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SOD1 gains pro‑oxidant activity 
upon aberrant oligomerization: 
change in enzymatic activity 
by intramolecular disulfide bond 
cleavage
Kosuke Yamazaki1,2, Shinya Tahara1,2*, Takumi Ohyama1,2, Kunisato Kuroi1 & 
Takakazu Nakabayashi1*

Copper-zinc superoxide dismutase (SOD1) has been proposed as one of the causative proteins of 
amyotrophic lateral sclerosis (ALS). The accumulation of non-native conformers, oligomers, and 
aggregates of SOD1 in motor neurons is considered responsible for this disease. However, it remains 
unclear which specific feature of these species induces the onset of ALS. In this study, we showed 
that disulfide-linked oligomers of denatured SOD1 exhibit pro-oxidant activity. Substituting all the 
cysteine residues in the free thiol state with serine resulted in the loss of both the propensity to 
oligomerize and the increase in pro-oxidant activity after denaturation. In contrast, these cysteine 
mutants oligomerized and acquired the pro-oxidant activity after denaturation in the presence of 
a reductant that cleaves the intramolecular disulfide bond. These results indicate that one of the 
toxicities of SOD1 oligomers is the pro-oxidant activity induced by scrambling of the disulfide bonds. 
Small oligomers such as dimers and trimers exhibit stronger pro-oxidant activity than large oligomers 
and aggregates, consistent with the trend of the cytotoxicity of oligomers and aggregates reported in 
previous studies. We propose that the cleavage of the intramolecular disulfide bond accompanied by 
the oligomerization reduces the substrate specificity of SOD1, leading to the non-native enzymatic 
activity.

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that causes progressive muscle weakness 
and eventual death. The pathogenetic mechanism of ALS remains unclear, and currently there are no effective 
treatments1,2. Copper-zinc superoxide dismutase (SOD1), a metalloenzyme catalyzing the dismutation of super-
oxide radicals3, is first proposed to be involved in the onset of ALS because of the finding of SOD1 mutants in 
patients with familial ALS. Native human SOD1 is a homodimer, with each subunit containing one Cu ion and 
one Zn ion in the β-barrel structure (Fig. 1). The Cu-binding site acts as a catalytic site for the antioxidant activity, 
while the coordinated Zn ion contributes not to antioxidation but the stability of the protein structure4. Many 
studies have been conducted to understand the relationship between mutations of SOD1 and the pathogenesis 
of ALS, and it has been proposed that misfolded forms and aggregates of SOD1 mutants are the causative species 
of ALS5–8. SOD1 is very stable, and its denaturation temperature is above 75 °C; but removing Cu and Zn ions or 
reducing an intramolecular disulfide bond destabilizes the protein structure, resulting in denaturation even at 
physiological temperatures4,9. Mutations also reduce the stability of the protein and facilitate denaturation4, which 
is one of the possible reasons for the finding of SOD1 mutants in ALS patients. Several groups have proposed 
that wild-type (WT) SOD1 is also involved in the pathogenesis of sporadic ALS10–12. Indeed, misfolded WT was 
detected in ALS patients and model mice8,13,14.

SOD1 has been proposed to exhibit toxic properties upon forming large aggregates such as fibrils and small 
oligomers such as trimers5,6,15,16. Insoluble large aggregates and fibrils were previously considered to be impor-
tant in the development of ALS5,6, as in other neurodegenerative diseases such as Alzheimer’s and Parkinson’s 
diseases17. However, it was recently reported that ALS-related mutants do not exhibit an apparent correlation 
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between their aggregation propensity and the disease duration of ALS patients18. Furthermore, recent studies have 
shown that trimer-stabilizing mutants of SOD1 strongly promote cell death15,16 compared to aggregation-prone 
mutants. These results suggest that the SOD1 oligomers are the origin of the cytotoxicity and that the aggregate 
formation may rather play a protective role in cells16. However, the molecular mechanism by which the non-
native oligomers exert their toxicity remains unclear.

