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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease with an unknown pathogenesis. It has been reported 
that mutations in the gene for Cu/Zn superoxide dismutase (SOD1) cause familial ALS. Mutant SOD1 undergoes aggrega-
tion and forms amyloid more easily, and SOD1-immunopositive inclusions have been observed in the spinal cords of ALS 
patients. Because of this, SOD1 aggregation is thought to be related to the pathogenesis of ALS. Some core regions of 
amyloid have been identified, but the issue of whether these regions form aggregates in living cells remains unclear, and the 
mechanism responsible for intracellular SOD1 aggregation also remains unclear. The findings reported in this study indicate 
that the aggregation of the ALS-linked mutant SOD1-EGFP was significantly enhanced when the BioID2 gene was fused 
to the N-terminus of the mutant SOD1-EGFP plasmid for cellular expression. Expression of a series of BioID2-(C-terminal 
deletion peptides of SOD1)-EGFP permitted us to identify 1–35 as a minimal N-terminal sequence and Ile35 as an essential 
amino acid residue that contributes to the intracellular aggregation of SOD1. The findings also showed that an additional 
substitution of Ile35 with Ser into the ALS mutant SOD1 resulted in the significant suppression of aggregate formation. The 
fact that no Ile35 mutations have been reported to date in ALS patients indicates that all ALS mutant SOD1s contain Ile35. 
Taken together, we propose that Ile35 plays a pivotal role in the aggregation of the ALS-linked SOD1 and that this study 
will contribute to our understanding of the mechanism responsible for SOD1 aggregation.

Keywords  Amyotrophic lateral sclerosis (ALS) · Cu/Zn superoxide dismutase (SOD1) · Intracellular aggregation · 
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Abbreviations
ALS	� Amyotrophic lateral sclerosis
fALS	� Familial ALS
SOD1	� Cu/Zn superoxide dismutase
EGFP	� Enhanced green fluorescent protein

PBS	� Phosphate-buffered saline
DAPI	� 4′,6-Diamidino-2-phenylindole
RIPA	� Radio-immunoprecipitation assay
BCA	� Bicinchoninic acid
ANOVA	� Analysis of variance
MS	� Mass spectrometry
SEM	� Standard error of the mean

Background

Amyotrophic lateral sclerosis (ALS) is a progressive and 
fatal neurodegenerative disease that specifically damages 
motor neurons and eventually results in generalized muscle 
atrophy and paralysis. Approximately 20% of familial ALS 
(fALS) cases are attributed to mutations in the gene encod-
ing cytoplasmic Cu/Zn superoxide dismutase (SOD1) [1]. 
SOD1, a homodimer of subunits composed of 153 amino 
acids, is primarily a principal anti-oxidative enzyme that 
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catalyzes the conversion of superoxide anion radicals into 
the less reactive hydrogen peroxide and molecular oxygen. 
To date, more than 200 mutations in the SOD1 gene have 
been identified as causing ALS (http://​alsod.​iop.​kcl.​ac.​uk). 
Transgenic mice that overexpress the ALS-linked mutant 
human SOD1 gene develop ALS-like symptoms and SOD1-
immunoreactive inclusion bodies in their spinal cords [2, 
3]. In contrast, SOD1 knockout mice show some impair-
ment [4, 5] but no ALS-like phenotypes [6]. Therefore, it is 
widely thought that pathology associated with ALS results 
from a gain of toxic function rather than a loss of function. 
However, the mechanisms responsible for the motor neuron 
degeneration associated with ALS caused by mutant SOD1 
have not been fully elucidated.

The misfolding of a protein molecule and the formation 
of inclusion bodies containing protein aggregates are major 
pathological hallmarks in neurodegenerative diseases, such 
as Alzheimer’s disease, Parkinson’s disease, and ALS [7, 
8]. ALS-linked mutant SOD1 proteins are significantly less 
stable than wild-type SOD1 [9, 10]. Although both WT and 
ALS mutant SOD1 can form fibrillary amyloid structures 
by de-metallation and the reduction of the intramolecular 
disulfide bond [11–13], ALS mutant SOD1 proteins are 
more prone to misfolding, undergoing aggregation, and 
forming amyloid [14–16]. In addition, immunoreactive 
inclusions that are specific for misfolded SOD1 antibod-
ies have been observed in spinal cords of both fALS and 
sporadic ALS patients [17]. Because of this, efforts have 
been made to elucidate the mechanism responsible for 
SOD1 aggregation. To date, some core regions involved in 
SOD1 fibril aggregation have been studied by computational 
methods and by mass spectrometric analysis of non-specific 
protease-digested residues of amyloid fibrils formed from 
the full-length SOD1 protein. The results indicated that the 
following amino acid residues, 1–63 [18], three different 
regions (1–30, 90–120, 135–153) [19], three other shorter 
regions (14–22, 95–114, 145–153) [20], or four regions 
(14–21, 30–38, 101–107, and 147–153) [21] are involved in 
the amyloid formation of SOD1. Notably, recombinant pep-
tides that included core regions, 1–55 and 80–153, formed 
insoluble amyloid, whereas the 24–79 and 56–118 peptides 
remained in a supernatant fraction [19]. This result is con-
sistent with the structure of wild-type SOD1 amyloid fibers 
determined by cryo-electron microscopy (Cryo-EM), show-
ing that SOD1 amyloid is composed of N-terminal segments 
(3–55) and C-terminal segments (86–153) [22]. However, 
the issue of whether these amyloid core regions form aggre-
gates in living cells continues to be unclear.

Previous studies have reported that the Trp32 (W32) 
residue in human SOD1 appeared to have a role in its abil-
ity to propagate pathological aggregation and the W32S or 
W32F substitution in the mutant SOD1 decreased but did 
not completely block this aggregation [23–26]. Therefore, 

a knowledge of the amino acid residues that contribute to 
intracellular SOD1 aggregation more effectively than W32 
would be highly desirable.

In this study, we report that the aggregation of the ALS-
linked mutant SOD1-EGFP is significantly enhanced when 
the BioID2 gene was fused to the N-terminus of the mutant 
SOD1-EGFP plasmid for cellular expression. This cellu-
lar assay system represents a potentially important tool for 
observing protein aggregates in living cells and provides the 
impetus to search for core sequences and amino acid resi-
dues that are directly responsible for SOD1 aggregation. By 
expressing a series of BioID2-truncated SOD1 fragments, 
EGFP, we succeeded in identifying 1–35 and Ile35 as a min-
imal N-terminal sequence and a key amino acid residue, 
respectively, responsible for intracellular SOD1 aggregation. 
This region, therefore, represents a new target for the devel-
opment of ALS therapies.

