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Cu, Zn-superoxide dismutase (SOD1), an enzyme
implicated in the progression of familial amyotrophic
lateral sclerosis (fALS), forms amyloid fibrils under
certain experimental conditions. As part of our efforts
to understand ALS pathogenesis, in this study we found
that reduction of the intramolecular disulfide bond
destabilized the tertiary structure of metal free wild-
type SOD1 and greatly enhanced fibril formation
in vitro. We also identified fibril core peptides that
are resistant to protease digestion by using mass
spectroscopy and Edman degradation analyses. Three
regions dispersed throughout the sequence were de-
tected as fibril core sequences of SOD1. Interestingly,
by using three synthetic peptides that correspond to
these identified regions, we determined that each
region was capable of fibril formation, either alone or
in a mixture containing multiple peptides. It was also
revealed that by reducing the disulfide bond and causing
a decrease in the structural stability, the amyloid fibril
formation of a familial mutant SOD1 G93A was accel-
erated even under physiological conditions. These re-
sults demonstrate that by destabilizing the structure
of SOD1 by removing metal ions and breaking the
intramolecular disulfide bridge, multiple fibril-forming
core regions are exposed, which then interact with
each another and form amyloid fibrils under physio-
logical conditions.

Keywords: amyloid fibril core/ALS/mechanism/
SOD1G93A mutant/structural stability.

Abbreviations: ALS, amyotrophic lateral sclerosis;
API, Achromobacter lyticus protease I; Apo-, Cu and
Zn metal free form; CD, circular dichroism; Cy3, Cy3
maleimide; DTT, dithiothreitol; fALS, familial form
of amyotrophic lateral sclerosis; FITC, fluorescein 5-
isothiocyanate; FM, fluorescence microscopy;

Gdn-HCl, guanidine hydrochloride; G93ASOD1,
SOD1 with mutation of G93A; Holo-, Cu and Zn
metal bound form; MALDI-TOF, matrix-assisted
laser desorption ionization time-of-flight; PK, pro-
teinase K; Red-, reduced form of intramolecular di-
sulfide bond between Cys57 and Cys146; SOD1, Cu,
Zn-superoxide dismutase; TCEP, tris(2-
carboxyethyl)phosphine; TEM, transmission electron
microscopy; ThioT, Thioflavin T; 1,5-IAEDANS, N-
(iodoacetyl)-N’-(5-sulfo-l-naphthyl)-ethylenediamine;
2SCAM-SOD1, SOD1 derivative where the free thiols
of Cys6 and Cys111 are carboxyamidated;
2SCAMRed-SOD1, SOD1 derivative in which the
free thiols of Cys6 and Cys111 have been carboxya-
midated and the intra-disulfide bond of Cys57-Cys146
has been reduced; 4SCAM-SOD1, SOD1 derivative
where all of the thiols in Cys6, Cys 57, Cys 111 and
Cys146 have been carboxyamidated.

Amyotrophic lateral sclerosis (ALS) is a neurodegen-
erative disease that specifically targets motor neurons
and leads to a progressive loss of function that is ul-
timately fatal, usually within 3�5 years after onset (1).
Mutations in Cu, Zn-superoxide dismutase (SOD1) are
known to cause a familial form of ALS (fALS) (2�4).
SOD1 is a highly conserved enzyme (5) that is the pri-
mary scavenger of superoxide radicals in the cytosol.
SOD1 is a dimer composed of two identical 153-amino
acid residue subunits (Fig. 1) (6). The overall structure
of the subunit assumes a b-sandwich structure contain-
ing several b-strands (7). Each subunit binds one
copper and one zinc ion. Four cysteine residues are
located at Positions 6, 57, 111 and 146 in the amino
acid sequence. Interestingly, Cys57 and Cys146 form a
disulfide bond even in the highly reductive environ-
ment of the eukaryotic cytosol, whereas Cys6 and
Cys111 are found in the reduced thiol (SH) form (8).
Previous studies have established that SOD1 is impli-
cated in ALS pathogenesis not through loss of super-
oxide dismutase activity but rather by acquisition of
some unknown toxic function(s), probably due to mis-
folding of the SOD1 protein (9�11). Previous research
has demonstrated that inclusion bodies may be
observed in spinal cords of human patients afflicted
by both sporadic ALS (12�14) and fALS (13�15),
and in spinal cord samples from transgenic mice that
express human fALS SOD1 variants (16�23). These
results demonstrate the strong relationship between
SOD1 misfolding, SOD1 aggregation and ALS
pathogenesis.
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SOD1 aggregates also share some common charac-
teristics with amyloid fibrils (17, 24) that are isolated
from tissues of patients afflicted by neurodegenerative
diseases such as Alzheimer disease and Parkinson dis-
ease (25, 26). Previously, it was reported that SOD1
that is chemically denatured by guanidine hydrochlor-
ide (Gdn-HCl) or organic solvents (27�29) is capable
of forming amyloid fibrils. However, the experimental
conditions under which these fibrils were formed dif-
fered greatly from the conditions in an actual cell. As
SOD1 normally exists in the cytosol where a reducing
environment is predominant (30), it was suggested that
reduction of the intramolecular disulfide bond in
native SOD1 may act as a trigger for fibril formation
in vivo, and this idea was subsequently demonstrated in
transgenic mice (19, 21). Thus, to comprehend the
pathogenesis of ALS, it is important to understand
the structural characteristics and structural stability
of SOD1 under physiological conditions.

In this study, we first focused on the consequences of
forming or reducing the Cys57-Cys146 intramolecular
disulfide bond of wild-type SOD1 with regard to the

formation of SOD1 amyloid fibrils. Our results indi-
cated that removal of metal ions and reduction of the
Cys57-Cys146 disulfide bond destabilized the SOD1
tertiary structure and greatly enhanced fibril formation
in vitro. Additionally, we identified three distinct
amino acid sequence regions that were resistant to pro-
tease digestion in the final fibril state. Interestingly,
three synthetic peptides that corresponded to each of
these regions could form typical amyloid fibrils, either
solely or in a mixture of one or more peptide species.
To our knowledge, this finding is the first to demon-
strate fibril formation by multiple specific short pep-
tides derived from the SOD1 fibril core. Additionally,
for a G93A mutant implicated in familial ALS, the
reduction of this disulfide bond was in fact a prerequis-
ite to trigger amyloid fibril formation. These results
suggested that the structure of SOD1 was largely desta-
bilized by removal of the metal ions and reduction of
the intramolecular disulfide bond, which led to the ex-
posure of core amyloid-forming regions. The exposed
core regions subsequently interact with one another
and ultimately this interaction leads to the formation
of amyloid fibrils. This understanding of the underly-
ing molecular mechanism of SOD1 fibril formation
may eventually lead to a specific medical treatment
for preventing and curing ALS.

