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Abstract
A structural alteration in copper/zinc superoxide dismutase (SOD1) is one of the common features caused by amyotrophic lateral sclerosis 
(ALS)–linked mutations. Although a large number of SOD1 variants have been reported in ALS patients, the detailed structural properties of each 
variant are not well summarized. We present SoDCoD, a database of superoxide dismutase conformational diversity, collecting our comprehen-
sive biochemical analyses of the structural changes in SOD1 caused by ALS-linked gene mutations and other perturbations. SoDCoD version 1.0 
contains information about the properties of 188 types of SOD1 mutants, including structural changes and their binding to Derlin-1, as well as 
a set of genes contributing to the proteostasis of mutant-like wild-type SOD1. This database provides valuable insights into the diagnosis and 
treatment of ALS, particularly by targeting conformational alterations in SOD1.
Database URL: https://fujisawagroup.github.io/SoDCoDweb/
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Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenera-
tive disorder with no cure. Copper/zinc (Cu/Zn) Superoxide 
Dismutase (SOD1) is one of the causative genes for ALS, 
and over 180 distinct mutations accompanied by amino acid 
changes have been reported in ALS patients [1–3]. How-
ever, the common molecular mechanisms as to why different 
types of SOD1 gene mutations cause ALS are not yet fully 
understood.

We previously reported that most SOD1 mutants
(SOD1mut) bind to the carboxyl-terminal region of Derlin-
1 [termed Derlin-1(CT4)], a component of the endoplasmic 
reticulum–associated degradation machinery, and this interac-
tion triggers endoplasmic reticulum stress–dependent motor 
neuron death [4]. In the process of this research, we identi-
fied 5–18 amino acids of SOD1 as the Derlin-1 binding region 
(DBR) [5]. In order to assess whether the SOD1mut undergoes 
any structural changes that expose the DBR, we developed 
antibodies with an epitope at or near the DBR. As a result, 

we succeeded in developing MS785, which has an epitope 
of 6–16 amino acids, a part of the DBR, and MS27, which 
has an epitope of 30–40 amino acids near the DBR [5, 6]. 
These antibodies were found to recognize all SOD1mut that 
bind to Derlin-1, indicating that most SOD1mut exhibit ER 
stress–induced motor neuron toxicity. On the other hand, 
some SOD1 mutations did not induce structural changes 
that are recognized by these antibodies, suggesting that they 
may have distinct mechanisms of exerting toxicity or even be 
single-nucleotide polymorphisms that are not linked to ALS 
pathogenesis. Therefore, there is a need to understand the 
unique characteristics of each SOD1mut in order to develop a 
therapeutic strategy for ALS tailored to each SOD1 mutation.

Although still controversial, there are several reports indi-
cating the involvement of wild-type SOD1 (SOD1WT) in the 
pathogenesis of SOD1 mutation–negative ALS. A mutant-like 
conformational change in SOD1WT was observed in samples 
derived from SOD1 mutation–negative sporadic ALS patients 
[7, 8]. In addition, we reported that zinc deficiency induces 
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a conformational alteration in SOD1WT [9]. These reports 
suggest that a cellular stress–dependent defect in SOD1WT

proteostasis might potentially contribute to ALS pathogene-
sis. To understand the role of SOD1WT in the pathogenesis 
of SOD1 mutation-negative ALS, we performed a genome-
wide small interfering RNA (siRNA) screening and found 
candidate genes involved in the proteostasis of mutant-like 
SOD1WT [10]. Information about these genes would be help-
ful in improving our understanding of the involvement of 
SOD1WT in the pathogenesis of ALS.

Here, we present SoDCoD version 1.0, a comprehen-
sive database of Cu/Zn superoxide dismutase conformational 
diversity caused by ALS-linked gene mutations and other 
perturbations. This version contains information about the 
properties of SOD1 caused by 188 distinct mutations, includ-
ing structural changes and their binding to Derlin-1, as well as 
a set of genes contributing to the proteostasis of mutant-like 
SOD1WT. This database provides indispensable information 
for significant progress in medical research, diagnosis, and 
treatment of ALS, targeting conformational alterations in 
SOD1.

Materials and methods
Plasmids
Plasmids for expressing FLAG-SOD1WT, FLAG-SOD1G93A, 
and Venus-Derlin-1(CT4)-HA in pcDNA3.0 were previously 
constructed [4]. Other SOD1mut plasmids in pcDNA3.0 were 
prepared by polymerase chain reaction-mediated site-directed 

mutagenesis. A complete list of primers for mutagenesis is 
provided in Supplementary Table S1.

