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Abstract 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease causing 
degeneration of upper and lower motor neurons. Most ALS cases are sporad-
ic; only 6% are associated with mutations in the gene encoding Cu, Zn su-
peroxide dismutase (SOD1). Nevertheless it is likely that sporadic and famil-
iar forms of the disease share a common mechanism, where SOD1 plays an 
important role. Eukaryotic SOD1 is a homodimeric metalloenzyme, func-
tioning as the primary cytoplasmic scavenger of superoxide radicals (O2-). 
Despite the toxicity of superoxide radicals, SOD1 knockout mice do not 
develop ALS. Whereas the expression of human SOD1 in mice, either in its 
wild-type or in several mutated forms, were shown to display ALS-like 
symptoms. It is believed, that by a yet mysterious mechanism, the SOD1 
structure gains toxic properties triggering apoptosis of motor nerve cells. 
Several lines of evidence suggest that the cytotoxic property of SOD1 arises 
from immature monomeric apo-SOD1, but a more detailed structural de-
scription of the cytotoxic species is missing. The thesis work presented here-
in is focused on understanding how structural and dynamic properties of this 
particular protein molecule change along its folding free-energy landscape 
and indicates the structural hot-spots from where the cytotoxic species may 
originate. Thus, binding of the zinc ion controls folding, stability and turno-
ver of SOD1: (i) miscoordination of Zn2+ by the Cu-ligands is kinetically 
beneficial and speeds up folding of the SOD1 core structure, however, it 
stabilizes the SOD1 monomer in a state where both active-site loops IV and 
VII are unfolded, (ii) coordination of Zn2+ in the Zn-site, which occurs after 
the main folding transition is passed, induces the folding of loop VII and 
stabilizes the native and functional fold of both active-site loops IV and VII 
and (iii) the tremendous stability gain due to Zn-site metallation and its asso-
ciated folding events corresponds to a life-time of hundreds of years for the 
folded state, thus the cellular life-time of SOD1 is likely to be controlled by 
Zn2+ release, which, in turn, is coupled to opening of active-site loops. Hence 
the active-site loops IV and VII stand out as critical and floppy parts of the 
SOD1 structure. In support of this, a number of ALS-associated mutations, 
benign to apo-SOD1 stability, are shown here to affect structural integrity of 
active-site loops in holo-SOD1. The local destabilization effect of these mu-
tations unbalance also the natural conformational equilibrium of differently 
matured SOD1 species, i.e. it increases population of SOD1 species with 
disorganized functional loops. Finally, the close relation between SOD1 and 
Zn2+ can also act in the reverse direction: SOD1 may influence the cellular 
Zn2+-homeostasis, especially taking into account the relatively high intracel-
lular concentration of SOD1 and the relatively low intracellular concentra-
tion of free Zn2+. 
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Abbreviations 

ALS  Amyotrophic lateral sclerosis  
CCS Copper chaperone for SOD1  
D The denatured state ensemble  
EDTA 
fALS 

Ethylenediaminetetraacetic acid   
Familial ALS 

 

F The folded state ensemble  
N The native state ensemble  
NMR Nuclear magnetic resonance  
pwt Pseudo wild type  
ROS Reactive oxygen species  
sALS Sporadic ALS  
SOD1 Superoxide dismutase-1  
TS/TSE/‡ The transition state ensemble  
U The unfolded state ensemble  
wt 
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Introduction 

Virtually every biological process relies on specific proteins. The ability of a 
protein to be biologically active depends on a number of internal and exter-
nal factors. Most proteins have to fold and maintain its characteristic three-
dimensional structure. Flexibility and rigidity of a protein, as well as protein 
turnover, have to be kept within certain limits to optimise its function. Muta-
tions or environmental stress and ageing can affect any of these properties 
resulting in misfolded protein molecules. The cell’s housekeeping system 
(which also consists of proteins) needs to ensure that these misfolded prod-
ucts are eliminated, otherwise they could lead to aggregation and/or the for-
mation of toxic species that can damage or even kill the cell. Indeed, protein 
aggregates and inclusion-bodies are characteristic pathological features of 
numerous age-related neurodegenerative diseases including Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease and amyotrophic lateral 
sclerosis (ALS) (1). It is conceivable that these protein-misfolding diseases 
share a common mechanism, thus the studies on one of them, in this case 
ALS, can lead to more general strategies for prevention and treatment. De-
veloping potent antidotes for ALS first of all requires fundamental under-
standing of molecular and cellular mechanisms underlying this disease.  
 

Amyotrophic lateral sclerosis 

ALS is a neurodegenerative disorder that causes degeneration of both upper 
and lower motor neurons, which results in atrophy of muscles the disease 
usually starts with muscle weakness, and develops very rapidly to paralysis 
followed by death. The survival time after disease onset varies from months 
to decades but average survival is only 30 months (2). 

A lot has been done and achieved since the first detailed characterization of 
ALS in 1869 (3), however, there still is no cure for this fatal disease. The 
only approved treatment is riluzole, which, in the best case scenario, extends 
the lifespan of a patient by just a few months (4). It is proposed that riluzole 
acts by reducing glutamate exitotoxicity (5) [Fig. 1], the process by which 
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neurons die due to overstimulation of glutamate receptors (6). Increased 
levels of glutamate and its abnormal metabolism are seen in ALS patients 
(7,8). However, this is merely one of the consequential events leading to 
neuronal death, but not the primary cause of ALS. Thus the riluzole-type 
drugs alone are not likely to ever give substantially better results and cure 
the disease. 

Fig. 1. Schematic representation of riluzole target in ALS. Glutamate is the excitatory neuro-
transmitter. In case of ALS, its concentration is increased in synaptic cleft, and that leads to 
overstimulation of glutamate receptors. Riluzole reduces glutamate exitotoxicity. 
 

There is a number of other cellular components known to be affected after 
disease onset, including mitochondrial dysfunction (9-11), axonal transport 
impairments (12-14), ER stress (15-17), inflammation (18-20) and apoptosis 
(21,22) but in most cases the underlying cause is obscure. The only solid and 
clear factor for ALS is mutations in certain genes, which accounts for ~ 10% 
of total cases (23). The inherited form of ALS is called familial ALS (fALS) 
and means that the affected person has at least one first- or two second-
degree relatives with this condition (24). The remaining ~ 90% do not have 
apparent familial history and are called sporadic ALS (sALS), and yet there 
are known cases where sALS is also caused by genetic mutations (25,26). 
Furthermore, clinical and pathological similarities between sALS and fALS 
suggest that both forms share a common disease mechanism (27).  

As in other neurodegenerative diseases, the risk of developing ALS is higher 
for elderly people (28). Age-related cellular changes involve reduced capaci-
ty of protein quality-control systems leading to weaker response to stress 
factors and impaired ability to prevent accumulation of misfolded proteins 
(29-31). In full agreement with the late on-set, a pathological feature of ALS 
is the formation of protein aggregates and inclusion bodies (32). Considering 
that most sALS patients are diagnosed on average at ages 55 – 65 (28), while 
fALS starts about 10 years earlier (27), the mutations in ALS emerge as a 
significant contributor to age-related changes associated with the disease. 
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Detailed characterization of molecular players targeted by those mutations is 
in the forefront of today’s research since it gives principal insights into the 
mechanisms causing toxicity of motor nerve cells. 

Superoxide dismutase-1 in ALS 

According to the ALS Online Genetic database (http://alsod.iop.kcl.ac.uk) 
there are as many as 112 ALS-associated loci. Still, about 20% of familial 
ALS, which is about 6% of total ALS cases, are associated with mutations in 
the copper-zinc superoxide dismutase (SOD1) gene (33,34). In fact, identifi-
cation of 11 ALS-associated mutations in the SOD1 gene in 1993 (35) was 
the first major step to a better understanding of this disease as it provided the 
first “touchable” target for investigations. The number of detected ALS-
associated SOD1 mutations has increased greatly since then and now more 
than 170 different mutations are known (http://alsod.iop.kcl.ac.uk). The ma-
jority of these mutations are missense and are found in all five exons of the 
SOD1 gene, and thus, are distributed over the entire, highly conserved, 153 
amino-acid protein (36) [Fig. 2]. How substitution of a single amino acid in 
almost any place of the SOD1 molecule contributes to the neural damage is 
not entirely clear, but it is generally accepted that mutations increase the 
tendency of this protein to gain cytotoxic properties. Due to this tendency the 
non-mutated SOD1 is believed to take an important part also in sporadic 
ALS pathogenesis (37).  

