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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by 
the progressive degeneration of spinal motor neurons. Although mutations in dozens of 

proteins have been associated with ALS, the enzyme, superoxide dismutase 1 (SOD1) was 
the first protein identified with the development of ALS and accounts for ~20% of familial 
cases. In experimental animals and patient samples, mutant SOD1 is found in cytoplasmic 
deposits implicating SOD1 aggregates as the toxic entities. Here we discuss the various bio-
chemical and structure-based hypotheses proposed for mutant SOD1-associated ALS. Al-
though much remains to be discovered about the molecular mechanism of SOD1 mediated 
toxicity, these hypotheses offer new avenues for therapeutic development.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a late-adult onset disease characterized 
by the loss of voluntary motor functions. Patients live an average of 3-5 years 
after the appearance of symptoms and very few are known to have survived 
for more than two decades [1]. Clinically the disease is identified by loss of mo-
tor function, which progresses in an unusually fast and unpredictable manner. 
Proteinaceous deposits are found in degenerating motor neurons of the cerebel-
lum, cortex and spinal cord suggesting that protein aggregation is the under-
lying cause of the disease. Although 90% of all ALS cases are sporadic (sALS), 
5–10% of cases are inherited and called familial ALS (fALS); these have a clear 
genetic linkage to a specific gene. Genome-wide association studies (GWAS) in 
the last decade have implicated nearly 30 genes in ALS pathogenesis. Of these, 
the majority code for the proteins TARDP, SOD1, FUS, VCP and OPTN (Fig. 
1). The gene encoding the cytosolic enzyme, superoxide dismutase 1 (SOD1) 
was first discovered to have mutations in ALS patients in 1993 [2]. Mutations in 
the SOD1 gene are found in the exons suggesting that their toxic effects are the 
result of malfunctions of the protein. Furthermore, large aggregates that stain 
as SOD1 are found in autopsy samples suggesting a pathological link between 
SOD1 aggregates and motor neuron death. The role of SOD1 in sporadic and 
non-SOD1 linked fALS is less clear. Biochemical studies and antibody reactivity 
suggest an altered SOD1 conformation is present in both sALS and non-SOD1-
linked fALS patients [3–5]. SOD1 aggregates are also observed in the presence of 
mutant TDP-43 and FUS in patients and in cell culture suggesting cross talk be-
tween various proteins associated with ALS [6]. An oxidized form of wild-type 
SOD1 (wtSOD1) has also been detected in sporadic patient tissues [7]. Recently, 

Figure 1. Different ALS-linked genes classified by function.
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mutations in SOD1 were also found in sporadic forms of 
ALS such as the aggressive juvenile-onset ALS [8,9]. From 
these reports it appears that SOD1 plays a role that extends 
to ALS cases associated with mutations in other proteins, as 
well as to at least some sporadic cases. To date more than 
160 different disease-associated mutations have been found 
in SOD1; these are spread over the entire 153 amino acid 
sequence (http://alsod.iop.kcl.ac.uk). Studies over the last 
two decades have elucidated key features of mutant SOD1 
(mSOD1) aggregation. It is generally accepted that mSOD1 
acquires toxic properties: mSOD1 does not lose its enzymat-
ic activity [10] and knockdown of wild-type SOD1 does not 
cause ALS symptoms in mice [11]. Together these observa-
tions strengthen the hypothesis that disease mutations con-
fer a toxic function that ultimately causes cellular dysfunc-
tion.

In this review, we summarize the various hypotheses 
proposed for mSOD1 toxicity. We focus on the biophysical 
studies of SOD1 mutants, and in particular the biochemical 
and structural data that suggest varying roles for different 
regions of the SOD1 protein in aggregation and ALS patho-
genesis.

STRUCTURAL MODELS FOR 
CHANGES IN MUTANT SOD1

Several proteins associated with neurodegenerative 
diseases such as β-amyloid, α-synuclein and islet amyloid 
polypeptide do not have a native tertiary structure. How-
ever, SOD1 does have a tertiary structure and the effect of 
mutations on the native structure has been extensively stud-
ied. The native metal-bound SOD1 exists as a homo-dimer 
wherein each monomer has a Greek key architecture and 
binds one copper and one zinc ion (Fig. 2A). The monomer 
is composed of an eight-stranded β barrel and two loops – 
the metal binding loop (spanning residues 49-84) and the 
electrostatic loop (spanning residues 122-143) [12,13]. The 
simplest hypothesis for mutant SOD1-mediated neuro-
nal damage is that the presence of each disease mutation 
increases the aggregation propensity of the protein. These 
aggregates accumulate over time and are toxic to neuronal 
cells. In support of this hypothesis, severity of the disease 
correlates with the aggregation propensity of the mutants. 
For example, patients with the A4V mutation survive only 
6 months post symptom-onset and this mutation increases 
the aggregation propensity many fold. However, the in-
crease in aggregation propensity does not correlate with 
an earlier age of disease onset [14,15]. Furthermore, not all 
disease mutations increase the aggregation propensity of 
the protein [14] (Table 1). Structural studies of more than 
a dozen different SOD1 constructs harboring disease-relat-
ed mutations have been carried out and provide conflicting 
results. Overall, most mutations do not cause major struc-
tural alterations to the native SOD1 structure [16]. Crystal 
structures of A4V and I113T mutants show some structural 
deviations in the dimer interface that might contribute to 
increased aggregation propensity [17] and the structure of 
the G37R mutant shows altered subunit arrangement [18] 
while structures of D124V and H80R mutants show disrupt-
ed metal binding loops [19]. Mutations such as A4V, G93A, 
I113T and G37R also do not affect the enzymatic activity 

of the protein whereas G85R and H48Q mutations that are 
present in the metal binding loop lead to reduced activi-
ty [16]. In light of these conflicting reports, it is difficult to 
determine if increased aggregation propensity is the only 
effect of mutations that cause the disease; whereas protein 
aggregation may contribute to disease progression, it may 
not be the cause of the disease itself.

