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Abstract: Proteins are among the most abundant biological macromolecules. The cellular 
machinery is coupled to exact structural shape and properties of the more than 
100 000 different proteins. Still, proteins can sometimes completely change 
their character and as a result trigger neuro degenerative disease. Exactly what 
happens is yet poorly understood but misfolding and aggregation leading to 
toxic gain of function is probable causes, i.e. the protein adopts new noxious 
properties. 
In 1993 the protein superoxide dismutase (SOD) was found to be associated 
with the neuro degenerative disease ALS. Up to date more than 100 mutations 
in SOD have been associated with ALS. However, the mutations are scattered 
all over the structure and no common denominator for the disease mechanism 
has been found. 
This work has been focused on the molecular mechanism of the toxic gain-of -
function of mutant SOD from the perspective of protein folding and structural 
stability. To facilitate the studies of SOD and its ALS associated mutations, an 
expression system resulting in increased copper content was developed. Co-
expression with the copper chaperone for superoxide dismutase (yCCS) leads 
to increased expression levels, especially for the destabilised ALS mutants. 
Through thermodynamic studies, I show that with the exception of the most 
disruptive mutations the holo protein is only marginally destabilised, whereas 
all mutations show a pronounced destabilisation on the apo protein. Kinetic 
studies suggest further that the dimeric apoSOD folds via a three-state process 
where the dimerisation proceeds via a marginally stable monomer. The 
apoSOD monomer folds by a two-state process. The disulphide bond is not 
critical for the folding of the apoSOD monomer although it contributes 
significantly to its stability. Interestingly, in the absence of metals, reduction of 
the disulphide bond prevents the formation of the dimer. A mutation can 
affect the protein stability in various ways: either from destabilisation of the 
monomer (case 1), weakening of the dimer interface (case 2) or, in the worst 
case, from a combination of both (case 1+2). Thus, therapeutic strategies to 
prevent the noxious effects of mutant SOD must include both mechanisms. 
An important finding in this study is that we can see a correlation between the 
stability for each mutation and the mean survival time. This could be an 
opening in the development of therapeutic substances that counteract the 
defect in SOD upon mutation. 
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Introduction 

Protein structure 

Proteins are built up from a combination of 20 different amino acids, each with its own 

unique chemical property. This variety allows for enormous versatility in the chemical 

properties that a protein can have. Enzymes, transporters, ion-channels, antibodies are just 

some of the tasks proteins are involved in. The human genome codes for more than 

100 000 different protein sequences. The organisation of the structural parts in protein can 

be divided into four different levels; primary, secondary, tertiary and quaternary. 
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Fig 1. (Left) Amino acid base unit. Different sidegroups (R) define the different amino acids. 

(Right) Part of a polypeptide chain, the arrows mark the peptide bond. 

Primary structure 

The primary structure of a protein consists of amino acids that are covalently bonded 

(peptide bonds) in a linear manner, where spatial arrangement is undefined. The peptide 

bond has a double-bond character, which diminishes the free rotation around the axis and 

limits the number of conformations that can be adopted by the polypeptide chain. 

However, there is free rotation around the N-C and C-C bonds, and in principle all 

conformations are possible around these axes. Even so, each amino acid contains a 

sidegroup extending out into the solvent and because of collisions between the R groups 

some torsional angles are more favourable than others. These preferred angles are 

illustrated in the Ramachandran plot (Ramachandran and Sasisekharan 1968). The 

characteristics of the R groups can be hydrophobic, polar or charged. Moreover, residues 

such as glycine and proline are extremes, by affecting the flexibility of the backbone. As 
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glycine lack completely the sidegroup the torsional angles around this residue is 

increased. In contrast, the circularisation in proline stiffens the backbone and thereby 

decreases the number of conformations. According to this there are certain energetically 

favourable arrangements the primary sequence can adopt. 

Secondary structure 

The secondary structure of a polypeptide is the local spatial arrangement of its main chain 

atoms without regard to the conformation of the sidegroups. It is therefore a pure 

backbone arrangement. Hydrogen bonding is an important stabilising force in secondary 

structure and because of the stereochemical restrictions imposed by the side chains three 

main conformations arises; the α-helix, the β-sheet and β-turn. The α-helix is a coiled 

conformation where the backbone N-H group of one amino acid hydrogen bonds to the 

backbone C=O group of another amino acid n+4 residues away in the sequence. A right 

handed coil is the most common form of helical structure, whereas left handed variants 

are rare and only occur as short segments in proteins. The β-sheet is formed by hydrogen 

bonds between two or more strands that are not necessarily close in sequence. The 

constituent strands can be parallel or antiparallel, where antiparallel is the preferable 

arrangement due to more favourable linear hydrogen bonds. Proteins also displays 

various combinations of parallel and anti parallel strands, so called mixed sheets. The 

connections between α-helices and/or β-strands are the loop regions. The loops are 

normally rather short and more flexible than the α-helices and β-strands. Apart from just 

connecting secondary elements, loops are often involved in substrate binding and 

catalytical function. For instance, antigen binding sites are built up from combinations of 

different loop regions. Through evolution, loop regions are more frequently mutated than 

residues inside the protein. A β-turn is a short tight form of loop, stabilised by hydrogen 

bonding and is often an easy and volume efficient way to reverse the direction of the 

polypeptide chain. Therefore, β-turns are common between antiparallel sheets. For further 

reading on secondary structure, (Pauling and Corey 1951; Pauling, Corey et al. 1951). 
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Tertiary structure 

The tertiary structure is the final three-dimensional arrangement of all the secondary-

structure elements and their side chains. In a soluble protein, the secondary structure 

elements are arranged so that the hydrophobic residues are on the whole buried inside the 

protein, forming the hydrophobic core. In contrast, the polar and charged sidegroups 

typically point outward, interacting with the solvent, substrates or participating in surface 

salt bridges. By this tertiary arrangement, residues separated in the primary structure are 

brought close together in the final, folded form of the protein. 

Quaternary structure 

Large proteins are often assembles that consist of several domains of folded polypeptide 

chains. The packing and spatial arrangements of these domains represent the quaternary 

structure. Two or more subunits can interact to form a multimeric species; both as homo 

(identical subunits) as well as hetero complexes (different subunits). The stabilising force 

between the subunits is normally weak hydrophobic or charged/polar interactions, 

similar to those observed within each subunit. 

Disulphide bond 

Two cysteines adjacent in three-dimensional space of a protein can be oxidised to form a 

disulphide bridge. Because of the reducing environment inside the cell, however, 

intracellular protein having disulphide bridges is rare. Yet, disulphide bonds are 

commonly encountered in extra cellular proteins, such as insulin. Disulphide bonds 

increase the protein stability by decreasing the conformational freedom of the unfolded 

states i.e. by decreasing the configurational entropy of the denaturated ensemble.  

Metals 

Several proteins contain co-factors in the form of metal ions that are specifically 

coordinated by the amino acid side chains. The most common ones are copper, zinc, iron, 

and manganese. The most frequent metal coordinating residues is histidine. As a rule, 

more than one residue is involved in the binding arrangement and in order to hold the 

metal in place residues well separated in the primary sequence are often brought close 

together in the final folded conformation. The metals have various functions. Some are 
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involved in the catalysis whereas others are purely structural. The protein in my own 

study, superoxide dismutase, has one copper and zinc coordinated in each subunit. The 

copper participates in the enzymatic degradation of the superoxide anions whereas the 

role of the zinc is to stabilise the protein structure.  

 
Fig 2. Cartoon depicting stabilising elements in proteins. 

Protein folding  

The stability of proteins 

In principle, a protein can adopt an almost infinite number of conformations. Even so, 

most proteins fold into one specific conformation, most likely because this conformation is 

energetically favoured compared to the others. Most proteins fold spontaneously into their 

correct fold i.e. the native state. Changing the solvent conditions by adding chemical 

denaturants (such as guanidinium chloride (GdmCl) or urea) causes the protein to 

denaturate (loose its native conformation, denaturated state). Upon removal of the 

denaturant, however, the protein will spontaneously fold back to its native state. This 

ability to fold spontaneously suggests that all the information needed to find the correct 

structure is contained in the amino acid sequence. Protein stability can be described by the 

difference in Gibb´s free energy between the native (N) and unfolded (D) states, 
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eqln KRTG −=∆           (1) 

 

where, 
 

[ ]
[ ]N
D

eq =K            (2) 

 

R is the gas constant; T is the absolute temperature; Keq is the equilibrium constant. 

Thus, protein stability is essentially a rate of the relative occupancy of D and N.  

More over, 
 

STHG ∆−∆=∆           (3) 
 

The protein stability can be summarised by the entropy and enthalpy of the native and the 

unfolded state, respectively. In a simple model, omitting the solvent, the contribution of 

the entropy and enthalpy to the native and unfolded state can be described as: 

 

Entropy (S) 

In the denatured state, most of the residue-residue contacts are lost, resulting in “floppy” 

polypeptide chains with high configurational freedom. Such ensembles of disordered 

species are entropically favoured (i.e. stable) as S=klnW, where W is the number of 

accessible states. Upon folding into the unique native structure, this configurational 

freedom is largely lost. This is the unfavourable entropy term of protein stability. Hence, 

folding of a protein without the gain of compensating interaction energy is a highly 

unfavourable (unlikely) process. 

 

Enthalpy (H) 

The native state is stabilized by a large number of weak interactions, such as hydrogen 

bonds, hydrophobic and electrostatic interactions. Packing the hydrophobic parts together 

enables the polypeptide chain to form van der Waals interactions and hydrogen bond 

networks. These interaction energies constitute the favourable enthalpic term of protein 

stability. 
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∆G, a fine balance between two large numbers 

Considering the vast number of states accessible to the random coil and the numerous 

interactions in the native state, the ∆G as obtained by equation 3 represent the small 

difference between two very large numbers. In practice, however, adding the solvent to 

this equation complicates the picture, due to the yet poorly understood nature of water. 

Water will interact with both the native and unfolded states, affecting both the entropy 

and enthalpy terms for folding. However, the water seems to affect H and S terms in a 

compensating way. Looking at a typical protein, in aqueous solution, we find that the 

stability of the native state is only somewhat more stable than the denatured state. All 

together, the net free energy of a folded proteins is rather small, only 5-20 kcal/mol. 

What happens when protein folding goes wrong? 

Despite the rigorous control systems in the cell, several human diseases can be linked to 

protein misfolding. That is, the proteins start to form non-native conformations that 

ultimately kill the cell. The presence of such abnormal deposition of protein aggregates 

characterise several neurodegenerative disorders, such as Alzheimers, Parkinson´s 

disease, Creutzfeldt-Jakob disease, motor neuron diseases, polyglutamine disorders 

(Huntington´s disease) and familial amyloid polyneuropathy (Prusiner 1997; Dobson 1999; 

Koo, Lansbury et al. 1999; Lansbury 1999; Perutz 1999). In this group of diseases, around 

20-30 have been described, but none is fully understood. In each of these diseases there 

seem to be a particular protein that, directly or indirectly, causes these abnormal protein 

aggregates. Why a protein involved in normal functions in the cell all of a sudden changes 

character and becomes disease provoking is still a mystery, even though several 

hypotheses have been presented. Despite the range of diverse proteins involved in these 

misfolding diseases, all with its own unique fold, the aggregates found are very similar; 

the proteins adopt β-sheet structure and assemble in 80-150Å long fibrils. These fibrils are 

remarkably stable to degradation which could explain why such high contents of fibrils 

are found in patient material. However, the mature fibrils do not seem to be the prime 

cytotoxic species. Rather the toxicity arises from earlier precursor aggregates or other 

structurally promiscuous species accumulating in connection to the fibrillation process.  
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Fig 3. Scheme depicting possible pathways a polypeptide can end up on. 
 

