays. During the 

incubation of cytochrome c with the cytosolic extract in the absence of DTT, cytochrome c was 

reduced within minutes. The presence of 1 mM DTT in the lysis buffer is expected to further 

enhance reduction of cytochrome c (Hampton, et al., 1998), though DTT is necessary to prevent 

oxidation and thus inactivation of the caspases (Borutaite, et al., 2001). Ferrous cytochrome c is 

ineffective in inducing apoptosome formation.  

   Furthermore, the luciferase reaction which produces the luminescent signal in the Glo-9 assay 

is dependent on ATP and/or dATP. Thus addition of dATP to the lysate to form the apoptosome 

could also increase luciferase activity independently of caspase 9. Because of this, assays were 

performed in the absence of added dATP, therefore apoptosome formation, which requires dATP 

will be limited.  

   The Glo-9 assay is also not a cumulative assay like fluorescence assays that were used in the 

previous studies that studied cytochrome c-mediated caspase activity (Pan, et al., 1999; Suto, et 

al., 2005; Borutaite, et al., 2007), so the maximal signal achievable with this system is likely to 

be less than that achieved with fluorescent assays. A new assay was developed in which these 

issues were hoped to be avoided. The results from this assay are shown in the next section.  
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7.2  Direct assay of apoptosome assembly in vitro 

An assay was developed to directly measure apoptosome assembly. To this end, recombinant 

Apaf-1 was produced and incubated with cytochrome c and dATP. Formation of the apoptosome 

from monomeric Apaf-1 was then monitored by resolving the complex on native PAGE. 

 

Apaf-1 expression 

The Apaf-1 pFastBac vector was cloned into the MultiBac strain of E. coli to produce 

recombinant Apaf-1-Multi-Bac Bacmid DNA. Bacmid DNA was transfected into Sf9 cells to 

produce mature viral particles. A titration was performed by incubating the mature virus with Sf9 

cells. The Sf9 cells were harvested after 72 hours and proteins were run on SDS-PAGE (Figure 

60). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60: 10 % SDS-PAGE gel showing total soluble and insoluble proteins and Ni
2+

-NTA pull-down of 

His-tagged recombinant Apaf-1 (from total soluble protein from three MultiBac-Apaf-1 virus titrations 

(1:5,000, 1:10,000, 1:15,000) in 20 mL Sf9 cultures grown for 72 hours). 
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   Total soluble and insoluble fractions from Sf9 cells infected with recombinant Multibac virus 

did not contain a band corresponding to the Apaf-1 protein. However, after Ni
2+

-NTA pull-down 

the His-tagged protein was enriched and a band of the appropriate molecular weight (~140 kDa) 

between the 100-150 kDa bands on the ladder was seen (Figure 60).  

   Expression levels were not discernibly different between the Ni
2+

-NTA pull-downs from the 

1:5,000, 1:10,000 and 1:15,000 virus dilutions; however the cells in the 1:5,000 dilution were 

visibly damaged (as seen under light microscope) by the high viral load after 48 hours. 

Therefore, future cultures were infected with a 1:10,000 dilution of the virus. 

 

 

 

Figure 61: 10% SDS-PAGE gel of the Ni
2+

-NTA purification of recombinant His-tagged Apaf-1 using 

step elution of imidazole. Lane 1: total lysate, 2: flow through, 3: wash, 4: 50 mM imidazole, Lane 5: 

BioRad precision plus MW protein standard, 6: 100 mM imidazole, 7: 150 mM imidazole, 8: 200 mM 

imidazole, 9: 250 mM imidazole.  

 

 

   To make larger quantities of Apaf-1, 100 mL of Sf9 cells were infected with virus and grown 

for 72 hours. The cells were then homogenised in insect cell lysis buffer containing NP-40 

alternative (detergent) and the lysate was centrifuged to remove cell debris. Apaf-1 protein was 

isolated from the total proteins in the lysate by Ni
2+

-NTA affinity chromatography and step 

imidazole elution. The Apaf-1 protein eluted at 150-250 mM imidazole, and the 200 and 250 

mM fractions were pure by visualisation on SDS-PAGE (Figure 61).  
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Figure 62: Western blot of Ni
2+

-NTA purification of recombinant Apaf-1. Left: Western blot with rat 

monoclonal Apaf-1 primary antibody 1:1,500, and anti-rat secondary antibody 1:2,000. Right: Western 

blot with mouse monoclonal 6-Histidine peptide primary antibody 1:3,000, and anti-mouse secondary 

antibody 1:3,000. Lane 1: prestained molecular weight standard, lane 2: total lysate, lane 3: 200 mM 

imidazole, lane 4: 250 mM, ladder, lane 5: prestained molecular weight standard.  

 

 

   Western blotting using monoclonal antibodies against His-tag and Apaf-1 protein showed that 

the total lysate and 200-250 mM imidazole elution fractions contained one immunoreactive band 

at the correct molecular weight (~140 kDa) (Figure 62).  The anti-Apaf-1 Western blot showed 

some faint bands at lower molecular weights in the total lysate and 200 mM imidazole elution. 

These may be contaminants, or degradation products of the His-tagged Apaf-1 protein that are 

not immunoreactive to the anti-His antibody due to degradation of the C- and N- termini. The 

anti-His-tag antibody was used for future Western blots. 
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Apoptosome assembly assays 

Apoptosome formation was carried out in insect cell lysis buffer by incubation of recombinant 

Apaf-1 with equine heart cytochrome c and dATP. Preliminary experiments were performed by 

incubating Apaf-1 with cytochrome c and dATP for various times and at various cytochrome c 

concentrations to determine the optimum conditions required for apoptosome assembly.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63: Native PAGE gel showing the effect of ferric cytochrome c concentration on apoptosome 

formation. Left: Native gel, right: Western blot (Anti-His primary antibody (GE)). 13.4 μL of Apaf-1 was 

incubated with the indicated cytochrome c and dATP concentrations for 2 hours at 4°C. 

 

    

   Monomeric Apaf-1 ran as a single major band of the expected molecular weight on native gels 

(Figure 63). The addition of ferric cytochrome c and dATP to Apaf-1 led to oligomerisation of 

Apaf-1 as shown by the appearance of a band at the expected molecular weight for the 

apoptosome (~700 kDa). Both bands contain Apaf-1, as confirmed by an anti-His tag Western 

blot (Figure 63).  
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   Apoptosome formation was dependant on cytochrome c concentration. A small amount of 

apoptosome was visible at submicromolar levels of cytochrome c, and apoptosome formation 

was maximal at 4 μM cytochrome c (Figure 63). Beyond 4 μM, apoptosome amounts decreased 

slightly, as shown by a reduction of the intensity of the 700 kDa band. Because 1 μM 

cytochrome c produced a small but detectable amount of apoptosome, this concentration was 

used for future experiments.  