Methods

Reagents and Antibodies

All chemicals used were of analytical grade without any 
further purification and were obtained from Nacalai Tesque 
(Kyoto, Japan) or FUJIFILM Wako Pure Chemical Corpora-
tion (Osaka, Japan). Anti-vimentin (Proteintech), CF®594 
goat anti-rabbit IgG (H + L) (BIOTReND), CF®594 goat 
anti-mouse IgG (H + L) (BIOTReND), anti-GFP (San-
tacruz), anti-rabbit IgG (HRP-conjugated) (Cell Signaling 
Technology), and anti-β-actin pAb-HRP-DirecT (MBL) 
were used. New anti-SOD1 mAb, 19G6G, was obtained 
from Kitayama Labes Co., Ltd. (Nagano Japan).

Construction of Truncated BioID2‑SOD1‑EGFP

The coding sequence of human wild-type (WT) SOD1 in 
pcDNA3.1 [10] was amplified by PCR and cloned into 
pEGFP-N3 (Clontech). The plasmid myc‐BioID2‐pBABE-
puro was a generous gift from Kyle Roux (AddGene plasmid 
#80900). The amplified PCR products of myc‐BioID2 were 
inserted into the N-terminus of SOD1-EGFP in the N3 plas-
mid via In-Fusion recombination (Takara Bio, Japan) using 
XhoI and PstI restriction enzyme site primers 1 and 2. The 
remaining multicloning sites in pEGFP-N3 between BioID2 
and SOD1 and the start codon of SOD1 were deleted by 
inverse PCR using a KOD mutagenesis kit (Toyobo, Japan), 
using primers 3 and 4. The primers are described below. A 
series of truncated WT or mutant SOD1 molecules in the 
myc‐BioID2‐SOD1-EGFP-N3 plasmid were produced by 
inverse PCR using the forward primers and the backward 
primers according to the human SOD1 nucleotide sequence 
(GenBank, X02317.1). The myc‐BioID2‐SOD1-mCherry 
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plasmid was produced by substituting the EGFP gene for the 
mCherry gene. The mCherry gene was a generous gift from 
Dr. Tomohiko Taguchi (Tohoku University). All constructs 
were confirmed by DNA sequencing.

Primer 1 (forward)
GGA​CTC​AGA​TCT​CGA​GTG​GCT​AGC​CAC​CAT​GGAA​
Primer 2 (reverse)
CGC​GGT​ACC​GTC​GAC​TGC​AGC​TCG​AGG​CTT​CTT​
CTC​AG
Primer 3 (forward)
GCG​ACG​AAG​GCC​GTG​TGC​GTG​CTG​
Primer 4 (reverse)
GCT​TCT​TCT​CAG​GCT​GAA​CTC​GCC​

Cell Cultures

Human embryonic kidney 293A (HEK293A) cells were a 
generous gift from Dr. Makoto Urushitani (Shiga University 
of Medical Science). The cells were maintained in Dulbec-
co’s Modified Eagle Medium (Sigma-Aldrich) supplemented 
with 10% (v/v) fetal bovine serum (Biowest) at 37 °C, 5% 
CO2, and a 95% humidity. The cells (1.5 × 105 cells) were 
then seeded in a 6-well collagen-coated cell culture plate 
or 1.0 × 106 cells in a 100-mm cell culture dish 24 h before 
transfection. Plasmid DNA was transfected using Lipo-
fectamine 2000 (Thermo Fisher Scientific) according to the 
manufacturer’s protocol.

Fluorescence Microscope Observation

At 48 h after transfection, HEK293A cells were fixed by 
treatment with a 4% paraformaldehyde phosphate-buffered 
solution, washed with PBS, and then imaged with a fluo-
rescent cell imager (Floid Cell Imaging Solution; Thermo 
Fisher Scientific, USA).

Immunofluorescence

HEK293A cells were seeded at a density of 1.0 × 104 cells/
dish in Ibidi (Martinsried, Germany, product #80136) coated 
dishes (35 mm diameter) or at a density of 1.5 × 105 cells/
well in 6-well cell culture plates on poly-L-lysine coated 
glass coverslips (Matsunami Glass Ind., Ltd., #C1110) 24 h 
before transfection. Plasmid DNA was transfected using 
Lipofectamine 2000 (Thermo Fisher Scientific) according 
to the manufacturer’s protocol. At 24 h or 48 h post trans-
fection, the cells were fixed by treatment with a 4% para-
formaldehyde phosphate-buffered solution. After blocking 
with 5% (w/v) bovine serum albumin BSA and 0.2% (v/v) 
Triton X-100 in PBS for 1 h, the cells were incubated anti-
vimentin (1:500, Proteintech) or anti-SOD1 (mAb 19G6G) 
in PBS containing 0.1% (v/v) Triton X-100 for 1 h at room 

temperature and then washed with PBS three times. The 
cells were then incubated with anti-rabbit or mouse IgG con-
jugated with CF®594 goat anti-rabbit IgG (H + L) (1:500, 
BIOTReND) in PBS containing 0.1% (v/v) Triton X-100 
for 1 h at room temperature. After washing three times with 
PBS, DAPI (Nacalai Tesque) diluted in PBS (1.0 μg/mL) 
was added for 10 min to stain nuclei. The immunostained 
cells were imaged on LSM780 confocal laser scanning 
microscopy (Carl Zeiss, Jena, Germany) or a fluorescent 
cell imager (FLoid Cell Imaging Solution; Thermo Fisher 
Scientific, USA).

Structural Analysis

The starting structure for human SOD1 was obtained from 
a 1.8 Å crystal structure (3T5W) [27]. Induction of the I35S 
mutation and preparation of the molecular graphics were 
performed with the UCSF ChimeraX 1.5 software, devel-
oped by the Resource for Biocomputing, Visualization, 
and Informatics at the University of California, San Fran-
cisco, with support from the National Institutes of Health 
R01-GM129325 and the Office of Cyber Infrastructure and 
Computational Biology, National Institute of Allergy and 
Infectious Diseases [28].