 

Fig. 2. Primary and secondary structure of SOD1 and substitutions found in ALS that are 
caused by missense mutations.  
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Human SOD1 is a very abundant antioxidant enzyme (intracellular concen-
tration  10 – 40 µM (38)), which converts toxic oxygen species (superoxide 
radicals) to hydrogen peroxide (39,40). Although superoxide radicals them-
selves can damage cellular components, it has been shown that SOD1 
knockout mice do not develop ALS (41), whereas the expression of human 
SOD1 in mice, either in wild-type (42) or in mutated form (43,44) display 
ALS-like symptoms. In addition, the intact active-site is not required for 
human SOD1 toxicity in mice (45,46), and there are also examples of SOD1 
mutant proteins, associated with ALS, retaining wt-like enzymatic activity 
(47). Hence, the SOD1 structure, and especially its tendency to misfold and 
aggregate, stands out as the main candidate responsible for cytotoxic events. 
Thus, more than 20 years after the discovery of the link between SOD1 and 
ALS, this protein continues to be a primary target for studying the disease at 
the molecular level. 

Misfolding and aggregation of SOD1 

Although protein aggregates, and amyloid fibrils in particular, are a typical 
hallmark of a number of diseases (48-50), there are several examples of non-
disease proteins forming amyloid fibrils in vitro (51). In fact, amyloid struc-
ture is the most thermodynamically favorable form that a polypeptide chain 
can acquire and thus, corresponds to global minima in the folding free-
energy landscape (52).   

Fig. 3. Schematic representation folding free-energy profile of a protein with emphasis on 
cell’s housekeeping system’s role in it. 
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When it comes to the in-vivo situation, the constant input of energy by the 
cell’s housekeeping system is necessary to protect the integrity of the native 
structures of proteins and to maintain them soluble (51,53-55) [Fig. 3]. 
Hence, many proteins in the cell, some more than others, are under continu-
ous competition between folding, misfolding and aggregation (56-59). In 
case of SOD1, however, losing this competition can be followed by terrible 
consequences – ALS.  

Not all types of aggregates found in the spinal cord of ALS patients are im-
munoreactive for SOD1 (32). Nevertheless, detection of SOD1-positive ag-
gregates, not only in ALS patients with SOD1 mutations but also in other 
fALS and even sALS cases (60,61), surely indicates that SOD1 has more 
universal role in ALS pathogenesis. In principle, the accumulation of uni-
form protein molecules should eventually lead to formation of highly orga-
nized and inert amyloid fibrils as a consequence of the intrinsic propensity of 
a polypeptide chain to adopt the most thermodynamically favorable structure 
(52). Although SOD1 is shown to form amyloid fibrils in vitro (62-64) and 
in certain transgenic mice expressing high levels of human SOD1 (45,62), 
none of the SOD1-positive aggregates/inclusions seen in ALS patients meet 
the definition for amyloids: they neither have amyloid fibril morphology nor 
stains with Congo Red (65,66). The exclusively non-amyloid character of 
these aggregates is a feature distinguishing ALS from many other neuro-
degenerative diseases (67). Thus, it is tempting to speculate that such re-
sistance of misfolded SOD1 to form amyloid, the most compact and inert 
aggregated structure, accounts, at least partly, for the aggressive character of 
ALS in comparison to other misfolding disorders (68).   

It remains an issue of debate, however, whether aggregates seen in ALS 
patients are pathogenic, coincidental or even beneficial (69,70). Several ob-
servations suggest that aggregates are not the prime cause of neural damage, 
instead the cytotoxic species arise much earlier in the misfolding process: (i) 
sequestration of misfolded protein molecules into insoluble inclusion reduc-
es its harmful effect on cultured cells (71), (ii) increased solubility of SOD1 
disease variants results in a remarkably elevated toxic effect (72), (iii) solu-
ble misfolded SOD1 and the small punctuate aggregates of misfolded SOD1 
were detected in sALS patients (60,61,73,74), but these non-native structures 
did not form large protein inclusions typical for fALS with SOD1 mutations 
(75,76) and (iv) soluble oligomers formed at early stages of SOD1 aggrega-
tion in vitro are immunoreactive to the conformational antibody C4F6 (77), 
which specifically recognizes misfolded SOD1 disease variants in affected 
motor neurons (37,74,78). Nevertheless, both misfolded and aggregated 
SOD1 disease variants can induce aggregation of mutant or wild-type SOD1 
in cultured cells (79-81) suggesting that both these entities can pass on non-
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native and likely noxious structural features and thus propagate in a prion-
like manner. 

Along these lines, SOD1 disease variants were shown to interfere with sev-
eral cell processes that are essential for neuronal survival by forming aber-
rant interactions with mitochondria (82-84), components of the ER stress 
pathway (85-87) and axonal transport (88,89) as well as the proteasomal 
system (90). Although the structural characteristics of misfolded SOD1 that 
enable formation of cytotoxic contacts remains obscure, a good body of evi-
dence indicates immature and structurally floppy SOD1 species as a prime 
seed for more extensive misfolding and/or non-native interactions (91-104). 
Thus, it is time to introduce the structural details of this particular protein 
molecule. 

Structural features of SOD1  

The functionally active SOD1 is a homodimeric metalloenzyme, which is 
part of the immunoglobulin-like family (105). Each monomer adopts an 
eight-stranded Greek key β-barrel fold and ligates one copper- and one zinc 
ion [Fig. 4] (106,107). The β-barrel of SOD1, however, is not completely 
closed. Hence, the SOD1 monomer, alike all β-sheet proteins, has to use 
structural elements (negative design) to avoid aggregation, since not thor-
oughly H-bonded β-strands provide an optimal surface for interactions with 
other molecules (108). Two out of seven loops connecting the β-strands 
(loop IV and loop VII) are somewhat larger and thus, they conceal the open-
ended side of the SOD1 β-barrel (β5 and β6). Another critical part of the β-
barrel at the N- and C-terminus (β1 and β8) is hidden by the dimeric inter-
face, besides being H-bonded to each other [Fig. 4]. Hence, in the holo-state 
both monomeric and dimeric SOD1 are outstandingly rigid proteins (109-
111), whereas the two mentioned loops together with parts of their flanking 
strands (β4, β5 and β7, β8) display significant dynamic motions in the apo-
state (92,100,112-114). It is easy to imagine that also in the cell this flexible 
region opens up repeatedly, e.g. due to thermal fluctuations, which not only 
leaves an unprotected hydrophobic core but also in itself is susceptible for 
mediating self-association of SOD1 (94,95,102) and maybe for other unspe-
cific and potentially deleterious interactions. Then, the frequency of sam-
pling the locally unfolded states will be enhanced by destabilising ALS-
associated mutations, and on the contrary, the locally unfolded states will be 
reached less often with respect to metallation. 
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Fig. 4. Crystal structure of SOD1 (PDB entry 2C9U). (a.) Structural connection between 

functional loops, Zn2+ and the disulfide bridge. (b.) Structure the of holo-SOD1 dimer. Functional 

loops IV and VII are colored light blue and light green respectively. The disulfide bridge (yellow), 

zinc ion (blue) and copper ion (red) are shown in spheres. Zn-ligands including the bridging H63 

(blue) and the Cu-binding ligands (red) are shown as sticks. 

 

Loop IV and loop VII are often referred to as active-site loops, or functional 
loops, since they are required for the function of SOD1 (107,115). Loop IV 
(residues 49-83), also called the Zn-binding loop, coordinates the structurally 
important Zn2+ ion trough His63, His71, His80 and Asp83, and together with 
loop VII, loop IV forms an active-site channel for specific substrate en-
trance. Loop VII (residues 121–143) contains charged residues that guide 
superoxide into the active-site where copper is located; that is why this loop 
is also called the electrostatic loop (115,116). Copper, in its reduced form 
(Cu1+), is bound directly to the β-barrel via His46, His48 and His120 and has 
an additional ligand, His63, in its oxidized form (Cu2+) (107). Even though 
the main role of copper is catalytic, it ties up β4 with β7 and increases the 
stability of SOD1. On the other hand, selective metallation of the Cu-ligands 
can lead to local unfolding of both functional loops (94,96). Notably, this 
kind of structural disorganization of the functional loops is displayed by a 
couple of ALS-associated mutants in their demetallated dimeric state (95) or 
in dimeric state with empty Zn-site (102). Nevertheless, selective metallation 
of the Zn-site is sufficient to bring both active-site loops and their flanking 
strands into well-ordered and functional geometry, which also includes the 
loop IV region needed to form the dimer interface (residues 50 -54)  
(117,118). Coordination of Zn2+ is, beyond question, the main factor con-
tributing to thermodynamic stability of mature SOD1, which, actually, is one 
of the most stable proteins known (109-111,117,119). 
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Structural changes needed for dimerization of SOD1 monomers can also be 
achieved by formation of the intramolecular disulphide-bond between Cys57 
and Cys146 (120-122). This disulphide anchors loop IV to the β-barrel (β8) 
thereby reducing the flexibility of loop IV, as well as increasing its affinity 
for Zn2+ and creating a more stable SOD1 dimer (120,123-125) [Fig. 4]. 
Considering that SOD1 mostly resides in the reducing environment of the 
cytosol (126) (only small amounts are found in the intermembrane space of 
mitochondria (127), peroxisomes and nucleus (126)), the high conservation 
of this disulphide-bond between species indicates its crucial importance for 
structure and/or function of this protein. In fact, the oxidation state of the 
disulphide bond is suggested to play a role in the maturation of SOD1 (Cu2+ 
loading by the Cu2+/1+ chaperone CCS (128,129)) and in transport of SOD1 
into the intermembrane space of mitochondria (130). Furthermore, a number 
of fALS mutations have been shown to affect the oxidation-reduction status 
of SOD1 by rendering this protein more sensitive to disulphide reduction 
(131).  

