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Aggregation of copper-zinc superoxide dismutase (SOD1) is a
defining feature of familial ALS caused by inherited mutations
in the sod1 gene, and misfolded and aggregated forms of wild-
type SOD1 are found in both sporadic and familial ALS cases.
Mature SOD1 owes its exceptional stability to a number of post-
translational modifications as follows: formation of the intra-
molecular disulfide bond, binding of copper and zinc, and
dimerization. Loss of stability due to the failure to acquire one or
more of these modifications is proposed to lead to aggregation
in vivo. Previously, we showed that the presence of apo-, disul-
fide-reduced SOD1, the most immature form of SOD1, results in
initiation of fibrillation of more mature forms that have an
intact Cys-57–Cys-146 disulfide bond and are partially metal-
lated. In this study, we examine the ability of each of the above
post-translational modifications to modulate fibril initiation
and seeded growth. Cobalt or zinc binding, despite conferring
great structural stability, neither inhibits the initiation propen-
sity of disulfide-reduced SOD1 nor consistently protects disul-
fide-oxidized SOD1 from being recruited into growing fibrils
across wild-type and a number of ALS mutants. In contrast,
reduction of the disulfide bond, known to be necessary for fibril
initiation, also allows for faster recruitment during seeded amy-
loid growth. These results identify separate factors that differ-
ently influence seeded growth and initiation and indicate a lack
of correlation between the overall thermodynamic stability of
partially mature SOD1 states and their ability to initiate fibril-
lation or be recruited by a growing fibril.

Familial amyotrophic lateral sclerosis (FALS)3 caused by
mutations in the SOD1 gene shows similarities to other mem-

bers of the large class of neurodegenerative disorders that are
characterized by gradual aggregation of specific proteins and
subsequent cell death in characteristic regions of the central
nervous system. Some prominent examples are amyloid-�
deposits in Alzheimer disease, �-synuclein and hyperphosphor-
ylated Tau protein deposits in Parkinson disease, prion protein
deposits in the transmissible spongiform encephalopathies, and
huntingtin deposits in Huntington disease (1). In the case of
SOD1-linked FALS, protein deposits have been identified in
affected tissues from patients and from ALS-SOD1 transgenic
mice consisting largely of aggregated copper,zinc superoxide
dismutase protein (Cu,Zn-SOD, SOD1 protein).

Our current understanding of this class of diseases is that the
implicated proteins misfold, aggregate, and ultimately deposit
as extracellular plaques or intracellular inclusions in the
afflicted regions of the CNS. Although the exact structures
contributing to these heterogeneous protein aggregates are
unknown, such diseases are nevertheless usually referred to as
“amyloid diseases” because fibrillar properties characteristic of
cross-�-sheet amyloid are often detected in them and because
each of the isolated proteins implicated in causing disease
shows a strong tendency to form cross-�-sheet amyloid fibrils
when aggregation is studied in vitro (2). Although aggregated
proteins are frequently abundant in these amyloid diseases,
many lines of evidence suggest that it is not the aggregates
themselves that are responsible for cell death but rather it is
some form of soluble oligomers of the protein that are cytotoxic
and start a cascade of events that ultimately lead to cell death
(3–5). A unifying theme is that aggregated protein species can
travel from cell to cell thereby transmitting disease in a prion-
like manner (2, 6). Current therapeutic strategies for amyloid
diseases in general are focused on preventing or reversing pro-
tein aggregation as well as removing or detoxifying the diffusi-
ble species (2).

Although the exact structural characteristics of the aggre-
gated protein species that transmit these amyloid diseases are
unknown, one compelling hypothesis is that cross-�-amyloid
fibrils or protofibrils are formed but eventually become frag-
mented and that these fragments are the agents that transmit
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the diseases by traveling to and penetrating new cells and seed-
ing new protein aggregation at that location leading ultimately
to cell death. There is considerable evidence that SOD1-asso-
ciated FALS propagates in this manner and also that wild-type
human SOD1 as well as ALS-mutant SOD1 can be recruited
into the newly formed aggregates (7–12). Studies on mouse
models of ALS overexpressing SOD1 strongly suggest that the
aggregates consist largely of disulfide-reduced SOD1 (13) and
that its conversion to the aggregated state occurs shortly after
its synthesis in the cell (14). The ability of human SOD1 to form
cross-�-amyloid fibrils is an intrinsic property of the wild-type
protein, and overexpression of even the wild-type human SOD1
protein in mice causes ALS-like symptoms, similar to what is
seen in the SOD1-ALS transgenic mice expressing ALS-mutant
SOD1 at lower levels (15).

Both wild-type and ALS-mutant human SOD1 can be
induced to aggregate in vitro using a variety of different treat-
ments, including low concentrations of reducing agents such as
DTT or glutathione (16 –19), low pH (18, 20), structural pertur-
bants such as trifluoroethanol and elevated temperature (21,
22), oxidative modification induced by hydrogen peroxide (23),
and by long term air exposure leading to cross-linking of non-
disulfide cysteines (24). Some of these conditions, notably low
pH, elevated temperatures, trifluoroethanol, and incubation in
reducing agents, generate aggregates that bear a remarkable
resemblance to amyloid fibrils. Unfortunately conditions such
as low pH or elevated temperatures are likely to lead to scram-
bling or loss of bound metals in partially metallated SOD1 and
can lead to dimer dissociation (25–27). Such methods are
therefore unsuitable for studies of partially metallated forms of
SOD.

The SOD1 protein is normally a dimer, with each monomeric
subunit folded into an eight-stranded Greek key �-barrel con-
taining a copper and a zinc ion. Each subunit also contains a
disulfide bond formed between two of the four cysteine resi-
dues present in each polypeptide (28). The mature dimeric
form of wild-type SOD1, which contains a disulfide bond, a
copper ion, and a zinc ion in each subunit, is one of the most
stable proteins known, melting at an astonishingly high 94 °C in
differential scanning calorimetry (DSC) experiments. Succes-
sive loss of metal ions lowers the melting temperature until the
completely demetallated (apo) dimeric form melts at 52 °C.
Reduction of the Cys-57–Cys-146 disulfide bond converts the
dimeric apoprotein to the monomeric form and lowers the
melting point further to 42 °C (29). The monomeric disulfide-
reduced, metal-free form of SOD1 protein is the least stable
form of SOD1 known to still maintain the �-barrel fold (30).
The loss of stability upon removal of bound metal ions from
SOD1 is accompanied by an increased propensity to aggregate,
as has been demonstrated in multiple studies that showed that
unmetallated apo-SOD1 is highly prone to aggregation and can
form both soluble oligomers and insoluble amyloid fibrils under
physiologically relevant aqueous conditions at pH 7 (24, 31, 32).
In contrast, metallated SOD1 appears more resistant to aggre-
gation under many of these conditions. These results are sup-
ported by studies of aggregated and soluble SOD1 from the
spinal cords of mice expressing WT and FALS SOD1 mutants

that showed that metallated SOD1 is largely protected from
aggregation and exists in the soluble state (14).