Fractionation of RIPA‑Soluble and Insoluble 
Proteins

At 48 h post transfection, the cultured HEK293A cells 
were placed on ice, the culture medium was removed, and 
the cells were washed twice with PBS ( −). The cells were 
detached by treatment with 1 mL of cold RIPA buffer (50 
mM tris–HCl, pH8.0, 150 mM sodium chloride, 0.5% (w/v) 
sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate, 
1.0% (w/v) NP-40 substitute) (FUJIFILM Wako) containing 
complete protease inhibitor (Roche, Basel, Switzerland)), 
followed by incubation at 4 °C for 20 min. The detached 
cells were collected into a microtube and centrifuged at 
15,000 × g for 20 min at 4 °C, and the supernatant was col-
lected as RIPA-soluble fractions. The remaining pellet was 
resuspended in 1 mL of the cold RIPA buffer and centrifuged 
at 15,000 × g for an additional 20 min at 4 °C. After the 
removal of the supernatant fraction, the pellet was resolved 
in 200 µL of 8 M urea by sonication (Bioruptor Cosmo Bio) 
for 10 min and centrifuged at 15,000 × g for 20 min at 4 °C. 
The supernatant fraction was collected as RIPA-insoluble 
proteins. These samples were examined by SDS-PAGE and 
immunoblotting as a “soluble-insoluble assay.”

Immunoblotting

Protein concentrations of the soluble and insoluble protein 
fractions were measured by the BCA assay (Nacalai Tesque). 
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The protein samples were separated by SDS-PAGE on a 10% 
gel (ATTO) and transferred onto a PVDF membrane (Mil-
lipore, USA) by semi-dry blotting (Bio-Rad). The mem-
brane was incubated for 1 h at room temperature in TBS-T 
containing 5% (w/v) skim milk (Difco, Detroit, MI, USA). 
The blocked membrane was reacted with the appropriate 
antibodies. The target proteins were detected by a chemilu-
minescence method using Luminata Western HRP substrate 
(Merck Millipore) using an LAS3000 luminescent image 
analyzer (FUJIFILM, Tokyo, Japan).

Statistical Analyses

Numerical values are expressed as the mean ± SEM. The sta-
tistical analyses were performed using a one-way ANOVA 
test with the Tukey post hoc test.

Results

BioID2 Conjugation at N‑Terminus Facilitates 
the Aggregation of SOD1‑EGFP

The expression plasmids in which the BioID2 sequence 
was fused to the N-terminus of each mutant SOD1-EGFP 
and the original SOD1-EGFP plasmids were transiently 
transfected into HEK293A cells. As shown in Fig. 1A, 
we observed that the cells expressing the BioID2-ALS 
mutant (A4V, H46R, G93A) SOD1-EGFP formed more 
abundant larger aggregates/inclusions compared with 
cells expressing the original ALS mutant SOD1 (A4V, 
H46R, G93A)-EGFP. The frequency of aggregate-posi-
tive cells showed that the BioID2 conjugation significantly 
enhanced the aggregation of these ALS mutant SOD1-
EGFPs by approximately tenfold (Fig. 1B). Even cells that 
were expressing BioID2-SOD1 (WT)-EGFP formed some 
aggregates (approximately 15%), while the frequency of 
aggregate-positive cells of all the BioID2 conjugated ALS 
mutant EGFP was significantly higher than that of BioID2-
WT-EGFP (p < 0.001). In the case of the empty control, 
BioID2-EGFP, the EGFP fluorescence was distributed dif-
fusely throughout the cells without any aggregates being 
detected (Fig. 1). Moreover, the other typical ALS-linked 
mutant SOD1, G37R, G85R, C111Y, and I113T (http://​
alsod.​iop.​kcl.​ac.​uk) also formed intracellular aggregates 
(Fig. S1A and S1C). In contrast, the non-ALS mutant 
SOD1, cytoprotective T2D [29] and W32S [23], murine 
SOD1 sequence L42Q [30], and the oxidative stress sta-
ble C111S [31, 32] only formed aggregates at a level simi-
lar to that for BioID2-SOD1 (WT)-EGFP (Fig. S1B and 
S1C). These results indicate that the fusion of the BioID2 
protein at the N-terminus significantly promotes the aggre-
gation of ALS-associated mutant SOD1 in the absence 

of any stresses. In addition, HEK293A cells expressing 
BioID2-G93A-EGFP were immunostained with an anti-
SOD1 monoclonal antibody (mAb 19G6G). As shown in 
Fig. S2, the aggregates were stained with the mAb 19G6G 
(SOD1 in red). These data eliminated the concern that the 
green fluorescence in the aggregates could be due to the 
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Fig. 1   BioID2 conjugation at N-terminus facilitates the formation 
of intracellular aggregates of SOD1-EGFP. A HEK293A cells were 
transiently transfected with expression plasmids for SOD1-EGFP 
or BioID2-conjugated SOD1-EGFP. At 48  h post transfection, cells 
were fixed with 4% paraformaldehyde, and then, images were then 
captured. B The aggregate-positive cells and GFP-positive cells in 
eight images (approximately 60–90 cells/image) were counted to 
quantify the frequency of aggregate-positive cells. Data are presented 
as the mean ± SEM. The statistical analyses were performed using a 
one-way ANOVA test with the Tukey post hoc test. The frequency 
of aggregate-positive cells of BioID2-SOD1-EGFP was significantly 
higher than that of SOD1-EGFP including WT (***p < 0.001). In 
addition, the frequency of aggregate-positive cells of all BioID2-
conjugated ALS mutant EGFP was significantly higher than that of 
BioID2-WT-EGFP (p < 0.001)
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presence of free EGFP or truncated SOD1-EGFP fusion 
proteins.