 

 

 

 

 

 

 

Figure 64: Native PAGE gel showing the effect of dATP on apoptosome formation. 13.4 μL of Apaf-1 

was incubated with the indicated cytochrome c and dATP concentrations for 2 hours at 4°C. 

 

 

   In this system, apoptosome assembly had an absolute requirement for cytochrome c (Figure 

64). However, small amounts of apoptosome could form in the absence of dATP, thus there was 

not an absolute requirement for dATP. It is unknown whether this is due to low levels of 

endogenous dATP in the Apaf-1 sample or the ability of small amounts of apoptosome to form in 

the absence of dATP. Nonetheless, the addition of dATP was necessary for optimum 

apoptosome formation. 
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Figure 65: Native PAGE gel showing the effect of incubation time on apoptosome formation. 13.4 μL of 

Apaf-1 was incubated with cytochrome c and dATP for the indicated times at 4 °C. 

 

 

   Apoptosome formation was dependent on time, and was rapidly initiated within 2 minutes of 

the start of incubation with dATP and cytochrome c (Figure 65). Oligomerisation of Apaf-1 

continued for several hours and did not reach maximal levels within 3 hours at this limiting 

concentration of cytochrome c (1 μM). At all of the time points, a significant amount of 

monomeric Apaf-1 remained. 
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Figure 66: Native PAGE gel showing the effect of the redox state of cytochrome c on apoptosome 

formation over time. 13.4 μL of Apaf-1 was incubated with the indicated cytochrome c and dATP 

concentrations for the indicated times at 4 °C. 

 

 

   Apoptosome formation was dependent on the redox state of cytochrome c (Figure 66). Ferric 

cytochrome c was the most efficient form of cytochrome c in inducing apoptosome formation. 

Ferrous cytochrome c was much slower at producing apoptosome compared to ferric cytochrome 

c, with the amount of apoptosome produced in one hour being significantly less than the amount 

produced by ferric cytochrome c in two minutes. It is unknown whether the lowered ability of 

ferrous cytochrome c to form the apoptosome was due to small amounts of ferric cytochrome c 

in the ferrous cytochrome c sample, or due to a low intrinsic capability of ferrous cytochrome c 

to induce apoptosome formation. 
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Figure 67: Native PAGE gel showing the effect of ferric wildtype neuroglobin on apoptosome formation. 

13.4 μL of Apaf-1 was incubated with the indicated cytochrome c, neuroglobin and dATP concentrations 

for 2 minutes at 4 °C. 

 

 

   To investigate the role of neuroglobin in the inhibition of cytochrome c-mediated apoptosome 

formation, Apaf-1 was incubated with dATP and ferric cytochrome c in the presence of ferric 

wildtype neuroglobin. Ferric neuroglobin has no discernable effect on apoptosome formation at 

equimolar levels compared to cytochrome c levels, although when the ratio of neuroglobin to 

cytochrome c reached 16:1, there was a slight inhibitory effect (Figure 67). Ferric neuroglobin 

had no effect on the perceived molecular weight of monomeric Apaf-1 in the absence of 

cytochrome c and dATP. 
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Figure 68: Native PAGE gel showing the effect of ferric neuroglobin mutants (16 μM) on apoptosome 

formation. 13.4 μL of Apaf-1 was incubated with 4 μM ferric cytochrome c and 1 mM dATP for 2 

minutes at 4 °C. 

 

 

   Because a 16:1 ratio of ferric wildtype neuroglobin to cytochrome c had a small effect on 

apoptosome formation, the effect of the 16:1 ratios of ferric mutant neuroglobin proteins to 

cytochrome c was investigated (Figure 68). None of the mutant neuroglobin proteins had a large 

inhibitory effect on apoptosome formation (at 16 μM by 280 nm absorption). The K67E,R94E 

and E60K,R66E,E87D mutant neuroglobin proteins appeared to have a slightly enhanced 

inhibitory effect on apoptosome formation compared to the wildtype and other mutant proteins. 
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Figure 69: Native PAGE gel showing the effect of ferric and ferrous neuroglobin on apoptosome 

formation. 13.4 μL of Apaf-1 was incubated with the indicated cytochrome c, neuroglobin and dATP 

concentrations for 2 minutes at 4 °C. 

 

 

   Because ferric neuroglobin had a small inhibitory effect on apoptosome assembly, the effect of 

ferrous neuroglobin was investigated. Wildtype neuroglobin was reduced in an anaerobic hood 

and then incubated with cytochrome c for 2 minutes to allow neuroglobin-mediated reduction of 

cytochrome c before the addition of dATP and Apaf-1. Ferrous neuroglobin was able to almost 

completely abolish apoptosome formation at roughly equimolar levels and superstoichiometric 

levels compared to cytochrome c levels (Figure 69).  
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7.3  Summary of main findings 

 

 The caspase Glo-9 assay was not reproducible, and could have been negatively affected 

by the presence of mitochondrial contamination in the cytosolic extract. 

 The apoptosome assay showed that ferric, but not ferrous cytochrome c efficiently 

initiated apoptosome formation. 

 Super-stoichiometric amounts of ferric neuroglobin had a small inhibitory effect on 

cytochrome c-mediated apoptosome formation. 

 Ferrous wildtype neuroglobin efficiently inhibited apoptosome formation in the presence 

of equal molar amounts of ferric cytochrome c. 
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Chapter Eight 

Discussion 

 

 

8.1  The neuroglobin-cytochrome c interaction 

Since its discovery 11 years ago (Burmester, et al., 2000), a physiological role for neuroglobin 

has been sought by many groups. In particular, an efficient redox reaction was observed between 

neuroglobin and cytochrome c which was hypothesised to reduce cytochrome c released from the 

mitochondria, and thereby prevent apoptosome formation and subsequent activation of the 

apoptotic caspase cascade (Fago, et al., 2006). The broader aims of this thesis were to 

characterise the interaction between neuroglobin and cytochrome c, and to investigate a role for 

neuroglobin in the inhibition of apoptosome formation. 

   The interaction between neuroglobin and cytochrome c is considered to occur by a three-step 

process (Scheme 2): complex formation, followed by electron transfer and then dissociation. The 

overall process is difficult to investigate in a quantitative manner and investigations on the redox 

process are complicated by the rapidity of the process and the rapid autoxidation of ferrous 

neuroglobin (Dewilde, et al., 2001). 

 

Scheme 2: Steps involved in neuroglobin-cytochrome c interaction 

 

Cyt c
3+

 + Ngb
2+

  ↔ [Cyt c
3+

-Ngb
2+

] ↔ [Cyt c
2+

-Ngb
3+

] → Cyt c
2+

 + Ngb
3+

 

 

 

   Thus, this study focussed on the investigation of the interaction between ferric neuroglobin and 

cytochrome c. This was thought to be a valid undertaking because the structures of cytochrome c 

and neuroglobin do not change significantly between the ferric and ferrous states (Takano, et al., 

1981a; Takano, et al., 1981b; Pesce, et al., 2003; Arcovito, et al., 2008), with the exception of a 

slightly more dynamic backbone for cytochrome c in the ferric state (Fetrow and Baxter, 1999). 