Several groups have studied the architectures of the non-native oligomers of SOD119–23. Previous studies 
showed that short segments of SOD1 are prone to assemble into oligomers and fibrils by the formation of intra-
molecular hydrogen bonds and hydrophobic interactions21,22. SOD1 also forms non-native oligomers in which 
monomers are linked via intermolecular disulfide bonds19,20. Breaking the intramolecular disulfide bond in 
SOD1 is important for the oligomerization20. SOD1 possesses four cysteine residues, and Cys6 and Cys111 exist 
as the free thiol state while Cys57 and Cys146 form an intramolecular disulfide bond in the native conforma-
tion (Fig. 1)24. Denaturation allows Cys6 and Cys111 to attack the Cys57–Cys146 disulfide bond, promoting the 
formation of the intermolecular disulfide bonds involving Cys57 and Cys14620.

It has been shown that the ALS-related mutants of SOD1 exhibit oxidative properties25–29. We have studied 
the toxicity of SOD1 in terms of its oxidation properties and shown that the denatured SOD1 exhibits strong 
pro-oxidant activity, which generates reactive oxygen species (ROS) including hydroxyl radicals from hydrogen 
peroxide30–32. The ALS-related SOD1 mutants from which Cu and Zn ions were removed (apo-SOD1) were 
readily denatured at 37 °C, and these denatured species exhibit the strong pro-oxidant activity after rebinding 
Cu ions. The rebinding of Cu ions promoted local refolding of the denatured SOD1, forming a catalytic center 
that is largely different from the native one31,33,34. Such oxidative behavior was also observed for apo-WT. Apo-
WT was not denatured at 37 °C; however, a macromolecular crowding environment mimicking intracellular 
conditions destabilized the protein structure, resulting in the denaturation and acquisition of the pro-oxidant 
activity at physiological temperatures35. In the present study, we show that SOD1 acquires the pro-oxidant 
activity upon forming the non-native disulfide-linked oligomers. Small oligomers such as dimers and trimers 
exhibited stronger pro-oxidant activity than large oligomers and aggregates. These results indicate that the pro-
oxidant activity gives rise to the toxicity of the small SOD1 oligomers. Furthermore, we propose the molecular 
mechanism that the cleavage of the intramolecular disulfide bond associated with the oligomerization leads to 
the acquisition of the pro-oxidant activity.

Experimental methods
Sample preparation.  The preparations of recombinant human SOD1 and its mutants were previously 
described36. Briefly, SOD1 with an N-terminal hexahistidine tag and a thrombin cleavage site was overexpressed 
in Escherichia coli BL21(DE3) strain (Agilent). The proteins were purified by Ni–NTA affinity chromatography 
(Ni Sepharose 6 Fast Flow, Cytiva). Zn ions were added to the obtained solutions, and the proteins were further 
purified by salting out. The purified protein solutions were treated with thrombin (Cytiva) to remove the hexa-
histidine tag, and then SOD1 without the hexahistidine tag was isolated by Ni–NTA chromatography (HisTrap 
HP, Cytiva). The protein solutions were finally dialyzed against acetate buffer containing ethylenediaminetet-
raacetic acid (EDTA) to obtain the apo form of SOD1 and its mutants. The sample concentration was adjusted 
to 20 μM in monomer units unless stated otherwise.

Figure 1.   Crystallographic structure of the monomer unit of wild-type SOD1 (PDB code: 1PU026). The Cu and 
Zn ions are shown as orange and light blue spheres, respectively. The cysteine residues are shown as sticks. Cys6 
and Cys111 are in the free thiol state, while Cys57 and Cys146 form an intramolecular disulfide bond.
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Denaturation and oligomerization of SOD1.  The apo forms of SOD1 and its mutants were denatured 
by incubating in 50 mM phosphate buffer at pH 7.5. The apo-WT solution was incubated for 24 h at 45 °C, 
and the apo-A4V, apo-H43R, apo-G93A, and apo-G147P solutions were incubated for 90 min at 37 °C. The 
apo-A4V/C6S/C111S, apo-H43R/C6S/C111S, and apo-G93A/C6S/C111S solutions were incubated for 24 h at 
45 °C with and without 10 mM dithiothreitol (DTT). After the incubation, DTT was removed using a desalting 
column (PD-10, Cytiva). Cleavage of the intramolecular disulfide bond after the DTT treatment was confirmed 
by the 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB) assay (described below). CD spectra before and after the 
incubations were recorded using a spectropolarimeter (J-820, JASCO). Non-reducing SDS-PAGE analyses were 
performed using 15% polyacrylamide gels. These experiments were carried out 3 times for all the SOD1 samples.

