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Abstract 

 Amyotrophic lateral sclerosis (ALS) is an adult onset neurodegenerative disease that 

results in the death of motor neurons in the spinal cord, cortex, and brain stem. The vast 

majority of ALS cases arise sporadically, but a small subset, fewer than 10%, acquire the 

disease through a hereditary mechanism, termed familial ALS (fALS). Clinical studies suggest 

that nearly 20% of fALS patients share mutations in the protein Cu,Zn superoxide dismutase 

(SOD1), an enzyme that scavenges superoxide radicals. SOD1 adopts a homodimeric β-barrel 

structure that contains a conserved disulfide bond and binds one structural zinc and one 

catalytic copper ion per monomer. Currently, there are 187 mutations known to be associated 

with fALS. These mutations are located in structurally and functionally important regions of 

the protein. It is accepted that these mutations result in a gain of toxic function that leads to the 

formation of protein aggregates, containing mature (holo) and immature SOD1. Protein 

aggregation has been observed in a number of other neurodegenerative diseases, such as 

Alzheimer’s, Huntington’s and Parkinson’s disease. This thesis explores the effects of specific 

mutations on SOD1 folding and misfolding, using biomolecular NMR methods that provide 

structural information at a resolution of individual amino acid residues.  

To achieve this goal, variable-temperature NMR, a well-established method that allows 

the correlation of protein structural stability with temperature, experiments were performed on 

a variety of SOD1 mutants. Specifically, amide proton (1H) temperature coefficients serve as 

indicators of hydrogen bonding and provide valuable information on local unfolding events 

occurring within a protein. With the most immature form (apo2SH) of SOD1, mutant residues 

cause changes in temperature coefficients mostly within their own vicinity and provide insight 

into the disrupted processes observed in mutant SOD1. As SOD1 matures, the majority of 

residues experience a significant increase in structural stability, most notably following the 

binding of zinc.  

To date, amide nitrogen (15N)  temperature coefficients have shown no discernable 

patterns, and therefore, their uses in structural interpretations have been limited. To determine 

their usefulness, 15N temperature coefficients must be referenced to random coil, removing 
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their sequence-dependence. These referenced 15N temperature coefficients are extremely 

sensitive to deviations from random coil and are useful for reporting on local structure. 

Similarly, secondary chemical shifts also report on local secondary structure. The structural 

data obtained with these methods agree well with those from crystallography. During SOD1 

maturation, there is a widespread increase in structure; however, a small subset of hydrophobic 

residues in the dimer interface and core of the protein show decreased order. These residues 

may be reporting on either conformational strain or an altered packing structure that results 

from dimerization. 

Curved temperature dependences report on the excursion of a residue to an excited 

state. The changes in curvature patterns in mutant SOD1 report on the structural and functional 

disruptions associated with the respective mutations. With native SOD1, maturation is 

accompanied by curvature decreases throughout the protein, notably in structurally and 

functionally important sites. In contrast, during the maturation of mutant SOD1 there are 

curvature increases through structurally important sites, identifying regions of the structure as 

dynamic hotspots that may be involved in aggregation. Additional curvature experiments 

determine that near the Tm of a protein there is a sharp increase in curvature, likely reporting 

on the onset of a global unfolding event. 

Lastly, isoelectric focusing is an electrophoretic method that separates proteins by their 

isoelectric points (pI) and is used to determine a protein’s diffusion coefficient. This method 

may be useful as a diagnostic tool for determining the mutant SOD1 and maturation states in 

patient samples. From experiments on various forms of purified SOD1, it is determined that 

the pI of SOD1 decreases as it matures, SOD1 is likely in a dimeric form during the 

experiments, and all SOD1 expressed in the wildtype (WT) background aggregated during 

focusing, likely as a result of the free cysteines in WT SOD1. From these studies, it appears 

that this method is likely not well-suited for studying the SOD1 present in patient samples. 



 

  v 

Acknowledgements 

I would like to thank all of the members of the Meiering Lab, past and present, for all of the 

help and training required to perform these studies. I especially would like to thank Dr. Kyle 

Trainor and Dr. Victor Galievsky for creating many of the programs and scripts used to analyze 

my data, without your help and guidance this project would have been in no way completed 

within two years.  I would also like to thank other members of the Department of Chemistry 

who have helped in various capacities in the completion of this degree. These people include, 

but are not limited to, Jan Venne, Cathy Van Esch, David Beriashvili, Dr. Carol Tanner, and 

the members of my committee, Prof. Dieckmann and Prof. Palmer. 

Lastly, I would like to thank and extend my heart-felt appreciation to my supervisor, Prof. 

Elizabeth Meiering, for allowing me to undertake these research endeavors, along with all of 

her advice and direction when I got stuck, for helping me to grow as both a scientist and person, 

and most importantly, for all of her encouragement and understanding during rough times. 



 

  vi 

Dedication 

To my amazing family that I could always count on for advice, my ever-loving and supportive 

fiancée Jasmine, and all of my friends who have supported me over the years and have listened 

to me talk about everything under the sun for hours. 



 

  vii 

Table of Contents 

AUTHOR'S DECLARATION ................................................................................................. ii 

Abstract .................................................................................................................................... iii 

Acknowledgements ................................................................................................................... v 

Dedication ................................................................................................................................ vi 

List of Figures ........................................................................................................................... x 

List of Tables ......................................................................................................................... xiii 

List of Abbreviations ............................................................................................................. xiv 

Chapter 1 Introduction .............................................................................................................. 1 

1.1 Protein Folding and Misfolding .................................................................................................... 1 

1.1.1 Protein Folding Theory .......................................................................................................... 1 

1.1.2 Protein Misfolding and Aggregation ..................................................................................... 4 

1.2 Biomolecular NMR ...................................................................................................................... 6 

1.2.1 General NMR Background .................................................................................................... 6 

1.2.2 Multi-Dimensional NMR ...................................................................................................... 9 

1.2.3 Protein NMR ....................................................................................................................... 11 

1.2.4 Chemical Shifts ................................................................................................................... 12 

1.2.5 The Temperature Dependence of Amide Proton Chemical Shifts ...................................... 13 

1.2.6 The Temperature Dependence of Amide Nitrogen Chemical Shifts ................................... 17 

1.2.7 Conformational Heterogeneity ............................................................................................ 17 

1.3 Cu,Zn Superoxide Dismutase ..................................................................................................... 19 

1.3.1 Structure and Function ........................................................................................................ 19 

1.3.2 SOD1 Maturation and Immature SOD1 .............................................................................. 22 

1.3.3 ALS and SOD1 .................................................................................................................... 23 

1.3.4 SOD1 Mutations and Gain of Toxic Function ..................................................................... 24 

1.4 Research Objectives ................................................................................................................... 25 

Chapter 2 Effects of Mutation on Immature SOD1 Studied by NMR .................................... 27 

2.1 Introduction ................................................................................................................................ 27 

2.1.1 Properties and Structural Changes of Selected SOD1 Mutants of Interest.......................... 27 

2.1.2 Previous SOD1 Conformational Heterogeneity and Temperature Coefficient Studies ...... 32 

2.2 Methods ...................................................................................................................................... 36 



 

  viii 

2.2.1 Growth and Expression of pWT SOD1 .............................................................................. 36 

2.2.2 SOD1 Purification ............................................................................................................... 37 

2.2.3 New SOD1 Purification Procedure ..................................................................................... 37 

2.2.4 Removal of Metals from SOD1 .......................................................................................... 38 

2.2.5 Reduction of the SOD1 Disulfide Bond and Reconstitution of Zinc .................................. 39 

2.2.6 Preparation of the NMR Sample ......................................................................................... 39 

2.2.7 NMR Experiments .............................................................................................................. 40 

2.2.8 Resonance Assignments ...................................................................................................... 41 

2.2.9 Data Analysis ...................................................................................................................... 41 

2.3 Results and Discussion .............................................................................................................. 42 

2.3.1 New Purification Protocol ................................................................................................... 42 

2.3.2 Amide Proton Secondary Shifts .......................................................................................... 46 

2.3.3 Amide Proton Temperature Coefficients ............................................................................ 56 

2.3.4 Amide Nitrogen Temperature Coefficients ......................................................................... 71 

2.3.5 Conformational Heterogeneity ............................................................................................ 87 

2.4 Conclusions .............................................................................................................................. 104 

2.5 Chapter Acknowledgements .................................................................................................... 108 

Chapter 3 Effects of Maturation on SOD1 Studied by NMR ............................................... 109 

3.1 Introduction .............................................................................................................................. 109 

3.2 Methods.................................................................................................................................... 111 

3.3 Results and Discussion ............................................................................................................ 111 

3.3.1 Amide Proton Secondary Shift ......................................................................................... 111 

3.3.2 Amide Proton Temperature Coefficients .......................................................................... 117 

3.3.3 Amide Nitrogen Temperature Coefficients ....................................................................... 125 

3.3.4 Conformational Heterogeneity .......................................................................................... 131 

3.4 Conclusions .............................................................................................................................. 136 

3.5 Future Work for Temperature Coefficient and Conformational Heterogeneity Experiments . 139 

Chapter 4 Properties of SOD1 Studied by CIEF .................................................................. 141 

4.1 Introduction .............................................................................................................................. 141 

4.2 Methods.................................................................................................................................... 144 

4.2.1 Growth and Expression of SOD1 for CIEF Experiments ................................................. 144 

4.2.2 Protein Purification ........................................................................................................... 145 



 

  ix 

4.2.3 Preparation of the CIEF Samples ...................................................................................... 145 

4.2.4 Additional WT SOD1 CIEF Samples Prepared ................................................................ 146 

4.2.5 CIEF Experiments ............................................................................................................. 146 

4.2.6 CIEF Data Analysis ........................................................................................................... 146 

4.3 Results and Discussion ............................................................................................................. 147 

4.3.1 Experiment Optimization .................................................................................................. 147 

4.3.2 CIEF on SOD1 Expressed in pWT Background ............................................................... 150 

4.3.3 CIEF on SOD1 Expressed in WT Background ................................................................. 152 

4.4 Conclusions .............................................................................................................................. 154 

4.4.1 Future CIEF Work ............................................................................................................. 154 

4.5 Chapter Acknowledgements ..................................................................................................... 154 

References ............................................................................................................................. 156 

Appendix A Acquisition Parameters of the 1H-15N HSQC .................................................. 173 

Appendix B Processing Parameters of the 1H-15N HSQC .................................................... 178 

Appendix C SOD1 Spectra at Reference Temperatures ....................................................... 179 

Appendix D Assignment Notes ............................................................................................ 183 

Appendix E Copyright and Permissions for Figure 1.2 ........................................................ 187 

 



 

  x 

List of Figures 

Figure 1.1: The Energy Landscape Model. ............................................................................... 3 

Figure 1.2: Competition Between Protein Folding and Aggregation. ...................................... 5 

Figure 1.3: FID and Fourier Transformation. ........................................................................... 9 

Figure 1.4: 2D NMR Spectrum.. ............................................................................................. 11 

Figure 1.5: The Temperature Dependence of Amide Proton Chemical Shifts. ...................... 14 

Figure 1.6: The Structure of Dimeric Holo SOD1. ................................................................. 20 

Figure 1.7: The Ping-Pong Mechanism of the Catalysis of Superoxide Molecules by SOD1.

................................................................................................................................................. 21 

Figure 1.8: Key Maturation States of Cu,Zn SOD1................................................................ 23 

Figure 2.1: Sites of SOD1 Mutations of Interest. ................................................................... 30 

Figure 2.2: SDS PAGE of A4V Osmotic Shock. ................................................................... 43 

Figure 2.3: SDS PAGE of New SOD1 Purification Procedure.. ............................................ 45 

Figure 2.4: Amide 1H Secondary Chemical Shift Data for Holo SOD1 Variants. ................. 48 

Figure 2.5: Secondary Chemical Shift Data for Holo SOD1 Variants Relative to pWT........ 49 

Figure 2.6: Secondary Chemical Shift Data for apo2SH and E,Zn2SH SOD1. ..................... 51 

Figure 2.7: Secondary Chemical Shift Data for apo2SH A4V, H46R, and G85R SOD1 

Relative to pWT. ..................................................................................................................... 52 

Figure 2.8: Secondary Chemical Shift Data for apo2SH G93A, E100G, and V148I SOD1 

Relative to pWT. ..................................................................................................................... 54 

Figure 2.9: 1H Temperature Coefficients of apo2SH Variants and E,Zn2SH pWT SOD1. ... 58 

Figure 2.10: Apo2SH SOD1 Comparison of Thermodynamic Parameters. ........................... 62 

Figure 2.11: Changes in Temperature Coefficients for Dimer Interface Mutants Relative to 

pWT. ....................................................................................................................................... 64 

Figure 2.12: Changes in Temperature Coefficients for Metal-Binding Mutants Relative to 

pWT. ....................................................................................................................................... 66 

Figure 2.13: Changes in Temperature Coefficients for Other β5-β6 Hairpin Mutants Relative 

to pWT. ................................................................................................................................... 69 

Figure 2.14: Referencing of 15N Temperature Coefficients for Holo pWT SOD1. ................ 72 



 

  xi 

Figure 2.15: Holo SOD1 Mutant Secondary 15N Temperature Coefficients. ......................... 73 

Figure 2.16: Holo Secondary 15N Temperature Coefficients Compared to pWT SOD1. ....... 76 

Figure 2.17: Apo2SH SOD1 and E,Zn2SH pWT SOD1 Secondary 15N Temperature 

Coefficients. ............................................................................................................................ 78 

Figure 2.18: Changes in 15N Temperature Coefficients for Dimer Interface Mutants Relative 

to pWT. ................................................................................................................................... 82 

Figure 2.19: Changes in 15N Temperature Coefficients for Metal-Binding Mutants Relative to 

pWT. ....................................................................................................................................... 84 

Figure 2.20: Changes in 15N Temperature Coefficients for Other β5-β6 Hairpin Mutants 

Relative to pWT. ..................................................................................................................... 86 

Figure 2.21: 1H Curvature Found in apo2SH Variants and E,Zn2SH pWT SOD1. ............... 89 

Figure 2.22: Changes of Curvature in 1H Temperature Coefficients for Dimer Interface 

Mutants Relative to pWT. ....................................................................................................... 91 

Figure 2.23: Changes of Curvature in 1H Temperature Coefficients for Metal-Binding 

Mutants Relative to pWT. ....................................................................................................... 92 

Figure 2.24: Changes of Curvature in 1H Temperature Coefficients for Other β5-β6 Hairpin 

Mutants Relative to pWT. ....................................................................................................... 94 

Figure 2.25: 15N Curvature Found in apo2SH Variants and E,Zn2SH pWT SOD1. .............. 96 

Figure 2.26: Changes of Curvature in 15N Temperature Coefficients for Dimer Interface 

Mutants Relative to pWT. ....................................................................................................... 97 

Figure 2.27: Changes of Curvature in 15N Temperature Coefficients for Metal-Binding 

Mutants Relative to pWT. ....................................................................................................... 98 

Figure 2.28: Changes of Curvature in 15N Temperature Coefficients for Other β5-β6 Hairpin 

Mutants Relative to pWT. ..................................................................................................... 100 

Figure 2.29: Effects of Heating Apo2SH A4V to Tm. ........................................................... 102 

Figure 2.30: Effects of Heating Apo2SH E100G to Tm. ....................................................... 103 

Figure 2.31: Effects of Heating E,Zn2SH pWT SOD1 to Tm. .............................................. 104 

Figure 3.1: Changes in pWT Secondary Chemical Shifts During Maturation. .................... 112 

Figure 3.2: Changes in pWT and V148I Secondary Chemical Shifts During Maturation. .. 115 



 

  xii 

Figure 3.3: Changes in G93A and E100G Secondary Chemical Shifts During Maturation. 116 

Figure 3.4: Changes in pWT 1H Temperature Coefficients During Maturation. .................. 120 

Figure 3.5: Changes in pWT and V148I 1H Temperature Coefficients During Maturation. 123 

Figure 3.6: Changes in G93A and E100G 1H Temperature Coefficients During Maturation.

............................................................................................................................................... 124 

Figure 3.7: Changes in pWT 15N Temperature Coefficients During Maturation. ................ 127 

Figure 3.8: Changes in pWT and V148I 15N Temperature Coefficients During Maturation.

............................................................................................................................................... 130 

Figure 3.9: Changes in G93A and E100G 15N Temperature Coefficients During Maturation.

............................................................................................................................................... 131 

Figure 3.10: Changes in pWT 1H Curvature Patterns During Maturation. ........................... 133 

Figure 3.11: Changes in 1H Curvature Patterns During Maturation of SOD1 Variants. ...... 135 

Figure 3.12: Changes in pWT 15N Curvature Patterns During Maturation. ......................... 136 

Figure 4.1: Focusing of E100K and pI Markers. .................................................................. 148 

Figure 4.2: Diffusion of E100K and pI Markers................................................................... 150 



 

  xiii 

List of Tables 

Table 1: Summary of Disease Duration and Mutant pWT Thermodynamic Parameters. ...... 29 

Table 2: Composition of Growth Buffers. .............................................................................. 37 

Table 3: Variable Temperature NMR Temperature Ranges. .................................................. 40 

Table 4: Temperature Coefficients for Apo2SH SOD1 Variants. .......................................... 60 

Table 5: Average Temperature Coefficients of Same Residues Across Apo2SH SOD1 

Variants. .................................................................................................................................. 61 

Table 6: Holo SOD1 Secondary 15N Temperature Coefficients by Structural Feature.. ........ 75 

Table 7: Apo2SH SOD1 Secondary 15N Temperature Coefficients by Structural Feature. ... 80 

Table 8: Curvature Data for SOD1 Variants Studied. ............................................................ 88 

Table 9: 1H Temperature Coefficients Summary for pWT SOD1 Maturation States. ......... 118 

Table 10: 1H Temperature Coefficients Summary for Mutant SOD1 Maturation States. .... 122 

Table 11: 15N Temperature Coefficients Summary for Mutant SOD1 Maturation States. ... 126 

Table 12: 15N Temperature Coefficients Summary for Mutant SOD1 Maturation States. ... 129 

Table 13: Curvature Changes in SOD1 Variants During Maturation. .................................. 132 

Table 14: Focusing and Diffusion Data for Various SOD1 Mutants and States. ................. 152 

 

 
  



 

  xiv 

List of Abbreviations 

1D - one-dimensional 

2D - two dimensional 

3D - three-dimensional 

ALS - Amyotrophic Lateral Sclerosis  

apo2SH SOD1 - Disulfide reduced apo superoxide dismutase  

CARA - Computer Aided Resonance Assignment  

CCS - Copper chaperone for superoxide dismutase 

CEST - 15N chemical exchange saturation transfer  

CIEF - Capillary Isoelectric Focusing 

CPMG -  15N Carr–Purcell–Meiboom–Gil 

D - Diffusion Coefficient  

DSS - 4,4-Dimethyl-4-silapentane-1-sulfonic acid  

DTT - Dithiothreitol  

E,Zn2SH SOD1 - Disulfide reduced one-zinc bound superoxide dismutase  

fALS - Familial amyotrophic lateral sclerosis  

FID - Free Induction Decay 

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

holo SOD1 - mature copper/zinc superoxide dismutase  

HSQC - Heteronuclear single-quantum coherence correlation spectrum  

IDPs - Intrinsically disordered proteins 

LB - Luria broth  

NMR - Nuclear magnetic resonance  

NOESY - Nuclear Overhauser Effect Spectroscopy  

Omp - Outer membrane protein 

PD - Parkinson’s disease 

pI - Isoelectric point  

pWT - Pseudo-wildtype  

SOD1 - Superoxide Dismutase 1  



 

  xv 

SUP - Cell supernatant  

TCEP HCl - Tris (2- carboxyethyl) phosphine hydrochloride 

Tm - Melting temperature  

WCID - Whole-column imaging detection 

WT - Wildtype 

  





 1 

Chapter 1 

Introduction 

1.1 Protein Folding and Misfolding 

Proteins are one of the four major classes of biological molecules that are required for 

life and cellular homeostasis, along with lipids, nucleic acids, and polysaccharides.1 Of the 

classes listed, proteins may have the most diverse set of functions. For example, there are 

proteins involved in cell-to-cell signaling, structural proteins that maintain cell shape, and 

enzymes that catalyze biochemical reactions. The functions of any given protein are directly 

dependent on its complex three-dimensional structures. Despite proteins consisting of unique 

combinations of 20 amino acids, there are a large variety of protein structures found throughout 

the biological world.1,2 Although we know that a protein’s activity is regulated by its structure, 

it is not fully understood how living organisms control the protein folding process.3–5  

1.1.1 Protein Folding Theory 

In order for a protein to reach its fully functional native state, it must undergo a series 

of conformational changes known as protein folding. There is a hierarchy of complex 

structures that are sampled during folding.1 The simplest description of a protein is the primary 

structure, which is the amino acid sequence of the polypeptide. This sequence of amino acids 

contains detailed information that directs the protein to fold into its native state.2,3,6 The 

conclusion that a protein’s primary sequence contains the information required for correct 

folding and self-assembly is based on Anfinsen’s work in 1973, which demonstrated that 

ribonuclease can be reversibly denatured and renatured in vitro.3  

 Even though the information needed for a protein to fold correctly is contained within 

the amino acid sequence, the process of protein folding is complex and not completely 

understood.4,6,7 Initially, there were a handful of theories on how protein folding occurred. The 

first theory is the “framework model”, which postulates that the folding of a protein is directed 

down one or a few stepwise pathways with defined structural intermediates.8,9 For example, 

the secondary structure of a protein would be formed early in the folding process and then 

interactions would occur between local structural elements, allowing the protein to assemble 
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into its tertiary structure.8 The second theory is called the “diffusion-collision-adhesion 

model”. This model suggests that segments of the unfolded protein chain fold independently 

into unstable microdomains that are able to diffuse and collide with each other. When several 

of these microdomains collide, they can fuse together and form a structural element found in 

the native protein.10 Similarly, a third theory, known as the “jigsaw-puzzle model”, suggests 

that the protein’s tertiary structural elements are able to form without complete formation of 

the secondary structures. The folded protein can then be “pieced” together using these pre-

formed structures.11 The fourth theory is the hydrophobic collapse model, also known as the 

“cluster model”, which proposes that protein folding is driven by the collapse of the nonpolar 

hydrophobic residues into the interior of the protein, inaccessible to water.12 Following the 

hydrophobic collapse, the secondary structural elements of the protein are then able to form.12 

This theory is similar to the hybrid model, which suggests that the hydrophobic collapse can 

occur simultaneously with the folding of the secondary structural elements.13 

A combination of these models has more recently led to the energy landscape model, 

which has come to be widely accepted. This theory approaches protein folding in terms of an 

“energy funnel” and is based on the idea that a protein has a minimum Gibbs free energy in its 

native conformation, located at the bottom of the “funnel” (Figure 1.1).1–3,14 Initially, when a 

protein is unfolded, it has a high Gibbs free energy and is able to access a vast number of 

conformations, depicted by a broad top of the energy funnel. As the protein folds, it finds and 

retains energy-lowering favourable interactions, becomes more ordered, and accesses less 

conformations.2,6 It is important to note that there is no unique pathway that alone leads to the 

native state, but instead, a large number of pathways that converge as the protein folds.14,15  

In many cases, protein folding can be thought of as a two-state kinetic process; however 

more complex proteins can exhibit multi-state kinetics. In two state kinetics, the two states are 

the native state and the unfolded state, which encompasses all unfolded and intermediate 

states.14,16 As the protein transitions from its unfolded state to native state, it encounters 

numerous free energy barriers that create many local energy minima that a protein can become 

momentarily trapped in. When proteins encounter these barriers, they need to acquire enough 

thermal energy to overcome the local maxima and continue the folding process.2,6 The energy 
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landscape of each protein is unique and reflects the complexity of  the folding process. For 

example, the native state of flexible proteins tend to exist in a conformational ensemble and, 

while still having a relatively deep folding funnel, have a series of minima close together at 

the bottom of the funnel with small energy barriers separating them. On the other hand, the 

native state of rigid proteins tend to have a deep and smooth minima, when compared to the 

rest of the folding funnel.14 In contrast to the deep funnel observed for well-structured proteins, 

the folding funnels of intrinsically disordered proteins (IDPs) are relatively flat and highly 

rugged. This is due to the fact that IDPs do not fold into a specific structure.17 

 

 

Figure 1.1: The Energy Landscape Model. This figure illustrates a potential energy landscape for a 

folding protein. The unfolded protein is shown to be able to access a large number of conformations, 

which decreases as the protein folds. Also, as the protein folds, the energy of the system decreases 

and reached a minimum when the protein is in its native conformation. Figure adapted from Voet & 

Voet.1 

 One important feature that is specific to every protein and heavily influences its 

ability to fold, is its melting temperature (Tm) of the protein. At the Tm, both the native and 

unfolded states have equal populations, and below this temperature, the native state is more 

thermodynamically favourable. Conversely, at temperatures above the Tm, the unfolded state 

becomes increasingly more favourable, which could potentially result in non-native 

interactions and protein misfolding.14,18  
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Intermediate States 
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1.1.2 Protein Misfolding and Aggregation 

Given that protein folding is a complex process with numerous conformations 

accessible at every step in the pathway, there is a probability for a protein to misfold and 

assume a non-native structure. Misfolding can arise from a myriad of causes, including 

mutations to the amino acid sequence of the protein and changes in the cell environment.19 

Also, along its path down the energy landscape funnel described in Section 1.1.1, a protein 

may encounter a large energy barrier and can become trapped in the associated intermediate 

state for a longer period of time, which may promote the acquisition of non-native interactions 

with other partially folded intermediates.14 If these non-native interactions repeatedly occur 

and persist, they may stimulate the formation of protein aggregates (Figure 1.2).19–22 

The structures of protein aggregates are largely dependent on the cellular environment 

and the specific proteins that make up the aggregate. Therefore, protein aggregates can be 

soluble or insoluble and are present in a variety of shapes and sizes, such as insoluble amyloid 

fibrils and large amorphous aggregates.21,22 One mechanism that may describe the formation 

of protein aggregates is the “nucleated-polymerization model”. In this model, protein 

monomers associate to form a soluble oligomer or a nucleus that undergoes a growth via chain 

polymerization, leading to the formation of an insoluble aggregate.20 The initial formation of 

this nucleus is thermodynamically unfavourable; however, once formed, the nucleus facilitates 

the polymerization process.22  

One method that cells use to prevent misfolding and aggregation of recently or 

currently translated proteins, is the use of various molecular chaperone proteins. Molecular 

chaperones are themselves proteins that bind and stabilize an unstable conformation of a target 

protein and help it to successfully reach its final form. This could involve helping the target 

protein to correctly fold, bind cofactors, switch to an active or inactive conformation, or being 

transported to another region of a cell.21,23 Another method for controlling protein aggregation 

in cells uses the ubiquitin-proteasome system to degrade non-functional, misfolded or 

aggregated proteins. In the case that both methods fail to check the accumulation of protein 

aggregates cells may resort to autophagy to remove the depositions of proteins. Over time, 

continued cell death may lead to degenerative disorders, with those associated with aging 
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usually categorized as “toxic-gain-of-function” disorders.21,22 In fact, the aggregation of 

proteins has been linked to several high profile diseases, such as type 2 diabetes, Alzheimer’s, 

Huntington’s, and Parkinson’s, many of which are neurodegenerative diseases.21,22,24 

 

Figure 1.2: Competition Between Protein Folding and Aggregation. Energetically favourable 

intramolecular interactions help to stabilize the protein as it progresses towards the native state (green). 

Partially folded intermediates that are trapped in local minima along the rough energy landscape model 

can either be rescued by chaperones to continue folding towards the native state or form intermolecular 

interactions that promote aggregation (red). Copyright (2013) with permissions from Annu. Rev. 

Biochem.21 

One example of a neurodegenerative disease associated with protein aggregation is 

Parkinson’s disease (PD). Neurodegeneration in patients with PD is associated with the 

formation of Lewy bodies, intracellular inclusions that contain amyloid fibrils. These fibrils 

contain aggregated α-synuclein, an intrinsically disordered protein consisting of 140 

residues.24–27 This protein has been shown to aggregate through a two-step polymerization 

process, in which an oligomeric intermediate serves as a nucleus for elongation into fibrils, 

and is highly ubiquitinated in the final fibrils. In addition to containing ubiquitinated α-

synuclein, inclusions also contain molecular chaperones for α-synuclein, suggesting that cells 
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containing these inclusions have activated their misfolded protein response and protein 

degradation pathways.27 In a study performed by Burmann et al., interactions between 

molecular chaperones and α-synuclein were investigated both in vitro and in cells at the atomic 

level using nuclear magnetic resonance spectroscopy (NMR) techniques. This study concluded 

that the molecular chaperones bind to α-synuclein at the N-terminus and the region surrounding 

Tyr39; however, under oxidative stress, Tyr39 is phosphorylated, which prevents the binding 

of the molecular chaperones to α-synuclein. This could then lead to α-synuclein aggregation, 

Lewy body formation, and, eventually, the disease progression of PD.25 

1.2 Biomolecular NMR 

To date, the study of biomolecules, such as proteins and nucleic acids, at atomic 

resolution has been performed using X-ray crystallography and NMR. More recently, cryo-

electron microscopy has emerged as a viable alternative for determining biomolecular 

structures.28–30 Of particular use in structural biology are solution state NMR methods. One 

key advantage NMR methods is their ability to capture the dynamics of protein folding and 

mobility over various timescales.29,31–35 This is especially useful in the study of IDPs, which 

exhibit high flexibility and cannot be studied by crystallography, since IDPs do not adopt a 

single conformational native state.32 Another benefit of solution NMR is that protein-protein 

and protein-ligand interactions can be studied under physiological conditions, as shown in the 

previous example in Section 1.1.2.25 Experiments of this nature are also commonly performed 

in the pharmaceutical industry.29,34 Despite these advantages, one of the major limitations of 

solution NMR is that it is limited to systems that are less than approximately 50 kDa.28,34 This 

section aims to introduce key NMR concepts, as well as some uses of NMR techniques in 

protein chemistry and structural biology. 

1.2.1 General NMR Background 

Nuclear magnetic resonance is a spectroscopic technique that takes advantage of the 

magnetic spin properties of atomic nuclei. Several nuclei, such as the proton (1H), possess a 

property called nuclear spin angular momentum. This property is characterized by the nuclear 

spin quantum number, which can be zero, a half-integer value, or an integer value.36,37 For 
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example, the nuclear spin quantum number (I) for 1H and 2H are I=½ and I=1, respectively. 

One of the requirements for NMR is that the nuclei have nuclear spin, and therefore, nuclei 

with I=0 are invisible to NMR.36 Common nuclei used in biomolecular NMR are 1H, 13C, 15N, 

19F, and 31P (all I=½), as well as 2H (I=1). The nonzero spin angular momentum that some 

nuclei possess gives rise to a nuclear magnetic moment (μ). This relationship is defined by: 

μ = γI 

where γ is the gyromagnetic ratio, a characteristic constant of a particular nucleus.36,38 In 

addition, nuclei that have a spin number can exist in multiple spin states. For example, 1H has 

a nuclear spin quantum number of  I=½, which can give rise to two different spin states, 

denoted by the nuclear magnetic quantum number (mI), of mI = +½ and mI = -½. These two 

states are degenerate, meaning they have the same energy, and can only be distinguished from 

each other in the presence of an external magnetic field (B0).
37,38 

In the absence of a magnetic field, the spin states have the same energy and the 

magnetic moments of the nuclei are randomly oriented. When an external magnetic field is 

applied, the magnetic moments either align with or against the external magnetic field. The 

spin state (mI = +½ or mI = -½) that aligns with the magnetic field is considered the low-energy 

ground state, while the other spin state, which is oriented opposite to the external magnetic 

field, is considered the high-energy excited state. Both of these states have roughly equal 

populations, with a small excess of nuclei in the ground state.37–39 The energy separation 

between the two spin states is proportional to the strength of the magnetic field. In order to 

excite a spin state from the ground state, energy, in the form of electromagnetic radiation, needs 

to be applied at a frequency equivalent to the energy gap. This frequency is dependent on the 

strength of the magnetic field and is commonly known as the Larmor frequency, ω0, which is 

determined by the following equation.36–39 

ω0 = γB0 

When the electromagnetic radiation of the correct energy is applied, some of it is absorbed. 

This excites transitions from the ground state to the excited state and inverts the relative 

populations of the ground and excited states. If the electromagnetic radiation is removed, some 
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of the excited nuclei will relax back to their ground state and emit a frequency equal to that of 

the absorbed electromagnetic radiation.38,39 In a pulsed NMR experiment, spins exposed to the 

static magnetic field are briefly subjected to a pulse that excited some of the spins. After the 

pulse is finished, the excited states produce an oscillating magnetic field that induces a current 

in a receiver coil. The current is measured as a function of time to provide the Free Induction 

Decay, also known as the FID. The FID then undergoes a Fourier transformation, which 

converts intensities detected as a function of time, to a function of frequency. This provides a 

traditional one-dimensional (1D) NMR spectrum, with absorption peaks appearing at 

frequencies equivalent to the energy difference between the ground and excited states of the 

irradiated nuclei (Figure 1.3).34,37,38 The frequencies that the absorption peaks correspond to 

are termed the “chemical shift” (δ) of that specific nucleus. It is important to note that the actual 

strength of the magnetic field at a nucleus is usually shielded by the presence of the surrounding 

electrons participating in chemical bonds and is also influenced by the local chemical 

environment. This results in a slightly different frequency required to excite the nucleus, 

resulting in a slightly different chemical shift. Therefore, the chemical shift of a nucleus is 

dependent on the surrounding physicochemical environment.34,37,40 

  



 

  9 

 

Figure 1.3: FID and Fourier Transformation. This figure illustrates the 1H FID acquired from the 

NMR on a protein sample (left) and the 1D NMR spectrum following a Fourier Transform (right). 

1.2.2 Multi-Dimensional NMR 

In some cases, such as the study of proteins and other biomolecules, a 1D NMR 

spectrum is not as useful for analysis, since there are many nuclei that create NMR signals. 

This leads to the spectrum becoming crowded with overlapping signals that complicate and 

prevent spectral analysis. Therefore, the signal must be spread over a second frequency 

dimension to allow for more detailed analysis. In short, this occurs by the transfer of 

magnetization through bonds, termed J-coupling, or through space, termed dipole-dipole 

coupling. 30,36  

Two-dimensional (2D) NMR experiments consist of four basic elements: preparation, 

evolution, mixing, and detection. In the preparation period, the first spin is excited using 

electromagnetic radiation. Next, in the evolution period, also known as t1, the chemical shift 

of the first state is encoded, due to evolution under a Hamiltonian operator. During this 

evolution period, t1 begins at zero and is incrementally increased by a constant amount, with 

an FID being acquired at each value of t1. In the next period, the mixing period, the events that 

occurred during t1 cause the magnetization of the first spin to be transferred to the second spin. 

This also results in the transfer of the chemical shift information of the first spin to the second 

spin. Lastly, in the detection period, t2, the FID is detected as described in Section 1.2.1.36,38 A 
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Fourier transformation of these two time domains yields a 2D NMR spectrum with independent 

frequency dimensions (Figure 1.4). The first dimension is generated from the Fourier 

transformation on t2, termed F2, and is referred to the direct dimension since it is the dimension 

that is directly detected using the receiver coil. The second dimension is generated from the 

Fourier transformation on t1, termed F1, which is referred to as the indirect dimension since it 

is indirectly detected through the transfer of magnetization and chemical shift information to 

the second spin.36 In the final spectrum, the Fourier transformation will produce peaks, termed 

crosspeaks, with the positions (F2, F1).
38 

There are many types of 2D NMR spectra, which can either be homonuclear or 

heteronuclear. In homonuclear methods, the magnetization is transferred between nuclei of the 

same type. For example, the magnetization of a 1H nucleus can be transferred via J-coupling 

to other 1H nuclei, up to a few bonds away. Notable 2D NMR experiments that utilize 

homonuclear methods are the correlation spectroscopy (COSY), which was the first 2D NMR 

experiment created, and the total correlation spectroscopy (TOCSY).36–38 Another 

homonuclear 2D NMR experiment is the nuclear Overhauser effect spectroscopy (NOESY). 

This experiment utilizes magnetization transfer from one proton to others within a range of 

roughly 5Å, through cross-relaxation and dipole-dipole coupling, also known as the nuclear 

Overhauser effect (NOE). This results in spectra that show correlations between nearby 

nuclei.36,38,41 

In contrast to homonuclear methods, heteronuclear methods involve the magnetization 

transfer between two different types of nuclei, such as between 1H and 15N or 13C. There are 

numerous advantages to heteronuclear NMR methods that are not inherent to homonuclear 

methods, although homonuclear methods are still highly useful in certain circumstances. For 

example, the chemical shifts of heteronuclear atoms, such as 15N or 13C, are more dispersed 

than 1H chemical shifts. Also, with respect to protein NMR, there are 2D experiments that can 

detect the one-bond coupling between an amide nitrogen and its amide proton or carbonyl 

carbon, allowing for specific resonance assignments. This is exploited in heteronuclear single 

quantum correlation (HSQC) experiments. An example of a HSQC experiment would be the 

1H-15N HSQC, in which magnetization is transferred, through J-coupling, from a nitrogen 
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nucleus (t1) to a proton nucleus (t2). This results in a spectrum where each crosspeak represents 

a proton attached a nitrogen atom (Figure 1.4).38,40  

Figure 1.4: 2D NMR Spectrum. The 2D NMR spectrum displayed here is a 1H-15N HSQC with the 

direct dimension, F2, representing the 1H dimension and the indirect dimension, F1, representing the 
15N dimension. This spectrum is of the metal-free, disulfide reduced form of  pseudo-wildtype Cu,Zn 

superoxide dismutase 1. 

In addition to 2D NMR, there are also three-dimensional (3D) and four-dimensional 

NMR experiments, though these are almost exclusively used in protein NMR for determining 

specific resonance assignments of nuclei. These heteronuclear-edited experiments resolve the 

1H-1H crosspeaks obtained from a homonuclear experiment, often a NOESY or TOCSY, using 

the chemical shift of the heteronuclei bonded directly to the 1H spins. A 3D heteronuclear-

edited experiment would run a homonuclear experiment, often a NOESY or TOCSY, in 

combination with a heteronuclear experiment, such as an HSQC. For example, a 3D 15N-edited 

NOESY-HSQC would consist of a NOESY experiment and a 1H-15N HSQC experiment.36,38 

1.2.3 Protein NMR 

The NMR signals generally used to analyze a protein’s structure and dynamics 

originate from the amide functional group, more specifically the amide protons, within the 

backbone of the protein. The amide nitrogen and its attached carbonyl group are highly 

electronegative and attract the nearby electrons, causing the amide proton to become 

deshielded and shifting its chemical shift downfield; the corresponding region of the 1D NMR 

spectrum is called the amide region.40,42 Since the 1D spectrum of a protein is generally too 

convoluted to analyze, a 2D spectrum is used.30,36,38 The 1H-15N HSQC, introduced in Section 
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1.2.3, is one of the more commonly used 2D NMR experiments in protein NMR and generally 

provides one crosspeak for each directly bonded nitrogen and hydrogen. These crosspeaks 

mostly correspond to the amide protons found in the polypeptide backbone of a protein; 

however, proline residues do not appear in this spectrum because they do not contain an amide 

proton. In addition, some amino acid side chains can be observed in the HSQC spectrum, such 

as tryptophan, arginine, and glutamine.29,40,43  

Many studies use the 1H-15N HSQC because the backbone resonances are easily 

obtained and analyzed; however, in order to interpret the NMR data as molecular information, 

specific resonance assignments are required. In order to acquire these assignments, 3D NMR 

experiments are often performed in combination with other 1D and 2D experiments, depending 

on the focus of the study and the extent of assignments needed. For example, a study aiming 

to create a 3D structure of a protein from NMR data will require more extensive assignments 

than a study that only requires the assignments of the protein backbone. Once assigned to their 

specific amino acid spin systems, the crosspeaks present in a spectrum can be further utilized 

in other analyses.29,44,45 It should be noted that it may not be possible to obtain complete 

resonance assignments for a protein, especially for those undergoing conformational 

changes.46 

1.2.4 Chemical Shifts 

As mentioned earlier in Section 1.2.1, the chemical shift of a nucleus is dependent on 

the surrounding physicochemical environment. This means that, in both folded and unfolded 

proteins, nuclei will be  sensitive to the presence of local secondary structure. A residue that 

lacks a defined local secondary structure is considered to be in random coil.32,47–49 In the early 

1990’s Wishart proposed the idea of the secondary chemical shift and chemical shift index to 

help identify secondary structure elements in a protein.47,48 The secondary chemical shift (δsec) 

is defined as the difference between a residue’s experimentally measured chemical shift, 

originating from a crosspeak on a 2D NMR spectrum, and the random coil chemical shift for 

that residue. The random coil chemical shifts of residues, to which the experimental values are 

referenced, have been obtained using a series of short peptides under various experimental 



 

  13 

conditions.32,46,49 Generally, for 13Cα secondary chemical shifts, regions within a sequence that 

have consistent negative values are considered to be in a β-sheet structure, while those with 

consistent positive values are considered to be in an α-helical structure.32,50  

Chemical shifts are influenced by protein structure, but also by dynamic processes. 