Cell culture and transfection
HEK293 cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (Sigma-Aldrich, D5796) containing 10% fetal 
bovine serum (Gibco, 10270-106) and 100 units/ml peni-
cillin G (Meiji Seika, 01028-85) in 5% CO2 at 37∘C. Plasmid 
transfection was performed using Polyethylenimine “MAX” 
(Polysciences, 24765) according to the manufacturer’s instruc-
tions.

Immunoprecipitation analysis
Cells were lysed in a buffer containing 20 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, 10 mM ethylenediaminetetraacetic 
acid, 1% Triton X-100, 5 μg/ml leupeptin, and 1 mM phenyl-
methylsulfonyl fluoride. For immunoprecipitation (IP) with 
anti-FLAG antibody, cell lysates were incubated with anti-
DYKDDDDK tag Antibody Beads (Wako, 016-22784) at 
4∘C for 10 min. For IP with MS785-MS27 or MS27 (MS 
antibodies), cell lysates were incubated with the antibod-
ies at 4∘C for 16 h and then incubated with the protein 
G-Sepharose (GE, 17-0618-02) for 1 h at 4∘C. The beads 
were washed with washing buffer 1 containing 20 mM Tris-
HCl, pH 7.5, 500 mM NaCl, 5 mM ethylene glycol-bis(β-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), and 
1% Triton X-100 and washing buffer 2 containing 20 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, and 5 mM EGTA, separated 

Figure 1. Analysis of the structural changes in 56 variants of SOD1. HEK293 cells were transfected with various FLAG-SOD1 mutants. Lysates from the 
transfected cells were analyzed by IP and immunoblotting (IB) with the indicated antibodies. +, insertion; ∆, deletion; L84F2, L84(TTG) to F(TTT); K128+1, 
c.383_384insACCC; K128+2, c.384_385insTGGG.
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Figure 2. Analysis of the binding of 56 variants of SOD1 to Derlin-1(CT4). HEK293 cells were co-transfected with pcDNA3.0-variant of yellow fluorescent 
protein (Venus)-Derlin-1(CT4)-HA and various FLAG-SOD1 mutants. Lysates from the transfected cells were analysed by IP–IB with the indicated 
antibodies. +, insertion; ∆, deletion; L84F2, L84(TTG) to F(TTT); K128+1, c.383_384insACCC; K128+2, c.384_385insTGGG. Short Exp., Short exposure; 
Long Exp., Long exposure; IB, immunoblotting.

by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
and immunoblotted with antibodies to hemagglutinin (Roche, 
11867431001) or FLAG (Wako, 012-22384). The proteins 
were detected by the enhanced chemiluminescence system 
(Cytiva, GERPN2235).

Web interface
The web interface was coded in HTML, CSS, and JavaScript 
with the Bootstrap framework. The curated data were trans-
formed into the HTML format and can be accessed through a 
user-friendly web interface. The graphical user interface was 
tested in Google Chrome with WebGL implemented.

Data collection
Classification of all the SOD1mut

Previously, we conducted a comprehensive analysis of 
132 SOD1mut concerning their structural alterations and

interaction with Derlin-1 [5, 6]. Subsequently, as of May 
2022, an additional 56 novel genetic variants were recorded 
in the ALSoD database [1, 2]. In this study, we performed 
a functional classification of the 56 SOD1mut. As a result, 
53 SOD1mut bind to Derlin-1(CT4), and 54 SOD1mut exhibit 
notable conformational changes (Figs. 1 and 2). Taken 
together with our previous reports, 177 SOD1mut out of 
188 were classified as Derlin-1-interactive SOD1mut and 181 
SOD1mut as aberrant in conformation (Fig. 3A and B). 

We acknowledge that the degree of recognition by our 
antibodies varied depending on the types of SOD1 gene 
mutations. Thus, the band intensities obtained through west-
ern blots were quantified using Fiji software [11]. The band 
intensities of each SOD1mut immunoprecipitated by MS785 
and MS27 were normalized against the band intensity of 
SOD1mut in the lysate. The band intensity of each SOD1mut

was then normalized as relative values with the band intensity 
of SOD1G93A set to 1.0.
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Figure 3. Schematic diagrams of the 188 SOD1 mutants. +, insertion; ∆, deletion; *, nonsense mutation; arrows, the beta-strands. L84F1, L84(TTG) to 
F(TTC); L84F2, L84(TTG) to F(TTT); K128+1, c.383_384insACCC; K128+2, c.384_385insTGGG; V118L1, V118(GTG) to L(CTG); V118L2, V118(GTG) to L(TTG); 
L144F1, L144(TTG) to F(TTC); L144F2, L144(TTG) to F(TTT). (a) Conformational alterlation in SOD1 mutants. (b) SOD1 mutants-Derlin-1(CT4) interaction.