5,5′‑Dithio‑bis‑(2‑nitrobenzoic acid) (DTNB) assay.  Solutions of the SOD1 mutants were mixed with 
an ethanol solution of DTNB (Ellman’s reagent). The final concentration of DTNB was 100 μM. The solutions 
were incubated for 30 min at room temperature, and then their absorption spectra were recorded. The absorb-
ance at 412 nm due to 5-mercapto-2-nitrobenzoic acid (TNB, ε412 = 15,500) was used to evaluate the number 
of thiol groups. These experiments were carried out 3 times for all the SOD1 samples, and standard errors (SE, 
n = 3) were calculated.

Evaluation of pro‑oxidant activity.  Fluorescence assays using dichlorofluorescein (DCF) were carried 
out to evaluate the pro-oxidant activity of SOD130. 2′,7′-Dichlorofluorescein diacetate (DCFH-DA) was pur-
chased (Wako) and used as received. DCFH was prepared by hydrolysis of DCFH-DA in a NaOH solution. 
DCFH was then mixed with H2O2. A 3-fold molar excess of CuCl2 over the SOD1 monomer was added to 
the apo-SOD1 solution and mixed. The final concentrations of DCFH, H2O2, CuCl2, and SOD1 were 50 μM, 
50 μM, 30 μM, and 10 μM, respectively. The obtained mixed solutions were incubated at room temperature for 
5 min. Fluorescence spectra of these solutions were recorded using a fluorescence spectrophotometer (FP-6500, 
JASCO), and the peak intensity was adopted as the quantitative measure of the pro-oxidant activity. The exci-
tation wavelength was 495 nm. These experiments were carried out 3 times for all the SOD1 samples, and SE 
(n = 3) were calculated.

Size exclusion chromatography.  Size exclusion chromatography (Superose 12 10/300 GL and ӒKTA 
prime plus, Cytiva) was carried out to separate oligomers of different molecular weights. An apo-G93A solu-
tion was incubated for 90 min at 37 °C to induce oligomerization. The concentrations of the obtained oligomer 
solutions were adjusted to 20 μM in monomer units, and DCF fluorescence measurements were carried out to 
evaluate their pro-oxidant activity. These experiments were carried out 3 times for all the SOD1 samples.

Cleavage of the Cys57–Cys146 disulfide bond and its effect on pro‑oxidant activity.  A DTT 
solution was added to the solution of the G93A mutant to a final concentration of 10 mM. Subsequently, the 
solution was incubated for 24 h at 4 °C. Then DTT was removed using a desalting column (PD-10, Cytiva). 
Cleavage of the intramolecular disulfide bond after the DTT treatment was confirmed by the DTNB assay. The 
concentration of the obtained solution was adjusted to 20 μM in monomer units, and the pro-oxidant activity 
was evaluated by DCF fluorescence measurements. These experiments were carried out 3 times for all the SOD1 
samples, and SE (n = 3) were calculated.

Results
We examined the denaturation, oligomerization, and pro-oxidant activity of WT and the A4V, H43R, G93A, 
and G147P mutants. The three mutants, A4V, H43R, and G93A are regarded as the ALS-related mutants caus-
ing the rapid progression of ALS. The G147P mutant was previously reported to readily form small oligomers 
such as trimers and gradually form aggregates under physiological conditions15. We also prepared the A4V/
C6S/C111S, H43R/C6S/C111S, and G93A/C6S/C111S mutants, in which all the cysteine residues in the free 
thiol state are replaced with serine (Fig. 1). These cysteine mutants are expected to be deficient in the ability of 
oligomerization. We also examined the denaturation of these cysteine mutants in the presence of 10 mM dithi-
othreitol (DTT). This treatment is expected to restore the oligomerization propensity of these mutants because 
the Cys57–Cys146 disulfide bond is reduced, generating free thiol groups that can form intermolecular disulfide 
bonds. The 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB) assay confirmed the generation of free thiol groups in 
SOD1 by the DTT treatment (Fig. S1).