When dynamic processes occur, multiple NMR chemical shifts reflect the different 

environments that a nucleus experiences. If the dynamic process is a slow transition between 

two distinct states, the NMR will capture two distinct crosspeaks, each one corresponding to 

their respective state. If the exchange is occurring rapidly, a  single crosspeak will be observed 

at a frequency representing the weighted average of the states. If the transition occurs on a time 

scale similar to that of the observed spin relaxation events, a single broadened peak would be 

observed.45,51 One dynamic process that can make use of the chemical shift information 

obtained from NMR experiments is ligand binding. Binding studies often use the 1H-15N 

HSQC, which can detect changes in the backbone amide bonds as a ligand is added. After 

acquiring the NMR data, the change in amide proton chemical shift for a particular crosspeak 

can be plotted as a function of ligand concentration to determine the dissociation constant.45 

1.2.5 The Temperature Dependence of Amide Proton Chemical Shifts 

An application that takes advantage of the structural information that chemical shift 

data from 2D NMR experiments can provide is the temperature dependence of amide proton 

chemical shifts. As the name suggests, this method requires the acquisition of 1H-15N HSQCs 

at a series of temperatures and the resonance assignments of the amide proton crosspeaks, 

which are required to interpret the results (Figure 1.5). The chemical shift data for each assigned 

peak is then plotted against the temperature range and the slope of the resulting plot is 

calculated, yielding the temperature dependence of the amide proton chemical shift, termed 

the temperature coefficient (ΔδNH/ΔT).52,53 

Temperature coefficients were first described in 1969 by Ohnishi and Urry for the 

amide protons found in gramicidin S and valinomycin, two naturally occurring peptide 

antibiotics.52 In this study, temperature coefficients were thought to be a useful alternative to  
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Figure 1.5: The Temperature Dependence of Amide Proton Chemical Shifts. The overlay of 1H-
15N HSQCs acquired from 10°C (blue) to 40°C (red) in 2.5°C increments, with select spectra shown 

for readability. The protein used for these experiments is disulfide-reduced one zinc-bound pseudo-

wildtype superoxide dismutase. The second panel shows the change in chemical shifts for two residues 

with increasing temperature. Overlays were made with Computer Aided Resonance Assignment 

(CARA) software.54 
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hydrogen/deuterium exchange experiments that determine if an amide proton is hydrogen- 

bonded or not. They concluded that hydrogen-bonded amide protons have more positive 

temperature coefficients than those of non-hydrogen-bonded, or solvent accessible, amide 

protons and that the temperature coefficients of the amide protons may be used to confirm 

secondary structure.52 Later, in the late 1980s, one study using temperature coefficients 

investigated the hydrogen bonding patterns of an unstructured peptide in water and found that 

most of the unstructured protons have large, negative temperature coefficients. From this, and 

later experiments on select amide protons, it was determined that large negative temperature 

coefficients could also be attributed to the significant loss of local secondary structure in 

peptides upon heating.55 Typically, amide proton temperature coefficients are linear and 

negative, reflecting that as temperature increases the chemical shifts move upfield. The 

explanation of this upfield shift is that as temperature increases, the hydrogen bonds that the 

amide protons participate in usually weaken and increase in length. The weakening of the 

hydrogen bonds results in an increasing shift of electron density back towards the nucleus of 

the amide proton, further shielding the nucleus and causing the chemical shift to move 

upfield.53,56,57  

 In the 1990s, temperature coefficients started being studied as indicators of hydrogen 

bonding in globular proteins to determine if temperature coefficients could inform on the 

increased structure and stability of globular proteins, relative to peptides.  Generally, there are 

two types of hydrogen bonds that amide protons can participate in, intramolecular and 

intermolecular. In the case of intramolecular hydrogen bonding, the amide protons are bound 

to carbonyl or other electronegative groups within the protein. Amide protons that do not 

participate in intramolecular hydrogen bonding are usually solvent-accessible and participate 

in intermolecular hydrogen bonds with bulk water.53,56 In a study published in 2001 by 

Cierpicki & Otlewski, correlations between the temperature coefficients and hydrogen bonds 

of 793 amide protons, originating from 14 globular proteins, were investigated. They observed 

that temperature coefficients more positive than -4.6 ppb/K are mainly associated with 

intramolecular hydrogen bonds, while temperature coefficients more negative than -4.6 ppb/K 

are most often intermolecularly hydrogen-bound amide protons.57 This correlation can be 
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explained as follows: the chemical shifts used to calculate temperature coefficients depend on 

the inverse third power of the distance between the amide proton and the hydrogen bond 

acceptor. The more negative temperature coefficients associated with intermolecularly 

hydrogen-bound amide protons indicate that these hydrogen bond lengths increase more than 

the hydrogen bonds found in intramolecularly hydrogen-bound amide protons. This matches 

expectations, since intermolecular hydrogen bonds are generally weaker and are therefore 

more susceptible to a loss of local structure, resulting in more negative temperature 

coefficients.56,57 

In addition to the effect that hydrogen bonding patterns have on temperature 

coefficients, there are also other factors that determine an amide proton’s temperature 

coefficient. These include, but are not limited to, nearby aromatic side chains and the presence 

of secondary structure elements. Aromatic side chains exhibit ring currents, which may 

deshield neighboring amide protons, resulting in more positive temperature coefficients than 

expected. With respect to the effect that secondary structure may have on the temperature 

coefficients of amide protons, it has been observed that at the same hydrogen bond length, the 

temperature coefficients in α-helices are up to 1.2 ppb/K more negative than the temperature 

coefficients observed in β-sheets. Conversely, hydrogen bonds in α-helices are generally 

longer than those in β-sheets. This means that the relative increase in length with temperature 

is less in α-helices, resulting in temperature coefficients more positive than -4.6 ppb/K, on 

average.57 

More recently, amide proton temperature coefficients have been interpreted in terms of 

local protein stability. A study performed by Tomlinson & Williamson in 2012 examined the 

amide temperature coefficients in the B1 domain of protein G at different pH values. They 

found that, while intramolecularly hydrogen-bound amide protons had more positive 

temperature coefficients than intermolecularly hydrogen-bound amide protons,  the correlation 

between the temperature coefficients for amide protons involved in strong hydrogen bonds and 

hydrogen bond strength was poor. They concluded that amide protons participating in strong 

hydrogen bonds are generally found in more structured regions of a protein and, therefore, will 

display more negative observed temperature coefficients as the strong hydrogen bonds are 
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interrupted and the local structure is disturbed.58 Regardless of attribution to hydrogen bonding 

or local structure, temperature coefficients can still provide detailed high-resolution 

information on local protein structure and stability.  

1.2.6 The Temperature Dependence of Amide Nitrogen Chemical Shifts 

While temperature coefficients have mostly been reported for amide protons, 

experiments have been performed on other nuclei present in the protein backbone, namely the 

amide nitrogens and CαH.56,58 Currently, even though some amide nitrogen temperature 

coefficients have been published, there is no consensus as to their interpretation. For example, 

when measured in the B1 domain of protein G, the 15N temperature coefficients spanned a 

much larger range than seen in the amide proton temperature coefficients, from approximately 

-30 to +30 ppb/K. These raw 15N temperature coefficients were found to be very weakly 

correlated to amide proton temperature coefficients and thought to be uninterpretable.58 With 

that said, the factors that affect amide nitrogen temperature coefficients are much more 

complex than those that affect amide proton temperature coefficients and may need to be 

considered during analysis for meaningful interpretation.59–61 

1.2.7 Conformational Heterogeneity 

Typically, temperature coefficients are predominately linear; however, some studies 

have shown the existence of curved temperature dependences.56,62–65 This deviation from 

linearity, also known as curvature, originates from the temperature-dependent shift in 

population from the native state to a low-energy excited state.62 This observed curvature is 

therefore able to report on the conformational heterogeneity found within a protein, visualized 

by a rough bottom of the free energy landscape of proteins that exist in a native ensemble. 

These low-energy alternate conformations that a residue may adopt within the native ensemble 

may be vital in either structural stability or functions such as binding, allostery, and 

catalysis.14,63,66  

As mentioned above, curvature arises if a proton, for example, participates in the 

transition between two conformational states in fast exchange. This leads to the presence of 
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one crosspeak on a 1H-15N HSQC, that has a proton chemical shift equal to the average of the 

chemical shift in each of the two contributing states: 

δobserved = δ1f1 + δ2f2 

Here, δ1 and δ2 refer to the chemical shift of each conformation, while f1 and f2 refer to their 

relative populations. In order to observe curvature, the relative populations of the two states 

need to change with temperature and the population of the contributing states needs to be large 

enough. Generally, a contributing state needs to have a relative population of at least 5% and 

be within 5 kcal/mol of the native state. This limits the number of states that can contribute to 

the observed curvature.62,65 It is important to note here that a lack of curvature does not imply 

that a proton, or other nucleus, is not accessing another state. It may just be that the state is too 

far apart in energy from the native state and that the population of the excited state is not large 

enough to be observed, such as in the case of a completely unfolded state, or that the proton is 

accessing a large number of alternate states.62,63,65  

 In previous experiments, curvature has been suggested to arise from a variety of 

processes. Examples are the “fraying” of the ends of helices present in cytochrome c, disulfide 

bond isomerization, new hydrogen bonds forming to buried water molecules, and other slight 

adjustments to a protein’s structure that may be needed for function.62,65 Also, in a study by 

Baxter & Williamson, it was demonstrated that when bovine pancreatic trypsin inhibitor is 

heated to its Tm, many of peaks that show linear dependences at lower temperatures start to 

deviate from linearity, beginning at approximately 15 °C below the Tm. Therefore, the 

curvature that appears in this situation may be interpreted as the beginning of a global 

unfolding event.56 In addition to the variety of processes that may manifest curved temperature 

dependences, different proteins also exhibit different amounts of curvature. For example, in 

hen egg-white lysozyme, which is particularly stable and well-structured, roughly 5% of the 

residues exhibit curved temperature dependences. In contrast, 30% of the residues exhibit 

curvature in the bovine pancreatic trypsin inhibitor, which has a number of alternate 

conformations that affect hydrogen bonding.62  
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Furthermore, detailed information about the excited states is gathered by examining the 

curved temperature dependences. For instance, if curvature found in a nucleus’ temperature 

dependence is present in a concave down shape, i.e. the slope starts relatively shallow and 

becomes steeper as temperature increases, it implies the native state is relatively structured and 

the excited state is moving towards random coil. Conversely, if the curvature is present in a 

concave up shape, i.e. the slope starts steep and becomes shallower as temperature increases, 

the excited state could be more structured than the native state. Usually, curvature is manifested 

in a concave down shape.56,63,65 On top of the direction of curvature, the extent of curvature is 

inversely proportional to the energy difference between the ground and excited state.63,65 

Currently, experiments examining temperature coefficients and conformational heterogeneity 

are being used to explore the behaviour of numerous proteins, such as cardiac troponin C, 

hisactophilin, adnectins, and Cu,Zn superoxide dismutase (SOD1).61,63,64,67  

1.3 Cu,Zn Superoxide Dismutase 

One protein that has been widely characterized and would be highly useful in 

elucidating information about protein folding pathways is SOD1. In short, this model 

metalloenzyme undergoes several post translational modifications, including metal binding, 

disulfide bond formation, and dimerization, as well as being prone to mutation and is 

associated with the neurodegenerative disease amyotrophic lateral sclerosis (ALS).68  In 

addition, SOD1 and its variants would be excellent for determining more uses, or the extent of 

usefulness, of temperature coefficients and conformational heterogeneity, as viewed by curved 

temperature dependences. 

1.3.1 Structure and Function 

Mature copper/zinc SOD1 (holo SOD1) is a homodimeric metalloenzyme 

predominantly found in the cytoplasm, with smaller amounts also being present in the nucleus, 

peroxisomes, and the mitochondrial intermembrane space of eukaryotic cells. In Gram-

negative bacterial cells, a similar protein can be found in the periplasmic space.68,69 The 

dimeric, functional form of SOD1 is 32 kDa in size, with each monomer consisting of 153 

residues. Each monomer forms an eight-stranded β-barrel structure with a conserved disulfide 
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bond between Cys57 and Cys146 and two functionally important loops, the zinc-binding loop 

and the electrostatic loop (Figure 1.6 A). These two loops are relatively long, together 

accounting for roughly one-third of the residues found in the protein, and bracket the metal 

binding region and the active site of the enzyme.68,70,71  

 

Figure 1.6: The Structure of Dimeric Holo SOD1. This figure (A) is a ribbon representation of the 

properly metallated homodimeric SOD1. The individual strands that make up the two β-sheets are 

labelled. The copper and zinc ions are shown as cyan and magenta spheres, respectively. In addition, 

the zinc binding loop (Loop IV) is shown in yellow, the electrostatic loop (Loop VII) is shown in blue, 

and the conserved intramolecular disulfide bond between Cys57 and Cys146 is shown as red spheres. 

The fALS-associated mutations and residues involved in metal-binding (spheres) are displayed on the 

sequence of SOD1 (B). Figure reproduced from Broom (2015) using PyMOL and PDB code 

1HL5.70,72,73  
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Each of the two monomers of SOD1 bind one copper and one zinc ion. It is thought 

that the first metal to bind SOD1 is zinc, which confers structural stability to the protein and is 

coordinated in the zinc-binding loop by residues His63, His71, His80, and Asp83. The second 

metal, copper, confers catalytic activity to the enzyme and is coordinated by residues His46, 

His48, His63, and His120.68,71 The channel that leads to the active site of SOD1 is formed by 

the zinc-binding and electrostatic loops, with several charged residues in the electrostatic loop, 

mainly lysines and glutamines, being responsible for guiding the substrate to the active site.74 

SOD1 acts as an antioxidant defense enzyme; protecting the cells from toxic superoxide 

molecules (O2
-) that are formed as a byproduct of respiration and other cellular processes.71,75,76 

Superoxide molecules are particularly toxic to cells due to their ability to react with hydrogen 

peroxide to form a more powerful oxidant, hydroxide radicals (HO˙).76 Hydroxide radicals are 

the strongest and most dangerous oxygen radicals as they interact and cause oxidative damage 

to macromolecules such as lipids, proteins, DNA, and carbohydrates.76,77 SOD1 is able to rid 

cells of the superoxide molecules through a two-step ping-pong mechanism, involving the 

cyclic reduction and re-oxidation of copper (Figure 1.7).First, one superoxide molecule is 

oxidized to molecular oxygen, reducing the Cu2+ in the holo SOD1 to Cu1+. Next, the reduced 

Cu1+ is oxidized to Cu2+ by reducing another superoxide molecule to hydrogen peroxide, 

regenerating the original form of SOD1.70,71 

 

Figure 1.7: The Ping-Pong Mechanism of the Catalysis of Superoxide Molecules by SOD1. This 

figure shows the two reactions involved in the ping-pong mechanism performed by SOD1, using its 

catalytic copper ion. Two superoxide molecules and two protons are consumed and transformed to 

molecular oxygen and hydrogen peroxide.71,74 
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1.3.2 SOD1 Maturation and Immature SOD1 

As alluded to earlier, SOD1 undergoes several posttranslational processes to become a 

fully mature and functional metalloenzyme (Figure 1.8). Initially, SOD1 is in an unmetallated 

monomeric form with reduced sulfhydryl groups, referred to as reduced apo-SOD1 (apo2SH 

SOD1). The subsequent modifications that occur are the binding of zinc and copper ions, the 

formation of a disulfide bond between Cys57 and Cys146, and dimerization.68,78,79 In addition, 

other possible modifications include phosphorylation, N-acetylation in eukaryotic cells, and 

glutathionylation.80,81 In the absence of post-translational modifications, the stability of 

apo2SH SOD1 is low when compared to other single-domain proteins and holo SOD1.79,82,83 

For example, differential scanning calorimetry experiments have shown the melting 

temperature of pseudo-wildtype (pWT) SOD1, in which Cys6 and Cys111 are mutated to Ala6 

and Ser111, in the apo2SH and holo states to be 47.6°C and 92.7°C, respectively.82,84,85 

As mentioned above, the major modifications that the apo2SH SOD1 monomer needs 

to undergo are zinc and copper binding, the oxidation of the disulfide bond, and dimerization. 

Currently, the mechanism of how zinc binds to SOD1 is not known, however, it is thought that 

zinc is the first metal to bind, and it greatly stabilizes the SOD1 monomer. The binding of zinc 

to apo2SH SOD1, produces the disulfide-reduced one zinc-bound SOD1 monomer (E,Zn2SH 

SOD1) and increases the affinity for binding with the copper chaperone protein for SOD1 

(CCS).86 The CCS is a 28 kDa homodimeric protein with each subunit comprised of three 

domains and is thought to form a heterodimer with monomeric E,Zn2SH SOD1. This loads the 

E,Zn2SH SOD1 with copper and assists in the formation of the disulfide bond.78,87 The first 

domain of the CCS contains a copper-binding motif that binds Cu1+ and transfers the ion to the 

E,Zn2SH SOD1.78 The second domain of the CCS is highly homologous to SOD1 and is vital 

for protein-protein recognition and the binding to SOD1. In human CCS, this domain binds an 

equimolar amount of zinc, which is essential for the proper functioning of the CCS.87 The third 

domain of the CCS is a short polypeptide that is used to oxidize the disulfide bond in SOD1. 

It lacks secondary structure but contains two crucial cysteine residues, Cys244 and Cys246, 

that are involved in the formation of the SOD1 disulfide bond.78 Following the addition of 

copper and the formation of the disulfide bond by the CCS, SOD1 dimerizes and forms the 
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final functional form of the protein. In the native protein, SOD1 forms a tight dimer with a 

dissociation constant of approximately 1.0 × 10-10 M-1.88 

 

Figure 1.8: Key Maturation States of Cu,Zn SOD1.This schematic displays some potential 

maturation pathways for Cu,Zn SOD1. Following the initial folding events, the predominantly 

monomeric apo2SH SOD1 must bind copper and zinc ions, have a disulfide bond formed between 

Cys57 and Cys146, and dimerize to become fully functional holo SOD1. The binding of copper and 

the oxidation of the disulfide bond is carried out by the copper chaperone for SOD1 (CCS). Adapted 

from Banci et al.78 

1.3.3 ALS and SOD1 

In addition to being a well characterized protein, SOD1 has also been associated with 

the disease ALS. This adds to the value of studying the local structure and stability of SOD1 

variants, since these studies may provide insights into pathways and mechanisms relevant to 

protein misfolding diseases.  ALS is a fatal adult-onset neurodegenerative disease that causes 

the progressive degradation and death of the lower motor neurons in the brainstem and spinal 

cord, as well as the upper motor neurons in the motor cortex. ALS results in a loss of muscle 
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control that concludes in total paralysis and death, often by respiratory failure. The typical 

patient survival after the onset of symptoms is approximately 2-5 years.68,75,89,90 

ALS can be classified as either sporadic or familial (fALS). Sporadic ALS has no 

known causes and accounts for approximately 90-95% of occurrences. The remaining 5-10% 

of cases are termed fALS and involve a family history of the disease.68,89 Approximately 20-

25% of fALS cases are associated with mutations in the sod1 gene, which encodes the SOD1 

protein.68,75 The sod1 gene is located on chromosome 21 and has 187 mutations identified 

(http://alsod.iop.kcl.ac.uk/), to date.68,91 These mutations generally promote the formation of 

toxic misfolded and aggregated SOD1, which have been found in the spinal cords of transgenic 

SOD1 mice and deceased fALS patients.68,92 Initially, it was hypothesized that the mutations 

associated with fALS affected the structure of SOD1, causing a decrease in dismutase activity 

and increasing oxidative stress in cells.93 This was later rejected when further experiments on 

fALS-associated mutations concluded that different mutants displayed varying levels of SOD1 

activity.75,94 In addition, experiments on SOD1 knockout-mice showed that the mice did not 

develop any ALS symptoms.95 However, when an fALS-associated mutant, such as G93A (a 

mutation of glycine to alanine at position 93), is expressed with endogenous mouse SOD1, the 

transgenic mice develop ALS symptoms, specifically the death of lower motor neurons.96,97 

These experiments have helped to determine that SOD1 experiences a gain of toxic function 

when mutations occur, hypothesized to be due to protein misfolding and aggregation.68,96  

1.3.4 SOD1 Mutations and Gain of Toxic Function 

The fALS-associated mutations, of which there are now 187, are dispersed throughout 

the entire structure of the protein and are predominantly autosomal dominant.68,69,91 Some of 

these mutations are located in functionally important sites, such as the metal binding region 

and the dimer interface, which may promote improper metal binding or the disruption and 

dissociation of the dimer interface.68,69,71 In general, the dissociation of SOD1 to its monomeric 

form and the loss of metals has been thought to be required for oligomerization and 

aggregation.88,98–100 With respect to metal binding, the loss of metals may result in decreased 

stability of the zinc-binding loop, and also may promote dissociation of the SOD1 dimer since 
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a portion of the zinc-binding loop is present in the dimer interface region.101,102 It is also 

possible for a mutation to change a residue’s net charge, hydrophobicity, or side-chain 

orientation, which in turn may alter the stability of both immature and mature forms of  SOD1, 

with respect to wildtype (WT) SOD1, and promote protein misfolding.103–105 Furthermore, 

mutant SOD1s have displayed a greater aggregation propensity than WT SOD1, and both 

monomeric SOD1 and zinc-deficient SOD1 have been shown to have a greater aggregation 

propensity than holo SOD1.83,88,99,100 The formation of aggregates containing misfolded mutant 

SOD1 has been observed in cell cultures, transgenic mice, and fALS patients.68,92 Surprisingly, 

the stability of the mutants or their aggregation propensity does not always correlate to the 

disease duration. For example, V148I is more thermodynamically stable than, and has an 

aggregation propensity similar to that of, WT SOD1 but has an average disease duration of 

approximately 1.7 years.84,106 

1.4 Research Objectives 

Currently, not much is known regarding the potential mechanisms of pathogenic 

misfolding and aggregation of SOD1 in disease.63,107 One focus of the Meiering lab is to 

elucidate the effects that fALS-associated mutations and the maturation process have on the 

physical and chemical properties of SOD1 and how these properties may influence the protein 

misfolding and aggregation observed in fALS patients, mice models, and cell cultures. Of 

particular interest is determining these various effects at high resolution, on a residue-specific 

level, since changes in global stability do not always reflect the changes in local stability.108 

NMR is a powerful technique that can be utilized to study these effects and shed light onto the 

potential mechanisms of misfolding of SOD1 in disease. More specifically, variable 

temperature NMR experiments have been performed and high-resolution chemical shift and 

temperature dependence data has been acquired to study the effects mentioned above. 

Chapter 2 examines the effects that various mutations have on the local structural 

stability of SOD1 using amide proton secondary shifts, as well as both amide proton and amide 

nitrogen temperature coefficients and conformational heterogeneity patterns. Next, Chapter 3 

investigates the effects of maturation from the apo2SH state to the holo SOD1 state using the 
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same methodologies as Chapter 2. Temperature coefficients and conformational heterogeneity 

data for the holo SOD1 variants have previously been reported and described in Doyle et al.63 

In both chapters 2 and 3, the implications of linear temperature coefficients and nonlinear 

temperature dependences, as well as amide proton secondary shift data, for the various mutants 

and maturation states studied will be discussed. Lastly, Chapter 4 reports initial capillary 

isoelectric focusing (CIEF) experiments examining the effects that mutations and maturation 

have on the isoelectric points and diffusions coefficients of SOD1 variants.   
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Chapter 2 

Effects of Mutation on Immature SOD1 Studied by NMR 

2.1 Introduction 

Mutations arise from changes in the DNA sequence of a gene, and may result in  

changes to the codons contained within the respective gene, thus changing the amino acid 

sequence of a protein. These changes in amino acid sequence can result in changes to a proteins 

physical and chemical properties.1,109 For example, a protein’s structure, stability, binding 

partner specificity and activity may be changed as a result of mutation.109 Most commonly, 

mutations have destabilizing, or deleterious, effects on a protein; however, there are some that 

result in stabilizing effects. Mutations have been widely associated with various forms of 

cancer and numerous other diseases.1,19,109–111 

A protein’s free energy landscape describes the conformations accessible to a protein 

at a given energy level and is generally rough, with many local minima and maxima. These 

local minima and maxima correspond to the intermediate states and the free energy barriers a 

protein must overcome to continue folding, respectively.2,6,110 Mutations can cause 

perturbations in the free energy landscape of a protein, affecting the protein’s ability to convert 

between states by either increasing or decreasing the free energy barriers.18,110,112 This in turn 

alters the populations of the protein’s states and affects how a protein regulates its 

intramolecular interactions and its interactions with molecular partners, which may result in 

non-native interactions and protein misfolding.110,111 To date, there are many questions 

remaining regarding the effects mutations may have on the structures, functions, and dynamics 

of proteins.   

2.1.1 Properties and Structural Changes of Selected SOD1 Mutants of Interest 

In order to determine the various effects that mutations may have on the local (and 

global) structural stability of SOD1, protein denaturation must be reversible in all the studied 

variants, some of which have a high aggregation propensity.83 To achieve reversible 

denaturation, all SOD1 variants studied using temperature coefficients and conformational 
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heterogeneity were expressed in a pWT background. In WT SOD1, there are four cysteine 

residues. Two of these residues, Cys57 and Cys146, form the intramolecular disulfide bond 

(Figure 1.6). The two remaining cysteine residues, Cys6 and Cys111, are able to form non-

native intermolecular disulfide bonds, which may help promote the initiation of the aggregation 

process and have been shown to help stabilize aggregates in vivo.113,114 Also, throughout the 

aggregation process, these intermolecular disulfide bonds could interrupt the intramolecular 

disulfide bonds between Cys57 and Cys146 through disulfide exchange reactions, further 

promoting SOD1 aggregation.113,114 In the pWT background, the two free cysteine residues 

that are not involved in the formation of the intramolecular disulfide bond, Cys6 and Cys111, 

have been mutated to Ala6 and Ser111. The pWT has been well characterized and displays a 

high degree of reversible unfolding, in addition to possessing a similar stability, activity, and 

structure to WT SOD1.82,84,85,115 These properties make the pWT background of SOD1 highly 

amenable to use in variable temperature NMR methods. 

 In addition to reversible unfolding, the mutations studied should be representative of 

the many that have been found throughout the SOD1 structure and be involved in, or thought 

to disrupt, various processes (http://alsod.iop.kcl.ac.uk/). In addition, the Tm of each form of 

SOD1 to be studied using temperature coefficients should be known. The reason for this is, as 

described in Section 1.2.7, that as the temperature approaches the Tm of the protein, the 

majority of the temperature dependences begin to curve. This may indicate the onset of a global 

unfolding event, which would prevent observation and interpretation of the local events 

occurring when the protein is properly folded, in each state.56 The SOD1 variants to be studied 

by NMR are listed in Table 1, along with the average disease duration associated with each 

mutant and other thermodynamic parameters.82,84,106 

The 6 mutations studied here, described in Table 1, are spread across the structure of 

SOD1 and are involved in, or disrupt, various processes (Figure 2.1). Two of these mutations 

(A4V and V148I) are in the dimer interface, one (G93A) is in a tight turn, two (G85R and 

E100G) are in the β5-β6 hairpin, and one (H46R) is a copper-coordinating residue in the metal 

binding region of β4. In addition, two of these mutations (H46R and G85R) affect the binding 

of metals to SOD1.68 
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Mutant Location Disease Duration 

(Years) 

Holo Tm (°C) Apo2SH Tm (°C) ΔG, 37°C 

(kcal/mol) 

pWT N/A N/A 92.7 47.6 1.8 ± 0.1 

A4V β1 1.2 86.7 36.3 N.D. 

H46R β4 17.6 77.5 52.6 3.1 ±0.1 

G85R β5 6.0 77.5 40.7 0.6 ± 0.0 

G93A Loop 5 3.1 87.7 33.0 N.D. 

E100G β6 4.7 86.2 33.2 -0.6 ± 0.2 

V148I β8 1.7 92.7 51.0 2.2 ± 0.0 

Table 1: Summary of Disease Duration and Mutant pWT Thermodynamic Parameters. The 

disease duration of each mutant was obtained from Wang et al.106 The holo SOD1 Tm data was obtained 

from Stathopulos et al.82 The apo2SH Tm data and ΔG37°C was obtained from Vassall et al.84 N.D. 

denotes no data. E,Zn2SH pWT SOD1, not included in the table above, has a Tm of approximately 55 

°C (unpublished). 

The first of these mutations, A4V, is in the first β-strand that forms a part of the dimer 

interface region. This mutation is the most common and lethal of the mutations studied, with 

an average disease duration of approximately 1.2 years.106 Mutations at the A4 position affect 

both the ability of SOD1 to dimerize and the structure of the β-barrel, since the side chain 

packs into the hydrophobic core of the protein.101,112,116–121 With respect to the dimer interface, 

it has been shown by crystallography that A4V alters the packing of the dimer interface.122 In 

the crystal structure of metal-free A4V, the residues that are in close proximity and displaced 

the most are L106 and I113, with F20 being moderately displaced.116 In addition, V4 forms a 

close contact with I149 and a hydrogen bond is disrupted between the backbones of T2 and 

Q22, which in WT SOD1 is one of the hydrogen bonds that helps to stabilize the protein chain 

at the N terminus.122  

The second mutation of interest is H46R, which involves one of the copper binding 

ligands. Of the mutations studied here, this mutant is associated with one of  the longest fALS 

disease duration and has the highest Tm of the apo2SH variants tested.84,106 This mutation 

allows for the successful binding of either zinc or copper at the zinc-binding site; however, the 

copper-binding site, for which H46 is one of the copper-coordinating side chains, is unable to 

bind metal ions, thus eliminating this variant’s dismutase activity.123 This mutation is thought 
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Figure 2.1: Sites of SOD1 Mutations of Interest. The locations of the 6 mutations studied in this work 

are shown on the structure for holo SOD1. The mutations are shown in red, with their side chains shown 

as sticks. The copper and zinc ions are shown in cyan and magenta, respectively. This figure was 

generated using PyMOL and PDB structure 1HL5.70,72 

to disturb the H63, D124, and T137 side chains, which will weaken the interactions between 

the metal binding region and the electrostatic loop.124–126  

The third mutation is another that affects metal binding, G85R. This mutation is close 

to one of the ligands that coordinate Zn, D83, and greatly decreases metal ion affinity and 

destabilizes the β5-β6 hairpin.68,84,101,112,118,121,127 In the spinal cord lysates of mice 

overexpressing G85R, the protein has been found in a monomeric, copper-free, and disulfide 

reduced state, which may indicate that it has decreased interactions with the CCS due to 

decreased metal affinity.127,128 In an extensive study on the crystal structures of various forms 

of G85R, the R85 sidechain was found to affect the position of P74, which is only two residues 

away from the zinc-binding ligand H71, and changes the orientation of its five-membered 

ring.127 This rearrangement of the P74 ring disrupts a hydrogen bond between P74 and R79, 

one of two hydrogen bonds that secures the zinc-binding loop to the β-barrel, along with a 

hydrogen bond between R79 and D101. This change in structure would impose a conformation 
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on the zinc-loop which displaces one or more zinc-binding ligands. In addition, it has been 

shown that the hydrogen bonding network between β4 and β5 is weakened in G85R, such that 

a water molecule is able to form hydrogen bonds with the sidechain of D124 and the amide 

nitrogen of F45. In WT SOD1, the carbonyl oxygen of G85 forms a hydrogen bond with the 

amide nitrogen of F45 forming a part of the hydrogen bond network between β4 and β5.127 

The next mutation, G93A, is in Loop V, a short loop connecting β-strands 5 and 6. This 

loop is also in close proximity to Loop III (residues 37-40), which connects the two β-sheets 

and is the location of the “β-barrel plug” that is critical for maintaining the structure 

SOD1.116,129 Mutations at the highly conserved G93 position are thought to destabilize the β-

barrel by affecting the packing of the residues that form the β-barrel plug. In the crystal 

structure of metal-free disulfide G93A, the residues that are displaced the most are L38 and 

D92, both found as a part of the β-barrel plug.116 Furthermore, experiments on G93A have 

shown that the β5-β6 hairpin is destabilized, leading to the formation of linear filamentous 

fibrils.112 These fibrils are stabilized by the disordered zinc-binding (loop IV) and electrostatic 

loops (loop VII), that are often found in metal-deficient pathogenic SOD1, forming non-native 

interactions with SOD1 monomers at the unprotected edge strands, such as β-strands 5 and 6. 

This aggregation model is also supported by the crystal structure of apo-oxidized H46R, which 

shows non-native interactions between the β5-β6 hairpin and the electrostatic loop of the 

adjacent monomer. This model may also be applicable to the mutations G85R and E100G, as 

they are present in the β5-β6 hairpin and have a destabilizing effect on SOD1.125 

 The fifth mutation studied in this work is E100G, another in the β5-β6 hairpin and one 

of the more common fALS mutations.130 In addition, this mutant has one of the lowest Tm 

values of the apo2SH SOD1 variants studied.84 Similar to G85R, this mutation decreases the 

net negative charge of the protein. To date, there have been no studies determining the structure 

of E100G SOD1; however, information obtained from the structures of G85R and D101G may 

provide some insight into the effects of the E100G mutation. D101 has two structural roles, 

the first is to form a bond with R79 that connects the edge strands β5 and β6 at their widest 

point. This most likely helps to protect the edge strands by stabilizing the closeness of β5 and 

β6, preventing the opening of the β5-β6 hairpin. The second is to provide conformational 
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specificity to the zinc-binding loop, as R79 is involved in hydrogen bonds that connect P74, 

H80, V81, and D83, two of which are residues involved in the coordination of zinc.127,131 

Furthermore, the zinc-binding loop contains D76, which has been posited to form a bond with 

K128 in the electrostatic loop, helping to associate these two loops. This residue falls between 

P74 and R79, and the bond between D76 and K128 may be influenced by the conformation of 

the zinc-binding loop.131,132 Therefore, it could be expected that mutations near D101, such as 

E100G, could affect the formation of the bond between the D101 and R79 sidechains and affect 

the structure of the β5-β6 hairpin and the zinc-binding loop.131 Also, the E100G mutation could 

disrupt the electrostatic along the surface of β-sheet 1, as it forms a salt bridge with residue 

K30.63,131 

Lastly I studied V148I, which is in the dimer interface and has a similar Tm to that of 

pWT SOD1, despite having one of the lowest disease durations.84,106 Previous studies on this 

mutant have shown that the protein is able to metallate properly and shows a decreased 

aggregation propensity compared to WT SOD1.133,134 Also, immature forms of this have 

increased monomer stability and a slightly weakened dimer interface.84,119 The sidechain of 

V148 points into the dimer interface and is buried in dimeric SOD1; however, the mutation to 

I148 introduces a larger hydrophobic residue. This mutation may have stabilizing effects due 

to the increase in hydrophobicity; but the steric hinderance of a larger sidechain may also have 

destabilizing effects on its immediate surroundings.63 

2.1.2 Previous SOD1 Conformational Heterogeneity and Temperature Coefficient 

Studies 

Numerous previous studies have examined the dynamics of WT and mutant SOD1. As 

mentioned in Section 1.3.2, SOD1 binds copper and zinc ions, forms a conserved 

intramolecular disulfide bond, and dimerizes as it matures to holo SOD1. Each of these steps 

increasingly limit the flexibility of the loops, particularly the long electrostatic and zinc-

binding loops, and increases protein stability.68,112,135 Without the presence of metals, which 

many mutations can affect, the disulfide bond, or a formed dimer, the apo2SH SOD1 has been 

shown to be more dynamic, with many stabilizing interactions between the metal binding 
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region and electrostatic and zinc-binding loops found to be missing. This causes these two long 

loops to become highly disordered, leading to an increased tendency to misfold.85,126 

Studies performed by Sekhar et al. on pWT and mutant apo2SH SOD1 identified four 

low-energy conformational states that are thermally accessible on a millisecond time 

scale.112,135 Using 15N chemical exchange saturation transfer (CEST) and 15N Carr-Purcell-

Meiboom-Gill (CPMG) relaxation dispersion experiments, the free energy landscapes and 

previously determined excited states of pWT and mutant were characterized. The first excited 

state of apo2SH SOD1 corresponds to a dimeric form, similar to what is present in holo SOD1, 

is populated by roughly 3% of the protein, with a lifetime of  3 ms. One reporter of the 

dimerization process is G61, for which this residue’s CEST profile was used alongside those 

of G51, N53, and T54 to determine if a dimer transiently forms in the disease mutants studied. 

Mutants G37R, G93A, and E100G, along with the metal-binding mutants H46R and G85R, all 

showed evidence of dimer formation. Conversely, the mutations A4V and V148G, which are 

both in the dimer interface region, do not show evidence of native dimer formation.112,135 

The second excited state described in these studies involved the formation of a short 

helix in the electrostatic loop that is also present in holo SOD1. This state is populated by 

roughly 2% of the pWT protein and has a lifetime of 13 ms. Two residues that report on the 

formation of a more structured electrostatic loop are T135 and T137. Mutants G37R and G93A 

both showed evidence for the formation of this helix; however, mutants H46R and G85R, 

which interfere with metal binding, as well as mutants E100G and V148G, did not.  

The other two excited states described involve the formation of nonnative dimers. One 

of these two states is stabilized by interactions between the native dimer interface region of 

one monomer and the electrostatic loop of another. The mutations that disrupted the transient 

native dimer, A4V and V148G, also showed no evidence of these two non-native dimers.112,135  

In addition to the four excited states described above, there were additional 

conformations for mutants G85R and G93A that were not present in pWT SOD1. Closer 

investigation of these states revealed that multiple conformations, involving a large number of 

residues, are accessible in the β5-β6 hairpin. This was attributed to the opening of the β5-β6 
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hairpin, as observed in experiments performed on holo G93A by Elam et al.112,125 Also, other 

NMR experiments on holo G93A have shown that loops III and V have more mobility than in 

WT SOD1 on a time scale faster than the rate of protein tumbling.136 This was interpreted as 

the transient opening of the β-barrel, which may become more apparent if the protein is metal-

deficient, leading to amyloid fibrillogenesis through non-native interactions, such as the edge-

to-edge interactions described in Section 2.1.1.136 

Another important study examining the conformational heterogeneity in SOD1 was 

published in 2016 by Doyle et al.63 This study utilized temperature coefficients to examine the 

local stability and conformational heterogeneity in variants of holo SOD1.63 As discussed in 

Sections 1.2.5 and 1.2.7, temperature coefficients are a measure of the local structural stability 

of a protein, with more negative temperature coefficients corresponding to lower local 

structural stability. Also, the non-linearity observed in temperature coefficients can report on 

the population of alternate low-energy excited states.56–58,63 With respect to holo pWT SOD1, 

the average amide proton temperature coefficient value is more positive than other proteins, 

matching previously acquired thermodynamic data that describes holo SOD1’s high 

thermodynamic stability.63,82 Also, in holo pWT, the edge strands β1, β6, and β8 all have a 

decreased stability when compared to other β-barrel strands and the electrostatic and zinc-

binding loops have similar average temperature coefficient values to those of the β-strands, 

owing to their structured states in holo SOD1. Furthermore, residues that exhibit more negative 

temperature coefficients, indicating they are less structured, more commonly appear at the ends 

of the β-strands, in loops, and in the edge strands. In contrast, the residues with more positive 

temperature coefficients are found in the core and more structured regions of the protein.63  

Doyle et al. also found that the mutations cause changes in the local structural stability 

of the protein that correlated with global stability. For example, holo V148I has the largest Tm, 

and also had the most positive average temperature coefficient, when compared to holo G93A 

and E100G. Also, the location of changes in temperature coefficients, when compared to pWT, 

localize to varying extents to the sites of mutation. For example, in holo G93A, in which the 

mutation is present in loop V and near the β-barrel plug found in loop III, a decrease in stability 

of loops III and V was observed . In E100G, where the mutation is present in the widest part 
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of the β5-β6 hairpin, the changes in temperature coefficients were all near the site of mutation. 

In holo V148I, present in β8 and the dimer interface, many of the residues that experience a 

change in temperature coefficient compared to pWT show an increase in local stability and the 

majority of the changes are near the site of mutation and in the dimer interface region.63 

Upon examining the curvature with temperature, Doyle et al. found that a variety of 

residues populate alternate energy states. Generally, the mutants have similar curvature 

patterns to holo pWT; however, all show an increase in curvature in the β6 strand. Some of 

these residues form hydrogen bonds that connect the edge strands to the main structure of 

SOD1, and curvature in this region may indicate the edge strands are beginning to separate 

from the rest of the structure. Also, all mutants either show curvature or changes in hydrogen 

bond patterns near the β-barrel plug, potentially showing the opening of the structure. Lastly, 

this study also looked at the amide nitrogen temperature coefficients for the variants discussed. 