It should be noted that the redox status of the “ferric neuroglobin” crystal structure has been 
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brought into question due to the observation of rapid reduction of the heme iron under X-rays 

(Arcovito, et al., 2008). Furthermore, extensive structural, mutational and theoretical studies on 

the classic electron transfer complex of cytochrome c-cytochrome c peroxidase have been 

performed with both proteins in the ferric state (Erman, et al., 1980; Pelletier, et al., 1992; Erman, 

et al., 1997; Bashir, et al., 2010). 

 

Investigations of complex formation 

Initial studies indicated that complex formation between ferrous neuroglobin and ferric 

cytochrome c was very rapid (ka = 2 ×10
7
 M

-1
 s

-1
), and exhibited weak protein-protein binding 

(Fago, et al., 2006).  

   The current study has shown a weak complex formation (KD = 27-56 µM) between ferric 

neuroglobin and ferric cytochrome c (Chapter 6). The range associated with the measurement of 

KD is within the typical range associated with Surface Plasmon Resonance measurements 

(Fischer, et al., 2001; Mathur, et al., 2007). The neuroglobin-cytochrome c interaction was 

strongly dependent on ionic strength. In addition, the neuroglobin-cytochrome c interaction is 

driven by a large change in entropy (∆S = 14.8 cal deg
-1

 mol
-1

 at 37 °C) and a small change in 

enthalpy (∆H = 1.9 kcal mol
-1

). These studies are consistent with complex formation that is 

largely driven by the exclusion of water molecules from the interface. The rapid association 

described by Fago, et al., (2006) is thought to be in part mediated by large charge dipoles that are 

expected to pre-orientate the molecules at long-range. Furthermore, neuroglobin and cytochrome 

c are oppositely charged (pI = 4.6 and 10.2, respectively) and the experimental data is consistent 

with a complex that is largely electrostatic in nature. Although the stoichiometry of the 

interaction could not be determined by SPR, the complex is predicted to be 1:1. 

  The characteristics of the interaction between neuroglobin-cytochrome c are comparable to 

those observed for the extensively studied cytochrome c-cytochrome c peroxidase interaction. 

This interaction is predominantly driven by electrostatic attraction (Altschul, et al., 1940), and 

displays a rapid second order association rate constant of k = 1 × 10
8
 M

-1
 s

-1
 (Hahm, et al., 1993). 

Furthermore, the interaction has a weak affinity (KD = 10 μM) and is also associated with a small 

change in enthalpy of ∆H = 2.2 kCal mol
-1

, and a large change in entropy of ∆S = 30.8 cal deg
-1

 

mol
-1 

at 25 °C (Erman, et al., 1980; Erman, et al., 1997).  
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   Electron transfer complexes generally exhibit weak complex binding and rapid association 

rates. This allows for the rapid turnover that is necessary for the physiological function of many 

electron transfer complexes (Veerman, et al., 1982; Erman, et al., 1997; Pielak, et al., 2001). 

Many redox proteins need to be able to interact with multiple partners, and thus they also tend to 

have reduced specificity for individual partners.  

 

Mechanisms of complex formation 

A specific complex is known to be required in enzymes for which only one „lock and key‟ 

conformation is functional, and this prevents non-specific interactions. In the case of redox 

reactions, it is well recognised that electron transfer normally occurs via electron tunnelling, a 

process which requires only close, but not a specific ‟lock and key‟ mechanism of docking 

(Moser, et al., 1992; Xu, et al., 2008; Brittain, 2008). These interactions often take place via 

„dynamic‟ docking, causing the formation of „encounter‟ complexes (Volkov, et al., 2005; Pielak, 

et al., 2001; Xu, et al., 2008; Xiong, et al., 2009; Liang, et al., 2002a). The encounter complexes 

are complexes of multiple orientations of relatively little specificity but similar energy (Figure 70) 

(Liang, et al., 2002b).  
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Figure 70: A comparison of the energies of: (A) specific complex formation, and (B) encounter complex 

formation (modified from Liang, et al., 2002b). 

 

 

   Within the „ensemble‟ of encounter complexes, a small number of specific complexes are 

capable of efficient electron transfer (Liang, et al., 2002b; Bashir, et al., 2010). Experiments on 

the barnase-barnstar interaction led to the hypothesis that the encounter complexes function to 

bring the two partners into a non-specific orientation, such that the proteins can sample the 

interface surface of their partner, thereby reducing the dimensionality of the search for the 

specific, electron transfer complex (Gabdoulline, et al., 1997; Gabdoulline, et al., 1999). The 

interaction between cytochrome c and cytochrome c peroxidase is similarly thought to occur via 

encounter complexes (Figure 71) (Bashir, et al., 2010). 

 

 

A                            B 
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Figure 71: Cytochrome c-cytochrome c peroxidase encounter complexes. A: CcP is the target, B: 

cytochrome c is the target. The centre of mass of cytochrome c and CcP molecules in (A) and (B), 

respectively, are shown as spheres with density distributions ranging from red to blue (Bashir, et al., 

2010). 

 

 

The structure of encounter complexes  

Molecular docking simulations are commonly used in addition to experimental data to predict 

the structure of protein-protein complexes. Molecular modelling simulations were used to dock 

neuroglobin and cytochrome c.  

   A surface over the exposed heme edge of neuroglobin was highly populated by cytochrome c 

in the top globally ranked complexes. The range of orientations over a restricted surface 

observed in this ensemble is consistent with encounter complex formation. About 30% of the top 

globally ranked complexes bring the heme edges close together. However, when the complexes 

were ranked by the hydrophobics parameter, almost all of the top ranked complexes brought the 

heme edges close together. Complex formation between these surfaces is consistent with pre-

alignment of the proteins in this orientation due to the charge dipoles. Hydrophobic interactions 

may thus help to stabilise the complex in addition to electrostatic interactions, a phenomenon 

also described for the cytochrome b5-cytochrome c, azurin-cytochrome c551 and cytochrome c 

oxidase-cytochrome c6/plastocyanin complexes (Ren, et al., 2004; Bizzari, et al., 2007; Hart, et 

al., 2008).  

