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Abstract: 
Protein misfolding and aggregation are hallmarks of many diseases, including 

amyotrophic lateral sclerosis (ALS). In familial ALS, aberrant self-association of mutant 

Cu,Zn-superoxide dismutase (SOD1) is implicated as a key contributor to disease. 

Mutations have the largest impacts on the stability of the most immature form of SOD1, 

the unmetallated, disulfide-reduced monomer (apoSH SOD1). Here we demonstrate that, 

despite the marginal stability of apoSH SOD1, aggregation is little correlated with the 

degree of protein unfolding, and multiple modes of aggregation occur, depending on the 

mutation and solution conditions. Additionally, we explore the local differences across 

apoSH SOD1 folded and unfolded structure and dynamics through chemical shift 

perturbations, both amide proton and nitrogen temperature coefficients, and peak shape 

analysis. These results provide new evidence that ALS-associated mutations promote the 

aggregation of apoSH SOD1 through multiple pathways and potentially through subtle 

differences in local structure and dynamics with broad implications for understanding 

mechanisms of protein self-association in disease and biotechnology.  
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Chapter 1: Introduction 

1.1 Protein folding, misfolding and aggregation 

 The intricate balance of driving forces governing protein folding, misfolding and 

aggregation remain obscure in their intricate details. However, much research has been 

done on understanding each of these processes and their underlying mechanisms. A 

common model for protein folding, the energy landscape model, which offers a plausible 

explanation for how protein folding, misfolding and aggregation can be linked.1 The model 

highlights that along the path to find its native structure, a protein samples multiple 

conformations, which can include both native and non-native conformations. The number 

of possible conformations and the landscape are ultimately determined by the amino acid 

sequence. 

Even though the energy landscape explains the drive to a more stable structure, 

with so many possible conformations available, it is unclear how a protein arrives to a 

completely folded, functional state. Some key models have been proposed to explain the 

driving forces behind protein folding, and they include: hydrophobic collapse, initial 

nucleation, and diffusion-collision.2,3 All these models share similar elements, but show 

subtle distinctions in the critical residues involved. However, an attractive feature of the 

energy landscape model is that it allows all three models to exist within itself and creates 

a unified general mechanism of protein folding.   
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Figure 1.1: Protein energy landscape model. The funnel shape represents the decrease in available 
conformations the protein can sample as it folds. The dips before native (native state) folding are 
due to metastable non-native or native intermediates (folding intermediates) that require a certain 
amount of energy to change conformation to continue on the folding pathway. Adapted and 
modified from Toal and Schweitzer-Stenner, 2014 and Dill and MacCallum, 2012.4 

 

Although the native structure is typically the more stable and therefore the 

thermodynamically preferred conformation, the protein can also access additional 

conformations, with some being more or less native-like along the folding pathway.2,3,5,6 

For the non-native conformations, they can represent a local stability minimum, allowing 

the non-native conformation to populate for a longer duration and sometimes trap the 
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protein in that conformation. Therefore, along the folding pathways, multiple native-like 

and non-native-like partially folded states, unfolded protein and natively folded protein are 

populated.2 With this large range of differently folded states, it is not surprising that the 

details of protein folding and aggregation mechanisms have remained elusive. 

 If the non-native interactions persist and form a non-natively folded protein, it can 

lead to aberrant intermolecular interactions. However, eukaryotic systems have 

developed multiple mechanisms to deal with improperly folded proteins: the cells can 

either attempt to refold them with the aid of chaperones7, or remove them through the 

ubiquitin-proteasome pathway.8 Both of these quality control processes have also been 

observed to be upregulated during stress. Irrespective of these measures to control 

misfolded proteins, some misfolded proteins still evade regulatory mechanisms and 

aberrantly interact with other proteins or the same protein to form protein aggregates.  

Protein aggregation is a widely observed phenomenon in all organisms.9–11 

Frequently, protein aggregation is a hallmark of disease but, in some cases, protein 

aggregation can serve a protective role. To minimize cellular disruption, the cell may 

concentrate misfolded or aggregated proteins together.12 Moreover, with so many 

proteins showing tendency to aggregate, it is not surprising the multitude of possible 

aggregate structures that have been observed. Aggregate structures can range from 

soluble globular aggregates to insoluble fibres; however, it is unclear how different 

aggregate structures are related. Some have proposed that soluble oligomers represent 

early aggregates, which grow and undergo conformational rearrangement to form 

insoluble fibres, while others propose they are independent of each other.13–16 With all 
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these aggregation conformers observed in diseases, it is imperative to understand their 

mechanism of formation.   

With so many different aggregate structures, and some on linked pathways, while 

others are on independent pathways, it is difficult to elucidate a mechanism of formation. 

More importantly, it is unclear what role different protein conformations play in aggregate 

formation. Many studies find the misfolded structure important for initiation17–20, but 

additional studies have found native-like structures in cellular aggregates.21–23 

Additionally, aggregation propensity has been linked to the proportion of globally unfolded 

species13,14,24–27, and interestingly the unfolded species may be vital for protein templating 

in prion-like aggregation.28,29 Understanding the role each species serves in protein 

aggregation will be critical to deciphering the role of protein aggregation in disease.  

There are numerous protein aggregation diseases, many being neurodegenerative 

disorders with different key proteins involved in aggregation. For Alzheimer’s disease, 

amyloid fibrils consist of predominantly amyloid-ß (Aß) peptides30, whereas Parkinson’s 

disease involves Lewy bodies formed from 𝛼-synuclein.31 Additionally, many diseases 

like amyotrophic lateral sclerosis (ALS) have both sporadic (sALS) and familial subtypes 

(fALS); fALS has multiple proteins associated with its cellular aggregates.32–35 TAR DNA-

binding protein 43 (TDP43), RNA-binding protein FUS and Cu,Zn-superoxide dismutase 

1 (SOD1).35–38 More specifically, there are over 180 different mutations in SOD1 

associated with ALS patients, and to convolute things further, SOD1 mutants are 

associated with different disease characteristics, notably duration. Collectively, 

understanding of the aggregation-relevant species becomes more convoluted with the 
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key aggregating proteins varying between diseases, and introducing point mutations in 

the key proteins adds to the complexity.    

1.2 Cu,Zn Superoxide Dismutase 1 (SOD1) 

 In humans, there are three types of superoxide dismutases (SOD): SOD1 is 

located mostly in the cytoplasm, SOD2 is in the mitochondria and SOD3 is extracellular.39 

SOD1 is the most abundant form, and is responsible for catalyzing the dismutation of the 

superoxide radical. SOD1 is a 32 kDa homodimeric metalloenzyme (Figure 1.2); the 

dimer is held together by predominantly hydrophobic interactions.40 Each monomer has 

a ß-barrel arranged in a Greek key motif.41 Moreover, each monomer binds a copper (Cu) 

and zinc ion (Zn), with the former serving a catalytic role, while the latter is structural.42 

Additionally, the two long loops, loops 4 and 7, are involved in forming the active site and 

parts of the dimer interface. Loop 4 contains residues responsible for metal-binding and 

is thus appropriately named the metal-binding loop. Loop 7, also named the electrostatic 

loop, contains a short helix and one of the cysteines responsible for forming the 

intrasubunit disulfide bond. Collectively, the metal ions, disulfide bond and dimerization 

are important post-translational maturation events critical to forming a stable and 

functional SOD1. 
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Figure 1.2: Ribbon structure of holoSS superoxide dismutase 1 (PDB: 1HL5, rendered with PyMol). Holo 
SOD1 consists of two 8-stranded Greek key beta-barrel monomers, with one zinc ion (black sphere) and 
one copper ion (orange sphere) per monomer. The red represents the Cys57-Cys146 disulfide bond and 
two free cysteines at positions 6 and 111, and loop IV (yellow) contributes to the dimer interface and zinc 
binding and loop VII (blue) is the electrostatic loop. Adapted from Broom et al., 2014. 
 

The CCS dimerizing to immature SOD1 on the same interface SOD1 forms a 

homodimer. For the CCS to be able to bind to immature SOD1, it was originally thought 

the zinc ion must be bound prior to the CCS:SOD1 dimerization. More recently, there 

have been findings suggesting the CCS might also help in zinc transfer in addition to the 

copper transfer and disulfide formation.43 The dimer interface affinity is weak in the most 

immature form (metal-free and disulfide bond reduced) which results in a predominately 

monomeric state. However, upon zinc addition, the dimer becomes more favourable.44,45 

Considering the CCS binds at the homodimer interface to form a heterodimer, a SOD1 

state that is more permissive to dimerization is also a likely candidate to form a 

heterodimer with the CCS. With that in mind, the conflicting data centered around the 
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SOD1 state responsible for CCS binding prove more research is necessary to understand 

SOD1 maturation. Upon the addition of the metal cofactors and bond formation, SOD1 

can then dimerize to form the full mature Cu,Zn SOD1 (holoSS SOD1). 

 

Figure 1.3: Schematic of Cu,Zn SOD1 folding. The most immature state, reduced apo (apoSH) is the initial 
folding state. The mechanism of zinc incorporation is unknown but is thought to be the initial maturation 
step. The copper chaperone for SOD1 (CCS) binds to E,Zn SOD1 (E,ZnSH) to deliver the copper and 
oxidize the conserved disulfide bond between Cys57 and Cys146. Adapted and modified picture from Banci 
et al., 2012.46 

 

In addition to the mature enzyme catalyzing the dismutation of superoxide radicals 

in the cytosol, SOD1 has also been found in the nucleus. Under oxidative stress, SOD1 

can relocate to the nucleus and act as a transcription factor that regulates oxidative 

resistance and repair genes.47 Our research could not support the binding of any SOD1s 

to RNA or DNA.48 However, with so much conflicting literature, and with multiple 
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maturation states and mutations, it is clear studying SOD1 folding must be done 

systematically to address all the vital questions. Why are different types of studies, such 

as SOD1 aggregation studies49–51, seeing different results? Why do comparable 

mutations, in terms of location and side chain, in SOD1 cause such different biophysical 

effects? And most importantly, why do these mutations cause such diverse disease 

characteristics? 

1.3 ApoSH SOD1: interplay between mutations and disease is 

complex 

 SOD1 requires multiple post-translational modifications to attain its mature native 

state. Without metal ions and the disulfide bond, the apoSH SOD1 exists predominantly 

as a monomer. Upon zinc addition, the apoSH SOD1 becomes E,ZnSH SOD1 (where E 

stands for empty, Zn for zinc-bound, and SH for disulfide-reduced) which is more 

favourable for dimer formation, whereas with the formation of the disulfide bond, the 

apoSS SOD1 exists predominantly as a dimer, and with the addition of both metals and 

disulfide bond, the holoSS SOD1 dimerization is more favourable than in any other state. 

As more structurally-stabilizing post-translational modifications are added, the thermal 

stability increases as well. For instance, holoSS SOD1 has a melting temperature (T0.5) 

at 92 °C whereas the apoSH monomer is closer to 48 °C. Therefore, the decreased 

stability of the more immature forms of SOD1 might explain its implication with disease.

 In addition to the lack of post-translational modifications causing marginal stability 

in apoSH SOD1, the mutations have an added destabilizing impact as well. Mutations in 
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apoSH SOD1 show a larger range of thermal stabilities,45 whereas in the case of the 

mature enzyme, holoSS SOD1, mutants have more comparable thermal stabilities.52 

Therefore, these data suggest a mutation is more impactful in the less stable forms of the 

protein. Similar to thermal stability being more perturbed in the less mature forms, the 

dimer interface is also more perturbed by mutations in the more immature states.53 

Collectively, the biophysical properties of immature forms of SOD1 are more sensitive to 

mutations and are a logical culprit in contributing to ALS. 

 Due to its sensitivity to ALS-associated mutations and being a sensible culprit in 

disease, the role of immature forms of SOD1 and ALS-associated mutations in ALS is 

vital to understand. Previously, Sekhar et al. reported differences in the formation of 

transient conformations across apoSH mutants.54,55 Their data suggest that apoSH 

mutants show perturbations in maturation processes and/or the ability to access 

additional non-native processes the control could not. Similarly, Culik et al. also show that 

the perturbed maturation in apoSH mutants can have consequences on CCS binding.56 

Thus, apoSH SOD1 mutant studies highlight that point mutations can change the protein 

dynamics such that they affect both maturation and non-native processes.  

 Furthermore, the more immature forms of SOD1 are also more aggregation prone. 

In 2022, Naser et al. studied in vivo apoSH aggregation and showed significant rescue 

from aggregation upon the addition of zinc.57 Additionally, they reported the aggregation 

propensity roughly correlated with thermal stability, suggesting the unfolded species may 

be a vital species in aggregation. However, the aggregate structure they observed 

consists of mostly native-like structures, which hints that the unfolded state may be pulled 

into the aggregate, but undergoes restructuring upon association. Although these data 
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suggest the aggregate mechanism is similar for most mutants and the aggregate 

structures are mostly native-like, other studies propose alternative aggregate structures, 

which call attention to factors that may modulate aggregation.  

Moreover, aggregate structures observed for SOD1 range from native-like to 

amyloid21,22 with a wide range of structures among both fibres58 and oligomers.49–51 For 

example, near-native monomers can self-associate to form small oligomers23 or linear 

assemblies.59 Alternatively, different SOD1 peptides adopt a toxic corkscrew oligomer60 

or various steric zipper fibres60, and unfolded full-length SOD1 forms amyloid structures 

upon agitation.24 The partial unfolding of full length SOD1 was also proposed to give rise 

to the corkscrew oligomer.60 Other studies have found that the more malleable the protein, 

the more aggregation-prone conformations are generated16, giving rise to a higher 

diversity of aggregate structures.61–63 These considerations in conjunction with previous 

findings that apoSH SOD1 has a rugged free energy landscape where the population of 

mature and non-native conformations is altered by mutation54,55 strongly support the 

formation of different aggregate structures by SOD1 variants. 
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Figure 1.4: Aggregation schematic. The aggregate structure seems to contain a mixture of native-like, 
partially folded and unfolded states of the protein. Many contrasting studies support either the native 
structure, misfolded or the unfolded state being the initial aggregating species involved, however the 
possibility of protein templating further complicates the identification of involved species.  

 

With all these structural polymorphisms, the impact solution conditions have on the 

aggregation mechanism is important to decipher considering the extent and type of 

apoSH aggregation in vitro varies greatly with experimental conditions.21,22,24,64 For 

example, at physiological temperature and pH, agitation of the metal-free SOD1 promotes 

the formation of amyloid aggregates24, whereas non-amyloid aggregates of variable sizes 

form at different rates for apoSH SOD1 mutants under quiescent conditions.28,29,65 These 

and other studies have demonstrated that mutant apoSHs may aggregate in distinct 

ways, which are sensitive to varying conditions. Intriguingly, structural polymorphisms of 

apoSH aggregates may be analogous to different conformational “strains” observed in 

prion-like aggregation.28,29 Studies of mutant SOD1 ALS mice models support that such 
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strains are influenced by mutation and contribute to different disease characteristics. 

Further studies are needed to unravel the mechanisms that may underlie mutant SOD1 

aggregate polymorphisms. 

 

1.4 Multi-faceted approach to study differences across apoSH 

mutants 

 To decipher how mutant SOD1s lead to aggregate polymorphisms, the focus of 

this thesis is to investigate how ALS-associated mutations in apoSH SOD1 alter the 

aggregation propensity and structure under different solution conditions and how 

mutations impact SOD1 structure, dynamics and maturation. For this systematic analysis, 

we employ multiple biophysical techniques to effectively analyze the impact of different 

mutations on apoSH SOD1. To allow for appropriate comparability to literature findings 

and to minimize aberrant self-association, the pseudo wildtype SOD1 (pWT) model is 

used which involves mutating the two free cysteines (C6 and C111) in the wildtype SOD1 

to an alanine and serine respectively. This model has been extensively characterized and 

shows remarkably comparable biophysical characteristics to the wildtype SOD1, with an 

additional advantage of minimal observed aggregation throughout protein purification or 

biophysical characterization.45,52,65,66   

The pWT SOD1 and its disease-relative mutations are investigated using the 

following techniques: dynamic light scattering (DLS), atomic force microscopy (AFM) and 

attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) for 
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assessing protein aggregation and structural insight, nuclear magnetic resonance (NMR) 

for both structural and dynamics information, and isothermal titration calorimetry (ITC) 

with differential scanning calorimetry (DSC) for exploring binding affinity and thermal 

stability.  

Due to the lack of a reliable structure for the apoSH SOD1, most of the analyses 

in this work are imaged on the holoSS SOD1 structure (PDB: 1HL5). Without the metals 

and the intrasubunit disulfide bond, the metal-binding loop and the electrostatic loop are 

largely disordered for the predominately monomeric apoSH SOD1.54,55,67  Although there 

is a crystal structure available for a metal-free and cysteine-free SOD1 (PDB: 2GBU)67 

which could be considered similar to apoSH SOD1, this structure shows unexpected 

differences to the solution-based NMR data.54,55 The 2GBU structure shows structuring 

similar to the holoSS SOD1, which consists of ordered loops in a dimeric state. Therefore, 

it is likely this structure is not an accurate representation of the apoSH SOD1 state, and 

further highlights the necessity for structural information on apoSH SOD1.   
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Figure 1.5: Approach to characterizing apoSH SOD1 presented in this thesis. The plan to characterize 
different aspects of the apoSH SOD1 state and its mutants involve many biophysical techniques (indicated 
in brackets).  
 

1.4.1 Dynamic Light Scattering (DLS) 

We used DLS to obtain a sensitive analysis of the presence of oligomers and 

aggregates different sized species in samples of variant SOD1. Light scattering is a 

particularly sensitive method for detecting aggregated species, as the light scattering 

intensity is proportional to the Dh6, where Dh is the hydrodynamic diameter.68 Typically, 

DLS results are reported as distributions of particle hydrodynamic diameters, Dh, based 

on the associated intensity of scattered light (Dh,I). In addition to the Dh,I, the particle 

number distribution (Dh,N) is also useful because it shows the number or relative 
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concentration of different size species.68 Intensity distributions from light scattering report 

the amount of light scattered as a function of particle diameter, hence will always 

emphasize larger particles, and such distributions can be misleading when trying to 

assess extent of aggregation.  Number distributions, however, show particle abundance 

according to their concentration in solution, and thus provide a useful alternative measure 

of aggregation propensity. Number distributions are underutilized and here by considering 

both distributions offers insight into apoSH aggregate sizes as well as their abundance, 

and ultimately a deeper insight into self-association of SOD1 variants. 

A diverse set of mutations that vary in their structural features, thermal stability, 

and extent of aggregation are examined in Chapter 2. Mutants with T0.5 close to pWT and 

above physiological temperature are considered stabilized, while destabilized mutants 

have a T0.5 below pWT and physiological temperature.65 The destabilized mutants have 

an increased fraction of unfolded protein compared to pWT, which will increase the 

average measured Dh. Based on empirical calculations using the polypeptide chain 

length69, the Dh of folded and unfolded apoSH SOD1 is ~4.2 and 7.8 nm, respectively. 

Thus, in addition to the extent of aggregation, both Dh,I and Dh,N can reveal shifts in the 

fraction of unfolded protein. 

 

1.4.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) involves the use of a sharp probing tip to measure 

the surface of a sample.70 Interactions between the tip and surface are analyzed to 

generate high-resolution images of the sample, which are useful for assessing aggregate 

structural information. The images are sensitive enough to decipher between aggregate 
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structures and sizes. In Chapter 2, we discuss extending typical AFM aggregate size 

analysis to quantify the number of monomers in aggregates.71 Additionally, we 

demonstrate violin-box plots as a useful tool that augments standard box plot summaries 

of AFM particle statistics with additional information on data distribution. The data 

distributions, in addition to the other size estimates, are valuable for discerning subtle 

aggregate differences between variants and their aggregation behaviour. 

 

1.4.3 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

 ATR-FTIR is a technique that produces an infrared spectrum of either the emission 

or absorption of a sample, and can be useful for assessing the relative secondary 

structure of proteins.72 In Chapter 2, the secondary structure of apoSH SOD1s during 

aggregation is assessed by ATR-FTIR spectroscopy. Protein structural components show 

absorbance bands in different spectral ranges, such as: β-sheet (~1623-1641 cm-1); 

unstructured/helix (1642-1657 cm-1); and turns (1662-1686 cm-1). We also obtain control 

spectra of folded and heat denatured apoSH SOD1, as well as sonicated apoSH SOD1 

as a measure for amyloid.73 These controls are used for gauging the extent of native-like 

structure in the aggregates. Additionally, the ATR-FTIR spectra are collected for the 

folded samples under different solution conditions, and the spectral change between 

solution conditions use to investigate the impact on protein structure prior to aggregation. 

Therefore, ATR-FTIR is sensitive to changes in secondary structure both upon 

aggregation and due to different solution conditions. 
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1.4.4 Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool that takes 

advantage of the magnetic properties of atoms, and allow for determining the structure, 

dynamics and interactions of molecules.74–77 A 1D NMR spectrum has peaks along one 

horizontal axis, which represent the chemical shift for each nucleus. However, this 

spectrum is limited to smaller proteins since there are more and broader peaks for larger 

proteins which may overlap.76 Multidimensional NMR resolves the overlapping peaks by 

separating them by another dimension. 2D NMR experiments are commonly used to 

study protein structure and dynamics. These experiments can either be a homonuclear 

spectrum, where 1H frequencies correlated with other 1H frequencies or a heteronuclear 

spectrum with 1H typically correlated with either 15N, 13C or less commonly, 31P. A 1H-15N 

heteronuclear single quantum correlation (HSQC) spectrum provides a 1H-15N cross peak 

in the protein, which can arise from backbone amides or sidechain amines. As each amino 

acid residue (except proline) contains an amide group, this results in a spectrum with a 

single peak for each amino acid in the protein, the location of which is determined by the 

chemical environment of each amide.  

Each NMR peak consists of a chemical shift, peak intensity and linewidth, all 

reflecting the local chemical environment, population and local dynamics, respectively, of 

the corresponding residue.78 Chemical shift represents the resonant frequency of a 

nucleus relative to a standard in the same magnetic field. The value is independent of the 

magnetic field, and instead reports on small local magnetic fields generated by the 
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electrons around the nuclei. However, since chemical shifts are sensitive to many things 

such as conformational exchange, environmental changes, and presence or absence of 

local structure, chemicals can be sensitive reporters of subtle changes in chemical 

environment. Moreover, if a residue is able to access two conformations, depending on 

their rate of exchange, the spectrum can show two different chemical shifts corresponding 

to the two different conformations in slow exchange. However, for two conformations in 

fast exchange, the spectrum will show one peak at a chemical shift value that is a 

weighted averaged of the two chemical shifts without exchange.  

In addition to the chemical shifts, the peak lineshape can also be a useful reporter 

of local dynamics such as conformational exchange. Peak intensity reports on the number 

of nuclei resonating at a given frequency, whereas linewidths change based on relaxation 

rates. However, both peak intensity and linewidth are influenced by additional dynamic 

processes, such as a residue exchanging between two distinct chemical environments. 

NMR lineshape analysis is a useful tool commonly used for assessing binding of ligands 

to a biomolecule.79–81 It can help assess thermodynamics, kinetics and structural 

information of binding events. In addition to these processes, lineshape analysis has been 

explored for comparing protein variants for differences in dynamics. 82 Unfortunately, 

lineshape analysis can be convoluted due to the numerous factors that impact peak 

shape and position; two of these key factors include exchange rate between processes 

and relaxation rate.78,83–85 Processes such as ligand binding that may be simplified to 

exclusively a bound and unbound state are easier to interpret. However, assessing 
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lineshape changes throughout multiple spectra where processes such as dimerization, 

aggregation and/or population of transient conformations are occurring convolute the 

analysis greatly. 

For apoSH SOD1 mutants, population of both non-native and native dimers, 

aggregates, and transient conformations are possible along the temperature 

ramp.12,54,56,65 Aside from these processes convoluting the sample, each of these species 

impact peak shape in different ways. Dimers, aggregates and transient conformations will 

have their own respective exchange rates with the monomer, whether that is the folded 

or unfolded monomer is an additional complication, as well as different relaxation rates. 

Impacts to exchange rates and relaxation rates will subsequently influence peak position, 

intensity and linewidths. Thus, with these potential complications, our aim is to attempt to 

develop a method to analyze peak shape relative to a reference where conclusions are 

only drawn with multiple residues behaving comparably as opposed to isolated residues. 

By collecting an NMR spectrum at a series of temperatures, the temperature 

coefficients of both proton and nitrogen chemical shift can be measured (both amide 

proton and nitrogen chemical shifts) (Chapters 3, 5, and 6), and the chemical shift 

perturbations relative to pWT throughout the temperature range (Chapters 3 and 6). 

These data were obtained for multiple SOD1 mutants and under different solution 

conditions to assess the changes in local dynamics and structure (Chapters 3-6). By 

collecting spectra in the folded and unfolded temperature ranges, the dynamics between 
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the folded and unfolded temperature ranges are assessed using peak shape changes. 

Collectively, these data detailed insights on the subtle variability each SOD1 mutant has 

which in turn can explain the aggregate polymorphisms observed for SOD1.  

 

1.4.5 Isothermal titration calorimetry (ITC) 

 Isothermal titration calorimetry (ITC) is traditionally used to assess binding affinities 

between a ligand and a protein by titrating the ligand into a cell containing the protein.86 

The heats of binding are fit to a binding model to determine key association parameters 

such as binding affinity. However, this technique can be extended to apply to any binding 

partners if the binding affinity is within the measurable range of the respective instrument 

used. In addition to the traditional titration of a binding party into a cell that contains the 

binding partner, the method of titration can be manipulated to assess dissociation instead 

of association. In Chapter 7, we take a highly concentrated sample of EZnSH SOD1 and 

measure heats of its dimer dissociation to assess the strength of the dimer for multiple 

mutants. Since this state is considered to be an important initial maturation state and the 

dimer interface is used by the CCS to finish maturation, a perturbed dimer interface is 

believed to have a detrimental impact on maturation. 

 

1.4.6 Differential Scanning Calorimetry (DSC) 

 DSC is often employed to characterize the thermal stability of the protein and its 

respective mutants. It involves heating a cell containing protein against a reference cell. 

The DSC instrument detects the difference in heating between the cells throughout the 
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temperature ramp; these changes in heating are represented as an unfolding endotherm 

which can be fit to unfolding models to characterize the thermodynamics associated with 

protein unfolding. Previously in our lab, DSC was used to assess the thermal stability of 

holoSS-SOD1, apoSS-SOD1, and apoSH-SOD1.45,52,65,87 In Chapter 7, the thermal 

stability of EZnSH-SOD1 is evaluated. However, the SOD1 thermograms in its many 

states highlight the complexities that arise upon protein unfolding. In most cases, protein 

unfolding is considered 2-state unfolding between the folded state and unfolded state, 

however, certain states and mutants show the ability to undergo 3-state unfolding. For 

apoSS-SOD1 unfolding, a monomeric intermediate is populated for proteins that form 

weak dimers, which then unfolds. However, for those that form a strong dimer, the dimer 

unfolds into the unfolded state without a detectable intermediate. Interestingly, for 

EZnSH-SOD1, the DSC thermograms suggest very different behaviour than observed for 

the other states.  

1.5 Thesis Summary 

 With apoSH SOD1 mutants showing such diversity in both protein characteristics 

and aggregate structures, it is critical to understand how this state and its mutants impact 

protein folding and dynamics. In this thesis, I present characterization of the apoSH SOD1 

state and ALS-associated SOD1 mutations using complementary biophysical methods. 

The objective of these studies was to explore aggregate polymorphisms under different 

solution conditions, apoSH SOD1 and its mutant structures and dynamics, as well as 

maturation of apoSH SOD1 and SOD1 mutants. The overarching goal is to understand 

how apoSH SOD1 and ALS mutations impact structure, dynamics, aggregation and 
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maturation, to better understand their role in disease. In addition to this research 

contributing to understanding the roles of SOD1 in aggregation and disease, it is also 

useful for helping to understand the role point mutations and solution conditions have on 

protein folding in general.  
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2.0 Context 

Protein misfolding and aggregation are hallmarks of many diseases, including 

amyotrophic lateral sclerosis (ALS). In familial ALS, aberrant self-association of mutant 

Cu,Zn-superoxide dismutase (SOD1) is implicated as a key contributor to disease. 

Mutations have the largest impacts on the stability of the most immature form of SOD1, 

the unmetallated, disulfide-reduced monomer (apoSH SOD1). Here we demonstrate that, 

despite the marginal stability of apoSH SOD1, aggregation is little correlated with the 

degree of protein unfolding, and multiple modes of aggregation occur, depending on the 

mutation and solution conditions. Light scattering and atomic force microscopy reveal two 

distinct mutant SOD1 behaviours: high aggregator mutants form abundant small 

assemblies, while low aggregator mutants form fewer, more fibre-like aggregates. 

Attenuated total reflectance-Fourier transform infrared spectroscopy and Thioflavin T 

binding show the aggregates maintain native-like anti-parallel beta structure.  These 

results provide new evidence that ALS-associated mutations promote the aggregation of 

apoSH SOD1 through multiple pathways, with broad implications for understanding 

mechanisms of protein self-association in disease and biotechnology.  



	 	25	

2.1 Introduction 

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative syndrome 

characterized by the progressive loss of nerve cells in the brain and spinal cord.88  A 

hallmark feature of ALS is the presence of protein aggregates that accumulate in motor 

neurons.89 A prominent disease hypothesis is that ALS and many other 

neurodegenerative diseases arise from the misfolding and self-association of disease-

associated proteins which have cytotoxic effects.90 One of the major contributors to 

familial ALS is mutations in superoxide dismutase 1 (SOD1), which generally promote 

protein misfolding and aggregation.91–93 The widely varying biochemical characteristics 

and energy landscapes of mutant SOD1s have been implicated in giving rise to different 

disease characteristics, yet the underlying molecular mechanisms remain obscure.94,95 

Thus, elucidating the mechanisms of SOD1 aggregation is of broad interest for 

understanding neurodegeneration as well as for controlling aggregation in the 

development of proteins for therapeutics and biotechnology.96,97 

The most immature form of SOD1 lacks both metal cofactors and the disulfide 

bond (apoSH) and is of particular interest owing to its marginal stability and high 

aggregation propensity.94,98–102 Moreover, apoSH SOD1 is generally more destabilized 

by mutations compared to other forms of SOD1.94 The thermal unfolding transition of wild-

type (WT) and pseudo wild-type (pWT) apoSH begins slightly above the physiological 

temperature of 37 °C and is typically decreased by disease mutations. Consequently, the 

relative population of partially folded and unfolded monomers generally significantly 

increase upon mutation. With this global destabilization and the accompanying increase 
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in local conformational dynamics, apoSH aggregation is a logical culprit in contributing to 

ALS and so is of much interest to investigate.  

The extent and type of apoSH aggregation in vitro has been reported to vary 

greatly with experimental conditions.103–106 For example, at physiological temperature and 

pH, agitation of the metal-free SOD1 promotes the formation of amyloid aggregates104, 

whereas non-amyloid aggregates of variable sizes form at different rates for apoSH 

mutant SOD1s under quiescent conditions.94 These and other studies have demonstrated 

that mutant SOD1s may aggregate in distinct ways, which are sensitive to varying 

conditions. Notably, structural polymorphisms of apoSH aggregates may be analogous 

to different conformational “strains” observed in prion-like aggregation.107,108 Studies of 

mutant SOD1 ALS mice models support that such “strains” are influenced by mutation 

and contribute to different disease characteristics. Further studies are yet needed to 

unravel the mechanisms that may underlie mutant SOD1 aggregate polymorphisms.  

Here, we characterize apoSH SOD1 aggregation propensity and structure by light 

scattering, atomic force microscopy (AFM), attenuated total reflectance-Fourier transform 

infrared spectroscopy (ATR-FTIR) and Thioflavin-T (ThT) binding. A diverse set of familial 

ALS-associated mutant SOD1s are analyzed under different protein and salt 

concentrations. We find the mutants can be classified as high aggregators, which mainly 

show rapid abundant formation of oligomers and native-like fibrils, or low aggregators, 

which mainly show slow formation of low concentrations of fibres. The results illuminate 

how different point mutations and solution conditions can impact multi-modal aggregation 

of SOD1, which has significant implications for understanding and controlling such 

aggregation. 
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2.2 Results 

2.2.1 DLS in different solution conditions reveals distinct aggregation propensities of 

mutant apoSHs   

Dynamic light scattering (DLS) measurements were performed at physiologically 

relevant temperature (37°C) and pH (7.4) to obtain a sensitive analysis of the extent of 

formation of self-associated species by mutant SOD1s at 63 μM protein concentration. 

Typically, DLS results are reported as distributions of particle hydrodynamic diameters, 

Dh, based on the associated intensity of scattered light (Dh,I). Here we assess also the 

particle number distributions (Dh,N), which show the number or relative concentration of 

different size species.109  While intensity distributions are useful for high sensitivity 

detection of the formation of larger species, owing to the intensity being proportional to 

Dh6, this measure can overlook more abundant smaller species which are better captured 

by the number distribution. We find considering both distributions offers deeper insight 

into the self-association of SOD1 variants.  

We examine a diverse set of mutations that vary in their structural features, thermal 

stability, and extent of aggregation. Mutants with a thermal melting temperature (T0.5) 

close to pWT and above physiological temperature are referred to here as stabilized, 

while destabilized mutants have a T0.5 below pWT and physiological temperature94 (Table 

2.1). The destabilized mutants have an increased fraction of unfolded protein compared 

to pWT, which will increase the average measured Dh. Based on empirical calculations 

using the polypeptide chain length110, the Dh of folded and unfolded apoSH SOD1 is ~4.2 

and 7.8 nm, respectively. Consistent with the calculated Dh values, at 0 hours (t0) the 
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destabilized mutants exhibit higher values of Dh,I (Figure 2.1A-D, Table 2.2) and Dh,N  

(Figure 2.1B) relative to pWT and the stabilized mutants. Thus, both Dh,I and Dh,N reveal 

shifts in the fraction of unfolded protein. 

 

Figure 2.1: Aggregation of SOD1 variants measured by DLS hydrodynamic diameter intensity and number 
distributions at different protein and salt concentrations.  Samples at pH 7.4, 37 °C contained (A-D) 63 μM 
SOD1 monomer, (E,F) 317 μM SOD1 monomer, and (G,H) 63 μM SOD1 monomer (except V148I, at 
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317uM) with 150 mM salt. The hydrodynamic diameters (A,B,E-H) correspond to the main peak in the 
distributions (C,D and Figures 2.2-2.4). (C,D) DLS measurements were taken approximately every 24 
hours, with the first time point (t0) at the bottom of each panel and the last time point (tlate), at the top. (A,B,E-
H) Hydrodynamic diameters are averages of 3 measurements for a sample, with standard deviations for 
the measurements shown by error bars.  For each variant, pairs of values correspond to the initial 
measurement (t0 represented by dark blue, orange, or black bar) and after incubation of the sample for 
~300 hours (tlate represented by light blue, orange, or gray bar). Dashed lines at 10 nm and 100 nm are to 
guide the eye. Mutants were grouped based on the aggregation results for the mutants at 63 µM; the low 
aggregators are shown in blue, while the high aggregators are shown in orange; additional mutants that 
are not analyzed in further detail are in grey and black. Intensity distribution hydrodynamic diameter values 
(black solid line) are highly sensitive to large particles, while number distribution diameter values (gray 
dashed line) represent the dominant population of species in solution.  
*A4V showed pronounced aggregation at high protein concentration, leading to the formation of aggregates 
visible by the eye.  Such aggregates diffuse too slowly to be measurable by DLS, thus the sample could 
only be measured for ~120 hours. 
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Figure 2.2. DLS shows that apoSH variants aggregate little at 63 μM SOD1 monomer. All samples were 
incubated in 1 mM TCEP, 20 mM HEPES. Intensity distributions are indicated by the solid lines 
and number distributions by the dotted lines. DLS measurements were taken approximately every 
24 hours, with t0 at the bottom of each panel and the last time point, greater than 300 hours, at 
the top. Intensity distribution hydrodynamic diameter values (solid line) are sensitive to large 
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particles, while number distribution diameter values (dotted line) represent the dominant 
population of species in solution.  

 

Figure 2.3. DLS also reveals different levels of aggregation for apoSH variants incubated at high 
concentration (317 μM). All samples were incubated in 1 mM TCEP, 20 mM HEPES. At increased 
protein concentration A4V shows the highest aggregation propensity. At t0 there is a large 
discrepancy in the size reported by the intensity and number distribution, suggesting that 
aggregates form immediately. After ~24 hours most of the sample formed aggregates of similar 
size to those observed at 63 μM; however, larger aggregates are also apparent. Subsequent 
measurements revealed that a significant amount of protein had formed aggregates too large to 
be detected by DLS, resulting in poor estimates of particle size. After ~120 hours the sample was 
not measurable by DLS. G37R and G93R showed much high levels of aggregation at high 
concentration, forming aggregates similar in size to those formed by A4V and 63 μM as indicated 
by the shift in intensity and number distributions to larger values.  
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Figure 2.4. DLS experiments indicate that Na2SO4 and NaCl promote the aggregate formation, most notably 
for A4V and G93R mutants. The effect of salt on the size of particles in solution is shown for mutants 
that displayed little increase in light scattering intensity with incubation time. For these apoSH 
variants, DLS indicates that very low levels of aggregation are observed under all conditions. The 
effect of salt on the size of particles in solution is shown for mutants that displayed an increase in 
light scattering intensity with incubation time. For A4V and G93R, aggregation is enhanced in 150 
mM Na2SO4 and NaCl as indicated by the shift in intensity (solid lines) and number distributions 
(dotted lines) to larger values. While G93S showed an increase in light scattering intensity with 
incubation time in 150 mM Na2SO4, DLS data indicate that the aggregates formed never become 
the most abundant species. At t0 there is a difference in the size reported by the intensity and 
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number distribution for all samples, which suggests that the samples exhibit some degree of 
heterogeneity.  
 

Table 2.1. Apparent melting temperatures of mutant apoSH SOD1s. 
Stabilized mutants Destabilized mutants 

ApoSH 
SOD1 T0.5a (°C) Disease Duration 

(years)c ApoSH SOD1 T0.5a (°C) 
Disease 

Duration 
(years)c 

pWT 48.5 ± 0.3 n/a A4V 36.3 ± 0.2 1.5 
V148I 50.0 ± 0.1 1.7 H43R 35.4 ± 0.4 1.8 
H46R 52.8 ± 0.4 17.6 G93R 35.4 ± 1.8 5.3 
G85R 41.2 ± 0.3 6.0 E100G 35.3 ± 0.7 4.7 

   G93A 34.6b 3.1 
   G37R 33.5 ± 1.2 17.0 
   G93S 33.4 ± 1.2 8.0 
   A4S 32.5b n/a 
   A4T 30.9 ± 0.3 1.5 

aValues are the apparent melting temperature (T0.5) where the observed Cp in the differential scanning 
calorimetry (DSC) scan is a maximum. Values are from Vassall et al., “Decreased stability and increased 
formation of soluble aggregates by immature superoxide dismutase do not account for disease severity in 
ALS,” Proc. Natl. Acad. Sci. U. S. A., vol. 108, no. 6, pp. 2210–2215, 2011, doi: 10.1073/pnas.0913021108. 
b T0.5 based on one measurement 

cValues are from Q. Wang et al., “Protein aggregation and protein instability govern familial amyotrophic 
lateral sclerosis patient survival,” PLoS Biol. Vol. 6, no.7, e170, doi: 10.1371/journal.pbio.0060170 

 

There is minimal change in both Dh distributions upon sample incubation for ~300 

hours (tlate), indicating that under these conditions most SOD1 variants aggregate only to 

a low level and the size of the species in solution changes little with time (Figure 2.1A,B). 

The notable exception is A4V, where Dh,I and Dh,N values increase with time (Figure 

2.1A,B).  While the average Dh,N after ~300 hours of incubation has high uncertainty 

because the number of aggregates is too low to be well defined, the average Dh,I clearly 

shows larger species form with time (Figure 2.1B).  

To promote aggregation, we also performed light scattering experiments at 5-fold higher 

protein concentration (317 μM). In these experiments, we further define the behavior of 

the pWT control and destabilized mutants that exhibited some aggregation at 63 μM (i.e. 
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A4V, G37R, G93A, G93R, and G93S). After ~300 hours of incubation (tlate), the high 

concentration samples show varying increases in Dh,I and Dh,N relative to t0, suggesting 

differences between SOD1 variants in the size of species formed (Figure 2.1E,F). The 

mutants can be classified according to their aggregation characteristics. Dh,I and Dh,N  

differ the most for pWT, G93A, and G93S, henceforth referred to as the low aggregators, 

with differences in particle diameter ranging from ~400-1200 nm evidenced by increases 

in Dh,I but not Dh,N  (blue bars in Figure 2.1E,F, Table 2.3). In addition, the minimal 

aggregation for the low aggregator mutants is further shown by the limited change in 

polydispersity index (PDI) values (Table 2.2-2.3), indicating no significant change in 

sample heterogeneity (Table 2.3).  
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Table 2.2. DLS data summary for mutant apoSH SOD1s at 63 μM, pH 7.4, 37 °C. 
 t = 0 t > 300 

ApoSH 
SOD1 

variant 
PDIa PDI widthb 

(nm) 

Intensity 
Distribution 

Hydrodynamicc 

Diameter (nm) 

Number 
Distribution 

Hydrodynamicc 

Diameter (nm) 

PDIa 
PDI 

widthb 

(nm) 

Intensity 
Distribution 

Hydrodynami
cc 

Diameter (nm) 

Number 
Distributi

on 
Hydrody
namicc 

Diameter 
(nm) 

pWT 0.205 2.146 5.383 3.131 0.267 5.231 5.228 3.449 
0.025 0.250 0.332 0.387 0.083 5.657 0.253 0.398 

V148I 0.178 1.868 5.262 3.380 0.471 94.69 5.179 3.681 
 0.029 0.130 0.472 0.348 0.210 110.2 0.333 0.471 

G93S 0.239 3.226 7.136 3.899 0.502 30.34 84.11 3.880 
 0.024 0.548 0.708 0.930 0.143 46.08 85.18 1.598 

G93A 0.224 3.315 7.683 3.841 0.621 122.9 171.8 4.190 
 0.049 0.851 1.300 1.286 0.245 142.5 248.9 0.766 

G37R 0.300 48.10 5.058 3.499 0.909 149.0 596.6 3.467 
 0.078 109.5 0.711 0.442 0.141 34.49 134.2 0.864 

G93R 0.240 3.732 7.563 3.971 0.598 26.87 151.1 11.60 
 0.056 1.155 0.806 1.053 0.334 9.509 104.2 11.58 

A4V 0.224 5.566 8.593 3.807 0.312 29.55 63.46 15.40 
 0.043 9.779 1.452 1.376 0.119 10.88 15.38 14.70 

WT 0.245 2.672 5.848 3.061 0.348 85.11 5.462 3.397 
 0.038 0.874 1.059 0.959 0.160 251.6 0.853 0.694 

A4S 0.251 3.532 8.103 3.302 0.750 24.35 80.46 3.449 
 0.014 0.134 1.622 1.744 0.041 2.141 4.640 0.626 

A4T 0.250 3.991 7.190 4.419 1.0 45.24 241.8 4.544 
 0.020 0.327 0.202 0.686 0.0 5.109 6.424 0.334 

E100G 0.230 2.595 6.432 3.548 0.461 86.19 123.5 4.003 
 0.014 0.151 0.739 0.706 0.163 52.04 353.4 0.357 

G85R 0.179 2.516 5.812 3.644 0.271 43.79 5.584 4.095 
 0.045 0.373 0.259 0.673 0.060 67.39 0.715 0.206 

H43R 0.215 3.547 8.603 4.046 0.344 51.18 6.640 3.735 
 0.049 0.650 0.457 0.885 0.110 150.6 0.651 1.503 

H46R 0.186 2.149 5.671 3.086 0.192 5.428 6.113 3.525 
 0.019 0.433 0.863 0.498 0.035 8.757 0.461 0.558 

H46Rwt 0.227 20.13 5.109 2.825 0.496 1063 95.32 3.371 
 0.089 37.77 0.501 0.905 0.307 2061 273.3 0.403 

V148G 0.291 10.37 6.646 3.928 0.567 191.1 291.5 3.955 
 0.117 13.20 0.522 1.343 0.138 197.1 316.3 1.083 

Bold and italicized values are the averages and standard deviations, respectively, resulting from multiple 
experiments. aPDI is obtained using the Cumulants method of fitting the autocorrelation function (Eq. 4). 
PDI is an assessment of sample heterogeneity. Values larger than 0.1 are indicative of polydispersity (i.e., 
the sample contains more than one species in solution).  High PDI values result in larger peak widths, and 
thus greater distribution of sizes reported. bPeak width reflects the range of sizes obtained from the 
intensity distribution and is related to the PDI according to Eq. 4. cThe sizes reported correspond to the 
main peak in the distributions.  
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Table 2.3. DLS data summary for mutant apoSH SOD1s at 317 µM, pH 7.4, 37 °C. 
  t = 0    t > 300   

ApoS
H 

SOD1 
variant 

PDIa 
PDI 

widthb 

(nm) 

Intensity 
Distribution 

Hydrodynami
cc 

Diameter 
(nm) 

Number 
Distribution 

Hydrodynami
cc Diameter 

(nm) 

PDIa 
PDI 

widthb 

(nm) 

Intensity 
Distribution 

Hydrodynami
cc 

Diameter 
(nm) 

Number 
Distribution 

Hydrodynami
cc Diameter 

(nm) 

pWT 0.363 7.785 4.620 3.340 0.926 65.05 707.1 3.845 
 0.053 2.993 0.041 0.115 0.104 11.39 404.5 0.080 

G93S 0.806 38.76 6.852 3.977 0.833 32.16 398.6 5.664 
 0.045 11.59 0.199 1.184 0.068 5.263 72.75 0.431 

G93A 0.321 62.11 7.030 4.961 0.931 285.1 1256 3.910 
 0.036 54.47 0.050 0.178 0.120 49.43 445.1 0.529 

G37R 0.404 7.876 9.252 5.317 0.242 22.26 60.06 24.23 
 0.017 0.453 0.072 0.365 0.014 0.676 1.920 2.190 

G93R 0.327 37.70 9.025 5.352 0.215 14.33 35.81 15.98 
 0.078 48.06 0.684 0.716 0.014 0.435 0.655 0.917 

A4Vd 0.374 27.00 20.15 4.616 1.0 1679 514.9 36.00 
 0.150 25.92 11.08 1.288 0.0 322.4 221.7 22.36 

Bold and italicized values are the averages and standard deviations respectively resulting from three 
measurements of a single sample. aPDI is obtained from the Cumulants method of fitting the 
autocorrelation function (Eq. 4).  Values larger than 0.1 are indicative of polydispersity (i.e., the sample 
contains more than one species in solution).  High PDI values result in larger peak widths and greater 
uncertainty in the sizes reported. bPeak width reflects the uncertainty in the hydrodynamic diameter 
obtained from the intensity distribution and is related to the PDI according to Eq. 4. cThe sizes reported 
correspond to the main peak in the distributions. dA4V aggregated readily at high protein concentration, 
leading to the formation of aggregates visible by the eye.  Such aggregates diffuse too slowly to be 
measurable by DLS, thus the sample could only be measured for ~120 hours.  

 

In contrast, the high aggregator mutants A4V, G37R and G93R show extensive 

aggregation with increases in both Dh,I and Dh,N values. Although all aggregate 

considerably, G37R and G93R have smaller differences between Dh,I and Dh,N  at tlate 

unlike A4V (Figure 2.1E,F, Table 2.3). The smaller differences in Dh values and the 

decrease in PDI values for G37R and G93R suggest these mutants are aggregating more 

homogeneously. Overall, the high aggregator variants show a large increase in the Dh,N  

values at tlate, indicating extensive aggregation with increased protein concentration; on 

the other hand, the large aggregates formed by the low aggregator mutants scatter a 

large amount of light but. due to their low concentration, they do not influence Dh,N values.  
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Static light scattering (SLS) measurements provided additional support for the 

mutant grouping based on DLS aggregate size measurements. In the SLS, the extent of 

aggregation with time in each sample was measured by the amount of scattered light; the 

low aggregator variants show limited scattering compared to the significant scattering of 

the high aggregator mutants (Figure 2.5). There is no obvious lag time for the high 

aggregators, suggesting a low/no energy barrier between the initial state(s) and 

aggregation-prone state(s) (Figure 2.5). In contrast, the low aggregator variants that give 

rise to large aggregates show some evidence for a lag phase (Figure 2.5). Similar to DLS, 

due to the low concentration of the large aggregates, they may not be observed in all SLS 

measurements, which therefore have large associated standard deviations. Taken 

together, DLS and SLS results suggest the SOD1 variants have either a low or high 

aggregation propensity, with or without a lag time, respectively.  

 

Figure 2.5. SLS reveals different levels of aggregation through low aggregators and high aggregators 
incubated at high concentration (317 μM). A4V, the only mutant plotted on the right-hand axis (red 
squares), aggregated the most and was only measurable by light scattering for ~120 hours. After 
this point the aggregates were too large to be detected. G37R (orange triangles) and G93R 
(yellow circles) also aggregated with very little detectable lag time. Incubation at high protein 
concentration, however, does not lead to much change in light scatter intensity over time for pWT, 
G93A, and G93S (black squares, light blue squares and dark blue circles, respectively). In this 
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case, the light scattering intensity fluctuated greatly between the measurements giving rise to 
large standard deviations in the measurements. This finding indicates that large particles are 
present in solution, yet these species are not abundant. Error bars represent the standard 
deviation of three measurements at each time point. 

  

As another means to promote or modulate aggregation, we examined the effects 

of adding salt (NaCl and Na2SO4) to apoSH SOD1. Generally, salts can act to promote 

aggregation by screening electrostatic repulsion (apoSH has a net negative charge at pH 

7.4 111,112). In addition, salts may affect protein stability and self-association according to 

the Hofmeister series, with Na2SO4 generally having larger effects than the relatively 

small effects of NaCl 113–116. Along with the pWT control, we characterized destabilized 

mutants from the low aggregators (G93S) and high aggregators (A4V and G93R). 

Intracellular ionic strength is ~100-200 mM 117,118, thus we added 150 mM Na2SO4 and 

NaCl to samples with 63 μM protein. We also examined a stabilized mutant, V148I, with 

low aggregation propensity (Figure 2.1G,H), with both increased protein concentration 

(317 μM) and 150 mM Na2SO4. At t0, Dh,I and Dh,N values reflect subtle changes between 

variants across all conditions (Figure 2.1G,H, Table 2.4). Overall, the differences in Dh,N 

and Dh,I between pWT and mutant samples suggest minimal initial increase in self-

association under salt conditions. 

In contrast, at tlate the groupings of mutant aggregation propensity observed at high 

protein concentration are also prevalent under salt conditions. For the high aggregators, 

A4V and G93R, both the Dh,I and Dh,N increase for all samples, but the increase is larger 

for samples with salt which also show some presence of a lag time (orange bars in Figure 

2.1G,H and 2.6, Table 2.4). For the low aggregator G93S, only samples with no salt and 

Na2SO4 showed Dh,I  increases with time (blue bars in Figure 2.1G,H, Table 2.4). The 
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aggregation for G93S in Na2SO4 also occurred with a comparable lag time to the high 

aggregators under the same conditions, but the lower light scattering intensity suggests 

G93S forms less aggregates than the high aggregators (Figure 2.6). For the other low 

aggregator, V148I, in Na2SO4 the Dh,I  and Dh,N values are similar and relatively 

unchanged with time. The PDI values tends to be increased for both low aggregators 

which makes discerning smaller differences difficult due to increased error (Table 2.4). 

To summarize, the high aggregator mutants, A4V and G93R, show increased aggregation 

propensity and extensive aggregation under all conditions, whereas the low aggregators, 

G93S and V148I, undergo minimal aggregation. 
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Figure 2.6. SLS reveals that mutants exhibit increased aggregation in 150 mM salt. For all panels, apoSH 
variants were incubated in buffer, 1 mM TCEP, 20mM HEPES, pH 7.4, with either no salt (blue 
diamonds), 150 mM Na2SO4 (red squares), or 150 mM NaCl (green triangles).  Na2SO4 promotes 
aggregation of all mutants, but the effect was most pronounced for A4V, G93R, and G93S. NaCl 
only appears to enhance aggregation of A4V and G93R, and the effect is lower compared to 
Na2SO4. Error bars represent the standard deviation of three measurements at each time point. 
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Table 2.4. DLS data summary for mutant apoSH SOD1s at 63 µM, pH 7.4, 37 °C, 150 mM salt. 

 t=0 t > 300 

ApoSH 
SOD1 
variant 

PDIa PDI width 
(nm)b 

Intensity 
Distribution 
Hydrodynam

ic Radius 
(nm)c 

Number 
Distribution 
Hydrodynam

ic Radius 
(nm)c 

PDIa PDI width 
(nm)b 

Intensity 
Distribution 
Hydrodynam

ic Radius 
(nm)c 

Number 
Distribution 
Hydrodynam

ic Radius 
(nm)c 

pWT 0.205 2.146 5.383 3.131 0.267 5.231 5.228 3.449 
No Salt 0.025 0.250 0.332 0.387 0.083 5.657 0.253 0.398 
pWT 0.228 2.298 5.800 3.013 0.350 127.9 5.350 3.522 
NaCl 0.031 0.273 0.117 0.980 0.135 214.9 0.213 0.619 
pWT 0.240 2.197 5.262 2.816 0.236 61.37 5.551 3.292 

Na2SO4 0.023 0.093 0.502 0.541 0.066 79.72 0.888 1.050 
V148I 0.330 10.29 5.568 4.066 1.0 5551 4.774 4.378 

Na2SO4 0.026 4.689 0.258 0.221 0.0 3028 0.728 0.344 
G93S 0.239 3.226 7.136 3.899 0.502 30.34 84.11 3.880 

No Salt 0.024 0.548 0.708 0.930 0.143 46.08 85.18 1.598 
G93S 0.236 61.46 6.788 4.136 0.704 837.6 6.287 5.099 
NaCl 0.050 101.5 1.105 0.503 0.143 353.3 0.186 0.558 
G93S 0.239 4.570 8.312 3.944 0.629 214.8 331.8 4.354 

Na2SO4 0.023 1.851 0.346 1.660 0.264 19.22 17.33 2.296 
A4V 0.224 5.566 8.593 3.807 0.312 29.55 63.46 15.40 

No Salt 0.043 9.779 1.452 1.376 0.119 10.88 15.38 14.70 
A4V 0.269 4.418 9.239 3.907 0.211 31.79 86.95 43.86 
NaCl 0.015 0.268 0.409 1.466 0.013 1.610 3.608 3.869 
A4V 0.273 4.665 9.907 4.446 0.212 33.47 90.67 43.77 

Na2SO4 0.024 0.540 0.804 2.712 0.022 4.221 8.127 6.920 
G93R 0.240 3.732 7.563 3.971 0.598 26.87 151.1 11.60 

No Salt 0.056 1.155 0.806 1.053 0.334 9.509 104.2 11.58 
G93R 0.254 4.889 9.355 4.297 0.245 30.78 83.08 35.06 
NaCl 0.037 1.813 1.326 1.378 0.018 3.004 9.362 7.290 
G93R 0.257 14.51 9.754 4.390 0.233 36.20 96.74 40.40 

Na2SO4 0.035 29.85 0.920 1.633 0.030 6.532 16.03 6.737 

 

Bold and italicized values are the averages and standard deviations, respectively resulting from multiple 
experiments. aPDI is obtained from the Cumulants method of fitting the autocorrelation function (Eq. 4). 
Values larger than 0.1 are indicative of polydispersity (i.e., the sample contains more than one species in 
solution). High PDI values result in larger peak widths, and thus greater uncertainty in the sizes reported. 
bPeak width reflects the uncertainty in the hydrodynamic diameter obtained from the intensity distribution 
and is related to the PDI according to Eq. 4. cThe sizes reported correspond to the main peak in the 
distributions.  

 

 

2.2.2 Atomic force microscopy (AFM) reveals distinct aggregation modes for mutant 

apoSH SOD1s 

Atomic force microscopy (AFM) imaging was performed to obtain complementary 

structural information for the aggregates. The aggregates were formed in solution and 

deposited on the mica surface for imaging in air in intermittent contact mode. The AFM 
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images of aggregates formed at high protein concentration show that aggregate size and 

morphology differ markedly between the high and low aggregator mutant SOD1s (Figures 

2.7 and 2.8). Analysis of AFM images was performed using the SPIP software to compare 

aggregate dimensions and abundance between variants (summarized in Table 2.5, 

Figure 2.9). We also extend typical AFM aggregate size analysis to quantify the number 

of monomers in aggregates.119 Finally, we demonstrate violin-box plots as a useful tool 

that augments standard boxplot summaries of AFM particle statistics with additional 

information on data distribution (Figures 2.10-2.11). The data distributions, in addition to 

the other size estimates, are valuable for discerning subtle aggregate differences 

between variants and their aggregation grouping.  