Another hypothesis is that the mutations introduce struc-
tural instability either by destabilizing the native structure 
or by reducing its metal binding affinity [20]. One line of 
evidence supporting this hypothesis is that large molecular 
weight aggregates are seen prior to disease onset in trans-
genic mice [21,22]. Additionally, large inclusion bodies con-
taining insoluble SOD1 are found only in end-stage mice 
[23,24]. Biochemical and cell culture studies also show that 
SOD1 forms soluble oligomers that are sufficient to cause 
toxicity [25–29]. In-cell NMR and mutagenesis studies have 
shown that several mutants lack metal binding and are 
prone to oligomerization [30]. Structural studies of metal 

Figure 2. A) Crystal structure of metal-bound SOD1 (PDB 2C9S). Native SOD1 
exists as a stable dimer. Each monomer is composed of an eight-stranded β barrel 
(red) and a metal binding loop (magenta) and an electrostatic loop. Cu and Zn 
are shown respectively as yellow and blue spheres. Strands facing towards the 
viewer are named in black and away from the viewer are named in gray. B) Wild 
type SOD1 is an exceptionally stable dimer and can be monomerized only by loss 
of metal ions. C) A disease mutation (blue cross) can gain a toxic function by dif-
ferent modes. It can increase the propensity to monomerize and these monomers 
in turn can form oligomers with non-native quaternary structure that may be tox-
ic. Another mode of oligomerization involves apo dimers that harbor non-native 
contacts forming fibrous assemblies.
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depleted mutants also support this hypothesis. For exam-
ple, in the crystal structures of the metal deficient mutants 
– H46R, S134N, D124V and H80R significant new inter-mol-
ecule interfaces are observed [19,31–33]. The buried surface 
area in these new interactions is identical to the native di-
meric interface and thus proposed to be significant. Further-
more, these new interfaces can only occur by rearranging 
the metal binding loop. Therefore, reduced metal binding 
would increase flexibility and in principle stabilize these in-
teractions. However, it is important to note that these inter-
actions are observed only in the crystal structures and their 
physiological relevance has been unclear.

In addition to studies investigating the effect of dis-
ease-linked mutations on the global structure of SOD1, re-
search groups have analyzed the SOD1 protein sequence to 
identify segments that affect the aggregation kinetics. Ag-
gregates isolated from the spinal cords of transgenic mice 
have been shown to contain full-length SOD1 that is devoid 
of metals [34,35] but limited proteolysis and atomic force 
microscopy experiments suggest that the core of large ag-
gregates formed by SOD1 is composed of residues 1-63 [36]. 
Molecular dynamic simulations, mass spectrometry and 
hydrogen/deuterium (H/D) exchange studies suggest local 
unfolding of the β-barrel and exceptional flexibility in the β 
strands 3 and 4 corresponding to residues 29-36 and 41-48 
[37–39]. These strands compose the β barrel and thus their 
rearrangement likely induces changes in the structure to 
enable secondary interactions that are important for aggre-
gation. In vivo models and cell culture studies also suggest 
that the N-terminal region of SOD1 plays an important role 
in toxicity, in particular residues such as Trp32 that may be 
important sites for post translational modifications [8,40,41]. 
Another study with shorter segments identified 4 different 
segments that are important for aggregation [42]. Mutations 
in two of these segments – 101-107 and 147-153 changed 
the aggregation propensity suggesting that these segments 
play an important role in the initiation of aggregation. The 
segment 147-153 lies at the dimer interface and this peptide 
segment can seed fibril formation of the full-length protein 
in vitro [42], suggesting that it plays an important role in 
aggregation.

SOD1 monomer also has 4 cysteine residues (Cys 6, 
Cys 57, Cys 111, and Cys 146) with Cys 57 and Cys 146 en-
gaged in a disulfide bond. The role of these Cys residues in 
SOD1 aggregation has been explored (reviewed in [23,43]. 
SOD1 mutations increase the aggregation propensity of 
disulfide-reduced apo-SOD1 [44,45] and aberrant disul-
fide-linked oligomers are detected in spinal cord homoge-
nates of transgenic mice [46]. However, mutating the cyste-
ine residues does not change the aggregation propensity of 

the protein [47]. Also, cysteine residues are not conserved 
across different species. Taken together, these reports sug-
gest that disulfide reduction is an important albeit non-crit-
ical step in the toxic aggregation pathway.

Overall, these biochemical and structural studies sug-
gest that SOD1 mediated toxicity is likely caused by a 
combination of different events such as aberrant disulfide 
reduction, the presence of a disease-associated mutation 
and reduced metal binding (Fig. 2). One or more of these 
events results in a shift in the equilibrium toward patho-
genic aggregation.

TOXIC SOD1 SPECIES – LARGE AGGREGATES 
OR SOLUBLE OLIGOMERS

The molecular stoichiometry of the toxic species in neu-
rodegenerative diseases has been intensely debated. While 
large aggregates are considered to be the pathological hall-
mark of Alzheimer’s or Parkinson’s disease and ALS, evi-
dence for small oligomers as the toxic entities has also been 
presented.

In case of SOD1, evidence for both large aggregates 
and small oligomers as the toxic species has been given. 
Large inclusions are a defining histological feature of pa-
tients and detergent insoluble aggregates are formed in 
animal models as well. However, the cause and effect re-
lationship between insoluble aggregates and motor neu-
ron death is unclear. Several studies of SOD1 suggest that 
small oligomers may also be toxic. In these experiments, 
disulfide reduced forms of mutant SOD1 were detected 
that may be the precursor species for the large aggregates 
[25,26,28,29]. The minimum toxic species has been pro-
posed to be trimeric with a non-native quaternary assem-
bly [48]. Similar trimeric assemblies have been proposed 
for other aggregating proteins such as tau [49], amyloid-β 
[50] and α-synuclein [51]. The structural details of these 
toxic oligomers have been elusive till now and it is also 
not known if the native SOD1 structure is intact or not.

PRION-LIKE BEHAVIOR OF SOD1

It is increasingly appreciated for neurodegenerative 
diseases that protein aggregates can transfer from cell to 
cell much like the aggregated forms of the PrP prion pro-
tein. Protein aggregates of α-synuclein [52–54], tau [55], 
β-amyloid [56,57] have been shown to act as templates for 
seeding native protein into aggregates as do prion proteins, 
a behavior termed ‘Prion-like’. However, the behavior of 
these proteins differs from the canonical prion proteins, as 

Table 1. Comparison of several SOD1 mutations

Location of mutation Mutations Aggregation propensity vs. wt Melting temperature vs. wt

β barrel G37R Similar Similar

Electrostatic loop N139K High Similar

Metal binding loop H46R,D134N, H80R, D124V High Low

Dimer Interface A4V, I113T High Low
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there is no evidence of transmission of disease between in-
dividuals by transfer of aggregates.