Materials and Methods

Expression and purification of SOD1

Wild-type SOD1. The human SOD1 gene was amplified using PCR
from cDNA preparations of human brain (Cap site cDNA dT:
Nippon gene) and subcloned into the NdeI and XhoI multi-cloning
site of the expression vector pET23a(+) (Novagen) to produce
pEThSOD1, and used to transform Escherichia coli BLR(DE3).
Cultivated BLR(DE3)/pEThSOD1 cells were suspended in lysis
buffer (50mM Tris-HCl, pH 8.0, containing 150mM KCl,
0.1mM EDTA and 1mM dithiothreitol (DTT)), disrupted using
sonication and centrifuged to remove debris (14,000 rpm, 30min).
Streptomycin sulfate (final 2.5%) was added to the supernatant to
remove nucleic acids. After removal of nucleic acids by centrifuga-
tion, ammonium sulfate was added to the supernatant to 65% sat-
uration. After this treatment, SOD1 remained in the supernatant
fraction and was recovered by centrifugation. The supernatant was
dialyzed thoroughly at 4�C against 20mM potassium phosphate
buffer, pH 6.5, containing 0.01mM EDTA, and applied onto a
Q-Sepharose ion exchange column (GE healthcare) at 25�C (elution
was achieved by a 0�0.5 M KCl linear gradient). Fractions con-
taining SOD1 were pooled and solid ammonium sulfate was added
to 2 M. Then, the SOD1 sample was subjected to a Phenyl-
Toyopearl 650 hydrophobic chromatography column (Tosoh) at
25�C, using 50mM sodium phosphate buffer, pH 6.5, containing
2 M ammonium sulfate, 150mM NaCl, 0.1mM EDTA, 0.25mM
DTT. Samples were eluted with a linear gradient of 2�0 M ammo-
nium sulfate. The wild-type SOD1 protein purified according to the
method above lost a significant fraction of its bound Cu, Zn-ligands
and required a reconstitution step to recover holo SOD1 protein
(see below). Concentrations of wild-type SOD1 were determined by
either using a protein assay kit (Bio-Rad Laboratories) using bovine
serum albumin (Sigma-Aldrich) as a standard protein or by direct
spectrophotometric measurement using a molar absorption coeffi-
cient of e280 nm=10,800 M�1 cm�1 (31).

SOD1 with mutation of G93A (G93ASOD1). The familial human
SOD1 mutant (G93A) gene was derived from the wild-type gene
through point mutation using the QuickChange site-directed muta-
genesis kit (Agilent Technologies). The mutation in
pEThSOD1G93A was confirmed by DNA sequence analysis of
the entire SOD1 coding region. Cell pastes of E.coli BLR(DE3)/
pEThSOD1G93A cells were suspended in lysis buffer (50mM

Fig. 1 Structural characteristics of SOD1. (A) SOD1 has a total of
four cysteine residues: Cys57 (yellow) and Cys146 (blue) form an
intramolecular disulfide bond, whereas Cys6 (green) and Cys111
(purple) remain as free cysteine forms. The copper and zinc ions are
shown as orange color and pink spheres, respectively. Synthetic core
regions P1 (Gly-Pro-Val-Gln-Gly-Ile-Ile-Asn-Phe-Glu-Gln-Lys), P2
(Gly-Val-Ala-Asp-Val-Ser-Ile-Glu-Asp-Ser-Val-Ile-Ser-Leu-Ser-
Gly-Asp-His-Cys-Ile-Ile-Gly-Arg) and P3 (Thr-Gly-Asn-Ala-Gly-
Ser-Arg-Leu-Ala-Cys-Gly-Val-Ile-Gly-Ile-Ala-Gln) are shown as
greenish-yellow, blue-green and red colors, respectively. The G93A
mutation site is indicated by a black arrow. (B) Amino acid sequence
alignment of SOD1. P1�P3 are colored by greenish-yellow, blue-
green and red, respectively. Open squares indicate the possible
amyloidogenic regions, which were deduced by the Waltz program
(http://waltz.switchlab.org/) developed by the Switch Laboratory.
The continuous line and the dashed line indicate regions correspond
to the PK- and API-derived peptide sequences determined in this
study, respectively (see main text).
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Tris-HCl, pH 8.0, containing 150mM KCl, 0.1mM EDTA, 1mM
DTT), disrupted using sonication and centrifuged (14,500 rpm,
30min). Under our conditions, G93A SOD1 protein was recovered
in inclusion bodies. The precipitate was suspended in lysis buffer
containing 4 M Gdn-HCl and dialyzed thoroughly at 4�C against
20mM potassium phosphate buffer, pH 6.5, containing 0.01mM
EDTA. Through this step, soluble Cu, Zn-free G93ASOD1 (Apo-
G93ASOD1) was obtained. After dialysis, samples were centrifuged
at 14,500 rpm for 30min and the supernatant was applied onto a
Q-Sepharose ion exchange column (GE Healthcare) at 25�C (elu-
tion: 0�0.7 M KCl linear gradient). Concentrations of Apo-
G93ASOD1 were determined using a protein assay kit (Bio-Rad
Laboratories) using bovine serum albumin (Sigma-Aldrich) as a
standard protein.

Preparation of SOD1 derivatives
Since the purified wild-type SOD1 was not recovered in the fully Cu,
Zn-bound, holo form, Cu, Zn-liganded SOD1 (Holo-SOD1) was
reconstituted by incubating purified wild-type SOD1 protein in
50 mM HEPES-KOH, pH 7.0, containing 0.1mM CuCl2, 6 M
urea and 0.1mM Zn(CH3COO)2 overnight at 25�C. After incuba-
tion, the sample was desalted with a PD-10 column (GE Healthcare)
to obtain Holo-SOD1. Holo-G93ASOD1 was prepared through a
similar process that used a lower concentration of urea, i.e.
Apo-G93ASOD1 was incubated in 50mM HEPES-KOH, pH 7.0,
containing 0.1mM CuCl2, 1 M urea and 0.1mM Zn(CH3COO)2
overnight at 25�C, followed by desalting. Wild-type apo-SOD1
(Apo-SOD1) was prepared by incubation of the purified wild-type
SOD1 in 50mM HEPES-KOH, pH 7.0, containing 10mM EDTA
and 3 M Gdn-HCl for 1 h at 25�C. The Cu and Zn metal content of
Holo- and Apo-SOD1 proteins were quantified using inductively
coupled plasma atomic emission spectroscopy, SPECTRO CIROS
CCD (SPECTRO), after desalting the samples with PD-10 column
equilibrated with Milli-Q water. Holo-SOD1 typically contained
0.76-mol Cu and 1.08-mol Zn per 1-mol SOD1 subunit, while
Apo-SOD1 typically contained 0.01-mol Cu and 0.04-mol Zn per
1-mol SOD1 subunit. The detected Cu and Zn content for Holo-
G93ASOD1 samples were 0.84mol and 1.28mol per mol subunit,
respectively. The corresponding values for Apo-G93ASOD1 were
0.06mol (Cu) and 0.1mol (Zn) per subunit.