SOD1 acquires aggregation propensity and pro-oxidant activity upon denaturation. We previously reported 
that the mutants A4V, H43R, and G93A were denatured in the apo-form in phosphate buffer upon incubation for 
90 min at 37 °C30–34, and the denaturation of apo-WT required incubation for 24 h at 45 °C35. Circular dichroism 
(CD) spectroscopy enables us to confirm protein denaturation (Fig. 2). The CD spectrum of WT (Fig. 2A) after 
the incubation for 24 h at 45 °C showed a shift of the negative band from 210 to 200 nm accompanied by an 
increase in its amplitude. This spectral change reflects the increase in the content of a random coil structure due 
to the denaturation. Apo-H43R and apo-G93A also exhibited the same behavior assignable to the denaturation 
after the incubation for 90 min at 37 °C (Fig. 2C,D). These results are the same as those previously reported31. 
Only apo-A4V showed a decrease in the amplitude of the band at 205 nm (Fig. 2B). This spectral change was 
also observed in a previous study and attributed to the efficient aggregation of apo-A4V31.

The CD spectrum of apo-G147P exhibited a negative band at around 200 nm already before the incubation 
(Fig. 2E). This result indicates that apo-G147P formed a denatured structure even before the incubation. Since 
Gly147 is located adjacent to Cys146, the G147P mutation likely prevents the formation of the Cys57–Cys146 
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intramolecular disulfide bond and facilitates protein misfolding. The slight increase in the band intensity at 
around 200 nm indicates that the incubation further promoted the denaturation of G147P.

The apo-A4V/C6S/C111S, apo-H43R/C6S/C111S, and apo-G93A/C6S/C111S mutants did not show dena-
turation after the incubation for 90 min at 37 °C (Fig. S2). This result implies the increase in the structural 
stability by removing the cysteine residues in the free thiol state. After the incubation for 24 h at 45 °C, these 
mutants showed an increase in the amplitude of the CD spectrum at 200 nm, confirming the denaturation of 
these mutants (Fig. 2F–H). The spectral changes of the cysteine mutants due to the denaturation are similar to 
those of apo-WT and the ALS-related mutants. We also confirmed the denaturation of these mutants after the 
incubation for 24 h at 45 °C in the presence of 10 mM DTT (Fig. 2F–H).

We then carried out the fluorescence assay31 to evaluate the magnitude of the pro-oxidant activity of SOD1 
before and after the denaturation (Fig. 3). We previously showed that apo-A4V, apo-H43R, and apo-G93A acquire 
the pro-oxidant activity after the denaturation and the subsequent binding of Cu ions31. We thus added a 3-fold 
molar excess of Cu ions relative to the SOD1 monomer so that Cu ions entirely occupied all the metal-binding 

Figure 2.   CD spectra of (A) apo-WT, (B) apo-A4V, (C) apo-H43R, (D) apo-G93A, (E) apo-G147P, (F) apo-
A4V/C6S/C111S, (G) apo-H43R/C6S/C111S, and (H) apo-G93A/C6S/C111S in 50 mM phosphate buffer at 
pH 7.5 before and after the incubation (black and red lines, respectively). Details of the incubation conditions 
are given in Materials and methods and in the text. Panels F–H also show the CD spectra of the mutants after 
the incubation with 10 mM DTT (orange lines). DTT was removed using a desalting column before the CD 
measurement.