Several lines of evidence for transmission of SOD1 aggre-
gates have been found. SOD1 is abundant in the cytoplasm 
but has been reported also to be secreted extracellularly in 
vitro [58–60]. Additionally, co-culturing of non-neuronal 
cells such as astrocytes expressing mSOD1 induces toxicity 
in motor neurons expressing unmutated wtSOD1 [61,62]. 
However, it is not clear if the toxic effect on motor neurons 
is due to mSOD1 transmission or through a signaling cas-
cade. Overexpression of human wtSOD1 in mice express-
ing the familial mutant G85R accelerates the disease onset 
suggesting recruitment of wtSOD1 in aggregation [63]. It 
has also been shown that spinal cord homogenates from 
mSOD1 transgenic mice can seed aggregation of the protein 
in vitro [64]. Finally, injection of spinal cord homogenates in 
mice induces pathology that spreads to distant regions of 
the spinal cord [65–68]. Although mutant SOD1 forms in-
tracellular inclusions it is possible that a soluble, transferred 
form is sufficient for spread of pathology. Taken together, 
these studies suggest that SOD1 aggregation may initiate 
spontaneously in a section of motor neurons and could then 
be sequentially transferred from cell to cell. This hypothesis 
is also supported by the clinical disease progression, which 
starts with loss of a subset of motor neurons and then pro-
gresses through connected anatomical regions.

COMPARISON OF SOD1 WITH OTHER 
ALS-LINKED PROTEINS

Gene sequencing has associated nearly 30 different genes 
with ALS. A majority of these including TARDP, FUS, 
OPTN, VCP and hnRNP are RNA binding proteins that 
are also capable of forming aggregates in response to stress 
[69–71]. In these cases, the pathology appears to derive from 
both a loss of native function and gain of toxic function as 
disease causing mutations often render the protein func-
tionally inactive [72–74]. Indeed the mechanism of toxicity 
of RNA binding proteins seems to differ from that of SOD1. 
For RNA binding proteins defects in nuclear pore assembly 
and defective RNA processing [73,75,76] have been found 
whereas for SOD1, mitochondrial defects [77–80], golgi 
fragmentation [59], defects in proteasome machinery and 
axonal transport [77,81] have been found. These differenc-
es highlight an important realization that even though all 
forms of ALS are associated with protein aggregation, the 
mechanisms that cause toxicity are likely to differ from case-
to-case, depending on the proteins that are mutated.

Another aspect that differentiates SOD1 from other 
ALS-associated proteins such as TDP43, FUS and VCP 
is the exclusivity of mutant SOD1 to ALS. For example, 
aggregates of TDP43 are also found in Alzheimer’s and 
frontotemporal dementia (FTD) cases [82,83] , FUS is also 
associated with FTD [84] and VCP mutants are found in 
inclusion body myopathy with early-onset Paget disease 
and frontotemporal dementia (IBMPFD) [85]. In contrast, 
SOD1 mutants are associated only with ALS and there is 
no evidence of SOD1 aggregation in any other neurode-
generative disease. As all forms of ALS cases are clinically 
similar, researchers have studied the mechanism of disease 

onset in models of familial cases in hopes that the informa-
tion could be used to design drugs that would be effective 
against all forms of the disease. However, as more genes 
are implicated in ALS, it appears that even though protein 
aggregation is a central theme, the downstream effects of 
these aggregates may differ. Thus, it may be necessary to 
understand the toxic properties and disease pathway of 
each ALS-associated protein.

THERAPEUTIC DEVELOPMENT 
FOR SOD1-RELATED ALS

Various strategies have been explored to protect against 
SOD1 aggregation and to prevent neuronal loss. Among 
these siRNA-based gene silencing that reduces mutant 
SOD1 protein production was found to be well tolerated in 
phase 1 clinical trials [86,87]. A similar approach was also 
shown to be effective in a C9orf72 mouse model [88] and 
thus may be applicable to all forms of ALS.

In animal models, immunization approaches using an-
tibodies that bind to a disease-specific conformation have 
been shown to be marginally effective [89]. The anti-SOD1 
antibodies tested increased the life span of transgenic 
mice by 6–9 days and thus provide proof of concept for 
immunization therapy. Full-length SOD1 and its shorter 
segments such as peptide 143-151 that lies at the dimer 
interface have also been used to elicit immune response 
in animal models [90,91]. This vaccination approach was 
successful in delaying disease onset by 28 days and in-
creased the overall lifespan of transgenic mice by 40 days.

With the advent of stem cell differentiation and induced 
pluripotent stem cells (iPSCs), patient derived motor neu-
rons are being used to discover small molecule therapeutics. 
Patient-derived motor neurons show reduced survival and 
recapitulate the defects seen in transgenic mouse models 
such as reduced axon transport and mitochondrial defects 
[77,92]. Stem cell-derived motor neurons offer a fast meth-
od for high throughput screening of potential therapeutics. 
Indeed the first few studies have yielded several small mol-
ecules that inhibit aggregation in vitro and alleviate the toxic 
effects in cell culture [93,94].

Intriguingly, all ALS-linked mutant proteins are ex-
pressed ubiquitously in all tissues yet they aggregate 
only in the spinal cord. In this regard, some studies have 
focused on identifying a protective factor that may be 
present in non-neuronal tissues. In one study, a chaper-
one MIF2 (macrophage inhibitory factor) that expresses in 
non-neuronal tissues was discovered that inhibits SOD1 
aggregation [95]. In a parallel approach, over expression 
of chaperones such as HSJ1 [96] and Hsp110 [97] specif-
ically in spinal motor neurons conferred protection. In a 
related study, a small molecule inhibitor, Sephin1 was 
developed that activates the proteasome system and in-
creases chaperone production [98]. Sephin1 reduced the 
motor deficits and insoluble aggregate formation in trans-
genic mice expressing G93A mSOD1. Although these re-
sults are preliminary, they suggest that over-expression 
of individual chaperones or stimulating chaperone pro-
duction have therapeutic potential.
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A promising approach to therapy for amyloid diseases 
is stabilizing the native structure of proteins such that the 
equilibrium shifts away from aggregation. This approach 
has most successfully been applied for transthyretin [99] 
and light chain amyloidosis [100] but it remains unexplored 
for SOD1 till now. A few studies have shown that stabilizing 
the native structure of SOD1 by chemical crosslinking or by 
small molecules delays aggregation [101–103]. Intriguing-
ly, when these compounds were co-crystallized with SOD1 
they were found to bind not at the dimer interface but to the 
β-barrel, in particular β-strands 2, 3 and 6 suggesting that 
these strands play a role in aggregation.