We previously reported a procedure for in vitro aggregation
of authentic ALS-mutant and wild-type SOD1 proteins into
cross-�-sheet amyloid fibrils under mild conditions similar to
those present in human cells (31, 33). In this model system, both
wild-type and ALS-mutant SOD1 proteins were found to aggre-
gate readily, adopting amyloid fibrillar structure as monitored
using dyes such as thioflavin T that fluoresce when bound to
amyloid fibrils (31). We report here our new studies of the abil-
ity of partially mature forms of SOD1 that form during the
post-translational folding process in the cell to form amyloid
fibrils either by spontaneous aggregation of the soluble protein
or by aggregation induced by addition of preformed fibrillar
seeds. Contrary to our expectations from a wealth of studies
showing the large increase in stability provided by zinc binding
(34 –37), we find that the presence of zinc does not affect fibril
initiation of SOD1 and only marginally affects fibril-seeded
growth. In addition, we find that dimer dissociation is not nec-
essary for either fibril initiation or seeded growth. In contrast,
the disulfide bond has a large ability to modulate both these
processes. We also examined how mutations affect the propen-
sity of these partially mature states to participate in fibrillation.
Finally, we tested the effects of introducing into human cells
in culture preformed wild-type SOD1 fibril seeds prepared
according to our protocols, and we found that these fibrils are
indeed toxic to such cells. This study thus yields additional
insights into the way wild-type and ALS-mutant SOD1 might
participate in “prion-like” cell-to-cell propagation as proposed
by Prusiner (6) and Münch et al. (12).

Experimental Procedures

SOD1 Expression and Purification—Wild-type and FALS
SOD1 mutants were expressed in Saccharomyces cerevisiae and
purified according to published procedures (31). C6A, C111S
SOD1 (AS-SOD1) was expressed in Escherichia coli and puri-
fied using a similar procedure. Purified SOD1 was demetallated
by dialysis in a Slide-a-Lyzer (Pierce, 10,000 Da molecular mass
cutoff) against 10 mM EDTA, 50 mM NaCl, pH 3.8, as described
(35) except that, in the last step, 20 mM potassium phosphate,
pH 7.0, was used as the dialysis buffer. Apo-SOD1 was flash-
frozen in liquid nitrogen and stored at �20 °C prior to use.
Metal content of apo- and metallated SOD1 was determined by
ICP-MS. Typically, apo-SOD1 contained �0.1 eq of copper and
zinc per dimer.

Metal Titration—Metal titrations in SOD1S-S were carried
out according to the procedures outlined by Goto et al. (38).
Briefly, apo-SOD1 was dialyzed against 100 mM sodium acetate,
pH 5.5, and concentrated to about 300 �M using a YM-3 micro-
concentrator (Millipore/Fisher). One equivalent of zinc or
cobalt chloride was added from an aqueous 10 mM stock solu-
tion in 2– 4 equal aliquots at intervals of an hour with slow
stirring using a 3-mm micromagnet at 4 °C. When necessary,
the 2nd eq of cobalt was added in a similar fashion and stirred
overnight at 4 °C. Cobalt binding was monitored by UV-visible
spectroscopy between 400 and 750 nm using a microcuvette.
Once metal binding had saturated, the reaction was transferred
to a YM-10 microconcentrator, concentrated to 200 �l, and
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overlaid with an equal volume of 20 mM potassium phosphate,
pH 7.4. The solution was concentrated, and the wash step was
repeated 2–3 additional times to remove any unbound metal.
For cobalt binding to SOD12SH, the disulfide bond in apo-
SOD1S-S in 10 mM potassium phosphate, pH 7, was reduced by
incubation in 10 mM TCEP overnight at room temperature.
Disulfide-reduced apo-SOD1 was concentrated to about 300
�M in a YM-3 microconcentrator. The buffer concentration
was adjusted to 100 mM potassium phosphate, pH 7, and cobalt
chloride was then added in 0.5 eq aliquots every hour with slow
stirring on an ice-water slurry. After the last addition of metal,
the reaction was stirred for an additional 3–5 h until cobalt
binding was saturated as observed by UV-visible spectroscopy.
The reaction was centrifuged at 16,000 � g for 10 min, and the
supernatant containing Co(II)-SOD12SH was used in fibrilla-
tion reactions. In all cases, metal binding was quantified by
using a molar absorptivity of 10,800 M�1 cm�1 at 280 nm for
SOD1 and 370 M�1 cm�1 for each equivalent of cobalt bound to
a subunit.

Fibril Initiation Assays—All solutions for fibrillation reac-
tions were filtered through a 0.22-�m syringe filter prior to use.
Apo-SOD1S-S was reduced by incubation with 10 mM TCEP
overnight on the bench top, and the monomeric disulfide-re-
duced form was purified by SEC-HPLC. SOD12SH was concen-
trated to about 300 –500 �M and either used directly in fibrilla-
tion assays or titrated with cobalt or zinc chloride, when
necessary. Initiation reactions in Fig. 1 contained 5.0 �M apo- or
metallated SOD12SH and 45 �M apo in 10 mM potassium phos-
phate, pH 7. Those in Fig. 3 contained 7.5 �M Co-SOD12SH and
42.5 �M apo- or cobalt-bound mutant SOD1S-S. Fibrillation
assays were performed as described previously (31). Briefly, to
monitor fibrillation, ThT was added to 40 �M from a 4 mM

stock, and 600 �l of each reaction was divided into three ali-
quots of 200 �l each in separate wells of a 96-well plate to which
a Teflon ball (1/8 inch in diameter) had been added. The plate
was agitated at 300 rpm (3 mm rotation diameter) in a Fluoros-
kan plate reader (Thermo) at 37 °C. Fluorescence measure-
ments were recorded every 15 min using at �ex � 444 nm, �em �
485 nm, with an integration time of 200 �s. All reactions were
performed in replicates of three or more.

Fibril Seeded Growth Assays—Seeds were prepared from
fibrils generated from apo-SOD1S-S incubated in 5 mM DTT
with agitation. Fibrils extracted from a 96-well microplate were
centrifuged in a microcentrifuge tube at 16,800 � g for 15 min.
The supernatant was pipetted out, and the fibrils were resus-
pended in the same volume (180 �l) of 2 M guanidinium hydro-
chloride, 20 mM potassium phosphate, pH 7, by pipetting up
and down and vortexing at medium speeds and incubated at
37 °C for 90 min. They were then sonicated for 30 min in a bath
sonicator (Branson Scientific, 100 watts) and used within 30
min. Seeding reactions were assembled using 10 –20% by vol-
ume of fibril seeds prepared by the above protocol, 45 �M apo-
or metallated SOD1 and 40 �M ThT in 10 mM potassium phos-
phate, pH 7. In reactions containing metallated SOD1, the
buffer was 100 mM potassium phosphate, pH 7. When apo- or
metallated SOD12SH was used, the concentration of TCEP in
the reaction was limited to 50 �M or less to prevent secondary

fibril initiation. Fibrillation was carried out as described above
and in Ref. 31. Data were fitted to Equation 1,