Figure 3.   DCF fluorescence intensities of apo-WT, apo-A4V, apo-H43R, apo-G93A, apo-G147P, apo-A4V/
C6S/C111S, apo-H43R/C6S/C111S, and apo-G93A/C6S/C111S. Gray and red bars show the fluorescence 
intensities before and after the incubation, respectively. Orange bars show those after the incubation with 
10 mM DTT. Detailed information on the incubation conditions is given in the Materials and Methods Section 
and in the text. Error bars are SE (n = 3).
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sites. Complete binding of Cu ions to apo-A4V, apo-H43R, and apo-G93A was confirmed in previous studies31,33, 
and it was confirmed for apo-A4V/C6S/C111S, apo-H43R/C6S/C111S, and apo-G93A/C6S/C111S by measure-
ments of CD spectra (Fig. S3). Then H2O2 and dichlorodihydrofluorescein (DCFH) were added to the SOD1 
solution. If SOD1 possesses pro-oxidant activity, ROS are generated through the catalytic reaction of SOD1, 
resulting in the oxidation of DCFH to strong fluorescent dichlorofluorescein (DCF). We used the peak intensity 
of the fluorescence spectrum of DCF as a quantitative measure of pro-oxidant activity.

The DCF fluorescence intensity of apo-WT, apo-A4V, apo-H43R, and apo-G93A increased by 7-, 11-, 8-, 
and 23-fold, respectively, after the incubation and the subsequent Cu ion binding, indicating that these proteins 
acquired the pro-oxidant activity after the denaturation. Apo-A4V/C6S/C111S, apo-H43R/C6S/C111S, and 
apo-G93A/C6S/C111S showed no substantial increase in the DCF fluorescence intensity after the incubation. 
This result indicates that these cysteine mutants do not acquire pro-oxidant activity after the denaturation. The 
absence of the pro-oxidant activity even after the denaturation indicates that the pro-oxidant activity is not solely 
due to the denaturation and that other factors are involved in the change in the enzymatic activity to the pro-
oxidation. In contrast, the DCF fluorescence intensity of these cysteine mutants increased by 3, 11, and 8 times 
after the denaturation in the presence of DTT, suggesting a relationship between the state of the intramolecular 
disulfide bond and the pro-oxidant activity. Apo-G147P was insensitive to the addition of Cu ions in its CD 
spectrum, which prevented us from confirming the binding of Cu ions to apo-G147P; however, the addition of 
Cu ions induced the marked pro-oxidant activity in G147P before the incubation, which is consistent with the 
denatured structure before the incubation (Fig. 2).

We carried out SDS-PAGE to examine the oligomerization state of SOD1 before and after the incubation 
(Fig. 4, full-length SDS-PAGE results with molecular weight markers are shown in Fig. S4). All the proteins 
showed a band at a molecular weight slightly higher than 16 kDa, which is assignable to the SOD1 monomer. 
Upon boiling and treatment with SDS in the analysis, the native SOD1 dimer dissociates into two monomers. 
After the incubation, WT, apo-A4V, apo-H43R, and apo-G93A exhibited multiple bands at around and above 
37 kDa, indicating the formation of oligomers with various apparent molecular weights. As in previous studies, 
the bands at around 37 kDa and slightly above 50 kDa were assigned to the dimers and trimers, respectively19. 
Large oligomers were also observed at > 75 kDa. These results indicate that the denaturation of SOD1 promotes 
the formation of the non-native oligomers. Comparisons of SDS-PAGE results between with and without reduc-
ing treatments (Fig. S5) showed that oligomeric bands were not clearly seen in SDS-PAGE after reducing the 
samples, indicating that the oligomers are generated by formations of intermolecular disulfide bonds. Observing 
the multiple and broad bands implies the structural heterogeneity of these oligomers, which likely arise from 
intermolecular disulfide bonds between different cysteine residues. We note that, even before the incubation, 
faint bands were observed at around 37 kDa. These bands might be due to non-native dimers formed during the 
sample treatment for SDS-PAGE. Apo-G147P showed bands due to oligomers both before and after the incuba-
tion. Apo-G147P was denatured before the incubation, consistent with the understanding that the denaturation 
promotes oligomerization of SOD1.