To further investigate the role of BioID2 in promoting 
aggregate formation in SOD1, we constructed several plas-
mids expressing BioID2-SOD1-mCherry, in which EGFP 
was replaced by the red fluorescent protein, mCherry. 
As shown in Fig. S3A, both BioID2-A4V-mCherry and 
BioID2-G93A-mCherry rarely formed aggregates, as did 
BioID2-WT SOD1-mCherry. Their aggregate-positive cell 
frequencies were significantly lower than that of BioID2-
WT SOD1-EGFP (Fig. S3B). These data indicate that not 
only BioID2 fusion but also EGFP fusion promotes the 
aggregation of ALS mutant SOD1. The significant differ-
ence observed between EGFP (aggregation promotion) 
and mCherry (no aggregation promotion) is particularly 
intriguing. The crystal structures of EGFP (PDB 4EUL) 
and mCherry (PDB 2H5Q) both display a similar β-barrel 
structure comprised of 11 β-strands and a core helix contain-
ing the chromophore. Despite these structural similarities, it 
remains unclear why EGFP and mCherry exhibit different 
effects on aggregation promotion when fused with BioID2-
SOD1. Further studies will be needed to elucidate this phe-
nomenon. Nevertheless, the sandwich expression system 
between BioID2 and EGFP would be an excellent tool for 
observing intracellular aggregates of ALS-associated mutant 
SOD1s or other polypeptides that are prone to misfolding. 
In addition, HEK293A cells were used in this study because 
their large cell size makes it easier to observe intracellular 
aggregates, although they are not neuronal cells.

The Amyloidogenic Region and the Intracellular 
Aggregation Region Do Not Necessarily Coincide

To date, several amyloidogenic core regions of SOD1 
have been identified by MS–MS analysis after the diges-
tion of the amyloid with a non-specific protease. Furu-
kawa et al. reported that recombinant SOD1 peptides, 1–55 
and 80–153, that include the amyloidogenic core region, 
became insoluble amyloid, whereas peptides 24–79 and 
56–118 remained in the supernatant fraction [19]. How-
ever, the issue of whether these amyloidogenic regions 
form intracellular aggregates remains unclear. We there-
fore examined the issue of whether or not these regions 
form aggregates in living cells using BioID2-fused SOD1 
peptide-EGFP expression constructs. As shown in Fig. 2A, 
the 1–55 and 56–118 peptides formed intracellular aggre-
gates, whereas 24–79 and 80–153 formed only minimal 
levels of aggregates. The frequency of aggregate forma-
tion for the 24–79 and 80–153 peptides was significantly 
lower than that of WT (Fig. 2B). These results indicate 
that the N-terminal side, 1–55 (aggregate and amyloid) 
and 24–79 (no aggregates and soluble), were consistent 
between this intracellular aggregation experiment and the 

previous in vitro amyloidogenesis study [19]. However, 
the C-terminal sides, 56–118 (aggregate vs. soluble) and 
80–153 (no aggregates vs. amyloid), were not in agree-
ment with these studies. Since the conditions for amyloid 
formation and intracellular aggregation could be different, 
it is possible that both regions do not necessarily coincide.
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Fig. 2   The intracellular aggregate-forming region is consistent with 
the amyloid formation only on the N-terminal side. A HEK293A 
cells were transiently transfected with expression plasmids for 1–55, 
24–79, 56–118, and 80–153 of wild-type SOD1 conjugated between 
BioID2 and EGFP. At 48 h post transfection, the cells were fixed with 
4% paraformaldehyde, and images were then captured. B The aggre-
gate-positive cells and GFP-positive cells in eight images (approxi-
mately 60–90 cells/image) were counted to quantify the frequency 
of aggregate-positive cells. Data are presented as the mean ± SEM. 
The statistical analyses were performed using a one-way ANOVA 
test with the Tukey post hoc test. The frequency of aggregate-posi-
tive cells of all peptides was significantly different compared to WT 
(***p < 0.001)
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1–35 Is Required for Intracellular SOD1 Aggregation

Nonsense or frameshift mutations, such as L126X, G127X, 
G141X, or C146X, have been reported in fALS patients 
[33–36], which indicates that the C-terminal sequences 
of SOD1 may not be involved in the pathology of ALS 
and the formation of inclusion bodies in the lesion sites. 
Consistent with previous in vitro amyloidogenesis studies 
[18, 19], 1–55 formed intracellular aggregates as shown in 
Fig. 2. We therefore focused on a search for the N-termi-
nal sequence responsible for SOD1 aggregation using our 
BioID2-SOD1-EGFP system, which makes it much easier to 
observe the intracellular aggregates. As shown in Fig S4A, 
plasmids containing a series of C-terminal truncated SOD1 

molecules (1–30, 1–60, 1–90, 1–120, and 1–140) between 
the BioID2 and EGFP were constructed, and the plasmids 
were transiently transfected into HEK293A cells. The levels 
of expression of the series of BioID2‐trancated SOD1-EGFP 
were confirmed by the immunoblotting of the cell lysates 
(Fig. S4B).

As shown in Fig. 3A, BioID2-SOD1 peptide-EGFP con-
taining amino acid residues, 1–60, 1–90, 1–120, and 1–140 
(ALS mutant, G141X) of SOD1, formed more abundant 
aggregates compared to the full-length (WT-SOD1) 
although the 1–30 peptide formed no aggregates. Since 
both 1–40 and 1–50 formed the aggregates (Fig. 3B), the 
amino acid sequence was further shortened. As a result, 
residues 1–36 and 1–38 formed aggregates, but 1–32 and 

Fig. 3   Determination of the 
minimum N-terminal sequence 
required for SOD1 aggregation. 
C-terminal deletion constructs 
of SOD1 fused between BioID2 
and EGFP were transiently 
transfected in HEK293A cells. 
After 48 h, the cells were 
fixed with 4% paraformalde-
hyde, and then, images were 
then captured. A Expression 
plasmids for 1–30, 1–60, 1–90, 
1–120, 1–140, and 1–153 (full 
length, WT) of wild-type SOD1 
conjugated between BioID2 
and EGFP were transfected. B 
Expression plasmids for 1–30, 
1–40, and 1–50 of wild-type 
SOD1 conjugated between 
BioID2 and EGFP were trans-
fected. C Expression plasmids 
for 1–32, 1–34, 1–36, and 1–38 
of wild-type SOD1 conjugated 
between BioID2 and EGFP 
were transfected. D Expres-
sion plasmids for 1–34, 1–35, 
and 1–36 of wild-type SOD1 
conjugated between BioID2 
and EGFP were transfected. E 
The aggregate-positive cells 
and GFP-positive cells in eight 
images (approximately 55–150 
cells/image) were counted to 
quantify the frequency of aggre-
gate-positive cells. Data are pre-
sented as the mean ± SEM. The 
statistical analyses involved the 
use of the one-way ANOVA test 
with the Tukey post hoc test. 
The frequency of aggregate-
positive cells of all peptides was 
significantly different compared 
to BioID2-1–30-EGFP (left 
graph) or BioID2-1–32-EGFP 
(right graph), respectively 
(***p < 0.001)
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1–34 did not (Fig. 3C). We also demonstrated that 1–35 
and 1–36, but not 1–34, formed aggregates (Fig. 3D). Sig-
nificant differences were observed in frequency of aggre-
gate-positive cells for BioID2-1–35-EGFP versus BioID2-
1–34-EGFP (Fig. 3E). Therefore, we finally concluded that 
a peptide containing amino acid residues “1–35” of SOD1 
is the minimal N-terminal sequence that contributes to 
intracellular aggregation.