A                                                        B 
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   In order to fully characterise the neuroglobin-cytochrome c interaction, a structure of the 

specific electron transfer complex was sought. However, because of the fast turnover and 

dynamic nature of many electron transfer complexes, their structures are difficult to study by 

traditional crystallographic techniques (Bizzarri, et al., 2007), and only a handful of structures 

have therefore been published (Pelletier, et al., 1992; Chen, et al., 1992; Chen, et al., 1994; 

Kurisu, et al., 2001; Lange, et al., 2002; Leys, et al., 2003; Toogood, et al., 2004, Sukumar, et al., 

2006). Indeed, crystallisation trials of equimolar mixtures of cysteine-free neuroglobin and 

cytochrome c failed to produce crystals of the complex; rather neuroglobin alone crystallised 

from this mixture (Chapter 4). Key residues on the interface in a protein complex can be 

determined using Paramagnetic relaxation enhanced NMR spectroscopy (Bashir, et al., 2010); 

however this technology was unavailable to us. 

 

The predicted neuroglobin-cytochrome c interface 

From the „ensemble‟ of encounter complex structures generated with BiGGER, a unique putative 

specific complex structure was chosen which had a low global energy score and a small Fe-Fe 

distance (13.4 Å) and represented the most common interface employed by the highly ranked 

complexes. This structure showed an interface encompassing the surfaces around the exposed 

heme edge of each protein. This surface of cytochrome c is also used for its interactions with 

cytochrome c oxidase, cytochrome b5, cytochrome c peroxidase and Apaf-1 (Roberts, et al., 1999; 

Ren, et al., 2004; Bashir, et al., 2010; Purring-Koch, et al., 2000), and residues on this surface of 

neuroglobin are important in binding to Gαi for the guanine nucleotide dissociation activity of 

neuroglobin (Kitatsuji, et al., 2007). 

   The interface in the putative specific complex structure is large, and consists of two helices and 

the exposed heme edge of neuroglobin, and three loops and the exposed heme edge of 

cytochrome c. Most other low energy complexes produced by the BiGGER calculations had 

smaller interfaces. Previous experiments have shown that there is a proportional relationship 

between the size of the interface and the favourability of complex formation (Conte, et al., 1999).  

   Close inspection of these surfaces after energy minimisation of the complex predicted residues 

(E60, R66 and E87) that hydrogen bonded to cytochrome c. Furthermore, two residues were 

predicted to exhibit charge-charge repulsion (K67 and R94). Mutations of these residues were 

introduced to produce mutant neuroglobin proteins and BiGGER calculations and SPR 
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measurements were made to determine the effect of these mutations on the interface and affinity 

for cytochrome c compared with the wildtype neuroglobin protein. Several of the mutant 

neuroglobin protein samples contained significant amounts of apo-neuroglobin. The source of 

apo-neuroglobin could have been attributable to the loss of heme coordination after folding, or 

polypeptide folding occurring in the absence of sufficient heme. 

 

Glutamic acid 60 

In the putative specific complex, glutamic acid 60 was predicted to bind to lysine 72 of 

cytochrome c. Glutamic acid 60 is also necessary for the interaction with Gαi (Kitatsuji, et al., 

2007). Lysine 72 of cytochrome c is also important for its interactions with cytochrome c 

peroxidase, cardiolipin and Apaf-1 (Kluck, et al., 2000, Hao, et al., 2005; Erman, et al., 1997; 

Kagan, et al., 2009).    

   The E60K mutation increased affinity (KD = 26 +/- 1.3 μM, compared to 56 +/- 2 μM for 

cysteine-free mutant neuroglobin). Energy minimisation of the mutated complex structure did 

not predict any new hydrogen bonds to cytochrome c. However, a significant amount of apo-

neuroglobin was found in the mutant 60 neuroglobin sample, and apo-neuroglobin was 

previously shown to increase the affinity of wildtype neuroglobin. Thus apo-neuroglobin could 

be a source of the increase in the apparent affinity of this mutant. The source of the apo-

neuroglobin is unknown; however glutamic acid 60 was shown to form a hydrogen bond with 

tyrosine 44, a residue which interacts with the heme propionates, thereby stabilising heme 

coordination (Giuffrè, et al., 2008).  

 

Arginine 66 

Arginine 66 was predicted to form a hydrogen bond with aspartic acid 50 in the putative specific 

complex. Mutation of arginine 66 to glutamic acid slightly increased the affinity for cytochrome 

c (KD = 36 +/- 6 μM compared to 56 +/- 2 μM for cysteine-free mutant neuroglobin). The change 

in affinity is not attributable to apo-neuroglobin because the sample contained ~100 % holo-

neuroglobin. 

   Energy minimisation of the mutated complex structure predicted that the hydrogen bond 

between aspartic acid 50 and the residue at position 66 is not lost by the mutation, and an 
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additional hydrogen bond is formed between the mutated glutamic acid 66 residue and lysine 53 

of cytochrome c. This extra hydrogen bond may increase the affinity of the complex.  

 

Lysine 67 

Lysine 67 of neuroglobin was predicted to project out into the proposed interface in the 

neuroglobin-cytochrome c putative specific complex and clash with lysine 79 of cytochrome c. 

Mutation of lysine 67 to glutamic acid slightly increased affinity for cytochrome c (KD = 37 +/- 5 

μM compared to 56 +/- 2 μM for cysteine-free mutant neuroglobin). The mutation was predicted 

to result in two additional hydrogen bonds forming between glutamic acid 67 and lysine 79 after 

energy minimisation of the complex.  

   Spectroscopic measurements showed that the K67E protein sample contained ~50 % 

pentacoordinate and ~50 % apo-neuroglobin. The presence of apo-neuroglobin in the sample 

may have impacted on the measured binding affinity. The origin of the apo-neuroglobin in this 

mutant is unknown, lysine 67 forms electrostatic interactions with heme propionates, and is thus 

likely to stabilise the coordination state of the heme. The loss of hexacoordination was also 

predicted by energy minimisation of the mutated neuroglobin protein structure. In other studies, 

mutation of lysine 67 to hydrophobic or polar uncharged residues did not change the 

coordination state of the heme (Nienhaus, et al., 2004; Uno, et al., 2004).  

    

Glutamic acid 87 

Glutamic acid 87 was predicted to form a hydrogen bond with lysine 25 in the putative specific 

complex. The glutamic acid 87 to aspartic acid mutation was the only mutation to cause a 

dramatic change in the affinity of the neuroglobin-cytochrome c complex (KD = 274 +/- 190 μM 

compared to 56 +/- 2 μM for cysteine-free mutant neuroglobin). However, because the 

substitution was for a similarly charged residue, the origin of this effect was not immediately 

obvious and was thus investigated by molecular dynamics.  

   In the energy minimised putative specific complex, glutamic acid was predicted to form a 

double hydrogen bond with the lysine 25 sidechain (Figure, panel A). However, when the 

glutamic acid is mutated to aspartic acid, only one hydrogen bond was predicted to form between 

the sidechains (Figure, panel B). Furthermore, the hydrogen bonds predicted to form between 

glutamic acid 87 and lysine 25 in the putative specific complex of the wildtype proteins could be 
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stronger than the other hydrogen bonds buried in the interface due to the flexibility of these 

residues in solution enabling optimum hydrogen bonding to occur. In addition, there is a 

difference in strength of buried hydrogen bonds and hydrogen bonds at the periphery of the 

interface due to differences in hydration of the residues (Xu, et al., 1997). Thus, removing these 

hydrogen bonds in the E87D mutant could have a larger effect than removing other hydrogen 

bonds buried in the interface in the other mutants. This predicted H-bonding difference could 

contribute to the observed decrease in binding affinity.  