Although the fibrils seem to share the same morphology, little is known about why the 

various proteins involved are causing disease. In fact, the ability to form fibrils is not a 

unique feature for disease related proteins (Chiti, Webster et al. 1999). Most proteins 

exposed to destabilising and mildly aggregative conditions form fibrils just like the ones 

found in patient material. Several observations suggest that the precursor species in the 

aggregation process is partly folded or misfolded protein. Normally nature seems to have 

avoided such partly unfolded structures through intricate tuning of the folding energy 

landscape (Lindberg, Tangrot et al. 2002). However, a mutation could easily change this 

balance, resulting in the accumulation of species more prone to misfolding and 

aggregation than the wild type protein. Observations along this direction have been 

presented for transthyretine and lyzosyme (Booth, Sunde et al. 1997; Lashuel, Lai et al. 

1998). A mutation could also increase the flexibility or local dynamics of the protein and 

thereby lead to exposure of parts that are normally hidden in the protein interior e.g. a 

disulphide bond. For an intracellular protein, considering the reducing environment 

inside the cell such exposure could lead to reduction of the disulphide bond, an event that 

may severely destabilise the protein (Paper III). Another important factor for aggregation 
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is the protein concentration; the higher the protein concentration the more likely it is that 

structurally promiscuous protein species diffuse into one another and aggregate. 

However, there are protection mechanisms in the cell, such as the chaperones helping the 

proteins to untangle from misfolded states and to find their native fold, thus preventing 

them to end up as aggregates. If these chaperones happen to fail, the protein will normally 

be degraded in the proteasome (Fig 3). Occasionally the protection systems in the cell seem 

still not to be enough. Perhaps, the protection systems get “over-heated” preventing them 

to temporarily to fulfil their normal task. Such malfunction might just be a result of old 

age, to the highest degree imaginable since these diseases have a late onset in life.  

Even if there is still a lot of speculation going on, whether SOD:s involvement in ALS is a 

misfolding event or not, it is tempting to think so. SOD accumulates to high concentration 

in many neuronal cells, and is particularly abundant in the motor neurons affected during 

the disease progress of ALS (Pardo, Xu et al. 1995). What distinguishes ALS from the other 

neuro degenerative diseases is the morphology of the aggregates. The aggregates found in 

patient material appear to be unique for ALS and share little similarity with the amyloid 

plaque in Alzheimer’s disease or the aggregates found in Parkinson’s disease. In vitro 

studies using atomic force microscopy reveal large amorphous aggregates that are 

composed of smaller globular particles (Rakhit, Cunningham et al. 2002), much like the 

ones found in vivo (Bruijn, Houseweart et al. 1998). Commonly used staining methods for 

amyloid fibrils, such as Congo Red and Thioflavin T show less or no binding at all to the 

aggregates associated with ALS (Okamoto, Hirai et al. 1991; Rakhit, Cunningham et al. 

2002), providing further evidence that the ALS aggregates are different from the amyloid 

structures encountered in other neuro degenerating disorders. A complicating feature of 

the aggregates found in the other neuro degenerative diseases is their heterogeneity. Such 

mixtures of structurally different species, and even different proteins, complicate the 

analysis of their role in the neuropathology. An advantage with the aggregates found in 

ALS is that they are smaller in size and less prone to precipitate irreversibly, which 

facilitates the isolation of possible toxic precursors. ALS could therefore serve as a good 

model for pin-pointing any general toxicity mechanism in neurodegenerative diseases. 
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How can we measure protein folding? 

Even if it is impossible to accurately calculate the energetic difference between the native 

and denaturated state, it is relative easy to measure it. A classical method is to determine 

the amount of heat released upon unfolding by calorimetric techniques. In this thesis, 

however, I use methods that directly measure the extent of D and N present in the test 

tube under different experimental conditions. 

Equilibrium titration 

Since the folded and the unfolded state are in equilibrium if left for a sufficiently long 

time, the folding reaction can be quantified in terms of thermodynamics. In the simplest 

case (the two-state folding model), the protein exist in either the unfolded state (D) or the 

native state (N). 
 

[ ]
[ ]N
D

=K            (4) 

 

KRTG ln−=∆           (5) 
 
 

The stability of the native and unfolded state depends on the experimental conditions. 

Normally at physiological conditions the native state is strongly favoured. In order to 

measure the stability the conditions have to be changed, so that both D and N are 

populated at equilibrium and can be accurately quantified. Commonly used methods to 

achieve such destabilising conditions are temperature, pH or chemical denaturant. 

Denaturants like urea and GdmCl denaturate protein by mass action. In the unfolded state 

the side chains and backbone are more solvent exposed than in the native state, and since 

the extended conformations with large solvent exposed surface area provide binding sites 

for the solute molecules the unfolded state is stabilised by the denaturant; the backbone 

and hydrophobic side chains are themselves more easily solubilised in denaturant than in 

water alone. 
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Fig 4. Structural formula of the chemical denaturants urea and GdmCl. 
 

The free energy transfer going from water to denaturant solution is linearly proportional 

to the denaturant concentration (Tanford 1968; Tanford 1970). Correspondently, the 

relation between the free energy of unfolding in denaturant and the free energy of 

unfolding in water is also observed to be linear. 
 

[ ]denaturantmGG ×−∆=∆ −−− ND
OH
NDND

2        (6) 
 

where OH
ND

2
−∆G  is the free energy of unfolding in water and ND−m  is the slope 

[ ]denaturantG ∂∆∂ / . According to mass action the ND−m -value describes the change in 

surface area upon denaturation; a low ND−m -value tells us that there is a small change in 

surface area when going from the unfolded state to the native state. At the midpoint i.e. 

where [ ] [ ]ND =  and G∆ =0, OH
ND

2
−∆G  and ND−m are related according to, 

 

[ ] %50
ND

OH
ND D2 ×=∆ −− mG          (7) 

 

where [D]50% is the denaturant concentration at which 50% of  the protein is denaturated. 

The ND−m  and [D]50% can be experimentally obtained by using a series of different 

denaturant concentrations and monitor the change in spectroscopic signal (λ) using 

techniques such as fluorescence or circular dichroism. The resulting denaturation curve 

can then be evaluated by fitting of equation 8, 
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where FN and FD are the signal expected if the whole protein population was native or 

denaturated, respectively. Curve-fitting procedures gives [D]50% and ND−m with their 

standard errors. See appendix for a more detailed derivation of the fitting equation. 

 
Fig 5. Urea equilibrium unfolding of apoSOD, as monitored by circular dichroism at 230 nm. Fit of 

equation 8 to data, enables derivation of [D]50% and ND−m . Extrapolation of ∆G versus [denaturant] 

to 0M yields reliable values of OH 2G∆ . 

Kinetic measurements 

When a protein is exposed to denaturating conditions it unfolds, but once the denaturant 

is removed the protein spontaneously folds back. How is this possible?! In 1968, Levinthal 

investigated this phenomenon and found out that if a protein consisting of 100 amino 

acids has to do a random search for the right fold it would need a time span longer than 
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the existence of the Universe (Levinthal 1968). Obviously, such random search does not 

describe how real proteins fold, since they normally find their right native structure in 

milliseconds to minutes. Therefore, the amino acid sequence must contain, not only 

information about the final folded state, but also the information about how to efficiently 

get there (Anfinsen 1973). 

Studies of protein folding at equilibrium tell us about the free-energy differences between 

the folded and the unfolded states, but tell little about the pathway going from one state to 

the other. However, the concerted nature of the denaturating process shows that D and N 

are separated by a free energy barrier that prevents accumulation of partly unfolded 

structures. The ensemble of structures at the top of this barrier is commonly referred to as 

the transition state (‡). The free-energy difference between the ‡ and the ground states D 

or N from which the protein fold/unfold can be estimated from the folding and unfolding 

rate constants (kf and ku), where fueq / kkK =  according to Eyring:s rate equation: 

 

RT
G

Ck
∆

−
= exp            (9) 

 

where C is the prefactor defining the downhill rate constant escaping from the top of the 

barrier. 
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Fig 6. Activation and free energies of folding for a simple two state reaction. 
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The derivation of exponential kinetics for a two-state process 

The change of the concentration of the native state can be described by, 
 

[ ] [ ] [ ]NDN
uf kk

dt
d

−=           (10) 

 

and since [ ] [ ] [ ]NDDN +=  

it is possible to express the change of the native state as, 
 

[ ] [ ] [ ]DNN)(N
fuf kkk

dt
d

++−=         (11) 

 

Solving the differential equation gives the following expression, 
 

[ ] [ ]
2

)uf(
1 exp)(N CCt tkk += +−         (12) 

 

 
Fig 7. Schematic illustration of the refolding (kf) and unfolding (ku) relaxations as monitored by 

tryptophan fluorescence changes in a stopped-flow spectrophotometer. C1 is the amplitude and t1/2 

is the halftime of the refolding and unfolding time courses. 
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The apparent rate constant is equal to the sum of, ku+kf. Since, ku >> kf in the unfolding 

region and kf >> ku in the native region, the observed rate constant is approximately ku and 

kf, respectively. Near the transition region both unfolding and refolding can be measured 

and nearly identical rate constants should be obtained irrespective of the starting 

conditions, assuming that the conformational relaxations in the denaturated ensemble take 

place in the mixing time. 

The Chevron plot 

As mentioned earlier, addition of denaturants changes the free energy between the folded 

and the unfolded state in a linear manner. This is also true for the change of the transition 

state stability (Tanford 1968; Tanford 1970). Plotting the logarithm of ku and kf against the 

denaturant concentration gives a linear relation,  
 

[ ]denaturantmkk f
OH

ff
2loglog −=         (13) 

 

[ ]denaturantmkk u
OH

uu
2loglog +=         (14) 

 

where OH
f

2k and OH
u

2k are the refolding and unfolding rate in the absence of denaturant, 

respectively. The same relations can be set up for the corresponding activation free 

energies,  
 

[ ]denaturantmGG ‡ - D
OH
‡ - D‡ - D

2 +∆=∆         (15) 

 

[ ]denaturantmGG ‡ - N
OH
‡ - N‡ - N

2 +∆=∆         (16) 

 

where OH
 ‡ - D

2G∆  and OH
N - ‡
2G∆ are the activation energies for the folding and unfolding, 

respectively, in the absence of denaturant. Plotting the logarithm of the observed rate 

constants from both folding and unfolding data against the denaturant concentration, 

results in a so called chevron plot (Fersht 1999). A simple two state behaviour shows a 

characteristic V-shaped plot. Fitting equation 17 to the chevron data, 
 

[ ]( ) [ ]( )[ ]denaturantmkdenaturantmkk ×+×−= u
OH

uf
OH

fobs expexploglog 22    (17) 
 

enables one to obtain OH
f

2k , OH
u

2k , mf  and mu ( Fig 8). 
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Fig 8. Picture depicting a typical chevron-plot. From this plot it is possible to derive OH
f

2k , OH
u

2k , mf 

and mu, in turn, the equilibrium constant K and ND−m . Near the transition region, kf and ku are 

nearly equal and the observed rate constant is composed of their sum (kobs). 