To evaluate the relationship between hydrophobicity 
and aggregation, we compared the solubility of 1–32, 
1–34, 1–35, and 1–36 of wild-type SOD1 expressed in 
the BioID2-EGFP sandwich system in a soluble-insolu-
ble assay. Proteins that were insoluble in the RIPA buffer 
were solubilized by treatment with 8 M urea. As shown 
in Fig. 4A, B, the levels of the soluble fractions of 1–35 
and 1–36 were significantly lower than those of 1–32 and 
1–34, while the levels of insoluble fractions of 1–35 and 
1–36 were significantly higher. These data indicate that 
there is a significant difference in solubility between 1–34 
and 1–35 expressed in the BioID2-EGFP sandwich system.

Substitution of I35 by Hydrophilic Amino Acids 
Blocked Aggregation of the 1–35 Peptide

Figure 5A shows the N-terminal sequences of various species 
of SOD1. The 35th amino acid residue of SOD1 is conserved 
as Ile in mammals and fish and Leu or Val in Drosophila and 
plants (Fig. 5A). Moreover, there is no report of a mutation 
linked to fALS at I35 (http://​alsod.​iop.​kcl.​ac.​uk), which indi-
cates that all ALS mutant SOD1s harbor I35. We therefore 
hypothesized that a branched-chain amino acid conserved 
at the 35th amino acid residue would be needed for SOD1 
aggregation. I35 in BioID2‐(1–35)-EGFP was then substituted 
with other branched-chain amino acids, i.e., leucine (I35L) 
or valine (I35V), and hydrophilic amino acids, serine (I35S), 
threonine (I35T), or lysine (I35K). As shown in Fig. 5B, C, 
I35L and I35V clearly formed aggregates, while I35S, I35T, 
and I35K did not form any aggregates. These results indicate 
that the presence of a branched-chain amino acid at the 35th 
amino acid residue is required for aggregation and that the 
replacement of I35 with a hydrophilic amino acid could block 
this type of aggregation. In addition, Zhong et al. proposed 
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Fig. 4   The N-terminal SOD1 peptides containing I35 are more 
hydrophobic. A Expression plasmids for 1–32, 1–34, 1–35, and 1–36 
of wild-type SOD1 conjugated between BioID2 and EGFP were 
transfected in HEK293A cells. After 48 h, the cells were harvested, 
and then, soluble proteins and insoluble proteins were fractionated. A 
total of 15 μg of protein per lane for soluble fractions and 1 μg of pro-
tein per lane for insoluble fractions were applied on SDS-PAGE and 
analyzed by immunoblotting. Anti-GFP antibody (1:3000, Santacruz) 
was used as the primary antibody, and anti-rabbit IgG (1:3000, Cell 
Signaling Technology) was used as the secondary antibody. The same 

membrane was stained with anti-β-actin pAb-HRP-DirecT (1:3000, 
MBL) as an internal control. Representative immunoblot for solu-
ble and insoluble fractions of cells expressing 1–32, 1–34, 1–35, and 
1–36 conjugated between BioID2 and EGFP is shown. B Quantifica-
tion of the immunoblotting data shown is the mean ± SEM. (n = 3). 
The statistical analyses were performed using a one-way ANOVA 
test with the Tukey post hoc test. The immunoblot levels of BioID2-
peptide-EGFP/β-actin were compared to that of BioID2-(1–34)-
EGFP/β-actin (**p < 0.005, *p < 0.05)

http://alsod.iop.kcl.ac.uk


	 Molecular Neurobiology

that the normally buried nuclear export signal (NES)-like 
sequence of SOD1 encompasses residues 33–51 (Fig. 5A) 
[30]. Indeed, SOD1 peptides shorter than 1–40, lacking the 
NES-like sequence, were therefore found to be localized in 
both the nucleus and cytoplasm (Fig. 3), but 1–55 and 24–79 
harboring the NES-like sequence were observed to be local-
ized in the cytoplasm (Fig. 2).

Substituting I35 with Serine (I35S) Suppressed 
the Aggregation of the ALS Mutant SOD1 
to a Greater Extent than Substituting Trp32 
with Serine (W32S)

Based on previous studies, it is possible that the tryptophan 
residue at position 32 (W32) of human SOD1 is important 