When comparing the AFM data to the DLS results, certain considerations must be 

acknowledged. Due to the asymmetry of the particle data distribution, median rather than 

average values were used to compare different SOD1 variants 120. The median length 

and breadth estimates of the pWT particles at high concentration were ~20 nm and ~12 

nm (Figures 2.10A and 2.11, Table 2.5), respectively, larger than the apoSH monomer 

reported by DLS (Figure 2.1E,F). Volume discrepancies between AFM measurements 

and expected size measurements based on the PDB can be due to variation in the 

aggregates interacting with the mica slide as well as volume changes from association 

121,122. Because the entire mica surface is not imaged exhaustively, it can be challenging 

to interpret differences in the absolute number of particles detected between two samples 

but comparing the shapes of the distributions is meaningful. Given these caveats, there 

is good agreement between DLS and AFM results, as considered in detail below.  
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Table 2.5. AFM image statistics of mutant apoSH SOD1s incubated at 317 µM, pH 7.4, 37 °C. 

Red 
Apo 

SOD1a 

Median Length 
(nm)b 

Median Breadth 
(nm)b 

Average Height 
(nm)b 

Number 
of Large 
Particles 
(>200 
nm)c 

Median Aspect 
Ratiob,d 

Median Aspect 
Ratio of Large 

Particles 
(>200nm) b,d,e 

Average 
Coverage 

(%)f 

pWT 19.6 (14.7-25.2) 12.4 (10.4-15.9) 0.26 (0.21-0.32) 1 1.38 (1.33-1.63) 3.91 (3.05-6.50) 0.30 ± 0.55 

G93S 39.1 (24.5-
58.8) 24.3 (14.7-41.5) 0.13 (0.10-0.18) 9 1.50 (1.33-1.88) 2.29 (1.71-3.30) 7.61 ± 4.55 

G93A 30.1 (19.9-
55.4) 16.4 (10.9-39.4) 0.15 (0.12-0.20) 48 1.57 (1.33-2.04) 3.37 (2.38-4.90) 4.98 ± 2.65 

G93R 48.1 (28.2-
80.4) 27.5 (17.9-44.1) 0.50 (0.32-0.67) 117 1.57 (1.33-1.97) 2.02 (1.63-2.54) 14.1 ± 7.14 

G37R 24.3 (17.0-
39.3) 13.9 (10.8-21.8) 0.24 (0.18-0.31) 55 1.50 (1.33-1.89) 2.23 (1.72-2.79) 9.72 ± 2.03 

A4V 46.9 (26.0-
83.0) 30.7 (17.0-49.8) 0.44 (0.24-0.70) 58 1.50 (1.33-1.81) 1.71 (1.44-2.14) 8.85 ± 4.39 

 

aAll apoSH SOD1 samples were incubated for over 300 hours at 37 °C before being deposited on the mica 
and imaged.  The exception is G37R labelled t0, which was not incubated.  bData represent the median and 
first to third quartile range in brackets of SPIP measurements obtained from all AFM images.  Due to 
asymmetry in the values, the median rather than the average is shown.  cThe number of large particles was 
calculated by summing the total number of particles over 200 nm and dividing that number by the number 
of images obtained for that sample.  Thus, values represent the average number of particles detected per 
image.  In cases where very few large aggregates were detected and normalization according to the number 
of images obtained resulted in a number between 0 and 1, the value was rounded to 1.   dThe aspect ratio 
equals the particle length divided by breadth. eThe aspect ratio of particles with lengths greater than 200 
nm. fThe coverage is the area taken up by aggregates divided by the total area.  Values represent the 
average and standard deviation of all images. Notably, the lengths of fibres that are not linearly displayed 
on the mica will be underestimated and the breadths overestimated; therefore, the aspect ratios (length 
divided by breadth) will similarly be underestimated. 
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Figure 2.7: AFM reveals that different SOD1 variants form aggregates of differing sizes and morphologies 
when incubated at high concentration (317 μM SOD1 monomer). AFM images of SOD1 variants incubated 
for ~300 hours, except A4V which was only incubated for ~120 hours. Images are 5 x 5 μm and white bars 
indicate 1 μm. Consistent with DLS results, pWT showed the lowest levels of aggregate formation, although 
some fibres are apparent.  Samples that displayed lower aggregation propensity (A), pWT, G93A, and 
G93S, formed a small number of fibres, greater than 1 μm. Samples that exhibited the highest levels of 
aggregation (B), A4V, G37R, and G93R formed numerous particles ~25-80 nm in length. For all images, 
the aggregates are so large that they mask the presence of small particles resembling monomers and 
oligomers.  
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Figure 2.8. Close-up AFM images of different apoSH variants incubated at high concentration (317 μM) 
reveal the abundance of monomers and small oligomers. Background 2 x 2 μm images of apoSH 
samples incubated at 317 μM are shown. White bars indicate 500 nm. 
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Figure 2.9. Size estimates of small oligomers that are abundant in the AFM images of apoSH variants 
incubated at high concentration (317 μM). Numerous small particles representing monomers and 
small oligomers 10-20 nm in length are evident in the background of the 5 x 5 μm images shown 
in Figure 2.7. The presence of these particles is clear when comparing the images to those 
obtained for cleaved mica (top images). In this figure, centre images are 2 x 2 μm and white bars 
represent 500 nm. White boxes represent the regions that are shown close-up (~580 x 580 nm) 
in the right and left panels, and in these images white bars represent 100 nm. Size estimates 
were calculated by hand using JPK Data Processing Software (JPK Instruments AG). 
 

Consistent with the light scattering data, pWT at high concentration contained the 

least aggregated material. There is only a slight indication of low levels of long large 

aggregates (>200 nm) we refer to as fibres (Figures 2.7A and 2.10A,B), with the majority 
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of particles having volumes of ~1 to 4 monomer units (Figure 2.10C).  The AFM slides for 

pWT have the lowest average coverage (area taken up by the aggregates divided by the 

total area, Table 2.5), in agreement with the minimal aggregation observed by DLS 

(Figure 2.7.1E,F, Table 2.3). For the few particles larger than 200 nm, the average aspect 

ratio is relatively large, suggesting fibre formation (Table 2.5). AFM images show more 

aggregation for all mutants at high concentration relative to pWT, even for mutants 

categorized as low aggregators (Figures 2.7 and 2.10A-C). The low aggregator mutants 

G93A and G93S exhibit larger median length and breadth than pWT (Figures 2.10A and 

2.11); volume estimates indicate more particles containing ~10 monomers (Figure 

2.10C), which we refer to as oligomers due to their small amorphous structure. These 

smaller oligomers may not have been discernible by the DLS measurements due to the 

large size range in species present. In addition to the increase of small oligomers in G93A 

and G93S, there are more particles larger than 200 nm compared to pWT (Table 2.5), 

which nevertheless are still considered outliers due to their low concentration (Table 2.5) 

and they have little impact on the shapes of the size distributions (Figure 2.10). Thus, the 

AFM data agree with the DLS data: the low aggregator mutants show some enhanced 

aggregation relative to pWT.  
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Figure 2.10: AFM measurements of aggregated  SOD1 variants represented as box and whisker 
superimposed on violin plots. Samples at pH 7.4, 37 °C contained (A-C) 317 μM SOD1 monomer and (D-
F) 61 μM SOD1 monomer (except V148I, at 317uM) with 150 mM salt. In each panel, the median of the 
data is shown by a horizontal line in the middle of the box and the box represents the first to third quartile 
of the data (i.e., the middle 50% of the data). The whiskers extend 1.5 times the interquartile range from 
the edges of the box and all points outside this range, which are considered outliers, are shown individually 
as black circles. Violin plots were superimposed on the box and whisker plots to illustrate the density of the 
data. The blue and orange violin plots correspond to the low and high aggregators, respectively.  (A,B) 
Length, and aspect ratio distributions show that the median of the data is shifted to higher values for all 
mutants compared to pWT. The mutant distributions are broader and there are more large particles 
considered outliers. (C) Distributions showing the number of monomers within the particles are also broader 
for all mutants. Although the resolution of these distributions is lower than the others due to the higher 
uncertainty in the data, they reveal large populations of particles ~1-2 monomers for all samples and for 
pWT and G93A, these particles are the most abundant particles detected. For G37R and G93S, the median 
is shifted to slightly higher values, although the majority of particles observed are very small (>10 
monomers). Only for A4V and G93R are particles containing more than 10 monomers the most abundant. 
(D,E) Length and aspect ratio distributions broaden to higher values for samples containing Na2SO4 and 
NaCl. Particle length and breadth estimates are larger for A4V and G93R compared to G93S and V148I, 
which is consistent with light scattering results that point to higher aggregation propensity of A4V and G93R. 
Furthermore, the A4V and G93R distributions are broader than G93S and V148I distributions. For G93S, 
in all distributions there are more large particles considered outliers (black dots), which can be accounted 
for by the presence of fibres in the images. (F) Distributions showing the number of monomers per particle 
indicate that the majority of particles detected have volumes consistent with ~1-5 monomers for salt free 
A4V and G93R samples, as well as G93S Na2SO4 and NaCl samples. For A4V and G93R Na2SO4 and 
NaCl samples, these distributions become broader as more particles containing 10-100 monomers are 
detected. For samples of V148I in Na2SO4, particles sized between ~1-2 monomers are abundant.  
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Figure 2.11. AFM measurements of aggregated apoSH SOD1 variants represented as box and whisker 
superimposed on violin plots. In each panel, the median of the data is shown by a horizontal line in 
the middle of the box and the box represents the first to third quartile of the data (i.e., the middle 
50% of the data). The whiskers extend 1.5 times the interquartile range from the edges of the box 
and all points outside this range, which are considered outliers, are shown individually as black 
circles. Violin plots were superimposed on the box and whisker plots to illustrate the density of 
the data. The blue and orange violin plots correspond to the low and high aggregators, 
respectively. Breadth distributions corresponding to mutants at high concentration (A) and 
mutants with salt conditions (B). 
 

While DLS data show the high aggregators variants have considerable differences 

in aggregation propensity and mechanism relative to the low aggregators, AFM imaging 

offered more insight on structural differences (Figure 2.7). For these variants, they show 

higher values for average coverage (Table 2.5) and the aggregates are composed 

predominantly of oligomers containing ~3-21 monomers (orange plots in Figure 2.10C). 

Interestingly, despite their increased aggregation, the high aggregators do not appear to 

form fibres observed for the low aggregators. The aspect ratios of aggregates formed by 

the high aggregator mutants are only slightly higher for particles greater than 200 nm 

compared to particles smaller than 200 nm (Table 2.5), which suggests that fibre 

formation is rare. The observations by AFM and DLS that the high aggregator variants 
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form numerous smaller aggregates, without a lag time, contrasts with the low aggregator 

variants and suggests the mutants undergo distinct modes of aggregation.  

 AFM images were also collected to assess the aggregates formed under the 

different salt conditions (Figure 2.12). Since the Dh,I and Dh,N distributions are quite broad 

and may not reflect subtle differences in the size of the particles formed under the different 

conditions, AFM provides a more powerful technique for assessing these differences. The 

imaging confirms that salt generally promotes fibrillization of A4V, G93R, G93S, and 

V148I (Figures 2.12-2.14).  For the high aggregators, A4V and G93R, average length and 

breadth estimates indicate that longer and thicker fibrils form in Na2SO4 and NaCl than 

with no salt or at high protein concentration (orange plots in Figure 2.10D, Table 2.6). For 

both A4V and G93R, particles larger than 200 nm are more numerous in samples 

containing salt, and the average coverage for these samples are also generally higher 

than without salt (Table 2.6). Thus, salt promotes aggregation and increased length of 

fibrils (Figure 2.10D, Table 2.6).   
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Figure 2.12: AFM reveals that SOD1 variants form aggregates of differing sizes and morphologies in 
Na2SO4. AFM images of SOD1 variants incubated in Na2SO4, for ~300 hours. All images are 2 x 2 μm and 
white bars indicate 500 nm. Only samples exhibiting high levels of aggregation by light scattering were 
imaged. A4V, G93R and G93S are at 63 μM and V148I in Na2SO4 is at 317 μM. AFM images for NaCl and 
salt free samples were consistent with DLS results (Figure 2.13). SPIP software indicates that the fibrils 
and fibres formed in salt tend to be longer than those formed in salt free buffer. 
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Figure 2.13. AFM reveals that SOD1 variants form aggregates of differing sizes and morphologies in NaCl. 
AFM images of apoSH variants incubated in NaCl for ~300 hours. All images are 2 x 2 μm and 
white bars indicate 500 nm. Only samples exhibiting high levels of aggregation by light scattering 
were imaged. A4V, G93R and G93S are at 63 μM  in NaCl. Consistent with DLS results, less 
aggregation was observed for salt free samples. SPIP software indicates that fibrils formed in salt 
tend to be longer than those formed in salt free buffers. 
 

Interestingly, the low aggregator mutants, G93S and V148I, form less aggregates 

but they still resemble fibres that are longer than the fibrils formed by A4V and G93R. The 

low aggregator mutant G93S forms fibres in Na2SO4 and, to a lesser extent, in NaCl 

(Figures 2.12 and 2.14, Table 2.6) compared to A4V and G93R.  For both G93S and 

V148I, most of the particles are small (<5 monomers), but there are considerable 

aggregates larger than 200 nm in the presence of Na2SO4 (Figures 2.10D,E and 2.11). 

These large aggregates have the highest aspect ratios (Figure 2.10E, Table 2.6), even 

larger than aggregates formed at high protein concentration. Taken together, the 

increased length and breadth estimates for G93S and V148I in combination with the 

higher average coverage point to enhanced aggregation propensity relative to pWT, again 
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consistent with the light scattering results. This trend is familiar: at 317 μM, SOD1 mutants 

that displayed lower aggregation propensity formed, although minimally, longer 

aggregates. However, high aggregating mutants tend to form smaller, more numerous 

aggregates. Again, we see distinct aggregate characteristics between the high and low 

aggregators, suggesting different modes of aggregation. 

Table 2.6. AFM image statistics of aggregated mutant apoSH SOD1s, pH 7.4, 37 °C, 150 mM salt. 

Red Apo 
SOD1a 

Median Length 
(nm)b 

Median Breadth 
(nm)b 

Average Height 
(nm)b 

Number 
of Large 
Particles 
(>200 
nm)c 

Median Aspect 
Ratiob,d 

Median Aspect 
Ratio of Large 

Particles 
(>200nm) b,d,e 

Average 
Coverage 

(%)f 

V148I 
Na2SO4 21.6 (17.0-55.4) 14.7 (10.8-39.1) 0.14 (0.12-017) 14 1.42 (1.33-1.71) 2.86 (2.04-3.99) 2.61 ± 1.49 

 G93S 
NaCl  

20.9 (16.1-
31.3)  14.7 (10.4-20.8)  0.32 (0.21-0.46)  17  1.41 (1.27-1.74)  2.19 (1.62-2.79)  6.51 ± 2.34  

G93S 
Na2SO4  

17.2 (12.4-
27.1)  9.3 (5.9-16.3)  0.10 (0.07-0.12)  30  1.71 (1.38-2.28)  5.09 (3.32-8.19)  2.68 ± 0.80  

G93R   
no salt  

22.0 (14.9-
34.2)  7.8 (5.5-13.9)  0.16 (0.11-0.54)  7  2.29 (1.71-3.20)  3.69 (2.74-4.97)  4.39 ± 1.04   

G93R 
NaCl  

27.0 (15.2-
51.3)  16.7 (6.8-28.0)  0.16 (0.11-0.54)  52  1.75 (1.38-2.34)  2.25 (1.70-3.32)  6.11 ± 6.62   

G93R  
Na2SO4   

35.9 (19.6-
73.5)  22.6 (10.2-43.3)  0.25 (0.16-0.53)  78  1.70 (1.38-2.22)  2.87 (2.12-3.75)  8.31 ± 6.06  

A4V  no 
salt  

21.9 (14.9-
55.0)  12.4 (9.8-33.9)  0.12 (0.10-0.39)   5  1.56 (1.33-2.22)   2.01 (2.47-3.07)   1.32 ± 1.96  

A4V 
NaCl  

55.4 (24.5-
97.6)  36.8 (8.6-51.9)  0.33 (0.12-0.45)  167  1.81 (1.38-2.51)  2.11 (1.63-2.80)  13.4 ± 3.50  

A4V 
Na2SO 

48.2 (24.9-
85.7)  29.7 (12.4-48.6)  0.12 (0.10-0.28)  109  1.67 (1.35-2.28)  2.03 (1.57-2.76)  16.4 ± 7.48  

 

aAll apoSH SOD1 samples were incubated for over 300 hours at 37 °C before being deposited on the mica 
and imaged.bData represent the median and first to third quartile range in brackets of SPIP measurements 
obtained from all AFM images.  Due to asymmetry in the values, the median rather than the average is 
shown.  cThe number of large particles was calculated by summing the total number of particles over 200 
nm and dividing that number by the number of images obtained for that sample.  Thus, values represent 
the average number of particles detected per image.  In cases where very few large aggregates were 
detected and normalization according to the number of images obtained resulted in a number between 0 
and 1, the value was rounded to 1.   dThe aspect ratio equals the particle length divided by breadth. Notably, 
the lengths of fibres that are not linearly displayed on the mica will be underestimated and the breadths 
overestimated; therefore, the aspect ratios (length divided by breadth) will similarly be underestimated.eThe 
aspect ratio of particles with lengths greater than 200 nm. fThe coverage is the area taken up by aggregates 
divided by the total area.  Values represent the average and standard deviation of all images. Notably, the 
lengths of fibres that are not linearly displayed on the mica will be underestimated and the breadths 
overestimated; therefore, the aspect ratios (length divided by breadth) will similarly be underestimated. 
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Figure 2.14. AFM reveals that A4V, G93R, G93S and V148I form aggregates of differing sizes and 
morphologies in Na2SO4 and NaCl. AFM images of apoSH variants incubated in salt free, Na2SO4, 
and NaCl for ~300 hours. All images are 5 x 5 μm and white bars indicate 1 μm. Only samples 
exhibiting high levels of aggregation by light scattering were imaged.  
 

2.2.3 ATR-FTIR and ThT-binding data indicate different aggregate structures for SOD1 

variants 

 The secondary structure of apoSH SOD1s during aggregation was assessed by 

ATR-FTIR spectroscopy.72 Protein structural components show absorbance bands in 

different spectral ranges, such as: β-sheet (~1623-1641 cm-1); unstructured/helix (1642-

1657 cm-1); and turns (1662-1686 cm-1). We also obtained reference spectra of folded 

and heat denatured apoSH SOD1, as well as sonicated apoSH SOD1 as a measure for 

amyloid.73 For the low aggregators at high protein concentration, the ATR-FTIR spectra 

at t0 correspond to a combination of the folded and unfolded SOD1 references (black lines 
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on the left of Figure 2.15A). The ATR-FTIR spectra show little change with time (Figure 

2.15A, blue lines in Figure 2.15B), in agreement with the minimal aggregation observed 

by DLS and AFM.  The low aggregator variants, G93A and G93S, show a small shift 

toward the unfolded spectrum that pWT does not (Figure 2.15A). This shift may be 

reporting on the enhanced aggregation of G93A and G93S relative to pWT reported by 

the DLS and AFM data. The shift to unfolded signal is difficult to decipher; it could 

represent a shift in the protein population from the folded to unfolded state and/or local 

protein unfolding.  

For the high aggregator mutants, the t0 spectra are intermediate between the 

folded and unfolded apoSH SOD1 references except for A4V (black lines on the right side 

of Figure 2.15A). The spectrum for A4V at t0 shifted to lower wavenumbers relative to the 

other mutants, which may be explained by the presence of initial aggregates, observed 

by DLS. With time, differences in spectral changes are observed between the high 

aggregator mutants (Figure 2.15A, orange lines in Figure 2.15B,C). A4V is the only 

mutant in this group that has a signal increase with time in the region corresponding to 

the unstructured protein (1642-1657 cm-1) (Figure 2.15C). This distinct behavior may be 

due to its rapid aggregation and perhaps indicate more developed or different aggregate 

structure compared to G37R and G93R. Interestingly, while G37R and G93R display 

comparable aggregation propensity by DLS and similar aggregate morphology by AFM, 

their ATR-FTIR spectra differ. G37R shows very little spectral change, whereas G93R 

shows an increased signal in the range of 1620-1625 cm-1 with time. G93R has a signal 

decrease in the unstructured region and an increase in the regions that correspond to 

increased intermolecular β-sheets (Figure 2.15A,C), similar to those observed for other 
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protein oligomers 123–126. These spectral differences at high protein concentration point to 

changes in secondary structure that provide additional support for different modes of 

aggregation between and within the two apoSH SOD1 variant groups.  

 

Figure 2.15: ATR-FTIR spectra reveal variable underlying aggregate structures for 317 μM samples. ATR-
FTIR spectra were collected at an initial time point, t0 (black), a time point in between the initial and the last 
time point (tmid, light blue or light orange), and the last time point (tlate, dark blue or dark orange). The tmid 
spectra validate the spectral changes observed with time. All spectra are normalized by area and are 
overlaid with reference spectra of folded apoSH SOD1 (solid grey line), unfolded apoSH SOD1 (dotted 
grey), and sonicated apoSH SOD1 (amyloid reference; dashed light grey). Approximate spectral regions 
for antiparallel β-sheet (β⇵), β-turn, α-helix (α), unstructured (unst), β-sheet (β), and β-sheet in aggregates 
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with strong intermolecular hydrogen bonds (β#) are indicated 127–129. (A) The left, blue plots represent 
spectra for the low aggregators, which show minimal changes with incubation time, consistent with their 
minimal aggregation observed by DLS data and AFM images. The right, orange plots represent spectra for 
the high aggregators, which show distinct changes with time, although DLS data and AFM images show all 
variants to aggregate considerably. A4V and G93R show relatively large shifts, however in opposite 
directions. While G37R aggregates comparably to G93R based on DLS, it shows a smaller shift to lower 
wavenumbers by ATR-FTIR, comparable to shifts observed for the low aggregators. (B) The second 
derivative was calculated from the absorbance plots for t0 (grey) and tlate (blue or orange) collected in (A) 
for G93A and A4V (Figure 2.16 for remaining mutants). These representative plots highlight the minimal 
changes in the low aggregators (blue), and significant changes for the high aggregators (orange) 
specifically at the lower wavenumbers. To aid comparison, the spectra for variants at tlate have been offset 
vertically. (C) Difference spectra (tlate - t0) show the low aggregators (illustrated by pWT, blue) show minimal 
change with time, in accordance with minimal extent of aggregation, whereas the high aggregators (orange) 
show variable changes and relative signals between each other and the folded relative to unfolded 
reference (solid grey line).  The other difference reference spectra also are relative to the unfolded 
spectrum, which includes folded apoSS-unfolded apoSH (solid light grey) and sonicated apoSH-unfolded 
apoSH (amyloid reference; dashed light grey). The vertical dashed and dotted lines at 1627 nm and 1690 
nm, respectively, are visual guides. 
 

 

Figure 2.16. FTIR second derivative spectra reveal variable underlying aggregate structures for 317 μM 
samples. FTIR spectra were collected at an initial time point, t0 (black), a time point roughly in 
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between the initial and the last time point, (tmid, light blue or light orange) and the last time point ( 
tlate, dark blue or dark orange). All spectra are normalized by area, the second derivative was 
taken using Savitzky-Golay with 7 points of order and are overlaid with controls for folded apoSH 
(solid grey line), unfolded apoSH (dotted grey), and sonicated apoSH SOD1 (amyloid control; 
dashed light grey). Approximate spectral regions for antiparallel β-sheet (β⇵), β-turn, α-helix (α), 
unstructured (unst), β-sheet (β), and parallel or antiparallel β-sheet in aggregates (β#) are 
indicated." The vertical dashed and dotted lines are visual guides present at 1627 nm and 1690 
nm, respectively. 
 

In order to further investigate extended β-sheet structure, we conducted Thioflavin-

T (ThT) binding experiments.130 Typically, ThT-binding is taken as a measure of amyloid 

formation, but studies have also found ThT binding to the hydrophobic pockets within 

non-fibrillar, globular proteins.130–132 The apoSH SOD1 samples show minimal ThT-

binding (Figure 2.17) which agrees with the ATR-FTIR spectra not corresponding to the 

sonicated amyloid reference (Figure 2.15A). The ATR-FTIR spectra of the apoSH SOD1 

samples show two distinct bands corresponding to native antiparallel β-sheet structure, 

at 1630 and 1690 cm-1 (dotted line Figure 2.15); in contrast, the sonicated reference 

exhibits a decrease in signal at 1690 cm-1, a hallmark of aggregates with parallel β-sheets 

generally present in amyloid structure.128,133–136 Therefore, the aggregates studied here 

likely contain native antiparallel structure, not amyloid, suggesting native-like 

aggregation. 
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Figure 2.17. Differences in ThT fluorescence upon binding apoSH aggregates formed at 317 μM (A) and at 
63 μM with 150 mM of salt  (B) point to structural differences in the aggregates. Aggregates formed by 
apoSH incubated at high concentration (317 μM) and low concentration (63 μM) with 150 mM 
display differences in ThT fluorescence, which suggest that the β-sheet content of these 
aggregates differs. 
 

 We also use ATR-FTIR and ThT-binding to assess the structure of aggregates 

formed under different salt conditions. For the ATR-FTIR spectra at t0, all variants in NaCl 

have increased signal in the unstructured region (1642-1657cm-1) relative to no salt 

(Figure 2.18B, 2.20), and the effects of Na2SO4 are variable and complex. Both the A4V 

and G93R high aggregators exhibit spectral shifts to wavenumbers associated with 

increased intermolecular β-sheet structure, while the 1690 cm-1 signal remains, 

corresponding to oligomerization regardless of initial spectral differences (Figures 2.18-

2.21). In contrast to the high aggregators, we expected the low aggregators to show 

minimal changes. Interestingly, although G93S has similar initial ATR-FTIR spectra for 

both salt conditions (Figure 2.18B), G93S in Na2SO4 also develops increased signal at 

lower wavenumbers corresponding to oligomerization whereas G93S in NaCl shows 
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minimal changes (Figure 2.19). The stabilized mutant V148I in Na2SO4 behaves as 

expected for a low aggregator and shows minimal signal changes with time. It may be 

that V148I is dimerizing since its ATR-FTIR spectra resemble the apoSS (unmetallated 

oxidized SOD1) reference (Figure 2.19), which is a dimer137, and AFM particle size 

estimates show V148I mostly forms dimers (Figure 2.10F and Table 2.6). This enhanced 

formation of native dimer by V148I may explain its lack of aggregation. Overall, the ATR-

FTIR spectroscopy, DLS, and AFM results agree: Na2SO4 and to a lesser extent NaCl 

impact aggregation to variable extents for different mutant SOD1s.  

 

 

Figure 2.18 ATR-FTIR spectra reveal varying aggregate structures in 150 mM salt. Spectral regions for 
antiparallel β-sheet (β ⇵), β-turn, α-helix (α), unstructured (unst), β-sheet (β), and parallel or antiparallel β-
sheet in aggregates (β#) are indicated." (A) ATR-FTIR spectra for 63 µM A4V samples for initial time points 
(t0) in no salt (black), NaCl (pink) and Na2SO4 (purple). Spectra are normalized by area.  Reference spectra 
include folded apoSH SOD1 (solid, grey line), unfolded apoSH SOD1 (unmetallated, disulfide-reduced 
SOD1 monomer, dotted, grey line), folded apoSS (unmetallated, oxidized-disulfide SOD1 dimer, dashed, 
light grey line), and sonicated apoSH SOD1 (amyloid reference; dashed, light grey line).  (B) Difference 
spectra (tlate - t0) of A4V (left), G93R (middle) and G93S (right) in no salt, NaCl and Na2SO4. In salt, all 
variants, except A4V in Na2SO4, show more pronounced shifts with time toward unstructured signal 
compared to the absence of salt.  The vertical dashed and dotted lines at 1627 nm and 1690 nm, 
respectively, are to guide the eye. For comparison, the difference spectra are overlaid with the differences 
between a specific form of SOD1 relative to unfolded protein: folded apoSH-unfolded apoSH, (solid grey 
line), folded apoSS-unfolded apoSH (solid light grey) and sonicated apoSH-unfolded apoSH (amyloid 
reference; dashed light grey). The differences between these reference spectra and the unfolded spectrum 
illustrate spectral changes associated with structure formation.  
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Figure 2.19: ATR-FTIR spectra reveal variable underlying aggregate structures for samples in 150 mM salt. 
The last time point data for all variants are compared for identical solution conditions. Spectral regions for 
antiparallel β-sheet (β⇵), β-turn, α-helix (α), unstructured (unst), β-sheet (β), and parallel or antiparallel β-
sheet in aggregates (β#) are indicated. Variants are coloured by their extent of aggregation, blue for the 
low aggregators and orange for the high aggregators. (A) All spectra are normalized by area, and are 
overlaid with reference spectra for folded apoSH SOD1 (solid, grey line), unfolded apoSH SOD1 (dotted, 
grey line), folded apoSS (dashed, light grey line), and sonicated apoSH SOD1 (amyloid reference; dashed, 
light grey line). Without salt (top), absorbance spectra (A) and difference spectra (tlate - t0)  (B) are similar 
for all variants. In NaCl (middle) the high aggregators, A4V and G93R (orange), show shifts to lower 
wavenumbers with NaCl relative to the low aggregator, G93S (blue). In Na2SO4 (bottom) however, the 
presence of salt has variable impact on mutants. All destabilized mutants in Na2SO4 show enhanced signal 
at lower wavenumbers except for the stabilized mutant, V148I, which shows little change. The vertical 
dashed and dotted lines are visual guides present at 1627 nm and 1690 nm, respectively. For comparison, 
the difference spectra are overlaid with the differences between a specific form of SOD1 relative to unfolded 
protein: folded apoSH-unfolded apoSH, (solid grey line), folded apoSS-unfolded apoSH (solid light grey) 
and sonicated apoSH-unfolded apoSH (amyloid reference; dashed light grey). The differences between 
these reference spectra and the unfolded spectrum illustrate spectral changes associated with structure 
formation.  
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Figure 2.20. FTIR spectra reveal variable underlying aggregate structures for 63 μM with 150 mM salt. 
FTIR spectra were collected at an initial time point, t0 (black), a time point roughly in between the 
initial and the last time point, (tmid light blue or light orange) and the last time point ( tlate, dark blue 
or dark orange). All spectra are normalized by area and are overlaid with controls for folded apoSH 
(solid grey line), unfolded apoSH (dotted grey), and sonicated apoSH SOD1 (amyloid control; 
dashed light grey). Approximate spectral regions for antiparallel β-sheet (β⇵), β-turn, α-helix (α), 
unstructured (unst), β-sheet (β), and parallel or antiparallel β-sheet in aggregates (β#) are 
indicated." The vertical dashed and dotted lines are visual guides present at 1627 nm and 1690 
nm, respectively. 
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Figure 2.21. FTIR difference spectra (tlate-t0) of different point mutations at 63 μM with 150 mM salt. The 
difference spectra are performed between a tmid and the t0 (dark blue, black and dark orange), and between 
the tlate and t0 (light blue and light orange). All spectra are overlaid with the difference between the specific 
control relative to the unfolded control: folded apoSH-unfolded apoSH, (solid grey line), folded apoSS-
unfolded apoSH (solid light grey) and sonicated apoSH-unfolded apoSH (amyloid control; dashed light 
grey). Approximate spectral regions for antiparallel β-sheet (β⇵), β-turn, α-helix (α), unstructured (unst), β-
sheet (β), and parallel or antiparallel β-sheet in aggregates (β#) are indicated. The vertical dashed and 
dotted lines are visual guides present at 1627 nm and 1690 nm, respectively. 
 

 The ATR-FTIR spectra in combination with ThT-binding also support that the 

fibrillar aggregates formed in salt vary in structure between mutants and solution 

conditions (Figure 2.17). Notably, although salt increases the length of the aggregates, 

there is no ATR-FTIR signal decrease in 1690 cm-1, a hallmark of most amyloid proteins 

(Figure 2.19). Although ThT-binding is different between variants, the relative signal and 



	 	64	

extent of ThT-binding vary for the same mutants under different conditions (Figure 2.17). 

However, it is difficult to ascertain whether these aggregate structures are truly different 

or at different points along the same aggregation pathway. For G93S and V148I, which 

aggregate minimally, the ThT-binding signals and ATR-FTIR spectra varied significantly. 

V148I has the highest ThT fluorescence even though it shows the least extent of 

aggregation of all the variants. G93R and A4V, which also share comparable aggregation 

propensity and aggregate morphology in salt, also show variability in their spectral 

changes and ThT-binding. Thus, mutants show variable structures under different 

solution conditions, especially in Na2SO4. 

× high aggregator variants; low aggregator variants unless otherwise noted  
a Sample conditions are: 317 µM: high protein concentration with no added salt; NaCl: 63 µM protein with 
150 mM NaCl; Na2SO4: 63µM (and 317 µM for V148I) protein with 150 mM Na2SO4 
b change in the DLS or ATR-FTIR measurement with time 
c observation by AFM of species at tlate 
d NC denotes no change in DLS measurement, *small aggregate detected, ***large aggregate detected 
e R denotes species is rarely detected, *some species detected, ***abundant species detected 
f An increase in signal in the spectral range 1642-1657 cm-1 was taken to correspond to an increased 
proportion of unfolded protein and an increase in 1623-1641 cm-1 to increased proportion of native-like 
protein; NC denotes no change observed in species’ spectral features, *small signal increase observed, 
***large signal increase observed 
***+ denotes dimer formation by V148I based on ATR-FTIR  
- no data 

Table 2.7: Summary of SOD1 variant DLS, AFM and ATR-FTIR results.  
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2.3 Discussion 

Collectively, the DLS, AFM, and ATR-FTIR results reported here show consistent 

differences in aggregation characteristics of different apoSH SOD1 variants over a range 

of solution conditions (Table 2.7). Based on DLS and AFM data, the mutant SOD1 

aggregation propensities can be grouped into low aggregators or high aggregators. The 

low aggregators show low net aggregation, and a lag phase associated with the slow 

formation of small numbers of large particles. In contrast, the high aggregators show 

extensive formation of intermediate size particles with little to no lag time (Figure 2.5). 

AFM images reveal distinct aggregate morphologies, with low aggregators forming low 

amounts of long fibres (>200 nm), and high aggregators predominantly forming 

oligomers. Further, ATR-FTIR and ThT-binding experiments indicate differences in the 

secondary structure and limited but varying amyloid character between aggregates for 

SOD1 mutants, including between different high aggregator mutants. Taken together, 

these results suggest distinct modes of aggregation between and among the low and high 

aggregators. Below, we consider further the structural and mechanistic features of SOD1 

and related protein self-assembly.  

 

2.3.1 Degree of protein unfolding does not explain aggregation of apoSH SOD1 

Protein aggregation can arise from global and partial protein unfolding 104,138–141 as 

well as from native states modulated by a range of protein structural characteristics.103,142–

146 Here we define degree of unfolding to encompass both global and local unfolding.  A 
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notable finding is that the global thermodynamic stability of mutant SOD1 does not 

correlate simply with the aggregation observed here. In the 63 μM DLS measurements, 

the extent of aggregation varies markedly between mutants and does not correlate with 

their thermal melting temperature, T0.5. Mutants with the lowest T0.5 (i.e. G37R, E100G 

and V148G) have the highest fraction of unfolded protein at 37°C and do not show 

increased aggregation relative to others (Figure 2.1, Table 2.1). These findings are 

consistent with a weak correlation between SOD1 aggregation propensity with stability 

and lack of correlation with disease characteristics observed previously (Table 2.1)94, and 

implicate factors other than simply stability or the globally unfolded state in determining 

apoSH SOD1 aggregation.  

The present results provide insights on additional structural features of aggregation 

under physiological-like solution conditions. Due to the marginal stability of apoSH SOD1 

variants, they are susceptible to global and local unfolding. Yet, the ATR-FTIR spectra for 

the high concentration samples further support the degree of unfolding not correlating 

with the observed aggregation. The t0 ATR-FTIR spectra show comparable unstructured 

signal between all variants but widely varying aggregation.  Incubating the SOD1 samples 

in different salt conditions also supports unfolding not being essential to SOD1 

aggregation, as all destabilized mutants in NaCl have comparable unstructured ATR-

FTIR signal initially but undergo different extents of aggregation. In addition, NaCl 

consistently enhances the unstructured signal relative to no salt at t0, but the NaCl 

samples do not consistently aggregate more than samples with no salt or Na2SO4. For 

instance, samples of A4V in NaCl show an increase in unstructured signal relative to A4V 

in no salt and Na2SO4. Irrespective of these differences in unstructured signal, A4V under 
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all conditions aggregates a comparable amount. Conversely, for G93S the most 

aggregation is observed in Na2SO4 which started with less unstructured signal than in 

NaCl. Although deconvoluting the ATR-FTIR signal in the unstructured range to fully 

versus partially unfolded protein is not possible, the extent of the unstructured signal 

clearly does not correlate with observed aggregation. 

Aggregation not correlating with the degree of unfolded protein is important for 

deciphering aggregation mechanisms. Previous studies found that agitation induced 

formation of amyloid arose from unfolded SOD1.104 It is important to note, however, that 

SOD1 aggregates in ALS patients do not show amyloid characteristics.147 Considering 

most mutations and certain conditions increase unfolding of SOD1, a key finding here is 

that ATR-FTIR and ThT-binding show the aggregates are not mostly unfolded and not 

amyloid. Instead, the samples of destabilized mutants in salt and G93R at high 

concentration have increasing signal with time for intermolecular antiparallel β-structure 

in the oligomers and fibrils indicating native-like structure in the aggregates. In addition, 

the high aggregators self-associate mainly without a lag phase, consistent with non-

nucleated, non-amyloid self-association from a near-native state, as also reported for 

proteins141,142,148, see below. However, some extent of unfolding may also enhance 

aggregation, as less structured species may have exposed hydrophobics or more 

available conformations which aid in aggregate growth. Recruitment of SOD1 

conformations with varying extents of native structure may also occur during propagation 

of different SOD1 aggregate strains in vivo.107,108 Moreover, native-like oligomer formation 

has been widely observed and in many cases considered a distinct process from the 

formation of well-defined fibres with cross-β structure.138,142,149,150 Other works have also 
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reported on partially folded or natively folded proteins being critical in the disease-relevant 

aggregation pathways.143,151,152 Specifically for SOD1, the G93A rat model for ALS shows 

different amounts of antiparallel-β structure in accumulated protein in the brain.151 

Cataract-associated mutant crystallin also forms amorphous aggregates with native-like 

structure under physiological solution conditions in vitro whereas different amyloid-like 

fibrils form under destabilizing conditions.143 Based on the above considerations, the lack 

of correlation observed here between degree of unfolded and aggregation under 

physiological conditions may be critical in understanding the disease aggregation 

pathways of SOD1 and other proteins.    

 

2.3.2 Multimodal SOD1 aggregation shifts with mutation and changing solution conditions  

It is of interest to compare the aggregation observed for SOD1 variants in different 

solution conditions with results observed for other proteins.153–158 Generally, increasing 

protein concentration increases crowding, which may minimize unfolding and/or favour 

intermolecular interactions.157,159 Such interactions in early aggregates are often weak 

and reversible.158,160,161 These weak interactions may dominate aggregation for the SOD1 

high aggregators, since the aggregates predominately exist as oligomers and show 

relatively little growth in aggregate size over time. Increasing protein concentration does 

not, however, strongly promote aggregation for all the apoSH SOD1 mutants in the same 

way (Figure 2.1E,F, 2, Table 2.3). Moreover, the effects of salts are still more complex. 

In addition to screening charges, Hofmeister salt effects can alter protein stability and 

self-association. Salts can also alter the balance of electrostatic and hydrophobic 

interactions between proteins.115,162–165 The results for apoSH SOD1 are consistent with 
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NaCl mainly acting to decrease electrostatic repulsion between monomers while Na2SO4 

also enhances folding and association.113–116,164 The underlying molecular bases for the 

effects of protein concentration and salt on apoSH SOD1 aggregation differ and so affect 

the preferred aggregation modes.  

Thus, the solution conditions influence differences in aggregate structure and 

mechanism. For the high aggregator mutants, A4V and G93R, aggregates formed under 

salt conditions consisted of mostly fibrils and some fibres, whereas the aggregates at high 

protein concentration were predominantly oligomers and rare fibres. On the other hand, 

the G93S low aggregator shows increased oligomer and fibre formation in salt relative to 

high protein concentration. These shifts in aggregate ensemble are also evidenced by 

changes in aggregation lag behaviour. The time course for the increased formation of 

fibrils and fibres for the high aggregators in salt has increased sigmoidal character. This 

lag suggests more contribution of a nucleation-dependent mechanism relative to 

nucleation-independent aggregation.148 The low aggregator G93S shifts in Na2SO4 

toward lag-independent aggregation compared to samples with no salt or NaCl which 

show more evidence of lag, similar to the high concentration sample. The preceding 

observations provide evidence for multiple co-existing aggregation mechanisms 

contributing to an aggregation ensemble, with the net behaviour modulated in complex 

ways by both mutations and solution conditions. 

As the results here show an ensemble of aggregates consisting of a range of 

assemblies from oligomers to fibres, it is of interest to consider whether these species 

may be on separate, the same, or connected pathways. Some samples that 

predominantly form oligomers do so with no lag, whereas those with more fibre formation 
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show more lag, similar to results reported previously for SOD1 and other proteins.148 

Moreover, the lack of growth of the oligomers with time and differences in lag behaviour 

suggest the oligomers and fibres are on separate pathways.138 Previous works have also 

found oligomers and fibres form through competing pathways138,142,149,166; their cellular 

impacts also differ, with oligomers generally having increased toxicity compared to fibres, 

which have been sometimes considered protective.103,105,167–169 Since typically fibres form 

through nucleation-dependent mechanisms, it is possible the oligomers observed here 

represent the nuclei for fibre elongation; however, the narrow distribution of predominantly 

small species observed in the violin plots do not support this mechanism. While it is not 

possible to conclude definitively from the available information the relationships between 

oligomers and fibres observed here, we hypothesize there are multiple competing 

processes occurring that do not connect with each other, and so give rise to the observed 

ensemble of aggregates.  

Likewise, multiple modes of aggregation have been reported for a variety of 

proteins including apoSH SOD1. Aggregate structures observed for SOD1 range from 

native-like to amyloid103,105 with a wide range of structures among both fibres99,104,170–173 

and oligomers.167,174,175 For example, near-native monomers can self-associate to form 

small oligomers176 or linear assemblies.177–179 Alternatively, different SOD1 peptides 

adopt a toxic corkscrew oligomer180 or various steric zipper fibres181, and unfolded full-

length SOD1 forms amyloid structures upon agitation.104 Partial unfolding of full length 

SOD1 was also proposed to give rise to the corkscrew oligomer.180 Other studies have 

found that the more malleable the protein, the more aggregation-prone conformations are 

generated166 giving rise to a higher diversity of aggregate structures.149,182–184 These 
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considerations in conjunction with previous findings that apoSH SOD1 has a rugged free 

energy landscape where the population of mature and non-native conformations is altered 

by mutation185,186 strongly supports the formation of different aggregate structures by 

SOD1 variants.  Thus, the results herein along with previous findings support that SOD1 

can form multiple kinds of aggregates and characterizing such multimodal aggregation is 

central to understanding and ultimately controlling SOD1 aggregation.  

2.4 Conclusion  

 SOD1 is an attractive model for elucidating the molecular complexities of protein 

aggregation. Examining diverse disease mutations, we discern distinct aggregation 

processes by varying protein and salt concentrations. Depending on the solution 

conditions, the destabilized mutants studied here show shifts in the ensuing ensemble of 

aggregates. Low aggregator mutants form an ensemble of predominantly small particles 

(consisting of 1-10 monomers) and low levels of large fibres. The high aggregators 

assemble to larger oligomers or fibrils, with less fibre formation than the low aggregators. 

Both oligomer and fibre structures have been observed in other studies of SOD1 

99,104,167,170–175; oligomers are generally thought to be more toxic compared to fibres, which 

have been suggested to be protective.103,105,167–169 While it is not possible to exclude that 

the different aggregates may be on the same aggregation pathway but at different points, 

it appears instead that multiple separate modes of aggregation occur here. The SOD1 

aggregate ensemble observed in this study aligns with previous work where in vitro 

studies revealed intermediates along the multiple pathways associated with aggregation 

that may not be discernible in vivo.158 With multiple modes of aggregation available, our 
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work highlights essential considerations that are critical when investigating aggregation, 

including the substantial impacts of solution conditions and mutations, and how variations 

in aggregation can be discerned by combining complementary structure analysis tools. 

Questions remain regarding why proteins access certain modes of aggregates over 

others, which will require more systematic and atomic resolution studies; investigating the 

role of protein dynamics may be of particular interest. Overall, the work performed here 

extends previous research on SOD1 aggregation and may provide insight not only into 

the disease progression in SOD1-ALS, but also extend general understanding of the 

intricate mechanisms of protein aggregation. 

2.5 Methods 

2.5.1 Preparation of apoSH SOD1 

We use the pseudo-wild type (pWT) construct (C6A, C111S) which was validated 

against wild-type mutants. ApoSH SOD1 was prepared from apo oxidized (apoSS) SOD1 

as described previously.94 Reduction of the disulfide bond was verified by SDS-PAGE as 

described previously.94  After reduction, 63 μM apoSH SOD1 samples were filtered using 

Anotop 10 filters with a 0.02 μm cut-off (GE Healthcare Life Sciences) to remove 

aggregates formed during the reduction procedure. 317 μM samples could not be filtered 

using these filters, due to extensive sample loss; instead, samples were centrifuged at 16 

300 rpm for 10 minutes to remove large aggregates or dust particles.  Salt samples were 

prepared according to the normal protocol and then salt buffered in 20mM HEPES, 1mM 

TCEP was added to the apoSH SOD1 samples after reduction.  During incubation, all 

samples were stored in a desiccator to avoid reoxidation.  Aggregation was monitored 
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using a variety of techniques (vide infra), and all these experiments were performed on 

45 μL aliquots removed from the apoSH SOD1 sample starting immediately after filtration 

(t0) and approximately every 24 hours after t0.  

2.5.2 Light scattering experiments 

Light scattering measurements were made according to the protocol described 

previously 94.  The intensity of light scattered (I) depends on the size and concentration 

of particles in solution.  Fluctuations in light scattering intensity as a function of time (I(t)) 

depend on the translational diffusion coefficient (Dc) of the particles in solution 187,188.  

According to the laws of Brownian motion, large particles diffuse at a slower rate than 

small particles.  Dc relates to the hydrodynamic diameter (Dh), the diameter of a sphere 

that diffuses at the same rate as the particle being measured, according to the Stokes-

Einstein equation (Eq. 1), 

                                                         (Eq. 1) 

where, K is the Boltzmann constant, T is the temperature, and η is the viscosity of the 

sample.  Dc is determined from an autocorrelation function, which measures the 

correlation of I(t) with itself after a series of delay times (τ) 187,188.  For a monodisperse 

sample, the decay in autocorrelation is related to the translational diffusion of particles 

within the sample according to Eq. 2, 

                                                 (Eq. 2) 

where g(τ) represents the exponential decay in autocorrelation and q is the light scattering 

vector, defined according to Eq. 3, 



	 	74	

                                                      (Eq. 3) 

where Ɵ is the light scattering angle and λ is the wavelength of the light 189.  For 

polydisperse samples, the decay in autocorrelation of the signal will be polyexponential. 

The PDI is related to the width (σ), or standard deviation, of the particle size 

distribution (Eq. 4) 169,190. 

                                                          (Eq. 4) 

This parameter is obtained from fitting the autocorrelation function using the Cumulants 

method169,191,192, which assumes the sample is monodisperse and the decay in 

autocorrelation is single exponential.169 The size obtained from this approach is referred 

to as the Z-average (Zd) and represents the average Dh of all particles in solution. 

Therefore, the Zd is only an accurate quantity when the sample is monodisperse 169,193.  

In principle, monodisperse samples show PDI values less than 0.1.188,190,194  For 

polydisperse samples, the Cumulants method of fitting is not valid and a multi-exponential 

fitting approach is required.  This method is referred to as the CONTIN method.169,187,192  

It is worth noting that because many different distributions of species can lead to the same 

decay in autocorrelation when the sample is polydisperse, it is not possible to get precise 

distributions of similarly sized species that are not resolved by DLS.  Therefore, PDI 

values provide an assessment of polydispersity, but not composition of the sample.169  

2.5.3 AFM experiments 

To prepare the AFM samples, 45 μL of apoSH SOD1 solution was deposited on 

freshly cleaved mica, with a 0.15 mm thickness and 22 mm diameter (SPI Supplies, 

Structure Probe Ltd.).  The sample was incubated on the bench at room temperature for 
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5 minutes to let the protein adhere to the mica surface. The excess solution was drawn 

off the surface of the mica by capillary action using a Kimwipe and then washed four times 

with 45 µL of milli-Q water using a micropipette.  Between each rinse, the excess water 

was drawn off with a Kimwipe.  Samples were then dried under a stream of air and then 

stored in a plastic Petri dish inside a desiccator to prevent dust or moisture accumulation. 

Images were obtained using a JPK Nanowizard II atomic force microscope (JPK 

Instruments) in intermittent contact mode, where vertical deflection of the cantilever was 

recorded and used to reconstruct an image of the sample.  For all experiments, monolithic 

silicon AFM tips with a radius of curvature less than 8 nm, force constant of 42 Nm-1, and 

resonance frequency of 320 kHz were used (NCH type, Nanoworld Innovative 

Technologies).  Multiple lower resolution 10 x 10 μm images were taken first (512 x 512 

or 1024 x 1024 pixels) followed by multiple higher resolution 2 x 2 or 5 x 5 μm images 

(1024 x 1024 or 2048 x 2048 pixels). 

The higher resolution images were initially analyzed through the automatic 

processing application within the Scanning Probe Image Processor (SPIP). The Particle 

and Pore analysis (Image Metrology) application in height mode was used to determine 

the length, breadth, height, volume, and aspect ratio of the particles detected as well as 

sample properties such as percent surface coverage, which can be used to compare the 

extents of aggregate formation in different samples, and sample roughness, which assess 

how evenly distributed the protein is on the mica.  Average coverage estimates obtained 

by SPIP were also used to gauge the extent of aggregation of the different samples. 

Coverage is calculated by dividing the sample area (monomers and aggregates) by the 
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total image area. Samples containing many aggregates will generally exhibit higher 

coverage on the mica. 

SPIP software returns several different measures of particle size, which have 

differing accuracies depending on the aggregate morphology. Since apoSH SOD1 

particles lacked amyloid-like structural features, fiber length and skeleton length were not 

deemed as accurate parameters to describe the particles. Fiber length is defined as the 

longest segment within the aggregate skeleton and is found by reducing the particle to a 

width of one pixel and measuring the longest distance from end to end. The skeleton 

length, on the other hand includes all branches of the fibril (Figure 2.22). For particles that 

are highly spherical, the fiber length and skeleton length will be an underestimate of the 

true length as there will be a significant loss in size at the ends of the aggregate when it 

is shrunk to one pixel in width.  In such cases, fiber width is then overestimated. This was 

found to be the case for apoSH SOD1 particles; therefore, a different measure of length 

was used. Length estimates are determined simply by the end to end distance of the 

particle and breadth is defined as half the distance in the perpendicular direction (Figure 

2.22). To obtain an estimate of the number of monomers within each particle, the volume 

obtained by SPIP software was divided by the volume of the cysteine free apo monomer, 

~18.6 nm3, calculated from the crystal structure of the cysteine free apo monomer 

(2GBU) using the Volume, Area, Dihedral Angle Reporter (VADAR) 121. The particle size 

estimates were plotted on violin-box plots using the R program.  
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Figure 2.22. Aggregate morphology influences the accuracy of different size measurements. The measured 
area of the aggregates (blue) is calculated using SPIP, Particle and Pore Analysis software and is based 
on the number of pixels within the aggregate image (refer to SPIP manual at http://www.imagemet.com/). 
Fiber length is the longest segment of the aggregate reduced to a width of 1 pixel, shown as a solid black 
line in (A) and (B). (A) For the branched fibril, fiber length is the sum of segments a, b, c, and d. Skeleton 
length is the sum of all segments, a, b, c, d, e, and f. (B) For small, more spherical aggregates, reducing 
the aggregate width to 1 pixel causes a significant loss in aggregate length and an underestimate of the 
aggregate length. Since the majority of SOD1 particles resembled the type shown in (B), length as opposed 
to fiber length was used. 
 

To validate the automatic particle size estimates were accurate, the cross-section 

profile tool in the SPIP software was used to manually measure the length and height of 

the particles. This was done to a representative number of variants (A4V and G37R) to 

both aid in visualizing the aggregates observed by DLS and to confirm the Particle and 

Pore analysis was providing accurate size estimates.  

2.5.4 ATR-FTIR Spectroscopy 

 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) 

was performed following established recommendations 195,196 using a Tensor 37 ATR-

FTIR spectrometer (Bruker Optics, Germany) continuously purged with N2 gas, equipped 

with a LN-MCT (mercury-cadmium-telluride) detector cooled with liquid N2. A Bio-ATR II 

cell with a ZnSe crystal was used to monitor changes in samples with time. For each 

protein sample, four series of measurements were collected: a background (air), buffer 

(HEPES and TCEP), protein sample, and post- sample buffer after several buffer washes. 
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Each measurement consisted of four spectra, each with 256 scans with a spectral range 

of 4000-1200 cm-1 and 4 cm-1. Protein samples were spun at 21000 g for 15 minutes and 

each supernatant and pellet were measured at 20 °C, controlled with a Thermo HAAKDC 

water bath (Haake).  

2.5.5 ThT binding experiments 

Aggregated apoSH SOD1 samples (45 μL aliquots) were diluted into ThT buffer, 

final concentration 25 μM ThT, 50 mM glycine, pH 9.0, as described.197  The final 

concentration of total protein was 32 μM and 160 μM for samples incubated at 63 μM and 

317 μM, respectively.  Fluorescence spectra from 455-575 nm were obtained immediately 

after dilution of the apoSH SOD1 samples using a first a Photon Technology International 

QuantaMaster 4 (Horiba-Jobin-Yvon Spex Inc.), and then a Fluorolog3-22 

spectrofluorometer (Horiba-Jobin-Yvon Spex Inc.) (all other experiments), with an 

excitation wavelength of 440 nm.  Excitation and emission slit widths of 1 and 5 nm, 

respectively, were used.  The spectra are the accumulated average of 5 scans of one 

sample. 

 

 

 

 

 
 

  



	 	79	

Chapter 3: Using amide proton temperature 
coefficients to probe for local structural perturbations 
and conformational heterogeneity in immature 
Superoxide Dismutase-1 variants  
 

Author Contributions: 

Harmeen Kaur Deol: conceptualization, methodology, data acquisition, validation, 

resources, formal analysis, investigation, visualization; overall conceptualization, data 

curation, software, visualization, writing-original draft; Jeffrey Alexander Palumbo: NMR 

data acquisition, resources; Dalia Naser: NMR data acquisition, investigation; Duncan 

Mackenzie: NMR data acquisition, investigation; Michael Vincenzo Tarasca: 

methodology, NMR data acquisition, resources, investigation; Elizabeth M. Meiering: 

conceptualization, supervision, project administration, funding acquisition. 

 

3.0 Context 

With the many aggregate polymorphisms that have been reported for SOD1, it is 

clear point mutations and solutions conditions influence the aggregate structure. 

However, it is unclear if either influence protein dynamics and in turn the aggregation 

pathway(s). Here, amide proton temperature coefficients for numerous ALS-associated 

SOD1 mutants are investigated to build on the previous framework for holoSS and apoSH 

pWT temperature coefficient data. The impact of ALS-associated SOD1 mutants in the 

apoSH state on local structural stability and extent of conformational heterogeneity is 



	 	80	

explored. Due to its marginal stability, heating apoSH SOD1 required attention to potential 

protein unfolding which was explored using both chemical shift perturbations (CSP) as 

well as by comparing measured chemical shifts to those from urea-denatured SOD1 to 

assess loss of structure throughout the heat ramp. For certain destabilized mutants, 

HSQC spectra were acquired both in the folded and unfolding temperature range, relative 

to their thermal stability, to compare changes in local stability and understand potential 

dynamics that may be occurring at physiological temperature. The results in this chapter 

reveal impacts of point mutations on local structure and dynamics throughout a marginally 

stable protein.  

3.1 Introduction 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for 

determining the structure, dynamics and interactions of molecules.198,199 A 1D NMR 

spectrum has peaks along one axis, which represent the chemical shift for each nucleus. 