Tracing the SOD1 folding pathway 

The native structure itself dictates many functional/misfunctional features of 
SOD1, still, very important here is to stress that proteins are dynamic and not 
static systems. Structural features of this protein predetermine it for a num-
ber of maturation states before becoming a stable and functional dimer. De-
stabilising any of those states, e.g. by age-related condition changes in the 
cell, will unbalance the native conformational equilibrium leading to accu-
mulation of immature and potentially “sticky” species. In the same manner 
ubiquitously spread ALS-associated mutations elevate this imbalance inde-
pendently of their distinctive effect on the structure of SOD1 (98,132). 
Hence, a detailed biophysical characterisation that provides understanding of 
protein dynamics, is crucial for proteins such as SOD1, where the structure 
and especially the tendency of the structure to misfold, is indicated as a cen-
tral toxic element in the disease (37,132-134). 

In principle, a protein molecule can adopt very high number of confor-
mations, but still only a few of those conformations, the ones that are ener-
getically favored, become more significantly populated. The most funda-
mental parameter used to describe the energetic properties of a protein mole-
cule and to provide the starting point for constructing a folding free-energy 
landscape is the thermodynamic stability (∆G). This parameter, in a simple 
two-state system, corresponds to the Gibbs free-energy difference between 
two ground states; the denatured state (D) and the native state (N) (135-137). 
Accordingly, the relation between these two species in terms of concentra-
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tion is described by the equilibrium constant KD-N. At constant solution con-
ditions and protein concentration, ∆GD-N can be expressed as: 
 

∆GD-N = -2.3RTlogK  D-N = -2.3RTlog ([D]/[N])        (Eq. 1) 

where R is the universal gas constant (1.987 cal K-1 mol-1) and T is the tem-
perature in Kelvin degrees.  

In case of SOD1, however, several immature species are significantly popu-
lated under physiological conditions and each of them can be attributed with 
the corresponding thermodynamic stability. The balance between all these 
species is affected by reaction conditions, and thus, fluctuates in “time and 
space”. In order to investigate all these different SOD1 species, and obtain 
∆G for each one of them, this complex equilibrium can be simplified by 
engineering SOD1 variants where only two states are thermodynamically 
accessible under a given set of conditions [Fig. 5]. Studies of equilibrium 
unfolding transitions of such protein variants provide ∆G of differently ma-
tured states, enabling to earmark them in respect of free-energy. In these 
equilibrium experiments the solution conditions are gradually changed from 
those favouring the native state to those favouring the denatured state, e.g. 
by adding a chemical denaturant (138) [Fig. 5]. The most common way to 
observe the denaturation process is to use fluorescence probes, e.g. trypto-
phan which often is a natural constituent of the polypeptide chain. Trypto-
phan fluorescence depends on environmental factors, such as polarity and 
mobility, thus during the denaturation process, the excitation and emission 
maxima of it is shifting (139). The relation between thermodynamic stabili-
ties of a protein in different concentrations of denaturant is empirically ob-
served to be linear (140):  

∆GD-N
H2O = ∆GD-N

[denaturant] + mD-N[denaturant]         (Eq. 2) 
 
or 

logKD-N
H2O =logKD-N

[denaturant] + mD-N[denaturant]        (Eq. 3) 
 

The slope of the transition region (mD-N) is determined by the protein's sensi-
tivity to denaturant and correlates with the change in exposed surface area 
upon denaturation (141). Solving the equation for the transition midpoint 
(MP) which corresponds to the conditions where D and N are equally popu-
lated (∆GD-N

[denaturant] = 0) gives ∆G in denaturant-free conditions according 
to ∆GD-N

H2O = mD-N[MP] [Fig. 5].  
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Fig. 5. The chevron plot (a.) and the equilibrium denaturation curve (b.) of a two-state 
protein (d.) with corresponding folding free-energy barrier (c.). The kdown is the rate con-
stant of falling down the barrier and equals ∼ 106 s-1 (142). 
 
 
The equilibrium studies, however, do not provide any information on the 
folding pathway of protein, e.g. how much energy a protein needs to go from 
the D state to the N state. According to transition state theory, between D 
and N there is a free-energy barrier with the so called transition state (TS, ‡) 
or transition state ensemble (TSE, ‡) on top of it. TS/TSE describes the set 
of protein’s conformations that never accumulates but have the same proba-
bility to get back to D or to become N. The parameter defining the minimum 
energy needed to reach TS/TSE, i.e. defining the height of the free-energy 
barrier, which separates N from the rest (in case of a two-state system from 
D), is called the kinetic stability of the protein (∆Gkin

(N)) and is characterized 
by the unfolding rate constant (ku) (137,143) [Fig. 5]. Accordingly, the un-
folded/denatured state can also be attributed with a ∆Gkin

(D) value, which 
then is estimated from the folding rate constant (kf) [Fig. 5]. Since basically 
each step of SOD1 maturation is accompanied by structural changes, all 
states from the unfolded polypeptide to the holo-SOD1 dimer are separated 
from each other by free-energy barriers resulting in a quite complex folding 
free-energy landscape. Thus, again, tuning the complex folding reaction of 
SOD1 into a two-state folding system by molecular engineering and/or re-
strained reaction conditions enables quantification of the intermediate fold-
ing states in terms of kinetic properties. In practise, the unfolding rate con-
stant and the folding rate constant are obtained in two opposite experiments. 
The rapid mixing of the denaturant-free protein with a series of denaturant 
solutions of different concentrations gives the ku. In a similar fashion, the kf 
is obtained by first unfolding protein in a highly concentrated denaturant 
solution, which is then diluted rapidly to a series of particular denaturant 
concentration. For representation of the kinetic data, chevron plots are wide-

 19 



ly used (137) [Fig. 5]. Assuming that the protein displays two-state folding 
behaviour, fitting the logarithm of the folding and unfolding rate constants to 
a two-state model results in two slopes representing the mf-value and mu-
value, called the folding and unfolding m-values respectively [Fig. 5]. The 
sum of the mf-value and the mu-value equals the mD-N-value, and in terms of 
the folding free-energy profile of protein they quantify the structural gain 
upon folding before the TSE (mf) and after the TSE (mu). This model is also 
used to determine the thermodynamic stability ∆GD-N, which has to have the 
same value as in equilibrium unfolding experiments to confirm the two-state 
folding behaviour (137): 
 
∆GD-N

H2O = -2.3RTlogKD-N= -2.3RTlog (ku/k f)         (Eq. 4) 

In addition to energetically pronounced maturation states of SOD1, another 
level of complexity of the folding free-energy landscape of this protein is 
predetermined by its secondary structure; β-rich proteins like SOD1, usually 
exhibit relatively slow folding rates compared to proteins containing local 
secondary structure elements (144,145). This slow folding rate is a conse-
quence of ruggedness in the free-energy landscape (145,146) [Fig. 6].  

Fig. 6. Free-energy profile of a single domain protein with intramolecular interactions on 
the x-axis and intermolecular interactions on the z-axis. k f  – folding rate constant, ku – the 
unfolding rate constant, k1

agg, k2
agg, kn

agg – a number of rate constants for aggregation. 
 

Taken together, the folding free-energy landscape of SOD1 contains many 
non-native local minima in which partially-folded or misfolded species can 
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become trapped under certain circumstances. If a protein molecule stays 
there for a sufficient amount of time it can form non-native contacts with 
other molecules giving rise to aggregation (57,147). Since aggregates may 
be more thermodynamically stable compared to the native state, stability of 
the native and functional protein versus aggregation is often the consequence 
of kinetic factors, i.e. the high free-energy barrier/barriers has to be over-
come in order to form aggregated structures (52,59) [Fig. 6]. Consistently, 
many ALS-associated SOD1 mutations are observed to reduce the protein’s 
repulsive charge (148), which promotes interactions between individual 
SOD1 molecules and/or other negatively charged cellular components, i.e. 
decrease in Coulomb’s repulsion force lowers the free-energy barriers for 
aggregation/co-aggregation (149,150).   