SOD1 derivative where the free thiols of Cys6 and Cys111 are
carboxyamidated (2SCAM-SOD1) was prepared as follows: Apo-
SOD1 dissolved in 50mM Tris-HCl, pH 7.0, containing 150mM
NaCl was treated by the addition of 2 M Gdn-HCl and 10mM
ICH2CONH2 for 30min at room temperature to modify the free
SH groups of Cys6 and Cys111. Samples were then desalted using
PD-10 columns. SOD1 derivative in which the free thiols of Cys6
and Cys111 have been carboxyamidated and the intra-disulfide bond
of Cys57-Cys146 has been reduced (2SCAMRed-SOD1) was pre-
pared by adding 5mM DTT to 2SCAM-SOD1 preparations and
incubating for 30min at room temperature, followed by desalting
using a PD-10 column equilibrated with 50 mM Tris-HCl, pH 7.0,
containing 150mM NaCl and 1mM tris-(2-carboxyethyl) phosphine
(TCEP, Molecular Probes). TCEP was used to maintain the reduced
thiol groups of Cys57 and Cys146. Red-SOD1 and Red-G93ASOD1
were prepared by the addition of 2 M Gdn-HCl and 5mM DTT to
protein solutions, followed by incubation for 30min at room tem-
perature, then the samples were desalted using PD-10 columns equi-
librated with 50mM Tris-HCl (pH 7.0) containing 150mM NaCl
and 1mM TCEP. SOD1 derivative where all of the thiols in Cys6,
Cys 57, Cys 111 and Cys146 have been carboxyamidated (4SCAM-
SOD1) was prepared by extensive alkylation of all SH groups in the
protein, by adding 10mM ICH2CONH2 to Red-SOD1 sample and
incubation for 30min in the dark at room temperature, followed by
desalting using PD-10 columns equilibrated with 50mM Tris-HCl,
pH 7.0, containing 150mM NaCl.

Structural unfolding measurements
Unfolding experiments of SOD1 in Gdn-HCl monitored using cir-
cular dichroism (CD) and fluorescence were carried out in 50mM
Tris-HCl, pH 7.0, containing 150mM NaCl at 25�C. Prior to meas-
urement, prepared samples were allowed to achieve equilibrium
overnight at 25�C. Unfolding transition curves were measured by
monitoring either the fluorescence at 350 nm with excitation at
295 nm or the CD signal at 216 nm. Fluorescence was measured on
a Jasco FP-6300 fluorescence spectrophotometer equipped with a

constant temperature cell holder. CD spectra were measured using
a Jasco J-720 or J-820 spectrophotometer equipped with a constant
temperature cell holder at 25�C. Far-UV CD spectra were recorded
using 1mm light path-length cells. The protein concentrations of the
samples were fixed at 0.15mg/ml. To convert the raw CD and fluor-
escence values to the fraction of unfolded protein (fD), straight lines
were fit through the upper and lower plateau regions of the sig-
moidal plot. We used the following equation for normalizing the
data: fD=(N � Nl)/(Nu � Nl), where Nl and Nu were the fits of
the lines through the lower and upper plateau regions, respectively,
and N was the observed raw data at a given concentration of Gdn-
HCl. Finally, transition curves using these fD values were plotted as
a function of the Gdn-HCl concentration. Midpoint denaturant con-
centration (Cm) for unfolding was determined by averaging the
values at fD=0.5 from CD and fluorescence measurements.

Amyloid fibril formation and ThioT binding assay
Fibril formation of SOD1 proteins (1mg/ml: 62.5 mM) was achieved
by linear (back and forth) shaking at a rate of 170 repetitions/min of
samples prepared in 50mM Tris-HCl buffer, pH 7.0, containing
150mM NaCl with or without 1mM TCEP at 37�C. For experi-
ments using synthetic core peptides (0.2mg/ml: 85�150mM), a mod-
ified buffer (50mM Tris-HCl buffer, pH 7.0, containing 150mM
NaCl, 1mM TCEP and 0.4 M Gdn-HCl) was used; 0.4 M Gdn-
HCl was added to this buffer to solubilize the peptides completely.
Samples were withdrawn at appropriate times and mixed with 25 mM
Thioflavin T (ThioT) (Wako) in phosphate-buffered saline. Fibril
formation was monitored by ThioT binding fluorescence assays;
the fluorescence intensity at 480 nm was monitored at an excitation
wavelength of 440 nm using a Hitachi F-4500 fluorescence
spectrophotometer.

To monitor the fibril formation of G93ASOD1 proteins, protein
(1mg/ml; 62.5mM) was prepared in 50mM Tris-HCl buffer, pH 7.0,
containing 150mM NaCl, 2mM DTT and 20 mM ThioT and 150ml
aliquots were deposited into 96-well plates. Fibril formation was
monitored by measuring fluorescence intensities of ThioT at
486 nm at an excitation wavelength of 450 nm using a microplate
reader (Perkin Elmer ARVOx) at 37�C with agitation.

Transmission electron microscopy measurements
Transmission electron microscopy (TEM) measurements were per-
formed on a JEOL-100CX or JEOL-1400 plus transmission electron
microscope operating at 80 kV. Samples were diluted 5- to 10-fold
with water and negatively stained with 2% (w/v) uranyl acetate so-
lution on copper grids (400-mesh) covered by carbon-coated collo-
dion film (Nisshin EM). Samples were observed at magnifications of
27,000�50,000.

Determination of amyloid fibril core region
Fibril core regions in SOD1 were determined according to the
method described previously (32, 33). Briefly, isolated precipitates
(fibril core region) representing fractions of amyloid fibrils that had
avoided digestion by A.lyticus protease I (API, Wako) or proteinase
K (PK, Roche) were dissolved in 7.5 M Gdn-HCl, and individual
peptides were isolated using reversed-phase high performance liquid
chromatography (HPLC) on a CAPCELL PAK C-18 reverse phase
column (Shiseido) and a Gilson HPLC system. The identities of the
isolated peptides were determined using mass spectrometry measure-
ments (BRUKER Autoflex matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) Mass spectrometer) and Edman
degradation (Shimadzu PPSQ-10 protein sequencer).

Synthetic core peptides of SOD1
Custom syntheses of peptide samples were performed by SCRUM
Inc. (Tokyo) or Peptide 2.0 Inc. (Chantilly, USA). Peptide purity
was �>95% as determined by HPLC and electrospray mass spec-
trometry. The peptide concentrations were estimated by weighing
the dried peptide samples on an electron micro balance (Excellence
XS205Du, Mettler Toledo).