However, this spectrum is limiting to larger proteins since larger proteins will have more 

peaks which are likely broader, both factors that increase the chances of peak overlap.200 

Multidimensional NMR decreases overlap by spreading them across another axis and 

separate overlapping peaks. Accordingly, 2D NMR experiments are commonly used to 

study protein structure and dynamics. These experiments can either be a homonuclear 

spectrum, where it is 1H with 1H frequencies or a heteronuclear spectrum with 1H with 

typically either 15N, 13C, or 31P. A 1H-15N heteronuclear single quantum correlation 
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(HSQC) spectrum provides a peak for each covalently-bonded 1H-15N nuclei pair in the 

protein. As each amino acid residue (except proline) contains a backbone amide group, 

this results in a spectrum with a single peak for each amino acid in the protein, the location 

of which is determined by the chemical environment of each amide.  

By collecting an NMR spectrum at a series of temperatures, the temperature 

dependence of each chemical shift can be measured, from which the linear temperature 

coefficient is calculated.201 Amide proton temperature coefficients are represented by the 

slope of the temperature dependence of the amide proton chemical shift, which previously 

was thought to report on presence of intramolecular hydrogen bonds in the protein.199 

Additionally, Tomlinson and Williamson found that in the B1 domain of protein G (GB1), 

structural loss with increasing temperature is a larger contributor to temperature 

coefficients than solely hydrogen bonds.202 The results suggested that temperature-

dependent loss of structure caused a greater change in amide proton chemical shifts and 

consequently is a larger determinant of amide proton temperature coefficients.202 This 

method was previously applied to determine both the local structural stability of mature 

(holoSS) superoxide dismutase-1 (SOD1) and conformational heterogeneity due to non-

linearity in the temperature dependence.66,203 

Typically, the temperature dependence of chemical shifts for amide protons are 

linear; however there are some that exhibit curved temperature dependence which will 

be referred to as curvature.66,198,202,204 The curvature occurs as a result of conformational 
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heterogeneity where the ground state is accessing an alternative low energy state with a 

distinct temperature dependence.205 The relative proportion of both states vary along the 

temperature range, resulting in a curved temperature-dependence.66,206 The alternative 

state is in fast exchange on the NMR timescale with the ground state, and within ~5 

kcal/mol in energy.204,207 Prior reports on holoSS pWT curvature suggests the hydrogen 

bonded residues access an alternative conformation and the alternative state is forming 

a different bonding pattern.66  

Additionally, the temperature coefficients for holoSS pWT (pseudo-wildtype) SOD1 

revealed that the global stability is high, and as the temperature increases, the structure 

disruption starts at the periphery of the protein.66 When holoSS pWT is compared to 

apoSH pWT, certain dimer interface residues were more structured in apoSH pWT, while 

the regions that undergo post-translational modifications were less structured in the 

immature state. Chemical shift changes also correlated to local structural perturbations 

around the site of mutation, providing evidence for changes in the global protein stability 

through propagating effects of the mutation on nearby residues.66 For instance, holoSS 

G93A in comparison to pWT showed large local perturbation around the site of mutation, 

but also smaller changes further from the mutation site. Destabilizing mutants also had 

the greatest portion of residues accessing low free-energy alternative states, whereas the 

slightly stabilizing mutant (i.e. V148I) had a similar proportion to pWT. 
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Here we explore how ALS-associated SOD1 mutants in the apoSH state affect 

local structural stability and extent of conformational heterogeneity. Due to its marginal 

stability, heating apoSH SOD1 required attention to potential protein unfolding which was 

explored using both chemical shift perturbations (CSP) as well as by comparing chemical 

shifts to urea-denatured SOD1 to assess loss of structure of the protein throughout the 

heat ramp. For certain destabilized mutants, HSQC spectra were acquired in temperature 

ranges where the protein was predominately folded and at higher temperatures where 

global unfolding becomes significant; by using the folded and unfolding temperature 

ranges, the changes in local stability as well as understanding potential dynamics that 

may be occurring at physiological temperature are investigated. Overall, the data 

presented here focuses on exploring the impact point mutations have on the local 

structural environment for a marginally stable protein and assessing dynamic changes 

that may be relevant at physiological temperatures.  

3.2 Methods 

3.2.1 Protein preparation for NMR 

SOD1 NMR samples were prepared as previously described.65,66 Proteins for NMR 

samples were expressed using M9 minimal media. Briefly, BL21 E. coli were used, which 

do not confer any antibiotic resistance. Once transformed with the pHSOD1ASlacIq, 

plasmid for expressing SOD1, which confers ampicillin resistance, cells were grown 

overnight in LB broth with a final concentration of 100 µg mL-1 ampicillin.  Next, 10 mL of 
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the overnight culture was used to inoculate 1 L of M9 minimal media, which contains 

15NH4Cl as the sole nitrogen source. Cells were grown to OD600=~0.6, and then induced 

with IPTG (1 mM final concentration). All protein samples underwent a copper charging 

and heat treatment before being purified by hydrophobic-interaction column 

chromatography to ensure proper metalation. Copper sulfate was added (final 

concentration of 1.4 mM) and then the sample were heated for 20 minutes at 70 °C. The 

solution had ammonium sulfate (final concentration of 3 M in 20 mM Tris at pH 7.8) added 

and then was filtered through a nitrocellulose filter (0.45 µm cutoff) prior to application 

onto a hydrophobic-interaction column. The protein was eluted using gradual increasing 

gradient of 20 mM Tris buffer at pH 7.8 and placed in dialysis tubing (6-8 kDa) to be 

dialyzed against milliQ H2O for 4x8-hour exchanges. With the Amicon ultrafiltration 

membrane, the volume of the sample was reduced, and the protein concentration was 

measured with the use of the UV-vis spectrophotometer and the molar extinction 

coefficient of 5,300 M-1 cm-1 for SOD1 monomer at 280 nm. Aliquots were then syringe-

filtered into Eppendorf tubes and flash frozen in liquid nitrogen. Metals were removed via 

dialysis of holo SOD1 against ethylenediaminetetraacetic acid (EDTA) at pH 3.8.208 

Another set of exchanges were done with 50 mM sodium acetate, 100 mM NaCl at a pH 

of 3.8. The last set of exchanges were against milliQ water with one final exchange 

against 1 mM HEPES at pH 7.8. Metal contamination was assessed by PAR assay, 

initially developed by Crow et al.209  and further modified by Colleen Doyle and Heather 

Primmer as described previously.210 
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Reduction of the disulfide bond was performed as described previously.65 The 

method used the reducing agent tris(2-carboxyethyl)phosphine hydrochloride (TCEP-

HCl). Initially, oxidized apo SOD1 was denatured using 2 M guanidine hydrochloride 

(GdnHCl) and 20 mM HEPES for a pH of 7.8. TCEP was then added to the sample, and 

it was placed in a desiccator for one hour before the sample was exchanged into buffer 

(1 mM TCEP and 20 mM HEPES at pH 7.4). The success of the reduction was confirmed 

by running an SDS-PAGE gel. Preparation of the NMR sample required concentration of 

the sample to ~15-20 mg/mL SOD1, with a final sample volume of ~450 mL. 50 µL of D2O 

and sodium trimethylsilylpropanesulfonate (DSS) (final concentration of 1 mM) was added 

and the sample was transferred to an NMR tube (final sample volume of 500 mL). Upon 

final sample preparation, we also employed an initial 1H 1D NMR experiment (p3919gp, 

Appendix H) to confirm both the TCEP reduction state and the metalation status 

(Appendix D and E).  

3.2.2 NMR experiments 

1H-15N HSQC spectra were acquired at varying temperatures from 1.2 °C to 38.6 

°C using a Bruker Avance 600 MHz spectrometer, using the acquisition parameters 

described in Appendix J. The sample was equilibrated for 20 minutes at each temperature 

prior to spectra acquisition, as described by Doyle et al.66 All spectra were referenced to 

DSS. Spectra were processed in TopSpin 4.0.7, and analyzed in CCPN 2.4.2. Sequence 

specific resonances were previously determined for pWT, A4V, G85R, E100G, and V148I 

apoSH SOD1 at pH 7.4 at 298 K.54,55  
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All chemical shift perturbation values were calculated using the following equation, 
as previously done55: 

∆𝜹𝑯,𝑵 = &'(∆𝜹𝑯)𝟐 +
𝟏
𝟓
(∆𝜹𝑵)𝟐- 

For each residue, the slope of the chemical shifts for amide protons against 

temperature represents the temperature coefficient and were determined using CCPN 

2.4.2. The difference between the observed chemical shift and the slope (the residual 

chemical shift) were calculated, plotted as a function of temperature and fit to a quadratic 

equation to determine the extent of curvature using R scripts previously developed in 

Meiering lab.211 All protons for which the quadratic fit had a R2 > 0.8 and a p-value mean 

< 0.05 are considered curved temperature-dependences. Chemical shift perturbations 

were analyzed as previously done.66 

3.3 Results and Discussion 

Unlike the highly stable holoSS SOD1, apoSH SOD1 is marginally stable and 

cannot be heated past physiological temperatures without protein unfolding occurring. 

The mutants chosen varied in location, disease duration, and most importantly, stability 

(Table 3.1 and Figure 3.1).65  The variation in thermal stability means the folded 

temperature range varied significantly; stabilized mutants like V148I had a relatively large, 

folded range similar to pWT, but destabilized mutants like A4V had a smaller range. 

However, to ensure enough data points were acquired, apoSH mutants were heated to a 
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temperature just below their onset of global thermal denaturation with more intermediate 

temperature points collected along the folded temperature range. To make valid 

comparisons between mutants, the same temperature range (9-18 °C) was used to 

compare across mutants unless otherwise stated. 

 
aAverage disease durations are from Wang et al.212   
bMelting temperatures are from Vassall et al.65 

cMelting temperatures are from Stathopolous et al52 and Doyle et al.66 

dBased on visual inspection.  

For the destabilized mutants where spectra are collected at their unfolding 

temperatures, the differences between local and global unfolding are vital to define. At 

temperatures corresponding to global unfolding based on their DSC endotherms65, the 

protein experiences both global and local unfolding. The global unfolding refers to the 

native, folded state transitioning to its completely unfolded state. In addition to global 

unfolding, the protein will also undergo structural changes due to local unfolding of the 

native, folded state throughout the unfolding temperatures. Here, any small, local 

Table 3.1: Summary of SOD1 mutant characteristics.  
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changes will be considered a consequence of local unfolding, whereas global unfolding 

will only be considered if the entire structure and/or if the residues behaviour correlates 

to their respective DSC endotherm (e.g. the peak shape begins to change as the protein 

enters its protein unfolding temperatures).65 

 

Figure 3.1: SOD1 mutations mapped onto holoSS SOD1. Mutations studied here are mapped onto the 3D 
structure of holoSS SOD1 in PyMOL (PDB 1HL5, rendered with PyMol) in magenta. A4V, G85R, E100G 
and V148G/I are in ß1, ß4, ß6 and ß8, respectively. Loops 4 and 7 become structured with maturation 
events, and are coloured yellow and blue, respectively.  
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3.3.1 Chemical Shift Perturbations (CSP)  

Chemical shift perturbations (CSP) can be used to assess the effects of mutations, 

ligand titration, changes in solution conditions, along with many others on the structure.213 

CSPs can report on changes in the local environment as a result of the changed condition, 

which highlight critically impacted regions. Here, backbone chemical shifts are used to 

assess the effect mutations have on the apoSH SOD1 structure under identical solution 

conditions. Backbone chemical shifts are calculated from the weighted average difference 

in amide nitrogen chemical shift (𝛿NH) and amide proton chemical shift (𝛿H) between 

mutants and pWT (see Methods), as previously done.55,66 The closer (or further) the 

backbone chemical shift is relative to 0, the more structurally similar (or different) the 

mutant is to pWT.  

Due to the range of stability in the 5 mutants assessed (Table 3.1), the temperature 

at which the CSP is calculated is important. For more stable proteins like holoSS SOD1, 

CSPs can be calculated at ~298 K (~25 °C); however, because some of the destabilized 

mutants start unfolding at temperatures as low as 20 °C65, areas of local protein unfolding 

for these mutants may show higher CSPs. For this reason, CSP values are calculated at 

both 19 °C and 25 °C. The CSP values at 19 °C should not reflect any changes due to 

thermal protein unfolding for any of the mutants; instead, significant CSP values at 19 °C 

are dominated by changes in the local environment due to the point mutation.  
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Figure 3.2: CSP for folded apoSH mutants relative to apoSH pWT at 19 °C. CSP values were coloured 
based on the standard deviations for each respective mutant. Residues are coloured to aid in visualization 
according to the relative magnitude of CSP values. The pink, dark pink and red colours/lines represent 
average + 1 standard deviation, average + 2 standard deviations, and average + 3 standard deviations, 
respectively. (A) CSP values are mapped onto the 3D ribbon structure for holoSS SOD1 (1HL5, rendered 
with PyMol). White denotes CSP values smaller than average + 1 standard deviation, and grey indicates 
residues where no data are available. (B) CSP values are shown as vertical bars, where black bars are 
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values that are smaller than average + 1 standard deviation. The beta-strands based on 1HL5 are shown 
above the plots. 

3.3.1.2 ApoSH mutants have high CSP values near the site of mutation, at 19 °C  

Along with CSP values, the standard deviation of CSP values across mutants is 

another useful measure for assessing the extent of structural impact of point mutations. 

CSP changes considered per mutant and between mutants are mapped onto the protein 

structure in Figure 3.2A and 3.3A, respectively. From CSP plots at 19 °C (Figure 3.2A), 

V148I behaves most pWT-like with very minimal perturbations and has a small range of 

standard deviation for CSP values. However, the four destabilized mutants show much 

larger standard deviations, which can be explained by the large CSP values for residues 

near the site of mutation. Some mutants consistently show similar values for all residues 

for the entire sequence. This is likely due to small differences in temperature between the 

mutant and pWT sample, which cause shifts in chemical shift values for all residues. 

Interestingly, A4V also consistently shows CSP values greater than 0 throughout the 

sequence, but unlike for V148I and V148G which have similar CSP values for most 

residues aside for near the site of mutation, A4V CSP values vary throughout. This 

suggests that A4V could be forming a different native structure, an observation that was 

previously reported214 and that is further supported below. 

Furthermore, mapping the CSP values at 19 °C on the protein structure using the 

standard deviation cutoffs for each mutant helps identify areas of significant perturbation 

(Figure 3.2 B). Although the apoSH SOD1 state exists predominantly as a monomer and 

is not as structured as the structure of dimeric SOD1 with intrasubunit disulfide bond 
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formed (PDB 1HL5, file used to illustrates the changes in the figures here). Due to the 

limited reliability of the current possible apoSH SOD1 structure (PDB 2GBU) available 

(discussed in Chapter 1), this structure remains useful for assessing changes in structure 

in areas relevant to SOD1 maturation. For all mutants, residues structurally near the site 

of mutation are perturbed consistently with smaller changes propagating throughout the 

structure (Figure 3.2B). V148I also shows differences in ß4 relative to pWT, which is 

interesting as those residues in ß4 are not near the site of mutation. For an otherwise 

pWT-like mutant, this subtle change could be suggesting local structural differences 

which may have consequences on the protein dynamics.  

To allow for relative comparison of CSP values between mutants, all values were 

binned to a global cutoff for all mutants (Figure 3.3). It is important to note, by comparing 

mutants with a global cutoff, subtle differences for mutants that show smaller changes will 

no longer be considered significantly different. However, by now using a global cutoff, the 

extent of differences between mutants to pWT can be compared. Unsurprisingly, V148I 

shows the fewest changes relative to pWT, whereas A4V has most of its structure 

coloured as significantly perturbed. This finding can support many theories. Most 

substantially, it supports that A4V may not be accessing a native-like fold whereas the 

rest of the mutants are forming native-like structures with different extents of perturbations 

around the site of mutation. The alternative theory could be A4V is actively self-

associating, however, the complementary DLS data suggests this is not the case.  
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Figure 3.3: CSP for folded apoSH mutants relative to apoSH pWT at 19 °C (global cutoffs). CSP values 
were coloured based on the same cutoff for all mutants. Residues are coloured to aid in visualization 
according to the relative magnitude of CSP values. The pink, dark pink and red colours/lines represent 
0.05–0.075, 0.075–0.1, >0.1, respectively. (A) CSP values are mapped onto the 3D ribbon structure for 
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holoSS SOD1 (1HL5, rendered with PyMol). White denotes CSP values smaller than 0.05, and grey 
indicates residues where no data are available. (B) CSP values are shown as vertical bars, where black 
bars are values that are smaller than 0.05. The beta-strands based on 1HL5 are shown above the plots. 

 

Figure 3.4: CSP for apoSH mutants relative to apoSH pWT at 25 °C (global cutoffs). CSP values were 
coloured based on the same cutoff for all mutants. Residues are coloured to aid in visualization according 
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to the relative magnitude of CSP values. The pink, dark pink and red colours/lines represent 0.05–0.075, 
0.075–0.1, >0.1, respectively. (A) CSP values are mapped onto the 3D ribbon structure for holoSS SOD1 
(1HL5, rendered with PyMol). White denotes CSP values smaller than 0.05, and grey indicates residues 
where no data are available. (B) CSP values are shown as vertical bars, where black bars are values that 
are smaller than 0.05.  

3.3.1.2 CSP values for apoSH mutant at 25 °C can highlight local restructuring due to 

unfolding 

Moreover, the same global cutoff is applied to CSP values calculated at 25 °C 

(Figure 3.4). Most of the mutants do not show significant changes or increases in 

perturbation, despite A4V and E100G apparently beginning to unfold according to their 

DSC thermograms.65 However, V148G, a mutant that also starts to unfold by 25 °C, 

shows increased areas of perturbation around the native-helix in loop 7, an area that 

helps stabilize metal binding.215 Although it is limited to a few residues, these 

perturbations reflect an area of V148G that becomes highly dynamic or unfolded prior to 

the rest of the protein. This is of particular interest since in Chapter 7, our data suggest 

the zinc shuffling from the unfolded zinc-bound SOD1 to the second metal-binding site on 

a folded zinc-bound SOD1, due to its higher zinc affinity, is perturbed in V148G. This was 

most fascinating since only metal-binding mutants were expected to lack zinc shuffling, 

and V148G is not considered a metal-binding mutant because apoSH V148G showed 

comparable zinc affinity to pWT.  

Now, we can hypothesize that the lack of zinc shuffling observed in the DSC 

endotherm may be due to local unfolding initiating around the metal-binding site, such 

that upon availability of zinc from the unfolded zinc-bound state, the second binding site 

on the “folded” zinc-bound is no longer formed. This is also supported by in vivo 

aggregation propensity data for apoSH V148G.25 In these in vivo experiments, the 
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aggregation propensity is high at both 25 and 37 °C. Upon addition of zinc, the 25 °C and 

37 °C samples experienced a 51% and 12% rescue from aggregation, respectively. This 

suggests that folded V148G apoSH has intact metal-binding sites, and can experience 

the stabilizing impact of the zinc binding at 25 °C. However, at 37 °C the metal-binding 

sites are likely unfolded, and hence V148G cannot experience the full stabilizing impact 

of zinc binding, and thus do not experience aggregation rescue. In addition to the local 

unfolding impacting metal binding and potentially protein maturation, these early 

increased dynamics could also serve as an aggregation hotspot.  

 Overall, the trend observed for apoSH SOD1 mutants where sites of mutations are 

most perturbed relative to pWT aligns with the observation made for the holoSS SOD1 

state.66 In holoSS mutants, the sites of mutation were typically most perturbed with effects 

propagating to neighbouring residues. Prior studies also suggest that in the apoSH SOD1, 

chemical shift differences between mutants and pWT are localized to mostly the site of 

mutation.55,66 In addition, their chemical shift difference profiles determined from TROSY-

HSQC spectra align strongly with the CSP plots described here, specifically enhanced 

differences throughout the A4V sample. Although Sekhar et al. do not comment on A4V’s 

distinct profile, our data here along with results Sekhar et al., 2016, suggest there may be 

less native-like structure present in the apoSH state of A4V.55 In summary, the CSP data 

suggest there are significant structural perturbations in the apoSH mutants around the 

site of mutation with propagating effects to neighbouring residues.  
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3.3.2 Extent of structure along the folded temperature range  

 While the temperature coefficient data collected are well in the folded temperature 

range of all the mutants, given the diverse nature of the mutations, understanding the 

extent that the apoSH state and apoSH mutants are structured is important for interpreting 

temperature coefficients. Individual mutations along with lack of key maturation events 

can disrupt or create structure, which may not be present in the fully mature control. Here, 

urea-denatured SOD1 chemical shifts collected at 25 °C are used as a reference for 

unfolded SOD1216, to which calculated random coil temperature coefficient values for 

SOD1 sequence are applied to extrapolate the expected random coil chemical shifts at 

different temperatures (Appendix C, see Chapter 5).217  

 The experimental values at the lowest (~9 °C) and highest temperature (~18 °C) 

along the folded temperature range are compared to the calculated unfolded SOD1 

chemical shifts at the same temperatures. If the chemical shift difference between the 

calculated and experimental is smaller at 18 °C than at 9 °C, the residue is becoming 

random coil-like throughout the temperature range. If the chemical shift difference does 

not decrease with temperature, the residue is considered not shifting to random coil-like 

in the temperature range. Some assumptions are required for this method to be valid, 

including that the thermally unfolded chemical shifts would be similar to the chemically 

denatured chemical shifts, the calculated random coil SOD1 temperature coefficients are 

the same regardless of solution conditions, and unfolded SOD1 behaves random coil-

like.  
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Figure 3.5: Comparing experimental chemical shifts in the folded temperature range (9–18 °C) to unfolded 
SOD1 chemical shifts. Chemical shift values are compared to unfolded SOD1 chemical shifts; calculated 
unfolded SOD1 random coil temperature coefficients are used to extrapolate the unfolded SOD1 chemical 
shifts to different temperatures. If chemical shift differences between the folded and unfolded chemical 
shifts at 9 and 18 °C decrease, it is interpreted as the residue is becoming unfolded/random coil-like (red). 
However, absence of decrease means the chemical shift is not moving toward unfolded/random coil (blue). 
Grey indicates residues where no data are available.  

 Along the folded temperature range, general trends on extent of structure 

emerged. Most of the ß-strand residues do not shift closer to their calculated random coil 

shifts, whereas the large loops (loop 4 and 7) and the ends of ß-strands (ß2, ß3) shift 

toward their random coil shifts (Figure 3.5). Additionally, most residues near the dimer 

interface (e.g. ß8) are shifted toward their random coil chemical shifts. These trends 

largely hold throughout the mutant set, however there are smaller differences, but due to 
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the many assumptions, their significance cannot be validated. Instead, the data can be 

interpreted on a more global scale, where residues that move toward random coil 

chemical shifts are considered becoming unstructured, and residues that do not, remain 

structured. Although the lack of decreased differences in chemical shift values do not 

inherently imply presence of structure, and instead negligible differences could suggest 

random coil structure at both temperatures, the interpretation here is validated by 

literature findings (discussed below). 

 The above trends suggest that most of the ß-strands are structured, albeit 

shortened for ß2 and ß3, and the loops and dimer interface are becoming or may be less 

structured throughout the folded temperature range. Similarly, previous findings have 

reported that most apoSH mutants have the native ß-barrel present but loops 4 and 7 are 

highly dynamic.55 These large loops are involved in critical maturation steps such as 

metal-binding and dimerization, and in the mature enzyme are more structured. However, 

without those maturation events, the loops in the apoSH state are understandably less 

structured54, and here show more random coil-like behaviour with temperature. 

Altogether, a comparison of the experimental apoSH chemical shifts in the folded range 

to that of the chemically denatured SOD1 suggests the ß-barrel is mostly intact with less 

structure formation in areas where maturation events have not yet taken place.  
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3.3.3 Proton amide temperature coefficients for ApoSH SOD1 mutants  

 The temperature coefficient data reported here are for the folded temperature 

range from 9–18 °C, as in sections 3.3.1 and 3.3.2. In the temperature coefficient figures, 

temperature coefficient data are binned according to prior cutoffs66,203, where warmer 

(cooler) colours indicate large (small) absolute temperature coefficient values, which 

correspond to more dynamic (more structured) areas. Most temperature coefficients are 

negative, and here the smaller (i.e. more negative) temperature coefficients are referred 

to as large temperature coefficients due to their large absolute temperature coefficient 

value, whereas values closer to 0 are considered small regardless of their sign. The goal 

of collecting the temperature coefficient data for apoSH mutants are to offer insight on 

how the lack of maturation of apoSH SOD1 along with point mutations impact the local 

structural stability. Could areas of local change suggest critical regions responsible for 

protein misfolding and subsequently initiating aggregation?  

 Analysis of temperature coefficient data can be viewed through multiple lenses. 

Binning the data initially is important for deciphering patterns but due to the wide range 

of temperature coefficient values, multiple bin sizes are necessary (Figure 3.6). However, 

with multiple bin sizes, trends are not as easily discernible. Previously, holoSS SOD1 

temperature coefficients could be reliably averaged based on secondary structure due to 

a sound crystal structure. On the other hand, when a reliable structure is not available for 

a protein, such as apoSH SOD1, multiple types of temperature coefficient averaging must 

be considered when mapping onto a homologous structure such as holoSS SOD1; with 
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multiple types of averaging, limitations due to structural inconsistences between native 

apoSH SOD1 and the holoSS SOD1 structure used for value mapping can be minimized 

due to different structural assumptions. In this section, apoSH mutant temperature 

coefficients will be assessed by looking at rolling averages, averaging based on 

structured components, and averaging based on hydrogen bonds of the structured 

components expected in the mature form (holoSS).  

 

Figure 3.6: Amide proton temperature coefficients for apoSH pWT and mutants from 9–18 °C at pH 7.4. 
Temperature coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5, rendered with PyMol). 
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Residues are coloured by a red to blue gradient, with red representing less stable residues and blue the 
more stable. The colour scheme is given in the legend. Grey indicates residues where no data are available.  

3.3.3.1 Rolling averages suggest the temperature coefficients reflect values are grouped 

based on their secondary structural element 

 Since assessing individual residues and their temperature coefficients is difficult to 

deconvolute for trends, various averaging methods can be applied instead (Figure 3.6). 

Rolling averages is a type of averaging used to assess the mean over n values. By using 

rolling averages over five residues, local structural differences can be easily discerned 

here. Fortunately, since the rolling average is over multiple residues, outliers have a lower 

impact on the average temperature coefficient value. Thus, rolling averages are useful 

for resolving small changes in temperature coefficients throughout the protein, and 

identifying local differences in apoSH mutants without assuming any secondary structural 

elements that may or may not be present. 

 The rolling averages highlight that the temperature coefficients for SOD1 residues 

have grouped behavior that is consistent with known SOD1 secondary structural 

components, aside from some outliers (Figure 3.7). Residues near or involved in ß-

strands show lower temperature coefficient values whereas residues near or in loops 

have higher temperature coefficient values. In pWT, ß2, ß3, and ß7 have the lowest 

temperature coefficients with cool colours (Figure 3.7), and ß1, ß4-ß6, ß8 and loops 4 

and 7 have higher temperature coefficients. Although, when the data are shown as a 

dimer, ß1 and ß8 should not be considered as dynamic as the values suggest, however 
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the apoSH state exists predominantly as a monomer. Based on these results, ß1, ß4-ß6, 

and ß8 are considered edge strands, and ß2, ß3, and ß7 are considered core strands.  

 

Figure 3.7: Four-residue rolling average amide proton temperature coefficients for apoSH pWT and mutants 
from 9–18 °C at pH 7.4. Rolling average temperature coefficients are mapped onto the 3D structure of 
holoSS SOD1 (1HL5, rendered with PyMol). Residues are coloured by a red to blue gradient, with red 
representing less stable residues and blue the more stable. The colour scheme is given in the legend. Grey 
indicates residues where no data are available.  

 In addition to the periphery of the protein having lower structural stability than the 

core strands, rolling averages are useful for identifying small, local areas of perturbation. 

Each mutant shows subtle differences throughout the structure, differences are 

considered notable only if their difference relative to pWT is +/- 1 ppb/K (Figure 3.8). 
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V148I temperature coefficients resemble pWT-like behaviour except for differences in 

some residues near and in loop 7, as well as the dimer interface. This dispersed pattern 

of both higher structural stability (smaller temperature coefficient than pWT) and lower 

structural stability residues (larger temperature coefficient than pWT) throughout these 

regions could reflect a low population of dimer formed by apoSH V148I, as has previously 

been reported for apoSH V148I.12,54 In contrast, V148G shows changes, mostly increases 

in temperature coefficients, throughout the structure. These changes are consistent with 

decreased global stability of the V148G monomer and V148G consistently having a 

weakened dimer interface.53,65,214 Overall, it is remarkable to see how differently point 

mutations at the same position manifest. 

On the other hand, A4V, G85R and E100G are different mutations at different 

locations but share similar perturbations in temperature coefficients. For instance, the 

residues near or involved in forming the native alpha-helix in loop 7 in the mature enzyme 

are more dynamic in these mutants than in pWT. Notably, these mutants have previously 

shown decreased formation of this helix relative to apoSH pWT66, which is consistent with 

the enhanced dynamics of these residues seen here. Additionally, in A4V and G85R we 

see enhanced dynamics at the end of ß6 and in loop 6, but despite the location of E100G 

at the end of ß6, it does not show differences relative to pWT. In summary, the rolling 

averages of temperature coefficients are important for finding small local changes 

throughout the protein and can highlight trends otherwise overlooked by individual or 

average temperature coefficients averaged by structural components. 
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Figure 3.8: Temperature coefficient differences between apoSH mutants and pWT. Differences in individual 
temperature coefficients in the folded range (9–18 °C) are calculated between the mutants and pWT. 
Residues are coloured based on their differences, and absolute differences greater than 1 ppb/K are 
considered significant. If the absolute temperature coefficient value in the mutant is larger than 1 ppb/K 
relative to pWT, then the residue is less stable in the mutant (red). However, if the absolute temperature 
coefficient value for the mutant is smaller than - 1 ppb/K then the residue is more stable in the mutant (blue). 
The white residues represent absolute differences smaller than 1 ppb/K, and grey indicates residues where 
no data are available.  
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Figure 3.9: Secondary structural average amide proton temperature coefficients for apoSH pWT and 
mutants from 9–18 °C at pH 7.4. Secondary structural average temperature coefficients are mapped onto 
the 3D structure of holoSS SOD1 (1HL5, rendered with PyMol). Residues are coloured by a red to blue 
gradient, with red representing less stable residues and blue for the more stable. The colour scheme is 
given in the legend. Grey indicates residues where no data are available.  

3.3.3.2 Averaging temperature coefficients based on their secondary structural elements 

reveal apoSH monomers have a dynamic periphery with stable core strands 

Additionally, averaging secondary structure features formed in the mature enzyme 

can further support which secondary structural components are more or less structured 

between apoSH SOD1 mutants. Similar to the rolling averages in pWT, the average for 

secondary structure features indicates ß2, ß3 and ß7 are considered less dynamic 
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relative to the loops and peripheral or edge strands, ß1, ß4-ß6, and ß8 (Figure 3.9). All 

mutants except for V148I show some degree of enhanced dynamics in the core strands 

which coincides with these mutants also having lower melting temperatures (T0.5) than 

pWT (Table 3.1).65 V148I is the only mutant with core strands that remain pWT-like which 

agrees with their comparable T0.5 (Table 3.1).  

From the CSP data in section 3.3.1, mutations cause a change in the local 

environment at or near the site of mutation, which could manifest as changes in dynamics 

at the sites of mutation relative to pWT. However, only secondary elements that house 

the point mutations for A4V reflect significant differences in averaged temperature 

coefficients (+/- 1 ppb/K) relative to pWT, while G85R, E100G, V148G and V148I show 

no significant differences (Figures 3.8 and 3.9). The variable impact of mutations on the 

averaged secondary structure temperature coefficient could be due to the location of the 

mutation with respect to their secondary structural component. A4V, G85R, V148G/I are 

residues that are located centrally in their respective strands, whereas E100G is located 

toward the ends of ß6. However, with the apoSH state being more immature than the 

mature holoSS state, the strands in apoSH may not be fully formed, and the critical 

hydrogen bonds involved may not be present.66 Thus, if the ends of strands are less 

structured, introduction of mutations in a flexible region may not be as disruptive as 

introducing mutations into the centre of a structured strand that in all likelihood is forming 

stabilizing bonds.66  
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 Moreover, there are also other secondary structural features in mutants other than 

the structural element housing the mutation that show changes relative to pWT, that could 

be suggesting additional differences in dynamics for mutants. In both G85R and E100G, 

ß7 and ß8 are more and less dynamic relative to pWT, respectively (Figure 3.9). 

Additionally, only G85R shows the ß5-6 cleft being more dynamic which aligns with the 

enhanced dynamics Sekhar et al., 2016 report for this cleft.55 These perturbations suggest 

the impact of point mutations is not only localized to the site of mutation, rather propagates 

throughout the structure.  

With these averaged temperature coefficients based on secondary structural 

elements, the need to address the influence of a large outlier is critical. Although from the 

rolling average data, most of the data show grouped behaviour meaning no large 

discrepancies between a residue and its neighbouring residues exist, residues in ß4 are 

a notable exception. In ß4, most of the residues are surprisingly very similar, however 

F45 is consistently a larger value than the rest of the residues. With F45 considered, 

G85R and V148I’s ß4 averaged temperature coefficient is significantly different (+/- 1 

ppb/K) than pWT, but without F45 only G85R remains significantly different (Figure 3.9, 

Figure 3.10). G85R is the only mutant with expected pronounced differences in ß4 since 

the G85R mutation is on the neighbouring ß5 strand; aside from propagating effects due 

to the mutation on the neighbouring strand, the mutation has an additional impact by likely 

disrupting the hydrogen bond between G85 and F45.218 By averaging based on 

secondary structure, edge beta strands tend to have values lower than core beta strands 
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because only some of their residues are involved in hydrogen bonds. Therefore, the 

values of the averaged secondary structure temperature coefficients are useful for 

identifying edge strands that are only partially involved in hydrogen bonds and core 

strands that are sandwiched between beta-strands.  

 

 

Figure 3.10: Secondary structural average amide proton temperature coefficients for apoSH pWT and 
mutants from 9–18 °C at pH 7.4, without residue 45 considered. Secondary structural average temperature 
coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5, rendered with PyMol). Residues are 
coloured by a red to blue gradient, with red representing less stable residues and blue for the more stable. 
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The colour scheme is given in the legend. Grey indicates residues where no data are available. In ß4, the 
outlier, residue 45, is not considered. Averaged values are also given in Table 3.3. 

It is understandable that the edge beta strands have higher temperature 

coefficients compared to core strands; most of the residues in core strands are involved 

in hydrogen bonding to multiple neighbouring strands, whereas residues in edge strands 

will only have one neighbouring strand to hydrogen bond with. Therefore, while averaging 

the whole strand is useful for assessing how different their stabilities are between 

mutants, averaging based on residues that would be hydrogen bonded in the mature 

enzyme is required to understand changes in hydrogen bonding in the immature state.   

3.3.3.3 Hydrogen bonding in apoSH pWT is similar to holoSS SOD1 

Previously, amide proton temperature coefficients were used to assess 

intramolecular hydrogen bonding199,219, and although more than hydrogen bonds play a 

role in amide proton chemical shift temperature dependence66,202, temperature 

coefficients previously correlated loss of structure to changes in the hydrogen bonding. 

ApoSH SOD1 lacks metal cofactors and the intrasubunit disulfide bond, and subsequently 

hydrogen bonding, that help stabilize structural components in the mature enzyme. The 

lack of these maturation steps may result in loss of hydrogen bonds, and with the addition 

of point mutations, apoSH SOD1 may show altered protein dynamics that influence its 

folding and/or misfolding mechanisms.  

 Hydrogen bonded residues are defined as residues involved in hydrogen bonding 

in the mature holoSS SOD1 (Figure 3.11A, Appendix A). By averaging only the expected 
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hydrogen bonded residues by secondary structural elements, differences in hydrogen 

bonding across beta-strands can be probed for local differences as well as between 

mutants. Temperature coefficient values more than -4.6 ppb/K are assumed to be 

hydrogen bonded.199,219 Based on this value, most of the hydrogen bonds seem intact in 

apoSH pWT across the beta strands, which agrees with the apoSH beta-barrel being 

mostly holoSS-like (Section 3.3.1)55, with the notable exception of ß4 (Figure 3.11). ß4 

has two histidines (46 and 48) that are involved in coordinating the copper ion, and 

additionally this strand involves hydrogen bonding to both ß5 and ß7, both strands that 

also coordinate copper and zinc ions, respectively.220 The lack of metal cofactors could 

enhance the local dynamics of each strand, which inadvertently impacts the hydrogen 

bonding. 
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Figure 3.11: Secondary structural average amide proton temperature coefficients for hydrogen bonded 
residues in apoSH pWT and mutants from 9–18 °C at pH 7.4. (A) Residues that are hydrogen bonded in 
holoSS SOD1 are mapped onto a 3D structure of holoSS SOD1 (1HL5, rendered with PyMol). (B) 
Averaging only hydrogen bonded residues, secondary structural average temperature coefficients are 
mapped onto the 3D structure of holoSS SOD1 (1HL5, rendered with PyMol). Residues are coloured by a 
red to blue gradient, with red representing less stable residues and blue for the more stable. The colour 
scheme is given in the legend. Grey indicates residues where no data are available. 

Interestingly, H46 and H48 residues that coordinate the metal cofactors are not the 

ones with larger temperature coefficients (-3.6 and -4.2 ppb/K, respectively). Instead, G41 
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and F45 have the largest values (-6.9 and -11.7 ppb/K, respectively), and they are 

residues involved in reciprocal hydrogen bonding to G85 and A89 in ß5, respectively 

(Appendix A).221 The G85 amide peak is not assigned, however A89 has a value of -5.0 

ppb/K, which is lower than the -4.6 ppb/K value expected for a hydrogen bonded 

residue.199,219 This could suggest that hydrogen bonding is heavily impaired between ß4 

and ß5, likely due to the missing cofactors. Additionally, between ß4 and ß5, the hydrogen 

bonded residues in loop 4 also suggest perturbed hydrogen bonding, with only residues 

68 and 69 (-3.1 and -3.7 ppb/K, respectively) having values below -4.6 ppb/K. The high 

dynamics in this area is likely due to the absence of metal cofactors and intra-subunit 

disulfide bond, which would otherwise anchor structural components together.  

Additionally, residues in loop 7 that are hydrogen bonded in the mature enzyme 

also may not be intact in apoSH SOD1. Loop 7 residues not near the short helix have 

large temperature coefficients, whereas the values for residues responsible for forming 

native helix (131-136) suggest the hydrogen bonds are partially intact in apoSH SOD1.222 

This could suggest the helix is partially formed in apoSH SOD1, which aligns with previous 

studies suggesting apoSH pWT can transiently access the helix.54,55 In summary, 

hydrogen bonding in apoSH pWT seems heavily impacted in ß4, ß5, loop 4 and loop7, 

all areas that are involved either directly or indirectly with maturation events and 

subsequent structuring in holoSS SOD1. 
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3.3.3.4 ApoSH mutants have perturbed hydrogen bonding that may explain their different 

dynamics 

Additionally, apoSH mutants also show small differences in hydrogen bonded 

residues relative to pWT that are not exclusively located near the site of mutation (Figures 

3.8 and 3.12). V148I is pWT-like but shows small differences, such as F45, which is 

discussed above. V148G interestingly shows significant perturbations around the site of 

mutation that cascade through ß8. Residues in loop 7 (128, 136, 138, 139) are more 

dynamic in V148G than in pWT, whereas near the site of mutation, G147 decreases from 

-4.1 to -2.1 ppb/K from pWT to V148G. G147 hydrogen bonds to G114 which changes 

from -2.6 to -6.5 ppb/K. These contrasting changes might suggest the native hydrogen 

bonds between 114 and 147 might be perturbed, and 147 is bonded differently. 

Additionally, G150 seems to no longer form a hydrogen bond with V5, but the V5 

temperature coefficient suggests V5 is still hydrogen bonded. The hydrogen bonded 

temperature coefficient differences between V148I and V148G highlight the impact a 

point mutation can make on the hydrogen bonding pattern throughout the protein.  

Similarly to V148G, A4V also shows changes throughout the structure relative to 

pWT (Figures 3.8 and 3.12). For A4V, temperature coefficient values for residues 4 and 

5 in ß1 (-6.2 and -5.5 ppb/K, respectively) suggest these residues no longer form 

hydrogen bonds. However, both residues 20 and 150 reciprocally form hydrogen bonds 

with 4 and 5 in holoSS SOD1, respectively, and their temperature coefficients reflect 

values of intact hydrogen bonding (F20 is -1.5 ppb/K for F20 and -1.4 ppb/K for G150). 
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Similar to V148I and V148G, ß4 in A4V is also different from pWT (discussed above). 

Where only pWT shows one residue with a disrupted hydrogen bond in ß4 (F45), in A4V 

V47 also loses its hydrogen bond. In mature SOD1, V47 hydrogen bonds to G82 and F45 

bonds to G85, both near or in ß5. In ß6, although both residues 95 and 99 in A4V increase 

in temperature coefficient values relative to pWT, only the value for I99 suggests a 

hydrogen bond is no longer present in A4V, compared to A95 which suggests it is not 

present in both pWT and A4V.  Overall, there appears to be a significant disruption in the 

hydrogen bonding pattern for A4V (expanded on below).  

Furthermore, E100G and G85R both have different thermal stabilities, but where 

G85R is the more stable mutant of the two, it shows significantly more perturbations in 

hydrogen bonded residues than E100G relative to pWT (Figures 3.8 and 3.12). G85R 

shows significant perturbations in ß4, ß5, loop 6, ß7 and ß8. It seems introducing G85R 

in a metal-binding region causes propagating effects to strands that otherwise do not 

seem related to metal binding. Specifically, residues 144 and 147 in ß8 both show 

decreases in temperature coefficient values, which could be suggesting hydrogen bonds 

are forming due to breaking of critical bonds in ß4 (residues 44, and 45), ß5 (residue 87), 

and near loop 6 (residues 101, 105, and 106). Although ß7 does not show increased 

hydrogen bonding relative to pWT like ß8 does, the missing assignments in ß7, 

specifically 119 and 120, would be vital to understanding if ß7 is impacted by residues in 

ß8 with enhanced hydrogen bonding. Moreover, E100G does not show significant 

differences relative to pWT, aside from ß4 (residues 45 and 46) and loop 4 (residues 52 
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and 60). However, the change in values in either region is not large enough to suggest 

changes in hydrogen bonding relative to pWT. Overall, the subtle changes in temperature 

coefficient values in hydrogen bonded residues point to potential changes in dynamics 

due to changes in bonding.  

 

Figure 3.12: Hydrogen bonding differences based on temperature coefficient values between apoSH 
mutants and pWT. Residues are assumed to be hydrogen bonded if their temperature coefficient value is 
larger than -4.6 ppb/K. Blue indicates the residue is considered hydrogen bonded in apoSH mutant and not 
in pWT, and red indicates a loss of hydrogen bonding in apoSH mutants that is present in pWT. White 
represents no change in the residue’s hydrogen bonding status, and grey indicates residues with no data 
available.   

Earlier the rolling averages for temperature coefficients highlighted the enhanced 

dynamics in loop 7 for A4V, G85R, V148G and to a lesser extent E100G (Figure 3.7). 

From looking at only values for the residues expected to form hydrogen bonds, it is clear 
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the increased dynamics relative to pWT occur in mostly hydrogen bonded residues 

(Figure 3.8, 3.11A, and 3.12). For three of these mutants, previous studies indicates 

transient formation of the native helix is diminished.55 Conformational disorder in either 

loop 4 or 7 is known to result in exposure of the edge strands in monomer SOD1, which 

leads to non-native protein association.223,224 Although some of these residues are not 

considered hydrogen bonded in apoSH pWT (based on their value being less than -4.6 

ppb/K), the overall enhanced dynamics in these regions for apoSH mutants could have 

consequences in later structural steps upon maturation and/or play a role in protein 

aggregation.  

 The hydrogen bonded residues are expected to hydrogen bond in the mature 

holoSS state based on structural data, not necessarily in the apoSH state.218 Again, 

temperature coefficient values smaller than -4.6 ppb/K are not considered as hydrogen 

bonded. Upon comparison of the hydrogen bonded residues between apoSH pWT and 

apoSH mutants, A4V, G85R and V148G show loss of hydrogen bonds throughout the 

structure relative to pWT (Figure 3.12). In contrast, E100G and V148I show both residues 

that gain and lose hydrogen bonds, and both mutants are considered pWT-like in terms 

of structure.55 However, A4V, G85R and V148G show extensive perturbations which may 

align with these mutants showing impaired maturation. A4V and V148G are both dimer 

interface mutants that weaken the dimer interface87 (see Chapter 7) whereas G85R 

perturbs metal binding225 (see Chapter 7). These decreased hydrogen bonds in the 

apoSH mutants may impact the folding pathways which inevitably may alter maturation.  
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Table 3.2: Different temperature coefficient averaging methods and their uses. 

 

3.3.3.5 Temperature coefficient data correlate with previously reported changes in 

dynamics for apoSH mutants 

 With the abundant amide proton temperature dependence data considered above, 

we now consider the trends among mutations and their consequences on protein folding. 

Due to the location of the mutation, A4V has a more dynamic dimer interface, specifically 

residues in ß1 (-6.1 ppb/K compared to -4.3 ppb/K for pWT). These residues are also 

involved in hydrogen bonding, and their change in values relative to pWT suggest these 

hydrogen bonds are no longer formed. This loss of structure near the dimer interface may 

explain previous reports that highlight perturbed dynamics in the dimer interface as well 

as weakened dimerization for A4V in multiple states (see Chapter 7).55,87  

Different Averaging 
Methods Uses

Rolling average Small, local structural differences can be 
discerned without any assumption of 
secondary structure
Ideal for proteins with no reliable structure

Averaging based on 
secondary structure

Highlights perturbations in secondary 
structure
Assumes residues are involved in secondary 
structure 

Averaging based on 
hydrogen bonded residues 
present in secondary 
structure

Highlights perturbations in hydrogen 
bonding in secondary structure elements
Assumes secondary structure
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Temperature coefficient values are averaged across all assignments, the beta-strands on N-terminal (ß1-
3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, and each average also has the 
number of residues averaged in brackets. Average ddTC is the difference in average temperature 
coefficients for the mutant relative to pWT and is calculated by subtracting the pWT average temperature 
coefficient value from the mutants’ average temperature coefficient value. 

 Moreover, the stark differences between V148I and V148G temperature 

coefficients highlight the impact a nonconservative mutation like V148G has. Although 

the CSP data in section 3.3.1 do not show considerable differences (Figure 3.3), the 

temperature coefficients suggest, on average, V148G (-5.1 ppb/K) is less structured/more 

dynamic than V148I (-4.8 ppb/K) (Table 3.3). Additionally, the V148G temperature 

coefficient data also suggest there are less hydrogen bonded residues in V148G relative 

to pWT, which could explain its lower thermal stability (34 °C), while V148I remains pWT-

like, both in terms of its stability (51°C) and its temperature coefficient data. Throughout 

Table 3.3: Amide proton temperature coefficients for apoSH variants. 
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previous findings, V148I has consistently shown pWT-like behaviour in terms of 

structure55,66, monomer stability65,87, metal-binding affinity (Chapter 7), dimerization 

(Chapter 7)87, and aggregation propensity.57 In contrast, V148G has always shown 

destabilized behaviour in all those respects. Aside from V148 being highly conserved25, 

understandably, a conservative mutation such as valine to isoleucine on the protein 

surface could be considered less impactful, especially in a dynamic protein like apoSH 

SOD1, compared to a nonconservative mutation like valine to glycine.  

On the other hand, where V148I and V148G temperature coefficient data agree 

with their global stability, E100G and G85R temperature coefficient data do not. The more 

thermally stable G85R (40.7 °C) shows an average temperature coefficient of -5.2 ppb/K 

and the least thermally stable apoSH mutant studied here, E100G (33.2 °C) has an 

average value lower than pWT (-4.6 ppb/K, discussed more below) (Table 3.3). Aside 

from A4V, G85R is the only other mutant that has a N-terminus face (consists of ß1-ß3, 

ß6) significantly more dynamic than pWT (see Table 3.3). Also, both A4V and G85R 

showed significant CSP values on the N-terminus face (see section 3.3.1), suggesting 

these mutants may be forming less native-like interactions in the monomer that manifest 

in different local environments relative to pWT.  

Similar to A4V, G85R has previously shown to have issues with maturation. 

However, where A4V fails to natively dimerize (see Chapter 7)53, G85R fails to metalate 

properly, form the conserved disulfide bond, and perturb enzymatic activity (see Chapter 
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7).221,226,227 Notably, this propagating impact reported for G85R aligns with the 

temperature coefficient data suggesting the mutation has more of a global impact on 

protein structure and maturation. Overall, the temperature coefficient data highlight critical 

areas of changed dynamics relative to pWT, that align well with previous findings.  

3.3.4 Comparing ApoSH SOD1 to HoloSS SOD1 

 With the addition of metal cofactors, disulfide bond, and dimerization, it is 

understandable the holoSS SOD1 (~91 °C) is more thermally stable than the apoSH state 

(48 °C) (Table 3.1).65,66 This increased thermal stability is reflected in the average 

temperature coefficient for holoSS pWT (-3.2 ppb/K) being smaller than apoSH pWT (-

4.8 ppb/K), which aligns with holoSS pWT being more structured than apoSH pWT 

(Tables 3.2 and 3.3).66 Interestingly, the holoSS and apoSH pWT N-terminus face (ß1-

ß3, ß6) does not show large differences between the states, -3.6 and -3.4 ppb/K, 

respectively, but the C-terminus face (ß4, ß5, ß7, ß8) shows larger differences (-3.0 and 

-4.5 ppb/K, respectively) (Tables 3.2 and 3.3). Since the C-terminus face has residues 

involved in metal binding and disulfide bonds215, it is not surprisingly the C-terminus is 

more destabilized not only in the apoSH state compared to the holoSS state, but also 

relative to the N-terminus face.  
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Temperature coefficient values are averaged across all assignments, the beta-strands on N-terminal (ß1-
3,6) and C-terminal face (ß4,5,7,8) and secondary structural elements, and each average also has the 
number of residues averaged in brackets. Average ddTC were calculated by subtracting the pWT value 
from the mutants for the same SOD1 state. HoloSS SOD1 values were obtained from Doyle et al., 2016.66  

 Previously, average temperature coefficient values for holoSS mutants showed 

some correlation to their global thermal stabilities.66 The averaged values are further 

expanded by averaging values that correspond to all the same residues in either apoSH 

or holoSS (see Appendix K), as well as residues that are measured in both apoSH and 

holoSS (51 residues) (Table 3.5, Appendix L). These averages are further filtered by only 

using residues that are hydrogen bonded in the holoSS state as considered above. All 

the above averages are then ranked across their respective states, and correlations are 

not used since only 3 protein variants are considered. 

Table 3.4: Comparing amide proton temperature coefficients for apoSH and holoSS SOD1. 
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Avg (all res) is averaging all residues assigned for each mutant and SOD1 state. Avg (state) is averaging 
all the same assigned residues across pWT, E100G and V148I for the same state (apoSH or holoSS). Avg 
(same res) is averaging the residues that are assigned across all 3 variants over both states, which is 54 
residues. Avg (H-bond res) is averaging all hydrogen bonded residues assigned for each respective mutant. 
The hydrogen bonded residues are residues assumed to be hydrogen bonded in the holoSS state based 
on Jonnsson et al.221 Avg (H-bond state) is averaging all hydrogen bonded residues that are assigned in all 
mutants across each state. Avg (H-bond same res) is averaging all hydrogen bonded residues that are 
assigned in all mutants across both states. HoloSS SOD1 values were obtained from Doyle et al., 2016.66 

For all holoSS averages, the order remains unchanged, with V148I being most 

structured, then pWT and lastly E100G, which agrees with their thermal stabilities (Table 

3.5). However, apoSH mutant thermal stabilities do not correlate with their averaged 

temperature coefficients - while the relative apoSH mutant thermal stabilities are the same 

as in holoSS (V148I, pWT, E100G), the average temperature coefficients take on the 

opposite trend, with E100G appearing the most stable and V148I appearing the most 

dynamic. Although the least thermally stable apoSH E100G having the highest local 

structural stability convolutes the trend, it is important to consider global stability is not 

always a dependable predictor of protein dynamics.204,206,207,228 Additionally, apoSH 

E100G specifically has the fewest assignments (107) relative to pWT (125) and V148I 

(121), which suggests there could be residues that have shifted in E100G relative to pWT 

which could also be less structured in E100G. With no assignments for these potentially 

Table 3.5: Averaging temperature coefficients for apoSH and holoSS SOD1 based on different conditions. 
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shifted residues, the averaged values could be inappropriately weighted toward residues 

that are more structured in E100G.  

 

Figure 3.13: Comparison of hydrogen bonded residues in apoSH and holoSS SOD1 based on amide 
temperature coefficients. (A) and (B) residues are considered hydrogen bonded (blue) if their temperature 
coefficient value is larger than -4.6 ppb/K for apoSH and holoSS SOD1, respectively. (C) Differences in 
hydrogen bonds between apoSH and holoSS SOD1 are considered. Blue and red residues indicate the 
residue gained a hydrogen bond in the apoSH and holoSS state, respectively. White represents no change 
in the residue’s hydrogen bonding status, and grey indicates residues with no data available.   
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Upon inspection of differences in hydrogen bonding between apoSH and holoSS 

pWT, apoSH SOD1 shows fewer hydrogen bonds than holoSS SOD1 (Figure 3.13). More 

specifically, residues near metal-binding sites show loss of hydrogen bonds (temperature 

coefficient value becomes smaller than -4.6 ppb/K) in strands and loops. Without the 

metals to serve as structural anchors, the enhanced dynamics suggest critical bonds are 

no longer formed. This disruption in hydrogen bonds due to lack of maturation events is 

also occurring in E100G and V148I, and interestingly in similar regions seen in the pWT 

comparison (Figure 3.13). Overall, introducing metal cofactors, and maturation events in 

general, leads to increased structuring in SOD1 due to hydrogen bond formation.   

Additionally, the impact mutations have on different SOD1 states is worth 

considering when discussing aggregation prone states. In section 3.3.3., hydrogen 

bonding pattern differences between mutants and pWT are compared. Where the apoSH 

E100G and V148I show some differences across hydrogen bonding, the holoSS E100G 

and V148I show either minimal or no changes relative to pWT. Although both E100G and 

V148I are considered pWT-like55,66, their differences in behaviour may highlight subtle 

changes in dynamics across maturation states.  

It is clear mutations impact the apoSH state more than the holoSS state, which 

can be explained by maturation events serving as points of stability such that impact of 

mutations is minimized. This was also previously observed when assessing thermal 

stability using differential scanning calorimetry (DSC) for both states.52,65 The range of 
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melting points, and thus the extent of destabilization relative to pWT, was larger for apoSH 

mutants than for holoSS mutants. The differences noted here suggest changes in local 

stability and/or altered dynamics in apoSH SOD1, which in turn impact the protein folding 

landscape and further support more immature states being important in protein 

aggregation.55   

3.3.5 Amide proton temperature dependence changes upon protein unfolding 

 Since certain apoSH SOD1 mutants are considered thermally destabilized both 

relative to pWT and at physiological temperature, the extent of unfolded structure and 

subsequently the mutant dynamics at physiological temperatures is vital to understand. 

However, due to limited data exploring protein unfolding through proton amide 

temperature dependence, it is unclear how protein unfolding impacts proton amide 

temperature dependence. Here, we chose four thermally destabilized SOD1 mutants 

(A4V, G85R, E100G, and V148G), to assess temperature driven protein unfolding via 

HSQC spectra. For each mutant, spectra were collected at a range of temperatures; 

spectra were collected at temperatures prior to any protein unfolding, (henceforth referred 

to as the folded range) as well as temperatures where the protein has begun to unfold 

based on their respective DSC thermogram (henceforth referred to as the unfolding 

range)  and intensity profiles of Trp-32 sidechains (Table 3.1, see Chapter 4).  

Unfolding temperature ranges varied in an attempt to acquire different extents of 

protein unfolding in addition to the variable melting temperatures for each mutant (Tables 
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3.1 and 3.5). G85R had the least spectra collected (2) in the unfolding range that spanned 

from 29.3 °C - 31.5 °C, and with a melting temperature of 40.7 °C, 31.5 °C is at the start 

of protein unfolding. Clearly with only 2 spectra, slopes are considered more error prone. 

For A4V, the unfolding range is from 19.8 °C - 34.5 °C (9 spectra), which is a few degrees 

before its melting temperature of 36.3 °C. The 6 unfolding spectra for E100G were 

collected from 22.3 °C until the melting temperature (33.2 °C), and 9 spectra for V148G 

from 20.1 - 36.7 °C, well past V148G’s melting temperature (34 °C). 