   Energy minimisation of the mutated complex structure also predicted a change in the structure 

of both the neuroglobin and cytochrome c surfaces at and around the complex interface (Figure 

72, panel B) compared to the energy minimised complex structure of the cysteine-free mutant 

(Figure 72, panel A). These predicted structural changes could alter the interactions across the 

interface, and thereby decrease affinity. 
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Figure 72: Energy minimisation of the E87D mutant and cysteine-free mutant neuroglobin-cytochrome c 

putative complexes. Neuroglobin is shown in green and cytochrome c is shown in magenta. A: Cysteine-

free mutant neuroglobin complex structure after energy minimisation, B: Mutant 87 neuroglobin complex 

structure after energy minimisation.  
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Arginine 94 

From the putative specific complex structure, arginine 94 was predicted to clash with lysine 27 

on cytochrome c. The R94E mutation did not significantly change affinity (KD = 66 +/- 6 μM 

compared to 56 +/- 2 μM for the cysteine-free mutant neuroglobin). After energy minimisation, 

the mutated glutamic acid 94 was predicted to form a hydrogen bond with lysine 27.  

 

Double mutant K67E,N94E 

The double mutant consisted of mutations to two residues that were predicted to clash with 

cytochrome c residues in the putative specific complex. This mutant had a significantly increased 

affinity (KD = 21 +/- 3 μM compared to 56 +/- 2 μM for the cysteine-free mutant neuroglobin). 

The binding constants of the individual mutations were KD = 37 +/- 5 μM and 66 +/- 6 μM for 

the K67E and N94E mutants, respectively. Thus, the affinity of the double mutant was 

significantly higher than the affinity of both the single mutants and thus the affinity of the double 

mutant was not additive.  

   In the mutated, energy minimised putative specific complex 15 hydrogen bonds were predicted 

to form between double mutant neuroglobin and cytochrome c, compared to just 12 hydrogen 

bonds and 8 hydrogen bonds in the single K67E and R94E mutants, respectively. Thus, hydrogen 

bonding could make complex formation more favourable for the double mutant than for the 

single mutants. Furthermore, like the K67E mutant the double mutant contained apo-neuroglobin 

and the remaining globin was pentacoordinated. Thus, affinity may have been affected by the 

presence of apo-neuroglobin.  

 

Triple mutant E60K,R66E,E87D 

Contrary to the double mutant, the triple mutant consisted of mutations to three residues that 

were predicted to form specific interactions with cytochrome c residues in the putative specific 

complex. This mutant exhibited increased affinity (KD = 25 +/- 4 μM compared to 56 +/- 2 μM 

for the cysteine-free mutant neuroglobin). The binding constants of the individual mutants were 

KD = 12 +/- 1, 36 +/- 6 and 274 +/- 190 μM for the E60K, R66E and E87D mutations, 

respectively. Thus, these three single mutations do not have a simple additive effect on binding 

affinity.  
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   In terms of hydrogen bonding across the interface in the putative specific complex after energy 

minimisation, the triple mutant was predicted to have a total of 12 hydrogen bonds, whereas the 

single mutants had 8, 13 and 10 hydrogen bonds, for the E60K, R66E and E87D, respectively. 

Thus, the increase in measured affinity may not be attributable to hydrogen bonding alone, in the 

putative specific complex. The E60K,R66E,E87D mutant contained a significant amount of apo-

neuroglobin, most likely arising from the E60K mutation which also caused the loss of the heme 

in the single mutant. And thus likewise, the increase in measured binding affinity could be 

affected by apo-neuroglobin.  

 

Interpretation of mutational studies 

The majority of the mutant proteins showed only small changes in their affinity for cytochrome c 

(Figure 73). 

 

 

Figure 73: Comparison of binding constants of mutant neuroglobin proteins (determined by SPR in 10 

mM Tris, 0.5 mM DTT, 0.5 mM EDTA pH 7.4, 25 °C on CM4 sensor chip). Red line indicates the range 

90 % confidence of the KD value calculation. 
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   Mutational studies on the cytochrome c-cytochrome c peroxidase complex also showed little 

change in affinity for the majority of the mutant cytochrome c peroxidase proteins (Erman, et al., 

1997). This was attributed to single mutations to oppositely charged residues at the interface of 

the largely entropic complex being likely to be similarly hydrated compared to the wildtype 

residue, and therefore causing little change to the overall entropy. Additionally, single 

interactions in a weak complex are likely to be intrinsically weak or else countered by a repulsive 

force, and thus removal of a weak interaction is unlikely to have a large effect on overall 

complex stability. 

   Since the Erman, et al., (1997) study, an encounter complex mode of interaction for 

cytochrome c-cytochrome c peroxidase has been proposed (Bashir, et al., 2010). This is 

consistent with the small changes in affinity observed for the mutant proteins in the Erman, et al., 

(1997) study because each encounter complex binds with a unique affinity, however the 

measured binding affinity is an average of all of the affinities observed for all of the encounter 

complexes. Thus, a mutation that prevents a single subset of encounter complex 

conformations may simply enhance the likelihood of alternative, similar energy 

conformations, without dramatically changing the overall binding affinity.  

   The mutational studies, together with the docking simulations in this study are consistent with 

encounter complex formation between neuroglobin and cytochrome c. Similarly to the 

cytochrome c-cytochrome c peroxidase interaction, the neuroglobin-cytochrome c interaction has 

weak binding affinity and is associated with a large change in entropy. Thus, the little change in 

affinity observed for the majority of the neuroglobin mutants could be explained in the context of 

the cytochrome c-cytochrome c peroxidase studies (Erman, et al., 1997; Bashir, et al., 2010).  
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8.2  The redox state of cytochrome c regulates apoptosome formation 

The mitochondrial pathway of apoptosis is a major contributor to cell death in human conditions 

such as cerebral ischemia (Pérez-Pinzón, et al., 1999; Panov, et al., 2002). The defining step of 

this pathway is the permeabilisation of the outer mitochondrial membrane and release of 

cytochrome c into the cytosol (Liu, et al., 1996), where it initiates the formation of the caspase 9 

activating scaffold known as the apoptosome (Li, et al., 1997). Importantly, several groups have 

shown that the heme iron of cytochrome c may need to be in the ferric state to initiate 

apoptosome formation (Pan, et al., 1999; Suto, et al., 2005).  