The authors concluded that, at the time, the 15N temperature coefficients were largely 

uninterpretable.63 

In this chapter, high resolution NMR data as a function of temperature has been 

gathered for the apo2SH forms of each SOD1 variant described in Table 1 and compared to 

each other. In addition, previous NMR data acquired for holo SOD1 variants by Doyle et al. 

that were not interpretable at the time will be discussed.63 These NMR data were analyzed to 

determine amide proton secondary chemical shifts, amide proton and nitrogen temperature 

coefficients, and curved temperature dependences. Each of these analyses provides valuable 

structural information about the apo2SH form of SOD1 and the effects of mutations. The amide 

proton secondary shifts for apo2SH and holo SOD1 correlate well with structural data 

previously reported in crystal structures, indicating a structured β-barrel and less structured 

loop regions. The results obtained from the amide proton temperature coefficients studies 

support the use of temperature coefficients as indicators of intramolecular hydrogen bonding 

and local stability. The changes in temperature coefficients largely occur around the sites of 

mutation and provide insight into many of the disrupted processes in mutant SOD1. In the 

amide nitrogen temperature coefficient studies, when secondary temperature coefficients are 

derived by referencing to random coil, theses appear to be extremely sensitive to deviations 



 

  36 

from random coil and are useful for reporting on local structure. The curvature present in the 

amide proton and nitrogen temperature dependences was also analyzed. The curvature patterns 

in mutant SOD1 report on the disruptions to both the structure and function associated with 

the respective mutations, as well as excursions to sparsely populated excited states. These data 

specifically highlight the β5-β6 hairpin as a hotspot for the temperature-dependent loss of 

folded structure in mutant SOD1. Also discussed is an alternate purification protocol for SOD1 

that shows promise for SOD1 variants that have relatively high Tm values. 

2.2 Methods 

2.2.1 Growth and Expression of pWT SOD1 

The conditions for recombinant expression of SOD1 in bacterial cells for these NMR 

experiments followed the procedures previously developed by Getzoff et al. and Stathopulos 

et al.83,137 Human cytosolic SOD1 variants in a pWT background, were expressed in BL21 

E.coli cells using a pHSOD1ASlacI1 vector containing a tacI promoter, ampicillin resistance 

gene, and the lac repressor. The BL21 cells were transformed with the vector by electroporation 

and successfully transformed cells were selected for by growing overnight in 10 mL LB media 

containing 0.1 mg/mL ampicillin at 37°C with shaking, to aerate the culture. This overnight 

culture was used to inoculate 1 L of M9 minimal medium, consisting of the M9 supplements 

and 100 mL 10x M9 salts from Table 2, made up to 1 L with MilliQ water. For 15N-labelled 

samples, 0.5 g of 15NH4Cl was added to each liter of M9 minimal media instead of NH4Cl. The 

E.coli cells were grown at 37°C until an OD600 of approximately 0.6 was reached, after which 

protein expression was induced by adding isopropyl β-D-1-thiogalactopyranoside, to a final 

concentration of 0.250 mM. At this point, CuSO4 and ZnSO4 was added to final concentrations 

of 0.05 and 0.1 mM, respectively. The cells were then grown at 25°C for 36 hours, at which 

point they were harvested by 15 minutes of centrifugation at 4000 g. Cell pellets were stored 

at -80°C until further processing. 
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Media Composition 

Luria Broth (LB) 20 g LB (Lennox) per liter, which is a mixture of 20 g bacto-tryptone, 5 g 

bacto-yeast extract, 10 g NaCl  

10x M9 Salts 67.8 g Na2HPO4, 30 g KH2PO4, 5 g NaCl per liter  

M9 Supplements 0.5 mg/mL NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, 0.4% glucose, 0.0001% 

thiamine HCl (w/v)  

Table 2: Composition of Growth Buffers. This table described the composition of the growth media 

used to grow and express 15N-labelled SOD1. 

2.2.2 SOD1 Purification 

Pseudo-wildtype SOD1 was purified using the methods previously described in Getzoff 

et al. and Doyle et al.63,137 One modification to this procedure was the replacement of the 

diethyl-amino-ethyl column with a Poros HP2 hydrophobic interaction column.101 The SOD1 

was first released from the E.coli periplasmic space by an osmotic shock. Then, the protein 

was copper-charged by adding CuSO4 to a final concentration of 1.4 mM. This ensured proper 

metalation, producing holo SOD1, which was then heated for at 70°C for 20 minutes to 

precipitate contaminating or misfolded proteins. The mutant proteins were heated at lower 

temperatures, typically between the Tm of their holo and disulfide-oxidized apo states.  

After cooling, the precipitated protein was removed by centrifugation at 10000 x g for 

20 minutes before ammonium sulphate and trisaminomethane, pH 8.0, were added to a final 

concentration of 3 M and 20 mM, respectively. The solution was then filtered through 

nitrocellulose paper and run through the hydrophobic interaction column, which separated 

SOD1 from any remaining contaminant proteins. SOD1 was eluted from the column by a 

gradient of decreasing ammonium sulphate before being dialyzed against water and 

concentrated to approximately 7 mg/mL by ultrafiltration using a 10 kDa cutoff membrane. 

The exact concentration of SOD1 was determined using an ε280nm of 5400 M-1cm-1 per 

monomer. The protein was then flash-frozen using liquid nitrogen and stored at -80 °C until 

further processing. 

2.2.3 New SOD1 Purification Procedure 

Partway through this study, additional SOD1 was required to prepare the apo2SH A4V 

sample. The protein was grown as described in Section 2.2.1; however, was purified using a 



 

  38 

procedure being tested by Dr. Tridib Mondal at the Weizmann Institute of Science (Mondal, 

unpublished). This procedure aims to eliminate the use of the hydrophobic interaction column 

and the subsequent dialyses, to remove the large amount of ammonium sulfate, in an effort to 

improve the yield of SOD1, as well as reducing the time and cost of the purification process. 

The purification process begins the same as the one described in Section 2.2.2, with an 

osmotic shock to release the SOD1 from the E. coli periplasmic space, copper charging with 

CuSO4, and a heat treatment. The heat treatment was performed at 65 °C for 25 minutes to 

reflect the lower Tm of holo A4V. Following the heat treatment, the protein was allowed to 

cool to room temperature on a bench for approximately 4 hours, before the precipitated protein 

was removed by centrifugation. The remaining soluble proteins were concentrated to 

approximately 15 mL using a 10 kDa membrane and ultrafiltration. To remove the excess 

copper from the copper charging, the protein was dialyzed twice against 1 L of 20 mM HEPES 

buffer, pH 7.8. Following dialysis, the protein was diluted thrice with the HEPES buffer above 

and concentrated to approximately 4 mg/mL using a 10 kDa membrane and ultrafiltration. The 

protein was then flash-frozen using liquid nitrogen and stored at -80 °C until further processing. 

2.2.4 Removal of Metals from SOD1 

The removal of metals from SOD1 was performed using the procedure from Vassall et 

al.101 Briefly, the purified protein was unfolded at pH 3.80 and dialyzed against 

ethylenediaminetetraacetic acid (EDTA). The metal-free SOD1 was then dialyzed against a 

solution containing 50 mM sodium acetate and 100 mM sodium chloride, pH 3.8, to remove 

the remaining EDTA. Finally, the protein was dialyzed against fresh MilliQ water, followed 

by dialysis against 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 

pH 7.8. This yielded apo SOD1 containing an oxidized disulfide bond. 

Once SOD1 was metal-free, great care was taken to avoid re-introducing metals to the 

protein. Therefore, all glassware, Eppendorf tubes, and pipette tips were washed using 50% 

nitric acid and rinsed extensively with fresh MilliQ water. Any membranes used for 

concentrating the protein were soaked in EDTA and then rinsed extensively with chelexed 

water, prepared by passing MilliQ water through a column packed with Chelex® 100 resin. In 
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addition, all aqueous solutions made for preparing apo samples for NMR experiments were 

made using chelexed water. 

2.2.5 Reduction of the SOD1 Disulfide Bond and Reconstitution of Zinc 

The SOD1 disulfide bond was reduced as described previously in Vassall et al.84 In 

summary, using nitric acid-washed glassware and pipette tips, disulfide-oxidized apo SOD1 

was denatured by adding guanidine hydrochloride and HEPES buffer, pH 7.8, to final 

concentrations of 2M and 20 mM, respectively. Next, tris (2-carboxyethyl) phosphine 

hydrochloride (TCEP HCl) was added to a final concentration of 10 mM. TCEP HCl was used 

to reduce the disulfide bond between Cys57 and Cys146. Following the addition of TCEP HCl, 

the denatured protein was incubated for approximately one hour in a desiccator at 37°C before 

being exchanged into a refolding buffer containing 1 mM TCEP HCl and 20 mM HEPES, pH 

7.4. This process yielded apo2SH SOD1, which will be used in both the preparation of 

E,Zn2SH SOD1 and apo2SH NMR samples. Following the reduction of the disulfide bond and 

the refolding of the protein, the concentration of apo2SH SOD1 was determined using an ε280nm 

of 5400 M-1cm-1 per monomer. For the E,Zn2SH pWT SOD1 sample, zinc was then 

reconstituted by adding an equimolar amount of ZnSO4 to apo2SH SOD1.138 

2.2.6 Preparation of the NMR Sample 

After the removal of metals and the reduction of the disulfide bond the resulting 

apo2SH SOD1 was ready to be prepared into NMR samples. The samples are prepared by 

concentrating the protein of interest to approximately 1 mM monomer in 450 μL of 20 mM 

HEPES buffer and 1 mM TCEP, pH 7.4.63 After the protein is concentrated, 4,4-dimethyl-4-

silapentane-1-sulfonic acid (DSS) was added as an internal standard to a final concentration of 

1 mM for chemical shift referencing.63 Next, deuterium oxide (D2O) was added to the sample 

to a final concentration of approximately 10% (v/v). The final sample, approximately 500 μL, 

was then transferred to a nitric acid washed NMR tube and purged multiple times with argon. 

This step replaced any oxygen in the NMR tube with argon, since any oxygen present will 

contribute to oxidizing the TCEP HCl and the SOD1 disulfide bond. Lastly, a cap was placed 

on the NMR tube and sealed with parafilm. 
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2.2.7 NMR Experiments 

The NMR experiments for all SOD1 variants were performed on a Bruker Avance 600 

MHz spectrometer with a triple-resonance (TXI) probe (Bruker, Billerica, MA, USA). 

Depending on the thermostability of the SOD1 variants, the lowest set temperatures for the 

variable temperature NMR experiments ranged between 6 and 10 °C to higher temperatures 

ranging between 24 and 40 °C. Additional temperatures for select variants were also studied 

to determine the effects that heating to the Tm of the protein may have on individual temperature 

coefficients and conformational heterogeneity. The exact temperature ranges studied for each 

variant are displayed in Table 3. For all apo2SH SOD1 variants, the temperature was increased 

in roughly 2 °C increments. For E,Zn2SH pWT SOD1, the temperature was increased in 2.5 

°C increments from 10 to 45 °C, before increasing in 5°C increments to 55 °C.  

Variant Tm (°C) 
Lowest Set 

Temperature (°C) 

Highest Set 

Temperature (°C) 

Extended 

Temperature 

Range (°C) 

Apo2SH pWT 47.6 6.0 32.0 N/A 

Apo2SH A4V 36.3 6.0 24.0 36.0 

Apo2SH H46R 52.6 10.0 38.0 N/A 

Apo2SH G85R 40.7 8.0 24.0 N/A 

Apo2SH G93A 33.0 8.0 24.0 N/A 

Apo2SH E100G 33.2 8.0 24.0 32.0 

Apo2SH V148I 51.0 10.0 36.0 N/A 

E,Zn2SH pWT 55.0 10.0 40.0 55.0 

Table 3: Variable Temperature NMR Temperature Ranges. This table displays the temperature 

ranges studied by variable temperature NMR for each SOD1 variant, as well as their Tm values.82,84 

One dimensional excitation sculpting NMR experiments (Bruker pulse program 

‘zgesgp’) were performed to determine the location of the DSS peak, to assist with chemical 

shift referencing.139 The location of the 1H-15N crosspeaks used in the subsequent analyses  

were determined using a 1H-15N HSQC (Bruker pulse program ‘hsqcfpf3gpphwg’).140–143 

Specific resonance assignments for E,Zn2SH pWT SOD1 were obtained using a three-

dimensional 15N-edited NOESY HSQC (Bruker pulse program ‘noesyhsqcfpf3gpsi3d’).144–147 
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Acquisition and processing parameters for the 1H-15N HSQC can be found in Appendices A 

and B, respectively.  

2.2.8 Resonance Assignments 

Resonance assignments for the SOD1 backbone amides have been reported previously 

for the apo2SH SOD1 variants.112,135 Resonance assignments were made for E,Zn2SH pWT 

SOD1 using the NOE crosspeaks obtained from the 15N-edited NOESY HSQC experiment 

performed at 25 °C and CARA software.54,148 Reference spectra for each SOD1 variant 

acquired in this study can be found in Appendix C. 

2.2.9 Data Analysis 

The NMR data acquired in this project were processed and analyzed using Bruker 

TopSpin 4.0.6 and CARA softwares.54,148 Amide proton chemical shifts for each SOD1 variant 

were directly referenced to DSS in TopSpin 4.0.6, and in CARA, previously reported 

resonance assignments were transferred onto the re-referenced spectra collected at 24 °C.112,135 

At this temperature, a peak list was created for each re-referenced peak that was assigned to a 

backbone amide and their respective peak in the non-referenced spectrum. Peak lists were 

created for  the non-referenced spectrum using the peak picking algorithm in TopSpin 4.0.6. 

The algorithm was set up to locate the 200 most intense peaks in the spectrum between roughly 

6.5 and 10.5 ppm in the 1H dimension and between 95 and 135 ppm in the 15N dimension. The 

algorithm was also set to find the center of each peak using parabolic interpolation. These peak 

lists were then submitted to the ShiftTrack script of the Shift-T Webserver, created by Dr. Kyle 

Trainor, along with their respective nominal temperatures and DSS chemical shifts, as well as 

the peak list containing the backbone amide assignments at the reference temperature, 24 °C.149 

The ShiftTrack script performs numerous tasks such as: calculating temperature differentials, 

referencing the crosspeaks using the well-established relationship between water and DSS, 

tracking the crosspeaks over the temperature range, and finally plotting and calculating the 

temperature coefficient for individual backbone amides.149  



 

  42 

Following the determination of individual temperature coefficients by Shift-T, the peak 

tracking data was manually reviewed and corrected, where appropriate. These corrected data 

were then submitted to Curvalyzer, another script contained within the Shift-T Webserver. 

Curvalyzer detects and analyzes curvature in the temperature dependences through statistical 

tests. More specifically, Curvalyzer uses an extra sum-of-squares F-test to determine the 

statistical significance that a quadratic model is a better fit to the data than a linear model.149  

The curvature data obtained from Curvalyzer is manually reviewed and corrections are made, 

where appropriate. Curvature in the amide nitrogen temperature dependences was detected and 

analyzed by swapping the amide nitrogen chemical shift with the amide proton chemical shift 

data, and resubmitting to Curvalyzer. The temperature coefficient and curvature results were 

then mapped onto structures of SOD1 using PyMOL and the appropriate PDB files, to assist 

with interpretation.72 

In addition to analysis by the Shift-T Webserver, the amide proton chemical shifts were 

compared to their respective random coil chemical shifts as a measure of the presence of 

secondary structure elements within apo2SH pWT SOD1. The random coil chemical shifts 

were obtained by using a chemical shift calculator, coded by Alex Maltsev for Dr. Flemming 

Poulsen.49,150–152 This entailed submitting the sequences of the SOD1 variants, along with 

information about the experiments, such as the reference temperature and the pH of the buffer. 

Secondary chemical shifts were then calculated by subtracting the random coil chemical shifts 

from the observed experimental chemical shifts.46,49 Amide nitrogen temperature coefficients 

were analyzed by referencing experimentally determined nitrogen temperature coefficients to 

their random coil temperature coefficients using a script developed by Dr. Kyle Trainor.61 

2.3 Results and Discussion 

2.3.1 New Purification Protocol 

The osmotic shock of the A4V SOD1 cells for this new protocol was performed on two 

samples, each from 1 L of growth media. SDS-PAGE analysis of the samples following the 

osmotic shock (Figure 2.2) shows the presence of SOD1 in the pellet, water fraction, and 

sucrose fraction of each sample. The pWT SOD1 gel standard used in this experiment is 
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partially degraded, which has the benefit of showing where the monomeric form and the 

partially degraded forms of the protein run on the gel. The pellet fractions are quite impure, as 

expected; however, due to the presence of proteins in empty lanes, it is likely that one of the 

pellet samples was overloaded by volume. The sucrose fraction contains two predominant 

proteins, one of which is  A4V SOD1. The water fraction contains numerous proteins present 

at low concentration, and A4V SOD1, which is present at a much higher concentration than 

the other proteins, indicating that the osmotic shock was successful. 

                                 

Figure 2.2: SDS PAGE of A4V Osmotic Shock. This gel shows the different fractions following an 

osmotic shock on two separate 1 L growths (labelled 1,2) of A4V SOD1. The most intense band present 

in the water and sucrose fractions is A4V SOD1. The other intense band in the sucrose fractions is 

OmpF.153 

Almost All Contaminant Proteins Are Removed During Heat Treatment, Method Results in 

Increased Yield of SOD1 

As discussed in Section 2.2.3, following copper-charging and heat treatment at 65 °C 

for 20 minutes, the precipitated proteins were removed by centrifugation, the supernatant 
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concentrated by ultracentrifugation, dialyzed against 20 mM HEPES buffer, and finally 

concentrated to approximately 4 mg/mL by ultracentrigufation. Figure 2.3 shows the SDS 

PAGE results for the new purification procedure, following the heat treatment step. During the 

heat treatment, almost all of the contaminating proteins are removed, except for one. The most 

intense band in the concentrated samples is the desired “holo” A4V SOD1, with the light band 

below it representing partially degraded SOD1. In the lane containing the final concentrated 

A4V SOD1, there is also a small proportion, roughly 2-3%, of a protein that is approximately 

39 kDa in size. This is most likely the outer membrane protein (Omp) F that is found in the 

outer membrane of gram negative bacteria such as E. coli. OmpF has been previously reported 

to be approximately 37.5 kDa in size and has a Tm of 87 °C, which is also the melting 

temperature of holo A4V SOD1.82,153–155 The Tm of OmpF is well above the temperature for 

the heat treatment and, therefore, this purification protocol would not be sufficient to remove 

it. With that said, it is present in such a low concentration, which would only decrease as further 

steps are taken to prepare the apo2SH A4V needed for the NMR sample, that it should not 

have an effect on the NMR spectra obtained in the variable temperature NMR experiments. In 

the NMR experiments performed on the apo2SH A4V SOD1 sample, there was not a 

noticeable increase in the number of peaks in the 1H-15N HSQC spectra or many peaks whose 

position had changed relative to apo2SH pWT SOD1, with the exception of peaks that moved 

due to the A4V mutation that were either close in sequence or in the structure of the protein. 

This indicates that the OmpF was either degraded or removed during later steps to prepare 

apo2SH A4V SOD1, or was present in a concentration below the NMR detection. The final 

yield of “holo” A4V SOD1 is approximately 20 mg per litre of growth media, which is higher 

than previous purifications performed on A4V SOD1 in the Meiering Lab, which yielded 10-

15 mg/L. 

The Alternate Purification Protocol may not be Applicable to Mutants with Lower 

Thermostability 

While this method may work on SOD1 variants that have relatively high 

thermostablity, such as holo A4V, G93A, E100G, and V148I, it may not work as well with 

less thermostable variants. These less thermostable variants would include metal-binding 
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mutants such as H46R and G85R, which have melting temperatures between 75 and 80 °C. 

The heat treatment is generally performed at 20 °C or more below the Tm of the holo form of 

the variant; however, metal-binding mutants have decreased structural stability due to a lack 

of one or both metals, meaning that the heat treatment would potentially have to be performed 

at a lower temperature.82,84 This would especially be the case for G85R, since it does not show 

a strong affinity for zinc, which confers structural stability to SOD1.127 A heat treatment 

performed at a lower temperature may increase the number of contaminant proteins found in 

the final concentrated protein, reducing the protocol’s effectiveness.  

                    

Figure 2.3: SDS PAGE of New SOD1 Purification Procedure. This gel shows samples of A4V 

SOD1 as it is purified to “holo” A4V SOD1, the final concentrated protein. The protein markers from 

top to bottom are the following sizes: 116, 64, 45, 35, 25, 18, 14 kDa (Biobasic, Amherst, New York, 

USA). 
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2.3.2 Amide Proton Secondary Shifts 

As discussed in Section 1.2.4, chemical shifts and secondary chemical shifts are useful 

information that can provide insight into the local secondary structure elements contained 

within a protein.46,48,49 Given that the chemical shift index and secondary chemical shifts for 

alpha protons and 13C are well established methods of determining the presence of secondary 

structure elements, it is of interest to use amide 1H secondary chemical shifts to derive low 

resolution structural information of the apo2SH SOD1 variants.47,156 Amide 1H secondary 

chemical shifts are sensitive to secondary structure but are also sensitive to other structural 

influences, such as changes in the geometry of hydrogen bonds, fluctuations in backbone and 

side chain torsion angles, and changes in aromatic side chain position.156,157 Currently, there is 

no high resolution structure available for apo2SH SOD1; however, it has been suggested that 

apo2SH SOD1 maintains an 8-stranded β-barrel with disordered loops.63,135 By determining 

low resolution structural information of the apo2SH SOD1 variants, valuable information 

regarding the effects mutations have on the structure of apo2SH SOD1 may be obtained. This 

structural information would also assist in the interpretation of temperature coefficients and 

curved temperature dependencies. 

Residues Participating in β-strands Often Have Secondary Chemical Shift More Negative than 

-0.4 ppm, More Positive than 0.4 ppm for Residues in Structured Loops 

The secondary chemical shifts were first determined for holo SOD1 variants, using the 

chemical shift data for holo pWT, G93A, E100G, and V148I obtained by Colleen Doyle, and 

plotted to investigate if the 1H secondary chemical shift patterns match known SOD1 crystal 

structures.158 In holo SOD1, there are 2 beta sheets, consisting of 4 beta strands each, and 2 

structured loops, the zinc binding loop, loop 4,  which contributes to forming the dimer 

interface and the zinc binding site, and the electrostatic loop, loop 7, that forms on the other 

side of the active site.68 The holo SOD1 secondary chemical shifts are shown in Figure 2.4, 

along with the changes in secondary chemical shifts (Δδsec) for each mutant, relative to pWT 

SOD1, in Figure 2.5. From these secondary chemical shift data, regions of the protein that are 

known to be participating in a β-strand structure generally have secondary chemical shifts more 

negative than -0.4 ppm.70,135 In addition to the β-strands, a portion of the electrostatic loop, 
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residues 124-127, also displays large negative secondary chemical shifts. This region of the 

electrostatic loop is near β4, which contains residues involved in coordinating the zinc and 

copper ions, as well as being directly beside K128, which bonds to D76 in the zinc-binding 

loop.131,132 This may indicate that this region is highly structured in holo SOD1. We also noted 

in the experimentally obtained secondary chemical shift data that regions with large positive 

secondary chemical shifts, greater than 0.4 ppm, correlate well with more structured loop 

elements.70 For example, the zinc-binding loop and electrostatic loops is much more structured 

following the binding of the zinc and copper ions. Furthermore, the loop regions that form part 

of the dimer interface of holo SOD1, the beginning of loop IV and the C-terminal portion of 

loop VI, also display large positive secondary chemical shift values, indicating they are also 

different from random coil. 

Secondary Structure in Mutant SOD1 is Identical to that of pWT SOD1 and Any Changes 

Occur Near the Site of Mutation 

When comparing the secondary chemical shift values obtained for the holo mutant 

SOD1 to pWT, almost all of the secondary chemical shift values remain unchanged, indicating 

a conserved SOD1 structure across these mutations. Changes greater than 0.1 ppm are seen 

almost exclusively at or near that sites of mutations. For example, in holo G93A, changes in 

secondary chemical shift, relative to pWT, are found in loop V, where the mutation is located, 

and loop III, which is directly beside the site of mutation. From the structural studies mentioned 

earlier, loop III connects the two β-sheets and is the location of the “β-barrel plug” that is 

essential to maintaining the structure of the folded SOD1.116,129 Mutations at the G93 position 

have been thought to destabilize the β-barrel by affecting the packing of the residues that form 

the β-barrel plug. In the structure of metal-free G93A, the residues that are displaced the most 

are residues L38 and D92, both of which are a part of the β-barrel plug.116 Both of these 

residues, as well as a couple residues surrounding them, show altered secondary chemical 

shifts.  

When comparing the holo E100G SOD1 secondary chemical shift data to that of pWT, 

there is only one large noticeable change, at residue V97, which is located in the β5-β6 hairpin. 
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Figure 2.4: Amide 1H Secondary Chemical Shift Data for Holo SOD1 Variants. These graphs 

display the secondary chemical shift data for holo pWT, G93A, E100G, and V148I SOD1. The dark 

grey bars on the graphs correspond to the location of the 8 β-strands that make up the SOD1 β-barrel.70 

The chemical shift data used for these comparisons were reported by Doyle et al.63 

While more changes may be expected in the secondary chemical shifts, key residues such as 

K30, which participates in a salt bridge with the E100 side chain in pWT SOD1, as well as 

residues D101 and S102, which are directly beside the site of mutation, do not have resonance 

assignments in holo E100G.63,131  

Lastly, the changes in secondary chemical shift when the V148I mutation is introduced 

are relatively consistent with the results for the other mutants, in that the changes occur close 

to the side of mutation. More specifically, residues G147 and L117, which are both beside the 

site of mutation in the structure show altered secondary chemical shifts. In addition, residue 

V97, shows an altered secondary chemical shift, illustrating that mutations may have long 

range effects on other regions of a protein’s structure. Residues A6, D52, G114, T116, I149, 

and G150, which are all near the site of mutations, also all have Δδsec values just below the 

±0.1 ppm cutoff, indicating that these residues may also experience a slightly altered structure. 
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Overall, the use of amide 1H secondary chemical shifts appears to be a good indicator of protein 

secondary structure in SOD1, as seen from these holo SOD1 results. 

 

Figure 2.5: Secondary Chemical Shift Data for Holo SOD1 Variants Relative to pWT. These 

graphs display the changes in secondary chemical shifts for each mutant relative to holo pWT SOD1. 

The dark grey bars on the graphs correspond to the location of the 8 β-strands that make up the SOD1 

β-barrel.70 Residues coloured white occur where no comparisons could be made. A93 and G100 are 

shown as blue bars and I148 appears as a red bar (signifying there is no data for this residue) in the 

respective graphs and the sidechains are shown as sticks in the structural representations of the data.  

Figures were made using PyMOL and PDB code 1HL5.70,72 The chemical shift data used for these 

comparisons was reported by Doyle et al.63 
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β-strand Location is Similar in Apo2SH SOD1, Less Structured Loops 

 Since positive results were obtained for the use of 1H secondary chemical shifts as 

indicators of protein secondary structure in SOD1, the secondary chemical shifts of apo2SH 

SOD1 variants and EZn,2SH pWT SOD1  were investigated. Figure 2.6 displays the secondary 

chemical shifts for a number of apo2SH variants and E,Zn2SH pWT SOD1. Both Figure 2.7 

and Figure 2.8 display the change in secondary chemical shifts for the mutant apo2SH SOD1, 

relative to apo2SH pWT SOD1. First, from each of the secondary chemical shift datasets for 

the apo2SH variants, most of the residues previously assigned to be in β-strand structure, 

generally have secondary chemical shifts below -0.4 ppm. Also, given that the loops in apo2SH 

SOD1 are unstructured and there is very little evidence for helical structure in apo2SH SOD1, 

there are little to no residues that have secondary chemical shift values larger than 0.4 ppm. 

The residues that do show secondary chemical shift values larger than 0.4 ppm are generally 

at the ends of β-strand structure, which corresponds to the first residue in a loop or turn. 

Notably there are no residues with large positive secondary chemical shifts in the zinc-binding 

and electrostatic loops of each apo2SH SOD1 variant, indicating that they are largely 

unstructured without the presence of metal ions and the disulfide bond between Cys57 and Cys 

146.68,135 Conversely, in the top right graph in Figure 2.6, E,Zn2SH SOD1 shows generally 

well-structured loops, with secondary chemical shift values more positive than 0.4 ppm, and 

defined β-strands, as described above. 

Changes in Secondary Structure Are Largely Localized Near the Site of Mutation, Correlate 

Well to Data Obtained from Crystal Structures 

When examining the effect mutations have on the secondary chemical shifts found in 

the apo2SH SOD1 variants, the patterns are similar to the ones observed in holo SOD1 variants, 

with the majority of changes occurring near the site of mutation. In A4V, the residues that 

show the largest changes in secondary chemical shift are V5, A6, S105, G114, and A152. Each 

of these residues are in the vicinity of V4, with the exception of S105, which is beside L106, 

a residue whose sidechain points directly at the V4 sidechain. As mentioned in Section 2.1.2, 

in the crystal structure of metal-free disulfide-intact (dimeric) A4V, the residues that are in 
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Figure 2.6: Secondary Chemical Shift Data for apo2SH and E,Zn2SH SOD1. These graphs display 

the secondary chemical shift data for the SOD1 variants mentioned above. The dark grey bars on the 

graphs correspond to the location of the 8 β-strands that make up the SOD1 β-barrel in holo SOD1.70 

close proximity and displaced the most are L106 and I113.116 As expected both L106 and I113 

are beside residues that have an altered secondary chemical shift, both of which become more 

random coil-like. Mutations that disrupt the dimer interface, such as A4V and I113T, may 
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Figure 2.7: Secondary Chemical Shift Data for apo2SH A4V, H46R, and G85R SOD1 Relative to 

pWT. These graphs display the secondary chemical shift data for the SOD1 variants mentioned above 

and the changes in secondary chemical shift for (A) A4V, (B) H46R, and (C) G85R relative to apo2SH 

pWT SOD1. The dark grey bars on the graphs correspond to the location of the 8 β-strands that make 

up the SOD1 β-barrel in holo SOD1.70 Residues coloured white occur where no comparisons could be 

made. R46 is shown as a blue bar and both V4 and R85 appears as red bars (signifying there is no data 

for these residues) in the respective graphs. The sidechains are shown as sticks in the structural 

representations of the data.  Figures were made using PyMOL and PDB code 1HL5.70,72 

affect the hydrogen bonding pattern of G114. This residue is involved, in dimeric SOD1, in 

intermolecular hydrogen bonding with another SOD1 monomer at the dimer interface, 

strengthening the dimer interface.122 Therefore, the loss of structure at residue G114 may 

contribute to the destabilization of the dimer interface observed in this mutant.119,122  
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In H46R, the largest changes in secondary chemical shift are found at residues F45, 

H46, V47, T116, V119, and A145. These residues surround R46 in the structure of the protein. 

For example, F45 is immediately beside V119, which is also directly beside A145. Also, V47 

and T116 are beside each other. All of these residues are located at or around the copper 

binding site, which agrees with the weakened copper binding of this mutant.123  

In G85R, the most notable changes occur at H48, N86, V87, D96, D101, and S142. 

Some of these residues are located beside the R85 mutation and in the β5-β6 hairpin. The most 

notable of these is D101, which forms a hydrogen bond with R79. This hydrogen bond is one 

of two securing the zinc-binding loop to the β-barrel.127 Also, the change in secondary chemical 

shift for G44 is just below the cutoff of ±0.1 ppm. This value may reflect a real change in the 

structure of the protein, as the hydrogen bonding network between β4 and β5 is weakened in 

G85R due a water molecule forming hydrogen bonds to the sidechain of D124 and the amide 

nitrogen of F45, which does not occur in WT SOD1.127 The change in secondary chemical shift 

of G44, may reflect the change in F45’s structure, which does not have a resonance assignment 

in G85R, and the weakening of the hydrogen bond network between β4 and β5. The other two 

residues, H48 and S142 are both present in or around the copper binding site. One of these, 

H48, is a copper ligand, while the other, S142, is directly beside the catalytically important 

R143.87 These structural changes may account for the decreased copper affinity and lower 

catalytic activity of G85R.159 

G93A is also in the β5-β6 hairpin and near the β-barrel plug, which is made of portions 

of loops III and V. The most striking changes in secondary chemical shift are in residues A89 

and D96, both at the bottoms of β5 and β6, respectively. Also, in previous structural studies on 

metal-free G93A, the residues that are displaced the most are L38 and D92, both forming part 

of the β-barrel plug.116 Interestingly, assignments for the residues previously assigned in all 

other apo2SH SOD1 variants, within or on the edges of loops III (residues 36, 37, & 39) and V 

(residues 91-95), encompassing the β-barrel plug have been lost in G93A, supporting a potentially 

different structure of the β-barrel plug in G93A.  

The last of the mutations in the β5-β6 hairpin, E100G, also causes numerous changes 

in secondary chemical shift around the site of mutation. For example, the largest changes in 
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secondary chemical shift occur at residues K30, D96, V97, G100, D101, and S105. Most of 

these are in the β6 strand, indicating an altered structure compared to pWT, while S105 is a 

 

Figure 2.8: Secondary Chemical Shift Data for apo2SH G93A, E100G, and V148I SOD1 Relative 

to pWT. These graphs display the secondary chemical shift data for the SOD1 variants mentioned 

above and the changes in secondary chemical shift for (A) G93A, (B) E100G, and (C) V148I relative 

to apo2SH pWT SOD1. The dark grey bars on the graphs correspond to the location of the 8 β-strands 

that make up the SOD1 β-barrel in holo SOD1.70 Residues coloured white occur where no comparisons 

could be made. G100 and I148 are shown as blue bars and A93 appears as a red bar (signifying there 

is no data for this residue) in the respective graphs. The sidechains are shown as sticks in the structural 

representations of the data.  Figures were made using PyMOL and PDB code 1HL5.70,72 
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part of the loop directly following β6. As expected, changes are observed for D101, which is 

directly beside the site of mutation and, as discussed earlier, forms one of two hydrogen bonds 

that tethers the zinc-binding loop to the β-barrel and bridges the β5-β6 hairpin at its widest 

point. A disruption to the bond between R79 and D101 may result in the opening of the β5-β6  

hairpin, decreasing the protection of the two edge strands and promoting aggregation.127,131 

Also discussed earlier in Section 2.2.2, a disruption to the salt bridge between D101 and R79, 

may result in an altered zinc-binding loop and, through the bond between D76 and K128, an 

altered electrostatic loop.131,132 Also, a change is observed for K30, a residue beside the site of 

mutation in β3, part of the electrostatic network across the first β-sheet and forms a salt bridge 

with E100 in pWT SOD1.63,131 As a consequence of the mutation from E to G, this salt bridge 

is disrupted. 

Lastly, V148I, shows fewer changes in secondary chemical shifts, indicating that it is 

the most similar in structure to apo2SH pWT SOD1. The changes in secondary chemical shift 

occur for residues K30, A60, G129, and I148; however, the secondary chemical shift for G129 

changes in sign (from negative to positive) but not in magnitude, indicating that it is still close 

to random coil. Other than the secondary chemical shift for the site of mutation (I148) 

changing, another residue nearby and also in the dimer interface region, A60, experiences a 

change in secondary chemical shift. In addition, K30 shows a change in secondary chemical 

shift, which may indicate a long distance effect of the V148I mutation that either could affect 

the electrostatic network across the first β-sheet, or a slight change in the β5-β6 hairpin, 

observed through the salt bridge connecting K30 and E100.63,131  

In many of the cases discussed above, the results illustrate how the effects of a mutation 

can propagate through a protein, disrupting secondary structure elements, especially those near 

the site of mutation. In general, these disruptions in secondary structure elements, as 

determined by changes in secondary chemical shifts, match well with the changes in structure 

and disruptions observed in the crystal structures of SOD1 variants. In addition, there are more 

disruptions to the apo2SH forms of SOD1 than the holo forms of SOD1. This matches 

expectations as apo2SH SOD1 has been shown to be less structurally stable than holo SOD1, 

as a result of the monomeric form lacking metals and possessing a reduced disulfide 
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bond.63,79,82,83 While amide proton secondary shifts may be influenced by other structural 

factors, these data suggest that they may be useful in defining regions of a protein where 

structure is altered, and typically disrupted, in mutants. 

2.3.3 Amide Proton Temperature Coefficients 

As discussed earlier, amide proton temperature coefficients are a valuable high 

resolution probe of local temperature-dependent loss of structure, also known as the structural 

stability, of a protein.58,63 In addition, temperature coefficients have the benefits of being 

sensitive to hydrogen bond formation, with intramolecularly hydrogen bonded amides 

generally exhibiting temperature coefficients more positive than -4.6 ppb/K and intermolecular 

hydrogen bonded amides generally exhibiting temperature coefficients more negative than -

4.6 ppb/K.53,56,57 This section aims to discuss the various effects mutations have on the local 

structural stability of apo2SH SOD1, using amide proton temperature coefficients. The 

temperature ranges studied for each mutant are summarized in Table 3. 

Stabilizing Mutations Result in More Positive Average Temperature Coefficients While 

Destabilizing Mutations Result in More Negative Values 

The temperature coefficients for each of the SOD1 variants studied are displayed in the 

ribbon diagrams in Figure 2.9. All apo2SH SOD1 variants are shown on the structure of holo 

pWT SOD1, 1HL5, since no high resolution structures are available.70 While the apo2SH state 

of SOD1 exists in a monomeric form, Figure 2.9 displays the data as a dimer, both to highlight 

the region that would participate in forming the dimer interface in later maturation states and 

to display the temperature coefficient patterns found in both β-sheets. The average temperature 

coefficient of each variant, along with the average temperature coefficient of each structural 

feature is given in Table 4 and Table 5. Table 4 summarizes the average temperature 

coefficients of all residues assigned in each of the variants. Table 5 also summarizes the 

average temperature coefficients for the SOD1 variants and the secondary structure elements, 

but with residues that are assigned across all variants. Notably, the destabilizing mutants A4V, 

G85R, G93A and E100G, all have more negative average temperature coefficients than pWT, 

while the stabilizing mutations, H46R and V148I, have similar or more positive values. In 



 

  57 

general, unstructured regions in apo2SH SOD1, such as the dimer interface, zinc-binding loop, 

and electrostatic loop, all have large negative amide proton temperature coefficients. 

Conversely, regions that are thought to be more structured, namely the β-strands, show more 

positive temperature coefficients.135 This supports that more positive temperature coefficients 

are often associated with an increased structural stability.  In fact, the majority of the residues 

present in the β-strands have temperature coefficients more positive than -4.6 ppb/K, indicating 

that they are involved in intramolecular hydrogen bonds, while the residues in less structured 

regions, such as the electrostatic loop and zinc binding loop, have temperature coefficients 

indicative of intermolecular hydrogen bonding with bulk water.57,58  

The average temperature coefficients for each apo2SH SOD1 variant are compared to 

other thermodynamic parameters, obtained by Vassall et al., in Figure 2.10.84 Here, it is 

observed that the ΔG37C and Tm values obtained by Vassall et al. correlate well to each other, 

as do the average temperature coefficients of each variant to both the variants’ Tm and ΔG37C 

values.84 In Figure 2.10 (B), the average temperature coefficient of G85R is more negative than 

expected; however, this could be attributed to fewer assignments in this mutant when compared 

to other apo2SH variants, as a result of a more altered structure. For E,Zn2SH pWT SOD1, 

there are fewer large negative temperature coefficients, especially in the dimer interface region, 

metal-binding region, and the electrostatic loop, which can be attributed to the increase in 

structural stability as a result of zinc-binding (Figure 2.9). Changes in temperature coefficients 

as a result of SOD1 maturation from apo2SH to E,Zn2SH pWT SOD1 will be further discussed 

in Section 3.3.2. 

Mutations Affect the Structural Features They are Contained Within and Those Nearby 

The average temperature coefficients of each structural feature, displayed in Table 4, 

provide an assessment of each feature’s overall stability and may also provide insights into 

dynamic regions in apo2SH SOD1. In general, the average temperature coefficients of the β-

strands are more positive than those for the loops, as expected. The average temperature 

coefficients are relatively consistent across all variants for β-strands 1, 2, and 3, as well as 

loops I, II, and II. In contrast, loop III exhibits a larger variation in average temperature  
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Figure 2.9: 1H Temperature Coefficients of apo2SH Variants and E,Zn2SH pWT SOD1. 