Visualization of amyloid fibrils formed by SOD1 peptides
Synthetic core region peptides P1 (Gly-Pro-Val-Gln-Gly-Ile-Ile-
Asn-Phe-Glu-Gln-Lys), P2 (Gly-Val-Ala-Asp-Val-Ser-Ile-Glu-Asp-
Ser-Val-Ile-Ser-Lue-Ser-Gly-Asp-His-Cys-Ile-Ile-Gly-Arg) and P3
(Thr-Gly-Asn-Ala-Gly-Ser-Arg-Lue-Ala-Cys-Gly-Val-Ile-Gly-Ile-
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Ala-Gln) (Fig. 1B) were labelled with fluorescein 5-isothiocyanate
(FITC) (Sigma), N-(iodoacetyl)-N’-(5-sulfo-l- naphthyl)-ethylenedi-
amine (1,5-IAEDANS) (Molecular Probes) or Cy3 maleimide (Cy3)
(GE Healthcare), respectively. P2 and P3 peptides each contain one
native cysteine residue in the sequence. Peptides (0.2mg/ml, i.e.
150mM P1, 85 mM P2 and 126 mM P3) were dissolved in basal label-
ling buffer (50mM Tris-HCl buffer, pH 7.0, containing 150mM
NaCl, 1mM TCEP and 0.4M Gdn-HCl) containing 0.7 molar
equivalents of the respective fluorescence label (FITC for P1 or
1,5-IAEDANS for P2) and the samples were incubated at 25�C for
30min. Labelling of peptide P3 with Cy3 was performed according
to the manufacturer’s protocols using the same buffer with added
label. After the reaction, labelled peptides were allowed to form fi-
brils by linear shaking (170min�1) in sealed siliconized test tubes at
37�C. For fluorescence microscopy (FM) experiments, after mixing
either two or three labelled peptides in an equimolar ratio, aliquots
(10 ml) of this sample solution was deposited immediately on a non-
fluorescent glass slide (Matsunami Glass Industry Ltd., Japan),
tightly sealed with a cover slip, and incubated at 37�C for 24 h in
the dark. After incubation, samples were observed on a ZEISS
Axiovert 200 system equipped with the appropriate fluorescence
filters.

Results

Structural stability and amyloid fibril formation
To study the structural stability of SOD1, we prepared
metal-free SOD1 proteins where the Cu and Zn ions
had been removed (Apo-SOD1), as well as reduced
SOD1 proteins where the intramolecular disulfide
bond between Cys57 and Cys146 in the apo-SOD1
preparations had been severed by reduction (Red-
SOD1). We also prepared alkylated versions of each
SOD1 preparation, in which the free thiols were car-
boxyamidated (2SCAM-SOD1, 2SCAMRed-SOD1
and 4SCAM-SOD1). These protein preparations are
hereafter referred to by their respective designations,
in line with the designation Holo-SOD1 for the intact
native enzyme containing Cu and Zn metals.

First, we measured the CD spectra of the protein
samples to evaluate their respective secondary struc-
tures. As shown in Fig. 2A, Holo-SOD1 displayed a
CD spectrum with a negative maximum peak at
around 208 nm, which is characteristic of b-sheets
(34). Apo-SOD1 and Red-SOD1 both displayed CD
spectra that were similar to Holo-SOD1, demonstrat-
ing that the secondary structures of these samples re-
mained largely intact, even after removal of metal ions
and intramolecular disulfide bond. However, when all
of the Cys residues in each protein were alkylated, the
structure was completely unfolded, as shown in the CD
spectrum of 4SCAM-SOD1. The CD spectra of
2SCAM-SOD1 and 2SCAMRed-SOD1, in contrast,
suggested that these proteins were only partially un-
folded. This result suggested that alkylation on Cys
residues, especially Cys57 and Cys146, greatly per-
turbed the overall structure of SOD1 and induced
unfolding.

Next, we examined the structural stabilities of
Holo-SOD1, Apo-SOD1 and Red-SOD1 by monitor-
ing the unfolding transitions in Gdn-HCl using CD
and fluorescence (Fig. 2B). Since native Holo-SOD1
and Apo-SOD1 retained their dimer structure as con-
firmed in gel-filtration assays, the experiments for
structural unfolding, especially of Holo-SOD1, were
not monitored under strict equilibrium conditions.
Even under these conditions of quasi-equilibrium,

however, we were able to obtain information regarding
the structural stability of these proteins; the Cm values
of Holo-SOD1, Apo-SOD1 and Red-SOD1 were 4.37,
0.90 and 0.42 M Gdn-HCl, respectively (Table I).
Holo-SOD1 was the most stable derivative. Removal
of metal ions (Apo-SOD1) resulted in a remarkable
decrease in stability, and the breakage of the intramo-
lecular disulfide bond further destabilized the structure
(Red-SOD1). From the transition curves, it was found
that both Red-SOD1 and Apo-SOD1 were only mar-
ginally stable at 0 M Gdn-HCl.

To examine whether Holo-SOD1, Apo-SOD1, Red-
SOD1, 2SCAM-SOD1, 2SCAMRed-SOD1 and
4SCAM-SOD1 could form amyloid fibrils, each
sample was incubated at 37�C with linear shaking.
As shown in Fig. 3, 4SCAM-SOD1, 2SCAMRed-

Fig. 2 The secondary structure and structural unfolding of wild-type

SOD1 by Gdn-HCl. (A) CD spectra of Holo-SOD1, Apo-SOD1,
Red-SOD1, 2SCAM-SOD1, 2SCAMRed-SOD1 and 4SCAM-
SOD1. (B) Structural unfolding transition curves of Holo-SOD1,
Apo-SOD1 and Red-SOD1. Measurements of CD (closed circle) and
fluorescence (closed diamond) were performed in various
concentrations of Gdn-HCl. The CD intensities at 216 nm and the
fluorescence intensities at 350 nm (excitation at 295 nm) were con-
verted to the fraction of unfolded protein (fD) and plotted against the
Gdn-HCl concentration. See online version for details regarding
color in this and subsequent Figures.
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SOD1 and Red-SOD1, which all lack the intramolecu-
lar disulfide bond, showed a significant increase in
ThioT fluorescence, b-structural characteristics in CD
spectral analyses and a fibrous shape in TEM meas-
urements after prolonged shaking. The fibril widths of
4SCAM-SOD1, 2SCAMRed-SOD1 and Red-SOD1
were 13.2±0.6 nm, 13.6±2.4 nm and
10.9±0.6 nm, respectively. In an interesting contrast,
Holo-SOD1, Apo-SOD1 and 2SCAM-SOD1 all failed
to show any increases in ThioT fluorescence and CD
spectra even after a 300 h incubation. Although Red-
SOD1 and Apo-SOD1 displayed similar structural sta-
bilities in unfolding transition assays (Cm=0.42 and
0.90M Gdn-HCl, respectively, Fig. 2), only Red-SOD1
formed amyloid fibrils. These findings demonstrated
that reduction of the intramolecular disulfide bond
was the crucial element in forming SOD1 amyloid
fibrils; once the intramolecular disulfide bond
was reduced, fibril formation was accelerated by
further structural destabilization (4SCAM-SOD1>
2SCAMRed-SOD1>Red-SOD1).