Fig. 5   Substitution of I35 
conserved in mammalian 
SOD1s to hydrophilic amino 
acids blocked aggregation of the 
1–35 peptide. A Comparison of 
N-terminal sequences of SOD1 
proteins between different spe-
cies. Amino acids highlighted 
in yellow in human SOD1 are 
reported to be ALS-associated 
mutations. The 35th amino 
acid is highlighted in blue, and 
the 32nd amino acid is boxed 
in red. B Expression plasmids 
for 1–35, 1–35 (I35L), 1–35 
(I35V), 1–35 (I35S), 1–35 
(I35T), and 1–35 (I35K) of 
wild-type SOD1 conjugated 
between BioID2 and EGFP 
were transfected in HEK293A 
cells. After 48 h, the cells were 
fixed with 4% paraformalde-
hyde, and then, images were 
captured. C The aggregate-
positive cells and GFP-positive 
cells in eight images (approxi-
mately 75–110 cells/image) 
were counted to quantify the 
frequency of aggregate-positive 
cells. Data are presented as 
the mean ± SEM. The statisti-
cal analyses were performed 
using a one-way ANOVA test 
with the Tukey post hoc test. 
The frequency of aggregate-
positive cells of all peptides was 
significantly different compared 
to BioID2-1–35 (I35)-EGFP 
(***p < 0.001)
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for the pathology of ALS because the oxidation of W32 
results in the formation of covalently crosslinked non-native 
SOD1 dimers which could be a cytotoxic seed for aggrega-
tion [24]. In addition, substituting W32 with serine (W32S) 
reduced the seeding aggregation of the mutant SOD1 [23, 
37]. However, our results showed that 1–32 and 1–34 formed 
no aggregates even though they contained W32 (Fig. 3). 
Therefore, to determine which residue between W32 and 
I35 is more important for SOD1 aggregation, the effects of 
substituting I35 and W32 with serine on the aggregation of 
the ALS mutant SOD1 were compared. This experiment also 
allowed us to confirm whether our assay system using the 
artificial fusion protein, BioID2-SOD1-EGFP, reflects the 
previous results showing that W32S inhibited the aggrega-
tion of the ALS mutant SOD1 [23, 37]. As shown in Fig. 6A, 
the presence of either W32S or I35S decreased the extent 
of aggregation of the A4V, H46R, and G93A mutations 
including WT SOD1 when using the BioID2-EGFP sand-
wich expression system. Measurement of the frequency of 
aggregate-positive cells clearly demonstrated that both the 
W32S and I35S substitutions statistically reduced aggregate 
formation compared to the original SOD1s. It is noteworthy 
that the I35S substitution significantly reduced the extent of 
aggregation in all ALS mutant SOD1s more than the W32S 
substitution (Fig. 6B). These results indicate that the con-
tribution of I35 is much greater than that of W32 in the 
aggregation of SOD1 in living cells and that our BioID2-
EGFP sandwich system accurately reproduced findings in 
previous reports [23, 37]. The soluble-insoluble assay also 
showed that the levels of the insoluble fractions of A4V or 
G93A were significantly higher than those for A4V/I35S 
or G93A/I35S, respectively (Fig. 7A, B). These data indi-
cate that substituting I35 with serine (I35S) suppressed the 
hydrophobicity of the ALS mutant SOD1 when expressed 
in the BioID2-EGFP sandwich system.

Additional G33V Mutation Promotes 
the Aggregation of the ALS Mutant SOD1

Sangwan et al. reported that corkscrew-like antiparallel 
beta-sheet oligomers, not amyloid, consisting of a seg-
ment 28–38 of SOD1 are toxic and that the substitution of 
G33 to Val or Trp destroys the corkscrew-like antiparallel 
beta-sheet oligomers [38]. The authors also demonstrated 
that the additional G33V mutation reduced neuronal 
cytotoxicity when these 28–38 oligomers were supple-
mented with medium and that in a zebrafish ALS model 
expressing G93A or A4V, the addition of G33V mutation 
alleviated the axonal damage and mitochondrial defects 
associated with ALS [38]. Therefore, we constructed new 
plasmids expressing BioID2-28–38-EGFP, BioID2-WT 
SOD1/G33V-EGFP, and BioID2-A4V/G33V-EGFP to 

determine whether 28–38 is an aggregation-prone peptide 
and whether G33V substitution suppresses aggregate for-
mation. Unexpectedly, the findings indicated that BioID2-
28–38-EGFP did not form aggregates even though it 
includes I35 (Fig. 8A, B). More surprisingly, the addition 
of a G33V mutation significantly promoted the aggregate 
formation of BioID2-WT-EGFP and BioID2-A4V-EGFP 
(Fig. 8C, D).
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Fig. 6   Substituting Ile35 with serine (I35S) suppressed the aggrega-
tion of the ALS mutant SOD1 to a greater extent than substituting 
Trp32 with serine (W32S). A Expression plasmids for BioID2 con-
jugated SOD1 (wild-type (WT), A4V, H46R, and G93A)-EGFP with 
additional mutations of W32S or I35S were transfected in HEK293A 
cells. After 48 h, the cells were fixed with 4% paraformaldehyde, and 
images were then captured. B The aggregate-positive cells and GFP-
positive cells in eight images (approximately 60–90 cells/image) were 
counted to quantify the frequency of aggregate-positive cells. Data 
are presented as the mean ± SEM. Statistical analyses were performed 
using a one-way ANOVA test with the Tukey post hoc test (*p < 0.05; 
**p < 0.01, ***p < 0.001)
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Intracellular BioID2‑SOD1‑EGFP Aggregates 
Resemble Aggresomes

Our BioID2-EGFP sandwich system generated perinuclear 
aggregates of mutant SOD1 in the absence of inhibitors of 
proteasome or autophagy. The large perinuclear aggregates 
of the mutant SOD1 with a strong fluorescence intensity 
resembled structures that are commonly referred to as 
aggresomes [39–41], which are trafficked to the centrosomes 
and surrounded by a vimentin cage type of structure. There-
fore, we immunostained these aggregates with anti-vimentin 
as a marker for aggresomes. As shown in Fig. 9A and S5, 
vimentin formed ring-like structures (white arrows) around 
the perinuclear aggregates of BioID2-G93A-EGFP ((d) 
and (d’) (enlarged view of enclosure part of (d))), similar 
to previous reports regarding aggresomes [39–41]. The 
Z-stacking images and the 3D image (Fig. S5) indicate that 
the aggregate appears to be surrounded by vimentin. The 

tiny aggregates of BioID2-(1–35)-EGFP were also present 
in close proximity to the vimentin, as shown in Fig. 9B, (h), 
(h’) (enlarged view of the enclosure part of (h)) although a 
clear relationship with vimentin was not observed. Further 
research will be needed to clarify how BioID2-ALS mutant 
SOD1-EGFP or BioID2-SOD1 peptide-EGFP forms such 
structure within cells.

Discussion

BioID2 is a smaller promiscuous biotin ligase and an 
improved version of the “Biotin IDentification (BioID) 
method” for biotinylating and identifying neighboring pro-
teins that interact with proteins in living cells [42]. Naturally, 
the objective of our ongoing study was to identify neighbor-
ing proteins that interact with the ALS mutant SOD1. On the 
other hand, our findings indicated that an N-terminal fusion 
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mids for A4V, A4V/I35S, G93A, and G93A/I35S conjugated between 
BioID2 and EGFP were transfected in HEK293A cells. After 48  h, 
the cells were harvested, and then, soluble proteins and insoluble 
proteins were fractionated. A total of 15 μg of protein per lane for 
soluble fractions and 1 μg of protein per lane for insoluble fractions 
were applied on SDS-PAGE and analyzed by immunoblotting. Anti-
GFP antibody (1:3000, Santacruz) was used as the primary antibody, 
and anti-rabbit IgG (1:3000, Cell Signaling Technology) was used 
as the secondary antibody. The same membrane was stained with 