Displayed are 1H temperature coefficients for apo2SH SOD1 variants (A) pWT, (B) A4V, (C) H46R, 

(D) G85R, (E) G93A, (F) E100G, and (G) V148I, and (H) E,Zn2SH pWT SOD1. The zinc ion in 

E,Zn2SH SOD1 is coloured magenta. Residues coloured white are unassigned. Figures were made 

using PyMOL and PDB codes 1HL5 (apo2SH SOD1) and 2AF2 (E,Zn2SH pWT SOD1).70,72,160 
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coefficients, especially for G85R and G93A; however, these mutants also have less 

assignments in this region, while the residues that are assigned have temperature coefficients 

similar to those residues in the other variants. In β-strand 4, there is a wider range of average 

temperature coefficient values. Apo2SH A4V, H46R, and G93A all have more positive values; 

however, G93A has less assignments here and when comparing values for similar assignments, 

its β4 average temperature coefficient is similar to those of pWT, E100G, and V148I. 

Conversely, apo2SH G85R has a more negative average temperature coefficient and despite 

having less assignments, the individual temperature coefficients of these residues are more 

negative than those in other variants. This indicates that β4, which is involved in metal binding, 

has decreased structural stability in apo2SH G85R.  

The first portion of the zinc-binding loop, which is comprised of residues 50-62, is in 

the dimer interface region of the protein. While most of the average temperature coefficients 

are similar, that region in A4V has a more negative value, suggesting that this region has 

decreased structural stability. The second portion of the zinc-binding loop, comprising residues 

63-82, is involved in metal-binding. G85R, a mutation which affects the binding of zinc, is the 

only mutant that shows a more negative average temperature coefficient in this region. G85R 

is also the only mutant, that has a decreased average temperature coefficient in β-strand 5, 

where the site of mutation is located. In the next structural feature, loop V, both A4V and G93A 

display more negative temperature coefficients. Even though only one residue is assigned in 

this loop in G93A, the value of this temperature coefficient is significantly more negative than 

in other apo2SH SOD1 variants. In both β-strand 6 and loop VI, the average temperature 

coefficients are fairly consistent; however, E100G displays the most negative temperature 

coefficients for both of these structural features. With respect to β-strand 7, one of the strands 

that contains residues involved in metal-coordination, the average temperature coefficient is 

more positive in H46R, a mutation that results in increased stability but decreased affinity for 

copper binding, and more negative in both A4V, which is nearby in the structure, and G85R, 

which displays decreased metal affinity.123,159 In addition, G85R also exhibits the most 

negative average temperature coefficient in loop VII, the electrostatic loop, and H46R displays 

the most positive value. This matches expectations, as the G85R mutation decreased zinc-  
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 pWT A4V H46R G85R G93A E100G V148I 

Average -5.35 -5.53 -5.00 -5.86 -5.69 -5.66 -5.38 

# Res 119 116 117 104 100 113 117 

Average Tamperature Coefficient by Structural Feature (ppb/K) 

N N/A N/A N/A N/A N/A N/A N/A 

β1 -4.21 (5) -4.66 (5) -4.15 (5) -4.24 (5) -4.49 (5) -4.33 (5) -4.67 (5) 

Loop I -5.71 (4) -5.73 (4) -5.54 (4) -5.90 (4) -5.99 (4) -5.99 (3) -5.29 (4) 

β2 -2.25 (9) -2.06 (9) -2.17 (9) -2.58 (9) -3.77 (6) -2.24 (9) -2.18 (9) 

Loop II -6.03 (3) -6.09 (3) -5.98 (3) -5.96 (3) -6.28 (3) -6.24 (3) -6.04 (3) 

β3 -3.26 (7) -3.21 (7) -2.90 (7) -3.53 (7) -3.54 (6) -3.66 (8) -3.18 (7) 

Loop III -11.26 (3) -12.39 (2) -11.80 (3) -6.29 (2) -9.29 (1) -11.59 (3) -11.66 (3) 

β4 -6.73 (8) -5.44 (8) -5.92 (8) -8.43 (6) -5.47 (6) -6.99 (8) -6.97 (8) 

Loop IV 

(part 1) 
-6.68 (11) -7.10 (11) -6.38 (10) -6.59 (10) -6.73 (11) -6.86 (11) -6.78 (11) 

Loop IV 

(part 2) 
-5.71 (7) -5.89 (7) -5.71 (7) -6.73 (7) -5.95 (6) -5.84 (6) -5.72 (7) 

β5 -5.61 (5) -5.34 (5) -5.58 (3) -6.40 (4) -5.65 (4) -5.75 (5) -5.74 (5) 

Loop V -4.02 (4) -5.44 (4) -3.70 (4) -4.07 (4) -8.59 (1) -3.80 (4) -3.83 (4) 

β6 -5.75 (8) -5.53 (8) -5.18 (8) -5.88 (8) -5.98 (5) -6.02 (8) -5.38 (8) 

Loop VI -4.47 (10) -4.44 (10) -4.12 (10) -4.56 (7) -4.80 (10) -4.93 (9) -4.43 (10) 

β7 -2.84 (5) -4.52 (5) -1.54 (6) -4.22 (2) -3.03 (5) -3.30 (4) -2.94 (4) 

Loop VII -6.51 (19) -6.83 (19) -6.39 (19) -7.87 (18) -7.04 (17) -6.83 (18) -6.66 (18) 

β8 -4.38 (9) -5.40 (7) -3.87 (9) -5.63 (6) -6.11 (8) -5.55 (7) -4.21 (9) 

C -7.42 (2) -8.52 (2) -7.29 (2) -7.66 (2) -7.25 (2) -7.45 (2) -7.52 (2) 

Table 4: Temperature Coefficients for Apo2SH SOD1 Variants. Temperature coefficient data for 

each of the apo2SH SOD1 variants studied are summarized here. The first portion of the table describes 

the average temperature coefficients for each apo2SH variant and the number of residues that data is 

available for. The second portion of the table describes the average temperature coefficient for each 

structural feature of SOD1, with the average temperature coefficient found beside the parentheses 

containing  the number of residues for which data is available. Loop IV is separated into two parts, the 

first passes through the dimer interface region while the second is involved in the binding of the zinc 

ion. 
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 pWT A4V H46R G85R G93A E100G V148I 

Average of Same Res. (87) -5.43 -5.45 -5.31 -5.97 -5.70 -5.59 -5.45 

β-Sheet 1 (21) -4.43 -4.34 -4.11 -4.36 -4.40 -4.52 -4.35 

β-Sheet 1 (15) -4.98 -5.04 -5.11 -6.09 -5.28 -5.43 -5.18 

Average Tamperature Coefficient by Structural Feature (ppb/K) 

N-terminus (0) N/A N/A N/A N/A N/A N/A N/A 

β1 (5) -4.21 -4.66 -4.15 -4.24 -4.49 -4.33 -4.67 

Loop I (3) -6.47 -5.46 -6.21 -5.72 -5.94 -5.99 -6.01 

β2 (6) -4.12 -4.05 -3.98 -4.05 -4.18 -4.24 -4.09 

Loop II (3) -6.03 -6.09 -5.98 -5.96 -6.28 -6.24 -6.04 

β3 (6) -3.27 -3.17 -2.88 -3.62 -3.54 -4.11 -3.11 

Loop III (1) -3.01 -2.67 -3.41 -3.07 N/A -3.20 -3.49 

β4 (5) -5.63 -4.87 -6.01 -8.01 -5.99 -5.88 -6.03 

Loop IV Part 1 (10) -6.43 -6.91 -6.38 -6.59 -6.50 -6.59 -6.48 

Loop IV Part 2 (6) -5.81 -5.48 -5.79 -6.41 -5.95 -5.84 -5.88 

β5 (2) -4.53 -3.87 -5.12 -5.79 -5.21 -4.91 -4.99 

Loop V (1) -5.73 -5.10 -5.11 -5.72 -8.59 -4.85 -5.65 

β6 (5) -7.03 -6.67 -6.27 -6.20 -5.98 -6.18 -6.38 

Loop VI (7) -4.40 -4.51 -4.29 -4.56 -4.64 -4.71 -4.27 

β7 (2) -3.51 -6.04 -3.18 -4.22 -3.45 -6.32 -4.06 

Loop VII (18) -6.17 -6.29 -6.05 -7.79 -7.04 -6.34 -6.29 

β8 (5) -5.13 -5.02 -5.00 -5.21 -5.49 -4.95 -4.89 

C-terminus (2) -7.42 -8.52 -7.29 -7.66 -7.25 -7.45 -7.52 

Table 5: Average Temperature Coefficients of Same Residues Across Apo2SH SOD1 Variants. 

Temperature coefficient data for each of the apo2SH SOD1 variants studied are summarized here. The 

first portion of the table describes the average temperature coefficients for each apo2SH variant and the 

two β-sheets that form the β-barrel. The second portion of the table describes the average temperature 

coefficient for each structural feature of SOD1. Loop IV is separated into two parts, the first passes 

through the dimer interface region while the second is involved in zinc binding. The number of residues 

assigned across all apo2SH SOD1 variants for each structural feature are in parentheses. 

binding affinity and has shown to possess an altered hydrogen bonding network in the vicinity 

and the H46R mutation is known to stabilize the protein, one part of which is the association 

of the metal-binding region with the electrostatic loop.123,127 In β-strand 8, there is a distinct 

separation between the average temperature coefficients for the destabilizing mutation, A4V, 
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G85R, G93A, and E100G, and pWT and the stabilizing mutations, H46R and V148I. The 

destabilizing mutations all result in more negative temperature coefficient values, indicating a 

decreased structural stability, while the pWT and stabilizing mutations all possess more 

positive temperature coefficients, indicating an increased structural stability. Lastly, the 

average temperature coefficients for the C-terminal residues are relatively consistent between 

all variants, with the exception of A4V, which is a mutant with a significantly destabilized 

dimer interface region.119,122 Overall the changes in temperature coefficients for secondary 

structural elements correlate well with the changes in stability measured by other means and 

are consistent with the structural consequences of the mutations. 

 

Figure 2.10: Apo2SH SOD1 Comparison of Thermodynamic Parameters. These graphs display the 

comparisons between the (A) ΔG37C vs Tm values, (B) average temperature coefficients vs Tm, and (C) 

the average temperature coefficient vs ΔG37C for the variants studied, where appropriate. The ΔG37C 

and Tm values are found in Table 1 and were obtained from Vassall et al.84 
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Dimer Interface Mutants Affect Temperature Coefficients of Other Residues in the Dimer 

Interface, A4V Also Affects the Hydrophobic Residues Pointing Into the Core of the Protein 

Displayed in Figure 2.11 are the differences in temperature coefficients for the dimer 

interface mutants A4V and V148I, relative to apo2SH pWT SOD1. Figure 2.11 (A) shows the 

change in temperature coefficients due to the A4V mutation. Residues that are coloured 

increasingly deep shades of red are destabilized upon the mutation, while residues coloured 

increasingly deep shades of blue are stabilized upon mutation. Residues coloured dark grey do 

not experience changed temperature coefficients and residues coloured white cannot be 

compared due to a lack of data in one or both variants. From Figure 2.11 (A), the majority of 

the residues in A4V do not exhibit changes temperature dependences, suggesting that the 

structure and stability of these residues are similar to pWT, which matches expectations since 

the two variants are related and should have generally similar structures, as seen in the data 

presented in Section 2.3.2. Also, there are more residues destabilized by the A4V mutation (16 

in total) than stabilized (11 in total). Many of the destabilized residues in apo2SH A4V SOD1 

are in the dimer interface region, which is destabilized in A4V, and near the site of mutation.119  

For example, as discussed earlier, L106 and I113 are disturbed the most in the structure of 

A4V. Residues at or around these sites experience changes temperature dependences, such as 

S105, L106, S107, R115, and T116 all with more negative temperature coefficients, and G114 

with a more positive temperature coefficient. These data are consistent with the previous 

structural findings and the observation that mutations disrupting the dimer interface, such as 

A4V and I113T, may weaken the hydrogen bonding of G114, a residue involved in 

intermolecular hydrogen bonding with the other SOD1 monomer at the dimer interface, 

strengthening the dimer interface.116,122 

Another residue affected in the structure of A4V is F20, a hydrophobic residue pointing 

into the hydrophobic core of the protein.116 While the temperature coefficient of F20 does not 

change, the temperature coefficient of the proceeding residue, N19, suggests it is stabilized by 

the A4V mutation. There is a similar pattern in some of the other residues, where the 

temperature coefficient of either a hydrophobic residue whose sidechain points into the core 

of the protein, such as F45 and I149, or a residue nearby to those hydrophobic residues, such  
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Figure 2.11: Changes in Temperature Coefficients for Dimer Interface Mutants Relative to pWT. 

This figure displays the changes in temperature coefficients, relative to apo2SH pWT, for (A) A4V and 

(B) V148I. Residues coloured white occur where no comparisons could be made. The sites of mutation 

are shown as blue bars in the graphs and the sidechains are shown as sticks in the structural 

representations of the data. Figures were made using PyMOL and PDB code 1HL5.70,72 

as N19, H43, and D96, is altered. This may indicate that the A4V mutation, whose sidechain 

points into the core of the protein, creates a stronger hydrophobic environment in the interior 

of apo2SH SOD1. It should also be noted here that there are a small cluster of destabilized 

residues in the electrostatic loop, demonstrating that it is most likely less structured in apo2SH 

A4V than pWT SOD1.  

The other dimer interface mutant studied is V148I, a mutation that introduces a larger, 

more hydrophobic residue to the dimer interface region. The thermodynamic stability of this 

mutant has been shown to be similar to that of pWT SOD1, which is reflected in the average 

temperature coefficients of these two apo2SH variants.63,84 From Figure 2.11 (B), it is observed 

that some residues are affected slightly, while most are not affected at all. This further supports 
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the similar stabilities seen in other studies.63,84 For the residues that are affected (8 in total), the 

majority are stabilized (5 residues), most notably the site of mutation, I148. Other stabilized 

residues are found in loop I and the first β-sheet, with two of these residues in β-strand 6. This 

may indicate a long range effect of the V148I mutation that protects the edge strand β6. This 

increased protection may partially explain the decreased aggregation propensity of this 

mutant.84,133,134 The most destabilized is T116, which is found in β-strand 7 and is directly 

beside I148 in the structure of SOD1.  

H46R Displays Increased Stability in the Metal-Binding Region 

The next set of mutants studied are the metal-binding mutations H46R and G85R. For 

H46R, the changes in temperature coefficients relative to pWT are shown in Figure 2.12 (A). 

Similar to V148I, this mutation stabilizes apo2SH SOD1; however, in later maturation states, 

this mutant does not bind metals in the copper-binding site.84,123 The average temperature 

coefficient of this mutant is the most positive of all the apo2SH SOD1 variants studied, 

consistent with it having the highest stability. While the majority of residues do not experience 

a change in temperature coefficient, those that do are more often stabilized by the mutation (17 

of 22 affected residues). The majority of these changes are clustered around the site of mutation 

and the metal binding region. In the copper-binding region, the mutant residue and the metal-

binding region are all stabilized. These changes are all in the vicinity of copper-binding ligands 

in pWT, H46R, H48, and H120, as well as the catalytically important R143.68,87 This may 

indicate that the R46 sidechain, which is now positively charged, may act similarly to the 

copper ion that normally binds in pWT SOD1, stabilizing the copper-binding region. That said, 

the increased size of this sidechain may be what prevents the copper ion from binding this 

mutant.123 Also, similar to the pattern observed in V148I, the same two residues in β-strand 6 

are stabilized, potentially resulting in an increased protection of this edge strand. 

From previous structural studies on H46R SOD1, this mutation is thought to disturb 

the H63, D124, and T137 sidechains, weakening the interactions between the metal binding 

region and the electrostatic loop.124–126 Through these temperature coefficients, changes are 

seen for T137 (decreased local stability) and the surrounding area, notably N139 and K136, as 
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well as other residues in the electrostatic loop, L126, G127, and K128, and G44 in the metal-

binding region. The residue with the most negative change in temperature coefficient in H46R 

is A145. This residue is found at the edge of the copper-binding site, and may be destabilized 

due to potential nearby structural changes.  

 

Figure 2.12: Changes in Temperature Coefficients for Metal-Binding Mutants Relative to pWT. 

This figure displays the changes in temperature coefficients, relative to apo2SH pWT, for (A) H46R 

and (B) G85R. Residues coloured white occur where no comparisons could be made. R46 is shown as 

a blue bar and R85 appears as a red bar (signifying there is no data for this residue) in the respective 

graphs and the sidechains are shown as sticks in the structural representations of the data.  Figures were 

made using PyMOL and PDB code 1HL5.70,72 

The G85R Mutation Greatly Affects Residues in the Metal-Binding Region, Zinc-binding and 

Electrostatic Loops, and the β5-β6 Hairpin 

The temperature coefficients of the second metal-binding mutant studied, G85R, can 

be viewed in Figure 2.12 (B). This mutation has been shown to greatly decrease metal ion 

affinity, destabilize the β5-β6 hairpin, and affect the hydrogen bond network between β4 and 
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β5.68,112,127 This mutant possesses the most negative average temperature coefficient of the 

variants studied and also possesses the most changes in temperature coefficients (>1ppb/K). 

The majority of these changes (25 of the 28) are in the negative direction, indicating a decrease 

in local structural stability. The most obvious changes occur around the site of mutation, in β-

strand 5, in the metal-binding region, and the electrostatic loop. As mentioned above, the 

hydrogen bond network is disrupted between β4 and β5 in the oxidized apo crystal structure, 

which may be manifested by the appearance of  more negative temperature coefficients in this 

region. The electrostatic loop also possesses a decreased structural stability in many residues, 

mostly in the residues that participate in the transient formation of the small helical structure.112 

In holo and E,Zn2SH pWT SOD1, this helical structure faces the zinc-binding site and is 

stabilized by bound zinc.121 The decreased local structural stability of these residues in the 

apo2SH state may indicate that this loop does not transiently form, especially since zinc 

binding is weakened in this mutant.127  

Other residues of interest that display altered temperature coefficients are those in the 

zinc-binding region, and D101, at the top of β6. In the zinc-binding region of the zinc-binding 

loop,  residues R69, which is close to the zinc-coordinating residue H71, as well as D76 and 

E77, all exhibit more negative temperature coefficients in G85R. Most interesting are D76 and 

E77, both of which are between P74 and R79. Both P74 and R79 form important hydrogen 

bonds that tether the zinc-binding loop to the β-barrel. More specifically, P74 forms a bond 

with R79, which also forms a bond with D101, one of the residues that shows decreased local 

stability in G85R.127 Furthermore, in crystal structural studies on D101 mutants, it was found 

that residue D76 in the zinc-binding loop participates in a bond with K128 in the electrostatic 

loop, helping to associate these two loops. This residue falls between P74 and R79, and the 

bond between D76 and K128 may be influenced by the conformation of the zinc-binding 

loop.131,132 In apo2SH G85R SOD1, the temperature coefficient for K128 is also more negative 

than in pWT. The temperature coefficient patterns observed in these regions of G85R may be 

indicating that these structurally important hydrogen bonds are disrupted, and the loops have 

dissociated from each other and the β-barrel of the protein. These results agree with a 

previously proposed aggregation model, in which the zinc-binding and electrostatic loops are 
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disordered, as often found in metal-deficient pathogenic SOD1, and form non-native 

interactions with SOD1 monomers at unprotected edge strands  β5 and β6.112 These non-native 

interactions can lead to the formation of linear filamentous fibrils. In the case of G93A, and 

potentially G85R and E100G, the β5-β6 hairpin is destabilized leading to the formation of 

these fibrils.112 In addition, this aggregation model is supported by the crystal structure of 

oxidized apo-H46R, which shows non-native interactions between the β5-β6 hairpin and the 

electrostatic loop of the adjacent monomer.125 

 The long range effects of the G85R mutation, as apparent from altered temperature 

coefficients, affect both the dimer interface region and the copper-binding site. In this mutant, 

there is a slight destabilization in the dimer interface, indicated by the more negative 

temperature coefficients for residues N53, A60, and I113. As discussed for A4V above, the 

change in the temperature coefficient of I113 may slightly affect the hydrogen bonding pattern 

of G114.116,122 With respect to the copper-binding site in G85R, it has been shown previously 

that G85R has a decreased affinity of the copper ion, lowering its catalytic activity.159 Residues 

whose temperature coefficients may be reporting on the decreased stability of the copper-

binding site, include V47 and S142. The first of these residues, V47, is between two residues 

involved in binding copper, H46 and H48, as well as being directly beside H63, another copper-

binding ligand, in the structure of SOD1. The other residue, S142, is directly beside the 

catalytically important R143, which increases the positive charge density required for substrate 

binding.87 Overall, the temperature coefficient patterns observed in apo2SH G85R SOD1 

appear to be reporting on numerous structural changes that occur as a result of the G85R 

mutation. 

Decreased Stability in the Electrostatic Loop for G93A and E100G, E100G Mutation Results 

in a Large Destabilization of the Surrounding Area 

The last two mutations studied, G93A and E100G, are in the β5-β6 hairpin, as is with 

the G85R mutation. The temperature coefficient patterns for these two variants are found in 

Figure 2.13. The first of these mutations, G93A, is in loop V, between β-strands 5 and 6, and 

is next to the β-barrel plug in loop III that stabilizes the structure of the folded SOD1.116,129 
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Figure 2.13: Changes in Temperature Coefficients for Other β5-β6 Hairpin Mutants Relative to 

pWT. This figure displays the changes in temperature coefficients, relative to apo2SH pWT, for (A) 

G93A and (B) E100G. Residues coloured white occur where no comparisons could be made. A93 is 

shown as a red bar (signifying there is no data for this residue) and G100 appears as a blue bar in the 

respective graphs and the sidechains are shown as sticks in the structural representations of the data. 

Figures were made using PyMOL and PDB code 1HL5.70,72 

The average temperature coefficient of this variant is the second-lowest among the variants 

studied, consistent with its low Tm. The majority of the changed temperature coefficients 

correspond to a decrease in local structural stability, with three main regions of destabilization 

(Figure 2.13 A). The first of these regions is at the site of mutation, and includes the end of β5, 

the beginning of loop V, and loop III. In this region, especially in loops III and V, a large 

number of assignments were lost, indicating a potentially different or disordered structure for 

the β-barrel plug. The second region of destabilization is in the electrostatic loop and G44. As 

discussed for apo2SH G85R, the disordered zinc-binding and electrostatic loops have been 

shown in G93A to form non-native interactions in crystal structures with SOD1 monomers at 
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the unprotected edge strands, resulting in the formation of linear filamentous fibrils.112 The 

temperature coefficient patterns seen here in the electrostatic loop of apo2SH G93A SOD1 

may be presaging the destabilization of the electrostatic loop, allowing it to interact with other 

SOD1 monomers. The third region of destabilization is in the dimer interface region, which is 

indeed weakened in later maturation states of G93A.119 The residues whose temperature 

coefficients report this destabilization are L8, K9, A60, and G147. Interestingly, a few residues 

showing increased local stability can be found in loop I, D11 and V14, and at the beginning of 

β6, D96.  V14 is also beside the β-barrel plug and may be showing a propagating effect of the 

G93A mutation. This mutation introduces a more hydrophobic residue in the loop, which may 

assist in associating the nearby loops, especially loop III, which contains L38, another fairly 

hydrophobic amino acid that is beside V14 in loop I. 

The last mutation studied in the β5-β6 hairpin, E100G, is located at the top of the β5-

β6 hairpin beside D101, whose importance in bridging the β5-β6 hairpin has been discussed 

above. Mutations near D101, such as E100G, could have an effect on the formation of the bond 

between the D101 and R79 sidechains and affect the structure of the β5-β6 hairpin and the 

zinc-binding loop.131 Also, the E100G mutation could disrupt the electrostatic network along 

the surface of the first β-sheet, as it forms a salt bridge with residue K30.63,131 Apo2SH E100G 

SOD1 possesses one of the lower average temperature coefficient of the variants studied, along 

with the second lowest Tm of the group.84 From the changes in temperature coefficients brought 

about by this mutation, as seen in Figure 2.13 (B), the majority of the changes are in the 

negative direction. Most of these changes are localized at the site of mutation, in β-strand 6, 

loop VI, and the top of β-strand 3. These changes may be representing disruptions in the SOD1 

structure, such as a broken hydrogen bond between D101 and R79, and a broken salt bridge 

between K30 and what was E100 in pWT SOD1, now G100. There are also a few residues 

with decreased stability in loop VI, likely indicating that the loop is more flexible due to the 

substitution of a residue involved in a salt bridge with a glycine. Another region that shows 

altered temperature coefficients in E100G is the electrostatic loop, specifically residues K128, 

the residue that bonds to D76 to associate the zinc-binding and electrostatic loops, T137, the 

residue that points at the zinc-binding site as a part of the structured helix in holo SOD1, and 
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L126. In NMR studies on the formation of this helix in apo2SH SOD1, it was found that in 

E100G and the metal-binding mutants, the helix did not transiently form, and that T137 was 

one of the residues that reported on the formation of this helix.112 A more negative temperature 

coefficient for T137 may indicate disruption of transient helix formation. With respect to H46R 

and G85R, the temperature coefficient of this residue was also more negative than in pWT. In 

E100G, the decreased temperature coefficient for K128 may be reporting on the decreased 

stability due to a broken bond between K128 and D76, potentially resulting in the dissociation 

of the zinc-binding and electrostatic loops.131,132 This may further favour the process of 

aggregation previously discussed for G85R and G93A.112,125 Lastly, in E100G, there are a 

couple residues in the dimer interface region, R115 and A60, with more negative temperature 

coefficients. This may support the destabilization of the dimer interface in E100G seen in later 

maturation states.119 

Overall, the amide proton temperature coefficients for these variants of apo2SH SOD1 

have provided valuable information regarding the changes in local structural stability that 

occur as the result of various mutations. The temperature coefficient patterns observed in these 

variants also well support previous structural, thermodynamic, and dynamics investigations, 

especially those that revealed the dynamics of functionally important SOD1 structural features, 

proposed aggregation pathways, and determined altered dimer interface stability, metal-

binding affinities, and sidechain positions.  

2.3.4 Amide Nitrogen Temperature Coefficients 

Previous studies by Tomlinson & Williamson and Doyle et al. have investigated the 

use of amide nitrogen temperature coefficients (ΔδN/ΔT) for the B1 domain of protein G and 

holo SOD1 variants, respectively. These studies found that there were no discernable patterns 

in the amide nitrogen temperature coefficients, when compared to amino acid type or structural 

feature, and a weak correlation with amide proton temperature coefficients. They concluded 

that further investigations were required to determine their potential uses.58,63 In order to 

determine the uses of  amide nitrogen temperature coefficients, Dr. Kyle Trainor proposed 

referencing them to their amide nitrogen random coil temperature coefficients, to deconvolute 
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the temperature coefficients from their sequence-dependence. These referenced amide nitrogen 

temperature coefficients are referred to as secondary amide nitrogen temperature coefficients 

(2° ΔδN/ΔT). 61 This sequence dependence arises from a variety of factors, including electron 

withdrawal by adjacent side chains, dihedral angles, and hydrogen bonding.59,60 By taking the 

sequence-dependence of the amide nitrogen  chemical shifts into account, Dr. Trainer found 

that amide nitrogen temperature coefficients are extremely sensitive to deviations from random 

coil and may be used as a measure of structure.61 

Amide Nitrogen Temperature Coefficients Must be Referenced to Random Coil to Provide 

Structural Interpretations 

Dr. Trainor’s experiments determining the uses of amide nitrogen temperature 

coefficients were performed on adnectins. To see if secondary amide nitrogen temperature 

coefficients provide useful and interpretable results for SOD1, secondary amide nitrogen 

temperature coefficients were first determined for the holo SOD1 variants, pWT, G93A, 

E100G, and V148I, using the amide nitrogen temperature coefficients collected by Doyle et 

al.63 Figure 2.14 displays the amide nitrogen temperature coefficients for holo pWT SOD1 

before and after referencing to random coil temperature coefficients measured for GGXAGG 

peptides, where X is any residue, using the script made by Dr. Trainor.61,161 

 

Figure 2.14: Referencing of 15N Temperature Coefficients for Holo pWT SOD1. These graphs 

display (A) the raw amide nitrogen temperature coefficients calculated from tracked peaks, and (B) the 

secondary 15N temperature coefficients following referencing to random coil for holo pWT SOD1. Dark 

grey bars indicate the presence of β-strands. Data obtained from Doyle et al.63 
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From Figure 2.14 (A), it is observed that there are no obvious patterns between the 

amide nitrogen temperature coefficients and the existence of secondary structure. Following 

referencing to random coil temperature coefficients to remove their sequence-dependence, the 

secondary amide nitrogen temperature coefficients start to show more discernable patterns, as 

seen in Figure 2.14 (B). For example, residues that are present in β-strands or structured loops, 

tend to possess amide nitrogen temperature coefficients of large magnitude, while less 

structured regions have temperature coefficients closer to zero. Figure 2.15 displays the 

secondary amide nitrogen temperature coefficients for mutant holo SOD1, while Figure 2.16 

shows the changes between mutant and pWT SOD1 absolute secondary amide nitrogen 

temperature coefficients as a result of the mutation. Changes in absolute temperature 

coefficients are analyzed since not much is known about the effects of the sign of  the 

temperature coefficients. Therefore, residues in mutant SOD1 with temperature coefficients 

larger in magnitude than pWT are considered to be more structured. Conversely, residues with 

temperature coefficients smaller in magnitude in mutant SOD are considered less structured.  

 

Figure 2.15: Holo SOD1 Mutant Secondary 15N Temperature Coefficients. These graphs display 

the secondary 15N temperature coefficients for (A) G93A, (B) E100G, and (C) V148I. Dark grey bars 

indicate the presence of β-strands. Raw 15N temperature coefficient data obtained from Doyle et al.63 
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Residues in β-strands Exhibit Larger Secondary Amide Nitrogen Temperature Coefficients 

Than Those in Structured Loops or Random Coil 

Table 6 displays the average secondary amide nitrogen temperature coefficient for each 

structural feature found in the holo SOD1 variants. Generally the average secondary amide 

nitrogen temperature coefficients for the β-strands are larger than those in loops; however, 

since holo SOD1 is a well structured protein, loops such as the zinc-binding and electrostatic 

loops, as well as loop III, are also well structured. In holo SOD1, the loops tend to possess 

average temperature coefficients around or less than 20 ppb/K, while β-strands generally 

possess values around or above 25 ppb/K. Many of the structural features possess similar 

temperature coefficients across the holo SOD1 variants. For example, of the average 

temperature coefficients for β-strand 1, V148I has the lowest value, indicating this strand may 

be less structured than pWT and the other variants. Holo V148I also has the largest temperature 

coefficient for β-strand 2. The temperature coefficients are relatively consistent in loop II, and 

in β-strand 3, both G93A and E100G display lower average temperature coefficients. In loop 

III, G93A shows a decrease in average temperature coefficient, as this loop is immediately 

beside the site of mutation. Next, V148I shows a decreased temperature coefficient in β-

strand4, and a greatly increased temperature coefficient in the first portion of loop IV, which 

is near the site of mutation and passes through the dimer interface of holo SOD1. Through both 

the C-terminal part of loop IV and β-strand 5, the average temperature coefficient values are 

fairly consistent. In loop V, the average temperature coefficient for pWT is surprisingly low; 

however, the value for G93A is significantly larger than the others, which may indicate that 

this loop is more structured following the addition of the hydrophobic residue. Moving from 

β-strand 6 through loop VII, the average temperature coefficients are consistent across the holo 

SOD1 variants. For β-strand 8 and the C-terminus, differences in average temperature 

coefficient are observed for V148I, which is where the site of mutation is located. Overall, the 

relatively consistent patterns of the average secondary amide nitrogen temperature coefficients 

likely demonstrate that the structure of holo SOD1 is well-conserved across variants, with 

exceptions in structure most likely to occur near the site of mutation, if at all. 
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 pWT G93A E100G V148I 

N N/A N/A 9.29 (1) N/A 

β1 28.73 (6) 24.91 (4) 27.81 (4) 20.44 (3) 

Loop I 31.77 (1) N/A N/A N/A 

β2 21.51 (5) 25.86 (6) 25.83 (6) 27.64 (5) 

Loop II 9.53 (1) 9.31 (1) 9.56 (1) 8.73 (1) 

β3 29.82 (7) 24.21 (5) 26.25 (6) 28.67 (6) 

Loop III 25.32 (2) 20.85 (2) 25.01 (2) 25.15 (2) 

β4 23.35 (7) 24.91 (8) 24.13 (8) 20.95 (6) 

Loop IV Part 1 18.20 (7) 19.00 (8) 16.50 (6) 23.31 (8) 

Loop IV Part 2 22.62 (10) 20.36 (12) 20.37 (12) 20.95 (13) 

β5 25.70 (7) 25.62 (6) 24.30 (6) 24.63 (6) 

Loop V 8.94 (3) 23.92 (4) 18.02 (3) 16.78 (4) 

β6 19.57 (7) 20.73 (7) 20.11 (4) 19.38 (7) 

Loop VI 29.06 (6) 28.34 (7) 28.90 (7) 29.41 (8) 

β7 31.26 (5) 30.98 (4) 32.58 (6) 32.15 (5) 

Loop VII 23.96 (11) 26.05 (14) 24.07 (11) 23.67 (9) 

β8 27.82 (7) 28.68 (8) 28.37 (7) 31.98 (5) 

C 41.09 (1) 41.07 (1) 40.93 (1) 43.06 (1) 

Table 6: Holo SOD1 Secondary 15N Temperature Coefficients by Structural Feature. Average 

secondary 15N temperature coefficient data (ppb/K) for each structural feature of the holo SOD1 

variants studied by Doyle et al. are summarized here, with the number of residues for which data is 

available found in parentheses.63 Loop IV is separated into two parts, the first passes through the dimer 

interface region while the second is involved in metal binding.  

Holo SOD1: Mutations Affect the Structure of a Few Nearby Residues 

Figure 2.16 displays the changes in absolute temperature coefficients, as a result of 

mutation, for the holo G93A, E100G, and V148I. With respect to the number of changes in 

absolute temperature coefficient, there are relatively few, further supporting that holo SOD1 

structure is highly conserved across mutations. In each of these mutants, the changes in 

temperature coefficient generally occur close to the site of mutation. For example, in holo 

G93A, there are changes found at the end of β-strand 5 and in loops III and V, where the 

mutation is found. These changes may be suggesting an alternate structure of the β-barrel plug 

in G93A. Also affected in holo G93A is residue G16, which is found at the beginning of β-

strand 2, close to loop I, which is in turn near the β-barrel plug, and S111, a residue near the 

dimer interface region. In the second mutant, E100G, the residue with the most changed 

temperature coefficient is I99, immediately beside the site of mutation. Unfortunately, there 

are less assignments in this region of holo E100G; however, this may indicate a different  
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Figure 2.16: Holo Secondary 15N Temperature Coefficients Compared to pWT SOD1. This figure 

displays the difference between the absolute 15N temperature coefficients of holo (A) G93A, (B) 

E100G, and (C) V148I and pWT SOD1. Residues coloured white cannot be compared; zinc and copper 

ions are coloured magenta and cyan, respectively. A93 is shown as a blue bar and both G100 and I148 

appears as red bars in the respective graphs (signifying there is no data for these residues). The 

sidechains are shown as sticks in the structural representations of the data. Figures made using PyMOL 

and PDB 1HL5.70,72 

structure for this region of the protein. The decrease in I99’s absolute temperature coefficient 

indicates a loss of structure, potentially meaning that the end of β-strand 6 is more flexible in 



 

  77 

the mutant, due to the inserted glycine and broken salt bridge with K30. The other residue 

affected in E100G is K3, found in the dimer interface of the protein. In the last mutant, V148I, 

the changes are also localized to the site of mutation. Here, residues T54, S59, and A60 all 

show changed temperature coefficients, and all are present in the dimer interface. From these 

data on holo SOD1 variants, secondary amide temperature coefficients appear to be strong 

indicators of structure in a well-structured protein, and can be used to report on the effects 

mutations may have on the structure of a protein. 

Following the determination of amide nitrogen temperature coefficients for holo 

SOD1, these were determined for the apo2SH SOD1 variants discussed earlier to investigate 

whether amide nitrogen temperature coefficients may act as indictors of structure in less 

structured proteins and, if so, if the structure of apo2SH SOD1 is conserved across a variety of 

mutants. Figure 2.17 shows the calculated secondary amide nitrogen temperature coefficients 

for the apo2SH SOD1 variants and E,Zn2SH SOD1. Figure 2.18, Figure 2.19, and Figure 2.20 

all show the changes in absolute secondary amide nitrogen temperature coefficients of the 

respective mutations plotted onto the structure of holo SOD1.70 Changes in secondary amide 

nitrogen temperature coefficients as SOD1 matures from apo2SH to E,Zn2SH will be 

discussed later in Section 3.3.3. With respect to these temperature coefficients for E,Zn2SH 

SOD1, they appear similar to holo SOD1, with structured β-strands and loops present 

throughout the structure. 

Apo2SH SOD1: Temperature Coefficients for Residues in β-strands and Structured Loops are 

Similar to Those Determined in Holo SOD1 and  Mutations Affect Nearby Structural Elements 

Table 7 summarizes the average secondary amide nitrogen temperature coefficient for 

each structural feature in SOD1 for each of the apo2SH SOD1 variants studies. In general, the 

more-structured β-strands show significantly larger average temperature coefficients than the 

unstructured loops found in apo2SH SOD1. The average temperature coefficients for the β-

strands are generally larger than 25 ppb/K, while the loops generally possess average 

temperature coefficients less than 20 ppb/K, the same values as seen in the holo SOD1 variants. 

In β-strand 1, the average temperature coefficients are relatively consistent across all variants, 

with the exception of A4V, which is where the mutation occurs that introduces a more  
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Figure 2.17: Apo2SH SOD1 and E,Zn2SH pWT SOD1 Secondary 15N Temperature Coefficients. 

These graphs display the secondary 15N temperature coefficients for the apo2SH form of each of the 

SOD1 mutants studied and E,Zn2SH pWT SOD1. Dark grey bars indicate the presence of β-strands in 

holo SOD1.70 

hydrophobic residue pointing into the core of the protein. The temperature coefficients are also 

consistent across loop I, β-strand 2, and loop II, with the only significant change occurring in 
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β-strand 2 of G93A, where there are also three less assignments than the other variants. In β- 

strand 3, the only variant showing an altered average temperature coefficient is E100G, 

inwhich the site of mutation is directly next to, and forms a salt bridge in the other variants, 

with the beginning of β-strand 3. In loop III, the two mutants in which the structure appears to 

be altered are A4V and G93A. With respect to G93A, there are a loss of assignments in this 

region, which may in fact be suggesting an altered structure, but the one temperature coefficient 

determined in this loop is consistent with the values for that residue in the other variants. The 

next β-strand, β4, has the lowest average temperature coefficient of all the β-strands, which 

matches expectations, since this strand is primarily involved in metal coordination, which does 

not occur in apo2SH SOD1. With respect to the β4 data, H46R, which is present in this strand, 

is the only mutation that results in a changed average temperature coefficient, indicating 

slightly less structure here.  