Determination of fibril core region
To further understand the SOD1 fibril formation
mechanism, we identified the fibril core regions,
which are presumably composed of b-strands and pos-
sesses protease-resistance (35). We used a lysine spe-
cific protease, API (36) and a broadly specific PK to
digest Red-SOD1 amyloid fibrils. After digestion with
API for 20 h, it was observed in TEM experiments that
the diameter of the remaining fibrils had been reduced
to 5.2±1.0 nm, indicating that the fibrils had been
partially digested (not shown). The precipitates that
remained after centrifugation were dissolved in 7.5 M
Gdn-HCl and isolated using reversed phase HPLC. A
typical HPLC elution pattern of API digested Red-
SOD1 fibril samples is shown in Fig. 4. Several peaks
were observed after API proteolysis of Red-SOD1 fi-
brils and analysed by MALDI-TOF-MS and Edman
degradation. Although intact SOD1 protein and inter-
mediate large peptides that evaded digestion were also
detected, three peaks (designated as Peaks 1�3), eluted
at around 16�20min, were identified as core regions.
The corresponding sequences of these three peptides
were determined to be 137Thr-Gly-Asn-Ala-Gly-Ser-
Arg-Leu-Ala-Cys-Gly-Val-Ile-Gly-Ile-Ala-Gln153 for
Peak 1, 10Gly-Asp-Gly-Pro-Val-Gln-Gly-Ile-Ile-Asn-
Phe-Glu-Gln-Lys23 for Peak 2 and 92Asp-Gly-Val-
Ala-Asp-Val-Ser-Ile-Glu-Asp-Ser-Val-Ile-Ser-Leu-Ser-
Gly-His-Asp-Cys-Ile-Ile-Gly-Arg-Thr-Leu-Val-Val-His-
Glu-Lys122 for Peak 3.

We also digested and analysed Red-SOD1 fibrils
using a non-specific protease PK, anticipating that
we could obtain shorter, more specific fibril core pep-
tides. After a 10-h digestion, only one peak (Peak 4 in

Fig. 4) was detected, which suggested that the digestion
of fibrils proceeded at a rate that was faster than that
for API digestion under the conditions that we used,
probably due to the broad specificity of PK. When
Red-SOD1 fibrils were digested for a shorter interval
of 2 h, a broad Peak 5 was observed and isolated as
seen in Fig. 4. This peak also contained intact and

Fig. 3 Fibril formation of wild-type SOD1 samples. (A) Amyloid
fibril formation monitored by ThioT binding assay. Conditions were
62.5 mM Holo-SOD1 (opened square), Apo-SOD1 (opened circle),
2SCAM-SOD1 (opened diamond) and 4SCAM-SOD1 (closed
square) in 50mM Tris-HCl buffer, pH 7.0, containing 150mM NaCl
at 37�C, and 62.5 mM 2SCAMRed-SOD1 (closed diamond) and
Red-SOD1 (closed circle) in 50mM Tris-HCl buffer, pH 7.0, con-
taining 150mM NaCl and 1mM TCEP at 37�C. Standard error bars
from at least three independent measurements are also shown. (B)
CD (left panel) and TEM (right panel) measurements of 4SCAM-
SOD1 fibrils after 74 h incubation (upper), 2SCAMRed-SOD1 fibrils
after 56 h incubation (middle) and Red-SOD1 fibrils after 199 h in-
cubation (bottom), respectively. The scale bar in each panel of TEM
measurement represents 200 nm.

Table I. Denaturation midpoint (Cm) of SOD1 samples

Holo- (M) Apo- (M) Red- (M)

Wild-type SOD1 4.37 0.90 0.42
G93ASOD1 2.85 0.27 N.D. a

aN.D.: not determined.
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intermediate large peptides. Analyses of Peaks 4 and 5
revealed that the sequence of Peak 4 was 16Gly-Ile-
Ile-Asn-Phe20 and Peak 5 was found to be a mixture
of two peptides, 1Ala-Thr-Lys-Ala-Val-Cys-Val-
Leu-Lys-Gly-Asp-Gly-Pro-Val-Gln-Gly-Ile-Ile-Asn-
Phe-Glu-Gln-Lys-Glu-Ser-Asn-Gly-Pro-Val-Lys-Val-
Trp32 and 89Ala-Asp-Lys-Asp-Gly-Val-Ala-Asp-Val-
Ser-Ile-Glu-Asp-Ser-Val-Ile-Ser-Leu-Ser-Gly-Asp-His-
Cys-Ile-Ile-Gly-Arg-Thr-Leu-Val-Val-His-Glu-Lys-Al
a-Asp-Asp-Leu-Gly-Lys-Gly-Gly130. Of note was the
identification of peptide (Gly-Ile-Ile-Asn-Phe) that
was relatively short in length as a participant in fibril
core formation. Intuitively, such a short peptide
fragment seems to be an unlikely candidate to form
any specific interactions that may lead to amyloid fi-
brils. However, it has been reported that a synthetic 5
residue peptide fragment derived from human islet
amyloid polypeptide (37), as well as a seven amino
acid peptide derived from Sup35 (38), are capable of
forming typical amyloid fibrils. The identification of
peptides are summarized in Table II and also visua-
lized in Fig. 1B. We also determined the fibril core
regions of 4SCAM-SOD1 fibrils and determined that
the core peptides isolated were identical to that for
Red-SOD1. Allowing for differences derived from the
substrate specificities of API and PK, the core peptide

regions identified from both protease digestions were
consistent. We concluded that SOD1 amyloid fibril
formation involved three specific core peptide regions
located in different segments of the sequence;
N-terminal (10Gly-Asp-Gly-Pro-Val-Gln-Gly-Ile-Ile-
Asn-Phe-Glu-Gln-Lys23), internal (92Asp-Gly-Val-
Ala-Asp-Val-Ser-Ile-Glu-Asp-Ser-Val-Ile-Ser-Leu-Ser-
Gly-His-Asp-Cys-Ile-Ile-Gly-Arg-Thr-Leu-Val-Val-His-
Glu-Lys122) and C-terminal (137Thr-Gly-Asn-Ala-Gly-
Ser-Arg-Leu-Ala-Cys-Gly-Val-Ile-Gly-Ile-Ala-Gln153)
as shown in Fig. 1B. A measurable seeding effect for
Red-SOD1 fibril formation was observed when sam-
ples retrieved after digestion of Red-SOD1 fibrils by
API or PK were added to fresh Red-SOD1 solutions
(data not shown).

Amyloid fibril formation of the fibril core peptides
Next, to examine the tendency of these three core
regions to form amyloid fibrils, we synthesized three
peptides corresponding to the sequence of these
regions. P1 (Gly-Pro-Val-Gln-Gly-Ile-Ile-Asn-Phe-
Glu-Gln-Lys), P2 (Gly-Val-Ala-Asp-Val-Ser-Ile-Glu-
Ap-Ser-Val-Ile-Ser-Leu-Ser-Gly-Asp-His-Cys-Ile-Ile-
Gly-Arg) and P3 (Thr-Gly-Asn-Ala-Gly-Ser-Arg-Leu-
Ala-Cys-Gly-Val-Ile-Gly-Ile-Ala-Gln) were designed
on the basis of the results from protease-digestion
experiments coupled with Waltz prediction algorithm
estimates by the Switch Laboratory (http://waltz.
switchlab.org/). First, we examined whether each pep-
tide could form amyloid fibrils independently. Each
peptide displayed an increase in ThioT fluorescence
after incubation for several hour with linear shaking
at 37�C. CD spectra and TEM images of the samples
are shown in Fig. 5. Characteristics consistent with
b-structure were detected in CD spectra, and a fibrous
image could be identified in TEM observations
with samples derived from each peptide (P1�P3).
The widths of the fibrils derived from P1�P3 samples
were 15.0±1.1 nm, 10.9±0.6 nm and 13.2±0.6 nm,
respectively.