After all is said, the biophysical analysis of purposefully engineered SOD1 
variants provides insights into the folding free-energy landscape of SOD1 
and enables identification of labile structural regions that are sensitive to 
perturbations brought by genetic mutations, environmental stress or ageing. 
In other words, by introducing point mutations or other changes in the SOD1 
molecule it is possible to see how these changes will affect the folding free-
energy landscape and if they can lead SOD1 down a dangerous path. Thus 
the fundamental understanding of thermodynamic and kinetic properties of 
SOD1, explored in this thesis, contributes significantly to identification of 
vulnerable regions that can be responsible for misfolding and/or aberrant 
interactions leading to the death of motor neurons. 
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Results and Discussion 

As already mentioned, the good body of evidence indicates that the cytotoxic 
function of SOD1 arises from conversion of immature SOD1 species to more 
extensively misfolded structures (91-104). The maturation of SOD1 involves 
four major modifications: Zn2+ binding, Cu2+/1+ binding, oxidation of the 
intra-molecular cysteine bridge and dimerization (107). These four modifica-
tions create a number of immature species each of which are separated from 
each other by respective kinetic barriers and corresponds to a particular local 
minima in the free-energy landscape of SOD1. The principal question here 
is, where in this free-energy landscape the SOD1 molecule can become 
trapped or diverge from its native folding pathway? Hence, the main goal of 
this thesis work is to provide insights into this matter by rigorous energetic 
characterization of SOD1 in its different structural states.  

Setting the stage: apo-SOD1’s folding route 

As typical for immunoglobulin-like proteins, the apo-SOD1 monomer ac-
quires its core structure in an apparent two-state folding reaction over a sin-
gle free-energy barrier, which is manifested in a v-shaped chevron plot 
(120,151) [Fig. 7]. The transition state ensemble, i.e. the structure formed on 
top of the free-energy barrier, mainly comprise the contacts between β1, β2, 
β3, β4 and β7 (152). In agreement with a nucleation-condensation mecha-
nism this hydrophobic folding nucleus is not entirely firm but more loose 
and diffused compared to the folded apo-SOD1 monomer (152,153). The 
rest of the structural elements of SOD1 start to consolidate either on the 
downhill side of the apo-monomer folding barrier or even later, e.g. upon 
metal binding. What is important here is that the last parts to fold are also the 
first ones to unfold, which not only includes both active-site loops but also 
the critical (partly-open) sides of the β-barrel (β5, β6 and β8) (152). Hence 
negative-design elements used by the SOD1 monomer to protect from un-
wanted non-native interactions are also the ones that are most prone to con-
tinually experience local structural unfolding due to thermal or other condi-
tional fluctuations in the cell. 
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Folding of the apo-SOD1 monomer is also the rate limiting step for subse-
quent dimerization (120,151). However, under severally destabilizing condi-
tions (e.g. high urea concentration) the transition state moves and the unfold-
ing reaction of apo-SOD1 becomes controlled by the kinetic barrier for di-
mer dissociation, which is defined by kd [Fig. 7]. This change of the rate 
limiting step for the unfolding reaction of dimeric apo-SOD1 is seen as a 
downwards kink in the unfolding arm of a chevron plot (120) [Fig. 7]. Little 
is known about the transition-state structure for dimerization, but judging 
from low [urea] dependence of dimer dissociation-limited unfolding, this TS 
seems to be very similarly packed as the folded apo-SOD1 dimer [Fig. 7]. 
From architectural point, the association of apo-SOD1 monomers into a ho-
modimer requires either formation of the C57–C146 bond or coordination of 
Zn2+ in its binding site (120-122,154). In other words, intramolecular disul-
fide formation, Zn2+ binding and dimerization are energetically connected. 
Such crosstalk between these three modifications is not surprising since all 
three of them rely on/modify structural status of loop IV, which, together 
with another functional loop (loop VII), is highly dynamic in the apo-state of 
SOD1 (92,100,112,118).  

Fig. 7. Folding and dimerization of apo-SOD1. Adopted from (120). (a.) Chevron plots of the 
apo-SOD1 monomer (open black circle) and dimer (closed black circle). (b.) The corresponding 
folding free-energy profiles. At low [urea], the dimeric and monomeric SOD1 fold over the same 
transition state (‡′), while at high [urea] the unfolding reaction of dimeric SOD1 is limited by 
dimer dissociation (‡′′). 
 

Although in the absence of metals the C57–C146 bond is crucial for dimeri-
zation, it does not have much of effect on the folding process of the apo-
SOD1 monomer. The disulfide linkage and contacts around it are not in-
volved in early folding events, but this intramolecular bond increase thermo-
dynamic stability of folded apo-monomer by restricting conformational free-
dom of loop IV, and that, in turn, is sufficient for subsequent dimerization 
(120). Since the focus of this thesis work is the folding reaction of the SOD1 
monomer, where presence or absence of C57–C146 bond is not an essential 

 23 



matter, all experiments were performed under oxidizing conditions for tech-
nical convenience. Farther, all monomeric SOD1 variants were made in the 
C6A/C111A/F50E/G51E background (pwt SOD1 monomer). The 
C6A/C111A mutations (pwt SOD1) eliminate erroneous disulfide bond for-
mation (120,155), whereas the dimer interface mutations F50E/G51E abolish 
dimerization (156). All four substitutions are shown to have insignificant 
effects on the folding reaction of monomeric SOD1 (120,151).    

Loop VII but not loop IV is fully unfolded in apo-SOD1 

The functional loops together comprise almost one-third of the SOD1 mon-
omer, therefore it is significant that this sizable part of the structure becomes 
loose and highly dynamic upon metal dissociation (92,112). Moreover, re-
placement of both active-site loops with short GAG linkers does not essen-
tially affect the structure of the β-barrel nor the folding pathway by which 
this structural core is obtained (157). The SOD1 variant without active-site 
loops folds into soluble monomers and resembles well the β-barrel scaffold 
of apo-SOD1 (157,158). Nevertheless, truncation of active-site loops has 
clear effect on unfolding kinetics: the selective decrease in mu-value corre-
sponds to about 15% of total mD-N value of the apo-SOD1 monomer. The 
identical change of the mu-value is also seen for an apo-SOD1 variant in 
which only loop IV was replaced by a GAG linker, whereas selective trunca-
tion of loop VII does not have such an effect [Paper IV]. Hence, addition of 
loop IV, but not loop VII to the β-barrel of apo-SOD1 results in a considera-
ble gain of buried structure [Fig 8]. In other words, loop IV comprises a sub-
stantial degree of ordered structure already in the apo-state, and that is in 
contrast to loop VII, which stays completely unfolded until the active-site 
metals are bound.  

Although the ordered structure that acquires loop IV increases thermody-
namic and kinetic stability of apo-SOD1, limited proteolysis by trypsin 
showed that this loop opens and closes readily if the active-site metals are 
not bound; Proteases can access and digest only unstructured polypeptides 
consisting of at least 8-12 residues (159,160), thus under native-like condi-
tions this approach enables us to identify the flexible/fragile regions in the 
folded-state of protein. Initial cuts by trypsin indicate loop IV as such region, 
which is cleaved between residues R69 and K70 on a time scale that is faster 
than global unfolding, saying that even though loop IV forms a folded struc-
ture in the apo-state, it still undergoes considerable structural fluctuations. 
Accordingly, the comparison between the trypsin cleavage rates of disor-
dered loop IV polypeptide and the apo-SOD1 under native-like conditions 
gives the equilibrium constant (Kop/cl) and the free-energy (ΔGop/cl) of loop 
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IV opening [Fig. 8]. Hence, SOD1 species with disordered loop IV consti-
tute about 10% of the total apo-SOD1 population and that is about 100 times 
more than the globally unfolded species. Correspondingly: although the fold-
ing reaction of the apo-SOD1 monomer is often described as (and to a good 
approximation it is) a two-state process, the significantly populated higher-
energy intermediate, in which both active-site loops are disordered, is pre-
sent in the unfolding pathway of this protein [Fig. 8, Paper IV]. 
 

 

Fig. 8. Folding reaction of the apo-SOD1 monomer. (a.) Chevron plots of pwt apo-SOD1 
monomer (open black circles), apo-SOD1 monomer without loop IV (open green circles) and 
apo-SOD1 monomer without loop VII (open blue circles). (b.) Dependence of observed cleav-
age rate of pwt apo-SOD1 monomer (open black circles) and free-peptide of loop IV containing 
69/70 cleavage site (closed black circles) on trypsin concentration. (c) Free-energy profile of 
apo-SOD1 monomer. The apo-SOD1’s core structure (the β-barrel) folds over (‡′). The subse-
quent folding of loop IV (light blue) proceeds over (‡′′). Loop VII (light green) is not folded in the 
apo-SOD1 monomer. (Here, noIV: apo-SOD1 monomer without loop IV, noVII: apo-SOD1 
monomer without loop VII, pwt: apo-SOD1 monomer)  The height of the second folding barrier 
has not been determined.   
 