anti-β-actin pAb-HRP-DirecT (1:3000, MBL) as an internal con-
trol. Representative immunoblot for soluble and insoluble fractions 
of cells expressing A4V, A4V/I35S, G93A, and G93A/I35S conju-
gated between BioID2 and EGFP is shown. B Quantification of the 
immunoblotting data shown are the mean ± SEM. (n = 3). The statisti-
cal analyses were performed using a one-way ANOVA test with the 
Tukey post hoc test. The immunoblot levels of BioID2-A4V/I35S-
EGFP/β-actin and BioID2-G93A/I35S-EGFP/β-actin were compared 
to BioID2-A4V-EGFP/β-actin and BioID2-G93A-EGFP/β-actin, 
respectively (**p < 0.005, *p < 0.05)
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of the BioID2 protein unexpectedly promoted the aggrega-
tion of the ALS-associated mutant SOD1-EGFP (Fig. 1 and 
Fig. S1). However, replacing EGFP with mCherry failed 
to promote aggregate formation in BioID2-SOD1 (Fig. S3). 
Therefore, we hypothesized that the BioID2-EGFP sand-
wich expression system could be a good tool for identify-
ing aggregation-prone sequences of SOD1. By expressing a 
series of BioID2-(a C-terminal deletion peptide of SOD1)-
EGFP, we succeeded in identifying 1–35 and Ile35 (I35) as 
the minimal N-terminal sequences and amino acid residues 

required for intracellular aggregation. Indeed, the substitu-
tion of I35 with serine (I35S) blocked the aggregation of 
residues 1–35 (Fig. 5) and the ALS-linked mutant SOD1 
(Fig. 6). The positions of residues 1–35 and I35 in the three-
dimensional structure of SOD1 are indicated in Fig. 10A. 
I35 is present in beta-strand III, and its hydrophobic side 
chain points to the interior of the SOD1 molecule. As shown 
in Fig. 10B-a, I35 is surrounded by 9 hydrophobic amino 
acid residues within a distance of 3 Å. In contrast, there are 
only 4 hydrophobic amino acid residues within a distance 

Fig. 8   BioID2-28–38-EGFP 
formed no aggregates, and the 
addition of G33V promoted the 
aggregation of BioID2-SOD1-
EGFP. A Expression plasmids 
for 1–34, 1–38, and 28–38 of 
wild-type SOD1 conjugated 
between BioID2 and EGFP 
were transfected in HEK293A 
cells. After 48 h, the cells were 
fixed with 4% paraformalde-
hyde, and images were then 
captured. B The aggregate-
positive cells and GFP-positive 
cells in eight images (approxi-
mately 90–130 cells/image) 
were counted to quantify the 
frequency of aggregate-positive 
cells. Data are presented as the 
mean ± SEM. The statistical 
analyses were performed using 
a one-way ANOVA test with 
the Tukey post hoc test. The 
frequency of aggregate-positive 
cells of 1–38 but not 28–38 is 
significantly different com-
pared to 1–34 (***p < 0.001). 
C Expression plasmids for 
BioID2-conjugated SOD1 
(WT and A4V)-EGFP with or 
without additional mutation 
of G33V were transfected in 
HEK293A cells. After 48 h, the 
cells were fixed with 4% para-
formaldehyde, and images were 
then captured. D The aggregate-
positive cells and GFP-positive 
cells in eight images (approxi-
mately 90–160 cells/image) 
were counted to quantify the 
frequency of aggregate-positive 
cells. Data are presented as 
the mean ± SEM. The statisti-
cal analyses were performed 
using a one-way ANOVA test 
with the Tukey post hoc test 
(***p < 0.001)
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of 3 Å around S35 when the computational mutation of 
I35S is induced (Fig. 10B(b)). Indeed, the substitution of 
I35 in BioID2‐(1–35)-EGFP with other branched-chain 
amino acids also resulted in the formation of aggregates, 
while no aggregation was observed when I35 was substi-
tuted with hydrophilic amino acids formed (Fig. 5B, C). The 
soluble-insoluble assay also showed that the levels of the 
insoluble fractions of the I35-containing segments, 1–35 and 
1–36, were significantly higher than 1–32 and 1–34 when 
expressed in the BioID2-EGFP sandwich system (Fig. 4). 
Furthermore, the levels of the insoluble fractions of A4V 
or G93A were significantly higher than those for A4V/I35S 
or G93A/I35S, respectively, when expressed in the BioID2-
EGFP sandwich system (Fig. 7). We therefore conclude that 
the hydrophobicity of I35 contributes to the aggregation of 
SOD1 in living cells and that the substitution of I35 with Ser 
(I35S) reduces the hydrophobic effect and prevents aggrega-
tion. Additionally, our atomistic molecular dynamics simu-
lations of the SOD1 structure suggest that I35 is involved 

in the large fluctuations in the electrostatic loop (loop VII) 
due to the G93A mutation (Fukushima K and Fujiwara N, 
unpublished work). Since conformational change in the 
electrostatic loop is considered to be closely related to the 
aggregation process of ALS mutant SOD1, I35 is thought to 
be an important residue for conformational change and the 
aggregation of SOD1.

Prior studies have shown that W32 potentiates SOD1 
aggregation because the substitution of W32 with Ser or 
Phe suppressed aggregation [23–26]. We also observed 
that W32S partially blocked the aggregation of the ALS 
mutant SOD1 in the BioID2 fusion system, although the 
suppression efficiency was lower than that of I35S (Fig. 6). 
In fact, W32 is not conserved among mammalian SOD1, 
and indeed, the mouse and horse SOD1 have S32 and K32, 
respectively (Fig. 5A). Transgenic mice that express mouse 
SOD1 with a G86R mutation, which corresponds to a human 
G85R mutation, developed an ALS-like disease that features 
motor neuron loss and SOD1-immunopositive inclusions 