Next, to further test whether a mixture of two or
three core peptides could form mixed amyloid fibrils,
we incubated peptide mixtures under agitation and
monitored fibril formation using CD and TEM, and
additionally, visualization experiments using FM with
fluorescent dyes. P1�P3 were, respectively, labelled
before the experiments with FITC, 1,5-IAEDANS
and Cy3. Preliminary experiments showed that fluor-
escent dye labelling had no effect on the fibril forma-
tion tendencies of each individual peptide. As shown in
Fig. 6, CD measurements showed that all combin-
ations of peptides tested underwent a conformational
change to b-rich structure, and amyloid fibrils were
observed in TEM measurements, although the
morphologies were differed slightly depending on the
combination of peptides used. We examined whether
all of the labelled peptides used were in fact incorpo-
rated into the resultant fibrils by using FM. As shown
in Fig. 6A, for fibrils formed from a mixture of P1 and
P2 labelled peptides, both greenish-yellow fluorescence
corresponding to FITC and blue-green fluorescence
corresponding to AEDANS could be observed in the
same fibril. We concluded from this that fibrils formed

Fig. 4 Typical reverse phase HPLC patterns of protease resistant

core peptides in Red-SOD1. Reverse phase HPLC patterns of fibril
core peptides that were resistant to API and PK digestions. Bottom
trace shows Red-SOD1 fibril core peptides remained after 20 h di-
gestion by API at 37�C. The protease resistant precipitates were
dissolved in 7.5 M Gdn-HCl and subjected to HPLC analysis. Three
peaks (numbered as 1�3) at around 16�20min as shown in Table II,
and the broad peak at around 25min was determined to be intact
Red-SOD1. Middle and upper traces show Red-SOD1 fibril core
peptides (numbered as 4, 5) remained after 10 and 2 h digestions by
PK at 37�C, respectively. Asterisks (*) indicate partially digested
intermediate peptides.
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from a mixture of P1 and P2 peptides incorporated
both peptides into the fibril. Similarly, FM of
Fig. 6B�D showed that in each case, resultant fibril
contained each peptide that was included in the initial
reaction mixture. These results suggested that two and
even three peptides could be readily incorporated into
mixed amyloid fibrils.

G93ASOD1 amyloid fibril formation
To confirm that the reduction of the Cys57-Cys146
intradisulfide bond triggers structural perturbations

that are closely related to fibril formation in familial
SOD1 mutants as well, we next performed analogous
experiments on the familial ALS mutant G93ASOD1.
In a manner similar to wild-type SOD1, we first
observed the secondary structures and structural stabi-
lities of G93ASOD1 and derivatives. As shown in
Fig. 7A, the secondary structure of Holo-G93ASOD1
was similar to that of wild-type holo-SOD1 (Holo-
SOD1). On the other hand, we observed that Apo-
G93ASOD1 was slightly unfolded relative to that of
wild-type apo-SOD1 (Apo-SOD1) as measured by CD.
As shown in Fig. 7B, the Cm values of Holo-
G93ASOD1 and Apo-G93ASOD1 unfolding were
2.85 M and 0.27 M Gdn-HCl, respectively. The results
suggested that G93ASOD1 was significantly destabi-
lized compared with wild-type SOD1, and this desta-
bilization was irrespective of the presence or absence of
metal ions (Table I). Next, to observe the formation of
amyloid fibrils, Holo-SOD1, Apo-SOD1, Holo-
G93ASOD1, Apo-G93ASOD1 and Red-G93ASOD1
were agitated by linear shaking under neutral pH in
the presence of 2mM DTT at 37�C. As shown in
Fig. 7C, a dramatic increase in ThioT fluorescence
was observed for all apo-samples in the presence of
reducing reagent. On the other hand, no measurable
increase was detected in the holo-samples.
Interestingly, Apo-G93ASOD1 seemed to form fibrils
at a faster rate than Apo-SOD1. However, the reduced
mutant Red-G93ASOD1 formed fibrils the fastest
among the samples tested. TEM measurements con-
firmed the presence of fibrils in each of the samples,
and as shown in Fig. 7E, the widths of the Apo-SOD1
and Apo-G93ASOD1 fibrils were 12.0±1.6 nm and
14.8±1.6 nm, respectively. It should be noted that
Apo-G93ASOD1 could not form any amyloid fibrils
in the absence of reducing reagent, despite the fact that
the stability of Apo-G93ASOD1 was lower than that
of Red-SOD1 (based on comparison of the Cm value:
Apo-G93ASOD1 (0.27 M) versus Red-SOD1 (0.42
M)). This result indicates that the reduction of intra-
disulfide bond is a prerequisite for triggering fibril
formation.

To confirm that the added reducing reagent DTT
does in fact reduce the Cys57-Cys146 intradisulfide
bond, we next determined the amount of free SH
groups in the amyloid fibril samples. The amount of
free thiols in soluble Apo-SOD1 and Apo-G93ASOD1
samples were determined to be 1.46 mole SH/mole and
1.47 mole SH/mole, respectively, for a rough estimate

Fig. 5 Fibril formation of various SOD1 core peptides. (A�C) CD
(left panel) and TEM (right panel) measurements of synthesized core
peptides; (A) P1 (GPVQGIINFEQK, 150mM), (B) P2
(GVADVSIEDSVISLSGDHCIIGR, 85 mM), (C) P3
(TGNAGSRLACGVIGIAQ, 126mM) incubated in 50mM Tris-
HCl buffer, pH 7.0, containing 150mM NaCl, 1mM TCEP and 0.4
M Gdn-HCl at 37�C. For TEM measurements, data were collected
after 3 h incubation. The scale bar in each panel of TEM measure-
ment represents 200 nm.