- mutants not considered. 

3.3.5.1 Variant CSP values in the unfolding range identify key initial unfolding regions 

Previously in section 3.3.1, CSP data suggest destabilized mutants that start 

unfolding at 25 °C show more local areas of perturbations, which is thought to suggest 

protein unfolding. Extrapolating those data, CSPs are calculated at the highest 

temperature of measurement for each mutant, relative to the pWT spectra at the 

Table 3.6: Folded and unfolded temperature ranges for the apoSH mutants and their respective number 
of spectra acquired in brackets.   
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corresponding temperatures. Where 19 °C CSP data in section 3.3.1 represent the folded 

structures of each protein and included local changes relative to pWT due to point 

mutations, the highest temperature CSP data (from now on referred to as high 

temperature CSP) represent areas of local changes due to protein unfolding. Since pWT 

remains folded throughout the unfolding ranges for the destabilized mutants, additional 

shifts at the high temperature, relative to those at 19 °C, are assumed to reflect protein 

unfolding.  

 

Figure 3.14: Representative DSC endotherm depicting the extent of unfolding for the spectrum collected at 
the highest temperature for each apoSH mutant. This is a representative DSC endotherm with apoSH 
mutants labeled along the unfolding to indicate the highest temperature a spectrum was collected relative 
to the mutant’s endotherm.  

Similar to the significant CSP values established by local standard deviations for 

each mutant discussed in section 3.3.1, sites of mutation and neighbouring residues are 

more locally perturbed than the rest of the structure. However, with the same global 
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cutoffs as section 3.3.1, apoSH mutants show more areas of perturbations at the high 

temperature than at 19 °C. Since G85R is the least into its unfolding transition relative to 

its DSC endotherm (Figure 3.14), the minimal CSP changes observed at its highest 

temperature aligns with the minimal extent of unfolding expected (Figure 3.15A).65 It is 

anticipated that as proteins become more unfolded, the CSP values will vary more relative 

to the folded pWT.  

 

Figure 3.15: CSP for apoSH mutants relative to apoSH pWT at the highest temperature (global cutoffs) for 
the respective mutants. CSP values were coloured based on the same cutoff for all mutants. Residues are 
coloured to aid in visualization according to the relative magnitude of CSP values. The pink, dark pink and 
red colours/lines represent 0.05–0.075, 0.075–0.1, >0.1 ppm, respectively. White denotes CSP values 
smaller than 0.05, and grey indicates residues where no data are available. (A) CSP values are mapped 
onto the 3D ribbon structure for holoSS SOD1 (1HL5, rendered with PyMol). Refer to Tables 3.1 and 3.5 
for melting temperatures and temperature ranges spectra are acquired. (B) CSP values for apoSH A4V 
between 19 °C and high temperature (34.5 °C).   
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Surprisingly, E100G showed minimal increases in high temperature CSP data 

(Figure 3.15A). This is particularly unexpected since E100G spectra were collected until 

the melting temperature (Figure 3.14). Most of the changes are dispersed throughout the 

loops which may hint at reasons why minimal changes were observed. As previously 

discussed, E100G has the least number of assignments, and additionally, for all mutants 

the large loops (4 and 7) are largely missing assignments. Thus, in addition to missing 

residues, if most of the changes are expected to be in the loops, those missing 

assignments may be the explanation for the unexpected results. 

More in line with the expected results, V148G shows enhanced CSP values at the 

high temperature. As stated earlier (section 3.3.1), the CSP data at 19 °C suggest 

differences at the site of mutation and near the metal-binding region, specifically loop 7. 

Since the highest temperature for V148G (36.7 °C) is well past its melting temperature 

(34 °C) (Figure 3.14), these effects further propagate throughout loop 7, and now include 

loop 4. From the 25 °C and high temperature CSP data, loop 7 seems to be the structural 

feature perturbed earliest by thermal unfolding. The gradual impacts, initially to loop 7 

and then loop 4, are logical considering critical hydrogen bonds are formed between loop 

7 and loop 4 that may no longer be present in apoSH SOD1.229 Additionally, the perturbed 

metal-binding issues in the unfolding V148G discussed earlier (section 3.3.1) now seem 

valid. V148G initially unfolding around the metal-binding sites also explains the inability 

to see aggregation rescue at 37 °C25  as well as the lack of zinc shuffling, described in 

Chapter 7. 
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Unlike V148G, or the other apoSH mutants, the high temperature CSP data for 

A4V behave uniquely. With its highest temperature being well into the unfolding transition 

(Figure 3.14), it is expected CSP values would only increase, implying the structure is 

moving away from the natively folded state. However, A4V CSP data at 19 °C show 

significant perturbations which lead to the hypothesis that A4V is likely forming a less 

native protein fold than other apoSH mutants. With a different fold, the new structure will 

unfold differently as well, meaning CSP values are not always expected to increase as 

would occur for a natively folded structure. A4V high temperature CSP data also suggest 

the non-native structure is still prevalent (Figure 3.15A), and instead of exclusively seeing 

certain areas become more perturbed, there are also areas that become less perturbed 

with temperature relative to pWT. With the structure fold likely being less native in 

comparison to pWT, conclusions on what the perturbation values mean are difficult.  

3.3.5.2 CSP values between folded and unfolding A4V suggest the periphery of the 

protein unfolds initially 

With A4V showing widespread differences relative to pWT in the folded 

temperature range, deciphering differences upon unfolding is difficult. However, 

determining the A4V CSP data between 19 °C and its highest temperature (34.5 °C) 

identifies areas that vary upon thermally unfolding A4V relative to its own folded structure. 

Unlike most of the CSP values for the mutants that show differences only at the site of 

mutation, the relative comparison highlights the edge strands in A4V (ß4 and ß6) as well 

as near the dimer interface are perturbed with temperature (Figure 3.15B). The negligible 
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CSP values at the site of mutation are expected since CSP data are not compared to 

pWT, as it was earlier, rather A4V at two different temperatures. Overall, the relative 

comparison of A4V at the two temperatures suggest the periphery of the protein unfolds 

prior to ß2, ß3 and ß7 (previously identified as a stable core in section 3.3.3.4). While 

A4V highlights the importance of a native fold when comparing mutants to pWT to assess 

protein unfolding, comparing mutants at each of the temperatures may highlight local 

areas of perturbations that could suggest unfolding.    

3.3.5.3 Folded and unfolding temperature coefficients show differences that correlate with 

the extent of protein unfolding 

 With these structural differences upon protein unfolding, comparing the 

temperature coefficient data in the folded and unfolding temperature ranges (which will 

be referred to as the folded temperature coefficients and unfolding temperature 

coefficients, respectively), might further identify initial structural regions thermally 

unfolding. As noted above, the ranges of temperatures and the number of spectra 

collected are summarized in Table 3.6. The folded and unfolding temperature coefficients 

can also be assessed by the different averaging methods discussed earlier; however, the 

data in the unfolding range has less temperature coefficients because the peaks become 

difficult to track in the unfolding range, thus averaging of available residues may be 

misleading. Instead, the folded and unfolding temperature coefficients are compared by 

using both differences (difference = TC unfolding – TC folded) and ratios (ratio = TC 

unfolding/TC folded, where a difference of +/- 1 ppb/K or a ratio change of 50 % is 
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considered substantial. The ratios are plotted by both their value as well as binning the 

data by the 50 % cutoff. By comparing the folded and unfolding temperature coefficients, 

the data may highlight local structural changes due to protein unfolding.  

 The two points of comparison, differences and ratios, show similar results, but 

where the differences and ratios are binned and thus show only the points of significant 

differences, the ratio range shows gradual changes throughout structural regions (Figure 

3.16). Due to only having two spectra in the unfolding region, G85R results are more error 

prone. Nevertheless, the folded and unfolding temperature coefficient for G85R show, 

although minimally, differences in the core strands (ß2, ß3) and edge strands (ß4, ß6, 

ß8). These changes, aside from ß2, are due to the temperature coefficient value 

becoming smaller (blue, less negative), suggesting more local structuring upon unfolding. 

The areas of changes also correlate with the residues that show larger CSP values. With 

two spectra for the unfolding temperature coefficients, making conclusions is difficult, but 

the stabilization in temperature coefficient values for G85R could be forming local areas 

of structuring due to restructuring and/or aggregation.  
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Figure 3.16: Comparison of folded and unfolding temperature coefficients for apoSH mutants. Differences, 
ratios and the ratio range are mapped onto 3D structures of holoSS SOD1 (1HL5, rendered with PyMol). 
(A) Differences in temperature coefficients are considered significant if their absolute difference is larger 
than 1 ppb/K. Red coloured residues are considered more dynamic in the unfolding temperature range, and 
blue is more stable in the unfolding temperature range. (B) For the ratios, red (blue) represents the unfolding 
temperature coefficient increases (decreases) by 50% (or 0.5) or more relative to the folded temperature 
coefficient. (C) Ratio range colours are the same as those for the ratio panel, however here any value 
smaller (larger) than 1, where 1 represents no difference between folded and unfolding values, is coloured 
blue (red). White represents no detectable change based on the respective cutoffs, and grey indicates 
residues with no data available.   

Since A4V is further into its unfolding endotherm than G85R, there are more 

changes throughout the structure (Figure 3.14). Interestingly, A4V also shows both 

increases (red, more negative values) and decreases (blue, less negative values) in the 

temperature coefficient values (Figure 3.16), corresponding to loss and gain of structure 

upon protein unfolding, respectively. The beta-strands show some residues becoming 
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more structured, whereas near the ends of the beta-strands becomes less structured. 

The residues that show significant changes also happen to be residues near residues 

that showed changes in CSP when comparing 19 °C to 34.5 °C (Figure 3.15B). This 

suggests that the local environments are changing for residues due to local loss of 

structure, and it can manifest as CSP and/or temperature coefficient differences.  

Along the same line as A4V, V148G also experiences both increases and 

decreases in temperature coefficients throughout the structure (Figure 3.16). The start of 

ß3, the entirety of ß6 and parts of the large loops seem to lose structure upon heating, 

while the end of ß3, the entirety of ß4 and ß8 seems to gain structure. Although it is 

sensible to consider that temperature coefficients would only increase (more negative) 

due to loss of structure and become more random coil-like, it is also not entirely surprising 

local areas experience structuring. Decreased temperature coefficients (less negative) 

may be a result of changes in the intrasubunit bonding in an attempt to find a new local 

minimum due to unfolding in other regions, and/or could also include stabilization due to 

intersubunit association.  

However, E100G, one of the mutants furthest along its unfolding transition, shows 

mostly increases (more negative) in temperature coefficient values in the unfolding range 

than the folded range (Figure 3.16). While the CSP data do not highlight these changes, 

the global cutoffs could mask the subtle changes occurring in the structure. Here, the 

comparison of the folded and unfolding temperature coefficients suggests a more global 
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increase in dynamics occurring throughout the structure, which is likely due to global 

protein unfolding. Considering E100G and V148G unfolding temperatures are well into 

the DSC endotherm but show differences in CSP and temperature coefficient data, 

E100G’s data could be highlighting that it may unfold differently relative to the other 

mutants assessed here.  

 It is interesting to consider the minimal decreases (smaller absolute value) in 

temperature coefficients observed for E100G relative to the other mutants. The 

comparison of the folded and unfolding temperature coefficients highlights the local 

changes in dynamics that occur because of protein unfolding. Additionally, the 

comparison at different points along their DSC endotherm may be emphasizing the 

consideration that other processes like restructuring and aggregation may arise. 

Deconvoluting the temperature coefficients may be more complicated upon unfolding, as 

now the residues may access additional states. The observed chemical shift is due to 

weighted averaging of all states the residues can access. With unfolding, although the 

residues may no longer access some folded states, additional states arise due to 

unfolding, and consequently protein association may also initiate. Thus, comparing the 

folded and unfolding temperature coefficients must be done with the important 

consideration to all possible states available. 

 Overall, local structural unfolding is identifiable by comparing the unfolding and 

folded temperature coefficients and CSP data. Since the highest unfolding temperature 
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is close to physiological temperature for these destabilized mutants, the unfolding data 

presented here may suggest the dynamics available to the protein in vivo. For instance, 

loop 7 in V148G shows enhanced CSP values relative to pWT with temperature, as well 

as significant changes in the temperature coefficients between the folded and unfolding 

ranges. Previously loop 7 has been reported as an aggregation prone region59,222, and 

with the lack of structuring from metal cofactors and the disulfide bond, in addition to the 

shift in dynamics for V148G, loop 7 could reasonably serve as a structural hotspot for 

aggregation. Identifying local areas of enhanced or different dynamics at physiological 

conditions may be key in understanding protein misfolding, and consequently protein 

aggregation. 

3.3.6 Curvature  

 Amide proton temperature dependences that are nonlinear can report on 

alternative states accessed by proteins throughout the temperature ramp. Since 

assessing extent of curvature is heavily dependent on the quality of the dataset, all 

spectra in the folded range and unfolding range for each mutant are used (temperatures 

ranges summarized in Table 3.6). However, ensuring curvature is statistically significant 

is important to remove false curvature, thus residues are only considered curved if they 

meet the stringent cutoffs of an R2 > 0.8 and a mean p-value < 0.05 for a quadratic fit. 

With that in mind, apoSH mutants are evaluated for curvature in hopes to identify regions 

accessing alternative conformations that may be related to either native maturation 

processes or non-native association.     
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Figure 3.17: Curvature of amide proton temperature coefficients in apoSH pWT and mutants in folded and 
unfolding temperature ranges. Residues are considered curved if they show a R2 value > 0.8 and a mean 
p-value < 0.05 for a quadratic fit. For folded temperature range (A) and the unfolding temperature range 
(B), residues are coloured red for residues that show curvature, white for non-curved residues, and grey for 
residues with no data available.  

3.3.6.1 Curvature is mostly present in hydrogen bonded residues in apoSH pWT 

 Since apoSH SOD1 lacks all the maturation steps, it is more dynamic than its other 

states, which could suggest apoSH SOD1 has more conformations available and 

subsequently more curvature. However, apoSH pWT only shows 22 residues with 

curvature, of which 16 are residues known to hydrogen bond in the holoSS state (Figure 

3.17A).221 The hydrogen bonded residues specifically could be suggesting alternative 
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states that may be changing the hydrogen bonding. These residues in general are located 

on edge strands (ß1 and ß6), at the ends of other beta strands, and residues involved in 

forming the short helix in loop 7 in the mature enzyme. However, the location of these 

residues may suggest differences in the alternative state being accessed. 

 The position of the curved residues based on their secondary structural element in 

the holoSS state may suggest that some residues in apoSH pWT are involved in non-

native processes, while others may be hinting formation of hydrogen bonds similar to the 

holoSS state. For the residues that show curvature at the edges of beta strands and at 

the short helix in loop 7, this curvature could be an indication of structuring. The beta 

strands may be transiently frayed at the ends in the apoSH state and similarly the short 

helix is not formed in the apoSH state due to missing maturation events. Since both the 

ends of beta strands and the short helix are structured in the holoSS state, the curvature 

for these residues may suggest the two states being accessed are the unstructured and 

structured states.  

 Meanwhile, the curvature observed for ß1 and ß6 could also align with the 

conclusions drawn above, but it may also suggest an additional process of strand 

unfolding. The residues that show curvature in ß1 and ß6 in apoSH pWT are also residues 

near or involved in disrupted hydrogen bonding based on their temperature coefficient 

values (discussed in section 3.3.3.). With the disrupted hydrogen bonds, ß1 and ß6 might 

exist in an alternative state that involves detaching from the beta-barrel. Overall, apoSH 
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pWT shows extensive curvature in hydrogen bonded residues where the alternative state 

arises from change in structuring.  

 Similarly to apoSH pWT, holoSS pWT has 28 curved residues, and most of them 

(24) are hydrogen bonded residues.66 For both apoSH and holoSS pWT, the curvature 

seen in predominantly hydrogen bonded residues may point to altered hydrogen bonding 

compared to the ground state. However, where in holoSS pWT, the altered hydrogen 

bonding could be forming a different hydrogen bond, due to its enhanced dynamics, 

apoSH pWT curvature may have an alternative state where the hydrogen bond no longer 

exists. Additionally, ß5 and ß6 edge strands in holoSS pWT show extensive curvature, 

which is interpreted as an alternative state where the edge strands are no longer attached 

to the beta barrel, akin to the observations for ß1 and ß6 in apoSH pWT. Collectively, the 

trends between holoSS and apoSH pWT suggest hydrogen bonded residues are likely to 

access alternative states, and the alternative states involve changes in hydrogen bonding.  

3.3.6.2 ApoSH mutants have less curved residues due to their enhanced dynamic nature 

relative to pWT   

 For the apoSH mutants, curvature may be highly dependent on the dynamics of 

the specific mutants, and the hydrogen bonding pattern. Since apoSH V148I is pWT-like 

in almost all respects discussed above, it is unsurprising the curved residues in V148I are 

similar in position and number (16) to pWT (Figure 3.17A). However, V148I does show 

more curvature for residues near the site of mutation and near the dimer interface relative 

to pWT, and the ratio of hydrogen bonded and non-hydrogen bonded curved residues is 
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more even. These subtle differences may suggest an alternative state available to V148I 

that is not seen in pWT. Although V148I is consistently pWT-like in many experiments, 

perhaps these subtle differences in curvature may be key in understanding its role in 

disease.  

 Alternatively, the rest of the destabilized mutants show a significantly reduced 

number of curved residues relative to pWT. A4V, G85R, E100G and V148G had only 2, 

12, 6 and 6 curved residues, respectively (Figure 3.17A). Aside from A4V, the number of 

curved residues correlates with the mutant's respective melting temperatures (Table 3.1). 

A4V only shows two residues as curved, which may be related in part to its less native-

like fold as discussed earlier. Additionally, A4V, G85R, and E100G temperature 

coefficient data suggest these mutants have more dynamic residues around the short 

helix in loop 7, and previous literature supports their inability to transiently access the 

native helix from the apoSH state.55 Interestingly, these 3 mutants are the only mutants 

to show no curvature in the native-helix, which is present to some extent in pWT, V148G, 

and V148I. Perhaps the curvature observed in the native helix is hinting at the ability to 

structurally mature, and lack of curvature in some mutants suggests perturbed 

maturation. 

Moreover, where the apoSH mutants show dramatically decreased curved 

residues, the holoSS mutants, aside from V148I, show increased curved residues, mostly 

in hydrogen bonded residues.66 A potential explanation may involve hydrogen bonding 
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and dynamics. While holoSS mutants experience alternative states around their hydrogen 

bonded residues accessing potentially new hydrogen bonded patterns, the apoSH 

mutants are less structured than holoSS mutants, and are missing critical hydrogen 

bonds. These missing hydrogen bonds in apoSH SOD1 may subsequently impact the 

ability to access the alternative state seen in holoSS SOD1. However, an important 

consideration to discuss is lack of curvature does not suggest lack of alternative 

conformations. Curvature is only detectable when there are only two prominent states 

fast exchanging and have comparable energy. With multiple accessible states, or slow 

exchanging states, or states with larger differences in energy, the residues will not show 

detectable curvature. Thus, the decrease in curved residues for apoSH mutants may not 

be due to lack of curvature, but lack of detectable alternative states within the constraints.  

3.3.6.3 Curvature between the folded and unfolding temperature ranges show complex 

behaviour between A4V and V148G 

Changes in curvature are also evaluated between the folded and unfolding ranges 

of temperature. However, due to insufficient number of spectra to statistically evaluate 

curvature, curvature could not be assessed for G85R and E100G unfolding ranges. 

Folded and unfolding curvature data for A4V and V148G show differences in curvature 

both in the number of residues and the residues that present curvature (Figure 3.17B). 

Only one residue is curved in V148G, whereas A4V has 5. The loss or gain of curvature 

could be related to the extent of protein unfolding and/or protein association. The 

unfolding A4V curvature data show residues predominately in ß1, and coincidently near 
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the site of mutation, are curved. This may be hinting at an alternative state where ß1 may 

be either unfolding and/or associating, which aligns with ß1 having both more structured 

and dynamic residues in the unfolding range relative to the folded range, and otherwise 

very few changes. However, V148G may possess significantly more dynamics since it is 

further into its unfolded endotherm, and the alternative states may no longer be 

determined for reasons mentioned above. Overall, unfolding curvature introduces many 

more considerations, such as processes that may only exist due to local unfolding.  

3.4 Conclusion 

 Collectively the data presented here highlight the local dynamic changes in apoSH 

mutants both relative to apoSH pWT and holoSS SOD1. The CSP data show sites of 

mutations being important for assessing local structural changes relative to pWT. 

Additionally, extending the previously published urea denatured SOD1 chemical shifts 

with calculated SOD1 random coil temperature coefficients to assess the extent of 

random coil in SOD1 in the folded range, the beta-barrel for most mutants is intact, 

whereas the large loops (4 and 7) have random coil-like chemical shifts. The temperature 

coefficients also further identify local changes in dynamics that correlate strongly with 

literature and may ultimately suggest hotspots for protein misfolding and consequently 

aggregation. 

Here, we also explored temperature dependence in the folded and unfolding 

temperature ranges. The CSP for comparing to folded pWT helped identify areas for 
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potential local structural changes due to thermal unfolding, while the temperature 

coefficients highlighted changes in dynamics upon protein unfolding. Lastly, curved 

residues are predominately hydrogen bonded residues, and the number of curved 

residues decreases in destabilized mutants. In summary, using amide proton chemical 

shifts can offer an atomistic insight on local dynamics that are otherwise overlooked by 

more crude biophysical methods.  
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Chapter 4: Exploring changes in local protein 
dynamics through 1H-15N cross-peak shape for 
immature Superoxide Dismutase-1 variants  
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4.1 Context 

With all these different aggregate polymorphisms, it is clear point mutations and 

solutions conditions influence the aggregate structure. However, it is unclear how either 

influence the protein dynamics and in turn the aggregation pathway(s). In this chapter, 

the protein dynamics for apoSH pWT SOD1 using intensity profiles and linewidth changes 

throughout the folded temperature range are investigated. In addition to the temperature-

influenced dynamics, we also probe for the differences in dynamics between apoSH pWT 

and apoSH mutants. Additionally, the temperature at which maximum intensity occurs 
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correlates to the temperature the residue shifts from its folding to unfolding environment, 

which allows for identifying areas of local protein unfolding throughout the temperature 

ramp. Lastly, linewidths are used to understand potential dynamics the protein may 

access throughout the heat ramp. However due to the marginal stability and decreased 

structure of apoSH SOD1, the crowded spectra are a limiting factor in these analyses. 

Collectively, the NMR peak shape methodology and data analyses of apoSH SOD1 and 

its variants presented here highlight critical local differences in dynamics through the 

structure, as well between apoSH mutants. 

4.2 Introduction 

 Protein structure and dynamics are central to protein stability, protein folding and 

protein association. However, protein structural dynamics can be hard to characterize due 

to the timescale of the dynamics or lack of high-resolution detail. Fortunately, protein NMR 

offers atomistic insight on protein structure and dynamics at a range of timescales. Each 

NMR peak consists of a chemical shift, peak intensity and linewidth, all reflecting the local 

chemical environment, population and local dynamics, respectively, of the corresponding 

residue.78 In Chapters 3 and 5, we explored the differences in chemical shift, and here 

peak intensity and linewidths methodology and data will be explored. While chemical shift 

and temperature coefficient data report on local structure differences, it fails to consider 

different chemical environments a residue can be exchanging between; a chemical shift 

can show no changes throughout a changing solution condition, but the exchange 

processes available to the residue can change and alter the peak shape.  Simply, peak 

intensity can report on the number of nuclei resonating at a given frequency, whereas 
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linewidths change based on relaxation rates. However, both peak intensity and linewidth 

are influenced by additional dynamic processes, such as a residue exchanging between 

two distinct chemical environments.  

Protein dynamics are difficult to capture in a single 2D HSQC experiment, and 

rather require multiple HSQC spectra over changing conditions. The condition is used to 

probe/amplify protein dynamics and could include time, temperature, protein 

concentration, pH, and ligand titration among others.66,203,211,230 By collecting multiple 

spectra over changing conditions, depending on the timescale of the event, peaks in the 

NMR spectra may change as their associated residues sample different states throughout 

the varying conditions.231–233 For instance, this could be done for a ligand titration, where 

residues that may be involved in binding to the ligand can access both a bound and 

unbound state and depending on the relative exchange between the two states, the 

chemical shift, intensity and linewidths may change to reflect the shift in dynamics. In 

general, peak shape analysis has been used for complex reaction mechanisms, such as 

non-2-state binding234,235, protein folding83,236, and allostery.237,238   

Here, we collect 2D 1H15N-HSQC spectra throughout a temperature range to 

characterize structural dynamics for apoSH SOD1. Initially, the protein dynamics are 

assessed for apoSH pWT SOD1 using intensity profiles and linewidth changes throughout 

the folded temperature range. In addition to the temperature-influenced dynamics, we 

also probe for the differences in dynamics between apoSH pWT and apoSH mutants. 

Additionally, the temperature at which maximum intensity occurs correlates to the 

temperature the residue shifts from its folding to unfolding environment, which allows for 

identifying areas of local protein unfolding throughout the temperature ramp. Lastly, 
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linewidths are used to understand potential dynamics the protein may access throughout 

the heat ramp. However due to the marginal stability and decreased structure of apoSH 

SOD1, the crowded spectra are a limiting factor in these analyses. Collectively, the high-

resolution analyses of apoSH SOD1 and its variants presented here highlight critical local 

differences in dynamics through the structure, as well between apoSH mutants.  

4.3 Methods 

4.3.1 Protein preparation for NMR 

Proteins for NMR samples were expressed using M9 minimal media under 

different growth conditions. Briefly, BL21 non DE3 E. coli were used, which do not confer 

any antibiotic resistance. Once transformed with the pHSOD1ASlacIq, plasmid for 

expressing SOD1, which confers ampicillin resistance, cells were grown overnight in LB 

broth with ampicillin.  Next, 10 mL of the overnight culture was used to inoculate 1 L of 

M9 minimal media, which contains 15NH4Cl as the sole nitrogen source. Cells were grown 

to OD600=~0.6, and then induced with IPTG. All protein samples underwent a copper 

charging and heat treatment before being purified by hydrophobic column 

chromatography to ensure proper metalation. Copper was added (final concentration of 

1.4 mM) and then the sample were heated for 20 minutes at 70 °C. The solution had 

ammonium sulfate (final concentration of 3 M) added and then was filtered through a 

nitrocellulose filter (0.45 µm cutoff) prior to applying onto a hydrophobic-interaction 

column. The protein was eluted and placed in dialysis tubing (6-8 kDa) to be dialyzed 

against milliQ H2O for 4x8-hour exchanges. With the Amicon ultrafiltration membrane, the 
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volume of the sample was reduced, and the concentration was checked with the use of 

the UV-vis spectrophotometer at 280 nm. Aliquots were then syringe-filtered into 

Eppendorf tubes and flash frozen in liquid nitrogen. Metals were removed via dialysis of 

holo SOD1 against ethylenediaminetetraacetic acid (EDTA) at pH 3.8.208 Another set of 

exchanges were done with 50 mM sodium acetate, 100 mM NaCl at a pH of 3.8. The last 

set of exchanges were against milliQ water with one final exchange against 1 mM HEPES 

at pH 7.8. Metal contamination was assessed by PAR assay, initially developed by Crow 

et al.,209  and further modified by Colleen Doyle and Heather Primmer as described 

previously.210 

Reduction of the disulfide bond was performed as described previously.65 The 

method used the reducing agent tris(2-carboxyethyl)phosphine hydrochloride (TCEP-

HCl). Initially, oxidized apo SOD1 was denatured using 2 M guanidine hydrochloride 

(GdnHCl) and 20 mM HEPES for a pH of 7.8. TCEP was then added to the sample, and 

it was placed in a desiccator for one hour before the sample was exchanged into buffer 

(1 mM TCEP and 20 mM HEPES at pH 7.4). The success of the reduction was checked 

by running an SDS-PAGE gel. Preparation of the NMR sample required concentration of 

the sample to ~15-20 mg/mL SOD1, with a final sample volume of ~450 mL. 50 µL of D2O 

and sodium trimethylsilylpropanesulfonate (DSS) (final concentration of 1 mM) was added 

and the sample was transferred to an NMR tube (final sample volume of 500 mL). Upon 

final sample preparation, we also employed an initial 1H 1D NMR experiment (p3919gp, 
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Appendix H) to confirm both the TCEP reduction state and the metalation status 

(Appendix D and E)  

4.3.2 NMR experiments 

1H15N-HSQC spectra were acquired at varying temperatures from 1.2 °C to 38.6 

°C using a Bruker Avance 600 MHz spectrometer, using the acquisition parameters 

described in Appendix J with a D1 of 0.80. The sample was equilibrated for 20 minutes 

at each temperature prior to acquisition, as described by Doyle et al.66 All spectra were 

referenced to DSS. Spectra were processed in TopSpin 4.0.7, and analyzed in CCPN 

2.4.2. Sequence specific resonances were previously determined for pWT, A4V, G85R, 

E100G, and V148I apoSH SOD1 at pH 7.4.54,55  

In CCPN 2.4.2, the intensity and linewidths were fit only in the direct (1H) dimension 

using Gaussian peak shape with a boxwidth of 1. Due to significantly decreased 

dispersion in the indirect (15N) dimension relative to the direct dimension, only the direct 

dimension was considered. Peak intensities were normalized to the TRP-32 folded side 

chain and slopes were fit to a line using Microsoft Excel. Maximum peak intensity was 

assessed using Microsoft Excel. The 1H linewidths were estimated from the width of the 

peak at half of the maximum height of the Gaussian peak fit.  
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4.4 Results and Discussion 

Unlike the highly stable holoSS SOD1, apoSH SOD1 is marginally stable and 

cannot be heated past physiological temperatures without protein unfolding occurring. 

The mutant set chosen ranged in location, disease duration, and most importantly, 

stability (Table 4.1 and Figure 4.1). The variation in thermal stability means the folded 

temperature range varied significantly; stabilized mutants like V148I had a large, folded 

range similar to pWT, but destabilized mutants (melting temperatures less than pWT) like 

A4V had a smaller range.65 However, to ensure enough data points are acquired, apoSH 

mutants were heated just prior to their unfolding, based on DSC thermograms65 and 

tryptophan 32 side chain peaks (discussed in 4.4.1.1), with more intermediate 

temperature collected along the folded temperature range. For pWT, G85R and V148I, 

only the folded ranges are considered, but for A4V, E100G and V148G, both folded and 

unfolding temperature ranges are considered (Table 4.2).  

 

Table 4.1: Summary of SOD1 mutant characteristics.  
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aAverage disease durations are from Wang et al.212   

bMelting temperatures are from Vassall et al.65 

cMelting temperatures are from Stathopolous et al and Doyle et al.52,66 

dBased on visual inspection.  

- not applicable. 
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Figure 4.1: ALS-associated SOD1 mutations mapped onto holoSS SOD1. Mutations studied here are 
mapped onto the 3D structure of holoSS SOD1 (PDB 1HL5, rendered with PyMol) in magenta. A4V, G85R, 
E100G and V148G/I are in ß1, ß4, ß6 and ß8, respectively. Loops 4 and 7 are loops that become structured 
with maturation events, and are coloured yellow and blue, respectively.  

aMelting temperatures are from Vassall et al.65 
bStart of unfolding temperature from Vassall et al.65 
c,dFolded and unfolding temperature ranges, respectively, for the apoSH mutants and their respective 
number of spectra acquired in brackets.  
 Additionally, NMR lineshape analysis is a useful tool commonly used for assessing 

binding of ligands to a biomolecule.79–81 It can help assess thermodynamics, kinetics and 

structural information of binding events. In addition to these processes, lineshape analysis 

has been explored for comparing protein variants for differences in dynamics.82 

Unfortunately, lineshape analysis can be convoluted due to the numerous factors that 

impact peak shape and position; two of these key factors include exchange rate between 

processes and relaxation rate (Figure 4.2).78,83–85 Glaves et al. highlight the complexities 

and limitations associated with peak shape analysis for a self-associating protein; the 

NMR assignments for aggregate-intermediates must be known for reliable interpretation 

on self-association.239 Processes such as ligand binding that may be simplified to 

exclusively a bound and unbound state are easier to interpret. However, assessing 

lineshape changes throughout multiple spectra where processes such as dimerization, 

Table 4.2: Different temperatures and spectra ranges collected for apoSH mutants.  
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aggregation and/or population of transient conformations are occurring convolute and 

limit lineshape analysis greatly. 

 For apoSH SOD1 mutants, population of both non-native and native dimers, 

aggregates, and transient conformations are possible along the temperature 

ramp.12,54,56,65 Aside from these processes convoluting the sample, each of these species 

impact peak shape in different ways. Dimers, aggregates and transient conformations will 

have their own respective exchange rates with the monomer, whether that is the folded 

or unfolded monomer is an additional complication, as well as different relaxation rates. 

Impacts to exchange rates and relaxation rates will subsequently influence peak position, 

intensity and linewidths. Thus, with these potential complications, our aim is to attempt to 

analyze peak shape where conclusions are only drawn with multiple residues behaving 

comparably as opposed to isolated residues.  

 

Figure 4.2: Different factors and processes that may impact lineshape analysis. 

Lineshape analysis
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Rate

Exchange 
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• Monomer relaxation
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• Non-native dimer relaxation
• Aggregate relaxation
• Transient conformations
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4.4.1 Intensity profiles 

 NMR signal intensity is directly correlated to the number of nuclei existing in the 

same chemical environment. If a residue under certain conditions experiences multiple 

chemical environments in response to accessing additional states, the signal intensity will 

change to reflect the additional chemical environments, as discussed above. However, 

so many factors influence peak intensity and therefore it is difficult to classify peak 

intensities from a single spectrum. In these cases, comparing peak intensity changes by 

collecting multiple spectra throughout a changing condition with a reference peak offers 

a more controlled analysis. Additionally, spectral crowding is a significant limitation, but 

any conclusions made are based on multiple residues which will limit errors; this limitation 

is further addressed in section 4.4.3. Previously, variant studies on RFP used deviation 

from average peak intensity for each residues as a threshold for assessing differences in 

dynamics82, but here, the intensity of the apoSH pWT and mutant peaks are being 

monitored throughout a temperature ramp (from now on referred to as the intensity profile) 

using a side chain peak to normalize.  

4.4.1.1 Folded and unfolded Tryptophan-32 side chain correlate to extent of protein 

unfolding 

 
Previously, Sekhar et al., identified two different chemical environments for the 

tryptophan-32 (Trp-32) sidechain that are in slow exchange, and thus result in two 

different chemical shifts (Figure 4.3A).55 The two chemical shifts are considered to 

correspond to folded and unfolded conformers (Trp-32F and Trp-32U, respectively), and 

their relative peak volumes are roughly correlated with protein stabilities assessed by 



	 	156	

DSC thermogram.65 Here, the Trp-32F and Trp-32U intensity profiles are compared to 

the entire DSC thermogram, to assess if these peaks can also probe for the extent of 

unfolding.  

The Trp-32F and Trp-32U peaks do not show up for all the apoSH SOD1s studied 

here (Figure 4.3B). For apoSH pWT, only a folded peak appears throughout the 

temperature range in the spectra collected. However, apoSH V148I does show a weak 

Trp-32U peak at higher temperatures (>37 °C). Both pWT and V148I have higher thermal 

stability relative to the destabilized mutants (Table 4.1) and should not show signs of 

protein unfolding, and accordingly they only present a Trp-32F peak at most 

temperatures. The Trp-32F intensity only increases for the entire temperature range, 

which is likely a consequence of peak shape changes due to the protein tumbling 

differently at different temperatures, as it occurs for all SOD1 mutants.75 However, since 

the temperature range for both SOD1s is in their folded range based on their DSC 

thermograms, this increase in intensity for Trp-32F supports the protein remaining folded 

throughout the temperature range (Figure 4.3B).65  
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Figure 4.3: Trp-32F and Trp-32U chemical shifts (A) and peak intensities (B) throughout the temperature 
ramp. All peak intensities were normalized by receiver gain. (A) Trp-32’s sidechain has an amide peak 
whose chemical shift varies based on whether it is in the folded or unfolded conformer, Trp-32F and Trp-
32U, respectively. Both sidechain peaks are isolated and show up downfield from the amide region, making 



	 	158	

them easy to locate and follow, as well as ideal reference peaks for assessing the intensity profiles. The 
chemical shift values for each peak is for illustrating their differences, and the respective values vary based 
on the mutant and temperature. (B) The Trp-32F (blue) and Trp-32U (red) peak intensities are evaluated 
throughout the temperature ramp. For pWT and V148I, no protein unfolding is observed and subsequently 
no Trp-32U peak is observed. However, for the destabilized mutants, A4V, G85R, E100G and V148G, both 
Trp-32F and Trp-32U show up at all temperatures, even in the folded temperature range. Throughout the 
folded temperature range, the TrpF-32F peak intensity increases, whereas the Trp-32U peak shows 
minimal changes. However, the Trp-32F and Trp-32U intensity begins to decrease and increase, 
respectively, when the protein is in the unfolding temperature ranges.  

The destabilized apoSH mutants’ data suggest the change in Trp-32F intensity 

reports on protein unfolding. For all mutants, the Trp-32F intensity increases for the 

temperatures prior to the protein unfolding observed by the DSC thermogram. However, 

for the destabilized mutants, A4V, G85R, E100G and V148G, their profiles show initial 

increases and then the intensity decreases at the higher temperatures. Interestingly, the 

temperature at which the initial decrease in intensity occurs coincides with the 

temperature at which the protein begins to unfold in their DSC thermograms.65 This 

suggests there is a shift in the protein from the folded to unfolded conformer due to 

thermal unfolding. Thus, the Trp-32F is a great peak for tracking when the protein remains 

folded (intensity increases), and when the protein starts to unfold (decrease in intensity).  

Since the Trp-32F intensity change can report on shifts from the folded to unfolded 

conformers, the Trp-32U profile should also agree based on previous findings.55 We 

expect the temperature that the Trp-32F intensity starts to decrease, would also be the 

same temperature the Trp-32U intensity would increase since it corresponds to the 

unfolded conformation. For most of the destabilized mutants, the signal intensity does 

increase for the Trp-32U peak as the signal for the Trp-32F peak decreases, suggesting 

Trp-32U reports on the sample populating an unfolded state. However, unlike pWT and 

V148I, which do not show a reliable Trp-32U peak, the destabilized apoSH mutants show 
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a strong Trp-32U peak at all temperatures. Thus, our results suggest that Trp-32U 

intensity changes may be reporting on increases in unfolded population, but also 

potentially other non-native conformations.   

With Trp-32U present in all spectra for destabilized mutants, it is unclear what 

conformation this peak is reporting on. One potential hypothesis is that the destabilized 

mutants may transiently access an unfolded conformer at all temperatures, and this 

change in chemical environment/state may not be detectable by DSC. As the protein is 

heated close to the start of its unfolding endotherm, the destabilized mutants start 

populating more of the unfolded state.  In addition, apoSH V148I, a stabilized mutant, has 

the Trp-32U peak appear exclusively at temperatures close to the initial unfolding 

observed by DSC. Where the destabilized mutants may access this state due to their 

enhanced dynamics (see Chapter 3), V148I may only be able to transiently access this 

conformation at temperatures close to its unfolding. Additionally, in Chapter 6, Trp-32U 

peak intensity is discussed further and suggests its intensity changes can also be in 

response to protein aggregation. Overall, Trp-32F is exclusively an indicator for the folded 

population, and Trp-32U is useful for assessing unfolded protein as well as other 

processes (further discussed in Chapter 6).  

4.4.1.2 Trp-32F is a good candidate to normalize the intensity profile of SOD1 residues 

 Due to the large range of intensity profile behaviour, characterizing individual 

residues based on their intensity profiles becomes difficult. Hence, the need to normalize 

the residue intensity profiles is imperative for analyses, but choosing a consistently 

behaving residue for all mutants becomes difficult. An isolated peak from pWT cannot be 
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used since the same peak in mutants will behave differently due to the impact both 

temperature and mutations have on the local environment. Additionally, due to the extent 

that point mutations impact the protein stability and structure (see Chapter 3), backbone 

residues are not entirely reliable as their local dynamics may vary at certain temperatures. 

However, as discussed above, the Trp-32F is present in all spectra and since its intensity 

correlates well with DSC endotherms, it is understood to represent a folded structure. 

 

Figure 4.4: Pre-normalization intensity profiles and the interpretation of the post-normalized intensity 
slopes. The plot on the left shows all the potential intensity profiles seen for the residues before 
normalization. Due to the diversity in profile behaviours, interpretation is difficult. However, upon 
normalization to the Trp-32F peak, the interpretation of slope of intensity is now in reference to 
folded/structured conformer. The average slope value is close to 0 (solid grey line), and slope values within 
the average ± 1 standard deviation (blue shades box) are considered as behaving comparably to that of 
the Trp-32F peak, and thus are considered structured. Outside this range, the slopes are reporting on less 
structured/differently structured relative to the Trp-32F.  
 

Due to the variability in intensity temperature dependence for all mutants, the need 

for an internal reference point is imperative. Thus, each residue intensity is normalized to 

their Trp-32F peak at all temperatures for apoSH pWT and SOD1 mutants’ spectra, which 

removes the nonlinear influence of temperature or changes in protein concentration on 

peak shape, without changing the intensity profile shape. From here, the change in 

intensity throughout the folded and unfolding temperature range is considered (henceforth 
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referred to as the folded and unfolding intensity slopes). By normalizing all residue 

intensity profiles to Trp-32F, which represents the folded conformation, the signs and 

values of folded and unfolding intensity slopes now change. Post-normalized folded and 

unfolding intensity slopes that have values within the average ± 1 standard deviation 

mean their pre-normalized intensity slope is similar to the Trp-32F slope, and thus these 

residues are considered have comparable structure that responds similarly to 

temperature as the folded conformation (Figure 4.4).  

However, larger differences between pre-normalized slopes and Trp-32F slopes 

result in a post-normalization intensity slope that has an absolute value larger than zero. 

For pre-normalization slopes that are larger, positive values relative to Trp-32F, the post-

normalized intensity slope is now a positive value. In contrast, for a pre-normalization 

slope that is smaller than the Trp-32F, regardless if it is a small positive value, zero, or a 

negative value, the post-normalized intensity slope is negative. Where a post-normalized 

slope within the average ± 1 standard deviation suggests the residue behaves like the 

folded structure, a post-normalized slope with a value larger or smaller than the average 

± 1 standard deviation cutoff suggests it deviates from the folded structure (Figure 4.4).  

For this interpretation to hold true, we assume that the Trp-32F intensity profile is 

how all residue intensities behave in the folded structure. In reality, other folded intensity 

profiles likely exist that may be more or differently folded, and thus respond to temperature 

differently. With this acknowledgement and considering the average slope is centered 

closely around zero, post-normalized intensity slopes close to 0 are considered folded, 

and those that deviate from zero, are considered unstructured/less structured. This 

simplification is understandable considering the strong correlation of the Trp-32F intensity 
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correlation with the DSC endotherm, and its validation is considered further in the 

following sections.  

 

4.4.1.3 Large loops deviate significantly from folded structure in apoSH pWT 

 For apoSH pWT, all spectra are collected in its folded range (Table 4.2). Hence, 

any data interpretation is for the native folded structure. However, as discussed above, 

without a point of reference, intensity profiles are difficult to interpret. Understanding the 

impact temperature has on the protein dynamics, subsequently the peak intensity, has 

multiple interpretations. Thus, by normalizing all residues’ intensity at each temperature 

to their Trp-32F peak, the initial analysis is for assessing the extent of folded structure in 

pWT throughout the temperature range.  

 The range of normalized folded intensity slopes is large in apoSH pWT (Figure 

4.5). By considering only slopes that are larger than the average +/-1 standard deviation 

as significantly different values, most of the residues have intensity slopes close to zero, 

thus like the Trp-32F value. This suggests that most of the structure has a folded 

environment similar to the Trp-32F peak. However, the large loops (4 and 7) are the only 

structural areas that show significant differences, meaning their intensity profiles deviate 

the most from the Trp-32F peak. This agrees with the extent of structure analysis done in 

Chapter 3 section 3.3.2 as well as literature suggesting the apoSH SOD1 beta-barrel is 

mostly intact, except for the large loops and dimer interface being highly dynamic.55 This 

agreement in data further supports that the Trp-32F normalization is valid for assessing 

the extent of structure.  
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Figure 4.5: Post-normalized folded intensity slopes for apoSH pWT and mutants. (A) All the normalized 
intensity slopes (blue bars) are considered for the folded temperature ranges. The higher small grey dashed 
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line and the lower dashed grey line represent the average + 1 standard deviation and average - 1 standard 
deviation, respectively. The black dotted line represents the average, which shows up close to 0, the slope 
expected for the Trp-32F peak that the data are normalized by. (B) The folded intensity slopes are mapped 
onto the 3D ribbon structure for holoSS SOD1 (1HL5, rendered with PyMol). The residues are coloured 
based on colour legend provided, and each cutoff is based on the average and standard deviation values 
for individual mutants.  
 
 Furthermore, by averaging using rolling averages as done previously in Chapter 3 

section 3.3.3.1, intensity profile values show clear patterns with less consideration for 

outliers. The rolling averages are averaged over 5 residues and highlight local differences 

throughout the structure without regarding secondary structural elements that may not be 

formed in the apoSH state. The most notable observation is that the rolling averages 

highlight the residue intensity profiles show grouped behaviour that correlates strongly 

with their secondary structural elements (Figure 4.6). The beta strands consistently show 

mostly small positive slope values similar to each other, but the large loops and loop 6 

show large negative rolling intensity average slopes. This profile roughly matches that 

observed for the apoSH chemical shift-derived order parameters in Sekhar et al., 201554, 

which also further supports the normalization to Trp-32F is an appropriate measure of 

structure.  

 By assessing the intensity slopes using rolling averages, local areas of 

perturbation relative to the Trp-32F peak are identified. While the entirety of loop 7 

deviates from the folded structure observed based on the similarity in slopes to Trp32F, 

only residues in the initial third of loop 4 seems significantly less structured (Figure 4.6). 

Although several residues are missing assignments in loop 4, there are enough in the 

loop to say there is a significant difference in behaviour throughout the loop. Additionally, 

loop 6 also shows a cluster of residues that have negative values. Even though these 

residues are not considered significantly different from the Trp-32F, most other residues 
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aside from loops 4 and 7 are positive with sporadic negative values, thus this difference 

in behaviour is worth considering. Similar to only parts of the loops behaving less 

structured or differently from the rest of the loop, the temperature coefficient data in 

Chapter 3 suggest only parts of the loops have disrupted hydrogen bonding.   
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Figure 4.6: Post-normalized folded intensity slopes for apoSH pWT and mutants. (A) The rolling averages 
for normalized intensity slopes (blue bars) are considered for the folded temperature ranges. The higher 
small grey dashed line and the lower dashed grey line represent the average + 1 standard deviation and 
average - 1 standard deviation, respectively. The black dotted line represents the average, which shows 
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up close to 0, the slope expected for the Trp-32F peak that the data are normalized by. (B) The rolling 
averages of folded intensity slopes are mapped onto the 3D ribbon structure for holoSS SOD1 (1HL5, 
rendered with PyMol). The residues are coloured based on the average and standard deviation values for 
individual mutants, on a minimum (red) and maximum (blue) scale. Residues with values close to 0 are 
coloured white, and grey indicates residues where no data are available.  
 

Without these maturation steps in apoSH, which subsequently impact the 

hydrogen bonds present in the mature enzyme (discussed in Chapter 3, section 3.3.3.3), 

the larger loops are less structured. The earlier parts of loop 4 are involved in forming a 

disulfide bond, parts of the dimer interface as well as metal-binding, and show the most 

disrupted hydrogen bonding in these residues relative to the rest of the loop. Loop 6 and 

7 also shows heavily disrupted hydrogen bonding specifically around the residues that 

show large intensity slopes values. Overall, the lack of structuring suggested by the 

normalized intensity slopes can be explained by disrupted hydrogen bonding.  

Additionally, while the beta-strands do not show significant intensity slope 

differences relative to Trp-32F, some strands consistently show differences. For pWT, 

ß3-ß6 show higher values than the rest of the beta strands, even though Trp-32 residue 

is in ß3. This suggests the folded environment is similar for all the beta strands, but there 

is slight variability for ß3-ß6. Aside from ß3, the other three beta strands (ß4-ß6) that 

show slightly higher intensity slope values relative to the other strands may be due to their 

enhanced dynamic nature since they are considered edge strands, as discussed 

previously in Chapter 3. Thus, the temperature dependence of the peak intensity may 

subtly vary across different folded structural components throughout the protein.  
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4.4.1.4 ApoSH mutants show different extent of perturbations in their large loops based 

on their respective cutoffs 

 Each apoSH mutant shows very different ranges of post-normalized rolling 

average of intensity slope values, but similar areas of perturbations (Figure 4.6). For 

E100G and V148I, their profiles are very similar to pWT, with their large loops showing 

significant differences in the same residues as pWT. In contrast, A4V, G85R and V148G 

show different extents of perturbations in their large loops. ApoSH A4V does have higher 

intensity slope values in both loops, but fewer residues are considered significantly 

different relative to its Trp-32F peak. Similarly, G85R also has less residues that show 

significant differences in loop 7, but in loop 4 there is a gain of residues that show 

significant differences, specifically at the end of the loop. Lastly, V148G has no loop 7 

residues that are considered significantly different relative to its Trp-32F intensity slope, 

but the same loop 4 residues show meaningful differences as pWT.  Overall, the large 

loops are the key structural elements in each mutant that show the most perturbed 

behavior from their respective Trp-32F intensity slope.   

 

4.4.1.5 Comparing apoSH mutants by global cutoffs identifies differences in folded 

structure throughout mutants 

Although looking at structural differences for individual mutants is useful for 

assessing local differences throughout the mutant relative to the rest of its structure, by 

comparing the mutant rolling average intensity slopes now using a global slope cutoff, we 

can identify critical differences due to point mutations. Even though all apoSH mutants 

show additional intensity profiles than pWT in their large loops, E100G and V148I rolling 
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averages are still considered pWT-like when compared on a global scale (Figure 4.7). 

ApoSH pWT, E100G and V148I rolling average intensity slopes suggest most of the 

structure, aside from the large loops, behaves similar to their Trp-32F peak when 

assessed using a global cutoff. E100G and V148I behaving pWT-like agrees with our 

findings in their temperature coefficient based hydrogen bonding pattern (Chapter 3, 

section 3.3.3.4), and literature findings suggesting their structure is pWT-like.55 

Moreover, apoSH A4V, G85R and V148G have areas that behave less like their 

Trp-32F peak throughout the structure. For A4V and V148G, loop 4 residues near the 

dimer interface specifically and ß2 respond to temperature differently than their Trp-32F 

peak does. Furthermore, G85R shows differences throughout the structure specifically 

around the site of mutations, which agrees with its temperature coefficients being heavily 

perturbed there (Chapter 3 section 3.4.3.2). These differences highlight structural 

components that do not behave like their Trp-32F peak, and subsequently the folded 

conformer. Both A4V and V148G show inability to transiently see the native dimer as 

apoSH SOD155 and inability to form native-like dimers in other SOD1 states (Chapter 7).87 

Overall, A4V, G85R and V148G highlight that their Trp-32F peak is not representative of 

all folded structures as is the case with pWT, E100G and V148I; instead, these mutants 

may have larger differences in the extent of folded structural components throughout their 

structure, and thus Trp-32F does not reflect the global folded structure.  
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Figure 4.7: Post-normalized folded intensity slopes for apoSH pWT and mutants based on a global cutoff. 
The rolling averages folded intensity slopes are mapped onto the 3D ribbon structure for holoSS SOD1 
(1HL5, rendered with PyMol). The residues are coloured based on a minimum of -0.098 (red) and maximum 
of 0.098 (blue) scale, values that are based on the average standard deviations between pWT and mutants. 
Residues with values close to 0 are coloured white, and grey indicates residues where no data are available.  
 

Furthermore, the average normalized intensity slope values are compared across 

apoSH pWT and apoSH mutants. Unsurprisingly, pWT, E100G and V148I average 

normalized intensity slopes are close to zero, -0.0043, -0.0013, and 0.0011, respectively, 

suggesting the Trp-32F peak intensity is reflective of most of the structure (Table 4.3). 

From A4V, G85R and V148G, only A4V and G85R have higher slope values, -0.0193 and 

-0.0119, respectively, while V148G has an average slope close to zero (-0.0045). A4V 

and G85R average slopes suggest the Trp-32F slope is not similar to most of the folded 

structure, which may be due to CSP values in Chapter 3 showing the highest deviation 
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from the native structure (pWT) for A4V and G85R. Additionally, most of this structure is 

potentially not as folded considering the high disruption of hydrogen bonding considered 

in Chapter 3. Moreover, V148G average intensity slope is close to zero, but unlike with 

pWT, E100G and V148I that also have values close to zero due to their Trp-32F peak 

being representative of most of the folded structure, V148G has larger absolute values, 

both positive and negative, throughout the structure that average to zero.  

Table 4.3: Average folded intensity slopes for apoSH variants. 

 
Intensity slope values are averaged across all assignments, the beta-strands on N-terminal (ß1-3,6) and 
C-terminal face (ß4,5,7,8) and secondary structural elements, and each average also has the number of 
residues averaged in brackets. 
  

Moreover, when considering the average normalized intensity slopes for the N-

terminal ß-sheet (ß1-3, 6) and C-terminal ß-sheet (ß4, 5, 7, 8), the values do not correlate 

with their corresponding values for temperature coefficients. In Chapter 3, the beta-

strands on the N-terminal face and C-terminal face are averaged and show that the C-

terminal face is less structured relative to the N-terminal face. However, the average 
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normalized intensity slope for both faces do not agree with this trend, rather the values 

between both faces are similar aside for A4V.  

Interestingly for A4V, the C-terminal ß-sheet has a large value relative to its N-

terminal face, -0.0129 and -0.0027, respectively (Table 4.3). The C-terminal face, 

specifically ß5 and ß8 have higher values than the other strands, but their temperature 

coefficient is not discernibly different. Since the C-terminal beta strands have similar 

chemical shift temperature dependence, it suggests there are similar extents of structure 

for these strands. However, the differences in temperature dependence of the normalized 

intensity values across the C-terminal beta-strands suggest the number of nuclei 

corresponding to that peak are impacted by temperature differently.  In summary, the 

normalized intensity profile data are useful for identifying structural features that either do 

or do not behave like the folded conformer. Additionally, there are subtle differences in 

intensity profiles between apoSH mutants and pWT, which allude to changes in the SOD1 

structure and dynamics that may play a role in its protein folding.  

 

4.4.2 Max temperature: temperature corresponding to the maximum peak intensity 

throughout a temperature range 

 In section 4.4.1.2, the Trp-32F peak intensity changes correlated with protein 

unfolding. The peak intensity increases at temperatures where the protein remains folded, 

and then at temperature where the protein begins unfolding, the peak intensity starts to 

decrease. Thus, the maximum peak intensity corresponds to the temperature protein 

unfolding begins. We extend this analysis to all residues and their intensity profiles 

through their temperature ramps. Although not all intensity decreases correspond to 
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protein unfolding, here, any intensity decreases observed are considered a consequence 

of temperature-dependent dynamic changes. These changes are interpreted as the 

residue shifting from its folded conformation to an alternative conformation due to 

temperature, and even though the alternative conformation can also be folded, for 

simplification any decrease in intensity due to temperature is considered a consequence 

of local protein unfolding.   

 

4.4.2.1 The loop residues for apoSH pWT and SOD1 mutants show significantly different 

intensity profiles from the folded structure 

By normalizing the intensity data to Trp-32F, the extent of structure is considered 

relative to Trp-32F as a representative of the folded conformation, rather than using the 

individual profiles, which varied too considerably to interpret. Upon analyzing normalized 

data, certain regions are identified to have less structure than the rest of the protein. For 

apoSH pWT, the large loops and parts of loop 6 are considered less structured and can 

be explained by disrupted hydrogen bonding (see Chapter 3). For the residues in these 

areas of differences, their profiles can now be individually considered.  
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Figure 4.8: Intensity profile for residues that behave similar to (A) or differently from (B) Trp-32F for apoSH 
pWT. The dashed vertical line indicates when protein unfolding is expected based on the DSC endotherms 
reported in Vassal et al.65 (A) Residues throughout the structure that showed similarity in intensity profiles 
to Trp-32F are chosen, which subsequently also have similar folded intensity slopes. Thus, these residues 
are considered to be in a folded/structured state similar to the one the Trp-32F is considered to report on. 
(B) However, the residues in the large loops, 4 and 7, as well as some in loop 6, show different profiles 
than Trp-32F, which explains the significantly different intensity slopes. The loops showing differences to 
the Trp-32F intensity profile as well as displaying behaviour reminiscent of protein unfolding at the high 
temperatures, suggests the loops are in a different folded state than Trp-32F reports on.  
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Since apoSH pWT spectra are collected throughout its folded temperature range, 

most residues show similar intensity profiles to the Trp-32F peak. The residues that do 

not show significant differences in intensity slopes to Trp-32F (Figure 4.4 and 4.6), also 

show a comparable increasing intensity profile throughout the temperature ramp to the 

Trp-32F peak (Figure 4.8A). In contrast, the residues that show the most differences in 

values relative to the Trp-32F peak, the larger loops and parts of loop 6, show very 

different intensity profiles (Figure 4.8B). While Trp-32F peak intensity only increases 

throughout its folded temperature range, these residues show initial increases in intensity 

followed by decreases at the higher temperatures.  