Other properties of SOD1mut

Numerous biochemical studies have been carried out on each 
SOD1mut, which have revealed their Cu/Zn binding affin-
ity, enzyme activity, and crystal structures. To facilitate an 
investigation of the interplay between these properties of 
the SOD1mut and their binding to Derlin-1 and conforma-
tional changes, we decided to gather this information in the 
database. The Cu/Zn coordination and enzyme activity of 
each SOD1mut were obtained through a comprehensive lit-
erature search. In addition, all structural information was 
obtained from the Protein Data Bank [12].

Regulators of mutant-like SOD1WT

We previously performed an siRNA screening to identify mod-
ulators of conformational alteration in SOD1WT and reported 
that DDB1 and CUL4 Associated Factor 4 governs proteosta-
sis of mutant-like SOD1WT [10]. In the present study, we 
cataloged other candidate genes that were positive in the 
screen within the database.

Use cases
Web interface
The graphical interface of the SoDCoD database version 1.0 
contains four tab panels: (i) Home, (ii) Mutation (Figure), (iii) 
Mutation (Table), and (iv) Wild-type. The “Home” tab con-
tains a general description of the database and how to use 

it. The “Mutation (Figure)” tab is the main content of this 
website, and by clicking on the SOD1 gene mutation in the 
diagram, the results of the biochemical analysis and a 3D 
structure of SOD1 are displayed in the table (Fig. 4). The 
3D structure is embedded by Molmil, a 3D molecular viewer 
[13]. The information on the mutants can also be obtained 
from the list of the mutations on the “Mutation (Table)” 
tab panel. The “Wild-type” tab contains the results of our 
siRNA screening to identify genes involved in the proteostasis 
of conformationally altered SOD1WT.

An example usage
Recent advances in DNA sequencing technologies have revo-
lutionized our understanding of genetic mutations and their 
roles in the pathogenesis of ALS. Once a mutation in SOD1
has been identified in an ALS patient, it is generally recom-
mended to follow the guidelines of the American College of 
Medical Genetics and Genomics to determine the pathogenic-
ity of the mutation [14]. Nevertheless, due to the lack of 
experimental and clinical evidence, it is frequently infeasi-
ble to assert whether a genetic mutation detected by genetic 
testing is disease-causative. Our database provides compre-
hensive information about the structural abnormalities in 
SOD1mut found in ALS patients. Hence, this comprehensive 
resource helps to determine the pathogenic nature of each 
SOD1 mutation, thereby facilitating more precise and person-
alized medical interventions tailored to an individual’s unique 
genetic characteristics.
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Figure 4. Screenshots of the SoDCoD web page. (a) A database schema. (b) An example usage of the database. By clicking on a mutation in the image, 
the results of the biochemical analysis are displayed in the table.
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Recently, therapeutic strategies utilizing the structural 
characteristics of SOD1mut have attracted much attention. 
We developed an inhibitor of the SOD1–Derlin-1(CT4) inter-
action that ameliorates ALS pathology in patient-derived 
induced pluripotent stem cell–derived motor neurons har-
boring an SOD1 mutation and in an ALS mouse model 
expressing a human SOD1 G93A mutant [15]. In addition, 
another research group presented evidence that a Derlin-
1(CT4) peptide-based protein knockdown system induced 
the degradation of the SOD1mut, delayed disease onset, and 
prolonged lifespan in an ALS mouse model [16]. When con-
sidering the applicability of these disease treatment strategies, 
it is important to determine whether the specific mutations 
found in ALS patients are indeed a potential target for these 
therapies. The information in our database will offer useful 
perspectives on this matter.

Several reports have demonstrated the mechanisms of 
SOD1mut-induced motor neuron toxicity, including ER stress, 
mitochondrial toxicity, and neuroinflammation [4, 17, 18]. 
Currently, several drugs are in clinical trials to suppress these 
toxicities [19]. However, it is uncertain whether these drugs 
will be effective against ALS caused by all SOD1 mutations, as 
the studies have mainly been conducted with specific mutants 
(e.g. A4V, G85R, and G93A). In order to promote the future 
development of personalized medicine, it is important to 
take into account the mechanism of toxicity exerted by each 
SOD1mut. SoDCoD offers a summary of the biochemical prop-
erties of each SOD1mut, which is anticipated to be beneficial 
for basic research into the mechanism of toxic effects caused 
by each variant of SOD1.

