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Aberrant accumulation of misfolded Cu, Zn superoxide dismutase
(SOD1) is a hallmark of SOD1-associated amyotrophic lateral sclerosis
(ALS), an invariably fatal neurodegenerative disease. While recent
discovery of nonnative trimeric SOD1-associated neurotoxicity has
suggested a potential pathway for motor neuron impairment, it is yet
unknown whether large, insoluble aggregates are cytotoxic. Here we
designed SOD1 mutations that specifically stabilize either the fibrillar
form or the trimeric state of SOD1. The designed mutants display
elevated populations of fibrils or trimers correspondingly, as demon-
strated by gel filtration chromatography and electron microscopy.
The trimer-stabilizing mutant, G147P, promoted cell death, even more
potently in comparison with the aggressive ALS-associated mutants
A4V and G93A. In contrast, the fibril-stabilizing mutants, N53I and
D101l, positively impacted the survival of motor neuron-like cells.
Hence, we conclude the SOD1 oligomer and not the mature form of
aggregated fibril is critical for the neurotoxic effects in the model of
ALS. The formation of large aggregates is in competition with trimer
formation, suggesting that aggregation may be a protective mecha-
nism against formation of toxic oligomeric intermediates.
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myotrophic lateral sclerosis (ALS) is a neurodegenerative

disease characterized by progressive muscle weakness and
eventual paralysis (1, 2). Misfolding and aggregation of the cy-
tosolic antioxidant enzyme Cu, Zn superoxide dismutase (SOD1)
represent common factors for both familial and sporadic cases of
ALS (3-5). The formation of SOD1 oligomers and aggregates is
critically dependent on the dissociation of the native dimer into
monomers, followed by metal loss, reduction of intramolecular
disulfide bond, and monomer misfolding (6, 7). By perturbing
(stabilizing or destabilizing) a series of sparsely populated con-
formational states along the SOD1 misfolding pathway, re-
searchers have gained valuable insight into the nonnative SOD1
conformers and subsequent cytotoxicity. For instance, a phos-
phomimetic mutation results in increased thermodynamic sta-
bility of the SOD1 native dimer and positively impacts motor
neuron survival in a model of ALS (8). In contrast, Proctor et al.
(9) identified trimer-stabilizing SOD1 mutants and demon-
strated that the elevated population of SOD1 trimers promoted
cell death. For the fibrillar form of SOD1 aggregates, studies
revealed that the intrinsic rate of SOD1 amyloidogenesis was
increased by certain ALS-linked mutations and that the fibrilli-
zation rate might explain the speed of disease progression (10).
The perturbations introduced through various mutations, how-
ever, have an impact on the disparate nonnative states of SOD1
(monomers, oligomers, and fibrils). For example, inhibiting trimer
formation may simultaneously increase the population of native
dimers, misfolded monomers, or large aggregates. More impor-
tantly, we do not have complete knowledge of the impact of indi-
vidual species appearing during the aggregation pathway on motor
neuron viability. Uncovering roles of the dominant species appearing
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during aggregation is, therefore, key to untangling origins of motor
neuron death, which is the key mystery in ALS.