Moreover, this intensity profile with an initial increase in intensity accompanied by 

a decrease in intensity is reminiscent of the Trp-32F for destabilized mutants that enter 

their unfolding temperature ranges (section 4.4.1.2, Figure 4.2B and 4.9). This is 

interesting since the temperatures that correspond to the decreased intensity are still 

within the folded range for pWT.65 This decrease in intensity suggests the residues in 

these specific loops are populating an alternative state at the higher temperatures, which 

could correspond to local protein unfolding and/or protein association.  
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Figure 4.9: Intensity profile for residues that behave similar to (A) or differently from (B) Trp-32F for apoSH 
mutants. The vertical grey dashed line represented when protein unfolding begins based on DSC 
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endotherms reported in Vassal et al.65 (A) Residue 4 for each mutant is shown as a representative peak 
that shows similarity in intensity profiles to the mutant’s respective Trp-32F peak, which subsequently also 
have similar folded intensity slopes. Thus, these residues are considered to be in a folded/structured state 
similar to the one the Trp-32F is considered to report on. (B) However, the residues show different profiles 
than Trp-32F, mainly in the large loops (4 and 7), as well as some in loop 6, which explains the significantly 
different intensity slopes. The residues that show differences to their respective Trp-32F intensity profile as 
well as displaying behaviour reminiscent of protein unfolding at earlier temperatures than expected, 
suggests the loops are in a different folded state than Trp-32F reports on.  
 
 Furthermore, the loop residues in apoSH mutants that are considered significantly 

different from their Trp-32F slope show more patterns than the single profile observed for 

pWT (Figure 4.9). All mutants show two additional intensity profiles to the one observed 

for pWT, which includes a flat line with slope close to zero or a continuously decreasing 

intensity throughout the temperature ramp. Again, it is hard to decipher what each of 

these profiles could be reporting on, but it is worth noting that their additional intensity 

profiles are suggesting the loop residues are populating alternative states to different 

extents than observed for pWT.  

These differences in peak behaviour throughout the dynamic loops are important 

to consider when trying to parse the misfolded and aggregation behaviour of apoSH 

mutants. For instance, previously Sekhar et al. reported on apoSH SOD1 mutants 

transiently accessing non-native dimers54,55, and the residues involved in non-native 

dimerization are the same residues in loop 4, 6 and 7 that show less structuring relative 

to Trp-32F for some apoSH mutants. Even though pWT also shows residues in these 

areas deviate from Trp-32F slope value, these residues in addition to the loss of structure 

for destabilized mutants are considerable factors for changing folding dynamics and 

inevitably creating structural hotspots primed for aggregation.  
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4.4.2.2 Temperature corresponding to the maximum intensity may reflect local protein 

unfolding 

 Previously in Chapter 3, CSP values were useful for assessing extent of structural 

differences for apoSH mutants relative to pWT, but could not report on extent of structure 

effectively. Considering the loops for pWT show a different intensity profile compared to 

the rest of the folded structure, it suggests these loops respond to temperature differently, 

and highlight protein unfolding may begin at the loops. The temperature that corresponds 

to the maximum peak intensity for each residue will henceforth be referred to as the max 

temperature. Since both pWT and V148I do not enter their protein unfolding according to 

their DSC endotherms65 and their Trp-32F peak profile, most of their residues only show 

signal increases (Figure 4.2B), and thus their max temperature corresponds to the 

temperature of the last spectrum acquired (Figure 4.10A).  

However, as mentioned earlier, the large loops in pWT and V148I show a decrease 

in intensity at the higher temperatures in their temperature range relative to the 

destabilized mutants, but similar to the destabilized mutants, parts of the loops have max 

temperature that occurs as low as their second spectrum (~11 °C) (Figure 4.10B). While 

most of the structure has a high max temperature (average max temperature is 29.89 °C 

for pWT and 33.02 °C for V148I, Table 4.4), with over 69 and 53 residues for pWT and 

V148I showing a max temperature of 35.40 °C and 39.55 °C, respectively, loops 4, 6 and 

7 show dramatically different values. Consistently, both pWT and V148I have either parts 

or most of their large loops that show signal intensity decreases at lower temperatures 

than expected (Table 4.4, Figure 4.10B), which corresponds to the loop dynamics 

changing differently through the temperature ramp. This dynamic change could be the 
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proteins accessing an alternative conformation that is beyond the detection of the 

instrument. Regardless, this suggests pWT and V148I loops are influenced by 

temperature earlier than the rest of the structure, which is interpreted here as local 

unfolding. 
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Figure 4.10: Maximum intensity temperature highlights local protein unfolding. (A) The temperature at which 
the highest peak intensity is observed is denoted as the max temperature (vertical red line). For pWT and 
V148I, spectra are only acquired in the folded temperature range, thus the maximum intensity for most of 
the folded residues corresponds to the highest temperature spectrum. However, for destabilized mutants 
where spectra are collected in both folded and unfolding temperature range, we extend the Trp-32F max 
temperature correlating to the start of protein unfolding to each residue, where the max temperature reports 
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on local unfolding. (B) Plots of max temperature for apoSH pWT and mutants (red bars). The horizontal red 
dotted line indicates the highest temperature spectrum collected, and the horizontal grey dashed line 
represents the start of protein unfolding based on the DSC endotherms reported in Vassal et al.65 
  

Table 4.4:  Average max temperature for apoSH variants. 

 
The max temperatures are averaged across all assignments, the beta-strands on N-terminal and C-terminal 
face and secondary structural elements, and each average also has the number of residues averaged in 
brackets.  
 

In contrast, since spectra are collected in the unfolding range for the destabilized 

mutants, their max temperatures can vary not only in the loops but throughout the 

structure. Considering E100G has a similar profile of normalized intensity slopes to pWT 

and V148I, it is unsurprising E100G’s max temperature profile is also mostly similar to 

pWT and V148I (Figure 4.10B). More specifically, since E100G has spectra collected into 

its unfolding range (Table 4.2), the max temperature for most of the residues no longer 

corresponds to the highest temperature, as is the case with pWT and V148I where only 

the folded temperature range is assessed. However, 67 residues have a max temperature 
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of either 22.35 °C or 24.5 °C, which aligns with the start of unfolding expected for apoSH 

E100G, based on its DSC endotherm.65  

For loops 4, 6 (site of mutation) and 7 in E100G, the average max temperature 

values are 22.71 °C, 18.54 °C and 20.26 °C (Table 4.4). Although the large loop max 

temperatures are not remarkably different than the other residues that have max 

temperatures of 22.35 °C and 24.5 °C, we must consider the folded range is much smaller 

for E100G, and that these loops still show smaller max temperature values relative to 

pWT and V148I. Specifically, loop 7 has the lowest max temperature compared to the 

rest of the mutants, and according to its temperature coefficient data, this loop is 

significantly less structured around the short helix that forms in loop 7 upon maturation 

(Chapter 3). This is particularly interesting considering apoSH E100G cannot transiently 

access the native-helix that occurs in loop 7.55 Moreover, for a destabilized mutant, 

E100G shows subtle differences relative to pWT that may be critical in its protein 

misfolding, but overall, it is considered pWT-like when comparing relative max 

temperatures throughout the structure. 

 Contrary to pWT, V148I and E100G showing relatively high max temperatures 

throughout the protein apart from the larger loops, A4V and G85R show lower 

temperatures throughout the structure, instead of exclusively the loops (Figure 4.10B). 

A4V has the lowest average max temperature, 17.92 °C (Table 4.4), and instead of the 

large loops showing the lowest max temperature, loops 3 and 5 have the lowest values 

with 14.24 °C and 9.76 °C, respectively. In addition, by comparing the relative rankings 

of the average max temperature for secondary structural elements across the mutant set, 

A4V has a significantly different rank order than pWT (Table 4.4). This agrees with data 
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supporting apoSH A4V is not forming a native-like fold similar to pWT (see Chapters 3 

and 7)55, thus it is not expected to unfold like pWT.  

 Similarly, G85R also shows rank order that is different to that observed for pWT 

(Table 4.4). This mutant also shows significantly perturbed structure relative to pWT when 

assessing CSP and hydrogen bonded residues (Chapter 3), further supporting our 

conclusions on its less native-like fold. Additionally, both A4V and G85R loop 7 max 

temperature values are significantly lower than that of pWT, 16.25 °C and 18.02 °C, 

respectively (Table 4.4). Analogous to E100G, these apoSH mutants also cannot 

transiently access the native helix observed in loop 755, and show residues responsible 

for forming the native helix are considerably more dynamic (Chapter 3). To summarize, 

max temperature data for A4V and G85R suggest their protein fold is not native-like and 

support local areas of significant differences that may serve as hotspots for protein 

misfolding and aggregation. 

 Lastly, V148G shares similar characteristics to A4V and G85R, but shows 

interesting differences. ApoSH V148G has a low average max temperature similar to A4V 

and G85R, and a comparable ranking of averaged secondary structure max temperature 

to mostly A4V, and partially V148I. Additionally, loop 4 is not the area with the lowest max 

temperature, rather similar to A4V, loop 5 has the lowest max temperature of 11.67 °C 

followed by loop 7 (15.80 °C). Naser et al. report loop 5 buried in their apoSH V148G 

inclusion bodies, while loops 4 and 7 remain solvent accessible, and since both loops 5 

and 7 show destabilized behaviour, it is only loop 5 that may play a role in protein 

aggregation.  These differences in max temperature across the protein structure and 

between mutants reveal key structural changes throughout the temperature ramp.  
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Overall, the max temperature reveals critical areas that are unfolding sooner than 

other parts, but also highlight areas of the protein that are dynamic at physiological 

temperature. By assessing the protein changes throughout the temperature ramp, we can 

extrapolate those areas that show protein unfolding prior to physiological temperature, 

are also unfolded at physiological temperature. In addition to the large loops, apoSH pWT 

and mutants, except for G85R, show from loop 7 to ß8 has considerably lower max 

temperatures relative to the rest of the protein. The C-terminal sheet being more 

susceptible to unfolding agrees with temperature coefficient data showing less structured 

residues in this area (Chapter 3). Understandably, the C-terminal sheet becomes more 

structured upon maturation, and without these maturation events, the residues are not as 

structurally stabilized, and thus can serve as structural hotspots for protein aggregation. 

In summary, the max temperature data are important for understanding structural areas 

that are less structured and subsequently more dynamic at physiological temperatures, 

which will ultimately alter the native folding pathways.   

 

4.4.3 Exploring linewidths: Less structured regions show peak broadening through the 

temperature ramp 

 With peak shape changes, we considered intensity earlier, but another important 

aspect of assessing peak shape is linewidths. Linewidths with peak intensity can help 

identify potential processes occurring in the sample. For example, based on their 

normalization, Sengupta et al. saw decreases in peak intensity coupled with minimal 

changes in their linewidth represented residues showing monomer-loss kinetics.230 

Additionally, they also observed peaks disappearing and appearing, both with increasing 
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linewidths, that corresponded to residues involved in oligomerization and peaks 

corresponding to the oligomer formation, respectively. In addition to assessing 

oligomerization, NMR lineshape analysis is used for other complex reactions such as 

allostery237,238, cooperative binding234, protein folding83 and many more.  

However, to understand the limits of line shape analysis, there are two 

considerations necessary to discuss. The first, with 2D NMR experiments, the peak shape 

changes in each dimension differently, thus simply concluding on fast and slow exchange 

is difficult. Fortunately, for the experiments discussed here, only the direct dimension is 

considered as the indirect dimension is considerably more crowded. A second more 

important limitation is that linewidths and peak intensity are only reliable if the peak does 

not overlap with another throughout the duration of the experiment. Unfortunately, due to 

the apoSH SOD1 being significantly more unstructured than its mature form, a lot of 

residues overlap in the chemical shift regions that correspond to random-coil shifts 

(discussed in Chapter 3). Thus, these limitations are important to consider when making 

conclusions.  
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Figure 4.11: Trp-32F peak intensity and linewidth profiles throughout the temperature ramps for apoSH 
pWT and mutants. The Trp-32F intensity profiles show minimal scatter whereas the Trp-32F linewidths are 
more prone to scatter, thus overall trends must be considered for conclusions. Although both experience 
the impact of crowding, linewidths are more error prone due to peak overlapping, which may not be 
impacting the peak height. Overall, as the intensity increases or decreases throughout the heat ramp, the 
linewidth has minimal changes, suggesting the population corresponding to the Trp-32F peak is either 
increasing or decreasing, respectively.  
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Similar to the intensity data, the Trp-32F peak in pWT might offer another useful 

reference point for considering linewidth changes. The Trp-32F peak shows the linewidths 

decrease as the peak intensity increases with temperature (Figure 4.11). This suggests 

this peak is experiencing peak sharpening, either due to temperature impacts on the 

shims, or due to shifts in dynamics such that more nuclei populate the local environment 

corresponding to this chemical shift. However, the range of linewidth values is small 

relative to the intensity values and shows significant scatter throughout the temperature 

ramp. Thus, normalization is not possible as it was for the intensity profiles, but linewidths 

are still useful to assess for their general trends.  

For the mutants, the Trp-32F linewidths highlight the difficulty of assessing 

lineshape. Similar to pWT, A4V, G85R, E100G and V148G show decreasing linewidths 

within their folded temperature range, but with varying degrees of considerable scatter 

(Figure 4.11). With Trp-32F being an isolated peak, the extent of scatter observed across 

pWT and the mutants emphasizes how error prone the linewidth fits can be, even when 

the intensity profiles show minimal scatter. Moreover, in the unfolding temperature range 

for each mutant, although the intensity decreases, the linewidths show a slight decrease, 

much less than the folded temperature range. This suggests that upon entering the 

unfolding, similar to Sengupta et al. the intensity decreases coupled with the linewidth not 

changing considerably aligns with monomer-loss.230 Collectively, Trp-32F cannot be used 

as a normalization reference for linewidths as it was with the intensity profiles; but the 

Trp-32F linewidths further support the intensity decrease is a result of folded monomer 

loss due to thermal unfolding.  
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Similarly, Trp-32U peaks across the mutants also support the unfolding 

conclusions. Since pWT and V148I have no unfolding spectra collected, they are 

excluded from this analysis. For all the destabilized mutants, their Trp-32U intensity 

profiles show increases in intensity only upon entering their unfolding temperature range. 

Interestingly, the linewidths, similar to Trp-32F, show minimal changes with temperature, 

which supports this peak corresponding to gain of unfolded species (Figure 4.12). In 

Chapter 6, we further discuss Trp-32U can also report on additional species. Overall, the 

Trp-32F and Trp-32U linewidths further support these peaks appropriately representing 

folded and unfolded species, respectively, based on their intensity profiles.  

 
Figure 4.12: Trp-32U peak intensity and linewidth profiles throughout the temperature ramps for apoSH 
pWT and mutants. The Trp-32U intensity profiles show minimal scatter whereas the Trp-32U linewidths are 
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more prone to scatter, thus overall trends must be considered for conclusions. Although both experience 
the impact of crowding, linewidths are more error prone due to peak overlapping, which may not be 
impacting the peak height. Overall, as the Trp-32U peak intensity increases as the protein unfolding begins, 
and linewidths change minimally suggesting a gain of population corresponding to the Trp-32U peak. 

Similar to the intensity profiles, the linewidths show variable changes throughout 

the structure (Figure 4.13). In addition to the high scatter in the linewidth profiles for 

isolated peaks, the linewidths are sensitive to overlapping peaks, which unfortunately is 

a majority of the apoSH peaks. For the sake of simplicity, trends in linewidths are 

considered based on clusters of residues showing similar trends, and visually assessing 

outliers. Linewidth trends are categorized as either increasing, decreasing or no 

discernible change.  

 
Figure 4.13: Intensity and linewidth profile for residues that behaved similar to (A) or differently from (B) 
Trp-32F for apoSH pWT and mutants. Residue 4 for each mutant is shown as a representative peak that 
shows similarity in intensity and linewidth profiles to the mutant’s respective Trp-32F peak, which 
subsequently also have similar folded intensity slopes. Thus, these residues are in a folded/structured state 
similar to the one the Trp-32F is considered to report on. Upon entering the unfolding temperatures, the 
intensity decreases, and the linewidth does not change suggesting a decrease in the population. However, 
the residues show different profiles than Trp-32F, mainly in the large loops (4 and 7), as well as some in 
loop 6, which explains the significantly different intensity slopes. Upon intensity decrease, the linewidths 
increase suggesting the residues have different dynamics than those observed for the folded/structured 
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parts of the protein. The residues that show differences to their respective Trp-32F intensity and linewidth 
profile as well as displaying behaviour reminiscent of protein unfolding at earlier temperatures than 
expected, suggests the loops are in a different folded state than Trp-32F reports on.  

 

For pWT, Trp-32F linewidth behaviour is comparable for the same residues that 

show comparable intensity profile to Trp-32F (Figure 4.11 and 4.13). Most of the residues 

show similar linewidth behaviour to the Trp-32F, which is a slight decrease in linewidth 

with temperature meaning there is peak sharpening. Since the residues corresponding to 

folded structures have similar intensity and linewidth profiles, it suggests the folded 

structures correspond to the temperature ramp comparably. However, for the loops, the 

linewidths show minimal changes during the intensity increase, but then the linewidths 

increase as the intensity decreases (Figure 4.13). The initial peak sharpening is similar 

to that observed for the more structured residues, but the peak broadening that occurs at 

the higher temperatures is unlike the structured residues. The signal decrease with peak 

broadening suggests the loops are more dynamic and access additional conformations 

at the higher temperatures. Overall, the peak shapes for the structured residues behave 

comparably to the Trp-32F peak whereas the loops deviate significantly.  

 Additionally, the apoSH mutants show comparable behaviour but several residues 

show extensive scatter. Unsurprisingly, the mutants that show similar behaviour to their 

Trp-32F peak, also show comparable behaviour in their linewidths (Figure 4.11 and 4.13). 

V148I residues show similar peak shapes to pWT in both linewidths and intensity. 

However, unlike V148I, the destabilized mutants have spectra collected in their unfolding 

temperature range, but the scatter in the linewidth data increases in the unfolding spectra, 

which limits the analysis. In general, the areas that show significant perturbation in the 
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intensity profiles for apoSH mutants relative to their respective Trp-32F, also show similar 

line broadening observed for the large loops in pWT.  

Furthermore, apoSH mutants show more areas of intensity-based perturbation 

than observed for pWT, and the additional areas of perturbation also show similar line 

broadening. Specifically, G85R and pWT show the same residues in loops 4 and 7 being 

perturbed relative to their respective Trp-32F, but G85R also shows additional residues 

in loop 4 with perturbed intensity profiles which also show enhanced peak broadening 

(Figure 4.11 and 4.13). Additionally, V148G is the only mutant who does not show loop 7 

being heavily perturbed relative to the Trp-32F intensity profile, and subsequently, only 

residues in loop 4 show peak broadening whereas loop 7 behaves more comparably to 

the other folded structures. Unfortunately, due to the extensive scatter, concluding on 

small, local dynamic differences based on linewidth behaviour is difficult. Thus, due to the 

limitations, areas with larger differences in intensity profiles relative to the Trp-32F peak 

show peak broadening, which aligns with increased dynamics with temperature that were 

not observed for the residues that are comparable to their Trp-32F peak.  

4.5 Conclusion 

From a single 1H-15N-HSQC experiment, an ample amount of information is 

gained, which only increases with the addition of a changing condition. The true limitation 

comes from data interpretation; peak shape is often the less considered analysis due to 

the difficulties in correlating the peak shape changes to dynamics without additional data 

or complicated experiments. Here, we explore the information intensity profiles can 

provide on local structure and dynamics for apoSH pWT, and additionally how introducing 
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point mutations impact the structure. ApoSH SOD1 spectra show the presence of two 

tryptophan sidechain peaks, Trp-32F and Trp-32U. The intensity profiles for these peaks 

correlated strongly with the protein unfolding observed by DSC, suggesting these peaks 

correspond to the folded and unfolded conformers of SOD1, thus allowing the extent of 

structure throughout the protein to be assessed.  

For pWT and mutants, the normalized intensity profiles and linewidths suggest the 

areas that show extensive perturbation relative to the Trp-32F peak, and show enhanced 

line broadening, are considered to be less structured. However, residues that do show 

similar peak shape to Trp-32F, both in terms of normalized intensity and linewidths 

throughout the temperature ramp, are reporting on structured regions of the protein. 

Additionally, the temperature that coincides with the maximum intensity, referred to as 

max temperature, can highlight local areas of protein unfolding throughout the 

temperature ramp. The lowest max temperature occurs at areas that are considered less 

structured, specifically the large loops, whereas the residues that form beta-strands in the 

mature enzyme have higher max temperatures. In conclusion, considering the different 

parameters gained from NMR experiments, like temperature coefficients and intensity 

profiles, although illuminating, is heavily dependent on the interpretation. By assessing 

the data with a control peak, such as two peaks that represent the folded and unfolded 

conformer, allow for a more robust analysis of peak shape changes due to a varying 

condition.  
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Chapter 5: Insights into protein structure and 
dynamics from amide nitrogen temperature 
coefficients 
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5.1 Context 

The NMR chemical shifts of proteins are extremely sensitive to the local magnetic 

environments of nuclei. The factors that determine chemical shifts may vary with 

temperature to different degrees; accordingly, temperature dependences offer insights 

into protein structure and dynamics beyond those revealed by isothermal chemical shifts. 

These temperature dependences are often well-approximated by a linear model, the 

slope of which is the ‘temperature coefficient’. Amide proton temperature coefficients may 

probe hydrogen bonding and temperature-dependent loss of structure; in contrast, no 

similarly straightforward interpretations of amide nitrogen temperature coefficients have 

been proposed - a glaring omission, since these data are often collected in parallel. Here, 

we facilitate interpretation by accounting for the effects of amino acid sequence, which 
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strongly impacts both amide nitrogen chemical shifts and their temperature 

dependencies. We present CalcN, a sequence-based method of calculating the amide 

nitrogen temperature coefficients expected for random coil. Subtraction of these values 

from experimentally determined temperature coefficients yields a measure of difference 

from random coil, i.e., structure. We validate CalcN using experimentally determined 

temperature coefficients of an RNA-binding domain (dsRBD-1); though free dsRBD-1 is 

intrinsically disordered; our method proves sensitive to transient sampling of structural 

elements found in the RNA-bound form. In natively folded immunoglobulin-like domains, 

we observe substantial deviation from random coil throughout and intriguing differences 

between minor variants, e.g., those related by point mutation, multimerization, metal 

binding, and disulfide bond formation. CalcN, accessible via the Shift-T server 

(http://meieringlab.uwaterloo.ca/shiftt), may unlock great value in data that are commonly 

acquired, yet rarely analyzed. 

5.2 Introduction 

The temperature dependences of both amide proton and amide nitrogen 

chemical shifts are frequently well approximated by a linear model.202,203 Linear 

temperature coefficients (i.e., slopes determined by fitting chemical shift vs. 

temperature data to a linear model) of amide protons have proven to be useful, 

though imperfect, probes of hydrogen bonds199,219, temperature-dependent loss of 

structure66,240–242, and have also been used to distinguish between ordered and 

(intrinsically) disordered protein regions.242–245 Although much is known about the 
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determinants of amide nitrogen chemical shifts246–249, comparably straightforward 

interpretations of amide nitrogen temperature coefficients have yet to emerge.66,202,250 

Here, after a brief introduction to factors known to influence amide nitrogen 

chemical shifts, we describe the CalcN (pronounced ‘calculation’) method of 

determining random coil temperature coefficients using published model peptide 

data217. Differences between these calculated values and experimentally measured 

amide nitrogen temperature coefficients are extremely sensitive to deviations from 

random coil and may therefore serve as a measure of structure. Crucially, referencing 

to random coil confers independence from amino acid sequence, enabling direct 

comparisons between the amide nitrogen temperature coefficients of different protein 

residues. We apply CalcN to the analysis of transient structure in an ‘intrinsically 

disordered’ domain and structural perturbations of natively folded immunoglobulin-like 

proteins. 

 
5.2.1 Amide Nitrogen Chemical Shifts 

 
The proteinogenic amino acids share (at a minimum) the same succession of 

‘backbone’ atoms, but within a polypeptide the chemical shifts of the atoms in a 

particular amino acid may be strongly influenced by their local environment, including 

the characteristics of the attached and sequentially adjacent side chains.247,249,251 

Amide nitrogen chemical shifts are known to be influenced by diverse factors, some 

of which contribute to amino acid sequence dependence (Table 5.1). 

Correlations between amide nitrogen chemical shifts and those of the Cα/Cβ 

carbons from the preceding (N-1th) residue have been reported.247,249 As the Cα 
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chemical shift is believed to be strongly influenced by the electron withdrawing or 

donating nature of the side chain to which it is directly bonded, it has been proposed 

that amide nitrogen chemical shifts may be subject to similar covalently mediated 

effects (i.e., attributable to the N-1th side chain).247 Furthermore, amide nitrogen 

chemical shifts are also sensitive to ψN−1 and φN backbone dihedral angles248, 

which change the positions of the N-1th and Nth side chains, respectively, relative to 

the Nth amide nitrogen (Figure 5.1); thus, through-space effects may also 

contribute to sequence dependence. 

Side chain dihedral angles may also play a role; in particular, the χ1 angle 

is often important246,248, as some values position side chain   γ atoms very near the 

amide nitrogen. 

Table 5.1: Factors influencing nitrogen chemical shifts 
 

 Factor        Description 
 

Inductive Effects Covalently mediated, sequence-
dependent electron 
withdrawal/donation 

 
Backbone Dihedrals Particularly φN and ψN−1 

 
Side Chain Dihedrals Particularly χ1,N 

 

 
Conformational Averaging 

 
 

Primary Hydrogen Bonding  
 
Secondary Hydrogen 
Bonding 

Sufficiently fast exchange between states results 
in observation of population-weighted average 
chemical shifts 

 
Deshielding by hydrogen bonds in which the Nth 
amide nitrogen acts as the donor 

 
Deshielding by hydrogen bonds in which the N-
1th carbonyl oxygen acts as the acceptor 
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Many side chains in proteins exhibit preferences for one of three non-eclipsed χ1 

angles (≃ −60/60/180°). However, more than one rotamer may be sampled; thus, 

experimentally measured chemical shifts may reflect conformational averaging of 

different rotamers. 

Hydrogen bonding also deshields amide nitrogen atoms. Hydrogen bonds in 

which the Nth amide nitrogen acts as the donor (primary) or, to a lesser degree, in 

which the N-1th carbonyl oxygen acts as the acceptor (secondary) may each have an 

impact.246  

 

5.2.2 Random Coil Chemical Shifts and Temperature Coefficients 

 
In general, the dependence of chemical shifts on amino acid sequence 

complicates comparisons between the atoms of different residues. Random coil chemical 

shifts (measured from peptide models expected to exhibit random coil-like behaviour in 

solution217,251–254) similarly depend on amino acid sequence; thus, the difference between 

a measured chemical shift (δObs) and that expected for a random coil having the same 

amino acid sequence (δRC), known as the secondary chemical shift (δSec; Eq. 1), is 

approximately independent of sequence.   

δSec = δObs − δRC (1) 
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Structural considerations dominate secondary chemical shifts; they form the basis for 

chemical shift-based prediction of protein structure as well as the inverse problem of 

predicting chemical shifts from known structures. Here, by analogy with secondary 

chemical shifts, we  

 

 
 
 
Figure 5.1: Protein backbone dihedral angles ψN−1 and φN affect the positions of the N-1th and Nth 
side chains relative to the Nth amide nitrogen (blue). 
 
define secondary temperature coefficients as the difference between observed and 

sequence-dependent random coil values (Eq. 2). Like secondary chemical shifts, 

secondary temperature coefficients are approximately independent of amino acid 

sequence. 

                                                                            (2) 

 

5.3 Results and Discussion 

In order to translate experimental observations into the sequence-independent 

realm of secondary temperature coefficients, we require a method of determining the 

amide nitrogen temperature coefficients expected for random coil. It has been 
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demonstrated using peptide models that not only amide nitrogen random coil chemical 

shifts themselves, but also their rates of change with temperature strongly depend on 

local amino acid sequence (Table 5.2).217 We note that several existing methods for 

calculating random coil amide nitrogen chemical shifts either neglect temperature 

dependences altogether or implicitly assume that they are sequence-independent.254–256 

The number of random coil peptides that must be characterized in order to 

determine how interactions between sequentially adjacent side chains contribute to 

observed chemical shifts (and temperature coefficients) increases exponentially with 

the number of amino acids considered. Fortunately, consistent with their proximities 

to the amide nitrogen, it has been shown that the identities of the attached (Nth) and 

previous (N-1th) side chains have the strongest influences254,257, which may justify the 

simplification allowed by consideration of just two amino acids at a time.217,252,257 The 

common practice of treating the contributions of each side chain as approximately 

independent also offers greatly simplifies the problem.217,252,254,257 

From the data in Table 5.2, there are two subtly different ways to model the 

contributions of the Nth and N-1th side chains to amide nitrogen temperature 

coefficients. We can take a value from the X3 column (i.e., the effect of the Nth side 

chain) as our starting point; X3 is preceded by a glycine in all of the experimentally 

characterized peptide sequences, but we can model the effect of the N-1th side chain 

as the difference between two rows from the A4 column (Eq. 3, where AA# is the amino 

acid type of the specified residue and from Table 5.2). Though more direct, this approach 

produces the same results as calculating sequence and temperature corrected amide 
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nitrogen chemical shifts at more than one temperature, then determining the slope of the 

line joining them.217  

 
Table 5.2: Random coil amide 15N temperature coefficients. 
 

 X3 (ppb/K)1,2 A4 (ppb/K)2 GX (ppb/K)1,3 XA (ppb/K)1,4 
Ala (A) -9.0 -15.6 -6.8 -17.8 
Cys (C) -12.2 -14 -10.0 -16.2 
Asp (D) -6.8 -14.7 -4.6 -16.9 
Glu (E) -8.1 -16.2 -5.9 -18.4 
Phe (F) -10.5 -15.3 -8.3 -17.5 
Gly (G) -7.6 -6.8 -5.4 -9.0 
His (H) -6.7 -12.1 -4.5 -14.3 
Ile (I) -17.1 -26.5 -14.9 -28.7 
Lys (K) -11.5 -17.2 -9.3 -19.4 
Leu (L) -5.1 -17.7 -2.9 -19.9 
Met (M) -8.3 -17.3 -6.1 -19.5 
Asn (N) -8.9 -11.7 -6.7 -13.9 
Pro (P)  -22.2   
Gln (Q) -7.2 -18.3 -5 -20.5 
Arg (R) -12.2 -16.5 -10 -18.7 
Ser (S) -10.1 -10.9 -7.9 -13.1 
Thr (T) -15.4 -17.3 -13.2 -19.5 
Val (V) -19.0 -25.5 -16.8 -27.7 
Trp (W) -9.6 -21.9 -7.4 -24.1 
Tyr (Y) -12.4 -22.0 -10.2 -24.2 
1 X represents any amino acid (determined by row) 
2 Measured from GGXAGG peptides217 
3 Calculated using Eq. 4 for comparison with X3 column 
4 Calculated using Eq. 3 for comparison with A4 column
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                                         (3) 

Alternatively, we can begin with a value from the A4 column (i.e., the effect of 

the N-1th side chain), then model the effect of the Nth side chain as the difference 

between two rows from the X3 column (Eq. 4). 

                    (4) 

Ideally, use of either Eq. 3 or Eq. 4 would give the same answer (for a given 

amino acid sequence), but we find that there are small discrepancies. Temperature 

coefficients for the A (alanine) in XA (where X is any amino acid except proline) can 

be calculated using Eq. 3 and directly compared to the A4 column of Table 5.2. 

Similarly, temperature coefficients for X in GX can be calculated using Eq. 4 for 

comparison to column X3 of Table 5.2. The temperature coefficients calculated using 

Eq. 3 are systematically more negative than the measured values (A4), while the 

temperature coefficients calculated using Eq. 4 are systematically less negative than 

the measured (X3) values, revealing modest errors (approximately 2 ppb/K) 

introduced by our imperfect assumptions. 

The errors described above can be ascribed to the difference (-9.0 ppb/K vs. -

6.8 ppb/K) in the temperature coefficients of A3 in the GGAAGG peptide and A4 in the 

GGGAGG peptide (AAN-1=G and AAN=A in both cases). We hypothesize that the less 

negative temperature coefficient in the latter case may be attributable to the presence 

of a glycine in the N+1th position, and that the temperature coefficients of residues 
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with non-glycine amino acids in the N+1th position may be better approximated by 

Eq. 3. Thus, we further attempt to limit discrepancies between calculated and 

experimental values by applying Eq. 4 when the N+1th amino acid is a glycine, and 

Eq. 3 otherwise, giving the composite Eq. 5. 

(5) 
 

We validate our method by calculating secondary amide nitrogen temperature 

coefficients for the intrinsically disordered dsRBD-1 domain from Arabidopsis 

thaliana DCL1. DCL1 is a ribonuclease, and the dsRBD-1 domain folds upon binding 

RNA; though generally disordered in the absence of RNA, chemical shift changes 

upon titration with urea suggest that the domain may transiently sample folded 

conformations that are destabilized by the denaturant245. In Figure 5 . 2 we compare 

these chemical shift changes with secondary temperature coefficients calculated 

using Eqs. 2 and 5. Because experimentally observed random coil 15N temperature 

coefficients vary over a ∼20 ppb/K range (Table 5.2), we call extra attention to 

secondary temperature coefficients that fall outside of the ±20 ppb/K range. 

Consistent with random coil, many of the secondary temperature coefficients are near 

zero; however, in the H2 helix, where chemical shift changes upon titration with urea 

are most prominent, we observe large positive secondary temperature coefficients 

consistent with transient sampling of structure in the absence of denaturant. 
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Figure 5.2: Chemical shift perturbations in the intrinsically disordered dsRBD-1 domain from DCL1 due to 
changes in urea concentration or temperature.245 Structure induced in RNA-bound conformations is 
indicated: α-helix (light red); β-strand (light green). Amide proton (top) and amide nitrogen (middle) 
chemical shift changes due to titration with urea. Secondary amide nitrogen temperature coefficients 
(bottom) are random coil-like (near zero) over most of the domain, but large positive values are 
apparent in the H2 helix (residues 51-73). Dashed red lines demarcate a ±20 ppb/K range; 
secondary temperature coefficients outside of this range are particularly unlike random coil. 
Contiguous data points are joined by solid lines. 

 
In contrast to intrinsically disordered dsRBD-1, we observe substantial deviation 

from random coil in secondary temperature coefficients throughout the 

immunoglobulin-like tenth human fibronectin type III domain D80E (10Fn3D80E; a 

mutant similar to wild type 10Fn3 in all respects except affinity for integrins258,259), 

including within many of the loops (Figure 5 . 3). This confirms our intuition that in 

folded proteins, even regions lacking secondary structure may be readily 

distinguishable from random coil. 
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Figure 5.3: Secondary amide nitrogen temperature coefficients of 10Fn3D80E. Values inconsistent with 
random coil are apparent throughout the protein (including loop regions), but especially in the β-
strands (light blue background). Dashed red lines demarcate a ±20 ppb/K range; secondary 
temperature coefficients outside of this range are particularly unlike random coil. Contiguous data 
points are joined by solid lines. 
 

Empirically, even though negative secondary temperature coefficients also 

suggest deviations from random coil, large positive (>20 ppb/K) secondary temperature 

coefficients appear to be more common in regions of secondary structure (Figures 5.2 

and 5.3). In Figure 5.4, we observe that this trend continues for both dimeric human Cu, 

Zn superoxide dismutase 1 (holoSS SOD1) and its disulfide-free, unmetallated, and 

monomeric counterpart (apoSH SOD1). Mutations in SOD1 are linked to the fatal 

neurodegenerative disease familial amyotrophic lateral sclerosis (fALS). Here, we apply 

CalcN to detect intriguing differences between pseudo-wild type SOD1 (pWT; cysteine 6 

and cysteine 111 are replaced by alanine and serine, respectively) and mutants thereof.  

It has been hypothesized that mutant SOD1 may cause disease through the 

formation of toxic protein aggregates, and that immature states (such as reduced apo) 

play a key role in this process.259 The relationships between stability, aggregation, and 

disease are not straightforward, but amide proton temperature coefficients suggest that 
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the structure of the apoSH state is more easily perturbed than that of the holoSS state 

(see Chapter 3), and calorimetric data show that the global stability of apoSH SOD1 is 

highly sensitive to mutations, e.g., E100G, that are well-tolerated by holoSS SOD1.259,260 
 

The secondary temperature coefficients between holoSS SOD1 and apoSH SOD1 

show different extents of structure between the two SOD1 states (Table 5.3). The most 

obvious difference between the two states is in the N-terminal and C-terminal ß-sheets. 

Similar to the amide proton temperature coefficients (see Chapter 3), the N-terminal face 

is comparable in both states, but the C-terminal face is more random coil-like in the apoSH 

SOD1 because of its missing maturation events. Additionally, the large loops, 4 and 7, 

are also involved in dimerization, metal-binding and formation of the disulfide bond in 

holoSS SOD1, and therefore their secondary temperature coefficient values are less 

random coil-like than in apoSH SOD1. Therefore, secondary temperature coefficients are 

reliable measures of extent of structure between different states of the same protein.  
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Table 5.3: Average secondary temperature coefficients for holoSS and apoSH variants. 

 
The secondary temperature coefficients are averaged across all assignments, the beta-strands on N-
terminal and C-terminal face and secondary structural elements, and each average also has the number of 
residues averaged in brackets.  
 

Although the secondary temperature coefficients of holoSS pWT and E100G 

overlay almost perfectly (Figure 5.4A), differences between apoSH pWT and E100G are 

apparent (Figure 5.4B). Interestingly, although the global thermodynamic stability of 

apoSH pWT is far lower than that of holoSS, some regions of apoSH SOD1 appear to be 

more structured than holoSS pWT, perhaps as part of a mechanism for discouraging 

(toxic) aggregation in the absence of stabilizing disulfide bonds, metals, and dimerization. 

We observe evidence of this phenomenon near the C-terminal ends of β-strands 5 and 6 

(residues 83-89 and 94-101, respectively), where the secondary temperature coefficients 

of apoSH pWT are notably higher than those of holoSS (Figure 5.4C). The E100G 

mutation prevents such structural changes in β-strand 6 by introducing a residue type 

(glycine) well known to have low propensity for β-sheet (Figure 5.4D).54 
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Figure 5.4: Secondary amide nitrogen temperature coefficients of SOD1 variants. A: holo (holoSS) pWT and 
E100G overlay near perfectly. B: differences between reduced apo (apoSH) pWT and E100G are 
readily apparent. C: parts of pWT β-sheets 5 and 6 (residues 83-89 and 94-101, respectively) may be 
more rigidly structured in reduced apo than in holo. D: the E100G mutation prevents rigidification of 
reduced apo β-strand 6. Secondary structure is indicated: α-helix (light red); β-strand (light blue). 
Dashed red lines demarcate a ±20 ppb/K range; secondary temperature coefficients outside of this 
range are particularly unlike random coil. Contiguous data points are joined by solid lines. 
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5.4 Conclusions 

Variable-temperature amide proton and nitrogen NMR data are often collected 

in parallel, e.g., in a series of any 2D or higher 15N-edited/1H-detected spectra. 

Although amide proton temperature coefficients are commonly calculated and 

interpreted, little use has been found for the corresponding amide nitrogen data. 

CalcN offers a new lens through which amide nitrogen temperature coefficients may 

be viewed, and we illustrate how subtleties such as structure transiently adopted by 

intrinsically disordered proteins, and perturbations induced by point mutation or 

protein maturation (e.g., disulfide bond formation, metal binding, and multimerization) 

may be detected. 

 
 

5.5 Methods 

5.5.1 NMR Sample Preparation 

 
Purified 15N-labeled 10Fn3D80E in buffer containing 20 mM acetic acid/sodium 

acetate pH 4.0 and 90% H2O/10% D2O was concentrated using an Amicon Ultra-

4 centrifugal filter (EMD Millipore) to ∼30 mg/mL.  

Purified 15N-labeled holo SOD1 in buffer containing 20 mM hydroxyethyl piperazine 

N- 2-ethanesulfonic acid (HEPES) pH 7.8 and 90% H2O/10% D2O was concentrated 

using an Ultracel 3K centrifugal filter (EMD Millipore) to ∼30 mg/mL. The bound copper 

was reduced to Cu1+ by addition of 5 mM sodium isoascorbate to avoid paramagnetic 
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line broadening by Cu2+.  

Purified 15N-labeled reduced apo SOD1 in buffer containing 20 mM HEPES pH 7.4, 

1 mM tris(2-carboxyethyl)phosphine (TCEP), and 90% H2O/10% D2O was 

concentrated using an Amicon Ultra-4 centrifugal filter (EMD Millipore) to ∼15 mg/mL. 

 
5.5.2 Variable-Temperature NMR 

Variable-temperature 1H-15N HSQC (Bruker pulse program ‘hsqcetfpf3gpsi’261–264) 

10Fn3D80E and SOD1 spectra were acquired using a Bruker AVANCE 600 MHz 

spectrometer equipped with a 5 mm triple resonance TXI probe. Amide proton chemical 

shifts are directly referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), while 

amide nitrogen chemical shifts are indirectly referenced to DSS using a 15N/1H Ξ ratio 

of 0.101329118.265 

5.5.3 Amide Nitrogen Temperature Coefficients 

10Fn3D80E and SOD1 backbone resonance assignments were determined as 

previously described.54,260 Assignments and variable-temperature NMR data for 

dsRBD-1 are as previously published.245,266 

Amide nitrogen temperature coefficients of dsRBD-1, 10Fn3D80E and SOD1 variants 

were determined by fitting DSS-referenced amide nitrogen chemical shifts to a linear 

model. Secondary amide nitrogen temperature coefficients were determined by 

calculating the values expected for random coil peptides of the same amino acid 

sequences (Eq. 5) and subtracting these from experimentally measured temperature 

coefficients (Eq. 2). 
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Chapter 6: Impact of salt concentration, protein 
concentration, and aggregate seeds on chemical 
shifts and peak shapes for immature Superoxide 
Dismutase-1 variants 
 

Author Contributions: 

Harmeen Kaur Deol: conceptualization, methodology, resources, validation, formal 

analysis, investigation, visualization; overall conceptualization, data curation, software, 

visualization, writing-original draft; Bao Khanh Nguyen: methodology, resources, 

validation, formal analysis; Elizabeth M. Meiering: conceptualization, supervision, project 

administration, funding acquisition. 

6.1 Context 

With all these different aggregate polymorphisms, it is clear point mutations and solutions 

conditions influence the aggregate structure. However, it is unclear how either influence 

the protein dynamics and in turn the aggregation pathway(s). Here, we explore how 

sensitive a 2D 15N-1H HSQC spectrum is to protein concentration, salt concentration and 

protein aggregation, in addition to how these different factors influence apoSH SOD1 

structure and dynamics. With this comparison, subtle differences in protein dynamics may 

be elucidated that would otherwise remain hidden in experiments that only capture a 

snapshot. Overall, by using NMR spectroscopy, we understand on the atomistic-level the 

impact different solutions conditions have on apoSH SOD1 protein dynamics, and 

ultimately parse the impact solutions conditions have on protein misfolding and 

aggregation.  
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6.2 Introduction 

 The application of high-resolution methods like nuclear magnetic resonance 

(NMR) spectroscopy to the study of proteins under varying solution conditions can offer 

powerful insight into protein structure, dynamics and interactions of molecules.198,199 

Through simplistic 2D NMR experiments, exploring both chemical shifts and peak shapes 

to gain insight into protein structure and dynamics. Previously, the temperature 

dependence of amide proton chemical shifts has been reported for various 

proteins.66,203,211 The amide proton temperature coefficients for holoSS SOD1 specifically 

highlight the structured and unstructured parts of the native protein, and how the local 

structure changes upon the addition of point mutations or removal of maturation events. 

Additionally, in Chapter 3, the chemical shift perturbations of apoSH mutants relative to 

apoSH pWT SOD1 at folded and unfolding temperatures probe for local structural 

differences either due to point mutations or local unfolding, respectively. Moreover, by 

assessing the peak shapes for apoSH pWT and its mutants throughout the temperature 

ramp in Chapter 4, local areas of structural differences and initial protein unfolding were 

identified. Collectively these experiments further prove that simple 2D NMR experiments 

offer valuable insight on protein structure and dynamics. 

 However, due to their fast timescales, protein dynamics are difficult to capture and 

in addition to high-resolution methodology, they require identifying and exploring different 

solution conditions to help probe or amplify protein dynamics. In general, varying salt and 

protein concentration have been widely studied to explore protein dynamics related to 

folding and aggregation.230,267–271 Additionally, SOD1 has been considered to have strain-
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like behaviour28, which can be probed by the presence of protein aggregates (in this case, 

an aggregate is anything larger than the monomer). More specifically, by varying salt 

concentration, protein concentration, or the presence of protein aggregates, apoSH 

SOD1 and its aggregates were characterized and showed the aggregate ensemble 

shifted structurally based on the mutation and solution conditions.12 With these observed 

aggregate polymorphisms, the aggregation mechanism and more precisely, aggregate 

initiation remains elusive.  

 Here, we explore apoSH SOD1 protein structure and dynamics under variable salt 

concentration, protein concentration and aggregate seeding. In addition to these solution 

conditions, HSQC spectra are collected throughout a range of temperatures. The 

chemical shift and peak shape analyses are then compared to the values without the 

presence of the condition, for example the aggregate seeding experiment is compared to 

a sample without the presence of any aggregates. With this comparison, subtle protein 

dynamics may be elucidated that would otherwise remain hidden in static experiments. 

Overall, by using NMR spectroscopy, we understand on the atomistic-level the impact 

different solutions conditions have on apoSH SOD1 protein dynamics, and ultimately 

parse the impact solutions conditions have on protein misfolding and aggregation.  

6.3 Methods 

6.3.1 Protein preparation for NMR 

Proteins for NMR samples were expressed using M9 minimal media under 

different growth conditions. Briefly, BL21 non DE3 E. coli were used, which do not confer 

any antibiotic resistance. Once transformed with the pHSOD1ASlacIq, plasmid for 
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expressing SOD1, which confers ampicillin resistance, cells were grown overnight in LB 

broth with ampicillin.  Next, 10 mL of the overnight culture was used to inoculate 1 L of 

M9 minimal media, which contains 15NH4Cl as the sole nitrogen source. Cells were grown 

to OD600=~0.6, and then induced with IPTG. All protein samples underwent a copper 

charging and heat treatment before being purified by hydrophobic column 

chromatography to ensure proper metalation. Copper was added (final concentration of 

1.4 mM) and then the sample was heated for 20 minutes at 70 °C. The solution had 

ammonium sulfate (final concentration of 3 M) added and then was filtered through a 

nitrocellulose filter (0.45 µm cutoff) prior to applying onto a hydrophobic-interaction 

column. The protein was eluted and placed in dialysis tubing (6-8 kDa) to be dialyzed 

against milliQ H2O for 4x8-hour exchanges. With the Amicon ultrafiltration membrane, the 

volume of the sample was reduced, and the concentration was checked with the use of 

the UV-vis spectrophotometer at 280 nm. Aliquots were then syringe-filtered into 

Eppendorf tubes and flash frozen in liquid nitrogen. Metals were removed via dialysis of 

holo SOD1 against ethylenediaminetetraacetic acid (EDTA) at pH 3.8.208 Another set of 

exchanges were done with 50 mM sodium acetate, 100 mM NaCl at a pH of 3.8. The last 

set of exchanges were against milliQ water with one final exchange against 1 mM HEPES 

at pH 7.8. Metal contamination was assessed by PAR assay, initially developed by Crow 

et al.209  and further modified by Colleen Doyle and Heather Primmer as described 

previously.210 

Reduction of the disulfide bond was performed as described previously.65 The 

method used the reducing agent tris(2-carboxyethyl)phosphine hydrochloride (TCEP-

HCl). Initially, oxidized apo SOD1 was denatured using 2 M guanidine hydrochloride 
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(GdnHCl) and 20 mM HEPES for a pH of 7.8. TCEP was then added to the sample, and 

it was placed in a desiccator for one hour before the sample was exchanged into the 

buffer (1 mM TCEP and 20 mM HEPES at pH 7.4). The success of the reduction was 

checked by running an SDS-PAGE gel. Preparation of the NMR sample required 

concentration of the sample to ~8-25 mg/mL SOD1, with a final sample volume of ~450 

mL. 50 µL of D2O and sodium trimethylsilylpropanesulfonate (DSS) (final concentration 

of 1 mM) was added and the sample was transferred to an NMR tube (final sample volume 

of 500 mL). Upon final sample preparation, we also employed an initial 1H 1D NMR 

experiment (p3919gp, Appendix H) to confirm both the TCEP reduction state and the 

metalation status (Appendix D and E). 

6.3.2 NMR experiments 

1H15N-HSQC spectra were acquired at varying temperatures from 1.2 °C to 38.6 

°C using a Bruker Avance 600 MHz spectrometer, using the acquisition parameters 

described in Appendix J. The sample was equilibrated for 20 minutes at each temperature 

prior to acquisition, as described by Doyle et al.66 All spectra were referenced to DSS. 

Spectra were processed in TopSpin 4.0.7, and analyzed in CCPN 2.4.2. Sequence 

specific resonances were previously determined for pWT, A4V, and V148I apoSH SOD1 

at pH 7.4.54,55  

Variable-temperature 1H-15N HSQC (Bruker pulse program `hsqcetfpf3gpsi'261–264) 

SOD1 spectra were acquired using a Bruker AVANCE 600 MHz spectrometer equipped 

with a 5 mm triple resonance TXI probe. Amide proton chemical shifts are directly 

referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), while amide nitrogen 

chemical shifts are indirectly referenced to DSS using a 15N/1H ratio of 0.101329118.265  
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Assignments and variable-temperature NMR data for dsRBD-1 are as previously 

published.245,266 Amide nitrogen temperature coefficients of dsRBD-1 and SOD1 variants 

were determined by fitting DSS-referenced amide nitrogen chemical shifts to a linear 

model. Secondary amide nitrogen temperature coefficients were determined by 

calculating the values expected for random coil peptides of the same amino acid 

sequences (Eq. 5 in Chapter 5) and subtracting these from experimentally measured 

temperature coefficients (Eq. 2 in Chapter 5). 

In CCPN 2.4.2, the intensity and linewidths were fit only in the direct (1H) dimension 

using Gaussian peak shape with a boxwidth of 1. Due to significantly decreased 

dispersion in the indirect (15N) dimension relative to the direct dimension, only the direct 

dimension was considered. Peak intensities were normalized to the TRP-32 folded side 

chain and slopes were fit to a line using Microsoft Excel. Maximum peak intensity was 

assessed using Microsoft Excel. The 1H linewidths were estimated from the width of the 

peak at half of the maximum height of the Gaussian peak fit.  

6.4 Results and Discussion 

 Unlike the highly stable holoSS SOD1, apoSH SOD1 is marginally stable and 

cannot be heated past physiological temperatures without protein unfolding occurring. 

However, with the addition of variable solution conditions that may be destabilizing, we 

must limit additional processes while ensuring all other conditions are the same;  the 

temperature range must be similar between the conditions and must encompass a range 

wherein the protein is considered folded. Additionally, based on the solution conditions, 

which includes increasing salt concentration, increasing protein concentration or 
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presence of aggregates, the mutant consideration is vital to ensure as few additional 

states are observed (further discussed below). Due to the diverse structural and thermal 

properties of apoSH SOD1 mutants, events such as local protein unfolding, native protein 

association, and non-native protein association are likely. Thus, to minimize the influence 

of some of these factors on the data, the proteins are compared on a comparable range 

of temperature from 9-18 °C for the temperature coefficient data (Table 6.1), similar to 

Chapter 3, and their whole folded temperature range based on their tryptophan 32 folded 

sidechain (TRP-32F) (Table 6.2), as previously discussed in Chapter 4.   

Table 6.1: Temperature range for the temperature coefficient data. 

 
This temperature range data is based on the same temperature range using in Chapter 3. 
aunagg and agg are short forms for the A4V sample without aggregates and with aggregates, respectively. 
bLC and HC stand for low and high protein concentration, respectively. 

cNo salt and salt represent the V148I samples without NaCl and with 150 mM NaCl, respectively. 

 
Table 6.2: Folded and unfolding temperature ranges for the apoSH mutants and their respective number of 
spectra acquired in brackets.   

 
 
- for mutants not considered. 
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aunagg and agg are short forms for the A4V sample without aggregates and with aggregates, respectively. 

bLC and HC stand for low and high protein concentration, respectively. 

cNo salt and salt represent the V148I samples without NaCl and with 150 mM NaCl, respectively. 

dThe folded temperature range for each sample based on the Trp-32F intensity and DSC data. 

eThe unfolding temperature range for each sample based on the Trp-32F intensity and DSC data. 

 
6.4.1: The influence of salt concentration on apoSH V148I 

 The impacts of salt on proteins are complex, where both different cations and 

anions have a diverse impact across proteins. Previously, our group has shown the 

impact of NaCl and Na2SO4 on apoSH SOD1 aggregation is not limited to the protein but 

is highly dependent on the mutation.12 For instance, A4V readily aggregates under any 

solution condition, both in the presence or absence of these salts, whereas V148I shows 

overall minimal aggregation under any solution condition but tends to form some 

population of smaller oligomers such as dimers under the presence of salt. However, this 

diversity in behaviour under the same solution condition further highlights the need to 

explore the impact salt has on the protein structure and dynamics that subsequently 

populate different states. Due to V148I showing such subtle aggregation with NaCl, and 

otherwise being considered pWT-like, it is an ideal mutant to assess the impact of salt on 

an apoSH mutant, without the concerns of significant protein association.  

 The reference sample is V148I without the addition of NaCl, whereas the salt 

sample is V148I with the addition of NaCl, which will henceforth be referred to as salt. 

Salt is titrated into the salt sample at a final salt concentration increase of 25 mM for each 

increment at 298 K, and at each increment a 1H15N-HSQC spectrum is acquired. 

Throughout the salt titration, both pH and presence of higher order species are assessed 
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using a pH meter and dynamic light scattering (DLS) experiments, respectively. There 

are no observable changes in either. With a final salt concentration of 150 mM, to match 

both expected intracellular concentration118 and previous apoSH aggregate studies12, the 

sample is heated throughout a temperature ramp comparable to the reference sample 

(9.3 - 39.55 °C and 11.73 - 38.64 °C for the reference and salt sample, respectively) 

(Table 6.2). The reference and salt samples have HSQC spectra collected through the 

temperature ramp, and these data in addition to the salt titration spectra are analyzed 

below.  

6.4.1.1 The chemical shift perturbations (CSP) for the salt titration highlight the non-

specific interactions with NaCl are localized around the metal-binding sites  

 Salt is added to the salt sample of V148I at 25 mM increments until a final 

concentration of 150 mM NaCl at 298 K. With the addition of salt at a set temperature of 

25 °C, the internal sample temperature did increase from 25.22 °C at 0 mM NaCl to 27.30 

°C at 150 mM NaCl. Although minimal, it is important to consider this change when 

samples are assessed for peak shape changes. Notably, Sengupta et al. perform a salt 

titration with NaCl to observe oligomerization of wild-type mouse prion protein, and show 

CSP values larger than zero throughout the structure, suggesting they might be seeing 

the influence of temperature during their salt titration. However, since the temperature 

change is minimal and CSP values are considered significant only if they are more than 

average value + 1 standard deviation, the minimal temperature-influenced chemical shifts 

do not influence the analysis. 
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 CSP values are useful for mapping changes in chemical shifts that can represent 

residues involved in events such as binding or structural changes due to a changing 

condition. Here, CSP values are calculated in two ways: one looks at only the difference 

between 0 mM (initial spectrum) and 150 mM (the last titration spectrum) (Figure 6.1A), 

and the second is using combined CSP values for all 25 mM NaCl titrant interval spectra 

from 0 mM to 150 mM (Figure 6.1B). The latter measurement is to assess if the chemical 

shift changes are gradual or based on a threshold of a certain salt concentration. The salt 

titration CSP values are calculated and mapped onto the 3D structure of holoSS SOD1 

(Figure 6.1), to show which residues are most impacted by the addition of salt. For CSP 

values and combined CSP values, values larger than average + 1 standard deviation are 

considered perturbed from the reference (no salt sample), whereas values smaller than 

that are considered to be comparable to the reference.  