Despite being fully unstructured, loop VII still has a thermodynamic effect 
on the apo-SOD1 monomer: removal of it slightly, but significantly increas-
es the thermodynamic stability by affecting both folding- and unfolding-rate 
constants [Fig 8, Paper IV]. Increase in the refolding rate constant is also 
seen upon truncation of loop IV or of both functional loops (157) and can be 
explained by reduced sequence separation between anchoring points 
(145,161). Slower unfolding, however, is unique for removal of loop VII 
indicating that precisely this loop evolved at the expense of structural stabil-
ity of apo-SOD1. Loop VII contains many charged residues guiding super-
oxide to the active-site of native holo-SOD1 (115), thus in the absence of 
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metals, the same charged residues needed for SOD1 function may be the 
ones frustrating the structure by electrostatic repulsion and preventing com-
pact folding of the entire loop. Notably, destabilization of loop VII is impli-
cated as a property shared by a number of structurally dispersed ALS-
associated SOD1 variants (162), and that, at least in some cases, give raise to 
non-native interactions and aggregation (95,102) [Paper I]. 

Empty metal-sites compromise SOD1 structural stability 

As the entire Zn-site is localized in loop IV, which is not part of the folding 
nucleus of the apo-monomer (152), the Zn-site must form late in the folding 
process. In support of this, mutations of all four Zn2+ binding ligands (H63, 
H71, H80 and D83) to serines does not change the folding trajectory of the 
apo-SOD1 monomer; more specifically, a monomeric protein construct 
without an intact Zn-site displays two-state folding reaction with unaffected 
refolding kinetics [Paper I]. On the other hand, the Zn-site has a clear desta-
bilizing effect on the folded apo-SOD1 monomer, as removal of it selective-
ly decreases the unfolding rate constant [Paper I]. This supports not only the 
finding that loop IV preserves some structural organization even in absence 
of metals [Paper IV], but also implies that an empty Zn-site is energetically 
unfavorable for the SOD1 structure. Such energetic frustration, which likely 
originates from the electrostatic repulsion between unbound Zn2+ ligands, 
enhance the accessibility of high energy states (e.g. with both active-site 
loops unfolded) creating a more labile and promiscuous protein [Paper I].  

Similarly to the Zn-site, substitutions of either three- (H46, H48 and H120) 
or four- (including bridging histidine 63) Cu1+/2+-ligands to serines do not 
change the folding trajectory of the apo-SOD1 monomer [Paper II]. In this 
case, however, both the unfolding rate constant and the refolding rate con-
stant are affected; the refolding becomes faster and the unfolding slows 
down, leading to increased stability and suggesting that also an empty Cu-
site conflicts the structural integrity of the apo-SOD1 monomer. The effect 
on the refolding rate constant also shows that, differently from the Zn-site, 
the Cu-site forms early in the folding process [Paper II]. Such an early for-
mation of the Cu-site is fully consistent with its structural position; H46/H48 
and H120 are located in β4 and β7, respectively, and both of these two β-
strands are part of the folding nucleus (152). Accordingly, an empty Cu-site 
destabilizes not only the structure of the folded apo-monomer but also the 
transition state; hence, energetic frustration that is brought by both metal 
binding sites illustrates nicely that functional capability of SOD1 came at the 
expense of structural integrity [Paper I, II]. From the disease perspective, 
this requisite for stability and functionality of mature native SOD1, i.e. the 
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metal binding ligands, are also the one that destabilizes immature forms of 
apo-SOD1, creating a tender spot that can give raise to misfolding and ag-
gregation.   

Selective metallation of the Cu-site leads to misfolding 

When it comes to studies of metallated SOD1 the problem is that Zn2+ has 
high affinity for both metal binding sites (163). For that reason the individual 
energetic contribution of a metallated Cu-site was probed using a protein 
variant where the Zn-site ligands H63, H71, H80 and D83 were substituted 
to serines. In addition, since Cu2+/1+ often is the source of experimental arti-
facts due to its red/ox activity (164) and SOD1 containing four Zn2+ per di-
mer is as stable as with two Zn2+and two Cu2+/1+ ions (106), the exclusively 
Zn2+ reconstituted protein was used [Paper I]. 

Selective metallation of the Cu-site has two characteristic effects on the 
SOD1 monomer; it increases the stability but lessens degree of ordered 
structure in the folded state compared to the apo-SOD1 monomer [Fig. 9, 
Paper I]. The gain in stability upon metallation of the Cu-site is mainly the 
result of faster folding, which shows that binding of the metal occurs early in 
the folding process and lowers the folding free-energy barrier; i.e. coordina-
tion of Zn2+ by the Cu-ligands reduces the life-time of denatured species and 
helps to acquire the folded structure. In addition, isothermal titration calo-
rimetry showed that Zn2+ binds to the Cu-ligands in presence of 7 M urea, 
i.e. under condition where SOD1 is unfolded [Paper I]. Thus, the SOD1 var-
iant without a Zn-site is able to retain a metal ion coordinated by the Cu-
ligands through the whole folding reaction. The second effect, lessening of 
the folded structure, is indicated by reduced mu-value which says that the 
solvent accessible surface area of the folded apo-SOD1 monomer increases 
upon metal coordination in the Cu-site. In other words, the reduced mu-
value, while the mf-value is almost unaffected, shows that the folded mono-
mer becomes more denatured-like [Fig. 9]. An identical decrease in the mu-
value is seen upon removal of loop IV [Paper IV] suggesting that this partic-
ular element of the structure is the one that undergoes local unfolding with 
respect to metallation of the Cu-ligands. Moreover, dissociation of metal 
from SOD1 with only the Cu-site intact is fast and has very low urea de-
pendence (moff-value) [Fig. 9, Paper II], which is consistent with high sol-
vent-accessibility of the Cu-site as a consequence of local unfolding of func-
tional loops. Crystallographic data of this SOD1 variant in the holo-state is 
in good agreement with the kinetic observations: big parts of loop IV and 
loop VII are invisible in the X-ray structure implying high conformational 
flexibility [Fig. 9, Paper I].  
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Fig. 9. Selective metallation of the Cu-site. Adopted from [Paper I]. (a.) Chevron plots of the 
SOD1 variant with only the Cu-site intact in apo- (red open circles) and holo- (red closed circles) 
states, and metal-off kinetics (grey triangles). (b.) The corresponding folding free-energy pro-
files. (c.) Crystal structure of holo-SOD1 with only the Cu-site intact (PDB entry 3HFF), showing: 
1) miscoordination of Zn2+ in the Cu-site and non-canonical conformations of H48 and R143, 
which results in local unfolding of the functional-loops, 2) the non-native interactions formed by 
loop VII of the one SOD1 monomer and β-strands 5 and 6 of the adjacent SOD1 monomer. The 
Zn2+ ion is shown as a red sphere, two water molecules are shown as blue spheres. Canonical 
conformations of H48, H46, H120 and R143 are indicated as grey sticks.  
 

Furthermore, the X-ray structure of Cu-site-metallated SOD1 offers a more 
detailed explanation for such local unfolding; the Zn2+ ion in the Cu-site is 
coordinated by two Cu-ligands (His120 and His46) and two water mole-
cules, whereas the third native Cu-ligand (His48) has changed rotamer and is 
oriented away from the Zn2+ ion [Fig. 9]. Similar to His48, the catalytically 
important Arg143 also adopts a non-canonical conformation. These new 
non-native orientations of both, His48 and Arg143, are sterically incompati-
ble with a native geometry of loop IV. Hence, in absence of a Zn-site, re-
maining Cu-ligands coordinate metal ions in a non-native manner, which 
leads to local unfolding of loop IV [Fig. 9, Paper I].  

From the perspective of protein-misfolding diseases, the misligation of metal 
ions results in formation of intermediate SOD1 species that are more stable 
than the unfolded polypeptide and the folded apo-monomer. In this way, 
SOD1 is driven into a kinetic trap from which the cytotoxic events may orig-
inate. Over and above, some residues of the electrostatic loop VII (128-130) 
stretch out and interact with the edges of β-strands 5 and 6 of the neighbor-
ing molecule in the crystal lattice [Fig. 9, Paper I]. This type of SOD1-SOD1 
interactions was also observed for a couple of ALS mutants in dimeric state 

 28 



with empty Zn-site (95,102) as well as for Zn-free dimer without ALS-
associated mutations (94). Hence, the failure to correctly coordinate Zn2+ 
leads to a gain-of-interactions between monomers, creating fibril-like struc-
tures. Loop VII thus stands out as a very possible candidate responsible for 
SOD1 toxicity.  

Metallation of the Zn-site induces folding of loop VII  

Like in the Cu-site analysis, the individual energetic contribution of a metal-
lated Zn-site was evaluated using the monomeric protein variant in which 
Cu-ligands H46, H48 and H120 were substituted to serines [Paper II]. The 
overall X-ray structure of this protein variant is essentially similar to the 
structure of the fully matured holo-SOD1 dimer (100,106). The Zn2+ ion is 
coordinated in wild-type geometry. Two serines in the Cu-site, S48 and 
S120, imitate the conformations of the native histidine residues, only serine 
in position 46 is slightly rotated. Loop IV and loop VII are also folded into 
native-like conformation, demonstrating that selective metallation of the Zn-
site is sufficient for driving both active-site loops into their functional geom-
etry [Paper II] (118).  