   As discussed in part one of this chapter, neuroglobin has been shown to form a complex with 

cytochrome c. This part of the discussion will consider the importance of the second stage of the 

interaction; the reduction of cytochrome c in terms of inhibiting cytochrome c-mediated 

apoptosome formation. To investigate this hypothesis several experiments were performed, 

firstly to better characterise the importance of the redox state of cytochrome c in the initiation of 

apoptosome formation, and secondly to test the effect of neuroglobin on cytochrome c-mediated 

apoptosome formation. 

 

Ferric cytochrome c is required to form the apoptosome 

Previously, contradictory reports have been published on the importance of cytochrome c redox 

state in the initiation of apoptosome formation and subsequent caspase activation (reviewed by 

Hancock, et al., 2001; Brown, et al., 2008). The earliest report described experiments in which 

the iron in the heme of cytochrome c was substituted for redox inactive copper or zinc, which 

was able to activate caspases similarly to the wildtype protein in a Xenopus cell-free system 

(Kluck, et al., 1997). Thereafter, another report showed that apo-cytochrome c was less capable 

of inducing caspase activation in cytosolic extracts compared to holo-cytochrome c (Hampton, et 

al., 1998). Subsequently, ferric cytochrome c was shown to undergo heme iron reduction in 

cytosolic extracts. Though, when the redox state of holo-cytochrome c was maintained in situ by 

addition of cytochrome c oxidase or cytochrome c reductase, caspase activation was increased or 

decreased, respectively (Borutaite, et al., 2007). Additionally, others have shown that ferric 

cytochrome c is capable of inducing caspase activation in cytosolic extracts in the absence of 

added cytochrome c oxidase, with ferrous cytochrome c having a diminished ability to form the 

apoptosome (Pan, et al., 1999; Suto, et al., 2005).  
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   In order to determine the importance of the redox state of cytochrome c on apoptosome 

formation in this study, a caspase activation assay similar to the experiments used in the later two 

studies (Pan, et al., 1999; Suto, et al., 2005) was developed. However, the experiments were 

complicated by many factors including reduction of ferric cytochrome c in the cytosolic extracts 

(as referred to in Chapter 7.1). Thus, an apoptosome formation assay was developed (Chapter 

7.2). In this study, apoptosome formation was achieved by incubating recombinant Apaf-1 with 

cytochrome c and dATP. Apoptosome formation was found to absolutely require cytochrome c, 

and was dependent on cytochrome c concentration. Furthermore, apoptosome formation was 

rapid in the presence of ferric cytochrome c, but very slow in the presence of ferrous cytochrome 

c, a result which is consistent with the later two studies (Pan, et al., 1999; Suto, et al., 2005).  

   The mechanism by which ferric cytochrome c supports apoptosome formation, but ferrous 

cytochrome c does not is unknown at this time. However, small redox-mediated structural 

changes of cytochrome c are conserved from Baker‟s yeast to fish through to mammals (Calvert, 

et al., 1997). The redox state of cytochrome c regulates apoptosis by other means. For example, 

ferric cytochrome c is capable of peroxidising cardiolipin in cells undergoing apoptosis, an event 

that could allow the release of membrane-bound cytochrome c into the cytosol (Shidoji, et al., 

1997; Ott, et al., 2002; Kagan, et al., 2005; Belikova, et al., 2006). Cytochrome c oxidation also 

enhances its own detachment from membranes (Nantes, et al., 2001). Furthermore, ferric 

cytochrome c can cause oxidation and therefore externalisation of phosphotidylserine, a 

fundamental signal that is presented to phagocytotic cells in the final stages of apoptosis (Kagan, 

et al., 2000; Jiang, et al., 2003; Kagan, et al., 2004).  

   The redox state of cytosolic cytochrome c could be seen as an important switch during 

apoptosis, and is largely controlled by the redox state of the cytosol (Ripple, et al., 2010). The 

redox state of the cytosol is not static, and becomes more oxidising during apoptosis (Chen, et al., 

2003b). The proapoptotic activity of several other proteins in the apoptotic pathways such as AIF, 

the mitochondrial permeability transition pore and Bcl-2 family protein Bax are also known to be 

regulated by their redox state (Petronilli, et al., 1994; Churbanova, et al., 2008; Norberg, et al., 

2010; Klein, et al., 2002; D‟Alessio, et al., 2005).  
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Neuroglobin inhibits the pro-apoptotic activity of cytochrome c 

Previously, rapid reduction of cytochrome c by ferrous neuroglobin was observed (Fago, et al., 

2006). Thus, to explore the role of neuroglobin in preventing apoptosome formation, neuroglobin 

was incubated with cytochrome c in the presence of Apaf-1 and dATP. Ferric neuroglobin had 

no observable effect on apoptosome formation when present at a 1:1 molar ratio with ferric 

cytochrome c. However, ferric neuroglobin slightly decreased apoptosome formation when 

present at a 16:1 ratio compared to ferric cytochrome c, and this inhibitory effect seems to be 

slightly enhanced in the two mutant neuroglobin proteins with the highest affinity for 

cytochrome c (K67E,N94E and E60K,R66E,E87N). These studies are in agreement with single 

cell Monte Carlo simulations that suggest that ferric neuroglobin has a small capacity to prevent 

ferric cytochrome c-mediated caspase 9 activation (Raychaudhuri, et al., 2010).  

   However, apoptosome formation is almost completely inhibited at ~ 1:1 and higher ratios of 

ferrous neuroglobin to ferric cytochrome c. Monte Carlo single cell simulations agree that 

ferrous neuroglobin is much more effective at preventing caspase activation than ferric 

neuroglobin (Raychaudhuri, et al., 2010).  

   Taken together, these results suggest that complex formation alone between ferric neuroglobin 

and ferric cytochrome c may have a small inhibitory effect on apoptosome formation, but 

neuroglobin must be reduced in order to significantly inhibit apoptosome formation initiated by 

cytochrome c. 

   These results are consistent with what is known about the association rate constants and 

binding affinity for the neuroglobin-cytochrome c and cytochrome c-Apaf-1 interactions. Apaf-1 

and neuroglobin are both thought to bind to the same surface over the heme edge of cytochrome 

c (Yu, et al., 2001; This study), and would thus directly compete for this binding site on 

cytochrome c. The cytochrome c-Apaf-1 complex has extremely high affinity (K = 0.1 pM to 0.4 

μM depending on ionic strength) and a very rapid association rate constant (ka = 10
7
 M

-1
 s

-1
) 

(Purring, et al., 1999; Purring-Koch and McLendon, 2000). While the second order rate constant 

of the neuroglobin-cytochrome c interaction is rapid, the binding affinity is several orders of 

magnitude lower than the cytochrome c-Apaf-1 interaction (K = 50 μM). Thus, in the presence 

of equimolar amounts of ferric neuroglobin, the ferric cytochrome c-Apaf-1 interaction will not 

be significantly inhibited by direct competition, and apoptosome formation will proceed. 