The Tanford value, ‡β  

The mf - and mu-values derived from the kinetic measurements report on the global 

features of ‡: changes in solvent exposed surface area in the reaction steps D-‡ and N-‡. 

These quantities allow us to compare the solvent exposure in the transition state versus 

that in the native state, starting from the unfolded state, through the relation 
 

uf

f

N-D

‡ - D‡

mm
m

m
m

−
==β          (18) 

 

where ‡β is the so called Tanford value i.e. the transition state position in relation to D and 

N. A ‡β  ≈ 0 indicates that the transition state is much like the unfolded state whereas ‡β ≈ 

1 indicates that the transition state is as compact as the native state. Notably, the v-shaped 

chevron plot with constant values of mf and mu imply that the structure the transition-state 

ensemble is the same at all accessible concentrations of denaturant. 
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φ-value analysis 

The various residue-residue interactions in ‡ can be estimated at site-specified level by the 

so called φ-analysis. In principle, the analysis is based on the effect of point mutations on 

the transition state ensemble, ‡G∆ . Mutations that lead to destabilisation, indicates that the 

truncated moieties form stabilising interactions with other parts of the polypeptide chain 

in the transition state. The scenario is expressed by an increased barrier height and a 

decreased refolding rate constant. On the other hand, truncation of side chains that have 

not yet established any contacts in ‡ will not affect ‡G∆ . The extent of native like contacts 

in the ‡ can be estimated by 
 

uf

f

N-D

‡ - D

loglog
log

G kk
kG
∆−∆

∆
=

∆∆
∆∆

=φ         (19) 

 

where a φ-value= 0 means that the position where the amino acid is sited, in the transition 

state, is as unstructured as in the unfolded state, whereas a φ-value= 1 means that the 

mutated region is equally folded as in the native state. Fractional φ-values are indicative 

for partly formed contacts. 
 

 
Fig 9. Free energy diagram depicting diverse φ-values of, 0 and 1. Also, the m-values used for 

calculation of the Tanford value. 
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Dimer unfolding 

The folding processes of a dimeric protein can basically be of two types; (i) two-state 

dimer: the monomer is unfolded and folds only upon dimerisation, (ii) three state dimer: 

dimerisation is preceded by the formation of fully folded monomers. The SOD dimer 

primarily follows a three state process, but shows signs of a two state behaviour under 

certain experimental conditions i.e. near the transition region or upon severe 

destabilisation of the constituent monomers (Paper III and IV). 
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Fig 10. Free energy diagram depicting a three state dimerisation model. The dimer unfolds via a 

marginally stable monomer, where the unfolding of the monomer is the rate limiting step. A 

transition state shift, between TS1 to TS2 at high concentration of denaturant is observed in Paper 

III. 
 

Data from equilibrium denaturation where SOD unfolds M2→D without populating M (i.e. 

type (i) behaviour) can be analysed according to a two-state dimer model, where the 

native dimer (M2) is in equilibrium with the unfolded monomer (D). The equilibrium 

constant and the free energy of unfolding of the dimer (M2) can be defined as, 
 

[ ]
[ ] )1/(P2
M
D

D
2

D
2

2

M-2D 2
ffK −==         (19) 

 

22 M-2DM-2D ln KRTG −=∆          (20) 
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where P  is the total protein monomer concentration and Df  the fraction of denaturated 

protein. Integration of equation 19 and 20 yields the fitting equation (derivation of 

equation, see appendix): 
 

[ ] [ ]( )

[ ] [ ]( ) 
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FFFλ    (21) 

 

where λ is the observed spectroscopic signal; FN and FD are the native and denaturated 

baselines, respectively; and P is the total monomer concentration. 

Methods 

A lot of different techniques are available for protein folding studies. The most detailed 

structural information is obtained from x-ray crystallography and NMR spectroscopy. 

However, both these methods are time-consuming and require high protein 

concentrations. Another thing is that the measurements are performed at equilibrium that 

is not very informative from a mechanistic point of view. Hence, for dynamic folding 

studies, techniques like fluorescence and circular dichroism is preferable. Fluorescence 

and circular dichroism will be discussed in the following section. 

Intrinsic fluorescence  

When a fluorophore absorbs light energy, an electron becomes excited to a higher energy 

level. When the electron returns to its ground state, light is emitted. As energy is typically 

lost along this relaxation process (vibration) the emitted light will always be of longer 

wavelength (lower energy) compared to the excitation wavelength. Aromatic side chains, 

such as tryptophan, tyrosine and phenyl alanine absorb light in the 230-300nm region. In 

proteins, the tryptophan is the dominating contributor to the fluorescence signal. The 

environment is an important factor and the emission spectrum is a sensitive probe for 

even small changes in the surrounding structure. Thus fluorescence is a powerful tool 

when investigating conformational changes in proteins. In particular, combining 

fluorescence with a stopped-flow mixer makes it possible to measure structural transitions 

on the millisecond timescale. 
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CD (circular dichroism) 

CD spectroscopy measures the difference in absorbance of left- and right-handed 

circularly polarised light. In protein analysis, there are two wavelength regions of interest, 

far-UV (170-250nm) and near-UV (250-300nm). In the far-UV region, the chromophore is 

the peptide bond and the signal measures essentially the extent of ordered secondary 

structure. Far-UV is feasible for measurements on changes in secondary structure upon 

folding and unfolding. In near-UV the chromophores are aromatic amino acids and 

disulfide bonds and measurements report on changes in tertiary structure. A protein with 

high α-helical content yields typically higher far-UV CD-signal than β-proteins. Compared 

to fluorescence the sensitivity of CD is quite low and requires higher protein 

concentrations. Nevertheless, CD denaturation curves have straighter baselines and 

provide an important complement to tryptophan emission measurements. 

Stopped flow 

The stopped flow technique has been very useful in protein folding studies. In principle, 

there are two syringes; (i) one with folded protein and one with different concentrations of 

denaturant (unfolding) or (ii) one with denaturated protein and one with buffer alone or 

with different concentrations of denaturant (refolding). Small volumes of solutions are 

driven from the two syringes via a mixer. The mixture passes through a measurement 

flow cell and into a stopping syringe. Just prior to stopping, a steady state flow is 

achieved. The resultant solution entering the flow cell is only milliseconds old. The age of 

this reaction mixture is also known as the “dead time” of the stopped-flow system. As the 

solution fills the stopping syringe, the plunger hits a block, causing the flow to be stopped 

instantaneously. This allows us to measure the events after mixing. The stopped flow 

technique can be combined with both CD and fluorescence. See schematic on the stopped 

flow apparatus (Fig 11). 
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Fig 11. Schematic drawing of the stopped flow apparatus. 
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CuZn-SOD 

 
Fig 10. Crystal structure of human SOD (PDB code: 1SPD), showing the coordinated metals copper 

(green) and zinc (grey). The cysteines are shown in yellow. 
 

CuZnSOD is a homodimeric protein with a molecular mass of 32kDa. Each subunit has 

one Cu and Zn coordinating site. There is also one intramolecular disulphide bridge in 

each subunit. Such disulfide bridges are rare in cytosolic proteins because of the reducing 

environment in the cell. CuZnSOD is an abundant protein in the cell, 1-2% of the total 

protein content in the cell and is our primary defence against superoxide anion radicals in 

the cell (Pardo, Xu et al. 1995). Superoxide anion radicals are a normal by-product of 

aerobic metabolism and are produced in a number of reactions in the cell (Fridovich 1986; 

Halliwell 1989). CuZnSOD catalyse the dismutation of the superoxide anion radical to 

hydrogen peroxide and molecular oxygen.  
 

(1) ZnSODCuOZnSODCuO IkII +→+−
22

1  

(2) ZnSODCuOHHZnSODCuO IIkI +→++ +−
222

22  

Net: 2222 22 OHOHO CuZnSOD + →+ +−  
 

 The activity is remarkably high, by being diffusion controlled under physiological 

conditions (McCord and Fridovich 1969). The structure can be described as a flattened 
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eight-stranded β-barrel fold, with seven loops and one short α-helix. Four of the β-strands, 

are arranged in a so called Greek key motif (Hutchinson and Thornton 1993) (Fig 12). The 

structure and protein stability of SOD will be discussed in more detail in the following 

section. 
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Fig 12. The arrangement of the β-strands in superoxide dismutase. The Greek key motif is 

highlighted in the grey area. Marked with (•), are the most important amino acids forming the 

interface. 

Interface 

The interaction between the two subunits is non-covalent and involves amino acids from 

different regions of the monomer. It is mainly a hydrophobic interaction even though 

charged amino acids are involved as well. Amino acid residues 50-53, 114, 148 and 151-153 

are the most important ones forming the interface (Parge, Getzoff et al. 1986)(Fig 12). The 

majority of residues, and especially, glycine residues, are highly conserved within the 

CuZn superoxide dismutases family (Bannister, Bannister et al. 1991). Even though the 

interface is important for the stability of the protein there seem not to be any cooperativity 

between the subunits (Malinowski and Fridovich 1979). Even so, the activity drops to 10% 

in the monomeric form compared to the WT (Bertini, Piccioli et al. 1994). In the dimeric 

protein, the interface restricts the loop movements (loop IV and loop VII), making them 
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less flexible, which probably is an important factor when it comes to the stability and 

structural integrity of the protein. 

Metals 

There are two metal ions coordinated in each subunit, one copper and zinc. Copper is 

coordinated by four histidine ligands (His46, His48, His63 and His120) and binds one 

water molecule. The zinc is coordinated by three histidine ligands (His63, His71 and 

His80) and one aspartate (Asp83) (Tainer, Getzoff et al. 1982; Parge, Hallewell et al. 1992). 

Another residue important for the activity, (although it is not directly involved in the 

metal coordination) is Asp124 coordinating one histidine ligand from Cu and Zn, His46 

and His 71, respectively. All these ligands are highly conserved in all eukaryotic 

superoxide dismutases (Bannister, Bannister et al. 1991). The ligands for the structural Zn 

are located in loop IV and along with Cys57 the zinc ion is participating in positioning 

loop IV. Removal of the metal ions results in highly disordered loops. It has been 

speculated that this loss of order allows closer interaction between the β-strands of 

adjacent dimers, resulting in an extended β-sheet structure, which can be associated with 

structures found in neurodegenerative diseases (Strange, Antonyuk et al. 2003). 

Loops 

There are seven loops in CuZnSOD, numbered sequentially I to VII. Loops I, II and V are 

short β-hairpin connections between adjacent strands. Loops III and VI forms the two 

Greek-key β-barrel connections. Loops IV and VII along with the metal ions forms the 

active channel. Loop IV contains also the disulphide involved Cys57 and also all four Zn 

ligands. Loop VII, the electrostatic loop, is involved in the substrate guidance.  