In agreement with the crystallographic data, selective metallation of the Zn-
site results in a clearly higher kinetic mu-value indicating structural gain 
upon Zn2+ coordination [Fig. 10, Paper II]. Both functional loops, that com-
prise ∼30% of the monomer, are highly dynamic in the apo-state (92,112), 
(loop VII is even fully unfolded [Paper IV]), thus the gain in ordered struc-
ture must mainly be restricted to folding and stiffening of these two loops. 
Correspondingly, metal-release kinetics from the Zn-site display significant 
dependence on denaturant (moff-value) indicating that this event is accompa-
nied by loss of ordered structure [Fig. 10, Paper II].  

Pinching both active-site loops to the β-scaffold results in a tremendous in-
crease in kinetic stability: the unfolding rate constant decreases about 1000 
times with stoichiometric amounts of Zn2+ and decreases even more upon 
increasing [Zn2+]. It has been shown that the Zn2+ ion is able to interact with 
its ligands in disordered loop IV peptides (124), nevertheless, refolding ki-
netics of SOD1 with only the Zn-site intact remains nearly unaffected by the 
presence of Zn2+, meaning that stability of the transition state is not affected 
[Fig. 10, Paper II]. Thus, even if Zn2+ binds to the Zn-site in the unfolded 
state that does not essentially lower the folding free-energy barrier of SOD1 
core structure. To be more precise, Zn2+ induces folding of the active-site 
loops (loop VII in particular) after the folding transition of the SOD1 core 
structure has commenced and stabilizes exclusively the fully folded state. 
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And vice versa; during the unfolding process, the active-site loops opens-up 
and Zn2+ can be released before global unfolding of the SOD1 core structure.  

Fig. 10. Selective metallation of the Zn-site. Adopted from [Paper II]. Chevron plots (a.) and 
equilibrium titration curves (b.) of SOD1 variant with only the Zn-site intact; without [Zn2+] (blue 
open circles), in the presence of equimolar [Zn2+] (light blue closed circles), in the presence of 
excessive [Zn2+] (blue closed circles ), and metal-off kinetics (grey triangles). The corresponding 
folding free-energy profile (c.). 
 

In support of this, at stoichiometric [Zn2+] the midpoint derived from equilib-
rium unfolding experiment is more than 1 M higher compared to the kinetic 
midpoint, which is incompatible with a two-state kinetic model [Fig. 10]. 
Thus, the actually observed unfolding rate depends on [Zn2+] and is deter-
mined by the fraction of apo-SOD1 unfolding after pre-equilibrium between 
holo-SOD1 and apo-SOD1 in the folded state. Hence, the unfolding of Zn-
bound SOD1 proceeds through an apo-SOD1 intermediate [Paper II]. 

When it comes to cellular conditions, the dissociation of Zn2+ from the fold-
ed state provides a physiologically relevant pathway to degradation. As men-
tioned above the gain in stability upon metallation of the Zn-site manifests in 
selectively slower unfolding, and thus, has radical influence on the lifetime 
of folded species: in presence of excessive zinc concentrations the lifetime of 
the folded SOD1 monomer becomes hundreds of years. This means that 
once the protein has folded it keeps its structure forever. In the cell, howev-
er, very little free Zn2+ is available (165-167), which prevents it from instant 
rebinding, leaving marginally stable apo-SOD1 intermediates. In turn, disso-
ciation of Zn2+ controls the unfolding reaction and reduces the lifetime of the 
folded SOD1 monomer from 100s of years to less than 25 hours [Paper II].   
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The jumping Zn2+ in the folding reaction of SOD1 

The effect of Zn2+ in the folding reaction of monomeric SOD1 in principle 
depends on where it binds: by binding to the Cu-site ligands it speeds up 
folding but infringes the folded structure [Paper I], whereas by binding to the 
Zn-site ligands it induces and sustains the structure of the functional loops, 
which results in tremendous stability gain [Paper II]. The obvious question is 
then how Zn2+ affects the folding reaction of native SOD1 with both metal 
binding-sites intact, because both of these two sites compete for free Zn2+ 
(106,163). 

The refolding kinetics of the pwt SOD1 monomer is significantly affected by 
the presence of Zn2+, since stoichiometric concentrations of Zn2+, are suffi-
cient to speed up the folding reaction. This dependence on [Zn2+] is indistin-
guishable from the one observed for the SOD1 monomer with only the Cu-
site intact, demonstrating that also the pwt SOD1 monomer acquires its core 
structure by coordinating metal to the Cu-site ligands [Paper II, Fig. 11]. On 
the other side of the folding-barrier, however, the situation is opposite; in the 
presence of stoichiometric [Zn2+] the unfolding of the pwt SOD1 monomer 
better resembles the unfolding of SOD1 with only the Zn-site metallated 
[Fig. 11].  

 

Fig. 11. Jumping Zinc. Adopted from [Paper II]. (a.) Dependence on [Zn2+] of the refolding rate 
constant in 1.06 M [urea]. (b.) Chevron plots of monomeric SOD1 variants with equimolar 
[Zn2+].The pwt SOD1 monomer (black circles), SOD1 variant without Zn-site (red circles), SOD1 
variant without Cu-site (blue circles). (c.) Folding catalysis by dynamic Zn2+ coordination. Loop 
IV is colored light blue, loop VII, light green, and Zn2+ is shown as a blue sphere. The Cu-site 
and the Zn-site are indicated as light red and light blue spheres around Zn2+, respectively. 

 31 



 

The most direct interpretation of such a dual effect is that the zinc ion jumps 
from the Cu-site to the Zn-site after crossing the rate-limiting transition-state 
of the folding reaction [Fig 11]. It is not clear yet, if Zn2+ jumps from one 
metal-binding site to another directly, which would be associated with a 
specific kinetic barrier, or if it occurs trough an apo-SOD1 intermediate. 
Still, these results illustrate the explicit link between the folding reaction of 
SOD1 and Zn2+ coordination. The zinc ion first catalyzes the folding of the 
SOD1 core structure by binding to the Cu-site ligands and after doing this 
job it moves to the Zn-site and induces another folding transition, namely, 
fastens the active-site loops to the β-scaffold [Fig 11, Paper II]. Hence, the 
dynamic coordination of Zn2+ stands out as a critical modulator of the fold-
ing reaction of SOD1, but at the same time it provides more gaps for possi-
ble misfolding events.  
 

For maturation of SOD1 in vivo there still remains some unknown details: 
e.g. how and when the native Zn-site gets metallated. Thus, the phenomenon 
of jumping zinc ion in vitro offers a nice model, which agrees with existing 
observations/indications for the in vivo situation (168-172). After the SOD1 
polypeptide has been synthetized in the reducing environment of the cytosol, 
coordination of Zn2+ by the Cu-site ligands gives a kinetic advantage by 
lowering the activation-energy barrier for folding of the SOD1 core struc-
ture. This type of folding catalysis by divalent metal ions is generally ob-
served for proteins, in which two histidine residues with proper configura-
tion are introduced within the folding nucleus (173,174). Then, after the 
SOD1 core structure has been formed, Zn2+ transfers to the Zn-site and caus-
es the active-site loops to acquire its functional geometry (118), which al-
lows dimerization either with another SOD1 subunit (121,122) or with the 
copper chaperone (CCS) (128). CCS catalyze both: loading of Cu2+/1+ in the 
Cu-site (this can also occur in a CCS independent pathway) and formation of 
the intramolecular disulfide-bond in a reducing environment (128,129,170). 
In support of this pathway is the observation that coordination of Zn2+ is 
required to facilitate SOD1-CCS interaction (129). In addition, although 
fully matured SOD1 is the most abundant species in the cell, there is a sig-
nificant pool of this protein in a Cu-deficient form which gets activated in 
response to oxidative stress (169). The Cu-bound but Zn-deficient species do 
not have a defined place in this pathway and are more likely to appear during 
the unfolding/degradation process, e.g. after the functional loops open up 
and Zn2+ is lost. The ALS-associated mutations or changes of environmental 
conditions (temperature, pH, Zn2+ deficiency and other), can change the situ-
ation. Intriguingly, an increased population of this particular species (with 
only copper bound) is observed in G93A transgenic mouse in the spinal cord 
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during the course of disease (175). The G93A substitution has been shown to 
have the specific destabilizing effect on the functional loops (162,176), 
which again points to this part of SOD1 structure as a potential problem. 