F � F0 � � A � Ct�/�1 � exp�k�tm 	 t��� (Eq. 1)

where lag phase was calculated as tm � t.
SEC-HPLC and HPLC-ICP-MS—Disulfide-oxidized and -re-

duced apo-SOD1, which are dimeric and monomeric, respec-
tively, were separated on a 7.5-mm � 30-cm TSK G2000 SW
column (Toyosoda, Japan) equipped with a guard column on an
Agilent 1200 HPLC using a mobile phase containing 50 mM

sodium chloride, 50 mM potassium phosphate, pH 6.7, 5 mM

DTT. To prepare samples for the initiation experiments, 0.5–1
mg of apo-SOD1S-S reacted overnight with 10 mM TCEP was
loaded at a concentration of 3–5 mg/ml. SOD12SH collected
from HPLC was concentrated using YM-3 microconcentrators
to a final concentration of 300 –500 �M for subsequent experi-
ments. The metallation state of cobalt-bound SOD12SH was
determined by in-line HPLC-ICP-MS according to previously
published procedures (14). Briefly, a 7.5-mm � 30-cm TSK
G2000 SW column was equilibrated in a mobile phase of 25 mM

potassium phosphate, pH 5.7, 20 mM sodium chloride, 0.1 mM

TCEP. The eluent stream was directed to the source of the
ICP-MS using the high matrix interface (Agilent). ICP-MS
analysis was run in the helium gas mode, with time-resolved
analysis, to minimize signal suppression due to possible high
salt content within the sample. Elution of the SOD1 polypep-
tide was monitored using absorbance at 280 nm, and the
ICP-MS generated trace chromatograms for cobalt, copper,
and zinc concentrations from the ICP-MS ion extract signal.
The two chromatograms were offset by a delay of a minute due
to the tube length that directed the HPLC eluent into the
ICP-MS source.

Kinetics of Disulfide Reduction—50 �M apo- or metallated
SOD1S-S was incubated in the presence of 5 mM TCEP in 10 mM

potassium phosphate, pH 7, at 37 °C in a total volume of 150 –
200 �l. At the indicated intervals, 10-�l aliquots were reacted
with 5 mM AMS in buffer containing 100 mM HEPES, pH 7.2,
and 2.5% SDS at 37 °C for 1 h. The reactions were stopped with
the addition of 2� SDS-PAGE loading dye (without reducing
agents) and frozen at �20 °C until analysis by SDS-PAGE. Gels
were stained with Coomassie Brilliant Blue, scanned, and ana-
lyzed using Adobe Photoshop CS4 software.

Acrylodan Labeling—Apo-SOD1 (50 –100 �M stock) was
reacted with a 5-fold molar excess of acrylodan overnight at
4 °C. Labeled SOD1 was washed by repeated steps (steps 3 and
4) of concentration and dilution with 10 mM potassium phos-
phate, pH 7, in a YM-3 microconcentrator. The degree of label-
ing was quantified by comparing the absorbance of the sample
at 365 and 270 nm.

Cell Culture Viability Assay—SH-SY5Y cells (ATCC) were
plated at a density of 20,000 cells per well in a 96-well plate and
cultured in DMEM/F-12 (Invitrogen) containing 10% FBS and
1% penicillin/streptomycin. After 1 day, the medium was
replaced with fresh medium containing 15 �M retinoic acid
(Sigma) to induce a neuronal phenotype. After 5 days, cells were
prepared for fibril transfection by replacing media with antibi-
otic-free DMEM/F-12 containing 1% FBS 1 h before fibril
transfection.
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Immediately after sonication, fibril seeds were diluted to 0.5
�g/�l in 20 mM HEPES, pH 7, incubated at room temperature
for 15 min, and added to cells in each well of a 96-well plate.
After incubation for 2 h at 37 °C, the media containing fibrils
were aspirated out, and fresh DMEM/F-12 containing 10% FBS,
1% penicillin/streptomycin, and 15 �M retinoic acid was added
to each well. Cells were incubated at 37 °C for 24 h before exam-
ining their viability using the Cell Titer Blue Assay (Promega)
according to the manufacturer’s instructions.

Results

In the early stages of spontaneous amyloid fibril formation, a
soluble normally folded protein is converted into a kinetically
unfavorable prefibrillar oligomer, termed the “nucleus,” in one
or more kinetically distinct steps. The nucleus stabilizes itself
by recruiting more soluble protein and rearranging it to a �-rich
form to generate larger structures that fragment to form addi-
tional structures capable of recruiting soluble protein. This
cyclic process is thought to be the chief reason for the exponen-
tial decrease in soluble protein concentration and a corre-
sponding rise in cross-�-rich fibrillar structures (16, 17). The
end products of this process are insoluble amyloid fibrils com-
prising one or more protofibrils, each containing multiple pro-
tein molecules in the characteristic cross-�-structure. In this
paper, the processes leading to the formation of the nucleus,
characterized by a flat thioflavin T fluorescence signal during
the first stages of the fibrillation process, are referred to as ini-
tiation. The processes thereafter that include cycles of elonga-
tion of the nucleus by the recruitment of soluble protein fol-
lowed by fragmentation of the elongated fibril, resulting in a
characteristic exponential growth in ThT fluorescence, are
referred to as seeded amyloid growth. The process of initiation
during fibrillation of a soluble normally folded protein can be
bypassed by adding small quantities of preformed fibrils to the
soluble protein. The fibril ends, or seeds, provide fresh surfaces
where the soluble protein can attach and undergo conforma-
tional changes to adopt a �-rich structure, thereby elongating
the fibril. Longer fibrils cleave spontaneously, generating more
recruiting surfaces, until the remaining soluble protein is con-
verted to amyloid fibrils. Thus, adding small quantities of pre-
formed fibrils to soluble protein is one way to study the elonga-
tion-fragmentation cycles characteristic of seeded amyloid
growth.

Spontaneous Fibrillation—Previously, we showed that mono-
meric apo-, disulfide-reduced WT-SOD1, represented as
apo-WT2SH (the unmodified polypeptide released from the
ribosome before it acquires the earliest post-translational mod-
ification) could initiate fibrillation of Cys-57–Cys-146 disul-
fide-intact forms of the protein (WTS-S), either apo or zinc-
bound, at sub-stoichiometric amounts. This activity required
the presence of thiols on cysteine residues at both positions 57
and 146, as single mutants apo-C57S or -C146S were unable to
initiate fibrillation of apo-WT-SOD1 nor was the S-alkylated
form of apo, disulfide-reduced WT (31).

As part of our goal to understand how maturation of SOD1
can modulate initiation, we sought to determine whether other
immature forms of SOD1 could likewise cause initiation. Zinc
has been postulated to bind early to the nascent disulfide-re-

duced SOD1 polypeptide and has recently been shown to do so
in the cytoplasm of E. coli and mammalian cells (39 – 43).
Although apo-WT2SH adopts a �-barrel fold with highly disor-
dered loop regions, upon the binding of zinc, it is converted to a
more stable, dimeric form in which the previously disordered
loops of each subunit are more structurally constrained (30, 44).
Because of the change in oligomeric status, stability, and struc-
ture upon zinc binding, we wanted to examine the ability of zinc
to modulate the fibril-initiating ability of apo-WT2SH. Zinc-
bound derivatives of WT2SH, prepared by the addition of 1 or 2
eq of zinc chloride to apo-WT2SH, were added in small amounts
to apo-WTS-S to determine whether metallation at the zinc site
could modulate the kinetics of spontaneous fibrillation of dis-
ulfide-reduced SOD1. Surprisingly, we found both 1Zn-WT2SH

and 2Zn-WT2SH to be as efficient at initiating fibrillation as
apo-WT2SH (Fig. 1A).