Through the entirety of loop IV, the average temperature coefficients are consistent, 

with the exception of A4V, where both values are slightly larger than those in the other 

variants. Next, the temperature coefficients are highly variable in β-strand 5, with the metal-

binding mutants, H46R and G85R, both possessing larger values than others, and G93A 

displaying a smaller value. This strand is involved in zinc-coordination, contains the site of 

mutation in G85R, and is near the G93A mutation. In loop V, the average temperature 

coefficients are again consistent across the apo2SH variants, except G93A, which displays a 

lower average value, indicating a less structured region. With that said, there is also only one 

assignment in this loop, indicating that there may be a different structure of this loop and the 

β-barrel plug in this mutant. The average temperature coefficient of the next strand, β6, is 

affected in two mutants, G85R and E100G. The G85R mutation has been thought to disrupt 

the hydrogen bond that forms between R79 and D101, associating the two edge strands, and 

the E100G mutation is present directly beside D101 and may also affect this bond, altering the 

structure of β6 relative to the other SOD1 variants.127 The following loop, loop VI, appears to 

be more structured in A4V, as this loop contains the hydrophobic residues L106 and I113, both 

of which have been shown to be displaced in other structural studies.116 In the next strand, β7, 

the average temperature coefficient values are quite varied. In A4V, G85R, E100G, and V148I, 
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the values are smaller than pWT, indicating less structure. The beginning of this strand is 

directly beside both the A4V and V148I mutations, and is involved in copper-coordination, 

which is weakened in G85R.159 

 pWT A4V H46R G85R G93A E100G V148I 

N N/A N/A N/A N/A N/A N/A N/A 

β1 34.00 (5) 41.45 (5) 34.86 (5) 33.40 (5) 35.29 (5) 33.90 (5) 33.24 (5) 

Loop I 9.19 (4) 14.78 (4) 13.04 (4) 15.73 (4) 13.42 (4) 16.22 (3) 13.37 (4) 

β2 33.39 (9) 35.57 (9) 33.47 (9) 34.15 (9) 29.87 (6) 35.20 (9) 33.30 (9) 

Loop II 17.00 (3) 20.54 (3) 16.71 (3) 19.29 (3) 18.00 (3) 15.91 (3) 17.46 (3) 

β3 34.43 (7) 33.47 (7) 34.59 (7) 32.19 (7) 33.89 (6) 26.35 (8) 34.08 (7) 

Loop III 22.51 (3) 37.44 (2) 19.69 (3) 19.75 (2) 4.62 (1) 22.06 (3) 23.76 (3) 

β4 18.35 (8) 18.09 (8) 15.98 (8) 19.04 (6) 18.49 (6) 18.35 (8) 20.30 (8) 

Loop IV 

Part 1 
14.60 (11) 18.76 (11) 15.01 (10) 15.58 (10) 16.43 (11) 17.64 (11) 13.92 (11) 

Loop IV 

Part 2 
16.08 (7) 19.59 (7) 16.58 (7) 15.97 (7) 17.63 (6) 15.88 (6) 16.35 (7) 

β5 30.52 (5) 28.46 (5) 37.94 (3) 40.33 (4) 23.15 (4) 28.60 (5) 31.23 (5) 

Loop V 17.78 (4) 16.67 (4) 16.17 (4) 16.73 (4) 13.22 (1) 19.19 (4) 18.01 (4) 

β6 26.34 (8) 25.56 (8) 24.56 (8) 16.19 (8) 28.72 (5) 22.54 (8) 25.02 (8) 

Loop VI 29.67 (10) 35.66 (10) 27.12 (10) 25.55 (7) 29.21 (10) 27.82 (9) 30.28 (10) 

β7 32.01 (5) 21.87 (5) 35.22 (6) 9.28 (2) 28.60 (5) 23.73 (4) 22.65 (4) 

Loop VII 23.95 (19) 22.55 (19) 24.68 (19) 22.54 (18) 19.65 (17) 25.70 (18) 22.95 (18) 

β8 22.38 (9) 25.38 (7) 17.84 (9) 18.39 (6) 15.25 (8) 15.74 (7) 21.63 (9) 

C 10.07 (1) 25.58 (1) 9.25 (1) 10.52 (1) 10.54 (1) 9.99 (1) 8.58 (1) 

Table 7: Apo2SH SOD1 Secondary 15N Temperature Coefficients by Structural Feature. Average 

secondary 15N temperature coefficient data (ppb/K) for each structural feature of the apo2SH SOD1 

variants studied are summarized here, with the number of residues for which data is available found in 

parentheses. Loop IV is separated into two parts, the first passes through the dimer interface region 

while the second is involved in metal binding. 

Next, the average temperature coefficients in the electrostatic loop (loop VII), are all 

generally consistent, matching with expectations since the electrostatic loop has been shown 

to be largely disordered in apo2SH SOD1.112,121 Moving into the last β-strand, β8, the average 

temperature coefficients are lower in H46R, G85R, G93A, and E100G, most of which are 

destabilizing mutations and result in altered dimer interface stabilities in later maturation 

states.119 It should also be noted that the apo2SH temperature coefficients for this strand are 

quite lower than the values obtained for holo SOD1 variants, most likely due to the fact that 

the dimer interface is not formed in apo2SH SOD1. Lastly, the only mutation that affects the 
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temperature coefficients obtained for the C-terminus is A4V, which is directly beside this in 

the protein. 

Apo2SH SOD1: Mutations Can Affect the Structure of a Large Number of Residues, Match 

Well with Structural Information from Previously Reported Crystal Structures 

When the changes in absolute secondary amide nitrogen temperature coefficients 

between the mutant and pWT SOD1 are plotted onto the structure of SOD1, informative 

patterns appear. In general, as previously seen in many of the results discussed so far, there are 

often changes in temperature coefficients values near the site of mutation; however, these 

secondary amide nitrogen temperature coefficient patterns may reveal long-range structural 

effects, due to mutations. These changes can be viewed in Figure 2.18, Figure 2.19, and Figure 

2.20 for each of the apo2SH variants studied here. The changes in temperature coefficient 

patterns for the first mutation studied, A4V, can be seen in Figure 2.18 (A). Here, there appears 

to be numerous changes in the protein’s temperature coefficients. As expected, a good portion 

of them appear in the dimer interface and loops immediately around the site of mutation. For 

example, in loop VI, residues S105, S107, I113, and R115 all show altered temperature 

coefficients. Two of these residues, S105 and S107, are directly beside L106, which along with 

I113 have been shown to be displaced in A4V.116 The other two residues, I113 and R115, can 

be found in the dimer interface region and are beside G114, a residue involved in forming an 

intermolecular hydrogen bonding with another SOD1 monomer at the dimer interface, 

strengthening the dimer interface.122 Therefore, a loss of structure around residue G114 may 

contribute to the destabilization of the dimer interface observed in these mutants.119,122 Another 

residue that experiences a change in temperature coefficient and has previously been shown to 

be slightly displaced in A4V is F20.116 

The other regions that appear to be affected in A4V are the metal-binding region, the 

β5-β6 hairpin, and the electrostatic loop. The first of these regions, the metal binding region, 

contains F45, another hydrophobic residue that points into the core of the protein. It appears 

that the residues surrounding F45 in the structure, G44, H46, G85, and V119 also all experience 

a change in temperature coefficient as well. This may be a result of an altered hydrophobic 

core, which affects the large hydrophobic side chains pointing into the core, as well as the 
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Figure 2.18: Changes in 15N Temperature Coefficients for Dimer Interface Mutants Relative to 

pWT. This figure displays the changes in secondary 15N temperature coefficients, relative to apo2SH 

pWT, for (A) A4V and (B) V148I. Residues coloured white occur where no comparisons could be 

made. The sites of mutation are shown as blue bars in the graphs and the sidechains are shown as sticks 

in the structural representations of the data. Figures were made using PyMOL and PDB code 1HL5.70,72 

residues immediately surrounding them. The next region in which a change in structure is seen 

is the β5-β6 hairpin. Here, two residues at the widest point of the hairpin, G85 and I99, both 

have decreased temperature coefficients in A4V, as well as D92, found in loop V. These altered 

temperature coefficients may be reporting on a slight change in structure and loss of protection 

of these edge strands, relative to pWT. The last region of the protein that shows numerous 

changes in absolute secondary amide nitrogen temperature coefficients is the electrostatic loop. 

It has been established that this loop is not fully structured in apo2SH SOD1; however, a small 

helix transiently is formed in 2% of the protein, with a lifetime of 13 ms.112 

The second mutant displayed in Figure 2.18 is V148I, a mutant that is expected to 

possess a structure similar to that of pWT SOD1. From Figure 2.18 (B), there are only a few 
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residues that experience changes in absolute secondary amide nitrogen temperature 

coefficients. Two of these residues, T116 and G147, are found directly next to the site of 

mutation in the structure and display a decrease in temperature coefficient, indicating a slight 

loss of structure here. The other two residues are located farther from the site of mutation and 

both indicate an increase in local structure. As most of the temperature coefficients for V148I 

mirror those of pWT SOD1, it may be demonstrating that the structure of V148I is extremely 

similar to that of pWT SOD1. 

The next two mutants studied, H46R and G85R, are both metal-binding mutants, and 

their changes in temperature coefficients relative to pWT SOD1 can be found in Figure 2.19 

(A) and (B), respectively. In apo2SH H46R SOD1, the changes in temperature coefficients 

mostly occur around the site of mutation and in the electrostatic loop. It is observed that there 

is a general decrease in temperature coefficients around the site of mutation and in the copper-

binding site. Interestingly, we see changes in temperature coefficients for the copper-binding 

ligands in pWT, H48 and H46 (which has been mutated to R46), V119, a residue beside the 

copper-binding ligand H120, and around the catalytically important R143. These changes in 

temperature coefficients are likely reporting on an highly altered copper-binding site, that does 

not allow the copper ion to bind to H46R SOD1 in later maturation states.123 This mutation has 

also been thought to disturb the H63, D124, and T137 sidechains, weakening the interactions 

between the metal-binding region and the electrostatic loop.112,124 This may explain the altered 

temperature coefficients found throughout the electrostatic loop. Lastly, there is also a few 

changes in temperature coefficients at the end of β-strand 6, notably residue D101 whose 

sidechain bridges the β5-β6 hairpin, indicating a loss of structure here. These changes, 

combined with the loss of assignments at the beginning of β5, may be reporting on the 

formation of linear filamentous fibrils formed from non-native interactions between the 

electrostatic loop of one SOD1 monomer and the unprotected edge strands, β5 and β6, of the 

other. This aggregation model is supported by the crystal structure of apo-oxidized H46R, 

which shows non-native interactions between the β5-β6 hairpin and the electrostatic loop of 

the adjacent monomer.112,125 
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Figure 2.19: Changes in 15N Temperature Coefficients for Metal-Binding Mutants Relative to 

pWT. This figure displays the changes in secondary 15N temperature coefficients, relative to apo2SH 

pWT, for (A) H46R and (B) G85R. Residues coloured white occur where no comparisons could be 

made. R46 is shown as a blue bar and R85 appears as a red bar (signifying there is no data for this 

residue) in the respective graphs and the sidechains are shown as sticks in the structural representations 

of the data.  Figures were made using PyMOL and PDB code 1HL5.70,72 

The change in absolute secondary amide nitrogen temperature coefficients for the 

G85R can be viewed in Figure 2.19 (B). Once again, there are many changes in temperature 

coefficients, and many of these changes occur around the site of mutation. Around the site of 

mutation, especially through the entirety of β-strand 6, there are a large number of decreased 

temperature coefficients, indicating a loss of structure. These data may be a result of the bond 

between R79 and D101, one that usually bridges the β5-β6 hairpin at its widest point, being 

broken and resulting in a loss of protection of the edge strands and the dissociation of the zinc-

binding loop from the β-barrel.125,127 Also affected are the temperature coefficients for D76 

and K128, two residues that are proposed to form a bond that associated the zinc-binding loop 
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and the electrostatic loop.131,132 This may help to explain some of the altered temperature 

coefficients in the electrostatic loop, for which has been shown to not transiently form the short 

helix discussed earlier.112 Another region which should be discussed is the copper-binding site, 

as G85R has a decreased affinity for copper.159 Here, there is a large loss of assignments 

through the end of β-strand 6 and through β-strand 7, which combined contain three of the four 

copper-binding ligands. Of the two residues assigned in this region, one of them, L117, is 

directly beside the copper-binding ligand H48 and displays a decreased temperature 

coefficient. This in combination with the loss of assignments may be demonstrating that the 

copper-binding site in G85R is disturbed. 

The changes in temperature coefficients for the last two mutants studied, G93A and 

E100G, both of which are present in the β5-β6 hairpin, can be found in Figure 2.20 (A) and 

(B), respectively. With respect to G93A, there are a large number of changes in throughout the 

β5-β6 hairpin, the majority of which have decreased in value relative to pWT SOD1. As 

discussed under H46R and G85R, these data may be reporting on a decreased protection of 

these edge strands, allowing them to form non-native interactions with the electrostatic loop of 

an adjacent monomer, promoting the formation of linear filamentous fibrils.112,125 Also of 

interest, is the loss of assignments throughout loops III and V, suggesting an altered packing 

structure for the residues forming the β-barrel plug.116 Lastly, there are also a few decreased 

temperature coefficients found in the dimer interface region, most notably I113, demonstrating 

a general decrease in structure here.119 

The last mutant examined in this section, E100G, also displays changes in temperature 

coefficients around the site of mutation, the majority of which have decreased in value relative 

to apo2SH pWT SOD1. From Figure 2.20 (B), it is observed that there are numerous changes 

throughout β-strands 3, 5, and 6. The decrease in temperature coefficients through β5 and β6, 

may be reporting on an altered structure of the β5-β6 hairpin, similar to what was observed in 

H46R, G85R, and G93A. The decrease in temperature coefficients at the beginning of β-strand 

3 is likely reporting on the broken salt bridge between E100 and K30 in pWT SOD1, now that 

the G100 mutation has been introduced. Outside of this region, the most notable residue that 

experiences a changes temperature coefficient is D76. As discussed for G85R, this residue is  
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Figure 2.20: Changes in 15N Temperature Coefficients for Other β5-β6 Hairpin Mutants Relative 

to pWT. This figure displays the changes in secondary 15N temperature coefficients, relative to apo2SH 

pWT, for (A) G93A and (B) E100G. Residues coloured white occur where no comparisons could be 

made. A93 is shown as a red bar (signifying there is no data for this residue) and G100 appears as a 

blue bar in the respective graphs and the sidechains are shown as sticks in the structural representations 

of the data. Figures were made using PyMOL and PDB code 1HL5.70,72 

proposed to form a bond with K128 in the electrostatic loop, associating the zinc-binding loop 

with the electrostatic loop.131,132 Due to the decreased temperature coefficient for D76, this 

bond may be broken and the two loops dissociated from each other. This may help to explain 

why the electrostatic loop in apo2SH E100G does not show evidence of transiently forming a 

short helix, unlike pWT SOD1.112 Overall, amide nitrogen temperature coefficients appear to 

be extremely sensitive to deviations from random coil and are useful for reporting on the local 

structure present in both highly structured proteins, such as holo SOD1, and less structured 

proteins, such as apo2SH SOD1. These temperature coefficients also appear to corroborate 

data previously acquired in both structural and dynamics studies performed on SOD1 mutants.  
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2.3.5 Conformational Heterogeneity 

As discussed earlier in Section 1.2.7, temperature coefficients are predominately linear; 

however, some studies have shown the existence of curved temperature dependences.56,62–65 

The curvature originates from a temperature-dependent shift in population from the native state 

to a low-energy excited state.62 This observed curvature is therefore able to report on the 

conformational heterogeneity of a protein, which may be vital for structural stability or 

functions such as binding, allostery, and catalysis.14,63,66 Previously, conformational 

heterogeneity has been examined for the amide proton temperature found in holo SOD1 by 

Doyle et al., as discussed in Section 2.1.2.63 Also discussed in Section 2.1.2 are alternate states 

that have been found for apo2SH SOD1 variants through dynamics-based experiments by 

Sekhar et al.112,135 This section aims to investigate the conformational heterogeneity found in 

the apo2SH SOD1 variants through the analysis of curvature in the temperature dependences, 

the changes in curvature patterns as a result of mutation, and the effects that heating a protein 

to its Tm may have on the observed curvature patterns. Curvature in both amide proton and 

amide nitrogen temperature coefficients will be analyzed and discussed, for which no work to 

date has been reported, to my knowledge, on curved amide nitrogen temperature coefficients. 

Decreased Curvature in Mutant SOD1 Amide Proton Temperature Dependences Supports 

Disrupted Structures and Processes 

Table 8 summarizes the curvature present in both the 1H and 15N temperature 

coefficients of the SOD1 variants studied. Generally, curvature is present between 

approximately 25-35%  of the temperature coefficients for the residues that have been 

assigned. The residues that exhibit curved 1H temperature dependences are plotted onto the 

structure of SOD1 in Figure 2.21. In the majority of the apo2SH SOD1 variants, most of the 

residues exhibiting curved 1H temperature dependences are present in the dimer interface 

region of the protein, the electrostatic loop, the β5-β6 hairpin, and spread across the first β-

sheet. The presence of curvature in the dimer interface region of many of these mutants is 

expected, despite apo2SH SOD1 existing in a monomeric form. Studies by Sekhar et al. have 

previously shown that one excited state of apo2SH SOD1 corresponds to a dimeric form, 

similar to what is present in holo SOD1, that is populated by roughly 3% of the protein, with 
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 pWT A4V H46R G85R G93A E100G V148I E,Zn2SH 

1H Curvature 

Curved 41 29 31 31 20 27 34 43 

Total Ass. 119 116 117 104 100 113 117 112 

Percent (%) 34 25 26 30 20 24 29 38 

1H Curved Extended Temperature Range 

Curved N/A 34 N/A N/A N/A 31 N/A 68 

Percent (%) N/A 29 N/A N/A N/A 27 N/A 61 

15N Curvature 

Curved 35 29 27 34 25 25 31 39 

Total Ass. 119 116 117 104 100 113 117 112 

Percent (%) 29 25 23 33 25 22 26 35 

15N Curved Extended Temperature Range 

Curved N/A 36 N/A N/A N/A 28 N/A 62 

Percent (%) N/A 31 N/A N/A N/A 25 N/A 55 

Table 8: Curvature Data for SOD1 Variants Studied. This table summarizes the number of curved 

residues found in each of the SOD1 variants studied, as well as the total resides assigned in each variant 

and the percentage of curved residues with respect to those assignments. The temperature ranges used 

for these experiments are summarized in Table 3. 

a lifetime of  3 ms. This study also showed the presence of a second excited state, in which a 

short helix in the electrostatic loop is transiently formed, pointing at the zinc-binding site. This 

state is populated by roughly 2% of the protein and has a lifetime of 13 ms.112 This explains 

the presence of extensive curvature in many of the variants’ electrostatic loops. With respect 

to the electrostatic loop of E,Zn2SH SOD1, there appears to be less curvature present; however, 

that is mainly due to the fact that the short helix is fully formed and the electrostatic loop has 

become structured following the binding of zinc to SOD1.121 Changes in curvature patterns as 

a result of SOD1 maturation will be further discussed in Section 3.3.4. With respect to the β5-

β6 hairpin, curvature present here could be the result of an excited conformation in which the 

unstructured zinc-binding and electrostatic loops have slightly dissociated from the β-barrel, 
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Figure 2.21: 1H Curvature Found in apo2SH Variants and E,Zn2SH pWT SOD1. Displayed are 

the curvature found in the 1H temperature coefficients for apo2SH SOD1 variants (A) pWT, (B) A4V, 

(C) H46R, (D) G85R, (E) G93A, (F) E100G, and (G) V148I, and (H) E,Zn2SH pWT SOD1. The zinc 

ion in E,Zn2SH SOD1 is coloured magenta. Figures were made using PyMOL and PDB codes 1HL5 

(apo2SH SOD1) and 2AF2 (E,Zn2SH pWT SOD1).70,72,160 
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resulting in slightly less structure and protection of the edge strands.125,127,131,132 In contrast, 

the curvature patterns observed across the first β-sheet may be a result of “breathing” motions 

that have been proposed for other proteins consisting of β-sheets.162 It should be noted that the 

majority of 1H curved temperature dependences start with more positive values and transition 

to more negative values, indicating a loss of stability as temperature increases. 

A4V: Disrupted Ability to Dimerize, Curvature Also Lost in Residues that Form the 

Hydrophobic Core 

To investigate how mutations to apo2SH SOD1 affect the curvature patterns found in  

the 1H temperature coefficients, the difference between the residues exhibiting curved 

temperature dependences have been plotted onto the structure of SOD1. Figure 2.22, Figure 

2.23, and Figure 2.24 all plot these differences for each of the mutants studied. In Figure 2.22 

(A), the curvature patterns of A4V are compared to those of apo2SH pWT SOD1. In general, 

we see a large loss of curvature present around the site of mutation, in the dimer interface. This 

matches expectations, as apo2SH A4V SOD1 has been previously shown to not populate the 

dimeric excited state of apo2SH SOD1.112 There is also a loss of curvature in β-strand 4, which 

contains hydrophobic residues F45 and V47, that could potentially stabilize the β-strand 

through increased hydrophobic interactions within the core of the protein. This is also 

supported by the slight loss of curvature across the first β-sheet. Two of these residues, I18 and 

I99, also point into the core of the protein and could be in close contact with F45, within the 

interior of the protein. The third residue that experiences a loss of curvature here, W32, is 

between these two residues in the structure of the protein. Outside of these regions,  there are 

sporadic gains and losses of curvature throughout other structural elements, not clearly 

implicating any elements in excursions to excited states. For example, while the electrostatic 

loop still exhibits curvature in apo2SH A4V SOD1, the net change in the number of residues 

experiencing changes in curvature is roughly zero. 

V148I: Similar Curvature Patterns to pWT 

The second mutant, V148I, whose 1H curvature patterns are compared to those of pWT 

in Figure 2.22 (B), show similar patterns of curvature to those in pWT SOD1. For example, in  
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Figure 2.22: Changes of Curvature in 1H Temperature Coefficients for Dimer Interface Mutants 

Relative to pWT. This figure displays the changes of curvature in 1H temperature coefficients, relative 

to apo2SH pWT, for (A) A4V and (B) V148I. Residues coloured white occur where no comparisons 

could be made. The sidechains of the mutated residues are shown as sticks. Figures were made using 

PyMOL and PDB code 1HL5.70,72 

the dimer interface region, where the site of mutation is located, the net change in the number 

of residues experiencing changes in curvature is roughly zero, indicating that V148I is able to 

transiently form a dimer. This is also the case across both β-sheets, and throughout the β5-β6 

hairpin. Interestingly, this mutant shows a decrease in the amount of curvature present 

throughout the electrostatic loop; however, the residues that report on, and participate in, the 

transient formation of the short helix all exhibit curved temperature dependences, indicating 

that this helix still forms.112 

H46R: Decreased Ability to Form the Transient Helix in Loop VII and Loss of Curvature in a 

Copper Ligand 

The curvature patterns of the third mutant studied, H46R, are compared to pWT SOD1 

in Figure 2.23 (A). This mutation, which like V148I is another stabilizing mutation, shows 

similar curvature patterns to pWT SOD1.84,106 The curvature present across the first β-sheet is 

retained in this mutant, as well as the curvature in the β5-β6 hairpin. Unlike pWT, there is a 

small region of residues present in the dimer interface region that displays a loss of curvature. 

While there is still an appropriate amount of curvature present to indicate that this mutant still 

transiently forms a dimer, these changes in curvature may be prefacing the weaker dimer 

interface seen in later maturation states.119 Also, in this mutant, there appears to be a loss of 

curvature in V47 and H48, one of the copper ligands. This loss of curvature may result in the  
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Figure 2.23: Changes of Curvature in 1H Temperature Coefficients for Metal-Binding Mutants 

Relative to pWT. This figure displays the changes of curvature in 1H temperature coefficients, relative 

to apo2SH pWT, for (A) H46R and (B) G85R. Residues coloured white occur where no comparisons 

could be made. The sidechains of the mutated residues are shown as sticks. Figures were made using 

PyMOL and PDB code 1HL5.70,72 

inability of H48 to become excited to a functionally important state, involved in the binding of 

copper, as it has been established that H46R SOD1 is unable to bind copper at the copper-

binding site.123 Surprisingly, there are still numerous residues experiencing curvature in the 

electrostatic loop of this mutant, which has been previously shown to be largely unstructured 

and unable to transiently form the short helix described earlier in metal-binding mutants and 

E100G. With that said, one of the two residues, T135, that are reporters on the formation of 

this helix have lost their curvature.112 This may indicate that the helix does not form in this 

mutant, even though curvature is present throughout the electrostatic loop. 

G85R: Altered Patterns in the β5-β6 Hairpin, Dimer Interface and Electrostatic Loop 

The fourth mutant, G85R, is another metal-binding mutant and has its curvature 

patterns compared to pWT SOD1’s in Figure 2.23 (B). Unlike H46R, whose curvature patterns 

were relatively similar to pWT, this mutant displays vastly difference patterns. For example, 

there are extensive changes of curvature in the electrostatic loop, the β5-β6 hairpin, and across 

the first β-sheet. With respect to the electrostatic loop, there is a large loss of curvature 

throughout the loop, namely in residues T135 and T137, the two residues that report on the 

formation of the short helix mentioned earlier. This loss of curvature supports that in G85R, 

this helix does not transiently form.112 There are also changes in curvature found in the β5-β6 

hairpin, especially near the end of β-strand 6, which may be indicating the deprotection of these 



 

  93 

two strands as a result of an altered hydrogen bond between R79 and D101.127 This change in 

hydrogen bonding pattern may affect the sidechain position of D101, which could then point 

more towards the hydrophobic core of the protein. This would affect the residues involved in 

forming the hydrophobic core of the protein, for which the effect could propagate through. 

Hydrophobic residues that are present around D101 or point into the core of the protein that 

exhibit altered curvature patterns are I18, V29, V31, and I99. In addition, many of the residues 

directly beside these hydrophobic residues also experience altered curvature patters, for 

example: V5, I17, K30, W32, S34, and S98. Also observed in this mutant is the gain of 

curvature in both G73 and K75, residues on either side of P74, a residue that has been 

established to be disrupted by the G85R mutation.127 Lastly, there is also a slight loss of 

curvature in the dimer interface region of the protein, suggesting that its ability to dimerize has 

been altered. 

G93A: Decreased Curvature in the Dimer Interface, Electrostatic Loop, and Surrounding the 

β-Barrel Plug 

The curvature patterns of the fifth mutant studied, G93A, compared to pWT can be 

found in Figure 2.24 (A). This mutant experiences a large loss of curvature across most of its 

structural elements when compared to pWT SOD1. For example, there is a loss of curvature in 

the dimer interface region, indicating a weakened ability to dimerize, and through the 

electrostatic loop, indicating that it is largely unstructured. In addition, there is a loss of 

curvature in loop I, the only loop along the “bottom” of the structure with assignments 

remaining. This may be reporting on a more structured arrangement of these loops, following 

the G93A mutation. It is also important to note that there is an increase in the amount of 

curvature present in β-strand 6. Previous experiments on G93A have shown that the β5-β6 

hairpin is destabilized, leading to the formation of linear filamentous fibrils, through non-

native interactions with the electrostatic loop of another SOD1 monomer.112 This altered 

curvature pattern may be prefacing the loss of protection at the edge strands, which would then 

be available to form these non-native interactions. This mutant also displays changes in 

curvature across β-sheet 1, although to a lesser extent than what is observed for G85R and 

E100G. This could potentially be reporting on the rearrangements of the edge strands, that 
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result in a decrease in protection, having long-range effects that propagate through the 

backbone hydrogen bonds of the first β-sheet. 

 

Figure 2.24: Changes of Curvature in 1H Temperature Coefficients for Other β5-β6 Hairpin 

Mutants Relative to pWT. This figure displays the changes of curvature in 1H temperature 

coefficients, relative to apo2SH pWT, for (A) G93A and (B) E100G. Residues coloured white occur 

where no comparisons could be made. The sidechains of the mutated residues are shown as sticks. 

Figures were made using PyMOL and PDB code 1HL5.70,72 

E100G: Decreased Curvature in the Electrostatic Loop and Dimer Interface, Slight Changes 

in the β5-β6 Hairpin 

The last mutant studied, E100G, experiences changes in temperature coefficient 

patterns similar to what is observed for apo2SH G93A SOD1. These patterns can be viewed in 

Figure 2.24 (B). Some of the most noticeable changes in this mutant occur in the dimer 

interface and electrostatic loop of the protein. In both regions, while curvature is still present, 

there is a loss of curvature. Not surprisingly, there is a loss of curvature in T135, one of the 

reporters of transient helix formation in the electrostatic loop, that was also observed in the 

H46R and G85R data sets. Sekhar et al. has previously shown that this helix does not form in 

E100G.112 There are also some changes to the curvature patterns observed in the  β5-β6 hairpin 

and across the first β-sheet, have been discussed above as potentially reporting on the 

destabilizing effects as a result of the loss of protection of the edge strands. Overall, the 

curvature patterns observed in the 1H temperature coefficients of apo2SH SOD1 variants have 

provided useful results that correlate well to data obtained in previous studies. 
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Curvature in Amide Nitrogen Temperature Dependences Generally Indicate a Loss of 

Structure  

Next, the curvature patterns observed in the 15N temperature coefficients of apo2SH 

SOD1 variants and E,Zn2SH SOD1 were investigated. This was done to determine the extent 

that 15N temperature coefficients can be used, and what they can potentially report on. Figure 

2.25 displays the residues exhibiting curved 15N temperature dependences for all apo2SH 

variants studied and E,Zn2SH pWT SOD1. Typically, these temperature dependences curve 

from a larger value towards a smaller value, indicating a loss of structure at these residues. 

Generally, the curvature found in the 15N temperature coefficients is present throughout the β-

barrel and the electrostatic loops, with few residues exhibiting curvature in the unstructured 

loops in apo2SH SOD1. Curvature present in the electrostatic loop most likely indicates the 

transient formation of the short helix and curvature present in the dimer interface could indicate 

transient dimer formation, as described in Sekhar et al.112 

A4V: Loss of Curvature in the Dimer Interface and Residues That Form the Hydrophobic Core 

Figure 2.26 (A) displays the differences in 15N curvature patterns between apo2SH 

A4V and pWT SOD1. In A4V, there are numerous changes in curvature relative to pWT. For 

example, there appears to be a loss of curvature in the middle of the β-strand, and a slight 

increase in curvature at the ends of the strands, suggesting that the edges of some strands are 

fraying. Also, for many of the residues exhibiting curvature changes in the loops, residues that 

have lost curvature as a result of mutation are directly beside residues that have gained 

curvature, resulting in a roughly net zero change for most of the loops. There also appears to 

be a slight loss of curvature in the dimer interface, supporting the finding that apo2SH A4V 

SOD1 does not form a transient dimer.112 Residues of interest that display a loss of curvature 

in this mutant are L117 and F45, two hydrophobic residues that point into the core of the 

protein, V5 and A6, residues immediately beside the site of mutation, and I113. As discussed 

earlier, changes in the structure of residue I113 may affect the hydrogen bonding pattern of 

G114, a residue involved in intermolecular hydrogen bonding with another SOD1 monomer at 

the dimer interface, in later maturation states.116,122 If the structure of this region is altered, as  
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Figure 2.25: 15N Curvature Found in apo2SH Variants and E,Zn2SH pWT SOD1. Displayed are 

the curvature found in the 15N temperature coefficients for apo2SH SOD1 variants (A) pWT, (B) A4V, 

(C) H46R, (D) G85R, (C) G93A, (F) E100G, and (G) V148I, and (H) E,Zn2SH pWT SOD1. The zinc 

ion in E,Zn2SH SOD1 is coloured magenta. Figures were made using PyMOL and PDB codes 1HL5 

(apo2SH SOD1) and 2AF2 (E,Zn2SH pWT SOD1).70,72,160 
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suggested by the A4V 15N curvature patterns, this may help to explain why A4V is not able to 

properly form a dimer.119 

V148I: Curvature Patterns Indicate Increased Structure Near the Site of Mutation 

The 15N curvature patterns of the second mutant studied, V148I, can be viewed in 

Figure 2.26 (B). Here, the curvature patterns are much more similar to pWT than A4V. The 

majority of the curvature found throughout the electrostatic loop and the β-barrel is retained. 

Regions that experience a slight loss of curvature include the “bottom” of the first β-sheet and 

the loops found across the “top” of the structure. Since this mutation results in an increased 

stability, the loss of curvature in this region, for which the majority of the curvature represents 

transitions from a structured state to an unstructured state, most likely indicated a more 

structured β-barrel. This would also be the case for the curvature lost in β4 and β7 in A4V 

(Figure 2.26 A), as the residues in these areas point into the hydrophobic core and would be 

most likely be more structured by the increased hydrophobicity. Back in V148I, there is a net 

zero change in curvature in the dimer interface, indicating that the protein is still able to 

transiently dimerize; however, both the site of mutation, I148, and two of its neighbors, I149 

and A6, experience a loss in curvature, suggesting that this mutation increases the level of 

structure in this region. 

 

Figure 2.26: Changes of Curvature in 15N Temperature Coefficients for Dimer Interface Mutants 

Relative to pWT. This figure displays the changes of curvature in 15N temperature coefficients, relative 

to apo2SH pWT, for (A) A4V and (B) V148I. Residues coloured white occur where no comparisons 

could be made. The sidechains of the mutated residues are shown as sticks. Figures were made using 

PyMOL and PDB code 1HL5.70,72 
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H46R: Curvature Patterns Indicate Increased Structure of the β-barrel 

 Figure 2.27 (A) displays the 15N curvature patterns for apo2SH H46R SOD1. In this 

mutant, there is a general loss of curvature in many of the structural elements. This mutation, 

like V148I, is stabilizing and since the curvature is in the direction of unfolding, a loss of 

curvature may be reporting on the increased stability in many of these structural elements. For 

example, , there is a loss of curvature in many of the strands that make up the β-barrel and the 

loops across the “top” of the structure, just like the pattern found in V148I. There also is a 

decrease in curvature in the dimer interface region, which may indicate a weaker dimer 

interface in later maturation states, as seen in Broom et al.119 There is also a gain in curvature 

at the site of mutation, R46, and the following residue, V47. This may be reporting on fraying 

at the end of the strand due to mutation, which in turn would affect the positions of the ligands 

that bind copper in pWT, resulting in an altered copper-binding site in H46R SOD1. It has 

been previously shown that H46R SOD1 does not bind metals at the copper-binding site.123 

 

 

Figure 2.27: Changes of Curvature in 15N Temperature Coefficients for Metal-Binding Mutants 

Relative to pWT. This figure displays the changes of curvature in 15N temperature coefficients, relative 

to apo2SH pWT, for (A) H46R and (B) G85R. Residues coloured white occur where no comparisons 

could be made. The sidechains of the mutated residues are shown as sticks. Figures were made using 

PyMOL and PDB code 1HL5.70,72 

G85R: Altered Curvature in the β5-β6 Hairpin and Metal-Binding Sites 

The 15N curvature patterns for the second metal-binding mutant, apo2SH G85R SOD1 

can be viewed in Figure 2.27 (B). This mutant shows an increase in curvature in many of the 
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structural elements. For example, there is an increase in curvature in the β5-β6 hairpin, at the 

beginning of β4, and across the first β-sheet. The increase in curvature in each of these elements 

match expectations, as this mutation has been shown to disrupt the bond between R79 and 

D101, resulting in a loss of protection of the edge strands and the release of the D101 sidechain 

which points somewhat into the core of the protein.127 This would affect the residues involved 

in forming the hydrophobic core of the protein, causing them to transition from a folded 

structure to an unfolded structure as temperature increases, especially at higher temperatures. 

This is supported by hydrophobic residues that are present around D101 and point into the core 

of the protein exhibiting altered curvature patterns. These residues are V97, I99, and V31. The 

increase of curvature at the beginning of β4 may likely be attributed to the weakened hydrogen 

bonding network between β4 and β5, causing the beginning of the strand to unfold as 

temperature increases.127 Lastly, there is also a slight loss of curvature in the dimer interface 

region of the protein, suggesting that its ability to dimerize has been altered. 

G93A: Changes in Curvature Indicate a Potential Rearrangement of the β5-β6 Hairpin and 

Electrostatic Loop 

The curvature patterns of the next two mutants, G93A and E100G, compared to pWT 

can be viewed in Figure 2.28. The pattern of the first of these mutations, G93A, is very different 

from that of pWT. Some of the most noticeable changes occur around the site of mutation, for 

which there is a loss of curvature at the end of β5 and the beginning of β6, indicating a more 

structured loop. Oppositely, residues through the rest of β6 experience a gain in curvature, 

indicating that this mutation causes significant rearrangements in the β5-β6 hairpin. This in 

combination with the increased curvature in the electrostatic loop, indicating a less structured 

loop, supports the finding that the β5-β6 hairpin is destabilized, leading to the formation of 

linear filamentous fibrils through non-native interactions with the electrostatic loop of another 

SOD1 monomer.112 In addition, there are numerous residues that experience a gain in curvature 

at the edges of the β-strands, signifying that the ends of the strands are less structured and 

unfold as temperature increases. Lastly, in G93A, there is a extensive losses of curvature in the dimer 

interface region, prefacing this mutant’s weakened ability to dimerize in later maturation states.119 
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Figure 2.28: Changes of Curvature in 15N Temperature Coefficients for Other β5-β6 Hairpin 

Mutants Relative to pWT. This figure displays the changes of curvature in 15N temperature 

coefficients, relative to apo2SH pWT, for (A) G93A and (B) E100G. Residues coloured white occur 

where no comparisons could be made. The sidechains of the mutated residues are shown as sticks 

Figures were made using PyMOL and PDB code 1HL5.70,72 

E100G: Altered Curvature Patterns Near the Site of Mutation and in the Dimer Interface 

The last mutant, E100G, also experiences changed curvature patterns, compared to those in 

apo2SH pWT SOD1. As seen in other mutants, there are extensive changes in curvature near the site 

of mutation. More specifically, there is an increase in curvature across the middle to top of β3, β5, and 

β6. This pattern most likely reports on similar processes in G85R, where the end of the strand is more 

flexible due to a disrupted bond between R79 and D101.127 The electrostatic loop is another region that 

appears to possess numerous curvature changes. With that said, the residues that experience an increase 

in curvature are most commonly directly beside a residue that experiences a loss in curvature. 

Interestingly, the loops across the “top” of the structure contain many residues that experience 

a loss of curvature. This would indicate that they are either more structured in this mutation; 

or, this mutation causes significant rearrangement in these loops, in which the loops are never 

structured to begin with, and therefore, could not further unfold as temperature is increased. 

Lastly, similar to the curvature patterns observed in most of the other mutants, E100G 

experiences a loss of curvature in the dimer interface, indicating a weaker dimer interface 

region in more mature forms of the protein.119 Overall, the 15N curvature patterns appear to be 

useful for determining if residues in a protein populate excited states due to various mutations 

and what those states may be, given previous structural and dynamics studies; as well as 

extracting information regarding the changes in structural features as a protein unfolds.63,112,119 
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Number of Curved Temperature Dependences Increases as the Temperature Range is 

Extended Closer to the Tm, Optimal Experimental Range Ends 10 to 15 °C Below the Tm 

The final series of experiments aimed at observing the conformational heterogeneity 

found in temperature coefficients aim at examining the effects of heating different mutations 

and maturation states of immature SOD1 to their respective melting temperatures. These 

results will inform on the range of temperatures that can be studied in future temperature 

coefficient-based experiments, and if curved temperature dependences will appear due to 

global unfolding events, convoluting the results of local unfolding events with global unfolding 

events. In a previous study by Baxter & Williamson, it was demonstrated that when bovine 

pancreatic trypsin inhibitor is heated to its Tm, many of the linear temperature dependences 

show significant deviation from linearity, starting at approximately 15 °C below the Tm. They 

interpreted these results as the beginning of a global unfolding events.56 

The first mutant that this experiment was performed on was apo2SH A4V SOD1, using 

the extended temperature range shown in Table 3. The changes in curvature patterns for both 

1H and 15N temperature coefficients, as a result of heating to the Tm, are shown in Figure 2.29 

(A) and (B), respectively. With respect to the curvature changes in the 1H temperature 

coefficients, there appear to numerous changes in curvature throughout the structure. 

Generally, residues that experience a gain in curvature (blue) are found in the β-strands, while 

the majority of the residues that experience a loss in curvature (red) are found in the 

unstructured loops. It is important to note here that, starting at 26 °C, the intensities of the 

peaks corresponding to many of the residues found in the loops progressively decrease, as 

temperature increases towards the Tm. This makes finding the center of the peak increasingly 

difficult if the peak remains visible in the spectra, or if the peak completely disappears, makes 

the curvature comparisons more complicated. Many of these losses in curvature appear to be a 

result of decreased peak intensity. While the intensities of the peaks for residues found in the 

β-strands also decreased as the temperature was brought up to the Tm, the intensity did not 

decrease to the extent of the residues in the loops, and the peaks were still generally well 

resolved and the center of the peaks could be easily found. Many of the gains in curvature are 

found at the ends of the β-strands, indicating further fraying at the edge of the strands, 
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Figure 2.29: Effects of Heating Apo2SH A4V to Tm. This figure shows the change in curvature 

patterns in A4V’s (A) 1H and (B) 15N temperature coefficients when the protein is heated to its Tm. 

Residues that appear curved over the entire temperature range are compared to residues that appear 

curved over the shorter temperature ranges from Figure 2.21 (B). Residues coloured white occur where 

no comparisons could be made. Figures were made using PyMOL and PDB code 1HL5.70,72 

sometimes extending into the middle of the strands, such as what is observed in β1, β4, and 

β5. Also, these gains in curvature are mostly the result of the last few temperatures, resulting 

in a much sharper and asymmetric curve rather than the smooth curves observed in the shorter 

temperature range. These sharp asymmetric curves may be indicating the onset of a global 

unfolding event. Similar to the 1H curvature patterns, in the 15N curvature patterns, many of 

the losses in curvature appear for residues in unstructured loops that exhibit a decrease in peak 

intensity as temperature is increased. Also, the residues that experience a gain in curvature, 

signifying a transition from a more structured state to an unfolded state, are found at the edges 

of strands. For both 1H and 15N curvature patterns, a noticeable amount of curvature is retained 

from the shorter temperature range, especially around the edges of the strands. 