CONCLUSIONS

Since its discovery as an ALS-linked protein, SOD1 has 
been extensively studied in vitro, in cell culture, and in ani-
mal models. Overall, various hypotheses such as increased 
aggregation propensity, dimer destabilization and oligom-
erization have been proposed for mSOD1 toxicity that may 
not be mutually exclusive. It is conceivable that under dif-
ferent conditions such as presence of a mutation, oxidative 
stress, and aberrant metal binding different mechanisms for 
toxicity are initiated.

Critical questions that remain unanswered include: the 
structure of the toxic species, the role of SOD1 in sporad-
ic ALS, the mechanism of prion-like, intercellular spread 
of aggregates, and whether SOD1 and other ALS-linked 
proteins share a common pathogenic pathway. Answering 
these critical questions will ultimately help to defeat this 
devastating disease.

REFERENCES
1. Salameh J, Brown R, Berry J (2015) Amyotrophic lateral sclerosis: Re-

view Semin Neurol 35: 469–476
2. Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati 

A, Donaldson D, Goto J, O’Regan JP, Deng HX, Rahmani Z, Krizus 
A, Mckenna-Yasek D, Cayabyab A, Gaston SM, Berger R, Tan-
zi R E, Halperin J J , Herzfeldt B, Van Den Bergh R, Hung WY, Bird 
T, Deng G, Mulder DW, Smyth C, Laing NG, Soriano E, Pericak–Vance 
MA, Haines J, Rouleau GA, Gusella JS, Horvitz HR, Brown RH (1993) 
Mutations in Cu/Zn superoxide dismutase gene are associated with 
familial amyotrophic lateral sclerosis. Nature 362: 59–62

3. Bosco DA, Morfini G, Karabacak NM, Song Y, Gros-Louis F, Pasinelli 
P, Goolsby H, Fontaine BA, Lemay N, McKenna-Yasek D, Frosch MP, 
Agar JN, Julien JP, Brady ST, Brown RH (2010) Wild-type and mu-
tant SOD1 share an aberrant conformation and a common pathogenic 
pathway in ALS. Nat Neurosci 13: 1396–403

4. Forsberg K, Jonsson PA, Andersen PM, Bergemalm D, Graffmo KS, 
Hultdin M, Jacobsson J, Rosquist R, Marklund SL, Brännström T (2010) 
Novel antibodies reveal inclusions containing non-native SOD1 in 
sporadic ALS patients. PLoS One 5: e11552

5. Gruzman A, Wood WL, Alpert E, Prasad MD, Miller RG, Rothstein 
JD, Bowser R, Hamilton R, Wood TD, Cleveland DW, Lingappa VR, 
Liu J (2007) Common molecular signature in SOD1 for both sporad-
ic and familial amyotrophic lateral sclerosis. Proc Natl Acad Sci 104: 
12524–12529

6. Pokrishevsky E, Grad LI, Yousefi M, Wang J, Mackenzie IR, Cash-
man NR (2012) Aberrant localization of FUS and TDP43 is associated 
with misfolding of SOD1 in amyotrophic lateral sclerosis. PLoS One 7: 
e35050

7. Guareschi S, Cova E, Cereda C, Ceroni M, Donetti E, Bosco DA, Trotti 
D, Pasinelli P (2012) An over-oxidized form of superoxide dismutase 

found in sporadic amyotrophic lateral sclerosis with bulbar onset 
shares a toxic mechanism with mutant SOD1. Proc Natl Acad Sci 109: 
5074–5079

8. Ezzi SA, Urushitani M, Julien J-P (2007) Wild-type superoxide dis-
mutase acquires binding and toxic properties of ALS-linked mutant 
forms through oxidation. J Neurochem 102: 170–178

9. Zou Z-Y, Liu M-S, Li X-G, Cui L-Y (2015) Mutations in SOD1 and FUS 
caused juvenile-onset sporadic amyotrophic lateral sclerosis with ag-
gressive progression. Ann Transl Med 15: 221

10. Borchelt DR, Lee MK, Slunt HS, Guarnieri M, Xu Z-S, Wong PC, 
Brown RH Jr, Price DL, Sisodia SS, Cleveland DW (1994) Superoxide 
dismutase 1 with mutations linked to familial amyotrophic lateral scle-
rosis possesses significant activity. Proc Natl Acad Sci 91: 8292–8296

11. Bruijn LI, Houseweart MK, Kato S, Anderson KL, Anderson SD, Oha-
ma E, Reaume AG, Scott RW, Cleveland DW (1998) Aggregation and 
motor neuron toxicity of an ALS-linked SOD1 mutant independent 
from Wild-Type SOD1. Science 281: 1851–1854

12. Parge HE, Hallewell RA, Tainer JA (1992) Atomic structures of wild-
type and thermostable mutant recombinant human Cu,Zn superoxide 
dismutase. Proc Natl Acad Sci 89: 6109–6113

13. Tainer JA, Getzoff ED, Beem KM, Richardson JS, Richardson DC 
(1982) Determination and analysis of the 2 Å structure of copper, zinc 
superoxide dismutase. J Mol Biol 160: 181–217

14. Rodriguez JA, Shaw BF, Durazo A, Sohn SH, Doucette PA, Nersissian 
AM, Faull KF, Eggers DK, Tiwari A, Hayward LJ, Valentine JS (2005) 
Destabilization of apoprotein is insufficient to explain Cu,Zn-super-
oxide dismutase-linked ALS pathogenesis. Proc Natl Acad Sci 102: 
10516–10521

15. Wang Q, Johnson JL, Agar NYR, Agar JN (2008) Protein aggregation 
and protein instability govern familial amyotrophic lateral sclerosis 
patient survival. PLoS Biol 6: e170

16. Shaw B, Valentine J (2007) How do ALS-associated mutations in su-
peroxide dismutase 1 promote aggregation of the protein? Trends Bio-
chem Sci 32: 78–85

17. Hough MA, Grossmann JG, Antonyuk SV, Strange RW, Doucette PA, 
Rodriguez JA, Whitson LJ, Hart PJ, Hayward LJ, Valentine JS, Hasnain 
SS (2004) Dimer destabilization in superoxide dismutase may result 
in disease-causing properties: Structures of motor neuron disease mu-
tants. Proc Natl Acad Sci 101: 5976–5981