One possibility for these unexpected results could be from
adventitious zinc binding to WT2SH at several possible loca-
tions, besides its native site, such as the copper site or the free
thiol groups in any of the four-cysteine residues (45, 46). The
different binding modes cannot be distinguished easily because
zinc is spectroscopically silent. Preparation of zinc derivatives
of disulfide-reduced SOD1 is further complicated by the unsta-
ble nature of the disulfide-reduced form of SOD1 in the pres-
ence of dioxygen, during which it slowly converts to a mix of
intra- and intermolecular disulfide-containing species (data
not shown). Therefore, real time monitoring of the bound
metal ion is necessary during metal titration so that the location
and number of bound metal ions can be determined in an expe-
ditious manner. These limitations can be overcome by using the
classical approach of substituting Co2� for Zn2�. Co(II) binds
SOD1 identically to zinc using the same amino acid side chains
in a similar geometry, when added at pH 5.5 (45, 47, 48), but it
has the advantage of being spectroscopically active because of
its partially filled d orbitals. Co(II) bound in the zinc site pro-
duces a characteristic UV-visible spectrum with three distinct
peaks between 500 and 600 nm (38, 47), as we observed when
Co(II) was added to apo-WTS-S at pH 5.5. A similar spectrum
was observed when Co(II) was added to apo-WT2SH. When
Co(II) was titrated at pH 7, it first appeared to bind the two zinc
sites in the dimer (Fig. 1B, 1 and 2 eq). Further addition of Co(II)
resulted in binding in the copper sites resulting in a slight
broadening and blue shift of the major peak in the spectrum
(Fig. 1B, 4 eq) as has been observed previously (45, 48).

In spontaneous fibrillation experiments, when 1Co-WT2SH

was included with apo-WTS-S at low substoichiometric
amounts (10% molar ratio), fibrillation was initiated efficiently
with a lag time of about 10 h that is comparable with initiation
by an equivalent amount of apo-WT2SH (Fig. 1C). The binding
of zinc to disulfide-reduced SOD1 converts it from a monomer
to a dimer and stabilizes the structure considerably, as evident
from a melting point shift of 42–58 °C in DSC experiments (44).
Prior reports have indicated that in dimeric SOD1 loaded with
cobalt or zinc in the zinc site, a fraction of these metal ions
migrates from the zinc site to the copper site at neutral pH (45).
To address the possibility that the migration of cobalt to the
copper site is responsible for 1Co-WT2SH being able to initiate
fibrillation, we also tested the initiating abilities of 3Co-WT2SH,

SOD1 Fibril Formation and the Disulfide Bond

DECEMBER 18, 2015 • VOLUME 290 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 30627



which must have at least one zinc site filled (Fig. 1C) and 4Co-
WT2SH (Fig. 2A) with all zinc and copper sites loaded with
cobalt in the dimer. Both were comparable with 1Co-WT2SH in
their fibril initiation abilities, suggesting that metal occupancy
in the zinc or copper sites of the disulfide-reduced SOD1 does
not prevent it from acting as an initiating agent. The surprising
ability of this species to initiate fibrillation suggested that the
additional stability afforded by the binding of cobalt was not
enough to prevent the onset of fibrillation.

A number of studies have suggested that dimer dissociation
of SOD1 to generate monomeric species is necessary for fibril-
lation, and it is the monomer that aggregates (49, 50). However,
efficient initiation by Co(II)-WT2SH during spontaneous fibril-
lation experiments suggested that this metal-bound dimeric
form might be as efficient as the monomeric apo-disulfide-re-
duced form. These experiments involved the mixing of low
concentrations (2.5–10 �M) of Co(II)-WT2SH with significantly
larger concentrations of apo-WTS-S (40 – 47 �M). Because the
disulfide-reduced partially metallated form is likely to form a
weaker dimer than a disulfide-intact partially metallated form,
it is conceivable that dimeric Co(II)-WT2SH could dissociate in
solution into a monomeric form that might act as the initiating
agent. To address this possibility, we compared equivalent con-
centrations of apo-WT2SH and Co(II)-WT2SH for their fibrilla-
tion initiating abilities in apo-WTS-S (Fig. 2A). We found that
10 �M Co(II)-WT2SH was as efficient at initiating fibrillation of
apo-WT2SH as 10 �M apo-WT2SH as demonstrated by their
identical lag times. We analyzed Co(II)-WT2SH by in-line LC-
ICP where the output of an SEC column was analyzed directly
for its metal content by ICP-MS (14). An injection of 10 �M 1.8
Co(II)-WT2SH yielded a large peak at 19 min corresponding to
the dimeric form, and a smaller peak at 23 min corresponding
to the monomeric form of WT2SH, each of which was loaded
with cobalt as suggested by the in-line ICP chromatogram
(Fig. 2B). Thus, under fibrillation conditions, Co(II)-WT2SH

appeared to exist predominantly in the dimeric state. Given the
ability of this sample to initiate fibrillation of apo-WTS-S as
efficiently as apo-WT2H, this experiment strongly suggested
that disulfide-reduced SOD1, existing in a dimeric state due to
being metal-loaded, is as efficient as monomeric apo-WT2H at
initiating fibrillation. However, a scenario in which the small
amount of the monomeric cobalt-bound, disulfide-reduced

FIGURE 1. Fibril initiation kinetics of disulfide-reduced WT SOD1 is similar in the presence of Zn(II) or Co(II). A, fibrillation of 45 �M apo-WTS-S initiated by
the presence of 5 �M apo-, 1Zn-, or 2Zn(II)-WT SOD12SH. Data are shown as normalized ThT fluorescence. B, visible spectra of 250 �M WT SOD12SH bound to 1,
1.8, or 4 eq of Co(II) in 100 mM potassium phosphate, pH 7, containing 2 mM TCEP. C, fibrillation of 45 �M apo-WTS-S initiated by the presence of 5 �M (10%)
apo-WT2SH (E), 1.6 Co-WT2SH (F), or 2.9 Co-WT2SH (triangle).

FIGURE 2. 4Co(II)-WT2SH (i.e. 2Co/WT2SH monomer) is as competent as
apo-WT2SH in initiating fibrillation and is largely dimeric under fibrilla-
tion conditions. A, ThT fluorescence showing fibrillation of 35 �M apo-WTS-S

in the presence of 15 �M apo-WT2SH (E) or 4Co(II)-WT2SH (F). B, overlay of
chromatograms from an HPLC-ICP-MS experiment showing HPLC absor-
bance at 280 nm corresponding to the SOD1 polypeptide (solid line) and ion
extract count for cobalt by ICP-MS (dashed line) from an injection of 15 �M

1.8Co-WT2SH/monomer. The peak eluting at 19 min corresponds to the
dimeric form, and the one eluting at 23 min corresponds to the monomeric
form. At the bottom is shown the chromatogram from an injection of apo-
WT2SH, which elutes as a monomer.
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form initiates fibrillation and its subsequent capture in fibrils
drives the dimer to monomer equilibrium forward resulting in
sustained initiation by the monomeric form cannot be ruled
out.