Conclusion and future development
Databases need to be updated frequently and constantly 
to provide up-to-date information. In this era of genomic 
sequencing, novel SOD1 mutations should be continuously 
identified in ALS patients. To keep pace, we will regularly 
investigate the potential impact of novel SOD1 mutations 
on Derlin-1 binding and conformational changes, thereby 
updating our database.

In addition, we will conduct basic scientific research uti-
lizing this database. Notably, the extent of Derlin-1 binding 
and conformational changes in SOD1 varied markedly among 
mutant types. Genetic mutations in SOD1 have been reported 
to have different clinical manifestations depending on the 
mutation [20]. We are currently analyzing whether these fea-
tures correlate with the clinical phenotypes of ALS (i.e. onset 
or survival) and are preparing to publish this as SoDCoD ver-
sion 2.0. Basic scientific research utilizing this database will 
contribute to our understanding of the pathogenesis of ALS.

Acknowledgements
We thank all members and ex-members of the Laboratory of 
Cell Signaling for fruitful discussions.

Author contributions
T.F. conceived the idea of developing the database. T.F., Y.M., 
and H.N. contributed to the development of the database. T.F. 
and Y.M. wrote the manuscript. R.T. and Y.M. performed the 
IP analysis. Y.H. performed the plasmid construction. H.I. 
supervised the study. All authors discussed the results and 
commented on the manuscript.

Supplementary data
Supplementary data is available at Database online.

Conflict of interest
None declared.

Funding
This study was supported by the Japan Agency for Medical 
Research and Development (AMED) for the Project for Eluci-
dating and Controlling Mechanisms of Aging and Longevity 
(grant number JP21gm5010001 to H.I.), by the Japan Society 
for the Promotion of Science (JSPS) for the Grants-in-Aid for 
Scientific Research (KAKENHI; grant numbers JP22K06610 
to T.F., JP23K14143 to Y.H., and JP21H04760 to H.I.) 
and the Grant-in-Aid for Scientific Research on Innovative 
Areas (KAKENHI; grant number JP22H04804 to T.F. and 
JP22H04636 to Y.H.), by the Japan Science and Technology 
Agency (JST) for Moonshot R&D–MILLENNIA Program 
(grant number JPMJMS2022-18 to H.I.), by the ISM Coop-
erative Research Program (2023-ISMCRP-2033) (to T.F.), 
by the researcher exchange promotion program of ROIS 
(Research Organization of Information and Systems), and by 
SERIKA FUND (to T.F.).

Data availability
All data in this report are deposited on GitHub and available 
for researchers to access (https://github.com/FujisawaGroup/
SoDCoD).

References
1. Lill CM, Abel O, Bertram L et al. Keeping up with genetic dis-

coveries in amyotrophic lateral sclerosis: the ALSoD and ALSGene 
databases. Amyotroph Lateral Scler 2011;12:238–49. https://doi.
org/10.3109/17482968.2011.584629

2. Abel O, Powell JF, Andersen PM et al. ALSoD: a user-friendly 
online bioinformatics tool for amyotrophic lateral sclerosis genet-
ics. Hum Mutat 2012;33:1345–51. https://doi.org/10.1002/humu.
22157

3. Rosen DR, Siddique T, Patterson D et al. Mutations in Cu/Zn 
superoxide dismutase gene are associated with familial amy-
otrophic lateral sclerosis. Nature 1993;362:59–62. https://doi.org/
10.1038/362059a0

4. Nishitoh H, Kadowaki H, Nagai A et al. ALS-linked mutant SOD1 
induces ER stress- and ASK1-dependent motor neuron death by 
targeting Derlin-1. Genes Dev 2008;22:1451–64. https://doi.org/
10.1101/gad.1640108

5. Fujisawa T, Homma K, Yamaguchi N et al. A novel mono-
clonal antibody reveals a conformational alteration shared by 
amyotrophic lateral sclerosis-linked SOD1 mutants. Ann Neurol
2012;72:739–49. https://doi.org/10.1002/ana.23668

6. Fujisawa T, Yamaguchi N, Kadowaki H et al. A systematic 
immunoprecipitation approach reinforces the concept of common 
conformational alterations in amyotrophic lateral sclerosis-linked 
SOD1 mutants. Neurobiol Dis 2015;82:478–86.