18. Hart PJ, Liu H, Pellegrini M, Nersissian AM, Gralla EB, Valentine JS, 
Eisenberg D (1998) Subunit asymmetry in the three-dimensional struc-
ture of a human CuZnSOD mutant found in familial amyotrophic lat-
eral sclerosis. Protein Sci 7: 545–555

19. Seetharaman SV, Winkler DD, Taylor AB, Cao X, Whitson LJ, Doucette 
PA, Valentine JS, Schirf V, Demeler B, Carroll MC, Culotta VC, Hart PJ 
(2010) Disrupted zinc-binding sites in structures of pathogenic SOD1 
variants D124V and H80R. Biochemistry (Mosc) 49: 5714–5725

20. Lindberg MJ, Bystrom R, Boknas N, Andersen PM, Oliveberg M (2005) 
Systematically perturbed folding patterns of amyotrophic lateral scle-
rosis (ALS)-associated SOD1 mutants. Proc Natl Acad Sci 102: 9754–
9759

21. Johnston JA, Dalton MJ, Gurney ME, Kopito RR (2000) Formation of 
high molecular weight complexes of mutant Cu,Zn-superoxide dis-
mutase in a mouse model for familial amyotrophic lateral sclerosis. 
Proc Natl Acad Sci 97: 12571–12576

22. Jonsson PA, Ernhill K, Andersen PM, Bergemalm D, Brännström T, 
Gredal O, Nilsson P, Marklund SL (2004) Minute quantities of mis-
folded mutant superoxide dismutase-1 cause amyotrophic lateral scle-
rosis. Brain 127: 73–88

23. Karch CM, Prudencio M, Winkler DD, Hart PJ, Borchelt DR (2009) Role 
of mutant SOD1 disulfide oxidation and aggregation in the pathogene-
sis of familial ALS. Proc Natl Acad Sci 106: 7774–7779

24. Wang J, Xu G, Borchelt DR (2002) High molecular weight complexes 
of mutant superoxide dismutase 1: age-dependent and tissue-specific 
accumulation. Neurobiol Dis 9: 139–48

25. Banci L, Bertini I, Boca M, Girotto S, Martinelli M, Valentine JS, Vieru 
M (2008) SOD1 and amyotrophic lateral sclerosis: mutations and oligo-
merization. PLoS One doi: 10.1371/journal.pone.0001677



Postępy Biochemii 62 (3) 2016 367

26. Banci L, Bertini I, Durazo A, Girotto S, Gralla EB, Martinelli M, Val-
entine JS, Vieru M, Whitelegge JP (2007) Metal-free superoxide dis-
mutase forms soluble oligomers under physiological conditions: A 
possible general mechanism for familial ALS. Proc Natl Acad Sci 104: 
11263–11267

27. Brotherton TE, Li Y, Glass JD (2013) Cellular toxicity of mutant SOD1 
protein is linked to an easily soluble, non-aggregated form in vitro. 
Neurobiol Dis 49: 49–56

28. Park Y-N, Zhao X, Norton M, Taylor JP, Eisenberg E, Greene LE (2012) 
Huntingtin fragments and SOD1 mutants form soluble oligomers in 
the cell. PLoS One 7: e40329

29. Redler RL, Fee L, Fay JM, Caplow M, Dokholyan NV (2014) Non-na-
tive soluble oligomers of Cu/Zn superoxide dismutase (SOD1) con-
tain a conformational epitope linked to cytotoxicity in amyotrophic 
lateral sclerosis (ALS). Biochemistry (Mosc) 53: 2423–2432

30. Luchinat E, Barbieri L, Rubino JT, Kozyreva T, Cantini F, Banci L 
(2014) In-cell NMR reveals potential precursor of toxic species from 
SOD1 fALS mutants. Nat Commun 5: 5502

31. Elam JS, Strange R, Antonyuk S, Doucette PA, Rodriguez JA, Hasnain 
SS, Hayward LJ, Valentine JS, Yeates TO, Hart PJ (2003) Amyloid-like 
filaments and water-filled nanotubes formed by SOD1 mutant pro-
teins linked to familial ALS. Nat Struct Biol 10: 461–467

32. Galaleldeen A, Strange RW, Whitson LJ, Antonyuk SV, Narayana N, 
Taylor AB, Schuermann JP, Holloway SP, Hasnain SS, Hart PJ (2009) 
Structural and biophysical properties of metal-free pathogenic SOD1 
mutants A4V and G93A. Arch Biochem Biophys 492: 40–47

33. Valentine JS, Hart PJ (2003) Misfolded CuZnSOD and amyotrophic 
lateral sclerosis. Proc Natl Acad Sci 100: 3617–3622

34. Lelie HL, Liba A, Bourassa MW, Chattopadhyay M, Chan PK, Gralla 
EB, Miller LM, Borchelt DR, Valentine JS, Whitelegge JP (2011) Cop-
per and zinc metallation status of copper-zinc superoxide dismutase 
from amyotrophic lateral sclerosis transgenic mice. J Biol Chem 286: 
2795–2806

35. Shaw BF, Lelie HL, Durazo A, Nersissian AM, Xu G, Chan PK, Gralla 
EB, Tiwari A, Hayward LJ, Borchelt DR, Valentine JS, Whitelegge JP 
(2008) Detergent-insoluble aggregates associated with amyotrophic 
lateral sclerosis in transgenic mice contain primarily full-length, un-
modified superoxide dismutase-1. J Biol Chem 283: 8340–8350

36. Chan PK, Chattopadhyay M, Sharma S, Souda P, Gralla EB, Borchelt 
DR, Whitelegge JP, Valentine JS (2013) Structural similarity of wild-
type and ALS-mutant superoxide dismutase-1 fibrils using limited 
proteolysis and atomic force microscopy. Proc Natl Acad Sci 110: 
10934–10939

37. Assfalg M, Banci L, Bertini I, Turano P, Vasos PR (2003) Superoxide 
dismutase folding/unfolding pathway: role of the metal ions in mod-
ulating structural and dynamical features. J Mol Biol 330: 145–158

38. Durazo A, Shaw BF, Chattopadhyay M, Faull KF, Nersissian AM, 
Valentine JS, Whitelegge JP (2009). Metal-free superoxide dismutase-1 
and three different amyotrophic lateral sclerosis variants share a sim-
ilar partially unfolded beta-barrel at physiological temperature. J Biol 
Chem 284: 34382–34389

39. Shaw BF, Durazo A, Nersissian AM, Whitelegge JP, Faull KF, Valen-
tine JS (2006) Local unfolding in a destabilized, pathogenic variant of 
superoxide dismutase 1 observed with H/D exchange and mass spec-
trometry. J Biol Chem 281: 18167–18176