We also tested a number of FALS-associated SOD1 mutants
for their ability to initiate fibrillation. They were selected based
on our knowledge of their biophysical behavior, position of the
mutation (A4V, G37R, G93A, L38V, and D101N being wild-
type like and H48Q being a metal-binding region mutant),
prevalence in human patients (A4V), and availability of trans-
genic mouse models (G93A and G37R). Each of the mutants
tested was capable of binding Co(II) in the zinc site. Addition-
ally, in each of them, Co(II) added in excess of 2 eq/dimer
showed a spectroscopic signature of binding in the copper site
(Fig. 3A). Although there have been reports of the mutants
A4V, G93A, and L38V being mismetallated to varying extents,
we did not observe any evidence of Co(II) binding in the copper
site before it saturated the zinc site (38). Each of the mutants
tested was capable of initiating fibrillation in the Co(II)-bound
form (Fig. 3B). The lag phases of these reactions were similar to
the fibrillation reactions where the initiating agent was the apo-
form of the same mutant in its disulfide-reduced form, suggest-
ing that, despite stabilizing the overall structure, binding of
Co(II) has no inhibitory effect on the ability of disulfide-re-
duced SOD1 mutants to initiate fibrillation.

Spontaneous fibrillation of Cys-57–Cys-146 disulfide-intact
WT SOD1 requires the presence of a substoichiometric
amount of the disulfide-reduced form of WT SOD1. In our
hands, a small amount of disulfide-reduced mutant SOD1
could initiate fibrillation when mixed with a larger amount of
disulfide-intact WT SOD1 that did not form fibrils on its own.
However, we found the converse not to be true. When small
amounts (5–20%) of disulfide-reduced WT SOD1 were mixed
with larger amounts of disulfide-intact SOD1 mutant, we
observed no increase in the ThT fluorescence in these reactions
(Fig. 3C). When significantly higher amounts of WT SOD12SH

(40 –50%) were added to mutant SOD1S-S, fibrillation did
occur, and the fibrils contained both WT and mutant forms of
SOD1. However, the initiating ability of WT SOD12SH in these
reactions is unclear because SOD12SH can spontaneously fibril-
late on its own. Therefore, WT2SH fibrils may have formed first,
which then acted as seeds to recruit mutant SOD1. The fate of
WT SOD12SH in these reactions and the precise mechanism of
initiation by SOD12SH warrant further investigation. Overall,
these experiments suggest an important role for disulfide-re-
duced forms of SOD1 mutants in promoting the beginning of
fibrillation when co-expressed with wild-type SOD1, as is the
case in most FALS patients.

Seeded Amyloid Growth—Seeds are commonly generated by
sonication-driven shearing of mature fibrils to generate active
ends (28). They are then incubated with soluble protein, and
ThT fluorescence is monitored as a measure of the rate of fibril
growth. To examine the ability of various forms of SOD1 to
support seeded amyloid growth, we used fibrils generated by
incubating apo-WTS-S in the presence of 5 mM DTT. These
fibrils lacked intermolecular disulfide bonds as shown by dena-
turation in the presence of thiol-alkylating agent N-ethylma-
leimide and subsequent HPLC-MS (31). When seeds prepared

from these fibrils were added at 10 –15 mol % to soluble apo-
WTS-S in the absence of reducing agents, fibril growth occurred
with a lag phase of about 20 h as shown by ThT fluorescence
(Fig. 4A; Table 1). Because apo-WTS-S incubated on its own in

FIGURE 3. Co(II) binding and fibril initiation in ALS-associated SOD1
mutants in the disulfide-reduced form. A, visible spectra of 250 �M 2Co-
L38V2SH (red dashed line) and 2Co-G37R2SH (blue dashed line). The arrows indi-
cate the distinct peaks between 550 and 600 nm indicative of cobalt binding
in the zinc site, whereas the copper site is unoccupied. Cobalt added in excess
of 2 eq is bound in the copper site as shown in the top two chromatograms for
3.5 Co-G37R2SH (red solid line) and 3 Co-L38V2SH (solid blue line). The arrow
shows the new peak arising from the broadening and blue shift of the fea-
tures indicated in the previous two traces. B, fibril initiation kinetics by cobalt-
bound, disulfide-reduced SOD1 mutants. All reactions contained 7.5 �M

Co-SOD12SH and 42.5 �M apo or cobalt-bound mutant SOD1S-S. The reaction
pairs were 2Co-WT2SH with apo-WTS-S (black circle), 2Co-L38V2SH with 2Co-
L38VS-S (red square), 1.7Co-G37R2SH with 2Co-G37R2SH (blue diamond),
Co-H48Q2SH with 1.7Co-H48QS-S (green x) and 2Co-G93A2SH with apo-WT2SH

(orange �). C, fibril initiation kinetics as measured by ThT fluorescence for
reactions consisting of 7.5 �M apo-WT2SH incubated with 42.5 �M apo-WTS-S

(solid circle), apo-G37RS-S (open triangle), apo-H48QS-S (open circle), apo-
G93AS-S (open square), and apo-D101N (open diamond).
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the absence of reducing agents did not fibrillate even after 7
days of incubation (data not shown), this result suggested that
fibril seeds thus prepared were active and efficient, although the
lag phase was long compared with that of spontaneous fibrilla-
tion of apo-WTS-S in the presence of 5 mM DTT (4 –5 h).

Having established that SOD1 fibril seeds could recruit sol-
uble Cys-57–Cys-146 disulfide-intact SOD1, albeit with a lon-
ger lag phase, we asked whether reducing any intramolecular
disulfide bonds in the fibrils would accelerate the reaction. We
found that the addition of a small amount of DTT (0.1 mM)
accelerated the kinetics of this reaction significantly, as shown

by a shorter lag phase (Fig. 4A). Because the DTT added was
below the minimum concentration required for spontaneous
fibrillation of soluble WTS-S under reducing conditions (0.25
mM) (31), the increase in ThT fluorescence should not have
arisen from spontaneous fibrillation of WTS-S initiated by
WT2SH that was formed in situ. Therefore, the added DTT was
acting on either intramolecular disulfide bonds in SOD1 in
solution or in the seeds, and reduction of these bonds either in
the seeds or in the solution was accelerating the kinetics of this
reaction. Although a tempting way to address this question is to
add WT2SH to WTS-S seeds and monitor ThT fluorescence, a
small lag phase would be meaningless because disulfide-
reduced apo-SOD1 fibrillates spontaneously and may do so
before being recruited by the fibril seeds.