It is debated whether the large, insoluble aggregates represent
a cause of pathogenesis in neurodegenerative disorders, or
whether the nonnative oligomers correlate with processes lead-
ing to cytotoxicity and neuron death (11, 12). The discovery of
aberrant protein deposits, including amyloid-p (Af);4o and A4,
in Alzheimer’s disease (13), a-synuclein in Parkinson’s disease
(14), and SOD1 in ALS (5), has been critical to the development
of the amyloid cascade hypothesis, which emphasizes the aber-
rant accumulation of amyloid fibrils as a major cause of neuron
impairment (15). The corresponding pharmaceutical strategy is
to inhibit the formation of amyloid fibrils or remove the plaque
in patients’ brain. However, recent clinical trials of Af-specific
antibodies have failed to show improvements for Alzheimer’s
disease patients’ dementia and may even worsen symptoms, de-
spite the common success in reducing the Af-plaque load (16).
These observations bring into question the pathological role of
protein fibrils, and suggest a plausible role of transient oligo-
meric species in induced cytotoxicity. Indeed, studies on prion
proteins revealed that the fibrils confer protection against is-
chemic damage in an acute stroke model (17). Similarly, prop-
agating Ap-fibrils exhibited antibiosis functions in mouse and
worm models of Alzheimer’s disease (18). In the motor neuron
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disease ALS, recent studies suggest that nonnative SOD1 trimers
are the cytotoxic species implicated in motor neuron death and
disease progression (9, 19, 20). However, it is currently unknown
whether large fibrillar aggregates are cytotoxic to motor neurons.
This question is critical, as its answer has broad implications not
only for understanding the etiology of ALS but also for that of
many other neurodegenerative diseases where protein aggrega-
tion has been the key signature. If both the oligomers and large
aggregates are cytotoxic, this fact would suggest multiple path-
ways to pathological development, potentially requiring untan-
gling the roles of oligomers and fibrils independently. If the large
aggregates are not cytotoxic, their formation would compete with
the formation of small oligomers, suggesting they are protective
to cells. Hence here we examined whether the large, matured
form of SOD1 aggregates promoted cell death in a model of
motor neurons.

We addressed this question through a combination of bio-
physical techniques. We designed mutations that specifically
stabilize the fibrillar form or the trimeric state of SOD1, which
promoted formation of longer fibrils or the population of olig-
omers, respectively. We applied size-exclusion chromatography
(SEC) and electron microscopy (EM) approaches spanning a
wide range of sample sizes and molecular weights to characterize
the population distribution of native dimers, oligomers, and fi-
brils. The impact of the designed mutants on cellular viability
was compared with that of wild-type protein (WT-SOD1) and
two aggressive ALS-associated mutants (A4V- and G93A-SOD1).
We showed that SOD1 mutants designed to promote SOD1 fibrils
alleviated neurotoxicity. In contrast, the increasing population of
trimers correlated with a higher death ratio in a cell model of
ALS. These observations support an emerging hypothesis that
the SOD1 trimer, and not the mature fibril, exerts the neurotoxic
effects in motor neurons.

Results

We chose three mutants of SOD1 (N53I, D101I, and G147P)
proposed by Proctor et al. (9) for their effect on trimer stability. To
estimate the impact of these mutations on SOD1 fibrillar aggre-
gates, we adopted the crystal structures (for the D101 and G147
positions) and computational model (for the G147 position) of
SODL1 fibrils, recently determined by the Eisenberg group (21, 22),
and calculated the change of free energies upon mutation using the
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molecular design suite Eris (SI Appendix, Fig. S1) (23, 24). Muta-
tions N53I and D101I destabilize the trimer and promote the
population of large aggregates, while G147P stabilizes the trimer.
A4V and G93A, as the positive controls for ALS-relevant neuro-
toxicity, exacerbate SOD1 oligomerization as well as the exposure
of a toxicity-associated epitope (20). In previous studies, the sta-
bility and morphology of the SOD1 trimer were examined in an
acidic and demetalating condition (pH 3.5 and 10 mM EDTA),
which accelerates the misfolding process (7, 9). We first examined
our samples under the same condition with physiological concen-
tration and temperature (30 pM and 37 °C). SOD1 trimers accu-
mulated within the 2- to 24-h time window and then evolved to
energetically favorable states of monomers and large aggregates (S
Appendix, Fig. S2). The population of native dimers significantly
decreased as a consequence of low pH and loss of metals. Upon
extended incubation, misfolded monomers and aggregates became
the dominant species. In agreement with previous findings, our
results suggest the monomeric species forms the available pool for
further oligomerization and fibrillation of SOD1, and that the tri-
meric species represents an intermediate, metastable state (9, 25).