Fig. 9   BioID2-G93A-EGFP 
aggregates are surrounded by 
vimentin cages. Expression 
plasmids for BioID2-G93A-
EGFP (A) and BioID2-(1–35)-
EGFP (B) were transfected in 
HEK293A cells. After 24 h, the 
cells were fixed with 4% para-
formaldehyde and processed for 
immunofluorescence of vimen-
tin. The cells were observed 
with a LSM780 confocal laser 
scanning microscope
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[43, 44]. These reports indicate that W32 is not required 
for the development of ALS. Furthermore, 1–32 and 1–34, 
despite the fact that they include W32, exhibited no aggre-
gation in our assay system (Fig. 3C–E). In contrast, I35 is 
conserved in mammalian SOD1 (Fig. 5A), and no mutations 
at I35 have been reported in fALS patients to date (http://​
alsod.​iop.​kcl.​ac.​uk), indicating that all ALS mutant SOD1s 
harbor the I35 that is responsible for SOD1 aggregation. 
The inhibitory effect of I35S on ALS mutant SOD1 aggre-
gation was also stronger than that of W32S when using our 
BioID2-EGFP sandwich system (Fig. 6). These data indicate 
that the contribution of I35 to the SOD1 aggregation linked 
to the pathogenesis associated with ALS is greater than that 
of W32. A comparative study of symptoms between tradi-
tional ALS model organisms (such as G93A) and organ-
isms expressing the ALS mutation with I35S (such as G93A/
I35S) will be needed to answer the question of whether the 
additional mutation, I35S, suppresses ALS development. 

In contrast, the addition of a G33V mutation significantly 
enhanced BioID2-WT-EGFP and BioID2-A4V-EGFP aggre-
gate formation (Fig. 8C, D). Gly33 is also present in beta-
strand III near the I35 forming the hydrophobic region of 
SOD1 (Fig. 10). It is thought that the substitution of G33 
to Val would further increase the hydrophobicity of this 
hydrophobic region, thus making aggregate formation eas-
ier. However, it was reported that the addition of the G33V 
mutation to G93A or A4V alleviated the axonal damage and 
mitochondrial defects associated with ALS in a zebrafish 
ALS model [38]. These data suggest that aggregate forma-
tion might not be directly involved in the pathogenesis of 
ALS although the BioID2-ALS mutant SOD1-EGFP does 
indeed form aggregates (Fig. 1 and S1).

Aggresomes have been observed mostly under condi-
tions of proteasome or autophagy inhibition [41, 45, 46]. 
However, BioID2-conjugated ALS mutant SOD1 aggre-
gates were formed, even in the absence of proteasome or 
autophagy inhibitors. Notably, large aggregates of BioID2‐
G93A-EGFP closely resemble aggresomes since they appear 
to be surrounded by a vimentin cage (Fig. 9A and S5). On 
the other hand, these aggregates did not co-localize with the 
Golgi marker, GM-130 (data not shown), which is consist-
ent with previous studies of cystic fibrosis transmembrane 
conductance regulator aggresomes [41]. To date, it has 
been proposed that “aggresomes” composed of misfolded 
SOD1 proteins result in cell death [47]. However, Zhu et al. 
reported that large SOD1 aggregates were not responsible 
for cytotoxicity and that large aggregates might rather be 
protective [48]. In the case of polyglutamine-containing 
proteins, it was proposed that aggresomes sequester mis-
folded proteins to protect cells from their toxicity [49]. We 
also observed that large aggregates of BioID2-ALS mutant 
SOD1-EGFP remained in surviving cells even at 72 h after 
transfection. We therefore hypothesize that encapsulating 
toxic soluble ALS mutant SOD1 proteins (oligomers) into 
aggregates may protect cells from their toxicity, while non-
toxic proteins do not need to be sequestered and therefore do 
not form aggregates. Further studies will be needed to deter-
mine whether the aggregate formation of SOD1 is directly 
involved in the pathogenesis of ALS including neuronal 
cytotoxicity.

Additionally, it is important to elucidate the mechanism 
by which BioID2 accelerates the propensity of mutant 
SOD1-EGFP to undergo aggregation. The BioID2 used in 
this study is the biotin protein ligase from Aquifex aeolicus, a 
26 kDa protein composed of two domains with 11 β-strands 
and five α-helices [50]. BioID2 may influence the stabil-
ity and/or solubility of SOD1-EGFP. Furthermore, its rela-
tively large size as a tag protein results in an artificial fusion 
protein. However, given that the BioID2-EGFP system can 
detect the impact of single amino acid changes on aggregate 
formation within a protein or peptide, we conclude that it 
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Fig. 10   Illustration of Ile35 in three-dimensional structure of SOD1. 
A Schematic diagram of the three-dimensional structure of SOD1 
(PDB:3T5W). Residues 1–35 and Ile35 of the SOD1 dimer are 
colored pink and red in chain A and light blue and blue in chain B, 
respectively. B I35S mutation was induced by using the UCSF Chi-
meraX 1.5. The C atoms of Ile35 are colored orange-red (a) and the C 
atoms and the O atom of Ser35 are colored blue and red, respectively. 
Hydrophobic amino acids contacted with Ile35 or Ser35 are colored 
green, and other amino acids are colored pale orange. The molecular 
graphics were prepared with UCSF ChimeraX 1.5
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has potential as a useful tool for studying aggregate forma-
tion in proteins associated with various neurodegenerative 
diseases. On the other hand, the BioID2 fusion system was 
originally established as a tool for biotin labeling and iden-
tifying proximate proteins that interact with proteins in cells 
[42]. However, in this study, we focused on the identification 
of amino acid residues or sequences that are involved in 
the aggregate formation of SOD1 using this BioID2-EGFP 
sandwich system. We recently initiated a new study to iden-
tify proteins that bind to ALS mutant SOD1 but not to its 
I35 serine mutant SOD1 (and vice versa). This research is 
expected to shed light on the mechanism responsible for the 
aggregation of SOD1 and lead to the discovery of therapeu-
tic drugs for ALS.

Conclusions

In the present study, we report that BioID2 fusion greatly 
enhanced the formation of intracellular aggregates of ALS-
linked mutant SOD1-EGFP. In addition, this expression 
plasmid made it possible to distinguish between aggregate-
forming and non-aggregate-forming sequences by the pres-
ence or absence of only one amino acid residue. Using a 
BioID2-EGFP sandwich expression system, we successfully 
identified that Ile35 plays a pivotal role in the intracellular 
aggregation of SOD1. We propose that the hydrophobicity of 
Ile35 contributes to SOD1 aggregation and that making this 
site hydrophilic would suppress aggregation. The current 
study and future research will contribute to the elucidation 
of the mechanism responsible for the aggregation of ALS-
linked mutant SOD1 and the development of therapeutics 
for ALS.
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