The curvature patterns of the second mutant these experiments were performed on is 

apo2SH E100G SOD1. These changes in curvature patterns for both 1H and 15N temperature 

coefficients, as a result of heating to the Tm, are shown in Figure 2.30 (A) and (B), respectively. 

Interestingly, in the extended temperature experiments, there are few changes in curvature 

patterns for both 1H and 15N temperature coefficients. In the 1H temperature coefficients, the 

increase in curvature is found at the bottom of β-stand 5, going through loop V, and in loop 

VI. These two regions are suspected to be affected by mutation. In the 15N temperature 

coefficients, there are more changes in curvature patterns, with the majority present in middle 
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Figure 2.30: Effects of Heating Apo2SH E100G to Tm. This figure shows the change in curvature 

patterns in E100G’s (A) 1H and (B) 15N temperature coefficients when the protein is heated to its Tm. 

Residues that appear curved over the entire temperature range are compared to residues that appear 

curved over the shorter temperature ranges from Figure 2.21 (F). Residues coloured white occur where 

no comparisons could be made. Figures were made using PyMOL and PDB code 1HL5.70,72 

of the β-strands or in the dimer interface region, indicating further temperature-dependent loss 

of structure in many of these cases. 

The last SOD1 variant these experiments were performed on was E,Zn2SH pWT 

SOD1, which has a much higher Tm than the other two variants. The changes in curvature 

patterns for 1H and 15N temperature coefficients, as a result of heating to the Tm, are shown in 

Figure 2.31 (A) and (B), respectively. In both sets of temperature coefficients, there are a large 

number of residues that experience gain in curvature, as displayed in Table 8. Similar to the 

patterns observed in apo2SH A4V SOD1, many of the residues that gain curvature are found 

at the edges of the β-strands, sometimes extending into the interior of the strands, signifying 

that the edges of the strands may be fraying and that the hydrogen bonding network across the 

β-sheets are being disrupted. In addition to the curvature found in the β-strands, a significant 

amount of curvature was gained in the zinc-binding and electrostatic loops, that have been 

shown to be well-structured in E,Zn2SH pWT SOD1.121 The most likely explanation for this 

gain in curvature is that the increased temperature results in zinc being released from the zinc 

binding site, causing the zinc-binding and electrostatic loops to become unstructured. Lastly, 

as in the case of A4V, the majority of gained curvature is due to the last temperatures, resulting 

in sharper and asymmetric curves that may be indicating the onset of a global unfolding event. 
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Figure 2.31: Effects of Heating E,Zn2SH pWT SOD1 to Tm. This figure shows the change in 

curvature patterns in E,Zn2SH pWT’s (A) 1H and (B) 15N temperature coefficients when the protein is 

heated to its Tm. Residues that appear curved over the entire temperature range are compared to residues 

that appear curved over the shorter temperature ranges from Figure 2.21 (H). Residues coloured white 

occur where no comparisons could be made. Figure was made using PyMOL and PDB code 2AF2.72,160  

In A4V, these sharp curves started to appear approximately 10 °C below the Tm, while here in 

E,Zn2SH pWT, the sharp curves start to appear approximately 15 °C below the Tm. This 

increase in curvature as the temperature approaches the Tm, along with the sharp asymmetric 

curves resulting from the peak positions in the last handful of temperatures, match well to the 

data acquired by Baxter and Williamson, suggesting that studies using temperature coefficients 

should avoid collecting or analyzing temperatures that start to approach the Tm of the protein. 

This is mainly due to the increase in curvature most likely resulting from global unfolding 

events, rather than local unfolding events.56 

2.4 Conclusions 

In this chapter, variable temperature NMR experiments were performed, resulting in 

high resolution data used to analyze the local structure and stability of 7 apo2SH SOD1 variants 

and E,Zn2SH SOD1. More specifically, these data were used to analyze the local structural 

elements found in immature SOD1 through amide proton secondary shifts and secondary 

amide nitrogen temperature coefficients. Local stability on a residue-specific level was also 

investigated through the use of amide proton temperature coefficients and conformational 

heterogeneity, observed by curved temperature-dependences. These analyses were performed 
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for each SOD1 variant and various patterns were compared to determine the effects mutations 

have on the local structure and stability of immature SOD1. 

 This chapter starts out by describing an alternate purification protocol, created by Dr. 

Tridib Mondal at the Weizmann Institute of Science that is currently in development. This 

procedure aims to eliminate the use of the hydrophobic interaction column and the subsequent 

dialyses, to remove the large amount of ammonium sulfate, in an effort to improve the yield 

of SOD1, as well as reducing the time and cost of the purification process. This protocol was 

tested on A4V SOD1, a mutant with a relatively high Tm. This purification procedure worked 

relatively well on this mutant, and will most likely work well for other highly thermostable 

variants, such as holo pWT, G93A, E100G, and V148I. With that said, it may not be 

appropriate to use for less thermostable variants, such as the metal-binding mutants H46R and 

G85R, as metal-binding mutants may have decreased structural stability due to a lack of one 

or both metals. In these cases, the heat treatment step would have to be performed at a lower 

temperature, which may increase the number of contaminant proteins found in the final 

concentrated protein, reducing the protocol’s effectiveness.82,84  

The second results section of this chapter describes the amide proton secondary shifts 

for each of the holo, E,Zn2SH and apo2SH SOD1 variants, and attempts to use them as 

indicators of secondary structure elements to determine low-resolution structural information 

for apo2SH SOD1 using well-established methods.47–49,152,156 The regions of the protein that 

are suggested to participate in secondary structure elements by the amide proton secondary 

shifts are in strong agreement with the regions determined by crystal structures for holo pWT 

SOD1.70 When the secondary chemical shift data for the mutant SOD1 was compared to pWT, 

almost all of the secondary chemical shift values do not change, indicating a conserved SOD1 

structure across these mutations. The regions in which changes are seen in the secondary 

chemical shifts are almost exclusively at or near that sites of mutations. When these analyses 

were performed on apo2SH SOD1 variants, there were clear distinctions between regions 

suggested to participate in secondary structure elements and those that are known to form 

unstructured loops.68,112,121,135 The location of these secondary structure elements are in almost 

identical positions as the ones in holo SOD1, indicating a structured β-barrel, and the effects 
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on the secondary chemical shifts were mostly localized to the site of mutation. In the future, 

the amide proton secondary shifts should be investigated for all apo2SH SOD1 mutants to help 

determine any significant changes in structure due to mutation, as this may assist in the 

interpretation of temperature coefficients and curvature. 

The third section of this chapter focuses on amide proton temperature coefficients for 

the SOD1 variants studied, as well as the changes in local stability that occur as a result of 

mutation. The results discussed in this section support that amide proton temperature 

coefficients can be used as both indicators of intramolecular hydrogen bonding and as 

indicators of local stability. Many of the changes in temperature coefficients, as a result of 

mutation to apo2SH SOD1, occur around either the site of mutation or in 

functionally/structurally important sites that have been highlighted in previous structural and 

dynamics studies.63,119,125,127,135 The large majority of these changes in temperature coefficients 

support previous data acquired on SOD1, and may result in a deeper understanding of many 

of the disrupted processes in mutant SOD1 by highlighting key residues and regions in apo2SH 

that are perturbed. One region of particular interest is the β5-β6 hairpin, which is consistently 

highlighted in the destabilizing SOD1 mutations as a region with decreased stability and has 

been shown to interact with another monomer’s electrostatic loop in some mutants to form 

linear filamentous fibrils.112,125 

The fourth section of this chapter discusses the uses of amide nitrogen temperature 

coefficients, whose interpretations have previously been convoluted by their sequence-

dependence.59–61 Following their referencing to random coil, the secondary amide nitrogen 

temperature coefficients appear to be extremely sensitive to structural deviations from random 

coil and are useful for reporting on the local structure present in both holo and apo2SH SOD1. 

Similar to what was observed in the amide proton temperature coefficients, the majority of 

changes in nitrogen temperature coefficients are located around the sites of mutation, and other 

functionally/structurally important regions. Not surprisingly, the apo2SH SOD1 temperature 

coefficients consistently indicate the altered structure of the β5-β6 hairpin in many of the 

destabilizing and metal-binding mutants studied. The structural information obtained through 

the analysis of the secondary amide nitrogen temperature coefficients also appear to 
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corroborate data previously acquired in structural and dynamics studies performed on these 

SOD1 mutants.63,119,125,127,135 

In the last results section, the conformational heterogeneity in the apo2SH SOD1 

variants was investigated through curved 1H and 15N temperature coefficients. It was 

determined that curvature patterns in many of these mutants reflect excursions to the excited 

states discussed by Sekhar et al.112 When mutant curvature patterns were compared to the data 

acquired for apo2SH pWT SOD1, the effects of each individual mutation were shown to report 

on the associated disruption of various structures and functionally important processes, such 

as dimerization, electrostatic loop formation, and metal-binding. These data also matches well 

to previously acquired dynamics and stability data.63,112,119,121,135Again, these data highlighted 

the temperature-dependent loss of folded structure in the β5-β6 hairpin, through increased 

curvature, showing a transition from a more stable to a less stable state in many of the 1H 

temperature coefficients and a transition from a more structured state to a random coil-like 

state in many of the 15N temperature coefficients in this region. Experiments were also 

performed to examine the effects of heating the protein to its Tm on the conformational 

heterogeneity of the protein. It was determined that as the temperature approaches the Tm of 

the protein, approximately 10 to 15°C below the Tm, there is an increase of curvature due to the 

last few data points, which corroborates previous findings from Baxter and Williamson.56 This 

results in sharp asymmetric curves, mostly present at the edges of the β-strands signifying that 

the edges of the strands are fraying. In some cases, this curvature extends to the middle of these 

strands, which may be reporting on the disruption of the hydrogen bonding network across the 

β-sheets. A large gain of curvature is also present surrounding the zinc-binding site in E,Zn2SH 

SOD1, potentially indicating that as the protein is heated, the zinc ion is less tightly bound, or 

is released, resulting in a decrease of structure in the zinc-binding and electrostatic loops. It is 

recommended for future experiments that temperature coefficients are only analyzed up to 10-

15 °C, to avoid convolution of local unfolding events with the onset of a global unfolding 

event. 
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Chapter 3 

Effects of Maturation on SOD1 Studied by NMR 

3.1 Introduction 

Following translation, many metalloproteins need to undergo numerous 

posttranslational processes to become fully mature and functional. SOD1 is one such protein, 

as it is initially an unmetallated monomer with reduced sulfhydryl groups and unstructured 

loops. Subsequently, the protein binds a structural zinc ion and a catalytic copper ion, has a  

disulfide bond formed between Cys57 and Cys146, and dimerizes.68,78,79 Previously, the 

apo2SH SOD1 has been shown to start its journey down its maturation pathway through the 

binding of the structural zinc ion that greatly stabilizes the SOD1, resulting in a predominantly 

dimeric species, as determined using gel filtration assays by Furukawa et al.86 In a study by  

Culik et al., the effects of maturation from apo2SH to E,Zn2SH on the free energy landscape 

of SOD1 were examined. This study found that following the binding of zinc, the electrostatic 

loop undergoes extensive structural changes and forms the fully mature structure found in holo 

SOD1, complete with a short helix pointing towards the zinc-binding site, that does not 

transition to any excited conformers.121 This study also found that the binding of zinc strongly 

promotes dimerization, with roughly 15% of the protein existing as a monomer; however, this 

dimer is weaker than more structured forms of the protein.88,121 

The acquisition of zinc by SOD1 also increases the affinity for binding the CCS, which 

will bind to the small proportion of E,Zn2SH SOD1 monomers in solution. Interestingly, the 

CCS will only bind E,Zn2SH SOD1 and will not bind the disulfide oxidized version, EZnSS.86 

The CCS is a 28 kDa homodimeric protein with each subunit comprised of three domains that 

loads the E,Zn2SH SOD1 with copper and assists in the formation of the disulfide bond.78,87 

The first domain of the CCS contains a copper-binding motif that binds Cu1+ and transfers the 

ion to the E,Zn2SH SOD1, while the second domain is highly homologous to SOD1 and is 

involved in forming a heterodimer with E,Zn2SH SOD1.78,87 In human CCS, the second 

domain binds an equimolar amount of zinc, that is essential for the proper functioning of the 

CCS.87 The last domain of the CCS consists of a short polypeptide used to oxidize the disulfide 
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bond in SOD1.78 Following the addition of copper and the formation of the disulfide bond by 

the CCS, SOD1 forms a tight dimer, resulting in the final functional form of the holo protein. 

As mentioned previously holo SOD1 is highly structured, with a defined dimer interface and 

structured zinc-binding and electrostatic loops, and displays high global stability.68,70,101,112,121  

 Currently, little is known about the method in which SOD1 acquires zinc and little high 

resolution, residue-specific data exists for this maturation state. For these reasons, it is of great 

interest to determine the changes in local structure and stability as a result of maturation from 

apo2SH to E,Zn2SH state, since the E,Zn2SH state appears to be key to the proper maturation 

of SOD1. By extension, it is also of interest to determine the effects that accompany maturation 

from E,Zn2SH to holo SOD1. Please refer to Section 2.1 for information regarding the 

structure of each mutant and previous temperature coefficient and conformational 

heterogeneity experiments performed. 

The aim of this chapter is to investigate the effects of maturation on the local structure 

and stability of SOD1, using high resolution NMR data. Also examined are the effects that 

mutations (G93A, E100G, and V148I) have on the maturation of the protein, from the apo2SH 

state to the holo state. Specifically, the NMR data yielded information regarding the changes 

in amide proton secondary chemical shifts, amide proton and secondary nitrogen temperature 

coefficients, and patterns of curved temperature dependences as a result of maturation. From 

the secondary amide proton chemical shift and amide nitrogen temperature coefficient data, a 

widespread increase in structure is apparent as a result of metal binding, disulfide bond 

formation, and dimerization. Interestingly, there are a small subset of hydrophobic residues in 

the dimer interface and core of the protein  that show decreases in structure. These residues 

may be reporting on either strain or an altered packing structure resulting from dimerization. 

From the amide proton temperature coefficients, the largest increase in structural stability 

throughout the protein occurs when the protein matures from the apo2SH to the E,Zn2SH form. 

In mutated SOD1, these temperature coefficient patterns report on altered processes that occur 

as a result of the mutation. For example, in G93A, the β-barrel plug is not stabilized during the 

maturation process. Lastly, the effects of maturation on the curvature patterns of individual 

temperature dependences were studied. As the SOD1 matures, there is a decrease in curvature 
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throughout the protein, especially in the electrostatic loop, zinc-binding loop, and metal 

binding regions following the binding of zinc, and the dimer interface following maturation to 

the holo form. When mutations were introduced, there is an increase in curvature in the dimer 

interface (in the holo form relative to the apo2SH form) that propagates to the β5-β6 hairpin 

through loop VI. These data describe the weakened dimer interface present in the mutant SOD1 

and identify the β5-β6 hairpin as a dynamic hotspot.  

3.2 Methods 

Please refer to Section 2.2 for the methods used in this work. Holo SOD1 chemical shift data, 

raw temperature coefficients, and curvature patterns were obtained from Doyle et al.63 

3.3 Results and Discussion 

3.3.1 Amide Proton Secondary Shift 

As discussed earlier in Sections 1.2.4 and 2.3.2, chemical shifts and secondary chemical 

shifts are useful information that can provide insight into the local secondary structure elements 

contained within a protein.46,49 Since there is a lack of high resolution structural data on 

apo2SH SOD1, it is of interest to determine how the structure of SOD1 changes over the course 

of the maturation process, from apo2SH to holo SOD1.  One method to investigate these 

changes utilizes 1H secondary chemical shift.47,156 Previously, it has been established that 

apo2SH SOD1 maintains a β-barrel fold, with unstructured loops, and holo SOD1 also exists 

in a structured β-barrel; however, with well-structured loops.63,70,135 By observing the 

difference between the 1H secondary chemical shifts of the different maturation states of SOD1 

variants pWT, G93A, E100G, and V148I, it will be possible to gain a better an understanding, 

on a residue-specific level, of the structural changes occurring during protein maturation.  

Apo2SH to EZn2SH pWT: Increased Dimer Interface, Zinc-Binding Loop, and Electrostatic 

Loop Structure.  

According to the differences in 1H secondary chemical shifts, maturation from apo2SH 

to E,Zn2SH pWT SOD1 results in an increase of structure for residues found in the β-strands 

and loops that make up the dimer interface and the zinc-binding loop. The differences in 1H 
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Figure 3.1: Changes in pWT Secondary Chemical Shifts During Maturation. This figure displays 

the changes in pWT SOD1 secondary chemical shift as the protein matures from (A) apo2SH to 

E,Zn2SH, plotted on the structure of i) E,Zn2SH pWT and ii) E,Zn2SH pWT with CCS, and (B) 

E,Zn2SH to holo SOD1. Residues coloured white occur where no comparisons could be made. Zinc 

and copper ions are coloured magenta and cyan, respectively. The CCS is sand-coloured. Figures were 

made using PyMOL and PDB codes 2AF2, 6FOL, and 1HL5.70,72,160,164 

secondary chemical shifts between apo2SH and E,Zn2SH pWT can be viewed in Figure 3.1 

(A). In general, increases in 1H secondary chemical shifts (x > 0.1 ppm) in β-strands report on 

a loss of structure, while increase in loops report on increased structure for those specific 
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residues. By extension, decreases in chemical shifts for residues in β-strands indicate an 

increase in structure, and a decrease in those for loops indicate a loss of structure.  In Figure 

3.1 (A), there are extensive increases in secondary chemical shift for many of the residues 

involved in the loops that form the dimer interface and electrostatic loop of E,Zn2SH SOD1. 

These data indicate an increase in structure, as a result of the binding of the zinc ion to each 

monomer. With respect to the electrostatic loop, the largest increases in secondary chemical 

shift occur in the region of the short helix that occurs in holo SOD1, indicating that this 

structure is formed in E,Zn2SH SOD1.121 Interestingly, a small subset of residues in the loops 

that form the dimer interface in E,Zn2SH SOD1 show a decrease in secondary chemical shift, 

from values indicative of random coil to those indicative of β-strand structure. These residues 

include G51, G114, and G151, all of which form intermolecular hydrogen bond with the other 

SOD1 monomer at the dimer interface.163 It is likely that large changes in chemical shifts that 

indicate β-strand structure for residues found in loops signify that these residues are involved 

in strong intramolecular hydrogen bonds or intermolecular bond with another SOD1 monomer. 

Other residues that show increased structure in E,Zn2SH SOD1 include residues found in the 

strands involved in the dimer interface and metal-binding regions. In short, these 1H secondary 

chemical shifts have reported on the increased structure, as a result of zinc-binding, found in 

many structurally and functionally important regions of SOD1 as the protein matures.  

E,Zn2SH to Holo pWT: Increased Flexibility in the β-Barrel Plug, Copper-Binding Region, 

and Electrostatic Loop.  

The maturation process from E,Zn2SH to holo pWT SOD1 results in many unexpected 

changes in 1H secondary chemical shift values. These results may be due to differences in the 

chemical shift referencing of the holo SOD1 data, acquired by Doyle et al.63 If this is not the 

case, these results indicate a slight decrease in structure for residues found in the β-barrel plug, 

copper-binding region, and electrostatic loop. In the majority of these cases, the secondary 

chemical shift values still indicate that the residues participate in either the β-strand or 

structured loop that they are expected to; however, their chemical shifts are consistently 

slightly shifted towards random coil. These changes can be viewed in  Figure 3.1 (B) and may 

be suggesting an increase in flexibility for these regions that may be required for the catalysis 
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of superoxide radicals. This slight increase in flexibility may arise from the motions of the 

electrostatic loop, which forms an electrostatic funnel that helps guide the superoxide radicals 

towards the active site that possesses the copper ion.165–167 From these comparisons, some of 

the largest changes in secondary chemical shift occur at the beginning and end of the 

electrostatic loop, which are close in structure to the catalytically important R143, which is 

linked to H48, another residue that displays increased flexibility, through hydrogen bonds to 

the carbonyl-oxygen of G61.68,71 It should be noted that these data do not contradict previous 

findings that these regions possess extensive hydrogen-bonding patterns, as these data still 

suggest that these regions are highly structured in holo SOD1.68,71,86 With respect to the 

increase in flexibility in the β-barrel plug, this may be a result of the increased breathing 

motions of SOD1 that are observed when the protein forms a dimer.168 In conclusion, the 

difference 1H secondary chemical shifts as a result of maturation from E,Zn2SH to holo pWT 

SOD1, could be reporting on the increased flexibility regions of SOD1 that are functionally 

important for catalysis. 

Evidence of Strain and Structural Changes as a Result of Maturation are Similar for Mutant 

and pWT SOD1.  

In each of the mutants studied, the changes in 1H secondary chemical shifts as a result 

of maturation from apo2SH to holo SOD1 are near identical to the changes occurring in pWT, 

suggesting similar structural rearrangements during maturation. Figure 3.2 and Figure 3.3 

displays the differences in 1H secondary chemical shifts as a result of maturation from apo2SH 

to holo SOD1 for pWT, G93A, E100G, and V148I. In each of these SOD1 variants, residues 

throughout the structure of the protein experience an increase in structure. This is especially 

noticeable throughout the dimer interface, zinc-binding loop, and the electrostatic loop. In the 

dimer interface, residues G51, G114, and G151 experience a change from a random coil-like 

structure to a β-strand-like structure, similar to the patterns observed in the maturation from 

apo2SH to EZn2SH pWT. This demonstrates that the intermolecular hydrogen bonds these 

residues form in holo SOD1 result in an increase in local structure. In the zinc-binding loop 

and electrostatic loops, many of the residues experience an increase in structure following the 

binding of metals and the formation of the disulfide bond, as expected.  
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Figure 3.2: Changes in pWT and V148I Secondary Chemical Shifts During Maturation. This 

figure displays the changes in secondary chemical shift data as the protein matures from apo2SH to 

holo SOD1 for (A) pWT and (B) V148I SOD1. The dark grey bars on the graphs correspond to the 

location of the 8 β-strands that make up the SOD1 β-barrel.70 Residues coloured white occur where no 

comparisons could be made. Zinc and copper ions are coloured magenta and cyan, respectively. Figures 

were made using PyMOL and PDB code 1HL5.70,72 

Interestingly, in many of the variants, a small subset of residues found in the dimer 

interface experience a slight loss of structure during maturation. These residues, V5, A6, V7, 

V148, and I149 (depending on the assignments in the holo variants), generally show a decrease 

in structure, as well as F20 and F45. These residues are all hydrophobic and either point into 

either the core of the protein or the dimer interface. These results suggest that the process of 

dimerization results in a slightly different packing of the residues in the dimer interface that is 

able to propagate through the structure of the protein to other hydrophobic residues. Another 

region that, according to amide proton shifts, shows slight decreases in structure relative to 

apo2SH SOD1 is the β5-β6 hairpin. The 1H secondary chemical shifts generally indicate the 

same secondary structure for each of the holo SOD1 residues as their apo2SH counterparts; 

however, they are often shifted slightly towards random coil. These may be the results of 
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Figure 3.3: Changes in G93A and E100G Secondary Chemical Shifts During Maturation. This 

figure displays the changes in secondary chemical shift data as the protein matures from apo2SH to 

holo SOD1 for (A) G93A and (B) E100G SOD1. The dark grey bars on the graphs correspond to the 

location of the 8 β-strands that make up the SOD1 β-barrel.70 Residues coloured white occur where no 

comparisons could be made. Zinc and copper ions are coloured magenta and cyan, respectively. Figures 

were made using PyMOL and PDB code 1HL5.70,72 

propagating effects from the dimerization or metal-binding processes, or may be reporting on 

the increased breathing motions observed in dimeric SOD1.168 The β5-β6 hairpin consists of 

two edge strands, one from each of the two β-sheets. As a result, breathing motions that affect 

the structure of the β-sheets, may become more pronounced at the edge strands, resulting in an 

observed slight decrease in structure of the residues forming the hairpin, even if many of the 

residues show increased stability using other methods. Since 1H secondary chemical shifts are 

collected at one temperature, they are able to provide more structural information about a 

protein at that given temperature, than other NMR methods, such as the 1H temperature 

coefficients, which observe the changes in local hydrogen bonding patterns and local structural 

stability over a temperature range. This may explain why a residue might show decreased 
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structure at a given temperature, yet still show increased stability in 1H temperature 

coefficients. In summary, all of the SOD1 variants studied show increased structure throughout 

the dimer interface and zinc-binding and electrostatic loops, show signs of strain or altered 

packing structures in hydrophobic residues forming the dimer interface or the core of the 

protein, and show slightly decreased structure in the β5-β6 hairpin relative to their apo2SH 

counterparts. 

3.3.2 Amide Proton Temperature Coefficients 

Using the 1H temperature coefficients, the effects that SOD1 maturation have on the 

local structural stability of residues can be investigated. First, the changes in the 1H temperature 

coefficients are examined for pWT SOD1, as the protein matures from apo2SH to E,Zn2SH 

SOD1, and then from E,Zn2SH to holo SOD1. Then, the effects of maturation, from apo2SH 

to holo SOD1, have on the 1H temperature coefficients of mutant SOD1 are examined.  

pWT Maturation: Increased Stability over the Maturation Process.  

As pWT SOD1 matures, from apo2SH to E,Zn2SH and from E,Zn2SH to holo SOD1, 

the average temperature coefficients of the entire protein, and of each structural element, 

increase. This demonstrates that the protein and many of the structural features become 

increasingly stable the farther down the maturation process the protein is. Table 9 displays the 

average temperature coefficients for each of the maturation states of pWT SOD1 studies, and 

those of the individual structural elements. In general, the temperature coefficients of the 

structural features are the most negative in the apo2SH state and the most positive in the holo 

state. This indicates the increased structural stability throughout the protein, resulting from the 

binding of zinc and copper, the formation of the disulfide bond between C57 and C146, and 

dimerization. The most notable areas that exhibit large increases in structural stability as the 

protein matures are the β-barrel plug, loop IV, the strands involved in metal-binding, and the 

electrostatic loop. Each of these regions are structurally or functionally important and, 

therefore, it is expected that they would exhibit increased stability during SOD1 maturation. 

Interestingly, the structural stability of the first three β-strands, forming the majority of the first 

β-sheet, and the first two loops did not increase as much as the other structural elements over  
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 Apo2SH EZn2SH Holo 

Temperature Coefficient Summary 

Average (ppb/K) -5.35 -4.05 -3.24 

# Res 119 112 97 

Tm (°C) 47.6 55 92.7 

Average Temperature Coefficient for Structural Features (ppb/K) 

N N/A N/A N/A 

β1 -4.21 (5) -3.50 (6) -3.66 (6) 

Loop I -5.71 (4) -6.41 (3) -4.73 (1) 

β2 -2.25 (9) -3.34 (8) -2.64 (7) 

Loop II -6.03 (3) -6.13 (4) -5.12 (1) 

β3 -3.26 (7) -3.27 (7) -2.76 (7) 

Loop III -11.26 (3) -7.34 (1) -4.02 (2) 

β4 -6.73 (8) -5.02 (6) -3.08 (7) 

Loop IV Part 1 -6.68 (11) -3.44 (7) -3.27 (7) 

Loop IV Part 2 -5.71 (7) -4.24 (15) -3.66 (11) 

β5 -5.61 (5) -3.97 (5) -3.05 (7) 

Loop V -4.02 (4) -3.69 (4) -2.76 (3) 

β6 -5.75 (8) -4.91 (8) -4.69 (7) 

Loop VI -4.47 (10) -4.28 (9) -2.61 (7) 

β7 -2.84 (5) -2.82 (3) -1.78 (5) 

Loop VII -6.51 (19) -3.67 (19) -3.09 (11) 

β8 -4.38 (9) -2.53 (5) -3.39 (7) 

C -7.42 (2) -3.60 (2) -0.70 (1) 

Table 9: 1H Temperature Coefficients Summary for pWT SOD1 Maturation States. Temperature 

coefficient data for each pWT SOD1 maturation state are summarized here. The first portion of the 

table describes the average temperature coefficients and the number of residues that data is available 

for. The second portion of the table describes the average temperature coefficient for each structural 

feature of SOD1, with the average temperature coefficient found beside the parentheses containing  the 

number of residues for which data is available. Holo temperature coefficient data and thermostability 

data was obtained from previous publications.63,82,84 
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the maturation process. This may suggest that the hydrogen bond network across the first β-

sheet is not as affected by SOD1 maturation as the second β-sheet, which is involved in binding 

metals and contains the intramolecular disulfide bond. Overall, as SOD1 matures, the protein 

and its individual structural elements becomes increasingly stable.  

Apo2SH to E,Zn2SH pWT: Increased Stability Throughout the Protein.  

As expected, the majority of the residues in E,Zn2SH pWT SOD1 experience an 

increase in local stability, especially those found in structural elements surrounding the zinc-

binding site. Figure 3.4 (A) displays the changes in temperature coefficients of E,Zn2SH pWT 

relative to apo2SH pWT SOD1 on the structure of dimeric E,Zn2SH pWT SOD1 and 

monomeric E,Zn2SH complexed with domain II of the CCS.160,164 Here, large positive changes 

in temperature coefficients are seen in residues throughout the dimer interface, β-strand 4, the 

zinc-binding loop (loop IV), the β5-β6 hairpin, and the electrostatic loop (loop VII). These data 

agree with previous results that have shown an increased structure of these regions as a result 

of zinc-binding.121 Interestingly, there is a small “pocket” of destabilized residues found across 

the top of β-strands 2, 3, and 6.  These destabilized residues, and a couple of destabilized 

residues in the loops connecting these strands, may report on a slightly altered hydrogen 

bonding network, as a result of dimerization and zinc-binding, as this region would not be 

stabilized by the strengthened hydrogen bonding network in the areas involved in zinc-binding 

and dimerization.63,107,121,163 Lastly, while residues G51 and G151, two of three residues 

involved in forming intermolecular hydrogen bonds with either another monomer of SOD1 or 

the CCS, are stabilized upon zinc binding, the third residue, G114, is destabilized. This may 

be reporting on an altered hydrogen bonding network in the dimer interface of dimeric 

E,Zn2SH SOD1 that allows the dimer to transiently dissociate, resulting in monomeric 

E,Zn2SH SOD1. This monomeric E,Zn2SH SOD1 can then interact with the CCS and continue 

further down the maturation pathway.86,160 In summary, the 1H temperature coefficient patterns 

resulting from the maturation of pWT SOD1 from the apo2SH to the E,Zn2SH state display 

an increase in local stability throughout the structure, as well as some structurally important 

destabilization near the dimer interface that may allow the protein to dissociate, a process 

needed to continue down the SOD1 maturation pathway. 
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Figure 3.4: Changes in pWT 1H Temperature Coefficients During Maturation. This figure displays 

the changes in 1H temperature coefficients as the protein matures from (A) apo2SH to E,Zn2SH, plotted 

on the structure of i) E,Zn2SH pWT and ii) E,Zn2SH pWT with CCS, and (B) E,Zn2SH to holo SOD1. 

Residues coloured white occur where no comparisons could be made. Zinc and copper ions are coloured 

magenta and cyan, respectively. The CCS is sand-coloured. Figures were made using PyMOL and PDB 

codes 2AF2, 6FOL, and 1HL5.70,72,160,164 

E,Zn2SH to Holo pWT: Increased Stability in the Metal-Binding Region and Recovered 

Stability of G114.  

The temperature coefficients of residues assigned in both E,Zn2SH and holo pWT 

SOD1 indicate an increase of structural stability in the metal-binding region and G114, a 



 

  121 

structurally important residue that forms intermolecular hydrogen bonds in the dimer interface. 

More specifically, the local stability of two of the zinc-binding ligands, H71 and D83, are 

increased in holo pWT, as well as two of the residues directly beside the copper-binding ligands 

H46 and H48. Also, the stability of residue G114 has increased in holo pWT relative to 

E,Zn2SH pWT, suggesting the residue’s ability to form intermolecular hydrogen bonds in the 

dimer interface has returned, resulting in the tight dimer observed for holo SOD1.82 While 

there are a small subset of residues in the dimer interface of holo pWT SOD1 that show a slight 

decrease in stability, some of these are directly beside residues stabilized by maturation from 

E,Zn2SH pWT. Those that are not may be reporting on increased strain in this region, due to 

the formation of the dimer. Lastly, many of the residues that can be compared between the two 

states possess near-identical temperature coefficients. This pattern is different from the pattern 

seen during the maturation from apo2SH to E,Zn2SH pWT, where most of the residues show 

significantly more positive temperature coefficients. This demonstrates that the binding of zinc 

confers the majority of the structural stability observed in holo SOD1. Overall, maturation 

from E,Zn2SH to holo pWT SOD1 results in an increase of structural stability around the 

metal-binding region, and a return of G114 stability, indicating a more structurally stable dimer 

interface.  

Effects of Mutation on the Maturation of SOD1 Occur Locally.  

The average temperature coefficients for each of the mutant SOD1 and their individual 

structural elements show increased stability upon maturation from apo2SH to holo SOD1. The 

average temperature coefficients for each of these mutants and their structural features for both 

apo2SH and holo states are summarized in Table 10. The increase in stability in each structural 

feature generally mirrors the change in average temperature coefficients of those features in 

pWT SOD1. The changes in temperature coefficients from apo2SH to holo SOD1 for pWT are 

plotted onto the structure of SOD1 in Figure 3.5 (A). Here, positive increases in temperature 

coefficients can be seen throughout the structure of SOD1, with few residues experiencing 

decreases. The residues that experience decreases in stability are directly beside residues 

experiencing increases in stability and are scattered throughout the structure of SOD1. From  
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 Apo2SH G93A Holo G93A Apo2SH E100G Holo E100G Apo2SH V148I Holo V148I 

Temperature Coefficient Summary 

Average 

(ppb/K) 
-5.69 -3.43 -5.66 -3.37 -5.38 -3.03 

# Res 100 101 113 93 117 92 

Tm (°C) 33 87.7 33.2 86.2 51 92.7 

Average Temperature Coefficient for Structural Features (ppb/K) 

N N/A N/A N/A -8.97 (1) N/A N/A 

β1 -4.49 (5) -4.03 (4) -4.33 (5) -3.92 (4) -4.67 (5) -4.48 (3) 

Loop I -5.99 (4) N/A -5.99 (3) N/A -5.29 (4) N/A 

β2 -3.77 (6) -2.13 (8) -2.24 (9) -2.52 (7) -2.18 (9) -1.97 (7) 

Loop II -6.28 (3) -5.16 (1) -6.24 (3) -5.32 (1) -6.04 (3) -4.93 (1) 

β3 -3.54 (6) -2.93 (5) -3.66 (8) -2.81 (6) -3.18 (7) -2.46 (6) 

Loop III -9.29 (1) -10.07 (2) -11.59 (3) -4.22 (2) -11.66 (3) -3.98 (2) 

β4 -5.47 (6) -2.91 (8) -6.99 (8) -2.95 (8) -6.97 (8) -2.57 (6) 

Loop IV  

(Part 1) 
-6.73 (11) -3.37 (8) -6.86 (11) -3.77 (6) -6.78 (11) -2.05 (8) 

Loop IV  

(Part 2) 
-5.95 (6) -4.08 (12) -5.84 (6) -4.24 (12) -5.72 (7) -3.99 (13) 

β5 -5.65 (4) -3.47 (6) -5.75 (5) -3.54 (6) -5.74 (5) -3.29 (6) 

Loop V -8.59 (1) -4.24 (4) -3.80 (4) -2.77 (3) -3.83 (4) -3.15 (4) 

β6 -5.98 (5) -4.05 (7) -6.02 (8) -3.96 (4) -5.38 (8) -4.47 (7) 

Loop VI -4.80 (10) -2.61 (7) -4.93 (9) -2.86 (7) -4.43 (10) -2.70 (8) 

β7 -3.03 (5) -1.95 (4) -3.30 (4) -1.90 (6) -2.94 (4) -1.71 (5) 

Loop VII -7.04 (17) -2.79 (15) -6.83 (18) -2.70 (11) -6.66 (18) -2.14 (9) 

β8 -6.11 (8) -3.61 (8) -5.55 (7) -3.46 (7) -4.21 (9) -3.08 (5) 

C -7.25 (2) -4.18 (2) -7.45 (2) -4.31 (2) -7.52 (2) -3.72 (2) 

Table 10: 1H Temperature Coefficients Summary for Mutant SOD1 Maturation States. 

Temperature coefficient data for each mutant SOD1 maturation state are summarized here. The first 

portion of the table describes the average temperature coefficients and the number of residues that data 

is available for. The second portion of the table describes the average temperature coefficient for each 

structural feature of SOD1, with the average temperature coefficient found beside the parentheses 

containing  the number of residues for which data is available. Holo temperature coefficient data and 

thermostability data was obtained from previous publications.63,82,84 
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the changes in temperature coefficients upon the maturation of V148I, G93A, and E100G seen 

in Figure 3.5 and Figure 3.6, the changes closely mirror those observed in pWT SOD1. 

From the differences in temperature coefficients summarized in Table 10 and shown in 

Figures 3.5 and 3.6, each of the mutants show slightly different patterns of stabilization. When 

compared to differences in temperature coefficients between the apo2SH and holo states of the 

other mutations, V148I shows slightly increased stability in the dimer interface and the 

electrostatic loop. This is likely a result of the stabilizing effect of this mutation. In contrast, 

E100G displays a decrease in the change of average temperature coefficients for the zinc- 

binding loop. This may be a result of an altered bond between D101 and R79, which confers 

 

Figure 3.5: Changes in pWT and V148I 1H Temperature Coefficients During Maturation. This 

figure displays the changes in 1H temperature coefficients as the protein matures from apo2SH to holo 

SOD1 for (A) pWT and (B) V148I. Residues coloured white occur where no comparisons could be 

made. Zinc and copper ions are coloured magenta and cyan, respectively. Figures were made using 

PyMOL and PDB code 1HL5.70,72 
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stability to the zinc-binding loop by tethering it to the β-barrel.127 Also noted is the decrease 

in local stability at the beginning of β-strand 3, which is usually connected to the end of β-

strand 6 through a salt bridge between K30 and E100. This decrease likely indicates that the 

end of this strand is still frayed in holo SOD1. Lastly, during the maturation of G93A, it is 

displayed in Table 10 that loop III, which contains the β-barrel plug, is not stabilized upon 

maturation. This is likely due to the altered conformation of the β-barrel plug in the structure 

of G93A.116 In summary, the effects of mutations on the maturation process from apo2SH to 

holo SOD1 are minimal, with slight differences occurring near the sites of mutation, as the 

temperature coefficient patterns are similar to those observed for pWT SOD1. 

 

Figure 3.6: Changes in G93A and E100G 1H Temperature Coefficients During Maturation. This 

figure displays the changes in 1H temperature coefficients as the protein matures from apo2SH to holo 

SOD1 for (A) G93A and (B) E100G. Residues coloured white occur where no comparisons could be 

made. Zinc and copper ions are coloured magenta and cyan, respectively. Figures were made using 

PyMOL and PDB code 1HL5.70,72 
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3.3.3 Amide Nitrogen Temperature Coefficients 

As discussed in Section 2.3.4, amide nitrogen temperature coefficients are extremely 

sensitive to structural deviations from random coil and may be used as a measure of structure 

for each residue in the protein.61 This section aims to determine the effects that mutation have 

on the maturation of SOD1, as determined by amide nitrogen temperature coefficients. First, 

the maturation process of pWT SOD1 is investigated to determine how the structure of SOD1 

changes as the protein matures. Following analysis of pWT, the structure observed in the 

apo2SH and holo states of mutants G93A, E100G, and V148I are compared.  

pWT Maturation: Increased Structure in the Dimer Interface and Metal-Binding Region, 

Decreased Structure Across β-Sheet 1.  

As pWT SOD1 matures from apo2SH to E,Zn2SH and from E,Zn2SH to holo SOD1, 

the structure of the protein increases around the metal-binding regions and in some of the 

structural elements that form the dimer interface. Oppositely there is a pattern of destabilization 

across the first β-strand. The average secondary 15N temperature coefficients for each of the 

pWT maturation states studied are summarized in Table 11. As expected, the binding of metals 

and the formation of the disulfide bond have a positive effect on the structure of the zinc-

binding loop and β-strands 4 and 8. Other regions that become more structured are the first 

loop and the β-barrel plug. The pattern of structural changes upon maturation will be discussed 

in the next two subsections. 

Apo2SH to E,Zn2SH SOD1: Increased Structure in the Dimer Interface, Decreased Structure 

in Hydrophobic Residues Pointing into the Core of the Protein.  

As the protein matures from apo2SH to E,Zn2SH SOD1, numerous residues found 

throughout the β-strands and loops that make up the dimer interface and the zinc-binding loop. 