Table II. Identification of core peptides of Red-SOD1 fibrils

Peak No.a

Detected mass number

Assignment (Theoretical molecular weight)API digestion PK digestion

1 1587.6 137TGNAGSRLACGVIGIAQ153 (1587.7)
2 1501.6 10GDGPVQGIINFEQK23 (1501.5)
3 3264.4 92DGVADVSIEDSVISLSGDHCIIGRTLVVHEK122 (3264.6)
4 563.7 16GIINF20 (562.7)
5 3412.2 1ATKAVCVLKGDGPVQGIINFEQKESNGPVKVW32 (3412.8)

4292.4 89ADKDGVADVSIEDSVISLSGDHCIIGRTLVVHEKADDLGKGG130 (4293.7)

aPeak No. denotes peaks that were identified in the reverse phase HPLC traces in Fig. 4.
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of two free cysteine residues per SOD1 subunit. In
contrast, after fibril formation, the amounts of free
thiols in samples prepared by solubilizing fibril samples
obtained from these two forms of SOD1 were esti-
mated to be 2.97 mole SH/mole subunit. Since the
amount of free thiols in extensively reduced SOD1
samples was determined to be 3.0 mol SH/mole using
the same protocol, it was demonstrated that the intra-
disulfide bond had indeed been reduced almost com-
pletely in the fibrils. This clearly indicates that
reduction of the intradisulfide bond between Cys57
and Cys146 is conductive to amyloid fibril formation.
Additionally, we also investigated the effects of chan-
ging the concentration of DTT. As shown in Fig. 7D,

after shaking for 4 h in a plate reader, the ThioT fluor-
escence intensity of Apo-G93ASOD1 increased in ac-
cordance with an increase in DTT concentration. This
tendency was less pronounced in Apo-SOD1. This
result suggested that Apo-G93ASOD1 is more suscep-
tible to the reduction of the disulfide bond rather than
Apo-SOD1 and consequently forms amyloid fibrils
more readily. From these results, it is suggested
strongly that the structural integrity of G93A is com-
promised by the removal of the two metal ions, result-
ing in an exposure of the intradisulfide bond to agents
such as DTT. The consequence of this exposure would
be reduction of this disulfide bond and the initiation of
the fibrillation process.

Fig. 6 Fibril formation of mixed core peptides. (A�D) CD (left panel), TEM (middle panel) and FM (right two panels) measurements of fibrils
formed from an equimolar mixture of two or three core peptide fibrils. Peptide mixture combinations are (A) P1 and P2, (B) P2 and P3, (C) P1
and P3 and (D) P1�P3. CD and TEM analysis of samples were performed after a 3 or 20 h incubation in a siliconized test tube at 37�C with
shaking (170min�1). The scale bar in each panel of TEM measurement represents 200 nm. FM was measured using samples prepared on a non-
fluorescent glass slide, and tightly sealed with a cover slip, and incubated at 37�C for 24 h in darkness. Fluorescence intensities specific for P1-
FITC, P2-AEDANS and P3-Cy3 were observed using the appropriate emission filters. The scale bar in each panel of FM measurement
represents 20 mm.
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Discussion

Structural stability and amyloid fibril formation
The focus of our research was to understand the struc-
tural basis for amyloid fibril formation of SOD1 in
light of its close association to the neurological disease
ALS (12, 13, 15). We compared the characteristics of
two SOD1 types: wild-type and the familial ALS-
affiliated G93A mutant, which is often used as a
model protein for fALS studies (18�20, 27, 31, 39).
We found that the removal of metal ions destabilized
the structures of both wild-type and mutant SOD1
considerably (Figs 2 and 7, Table I). In particular for
Apo-G93ASOD1, we deduced that the structure had

been partially unfolded, judging from CD spectra com-
parison (Fig. 7A). This destabilization could be ex-
plained by the idea that the metal ions stabilize the
Phe50-Gly82 loop of SOD1 and contribute thereby
to structural stability (40, 41).

In addition, we found that the intramolecular disul-
fide bond that bridges Cys57 and Cys146 significantly
contributed to the structural stability of SOD1. In the
case of wild-type SOD1, although the reduction of the
disulfide bond had almost no effects on the native sec-
ondary structure in CD measurements, the structural
stability was remarkably decreased (Fig. 2). In the case
of G93ASOD1, however, it was shown that the

Fig. 7 Structural unfolding and amyloid fibrils formation of G93ASOD1. (A) CD spectra of Holo-G93ASOD1, Apo-G93ASOD1 and Red-
G93ASOD1. (B) Structural unfolding transition curves of Holo-G93ASOD1 and Apo-G93ASOD1. The intensities of CD at 216 nm (closed
circle) and fluorescence at 350 nm upon extension at 295 nm (closed diamond) at various concentrations of Gdn-HCl were normalized and
plotted in terms of the fraction of unfolded protein (fD). (C, D) Amyloid fibril formation monitored by ThioT binding assay. Standard error bars
from at least three independent measurements are also shown. In panel (C), conditions were 62.5 mM Holo-SOD1 (opened circle), Apo-SOD1
(closed circle), Holo-G93ASOD1 (opened diamond), Apo-G93ASOD1 (closed diamond) and Red-G93ASOD1 (closed square) in 50mM Tris-
HCl buffer, pH 7.0, containing 150mM NaCl and 2mMDTT at 37�C with shaking (160min�1). In the panel (D), conditions were 62.5mMApo-
SOD1 and Apo-G93ASOD1 in 50mM Tris-HCl buffer, pH 7.0, containing 150mM NaCl and 0�5mM DTT at 37�C with shaking using Perkin
Elmer ARVOx after 4 h incubations. (E) After testing in (C), TEM images were indicated for Apo-SOD1 fibrils (left panel) and Apo-G93ASOD1
fibrils (right panel) after 144 h incubation. The scale bar in each panel represents 100 nm.
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secondary structure was completely unfolded upon re-
duction of the intramolecular disulfide bond (Fig. 7A).
The disulfide-reduced proteins (Red-SOD1,
2SCAMRed-SOD1 and Red-G93ASOD1) formed typ-
ical fibrils in vitro (Figs 3 and 7B). In contrast, al-
though 2SCAM-SOD1 was seen to be partially
unfolded (Fig. 2A) and Apo-G93ASOD1 was deter-
mined to be less stable than Red-SOD1 in denatur-
ation experiments (Table I), these two SOD1
derivatives did not form fibrils. This finding clearly
indicated that the reduction of the intramolecular di-
sulfide bond, rather than differences in overall struc-
tural stability, is the critical deciding factor for
triggering the formation of fibrils. Several groups
have reported that removal of metal ions and reduc-
tion of the disulfide bond of SOD1 lead to increased
flexibility of loops Phe50-Gly82 and Glu121-Ser142
(40), exposes Cys57 (42) and promotes dissociation
of native dimer (40, 43, 44), underscoring the import-
ance of this disulfide bond in molecular flexibility.
Although Red-SOD1 initially formed fibrils at a
slower rate compared with 4SCAM-SOD1, the rate
of this fibril formation could be significantly acceler-
ated by the addition of modest concentrations of
Gdn-HCl (0.4 M; corresponding to the Cm of the
Red-SOD1 unfolding transition (Fig. 2B)). This
enhanced rate (data not shown) was similar to the
rate of 4SCAM-SOD1 fibrillation as shown in
Fig. 3A. It has been demonstrated that the addition
of denaturants such as Gdn-HCl or urea promotes
fibril formation of proteins such as insulin (45, 46)
and GroES protein (47), suggesting that a globally un-
folded protein conformation favours fibril formation.
This idea is also supported by previous observations
that hydrophobic regions, which are normally seques-
tered inside the folded structure, may be exposed by
partial unfolding, and that this exposure sometimes
leads to fibrils (48). These results indicated that once
the reduction of the disulfide bond occurs, fluctuations
and global unfolding may follow, and then fibril for-
mation of SOD1 will be promoted. Thus, the reduction
of disulfide bond acts as a trigger of fibril formation.