Cysteins 

There are four cysteines present in CuZnSOD, Cys6, Cys57, Cys111, and Cys146. Cys57 

and Cys146 form the disulphide bond. The disulphide bridge is fully conserved within the 

SOD family (Bannister, Bannister et al. 1991), indicating an important functional or 

structural role. Along with the metal ions the disulphide bond is holding loop IV in 

position. The disulphide bond becomes even more important in the apo state (without the 

metal ions), where the loop otherwise will be able to “swing” away from the protein, 
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exposing hydrophobic surface area and H-bonds that are normally buried inside the 

protein. Such local unfolding events could be critical for initiating the cytotoxic function of 

the ALS mechanism. 

Monomeric SOD 

The mutation F50E/G51E prevents the dimerisation of the CuZnSOD and produces 

monomeric species under physiological conditions (Bertini, Piccioli et al. 1994). Even 

though there is no cooperativety between the subunits in the dimer, the activity is 

significantly decreased upon monomerisation. X-ray crystallography (Ferraroni, 

Rypniewski et al. 1999) and NMR (Banci, Benedetto et al. 1998; Banci, Bertini et al. 2000) 

shows a significant change in loop VII (electrostatic loop), supposedly affecting the 

guiding of the substrate to the active site. There is also a large disorder and mobility in the 

regions related to the interface. This is not surprising since the interactions between the 

subunits normally stabilises the interface region. In the monomeric protein, the interface is 

solvent exposed and subject to increased structural flexibility. Such flexibility can 

propagate over considerable distances in the tertiary structure, e.g. through movement in 

loop IV, and affect catalytic action and metal binding properties far apart from the 

interface. Vice versa the presence of metals or other factors that affects the loop flexibility 

are expected to modulate the interface strength. 
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ALS (amyotrophic lateral sclerosis) 

ALS is the most common degenerative disorder of motor neurons. It results from 

progressive loss of upper and lower motor neurons. The occurrence of ALS is around 2 per 

100 000 people per year in the whole population. Why people develop ALS is not known, 

although genetic factors are strongly implicated. ALS can be divided into two different 

classes: sporadic ALS (SALS) and familial ALS (FALS). In total, the FALS cases is 

somewhere between 0.8 to 13.5% of the total ALS-cases. The broad interval is mainly the 

result of insufficient investigation concerning the patient family history. The insufficient 

recording of FALS has made it difficult to outline any possible differences between FALS 

and SALS. Even so, the similar symptoms of FALS and SALS suggest a common disease 

mechanism (Li, Alberman et al. 1988).  

Mutations in CuZnSOD are associated with 15-20 % of the FALS cases. Although this 

number represents only a small portion of all the ALS cases, about 1-2 %, the mechanism 

by which mutant SOD cause neural damage is critical for the understanding of ALS in 

general; because of the clinical similarities between SALS and FALS, the cellular biological 

effect of SOD1 mutations could be relevant not only in FALS but also in the other ALS 

cases. The discovery of mutations in the SOD1 gene was reported in 1993 (Rosen, Siddique 

et al. 1993), which provided the first insight into the molecular basis of ALS. Today over 

100 different mutations in SOD1 are reported and there could still be more to come. The 

question that arises is: how can all these different and seemingly unrelated mutations, 

widely spread throughout the SOD structure, cause ALS? As an alternative cause of ALS, 

transgenic mouse models suggest that the disease is caused by a yet unidentified side-

effect, gained from the mutations. A knockout (Reaume, Elliott et al. 1996), as well as over 

expression of the wildtype SOD in mice shows normal motor function. In contrast, over 

expressing mutant SOD causes neural damage. Proposed models for how the neuro 

degenerating toxicity arises include the following: (i) enzymatic side reactions in 

catalytically promiscuous SOD mutants producing increased levels of oxidative 

compounds such as hydroxyl radicals (Wiedau, Goto et al. 1996; Yim, Kang et al. 1996; 

Van Landeghem, Tabatabaie et al. 1999) and peroxynitrite (Beckman, Carson et al. 1993), 

due to an mutant induced enlargement of the active channel that increase the accessibility 
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to the substrate H2O2. (ii) release of free Cu ions (Wong, Pardo et al. 1995) (iii) aberrant 

binding of CuZnSOD to other proteins (Kunst, Mezey et al. 1997), (iv) binding of mutant 

SOD to heat shock proteins (Shinder, Lacourse et al. 2001; Okado and Fridovich 2002) with 

the subsequent prevention of their antiapoptotic function (Okado and Fridovich 2002), (v) 

altered redox regulation (Ferri, Gabbianelli et al. 2001), (vi) formation of toxic SOD 

aggregates (Durham, Roy et al. 1997; Bruijn, Houseweart et al. 1998; Johnston, Dalton et al. 

2000).  

My own research has been focused on the apo protein, which excludes some of the above 

proposed models based on metallated protein. That the apo protein is the disease 

provoking species in ALS is strongly implicated by a study showing that mice lacking the 

copper chaperone still develop ALS-like pathology. Even without the copper chaperone 

the ALS associated mutations still provoked the disease, suggesting the involvement of a 

copper free species (Wong, Waggoner et al. 2000). 
 

Table 1. ALS mutations in this study, with their respective onset, survival time, and 

position in SOD. 

Mutation Position in SOD Survival time (years) Onset (year) 

A4V β1 1.4±0.9 47.8±13.3 

G37R L3 18.7±11.4 40.0±9.9 

L38V L3 2.8±1.9 41.5±8.1 

G41D β4 17.0±6.3 46.0±7.3 

G41S β4 0.9±0.5 50.8±19.9 

H43R β4 2.8±1.5 49.8±3.9 

H46R β4 17.4±6.4 43.2±11.7 

L84V L4/β5 1.6±0.5 53.8±15.3 

G85R β5 6.0±4.5 55.5±12.6 

D90A L5 14.2±7.0 44.8±12.2 

G93A L5 2.2±1.5 47.9±17.7 

E100G β6 4.0±2.3 46.9±12.0 

I104F L6 13.0 33.0±20.7 

L106V L6 2.3±1.3 35.5±7.2 

I113T L6 3.5±2.8 58.9±12.6 

L144F β8 11.0±2.6 48.3±5.7 

V148G β8 2.3±2.2 43.5±8.5 
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Summary 

Paper I 

The use of Escherichia coli (E.coli) as expression system has several advantages; (i) it is easy 

to work with, (ii) works on inexpensive growth medium, (iii) yields high expression levels, 

(iv) short time of expression. Not all proteins are suitable for expression in E.coli, for 

example due to posttranslational modifications or co-factors needed to obtain fully 

functional proteins. As already described SOD contains two such co-factors in each 

subunit, one copper and zinc. In earlier reports on expression of SOD in E.coli (Hallewell, 

Masiarz et al. 1985; Hartman, Geller et al. 1986), the incorporation of copper has been the 

problematic issue; high protein expression levels are often obtained but with low copper 

content. The same phenomenon is even more pronounced with ALS associated SOD 

mutants (Hayward, Rodriguez et al. 2002; Rodriguez, Valentine et al. 2002), possibly due 

to structural perturbations impairing the ability to incorporate or maintain the metal ions 

coordinated.  

The incorporation of zinc is less well understood, but probably specific zinc delivering 

proteins are present in the cell (Outten and O'Halloran 2001). The copper incorporation on 

the other hand is well characterised and a specific copper chaperone (CCS) has been found 

to be highly important. In vivo, the copper chaperone for the superoxide dismutase (CCS) 

is necessary for expression of an active form of SOD. The copper chaperone is highly 

important for copper activation of apoSOD since the concentration of free copper ions in 

the cell is strictly limited. Therefore the CCS functions as an accessible source of copper 

ions, metal ions otherwise bound to intracellular copper scavengers. (Rae, Schmidt et al. 

1999; Schmidt, Kunst et al. 2000; Rae, Torres et al. 2001). Even though the folding and 

stability of the apo protein is the focus of this thesis, the protein is expressed in its holo 

form, where elevated levels of Cu and Zn in the growth medium increases the yield and 

thereby facilitates the purification procedure. To obtain even higher expression levels, e.g. 

that has turned out necessary for purification of severely perturbed mutants, I have 

increased the copper content by co-expressing SOD with the yeast copper chaperone for 

superoxide dismutase (yCCS) (Lamb, Wernimont et al. 1999). The following construct was 

made, see fig 1.  
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Fig 1. Gene construct for co-expression of CuZnSOD and yCCS. The plasmid contains two 

ShineDalgarno sequences, the genes coding for human superoxide dismutase (SOD) and yeast 

copper chaperone for superoxide dismutase (yCCS), respectively. In addition to this, the plasmid 

includes the ampicillin resistance. 

 

Cultivation and expression 

The plasmid was transformed in to the E.coli strain BL21(DE3). Cultures were grown at 

37°C on agar plates containing Luria Bertani (LB) medium and antibiotic (ampicillin). This 

plate was later used to inoculate a liquid culture of LB medium. The culture was grown at 

23°C with rigorous shaking until an OD600 of approximately 0.5 was reached. CuZnSOD 

expression was induced by adding 0.5 mM IPTG. At the point of induction, 3 mM CuSO4 

and 30 µM ZnSO4 were added. The culture was incubated overnight at 23°C. Cells were 

harvested by centrifugation, the pellet was resuspended in 50 mM Tris-Cl pH 7.5 and 

DNase and RNase were added. Cells were lysed using ultrasonication.  

Purification 

The cell lysate was incubated at 65°C (SODWT) or 60°C (mutants) for 30 minutes, and then 

the precipitated protein was pelleted. Ammonium sulphate was added to the supernatant 

to 60% saturation, and then incubated 1h at +4°C. The solution was cleared by 

centrifugation, and then ammonium sulphate was added to 90% saturation. The sample 
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was incubated 1.5h at +4°C. Subsequent to centrifugation the pellet was collected. The 

pellet was resuspended in gel filtration running buffer (50 mM Tris-Cl pH 7.5 + 0.15 M 

NaCl) and loaded on a sephacryl S-100 gel filtration column. The fractions were collected 

and run on a SDS-PAGE gel. The pooled fractions were dialysed, to remove the salt. The 

sample was loaded on to an anion exchange column (Q-sepharose). The column was 

washed with running buffer (10 mM Tris-Cl pH 7.5) until A280≈0. The protein was eluted 

with salt. Fractions were collected and dialysed. 

Conclusions 

Co-expressing SOD with yCCS results in higher expression level as well as higher copper 

contents than without the chaperone (Table 1). The same construct has also been applied 

to the fabricated SOD protein, PseudoECSOD (Stenlund and Tibell 1999) i.e. a protein 

consisting of the N– and C-terminal from extracellular superoxide dismutase (EC-SOD) 

(Marklund 1982) attached to SOD. Here, as well, is an obvious effect and since this protein 

normally has a rather low expression level, any increase is positive. 