However, in the presence of ferrous neuroglobin, ferric cytochrome c would be rapidly reduced, 
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rendering it incapable of initiating apoptosome formation. In this way, ferrous but not ferric 

neuroglobin has a significant inhibitory effect on apoptosome formation.  

 

Physiological significance 

Neuroglobin is well known to protect from cell death caused by a number of different stressors; 

however the mechanism of this protection has been less well defined. Some of the hypotheses for 

neuroglobin-mediated cell protection have been largely disregarded because the mechanisms 

proposed to occur are not feasible (Chapter 1.2).  

   There is evidence to suggest a role for ferric neuroglobin as a guanine nucleotide dissociation 

inhibitor (GDI). A by-product of the neuroglobin-cytochrome c reaction is ferric neuroglobin, 

thus the cytochrome c reducing and GDI functions of neuroglobin are complementary. The GDI 

activity of ferric neuroglobin is capable of indirectly inhibiting IP3 production by inactivation of 

the PLC/PIP2 pathway, which would inhibit release of calcium from the ER via the IP3R. This 

could be important in prevention of calcium-mediated apoptosis. However, the important amino 

acids that confer this GDI function in human neuroglobin are absent in the zebrafish protein 

(Wakasugi, et al., 2005a; Wakasugi, et al., 2005b; Wantanabe, et al., 2008b), so this function is 

not fully conserved and thus the GDI function of neuroglobin may not be evolutionarily 

significant.  

   A role for neuroglobin in lipid microdomain signalling by modulation of flottilin 1, Na
+
,K

+
-

ATPase, Rac1, Pak1 kinase and PI3K activities has been suggested (Xu, et al., 2003; Wakasugi, 

et al., 2004a; Khan, et al., 2008; Antao, et al., 2010). These preliminary studies could suggest a 

role in the protection of cells from hypoxia; however more studies need to be performed to 

confirm this role. 

   When the tissue expression profile of neuroglobin was considered, a plausible hypothesis for a 

physiological role for neuroglobin was developed by Fago, et al., (2008). Neuroglobin is most 

highly expressed in neuronal, retinal and endocrine cells (Hankeln, et al., 2005). Extreme 

cytosolic calcium oscillations from a resting level of ~100 nM to over ~1 mM (Werth, et al., 

1994; Tatsumi, et al., 1988) are a fundamental signalling activity for all three of these cell types 

(Pasti, et al., 1997; Peterson, et al., 1997; Thomas, et al., 1996). However, high levels of 

cytosolic calcium are also a potent pro-apoptotic signal, most notably during cerebral ischemia 

(Kristiàn, et al., 1994; Silver, et al., 1990). High levels of cytosolic calcium are capable of 
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causing „accidental‟ release of small amounts of cytochrome c and thereby „accidental‟ apoptosis 

(Nakayama, et al., 1988; Hajnóczky, et al., 1995; Szalai, et al., 1999; Kruman, et al., 1999; 

Purring, et al., 1999; Crompton, 2000; Brustovetsky, et al., 2002). Furthermore, cytochrome c 

mediates a positive feedback mechanism by interacting with the Inositol (1,4,5) triphosphate 

receptor, causing further calcium release (Blackshaw, et al., 2000; Boehning, et al., 2003). Thus, 

only small amounts of cytochrome c need to be released to initiate apoptosis (Purring, et al., 

1999). For these reasons, the mitochondrial release and the redox state of cytosolic cytochrome c 

must be very tightly controlled to prevent unwanted cell death. 

   The reducing potential of the cytosol has the capacity to reduce released cytochrome c, 

however this reduction is not rapid (Ripple, et al., 2010). In contrast, the reduction of 

cytochrome c by neuroglobin is extremely rapid (Fago, et al., 2006). The low oxygenation of the 

neuronal and retinal tissues (Linsenmeier, 1986; Laughlin, et al., 1998) would suggest that a 

large proportion of the neuroglobin molecules would be in the deoxy ferrous state (Fago, et al., 

2004). Furthermore, the proportion of ferrous neuroglobin would be increased during ischemia 

due to the decreased oxygenation of the tissues, which would enhance neuroglobin-mediated 

reduction of cytochrome c. 

   Neuroglobin tends to be located near the mitochondria (Schmidt, et al., 2003; Bentman, et al., 

2005; Mitz, et al., 2009). This pool of neuroglobin would be capable of rapidly reducing small 

amounts of „accidentally‟ released ferric cytochrome c, thereby preventing apoptosome 

formation. However, the pool of neuroglobin would be flooded in the event of a large death 

signal causing the release of a large amount of cytochrome c, because human tissues reduce 

neuroglobin slowly (Trandafir, et al., 2007). Thus, if the death signal is weak enough to be 

quenched by neuroglobin, apoptosome formation will be prevented; but in the case of cells that 

have received a strong, apoptotic signal, the post-mitochondrial activation of caspases will 

proceed (Figure 74). 

   This hypothesis is in agreement with an in vivo cerebral ischemia model in which 

overexpression of neuroglobin does not protect cells receiving a strong death signal in the infarct 

core, but cells exposed to a weaker death signal in the penumbra survive (Sun, et al., 2001). 

Additionally, neuroglobin overexpression has been shown to inhibit the release of calcium into 

the cytosol and increase viability of cultured human neurons exposed to hypoxia (Duong, et al., 
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2009), which is consistent with decreased cytochrome c-mediated calcium release via the IP3 

receptor. 

Cyt c3+

Stress signal

Ngb 2+ Ngb 3+

Cyt c 2+ 

Cell survivalCell death

 
 

 
Figure 74: A basic schematic diagram showing the protective activity of ferrous neuroglobin in the 

mitochondrial pathway of apoptosis. 

 

 

8.3  Concluding remarks 

This study provides evidence for a role of neuroglobin in prevention of apoptosome formation, a 

role that is consistent with numerous previous observations of in vitro and in vivo neuroglobin-

mediated protection against cell death. Experimental data and molecular docking suggest that the 

neuroglobin-cytochrome c interaction occurs by an electrostatically dominated encounter 

complex mechanism in which the surfaces encompassing the exposed heme edge on both 

proteins are predicted to form the binding interface. These encounter complexes are thought to 

allow rapid electron transfer to cytochrome c, which thereby inhibit cytochrome c-mediated 

apoptosome formation. This is of particular importance in neuronal, retinal and endocrine cells in 

which neuroglobin is highly expressed, because they are regularly exposed to calcium signals. 

Thus, neuroglobin may function to „reset‟ the trigger level of cytosolic cytochrome c required for 

initiation of apoptosome formation in the mitochondrial pathway of apoptosis. This role could be 
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complemented by the integration of various signalling mechanisms as suggested by Brittain, et 

al., (2010) (Figure 75). 
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Figure 75: Integrated role for neuroglobin in the prevention of cell death (modified from Brittain, et al., 

(2010)). It should be noted that the neuroglobin redox state required for its interactions with PI3K, Pak1 

and Rac1 are unknown. The pathways shown for Gβγ and PI3K are representatives for their roles in cell 

death pathways. 