Fibril formation inthepresenceofDTTthatmimicsthe
physiological conditions
As shown in the Results section, apo-proteins formed
fibrils only when they were incubated with the reducing
agent DTT. However, as shown in Fig. 7C and D,
Apo-G93ASOD1 formed fibrils faster than Apo-
SOD1 in the presence of DTT, and the fibril formation
rate of Apo-G93ASOD1 was accelerated in proportion
to increased concentrations of DTT. This result could
be explained by considering dynamic as well as static
aspects of structural stability; Apo-G93ASOD1 is par-
tially unfolded with a high degree of dynamic struc-
tural fluctuation and so DTT is able to interact more
easily with the buried disulfide bond (42, 46). Similar
findings were reported for b2-microglobulin, in which
a disulfide bond buried in the interior of the molecule
(49) was reduced rapidly in the partially unfolded state
(50�52). In contrast, holo-proteins did not form fibrils
even in the presence of DTT. This was thought to be
due to the idea that holo-SOD1 was quite stable, with

a low degree of structural fluctuation due to stabiliza-
tion through binding of metal ions (40, 41, 43, 53). The
structural rigidity brought about by metal binding pre-
cludes access of DTT to the buried disulfide bond.
Such relationships between molecular dynamics and
reduction of disulfide bond located in the interior of
molecule have also been reported for immunoglobulin
light chain (54�57).

From our results that found that the reduction of
the buried disulfide bond of apo-SOD1 proteins acted
as a trigger for amyloid fibrils formation in the pres-
ence of DTT, it is intriguing to consider a plausible
mechanism of SOD1 fibril formation that may be rele-
vant in the cell. SOD1 is highly conserved and located
in the cytosol (5), where conditions favour a reducing
environment maintained by reduced glutathione (58).
If the presence of DTT may be interpreted to mimic
this reductive cytosolic environment, the appearance of
significant fractions of apo-SOD1 may be a contribut-
ing factor to the onset of ALS. This notion is attractive
to us because we discovered that Apo-G93ASOD1
formed fibrils more readily than Apo-SOD1 in the
presence of DTT (Fig. 7C), which suggests a more
easily triggered fibrillation mechanism in the mutant
enzyme. Also, aggregates composed of the reduced
form of SOD1 protein are indeed found in the spinal
cord of G85RSOD1 transgenic mice (19, 21), suggest-
ing that reduction of the disulfide bond does occur
in vivo (30, 58, 59) and does form deposits in afflicted
mice. Since Holo-G93ASOD1 did not form any amyl-
oid fibrils under physiological conditions (Fig. 7C),
maintaining the holo-form may be important in pre-
venting the onset of ALS. In this context, a recent
report that G93ASOD1 transgenic mice that are also
deficient in metallothioneins that can function as zinc
chaperones for apo-SOD1 display significantly higher
mortality rates compared with G93ASOD1 mice with-
out this additional deficiency (60). Perhaps the
enhanced supply of Zn ions through chaperoning act
as an additional preventive measure for amyloidosis in
wild-type mice.

Identification of core peptides and its fibrillation
Our experiments identified three distinct peptide se-
quence regions in Red-SOD1 that formed the prote-
ase-resistant core of SOD1 fibrils. Interestingly, these
three regions were dispersed throughout the amino
acid sequence (N-terminal, internal and C-terminal re-
gions; Table II and Fig. 1). The Waltz amyloidogenic
sequence identification program (Switch Laboratory),
predicted that the amyloidogenic regions in the SOD1
amino acid sequence were 14Val-Gln-Gly-Ile-Ile-Asn-
Phe-Glu-Gln22, 89Ala-Asp-Val-Ser-Ile-Glu-Asp-Ser-
Val-Ile-Ser-Leu-Ser-Gly-Asp-His-Cys-Ile-Ile-Gly114

and 145Ala-Cys-Gly-Val-Ile-Gly-Ile-Ala-Gln153. These
identified regions were very consistent with the regions
experimentally determined by us for Red-SOD1
(Fig. 1). Notably, since the C-terminal core region in-
cludes Cys146, that forms the stabilizing intramolecu-
lar disulfide bond with Cys57, this region is of
particular interest when we consider the possible se-
quence of events that lead up to fibril formation.
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As shown in Figs 5 and 6, the three core peptides
were all capable of forming amyloid fibrils, either in-
dividually or in mixtures of peptides in all possible
combinations; no example of a peptide interfering
with the fibrils formation of another was detected.
Additionally, we determined that all three peptides
were incorporated into the resultant fibrils, and no
biases among the three peptides were seen in the fin-
ished fibrils (as determined by FM). Our results were
the first to demonstrate fibril formation by using these
specific short peptides, although a similar study using
core regions was reported for several SOD1 mutants
(61). It had been an open question as to how exactly do
these three core regions participate in fibril formation.
An example where a single core peptide region among
several potential core regions was able to form fibrils
was also observed for His-tagged halophilic protein
(62). Various details, such as the precise ratio of the
core peptides incorporated into the finished fibrils, as
well as the order of interaction of each peptide within
the fibrils, remain to be determined. Our results are in
line with other reports that show fibril formation of
heterologous proteins, such as a short peptide derived
from transthyretin and insulin (63), a-synuclein and
GroES (64) and lysozyme and ovalbumin (65).

Fibril formation mechanism of SOD1
Based on the results in our study, a possible mechan-
ism of SOD1 amyloid fibril formation may be summar-
ized as shown in Fig. 8. The holo-form of SOD1, which
has one intramolecular disulfide bond between Cys57
and Cys146 and Cu and Zn metals bound forms a
stable dimer. When the Cu and Zn metals are removed
to yield apo-form, the structural stability decreases sig-
nificantly. If the disulfide bond of wild-type Apo-
SOD1 is then reduced, Red-SOD1 dissociates to

monomer with a large fluctuation. This monomer spe-
cies unfold readily. Amyloid fibrils are begun via this
reduced unfolded species. This unfolded species in the
equilibrium state are able to be enhanced by alkylation
of the reduced cysteine residues. Three specific peptide
regions in the SOD1 sequence, P1�P3, interact to form
the amyloid fibril core. Regarding the familial ALS
mutant G93ASOD1, the apo-form of the mutant is
more unstable than the apo-form of wild-type SOD1
and is therefore more sensitive to reduction of its im-
portant intradisulfide bond by reducing reagents, and
as a consequence, is more susceptible to amyloid fibril
formation. When taken together with the normal re-
ductive environment of the cytosol, the mutant SOD1
would be more likely to form amyloid fibrils, which
may hasten the onset of ALS.

Although the characteristics of fibril formation and
onset of ALS were somewhat different depending on
the mutants (28, 66), it was shown that most mutations
resulted in destabilization of SOD1 structure and dy-
namic conformational alteration (67, 68). From our find-
ings in this study, it would be reasonable to consider that
those mutants are susceptible to reduction of the intra-
molecular disulfide bond not only in vitro (31) but also
in vivo. This understanding on the fundamental mechan-
ism of fibril formation may shed a light to a medical
treatment and/or prevention of the onset of ALS.
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