To compare the seeded growth efficiency of WT2SH with
respect to the disulfide-intact form, we used the NoCys mutant
where all four cysteine residues were mutated to serines or ala-
nines. Apo NoCys-SOD1 has been shown to behave in a similar
fashion structurally and biophysically to WT2SH and can spon-
taneously fibrillate in the absence of reducing agents (32, 44),
but it does not initiate fibrillation of WTS-S (Fig. 4B; Table 1).
When seeds prepared from NoCys fibrils were added to WTS-S,
the lag phase was about 20 h, similar to WTS-S added to WTS-S

seeds, but the presence of 0.1 mM DTT lowered the lag phase to
about 4 h (Fig. 4C). In this case, the added DTT can have an
effect only on the added soluble WTS-S by reducing the disul-
fide bond because the seeds composed of NoCys-SOD1 do not
have any cysteines. Therefore, this experiment suggested that
disulfide-reduced SOD1 is recruited faster than disulfide-intact
SOD1 by fibril seeds and that the faster recruitment does not
require the presence of free thiols in the reduced protein.

Next, we looked at the effect of zinc on SOD1-seeded growth.
As before, cobalt was used as a zinc substitute and was added at
pH 5.5 to ensure selective occupancy of the zinc site. We exam-
ined both Co-SOD1S-S and apo-SOD1S-S for their ability to be
recruited by fibril seeds. Co-WTS-S was recruited somewhat
more slowly than apo-WTS-S as shown by a longer lag phase
(Fig. 5A), and this was true irrespective of whether one or both
of the zinc sites were occupied by cobalt in the dimer. The same
effect was also observed for 1Zn and 2Zn-WTS-S (per dimer),
although the location of the bound zinc could not be directly
ascertained in these experiments. However this was not a con-
sistent effect in mutants. For some mutants such as A4V, L38V,
H48Q, and D101N, contrary to our expectations, Co-SOD1S-S

was actually recruited faster than the apo-form. In mutants
G93A and G37R, cobalt binding slowed down the kinetics of
recruitment as shown by a slightly longer lag phase. Despite the
enormous stability and tighter structure gained upon zinc bind-
ing, in no case did zinc completely inhibit fibril growth (Fig. 5B).

Effects of Mutations on Disulfide Bond Reduction—Assuming
that fibrillation in vivo is started by disulfide-reduced forms of
mutant SOD1, as was shown to occur in vitro in the previous
section, it becomes important to understand the factors that
might lead to an accumulation of this form of SOD1. Tiwari and
Hayward (51) have already shown that disulfide bond reduction
occurs at lower DTT concentrations in mutant SOD1 than in
wild-type SOD1, leading to the conclusion that the disulfide
bond in mutants is more easily reduced than that in WT SOD1.

FIGURE 4. Role of cysteine residues in fibril-seeded growth of SOD1. A, ThT
fluorescence during seeded fibrillation of 45 �M apo-WTS-S (E) or apo-WTS-S

and 0.1 mM DTT (�) in the presence of 10% (by volume) WT fibril seeds. B,
NoCys SOD1 fibrillates spontaneously but cannot initiate fibrillation of apo-
WTS-S. Fibrillation was measured as ThT fluorescence over time. Reactions
consisted of all NoCys-SOD1 (diamonds) or 40% NoCys-SOD1 and 60% apo-
WT-SOD1S-S (squares). C, seeded growth kinetics of recruitment of apo-WTS-S

with NoCys-SOD1 fibril seeds (ƒ), apo-WTS-S with NoCys SOD1 fibril seeds,
and 0.1 mM DTT (F) and NoCys-SOD1 in the presence of WT-SOD1 fibril seeds
(E).
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To understand this process better, we investigated the kinetics
of disulfide reduction in apo-SOD1 under mildly reducing con-
ditions akin to those in the cytoplasm of cells. Both wild-type
SOD1 and FALS mutants were examined by incubation in the
presence of 5 mM TCEP at pH 7 followed by thiol alkylation
using AMS. SDS-PAGE of the reactions showed that SOD1S-S

migrated as a set of two bands corresponding to the unmodified
polypeptide and SOD1 modified by a single AMS, possibly at
the non-disulfide Cys-111, which is solvent-accessible at pH 7.
Occasionally a higher band corresponding to alkylation at both
the non-disulfide cysteines (Cys-6 and Cys-111) was observed.
SOD12SH migrated higher than these bands due to additional

modifications at Cys-57 and Cys-146 (Fig. 6A). We found that
almost all the mutants examined were reduced much faster
than WTS-S suggesting that the disulfide bond of ALS mutants
was kinetically more accessible to reducing agents than that of
WT SOD1 in the absence of bound metals (Fig. 6A).

To determine whether this phenomenon could be observed
under fibrillation conditions, we developed a fluorescence-
based assay for monitoring reduction in situ. Acrylodan is a
thiol-specific fluorophore whose fluorescence is highly sensi-
tive to the polarity of its local environment, making it particu-
larly suitable for probing protein conformation changes (52).
SOD1 labeled with acrylodan at Cys-111 showed an increased
fluorescence at 485 nm (�ex � 395 nm) when incubated in the
presence of DTT until the fluorescence reached a maximum
corresponding to complete reduction of the disulfide bond (Fig.
6B). When acrylodan-labeled WT and mutant SOD1 were
incubated under fibrillation conditions (pH 7, 37 °C with agita-
tion) in the presence of 5 mM DTT, all mutants examined
showed a faster increase in acrylodan fluorescence than apo-
WTS-S before reaching saturation (Fig. 6C). Thus, the disulfide
bond of demetallated SOD1 mutants was kinetically more sus-
ceptible to reduction under fibrillation conditions, compared
with wild-type SOD1. Interestingly, the disulfide bond of 1- or
2Zn-SOD1S-S, WT or mutant, was highly resistant to reduction
even in the presence of much higher concentrations of TCEP
(up to 50 mM) and/or upon longer incubation. These experi-
ments suggested that in the metal-free state, disulfide-intact
mutant SOD1 is more prone to sample a conformation in which
the disulfide bond is easily reduced, and the binding of zinc
reduces the ability of SOD1 to sample this state in both mutant
and WT SOD1.

Toxicity in Vivo—To test the relevance of our experimental
SOD1 fibrillation model to human cells, we examined whether
the presence of fibril seeds altered cell viability. SH-SY5Y cells
that had been treated with retinoic acid to induce a neuronally
differentiated state were exposed to increasing concentrations
of fibril seeds prepared as for in vitro fibrillation (Fig. 7).
Although the viability of cells exposed to a very low amount of
fibril seeds (1 �g) was comparable with the buffer control, cells
exposed to higher amounts of fibril seeds showed a dose-depen-
dent loss of viability, consistent with a toxic property of fibril
seeds. Wild-type human SOD1 fibrils prepared with DTT using
our laboratory protocol were also demonstrated to be toxic to
THP1 cells (8).

TABLE 1
Summary of experiments exploring the role of the disulfide bond in seeded growth experiments
� denotes fibrillation with a lag time of around 20 h; ��� denotes fibrillation with a shorter lag time of around 5 h.

Bulk protein Initiating species Seed DTT Fibril formation Ref.