40. Mulligan VK, Kerman A, Laister RC, Sharda PR, Arslan PE, 
Chakrabartty A (2012) Early steps in oxidation-induced SOD1 mis-
folding: implications for non-amyloid protein aggregation in familial 
ALS. J Mol Biol 421: 631–65

41. Taylor DM, Gibbs BF, Kabashi E, Minotti S, Durham HD, Agar JN 
(2007) Tryptophan 32 potentiates aggregation and cytotoxicity of a 
copper/zinc superoxide dismutase mutant associated with familial 
amyotrophic lateral sclerosis. J Biol Chem 282: 16329–16335

42. Ivanova MI, Sievers SA, Guenther EL, Johnson LM, Winkler DD, 
Galaleldeen A, Sawaya MR, Hart PJ, Eisenberg DS (2014) Aggrega-
tion-triggering segments of SOD1 fibril formation support a common 
pathway for familial and sporadic ALS. Proc Natl Acad Sci 111: 197–
201

43. Sheng Y, Chattopadhyay M, Whitelegge J, Valentine JS (2012) SOD1 
aggregation and ALS: role of metallation states and disulfide status. 
Curr Top Med Chem 12: 2560–72

44. Furukawa Y, O’Halloran TV (2005) Amyotrophic lateral sclerosis mu-
tations have the greatest destabilizing effect on the apo- and reduced 
form of SOD1, leading to unfolding and oxidative aggregation. J Biol 
Chem 280: 17266–17274

45. Oztug Durer ZA, Cohlberg JA, Dinh P, Padua S, Ehrenclou K, Downes 
S, Tan JK, Nakano Y, Bowman CJ, Hoskins JL, Kwon C, Mason AZ, 
Rodriguez JA, Doucette PA, Shaw BF, Valentine JS (2009) Loss of 
metal ions, disulfide reduction and mutations related to familial ALS 
promote formation of amyloid-like aggregates from superoxide dis-
mutase. PLoS One 4: e5004

46. Furukawa Y, Fu R, Deng H-X, Siddique T, O’Halloran TV (2006) Di-
sulfide cross-linked protein represents a significant fraction of ALS-as-
sociated Cu, Zn-superoxide dismutase aggregates in spinal cords of 
model mice. Proc Natl Acad Sci 103: 7148–7153

47. Karch CM, Borchelt DR (2008) A limited role for disulfide cross-link-
ing in the aggregation of mutant SOD1 linked to familial amyotrophic 
lateral sclerosis. J Biol Chem 283: 13528–13537

48. Proctor EA, Fee L, Tao Y, Redler RL, Fay JM, Zhang Y, Lv Z, Mercer 
IP, Deshmukh M, Lyubchenko YL, Dokholyan NV (2016) Nonnative 
SOD1 trimer is toxic to motor neurons in a model of amyotrophic lat-
eral sclerosis. Proc Natl Acad Sci 113: 614–619

49. Mirbaha H, Holmes BB, Sanders DW, Bieschke J, Diamond MI (2015) 
Tau trimers are the minimal propagation unit spontaneously internal-
ized to seed intracellular aggregation. J Biol Chem 290: 14893–14903

50. Kreutzer AG, Hamza IL, Spencer RK, Nowick JS (2016) X-ray crystal-
lographic structures of a trimer, dodecamer, and annular pore formed 
by an Aβ 17–36 β-Hairpin. J Am Chem Soc 138: 4634–4642

51. Ostrerova-Golts N, Petrucelli L, Hardy J, Lee JM, Farer M, Wolozin B 
(2000) The A53T alpha-synuclein mutation increases iron-dependent 
aggregation and toxicity. J Neurosci 20: 6048–6054

52. Guo JL, Covell DJ, Daniels JP, Iba M, Stieber A, Zhang B, Riddle DM, 
Kwong LK, Xu Y, Trojanowski JQ, Lee VM (2013) Distinct α-synucle-
in strains differentially promote tau inclusions in neurons. Cell 154: 
103–117

53. Luk KC, Song C, O’Brien P, Stieber A, Branch JR, Brunden KR, Tro-
janowski JQ, Lee VM (2009) Exogenous alpha-synuclein fibrils seed 
the formation of Lewy body-like intracellular inclusions in cultured 
cells. Proc Natl Acad Sci 106: 20051–20056

54. Masuda-Suzukake M, Nonaka T, Hosokawa M, Oikawa T, Arai T, 
Akiyama H, Mann DM, Hasegawa M (2013) Prion-like spreading of 
pathological alpha-synuclein in brain. Brain 136: 1128–1138

55. Sanders DW, Kaufman SK, DeVos SL, Sharma AM, Mirbaha H, Li A, 
Barker SJ, Foley AC, Thorpe JR, Serpell LC, Miller TM, Grinberg LT, 
Seeley WW, Diamond MI (2014) Distinct Tau prion strains propagate 
in cells and mice and define different tauopathies. Neuron 82: 1271–
1288

56. Heilbronner G, Eisele YS, Langer F, Kaeser SA, Novotny R, Naga-
rathinam A, Aslund A, Hammarström P, Nilsson KP, Jucker M (2013) 
Seeded strain-like transmission of β-amyloid morphotypes in APP 
transgenic mice. EMBO Rep 14: 1017–1022

57. Meyer-Luehmann M, Coomaraswamy J, Bolmont T, Kaeser S, Schae-
fer C, Kilger E, Neuenschwander A, Abramowski D, Frey P, Jaton AL, 
Vigouret JM, Paganetti P, Walsh DM, Mathews PM, Ghiso J, Staufen-
biel M, Walker LC, Jucker M (2006) Exogenous induction of cerebral 
beta-amyloidogenesis is governed by agent and host. Science 313: 
1781–1784

58. Munch C, O’Brien J, Bertolotti A (2011) Prion-like propagation of mu-
tant superoxide dismutase-1 misfolding in neuronal cells. Proc Natl 
Acad Sci 108: 3548–3553

59. Sundaramoorthy V, Walker AK, Yerbury J, Soo KY, Farg MA, Hoang 
V, Zeineddine R, Spencer D, Atkin JD (2013) Extracellular wildtype 
and mutant SOD1 induces ER–Golgi pathology characteristic of amy-
otrophic lateral sclerosis in neuronal cells. Cell Mol Life Sci 70: 4181–
4195