 

Table 1. Comparison of the copper content in SOD, expression with and without the 

copper chaperone. 
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Even though native SOD is considered to be a highly stable protein, SOD is vulnerable in 

its apo state, Paper II and III. In ALS associated mutants there is a pronounced 

destabilisation of the apo state and several ALS mutants has low expression levels leading 

to protein purification problems. A common technique to get copper in to the ALS 

mutants has been remetallisation (Valentine 1981). Remetallisation is a useful method for 
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the wildtype and to some extent SOD mutants, whereas the remetallisation of the ALS 

mutants has proven to be difficult (Goto, Zhu et al. 2000). Therefore, the expression system 

presented in this study can be of great importance and should be considered as an 

alternative method. The advantages with our method compared to the in vitro 

remetallisation are; (i) facilitates the experiments, since the remetallisation procedure can 

be excluded; (ii) the copper chaperone insert the copper in the correct position in the 

protein; (iii) and probably most important, helps the protein to maintain the metal 

coordinated during expression, in turn leading to higher expression levels. This stabilising 

effect has been shown to increase the protein yield, especially important for ALS 

associated mutations that are severely destabilised in the apo state.  

Even though the apo form has been my main focus, an increased metallization has 

facilitated my work. Meaning, I have been able to focus on the important protein analysis 

instead of concern regarding expression system and purification problems.  
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 Paper II 

The over 100 reported ALS mutations are scattered all over the protein structure and so far 

no common denominator has been found; the mutations seem to affect the protein in 

many different ways (Marklund, Andersen et al. 1997; Corson, Strain et al. 1998). Hence, 

several different disease provoking mechanisms have been suggested. In this study, we 

selected five ALS mutants, all with different structural characteristics; A4V a sidegroup 

pointing inwards close to the dimer interface. As the side chain of V is larger than for A, 

the mutation is expected to be disruptive; C6F, also affecting a buried side chain and 

involves a dramatic disruptive increase in size; D90A, positioned in the small loop V, with 

a sidegroup pointing out from the protein surface. This mutation is expected to have a 

wildtype like behaviour; G93A and G93C are located in the same loop as D90A. Although 

these introduced side groups also protrude into solvent, the replacement of G is expected 

to be destabilising due to violation of torsion angle constraints. The glycine is highly 

conserved through out different SOD:s (Bannister, Bannister et al. 1991) and it is possible 

that the conformational freedom having a glycine in this position is structurally important. 

Hence, any other amino acid in this position will destabilise the protein. This assumption 

is even more plausible, since position 93 has the greatest number of ALS associated 

mutations. C6A is not an ALS associated mutation, but it is a common substitution in 

other SOD:s (Bannister, Bannister et al. 1991). In this study C6A is therefore used as a 

control and will hopefully act in accordance with what can be expected from such cavity-

creating substitution (Fersht 1999).  

Both the holo and apo form of the protein constructs were analysed. Even though the holo 

form is the active form of the protein, the apo form is quite abundant in the cell (Petrovic, 

Comi et al. 1996) by constituting an intermediate on the assembly pathway of the holo 

species. Also, it has been indicated through studies of mice lacking the copper inserting 

chaperone CCS that the apo species alone may exert cytotoxic activity. All studies were 

done under conditions of both reduced and oxidised cysteines. 

Results 

The analysis of the holo protein encountered some problems, since over time the midpoint 

generally tended to shift downwards. The reason was probably that the holo protein was 



 32

“bleeding” (i.e. loosing the metals) over to the apo form. The phenomenon was analysed 

over long time scales, and still after 48h a slow downward shift of the midpoint was 

observed. Consistently, the denaturation process of the apo WT
monomerSOD  was found to be 

much higher both starting from native as well as denaturated material. However, the apo 
WT
dimerSOD  behaved like monomeric protein when starting from denaturated protein in the 

presence of reducing agents. The results implicate that the apo WT
dimerSOD  does not dimerise 

under the conditions used i.e. without the metals and disulphide bond (Fig 1). The effect of 

disulphide reduction on the dimer equilibrium is more thoroughly discussed in Paper III.  
 

 

Fig 1. Equilibrium titrations for apo WT
dimerSOD and apo WT

monomerSOD  starting from both native and 

denaturated protein. Data collected by CD at 230 nm under reducing conditions (500µM TCEP). 

(•) apo WT
dimerSOD  starting from native protein, (○) apo WT

dimerSOD starting from denaturated protein 

(6M urea), ( ) apo WT
monomerSOD starting from native protein, ( ) apo WT

monomerSOD  starting from 

denaturated protein (3M urea). 
 

Under oxidising and mildly reducing conditions we observed still a slow drift over hours 

to days. The reason for this drift was probably related to slow exchange of the disulphide 

bonds, that may take place both intra- and inter-molecularly. Also, it is likely that the intra 

subunit linkage between C57 and C146 that is protected in the folded protein slowly 

becomes reduced in the unfolded state. To eliminate artefacts from these slow drifts and to 
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be able to compare the results of wildtype and mutant proteins, all samples were 

incubated in their final condition exactly two hours before analysis. Notably, experimental 

data from oxidising conditions may not be physiologically relevant since the cellular 

interior is generally reducing. An automatic benefit using reducing conditions is that upon 

unfolding erroneous cross linking between free cysteines is avoided. Such cross linking 

could otherwise lead to aggregation and thereby complicate the analysis. 

General characteristics of the unfolding transition 

Experimental results suggest that the holo protein may not be fully unfolded. Indeed, the 

m-values derived from equilibrium titration measurements of the holo protein are lower 

than expected, considering a full surface exposure of a protein of this size (Fersht 1999). 

There are indications of partly unfolded regions, a phenomenon also observed in other 

studies (Silva, Gratton et al. 1993). Also it has been observed that SOD, retains some 

residual activity at high concentration of denaturant (Malinowski and Fridovich 1979). 

Maybe this is due to partly folded regions stabilised by the metals. Similar residual 

structure around the metals has been observed with other metal containing proteins 

(Leckner, Bonander et al. 1997). Since accurate m-values are intrinsically hard to obtain 

from equilibrium data most interpretations are based on the transition midpoints. On this 

basis, and to minimise the effect of varying experimental conditions, the ∆MP (i.e. the 

change in midpoint between the wildtype and mutant) is used from now on. The apo form 

of SOD, on the other hand, has m-values indicating a more complete unfolding. Even so 

other problems arise because the midpoint sometimes shifts down to very low denaturant 

concentrations. This complicates estimation of the transition midpoint and m-values due 

to the short or absent baselines for the native state. The phenomenon is even more 

apparent under reducing condition. Because of this all measurements on the apo protein 

were done with urea which is a less powerful denaturant than GdmCl and produces 

generally higher transition midpoints. To be able to compare equilibrium titrations 

derived from GdmCl and urea experiments, a normalisation factor was calculated from 

the ratio between data from apo WT
dimerSOD  (GdmCl) and apo WT

dimerSOD  (urea) in the presence 

of 100mM TCEP. The normalisation yields the relation ureaGdmCl MPMP55.2 =× . 
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Holo protein 

C6A shows no significant destabilisation of the holo protein. D90A, G93A and G93C show 

a small shift in midpoint but are overall very wildtype like. The result is in good 

agreement with earlier studies, where these mutants are reported to have the same activity 

and metal coordination as the holo WT
dimerSOD  (Nishida, Gralla et al. 1994; Marklund, 

Andersen et al. 1997; Corson, Strain et al. 1998). A4V and C6F, on the other hand, show a 

more significant effect on the holo protein stability: even though the midpoints and their 

associated m-values are difficult to determine accurately, due to poor baselines (Fig 2). The 

mutations A4V and C6F have their side groups buried inside the protein interior, where 

the introduction of the larger side groups will severely destabilise the protein. This is 

consistent with what has been observed in this study.  

 

Apo protein 

Interestingly, the effect of the very same mutations on the apo protein is much more 

pronounced: D90A is nearly identical to the wildtype protein in the holo form. However, 

in the apo protein a more significant destabilisation is observed, with a transition 

midpoint shift (∆MP) of ≈ 0.4M urea. An even more pronounced effect on the apo state is 

observed in G93A and G93C, with ∆MP of ≈ 0.85M and ≈ 0.75M urea, respectively. A4V 

and C6F showed a significant effect on the holo protein. An equal effect is also observed 

for the apo proteins, with ∆MP ≈ 0.9M and ≈ 0.8M urea, respectively (Fig 2). These results 

are in accordance with what can be expected from such disruptive mutations. An 

interesting observation is that, maybe with the exception of D90A, the apo protein 

mutations have transition midpoints close to 0M GdmCl, indicating that the apo protein is 

partly unfolded under physiological conditions. The non ALS associated mutant C6A 

shows an equally low effect on the apo protein as in the holo protein.  

Is the apo protein the common denominator for SOD involvement in ALS? 

The results from equilibrium titration implicates that the apo state could be an important 

link between SOD mutations and ALS. Indeed, plotting for each mutation the apo state 

destabilisation (∆MPapo) against the mean survival time, gives an apparent trend (Fig 3). 

The best linear fit is obtained from the apo protein under oxidising conditions, over all the 
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apo data shows similarly good fits. However, in the holo protein there seems to be a 

“break-point” (i.e. the protein stability decreases past a certain point), rather than a linear 

trend as can be seen in the apo protein. Once the protein stability has passed this point the 

survival time is considerably lowered. This behaviour suggests that the holo protein is 

able to withstand a certain degree of destabilisation before falling over the edge, according 

to our results a ∆MP > ~0.8. A destabilisation of the holo protein shifts the equilibrium 

towards the suggested noxious species (i.e. the apo protein), thereby raising the 

probability for the disease. 

C6AC6F

0 21 3 4 5 6 0 21 3 4 5 6 0 21 3 4 Urea (M)

GdmCl (M)
A4V
0 21 3 4 5 6 0 21 3 4 5 6 0 21 3 4

D90A G93A G93C
GdmCl (M)

Urea (M)0 21 3 4 5 6 0 21 3 4 5 6 0 21 3 4

0 21 3 4 5 6 0 21 3 4 5 6 0 21 3 4

 

Fig 2. Unfolding transitions for the ALS associated mutants (open symbols) and WT
dimerSOD  (filled 

symbols) measured by CD. All mutants show a pronounced stability effect on the apo protein       

(□ and ■), whereas A4V and C6F also show an effect on the holo protein (○ and •). 
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Considering the low number of mutations analysed this observation is so far tentative. It is 

tempting though, to believe that the apo state is the species provoking ALS. The stability 

of the apo protein is marginal already for the wildtype protein and even the smallest 

destabilisation could be enough to push the protein over the edge for gain of cytotoxic 

function. Taking this hypothesis even further, apo WT
dimerSOD could because of its low 

stability be involved in the SALS cases through a ubiquitous mechanism that is 

accentuated by the mutations. The idea that the apo state is the disease provoking form is 

further strengthen by other studies; deletion of the copper chaperone shows no significant 

effect on the disease progression (Subramaniam, Lyons et al. 2002) and second, binding to 

heat-shock protein is only observed with partly or fully demetallated SOD:s (Okado and 

Fridovich 2002). Further, treating patient with metal chelators has been reported to 

accelerate the disease (Conradi, Ronnevi et al. 1982).  

 

Does the apo protein constitute the starting point for the toxic pathway? 

Interestingly, the most aggressive mutations, as judge by the survival time, are also those 

showing a destabilisation on both the holo and apo protein.  