The monomer bands were dominantly observed for apo-A4V/C6S/C111S, apo-H43R/C6S/C111S, and apo-
G93A/C6S/C111S both before and after the incubation. This result is consistent with the expectation that oli-
gomers cannot be formed by proteins without free cysteine residues because they cannot form intermolecular 
disulfide bonds. On the other hand, these mutants are oligomerized after the incubation with DTT (lane 3 in 
Fig. 4). The generation of the thiol groups upon reduction of the intramolecular disulfide bond enabled the 
formation of the intermolecular disulfide bonds. These results indicate that the free thiol groups are necessary 
for the formation of non-native oligomers.

The present results show a strong correlation between the oligomerization propensity and the pro-oxidant 
activity. Apo-WT, apo-A4V, apo-H43R, and apo-G93A efficiently formed the oligomers and acquired the strong 
pro-oxidant activity upon the denaturation, while neither oligomerization nor acquisition of the pro-oxidant 
activity was observed for the mutants with C6S/C111S mutation. However, after denaturation in the presence of 

Figure 4.   Non-reducing SDS-PAGE of apo-WT, apo-A4V, apo-H43R, apo-G93A, apo-G147P, apo-A4V/C6S/
C111S, apo-H43R/C6S/C111S, and apo-G93A/C6S/C111S in 50 mM phosphate buffer at pH 7.5. Lanes: 1, 
before incubation; 2, after incubation; 3, after incubation with 10 mM DTT. Details of the incubation conditions 
are given in Materials and methods and in the text.
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the reductant, these cysteine mutants formed the oligomers and acquired the pro-oxidant activity. These results 
provide evidence that SOD1 acquires the pro-oxidant activity upon oligomerization. In other words, the oligom-
ers of SOD1 possess the pro-oxidant activity that can increase oxidative stress in cells.

We further investigated the relationship between the oligomer size and the pro-oxidant activity. Apo-H43R 
and apo-G93A were incubated, and the oligomers with different molecular weights were separated by size exclu-
sion chromatography. We could not isolate each oligomer but obtained eluted fractions with different oligomer 
compositions (Fig. S6). The concentrations of the obtained fractions were adjusted to 20 μM in monomer units, 
and DCF fluorescence measurements were performed. Fractions that dominantly contained dimers and trimers 
exhibited stronger pro-oxidant activity than those mainly containing monomers and large oligomers (Fig. S6). 
Our results indicate that the strong toxicity of the SOD1 trimers15,16 is rationally explained by oxidative stress.

Discussion
In the present study, we showed that SOD1 acquires the pro-oxidant activity upon the oligomerization. The pro-
oxidant activity was weaker for large oligomers and aggregates and was not detected for the cysteine mutants 
unable to oligomerize. However, these cysteine mutants acquired the pro-oxidant activity after cleaving the 
intramolecular disulfide bonds and subsequent oligomer formation. These results indicate that one of the tox-
icities specific to SOD1 oligomers is the pro-oxidant activity. We discuss the molecular mechanism underlying 
the pro-oxidant activity of SOD1 using the crystallographic structure of the monomer unit of WT (Fig. 5)24. 
A Cu ion is bound in the cavity composed of a β-barrel structure and two loops called the Zn-binding and 
electrostatic loops. X-ray crystallographic and mutagenesis studies showed that Thr137 and Arg143 in the elec-
trostatic loop are the important residues for the substrate specificity of SOD1 that enables selective dismutation 
of O2