Initiation
WTS-S No 31, 32
WT2SH Yes This work
NoCys Yes This work
WTS-S WT2SH Yes 32
WTS-S NoCys No This work

Seeded growth Lag phase
WTS-S WTS-S � This work
WTS-S WTS-S 0.1 mM ��� This work
WTS-S NoCys � This work
WTS-S NoCys 0.1 mM ��� This work
NoCys WTS-S ��� This work

FIGURE 5. Role of cobalt in modulating fibril-seeded growth kinetics of
SOD1. A, ThT fluorescence during seeded fibrillation of 45 �M apo-WTS-S (E)
or Co-WTS-S (F) in the presence of 10% (by volume) WT fibril seeds. B, lag time
of seeded fibrillation reactions of various SOD1 mutants in their apo, disul-
fide-intact (light gray), or cobalt-bound, disulfide-intact (dark gray) states. The
equivalents of cobalt bound per dimer were 1.3 eq (WT), 0.8 eq (A4V), 0.9 eq
(G93A), 1.5 eq (G37R), 1.4 eq (L38V, 0.9 eq (D101N), and 1.6 eq (H48Q).
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Discussion

The key findings of our study are as follows: 1) any form of
disulfide-reduced SOD1, irrespective of cobalt or zinc status, is

competent to initiate spontaneous fibrillation; 2) the Cys-57–
Cys-146 disulfide bond has the highest ability to modulate
SOD1 fibrillation because the presence of this bond inhibits
fibril initiation completely and slows down seeded amyloid
growth considerably; 3) occupancy of the zinc site has a variable
effect on the rate of seeded amyloid growth across different
SOD1 mutants, and 4) mutants have a higher propensity to
exist in an initiation-competent state in a reducing environ-
ment. These findings suggest that most possible intermediates
on the maturation pathway can be recruited by growing fibrils.
The prominent exception is the fully mature holo-form of
SOD1 containing a copper atom, a zinc atom, and a disulfide
bond per subunit of the dimer, which can neither initiate fibril-
lation nor sustain it.

An unexpected finding in our study was the complete inabil-
ity of cobalt and zinc to protect SOD1 from all steps of fibrilla-
tion. In the disulfide-reduced state, cobalt-bound SOD1 is as
efficient as apo-SOD1 in initiating fibrillation. The effects of
zinc and cobalt binding to disulfide-intact SOD1 have been well
documented. Compared with apo-WTS-S, the binding of the
first zinc to the dimer results in a more thermodynamically
stable protein that melts at a higher temperature in DSC exper-
iments and has a more tightly packed structure resulting in
slower hydrogen-deuterium exchange (37). The binding of the
second zinc raises the melting transition to even higher tem-
peratures (37). The effects of cobalt or zinc binding to the
disulfide-reduced form are less understood. Although apo-
SOD12SH is monomeric, zinc binding converts SOD12SH to a
dimer that has a higher thermodynamic stability compared
with the apo-form as shown by a higher melting temperature in
DSC experiments (44). Recent unpublished work from our lab-
oratory4 suggests that it also has a tighter structure in several
�-strands and loops as shown by lower hydrogen-deuterium
exchange. However, these structural changes upon metal ion
binding do not prevent disulfide-reduced SOD1 from acting as
an efficient fibril-initiating agent, nor do they hinder the ability

4 A. Durazo, unpublished data.

FIGURE 6. Kinetics of disulfide bond reduction in WT and mutant SOD1. A,
apo-SOD1 was incubated with 5 mM TCEP at 37 °C, and at indicated intervals,
aliquots were reacted with AMS and quantified by SDS-PAGE and densitom-
etry analysis. The mutants examined were apo-WTS-S (F), apo-G37RS-S (�),
apo-L38VS-S (‚), apo-H48QS-S (�), and apo-G93AS-S (ƒ). B, acrylodan fluores-
cence can be used to track the disulfide bond reduction of SOD1 in real time.
20 �M apoWTS-S conjugated with acrylodan was incubated with 100 mM DTT
at 37 °C. without agitation. Reduction of the disulfide bond was verified by
SEC-HPLC. C, acrylodan fluorescence as a function of time in reactions con-
taining WT or mutant SOD1 conjugated to acrylodan and incubated in con-
ditions promoting fibrillation (5 mM DTT, with agitation at 37 °C). The mutants
examined are apo-WTS-S (F), apo-L38VS-S (ƒ), apo-H48QS-S and apo-G93AS-S

(�), apo-D101N (�), and apo-D101G (‚) (14).

FIGURE 7. Toxicity of fibril seeds. SY5Y cells plated in 96-well plates and
induced to differentiate into a neuronal phenotype were treated with the
indicated concentration of SOD1 fibril seeds prepared as described above.
After 2 h, the medium was replaced, removing excess seeds, and incubation
was continued for 24 h, after which viability was determined. Viability is
shown as Cell Titer Blue Assay fluorescence, in arbitrary units (AU).
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of disulfide-reduced SOD1 to be incorporated into growing
fibrils with a much smaller lag time compared with the disul-
fide-intact form. The comparable efficiency of initiation by
dimeric cobalt-bound SOD12SH and apo-monomeric SOD12SH

also suggests that dimer dissociation is not necessary for initi-
ating spontaneous fibrillation. This conclusion differs from
those of several earlier studies that concluded that a large com-
ponent of the destabilization of SOD1 structure leading to its
aggregation arose from dimer dissociation (23, 27, 53, 54).

Two groups have considered disulfide scrambling as part of
the initiation process (55), and indeed, the presence of the dis-
ulfide-forming cysteines Cys-57 and Cys-146 in their reduced
states is necessary for initiation (56). However, this is not true
for seeded amyloid growth in our experiments. NoCys-SOD1,
used as a “cysteineless” model for disulfide-reduced WT-SOD1
because of their similar thermal stabilities as shown in DSC
experiments, was recruited as efficiently as the disulfide-re-
duced form of WT SOD1. Its comparable rate of recruitment to
that of disulfide-reduced SOD1 during seeded amyloid growth
suggests that it is not the cysteine residues but the conforma-
tional flexibility of the disulfide-reduced state that allows this
form of SOD1 to be recruited at a faster rate.

Apo-WT-SOD12SH can form a dimer in two ways as follows:
by disulfide formation leading to apo-WTS-S that melts at 52 °C
in DSC experiments or by the acquisition of zinc leading to the
(E2, Zn-E) WT2SH (where E is an empty metal-binding site),
which melts at 58 °C (35, 44). Despite the higher melting tem-
perature of the disulfide-reduced dimeric form arising from a
stronger dimer, a more tightly packed �-barrel, or both, we find
that it is recruited far more efficiently by the fibril seed as dem-
onstrated by a shorter lag time. These results reinforce the lack
of correlation between overall stability of SOD1 and its aggre-
gation propensity.

One mechanism by which a more stable form of the protein
can be more fibrillation-prone compared with a less stable one
is local unfolding. In this scenario, one or more �-strand from
one SOD1 monomer or dimer unfolds enough to establish new
contacts with a �-strand of another SOD1 molecule while keep-
ing the rest of the �-barrel intact. It is possible for such a phe-
nomenon to be independent of the overall stability of the SOD1
dimer. Indeed, local unfolding of segments of SOD1 has been
observed for wild-type SOD1 as well as a number of mutants in
both the disulfide-intact and -reduced states, and the extent of
unfolding was poorly correlated with the overall stability of the
protein as evident from the melting temperature in DSC exper-
iments (57, 58). The inability of the fully metallated, Cu2Zn2-
SOD1 to participate in either fibril initiation or seeded growth
suggests that local unfolding events that allowed the formation
of intermolecular contacts in the less mature forms of SOD1 are
blocked in the fully mature enzyme.