 

Figure 6.1: Chemical shift perturbations and combined chemical shift perturbations for V148I throughout 
the salt titration. CSP values were coloured based on the same cutoff for both samples. Residues are 
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coloured to aid in visualization according to the relative magnitude of CSP values. The pink, dark pink and 
red colours/lines represent 0.05–0.075, 0.075–0.1, >0.1, (A) CSP values for V148I with 0 mM and 150 mM 
NaCl represented by the bars on the plot and mapped on to the 3D ribbon structure for holoSS SOD1 
(1HL5, rendered with PyMol). (B) Combined CSP values for V148I throughout the salt titration represented 
as bars on the plots and mapped on to the 3D ribbon structure.  

 Both CSP values and combined CSP values show similar residues being perturbed 

with the addition of salt (Figure 6.1). Based on the CSP values between 0 mM and 150 

mM NaCl spectra, the residues near metal-binding sites, more specifically localized in the 

electrostatic loop (loop 7), show significant perturbations. Additionally, these are the same 

residues that are perturbed for combined CSP values, and the combined CSP values 

ranged from 0.02 to 1.20. The highest combined CSP values are for residues D11, F45, 

and L126. At each of these residues, neighbouring residues also show significant CSP 

perturbations, supporting the impact of the salt propagating to the neighbouring residues.  

 Moreover, the impact of salt seems predominantly localized to the metal-binding 

region and the CSP values throughout the titration for perturbed residues seem to show 

the impact is additive as each salt titration interval (Figure 6.2). The residues most 

perturbed being at the site of metal-binding can be explained by the considerably 

positively charged pocket at the metal-binding sites, which is functionally used for guiding 

the superoxide anion to the active site.272 Hence, the binding may be focused on the 

anion, Cl- interacting non-specifically with the positive charges around the metal-binding 

site.  
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Figure 6.2: Combined CSP values for V148I throughout the salt titration for nine representative residues. 
Residues 45, 11, 126 and 44 show high CSP values throughout the NaCl titration, but residues 10, 4, 3, 7 
and 6 do not.  

Additionally, although the range of combined CSP values here is larger than 

observed for the salt titration on mouse prion protein (moPrP), the profiles of the CSP 

values against the salt concentration for the perturbed residues are remarkably similar.230 

From the CSP dependence on NaCl concentration for moPrP, they conclude the NaCl is 

weakly binding to the protein. This aligns with what is expected of NaCl interacting with 

SOD1, since there are minimal changes in the native monomer structure observed by 

FTIR upon the addition of NaCl.12 Thus, the impact of salt is non-specific and focused 

around positively charged residues near the metal-binding sites.  
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6.4.1.2: Amide proton temperature coefficient values suggest the addition of salt 

promotes both local structuring and unfolding   

 Amide proton temperature coefficient values can report on loss of structure and 

intramolecular hydrogen bonding.202,273 In Chapter 3, amide proton temperature 

coefficients are considered for several apoSH mutants, including V148I. Here, we assess 

the differences in temperature coefficient values for V148I with and without the addition 

of 150 mM NaCl in the apoSH V148I’s folded temperature range (Table 6.1).65 Also in 

Chapter 3, we discuss multiple ways of averaging temperature coefficients, and how each 

method shows different but important information. Similarly, the different averaging 

methods are used here to discuss the differences in temperature coefficient values for 

V148I with and without salt.  

 

Table 6.3: Amide proton temperature coefficients for apoSH V148I without (no salt) and with salt. 
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Temperature coefficient values are averaged across all assignments (average), the beta-strands on N-
terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, and each average 
also has the number of residues averaged in brackets. Average ddTC is the difference in average 
temperature coefficients relative to apoSH pWT. 

 Averaging all the temperature coefficient values for the assigned residues masks 

the local differences between the two samples (Table 6.3). The two average values, -4.82 

ppb/K and - 4.87 ppb/K for the without and with salt samples, respectively, are not 

considered significantly different, however, the N-terminal and C-terminal ß-sheets values 

highlight there are more local differences (Table 6.3). More specifically, the apoSH V148I 

C-terminal ß-sheet is more stabilized in the presence of salt, while the N-terminal ß-sheet 

shows subtle increases in dynamics upon the addition of salt. Interestingly, according to 

the CSP values, the residues considered to be perturbed by the salt are predominantly 

located on the C-terminal ß-sheet (Figure 6.1). However, an in-depth assessment that 

probes more local areas of difference is necessary to understand the impact of salt on 

apoSH SOD1. 
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 Furthermore, by considering the various averaging methods discussed in Chapter 

3, local areas of differences are identified. By comparing the temperature coefficient 

profiles across the entire sequence for V148I with and without salt, it is clear the profile is 

predominately similar (Figure 6.3A), which agrees with the average temperature 

coefficient values (Table 6.3). Despite this, there are some points of localized difference 

such as residues responsible for forming the native helix in the electrostatic loop and ß8. 

Intriguingly, the residues in the electrostatic loop show increased dynamics upon the 

addition of salt, whereas ß8 becomes more stabilized upon the addition of salt. However, 

evaluating differences between the two samples based on individual residues without 

considering neighbouring residues can be misleading due to noise and/or anchoring data 

points. 

 Moreover, local areas are further probed by using rolling averages and averaging 

based on secondary structures. By using rolling averages over 5 residues, local structural 

differences can be easily discerned, without outliers having a significant impact. The 

rolling averages highlight that ß4 is more stabilized upon the addition of salt, while its 

neighbouring strand, ß7 is more destabilized (Figure 6.3B). Additionally, edge strands on 

the N-terminus ß-sheet, ß1 and ß6, are also more destabilized (Figure 6.3B), which 

explains the N-terminus ß-sheet being more dynamic in the salt sample (Table 6.3). 

Additionally, loop 7 also shows enhanced dynamics, specifically around the residues 

responsible for forming the native helix. 
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Figure 6.3: Amide proton temperature coefficients and their multiple averaging methods for apoSH V148I 
without salt (no salt) and with salt. (A) Temperature coefficients are represented by the blue (no salt) and 
red (with salt) bars in the plot. (B-D) show 3D ribbon structures for the no salt (left) and with salt (right) data. 
(B) Rolling average temperature coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5, 
rendered with PyMol). (C) Secondary structural average temperature coefficients are mapped onto the 3D 
structure of holoSS SOD1 (1HL5, rendered with PyMol). (D) Averaging only hydrogen bonded residues, 
secondary structural average temperature coefficients are mapped onto the 3D structure of holoSS SOD1 
(1HL5, rendered with PyMol). Residues are coloured by a red to blue gradient, with red representing less 
stable residues and blue for the more stable. Dark blue is for values larger than -1 ppb/K, cyan is for values 
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between -1 and -2.5 ppb/K, green is for values between -2.5 and -4 ppb/K, yellow represents values 
between -4 to 5.5 ppb/K, orange is for values between -5.5 to -7 ppb/K and values smaller than -7 ppb/K 
are coloured red. Grey indicates residues where no data are available. 

Furthermore, the rolling averages highlight that the temperature coefficients for 

SOD1 residues have grouped behavior that is based on the secondary structure present 

in the mature SOD1 enzyme, aside from some outliers (Figure 6.3B). By averaging based 

on secondary structure, the changes across the secondary structures are considered. 

Here the key differences are in ß4 again showing stabilization and its neighbouring strand, 

ß7 becoming destabilized upon salt addition (Figure 6.3C), which is also observed in the 

rolling averages (Figure 6.3B). However, the other differences observed by rolling 

averages are no longer present, suggesting their differences are more local and impact 

fewer residues. Comparing rolling averages and averages based on secondary structure 

highlights that ß4 and ß7 are showing considerable differences upon the addition of salt.  

Although averaging by secondary structure shows potential structural differences, 

averaging only the hydrogen bonded residues by their secondary structure may highlight 

changes in hydrogen bonding to explain the structural differences. The averaging of only 

the hydrogen bonded residues based on their secondary structure highlights significant 

changes in hydrogen bonding upon the addition of salt. While ß-strands 5-7 show more 

dynamics in the hydrogen bonded residues, ß4 and ß8 show there is gain of stability 

(Figure 6.3D). Aside from ß8, the number of residues averaged are comparable; ß8 has 

two residues not assigned in the salt sample, thus the gain of stability is not considered 

significant. Irrespective of ß8, the stabilization of ß4 and coincidentally the destabilization 

of its neighbouring strands, ß5, 6 and 7 suggest there are significant interruption to the 

hydrogen bonding upon the addition of salt. 
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The changes in temperature coefficients in apoSH V148I due to the addition of salt 

suggest there are more local changes throughout the structure. A significant change 

appears to be in ß4, and then propagates to the neighbouring strands and loop 7 (Figure 

6.3). From the CSP values, V148I shows a pWT-like structure that is perturbed, mostly 

around ß4 with the addition of salt (Figure 6.1). The salt is thought to non-specifically 

interact with residues near ß4, and the temperature coefficient values suggest the 

residues become stabilized (Figure 6.2). However, this stabilization in ß4 from the salt 

interacting with its residues subsequently results in residues near it changing local 

structure and becoming more dynamic, as suggested by their CSP values and the 

temperature coefficient data, respectively (Figure 6.1 and 6.3). Although the perturbed 

strands are not considered to be involved in native or non-native dimerization as 

previously observed for apoSH mutants54,55, we find that apoSH V148I can form dimer 

species in the presence of salt.12 Thus, by probing protein dynamics in different solution 

conditions, additional dynamics that may play a role in native-like or non-native like 

processes may become prevalent that would otherwise be suppressed. 

6.4.1.3 Intensity analysis 

6.4.1.3.1 Trp-32F and Trp-32U peak intensities suggest NaCl is destabilizing and shifts 

the apoSH V148I toward unfolded structure 

 In Chapter 4, the two sidechain peak intensities for tryptophan-32 (Trp-32) 

correlated to protein unfolding. However, where one peak intensity decreased as the 

temperature entered the protein unfolding temperatures, the other increased. The 

decreasing intensity peak represents the Trp-32 sidechain in the folded state (Trp-32F) 

and the increasing intensity peak represents the Trp-32 sidechain in the unfolded state 
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(Trp-32U). Additionally, Trp-32F correlates well to protein unfolding based on their DSC 

thermograms for apoSH pWT and its mutants (discussed further in Chapter 4). For this 

reason and the fact that Trp-32U does not have an intensity for the more thermally stable 

SOD1s, Trp-32F is the ideal candidate for intensity normalization.  

 Here, we extend the Trp-32F intensity indicating protein folding and unfolding, 

discussed in Chapter 4, to assess changes to apoSH V148I in 150 mM NaCl relative to 

V148I without salt. Trp-32F correlates well with DSC endotherms65, where increases in 

intensity represent the folded temperature range, and any decrease in intensity suggests 

the protein is starting to unfold. The V148I without salt spectra are only collected in the 

folded temperature range, and accordingly the Trp-32F peak only shows increasing peak 

intensity (Figure 6.4A). However, with the addition of salt, the Trp-32F peak now shows 

a decrease in peak intensity by 34 °C (Figure 6.4A), suggesting apoSH V148I unfolds at 

earlier temperatures in the presence of salt. Similar to Trp-32F intensity changes 

suggesting apoSH V148I in salt is unfolding earlier than without salt, the Trp-32U peak is 

also showing increases in intensity at 34 °C for the salt sample (Figure 6.4A). Thus, both 

Trp-32F and Trp-32U changes in the salt sample suggest salt promotes earlier protein 

unfolding. 
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Figure 6.4: Trp-32F and Trp-32U peak intensities throughout the temperature ramp and salt titration. All 
peak intensities were normalized by receiver gain. The Trp-32F (blue) and Trp-32U (red) peaks are 
evaluated throughout the (A) temperature ramp and (B) salt titration. (A) The Trp-32F and Trp-32U peak 
intensity for the apoSH V148I samples without salt (top) and with salt (bottom). Throughout the folded 
temperature range, the TrpF-32F peak intensity increases, whereas the Trp-32U peak shows minimal 
changes. However, the Trp-32F and Trp-32U intensity begins to decrease and increase, respectively, when 
the protein is in the unfolding temperature ranges. (B) The Trp-32F and Trp-32U peak throughout the salt 
titration at 298 K. At 298K, raV148I experiences no protein unfolding according to its DSC endotherm. 
However, with each addition of salt the Trp-32F peak decreases in intensity while the Trp-32U peak 
increases in intensity. 
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 Akin to Trp-32F, Trp-32U also behaves differently for V148I in the presence of salt 

relative to V148I with no salt. Without the addition of salt, V148I Trp-32U peak has 

negligible signal (Figure 6.4A). It is only with the addition of salt that V148I has a Trp-32U 

peak with considerable signal (Figure 6.4A). Interestingly, the thermally destabilized 

apoSH mutants consistently show a Trp-32U peak in their spectra, even in the folded 

range (Chapter 4). This may suggest that the equilibrium between the folded and unfolded 

states may shift more toward the unfolded state for the destabilized mutants relative to 

the stabilized ones. The presence of the Trp-32U peak in V148I with salt suggests the 

addition of the salt is shifting the folded-unfolded equilibrium toward more unfolded, 

whereas without salt, the equilibrium exclusively favours the folded state.  

 Moreover, the shift in the folded-unfolded equilibrium is also supported by the Trp-

32F and Trp-32U intensity changes throughout the salt titration. With each subsequent 

salt titration, the Trp-32F intensity decreases and the Trp-32U intensity increases (Figure 

6.4B). For the changes not being remarkably linear, it would have suggested the addition 

of salt is impacting the NMR parameters, such as the tumbling and relaxation, which 

subsequently impact the peak shape. However, with both the Trp-32F and Trp-32U peaks 

showing comparable changes in signal (Figure 6.4B), it is plausible the changes are due 

to the presence of salt shifting the relative folded and unfolded populations. Additionally, 

we have previously shown by attenuated total reflectance - Fourier transform infrared 

spectroscopy (ATR-FTIR) that the addition of NaCl shifts the apoSH mutants away from 

beta-structure and toward a more unfolded structure.12 Therefore, in combination with the 

presence of Trp-32U peak intensity with salt and its increasing intensity with the addition 
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of salt relative to the decreasing intensity of the Trp-32F peak, the presence of salt, 

specifically NaCl, shifts the folded-unfolded equilibrium for apoSH SOD1 toward unfolded. 

6.4.1.3.2 The large loops show significant points of perturbation for apoSH V148I in the 

present of salt relative to the absence of salt  

 Due to the large range of intensity profile behaviour, characterizing individual 

residues based on their intensity profiles becomes onerous. As discussed in Chapter 4, 

without a point of reference, intensity profiles are difficult to interpret, and adding 

additional solution conditions such as temperature and salt add to the difficulty. Thus, 

each residue intensity is normalized to its Trp-32F peak at all temperatures for apoSH 

V148I spectra (both with and without salt), which removes the nonlinear influence of 

temperature or changes in protein concentration on peak shape, without changing the 

temperature-dependent intensity profile (discussed further in Chapter 4). Since Trp-32F 

peak intensity correlates well with the folded conformer of the protein throughout the 

temperature ramp, and thus by normalizing all residues’ intensity at each temperature to 

their Trp-32F peak, the initial analysis is for assessing the change in folded structure for 

V148I with the addition of salt. 

 Since V148I without salt does not have any spectra collected in the unfolding 

temperature range, only intensity profiles in the folded temperature range are considered 

(henceforth referred to as the folded intensity slopes). As discussed in Chapter 4 and 

above, all residue intensity profiles are normalized by their respective Trp-32F peak. The 

post-normalized folded intensity slopes that have values within the average ± 1 standard 

deviation mean their pre-normalized intensity slope is similar to the Trp-32F slope, and 
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thus these residues are considered to respond similarly to temperature and consequently 

share comparable structure (Figure 6.5). However, larger differences between pre-

normalized slopes and Trp-32F slopes result in a post-normalization intensity slope that 

has an absolute value larger than zero, meaning the residue deviates from the folded 

structure.  

 

Figure 6.5: The various pre-normalization intensity profiles observed and the interpretation of the post-
normalized intensity slopes. The plot on the right shows all the potential intensity profiles seen for the 
residues before normalization. Due to the diversity in profile behaviours, interpretation is difficult. However, 
upon normalization to the Trp-32F peak, the interpretation of slope of intensity is now in reference to 
folded/structured conformer. The average slope value is close to 0 (solid grey line), and slope values within 
the average ± 1 standard deviation (blue shades box) are considered as behaving comparably to that of 
the Trp-32F peak, and thus are considered structured. Outside this range, the slopes are reporting on less 
structured/differently structured relative to the Trp-32F.  

 For apoSH V148I with and without salt, the normalized slopes show considerable 

differences in values throughout the structure. Even though the post-normalized intensity 

slope profiles throughout the structure are comparable in the two samples (Figure 6.6), 

there are differences in the values between the samples suggesting some are moving 

toward structured or away from structured. The most notable differences are in the large 

loops, loops 4 and 7, where the intensity slopes for the salt sample are consistently more 
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negative than the sample without salt (Table 6.4). Although the large loops in both 

samples have intensity slopes significantly different from that of the Trp-32F slope (Figure 

6.6), and thus are likely not in a folded conformation, the differences between the two 

samples suggest the loops behave differently between the two samples (Figure 6.6 and 

Table 6.4). The large loops are points of significant deviation both relative to Trp-32F and 

between the salt and no salt sample.   

 

 

Figure 6.6: Post-normalized folded intensity slopes for apoSH V148I without salt (no salt) and with salt 
(salt). The rolling averages for normalized intensity slopes are considered for the folded temperature 
ranges. The rolling averages for normalized intensity slopes are for the sample without salt (blue) and with 
salt (red). The closer the values are to 0, the residue responds to temperature changes comparable to the 
Trp-32F peak that the data are normalized by. 

 

 

 

 

 

 

 



	 	234	

Table 6.4: Average normalized intensity slopes for apoSH V148I without (no salt) and with salt. 

 

Intensity slope values are averaged across all assignments (average), the beta-strands on N-terminal (ß1-
3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, and each average also has the 
number of residues averaged in brackets.  

 Aside from the loops, there are additional structures that show subtle differences 

between the two samples, but the differences are not considered significant relative to 

the Trp-32F peak. For instance, residues in ß4 and ß6-8 show positive intensity slopes in 

the no salt sample, but the values are negative in the salt sample (Figure 6.6 and Table 

6.4). These strands are coincidentally also the strands that show differences in 

temperature coefficient values between the two samples (see section 6.4.1.2). It is 

important to note these residues’ temperature coefficients in salt do not all show 

increased dynamics relative to the salt-free sample. Instead, the temperature coefficients 

show a mixture of behaviour between the strands, contrary to the similar shift from positive 

to negative folded intensity slopes for these strands. Thus, intensity slope changes 
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between the two samples may highlight the subtle differences in protein dynamics due to 

the addition of salt.  

 Overall, the areas that show perturbed behaviour in the salt sample relative to the 

salt-free sample, most notably the large loops and to some extent ß4 and ß6-8, show 

similar trends in their pre-normalized intensity profiles. In these perturbed areas, their 

intensity profiles with salt present show an initial increase in intensity followed by a 

decrease in intensity at higher temperatures. Similar to all the apoSH SOD1s discussed 

in Chapter 4, the loops for the salt sample show the temperature at which the decrease 

in intensity occurs, is much earlier than the rest of the structure. By extending the analysis 

for Trp-32F to the large loops, the initial increase in the signal can be representative of 

the residues in a more folded conformation, and the decrease in signal suggests the loops 

are undergoing structural changes that can be interpreted as local unfolding. Hence, it is 

interesting to consider which residues, and at what temperature, show hints of local 

unfolding.  

6.4.1.3.3 Max temperature data suggest the salt sample collectively unfolds sooner than 

the salt-free sample 

 Since differences between the intensity profiles for V148I with salt and without salt 

manifest as differences in folded intensity slopes, the profiles need to be examined further 

to understand what these different profiles may be reporting on. Considering the loops for 

V148I without salt show a different intensity profile compared to the rest of the folded 

structure (see Chapter 4), it suggests these loops respond to temperature differently, and 

highlight protein unfolding may begin at the loops. The temperature that corresponds to 
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the maximum peak intensity for each residue will henceforth be referred to as the max 

temperature (Figure 6.7A). Since the salt-free V148I does not enter its protein unfolding 

according to their DSC endotherms65 and its Trp-32F peak profile (Figure 6.4A), most of 

its residues only show signal increases (Chapter 4, Figure 4.2B), and thus their max 

temperature corresponds to the temperature of the last spectrum acquired (Chapter 4, 

Figure 4.9A). 
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Figure 6.7: Maximum intensity temperature highlights local protein unfolding. (A) The temperature at which 
the highest peak intensity is observed is denoted as the max temperature (vertical red line). For V148I 
without salt, spectra are only acquired in the folded temperature range, thus the maximum intensity for most 
of the folded residues corresponds to the highest temperature spectrum. However, under destabilizing 
conditions, apoSH mutants’ spectra are collected in both folded and unfolding temperature range, we 
extend the Trp-32F max temperature correlating to the start of protein unfolding to each residue, where the 
max temperature reports on local unfolding. (B) Plots of max temperature for apoSH V148I without salt 
(blue) and with salt (red).  

 However, the apoSH V148I sample with salt shows a decrease in intensity in its 

temperature range, which aligns with protein unfolding. Hence, V148I without salt has a 

max temperature at 39.55 °C, which is the highest temperature a spectrum is acquired, 

and V148I with salt shows a max temperature at 34.23 °C, even though its highest 

temperature is at 38.64 °C (Figure 6.7B). When comparing the max temperature between 

both samples, it is important to acknowledge the differences in temperature when the 

spectra are acquired; careful consideration is taken to ensure all spectra are collected at 

the same set temperature, therefore the differences are small (<1.05 °C). Therefore, 

comparing max temperatures between the two samples is valid since the values are 

considered over multiple residues and spectra are collected at similar temperatures. 

 When comparing the max temperature between the two samples, it is expected 

the sample with a Trp-32F peak that shows protein unfolding, as seen with the salt 

sample, will show local unfolding at lower max temperatures. The average max 

temperature between the salt and salt-free V148I samples is 29.90 °C and 33.02 °C, 

respectively (Table 6.5). As predicted, V148I with salt has a lower average max 

temperature, suggesting it is experiencing local unfolding earlier than V148I without salt. 

Additionally, the perturbed areas identified in the intensity slope data also show the 

largest decreases in max temperature for the salt sample relative to the salt-free one 

(Figure 6.7B, 6.8 and Table 6.5). In both samples, loops 4 and 7 show the lowest max 
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temperature relative to the rest of their structures, but these large loops in the salt sample 

(23.02 °C and 21.07 °C, respectively) have considerably lower max temperatures than 

the salt-free sample (26.02 °C and 21.07 °C, respectively).  

Table 6.5: Average max temperatures for apoSH V148I without (no salt) and with salt. 

 

Temperature coefficient values are averaged across all assignments (average), the beta-strands on N-
terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, and each average 
also has the number of residues averaged in brackets. 
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Figure 6.8: Peak profile for residues that behaved differently between the apoSH V148I without (left) and 
with salt (right). Representative residues are selected for structural regions that show differences in 
behaviour, and intensities (blue) and linewidths (orange) are overlaid to show differences between the two 
samples. 
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Moreover, ß4 and ß6-8 are also considered interesting points of differences 

between the salt-free and salt samples. All four beta-strands show decreases in max 

temperature, most considerably for ß6-8 for the salt sample relative to the salt-free 

sample (Figure 6.7B, 6.8 and Table 6.5). Since these strands have the same residues 

assigned, these differences are not due to differences in assignments. Both ß6 and ß7 

temperature coefficients show increased dynamics in the presence of salt, and this 

decreased max temperature supports the salt is able to disrupt the structure in these 

strands and consequently leads to earlier local unfolding for these strands. However, ß4 

does show a decrease in max temperature with the addition of salt, but its temperature 

coefficient data suggest it becomes less dynamic. Although initially perplexing, when 

assessing the ß4 max temperature relative to the rest of the secondary structures, it is 

clear in the salt sample, ß4 has one of the higher max temperatures, but in the salt-free 

sample, ß4 has one of the lowest max temperatures. Meanwhile, the relative max 

temperatures for ß6-8 did not change significantly between the two samples. This 

suggests ß4 becomes structured in the presence of salt, and therefore unfolds later 

relative to the rest of its structure. Overall, the salt samples start unfolding considerably 

earlier than the salt-free sample, with subtle shifts in local unfolding.  

6.4.1.4 Secondary amide nitrogen temperature coefficients for perturbed ß-strands due 

to salt agree with proton amide temperature coefficient and intensity profile data 

 While proton amide chemical shifts are considered useful for probing hydrogen 

bonds and temperature-dependent loss of structure, nitrogen amide chemical shifts can 

serve as a measure of structure. In Chapter 5, we extensively discuss our approach to 

analyze and interpret nitrogen chemical shifts. By taking the difference between the 
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calculated nitrogen temperature coefficients for random coil SOD1 and the experimentally 

measured amide nitrogen temperature coefficients, denoted as the secondary amide 

nitrogen temperature coefficients, we can probe for deviations from random coil with 

independence from the amino acid sequence. In Chapter 5, apoSH pWT SOD1 and 

SOD1 mutants are probed for ordered and disordered protein regions, however, in this 

chapter, changes in ordered and disordered regions due to solution conditions are 

investigated.  

 The secondary nitrogen temperature coefficients for apoSH V148I with and without 

salt are compared to determine the impact salt has on apoSH SOD1 structure. Since 

random coil nitrogen temperature coefficients vary over a ~20 ppb/K range, values that 

are above 20 and below -20 ppb/K are considered different from random coil, or 

structured. Consistent with random coil, most of the secondary temperature coefficients 

for the loops and the C-terminus ß-sheet are close to zero, whereas the N-terminus ß-

sheet values suggest it is structured for both salt and salt-free samples (Figure 6.9 and 

Table 6.6). Similar to the proton temperature coefficients, the secondary amide nitrogen 

temperature coefficient values throughout the protein are similar between the two 

samples. 
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Figure 6.9: Amide nitrogen temperature coefficients for apoSH V148I without salt (no salt) and with salt. (A) 
Temperature coefficients are represented by the blue (no salt) and red (with salt) bars in the plot. (B) show 
3D ribbon structures for the no salt (left) and with salt (right) data. Temperature coefficients are mapped 
onto the 3D structure of holoSS SOD1 (1HL5, rendered with PyMol) and coloured based on the +/-20 ppb/K 
cutoff. Residues that show values greater than 20 ppb/K and less than -20 ppb/K are coloured green and 
red, respectively. Residues within the -20 to 20 ppb/K range are coloured white. Grey indicates residues 
where no data are available. 
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Table 6.6: Amide nitrogen temperature coefficients for apoSH V148I without (no salt) and with salt. 

 

Temperature coefficient values are averaged across all assignments (average), the beta-strands on N-
terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, and each average 
also has the number of residues averaged in brackets. 

 Although the salt and salt-free samples share similar values for identical residues, 

there are subtle differences in averaging the secondary nitrogen temperature coefficients 

by SOD1s secondary structural elements. Interestingly the loop 7 that by proton 

temperature coefficients and intensity profile analysis show increased dynamics and 

decreased structure with the presence of salt, respectively, now by secondary amide 

temperature coefficients shows a small increase in value with the addition of salt (Figure 

6.9 and Table 6.6). The salt-free and salt values for loop 7 are 6.85 and 8.83, respectively 

(Table 6.6). Even though the difference in the two values is small and does not 

consistently show large absolute values (>20 or <-20), it could suggest some residues 

are experiencing gradual structuring. Thus, the secondary nitrogen temperature 
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coefficient is useful for assessing overall ordered and disordered protein regions, but it 

may be less sensitive to smaller changes.  

 In contrast to the secondary nitrogen temperature coefficients of loop 7 deviating 

from the other data reported here, the perturbed ß-sheets do agree with their proton 

temperature coefficients and intensity profile data. Specifically, ß4 and ß6-7 show the 

largest perturbations according to both measures, and similarly, the secondary nitrogen 

temperature coefficients also show the largest differences in these strands between the 

two samples (Table 6.6). Amide proton temperature coefficients and the intensity profile 

data suggest ß4 is becoming more structured upon the addition of salt, but its neighboring 

strands ß6 and 7 become less structured. Secondary nitrogen temperature coefficients 

agree; the ß4 average secondary nitrogen temperature coefficient value moves further 

from zero, or further from its calculated random coil value, upon the addition of salt, and 

ß6 and 7 moves closer to zero, or closer to its calculated random coil value (Table 6.6).  

Since the closer the value is to zero, the more consistent its value is to its random 

coil temperature coefficient, whereas the opposite suggests the value is less random coil-

like. While ß4 and ß6-7 data agree with the other data reported above, loop 7 shows 

otherwise. A probable explanation may be due to the crowding of the residues along the 

indirect dimension, specifically for the unstructured loop (further discussed in Chapter 5). 

The crowded peaks increases assignment errors throughout the temperature range. 

Meanwhile, the ß-strands are more structured than loop 7, and subsequently their peaks 

are less crowded. Collectively, for more isolated peaks, the secondary amide nitrogen 

temperature coefficients for the perturbed ß-strands agree with the proton temperature 
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coefficient and intensity profile data, while more crowded peaks such as loop 7 residues 

show deviation from trends suggested by other data.    

6.4.2: Protein concentration 

 Protein concentration is a key factor that impacts both protein folding and 

aggregation.274–276 With increasing protein concentration, more consistently literature 

supports the proteins showing increased propensity to aggregate276,277, and with some 

proteins showing contrary results.12,278,279 The contrary results highlight the protein 

concentration range is important to understand; there is a range where protein folding is 

more favourable than protein aggregation, but past a certain threshold, protein 

aggregation is more favourable due to the enhanced chance of collision.277,280 

Additionally, our group has reported complex aggregation behaviour for apoSH SOD1 at 

high protein concentration.12 Only some mutants show enhanced aggregation propensity 

at the high protein concentration, but others remained unchanged, suggesting that 

relative dynamics may play a critical role in protein folding and aggregation. 

Previously the impact of protein concentration on apoSH SOD1 aggregation shows 

it does not exclusively result in increased aggregation12 and rather, similar to the 

introduction of salt, the impact of protein concentration is dependent on mutation. With 

SOD1 having the ability to dimerize, aggregate and transiently unfold, increasing protein 

concentration may make some of these processes more favourable than others, which 

convolutes the interpretation further. Thus, by choosing a mutant that attenuates some of 

these processes, the impact of protein concentration can be better understood.   

Fortunately, V148G is one of the few mutants that shows significantly perturbed 

dimerization in its immature states, consequently reducing the potential for contributions 
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from chances of dimerization in the high protein concentration sample. However, we 

cannot control the other two processes, structural changes and protein aggregation, as 

they are a likely consequence of changing protein concentration. Here, we investigate the 

differences in protein dynamics for V148G at two considerably different protein 

concentrations, 8.2 mg/mL (0.5 mM) and 24.0 mg/mL (1.5 mM), which will henceforth be 

referred to as the low or high protein concentration, respectively. Both samples show no 

presence of aggregates prior to heating which is assessed by DLS. Both the low 

concentration and high concentration samples have spectra collected throughout the 

same temperature ramp (1.0 - 36.7 °C and 1.2 - 36.0 °C, respectively) (Table 6.2). Only 

the folded temperature range is analyzed for the temperature coefficients, but the entire 

temperature range is considered for the peak intensity and linewidth analysis.  

 

6.4.2.1 CSP values suggest the protein undergoes more native structuring at increased 

protein concentration 

 Although CSP are typically used for assessing chemical shift changes from a 

titration of a compound, as done for the V148I salt titration in section 6.4.1.1, here we 

extend this analysis to assess local structural changes arising from differences in protein 

concentration. In addition to assessing CSP values for both low and high concentration 

samples relative to pWT, the CSP values are also assessed relative to the two 

concentrations. Since V148G begins to unfold before 25 °C, the CSP values are 

calculated at 19 °C to ensure only the folded structures are considered. The CSP values 

relative to pWT indicate how native-like the samples are, and the CSP values relative to 
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each other show the structural variability between the two samples and in turn the impact 

protein concentration has on the local structure.  

 
Figure 6.10: Chemical shift perturbations for V148G at low and high protein concentration. CSP values 
were coloured based on the same cutoff for both samples. Residues are coloured to aid in visualization 
according to the relative magnitude of CSP values. For (A) and (B) the pink, dark pink and red colours/lines 
represent 0.05–0.075, 0.075–0.1, >0.1, respectively. Low concentration and high concentration refers to 
0.5 mM and 1.5 mM protein concentration, respectively. (A) CSP values for V148G relative to pWT 
represented by the bars on the plot. (B) CSP values for V148G samples relative to pWT mapped onto the 
3D ribbon structure for holoSS SOD1 (1HL5, rendered with PyMol). (C) CSP values between the low and 
high protein concentration samples mapped onto a 3D SOD1 ribbon structure. White denotes CSP values 
smaller than average + 1 standard deviation, and grey indicates residues where no data are available. (B) 
CSP values are shown as vertical bars, where black bars are values that are smaller than average + 1 
standard deviation.  
 
 CSP values show some differences relative to the native structure, and surprisingly 

the CSP values between the two samples also show subtle differences (Figure 6.10A, B). 
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For both the CSP values calculated relative to pWT and between the two concentrations, 

residues are considered perturbed if their CSP value is greater than the average + 1 

standard deviation, otherwise are considered similar to the reference (pWT) or at both 

concentrations, respectively. For both concentrations, the perturbed CSP values relative 

to pWT are primarily located at the site of mutation and at the residues responsible for 

forming the native-helix in the electrostatic loop (loop 7) (Figure 6.10A, B). Although both 

concentrations show similar perturbed areas and standard deviation values, there are 

subtle differences in the residues perturbed. For instance, the dimer interface seems 

more perturbed, especially around the site of mutation, in the high concentration sample, 

whereas the low concentration sample shows more residues perturbed in the electrostatic 

loop.  

 When comparing the chemical shift values for the two concentrations against each 

other, the CSP values are smaller but highlight local structural differences (Figure 6.10C). 

Unsurprisingly the site of mutation is no longer perturbed, as both samples have the same 

mutation, and rather the significant sites of perturbation are concentrated around 

neighbouring residues in the beta-barrel and residues involved in forming the native-helix 

in the electrostatic loop. From the 11 residues that show significant differences, 6 of these 

residues are expected to be hydrogen bonded in the mature structure and 2 other 

residues are involved in forming the native-helix in the mature enzyme.221 Since most of 

the perturbed residues located in/near the beta-strands are expected to be hydrogen 

bonded or involved in structuring upon maturation, the CSP value differences may be a 

result of differences in structuring.  
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Increasing the protein concentration for apoSH V148G may not exclusively be 

important for aggregation, but also protein folding. Most of the residues that show 

perturbed CSP values between the two concentrations are involved in hydrogen bonding, 

metal-binding and/or structuring upon maturation. However, Chapter 3 temperature 

coefficient data, Chapter 7 thermograms, and in vivo aggregation experiments25 support 

apoSH V148G having perturbed metal-binding due to enhanced dynamics around the 

metal-binding region. Additionally, Sekhar et al. have shown that apoSH mutants can 

transiently access structured states such as the native-helix that forms upon maturation, 

and the transient states are more readily accessible at higher protein concentration.55 

Collectively, upon increasing protein concentration, apoSH V148G is structuring around 

the previously dynamic metal-binding region. Thus, apoSH V148G CSP values suggest 

increasing the protein concentration leads to local protein structuring.  

6.4.2.2: Temperature coefficients highlight only minimal differences in samples at different 

protein concentration  

Since the CSP values suggest the perturbations happen across beta strands but 

are limited to only one or two residues in each of the respective strands. Since the 

changes are more localized to a few residues, it is likely the differences in temperature 

coefficients between the low and high concentration samples are best probed by the 

rolling averages or individual values. However, it is also worth remembering the residues 

with perturbed CSP values do not necessarily coincide with differences in temperature 

coefficients as observed for apoSH V148I with and without salt. Again, to minimize the 

number of processes occurring, only the folded temperature range is considered for both 
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samples. Therefore, all the different averaging methods for the folded temperature 

coefficients are considered for apoSH V148G samples.    

By comparing the temperature coefficient values across the protein for the two 

samples, smaller local regions show differences. Although there are individual residues 

that show considerable differences between the two concentrations, only differences 

across multiple residues are considered significant when assessing the temperature 

coefficient profile. With those considerations, loop 4 is interesting as it shows residues at 

the start of the loop are more dynamic in the low concentration sample but become less 

dynamic in the residues at the end of the loop relative to the high concentration sample 

(Figure 6.11A). Additionally, loop 7 and ß8 also show both increases and decreases in 

temperature coefficient values interspersed throughout these structural regions. Thus, as 

expected, the differences in temperature coefficients by varying the protein concentration 

are minimal.  



	 	251	

 

Figure 6.11: Amide proton temperature coefficients and their multiple averaging methods for apoSH V148G 
at low (LC) and high (HC) protein concentration. (A) Temperature coefficients are represented by the blue 
(low concentration) and red (high concentration) bars in the plot. (B-D) show 3D ribbon structures for the 
low protein concentration (left) and high protein concentration (right) data. (B) Rolling average temperature 
coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5, rendered with PyMol). (C) 
Secondary structural average temperature coefficients are mapped onto the 3D structure of holoSS SOD1 
(1HL5). (D) Averaging only hydrogen bonded residues, secondary structural average temperature 
coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5). Residues are coloured by a red to 
blue gradient, with red representing less stable residues and blue for the more stable. Dark blue is for 
values larger than -1 ppb/K, cyan is for values between -1 and -2.5 ppb/K, green is for values between -2.5 
and -4 ppb/K, yellow represents values between -4 to 5.5 ppb/K, orange is for values between -5.5 to -7 
ppb/K and values smaller than -7 ppb/K are coloured red. Grey indicates residues where no data are 
available. 
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The different averaging methods further support only small, local differences in the 

structures from varying the protein concentration. The rolling averages highlight the 

differences are very small and mostly localized to parts of ß4 and the residues responsible 

for forming the native-helix in loop 7 (Figure 6.11B). Although other areas show 

differences in Figure 6.11B, the number of residues assigned is different, and thus not 

considered as truly different. Moreover, averaging the residues by secondary structure or 

only hydrogen bonding residues by their secondary reveal no significant differences at 

the two protein concentrations (Figure 6.11C, D, Table 6.7). This aligns with the averages 

for all assigned residues for the two samples showing negligible differences (-5.10 ppb/K 

and -5.06 ppb/K for the low and high concentration samples, respectively) (Table 6.7). 

Overall, similar to the chemical shift perturbations, the temperature coefficient values only 

show small local differences.    
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Table 6.7: Amide proton temperature coefficients for apoSH V148G at low protein concentration (LC) and 
high protein concentration (HC). 

 

Temperature coefficient values are averaged across all assignments (average), the beta-strands on N-
terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, and each average 
also has the number of residues averaged in brackets. Average ddTC is the difference in average 
temperature coefficients relative to apoSH pWT. 

6.4.2.3 Intensity analysis 

6.4.2.3.1 Trp-32F and Trp-32U peaks show no discernible differences between the two 

protein concentrations 

 Since in section 6.4.1.3.1, we observe the presence of salt alters the folded-

unfolded equilibrium, understanding how protein concentration impacts this equilibrium is 

also important to examine. For both apoSH V148G low and high concentration samples, 

all spectra have a peak for Trp-32F and Trp-32U, even in temperatures corresponding to 

folded temperatures for V148G.65 The presence of Trp-32U is present in all spectra for 

destabilized mutants (A4V, G85R, E100G, and V148G), whereas the stabilized SOD1s 
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(pWT and V148I) do not have this peak in their folded temperature ranges, further 

discussed in Chapter 4. However, unlike V148I showing changes in Trp-32F and Trp-32U 

intensity upon solution condition change (Figure 6.4A), V148G’s Trp-32F and Trp-32U 

peaks show negligible changes between the two concentrations (Figure 6.12). Therefore, 

the presence of any differences in intensity between the samples will exclusively report 

differences in dynamics due to the increased protein concentration, and not additional 

processes like protein unfolding.  

 

Figure 6.12: Trp-32F and Trp-32U peak intensities throughout the temperature ramp. All peak intensities 
were normalized by receiver gain. The Trp-32F (blue) and Trp-32U (red) peaks are evaluated throughout 
the temperature ramp. The Trp-32F and Trp-32U peak intensity for the apoSH V148G samples at low 
protein concentration (top) and high protein concentration (bottom). Throughout the folded temperature 
range, the TrpF-32F peak intensity increases, whereas the Trp-32U peak shows minimal changes. 
However, the Trp-32F and Trp-32U intensity begins to decrease and increase, respectively, when the 
protein is in the unfolding temperature ranges. 
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6.4.2.3.2 The loops intensity slopes show differences at high and low protein 

concentration 

 Since the temperature coefficients show minimal differences between apoSH 

V148G at low and high concentrations, it is expected the post-normalized folded intensity 

slopes are likely to show minimal differences as well. Although both samples have spectra 

collected in the folded and unfolding temperature ranges, only the folded temperature 

ranges are reported here. Akin to the temperature coefficient data, the folded intensity 

slopes values are comparable between the low and high protein concentration samples, 

with certain regions showing differences (Figure 6.13). Interestingly the regions of 

intensity slope differences are also areas that show differences in temperature 

coefficients, but the differences are more considerable for the intensity slopes. 

 

Figure 6.13: Post-normalized folded intensity slopes for apoSH V148G at low protein concentration (LC) 
and high protein concentration (HC). The rolling averages for normalized intensity slopes are considered 
for the folded temperature ranges. The rolling averages for normalized intensity slopes are for the sample 
at low protein concentration (blue) and high protein concentration (red). The closer the values are to 0, the 
residue responds to temperature changes comparable to the Trp-32F peak that the data are normalized 
by. 
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Temperature coefficient values are averaged across all assignments (average), the beta-strands on N-
terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, and each average 
also has the number of residues averaged in brackets. 

 Moreover, the intensity slope differences between the low and high concentration 

samples are predominantly in the large loops, 4 and 7 (Figure 6.13 and Table 6.8). For 

loop 4, residues 51-56 intensity slope values are larger in the low concentration sample, 

but in residues from 57-61, the values are larger in the high concentration sample. 

Interestingly, loop 4 also shows the earlier residues have an increase in structural 

dynamics and the later residues are more structured in the low concentration sample 

relative to the high concentration sample. Therefore, both temperature coefficient data 

and intensity slope data support the initial parts of loop 4 are less structured in the low 

Table 6.8: Average normalized intensity slopes for apoSH V148G at low protein concentration (LC) 
and high protein concentration (HC).  
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concentration sample, whereas the residues in the middle of loop 4 are more structured 

in the low concentration sample.   

Additionally, loop 7 consistently shows large negative values for the high 

concentration sample, whereas the low concentration shows a mixture of small positive 

and negative values throughout the loop (Figure 6.13). Hence, loop 7 is less folded in the 

high concentration sample. Interestingly, loop 7 has large increases in values at the start 

and ends of the loop, but for the residues near the native-helix that forms in the mature 

enzyme, the values become smaller, suggesting there is structuring in this region. 

Interestingly, Sekhar et al. have reported apoSH A4V can transiently access the native-

helix at high protein concentrations, that at low protein concentrations are not 

observable.55 Therefore, at higher protein concentrations, apoSH V148G becomes more 

structured in regions that become structured upon maturation, while other areas of the 

large loops are more dynamic relative to the low concentration sample.  

6.4.2.3.3 Due to apoSH V148G predominately existing as a monomer, its local unfolding 

remains unchanged at low and high protein concentrations 

 Even though apoSH V148G has minimal differences between the low and high 

concentration samples, the small differences may yet show differences in local unfolding. 

Similar to their temperature coefficient and intensity slope data, the differences in max 

temperature are minimal (Figure 6.14 and Table 6.9). The average max temperatures are 

similar, 19.21 °C for the low concentration sample and 18.75 °C for the high concentration 

sample (Table 6.9). Additionally, all the secondary structural elements also show 

comparable temperatures at the two concentrations (Table 6.9). With similar max 
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temperatures, apoSH V148G likely unfolds the same at both concentrations, and that is 

likely due to its perturbed dimerization. For a mutant that dimerizes readily, the unfolding, 

especially around the dimer interface, is likely to change. Overall, the minimal differences 

in max temperature between the high and low samples of apoSH V148G suggest the 

protein unfolds the same irrespective of protein concentration. 

 

Figure 6.14: Plots of max temperature for apoSH V148G at low protein concentration (blue) and high protein 
concentration (red). 
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Table 6.9: Average max temperatures for apoSH V148G at low protein concentration (LC) and high protein 
concentration (HC). Temperature coefficient values are averaged across all assignments (average), the 
beta-strands on N-terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary structural elements, 
and each average also has the number of residues averaged in brackets. 

6.4.2.4 ApoSH V148G at low and high protein concentrations have comparable structure 

based on their comparable secondary nitrogen temperature coefficients  

 Since there are minimal observable changes in the temperature coefficient and 

intensity profile data, it is unsurprising that the secondary nitrogen temperature 

coefficients show no significant differences (Figure 6.15 and Table 6.10). Instead, the 

high concentration apoSH V148G has similar values and therefore similar ordered and 

disordered regions to the low concentration apoSH V148G that was discussed in Chapter 

5. Conclusions are only drawn when multiple residues are showing comparable 

behaviour; there are some residues that show outlier behaviour, but due to the significant 

crowding of peaks in the indirect dimensions, these are not considered meaningful. 
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Overall, the secondary nitrogen temperature coefficients suggest the structure is largely 

similar under both protein concentrations.  

 

Figure 6.15: Amide nitrogen temperature coefficients for apoSH V148G at low (LC) and high (HC) protein 
concentration. (A) Temperature coefficients are represented by the blue (low concentration) and red (high 
concentration) bars in the plot. (B) show 3D ribbon structures for the no salt (left) and with salt (right) data. 
Temperature coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5, rendered with PyMol) 
and coloured based on the +/-20 ppb/K cutoff. Residues that show values greater than 20 ppb/K and less 
than -20 ppb/K are coloured green and red, respectively. Residues within the -20 to 20 ppb/K range are 
coloured white. Grey indicates residues where no data are available. 
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Table 6.10: Amide nitrogen temperature coefficients for apoSH V148G at low protein concentration (LC) 
and high protein concentration (HC). Temperature coefficient values are averaged across all assignments 
(average), the beta-strands on N-terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary 
structural elements, and each average also has the number of residues averaged in brackets. 

 

6.4.3: Protein aggregation 

 Protein aggregation and pre-aggregated samples are a likely consequence when 

studying proteins especially at concentrations necessary for protein NMR. Typically, 

scientists attempt to minimize the number of observable processes, especially for 

structural analysis. Clever scientists have developed complex NMR experiments to study 

larger proteins76,82,281, and other equally clever scientists have used simple 2D HSQC 

experiments to systematically assess protein aggregation.57,230,282 Although these 

experiments offer more insight into protein folding and misfolding, aggregation initiation 

remains predominantly elusive. Additionally, with the structural polymorphisms observed 

for apoSH SOD1, these different conformational “strains” may be analogous to the prion-
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like aggregation reported previously.28,29 Thus, understanding the protein aggregation 

and the role protein aggregates have on soluble protein is vital.  

 Here, we explore the influence the presence of aggregates has on both the NMR 

peak shape (chemical shifts, intensity, and linewidths) and soluble monomer structure 

throughout a temperature range. Since apoSH mutants show the ability to both natively 

and non-natively dimerize, unfold and/or aggregate, the mutant of choice and 

experimental parameters are chosen to minimize these additional processes while 

ensuring the sample readily aggregates. For these reasons, A4V is an ideal candidate 

since this mutant has significantly perturbed dimerization in immature states87 (see 

Chapter 7), and its apoSH form readily aggregates under most conditions.12  

This experiment allows for systematic assessment of the presence of aggregates 

through numerous ways. To ensure the protein is not experiencing any local unfolding, 

the spectra are acquired in a temperature range where the protein is folded (3.67 - 17.86 

°C and 5.65 - 17.94 °C for the samples with and without aggregates, respectively) (Table 

6.2).65 Additionally, the sample with the aggregates (aggregated sample) present is 

compared to a sample of A4V without the presence of aggregates (unaggregated 

sample), which is diagnosed by DLS throughout the entire temperature range. Both 

samples are under identical conditions in terms of pH, buffer conditions and protein 

concentration (1.1 mM for the aggregated sample and 1.0 mM for the unaggregated 

sample). Although viewed as mostly a limitation, protein aggregates in the presence of 

soluble protein can be insightful in the influence of aggregates on NMR data as well as 

understanding protein aggregation mechanisms. 
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6.4.3.1 CSP values between the samples with and without the presence of aggregates 

show subtle differences on C-terminus face 

 In Chapter 3, CSP values for apoSH A4V show that it does not have a native-like 

structure. Similarly, in the presence of aggregates, A4V remains a less native-like fold, 

hence comparing the values to pWT does not offer interpretable data relative to the two 

samples (Figure 6.16B). Thus, CSP values are calculated between the two samples, the 

unaggregated and the aggregated sample (Figure 6.16C). Considering apoSH A4V 

begins to unfold at 25 °C, the CSP values for both samples are calculated at 19 °C. 

Residues are considered perturbed if their value is larger than the average of all the CSP 

values + 1 standard deviation, otherwise are not considered similar to each other (Figure 

6.16). 



	 	264	

 

Figure 6.16 Chemical shift perturbations for A4V without aggregates and with aggregates. CSP values were 
coloured based on the same cutoff for both samples. Residues are coloured to aid in visualization according 
to the relative magnitude of CSP values. For (A) and (B) the pink, dark pink and red colours/lines represent 
0.05–0.075, 0.075–0.1, >0.1, respectively. No aggregation and aggregation refer to A4V samples without 
and with presence of aggregates, respectively. (A) CSP values for A4V relative to pWT represented by the 
bars on the plot. (B) CSP values for A4V samples relative to pWT mapped onto the 3D ribbon structure for 
holoSS SOD1 (1HL5, rendered with PyMol). (C) CSP values between A4V samples with and without 
aggregates mapped onto a 3D SOD1 ribbon structure. White denotes CSP values smaller than average + 
1 standard deviation, and grey indicates residues where no data are available. (B) CSP values are shown 
as vertical bars, where black bars are values that are smaller than average + 1 standard deviation.  
 

By comparing the two samples, perturbed CSP values can reflect differences in 

chemical shifts due to changes in the local environment and/or the states being accessed 

by the residue. For instance, the aggregated sample may have some residues that in 

addition to the folded state(s) they access, they may also be accessing a transient state 

that interacts with the pre-formed aggregates. Interestingly, the 8 perturbed residues are 
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dispersed throughout the large loops (loops 4 and 7) and the ends of the beta-strands on 

the C-terminus beta-sheet (Figure 6.16A, C). Interestingly, 6 of the 8 residues are known 

to hydrogen bond in the mature enzyme227, and previously in Chapter 3, the C-terminus 

beta-sheet for apoSH SOD1 is the least structured. The dynamic C-terminus and large 

loops suggest without stabilizing maturation events, these residues may be susceptible 

to protein association. Ultimately, the extent of perturbation is minimal relative to the other 

two solution conditions, but these changes are appear significant and suggest CSP 

values can be a reporter of residues impacted by the presence of aggregates.  

6.4.3.2: The larger loops (4, 6 and 7) are more dynamic in presence of aggregates 

 Amide proton temperature coefficient values between the unaggregated and 

aggregated sample can highlight local areas that may be less structured due to transient 

self-association. Any observable differences between the aggregated and unaggregated 

apoSH A4V samples are complex to interpret. Simplistically, we can assume the folded 

soluble monomer in both samples can access comparable states, however, the folded 

monomer in the aggregated sample may now have additional states and shifts in 

equilibria for other states due to the presence of aggregates. With these changes in 

transient states, subsequent structural changes are likely to manifest in differences in 

temperature coefficients.  

 The temperature coefficients show differences between the aggregated and 

unaggregated apoSH A4V samples. By assessing the temperature coefficient values 

across the structure for both samples, residues in the earlier parts of loop 4, 6 and 7, the 

larger loops in the SOD1 structure, show increased dynamics in the aggregated samples 

(Figure 6.17A). Additionally, near the site of mutation, parts of ß1 and ß2 also show 
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increased dynamics in the aggregated sample. Otherwise, most of the temperature 

coefficient profile suggests the aggregated sample is more dynamic throughout the 

structure.  

 
Figure 6.17: Amide proton temperature coefficients and their multiple averaging methods for apoSH A4V 
without aggregates (no aggregation) and with aggregates (aggregation). (A) Temperature coefficients are 
represented by the blue (without aggregates, unagg) and red (with aggregates, agg) bars in the plot. (B-D) 
show 3D ribbon structures for the without aggregates (left) and with aggregates (right) data. (B) Rolling 
average temperature coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5, rendered with 
PyMol). (C) Secondary structural average temperature coefficients are mapped onto the 3D structure of 
holoSS SOD1 (1HL5). (D) Averaging only hydrogen bonded residues, secondary structural average 
temperature coefficients are mapped onto the 3D structure of holoSS SOD1 (1HL5). Residues are coloured 
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by a red to blue gradient, with red representing less stable residues and blue for the more stable. Dark blue 
is for values larger than -1 ppb/K, cyan is for values between -1 and -2.5 ppb/K, green is for values between 
-2.5 and -4 ppb/K, yellow represents values between -4 to 5.5 ppb/K, orange is for values between -5.5 to 
-7 ppb/K and values smaller than -7 ppb/K are coloured red. Grey indicates residues where no data are 
available. 
 

Interestingly, averaging temperature coefficients reveal the major differences 

appear to be in the large loops and not in the ß-strands. From averaging all the residues, 

the unaggregated sample has a larger value than the unaggregated sample, -5.31 ppb/K 

and -5.16 ppb/K, respectively (Table 6.11). Remarkably, when averaging the N-terminus 

and C-terminus ß-sheets, the C-terminus face is more dynamic than the N-terminus face, 

but both ß-sheets show negligible difference across the two samples (-4.16 and -4.71 

ppb/K, for the unaggregated sample and -4.27 and -4.71 ppb/K for the aggregated 

sample, respectively) (Table 6.11). This suggests the increased average temperature 

coefficient for the aggregated sample is not from differences in the ß-strands, but from 

the loops.  
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Table 6.11: Amide proton temperature coefficients for apoSH A4V with the absence of aggregates (unagg) 
and the presence of aggregates (agg). Temperature coefficient values are averaged across all assignments 
(average), the beta-strands on N-terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary 
structural elements, and each average also has the number of residues averaged in brackets. Average 
ddTC is the difference in average temperature coefficients relative to apoSH pWT. 
 

Furthermore, the different local averaging methods reflect smaller areas of 

differences between the two samples. The rolling averages show that aside from the 

earlier parts of ß1, ß4, loop 4, 6 and 7 being more dynamic in the aggregated sample, ß8 

is less dynamic in the aggregated sample (Figure 6.17B). Unsurprisingly, since some of 

these differences are localized to only a few residues relative to their respective 

secondary structural element, the differences are no longer present when averaging the 

temperature coefficients by their secondary structure. Instead, the secondary structure 

based averaging shows only ß2, ß4, loop 6 and loop 7 are dynamic in the aggregated 

sample (Figure 6.17C and Table 6.11). These changes do not seem to be a result of 

changes in hydrogen bonding since the secondary structural averages of only hydrogen 

bonded residues revealed on ß1 and ß8 show changes (Figure 6.17D).  

The aggregated apoSH A4V sample shows more dynamics throughout the 

structure relative to the unaggregated sample. The increased dynamics are primarily 

localized to the larger loops, 4, 6 and 7, with some differences in ß1, ß4 and ß8. Since 

apoSH SOD1 exists predominantly as a monomer65, and A4V shows perturbed 

dimerization in most immature states87 (see Chapter 7), the periphery of the protein 

include the edge strands and the dynamic large loops. The periphery of the protein, 

especially the loops, may be more dynamic due to the influence of the aggregates 

present, as they may be readily interacting with the aggregates. Therefore, in the 

presence of the aggregates, the increased dynamics at the periphery of the A4V 

monomer may be suggesting priming of these residues prior to self-association.  
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6.4.3.3 Peak intensity analysis 

6.4.3.3.1 Trp-32U intensity behaviour suggests the unfolded species actively aggregates 

in the presence of aggregates 

 Trp-32F and Trp-32U intensity behaviour have correlated well with their respective 

apoSH SOD1 folded and unfolding temperature ranges (see Chapter 4). Accordingly, the 

Trp-32F and Trp-32U peaks in the unaggregated sample show intensity decreases and 

increases, respectively, at the first unfolding temperature (~18 °C) (Figure 6.18). 