Insights into the structural integrity of holo-SOD1 

To evaluate individual energetic contributions of the functional loops with 
respect to Zn2+ binding, two protein variants with either loop IV or loop VII 
truncated were used for kinetic analysis in the presence of excessive [Zn2+] 
[Paper IV]. Evidently, truncation of loop IV removes also the entire Zn-site 
and thus the metallation effect is restricted to the Cu-site. Interestingly, Zn2+ 
coordination by the Cu-ligands in this case slightly reduce the mu-value [Fig. 
12]. Knowing that loop VII is fully unfolded in apo-SOD1, such an effect 
likely stems from the structural core of SOD1 – the β-barrel. The same be-
havior is also observed for a SOD1 variant with both active-site loops trun-
cated (177), implying that despite a kinetic advantage (faster folding), metal-
lation of the Cu-ligands is adverse to the folded SOD1’s core structure [Fig. 
12, Paper IV]. In full support of this, the Cu-ligand H120 is strained by hy-
drogen-bond linkage in conformation which allows metal coordination, but 
this restraint was shown to induce dynamic motions in the β-barrel (158). 
Metal binding would thus lock His120 in this unfavorable conformation 
supposedly enhancing dynamic motion even more. 

Fig. 12. Effect of Zn2+ on the structural status of the functional loops and the β-barrel. 
Chevron plots of SOD1 monomer without loop IV (green) and without loop VII (light blue) in the 
presence of excessive [Zn2+] (closed circles) and without [Zn2+] (open circles). Dashed lines 
represent chevron plots of metallated SOD1 monomers with only the Zn-site intact (blue line) 
and with only the Cu-site intact (red line). 
 

Truncation of loop VII leaves both metal binding sites intact, however, un-
folding kinetics of this protein variant in the presence of [Zn2+] closely re-
sembles the one observed for SOD1 with misligated Zn2+ in the Cu-site [Fig. 
12, Paper I, IV]. Thus, if loop VII is absent, metallation of the Zn-site (if it 
even occurs) does not contribute to stability of SOD1. In other words, the 
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stability gain, which is seen upon metallation of the Zn-site is eradicated by 
truncation of loop VII [Fig. 12]. This data support the recent notion that the 
Zn-site and the electrostatic loop coevolved together as unified add-on onto a 
primordial monomeric protein without both of these elements (178). In addi-
tion, removal of loop VII also leads to misligation of Zn2+ in the Cu-site, 
followed by local unfolding of loop IV. Hence, a structural organization of 
loop VII brought by Zn-site metallation emerge as a critical component of 
the holo-SOD1 integrity, i.e. not only does it result in a tremendous stability 
gain but it also keeps loop IV in its native and functional geometry [Paper 
IV].  

Accelerated metal release as an ALS-provoking property 

As already stated, the zinc ion can bind to any structural state of the SOD1 
molecule (124) [Paper I, II]. In general, binding of Zn2+ is beneficial and 
shifts the folding equilibrium of SOD1 towards the fully mature dimer. 
Many of the ALS-associated SOD1 mutations have been shown to have the 
opposite effect, i.e. they either reduce the conformational stability of the 
apo-SOD1 monomer or weaken the strength of the dimer interface or both 
(99,179). In addition, a number of mutations are shown to lead to a decrease 
in metallation of SOD1 (47,180). Independently on which step of the folding 
reaction that is affected, these ALS-associated SOD1 mutations shift the 
folding reaction into reverse direction thereby increasing the population of 
globally and/or locally unfolded species – possible precursors for the disease 
(98,132). 

Nonetheless, there are ALS-associated substitutions that affect neither of the 
properties mentioned: N139D, N139K, D76Y, D76V and D101N are indis-
tinguishable from the wild-type protein in respect of thermodynamic stability 
and folding behavior of apo-states (181). In addition, N139K, D76Y and 
D101N were reported to have a metal content comparable to wild-type 
SOD1 (47,182), correspondingly N139D and D76V are expected to have 
similar metallation properties. All three targeted residues are involved in the 
peripheral hydrogen-bond network of the functional loops; in the holo-SOD1 
structure D76 is hydrogen bonded to G73, D101 forms a salt bridge with 
R79, and N139 forms two hydrogen bonds with N131 (181) [Fig. 13, Paper 
III]. The observation that both active-site loops gain a rigid structure only 
upon metallation of the Zn-site (92,100,118), explains why none of the five 
substitutions affect stability of apo-SOD1. The question is, then, how these 
substitutions affect folding and stability of metallated SOD1 species were 
both functional loops are tightly attached to the β-scaffold [Paper III].  
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The effects of mutations were probed using monomeric SOD1 variants, since 
this removes the higher-order component (dimer dissociation) from the un-
folding kinetics (120,124) [Fig. 7], while the structural and dynamic proper-
ties of the functional loops are still very similar in monomer and dimer 
(100,112,113) [Paper II]. All five monomeric mutant variants display a sig-
nificant gain in thermodynamic stability upon metallation. Still, this gain in 
thermodynamic stability, for all but N139D, is much lower compared to the 
pwt SOD1 monomer [Fig. 13]. The mild effect of N139D is consistent with 
its nature: substitution of asparagine into a structurally similar aspartic acid 
is likely to retain most of the native contacts. All other four substitutions 
abolish most of the native contacts formed by targeted residues, and thus, 
lead to much lower gain in conformational stability upon metallation.  
 

 

Fig. 13. ALS mutations accelerate metal coordination dynamics. Front view of SOD1 dimer, 
side view of SOD1 monomer and close up of local structural environments of N139 (light green), 
D76 (light blue) and D101 (pink). Loop IV is coloured light blue, loop VII - light green, zinc is 
shown as blue sphere, and copper - red sphere. Chevron plots and metal-off kinetics (that are 
coloured correspondingly to targeted residue) are compared to pwt SOD1 monomer (black). 
Apo - open circles, holo - closed circles and metal-off kinetics - closed triangles.  
 

In all cases, the mutational effect is kinetically seen as a selective increase in 
the unfolding rate constant (if compared to monomer without ALS muta-
tions), indicating that contacts formed by the targeted residues stabilize sole-
ly the folded holo structure. In addition, the unaffected refolding kinetics in 
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the presence of excessive [Zn2+] together with no effect on the folding and 
stability of apo-states suggest that the targeted residues do not contribute to 
the folding of the SOD1 core structure but get involved only during/after the 
later folding transition, i.e. Zn2+ induced folding and stiffening of the active-
site loops [Paper II]. Consistent with this, all five substitutions, including 
N139D, drastically accelerate metal-off kinetics [Fig. 13]. For comparison, 
destabilization of the SOD1 structure by ALS mutations that are not associ-
ated with the functional loops (D90A, A4V, and E100G) translates in an 
additive manner from apo- to holo-protein without pronounced specific ef-
fects on metal-off kinetics [Paper III].  

Hence, substitutions targeting the hydrogen-bond network of the active-site 
loops increase dynamic motions or even demolish structural integrity of this 
particular region of the SOD1 structure, despite metallation of the Zn-site. In 
addition, destabilization of loop VII is indicated as a property shared by a 
number of structurally dispersed substitutions (162), whereas G93A was also 
shown to specifically destabilize loop IV despite being located at a good 
distance from it (176). All this points at two ways of provoking disease; (i) 
increased occupancy of premature species due to shifted folding equilibrium 
towards the denatured state - global effect and (ii) local structural fluctua-
tions of the functional loops - specific effect. In this fashion, mutations that 
seem innocent from the studies of apo-SOD1 (181), can still contain a sub-
stantial potential to cause disease, which becomes evident only from the 
studies of holo-SOD1 [Paper III]. When it comes to cellular conditions, the 
concentration of free Zn2+ is generally low and tightly regulated (165-167), 
hence the lifetime of SOD1 is likely controlled by the Zn2+ release rate [Pa-
per II]. Therefore, the accelerated metal-off kinetics induced by ALS-
associated SOD1 substitutions does not only lead to accumulation of poten-
tially toxic SOD1 species, but can also disturb the delicately balanced turno-
ver of SOD1 as well as Zn2+ homeostasis. In this way multiple processes, 
essential for neuronal survival, can be affected.  

 Links between SOD1-maturation, ALS and Zn2+ homeostasis  

Structural maintenance of various proteins, including SOD1, is only one of a 
number of cellular processes where zinc plays a pivotal role. Neurotransmis-
sion (183,184), enzymatic activity (185,186) and gene regulation (187,188) 
are few other examples making it easy to imagine that zinc fluxes in- out- 
and within the cell must be rigorously regulated to maintain an optimal bal-
ance. The dyshomeostasis of zinc is implicated in a multitude of pathological 
neuronal processes where both increased and decreased levels of zinc (de-
pending on specific locations) can be neurotoxic (189,190). Thus, in vivo, 
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the close relation between SOD1 and Zn2+ must be manifested in both direc-
tions: not only does Zn2+ modulate the maturation and turnover of SOD1, but 
SOD1 in itself also impacts Zn2+ homeostasis. The later phenomena was 
observed while investigating apo-SOD1 toxicity in cultured neuroblastoma 
cells [Paper V]. 

Under the assumption that the premature, apo-SOD1 is the precursor for the 
disease (91-93,95,98,100,104) the toxic effects of these species were tested 
in cultured neuroblastoma cells by simply adding SOD1 to the cell medium. 
The first and very promising experiment showed that SOD1 kills the cells in 
its apo-state, whereas cells remain viable after incubation with holo-protein 
[Fig. 14]. 
 