In transgenic mouse models of ALS overexpressing SOD1
mutants, the SOD1-rich aggregates are composed almost
entirely of disulfide-reduced SOD1 (13). This is an important
although not unexpected finding because the abnormally high
level of SOD1 expression probably leads to a saturation of the
SOD1 folding apparatus resulting in the buildup of disulfide-
reduced SOD1 over time. In ALS patients, however, the status
of the disulfide in SOD1 is not known. Because they express

endogenous amounts of SOD1, the chaperones responsible for
SOD1 folding should not be overwhelmed. Therefore, the rela-
tive amounts of disulfide-reduced versus -intact forms of SOD1
should be comparable. Under such circumstances, the recruit-
ment of Cys-57–Cys-146 disulfide-intact forms of SOD1 by the
seed or growing fibril becomes a more likely scenario and may
play an important role in the buildup of SOD1 aggregates in
these patients.

Inside the cell, the newly synthesized, completely immature
SOD1 polypeptide undergoes a series of post-translational
modifications that convert it to the exceptionally stable, fully
active form, which is highly resistant to aggregation. Although
the exact sequence of events remains unknown, recent papers
suggest that the first step is binding of a single zinc ion (42, 43).
The formation of the copper-bound disulfide-intact form can
now occur via one of two pathways. In the predominant path-
way that has been observed in many eukaryotes, including yeast
and human, the protein CCS (copper chaperone for SOD1)
transfers a copper ion and inserts a disulfide bond in a con-
certed mechanism whereupon the disulfide-intact, copper- and
zinc-bound SOD1 forms a dimer (59). CCS also appears to
enhance the formation of the intrasubunit disulfide bond with-
out a concomitant copper insertion leading to the formation of
disulfide-intact, zinc-bound SOD1 (42, 43). Additionally, a
chaperone-independent pathway has been observed in mam-
malian cells and in some multicellular organisms like Caenorh-
abditis elegans, whereby SOD1 acquires a disulfide bond inde-
pendent of and, probably preceding, the binding of copper to
form the fully active dimeric form (60, 61). Our results also
show that a number of intermediates in these two pathways that
have an intact disulfide bond with varying zinc equivalents can
sustain seeded fibril growth. These maturation steps occur in at
least two locations, the cytoplasm, where synthesis takes place,
and the mitochondrial intermembrane space, into which SOD1
is imported in an unfolded state, so more than one location
exists where fibril initiation and elongation could occur.

Based on our results identifying specific intermediates on the
SOD1 folding pathway that can initiate or sustain fibrillation,
we propose a model for the SOD1 fibrillation pathway in vivo
when WT and mutant SOD1 are coexpressed, as is the case for
most FALS patients (Fig. 8). Spontaneous fibrillation is initiated
in one or more steps by the formation of an amyloid nucleus
from a very early intermediate in the maturation process, most
likely the zinc-bound disulfide-reduced mutant SOD1 (Fig.
8A). For metal-binding mutants that cannot bind zinc, the apo-
form of disulfide-reduced SOD1 forms the amyloid nucleus or
seed. The nucleus subsequently becomes stabilized by recruit-
ment of additional soluble WT or mutant SOD1 and elongates
to form a mature fibril in multiple steps. Seeded growth pro-
ceeds this way as well, and the rate at which this occurs depends
on the disulfide status of SOD1 that interacts with the nucleus
(Fig. 8B). For interactions with disulfide-reduced SOD1 that is
apo or partially metallated with zinc, the fibril nucleus is rapidly
converted to a mature fibril. However, if the nucleus interacts
with disulfide-intact, apo, or partially metallated forms, the
mature fibril forms on a much slower time scale. Fully mature
SOD1 containing a copper ion, a zinc ion, and a disulfide bond
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in each subunit of the dimer does not participate in any aspect
of fibrillation.

It is reasonable to expect that if toxic species are formed
during the course of fibrillation, either as direct intermediates
or as by-products of the process, then conditions that promote
fibrillation are likely to enhance the formation of such species.
Thus, small molecules that interfere with fibrillation pathways
or intermediates are under investigation (62). Although WT
SOD1 alone can participate in all steps in this pathway, the
expression of a mutant SOD1 would strongly promote aggre-
gation because of the following: (a) its higher propensity to exist
in the disulfide-reduced apo-state and (b) its ability to initiate
fibrillation of WT even when present in minute quantities. The
second feature is especially important for disease as it guaran-
tees that fibril-seeded growth can be sustained even when the
coexpressed mutant has a short half-life. Indeed, coexpression
of WT exacerbates the disease profile of mice expressing
mutants, and the contrast in disease profile is dramatic for
short-lived mutants like A4V and L126Z (63– 65). It is impor-
tant to remember that the identity of the toxic species is
unknown; hence, the relative contributions of spontaneous
fibrillation versus seeded amyloid formation to this process
are unclear. Recent observations that not all ALS mutations are
fully penetrant (66) and that overexpression of wild-type
human SOD1 in mice leads to ALS symptoms (15) highlight the
stochastic nature of initiation of disease and the potential for
wild-type human SOD1 to play a role in sporadic cases of ALS.

There is now considerable evidence, including the toxicity
studies we report above, showing that cells internalize exter-
nally added fibrils and that some form of SOD1 aggregates can
move from cell to cell and even from animal to animal (7–9, 11,
12) and induce aggregation of partially mature states of SOD1.
This phenomenon, the spreading of the aggregation via the
transfer of seeds, offers a mechanism for the spreading of the
neurodegeneration phenotype from a small initial lesion, which
is a hallmark of the disease. Initiation is clearly critical to disease
onset, but it is the spreading of the pathology that generates
symptoms in patients. Our mechanistic understanding of the
requirements for aggregation coupled with the knowledge that

seeds are transferred from cell to cell should contribute to
development of treatments for this disease. Based on current
knowledge of the folding pathway in the cell and the tight cou-
pling between the oligomerization state of SOD1 and its metal
occupancy or disulfide status, a number of specific, partially
mature states of SOD1 are considered highly likely to exist in
the cell (35, 42, 44). Thus, our efforts at containing the progress
of the disease are best concentrated on halting the cell-to-cell
transfer of aggregates or on inhibiting the seeded growth pro-
cess. Because fully mature SOD1 does not aggregate, one way to
accomplish the latter goal could be to stimulate rapid achieve-
ment of full metallation and to maintain the enzyme in its fully
metallated state. A small molecule approach would be to find
agents that stabilize SOD1 in a similar manner to prevent its
recruitment or, alternatively, that block the ability of seeds to
recruit fresh material.
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Schöls, L., Marklund, S. L., and Andersen, P. M. (2012) Mutant superoxide
dismutase-1 indistinguishable from wild-type causes ALS. Hum. Mol.
Genet. 21, 3568 –3574

SOD1 Fibril Formation and the Disulfide Bond

30636 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 51 • DECEMBER 18, 2015