However, for the apoSH A4V aggregated sample, the Trp-32F and Trp-32U have 

differences relative to the unaggregated sample, and consequently these peaks likely 

report on other processes (Figure 6.18). For Trp-32F in the aggregated sample, the peak 

intensity starts decreasing at an earlier temperature (~16 °C) than expected for apoSH 

A4V (~18 °C) and declines more in intensity in the unfolding temperature range relative 

to the unaggregated sample. Therefore, Trp-32F intensity increases and decreases are 

largely consistent with the mutants folded and unfolding temperature range, respectively. 

 Moreover, this difference in intensity behaviour between the aggregated and 

unaggregated apoSH A4V sample is subtle in Trp-32F but more obvious in Trp-32U. In 

the unaggregated sample, Trp-32U intensity remains mostly unperturbed in the folded 

temperature range, and then, although noisy, gradually increases in signal upon entering 

the unfolding temperatures (Figure 6.18). In contrast, Trp-32U in the aggregated sample 

exclusively shows a decline in intensity, but similar to the unaggregated sample, only 

shows changes in the linewidths at unfolding temperatures (Figure 6.18). The Trp-32U in 

the aggregated sample is decreasing in population throughout the temperature range, 
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and most likely adding to the aggregates. With any unfolded states, represented by Trp-

32U, feeding into the aggregate, the folded state (indicated by the Trp-32F) must 

reestablish its equilibrium with the unfolded state and thus its intensity changes are hinting 

at unfolding sooner than expected. Hence, the intensity decrease for the Trp-32F in the 

aggregated sample occurs at an earlier temperature than observed for the unaggregated 

sample. Collectively, in the presence of aggregates, the unfolded species appears to add 

to the aggregate population, and consequently, the folded species must reestablish the 

folded-unfolded equilibrium.  

 
Figure 6.18: Trp-32F and Trp-32U peak intensities throughout the temperature ramp. All peak intensities 
were normalized by receiver gain. The Trp-32F (blue) and Trp-32U (red) peaks are evaluated throughout 
the temperature ramp. The Trp-32F and Trp-32U peak intensity for the apoSH A4V samples without (top) 
and with (bottom) the presence of aggregates. For the unaggregated sample throughout the folded 
temperature range, the TrpF-32F peak intensity increases, whereas the Trp-32U peak shows minimal 
changes. However, the Trp-32F and Trp-32U intensity begins to decrease and increase, respectively, when 
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the protein is in the unfolding temperature ranges. Meanwhile, the Trp-32U for the aggregated sample 
consistently decreases in intensity, even in the folded temperature range.  
 

6.4.3.3.2 Temperature-dependent peak intensity analysis 

 For the folded intensity slopes, there are considerable differences between the 

aggregated and unaggregated samples. Intriguingly, both samples show comparable 

profiles, however the values in some structural regions of the unaggregated sample are 

smaller than the aggregated sample (Figure 6.19). The most notable areas of differences 

are ß2, loop 6, and loop 7; each of these areas have larger absolute values in the 

unaggregated sample which suggests they are less structured (Figure 6.19 and Table 

6.12). Aside from ß2, the loops (6 and 7) show increased dynamics by temperature 

coefficients for the aggregated sample, not the unaggregated sample. This likely means 

Trp-32F for the unaggregated sample is not reflective of other folded structures 

throughout the monomer, which is discussed further in Chapter 4. Therefore, with a much 

smaller range in values, the Trp-32F peak for the aggregated sample seems to more 

closely reflect the folded structures in its monomer than for the unaggregated sample.  

 
Figure 6.19: Post-normalized folded intensity slopes for apoSH A4V without aggregates (unagg) and with 
aggregates (agg). The rolling averages for normalized intensity slopes are considered for the folded 
temperature ranges. The rolling averages for normalized intensity slopes are for the sample without 
aggregates (blue) and with aggregates (red). The closer the values are to 0, the residue responds to 
temperature changes comparable to the Trp-32F peak that the data are normalized by. 
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Table 6.12: Average normalized intensity slopes for apoSH A4V with the absence of aggregates (unagg) 
and the presence of aggregates (agg). Temperature coefficient values are averaged across all assignments 
(average), the beta-strands on N-terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary 
structural elements, and each average also has the number of residues averaged in brackets.  
 

    The aggregated samples intensity slopes and temperature coefficient data not 

aligning suggest there may be more complexities at play. In the aggregated sample, the 

Trp-32F and Trp-32U peaks reveal the sample is actively aggregating. Therefore, at 

minimum, each folded residue reflects the processes of protein folding, potential protein 

unfolding and subsequently any aggregation states the residue may access. However, 

the unaggregated samples will predominately only show protein folding processes until 

the protein begins to unfold. These additional processes are a probable culprit for the 

convoluted intensity data observed for the aggregated sample. These data further 

highlight the complexities associated with actively aggregating samples.  
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6.4.3.3.3 Max temperature for the aggregated sample may not exclusively reflect protein 

unfolding 

 With knowledge the sample is actively aggregating, the max temperature for the 

aggregate sample can now represent both local unfolding and/or association with the 

aggregate. Interestingly, akin to its Trp-32F behaviour, the unaggregated sample on 

average unfolds later than the aggregated sample (Table 6.13). With additional processes 

like the A4V monomer reestablishing its folded and unfolded equilibrium, on top of active 

aggregation, the aggregated sample shows a decrease in its folded population sooner. 

Although in section 6.4.3.3.1, it is clear the unfolded state is actively declining, and 

therefore assumed to be aggregating, it is unclear if the Trp-32F (folded state) itself is 

involved in aggregation. Therefore, this shift to lower max temperature for the aggregated 

sample could be a result of the monomer unfolding more and/or aggregating.   

 Moreover, max temperature analysis shows there are different sites of perturbation 

relative to the other analysis done above. Specifically, ß4, loop 4 and ß6 show decreases 

and ß7 shows increases in max temperature for the unaggregated sample relative to the 

aggregated sample (Figure 6.20 and Table 6.13). Now with the complexities of active 

aggregation, these differences could suggest the two monomers unfold differently, but 

likely some of these structures are self-associating in one sample and therefore showing 

an earlier max temperature. Therefore, peak shape analysis is complicated with added 

processes such as active protein aggregation.   
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Table 6.13: Average max temperatures for apoSH A4V with the absence of aggregates (unagg) and the 
presence of aggregates (agg). Temperature coefficient values are averaged across all assignments 
(average), the beta-strands on N-terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and secondary 
structural elements, and each average also has the number of residues averaged in brackets.  
 

 
Figure 6.20: Plots of max temperature for apoSH A4V without aggregates (blue) and with aggregates (red). 
 
6.4.3.4 Secondary amide temperature coefficients show minimal structural differences 

between the aggregated and unaggregated sample 

 From the secondary temperature coefficients, we find relative changes in ordered 

and disordered regions between the aggregated and unaggregated apoSH A4V samples. 
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Similar to their amide proton temperature coefficient and intensity profile data, the 

secondary temperature coefficient values are similar between the two samples (Figure 

6.21). The unaggregated and aggregated N-terminus ß-sheets share similar values 

(18.91 and 18.35, respectively), but the C-terminus ß-sheet for the aggregated sample is 

not as random coil-like as the unaggregated sample (Table 6.14). Again, contrary to the 

amide proton temperature coefficient data, the aggregated sample appears less random 

coil-like, which agrees with the conclusions from the intensity profile data. However, 

collectively the differences in secondary temperature coefficients are not significant, and 

do not suggest there are considerable structural changes. 

 
Figure 6.21: Amide nitrogen temperature coefficients for apoSH A4V without aggregates (no aggregation) 
and with aggregates (aggregation). (A) Temperature coefficients are represented by the blue (without 
aggregates, unagg) and red (with aggregates, agg) bars in the plot. (B) show 3D ribbon structures for the 
no salt (left) and with salt (right) data. Temperature coefficients are mapped onto the 3D structure of holoSS 
SOD1 (1HL5) and coloured based on the +/-20 ppb/K cutoff. Residues that show values greater than 20 
ppb/K and less than -20 ppb/K are coloured green and red, respectively. Residues within the -20 to 20 
ppb/K range are coloured white. Grey indicates residues where no data are available. 
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Table 6.14: Amide nitrogen temperature coefficients for apoSH A4V with the absence of aggregates 
(unagg) and the presence of aggregates (agg). Temperature coefficient values are averaged across all 
assignments (average), the beta-strands on N-terminal (ß1-3, 6) and C-terminal face (ß4, 5, 7, 8) and 
secondary structural elements, and each average also has the number of residues averaged in brackets.  
 

6.4.4 Salt concentration, protein concentration and presence of aggregates: impacts on 

protein and NMR experiments 

 In this Chapter, the influence of salt concentration, protein concentration and 

presence of aggregates on apoSH SOD1s and their NMR data are explored. Salt shows 

the most dramatic impact on the protein and subsequently its NMR data. Both varying 

protein concentration and absence/presence of aggregate data show more subtle 

differences in their data based on their chemical shift, and more noticeable differences in 

their intensity profile analysis. Overall, these data highlight how solution conditions can 

impact both the protein dynamics and NMR data.  
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 The impact of salt on protein has been extensively studied and found to be 

complex. In addition to screening charges, Hofmeister salt effects can alter protein 

stability and self-association. Moreover, salts can alter the balance of electrostatic and 

hydrophobic interactions between proteins.267,269,283,284 For apoSH V148I, the binding of 

NaCl appears to be non-specific and centralized to the metal-binding region. More 

specifically there is a positively charged pocket that is critical to guiding the superoxide 

anion272, and it is likely the anion (Cl-) is interacting with the residues in this pocket. 

Additionally, the salt causes stabilization of ß4 while destabilizing its neighbouring 

strands, ß6 and ß7, and shifts the folded-unfolded equilibrium toward unfolded at folded 

temperatures. These points of disruption may explain how NaCl promotes apoSH SOD1 

unfolding.12 Overall, salt impacts apoSH V148I structure and subsequently perturbs its 

dynamics which can be measured by temperature-dependent chemical shift and intensity 

peak analysis. 

 Generally, increasing protein concentration increases crowding, which may 

minimize unfolding and/or favour intermolecular interactions.285,286 Although the cellular 

concentration of SOD1 is reported to be 10-40 µM12,287–289, and we are studying apoSH 

V148G at the mM range, it is important to note the cellular environment is generally very 

crowded. Since apoSH V148G does not dimerize readily, and shows at high protein 

concentration, it does not self-associate readily12, it serves as an ideal reporter for the 

impacts of protein concentration on the apoSH monomer. Interestingly, at the low and 

high protein concentrations, the samples show negligible differences throughout all 

HSQC analyses. However, if a protein is susceptible to transient dimerization or self-

association, it is likely the HSQC spectra will reflect that. Therefore, aggregation observed 
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at higher protein concentration for apoSH SOD1s is likely a result of enhanced 

collisions12, and potentially amplified dynamics.55 In general, the apoSH SOD1 

concentration data suggest protein concentration does not significantly alter monomer 

dynamics. 

Moreover, the presence of aggregates may be important in understanding the role 

aggregates have on the soluble monomer, and which states may be involved. The 

presence/absence of aggregate data show remarkable differences only by the intensity 

profiles and not by temperature-dependent chemical shifts. This could be explained by 

the fact that the intensity profiles can report shifts in population to states that may be in 

slow exchange, where the peak shape changes but the chemical shift may not. Moreover, 

our data suggest the presence of aggregates leads to continuous aggregation, which 

shifts the folded-unfolded equilibrium toward the unfolded state. Additionally, it is clear 

the unfolded population is declining throughout the temperature ramp, suggesting it is 

actively aggregating, whereas the folded species suggests earlier unfolding but it is 

unclear if it is aggregating.  

Furthermore, the role each state has on aggregation appears complex. Although, 

extent of aggregation in vivo has correlated with extent of unfolding based on the DSC 

endotherms25, it does not exclusively explain the in vivo and in vitro aggregation.12,25,65 

Previously, scientists reported partially folded or natively folded SOD1s being critical in 

the disease-relevant aggregation pathways.290 However, it is impossible to exclude the 

extent of unfolding as a contributor to aggregation, and instead, these unfolded/unfolding 

species may be available to form an intermediate along the aggregation pathway. In 

addition, unfolded species have been available to template in conformational strain-based 
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aggregation. Prior research supports that SOD1 aggregation can show strain-like 

behaviour28,37,291–293 and perhaps more unfolded species are critical to aggregate growth 

rather than initiation. In general, our work highlights how the presence of aggregates can 

impact NMR data, but also alter protein behaviour.  

6.5 Conclusion 

 NMR is a powerful tool that can help identify structural perturbations between point 

mutations, solution conditions and protein states. Here, we systematically explored the 

impact of salt concentration, protein concentration and the presence of aggregates on 

apoSH SOD1s and their NMR data. The mutants chosen were to ensure additional 

processes were minimized, and the impact of the solution condition could be evaluated. 

In general, increasing salt has the most noticeable impact on the protein structure, 

predominantly centred around the pocket of positive charge near the metal-binding sites, 

and subsequently its NMR data. However, the protein concentration and presence of 

aggregates reveal more subtle differences. In general, our work highlights how each of 

these solution conditions can alter protein dynamics and to what extent the NMR data is 

impacted. Without these systematic studies exploring the impact different solution 

conditions have on protein structure and dynamics, and subsequently experimental data, 

the goal to understand protein folding, misfolding and aggregation will remain elusive.  
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Chapter 7: Distinct Impacts of Zinc Binding on 
Dimerization and Thermal Unfolding of Disulfide-
Reduced ALS-Associated Mutant SOD1s  
 

 

Author Contributions: 

Harmeen Kaur Deol: conceptualization, methodology, resources, validation, formal 

analysis, investigation, visualization; overall conceptualization, data curation, software, 

visualization, writing-original draft; Shanise Reddekopp: methodology, resources, 

validation; Elizabeth M. Meiering: conceptualization, supervision, project administration, 

funding acquisition. 

7.1 Context 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease 

characterized by motor neuron degeneration. Mutations in superoxide dismutase 1 

(SOD1), an antioxidant enzyme, are linked to ALS; the prevalent hypothesis for how 

mutant SOD1 causes disease is the formation of toxic protein aggregates. SOD1 

undergoes post-translational modifications in vivo, including metal binding, disulfide bond 

formation and dimerization, to reach its final maturation state, a stable homodimer. 

Recent studies support the hypothesis that immature states play key roles in the disease 

pathology, with monomeric forms being particularly toxic. The zinc-bound form of SOD1 

with a reduced disulfide bond (EZnSH SOD1) is considered a critical initial state involved 

in the maturation pathways. Our previous work shows EZnSH SOD1 forms a weak dimer 

relative to its more mature states, but minimal studies have explored the effects a diverse 
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set of ALS-associated mutants have on the stability of the Zn-bound state. Here we 

analyze EZnSH SOD1 using a combination of isothermal titration calorimetry (ITC), to 

measure dimer dissociation as well as metal binding, with complementary differential 

scanning calorimetry (DSC), to measure global protein unfolding; this approach allows for 

the dissection of diverse impacts of mutations on SOD1 stability. Interestingly the 

mutations in EZnSH SOD1 had either a destabilizing effect or no effect on the dimer 

interface. These results are vastly different from studies using the same variants in the 

metal free, disulfide intact form, where all mutations significantly destabilized the 

interface. These findings may result in a direct consequence in further maturation of 

SOD1, as the zinc bound form is key in binding to the copper chaperone (CCS), which 

catalyzes formation of mature holo SOD1. These findings help rationalize maturation of 

SOD1 and potential roles for monomer forms of SOD1 in the neurotoxic aggregation 

linked to ALS.  

7.2 Introduction 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease involving 

cytotoxic conformations of Cu, Zn superoxide dismutase (SOD1). It has been widely 

hypothesized that immature states of this enzyme are involved in the disease pathology. 

In addition to the multiple SOD1 gene mutations associated with ALS, maturing SOD1 

involves multiple post-translational modifications, hence multiple states can be 

considered as immature. Mature SOD1 is a dimer with both metal cofactors, copper and 

zinc, and an intrasubunit disulfide bond. Considering no specific lack of modifications is 

associated with disease, characterizing each state becomes crucial to expand our 
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understanding of the disease mechanism. Aside from disease, SOD1 also serves as a 

useful model to decipher the impact of post-translational modifications on protein folding 

and misfolding.  

 Zinc binding to SOD1 is considered a critical initial step in the SOD1 maturation 

pathway. The zinc ion serves in enhancing both SOD1 stability and enzyme activity.67 

The binding of the zinc ions aids in structurally stabilizing the zinc-binding loop and the 

electrostatic loop in SOD1. Since residues of the zinc-binding loop are involved in the 

dimer interface, stabilizing the zinc-binding loop plays an important role in the dimerization 

of SOD1. However, the electrostatic loop is responsible for guiding the substrate to the 

active site, where the copper ion cycles between Cu(I) and Cu(II) redox states to complete 

the enzyme function. Aside from the zinc ion structurally stabilizing the electrostatic loop, 

it is also involved in helping the copper ion transition between redox states. Thus, potential 

perturbations in zinc binding will have detrimental effects to SOD1 structure and function.  

The immature zinc bound SOD1 states serves an essential role in maturation, but 

its dynamic nature in conjunction with ALS-associated mutation could also lend way to 

aberrant association. Metal-free and disulfide reduced SOD1 (apoSH SOD1) is thought 

to exist predominantly as a monomer to which a zinc ion binds (EZnSH SOD1) to form a 

weak homodimer.44,46,56 The formation of this dimer interface is important because it is 

the same interface the copper chaperone for SOD1 (CCS) recognizes to form a 

heterodimer with SOD1 to finish the final steps of maturation.43,46,294 Thus, perturbations 

in this dimer interface may have detrimental impacts on SOD1 maturation, resulting in a 

pool of immature SOD1, which can give rise to folding intermediates involved in toxic 

aggregation.34,221,295,296   
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With multiple studies on this EZnSH SOD1 state, few have been able to 

systematically quantitate the dimer interface or global stability of the Zn-bound state using 

a diverse set of ALS-associated mutations. Here we analyze zinc bound, disulfide 

reduced SOD1 (EZnSH SOD1) using a combination of isothermal titration calorimetry 

(ITC), to measure dimer dissociation as well as metal binding, with complementary 

differential scanning calorimetry (DSC), to measure global protein unfolding. The 

combination of techniques allows for the dissection of diverse impacts of mutations on 

SOD1 stability. Interestingly, the location of the mutation in EZnSH SOD1 relative to a 

metal-binding site or the dimer interface impacts dimerization. These results are vastly 

different from studies using the same variants in the metal free, disulfide intact form, 

where all mutations significantly destabilized the interface, regardless of position. The 

global stability of EZnSH SOD1 was not significantly perturbed by mutations, and 

suggests the zinc bound state stability is from the monomer, not dimer. These findings 

may result in a direct consequence in further maturation of SOD1, as the zinc bound form 

is key in binding to the CCS, which catalyzes formation of mature holo SOD1. These 

findings help rationalize impact of metal binding and dimerization in protein folding, and 

potential roles for monomer forms of SOD1 in the neurotoxic aggregation linked to ALS. 

7.3 Methods 

7.3.1 Recombinant expression and purification of holo human SOD1  

Expressed human pWT SOD1 (varies from wild-type by substituting Cys 6 and 111 

with Ala and Ser, respectively) 65,297 was expressed in Escherichia coli (strain QC799) 

cells with a pHSOD1ASlacI1 vector as described previously.52,65,298 Protein was purified 
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using osmotic shock to release SOD1 from the periplasm and hydrophobic interaction 

chromatography to separate hSOD1 from other proteins present. Purity was determined 

using a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

7.3.2 Demetallation and reduction of holo SOD1  

All chemicals are from BioShop Canada, unless otherwise stated. Holo SOD1 was 

demetallated through pH-induced unfolding and metal chelation using 

ethylenediaminetetraacetic acid (EDTA) as described previously.52,208 Complete removal 

of metals was confirmed by differential scanning calorimetry, providing a characteristic 

T0.5. The disulfide bond formed by Cys 57 and 146 was reduced using chemical unfolding 

with 2 M guanidine hydrochloride followed by reduction with TCEP-HCl.65 Protein 

concentration was measured by the absorbance and the molar extinction coefficient of 

5,400 M-1 cm-1 for SOD1 monomer at 280 nm.299 Reduction of the sample was confirmed 

by iodoacetamide modification of the free thiols and subsequently run on an SDS-

PAGE.300 

7.3.3 Titration with zinc into apoSH SOD1s  

A range of stoichiometric equivalents (0.5-2) of zinc sulfate (Fisher Scientific) was 

added to a reduced apo pWT and mutant samples, followed by an anaerobic incubation 

at ambient temperature. Correct metal status was verified using a chelator, 4-(2-

pyridylazo)rescorcinol (PAR, Sigma-Aldrich). The assay was adopted from Crow et al.209 

and Mulligan et al.301 as modified by the Meiering lab210 (further explained in S2.0). 

7.3.4 Using isothermal titration calorimetry (ITC) to measure dimer dissociation 

ITC experiments were performed to characterize the dimer interface by measuring 

the heats of dissociation as described previously53,302,303 using a Microcal Isothermal 
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Titration 200 instrument (Microcal Inc., Northampton, MA). A concentrated sample of 

EZnSH SOD1 (0.934-1.14 mM dimer in 20 mM HEPES and 1 mM TCEP (pH 7.4)) was 

prepared using ultrafiltration concentration. Small volumes (0.2-0.5 µL) of the sample 

were injected into the reaction cell containing an identical buffer, to measure the heat 

associated with dissociating the dimer. The dissociation was measured at a range of 

temperatures (10-37 °C). Integrating the power versus time trace quantified the heats for 

each injection. The heat plots were fit using Microcal Origin 7.0 (Microcal Inc, 

Northampton, MA, USA) to a dimer dissociation model302,303 using (Eq. 2.1):   

      (Eq. 2.1) 

where qi is the heat of dissociation normalized per mol of total monomer injected, i is the 

injection number, V is the reaction cell volume, !"d is the enthalpy of dimer dissociation 

(per mole of total protein as monomer), v is injection volume, [Mo] is the total monomer 

concentration in the syringe, [Mi-1] and [Mi] is the total protein concentration in the cell 

before and after injection, respectively, and qdil is the heat of titrant dilution not related to 

dissociation. The fraction of monomer, fm present in the syringe is described by (Eq. 2.2): 

        (Eq. 2.2) 

where Kd is the dissociation constant from driving reduced EZnSH-pWT dimer (N2) to 

folded monomers (M), . When fitting !"d, qdil, and Kd were set as floating 

parameters and were used to calculate !#d(Texp) using (Eq. 2.3):   

    (Eq. 2.3) 

where R is the universal gas constant.  
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7.3.5 Zinc titration using ITC 
Zinc titrations were performed using ITC (Microcal Isothermal Titration 200 

instrument (Microcal Inc., Northampton, MA)) in a more commonly used manner to 

assess zinc affinity for both metal-binding sites in apoSH SOD1. Both protein sample and 

titrant were degassed thoroughly prior to experiments, and the reference cell was filled 

with MilliQ water. Volumes of 0.35 µL of ZnSO4 (0.193 mM and 0.394 mM, Fisher 

Scientific) were injected into samples of pWT (0.0042 mM and 0.0079 mM, respectively) 

in 20 mM HEPES, 1 mM TCEP at pH 7.4. The data were fit to a 2-site sequential binding 

model built into Microcal Origin 7.0.  

7.3.6 Differential scanning calorimetry (DSC) 

DSC experiments were performed as described previously52,65, using an LLP cap 

DSC (MicroCal Inc., Malvern Instruments Ltd.). Varying concentrations of samples (0.68-

4.143 mg mL-1) in 20 mM HEPES, 1 mM TCEP at pH 7.4 were scanned at a rate of 1 °C 

minute-1. Prior to data fitting, each protein scan has the reference scan, buffer against 

buffer, subtracted from it and normalized to the protein concentration. Each scan was fit 

to both 2-state and 3-state with monomer intermediate models using Microcal Origin 7.0 

(Microcal Inc., Northampton, MA, USA), represented by (Eq. 2.4) and (Eq. 2.5) 

respectively52,65,304:   

    (Eq. 2.4) 

   (Eq. 2.5) 
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where Cp is the total specific heat absorption at temperature, t (in Celsius); A (E) 

represents the intercepts of the folded (unfolded) baseline; B (F) is the slope of the folded 

(unfolded) baseline; α is the extent of protein unfolding; β is the molecular weight of the 

dimer multiplied by the ratio of van’t Hoff to calorimetric enthalpy; Δhcal is the specific 

calorimetric enthalpy of unfolding at unfolding; R is the universal gas constant; T is the 

temperature in Kelvin. The subscripts 1 and 2 are notation for dimer dissociation (N2$%&'(

)*+(,-*-,./(0*1-2+3*4(5&$6'7(/.89.:;3<.2=7()*+(+./3<);3-*8()/.(+.13*.+(3*(>?@A@( 

7.4 Results and Discussion 

7.4.1 Nonmetal-binding and dimer-interface mutants have strong affinity for the first 

equivalent of zinc  

 Prior to assessing dimer dissociation strength, the zinc affinity for the zinc site is 

essential to characterize for both pWT and all mutants. The mutants chosen varied in 

location and types of mutation (Figure 7.1). To ensure dissociation of the dimer is not 

followed by subsequent metal loss, zinc titration is performed at a protein concentration 

mimicking that of the anticipated first injection during the dimer dissociation experiments. 

From the Kd data in section 7.4.2, the protein concentration for the zinc titration 

experiments ensures the population remains predominantly monomeric (> 80 %) for the 

first zinc equivalent. However, the titration is carried until multiple (> 4) zinc equivalents 

are added to the apoSH SOD1 sample to understand the strength of zinc affinity for both 

metal sites. 
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Zinc has an extremely high affinity for the zinc site of apoSH pWT (75 nM)305, but 

also can bind to the copper site of apoSH pWT with a relatively lower affinity (100 µM).56 

Although zinc has a high affinity for the zinc site, the affinity may be weakened for the 

monomer relative to the dimer, such that the initial ITC injection into the calorimeter cell 

might drive zinc release upon dimer dissociation. If the affinity is strong, the binding heats 

will be large and detectable, but weakened affinity will result in low heats as a result of 

minimal binding.  

 

 

 

 

Figure 7.1: Homodimeric E,Zn SOD1 with mutations. Mutation sites and the native side chains are shown 
as sticks. Dimer interface mutations are in red, metal binding mutations are in blue, and non-metal binding 
mutations are in orange (PDB:1HL5, rendered with PyMol).   

 

The zinc affinity for the first metal site is heavily dependent on the location of the 

mutation (Figure 7.2A). For the nonmetal-binding and dimer-interface mutants, the zinc 

titration heats, and their profile matches that of pWT (Figure 7.2A). The affinity for the zinc 
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is outside the fittable range of ITC and does not offer reliable values, but the measurable 

heats are qualitative indicators of the binding affinity. As expected, the heats until the first 

equivalence of zinc are large (henceforth referred to as Phase 1) and binding is saturated 

by the first equivalence of zinc, which suggests the first binding event is strong (Figure 

7.2A). However, the subsequent equivalent of zinc (Phase 2) has lower heats than the 

heats for the first binding event, and never reach saturation, which agrees with literature 

findings that the second binding event is weaker.56 

 Where the nonmetal and dimer-interface mutants have pWT-like affinity for the 

zinc, the metal-binding mutants have heats that do not agree with pWT-like behaviour 

(Figure 7.2A). Both G85R and H46R are known to have issues binding metals, and 

unsurprisingly their heats are significantly dampened for Phase 1 and throughout the 

titration, further supporting their inability to effectively bind the metals at these low 

monomer concentrations. Therefore, as observed in section 7.4.2, the dimer dissociation 

heats for both metal-binding mutants are accompanied by additional heats which we now 

understand as metal dissociation. Collectively, only metal-binding mutants have 

weakened metal binding to the monomer, whereas the rest of the mutants have a strong 

affinity for zinc as monomers which means the zinc will not dissociate upon dimer 

dissociation.  
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Figure 7.2: Zinc titration ITC isotherm with apoSH SOD1 and at varying protein concentration. (A) ApoSH 
SOD1 binding zinc in the first site (Phase 1, grey solid vertical line) results in large exothermic peaks. The 
smaller exothermic peaks for the zinc binding to the copper site (Phase 2, grey dotted vertical line) are due 
to its decreased binding affinity and potential dimerization. (B) Zinc titration data for pWT and V148I with 
high (1.46 mM, HC) and low (0.008 mM, LC) concentrations, respectively. In the first phase (Phase 1), the 
HC sample has heats of both zinc binding and dimerization. In a second phase (Phase 2, around 2 
equivalents of added zinc, grey dotted vertical line), zinc may bind to the copper site. Associated heats of 
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subunit association depend on the protein concentration (see main text). Horizontal gray dashed line is the 
reference for zero heats. 
 

Similar to the dampened heats for the metal-binding mutants for Phase 1, the zinc 

binding to the second site (Phase 2) also has small heats. The heats in both Phase 1 and 

2 are dependent on protein concentration (Figure 7.2B). At low protein concentration 

where the protein remains predominantly monomeric with one zinc equivalence, Phase 1 

heats exclusively correspond to zinc binding and no dimerization since the protein 

remains monomeric. In Phase 2, the heats at low monomer concentration include the 

binding of zinc to the copper site and the subsequent dimerization. In contrast, the high 

protein concentration sample has heats in Phase 1 that correspond to both zinc binding 

and dimerization. Then Phase 2 has heats for only the second zinc binding since the 

dimer formation occurred in Phase 1 at this concentration. This difference in expected 

events at Phase 2 explains the higher heats observed at low concentration relative to the 

high concentration sample (Figure 7.2B). In the low concentration samples, there is both 

dimerization and metal binding, whereas in the high concentration there is exclusively 

metal binding, respectively. In summary, the zinc binding is strong for the apoSH 

monomer, suggesting it will not dissociate upon dimer dissociation. 

 

7.4.2 Metal-binding mutants and dimer-interface mutants impact the ability to dimerize 

 Isothermal titration calorimetry (ITC) is typically used for measuring binding events, 

but it can also be useful for assessing oligomerization events. Here we measured the 

equilibrium dimer dissociation (Kd) for the EZnSH SOD1 throughout a temperature range 

by titrating concentrated (>0.75 mM) samples into a thermally-regulated calorimeter cell. 

The small endothermic heats from dimer dissociation at all temperatures were fit both 
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individually and globally to a dimer dissociation model (Figure 7.3A). In this section, Kd 

values are reported at 25°C, unless otherwise stated. We use ITC to quantitate dimer 

dissociation for a diverse set of mutants which we classify based on their location relative 

to either the dimer interface or a metal-binding site (Figure 7.1). Mutants that are either 

near or involved in the dimer interface are classified as dimer-interface mutants. Mutants 

that are not associated with the dimer interface were grouped as either nonmetal-binding 

mutants or metal-binding mutants based on whether the mutant has no impact on metal-

binding or is known to perturb the metal-binding sites, respectively. Quantitating the dimer 

interface allows us to assess how fALS-mutations impact the dimer interface which may 

have a cascading effect on maturation. 

 Due to their position relative to the dimer interface and metal-binding regions, the 

EZnSH nonmetal-binding mutants should not perturb the dimer interface (Figure 7.3B). 

Our control, pWT, has a Kd of 51±41 µM at 25°C and 15±3 µM from the global fits (Table 

7.1). All the other nonmetal-binding mutants are as follows: H43R, G93A, G93R, G93S, 

and E100G. They have an average value of 41±16 µM at 25°C, and individually they all 

have values comparable to pWT within error. Notably, we used multiple G93 mutants to 

systematically assess the impact of hydrophobics and charge in nonconsequential 

regions and found negligible impact on the dimer strength. These data suggest mutants 

that are neither near the dimer interface or a metal-binding site can form a dimer of 

comparable strength to pWT in the zinc bound state. As expected, all the EZnSH 

nonmetal-binding mutants show dimerization upon zinc binding, and they have 

comparable dimer dissociation values to each other. 
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Figure 7.3: Dimer dissociation heats and strength for EZnSH SOD1 mutants relative to pWT. (A) 
Representative heats, power, and the integrated heats, q, from the raw data are plotted against SOD1 
monomer concentration (diamonds) which is fit to a dimer dissociation model (red line). (B), (C), and (D) 
are the Kd values at 25 °C for nonmetal binding (yellow), dimer interface (red) and metal-binding (blue) 
mutants relative to pWT (orange), respectively. Error bars are from multiple experiments. (C) Due V148G’s 
high value, it is plotted in the offset plot.   
  

Unlike the nonmetal-binding mutants, dimer-interface mutants are expected to 

affect dimerization based on their location and mutation. We classified the following 

mutants as dimer-interface mutants: A4S, A4T, A4V, I113T, V148G, and V148I. 

Unsurprisingly, mutations in this group had both stabilizing and destabilizing effects on 

the dimer interface (Figure 7.3C). Mutations in A4 show significant diversity based on the 

mutation, however considering the interface is formed by predominantly hydrophobic-

based association306, perturbing the hydrophobicity is likely destabilizing. Interestingly, 

although serine and threonine are both polar uncharged amino acids in the place of a 
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hydrophobic residue, the serine substitution was stabilizing (28±5 µM) whereas the 

threonine was destabilizing (273±41 µM) (Table 7.1). However, most surprising was A4V 

being the most destabilizing A4 mutation (1056±223 µM) considering the SOD1 dimer 

interface is predominantly hydrophobic-based association, one would think increasing the 

hydrophobicity would only serve to increase dimer strength, not decrease. It is clear there 

are more factors impacting dimerization other than hydrophobicity, and perhaps here the 

bulkiness of the amino acid substitution should be considered.  

 Since A4 mutations impact on dimer strength did not correlate with expected 

hydrophobicity trends, it is worth considering the impact decreasing the hydrophobicity 

may have on dimerization in other positions. In both A4T and I113T, the substitution of a 

hydrophobic amino acid for a polar uncharged one, the interface was destabilized to a 

comparable extent (273±41 µM and 390±100 µM, respectively) (Figure 7.3C and Table 

7.1). Similarly, V148G also has a mutation that results in decreased hydrophobicity and 

has the most destabilized interface (126045±218200 µM). It is worth noting due to the 

error in this value, and the minimal heats of dissociation, EZnSH V148G is assumed to 

exist as a monomer, and does not dimerize in the zinc bound state. However, replacing 

V148 with a conserved mutation like isoleucine did not perturb the interface and rather 

formed an interface of comparable stability to pWT (39±5 µM). It is interesting that both 

conserved mutations, V148I and A4V, had such a contrasting impact on the interface. 

Overall, dimerization is sensitive to the dimer-interface mutants, and shifts in 

hydrophobicity from the mutations do not exclusively explain the impact on the interface.   

 Comparable to the dimer-interface mutants, mutants that have aberrant metal 

binding may not result in the interface-stabilizing expected upon zinc binding. Two 
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mutants with known metal issues are H46R and G85R; H46R is a copper and zinc binding 

residue, and G85R is a zinc binding residue.225,307 Due to the nature of these mutations, 

understanding their zinc affinity is vital. As expected, they were the only two mutants that 

showed perturbed zinc affinity (section 7.4.1), which may explain their significantly 

weakened dimer interfaces, 323±507 µM for H46R and 670±360 µM for G85R (Figure 

7.3D and Table 7.1). The destabilized interface here is perhaps not a result of the same 

interface perturbation observed for dimer-interface mutants. Instead, the metal-binding 

mutants experience weakened metal binding which results in less structural stabilization. 

With limited stabilization, the interface is less structured compared to mutants that feel 

the complete stabilizing impact of the zinc binding.307 Interestingly for both mutants, the 

dimer dissociation endotherm is characteristically noisier than the data collected for the 

other mutants. In lieu of the typical sharp endothermic peak, the metal-binding mutants 

have increased signal and peak tailing, most noticeably in G85R. Both the increased 

signal and tailing observed suggest there are additional processes other than dimer 

dissociation occurring, such as zinc dissociation and/or significant structural 

rearrangement, that might result in slow equilibration. To summarize the metal-binding 

mutants had weakened zinc affinity that subsequently impacted dimerization. Therefore, 

EZnSH SOD1 dimerization is dependent on the mutation and its position relative to the 

dimer interface. 

 

7.4.3 Disulfide bond formation stabilizes the dimer interface more than zinc binding  

 Both metal binding and disulfide bond formation are key stabilizing post-

translational modifications. Both are critical in structurally stabilizing SOD1 but do so 
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through different means. The disulfide bond is critical in forming the interface by anchoring 

the zinc-binding loop to the β-barrel, which favours dimerization.308,309 In contrast to the 

direct structural role the disulfide bond has on the interface, from the data above, zinc 

binding has an indirect impact on stabilizing the interface. Zinc binding is locally stabilizing 

by constraining the dynamics of the zinc binding loop, which allows for a more native-like 

conformation that may favour dimerization.310 However, due to their different methods of 

interface stabilization, mutations in either state likely impact the interface to differing 

extents. Here we compare the interface stability of the oxidized apo (apoSS) to the 

reduced zinc bound (EZnSH) to understand the individual contributions to SOD1 dimer 

stability.  

 Due to the direct structuring of the interface upon disulfide bond formation, we 

hypothesize apoSS SOD1 forms a tighter dimer than EZnSH SOD1. Between the pWT 

control for each state, it is clear the apoSS pWT has a ~750 times tighter interface than 

the EZnSH pWT (Figure 7.3 and Table 7.2).53 It is worth noting, the dimer dissociation 

was only consistently reported at 37°C for all apoSS variants. Only EZnSH pWT 

dissociation was measured up to 37°C, 66±8 µM, which is only slightly higher than the 

value at 25˚C (51±41 µM). However, due to the decreased thermal stability of the EZnSH 

mutants (section 7.4.5), EZnSH mutants are reported up to 25°C to ensure the heats 

report only on dimer dissociation, and no other processes such as monomer unfolding. 

Nevertheless, the disulfide bond formation has more stabilizing effects on the dimer 

interface than zinc binding.  

Although the pWT control shows significant differences in interface strength 

between the two states, introducing certain mutations can destabilize the strongest of 
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interfaces. Overall, we notice all the apoSS mutants have destabilized interfaces relative 

to apoSS pWT. However, as noted above, EZnSH mutants have more grouped behaviour 

based on their location and mutation. Interestingly, relative to their apoSS form, all EZnSH 

mutants have destabilized interfaces, except for G93R (Figure 7.4 and Table 7.2). G93R 

is the only mutant with comparable values in both apoSS and EZnSH, 20±3 µM and 26±7 

µM, respectively. All the other mutants show no trends in dimer destabilization based on 

mutation or location between the two states, meaning the rank of mutants that are most 

destabilized to least destabilized were different between the two forms (Table 7.2). The 

weakened EZnSH dimer interface relative to the apoSS dimer might be important for 

transient dimerization to allow binding to the CCS for further maturation.  

 

Figure 7.4: Dimer interface strength for EZnSH (black) and apoSS (grey) SOD1 mutants relative to pWT. 
Error bars are from averaging across multiple experiments. Due to the large range of values, the data are 
plotted on a logarithmic scale. 

 

Although the individual fits for EZnSH SOD1 at 25˚C did not correlate with apoSS 

SOD1 at 37˚C, comparing the global fits of EZnSH SOD1 to the apoSS state shows an 



	 	298	

interesting trend. Considering the dimer dissociation values of EZnSH have smaller 

ranges in values than apoSS SOD1 with temperature, we perform global fits on EZnSH 

data for a temperature range that coincides with minimal temperature-dependent 

dissociation. Correspondingly, when we compare the global fit values of EZnSH to the 

apoSS SOD1 values above, no trends are notable when we compare all mutants. 

However, when the mutants are grouped and ranked based on the earlier classification, 

nonmetal-binding, metal-binding and dimer-interface mutants, the later classification 

show a strong correlation. Upon ranking the nonmetal and metal-binding mutants in each 

state based on their dimer dissociation values, there was no significant trend (R2= 0.10) 

(Figure 7.5). However, the dimer-interface mutants show a trend against each state 

(R2=0.67) (Figure 7.5), with a notable outlier being A4S, and removal of this mutant 

increases the R2 to 0.82.  This suggests the mutation might have comparable destabilizing 

effects relative to the other dimer-interface mutations, but to varying extents in different 

SOD1 forms. This would explain why the mutants ranking relative to each other is 

correlated, but the Kd values are remarkably different. 
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Figure 7.5: EZnSH and ApoSS Kd values at 25 °C and 37 °C, respectively, are ranked for nonmetal and 
metal-binding mutants and dimer interface mutants. The data are fit to a linear model (black line), and data 
are coloured according to their respective location. The nonmetal binding (yellow), dimer interface (red) and 
metal-binding (blue) mutants are shown relative to pWT (orange). 
 

7.4.4 ApoSS dimer dissociation causes significant structural rearrangement relative to the 

EZnSH dimer 

 By measuring the dimer dissociation equilibrium (Kd'( );( +311./.*;( ;.,9./);0/.87(

-;B./( ;B./,-+=*),3:( 9)/),.;./8( :)*( C.( .<)20);.+7( 80:B( )8( .*;B)29=( -1( +388-:3);3-*(
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5!"d'( )*+( ;B.( 89.:313:( B.);( :)9):3;=( 09-*( +3,./( +388-:3);3-*( 5!Dp,d). Understanding 

whether dimer dissociation is enthalpically favourable (exothermic) or unfavourable 

(endothermic), offers insight on the types of interactions that drive dissociation. 

Exothermic or endothermic dissociation is driven by hydrogen bonding, salt bridges and 

van der Waal forces, or hydrophobic events, respectively.311 In addition, the temperature 

dependence of the dissociation enthalpy gives the specific heat capacity of dissociation, 

which indirectly describes the structural rearrangement that occurs upon dissociation.87 

Together, these values offer insight on the interactions driving dissociation. 

( E=(:-,9)/3*4(.*;B)29=(-1()9-FF(FGH?(;-(;B.(IJ*F"(FGH?7(K.(9)/8.(-0;( ;B.(

.L;.*;(;-(KB3:B(+311./.*;(1-/:.8(3*120.*:.(;B.(;K-(+3,./(3*;./1):.8@(E-;B(!"d are positive 

values, which indicates dissociation is endothermic (Figure 7.6'@("-K.<./7(;B.()<./)4.(

!"d values for apoSS are significantly larger than EZnSH, 12±7 kcal (mol monomer)-1 at 

37°C and 4.3±2.3 kcal (mol monomer)-1 at 25°C, respectively (Table 7.2). It is known that 

enthalpy is temperature dependent, but the temperature range the apoSS SOD1 dimer 

dissociation is measurable is different from the EZnSH SOD1. However, due to the 

minimal temperature dependence of EZnSH SOD1, tB.(:-,9)/38-*(C.;K..*(.*;B)29=(

<)20.8(B34B234B;8(;B);(;B.()9-FF(!"d( 38(:-*838;.*;2=(B34B./(;B)*(;B.(IJ*F"(!"d aside 

from A4S (Table 7.2). This suggests there is more energy associated with dissociation 

for the apoSS state than the EZnSH state. The exception, A4S, has values of 4.5±1.3 

kcal (mol monomer)-1 at 37 °C for the apoSS form and 5.1±1.3 kcal (mol monomer)-1();(
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%M( ND( 1-/( ;B.( IJ*F"( 1-/,@( OB32.( ;B.( !"d( <)20.( 1-/( IJ*F"( >PF( 38( K3;B3*( 8;)*+)/+(

+.<3);3-*(-1()<./)4.(<)20.(1-/(;B38(8;);.7(;B.(!"d apoSS A4S is considerably lower than 

the expected average (Table 7.2'7(KB3:B(8044.8;8()9-FF(B.);8(:-02+(C.(/.9-/;3*4(-*(

9/-:.88.8(-;B./(;B)*(+3,./(+388-:3);3-*@(QB.8.(-;B./(9/-:.88.8(:)*(3*:20+.(+388-:3);3-*(

-1( )44/.4);.87( ,-*-,./( 0*1-2+3*47( )*+( )44/.4);3-*( 3*( ;B.( :.227( KB3:B( :)*( )2;./( ;B.(

-C8./<.+(B.);@(G<./)227(;B.(!"d values suggest dimer dissociation is endothermic, with 

the apoSS form having much larger endothermic character than the zinc bound SOD1. 
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All data are fit to a dimer dissociation model (Equation 7.1), and data fit values and its error averaged over multiple (>2) experiments. 
EZnSH V148G is not considered reliable as the first data point included process other than dimer dissociation.  
 

Table 7.1: Summary of ITC measurements of the dimer interface of EZnSH and ApoSS SOD1 mutants at 25 °C and 37°C.  
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Figure 7.6: Kirchoff plot of ΔHd dependence on temperature for EZnSH and ApoSS SOD1. (A) ΔHd 
dependence on temperature of both EZnSH (black) and apoSS (grey) SOD1 are plotted. The ΔCp, 
determined from the slope of the data (solid line). Due to the tight dimer interface for apoSS SOD1, only a 
few mutants are observable at lower temperatures. (B) The ΔHd dependence on temperature is assessed 
for all mutants studied here and coloured based on the location of the mutation. The nonmetal binding 
(yellow), dimer interface (red) and metal-binding (blue) mutants are shown relative to pWT (orange). 
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F3*:.(;B.(+3,./(3*;./1):.(38(;34B;./(1-/(;B.()9-FF(1-/,(;B)*(;B.(IJ*F"(FGH?7(K.(

B=9-;B.83R.( ;B.( )9-FF( +3,./( +388-:3);3-*( 3*<-2<.8(,-/.( 8;/0:;0/)2( :B)*4.8( ;B)*( ;B.(

IJ*F"(1-/,@(QB.(B.);(:)9):3;=(-1(+3,./(+388-:3);3-*7(!Dp,d value represents the extent 

of conformation changes and/or changes in solvent binding upon dissociation@!"#("./.7(

!Dp,d(38(:)2:02);.+(1/-,(;B.(;.,9./);0/.(+.9.*+.*:.(-1(!"d, also known as the Kirchoff 

plot. Due to the tight interface of the apoSS dimer, only some mutants (A4V, H43R, I113T, 

and V148G) had large enough heats of dissociation that were measurable at lower 

temperature ranges@$%( >8( B=9-;B.83R.+7( ;B.( )<./)4.( )9-FF( FGH?( !Dp,d for all 

measurable mutant was 0.85±0.20 kcal (mol monomer)-17(KB3:B(K)8(,0:B(B34B./(;B)*(

;B.()<./)4.(!Dp,d of 0.18±0.06 kcal (mol monomer)-1 for the EZnSH SOD1 (Figure 7.6'@(

69-*(+3,./(+388-:3);3-*7(3;()99.)/8(;B.(+388-:3);3-*(-1(;B.(;34B;()9-FF(FGH?(3*;./1):.(

/.802;8(3*(834*313:)*;(8;/0:;0/)2(/.)//)*4.,.*;()*+S-/(:B)*4.(3*(8-2<.*;()::.883C2.(80/1):.(

)/.)@("-K.<./7(;B.(!"d for the weaker EZnSH SOD1 interface has marginal temperature 

dependence, suggesting the monomer structure is minimally perturbed upon dissociation.  

( T*;./.8;3*42=7()2;B-04B(;B.()<./)4.(IJ*F"(FGH?(!Dp,d(<)20.(K)8(UP(1-2+(8,)22./(

;B)*(;B.()9-FF(!Dp,d7(;B.(<)20.()28-(B)+(,3*3,)2(+311./.*:.8(),-*4(,0;);3-*8(0*23V.(;B.(

834*313:)*;(<)/3)C323;=(1-/()9-FF@(QB.(IJ*F"(!Dp,d values ranged from 0.10 to 0.35 kcal 
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(mol monomer)-1, a difference of 0.25 kcal (mol monomer)-1, while the apoSS values 

ranged from 0.70 to 1.14 kcal (mol monomer)-1, a difference of 0.44 kcal (mol monomer)-

1 (Figure 7.6). Their respective range of values could be linked to the tightness of their 

interfaces. For a tight interface, such as for apoSS SOD1, its interface may be a significant 

structure stabilizer, and upon dissociation, there is significant structural rearrangement in 

response to the loss of structural stability.53 On the other hand, a weak interface, like for 

EZnSH SOD1, may not provide significant structural stability, and in turn the monomers 

do not require substantial structural change upon dissociation. Overall, the EZnSH dimer 

dissociation was less endothermic and resulted in less structural changes than observed 

for the apoSS state. 

 

7.4.5 DSC endotherm suggests zinc shuffling from the unfolded EZnSH SOD1 to form 

Zn,ZnSH SOD1 

 DSC was used to investigate the global unfolding of EZnSH SOD1 mutants. 

Previously, DSC endotherms were used to explore the global unfolding of apoSH, apoSS 

and CuZnSS SOD1 states, and each revealed a single, mostly narrow peak.45,52,65,87 

ApoSH and CuZnSS SOD1 states undergo 2-state unfolding, where the apoSH monomer 

and CuZnSS dimer unfold into an unfolded monomer. However, apoSS dimer unfolding 

better fit a 3-state unfolding model at lower concentrations, which involved the apoSS 

dimer dissociating into a monomer intermediate and then to an unfolded monomer. For 

the EZnSH SOD1, we hypothesized the unfolding would also be more 3-state for mutants 

that had pWT-like interfaces and 2-state for mutants that had perturbed interfaces 
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because they would exist as mostly monomers at the protein concentrations DSC 

experiments were performed.  

 Interestingly, neither 2-state or 3-state unfolding explained the EZnSH SOD1 

endotherm. Rather than a narrow single peak, the control, EZnSH pWT, consisted of a 

broad peak with multiple transitions. The EZnSH pWT endotherms were collected at 

multiple concentrations, 0.68-2.3 mg mL-1, which correspond to 34-53 % monomer based 

on the measured Kd at 25 °C (see section 7.4.2). There appears to be two temperatures 

at which the maximum of the endotherm occurs, T0.5, instead of one (Figure 7.7A). The 

first T0.5 is at ~57 °C and does not change with protein concentration, suggestive of 

monomer unfolding; however, the second T0.5 is at ~62 °C and shows some shift to higher 

temperatures with increasing protein concentration indicative of dimer-like behaviour. 

With many theories on this complex endotherm, including perhaps the EZnSH monomer 

unfolds earlier than the EZnSH dimer and/or there was different zinc bound states, more 

experiments were required to parse the thermal unfolding observed for the EZnSH pWT. 
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Figure 7.7: DSC of the ApoSH pWT as a function of varying equivalents of Zn. Each scan was offset for 
clarity, with the lowest concentration being the lower of the multiple scans and the highest concentration 
being at the top of each plot. The different dashed lines represent the T0.5 of different forms, apoSH pWT 
monomer (grey solid line, obtained from Vassall et al., 2011), EZnSH pWT monomer (grey dashed line, 
maximum of the thermogram for 0.5 Zn equivalents), and ZnZnSH pWT dimer (grey dotted line, maximum 
of the thermogram for 2 Zn equivalents at 1.30 mg/mL), respectively. (A) Endotherm of 1 Zn equivalence 
at varying protein concentrations in 20 mM HEPES, 1 mM TCEP, pH 7.4. 1 Zn equivalence concentrations 
were 0.68 mg/mL, 0.98 mg/mL, 1.54 mg/mL and 2.30 mg/mL. (B) Thermal unfolding of disulfide reduced 
pWT with half a zinc equivalent at increasing protein concentrations. Half a Zn equivalents concentrations 
were 1.16 mg/mL, 1.85 mg/mL, and 2.96 mg/mL. (C) Consecutive thermograms of ZnZnSH-pWT are 
shown. 2 Zn equivalent concentrations included 0.72 mg/mL, 1.30 mg/mL, 2.34 mg/mL and 4.14 mg/mL. 
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 Total protein unfolding is measured at different zinc equivalents relative to SOD1 

protein concentration to explain the EZnSH pWT endotherm. Initially, only half an 

equivalence of zinc was added to protein samples that ranged in concentration from 1.16 

to 2.96 mg mL-1. In principle, multiple zinc-bound species can exist due to the following: 

affinity of different SOD1 species for zinc, protein concentration, and zinc concentration. 

Therefore, the protein sample can include monomers with 0-2 zinc bound, and dimers 

with 1-4 zinc bound. Due to the strong affinity of zinc for the SOD1 zinc-binding site, in 

the half zinc equivalent pWT sample, half of the population has one zinc bound (EZnSH) 

and the other half exists as apo (apoSH). As expected, the thermal unfolding of this 

mixture resulted in a complex endotherm (Figure 7.7B). The endotherm had a shoulder 

at ~48 °C that corresponds to the apoSH state since its expected T0.5 was previously 

reported as 47.3 °C.65 Also interestingly, there is a more prominent maximum to the half 

zinc equivalent endotherm at ~57 °C that was also observed in the 1 zinc equivalent 

endotherm above, and the T0.5 does not shift with increased protein concentration. This 

T0.5 is indicative of the EZnSH pWT monomer. This implies the dimer dissociation occurs 

at a lower temperature, and the larger heats of the initial endothermic transition of the 

EZnSH pWT is from monomer unfolding. There is also the presence of a shoulder at ~62 

°C that appears to grow with increasing protein concentration. However, this more 

thermally stable species unfolding is also present in the 1 zinc equivalent experiments as 

a prominent peak compared to the shoulder observed in the half equivalent endotherm.  

 With the initial peak observed in the complex EZnSH pWT endotherm determined, 

the second, more thermally stable species remained unresolved. Since the initial peak 

represented the single zinc bound species, this second peak could represent a multi-zinc 
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bound state. Although the copper-binding site has affinity for zinc, it was clear from 

previous zinc titration experiments the zinc preferentially binds to all available zinc-binding 

sites prior to occupying the copper site.56 With this, and the fact that metal shuffling is not 

observed in the CuZnSS SOD1 DSC endotherms, we did not consider zinc shuffling a 

likely outcome. However, upon unfolding pWT samples with 2 zinc equivalents, it is clear 

the more thermally stable species observed at ~62 °C is ZnZnSH pWT (Figure 7.7C). The 

single peak endotherm shifted to increasing temperature with increasing protein 

concentration, indicative of dimer unfolding. In summary, with various zinc equivalent 

experiments relative to SOD1 concentration, we hypothesize the complex EZnSH pWT 

endotherm consists of an initial unfolding of the EZnSH monomer and a subsequent zinc 

shuffling from unfolded EZnSH monomer to a folded EZnSH SOD1 to form a ZnZnSH 

dimer that unfolds in the latter half of the endotherm. 

 Interestingly, the fALS mutants showed even more complex behaviour, ranging 

from pWT-like endotherms to more individual peaks, that ultimately validated the 

proposed theory of zinc shuffling upon EZnSH monomer unfolding. Unsurprisingly EZnSH 

V148I endotherm was nearly identical to pWT, with the T0.5 at ~57 °C and 62.9 °C for the 

EZnSH monomer and the ZnZnSH dimer, respectively (Figure 7.8 and Table 7.3). 

Although markedly more thermally destabilized than pWT and V148I as expected, EZnSH 

E100G endotherm consisted of a similar shape in terms of a broad endotherm with 

multiple transitions that were of comparable heights (Figure 7.8). The two transitions 

occurred at 51 °C and 57.6 °C (Table 7.3), which is the lowest T0.5 across the mutant set 

and is consistent with E100G typically having one of the lowest T0.5 in all other maturation 
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states. Only EZnSH forms of V148I and E100G showed pWT-like endotherms that consist 

of two transitions at comparable heights. 

Table 7.2: Melting temperatures for the various states of SOD1. 

 

ApoSH, apoSS and holoSS SOD1 values are obtained from Vassal et al., 2011, Broom et al., 2013 and 
Stathopoulos et al., 2006. EZnSH values are based on visual observation of the maximum of the transition 
peak.  
- represents the state is not observable or not measured.  
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Figure 7.8: Thermogram for EZnSH SOD1 mutants at varying protein concentrations. Each scan is offset for clarity, with the lower 
scans representing the lower concentrations, to the highest scan belonging to the largest protein concentration. The grey dashed and 
dotted lines represent the T0.5 of different forms of pWT SOD1, EZnSH pWT monomer, and ZnZnSH pWT dimer, respectively. For 
some mutants, the ZnZnSH SOD1 mutants are measured and represented as black dotted lines. The concentrations are labelled on 
the side of each plot. 
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 Interestingly, mutants with known aberrant metal-binding further supported the 

theory on zinc shuffling. Although H43R is near metal-binding sites, it has no known 

impact on metal-binding, as observed in the zinc titration and dimer dissociation data as 

discussed above. However, EZnSH H43R endotherm did not look pWT-like, instead it 

consisted of an unusually broad endotherm, consistent with multiple transitions, with a 

single maximum (Figure 7.8). Additionally, the difference between T0.5 of the two 

transitions (5.3 °C) is smaller compared to pWT (6 °C), and likely have different heat 

capacities of unfolding, which results in one broad endotherm with one maximum 

compared to the two shoulders observed in pWT. Moreover, due to the known metal-

binding issues for G85R and H46R, the zinc shuffling may be perturbed. Both metal-

binding mutants did not show zinc shuffling, rather only one transition was observed at 

53.2 °C for G85R and 55.3 °C for H46R (Figure 7.7B and Table 7.3). Further equivalents 

of zinc were added to H46R, and still only one transition was observed at 55.3 °C (Table 

7.3). The lack of zinc shuffling is expected as the zinc ion likely occupies the only non-

perturbed metal-binding site, while the other is perturbed and therefore cannot allow for 

metal-binding. The metal-binding mutants confirm the second transition observed is from 

zinc shuffling.  