 

Fig. 14. SOD1 and Zinc homeostasis. Adopted from [Paper V]. (a.) Morphology of cells was 
visualized with immunocytochemistry (DNA – blue and cytoskeleton – red) after 72 h of incuba-
tion with holo- and apo-SOD1. Only apo-SOD1 killed most of the cells and remaining cells 
displayed an altered morphology (400× magnification). (b.) Sigmoidal correlation between cell 
viability and thermostability of apo-SOD1 (black circles). SOD1 variants with demolished Zn2+-
binding ability, fall outside of this pattern (red circles). (c.) Cells were incubated for 72 h with 10 
µM of apo-SOD1 together with various metals of various concentrations: 40 µM (red), 20 µM 
(purple), 10 µM (green), 5 µM (orange) and 2.5 µM (blue). (d.) Schematic representation of apo-
SOD1 induced Zn2+-dishomeostasis. 
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However, in these experiments apo-dimers appeared to be as toxic as apo-
monomers despite the fact that they are populated to a lower extent as un-
folded and/or partly folded species [Paper V]. In addition, incubation of neu-
roblastoma cells with a number of apo-SOD1 variants that display different 
thermostabilities revealed that, in general, the protein variants that were 
mainly unfolded under experimental conditions, were nontoxic and other 
way around [Fig. 14]. Still, there was one important exception: the SOD1 
variants with substitutions in the Zn-site did not have any toxic effect despite 
preserved wild-type-like stability of the apo-state [Fig. 14]. Moreover, the 
addition of stoichiometric [Zn2+] to the cells within 30 hours of incubation 
with toxic apo-SOD1 variants prevented cell death. This saving effect was 
unique for Zn2+, i.e. no other metals were able to save the cells [Fig. 14]. In 
other words, Zn2+ that was added to the cell medium became coordinated by 
the high affinity Zn-site, which likely stopped the Zn2+ depletion from vital 
cellular processes. Accordingly, the observed toxicity of apo-SOD1 in cul-
tured neuroblastoma cells is likely caused by disturbed Zn2+ homeostasis 
[Fig. 14, Paper V].  

Although the toxic effect of apo-SOD1 observed in this study may be just a 
feature of the chosen model system and not directly relevant to ALS, it 
points to an important component of SOD1 proteostasis - available [Zn2+]. 
The smallest change in cellular conditions affecting the folding equilibrium 
of SOD1 would also affect Zn2+ dynamics in the cell, especially taking into 
account the relatively high concentration of intracellular SOD1 (10 – 40 µM) 
(38) and low concentration of intracellular free Zn2+ (∼ pM levels) (166,167). 
Accordingly, this intimate link between the proteostasis of SOD1 and Zn2+ 
homeostasis supposedly becomes perturbed by ALS-associated mutations 
and/or age-related cellular changes, both of which are indicated as main fac-
tors for the disease.    
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Concluding remarks 

This thesis does not reveal which the exact neurotoxic species of SOD1 is, 
but it does, however, provide the important details of the folding free-energy 
landscape of this protein and specifies the hotspots from where the toxic 
species might originate. The zinc ion stands out as the most critical modula-
tor of the whole folding reaction of SOD1. By binding to the Cu-site ligands, 
Zn2+ speeds up the folding reaction of SOD1’s core structure, whereas metal-
lation to the Zn-site induces an additional folding transition mainly associat-
ed with structural organization of the electrostatic loop. Folding and stiffen-
ing of both active-site loops due to Zn2+ coordination adds huge amount of 
stability to the SOD1 monomer.  

 
Fig. 15. Folding free-energy profile of the SOD1 monomer with emphasis on possible 
starting points for toxicity.  

The structural and thermodynamic features of the SOD1 molecule, however, 
impose also a number of drawbacks, i.e. there are a lot of dangers for the 
SOD1 molecule along its folding route. Hence: (i) loop VII, which can par-
ticipate in non-native interactions is completely unfolded in the apo-state (ii) 
the selective metallation of the Cu-site stabilizes SOD1 in a state where both 
functional loops are unfolded, (iii) ALS-associated substitutions, known as 
outliers with respect to apo stabilities, destabilize the holo-state by accelerat-
ing metal release rate, and (iv) a perturbed folding free-energy landscape of 
SOD1 can potentially disturb Zn2+ homeostasis.  
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Appendix. Kinetic and thermodynamic data of SOD1 variants  
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Kinetic and thermodynamic data of the SOD1 variants used/analyzed in this thesis 
(the unit of the rate constants is s-1).  
 
 
1 metal-off kinetics was measured either from as “purified protein” or from apo-
protein incubated with ∼ 10-20 µM Zn2+ (with monomeric SOD1 concentration of 4-
5 µM). 2 Extracted from (181) and (120). 3 The thermodynamic stability of apo-
SOD1 monomer with both active-site loops unfolded. 4 Dimer dissociation limited 
unfolding rate and m-value extrapolated to 0 M urea. 5 Extracted from (157). 6 Ex-
tracted from (181). 7 Extracted from (98).   
(X)kin are parameters obtained from kinetic experiments and (X)EQ are parameters 
obtained from equilibrium experiments.  
The decrease of ~ 0.58 kcal mol-1 in apo-SOD1 stabilities (that are extracted from 
(98) and (181)) is due to presence of 10 mM of EDTA, which gives ~ 50 mM ionic 
strength. Accordingly, all the disease variants analyzed in [Paper IV] in apo-state 
would display ~ 0.58 kcal mol-1 higher stability at low ionic strength. The slopes of 
the refolding limbs of SOD1 loop-variants in apo-state and the disease variants in 
apo-state were locked to the pseudo-wild type value of - 0.95.  
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Populärvetenskaplig sammanfattning på 
svenska 

Många funktioner hos människan som tankeprocessen, rörelser, känslan av 
hårda kulor i handen, kyla eller något vasst, styrs av vårt nervsystem som 
består av flera olika typer av nervceller. Motornervceller sänder ut impulser 
till våra muskler, vilket fungerar som en signal att utföra en rörelse. Vid 
amyotrofisk lateral skleros (ALS) degenererar dessa nervceller, vilket 
resulterar i muskelatrofi. Sjukdomen startar vanligtvis med muskelsvaghet, 
vilket snabbt utvecklas till förlamning och slutligen att patienten avlider, ofta 
så snabbt som 1-5 år efter de första symtomen. 

Den molekylära mekanismen bakom sjukdomen är fortfarande oklar, men 
det finns en stark koppling till superoxiddismutas 1 (SOD1). SOD1 är ett 
vanligt förekommande enzym med antioxidativa egenskaper som består av 
två identiska subenheter. Varje subenhet innehåller en koppar- och en 
zinkjon. Man tror att SOD1, via förändringar i dess proteinstruktur, utvecklar 
toxiska egenskaper vilket resulterar i motornervcellsdöd. Flera observationer 
pekar mot att enzymets toxiska egenskaper har sitt ursprung i strukturellt 
omogna SOD1-monomerer som saknar metaller. 

Denna avhandling visar inte exakt vilken strukturell form av SOD1 som är 
toxisk för motornervceller. Däremot bidrar den med viktig kunskap om 
proteinets strukturella och dynamiska egenskaper, och identifierar också de 
”hot-spots” som kan vara utgångspunkten för bildandet av toxiska 
proteinstrukturer. Zink framträder som den mest kritiska faktorn för 
veckning av SOD1. Genom att binda till kopparliganderna accelererar 
zinkjonen bildandet av proteinets tredimensionella grundstruktur. När zink 
däremot binder till zinkliganderna stabiliseras den nativa veckningen av loop 
IV och VII i den aktiva fickan. Veckning och stabilisering av båda dessa 
loopar ger en dramatiskt ökad strukturell stabilitet av SOD1-monomeren, 
men loop IV och VII är också associerade med ett antal strukturella 
nackdelar: (1) Loop VII, som kan bilda icke-nativa interaktioner med andra 
SOD1 molekyler, är helt oveckad utan metaller (och därmed redo att 
interagera). (2) Zinkbindning till kopparliganderna, samtidigt som zinksitet 
är tomt, medför en stabilisering av SOD1 med oveckade loopar i den aktiva 
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fickan. (3) De ALS-associerade mutationer som inte påverkar stabiliteten för 
SOD1 utan metaller, har en stark påverkan på SOD1 med metaller genom att 
förstöra den strukturella integriteten av just looparna i den aktiva fickan. Till 
sist, den nära koppling som finns mellan SOD1 och zink kan också verka i 
motsatt riktning på så sätt att SOD1 negativt kan påverka den känsliga 
zinkbalans som existerar i cellen. Loop IV och VII framstår därför som 
flexibla och kritiska delar av SOD1-strukturen. I ett vidare perspektiv kan de 
resultat som presenteras i denna avhandling användas för att dels följa och 
stoppa den toxiska processen medierad av SOD1, men också spela en viktig 
roll för utvecklandet av mer specifika och effektiva läkemedel mot ALS. 
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