To gain a better understanding of SOD misfolding under
physiological conditions, we separated the monomeric species of
each mutant and reequilibrated the protein solution to neutral
pH (20 mM Tris, 150 mM NaCl, pH 7.4). The misfolded SOD1
monomer (M* in Fig. 1), as reported previously, represents the
precursor of nonnative SOD1 oligomers and fibrils. We used
analytical SEC to resolve the distribution of each conformational
state (Fig. 14). The behavior of WT-SOD1 and five SOD1
mutants fell into four categories: (i) N53I-SOD1 formed large
aggregates, as well as a population of dimers comparable to that
of WT-SOD1; (ii) A4V- and G93A-SOD1 contained a significant
amount of both large aggregates and trimers; (i) the majority of
D101I-SOD1 formed large aggregates, with little population of
trimers and dimers; and (iv) the majority of G147P-SOD1 formed
trimers. We quantified the amounts of each individual species by
separating them through SEC (Fig. 24). The size of SOD1 fibrils,
however, fell well beyond the detection limitation of SEC. Thus,
the presence or morphology of this insoluble form could not be
readily detected.

To overcome the barrier of SEC detection limits, we used EM
to analyze the fibrils formed by each mutant (Fig. 1B and SI
Appendix, Fig. S3). Among them, N531-SOD1 formed the longest

Fig. 1. SOD1 mutants designed to stabilize fibrils (N531 and D1011) and trimers (G147P) vary in the distribution of oligomeric states (D, dimers; L, large
aggregates; M, monomers; M*, misfolded monomers; T, trimers). (A) Analytical size-exclusion chromatograms resolved the populations of each species.
Samples were taken after incubation at physiological conditions (30 pM SOD1 in 20 mM Tris, 150 mM NaCl, pH 7.4) for 2 d. G147P-SOD1 exhibited an elevated
population of trimers among all SOD1 mutants. (B) Electron microscopy negative-stain images presented the fibrillar form of SOD1. The samples were in-
cubated at the same condition as in SEC. N53I- and D1011-SOD1 formed more fibrils in comparison with G147P-SOD1.
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Fig. 2. Elevated population of trimers is correlated with a higher death

ratio in NSC-34 cells. (A) Distribution of native (D) and nonnative species (L,
T, M, and M* as defined in Fig. 1) in WT-SOD1 and five mutants. Different
oligomeric states were separated by size-exclusion chromatography, fol-
lowed by measurement of their concentrations using UV absorption and
BCA assays (Materials and Methods). (B) Average cell-death ratio measured
by the percentage of SYTOX Green-stained cells within the SOD1-expressing
cells (Fig. 4). Control: cells with mCherry expression only. Error bars represent
the SEM; n = 3.

fibril [average length 87 + 2.2 nm, number of fibrils or particles sur-
veyed () = 108]. D101I-, A4V-, and G93A-SOD1 samples contained
shorter fibrils, with average lengths of 23 + 1.7, 43 + 2.5, and 51 +
2.8 nm, respectively (n = 156, 140, and 112). In comparison, G147P-
SOD1 did not form significant amounts of fibrils or other forms of
large aggregates. Interestingly, a careful examination of D101I- and
G147P-SOD1 samples revealed ring-like structures in the background
(Fig. 3 A and B, white arrows). The diameters of the rings (6.37 +
1.23 nm, n = 15) are comparable to that of the SOD1 trimer
(oligomer volume 71.7 nm” and average diameter 5.2 nm) (9),
suggesting they are possibly trimers detected by negative-stain
EM. To better distinguish the trimer-like particles from the
background, we applied metal-shadowing EM with the same
samples (Fig. 3C). The EM images illustrated structural hetero-
geneity of possible SOD1 trimers with a mean diameter of 6.27 +
1.11 nm (n = 85), which is close to a measurement on computa-
tionally derived trimer models (6.65 + 0.70 nm, n = 10; Fig. 3D
and SI Appendix, Fig. S4). The EM characterization of oligomeric
SOD1 corroborates the previous study using molecular dynamics
simulation and structural modeling (9), which together suggest
that nonnative SOD1 trimers are a highly dynamic ensemble of
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diverse structures (SI Appendix, Fig. S5). We observed more of
these rings in G147P-SOD1 in comparison with D1011-, N53I-, or
WT-SOD1 samples (SI Appendix, Fig. S3). Hence, the majority of
N53I-SOD1 formed long fibrils, while the majority of G147P-
SOD1 formed oligomers (possibly trimers). Overall, the results
obtained by EM are in full agreement with the quantitative
measurement made by SEC.