The differences in absolute secondary 15N temperature coefficients between apo2SH and 

E,Zn2SH pWT can be viewed in Figure 3.7 (A) on the structures of E,Zn2SH pWT and 

E,Zn2SH pWT with CCS. The increases in structure in the dimer interface, notably in G51, a 

residue that forms intermolecular hydrogen bonds with the other SOD1 monomer,  is due to 

the formation of the SOD1 dimer. In extension, the increases in structure of the zinc-binding  
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 Apo2SH EZn2SH Holo 

N N/A N/A N/A 

β1 34.00 (5) 34.91 (6) 28.73 (6) 

Loop I 9.19 (4) 13.90 (3) 31.77 (1) 

β2 33.39 (9) 25.87 (8) 21.51 (5) 

Loop II 17.00 (3) 11.42 (4) 9.53 (1) 

β3 34.43 (7) 31.17 (7) 29.82 (7) 

Loop III 22.51 (3) 24.20 (1) 25.32 (2) 

β4 18.35 (8) 22.13 (6) 23.35 (7) 

Loop IV Part 1 14.60 (11) 24.60 (7) 18.20 (7) 

Loop IV Part 2 16.08 (7) 23.67 (15) 22.62 (10) 

β5 30.52 (5) 26.44 (5) 25.70 (7) 

Loop V 17.78 (4) 19.93 (4) 8.94 (3) 

β6 26.34 (8) 25.21 (8) 19.57 (7) 

Loop VI 29.67 (10) 31.72 (9) 29.06 (6) 

β7 32.01 (5) 21.77 (3) 31.26 (5) 

Loop VII 23.95 (19) 25.75 (19) 23.96 (11) 

β8 22.38 (9) 27.27 (5) 27.82 (7) 

C 10.07 (1) 50.03 (1) 41.09 (1) 

Table 11: 15N Temperature Coefficients Summary for Mutant SOD1 Maturation States. 

Secondary amide nitrogen temperature coefficient data for each pWT SOD1 maturation state are 

summarized here. This describes the average temperature coefficient for each structural feature of 

SOD1, with the average temperature coefficient found beside the parentheses containing  the number 

of residues for which data is available. 

and electrostatic loops are the result of the binding of zinc, which has been shown to increase 

the structure of the zinc-binding loop and causes the formation of the short-helix observed in 

the electrostatic loop.121 Interestingly, the differences in 15N temperature coefficients also 

display a decrease in structure in many of the residues that form the hydrophobic core of the 

protein. For example, residues A4, F20, F45, V97, and I99, all of which point into the core of 

the protein show a decrease in structure. As discussed in Section 3.3.1, the decreased structure  
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Figure 3.7: Changes in pWT 15N Temperature Coefficients During Maturation. This figure 

displays the changes in absolute secondary 15N temperature coefficients as the protein matures from 

from (A) apo2SH to E,Zn2SH, plotted on the structure of i) E,Zn2SH pWT and ii) E,Zn2SH pWT with 

CCS, and (B) E,Zn2SH to holo SOD1. Residues coloured white occur where no comparisons could be 

made. Zinc and copper ions are coloured magenta and cyan, respectively. The CCS is sand-coloured. 

Figures were made using PyMOL and PDB codes 2AF2, 6FOL, and 1HL5.70,72,160,164 

in this region may be either a result of the increased breathing motions of SOD1, observed in 

the dimeric form of the protein, or the process of dimerization results in a slightly different 

packing of the residues in the dimer interface that is able to propagate through the structure of 

the protein to other hydrophobic residues.168 
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E,Zn2SH to Holo SOD1: Increased Structure Surrounding the Copper-Binding Site and 

Further Decreased Structure Across β-Sheet 1.  

Following the binding of copper and the formation of the intermolecular disulfide bond 

of SOD1 by the CCS, the protein shows increased structure around the copper binding site, 

specifically in residue H48, a copper-binding ligand. Another residue that experiences an 

increase in structure is G151, found in the dimer interface. This residue is one of the three that 

forms intermolecular hydrogen bonds and its increased structure may indicate a tighter dimer 

in holo SOD1.82 In contrast, some of the hydrophobic residues, such as V5, V7, I149, and 

A152,  that form the dimer interface experience a decrease in structure. Furthermore, additional 

hydrophobic residues that point into the core of the protein, such as I18 and V31, experience a 

decrease in structure. This decreased structure is likely the result of  a strengthened dimer 

interface in holo SOD1 that further disrupts the packing structure of the hydrophobic residues 

that form the core of the protein. In short, these 15N secondary temperature coefficients report 

on the increased structure found surrounding the zinc binding site as a result of zinc-binding, 

and the decreased structure of residues found in the dimer interface and across the first β-sheet 

as a result of dimerization. 

Mutant SOD1 Exhibit Locally-Occurring Effects on SOD1 Maturation Compared to pWT.  

Each of the SOD1 variants studied show similar 15N temperature coefficient patterns 

during maturation from the apo2SH state to holo state as pWT SOD1. The average 15N 

temperature coefficients for each structural feature in the protein are summarized in Table 12. 

These temperature coefficients are also plotted onto the structure of holo SOD1 in Figure 3.8 

(pWT and V148I maturation) and Figure 3.9 (G93A and E100G maturation). During 

maturation from apo2SH to holo pWT SOD1, there are large increases in structure of residues 

surrounding the metal-binding region and many of the residues found in the dimer interface. 

Notable residues that experience an increase in structure include H48, V119, and G151, along 

with hydrophobic residues in the dimer interface such as A6, V148, I149, and A152. These 

support the increased structure in the metal-binding region and the dimer interface of holo 

SOD1 compared to apo2SH SOD1.63,82,121 
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 Apo2SH G93A Holo G93A Apo2SH E100G Holo E100G Apo2SH V148I Holo V148I 

N N/A N/A N/A 9.29 (1) N/A N/A 

β1 35.29 (5) 24.91 (4) 33.90 (5) 27.81 (4) 33.24 (5) 20.44 (3) 

Loop I 13.42 (4) N/A 16.22 (3) N/A 13.37 (4) N/A 

β2 29.87 (6) 25.86 (6) 35.20 (9) 25.83 (6) 33.30 (9) 27.64 (5) 

Loop II 18.00 (3) 9.31 (1) 15.91 (3) 9.56 (1) 17.46 (3) 8.73 (1) 

β3 33.89 (6) 24.21 (5) 26.35 (8) 26.25 (6) 34.08 (7) 28.67 (6) 

Loop III 4.62 (1) 20.85 (2) 22.06 (3) 25.01 (2) 23.76 (3) 25.15 (2) 

β4 18.49 (6) 24.91 (8) 18.35 (8) 24.13 (8) 20.30 (8) 20.95 (6) 

Loop IV  

(Part 1) 16.43 (11) 19.00 (8) 17.64 (11) 16.50 (6) 13.92 (11) 23.31 (8) 

Loop IV  

(Part 2) 17.63 (6) 20.36 (12) 15.88 (6) 20.37 (12) 16.35 (7) 20.95 (13) 

β5 23.15 (4) 25.62 (6) 28.60 (5) 24.30 (6) 31.23 (5) 24.63 (6) 

Loop V 13.22 (1) 23.92 (4) 19.19 (4) 18.02 (3) 18.01 (4) 16.78 (4) 

β6 28.72 (5) 20.73 (7) 22.54 (8) 20.11 (4) 25.02 (8) 19.38 (7) 

Loop VI 29.21 (10) 28.34 (7) 27.82 (9) 28.90 (7) 30.28 (10) 29.41 (8) 

β7 28.60 (5) 30.98 (4) 23.73 (4) 32.58 (6) 22.65 (4) 32.15 (5) 

Loop VII 19.65 (17) 26.05 (14) 25.70 (18) 24.07 (11) 22.95 (18) 23.67 (9) 

β8 15.25 (8) 28.68 (8) 15.74 (7) 28.37 (7) 21.63 (9) 31.98 (5) 

C 10.54 (1) 41.07 (1) 9.99 (1) 40.93 (1) 8.58 (1) 43.06 (1) 

Table 12: 15N Temperature Coefficients Summary for Mutant SOD1 Maturation States. 

Secondary amide nitrogen temperature coefficient data for each mutant SOD1 maturation state are 

summarized here. This describes the average temperature coefficient for each structural feature of 

SOD1, with the average temperature coefficient found beside the parentheses containing  the number 

of residues for which data is available. 

With respect to the SOD1 mutants V148I, G93A, and E100G , each experience altered 

15N temperature coefficients around the sites of mutations. For example, in V148I, changes in 

the temperature patterns from those of pWT occur around the site of mutation, where the 

structure of residues found in β-strand 8 and the first part of the zinc-binding loop, which passes 

through the dimer interface, are stabilized. There is also a decrease in average temperature 

coefficient of the first β-strand, likely as result of the increased size of the I148 residue. In  
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Figure 3.8: Changes in pWT and V148I 15N Temperature Coefficients During Maturation. This 

figure displays the changes in absolute secondary 15N temperature coefficients as the protein matures 

from apo2SH to holo SOD1 for (A) pWT and (B) V148I. Residues coloured white occur where no 

comparisons could be made. Zinc and copper ions are coloured magenta and cyan, respectively. Figures 

were made using PyMOL and PDB code 1HL5.70,72 

G93A, there is a large increase of structure in loops III and V, as well as β-strand 5, that is 

not observed during pWT maturation. These changes in structure are most likely a result of 

the increased hydrophobic interactions that A93 has with the other hydrophobic residues that 

make up the β-barrel plug, including L38.116 Lastly, in E100G, the largest effects on 

maturation, that do not occur in pWT, are located at the top of β-strand 3 in Figure 3.9 (B), 

which shows an increased structure as the protein matures. In summary, the amide nitrogen 

temperature coefficients are able to report on changes in structurally important features of the 

SOD1, and how mutations affect the structure of SOD1, as the protein matures from its most 

immature to mature form. 
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Figure 3.9: Changes in G93A and E100G 15N Temperature Coefficients During Maturation. This 

figure displays the changes in absolute secondary 15N temperature coefficients as the protein matures 

from apo2SH to holo SOD1 for (A) G93A and (B) E100G. Residues coloured white occur where no 

comparisons could be made. Zinc and copper ions are coloured magenta and cyan, respectively. Figures 

were made using PyMOL and PDB code 1HL5.70,72 

3.3.4 Conformational Heterogeneity 

As discussed earlier in Sections 1.2.7 and 2.3.5, temperature coefficients are 

predominately linear; however, some studies have shown the existence of curved temperature 

dependences.56,62–65 The deviation from linearity, also known as curvature, originates from a 

temperature-dependent shift in population from the native state to a low-energy excited state.62 

This observed curvature is able to report on the conformational heterogeneity of a protein, 

which may be vital for structural stability or functions such as binding, allostery, and 

catalysis.14,63,66 This section aims to investigate the change in observed curvature patterns and 

the SOD1 variants mature from the apo2SH state to the holo state. The number of curved 

residues found in each maturation state of pWT, G93A, E100G, and V148I SOD1 are displayed 

in Table 13. 
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1H Curvature in Apo2SH SOD1 Variants 

 pWT  G93A E100G V148I 

Curved 41  20 27 34 

Assignments 119  100 113 117 

% Curved 34  20 24 29 

1H Curvature in Matured SOD1 Variants 

 E,Zn2SH pWT Holo pWT Holo G93A Holo E100G Holo V148I 

Curved 43 28 44 37 19 

Assignments 112 97 101 93 92 

% Curved 38 29 44 40 21 

15N Curvature in Apo2SH and E,Zn2SH pWT 

 Apo2SH E,Zn2SH    

Curved 35 39    

Assignments 119 112    

% Curved 29 35    

Table 13: Curvature Changes in SOD1 Variants During Maturation. This table displays the 

curvature information for the different maturation states of SOD1 variants studied. The percentage of 

curved residues is calculated by dividing the number of curved residues by the number of assignments 

in the protein. Holo SOD1 variant data was obtained from Doyle et al.63 

Decreased Curvature During pWT Maturation a Result of Increased Structure.  

As pWT SOD1 matures from apo2SH to E,Zn2SH, and from E,Zn2SH to holo SOD1, 

there is a loss of curvature in many of the structural elements of the protein. These losses of 

curvature are likely a result of the increased structure in some of the structural features. For 

example, when apo2SH pWT matures to E,Zn2SH pWT SOD1, as viewed in Figure 3.10 (A), 

there are losses in curvature throughout the electrostatic loop and the metal-binding region. 

This is a result of the zinc ion conferring structural stability to this region, especially in the 

electrostatic loop, where the short helix forms.121 In E,Zn2SH pWT SOD1, many of the 

residues that are found in the dimer interface experience gains in curvature, relative to apo2SH 

pWT. These increases in curvature report on the dissociation of the dimer to form monomeric 

E,Zn2SH SOD1, which is then able to interact with the CCS.86 Interestingly, there is an  
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Figure 3.10: Changes in pWT 1H Curvature Patterns During Maturation. This figure displays the 

changes in 1H curvature patterns as the protein matures from (A) apo2SH to E,Zn2SH, plotted on the 

structure of i) E,Zn2SH pWT and ii) E,Zn2SH pWT with CCS, and (B) E,Zn2SH to holo SOD1. 

Residues coloured white occur where no comparisons could be made. Zinc and copper ions are coloured 

magenta and cyan, respectively. The CCS is sand-coloured. Figures were made using PyMOL and PDB 

codes 2AF2, 6FOL, and 1HL5.70,72,160,164 
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increase in curvature in across the “top” of β-sheet 1, most notably in β6. These increases in 

curvature may be reporting on an alternate state, where the loops across the top of the β-barrel 

become more structured following the binding of zinc and dimerization.  

 Following maturation from E,Zn2SH to holo pWT SOD1, there is an observed loss of 

curvature in the dimer interface of the protein and at the end of β-strand 6. The loss of curvature 

in the dimer interface reports on the formation of a tight dimer in holo SOD1.82 Throughout 

the rest of the structure of the protein, residues that experience a gain in curvature are usually 

directly beside residues that experience losses in curvature, resulting in a net zero change in 

curvature for given regions. This indicates that the largest changes in structure between 

E,Zn2SH and holo SOD1 occur in the dimer interface. In summary, the binding of zinc to 

apo2SH SOD1 confers structural stability to the electrostatic loop and metal-binding region of 

the protein, observed as a loss of curvature, and an increase in curvature in the dimer interface 

as a result of increased transitions between monomeric and dimeric E,Zn2SH SOD1. In 

addition, when the protein further matures to holo pWT SOD1, the protein experiences an 

extensive loss of curvature in the dimer interface, owing to the formation of a tight dimer. 

Mutations to SOD1 Result in Increased Curvature in the Dimer Interface During Maturation 

that Propagates to the β5-β6 Hairpin.  

For each of the SOD1 variants, where the maturation to holo from apo2SH SOD1 can 

be studied, there is an increase in curvature present in the dimer interface. The difference in 

the curvature patterns between apo2SH and holo SOD1 can be found in Figure 3.11. During 

the maturation of pWT, from apo2SH to holo SOD1, there is a loss of curvature found in the 

dimer interface, as well as around both metal binding sites and in the electrostatic loop. These 

data signify the increased stability of each of these regions due to the binding of zinc and 

copper, the formation of the disulfide bond, and the formation of a tight dimer. Similarly, each 

of the SOD1 variants display a loss of curvature in the electrostatic loop and metal-binding 

sites; however, there is an increase of curvature found in the dimer interface of all of these 

mutants. This increase in curvature likely reports on the decreased strength of the dimer 

interface in mutant SOD1, allowing the protein to transiently monomerize.101,119 In general, 
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from the results in Section 2.3.5, the apo2SH mutant SOD1 possess less curvature in the dimer 

interface region than pWT, indicating a decreased ability to transiently dimerize due to a 

weakened dimer interface region. Since this curvature appears in holo SOD1, of which there 

should be very little in the dimer interface if it is well-structured and maintained, it again 

indicates the weakening of the dimer interface in mutant SOD1. In addition, compared to the 

changes in curvature due to pWT maturation, there is an increase in curvature at the top of the 

β5-β6 hairpin and throughout loop VI during mutant SOD1 maturation. This increase  in 

curvature in holo SOD1 likely appears due to the weakening of the dimer interface and 

decreased structure of loop VI in mutant SOD1, increasing the flexibility of the loop and 

allowing it to adopt alternate conformations. In summary, these altered curvature patterns show 

that mutant SOD1 weaken the dimer interface of the holo protein, which is propagated to β5-

β6 hairpin through increased flexibility in loop VI.   

 

Figure 3.11: Changes in 1H Curvature Patterns During Maturation of SOD1 Variants. This figure 

displays the changes in 1H curvature patterns as the protein matures from apo2SH to holo SOD1 for 

(A) pWT, (B) G93A, (C) E100G and (D) V148I. Residues coloured white occur where no comparisons 

could be made. Zinc and copper ions are coloured magenta and cyan, respectively. Figures were made 

using PyMOL and PDB code 1HL5.70,72 
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Increased Structure in Metal-Binding Region and Dimer Interface in E,Zn2SH SOD1 Viewed 

by 15N Curvature Patterns.  

As a result of zinc-binding to apo2SH pWT SOD1, there is an increase in structure 

surrounding the metal-binding region and the dimer interface, as determined by the loss of 

curvature in the 15N temperature coefficients of these locations. Figure 3.12 displays these 

changes in curvature patterns on the structure of E,Zn2SH SOD1 and E,Zn2SH complexed 

with the CCS.160,164 These data match with previous results discussed throughout this chapter, 

as a short helix forms in the electrostatic loop and the zinc-binding loop becomes more ordered 

as a result of the binding of the zinc ion and dimerization.121 

 

Figure 3.12: Changes in pWT 15N Curvature Patterns During Maturation. This figure displays the 

changes in 15N curvature patterns as the protein matures from apo2SH to E,Zn2SH SOD1. Comparisons 

plotted onto the structures of (A) E,Zn2SH pWT SOD1 and (B) E,Zn2SH pWT SOD1 with CCS. The 

CCS is sand-coloured. Residues coloured white occur where no comparisons could be made. Figures 

were made using PyMOL and PDB codes 2AF2 and 6FOL.72,160,164 

3.4 Conclusions 

In this chapter, high resolution data acquired from variable temperature NMR 

experiments have been used to analyze the effects of mutations on the maturation process of 

SOD1 and the changes in local structure and stability that SOD1 variants experience as a result 

of maturation. More specifically, local structural changes were investigated through amide 

proton secondary shifts and secondary amide nitrogen temperature coefficients, while changes 

in local stability have been investigated using amide proton temperature coefficients and 
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conformational heterogeneity, observed by curved temperature-dependences. These analyses 

were performed on SOD1 variants for which the above data has been acquired for various 

maturation states (pWT, G93A, E100G, and V148I). 

Through the use of 1H secondary chemical shifts, the changes in the local and secondary 

structure of residues can be investigated. As the pWT SOD1 matures from apo2SH to EZn2SH, 

there is an increase in structure in the dimer interface, zinc-binding loop, and electrostatic loop. 

As the protein further matures from E,Zn2SH to holo SOD1, there is evidence of increased 

flexibility in the β-barrel plug, copper-binding region, and  electrostatic loop. These data are 

likely reporting on the increased flexibility that may be required for the catalysis of superoxide 

radicals and the increased breathing motions of SOD1 that are observed when the protein forms 

a dimer.168 When the protein is mutated, the changes in structure during maturation are nearly 

identical to the changes occurring in pWT, suggesting similar structural rearrangements during 

maturation. Interestingly, there are a small subset of hydrophobic residues in the dimer 

interface and core of the protein that show decreases in structure. This suggests that the 

dimerization of SOD1 causes slight strain in some regions that results in the altered packing of 

hydrophobic sidechains that may propagate and, in turn, result in a slightly decreased structure 

in the β5-β6 hairpin in the holo protein relative to their apo2SH counterparts.  

From the amide proton temperature coefficients, the effects of maturation on the local 

stability of residues in pWT and mutant SOD1 were examined. From these studies, it has been 

confirmed that maturation from apo2SH to E,Zn2SH results in the largest increase of structural 

stability throughout the protein, especially in the zinc-binding region, electrostatic loop, and 

dimer interface, despite some evidence of decreased stability of key residues involved in the 

formation of a tight dimer, allowing the protein to transiently monomerize and interact with 

the CCS. When the protein further matures to the holo states, there is a further increase in 

stability surrounding the metal-binding region and there is recovered stability in the residues 

involved in intermolecular hydrogen bonding to form a tight dimer. The effects of mutation 

largely occur locally and report on their respective stabilizing or destabilizing effects. For 

example, in G93A, the β-barrel plug is not stabilized during the maturation process, suggesting 

an alternate, more stable structure of this region in the mutant.116 In E100G, the temperature 
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coefficient changes suggest an altered stability of the zinc-binding loop and β-strand 3 during 

maturation that result in a decreased stability of these regions, likely due to altered bonds that 

tether the zinc-binding loop to the β-barrel and connect the tops of β3 and β6. Lastly, in V148I 

displays a stabilizing effect on the maturation of the protein, by increasing the stability of 

residues found in the dimer interface. 

Using 15N secondary temperature coefficients, the structural changes in SOD1 variants 

were examined as the protein matured. With respect to pWT SOD1, as the protein matures 

from apo2SH to E,Zn2SH, it has been found that there is an increase in structure for many of 

the residues involved in forming the electrostatic loop and the dimer interface; however, one 

propagating effect of this increased structure in the dimer interface likely results in the altered 

packing of hydrophobic sidechains pointing into the core of the protein, decreasing their 

structure. As the protein matures from E,Zn2SH to holo SOD1, there is an increase in structure 

surrounding the copper-binding site and there is evidence of decreased structure across the first 

β-sheet, a result of the formation of a tight dimer that further affects the packing of hydrophobic 

residues. As expected, when mutations are introduced into SOD1, the effects they have on the 

protein occur near the site of mutation. Most notably, in G93A there is a large increase in 

structure in loops III and V that suggest increased hydrophobic interactions that A93 has with 

the other hydrophobic residues that make up the β-barrel plug, including L38.116 Also, the 

V148I mutation, a stabilizing mutation, appears to stabilize residues present in the first portion 

of the zinc-binding loop and β-strand 8, while E100G affects the  residues located directly 

beside the site of mutation at the top of β-strand 3. Overall, the amide nitrogen temperature 

coefficients have been proved to be sensitive to changes in structure as a result of maturation, 

and the effects that mutations have on the maturation process are shown to affect the structure 

of the protein most intensely near the site of mutation. 

 Lastly, using the presence of curvature in amide proton and nitrogen temperature 

coefficients, the changes in conformational heterogeneity during the maturation process of 

SOD1 were investigated. It has been determined that as the protein matures and becomes more 

structured, there is a decrease in curvature in pWT SOD1. For example, when the protein binds 

zinc, both the metal-binding region (including the zinc-binding loop) and the electrostatic loop 
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experience a loss of curvature, indicating that they are more stable and exist in one 

conformation. Oppositely, there is a gain of curvature in many of the residues found in the 

dimer interface that report on the dissociation of the dimer to form monomeric E,Zn2SH 

SOD1, which is then able to interact with the CCS.86 As the protein matures to holo SOD1, 

there is a loss curvature in the dimer interface of the protein and at the end of β-strand 6 that 

reports on the formation of a tight dimer in holo SOD1.82 Upon mutation, there is an increase 

in the amount of curvature present in the dimer interface in the holo state of the SOD1 variants, 

relative to the apo2SH state. This curvature propagates through the entirety of loop VI to the 

β5-β6 hairpin. This increased curvature describes the weakened dimer interfaces present in 

mutant SOD1 and assists in identifying the β5-β6 hairpin as a dynamic hotspot.63,119 Finally, 

through comparisons of the secondary amide nitrogen temperature coefficients for apo2SH and 

E,Zn2SH pWT SOD1, it was further enforced that losses of curvature in these temperature 

coefficients report on the increased structure of a specific residue, as the curvature most often 

trends from a structured state to an unfolded or random coil-like state. These curvature patterns 

described the increased structure found in the metal-binding region and dimer interface 

following the binding of zinc to the protein. 

3.5 Future Work for Temperature Coefficient and Conformational Heterogeneity 

Experiments 

In these past two chapters, the usefulness of amide proton secondary shifts and 

temperature coefficients for determining the effects that mutations and maturation have on the 

local structure and stability of residues throughout the SOD1 structure have been discussed. In 

addition, the uses and extent of usefulness of amide nitrogen temperature coefficients have 

been examined. For future experiments, it would be of interested to investigate the 1H and 15N 

temperature coefficient and curvature patterns for more apo2SH SOD1 variants; for example, 

V148G and I113T, both of which have disrupted dimer interface regions. In addition, E,Zn2SH 

data should be collected for the mutants studied in this chapter, as holo and apo2SH data have 

already been collected and extensively analyzed. These experiments would assist in 

determining if maturation patterns are generally conserved during the process of zinc-binding 

and later processes involving the CCS. Additionally, it would be of great interest to acquire 
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E,Zn2SH and holo data for the other mutants studied in Chapter 2, especially the metal-binding 

mutants H46R and G85R, as they should provide valuable insight into the changes of local 

structure and stability associated with decreased metal affinities. Many mutations result in 

decreased metal-binding affinities, regardless of if the mutation is near the metal-binding sites, 

and investigations into the metal-binding mutants may help to greatly inform on effects 

observed in other mutations. 
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Chapter 4 

Properties of SOD1 Studied by CIEF 

4.1 Introduction 

Isoelectric focusing is an electrophoretic method in which amphoteric compounds, 

such as proteins, are separated along a pH gradient by their isoelectric points (pI). This results 

from the net charge of a protein being determined by the pH of its local environment, meaning 

that proteins can carry a positive, negative, or neutral charge.169,170 The net charge of a protein 

is the sum of all its positive and negative charges, most of which stem from the acidic and basic 

side chains of various amino acids. The pI of a protein corresponds to the pH at which that 

protein is net neutral. If the pH of the environment is less than the pI of a protein, the protein 

will be positively charged. Similarly, if the pH of the environment is above the pI of a protein, 

the protein will be negatively charged.171 

When placed in a pH gradient and subjected to an electric field, a protein will migrate 

towards the oppositely charged electrode. During this migration, the protein will either acquire 

or lose protons, thus changing its net charge and mobility. The protein will stop migrating 

when it reaches the pH at which it is net neutral.169 While the electric field is applied, if the 

protein should diffuse away from its pI, it will acquire a charge and migrate back towards its 

pI. This process is called “focusing” and following its completion, a protein will be condensed 

into a sharp band in the linear pH gradient, at its respective pI.169–171 One of the most important 

factors in acquiring high quality focusing data is the formation of a stable, linear pH gradient. 

The most common method of forming the pH gradient for capillary isoelectric focusing (CIEF) 

experiments involves the use of solution containing carrier ampholytes, a mixture of numerous 

small compounds ranging from 300-1000 Da. These compounds contain multiple amino and 

carboxylate groups that have a high buffering capacity at their pKa values.169,171 These 

compounds do not bind to proteins as they are highly hydrophilic.171 

Traditionally, isoelectric focusing experiments were performed using gel 

electrophoresis techniques; however, these methods are time consuming and unable to be 

automated, despite providing high resolution data. To combat these issues, CIEF methods were 
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developed. In CIEF, proteins are first focused in a short column, generally 5 cm long, into 

stable bands. This focusing period typically takes approximately 5 minutes.170,172 During the 

focusing process, there are three main challenges that need to be overcome. The first is the 

decrease in the solubility of a protein at its pI. The second is the compression of the pH gradient 

due to the presence of salt. The third issue is the heating of the column due to a high electrical 

current. These issues can all be overcome by the dilution of the protein during sample 

preparation.170,172 Following focusing, the concentrated protein “peaks” are detected, for 

example, by UV absorbance. There are two main techniques used to image the focused peaks. 

The first method, single point detection, utilized a camera that images the end of the column, 

while the focused sample is pushed through the column by solvent. One of the major drawbacks 

of the single point detection method is that it takes 10-40 minutes to image all of the focused 

peaks. During this mobilization period, the focused samples are able to diffuse, broadening the 

peaks and decreasing the peak heights, which in turn affects the separation of the proteins and 

the sensitivity of the method.172 The second method, whole-column imaging detection 

(WCID), uses a charge-coupled device camera to image the whole column over the course of 

the focusing period. The main benefit of WCID is that it allows real-time monitoring of the 

focusing process and offers resolution of 0.03 pH units.170,172 

In addition to determining the pIs of proteins, it is also possible to use CIEF in 

combination with whole-column imaging detection to determine the diffusion coefficients (D) 

and molecular weights of proteins.170,173 The diffusion coefficient can be determined by 

imaging the column after the voltage in the CIEF instrument has been turned off. A protein’s 

D can then be calculated by using the Einstein equation (Equation 1), where σ2 represents the 

peak variance and t represents the diffusion time. The molecular weight (M) of the protein can 

then be determined from the D using Equation 2, where A is a function of temperature (T) and 

viscosity (η).170 Using the methods here it is possible determine and compare the pI and 

diffusion coefficients of related proteins, which has not yet been explored in depth.170 

1) 𝜎2=2𝐷𝑡  

2) 𝐷=𝐴(𝑇,𝜂)𝑀−1/3 
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Previously, studies on some of the electrophoretic properties of SOD1 have been 

performed by the Shaw Group at Baylor University.103,174 The first of these studies, utilizing 

protein charge ladders and capillary electrophoresis, examined the effects that metal binding 

has on the net charge of SOD1.174 This study concluded that the binding of zinc and copper, as 

well as the formation of the intramolecular disulfide bond, reduce the net negative charge of 

the protein. The theoretical pIs of the metal-free SOD1 and holo SOD1 were also calculated to 

be 5.9 and 5.3, respectively. In addition, the protein resisted charge inversion at pH 5.3, 

remaining negatively charged. These results indicated that the net-negative surface charge of 

holo SOD1 is vital for catalysis, especially around the catalytically active R143.174 Building 

upon the above study, the Shaw group then focused on the effects that ALS-associated 

mutations have on the net charge of SOD1, most notably the “cryptic mutations” that lower 

the negative surface potential of SOD1, such as D90A and E100K.103 This study found that the 

net charge of the protein upon mutation was lower than predicted for metal-free SOD1 and that 

the binding of zinc to the protein decreased the charge gap between the WT protein and the 

ALS-variants. This study also found that the ALS mutations did not prevent the protein from 

regulating its net charge. These results point to the ability of SOD1 to resist reductions of its 

negative charge, suggesting that this property is functionally relevant to maximizing solubility, 

protein-protein interactions, and catalytic activity.103 Other studies, such as the experiments 

performed on recombinant human SOD1 by Wenisch et al., have utilized gel isoelectric 

focusing experiments to show the presence of three isoforms of with pI values of 4.80, 4.92, 

and 5.07, with the protein at pI 5.07 corresponding to the holo SOD1.175 

The purpose of this study is to determine if CIEF can be used as a diagnostic tool for 

determining the mutations and maturation states present in patient samples, given the pI of 

SOD1 variants. In order to for this to occur, a complete set of pI values for each mutant and 

maturation state are needed for SOD1 variants expressed in the WT background. It would also 

be of interest to determine if SOD1 expressed in the pWT background could be used in place 

of WT SOD1, due to its increased solubility, for the set of pI values; however, that requires 

investigation into both WT and pWT pI values for SOD1 variants. It would also be of interest 

to determine the size of soluble aggregates or oligomers, which could be inferred from the 
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diffusion coefficients of the SOD1 maturation states and of soluble oligomers in WT SOD1, if 

the oligomers stay soluble during the CIEF experiments. 

The method development portion of this chapter, in which the conditions for 

experiments were established, concluded that the SOD1 concentrations needs to be 

approximately 0.4 mg/mL for a good signal to noise ratio, pI markers should not focus between 

pI 5 and pI 7, SOD1 focusing should occur at 3 kV for approximately 7 minutes, and diffusion 

should be monitored for roughly 20 minutes to determine diffusion coefficients. In addition, 

the level of waste in the bottles on either side of the capillary need to be equalized prior to 

running the experiment to avoid the drift of peaks during the diffusion process. The data 

obtained from the CIEF studies on SOD1 expressed in the pWT background indicate that the 

pI of the protein decreases as SOD1 matures, charge mutations are reflected in the 

experimentally determined pI values, and during these experiments the SOD1 is likely present 

in a dimeric form as a result of high concentration during the focusing process. With respect 

to the SOD1 expressed in the WT background, all SOD1 samples aggregated during focusing. 

The aggregation of these samples may be a result of the free cysteines in WT SOD1.  

4.2 Methods 

4.2.1 Growth and Expression of SOD1 for CIEF Experiments  

Pseudo-wildtype SOD1 was grown and expressed for CIEF experiments using methods 

described previously by Broom et al..120 In this procedure, SOD-/- cells, which are resistant to 

kanamycin and chloramphenicol, are transformed with the pHSOD1ASlacI1, which contains 

the ampicillin resistance gene, by electroporation. The transformed cells are selected for, 

grown, and induced as described in Section 2.2.1, using LB media instead of M9 minimal 

media. Kanamycin and chloramphenicol were each added to a final concentration of 0.03 

mg/mL.83,137 The induced cells are grown for 8 hours before being harvested. SOD1 variants 

expressed in the WT background, were grown and expressed as described above and in Trainor 

et al., with the following modifications. SOD1 will be expressed in a WT background using 

BL21 (DE3) E.coli cells that contain a pLysS plasmid, that confers resistance to 

chloramphenicol, and pET21 vector that confers resistance to ampicillin. The volume of M9 
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minimal media is scaled down to 250 mL and the culture is grown for 6 hours after the 

induction at 25°C.176 Samples were grown with and without the addition of 0.1 mM ZnSO4. 

All cells were harvested by 15 minutes of centrifugation at 4000 g and the resulting cell pellets 

were stored at -80°C until further processing. 

4.2.2 Protein Purification 

SOD1 samples are purified and prepared using the methods outlined in Sections 2.2.2, 

2.2.4, and 2.2.5. Protein expressed in the WT background, for which the supernatant (SUP) of 

the cells was used in experiments, were purified using freeze-thaw methods. Following 

harvesting, cell pellets containing the overexpressed WT SOD1 were resuspended in 7.5 mL 

of TEN buffer (20 mM Tris, 1 mM EDTA, 100 mM NaCl, pH 8.0) and repeatedly freeze-

thawed in liquid nitrogen and a 37°C water bath. After the first cycle, DNase was added and 

incubated at 4°C for 40 minutes to remove any DNA contamination. Following the third cycle, 

the sample was centrifuged at 14800 g for 10 minutes to remove cell pellets and aggregated 

protein, and yields the SUP samples to be used in the CIEF experiments. All protein was 

aliquoted into 50 μL aliquots and stored at -80 °C until experiments were performed. 

4.2.3 Preparation of the CIEF Samples 

The preparation of various SOD1 samples for analysis by CIEF were performed as 

described in Wu et al.172 The SOD1 protein of interest, was diluted to a final concentration of 

0.3 - 0.4 mg/mL, with a mixture of carrier ampholyte solution (pH 3-10) containing 

methylcellulose and the appropriate pI markers that focus on both sides of SOD1 (Protein 

Simple, San Jose CA, USA). The carrier ampholytes and methylcellulose were added to a final 

concentration of 4% and 0.35%, respectively. The sample is made up to 100 μL with metal-

free MilliQ water. For samples that do not possess metals, all solutions were treated with 

Chelex ® 100 Resin prior to the addition of the protein (Bio-Rad, Hercules, CA, USA). Lastly, 

bubbles were eliminated from the sample by centrifugation at 3200 rpm for 5 minutes.  
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4.2.4 Additional WT SOD1 CIEF Samples Prepared 

For WT SUP samples, additional experiments needed to be performed to determine 

experimental conditions that kept the WT SOD1 soluble throughout the focusing process, to 

accurately determine the respective pI and diffusion coefficient. The samples that were 

prepared involved performing buffer exchanges on the samples to increase or decrease the 

ionic strength of solution, performing a titration with the non-ionic reducing agent 

dithiothreitol (DTT), performing the experiment using a smaller range of carrier ampholytes, 

and performing the experiments on WT SOD1 protein grown in the presence of zinc. Each set 

of samples were performed at numerous protein concentrations, from roughly 0.3 mg/mL to 

below the detection limit of the instrument, to determine conditions that would, if at all, allow 

for analysis. 

4.2.5 CIEF Experiments 

Experiments were performed on a iCE280 analyzer (Convergent Bioscience, Toronto 

ON, Canada) with a UV-WCID at 280 nm and a fluorocarbon internally coated fused-silica 

capillary separation column.170 Before each run, the column was conditioned with 0.5% 

methylcellulose. At the beginning of an experiment, 50 μL of a protein sample is loaded into 

the injector loop, with care taken to avoid introducing bubbles in the lines. The sample is 

injected into the column at a rate of 0.36 mL/hour for 2 minutes before being allowed to 

equilibrate for 2 minutes. Following this equilibration time, a scan of the capillary is performed 

to perform a baseline correction in later scans. Samples were then focused for roughly 7 

minutes at 3 kV before the voltage was turned off and the protein was allowed to diffuse for 

roughly 30 minutes. Scans of the capillary using the CCD camera were taken every 57 seconds 

and the internal temperature of the instrument was recorded to ensure the temperature during 

the experiments stayed consistent. Each sample was run in triplicate. Following each run, the 

capillary was washed for 300 seconds with 0.5% methylcellulose. 

4.2.6 CIEF Data Analysis 

The analysis of the focusing data from the CIEF experiments to obtain the pIs and 

diffusion coefficients of SOD1 variants were performed as described in Liu et al.170 First, using 
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the peak positions of the pI markers, a calibration curve representing the pH gradient was built 

and used to find the pI of SOD1. Next, the peak variance, obtained from the diffusion data, 

was plotted against separation time to determine the diffusion coefficient of SOD1 sample 

using a program written by Dr. Victor Galievsky, which also performs a baseline correction 

for each scan. The pI and diffusion coefficients were calculated by averaging the results of 

triplicate experiments on each respective protein. 

4.3 Results and Discussion 

4.3.1 Experiment Optimization 

SOD1 Concentration Needs to be ~0.4 mg/mL and pI Markers Should not Focus Between pI = 

5 and pI = 7.  

Before experiments determining SOD1 pIs and diffusion coefficients could be run 

using the iCE280 analyzer, initial experiments needed to be performed to optimize some of the 

parameters. These parameters included the flow rate and injection time of the protein, 

concentration of SOD1 and pI markers, focusing voltage and time, and diffusion time. With 

respect to the determination of the flow rate and injection time of the protein, initial 

experiments found that at a flow rate of 0.36 mL/hour for 2 minutes, the region of the capillary 

that is scanned using the UV-WCID has been completely filled with the protein solution to be 

analyzed. Next, the concentration of SOD1 the pI markers to be used in experiments needed to 

be determined. The concentration experiments were performed using holo E100K SOD1, 

which when tested at a concentration of 0.1 mg/mL did not show a good signal to noise ratio. 

The concentration was then increased to 0.4 mg/mL, which showed the presence of a sharp 

symmetrical peak, allowing for the accurate determination of peak position. These tests further 

continued with the addition of various pI markers to determine which would be most suitable 

for use with SOD1 variants. According to previous experiments, holo SOD1 focusses at 

approximately pI = 5.3, while the holo E100K, a double charge mutant, focusses at 

approximately pI = 7.  For this reason, pI markers that focus between pI 5 and pI 7 are not 

appropriate to use, as they may interfere with the SOD1 signal. The pI markers used throughout 

many of the following experiments focus at pI 3.59 and pI 8.4; however, in earlier experiments 
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a pI marker at pI 7.4 was used as we had not received the pI 8.4 marker yet and did not possess 

one that focused at a higher pI (Protein Simple, San Jose CA, USA).  

SOD1 Focusing can Occur at 3 kV for ~7 Minutes.  

Following the determination of protein concentration and pI markers to use in these 

experiments, it was necessary to determine the appropriate focusing voltage and time. If there 

is a high concentration of salt present in these samples, focusing at a lower voltage is preferable 

to avoid joule heating; however, this results in a longer focusing time.170 The iCE280 allows 

the user to choose between two focusing voltages, 0.5 kV and 3 kV. Both voltages were tested 

and neither voltage caused the current running through the sample to rapidly increase, 

indicating that salt levels were low enough to use either voltage. Since SOD1, especially 

mutant SOD1, has a high aggregation propensity, it was decided to use a 3 kV focusing voltage 

to avoid SOD1 being highly concentrated for a long period of time.84,133 Further tests at the 3 

kV focusing voltage concluded that the SOD1 samples and the pI markers had focused by 

 

Figure 4.1: Focusing of E100K and pI Markers. The focusing of peaks corresponding to the pI 3.59 

marker (left), E100K (middle) and pI 7.4 marker (right) are displayed over the focusing time. 



 

  149 

6 minutes and 37 seconds, indicating this was the time at which the voltage could be turned off 

and the observation of protein diffusion could start. The focusing of E100K and the pI markers 

3.59 and 7.4 can be seen in Figure 4.1. 