 

apo holounfolded

misfolded

disease

apo holounfolded

misfolded

disease  
 

Fig 4. Schematic illustrating a possible involvement of the apo state in ALS. 
 

According to the scheme above (Fig 4), destabilising the holo protein will shift the 

equilibrium towards the apo form and could therefore increase the probability to form 

misfolded species, assuming that the apo form is the precursor. Destabilising the holo 

protein will, indeed, change the equilibrium towards the apo form, and since the apo form 

is destabilised as well, the unfolded state will be more favoured. Most likely the unfolded 
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protein is non toxic and the machinery inside the cell will have no problem taking care of 

it. Even so, the apo protein could still be the starting point and a slight decrease in stability 

of the same may just be enough to enter a noxious pathway, which normally can be 

avoided. Reduced stability of the apo protein suggests that aggregation or misfolding 

could be the disease provoking factor. Misfolded aggregates are commonly found in other 

neuro degenerative diseases. Aggregates, associated with ALS, have been found in both 

human (Bruijn, Houseweart et al. 1998) and transgenic mice materials (Johnston, Dalton et 

al. 2000), but if these aggregates are involved in the disease is still a question that has to be 

answered. Strangely, the aggregates found in ALS patients differs from those found in 

connection with other neuro degenerative diseases, in the way that standard amyloid 

indicators, Congo red and Thioflavin T, do not stain the aggregates from the ALS related 

material. This indicates that even though some kind of fibres/aggregates is found in 

connection with ALS, they clearly differ from the ones found in other neuro degenerative 

diseases. Even so, the disease propagation is in accordance with what is expected from 

aggregates or misfolded species; the neuro degeneration starts in one position then 

spreads to the nearby segments (Brooks 1991; Brooks, Sufit et al. 1991). Once the 

aggregates are formed they accelerate further aggregation, in accordance with the disease 

progression observed in ALS.  
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Paper III 

In this study, the focus was set on the folding of the dimeric and monomeric SOD and the 

role of the disulphide bond. To prevent erroneous disulphide linkages under oxidizing 

conditions, a set of mutant constructs where made; C6A and C111A are single mutations 

of the two free cysteines; C6A/C111A ( pWT
dimerSOD ) is a double mutant removing both free 

cysteines; as well as the complete cysteine free protein C6A/C57A/C111A/C146A 

( CallA
dimerSOD ). Further, to be able to study the monomeric protein: F50E/G51E ( WT

monomerSOD ) 

these mutations prevents the dimerisation of the protein (Bertini, Piccioli et al. 1994); 

C6A/C111A/F50E/G51E ( pWT
monomerSOD ) is a monomer without the free cysteines, an 

important mutant for studies on the monomer under oxidising conditions. Both kinetic 

and thermodynamic analysis was performed on each of these constructs. Analysis was 

done under both oxidising and reducing conditions, with the exception of apo WT
dimerSOD  

(ox) and apo WT
monomerSOD (ox) due to problems with free cysteine linkages when unfolded. 

Also, gelfiltration was run to determine if the protein constructs are dimeric or a 

monomeric. 

Results 

Severely destabilising mutations are more susceptible to protein modification 

Upon preparation of the apo protein, the severely destabilised mutant apo CallA
dimerSOD  

showed anomalous behaviour indicative of misfolding, proteolysis or some kind of 

modification. Analysis by gel filtration revealed a heterogeneous protein population with 

two non-interconverting elution “peaks”. Each “peak” were therefore analysed more 

thoroughly by N- and C-terminal analysis and both turned out to show a perfect match to 

SOD. One of the peaks showed signs of lysine modification. However, the type of 

modification has not yet been verified. The modification problem was subsequently traced 

to the chelating column used for apo preparation (Sutter, Bounds et al. 2000) and  in an 

attempt to avoid the artefact, the apo preparation method was changed. Indeed, using an 

alternative method, denaturation followed by refolding in the presence of metal chelators 

significantly improved the result. Although, the less destabilised mutations showed no 
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corresponding signs of lysine modification when using the chelating column we have used 

the more reliable denaturation-method after this point in the study. 

The composition of dimers or monomers as determined by gelfiltration 

Apo WT
dimerSOD (ox) and apo WT

monomerSOD (ox) eluted in two well separated peaks. Interesting 

though, apo WT
dimerSOD elutes as a monomer instead of a dimer (Fig 1) upon reduction of the 

disulphide bond. The effect could be exactly reproduced with apo pWT
dimerSOD  and apo 

pWT
monomerSOD . The results show that apoSOD fails to dimerise when lacking the disulphide 

bond. To further explore the factors controlling dimerisation both holo CallA
dimerSOD  and apo 

CallA
dimerSOD  were run on gelfiltration. As predicted, apo CallA

dimerSOD eluted as a monomer while 

holo CallA
dimerSOD  eluted as a dimer, albeit that the dimer seems structurally perturbed. 

Perhaps the quadruple mutation in CallA
dimerSOD  affects its structure, making the protein more 

“floppy”. Even so, the results emphasise the important role of the metals and disulphide 

bond to maintain the dimer interface. 

 

 
 

Fig 1. Size exclusion chromatogram depicting the dimer/monomer with and without the 

disulphide linkage. Dimers elute at 10-11 ml and the monomer at 12 ml. Oxidised apo WT
dimerSOD  

(black), reduced apo WT
dimerSOD (red), oxidised apo WT

monomerSOD (blue). 

The characteristics of the disulphide bond 

The results from gelfiltration show that the disulphide bond plays an important role in 

formation of the native homo dimer. To find out the specific contribution of the disulphide 
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bond to the protein stability of the monomer we used apo pWT
monomerSOD . This mutant is 

suitable since it allows characterisation of the disulphide bond without any disturbance 

from the dimer interface or the free cysteines. The stability difference between the oxidised 

and reduced apo pWT
monomerSOD yield a ∆∆GD-M=1.6 kcal/mol representing the energetic 

contribution of the intra subunit disulphide bond. The corresponding effect on the 

transition state is smaller, ∆∆GD-‡=0.7 kcal/mol. This resulting φ-value of 0.43, suggests 

that the region where the disulphide bond is sited is mainly disordered in the rate limiting 

step. This is not surprising considering that the protein must be able to adapt its correct 

three-dimensional fold in the absence of disulphide bonds in the reducing environment in 

the cell. 

The folding behaviour of the SOD monomer 

Reduced apo WT
dimerSOD , that is a monomer, folds as a typical two state protein (Fersht 1995; 

Jackson 1998). Equilibrium measurements yielded a transition midpoint of 1.5 M urea and 

m-value of 1.4 M-1. This corresponds to a stability OH
MD

2
−∆G =2.9 kcal/mol. In comparison 

with other two-state proteins this stability is remarkably low (Jackson 1998). Kinetic 

measurements show that SOD is a rather “slow” protein with unfolding and refolding rate 

constants lower than other two-state proteins. Another way to describe this is by taking a 

closer look at the D to N ratio and the associated rates of the refolding and unfolding. At 

equilibrium, the reduced apo WT
dimerSOD has approximately 7 D on every 1000 N in absence 

of denaturant. Typical ratios for other similar proteins range from 1/1000 to 1/10000000. 

With respect to the dynamics, SOD unfolds about every 23 minutes and refolds back in 10 

seconds. The corresponding values for other proteins are 1-7 minutes and 0.004-0.7 

seconds, respectively (Clarke, Cota et al. 1999). Upon oxidation of the disulphide bond 

SOD is stabilised by 1.6 kcal/mol, yielding a D/N around 5/10000 and an unfolding and 

refolding rate of, 108 minutes and 3 seconds, respectively. As a result of this low stability 

and slow folding kinetics, the apoSOD monomer spends relatively long time in its 

unfolded state. In light of the ALS-disease mechanism this could be a significant feature, 

as unfolded and partly structured states generally occur in connection to misfolding and 

aggregation. 
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The folding behaviour of the SOD dimer 

The apo pWT
dimerSOD  folds by a three state model and has an apparent stability ([D]/[M2]) that 

depends on the protein concentration. From equilibrium experiment the transition 

midpoint was determined to 2.7M urea at 4µM monomeric protein to be compared with 

3.1 at 70µM monomeric protein. The apparent stability app
M2D 2−∆G is -4.3 and -5.3 kcal/mol at 

4µM and 70µM monomer protein, respectively. The corresponding values for the second 

order equilibrium (K=[D]2/[M2]) are pWT
M2D 2−∆G =-15.8 kcal/mol and -15.6 kcal/mol at 4µM 

and 70µM monomeric protein, respectively. The results are in good agreement with 

previous estimates by (Stroppolo, Malvezzi-Campeggi et al. 2000). Most characteristic 

feature of the dimer folding reaction, however, emerges from kinetics. On the refolding 

side no protein concentration dependence is observed as the refolding limb of apoC6A/C111A 

from 4µM and 70µM monomeric protein overlaps perfectly (Fig 3). The refolding rate 

constant of the apo pWT
dimerSOD  matches also the refolding rate constant of the monomeric apo 

pWT
monomerSOD  (Fig 2). The observed offset on the refolding limb is due to the introduction of 

the F50E/G51E mutation. Taken together, these results implicate that the rate limiting step 

of the formation of dimeric SOD is the folding of the individual monomers. 
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Fig 2: Chevron plots of apo pWT
dimerSOD  (•) and apo pWT

monomerSOD  (○). 

 

The unfolding process is more complex though, with both a protein-concentration 

dependence and a change of the rate limiting step. At low protein concentration (4µM) the 

unfolding limb shows a pronounced downward kink near 5M urea, indicating a change of 

the rate limiting step for unfolding: below 5M urea the unfolding process is via the 

transition state for monomer formation (‡1) and above 5M urea it is the transition state for 

dissociation of the dimer (‡2) that control the unfolding rate constant. At higher protein 

concentration (70µM) the equilibrium shifts toward (M2) by the law of mass action i.e. an 

increased protein concentration produces an increased energetic difference between M2 

and M. Since the unfolding rate constant above the kink is unchanged, 
2

2 -M‡G∆ has to be 

unchanged as well i.e. increased protein concentration stabilises M2 by increased 

association rate. A shift in the folding equilibrium towards M2, hence, lowers the 

unfolding rate constant below the kink and the change of the rate limiting step shifts 

toward higher [urea].  
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Fig 3: Chevron plots for the apo pWT
dimerSOD at two different protein concentrations 4µM (blue) and 

70µM (red) monomer. The fits are from a three state model (Sanchez and Kiefhaber 2003). Below 

are the free energy profiles at 0, 2.7 and 6.5M urea, as estimated from transition state theory with 

prefactor of 106 s-1 (Hagen, Hofrichter et al. 1996), and the apparent stabilities of M and M2 using 

chevron and equilibrium data, respectively. 

Discussion 

A weakened interface, a possible link to ALS  

If the marginally stable monomeric apo protein is close to the point where the cytotoxic 

gain of function arises, any structural alternation that increases its occupancy could be 

critical for induction of ALS. Accordingly, any mutation destabilising the dimer interface 

could be disease provoking by shifting the equilibrium towards the monomeric form. 