To gain insights into the physiological relevance of the de-
signed SOD1 mutants in a cellular environment, we tested their
toxicity in motor neuron-like cells (neuroblastoma spinal cord
hybrid cell line; NSC-34) (26, 27). A4V- and G93A-SOD1 were
used as positive controls for ALS-relevant neurotoxicity. First,
we determined the suitable conditions for NSC-34 cell differen-
tiation and the optimal time point for measurement of cell via-
bility. Using immunofluorescence microscopy, we demonstrated
that NSC-34 cells expressed the neuron-specific marker P-III-
tubulin 2 d after differentiation (S Appendix, Fig. S6). Expression
of SOD1 proteins was accomplished by transfection of SOD1-
mCherry expression constructs (SOD1 and mCherry genes
expressed separately). The red fluorescence from mCherry proteins
indicated successful transfection and expression of our vectors. The
death ratio of differentiated NSC-34 cells was quantified by cali-
brating SYTOX Green-stained cells (green fluorescence) among
mCherry-expressing cells (red fluorescence) (Fig. 4). N53I-,
D101I-, and G147P-SOD1 exerted increasing neurotoxicity on
NSC-34 cells (Fig. 2B; mean cell death: 21, 27, and 49%, re-
spectively). Expression of G147P-SOD1 led to more cell death
than the aggressive ALS mutants A4V and G93A (mean cell
death 38 and 39%), respectively), possibly due to a larger portion
of trimer populations seen in G147P-SOD1, while the presence of
fibrils in A4V- and G93A-SOD1 reduced the available pool for
formation of toxic species. In contrast, the expression of N53I-
SOD1 resulted in reduced cell death of NSC-34 cells, likely be-
cause N53I-SOD1 formed the longest fibrils among all mutants
characterized in this study (the reduced toxicity of N53I-SOD1 has
also been reported by Proctor et al. in ref. 9). Importantly, we
compared the cell death observed with the various SOD1 mutants
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Fig. 3. Structures of nonnative SOD1 oligomers revealed by EM. (A) Nega-
tive-stain images of D1011-SOD1. (B) Negative-stain images of G147P-SOD1.
The white arrows indicate the presence of rings with a diameter (6.3 nm)
comparable to that of the SOD1 trimer (5.2 nm). (C) Metal-shadowing images
of SOD1 trimer-like structures in D101I- and G147P-SOD1. (D) The distribution
of SOD1-trimer diameters. Eighty-five trimer-like particles in the EM images
and 10 in silico trimer models were included in the calculation of diameters.
Cyan: trimer-like particle in EM (Fig. 3C); orange: trimer structural models (S/
Appendix, Fig. S4).
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Fig. 4. Fibril-stabilizing mutants (N531 and D1011) exerted reduced neuro-
toxicity compared with the trimer-stabilizing mutant (G147P) in NSC-34 cells.
A4V and G93A are positive controls for ALS-relevant cell death. The cell viabilities
were measured 2 d after differentiation (blue: Hoechst stain; red: mCherry
fluorescence; green: SYTOX Green stain; yellow: overlap between red and
green staining, showing transfected cells that are undergoing death). The
point mutations are indicated as spheres in the SOD1 structural model.

with the propensity of these mutants to form the various oligomeric
species. The correlation between cell death and increasing amount
of SOD1 trimer (or decreasing amount of SODI1 fibrils) suggests
that the SOD1 trimer, instead of the insoluble form of fibrillar ag-
gregates, mediates the neurotoxic effects in the cell model of ALS.