 Similar to their diverse dimer strength, A4 mutants also show significantly different 

thermal stability. Although the order of thermal stability goes from the highest to lowest 

for A4V, A4S and then A4T in other maturation states, here the thermal stabilities of 

EZnSH A4 mutants is inversely proportional to their dimer strength (Figure 7.8). A4V and 

A4T show endotherms that are comparable to H43R, which consists of a broad 

endotherm with a single maximum. Again, this likely correlates to the two transitions 
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having more overlap between them than observed for pWT. EZnSH and ZnZnSH states 

unfold at 55.0 °C and 59.9 °C for A4T, respectively, and 59.3 °C and 64.5 °C for A4V, 

respectively (Figure 7.8 and Table 7.3). However, the only A4 mutant that formed a dimer 

comparable to pWT was A4S, but T0.5 was 51.3 °C and 58.4 °C for the EZnSH and 

ZnZnSH state, respectively, both much lower than pWT. However, the two states overlap 

less and do not show similar heights as observed for pWT, rather the ZnZnSH state had 

a lower height than the EZnSH transition. Moreover, the EZnSH A4S formed a stronger 

dimer than the other EZnSH A4 mutants but had the lowest thermal stability. Instead, 

EZnSH A4V, the weakest dimer among the A4 mutants, had the highest thermal stability, 

even more than pWT. Overall, the A4 mutants show an inverse relationship between 

EZnSH dimer strength and thermal stability.  

 In contrast to the A4 mutants, G93 mutants had comparable dimer strength to 

pWT, however their thermal stability was much lower. All three mutants showed a single 

maximum for their broad endotherm, suggesting the multiple transitions are overlapping. 

Both G93A and G93R had similar T0.5 for both states, 57.2°C and 57°C for EZnSH state, 

respectively, and 59.8 °C and 60.5 °C for the ZnZnSH state, respectively (Figure 7.8 and 

Table 7.3). However, G93S T0.5 was remarkably lower for both transitions, 47.7 °C and 

55.0 °C. The trend of G93R having the highest thermal stability and G93S the lowest 

among the G93 mutants was also observed for the apoSH G93 thermal stabilities. G93 

mutants offer insight on the impact of point mutations on monomer stability, considering 

all mutants had similar Kd.  

 Lastly, the other dimer-interface mutants, I113T and V148G, also showed an 

increase in thermal stability due to zinc-binding. I113T endotherms showed a shoulder 
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corresponding to the second transition at increased protein concentration, similar to pWT. 

The EZnSH and ZnZnSH T0.5 was at 53.0 °C and 55.8 °C, which are lower than pWT 

(Figure 7.8 and Table 7.3). Unlike the zinc shuffling observed for I113T, V148G showed 

no zinc shuffling. A single transition was observed at 55.5 °C at multiple concentrations. 

The EZnSH V148G has a similar thermal stability to pWT, which is unlike V148G in other 

maturation states, where it typically has one of the lowest thermal stabilities. Interestingly, 

even though EZnSH V148G endotherm showed no zinc shuffling, V148G with multiple 

zinc equivalents showed a peak at 62.9 °C, likely corresponding to the ZnZnSH state 

(Table 7.3). Unlike the lack of zinc shuffling observed for metal-binding mutants due to a 

perturbed metal-binding site impacting shuffling, discussed above, V148G has the 

capability to bind both metals, but upon unfolding, the zinc does not occupy the second 

site. Here, we must consider all the factors that affect the observed endotherm. 

 The EZnSH endotherms vary to a great degree; some endotherms include two 

transitions that are of comparable heights resulting in two shoulders, others consist of two 

overlapping transitions with one maximum, and some mutants show only one transition 

with no observable zinc shuffling. If the transitions have similar T0.5 and unfolding heats, 

the transitions will appear less distinct and result in a single broad peak, as observed for 

H43R, A4T, A4V, I113T, and G93 mutants. However, if the T0.5 and unfolding heats are 

more distinct, it will result in more distinguishable transitions, as observed for pWT, V148I, 

E100G and A4S. There are multiple factors to consider that impact the observed 

endotherm, many surrounding the zinc shuffling. For the zinc to shuffle from the unfolded 

EZnSH monomer to a folded EZnSH monomer, the second metal-binding site cannot be 

perturbed as it often is in metal-binding mutants like G85R and H46R. Two other important 
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factors to consider that impact zinc shuffling is the affinity of the zinc at the copper site 

may vary based on the mutation, and also the dimer strength of the ZnZnSH state will 

impact the unfolding of the second transition. Lastly, the observed endotherm can also 

be impacted by the unfolding transition of each state. If either transition unfolds with 2-

state unfolding or 3-state unfolding with a monomer intermediate, it will impact the 

endotherm and the equilibrium of EZnSH and ZnZnSH states observed. Thus, parsing 

this complex endotherm cannot be done without considering the multiple factors that 

impact the observed transitions.  

 

7.4.6 The dimer interface and thermal stability of EZnSH SOD1 is functionally relevant 

 Upon addition of zinc, the monomer is significantly stabilized relative to apoSH 

SOD165, but the dimer interface is weaker than the apoSS SOD1.53 Both differences are 

likely functionally important for EZnSH SOD1’s cellular role. For instance, at cellular 

concentrations the protein likely exists predominantly as a monomer in this state which 

means it is accessible to bind to the CCS, but also leaves it susceptible to aggregation. 

In addition to the weakened dimer interface being important for binding the CCS, the 

ability to transiently dimerize can protect EZnSH SOD1 against protein aggregation. For 

the EZnSH SOD1 that exists as a monomer, its enhanced thermal stability relative to 

apoSH SOD1 favours the folded conformation under cellular conditions, further 

preventing the changes of aggregation. Therefore, both the enhanced thermal stability 

and the weakened dimer interface serve protective roles against aggregation.  

 Although there is conflicting data on the CCS’s role and which species the CCS 

binds to, our data provide critical insight on deciphering the conflicting data. Since the 
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CCS binds to the SOD1 monomer using the SOD1 dimer interface, a species with an 

ability to dimerize is critical. If apoSH SOD1 cannot readily dimerize, it is unlikely that the 

CCS can bind the SOD1. However, there is support for the idea that CCS binding to 

apoSH SOD1 and aiding in its ability to bind zinc.43 Even though this seems not likely due 

to apoSH SOD1’s inability to dimerize, there are certain situations where dimerization 

may be possible. For instance, if the cellular concentration of apoSH SOD1 is high, then 

the equilibrium will shift toward binding the CCS. Then with an apoSH-SOD1:CCS dimer, 

the zinc affinity likely increases due to increased structuring from dimer formation, as our 

data suggest (section 7.4.1). Therefore, the preferred species for CCS binding is the 

EZnSH SOD1 due to its ability to dimerize, under specific conditions, it is considerable 

the apoSH SOD1 can also dimerize with the CCS.  

 Moreover, the EZnSH SOD1 mutants show diverse thermal stability and dimer 

strength, which likely impairs their maturation and enhances protein association. A4V has 

a significantly weakened dimer interface, in addition to its perturbed native structure (see 

Chapter 3) and both factors likely explain its inability to bind to the CCS.56 Similarly, any 

mutants that also show a weakened dimer interface should likely have perturbed affinity 

for the CCS, and therefore disrupting its maturation. Furthermore, in vivo SOD1 

aggregation correlates with extent of protein unfolding, and aggregation rescue upon the 

addition of zinc correlates to thermal stabilization upon zinc binding.25 For instance, the 

samples with more rescue often have a higher increase in thermal stability relative to 

other mutants. Overall, both the thermal stability and dimer interface strength of EZnSH 

SOD1 have consequences on maturation and protein aggregation.  
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7.4.7 Species without zinc may be a critical in SOD1 aggregation 

 Considering the zinc ion offers structural stability, the inability to bind zinc or the 

loss of zinc will understandably lead to a less structured SOD1 that is susceptible to 

aggregation. The zinc-deficient SOD1 mutants show decreased structure in both the 

metal-binding loop and the electrostatic loops.215 This loss of structure leads to the edge-

strands interacting to form crystals, specifically in H46R and H43R.59,224,313 To further 

support that the zinc ions offer enough structural stability to shift the mutants away from 

aggregation, in vivo aggregation experiments are compared to the gain of thermal stability 

due to the zinc ion reported above.25 In vivo aggregation experiments measured the 

extent of aggregation both without and with zinc presence. The rescue in aggregation 

upon zinc addition correlates with the gain in thermal stability from zinc addition to apoSH 

SOD1 (Figure 7.9A). The R2 is 0.60 with all mutants considered, however removing G85R 

and V148G due to their perturbed thermograms increases the R2 to 0.80 (Figure 7.9A). 

This suggests the monomer stability is critical in preventing the aggregation observed in 

this study.25 
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Figure 7.9: Aggregation rescue due to addition of zinc and the range of thermal stabilities for different SOD1 
states. (A) The decrease in aggregation due to the addition of zinc is plotted against the gain in thermal 
stability between ApoSH and EZnSH SOD1. The top panel includes all mutants, and the bottom includes 
all mutants except for G85R and V148G due to their perturbed DSC endotherms, both are fit to a linear 
model (black solid line). (B) The T0.5 are plotted for different SOD1 states to show the decrease in 
temperature range across mutants due to increased maturation.  

 

While the EZnSH derives most of its stability from the stable monomer and not the 

weak dimer interface, which contrasts the apoSS SOD1 that gains more stability from its 

dimer87, the rescue of aggregation due to zinc should correlate to monomer thermal 

stability and not dimer interface strength. Moreover, the decrease in thermal stability due 

to point mutations appears to lessen with the addition of maturation steps (Figure 7.9B). 

For instance, the apoSH mutants show the largest range in melting temperatures, which 

decreases for apoSS SOD1 and even more so for holoSS SOD1 (Figure 7.9B).52,65,87 This 

suggests that the maturation steps offer enough stability to compensate for the 

destabilizing impact of any point mutation. Therefore, zinc binding is critical for increasing 

structural stability to help prevent aggregation. 

7.5 Conclusion 

 Due to strong evidence suggesting the more immature forms of SOD1 are 

responsible for disease aggregation, understanding how mutations impair maturation is 

imperative. Here we analyze EZnSH SOD1 using a combination of isothermal titration 

calorimetry (ITC), to measure dimer dissociation as well as metal binding, with 

complementary differential scanning calorimetry (DSC), to measure global protein 

unfolding. Interestingly the mutations in EZnSH SOD1 had either a destabilizing effect or 

no effect on the dimer interface, which contrasts the exclusively destabilizing effect of all 

mutations on the apoSS SOD1. The mutations that show destabilized dimer interfaces 
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may have a direct consequence in further maturation of SOD1, as the zinc bound form is 

key in binding to the copper chaperone (CCS), which catalyzes formation of mature holo 

SOD1. Additionally, our data support that the zinc bound species is more thermal stable 

than the apoSH state, and this gain in stability is important in preventing SOD1 

aggregation. These findings help rationalize maturation of SOD1 and potential roles for 

monomer forms of SOD1 in the neurotoxic aggregation linked to ALS.  
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Chapter 8: Future Work 
 

 With that the data presented above, we have a well-rounded idea on both the 

subtle and major differences between apoSH SOD1 mutants as well as between solution 

conditions. With SOD1 showing significant aggregate structural polymorphisms, it is clear 

the mutants behave differently. Additionally, the data presented here, in addition to prior 

NMR data, show the apoSH SOD1 show local differences in dynamics, which may be 

responsible for differences in aggregation pathways or mechanisms that ultimately result 

in different aggregate characteristics. Now, the question remains, with these local regions 

of difference, how do they influence aggregation initiation? Are these regions responsible 

for initiating, templating, changing the folded-unfolded equilibrium, or impacting 

maturation? 

  To attempt to answer these questions, additional experiments are necessary. A 

vital experiment that may be important is to investigate how the local hotspots identified 

here impact our subunits. If HDX experiments are performed over changing conditions 

(e.g., protein concentration, salt concentration and/or with aggregates), the experiments 

may reveal transient interactions with other regions of the subunits. Additionally, using 

NMR experiments, such as TROSY experiments, which allow for us to explore self-

association, can help decipher which segments of the protein are critical in initiating 

aggregation and which regions, if different, are vital in growing the aggregate. Although 

the 2D HSQC gave a wealth of information, as presented above, we can gain additional 

information with more complex NMR experiments.  

 Moreover, we also present the consequences a mutation can have on the dimer 

interface which in turn can complicate maturation. With these findings, it is now important 
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to decipher if all mutations with perturbed dimer interfaces also have perturbed CCS 

binding and subsequently maturation. With more experiments on the strength of CCS 

binding to ALS-associated mutant and the extent of maturation, we may be able to find 

potential reasons for the pools of immature forms of SOD1 found in disease-expressing 

cells.309  

 Lastly, the solution conditions impact the SOD1 aggregate structures observed. 

The need for more systematic assessment of these structures and probing for additional 

possible mechanisms is vital for us to understand what influences proteins down a certain 

pathway. Here, we have presented a look at SOD1 aggregates under different protein 

concentration, and different salts and salt concentrations across many mutants. To build 

on this framework, it would be interesting to now mimic intracellular crowding conditions, 

for instance introduce a popular crowding agent like Ficoll and polyethylene glycol (PEG), 

which when introduced, shows proteins behave comparable to those in cell lysate.314 

Collectively with this framework provided, it is essential to further probe SOD1 mutant 

dynamics, and their impact on maturation and protein aggregation, because these data 

may ultimately help elucidate the complexities driving protein aggregation.    
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APPENDIX 

APPENDIX A: Temperature coefficients for apoSH pWT and 

mutants for the folded temperature range of 9–18 °C. 

Residue pWT A4V E100G G85R V148G V148I 

1 - - - - - - 

2 -0.93 - - -1.50 - -1.48 

3 -7.12 -7.59 -8.33 -8.05 -9.14 -8.71 

4 -0.74 -6.20 -0.23 -0.90 -0.44 -0.38 

5 -3.66 -5.53 -3.48 -4.30 -3.82 -3.53 

6 -3.27 - -2.81 -3.40 -3.28 -3.09 

7 -6.62 -6.95 -6.22 -6.70 -9.01 -6.90 

8 -4.18 -4.06 -4.35 -4.14 -5.43 -3.86 

9 -5.15 -6.38 - -6.76 - - 

10 -9.53 -10.02 -9.48 -8.49 -10.01 -9.14 

11 -7.31 -1.19 -6.68 -6.74 -6.57 -6.60 

12 0.91 0.76 1.34 -0.21 1.06 1.04 

13 - - - - - - 

14 -5.48 -5.11 -4.87 -5.29 -5.05 -5.12 

15 0.52 0.25 0.35 0.33 0.97 0.46 
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16 1.07 2.47 1.31 -0.59 1.81 1.34 

17 -2.88 -3.48 -2.18 -2.38 -2.86 -2.88 

18 -2.77 -2.75 -3.04 -5.58 -3.81 -3.13 

19 -1.91 -1.93 -1.31 -2.69 -2.50 -2.44 

20 -1.21 -1.45 -1.22 -1.39 -1.87 -1.42 

21 -2.53 -3.12 -3.15 -3.33 -2.73 -2.76 

22 -4.96 -6.02 -4.35 -4.46 -5.11 -4.59 

23 - -3.52 - - - - 

24 -7.39 -6.60 -6.82 -7.32 - -7.18 

25 - - - - - - 

26 -4.69 -5.47 -5.38 -7.68 -5.38 -4.81 

27 -3.81 -4.40 -4.05 -3.96 -4.03 -3.84 

28 - - - - - - 

29 -3.99 -5.81 -4.50 -4.38 -4.40 -4.42 

30 -3.04 -3.19 -3.22 -3.75 -3.01 -2.70 

31 -1.16 -2.05 - -3.51 -1.17 -1.45 

32 -2.23 -1.73 -2.28 -2.91 -2.48 -2.11 

33 -3.74 -5.66 -5.58 -5.66 -5.80 -2.98 

34 -0.25 -0.71 1.05 -0.56 0.08 -0.22 

35 -1.62 -1.00 -0.83 -0.49 -1.14 -1.35 
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36 -2.54 -3.32 -2.52 -2.64 -3.06 -2.82 

37 -3.26 -3.58 -2.09 -4.04 -1.92 -2.78 

38 -2.92 - -5.98 - -8.85 -6.07 

39 -16.94 -4.85 - - - - 

40 - - - -6.02 -9.96 -9.88 

41 -6.91 -6.90 -6.81 -7.34 -7.16 -6.86 

42 - -7.81 - -7.80 -8.91 - 

43 - -2.96 - - 0.86 - 

44 -2.82 -2.43 -2.93 -8.04 -2.04 -1.50 

45 -11.69 -7.74 -13.13 -8.55 -15.82 -21.90 

46 -3.61 - -1.73 - -2.99 -3.29 

47 -3.89 -5.46 -4.35 - -4.39 -4.05 

48 -4.22 -4.88 -3.43 -4.25 -4.99 -4.47 

49 - - - - - - 

50 - - - - - - 

51 -7.22 -6.86 -5.73 -6.07 -5.87 -5.89 

52 -6.13 -5.97 -5.19 -5.19 -6.27 -6.14 

53 -6.00 -7.31 -5.62 -7.47 -5.62 -6.03 

54 -4.09 -3.99 -3.60 -4.44 -3.86 -4.10 

55 -6.89 -7.62 -6.63 -7.11 -6.85 -6.93 
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56 -6.20 -6.09 -5.84 -6.44 -6.38 -6.02 

57 -4.02 -3.94 -4.06 -3.46 -4.23 -3.97 

58 -6.32 -6.26 -5.33 -3.45 -6.17 -6.25 

59 - -8.89 -8.25 -6.18 - -4.53 

60 -5.78 -5.30 -7.38 -6.74 -7.70 -5.64 

61 -6.03 -5.94 -5.59 -5.64 -6.14 -5.82 

62 - - - - - - 

63 - - - - - - 

64 - - - - - - 

65 - - - - - - 

66 - - - - - - 

67 -4.07 -4.56 -3.76 -3.83 -5.49 -3.89 

68 -3.09 -3.38 -2.84 -2.60 -3.50 -2.96 

69 -3.74 -5.89 - -8.01 -5.66 - 

70 -8.51 -7.60 - -7.66 -8.08 -8.23 

71 - - - - - - 

72 - - - - - - 

73 -5.66 -5.43 -5.54 -5.72 -5.87 -5.74 

74 - - - - - - 

75 -7.42 -7.75 -7.30 -5.95 -7.54 -6.64 
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76 -5.21 -6.11 - -8.53 - -5.68 

77 -6.22 -6.82 -5.26 -8.03 -6.52 -5.90 

78 -6.76 -5.61 -7.51 -7.83 -8.12 -6.77 

79 - - - - - - 

80 - - - - - - 

81 - - - - - - 

82 - - - - - - 

83 - - - - - - 

84 - - - - - - 

85 - -6.04 - - -5.73 - 

86 -5.79 -6.28 -5.73 - -6.12 -5.92 

87 -1.73 -2.22 -2.77 -4.59 -1.63 -1.79 

88 -5.77 -5.55 -5.32 -5.37 -5.77 -5.40 

89 -5.02 -5.07 -5.53 -4.40 -5.12 -5.08 

90 -4.44 -4.52 -3.77 -5.12 -4.98 -4.93 

91 -6.47 -6.66 -6.16 -6.83 -6.43 -6.65 

92 -2.40 -1.28 -1.08 -2.69 -1.66 -1.39 

93 -1.89 -2.01 -1.01 -1.39 -0.76 -1.37 

94 -1.15 -0.82 -0.91 -0.92 -0.82 -0.95 

95 -6.91 -7.89 -7.09 -6.82 -8.08 -7.61 
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96 -4.03 -4.15 -4.41 -4.77 -4.51 -4.17 

97 -3.63 -3.88 -2.18 -3.75 -3.35 -3.85 

98 -8.86 -8.45 -7.80 -7.14 -8.52 -8.39 

99 -1.90 -3.14 -2.83 -2.72 -2.05 -1.89 

100 -7.44 -8.21 - -9.48 -7.32 -7.89 

101 -5.25 -5.84 -5.92 -7.35 -5.28 -5.42 

102 -7.89 -7.56 - -7.13 -7.72 -7.53 

103 -7.06 -8.06 - - -7.12 -7.01 

104 -5.50 -4.36 - - -5.28 -5.99 

105 -1.06 -4.28 -1.00 -8.85 -0.37 -0.62 

106 -4.01 -7.43 - -6.67 -5.46 -3.11 

107 -1.49 -4.15 -1.32 -1.59 -1.21 -1.40 

108 -6.13 -6.06 -5.51 -5.55 -6.10 -5.86 

109 -8.12 -7.79 -7.93 -8.39 -8.18 -7.82 

110 -6.44 -7.46 -6.62 -7.09 -6.08 -6.63 

111 -4.41 -0.81 - - - - 

112 -4.64 -5.35 -4.17 -4.33 -4.49 -4.29 

113 -3.09 -3.54 -2.84 -3.08 -3.00 -2.88 

114 -2.59 -2.11 -2.09 -2.66 -6.51 -2.90 

115 -3.14 -4.98 -9.04 -4.69 -3.53 -5.84 
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116 -2.32 -0.63 - -6.28 -7.10 -5.21 

117 -3.15 -2.45 -2.65 -3.84 -3.47 -3.30 

118 -1.31 -1.46 -0.46 - -0.46 -1.37 

119 -6.48 -6.50 - - - - 

120 - -4.65 - - -7.86 - 

121 -8.82 -9.72 -3.52 -7.06 -8.89 -7.59 

122 -7.39 - - - - -6.62 

123 -4.44 -9.31 -7.57 -6.82 -10.09 -2.99 

124 - - - - - - 

125 -8.42 -7.99 -7.53 - - -10.85 

126 -12.47 -11.66 -11.54 - -7.95 -11.59 

127 -4.07 -4.17 -3.37 -5.41 -4.36 -3.85 

128 -4.83 -7.51 -7.91 -8.81 -6.94 -5.22 

129 -6.71 -6.45 -6.40 -6.99 -6.64 -6.46 

130 -6.93 -6.00 -6.22 -6.51 -6.09 -6.66 

131 -7.03 -6.63 -6.00 -5.78 -8.34 -6.09 

132 -6.25 -6.58 -6.02 -6.67 -6.08 -4.80 

133 -4.81 -4.70 -4.66 -5.96 -4.40 -5.13 

134 -3.20 -3.97 -2.63 -4.40 -4.02 -3.25 

135 -3.05 -6.01 -2.68 -5.67 -3.15 -2.88 
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136 -2.87 -8.82 -4.47 -8.68 -9.44 -2.26 

137 -5.93 -6.76 -6.93 -7.77 -6.66 -6.53 

138 -3.56 -4.79 -3.97 -2.51 -4.73 -4.24 

139 -6.57 -7.86 -6.71 -7.61 -8.54 -6.93 

140 -1.84 -7.17 - - -3.50 - 

141 -4.61 -3.89 -3.62 -4.46 -3.96 -3.95 

142 -9.99 -8.56 -10.27 -11.84 -10.37 -8.99 

143 -5.53 -6.07 - - - -5.97 

144 -4.98 -8.22 - -3.19 - -5.59 

145 -7.01 -5.80 -5.13 -5.71 -7.64 -6.58 

146 -1.70 -1.50 -1.10 -1.04 -1.29 -1.56 

147 -4.06 -3.35 -2.73 -2.46 -2.06 -5.88 

148 -7.30 -7.00 -7.02 -7.62 - -7.33 

149 -3.87 -2.65 -3.46 -3.94 - -2.57 

150 -1.25 -1.38 -0.99 -1.78 -5.13 -0.99 

151 -5.47 -8.38 -7.43 -5.92 -5.52 -7.24 

152 -4.35 -5.79 -4.00 -4.47 - -4.03 

153 -9.25 -9.69 -8.89 -9.26 -9.39 -9.05 

- no assignment available 
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APPENDIX B: Folded and unfolded temperature coefficients for 

apoSH mutants. 

Residue 
A4V    

F 
A4V    

U 
G85R  

F 
G85R  

U 
E100G 

F 
E100G 

U 
V148G 

F 
V148G 

U 

1 - - - - - - - - 

2 - - -1.57 - - - - - 

3 -7.54 -8.08 -8.49 -9.22 -7.79 -9.29 -9.09 -8.54 

4 -6.76 -2.63 -1.17 -0.69 -0.18 -1.39 -0.37 -0.53 

5 -5.41 -5.22 -4.12 -3.86 -3.36 -4.98 -3.74 -4.26 

6 - - -3.60 -2.54 -2.72 -3.85 -3.04 -3.18 

7 -6.90 -8.05 -7.01 -8.20 -6.28 -8.45 -8.90 -10.14 

8 -4.26 -3.85 -4.25 -2.77 -4.11 -4.23 -5.54 -4.07 

9 -6.48 -5.83 -6.58 - - - - - 

10 -10.04 -10.21 -8.86 -9.41 -9.33 -10.72 -9.79 -9.73 

11 -1.73 -3.16 -6.52 -6.06 -6.52 -6.90 -6.60 -6.53 

12 0.96 0.65 -0.25 0.38 1.28 -0.27 1.22 0.04 

13 - - - - - - - - 

14 -5.36 -4.59 -4.95 -4.35 -4.70 -5.41 -5.17 -4.49 

15 0.25 1.47 0.45 0.88 0.68 2.87 0.64 0.58 

16 2.20 1.96 -0.50 -0.52 1.97 3.62 1.53 1.15 
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17 -4.86 -1.98 -2.19 -1.60 -1.71 -1.92 -3.03 -2.19 

18 -2.69 -3.54 -4.64 -4.25 -3.24 -4.88 -3.60 -3.99 

19 -2.11 -1.53 -2.49 -3.93 -1.40 -2.08 -2.72 -2.01 

20 -1.37 -0.98 -1.47 -1.75 -1.20 -1.74 -1.87 -1.12 

21 -3.06 -3.05 -3.00 -2.57 -3.12 -4.09 -2.67 -2.99 

22 -6.18 -6.18 -4.39 -4.12 -4.29 -5.67 -5.00 -5.14 

23 -3.59 -5.74 - - - - -1.87 - 

24 -6.82 -6.22 -7.09 -5.49 -6.48 -6.69 - - 

25 - - - - - - 3.98 -0.88 

26 -5.50 -5.20 -7.72 -7.08 -5.33 -6.07 -5.88 -5.33 

27 -4.43 -4.37 -4.21 -3.62 -3.74 -4.88 -3.98 -4.12 

28 - - - - - - - - 

29 -5.50 -5.80 -4.44 -5.04 -4.56 -5.61 -3.99 -5.18 

30 -3.12 -3.27 -3.35 -2.96 -2.65 -3.67 -2.85 -2.77 

31 -1.93 -2.26 -3.42 -2.38 - - -0.63 -1.68 

32 -1.77 -2.44 -2.91 -3.20 -2.38 -3.98 -2.35 -2.88 

33 -5.79 -5.47 -5.66 -4.70 -5.18 -5.92 -4.55 -5.35 

34 -0.69 -0.62 -0.52 0.26 0.96 0.65 -0.14 0.00 

35 -0.78 -0.35 -0.32 -0.39 -0.73 -0.50 -1.04 -0.47 

36 -3.11 -3.41 -2.78 -2.14 -2.55 -3.98 -2.83 -3.25 
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37 -3.24 -3.07 -3.39 -2.00 -2.13 -4.02 -2.42 -3.44 

38 - - - - -5.63 -7.03 -9.86 -7.63 

39 -4.85 -17.46 - - -19.59 -17.29 - -17.61 

40 - - -7.10 -9.72 - - -8.24 -9.72 

41 -6.90 -7.72 -7.52 -8.49 -6.67 -7.66 -7.02 -7.66 

42 -8.06 -7.23 -6.44 - - - -8.75 -7.02 

43 -3.19 -2.94 - - - - 1.14 0.54 

44 -2.88 -1.22 -9.69 -9.48 -2.93 -3.01 -1.99 -0.94 

45 -7.74 -7.76 -8.42 -4.07 -11.76 -13.79 -15.70 -12.97 

46 - - - - -1.34 -1.14 -3.79 -1.35 

47 -5.59 -6.27 - - -4.80 -6.14 -4.14 -5.25 

48 -4.43 -5.51 -4.40 -4.21 -3.44 -5.40 -5.26 -6.20 

49 - - - - - - - - 

50 - - - - - - - - 

51 -6.70 -8.49 -6.13 -7.16 -6.00 -5.34 -5.72 -6.64 

52 -6.14 -5.28 -5.25 -4.81 -5.13 -5.08 -5.57 -8.70 

53 -7.13 -7.52 -7.52 -6.19 -5.59 -6.82 -5.65 -7.55 

54 -4.04 -3.98 -4.34 -3.76 -3.45 -4.21 -3.97 -3.93 

55 -8.40 -5.53 -6.95 -5.47 -6.30 -6.25 -6.65 -5.62 

56 -6.20 -5.05 -6.06 -5.86 -5.72 -5.23 -6.29 -5.18 
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57 -4.10 -4.85 -3.61 - -3.55 -3.11 -4.09 -4.64 

58 -6.40 -6.26 -3.71 -4.38 -5.54 -6.14 -6.37 -6.32 

59 -8.50 -7.78 -6.24 -6.92 -7.91 -8.25 - - 

60 -5.47 -7.67 -6.91 -6.29 -7.31 -8.75 -7.73 -6.23 

61 -6.15 -4.50 -5.74 -6.73 -5.28 -5.47 -6.16 -5.14 

62 - - - - - - - - 

63 - - - - - - - - 

64 - - - - - - - - 

65 - - - - - - - - 

66 - - - - - - - - 

67 -4.56 -4.17 -3.72 -4.70 -3.64 -4.05 -5.90 -4.08 

68 -3.27 -2.60 -2.60 -3.57 -2.60 -3.52 -3.22 -4.98 

69 -5.85 -5.44 -8.07 -6.88 -7.57 -8.17 -5.83 -5.62 

70 -7.72 -6.93 -7.60 -6.35 - - -8.33 -6.64 

71 - - - - - - - - 

72 - - - - - - - - 

73 -5.34 -4.85 -5.72 -4.01 -5.65 -5.98 -5.75 -4.84 

74 - - - - - - - - 

75 -7.61 -6.23 -5.55 -5.26 -7.13 -6.48 -7.27 -6.53 

76 -6.07 -4.52 -7.67 -7.64 - - - - 
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77 -7.12 -6.33 -7.99 -6.85 -5.00 -7.92 -6.78 -7.11 

78 -5.66 -6.12 -7.08 - -7.54 -8.04 -7.62 -7.59 

79 - - - - - - - - 

80 - - - - - - - - 

81 - - - - - - - - 

82 - - - - - - - - 

83 - - - - - - - - 

84 - - - - - - - - 

85 -5.98 -5.36 - - - - -5.42 -5.41 

86 -5.76 -5.48 - - -5.31 -5.74 -5.89 -5.58 

87 -2.26 -3.01 -5.17 -5.54 -2.69 -4.56 -1.87 -3.04 

88 -5.94 -5.74 -5.24 -5.37 -5.08 -6.24 -5.93 -5.77 

89 -4.89 -5.99 -4.68 -3.85 -5.12 -6.64 -4.73 -6.01 

90 -4.56 -4.63 -4.95 -4.20 -3.76 -5.07 -5.21 -4.52 

91 -6.68 -5.86 -6.37 -5.48 -5.70 -5.74 -6.39 -5.68 

92 -1.88 -1.15 -2.57 -1.86 -1.17 -0.98 -1.61 -0.84 

93 -1.82 -1.14 -1.34 -0.75 -0.58 -1.60 -0.99 -0.83 

94 -1.21 -4.45 -0.93 -1.21 -0.80 -0.97 -0.96 -4.58 

95 -7.91 -7.98 -7.06 -7.09 -6.97 -8.84 -7.78 -8.24 

96 -4.18 -5.61 -4.87 -4.98 -4.33 -5.76 -4.14 -5.56 
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97 -3.96 -4.02 -4.51 -5.56 -2.20 -2.98 -3.28 -5.10 

98 -8.58 -8.00 -7.63 -7.52 -7.61 -8.84 -8.68 -8.12 

99 -3.22 -3.00 -2.90 -2.80 -2.63 -4.68 -1.89 -2.39 

100 -8.13 -6.32 -9.42 -8.25 - - -7.49 -6.45 

101 -4.28 -7.35 -7.12 -8.19 -6.21 -8.67 -4.71 -5.20 

102 -7.35 -7.26 -7.09 -6.04 - - -7.55 -7.07 

103 -7.69 -6.80 - - - - -6.79 -6.86 

104 -4.66 -3.39 -6.22 -5.62 - - -4.75 -4.41 

105 -4.60 -1.82 -8.11 - -1.72 -1.98 -0.14 -0.54 

106 -7.83 -7.78 -5.88 -3.23 - - -5.62 -5.90 

107 -4.08 -4.21 -1.55 -1.95 -1.20 -2.89 -1.08 -1.70 

108 -6.01 -7.01 -5.98 - -5.80 - -6.15 - 

109 -8.12 -7.10 -8.69 -9.52 -7.61 -9.66 -8.09 -5.85 

110 -7.20 -2.93 -7.83 -9.97 -6.60 -7.39 -6.53 -8.17 

111 -0.80 -0.89 -1.09 -0.77 - - - -0.72 

112 -5.57 -4.30 -4.25 -3.71 -4.32 -5.62 -4.22 -3.83 

113 -3.43 -3.31 -3.87 -2.72 -2.70 -4.05 -2.89 -3.22 

114 -2.31 -1.70 -2.29 -2.43 -2.07 -3.21 -6.53 -5.72 

115 -4.83 -4.11 -3.78 -1.91 -7.95 -7.90 -3.59 -3.12 

116 -0.63 -0.34 -7.01 -6.23 - - -6.89 -6.89 
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117 -2.95 -2.73 -3.60 -2.88 -2.45 -3.38 -3.24 -2.75 

118 -1.45 -1.51 - - -0.44 -2.00 -0.87 -1.26 

119 -6.63 -5.93 - - - - - - 

120 -4.65 -7.80 - - - - -7.38 -7.66 

121 -9.91 -8.01 -7.23 -7.89 -3.48 -7.67 -8.67 -7.71 

122 - - - - - - - - 

123 -9.38 -8.32 -6.20 -6.57 -5.77 -4.12 -9.51 -8.63 

124 - - - - - - - - 

125 -8.03 -7.83 - - -7.28 -8.22 - - 

126 -12.08 -11.80 - - -11.55 -12.55 -7.84 -7.68 

127 -3.72 -5.75 -5.05 -4.71 -3.60 -5.95 -3.85 -6.64 

128 -7.78 -4.77 -8.27 -4.00 -6.70 -8.04 -7.23 -4.31 

129 -6.59 -6.63 -6.77 -6.76 -6.08 -7.87 -6.58 -6.50 

130 -6.10 -5.51 -6.44 -4.38 -5.80 -6.07 -6.05 -5.60 

131 -6.53 -6.00 -5.94 -4.19 -6.04 -6.01 -7.01 -4.18 

132 -6.69 -5.11 -6.37 -5.06 -5.62 -5.66 -6.25 -6.94 

133 -4.75 -3.22 -5.92 -6.77 -4.25 -5.54 -4.49 -5.24 

134 -4.23 -4.95 -4.05 -3.35 -3.18 -4.92 -3.59 -5.17 

135 -6.30 -5.24 -5.41 -4.86 -2.73 -4.43 -2.75 -4.82 

136 -8.86 -7.37 -8.63 -7.71 -4.95 -6.90 -9.06 -7.14 
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137 -7.00 -6.14 -8.40 -8.39 -6.47 -6.55 -6.92 -6.43 

138 -5.01 -5.18 -3.06 -3.87 -4.23 -8.72 -5.21 -5.42 

139 -8.37 -7.16 -7.60 -8.88 -6.93 -6.79 -7.99 -4.89 

140 -7.17 -3.57 -1.96 -2.10 -1.91 -3.93 -3.01 -2.85 

141 -4.35 -3.17 -4.53 -4.01 -3.11 -3.80 -4.20 -3.29 

142 -8.57 -9.53 -11.87 -13.37 -9.85 -10.04 -9.72 -9.24 

143 -5.72 -8.02 -8.75 -8.51 -5.87 -7.74 -4.04 -6.33 

144 -8.07 -8.58 -2.63 - -5.04 -6.95 - - 

145 -5.57 -3.70 -6.19 -5.65 -5.45 -7.59 -5.55 -6.61 

146 -1.44 -1.33 -1.46 -0.27 -1.16 -2.14 -1.29 -1.39 

147 -3.30 -1.70 -2.13 -2.03 -2.32 -2.71 -1.72 -2.21 

148 -7.37 -7.50 -7.86 -7.52 -6.89 -8.40 - - 

149 -2.46 -2.51 -4.31 -3.91 -3.52 -4.88 - - 

150 -2.88 - -1.54 -0.96 -0.88 -1.62 -5.47 - 

151 -8.33 -7.25 -6.51 -6.94 -6.46 -8.30 -5.51 -5.18 

152 -5.90 -5.88 -4.81 -4.24 -3.87 -4.92 - - 

153 -9.88 -9.15 -9.29 -8.44 -8.57 -8.94 -9.44 -8.46 

- no assignment available 

F and U denote folded and unfolded temperature ranges for the proteins based on Table 3.6 
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APPENDIX C: Urea denatured SOD1 and calculated random coil 

temperature coefficients. 

Residue Amino Acid 1H 15N RC TC 

1     

2    -8.10 

3 LYS 8.57 124.35 -7.40 

4 ALA 8.50 126.19 -8.00 

5 VAL 8.22 119.77 -8.50 

6 ALA 8.43 127.87 -8.80 

7 VAL 8.23 120.42 -8.50 

8 LEU 8.49 126.88 -8.70 

9 LYS 8.59 123.07 -8.20 

10 GLY 8.50 110.32 -7.00 

11 ASP 8.38 120.31 -7.00 

12 GLY 8.29 108.63 -6.70 

13  0.00 0.00 0.00 

14 VAL 8.40 120.76 -9.40 

15 GLN 8.59 124.34 -8.90 
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16 GLY 8.48 110.31 -7.30 

17 ILE 8.12 120.38 -7.60 

18 ILE 8.39 125.47 -9.10 

19 ASN 8.55 123.41 -8.30 

20 PHE 8.41 121.86 -7.70 

21 GLU 8.50 122.26 -6.90 

22 GLN 8.45 122.10 -7.60 

23 LYS 8.53 123.39 -8.00 

24 GLU 8.68 122.15 -7.00 

25 SER 8.51 116.88 -7.80 

26 ASN 8.61 120.98 -7.30 

27 GLY 8.27 108.76 -6.60 

28     

29 VAL 8.34 120.86 -9.40 

30 LYS 8.50 126.19 -8.50 

31 VAL 8.25 122.12 -8.30 

32 TRP 8.51 125.83 -9.40 

33 GLY 8.42 110.59 -6.60 

34 SER 8.29 115.57 -7.30 

35 ILE 8.38 122.89 -7.80 
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36 LYS 8.53 125.89 -8.80 

37 GLY 8.50 110.34 -7.00 

38 LEU 8.23 121.69 -7.20 

39 THR 8.35 114.37 -8.10 

40 GLU 8.51 123.37 -7.00 

41 GLY 8.47 109.76 -6.80 

42 LEU 8.16 121.39 -7.20 

43 HIS 8.59 119.74 -8.20 

44 GLY 8.42 109.69 -6.70 

45 PHE 8.29 120.18 -7.40 

46 HIS 8.56 121.80 -7.60 

47 VAL 8.28 122.32 -8.00 

48 HIS 8.70 123.25 -8.50 

49 GLU 8.67 123.63 -6.70 

50 GLU 8.68 121.93 -8.20 

51 GLU 8.53 121.78 -6.90 

52 ASP 8.50 121.45 -6.70 

53 ASN 8.62 120.68 -7.20 

54 THR 8.38 113.60 -7.50 

55 ALA 8.27 125.75 -8.00 
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56 GLY 8.34 107.31 -7.20 

57 CYS 8.44 118.51 -6.60 

58 THR 8.49 115.57 -8.20 

59 SER 8.49 118.15 -7.70 

60 ALA 8.41 125.81 -7.80 

61 GLY 8.22 107.75 -7.20 

62    0.00 

63 HIS   -8.80 

64 PHE   -7.80 

65 ASN   -7.40 

66    -0.30 

67 LEU 8.28 120.85 -9.00 

68 SER 8.21 116.28 -8.20 

69 ARG 8.47 123.34 -3.90 

70 LYS   -7.70 

71 HIS   -8.00 

72 GLY   -7.00 

73 GLY 8.40 108.95 -6.30 

74    0.00 

75 LYS 8.60 121.19 -8.80 
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76 ASP 8.45 121.51 -7.40 

77 GLU 8.47 120.82 -6.70 

78 GLU 8.44 121.99 -6.80 

79 ARG   -4.20 

80 HIS   -7.70 

81 VAL   -8.30 

82 GLY 8.53 112.17 -7.80 

83 ASP 8.31 120.56 -6.70 

84 LEU 8.43 122.69 -7.90 

85 GLY 8.52 108.65 -7.20 

86 ASN 8.39 118.88 -6.80 

87 VAL 8.25 120.29 -7.90 

88 THR 8.32 117.50 -8.70 

89 ALA 8.36 126.20 -7.70 

90 ASP 8.42 119.96 -7.60 

91 LYS 8.38 121.42 -7.40 

92 ASP 8.45 120.76 -7.70 

93 GLY 8.33 108.88 -6.70 

94 VAL 8.09 119.17 -7.60 

95 ALA 8.48 127.62 -8.80 
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96 ASP 8.41 120.45 -7.60 

97 VAL 8.14 119.46 -8.00 

98 SER 8.58 119.61 -8.80 

99 ILE 8.31 123.04 -7.80 

100 GLU 8.55 124.15 -7.80 

101 ASP 8.37 121.46 -7.20 

102 SER 8.30 115.82 -7.70 

103 VAL 8.21 121.75 -7.80 

104 ILE 8.25 123.97 -9.10 

105 SER 8.46 119.79 -8.80 

106 LEU 8.51 125.17 -7.40 

107 SER 8.40 115.77 -8.50 

108 GLY 8.44 110.58 -6.50 

109 ASP 8.32 120.31 -6.70 

110 HIS 8.42 119.14 -7.40 

111 ALA 8.32 124.43 -7.70 

112 ILE 8.28 120.61 -7.80 

113 ILE 8.37 125.57 -9.40 

114 GLY 8.54 113.14 -7.80 

115 ARG 8.31 120.66 -3.70 
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116 THR 8.43 116.47 -7.90 

117 LEU 8.47 125.72 -7.60 

118 VAL 8.37 123.07 -8.50 

119 VAL 8.37 125.11 -9.10 

120 HIS 8.65 124.01 -8.50 

121 GLU 8.67 123.32 -6.70 

122 LYS 8.60 122.88 -7.50 

123 ALA 8.52 125.87 -8.00 

124 ASP 8.43 119.81 -7.60 

125 ASP   -7.10 

126 LEU 8.32 122.38 -7.90 

127 GLY 8.54 109.00 -7.20 

128 LYS 8.22 120.52 -7.30 

129 GLY 8.56 109.72 -7.30 

130 GLY 8.41 108.67 -6.30 

131 ASN 8.52 118.64 -6.80 

132 GLU 8.71 121.43 -6.60 

133 GLU 8.57 121.67 -6.80 

134 SER 8.44 116.56 -7.80 

135 THR 8.27 115.54 -7.40 
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136 LYS 8.40 123.52 -7.40 

137 THR 8.25 114.34 -8.20 

138 GLY 8.46 110.63 -6.70 

139 ASN 8.47 118.88 -6.80 

140 ALA 8.51 124.87 -7.90 

141 GLY 8.42 107.65 -7.20 

142 SER 8.27 115.57 -7.30 

143 ARG 8.53 123.22 -3.90 

144 LEU 8.41 123.66 -7.90 

145 ALA 8.49 125.23 -8.20 

146 CYS 8.49 118.10 -7.80 

147 GLY 8.62 110.85 -7.30 

148 VAL 8.10 119.43 -7.60 

149 ILE 8.39 125.07 -9.40 

150 GLY 8.52 113.11 -7.80 

151 ILE 8.08 119.94 -7.60 

152 ALA 8.47 128.75 -8.80 

153 GLN 8.09 125.44  
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APPENDIX D: 1 mM oxidized and reduced TCEP in 20 mM HEPES 

at pH 7.4 1H spectra.  

Reduced and oxidized peaks used to evaluate extent of reduction potential throughout 

the experiments.  
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APPENDIX E: 1H spectra of imidazole peak intensity with and 

without metals.  
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APPENDIX F: Pulse Program: zgesgp 

;zgesgp 
;avance-version (12/01/11) 
;1D sequence 
;water suppression using excitation sculpting with gradients 
;T.-L. Hwang & A.J. Shaka, J. Magn. Reson., 
;   Series A 112 275-279 (1995) 
; 
;$CLASS=HighRes 
;$DIM=1D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
 
prosol relations=<triple> 
 
 
#include <Avance.incl> 
#include <Grad.incl> 
#include <Delay.incl> 
 
 
"p2=p1*2" 
"d12=20u" 
 
 
"TAU=de+p1*2/3.1416+50u" 
 
 
"acqt0=0" 
baseopt_echo 
 
 
1 ze 
2 30m 
  d12 pl1:f1 BLKGRAD 
  d1 
  p1 ph1 
   
  50u UNBLKGRAD 
  p16:gp1 
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  d16 pl0:f1 
  (p12:sp1 ph2:r):f1 
  4u 
  d12 pl1:f1 
 
  p2 ph3 
 
  4u 
  p16:gp1 
  d16  
  TAU 
  p16:gp2 
  d16 pl0:f1 
  (p12:sp1 ph4:r):f1 
  4u 
  d12 pl1:f1 
 
  p2 ph5 
 
  4u 
  p16:gp2 
  d16 
 
  go=2 ph31 
  30m mc #0 to 2 F0(zd) 
  4u BLKGRAD 
exit 
 
 
ph1=0 
ph2=0 1 
ph3=2 3 
ph4=0 0 1 1 
ph5=2 2 3 3 
ph31=0 2 2 0  
 
 
;pl0 : 0W 
;pl1 : f1 channel - power level for pulse (default) 
;sp1 : f1 channel - shaped pulse 180 degree 
;p1 : f1 channel -  90 degree high power pulse 
;p2 : f1 channel - 180 degree high power pulse 
;p12: f1 channel - 180 degree shaped pulse (Squa100.1000)   [2 msec] 
;p16: homospoil/gradient pulse 
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;d1 : relaxation delay; 1-5 * T1 
;d12: delay for power switching                             [20 usec] 
;d16: delay for homospoil/gradient recovery 
;ns: 8 * n, total number of scans: NS * TD0 
;ds: 4 
 
 
;use gradient ratio:    gp 1 : gp 2 
;                         31 :   11 
 
;for z-only gradients: 
;gpz1: 31% 
;gpz2: 11% 
 
;use gradient files: 
;gpnam1: SMSQ10.100 
;gpnam2: SMSQ10.100 
 
 
 
;$Id: zgesgp,v 1.9 2012/01/31 17:49:32 ber Exp $ 
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APPENDIX G: Pulse program: hsqcfpf3gpphwg 

;hsqcfpf3gpphwg 
;avance-version (12/01/11) 
;HSQC 
;2D H-1/X correlation via double inept transfer 
;phase sensitive 
;with decoupling during acquisition 
;using f3 - channel 
;using flip-back pulse 
;water suppression using watergate sequence 
;similar to fhsqc  
;(use parameterset HSQCFPF3GPPHWG) 
; 
;G. Bodenhausen & D.J. Ruben, Chem. Phys. Lett. 69, 185 (1980) 
;M. Piotto, V. Saudek & V. Sklenar, J. Biomol. NMR 2, 661 - 666 (1992) 
;V. Sklenar, M. Piotto, R. Leppik & V. Saudek, J. Magn. Reson., 
;   Series A 102, 241 -245 (1993) 
;S. Mori, C. Abeygunawardana, M. O'Neil-Johnson & P.C.M. van Zijl, 
;   J. Magn. Reson. B 108, 94-98 (1995) 
; 
;$CLASS=HighRes 
;$DIM=2D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
 
prosol relations=<triple> 
 
   
#include <Avance.incl> 
#include <Delay.incl> 
#include <Grad.incl> 
 
 
"p2=p1*2" 
"p22=p21*2" 
"d11=30m" 
"d12=20u" 
"d26=1s/(cnst4*4)" 
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"d0=3u" 
 
"in0=inf1/2" 
 
 
"DELTA1=d26-p16-d16" 
"DELTA2=d26-p16-d16-p11-12u" 
 
#   ifdef LABEL_CN 
"DELTA=d0*2+larger(p2,p8)" 
#   else 
"DELTA=d0*2+p2" 
#   endif /*LABEL_CN*/ 
 
 
1 ze  
  d11 pl16:f3 
2 d1 do:f3 
3 d12 pl1:f1 pl3:f3 
  50u UNBLKGRAD 
 
  (p1 ph1) 
  p16:gp3 
  d16 
  DELTA1 
  (center (p2 ph2) (p22 ph6):f3 ) 
  DELTA1 
  p16:gp3 
  d16 
  (p1 ph2)  
 
  4u pl0:f1 
  (p11:sp1 ph8:r):f1 
  4u 
  p16:gp4 
  d16 pl1:f1 
 
  (p21 ph3):f3 
  d0 
 
#   ifdef LABEL_CN 
  (center (p2 ph5) (p8:sp13 ph1):f2 ) 
#   else 
  (p2 ph5) 
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#   endif /*LABEL_CN*/ 
 
  d0 
  (p22 ph4):f3 
  DELTA 
  (p21 ph4):f3 
 
  4u 
  p16:gp4 
  d16 pl0:f1 
  (p11:sp1 ph7:r):f1 
  4u 
  4u pl1:f1 
 
  (p1 ph1)  
  4u 
  p16:gp5 
  d16 
  DELTA2 pl0:f1 
  (p11:sp1 ph7:r):f1 
  4u 
  4u pl1:f1 
  (center (p2 ph1) (p22 ph1):f3 ) 
  4u pl0:f1 
  (p11:sp1 ph7:r):f1 
  4u 
  p16:gp5 
  d16 
  DELTA2 pl16:f3 
  4u BLKGRAD 
 
  go=2 ph31 cpd3:f3 
  d1 do:f3 mc #0 to 2 F1PH(calph(ph3, +90) & calph(ph6, +90), caldel(d0, +in0)) 
exit  
   
 
ph1=0 
ph2=1 
ph3=0 2 
ph4=0 0 0 0 2 2 2 2 
ph5=0 0 2 2 
ph6=0 
ph7=2 
ph8=0 
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ph31=0 2 0 2 2 0 2 0 
 
 
;pl0 : 0W 
;pl1 : f1 channel - power level for pulse (default) 
;pl3 : f3 channel - power level for pulse (default) 
;pl16: f3 channel - power level for CPD/BB decoupling 
;sp1: f1 channel - shaped pulse  90 degree 
;sp13: f2 channel - shaped pulse 180 degree (adiabatic) 
;p1 : f1 channel -  90 degree high power pulse 
;p2 : f1 channel - 180 degree high power pulse 
;p8 : f2 channel - 180 degree shaped pulse for inversion (adiabatic) 
;p11: f1 channel -  90 degree shaped pulse 
;p16: homospoil/gradient pulse 
;p21: f3 channel -  90 degree high power pulse 
;p22: f3 channel - 180 degree high power pulse 
;d0 : incremented delay (2D)                         [3 usec] 
;d1 : relaxation delay; 1-5 * T1 
;d11: delay for disk I/O                             [30 msec] 
;d12: delay for power switching                      [20 usec] 
;d16: delay for homospoil/gradient recovery 
;d26 : 1/(4J)YH 
;cnst4: = J(YH) 
;inf1: 1/SW(X) = 2 * DW(X) 
;in0: 1/(2 * SW(X)) = DW(X) 
;nd0: 2 
;ns: 4 * n 
;ds: 16 
;td1: number of experiments 
;FnMODE: States-TPPI, TPPI, States or QSEQ 
;cpd3: decoupling according to sequence defined by cpdprg3 
;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 
 
 
;use gradient ratio:    gp 3 : gp 4 : gp 5 
;                         50 :   80 :   30 
 
;for z-only gradients: 
;gpz3: 50% 
;gpz4: 80% 
;gpz5: 30% 
 
;use gradient files:    
;gpnam3: SMSQ10.100 
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;gpnam4: SMSQ10.100 
;gpnam5: SMSQ10.100 
 
 
                                          ;preprocessor-flags-start 
;LABEL_CN: for C-13 and N-15 labeled samples start experiment with 
;             option -DLABEL_CN (eda: ZGOPTNS) 
                                          ;preprocessor-flags-end 
 
 
 
;$Id: hsqcfpf3gpphwg,v 1.12 2012/01/31 17:49:26 ber Exp $ 
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APPENDIX H: Pulse program: p3919gp 

;p3919gp 

;avance-version (12/01/11) 

;1D sequence 

;water suppression using 3-9-19 pulse sequence with gradients 

; 

;M. Piotto, V. Saudek & V. Sklenar, J. Biomol. NMR 2, 661 - 666 (1992) 

;V. Sklenar, M. Piotto, R. Leppik & V. Saudek, J. Magn. Reson.,  

;   Series A 102, 241 -245 (1993) 

; 

;$CLASS=HighRes 

;$DIM=1D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

#include <Avance.incl> 

#include <Grad.incl> 

#include <Delay.incl> 

 

 

"TAU=p1*2/3.1416-(p0-p27)*0.231-de+46u" 
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"acqt0=0" 

baseopt_echo 

 

 

1 ze 

2 30m pl1:f1 

  d1 

  p1 ph1 

  50u UNBLKGRAD 

  p16:gp1 

  d16 pl18:f1 

  p27*0.231 ph3 

  d19*2 

  p27*0.692 ph3 

  d19*2 

  p27*1.462 ph3 

  d19*2 

  p27*1.462 ph4 

  d19*2 

  p27*0.692 ph4 

  d19*2 
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  p0*0.231 ph4 

  TAU 

  p16:gp1 

  d16 

  4u BLKGRAD 

  go=2 ph31 

  30m pl1:f1 mc #0 to 2 F0(zd) 

exit 

 

 

ph1=0 2 

ph3=0 0 1 1 2 2 3 3  

ph4=2 2 3 3 0 0 1 1 

ph31=0 2 2 0 

 

 

;pl1 : f1 channel - power level for pulse (default) 

;pl18: f1 channel - power level for 3-9-19-pulse (watergate) 

;p0 : f1 channel -  90 degree pulse at pl18 

;                      use for fine adjustment 

;p1 : f1 channel -  90 degree high power pulse 

;p16: homospoil/gradient pulse 

;p27: f1 channel -  90 degree pulse at pl18 
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;d1 : relaxation delay; 1-5 * T1 

;d16: delay for homospoil/gradient recovery 

;d19: delay for binomial water suppression 

;     d19 = (1/(2*d)), d = distance of next null (in Hz) 

;ns: 8 * n, total number of scans: NS * TD0 

;ds: 4 

 

 

;use gradient ratio: gp 1 

;     20 

 

;for z-only gradients: 

;gpz1: 20% 

 

;use gradient files:    

;gpnam1: SMSQ10.100 

 

 

 

;$Id: p3919gp,v 1.14 2012/01/31 17:49:28 ber Exp $ 
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APPENDIX I: Acquisition and processing parameters for 1D 

spectra. 

 
  

ACQUISITION PROCESSING
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APPENDIX J: Acquisition and processing parameters for 2D 1H-

15N HSQC. 
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APPENDIX K: Temperature coefficients for apoSH and holoSS 

SOD1 when only considering identically assigned residues across 

each state 
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APPENDIX L: Temperature coefficients for apoSH and holoSS 

SOD1 when only considering identically assigned residues 

between both states 
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APPENDIX M: Representative spectrum of apoSH pWT at 25 °C 
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