Diffusion is Monitored for ~20 Minutes and Waste Bottle Levels Need to be Equalized to Avoid 

Drift of SOD1 During Diffusion.  

After suitable conditions for focusing had been established as a precondition for 

observing diffusion, a set of experiments were performed to determine how long the diffusion 

process should be followed. In order to provide a large number of data points (approximately 

20) to calculate the diffusion coefficient from, the diffusion process was monitored for roughly 

20 minutes. This provided enough points to plot the peak variance against the diffusion time 

to determine the diffusion coefficient. The area gain of each peak over the diffusion time is 

also plotted as a control, as it should remain constant over the diffusion process of one peak. 

The peak variance and area gain of the E100K peak are plotted in Figure 4.2 (A) and (B), 

respectively. From Figure 4.2 (A) and (B) it is observed that the peak variance is linear, 

indicating diffusion of the protein, and the peak area gain over the diffusion process is constant. 

As noticed in Figure 4.2 (C), during the diffusion there is a slow drift of the peaks. This was 

later determined to be a result of uneven liquid levels of the two waste bottles on either side of 

the capillary. These uneven levels caused a slight “siphoning” effect from one bottle to another 

which moved the peaks over the 20 minute diffusion time. The drifting of peaks did not affect 

the calculation of the diffusion coefficient, except in extreme cases where the peaks drifted to 

a part of the capillary that could not be imaged with the CCD camera, preventing diffusion 

analysis. This drift was eliminated once the levels of liquid in the waste bottles were equalized. 
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Figure 4.2: Diffusion of E100K and pI Markers. This figure displays the (A) peak variance and (B) 

area gain of the E100K peak, as well as (C) the diffusion of the pI markers (pI 3.59 and 7.4) and E100K 

over the diffusion process. 

4.3.2 CIEF on SOD1 Expressed in pWT Background 

pI Decreases as SOD1 Matures.  

From the determined pI values found in Table 14 it is apparent that as pWT matures 

from apo2SH to holo SOD1, the pI decreases. Earlier experiments in the Meiering Lab on holo 

pWT SOD1 found a pI of 5.3 (Hwang, unpublished), matching the theoretical pI calculated by 

Shi et al.174 This also indicates that the pI value of WT and pWT should be identical, as the 

experimentally determined pI for holo pWT SOD1 matches the theoretical value for holo WT 

SOD1. Applying these assumptions to the theoretical apo oxidized (apoSS) WT pI value, there 
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would be a decrease in pI from apo2SH to apoSS and then further from apoSS to holo pWT 

SOD1. This trend is expected as, in apo2SH SOD1, there are no metals bound to the protein 

and the disulfide bond is reduced, which will change the structure and net charge of SOD1.174 

This trend can be seen when comparing the apo oxidized and apo2SH E100K samples; 

however, interestingly, the holo E100K data does not fit the previously described trend. This 

may be the result of an issue with the pI markers or the calibration curve used for this state as 

the trend should not be different from that found in pWT. If E100K did indeed deviate from 

the general trend, this would imply that its structure is significantly distorted, which appears 

unlikely, given the previous structural characterizations by NMR..112,121,135 Overall, there 

appears to be a trend of declining pI concomitant with metal binding and disulfide formation. 

Charge Mutations Are Reflected in the Experimentally Determined pI Values.  

From the remaining data contained in Table 14, it is observed that changes to the charge 

of SOD1 through mutations are reflected in the pI value. For example, when comparing 

apo2SH and apoSS E100K to pWT, which the change in formal net charge is +2, the pI 

increases by approximately 0.4 and 0.2 units, respectively. In addition, when comparing the pI 

values of holo G85R and pWT/WT, in which there is a change in formal net charge of +1, the 

pI increases by 0.12. Therefore, mutations that change the net charge of the protein will also 

change the pI of the protein in the expected direction. 

All SOD1 Maturation States Likely Predominantly in a Dimeric Form.  

From the diffusion coefficient data contain in Table 14, the diffusion coefficients for 

all of the SOD1 variants and their respective states are relatively similar. Since the diffusion 

coefficient is related to the molecular mass of a protein, this indicates that the molecular mass 

of these states are near identical.170 This likely demonstrates that, in the CIEF experiments, all 

maturation states can be found as a dimer, as a result of the high concentration of protein found 

in a peak due to focusing. It has been established that apo2SH SOD1 is able to transiently form 

a dimer, and these results suggest that if the concentration is high enough, apo2SH SOD1 could 

potentially be found predominantly in a dimeric form.112,135 
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Mutant Maturation State Average pI Average D (s/cm2) 

pWT Apo2SH 6.24 9.16 x 10-7 

 Holo 5.3 N.D 

WT ApoSS* 5.9 N.D 

 Holo* 5.3 N.D 

E100K Apo2SH 6.62 8.22 x 10-7 

 ApoSS 6.14 1.07 x 10-6 

 Holo 7.02 9.89 x 10-7 

G85R Holo 5.42 8.05 x 10-7 

I113T ApoSS 5.70 9.31 x 10-7 

Table 14: Focusing and Diffusion Data for Various SOD1 Mutants and States. This table displays 

the CIEF results obtained from triplicate experiments. Maturation states denoted with an asterick are 

theoretical results obtained by Shi et al.174 Holo pWT data was obtained in a previous experiment in 

the Meiering lab (Hwang, unpublished). “N.D” denotes that diffusion has not been studied for these 

states. 

4.3.3 CIEF on SOD1 Expressed in WT Background 

WT SOD1 Obtained from SUP Samples Likely Aggregate During CIEF Due to Free Cysteines. 

 Following the study above, successfully showing that pWT SOD1 can be stays soluble 

during the CIEF process and is able to diffuse, experiments were performed on WT SOD1 

samples obtained from the SUP of cells. First, the WT SUP CIEF samples were prepared the 

same as the pWT SOD1 samples above; however, in each experiment, after roughly 3 minutes 

a large extremely intense peak appeared around the area that SOD1 focuses and did not move 

or diffuse during the remainder of the experiments. The appearance of this peak and loss of 

migration and diffusion indicates that the SOD1 in the WT SUP has aggregated. These 

experiments were repeated with decreasing concentrations of WT SOD1 until they were not 

detectable by the iCE280. In each experiment, the protein still aggregated. To determine if this 

aggregation was a result of other proteins or contaminants in the SUP sample, a pWT SUP 

sample was prepared. This sample appeared to show a focused SOD1 peak that diffuses; 

however, there smaller peaks are present in the surrounding area that convolute the diffusion 
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of the protein. This suggests that the reason behind the aggregation of the WT SOD1 is inherent 

to the protein.  

Next, experiments were performed that slightly increased the ionic strength of the CIEF 

sample through the addition of NaCl, to increase the solubility of the protein, and decreased 

ionic strength through a buffer exchange into water, to potentially reduce the effects of joule 

heating if there are any. Again, these experiments all yielded aggregated WT SOD1, even when 

the protein concentration was increasingly reduced to below detectable levels. Following these 

experiments, experiments were performed with increasing amounts of thiol-reducing agent, 

DTT, and experiments with a constant amount of DTT and decreasing amounts of protein to a 

level that was not detectable. In these experiments, the WT SOD1 always aggregated; however, 

this may be due to the fact that DTT does not stay covalently bound to a free cysteine once it 

is reduced, so when the voltage is turned on the DTT migrates to its own pI and does not stay 

in the vicinity of WT SOD1, rendering it useless. While a reducing agent that covalently binds 

the free thiol groups of cysteines may appear useful, this would not fall under the purpose of 

this study as it would change both the charge and the size of the protein, resulting in altered pI 

values and diffusion coefficients for the protein. 

  The last set of experiments performed on SOD1 expressed in the WT background 

involved the focusing of WT SOD1 grown with zinc, as zinc has been shown to rescue the 

protein from aggregation.138 These experiments were performed with decreasing amounts of 

protein, until it was no longer detectable by the instrument, and in each experiment the protein 

aggregated within the capillary. The combination of these results indicates that the free 

cysteines in the protein are heavily implicated in WT SOD1 aggregation, as experiments 

attempting to stabilize other regions of the protein or increase solubility do not show positive 

results. This likely occurs in tandem with the high concentration of protein in the “focused” 

peak, even though that amount is greatly decreased throughout each of these experiments. 

Unfortunately, since the SOD1 peak does not fully focus, or diffuse, the experimental pI value 

and the size of soluble oligomers, as determined by the diffusion coefficient, of WT SOD1 and 

other SOD1 variants expressed in the WT background can not be determined as the protein 

aggregates under all experimental conditions.  
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4.4 Conclusions 

This chapter has focused on the patterns, or lack thereof, of pI values and diffusion 

coefficients for SOD1 variants, expressed in the pWT and WT background using established 

CIEF methods. In this work, it has been determined that the pI of SOD1 decreases as the protein 

matures due to changes to structure and net charge arising from metal-binding and disulfide 

bond formation. In addition, charge mutations to the protein have been shown to be reflected 

in the experimentally determined pI values. Another set of interesting data show that, from the 

diffusion coefficients of the maturation states of the SOD1 variants studied here, SOD1 

predominantly exists as a dimer throughout the CIEF experiments, even for the apo2SH state. 

This is a result of the high concentration of protein during focusing, promoting dimerization. 

Further experiments on WT SUP samples showed that, in a variety of experimental 

conditions, the WT SOD1 always aggregated. This is most likely a result of free cysteine 

participating in aberrant interactions that promote aggregation, in combination with the 

increased concentration of the protein during focusing. Unfortunately, this results in a lack of 

pI and diffusion coefficient data for WT SOD1, suggesting that this method is most likely not 

well-suited to determining the presence of SOD1 mutants, maturation states, and the sizes of 

soluble oligomers found in patient samples.  

4.4.1 Future CIEF Work 

In future CIEF experiments on SOD1, it would be of great interest to determine if WT 

SOD1 grown in eukaryotic systems, such as yeast, remain soluble in solution as a result of 

further post translational processing. In addition, further studies could be performed into other 

methods to keep WT SOD1 stable during focusing that do not change the pI or size of the 

protein. One experimental method that may be fruitful, is using immobilized pH gradients to 

study the focusing of SOD1.  
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Appendix A 

Acquisition Parameters of the 1H-15N HSQC 

Experiment 

PULPROG hsqcfpf3gpphwg 

AQ_mod DQD 

FnTYPE traditional(planes) 

FnMODE States-TPPI 

TD 8192 128 

DS 16 

NS 8 

TD0 1 

TDav 0 

Width 

SW [ppm] 23.9411 44.0001 

SWH [Hz] 14367.816 

2675.984 

IN_F [μsec] 373.69 

AQ [sec] 0.2850816 

0.0239164 

FIDRES [Hz] 3.507768 

41.812252 

FW [Hz] 125000.000 

Receiver 

RG 128 

DW [μsec] 34.800 

DWOV [μsec] 0.040 

DECIM 12 

DSPFIRM sharp(standard) 

DIGTYP #ADC+ (digitizer not 

installed!) 

DIGMOD digital 

DR 17 

DDR 0 

DE [μsec] 6.00 

NBL 1 

HPPRGN normal 

PRGAIN high 

DQDMODE add 

PH_ref [degree] 0 

OVERFLW check 

(1/14) 

Thu Jun 11 15:51:49 CDT 

2020 

Nucleus 1 

NUC1 1H 

O1 [Hz] 2813.41 6993.22 

O1P [ppm] 4.688 115.000 

SFO1 [MHz] 600.1328134 

60.8176382 

BF1 [MHz] 600.1300000 

60.8106450 

Nucleus 2 

NUC2 off 

O2 [Hz] 0 

O2P [ppm] 0 

SFO2 [MHz] 600.1300000 

BF2 [MHz] 600.1300000 

Nucleus 3 

NUC3 15N 

O3 [Hz] 6993.22 

O3P [ppm] 115.000 

SFO3 [MHz] 60.8176382 

BF3 [MHz] 60.8106450 

Nucleus 4 

NUC4 off 

O4 [Hz] 0 

O4P [ppm] 0 

SFO4 [MHz] 600.1300000 

BF4 [MHz] 600.1300000 

Nucleus 5 

NUC5 off 

O5 [Hz] 0 

O5P [ppm] 0 

SFO5 [MHz] 600.1300000 

BF5 [MHz] 600.1300000 

Nucleus 6 

NUC6 off 

O6 [Hz] 0 

O6P [ppm] 0 

SFO6 [MHz] 600.1300000 

BF6 [MHz] 600.1300000 

Nucleus 7 

NUC7 off 

(2/14) 
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O7 [Hz] 0 

O7P [ppm] 0 

SFO7 [MHz] 600.1300000 

BF7 [MHz] 600.1300000 

Nucleus 8 

NUC8 off 

O8 [Hz] 0 

O8P [ppm] 0 

SFO8 [MHz] 600.1300000 

BF8 [MHz] 600.1300000 

Durations 

P [μsec] [0]: 8.500 [1]: 9.140 

[2]: 18.800 

[3]: 0 [4]: 0 [5]: 16.500 

[6]: 25.000 [7]: 50.000 [8]: 0 

[9]: 0 [10]: 0 [11]: 1000.000 

[12]: 2000.000 [13]: 32.500 

[14]: 0 

[15]: 250000.000 [16]: 

1000.000 [17]: 1000.000 

[18]: 10000.000 [19]: 500.000 

[20]: 25.000 

[21]: 37.000 [22]: 74.000 [23]: 

0 

[24]: 0 [25]: 500.000 [26]: 0 

[27]: 8.500 [28]: 1000.000 

[29]: 250.000 

[30]: 0 [31]: 0 [32]: 0 

[33]: 0 [34]: 0 [35]: 0 

[36]: 0 [37]: 0 [38]: 0 

[39]: 0 [40]: 0 [41]: 0 

[42]: 0 [43]: 0 [44]: 0 

[45]: 0 [46]: 0 [47]: 0 

[48]: 0 [49]: 0 [50]: 0 

[51]: 0 [52]: 0 [53]: 0 

[54]: 0 [55]: 0 [56]: 0 

[57]: 0 [58]: 0 [59]: 0 

[60]: 0 [61]: 0 [62]: 0 

[63]: 0 

D [sec] [0]: 0.000003000[1]: 

0.800000012[2]: 0.003450000 

[3]: 0.002300000[4]: 

0.001725000[5]: 0 

[6]: 0 [7]: 0.483999997[8]: 0 

[9]: 0.059999999[10]: 0 [11]: 

0.029999999 

[12]: 0.000020000[13]: 

0.000003000[14]: 0 

(3/14) 

Thu Jun 11 15:51:50 CDT 

2020 

[15]: 0 [16]: 0.000500000[17]: 

0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0.002777778[25]: 0 [26]: 

0 
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[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 [32]: 0 

[33]: 0 [34]: 0 [35]: 0 

[36]: 0 [37]: 0 [38]: 0 

[39]: 0 [40]: 0 [41]: 0 

[42]: 0 [43]: 0 [44]: 0 

[45]: 0 [46]: 0 [47]: 0 

[48]: 0 [49]: 0 [50]: 0 

[51]: 0 [52]: 0 [53]: 0 

[54]: 0 [55]: 0 [56]: 0 

[57]: 0 [58]: 0 [59]: 0 

[60]: 0 [61]: 0 [62]: 0 

[63]: 0 

IN [sec] [0]: 0.00018685 [1]: 

0.00100000 [2]: 0.00100000 

[3]: 0.00100000 [4]: 

0.00100000 [5]: 0.00100000 

[6]: 0.00100000 [7]: 

0.00100000 [8]: 0.00100000 

[9]: 0.00100000 [10]: 

0.00100000 [11]: 0.00100000 

[12]: 0.00100000 [13]: 

0.00100000 [14]: 0.00100000 

[15]: 0.00100000 [16]: 

0.00100000 [17]: 0.00100000 

[18]: 0.00100000 [19]: 

0.00100000 [20]: 0.00100000 

[21]: 0.00100000 [22]: 

0.00100000 [23]: 0.00100000 

[24]: 0.00100000 [25]: 

0.00100000 [26]: 0.00100000 

[27]: 0.00100000 [28]: 

0.00100000 [29]: 0.00100000 

[30]: 0.00100000 [31]: 

0.00100000 [32]: 0.00100000 

[33]: 0.00100000 [34]: 

0.00100000 [35]: 0.00100000 

[36]: 0.00100000 [37]: 

0.00100000 [38]: 0.00100000 

[39]: 0.00100000 [40]: 

0.00100000 [41]: 0.00100000 

[42]: 0.00100000 [43]: 

0.00100000 [44]: 0.00100000 

[45]: 0.00100000 [46]: 

0.00100000 [47]: 0.00100000 

[48]: 0.00100000 [49]: 

0.00100000 [50]: 0.00100000 

[51]: 0.00100000 [52]: 

0.00100000 [53]: 0.00100000 

[54]: 0.00100000 [55]: 

0.00100000 [56]: 0.00100000 

[57]: 0.00100000 [58]: 

0.00100000 [59]: 0.00100000 

[60]: 0.00100000 [61]: 

0.00100000 [62]: 0.00100000 

(4/14) 

Thu Jun 11 15:51:50 CDT 

2020 

[63]: 0.00100000 

INP [μsec] [0]: 0 [1]: 0 [2]: 0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 [25]: 0 [26]: 0 

[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 [32]: 0 

[33]: 0 [34]: 0 [35]: 0 

[36]: 0 [37]: 0 [38]: 0 

[39]: 0 [40]: 0 [41]: 0 

[42]: 0 [43]: 0 [44]: 0 

[45]: 0 [46]: 0 [47]: 0 

[48]: 0 [49]: 0 [50]: 0 

[51]: 0 [52]: 0 [53]: 0 

[54]: 0 [55]: 0 [56]: 0 

[57]: 0 [58]: 0 [59]: 0 

[60]: 0 [61]: 0 [62]: 0 

[63]: 0 

HDDUTY [%] 20.0 

HDRATE 20 

PCPD [μsec] [0]: 100 [1]: 70 

[2]: 75 

[3]: 190 [4]: 100 [5]: 100 

[6]: 100 [7]: 100 [8]: 100 

[9]: 100 

V9 [%] 5.00 

Power 

PLW [W] [0]: -1 [1]: -1 [2]: -1 

[3]: -1 [4]: -1 [5]: -1 

[6]: -1 [7]: -1 [8]: -1 

[9]: -1 [10]: -1 [11]: -1 

[12]: -1 [13]: -1 [14]: -1 

[15]: -1 [16]: -1 [17]: -1 

[18]: -1 [19]: -1 [20]: -1 

(5/14) 
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[21]: -1 [22]: -1 [23]: -1 

[24]: -1 [25]: -1 [26]: -1 

[27]: -1 [28]: -1 [29]: -1 

[30]: -1 [31]: -1 [32]: -1 

[33]: -1 [34]: -1 [35]: -1 

[36]: -1 [37]: -1 [38]: -1 

[39]: -1 [40]: -1 [41]: -1 

[42]: -1 [43]: -1 [44]: -1 

[45]: -1 [46]: -1 [47]: -1 

[48]: -1 [49]: -1 [50]: -1 

[51]: -1 [52]: -1 [53]: -1 

[54]: -1 [55]: -1 [56]: -1 

[57]: -1 [58]: -1 [59]: -1 

[60]: -1 [61]: -1 [62]: -1 

[63]: -1 

PLdB [0]: [1]: [2]: 

[3]: [4]: [5]: 

[6]: [7]: [8]: 

[9]: [10]: [11]: 

[12]: [13]: [14]: 

[15]: [16]: [17]: 

[18]: [19]: [20]: 

[21]: [22]: [23]: 

[24]: [25]: [26]: 

[27]: [28]: [29]: 

[30]: [31]: [32]: 

[33]: [34]: [35]: 

[36]: [37]: [38]: 

[39]: [40]: [41]: 

[42]: [43]: [44]: 

[45]: [46]: [47]: 

[48]: [49]: [50]: 

[51]: [52]: [53]: 

[54]: [55]: [56]: 

[57]: [58]: [59]: 

[60]: [61]: [62]: 

[63]: 

PLSTRT [dB] -6 

(6/14) 
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PLSTEP 0.1 

SHAPE 

SP [dB] = [0]: [1]: [2]: 

[3]: [4]: [5]: 

[6]: [7]: [8]: 

[9]: [10]: [11]: 

[12]: [13]: [14]: 

[15]: [16]: [17]: 

[18]: [19]: [20]: 

[21]: [22]: [23]: 

[24]: [25]: [26]: 

[27]: [28]: [29]: 

[30]: [31]: 

SPOFFS [Hz] = [0]: 0 [1]: 0 

[2]: 0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 
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[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 [25]: 0 [26]: 0 

[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 

SPOAL = [0]: 0.5 [1]: 0.5 [2]: 

0.5 

[3]: 0.5 [4]: 0.5 [5]: 0.5 

[6]: 0.5 [7]: 0.5 [8]: 0.5 

[9]: 0.5 [10]: 0.5 [11]: 0.5 

[12]: 0.5 [13]: 0.5 [14]: 0.5 

[15]: 0.5 [16]: 0.5 [17]: 0.5 

[18]: 0.5 [19]: 0.5 [20]: 0.5 

[21]: 0.5 [22]: 0.5 [23]: 0.5 

[24]: 0.5 [25]: 0.5 [26]: 0.5 

[27]: 0.5 [28]: 0.5 [29]: 0.5 

[30]: 0.5 [31]: 0.5 

SPNAM = [0]: [1]: [2]: 

[3]: [4]: [5]: 

[6]: [7]: [8]: 

(7/14) 
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[9]: [10]: [11]: 

[12]: [13]: [14]: 

[15]: [16]: [17]: 

[18]: [19]: [20]: 

[21]: [22]: [23]: 

[24]: [25]: [26]: 

[27]: [28]: [29]: 

[30]: [31]: 

GRADIENT 

GPX [%] = [0]: 0 [1]: 0 [2]: 0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 [25]: 0 [26]: 0 

[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 

GPY [%] = [0]: 0 [1]: 0 [2]: 0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 [25]: 0 [26]: 0 

[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 

GPZ [%] = [0]: 0 [1]: 80 [2]: -

50 

[3]: 50 [4]: 80 [5]: 30 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

(8/14) 
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[21]: 0 [22]: 0 [23]: 0 

[24]: 0 [25]: 0 [26]: 0 

[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 

GPNAM = [0]: [1]: [2]: 

[3]: [4]: [5]: 

[6]: [7]: [8]: 

[9]: [10]: [11]: 

[12]: [13]: [14]: 

[15]: [16]: [17]: 

[18]: [19]: [20]: 

[21]: [22]: [23]: 

[24]: [25]: [26]: 

[27]: [28]: [29]: 

[30]: [31]: 

AMP [%] [0]: 100.00 [1]: 

100.00 [2]: 100.00 

[3]: 100.00 [4]: 100.00 [5]: 

100.00 

[6]: 100.00 [7]: 100.00 [8]: 

100.00 

[9]: 100.00 [10]: 100.00 [11]: 

100.00 

[12]: 100.00 [13]: 100.00 [14]: 

100.00 

[15]: 100.00 [16]: 100.00 [17]: 

100.00 

[18]: 100.00 [19]: 100.00 [20]: 

100.00 

[21]: 100.00 [22]: 100.00 [23]: 

100.00 

[24]: 100.00 [25]: 100.00 [26]: 

100.00 

[27]: 100.00 [28]: 100.00 [29]: 

100.00 

[30]: 100.00 [31]: 100.00 

Program parameters 

L [0]: 1 [1]: 1 [2]: 1 

[3]: 1 [4]: 1 [5]: 1 

[6]: 1 [7]: 1 [8]: 1 

[9]: 1 [10]: 1 [11]: 1 

[12]: 1 [13]: 1 [14]: 1 

[15]: 1 [16]: 1 [17]: 1 

[18]: 1 [19]: 1 [20]: 1 

[21]: 1 [22]: 1 [23]: 1 

[24]: 1 [25]: 1 [26]: 1 

[27]: 1 [28]: 1 [29]: 1 

[30]: 1 [31]: 1 

(9/14) 
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CNST [0]: 1 [1]: 1 [2]: 90 

[3]: 1 [4]: 94 [5]: 1 

[6]: 1 [7]: 1 [8]: 1 

[9]: 1 [10]: 1 [11]: 1 

[12]: 1 [13]: 1 [14]: 1 

[15]: 1 [16]: 1 [17]: 1 

[18]: 1 [19]: 1 [20]: 1 

[21]: 80 [22]: 30 [23]: 20 

[24]: 1 [25]: 1 [26]: 1 

[27]: 1 [28]: 1 [29]: 1 

[30]: 1 [31]: 1 [32]: 1 

[33]: 1 [34]: 1 [35]: 1 

[36]: 1 [37]: 1 [38]: 1 

[39]: 1 [40]: 1 [41]: 1 

[42]: 1 [43]: 1 [44]: 1 

[45]: 1 [46]: 1 [47]: 1 

[48]: 1 [49]: 1 [50]: 1 

[51]: 1 [52]: 1 [53]: 1 

[54]: 1 [55]: 1 [56]: 1 

[57]: 1 [58]: 1 [59]: 1 

[60]: 1 [61]: 1 [62]: 1 

[63]: 1 

CPDPRG [0]: [1]: garp [2]: 

garp 

[3]: mlev [4]: mlev [5]: mlev 

[6]: mlev [7]: mlev 

PHCOR [degree] [0]: 0 [1]: 0 

[2]: 0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 [25]: 0 [26]: 0 

[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 

SUBNAM [0]: "" [1]: "" [2]: "" 

[3]: "" [4]: "" [5]: "" 

(10/14) 
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[6]: "" [7]: "" [8]: "" 

[9]: "" 

ZGOPTNS 

Probe 

QNP 1 

RO [Hz] 0 

MASR [Hz] 4200 

SPINCNT 0 

TE [K] 298.2 

TE1 [K] 300.0 

TE2 [K] 300.0 

TE3 [K] 300.0 

TE4 [K] 300.0 

TEG [K] 300.0 

Lists 

FQLIST [0]: [1]: [2]: 

[3]: [4]: [5]: 

[6]: [7]: 

VALIST valist 

VCLIST 

CCCCCCCCCCCCCCC 

VDLIST 

DDDDDDDDDDDDDDD 

VPLIST PPPPPPPPPPPPPPP 

PHLIST 

VTLIST 

TTTTTTTTTTTTTTT 

NUS (Non Uniform Sampling) 

parameters 

NusAMOUNT [%] 25 

NusPOINTS 16 

NusJSP [Hz] 0 

NusT2 [sec] 1 

NusSEED 54321 

NUSLIST automatic 

Wobble 

WBSW [MHz] [0]: 8.0000000 

[1]: 10.0000000 [2]: 

10.0000000 

[3]: 10.0000000 [4]: 

10.0000000 [5]: 10.0000000 

[6]: 10.0000000 [7]: 

10.0000000 

(11/14) 
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WBST 1024 

Lock 

LOCNUC 2H 

SOLVENT D2O 

Automation 

AUNM au_getlinv 

PYNM acqu.py 

EXP 

TUBE_TYPE 

Miscellaneous 

GRDPROG 

CHEMSTR none 

User parameters 

USERA1 user 

USERA2 user 

USERA3 user 

USERA4 user 

USERA5 user 

Routing 

RSEL [0]: 0 [1]: 2 [2]: 0 

[3]: 6 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 

RECCHAN [0]: -1 [1]: -1 [2]: 

-1 

[3]: -1 [4]: -1 [5]: -1 

[6]: -1 [7]: -1 [8]: -1 

[9]: -1 

PRECHAN [0]: -1 [1]: 1 [2]: -

1 

[3]: 0 [4]: 2 [5]: -1 

[6]: -1 [7]: -1 [8]: -1 

[9]: -1 [10]: -1 [11]: -1 

[12]: -1 [13]: -1 [14]: -1 

[15]: -1 [16]: -1 [17]: -1 

(12/14) 
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[18]: -1 [19]: -1 [20]: -1 

[21]: -1 [22]: -1 [23]: -1 

[24]: -1 [25]: -1 [26]: -1 

[27]: -1 [28]: -1 [29]: -1 

[30]: -1 [31]: -1 [32]: -1 

RECSEL [0]: 0 [1]: 0 [2]: 0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 

SELREC [0]: 0 [1]: 0 [2]: 0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 

RECPRFX [0]: -1 [1]: -1 [2]: -

1 

[3]: -1 [4]: -1 [5]: -1 

[6]: -1 [7]: -1 [8]: -1 

[9]: -1 [10]: -1 [11]: -1 

[12]: -1 [13]: -1 [14]: -1 

[15]: -1 [16]: -1 [17]: -1 

[18]: -1 [19]: -1 [20]: -1 

[21]: -1 [22]: -1 [23]: -1 

[24]: -1 [25]: -1 [26]: -1 

[27]: -1 [28]: -1 [29]: -1 

[30]: -1 [31]: -1 [32]: -1 

RECPRE [0]: -1 [1]: -1 [2]: -1 

[3]: -1 [4]: -1 [5]: -1 

[6]: -1 [7]: -1 [8]: -1 

[9]: -1 [10]: -1 [11]: -1 

(13/14) 

Thu Jun 11 15:51:50 CDT 

2020 

[12]: -1 [13]: -1 [14]: -1 

[15]: -1 [16]: -1 [17]: -1 

[18]: -1 [19]: -1 [20]: -1 

[21]: -1 [22]: -1 [23]: -1 

[24]: -1 

NLOGCH 1 

SWIBOX [0]: 0 [1]: 1 [2]: 4 

[3]: 0 [4]: 0 [5]: 0 

[6]: 6 [7]: 7 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 [16]: 0 [17]: 0 

[18]: 0 [19]: 0 [20]: 0 

[21]: 0 [22]: 0 [23]: 0 

[24]: 0 [25]: 0 [26]: 0 

[27]: 0 [28]: 0 [29]: 0 

[30]: 0 [31]: 0 [32]: 0 

FCUCHAN [0]: 0 [1]: 1 [2]: 0 

[3]: 3 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

HPMOD [0]: FALSE [1]: 

FALSE [2]: FALSE 

[3]: FALSE [4]: FALSE [5]: 

FALSE 

[6]: FALSE [7]: FALSE [8]: 

FALSE 
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[9]: FALSE [10]: FALSE [11]: 

FALSE 

[12]: FALSE [13]: FALSE 

[14]: FALSE 

[15]: FALSE [16]: FALSE 

[17]: FALSE 

[18]: FALSE [19]: FALSE 

[20]: FALSE 

[21]: FALSE [22]: FALSE 

[23]: FALSE 

[24]: FALSE [25]: FALSE 

[26]: FALSE 

[27]: FALSE [28]: FALSE 

[29]: FALSE 

[30]: FALSE [31]: FALSE 

[32]: FALSE 

MULEXPNO [0]: 0 [1]: 0 [2]: 

0 

[3]: 0 [4]: 0 [5]: 0 

[6]: 0 [7]: 0 [8]: 0 

[9]: 0 [10]: 0 [11]: 0 

[12]: 0 [13]: 0 [14]: 0 

[15]: 0 

(14/14) 
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Appendix B 

Processing Parameters of the 1H-15N HSQC 

Reference 

SI 4096 512 

SF [MHz] 600.1299452 60.8106630 

OFFSET [ppm] 16.74991 135.84680 

SR [Hz] -54.81 18.00 

HZpPT [Hz] 3.507768 4.736472 

SPECTYP UNDEFINED 

Window function 

WDW QSINE QSINE 

LB [Hz] -25.00 -25.00 

GB 0.1 0.15 

SSB 2 2 

TM1 0 0.1 

TM2 0 0.9 

Phase correction 

PHC0 [degrees] 266.058 0 

PHC1 [degrees] -5.600 0 

PH_mod pk no 

Baseline correction 

ABSG 5 5 

ABSF1 [ppm] 1000.00000 1000.00000 

ABSF2 [ppm] -1000.00000 -1000.00000 

BCFW [ppm] 1.00000 1.00000 

COROFFS [Hz] 0 0 

BC_mod qpol no 

Fourier transform 

TDeff 4096 0 

STSR 0 10 

STSI 0 456 

ME_mod no LPfc 

NCOEF 0 18 

LPBIN 0 320 

TDoff 0 0 

REVERSE FALSE FALSE 

(1/3) 

Thu Jun 11 15:45:05 CDT 2020 

FCOR 0.5 0.5 

PKNL TRUE 

FT_mod no no 

MC2 echo-antiecho 

NUS (Non Uniform Sampling) parameters 

Mdd_mod mdd 

MddCEXP FALSE 

MddCT_SP FALSE 

MddF180 FALSE 

MddNCOMP 0 

MddPHASE 0 

MddSRSIZE [ppm] 0 

Peak picking / plotting 

MI [rel] 0 

MAXI [rel] 1.00 

PSIGN pos. 

F1P [ppm] 10.8824 133.742 

F2P [ppm] 6 104.112 

PPIPTYP parabolic 

PPDIAG 0 

PPRESOL 1 

PPMPNUM 200 

Automation 

AUNMP proc_2dinv 

PYNMP 

LAYOUT 

CURPLOT HPLaserJet5000 

Miscellaneous 

TI 

ALPHA 0 0 

GAMMA 1 1 

LEV0 35.00 

NLEV 6 

TOPLEV [%] 100.00 

SIGF1 [ppm] 0 0 

SIGF2 [ppm] 0 0 

XDIM 64 64 

User parameters 

(2/3) 

Thu Jun 11 15:45:05 CDT 2020 

USERP1 user 

USERP2 user 

USERP3 user 

USERP4 user 

USERP5 user 

(3/3) 
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Appendix C 

SOD1 Spectra at Reference Temperatures 

 



 

  180 

 



 

  181 
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Appendix D 

Assignment Notes 

Assignment Notes: 1. Crowded region (top of spectrum), 2. Crowded region (center of spectrum), 3. 

Crowded region (bottom of spectrum), 4. Minor overlap, 5. Major overlap, 6. Weak peak, 7. Ambiguous 

assignment, 8. More resolved following mutation, 9. More intense following mutation, 10. Less overlap 

following mutation, 11. Well resolved, 12. Well resolved (ambiguous assignment), “-“ lost assignment. 

 

Res # RA 

pWT 

RA A4V RA 

H46R 

RA 

G85R 

RA 

G93A 

RA 

E100G 

RA 

V148I 

E,Zn2SH 

pWT 

1          

2          

3         3,4,6 

4 11 5 11 11 11 11 11 3 

5 11 4 11 11 11 11 11 11 

6 11 5 11 11 11   3,4 

7 11 11 11 11 11 11 11  

8   11  4    3,4 

9 2,5 2,5 2,5 2,5 2,5 - 2,5  

10 11 11 11 11 11 11 11 4 

11 5,6 5,6 5,6 5,6 5,6 5,6 5,6 4 

12 11 11 11 11 11 11 11 11 

13          

14 11 11 11 11 11 11 11 11 

15 2,4,6 2,4,6 2,4,6 2,4,6 - 2,4,6 2,4,6 4 

16 5 5 10 5 - 5 5 5 

17      -   2 

18   11      3,4 

19         5 

20 5 5 5 5 5 5 5 5 

21   11 11 11 11    

22 11 11 11 11 11 11 11 4 

23         6 

24 4 4 4 4 4 4 4 2,5 

25          

26         4 

27         11 

28          

29 4 4 4  4 4 4 4 

30 11 11 11 11 11 8 11 3,5,6 

31 4 5 4 11 5 5 4 3,4 

32 11 11 11 11 11 11 11  
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33 1,4 1,4 1,4 1,4 1,4 1,4 1,4  

34 4 4 4 4 4 4 4 11 

35         3 

36 11 11 11 11 - 11 11  

37 4 4 4 4 - 4 4  

38          

39 6 6 6 - - 6 6  

40   -  4    3,4 

41 11 11 11 11 6 11 11 5 

42 2,5 2,5 2,5 2,5 - 2,5 2,5  

43 6,11 6,12 6,12 6,11 6,11 6,11 6,11 5 

44 11 11 11 6,11 6,11 11 11  

45 6,11 9 11 - - 6,11 6,11  

46 5,6 5,6 8 - 5,6 5,6 5,6  

47 4 4 8  4 4 4 11 

48 11 11 11 11 11 11 11 11 

49          

50         5 

51 1 1 1 1 1 1 1 6,11 

52 2,4 2,4 2,4 2,4 2,4 2,4 2,4  

53 11 4 11 4 11 11 11  

54 11 11 11 11 11 11 11 4 

55         5 

56 5 5 10 5  5 5  

57 6 6 6 6 6 6 6  

58 5 4 5 4 4 4 5  

59 2,6 2,6 2,6 - 2,6 2,6 2,6  

60 4 4 4 4 4 4 4 5 

61         11 

62          

63          

64          

65          

66          

67          

68 4 4 4 4 4 4 4  

69 2,5 2,5 2,5 2,5 - - 2,5 2 

70         4 

71         5 

72          

73 11 11 11 11 11 11 11 11 

74          

75 4 4 4 4 4 4 4  

76 2,5 2,5 2,5 2,5 2,5 2,5 2,5 5 

77 2,4 2,4 2,4 2,4 2,4 2,4 2,4 2,5 
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78         2 

79         5 

80         4 

81         11 

82         11 

83         11 

84          

85 1,4,6 1,4,6 - 1,4,6 1,4,6 1,4,6 1,4,6  

86    -     2,4 

87 11 11 11 11 11 11 11 4 

88 11 11 11 11 - 11 11  

89 11 11 11 11 6 11 11 4 

90         3,4 

91 4 4 4 4 - 4 4 2,5 

92 2,4 2,4 2,4 2,4 - 2,4 2,4 2 

93 1,4 1,4 1,4 1,4 - 1,4 1,4 4 

94 4 4 4 4 - 4 4 2 

95 11 11 11 11 - 11 11 4 

96 3,5 3,5 3,5 3,5 3,5 3,5 3,5 3,4 

97 3,5 3,5 3,5 3,5 3,5 3,5 3,5 3 

98 11 11 5 11 11 11 11  

99 11 5 11 11 11  11 3 

100 3,5,6 3,5,6 3,5,6 3,5,6 - 8 3,5,6 3,4 

101 4,6 5 4,6 6 5 5 4,6 3 

102         4 

103 5,6 5,6 5,6 - 4,6 5,6 5,6  

104 4 4,6 4 - 4,6 - 4 4 

105 6,11 11 6,11 - 6,11 6,11 6,11  

106 2,5 2,5 2,5 2,5 2,5 2,5 2,5  

107 11 11 11 11 11 11 11  

108          

109 6 6 6 6 6 6 6  

110 12 12 12 12 12 12 12 11 

111          

112 11 11 11 11 11 11 11  

113 11 11 11 11 11 11 11 5 

114 11 11 11 11 11 11 11 11 

115 4 4 4 4 4 4 4 11 

116 5,6 8,9 5,6 - 6 4,6 5,6 5 

117 11 11 11 11 11 11 11 11 

118 11 11 11 - 11 11 11  

119 2,5 2,5 2,5 - 2,4 - -  

120    11      

121 5,6 4,6 5,6 4,6 4,6 5,6 5,6  

122          
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123 3 3 3 3 3 3 3 4 

124         11 

125         4 

126 4 4 4 - - 4 4 4 

127 1,4 1,4 1,4 5 1,4 1,4 1,4 11 

128 2 2 2 2 2 2 2  

129 1,4 1,4 1,4 1,4 1,4 1,4 1,4 5 

130 11 11 11 11 11 11 11 11 

131 2 2 2 2 2 2 2 5 

132 4 4 4 4 4 4 4  

133 4 4 4 4 4 4 4 4 

134 5 4 5 4 4 4 5 2,5 

135 11 11 11 11 11 11 11 11 

136 2,5 2,5 2,5 2,5 - - - 11 

137 11 11 11 11 11 11 11 5 

138 1,4 1,4 1,4 1,4 1,4 1,4 1,4  

139 2,5,6 2,5,6 2,5,6 2,5,6 2,5,6 2,5,6 2,5,6  

140 6 6 6 6 6 6 6 11 

141 4 4 4 4 4 4 4 5 

142 11 11 11 11 11 11 11  

143 6 6 6 - 6 6 6  

144 3,6 - 3,6 - 3,6 3,6 3,6 3 

145 6 - 6 - - - 6  

146 11 11 11 11 11 11 11  

147 1,4 1,4 1,4 5 1 1,4 1,4  

148        8  

149 11 11 11 11 11 11 11  

150 12 12 12 12 12 - 12 4 

151 4 5 4 4 4 4 4  

152 11 11 11 11 11 11 11 11 

153 11 11 11 11 11 11 11 4 

 

 

 

 

 

 

1All data in this appendix is updated with respect to all other data and appendices in the thesis. 

2Updated assignments with respect to earlier data: D96 (RA pWT), K30 (RA V148I), G129 (RA 

V148I). 
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Appendix E 

Copyright and Permissions for Figure 1.2 
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