Discussion

SODI1 represents a major cause of familial ALS, and is involved in
sporadic presentations (3, 28). However, a recent test for the
presence of misfolded SOD1 deposits suggested they were below
the detection limits of seven conformationally sensitive antibodies
in spinal cord and cortex tissues from sporadic ALS patients (29).
Hence, large aggregates of SOD1 may not be responsible for the
neurotoxicity in the majority of ALS cases (sporadic ALS). Instead,
our results suggested that the SOD1 trimer, which may escape
immunohistochemistry detection due to its small size and transient
nature, was a primary origin of motor neuron impairment. Fur-
thermore, research with chimeric mouse embryos expressing
SOD1-GFP fusion proteins unveiled that pathogenic cytosolic
SODI1 could transfer between spinal cord motor neurons (30). We
posit that in comparison with insoluble fibrils, SOD1 trimers can
translocate between cells more readily. This translocation of mis-
folded oligomers could help the spreading of cytotoxicity and
disease states. In accordance with previous work, our study indi-
cates that the formation of nonnative oligomers leads to cell death.

Most familial SOD1 mutations decrease SOD1 stability (31).
The oxidative posttranslational modification glutathionylation
also results in dramatic impairment of SOD1 native structure via
altering the rate of monomer association (20, 32), suggesting a
critical role of oxidative stress in disease etiology. A compre-
hensive inspection of different structural species and their global
effects on cellular viability could help resolve the toxic pathways
leading to cell death (7). The current study suggests not only that
dimer destabilization is associated with disease etiology but also
that the stabilization of the nonnative trimeric SOD1 strongly
affects motor neuron survival. Several viable pharmaceutical
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strategies can be potentially pursued based on our findings: (i)
identifying small molecules that strengthen the dimer interface and
prevent dimer dissociation, thus reducing the monomeric precur-
sors of toxic species (8); (i) identifying small molecules that con-
vert toxic oligomers to nontoxic fibrils. As demonstrated in an
Alzheimer’s disease model, acceleration of Af-fibrillogenesis could
effectively reduce Ap4,-associated toxicity (33); and (iif) identifying
small molecules that destabilize the SOD1 trimer directly.

The oligomeric form of SOD1 may consist of a series of
sparsely presented and transient conformers, including trimers
and higher-order oligomers. For instance, an 11-residue segment
constituting antiparallel, out-of-register p-strands was identified
as an oligomeric form of SOD1 aggregation (34). Based on its
structure, the authors proposed a model of toxic SOD1 oligomers
formed by 16 protomers. The study of NMR to probe the free-
energy landscape of misfolded SOD1 indicated that different ALS-
associated mutants could access significant varying excited states
and that these conformational states were interconvertible (35, 36).
In contrast, the ground, native state of SOD1 was structurally
stable. In the current study, the biochemical assays (SEC and EM)
revealed a clearly recognizable trimeric state among all oligomeric
states, which correlated with the degeneration of motor neuron-
like cells. Nonetheless, the high-molecular-weight region in size-
exclusion chromatograms may contain lower populations of other
misfolded forms. A plausible mechanism for SOD1-mediated ALS
etiology is that different oligomers represent the divergent stages
of misfolding and evolution of neurotoxic species, which present a
synergy effect of interrupting the cellular machinery. To summa-
rize our current findings, we conclude that the small oligomers of
SOD1 exert neurotoxic effects that are mitigated by forming large,
insoluble SOD1 assemblies.

Materials and Methods

Computation. Designing mutations that perturb the stabilities of SOD1 aggregates
was accomplished by Eris, an algorithm that performs automated side-chain
repacking and backbone relaxation and calculates the changes in free energy
upon mutation (eris.dokhlab.org) (23, 24). The input structural models were crystal
structures [Protein Data Bank (PDB) ID code 4NIN, 101-DSVISLS-107; PDB ID code
ANIO, 147-GVTGIAQ-153] (21). For N53I, a model was built by the ZipperDB web
server (https:/services.mbi.ucla.edu/zipperdb/) using the SOD1 sequence as query
input (22). The trimer models were described previously (9). The detailed proce-
dures for Eris calculation were described previously (37). For mutations requiring
significant backbone adjustment (e.g., small to large residues, Gly-to-Pro muta-
tions), the flexible backbone mode was adopted in Eris, followed by molecular
dynamic simulations as described previously (8).