Interestingly, there are reports where ALS mutations display marked distortion on the 

interface although the effect on the monomer is small (Hough, Grossmann et al. 2004). 

Similar destabilisations of the interface within multimeric proteins have also been 
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observed in connection to neuro degenerative diseases (Kelly 1998; Wilson, Collins et al. 

2003). 

The disulphide bond is important for the protein stability 

From the protein structure an obvious link between the disulphide bond C57-C146 and the 

interface emerges: residues 50-54 that are directly involved in the interface and are also 

directly linked to loop IV via C57. That is, the interface associated loop IV is kept in place 

by the metals and the disulphide bond. Without this anchoring of the loop it will fray out, 

and as a consequence, the part involved in the interface will be perturbed. Consistently, 

superimposition of the crystal structures of the monomer and dimer reveals a significant 

displacement in loop IV (Fig 4).  

 

Fig 4: Structural superposition of holo WT
dimerSOD  (blue) and holo WT

monomerSOD  (orange). The 

disulphide bond in yellow, the copper and zinc ions in green and silver, respectively.  
 

Since the dimer interface strength also contributes to the overall protein stability, inability 

to maintain the disulphide bond may be weak point of SOD. Indeed, ALS mutations have 

showed a increased susceptibility to disulphide reduction by reducing agents 

dithiothreitol (DTT), Tris(2-carboxyethyl)phosphine (TCEP), or reduced glutathione 

(Tiwari and Hayward 2003). This opens a new viewpoint, implicating that a mutation 

perturbing in connection to loop IV (i.e. increase the susceptibility of reduction) indirectly 

will decrease the interface stability through reductional cleavage of the intra subunit 

disulphide bond. We have seen a similar increased susceptibility for the disulphide bond 
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to undergo reduction using the more physiologically relevant thioredoxin/thioredoxin 

reductase system. The more destabilising the mutation the higher the extent of reduction. 

So far, the whole picture is not clear, but there is an interesting correspondence between 

the amplitude of reduction and the protein stability change upon mutation. Since 

thioredoxin is one of the major reduction systems in the cell, this could be critical for 

augmenting the effect of the otherwise benign point mutations.  

In conclusion, we present here results implicating that an increased susceptibility in 

reduction of the disulphide bond, also will affect the dimerisation ability. Hence, a weaker 

interface raises the amount of monomers, and also the unfolded conformations in direct 

equilibrium with the monomeric SOD. Such shift towards less stable conformations could 

increase the probability to evolve the toxic gain of function. Therefore, the disulphide 

bond could be an important piece of the puzzle trying to understand the role of SOD in the 

development of ALS. 
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Paper IV 

The chevron analysis of the wild type protein suggests that SOD is a so called three state 

dimer (Paper III), in which the individual subunits are able to adopt their correct fold in 

the absence of dimer the interface (Banci, Benedetto et al. 1998). Recently, such monomeric 

forms of SOD have been implicated as precursors in the ALS mechanism (Furukawa, 

Torres et al. 2004; Rakhit, Crow et al. 2004). In paper IV we present a folding study of six 

ALS associated mutants that lends further support to this scenario. The mutants are G41D, 

G41S, D90A, I104F, L106V, and L144F. In this summary section, however, I have included 

also the data from 11 disease provoking mutations. Through chevron analysis, the 

conformational transitions of both the monomeric and the homo dimeric species have 

been mapped out. The mutations were introduced into two different constructs: 

C6A/C111A ( pWT
dimerSOD ) and upon mutation ( pMutation

dimerSOD ) and C6A/C111A/F50E/G51E 

( pWT
monomerSOD ) + mutation ( pMutation

monomerSOD ). Also, we have searched for correlations between the 

change in stability and kinetic parameters against the survival time for each of the 

mutation. 

Results 

Folding patterns of the ALS associated mutations can be divided into three cases: selective 

destabilisation of the monomer, selective destabilisation of the dimer interface, or both. 

Case 1: selective destabilisation of the monomer 

In the chevron plot of apo pD90A
monomerSOD we observe a pronounced effect on the unfolding rate 

constant whereas the refolding limb is changed to a lesser extent (Fig 1). Compared to the 

apo pWT
monomerSOD , the decrease in stability ( pD90A

monomerG∆∆ ) is 0.68 kcal/mol. The small change in 

log kf suggests that the mutation D90A destabilises mainly the folded state whereas the 

effect on the transition state is relatively small. However, the mutation D90A does not 

seem to affect the dimeric interface: the rate constant for dimer dissociation is nearly 

identical to that observed for the wild type protein. The observed change in the unfolding 

limb below the kink, at 5M urea, is due to the destabilisation of the monomer. The 
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selective destabilisation of the monomer and the preserved interface strength is referred to 

as Case 1. 

 

Fig 1: Chevron plots of wildtype (closed symbols) and mutant SOD (open symbols): apo pWT
dimerSOD  

(•), apo pWT
monomerSOD  (■), apo pMutation

dimerSOD  (□), and apo pMutation
monomerSOD  (∆). 

Case 2: selective destabilisation of the dimer interface 

The chevron plot of the apo pL144F
monomerSOD is on the whole the same as observed for to the apo 

pWT
monomerSOD .Even though the chevron plot is slightly shifted towards higher values the 

stability of apo pL144F
monomerSOD closely resembles that of the apo pWT

monomerSOD . Interestingly, the 

supposedly dimeric construct apo pL144F
dimerSOD   fails to dimerise: its chevron plot is almost 

identical to that of the apo pL144F
monomerSOD  (Fig 1). The preserved monomer stability and the 

selective destabilisation of the interface exemplified by the folding behaviour of apo 
pL144F
monomerSOD is referred to as Case 2. 

Case1+ 2: a combined effect, destabilised monomer and weakened interface 

Both apo pG41D
monomerSOD and apo pG41S

monomerSOD  show a considerable destabilisation of the 

monomeric protein with transition midpoint near 0M urea (Fig 2); both mutations have a 

significant shift in equilibrium towards the unfolding protein. The effect on the dimeric 

protein, on the other hand, differs between the two mutations: the dimer interface of apo 
pG41S
dimerSOD  is significantly destabilised and has a dissociation rate constant 4-5 times higher 
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than detected for apo pG41D
dimerSOD . Additionally, apo pG41D

dimerSOD lacks the kink on the unfolding 

limb, suggesting that the unfolding rate is limited by the dimer dissociation at all 

conditions. This third type of behaviour where the mutation affects both the interface and 

the monomer stability is referred to as case 1+2. 

A similar case 1+2 pattern is observed for the folding of L106V and I104F: both mutants 

lead to pronounced and comparable destabilisation of the monomer, but weaken the 

interface to a different extent. The unfolding limb for apo pL106V
dimerSOD is close to that of the 

apo pWT
monomerSOD , whereas the unfolding of apo pI104F

dimerSOD  is close to that of the apo pWT
dimerSOD . 

 

 

Fig 2: Chevron plots of wildtype (closed symbols) and mutant SOD (open symbols): apo pWT
dimerSOD  

(•), apo pWT
monomerSOD  (■), apo pMutation

dimerSOD  (□), and apo pMutation
monomerSOD  (∆). 
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Discussion 

ALS associated mutants 

D90A. The chevron data of D90A shows that this mutation selectively destabilises the 

monomeric form of the protein, whereas the dimer interface strength is intact (Fig 1). 

Interestingly, the D90 side chain has a slightly different orientation in the monomer than 

in the dimer: in the monomeric protein the D90 side chain forms hydrogen bonds with 

neighbouring groups, bonds that are absent in the dimeric protein. This would explain 

why the mutation only affects the monomeric protein whereas there is no effect on the 

dimeric protein. 

 

L144F. Substituting the surface oriented L144 with the substantially larger phenyl alanine 

has no appreciable effect on the monomer stability but seems to completely abolish 

dimerisation (Fig 1). In the monomeric protein the L144 side chain projects freely into the 

solvent; no contacts are observed. However, in the dimeric protein the L144 side chain 

comes in close contact with its neighbouring residues. Thus in the dimeric state the 

mutation L to F will be disruptive. This structural change between the dimeric and 

monomeric protein explains why the mutation to the larger phenyl alanine only affects the 

dimeric protein.  

 

I104F and L106V. The side chains of I104 and L106 are completely buried in the protein 

interior where mutation to the sterically incompatible residues F and V are predicted to 

destabilise the folded structure through sterical conflicts. Indeed, a destabilisation of the 

monomeric protein is observed in both cases. In the dimeric protein, L106V weakens the 

dimer interface to a higher extent than I104F (Fig 2). A likely explanation is that the side 

chain of L106 is located more closely to the dimer interface than that of I104, and the steric 

disturbance due to the mutation affects more directly the dimer interface. 

 

G41D and G41S. The mutations G41D and G41S destabilise both the monomer and dimer 

interface but to different extent: G41D displays a slightly larger effect on the monomer 

stability whereas G41S affects the dimer interface to higher degree (Fig 2). The severe 
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destabilisation of the monomeric protein can be explained by the conformational strain 

caused by the more restricted residues D and S; in the wild type protein the G41 residue 

adopt torsion angles (ψ and φ) that are only feasible for glycine (Fig 3). The introduction of 

a larger sidechain in G41D than G41S could be the reason for the more pronounced effect 

on the monomer stability. The difference observed for the dimeric protein is less 

straightforward. As can be seen in the Ramachandran plot (Fig 3), the dimer has more 

residues located in disallowed regions than the monomer. Thus, it is conceivable that 

G41D produces a relatively subtle effect on the dimer interface because the tertiary 

distorsion of this mutation yet resembles that induced by dimerisation of the wild-type 

protein. In contrast, the structure of G41S has more completely lost these interface 

promoting features. 

 

G41

+

G41

+

+

DIMER MONOMER

G41

+

G41

+

+

G41

+

G41

+

+

DIMER MONOMER

 
Fig 3. Ramachandran plots of the dimeric and monomeric SOD. As can be seen, G41 has torsion 

angles only suitable for glycine. 

Common denominator: increased propensity to reach partly unfolded structures 

As can be seen in figures 2 and 3 all mutations destabilise SOD in one way or the other; 

destabilisation of the monomer, weakening of the dimer interface, or both. As a 

consequence, all mutations in this study shift the equilibrium towards unfolded or less 

structured conformations. From the rather small effects on the refolding kinetics, it can be 

further concluded that the ALS mutations weaken interactions established late in the 
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monomer folding process i.e. after ‡1. Destabilisation of these late established interactions 

increases the propensity for the protein to reach partly unfolded states on the downhill-

side of the folding barrier (Lindberg, Tangrot et al. 2002). Such partly unfolded structures 

could be the precursors for noxious gain of function. In an earlier study, we presented a 

correlation between the change in transition midpoint for the mutations and the survival 

time after disease onset (Paper II). Similar correlations are also apparent from the results in 

this study although there are two distinct outliers: G41D has a longer survival time (17 

years) than expected from the chevron data in figure 2. An explanation for this anomaly 

could be that other genetic factors play an important role in the disease progression; the 

patient data in this case is limited to only two related Italian families. Considering the 

whole data set, another outlier is G37R. However, questions have been raised if the 

survival time data is correct. 