−37,38. Thr137 limits the size of the substrate by steric effects38, and Arg143 selectively attracts anions by 
electrostatic interactions37. The Cys57–Cys146 intramolecular disulfide bond links the Zn-binding and electro-
static loops, and the oligomerization process involves cleavage of the Cys57–Cys146 bond20. It was shown that 
the electrostatic loop is disordered in the absence of the Cys57–Cys146 bond by small-angle X-ray scattering 
and H/D exchange reactions detected by NMR39. Our group also reported that, using UV resonance Raman 
spectroscopy, the acquisition of the pro-oxidant activity accompanies the loss of the dative bond between the Cu 
ion and His12031,34, which is hydrogen-bonded with Gly141 and Ser142 in the electrostatic loops40. This result 
suggests that significant structural rearrangements take place around the catalytic site upon the oligomerization. 
The disorder of the electrostatic loop may cause the loss of the original substrate specificity, allowing H2O2 to 
approach the catalytic center and to be oxidized. To test this hypothesis, we reduced the Cys57–Cys146 bond 
at 4 °C of apo-G93A (Fig. S7) and investigated its pro-oxidant activity. The cleavage of the Cys57–Cys146 bond 
led to destabilization of the protein structure (Fig. 6A), but did not induce oligomer formation (Fig. 6B). Apo-
G93A after the Cys57–Cys146 cleavage exhibited a 5-fold increase in the DCF fluorescence intensity (Fig. 6C), 
meaning the acquisition of the pro-oxidant activity. This result indicates that breaking the Cys57–Cys146 bond 
is an essential molecular step for the acquisition of the pro-oxidant activity of SOD1. Small oligomers such as 
dimers or trimers exhibited stronger pro-oxidant activity than large oligomers or aggregates. In large oligomers 
and aggregates, most of the catalytic sites of the monomeric units of SOD1 are likely buried, giving rise to the 
decreased accessibility of H2O2 to the catalytic site. 

The present study showed that SOD1 requires denaturation, oligomerization, and subsequent Cu ion binding 
to acquire the pro-oxidant activity. The pro-oxidant activity of SOD1 oligomers likely induces cellular oxidative 
stress; typical oxidative chemical species are known to accumulate intracellularly in the pathogenesis of ALS41. 
In fact, ROS generation42, accumulation of oxidized species of proteins, DNA, membrane phospholipids, and 
thiol compounds have been shown in several model systems42–45, and impairment of the redox homeostasis 
was also observed45–47. Thus the next step in this study will be to investigate whether SOD1 oligomers induce 
ALS-like redox aberration in cells. It was previously reported that the homeostasis of Zn ions is impaired in the 

Figure 5.   Overall structure and catalytic site of wild-type SOD1 (PDB code: 1PU026). (A) Overall structure. (B) 
Close-up of the region indicated with a red box in (A) which includes the Cu-binding site (orange sphere), the 
intramolecular disulfide bond (yellow sticks), and the Zn-binding and electrostatic loops (pink and green loops).
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spinal cords of ALS patients due to the low expression level of Zn transporters48. Furthermore, the Zn-binding 
affinity of most ALS-related mutants is reduced compared with that of WT49,50. It is thus plausible that a fraction 
of SOD1 proteins does not bind Zn ions and exists in the Zn-deficient form in ALS patients. Zn-deficient SOD1 
is thermally unstable and readily undergoes denaturation4. Therefore, it would be very important to investigate 
the relationship between intracellular Zn ion concentrations and SOD1 cytotoxicity in relation to oligomer 
formation.

Conclusion
We investigated the relationship between the formation of the disulfide-linked oligomers and the oxidative 
property of SOD1. Wild-type SOD1 and its mutants exhibited the oligomerization and the pro-oxidant activity 
after denaturation. Mutations of cysteine residues possessing the free thiol group impaired the oligomerization 
and the increase in the pro-oxidant activity after denaturation. In contrast, these cysteine mutants oligomerized 
and exhibited the pro-oxidant activity after denaturation in the presence of a reductant that cleaves the intra-
molecular disulfide bond. These results clearly indicate that the disulfide-linked oligomers of SOD1 exhibit the 
pro-oxidant activity. We also found that small SOD1 oligomers such as dimers and trimers exhibited stronger 
pro-oxidant activity than large oligomers and aggregates. Previous studies showed that trimer-stabilizing SOD1 
mutants strongly promote cell death compared to aggregation-prone mutants15,16. The present study indicates 
that one of the toxicities of SOD1 trimers is the pro-oxidant activity. Furthermore, we proposed the molecular 
mechanism by which SOD1 gains the pro-oxidant activity upon formation of the disulfide-linked oligomers. The 
formation of the disulfide-linked oligomers involves the cleavage of the intramolecular disulfide bond, which 
leads to the destabilization of the Zn-binding and electrostatic loops39. The disorder of these two loops reduces 
the substrate specificity and changes the enzymatic activity of SOD1.

Data availability
All data acquired and analyzed in this study are included in this paper and the Supplementary Information file.
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