Cloning, Expression, and Purification of SOD1. The SOD1 mutant vectors (N53I-
SOD1, D101I-SOD1, G147P-SOD1, A4V-SOD1, and G93A-SOD1 in the yeast
expression vector YEp-351) were produced with a Q5 Site-Directed Muta-
genesis Kit (NEB) following the provided protocol. Expression, purification,
and separation of modified populations were carried out as described pre-
viously (19). Briefly, human SOD1 was expressed in the EG118 yeast strain at
30 °C. After treatment with ethanol/chloroform, the fractions containing
SOD1 proteins were enriched by ammonium sulfate precipitation. Hydrophobic
(phenyl Sepharose column; GE Healthcare) and ion-exchange (monoQ column;
GE Healthcare) chromatography were then applied to isolate the SOD1 proteins.

Size-Exclusion Chromatography. The SOD1 samples were dialyzed against a
denaturing buffer (50 mM acetate/sodium acetate, 150 mM NaCl, 10 mM
EDTA, pH 3.5) or physiological-condition buffer (20 mM Tris, 150 mM Nacl, pH
7.4). After equilibration overnight, the proteins solutions were diluted to
30 pM using the same dialysis buffer and then incubated at 37 °C. Typically
the samples were incubated in denaturing buffer for 12 h and then in
physiological-condition buffer for 2 d. After incubation, the samples were
analyzed using a Superdex 75 (denaturing buffer) or 200 (for the physio-
logical condition) 10/300 GL column (GE Healthcare).

Redler et al. (20) have previously performed dynamic light scattering and
correlated the elution volume on a Superdex 200 10/300 GL column to the
molecular weight of SOD1: 11.5 mL, hexamer; 12.2 mL, tetramer; 13.4 mL,
trimer; 15.5 mL, dimer; and 17.6 mL, monomer (void volume 8 mL).
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To determine the approximate amount of each species, the data curves of
size-exclusion chromatograms were deconvoluted as described previously (19).
The integrated area of each peak corresponds to the amount of a specific
species (trimer, dimer, monomer, etc.). The concentration of each separated
peak was also measured by bicinchoninic acid assay (BCA Assay Kit; Thermo
Fisher Scientific). The large aggregates include the peak eluted at the void
volume and the samples recovered from the syringe filter (0.22 pm).

Electron Microscopy. Samples to be visualized by negative staining were
adsorbed for 3 min to thin glow discharge-treated carbon foils suspended
over 400-mesh copper grids. The samples were at a concentration of 10 pg/mL
in a buffer of 50 mM acetate/sodium acetate, 150 mM NaCl, and 10 mM
EDTA (pH 3.5). The grids were then stained with 2% uranyl acetate for 5 min
and air-dried. The samples were imaged in an FEI Tecnai T12 instrument at
80 kV. Images were collected using a Gatan Orius real-time 2Kx2K CCD
camera. Images for publication were arranged and contrast-adjusted using
Adobe Photoshop. For tungsten metal shadow casting, the samples were
applied to the thin carbon supports as above, and then washed in a water-
ethanol series and air-dried followed by evaporation of tungsten metal with
rotation at a vacuum of 1 x 107° torr. Imaging in the T12 instrument was
at 40 kV.

SOD1 Plasmids for Cell Assays. The mammalian expression vector (pCl-neo)
contains mCherry genes for fluorescence measurements. The SOD1 gene and
mCherry gene are insulated with an internal ribosome entry site and give red
fluorescence when transfected.
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1% penicillin/streptomycin (P/S). Cells were passaged every 2 to 3 d. To de-
termine cell viability after introduction of the SOD1 mutant plasmids, NSC-
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