368 www.postepybiochemii.pl

60. Turner BJ, Atkin JD, Farg MA, Zang DW, Rembach A, Lopes EC, Patch 
JD, Hill AF, Cheema SS (2005) Impaired extracellular secretion of mu-
tant superoxide dismutase 1 associates with neurotoxicity in familial 
amyotrophic lateral sclerosis. J Neurosci 25: 108–117

61. Haidet-Phillips AM, Hester ME, Miranda CJ, Meyer K, Braun L, 
Frakes A, Song S, Likhite S, Murtha MJ, Foust KD, Rao M, Eagle A, 
Kammesheidt A, Christensen A, Mendell JR, Burghes AH, Kaspar BK 
(2011) Astrocytes from familial and sporadic ALS patients are toxic to 
motor neurons. Nat Biotechnol 29: 824–828

62. Marchetto MCN, Muotri AR, Mu Y, Smith AM, Cezar GG, Gage FH 
(2008) Non-cell-autonomous effect of human SOD1G37R astrocytes on 
motor neurons derived from human embryonic stem cells. Cell Stem 
Cell 3: 649–657

63. Wang L, Deng H-X, Grisotti G, Zhai H, Siddique T, Roos RP (2009) 
Wild-type SOD1 overexpression accelerates disease onset of a G85R 
SOD1 mouse. Hum Mol Genet 18: 1642–1651

64. Chia R, Tattum MH, Jones S, Collinge J, Fisher EMC, Jackson GS (2010) 
Superoxide dismutase 1 and tgSOD1G93A mouse spinal cord seed fi-
brils, suggesting a propagative cell death mechanism in amyotrophic 
lateral sclerosis. PLoS One 5: e10627

65. Ayers JI, Fromholt S, Koch M, DeBosier A, McMahon B, Xu G, Borchelt 
DR (2014) Experimental transmissibility of mutant SOD1 motor neu-
ron disease. Acta Neuropathol (Berl) 128: 791–803

66. Ayers JI, Fromholt SE, O’Neal VM, Diamond JH, Borchelt DR (2016) 
Prion-like propagation of mutant SOD1 misfolding and motor neuron 
disease spread along neuroanatomical pathways. Acta Neuropathol 
(Berl) 131: 103–114

67. Grad LI, Guest WC, Yanai A, Pokrishevsky E, O’Neill MA, Gibbs E, Se-
menchenko V, Yousefi M, Wishart DS, Plotkin SS, Cashman NR (2011) 
Intermolecular transmission of superoxide dismutase 1 misfolding in 
living cells. Proc Natl Acad Sci 108: 16398–16403

68. Grad LI, Yerbury JJ, Turner BJ, Guest WC, Pokrishevsky E, O’Neill 
MA, Yanai A, Silverman JM, Zeineddine R, Corcoran L, Kumita JR, 
Luheshi LM, Yousefi M, Coleman BM, Hill AF, Plotkin SS, Mackenzie 
IR, Cashman NR (2014) Intercellular propagated misfolding of wild-
type Cu/Zn superoxide dismutase occurs via exosome-dependent and 
-independent mechanisms. Proc Natl Acad Sci 111: 3620–3625

69. Figley MD, Bieri G, Kolaitis R-M, Taylor JP, Gitler AD (2014). Profilin 
1 associates with stress granules and ALS-linked mutations alter stress 
granule dynamics. J Neurosci 34: 8083–8097

70. Hart MP, Gitler AD (2012) ALS-associated ataxin 2 PolyQ Expansions 
enhance stress-induced caspase 3 activation and increase TDP-43 
pathological modifications. J Neurosci 32: 9133–9142

71. Kato M, Han TW, Xie S, Shi K, Du X, Wu LC, Mirzaei H, Goldsmith 
EJ, Longgood J, Pei J, Grishin NV, Frantz DE, Schneider JW, Chen S, 
Li L, Sawaya MR, Eisenberg D, Tycko R, McKnight SL (2012) Cell-free 
formation of RNA granules: low complexity sequence domains form 
dynamic fibers within hydrogels. Cell 149: 7 53–767

72. Alami NH, Smith RB, Carrasco MA, Williams LA, Winborn CS, Han 
SS, Kiskinis E, Winborn B, Freibaum BD, Kanagaraj A, Clare AJ, Bad-
ders NM, Bilican B, Chaum E, Chandran S, Shaw CE, Eggan KC, Ma-
niatis T, Taylor JP (2014) Axonal transport of TDP-43 mRNA granules 
is impaired by ALS-causing mutations. Neuron 81: 536–543

73. Arnold ES, Ling S-C, Huelga SC, Lagier-Tourenne C, Polymenidou M, 
Ditsworth D, Kordasiewicz HB, McAlonis-Downes M, Platoshyn O, 
Parone PA, Da Cruz S, Clutario KM, Swing D, Tessarollo L, Marsala 
M, Shaw CE, Yeo GW, Cleveland DW (2013) ALS-linked TDP-43 mu-
tations produce aberrant RNA splicing and adult-onset motor neuron 
disease without aggregation or loss of nuclear TDP-43. Proc Natl Acad 
Sci 110: E736–E745

74. Ling S-C, Polymenidou M, Cleveland DW (2013) Converging mecha-
nisms in ALS and FTD: disrupted RNA and protein homeostasis. Neu-
ron 79: 416–438

75. Lagier-Tourenne C, Polymenidou M, Hutt KR, Vu AQ, Baughn M, 
Huelga SC, Clutario KM, Ling SC, Liang TY, Mazur C, Wancewicz E, 
Kim AS, Watt A, Freier S, Hicks GG, Donohue JP, Shiue L, Bennett CF, 
Ravits J, Cleveland DW, Yeo GW (2012) Divergent roles of ALS-linked 
proteins FUS/TLS and TDP-43 intersect in processing long pre-mR-
NAs. Nat Neurosci 15: 1488–1497

76. Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, Moran J, 
Liang TY, Ling SC, Sun E, Wancewicz E, Mazur C, Kordasiewicz H, 
Sedaghat Y, Donohue JP, Shiue L, Bennett CF, Yeo GW, Cleveland DW 
(2011) Long pre-mRNA depletion and RNA missplicing contribute to 
neuronal vulnerability from loss of TDP-43. Nat Neurosci 14: 459–468