7. Bosco DA, Morfini G, Karabacak NM et al. Wild-type and mutant 
SOD1 share an aberrant conformation and a common pathogenic 
pathway in ALS. Nat Neurosci 2010;13:1396–403.

8. Tokuda E, Takei Y-I, Ohara S et al. Wild-type Cu/Zn-superoxide 
dismutase is misfolded in cerebrospinal fluid of sporadic amy-
otrophic lateral sclerosis. Mol Neurodegener 2019;14:42.

https://academic.oup.com/database/article-lookup/doi/10.1093/database/baae064#supplementary-data
https://github.com/FujisawaGroup/SoDCoD
https://github.com/FujisawaGroup/SoDCoD
https://doi.org/https://doi.org/10.3109/17482968.2011.584629
https://doi.org/https://doi.org/10.3109/17482968.2011.584629
https://doi.org/https://doi.org/10.1002/humu.22157
https://doi.org/https://doi.org/10.1002/humu.22157
https://doi.org/https://doi.org/10.1038/362059a0
https://doi.org/https://doi.org/10.1038/362059a0
https://doi.org/https://doi.org/10.1101/gad.1640108
https://doi.org/https://doi.org/10.1101/gad.1640108
https://doi.org/https://doi.org/10.1002/ana.23668


SoDCoD 7

9. Homma K, Fujisawa T, Tsuburaya N et al. SOD1 as a molecular 
switch for initiating the homeostatic ER stress response under zinc 
deficiency. Mol Cell 2013;52:75–86.

10. Homma K, Takahashi H, Tsuburaya N et al. Genome-wide 
siRNA screening reveals that DCAF4-mediated ubiquitination 
of optineurin stimulates autophagic degradation of Cu,Zn-
superoxide dismutase. J Biol Chem 2020;295:3148–58.

11. Schindelin J, Arganda-Carreras I, Frise E et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods
2012;9:676–82.

12. Berman HM, Westbrook J, Feng Z et al. The Protein Data Bank. 
Nucleic Acids Res 2000;28:235–42.

13. Bekker G-J, Nakamura H, Kinjo AR. Molmil: a molecular viewer 
for the PDB and beyond. J Cheminform 2016;8:42.

14. Richards S, Aziz N, Bale S et al. Standards and guidelines for 
the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology. Genet 
Med 2015;17:405–24.

15. Tsuburaya N, Homma K, Higuchi T et al. A small-molecule 
inhibitor of SOD1-Derlin-1 interaction ameliorates pathology in 
an ALS mouse model. Nat Commun 2018;9:2668.

16. Guan T, Zhou T, Zhang X et al. Selective removal of misfolded 
SOD1 delays disease onset in a mouse model of amyotrophic 
lateral sclerosis. Cell Mol Life Sci 2023;80:304.

17. Vijayvergiya C, Beal MF, Buck J et al. Mutant superoxide dis-
mutase 1 forms aggregates in the brain mitochondrial matrix 
of amyotrophic lateral sclerosis mice. J Neurosci 2005;25:
2463–70.

18. Boillée S, Yamanaka K, Lobsiger CS et al. Onset and progression in 
inherited ALS determined by motor neurons and microglia. Science
2006;312:1389–92.

19. Mead RJ, Shan N, Reiser HJ et al. Amyotrophic lateral sclero-
sis: a neurodegenerative disorder poised for successful therapeutic 
translation. Nat Rev Drug Discov 2023;22:185–212.

20. Opie-Martin S, Iacoangeli A, Topp SD et al. The SOD1-mediated 
ALS phenotype shows a decoupling between age of symptom onset 
and disease duration. Nat Commun 2022;13:6901.

Database, 2024, 00, baae064, DOI: https://doi.org/10.1093/database/baae064, Original article
© The Author(s) 2024. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://creativecommons.org/licenses/by/4.0/

	SoDCoD: a comprehensive database of Cu/Zn superoxide dismutase conformational diversity caused by ALS-linked gene mutations and other perturbations
	 Introduction
	 Materials and methods
	 Plasmids
	 Cell culture and transfection
	 Immunoprecipitation analysis
	 Web interface

	 Data collection
	 Classification of all the SOD1mut
	 Other properties of SOD1mut
	 Regulators of mutant-like SOD1WT

	 Use cases
	 Web interface
	 An example usage

	 Conclusion and future development
	Acknowledgements
	Author contributions
	Supplementary data
	Conflict of interest
	Funding
	 Data availability
	References