 

 

   In the future, studies such as paramagnetic relaxation enhanced NMR spectroscopy could be 

used to better characterise the neuroglobin-cytochrome c interface in a similar manner to those 

experiments performed for the cytochrome c-cytochrome c peroxidase interaction (Bashir, et al., 

2010). In addition, kinetic experiments could be performed for the ferrous mutant neuroglobin 

proteins to show if the differences in binding affinity translate to differences in the electron 

transfer process. This could be complemented by studying the effect of the ferrous mutant 
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proteins on the inhibition of cytochrome c-mediated apoptosome formation. Such studies could 

increase our knowledge of the importance of key residues in the interface. 

   To learn more about the regulation of the mitochondrial pathway of apoptosis, a greater insight 

into the mechanism by which ferric cytochrome c initiates apoptosome formation should be 

sought. By understanding more about the cytochrome c-Apaf-1 and neuroglobin-cytochrome c 

interfaces, we could perhaps develop tools to block apoptosis at the level of apoptosome 

formation, a critical switch that „turns on‟ the mitochondrial pathway of apoptosis, causing cell 

death in a plethora of human diseases. 
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Appendix 
 

 

Neuroglobin Primers 

Neuroglobin cloning primer sequences 

hNGB pET F primer 5‟- G GAA TTC CAT ATG GAG CGC CCG GAG CCC GAG CTG AT -

3‟ 

hNGB pET R primer 5‟- CG GGA TCC CGC CTC TTA CTC GCC ATC CCA -3‟ 

hNGB pcDNA F primer 5‟- C GGG GTA CCT CCC CGG GAC AGC ATG GAG CG -3‟ 

hNGB pcDNA R primer 5‟- C TAG TCT AGA CGC CTC TTA CTC GCC ATC CCA -3‟ 

 

Neuroglobin site-directed mutagenesis primers 

megaprimer 1  CTCTTCCAGTACAACTGCCGCCAGTTCTC 

megaprimer 2  AGCCCAGAGGACTGTCTCTCCTCGCCTG 

megaprimer 3  ACATGCTGGAGAAGTGTCTGGGCCCTGCCT 

 

 

Mutant neuroglobin sequences 

Cysteine-free mutant neuroglobin 

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTGAGTTCCTGGACCACATCAGGAAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGAGTACCTTGCCAGCCTGGGCAGGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 
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E60K mutant sequence 

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTAAGTTCCTGGACCACATCAGGAAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGAGTACCTTGCCAGCCTGGGCAGGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 

 

 

R66E mutant sequence 

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTGAGTTCCTGGACCACATCGAGAAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGAGTACCTTGCCAGCCTGGGCAGGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 

 

 

K67E mutant sequence 

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTGAGTTCCTGGACCACATCAGGGAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGAGTACCTTGCCAGCCTGGGCAGGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 
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E87D mutant sequence  

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTGAGTTCCTGGACCACATCAGGAAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGACTACCTTGCCAGCCTGGGCAGGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 

 

 

R94E mutant 

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTGAGTTCCTGGACCACATCAGGAAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGAGTACCTTGCCAGCCTGGGCGAGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 

 

 

Double mutant K67E,R94E sequence 

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTGAGTTCCTGGACCACATCAGGGAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGAGTACCTTGCCAGCCTGGGCGAGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 
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Triple mutant E60K,R66E,E87D sequence 

ATGGAGCGCCCGGAGCCCGAGCTGATCCGGCAGAGCTGGCGGGCAGTGAGCCGCAG

CCCGCTGGAGCACGGCACCGTCCTGTTTGCCAGGCTGTTTGCCCTGGAGCCTGACCT

GCTGCCCCTCTTCCAGTACAACGGCCGCCAGTTCTCCAGCCCAGAGGACTCTCTCTC

CTCGCCTAAGTTCCTGGACCACATCGAGAAGGTGATGCTCGTGATTGATGCTGCAGT

GACCAATGTGGAAGACCTGTCCTCACTGGAGGACTACCTTGCCAGCCTGGGCAGGA

AGCACCGGGCAGTGGGTGTGAAGCTCAGCTCCTTCTCGACAGTGGGTGAGTCTCTGC

TCTACATGCTGGAGAAGTCTCTGGGCCCTGCCTTCACACCAGCCACACGGGCTGCCT

GGAGCCAACTCTACGGGGCCGTAGTGCAGGCCATGAGTCGAGGCTGGGATGGCGAG

TAA 

 

 

Apaf-1 Primers 

Apaf-1 cloning primers 

Forward primer with Bam HI restriction site (melting temp 68°C) 47bp 

 5‟ GGCGCGG GAT CCT ATG GAT GCA AAA GCT CGA AAT TG 3‟     

Reverse primer with Sal I restriction site (melting temp 70°C) 77bp 

5‟ATTCTCGTCGACTTAGCTCGAGTGATGGTGATGGTGATGGCTAGTCGATTCTAAAG

TCTGTAAAATATATAAAATAC 3‟ 

 

Apaf-1 sequencing primers 

Forward-1 (start 359bp) GGAGTACCACAGAGGCCAGT 

Forward-2 (start 758bp) TTGAAAGCTTTTGACAGTCAGTG 

Forward-3 (start 1156bp) CACAGATCTTTCCATCCTTCAG 

Forward-4 (start 1560bp) GCCCTGCTCATCTGATTCAT 

Forward-5 (start 1951bp) GAAACTTCTAGAAATCAAGGCTCA 

Forward-6 (start 2351bp) AATGTGAAACAGTTCTTCCTAAA 

Forward-7 (start 2750bp) TGTAAGAACTCTGCTGTAATGTT 

Forward-8 (start 3150bp) AAGACTTTAGACTCTTGAAAAAT 

Forward-9 (start 3555bp) TTTGCTTTTCTCCAGATGGC 
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Reverse-1 (start 449bp) CTGGTTCACCTTTCAATTTGG 

Reverse-2 (start 849bp) GGGACTACATATTTAGGACCCATT 

Reverse-3 (start 1241bp) CAACTTCTTCAGTTTCCATGTCC 

Reverse-4 (start 1643bp) CCTGAAAATTCTCACTGACTGC 

Reverse-5 (start 2043bp) TTATCCACTGAGCAGGTTGC 

Reverse-6 (start 2446bp) TATCCTTGCACCATCAGCAG 

Reverse-7 (start 2848bp) TTGCAGACGTCTTATATGGTCAA 

Reverse-8 (start 3250bp) AAAGTCTTTTTCTTTATTTCCAG 

Reverse-9 (start 3642bp) GTCTGTGAGGATTCCCCAGT 
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