77. Kiskinis E, Sandoe J, Williams LA, Boulting GL, Moccia R, Wainger 
BJ, Han S, Peng T, Thams S, Mikkilineni S, Mellin C, Merkle FT, Da-
vis-Dusenbery BN, Ziller M, Oakley D, Ichida J, Di Costanzo S, At-
water N, Maeder ML, Goodwin MJ, Nemesh J, Handsaker RE, Paull 
D, Noggle S, McCarroll SA, Joung JK, Woolf CJ, Brown RH, Eggan K 
(2014) Pathways disrupted in human ALS motor neurons identified 
through genetic correction of mutant SOD1. Cell Stem Cell 14: 781–795

78. Li Q, Vande Velde C, Israelson A, Xie J, Bailey AO, Dong M-Q, Chun 
SJ, Roy T, Winer L, Yates JR, Capaldi RA, Cleveland DW, Miller TM 
(2010) ALS-linked mutant superoxide dismutase 1 (SOD1) alters mi-
tochondrial protein composition and decreases protein import. Proc 
Natl Acad Sci 107: 21146–21151

79. Liu J, Lillo C, Jonsson PA, Vande Velde C, Ward CM, Miller TM, Sub-
ramaniam JR, Rothstein JD, Marklund S, Andersen PM, Brännström T, 
Gredal O, Wong PC, Williams DS, Cleveland DW (2004) Toxicity of fa-
milial ALS-linked SOD1 mutants from selective recruitment to spinal 
mitochondria. Neuron 43: 5-17

80. Vande Velde C, McDonald KK, Boukhedimi Y, McAlonis-Downes M, 
Lobsiger CS, Bel Hadj S, Zandona A, Julien JP, Shah SB, Cleveland 
DW (2011) Misfolded SOD1 associated with motor neuron mitochon-
dria alters mitochondrial shape and distribution prior to clinical onset. 
PLoS One 6: e22031

81. Moloney EB, de Winter F, Verhaagen J (2014) ALS as a distal axonop-
athy: molecular mechanisms affecting neuromuscular junction stabil-
ity in the presymptomatic stages of the disease. Front Neurosci 8. doi: 
10.3389/fnins.2014.00252

82. Amador-Ortiz C, Lin W-L, Ahmed Z, Personett D, Davies P, Duara 
R, Graff-Radford NR, Hutton ML, Dickson DW (2007) TDP-43 immu-
noreactivity in hippocampal sclerosis and Alzheimer’s disease. Ann 
Neurol 61: 435–445

83. Arai T, Mackenzie IRA, Hasegawa M, Nonoka T, Niizato K, Tsuchiya 
K, Iritani S, Onaya M, Akiyama H (2009) Phosphorylated TDP-43 in 
Alzheimer’s disease and dementia with Lewy bodies. Acta Neuro-
pathol (Berl) 117: 125–136

84. Mackenzie IR, Rademakers R, Neumann M (2010) TDP-43 and FUS 
in amyotrophic lateral sclerosis and frontotemporal dementia. Lancet 
Neurol 9: 995–1007

85. Mizuno Y, Hori S, Kakizuka A, Okamoto K (2003) Vacuole-creating 
protein in neurodegenerative diseases in humans. Neurosci Lett 343: 
77–80

86. Nizzardo M, Simone C, Rizzo F, Ulzi G, Ramirez A, Rizzuti M, Bor-
doni A, Bucchia M, Gatti S, Bresolin N, Comi GP, Corti S (2016) Mor-
pholino-mediated SOD1 reduction ameliorates an amyotrophic lateral 
sclerosis disease phenotype. Sci Rep 6: 21301

87. Miller TM, Pestronk A, David W, Rothstein J, Simpson E, Appel SH, 
Andres PL, Mahoney K, Allred P, Alexander K, Ostrow LW, Schoen-
feld D, Macklin EA, Norris DA, Manousakis G, Crisp M, Smith R, 
Bennett CF, Bishop KM, Cudkowicz ME (2013) An antisense oligonu-
cleotide against SOD1 delivered intrathecally for patients with SOD1 
familial amyotrophic lateral sclerosis: a phase 1, randomised, first-in-
man study. Lancet Neurol 12: 435–442

88. Donnelly CJ, Zhang P-W, Pham JT, Haeusler AR, Mistry NA, Viden-
sky S, Daley EL, Poth EM, Hoover B, Fines DM, Maragakis N, Tienari 
PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett CF, Blackshaw 
S, Sattler R, Rothstein JD (2013) RNA toxicity from the ALS/FTD 
C9ORF72 expansion is mitigated by antisense intervention. Neuron 
80: 415–248

89. Gros-Louis F, Soucy G, Larivière R, Julien J-P (2010) Intracerebroven-
tricular infusion of monoclonal antibody or its derived Fab fragment 
against misfolded forms of SOD1 mutant delays mortality in a mouse 
model of ALS. J Neurochem. doi: 10.1111/j.1471-4159.2010.06683.x

90. Liu H-N, Tjostheim S, DaSilva K, Taylor D, Zhao B, Rakhit R, Brown 
M, Chakrabartty A, McLaurin J, Robertson J (2012) Targeting of Mono-



Postępy Biochemii 62 (3) 2016 369

Aspekt toksyczności SOD1 w stwardnieniu zanikowym bocznym
Smriti Sangwan, David S. Eisenberg*

Molecular Biology Institute and Howard Hughes Medical Institute, UCLA, Los Angeles CA, USA
* e-mail: david@mbi.ucla.edu

Słowa kluczowe: dysmutaza ponadtlenkowa; stwardnienie zanikowe boczne (ALS)

STRESZCZENIE
Stwardnienie zanikowe boczne (ALS) to śmiertelna choroba neurodegeneracyjna charakteryzująca się postępującą degeneracją neuronów 
motorycznych rdzenia kręgowego. Z ALS powiązano obecność mutacji w wielu białkach, jednak to dysmutazę ponadtlenkową 1 (SOD1) jako 
pierwszą powiązano z rozwojem ALS; jest ona odpowiedzialna za około 20% rodzinnych wystąpień tej choroby. U zwierząt doświadczalnych 
i w próbkach pobranych od pacjentów zmutowana forma SOD1 została wykryta w złogach cytoplazmatycznych, co świadczy o toksyczności 
jej agregatów. W niniejszym artykule przedstawiono różne hipotezy oparte na danych biochemicznych i strukturalnych wyjaśniające rozwój 
ALS związany ze zmutowaną formą SOD1. Choć molekularne mechanizmy leżące u podstaw toksyczności SOD1 są w znacznym stopniu 
nieznane, przedstawione modele mogą wskazywać na nowe możliwości opracowywania skutecznej terapii.
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