 

 

Fig 4. Plots depicting the mean survival time versus the ∆log OH
uk 2  and ∆MP, respectively, data 

obtained from mutations on the monomeric protein. The mutations G37R (X) and G41D (X) have 

been excluded from the correlations. 

Correlations: linear or discrete shift? 

Plotting the change in the unfolding rate constants as well as the midpoint shift versus the 

mean survival time shows a good linear correlation (Fig 4). By excluding the mutations 

G37R and G41D the fit is significantly improved. However, instead of a linear correlation 

the data could also be divided into two classes: (i) mutations that overall affects the 
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protein stability to a small extent and therefore have long survival time after onset, (ii) and 

mutations that substantially destabilises the protein and as a result of this have short 

survival times. Instead of a linear correlation, there seems to be a break-point in the degree 

of destabilisation i.e. the protein withstands a certain level of destabilisation, but when the 

mutation becomes too “aggressive” the disease progression accelerates. Similar 

correlations are apparent also at the level of dimer stability (Fig 5). The next step in 

research will be to examine these apparent correlations more thoroughly. 

 

Fig 5. Plot depicting the mean survival time versus the ∆log OH
uk 2  (monomer) + ∆log M

dk 8.5  (dimer). 

The mutations G37R (X) and G41D (X) have been excluded from the correlations. 
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Fig 6. Chevron plots of additional ALS mutations in the apo monomer, apo pWT
monomerSOD (•), apo 

pMutation
monomerSOD  (○). 
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 Table 1. Data from kinetic measurement on monomeric SOD. 

Protein mf (M-1) mu (M-1) mD-M (M-1) logkf
H2O OH

u
2log k  OH

M-D
2log K  kinMP (M) 

WT -0.95±0.05 0.46±0.02 1.41±0.05 -1.36±0.04 -3.59±0.07 2.23±0.08 1.59±0.06 

A4V1 -1.15±0.11 0.43±0.01 1.58±0.11 -0.91±0.04 -1.93±0.03 1.02±0.05 0.74±0.04 

G37R1 -1.46±032* 0.53±0.01 1.99±0.3* -2.04±0.08 -2.65±0.03 0.61±0.09 0.31±0.03 

L38V1 -1.79±0.43 0.58±0.01 2.37±0.43 -1.71±0.11 -2.27±0.03 0.56±0.11 0.30±0.03 

G41D1 - 0.47±0.01 - - -1.27±0.03 - ~0 

G41S1,2 -0.95 0.47±0.01 2.82±0.89 -1.82±0.09 -1.89±0.03 0.08±0.09 0.08±0.07 

H43R1 - 0.49±0.01 - - -1.63±0.02 - 0.04±0.08 

H46R -0.99±0.02 0.43±0.01 1.42±0.02 -1.32±0.01 -3.99±0.04 2.67±0.04 1.89±0.02 

L84V -1.07±0.15 0.54±0.01 1.61±0.15 -1.59±0.05 -2.45±0.03 0.86±0.06 0.63±0.04 

G85R -0.96±0.04 0.55±0.01 1.51±0.04 -1.51±0.02 -3.06±0.03 1.55±0.04 1.06±0.03 

D90A -0.94±0.03 0.57±0.01 1.51±0.03 -1.55±0.01 -3.28±0.02 1.73±0.02 1.15±0.02 

G93A1 - 0.55±0.01 - - -1.80±0.03 - 0.12±0.04 

E100G1 -1.17±0.19 0.57±0.01 1.74±0.19 -1.57±0.06 -2.41±0.04 0.84±0.07 0.56±0.05 

I104F -0.99±0.02 0.52±0.01 1.51±0.02 -1.18±0.01 -2.88±0.02 1.70±0.02 1.14±0.02 

L106V -1.07±0.06 0.38±0.01 1.45±0.06 -1.66±0.02 -2.59±0.02 0.93±0.02 0.64±0.03 

I113T -1.07±0.06 0.48±0.01 1.55±0.06 -1.49±0.03 -2.81±0.03 1.32±0.03 0.92±0.04 

L144F -0.86±0.02 0.47±0.01 1.33±0.02 -1.32±0.01 -3.41±0.04 2.09±0.04 1.56±0.02 

V148G1 -1.77±0.52 0.51±0.01 2.28±0.52 -1.56±0.13 -2.10±0.03 0.54±0.13 0.34±0.04 

 
1 In italic, data with high uncertainty due to undefined refolding limb.   
2 mf locked to wildtype value. 
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Conclusions 

Paper I 

 Co-expression with the copper chaperone yCCS increases the copper yield in 
SOD and ALS associated mutants. 

 Increased level of coordinated copper increases the expression yield of 
destabilised ALS associated mutants. 

Paper II 
 Dimeric holo SODWT is a protein of typical stability, whereas the apo monomer is 

remarkably unstable for a protein of that size. 
 The destabilising effect of ALS-associated mutations is more pronounced in the 

apo protein than in the holo protein. 
 There is apparent correlation between the apo protein stability and the disease 

progression (survival time) for ALS-associated mutations. 

Paper III 
 The apo protein fails to dimerise in its reduced form: either the metals or the 

disulfide linkage has to be present. 
 Dimeric apo SOD unfolds via a marginally stable monomer under physiological 

conditions. 
 The thioredoxin system reveals an increased accessibility of the disulfide linkage 

in ALS-associated mutations. 
 The chevron plot of homodimeric apoSOD provides strong evidence for a three-

state dimerisation process with a unique dependence of protein concentration 
on the unfolding rate constant. 

Paper IV 
 A mutation can affect the protein stability in various ways: destabilisation of the 

monomer, weakening of the dimer interface, or a combination of both. 
 The common denominator is a pronounced shift of the folding equilibrium 

towards the unfolded and partly structured species preceding the fully folded 
apo monomer. 

 An apparent correlation between the destabilisation for each mutation and the 
mean survival time is observed. 

 Therapeutic substances must target at the same time perturbations of both the 
monomer and interface stability:  restoring just one of these terms is predicted 
not to cure the disease. 
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Kort sammanfattning på Svenska  

ALS (amyotrofisk lateral skleros) är en neurodegenerativ sjukdom där de s.k. 

motorneuronerna (de nervceller som styr musklerna) i ryggmärgen, hjärnstammen och 

storhjärnan dör. Då nervsignalerna som skall ut till musklerna upphör att fungera leder 

detta till att musklerna förlamas och förtvinar. Runt 200 personer i Sverige drabbas varje 

år av ALS, en siffra som på senare år verkar vara uppåtgående. Möjligen kan ökad stress 

vara en bidragande faktor. Idag finns det inte någon form av effektiv behandling. 

Bromsmedicin finns att tillgå, men sätts tyvärr allt som oftast in för sent. Vid tidig diagnos 

kan bromsmedicinerna förlänga överlevnadstiden med flera månader. Även om extrema 

undantag har observerats, så är överlevnadstiden i medeltal endast två år från första 

symptom. Vanligtvis uppträder första symptomen i 40-50 års åldern. Män är i högre grad 

drabbade, men man har på senare år märkt en uppgång i antalet fall bland kvinnor. 

ALS är på intet sätt någon ny form form av nervsjukdom och beskrevs för första gången 

redan 1865. Med tanke på detta, kan man tycka att forskningen borde ha kommit längre än 

var den står idag. En orsak kan vara att det länge saknats något bra ”handtag” att fokusera 

forskningen på. 1993 kom dock ett viktigt genombrott. Man fann då att mutationer 

(felaktigheter i proteinets aminosyrasekvens) i proteinet superoxide dismutase (SOD) var 

involverat i ALS. Detta ledde i sin tur till ett stort fokus kring SOD och en uppsjö av 

teorier föddes. I cellen fungerar SOD som ett av våra viktigaste skydd mot skadliga former 

av syre och är därför vanligt förekommande i alla typer av celler, så även i våra nervceller. 

Till dags dato har man funnit över 100 ALS relaterade mutationer i SOD. Avsaknaden av 

något tydligt mönster har lett till man idag inte har någon bra förklaring till varför alla 

dessa mutationer leder till ALS -  den gemensamma nämnaren ser ut att saknas. 

 

SOD är ett protein som består av två subenheter d v s två delar (dimer), i detta fall är dessa 

delar exakta kopior av varandra. I respektive subenhet sitter en koppar och en zink jon. 

Kopparjonen är viktigt för proteiner aktivitet (uppgift i cellen) medan zinkjonen bidrar till 

proteins stabilitet. I proteinet finns det också en disulfidbrygga inom respektive subenhet 

(en bindning mellan två –SH grupper). Min egen forskning har inriktats på hur SOD 
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finner sin rätta form (proteinets vecknings reaktion), samt hur de olika ALS associerade 

mutationerna påverkar denna process. 

SOD är som stabilast då det sitter ihop som en dimer med metallerna koordinerade och 

respektive disulfidbrygga intakt. Då metallerna tas bort minskar proteinets stabilitet vilket 

ökar andelen icke veckade protein. Detsamma gäller om man tar bort disulfidbryggan. Än 

mer dramatiskt blir det om båda dessa faktorer exkluderas, proteinet tappar då sin 

förmåga att dimerisera (dvs att hålla ihop sina subenheter) och slutprodukten blir då 

mycket instabil. Vi har visat att de mutationer som associerats till ALS påverkar en eller 

flera av dessa faktorer; (i) kontakten mellan subenheterna försämras; (ii) disulfidbryggan 

exponeras, ökad sannolikhet att den bryts; (iii) försämrade egenskaper att binda koppar 

och zink; (iv) viktiga kontakter i respektive subenhet förloras, lägre stabilitet som följd. 

Genom otaliga experiment har våra kunskaper om sambandet mellan  SOD och ALS ökat. 

Ett viktig upptäckt är att vi kan skönja ett samband mellan mutanters stabilitet och 

överlevnadstiden hos de drabbade individerna. Detta kan vara en första öppning för 

utveckling av substanser som ”reparerar” de defekter i SOD strukturen p g a 

mutationerna. 
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Appendix 

Derivation of fitting equation for equilibrium titration for a two state model 
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where λ is the spectroscopic signal; Nf and Uf are the fraction of native and unfolded 

protein, respectively; and NF and UF are the signal at the native and unfolded state, 

respectively. 
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From equation 2 and 6, the fitting equation is derived. 
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where λ is the spectroscopic signal; FN and FD are the signal at the native and denaturated 

state, respectively; ND−m is the rate of change in free energy with denaturant concentration; 

and [D]50% is the denaturant concentration at which the protein is 50% denaturated. 

Solving the equation by curve-fitting procedures gives [D]50% and ND−m with their standard 

errors. 
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Derivation of the fitting equation for equilibrium titration for a three state dimer. 
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Solving the equation of the second degree, 
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Replace Df as follows, 
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The “new” equation, 
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Exchange K with the expression, 
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Equation 16 arrives from, 
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From equations 17, 18 and 19,  
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From equations 15 and 16 the fitting equation is evolved, 
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where λ is the spectroscopic signal; FN and FD are the signal at the native and denaturated 

state, respectively; 
2MD−m is the rate of change in free energy with denaturant 

concentration; P is the monomer protein concentration; and [D]50% is the denaturant 

concentration at which the protein is 50% denaturated. 
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