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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal neurodegenerative disease characterized by the se-
lective death of motor neurons. While the most common form of ALS is sporadic and has no known cause, a
small subset of cases is familial because of underlying genetic mutations. The best-studies example of familial
ALS is that caused by mutations in the protein copper—zinc superoxide dismutase. The formation of SOD1-rich
inclusions in the spinal cord is an early and prominent feature of SOD1-linked familial ALS in human patients
and animal models of this disease. These inclusions have been shown to consist of SOD1-rich fibrils, suggesting
that the conversion of soluble SOD1 into amyloid fibrils may play an important role in the etiology of familial
ALS. SODL1 is also present in inclusions found in spinal cords of sporadic ALS patients, allowing speculations to
arise regarding a possible involvement of SOD1 in the sporadic form of this disease. We here review the recent
research on the significance, causes, and mechanisms of SOD1 fibril formation from a biophysical perspective.
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Introduction

MYOTROPHIC LATERAL SCLEROSIS (ALS) is a fatal neuro-

degenerative disease characterized by the selective death
of upper and lower motor neurons, leading to progressive
muscle atrophy, paralysis, and eventual death. About 80-90%
of ALS cases do not have a genetic component or a known
cause and are termed sporadic. Familial forms of the disease
make up the rest and are caused by mutations in a number of
proteins, of which copper—zinc superoxide dismutase (SOD1)
represents the best-studied example. SOD1 is an abundant
antioxidant protein that catalyzes the dismutation of super-
oxide anion into hydrogen peroxide and molecular oxygen.
Over 100 mutations that cause ALS have been discovered in
the 153-residue SOD1 polypeptide. These are predominantly
single amino acid substitutions although deletions, insertions,
and C-terminal truncations also occur. Mutations are dis-
tributed along the entire length of the polypeptide and affect
the onset, duration, and severity of symptoms in afflicted
individuals. The striking similarity between sporadic ALS
and SODI1-mediated familial ALS and the early design of
transgenic mouse models for SOD1-fALS that resemble the

human disease closely have led to a large body of work on the
mechanisms by which mutations in SOD1 cause neurode-
generation in ALS (16, 22).

A leading hypothesis into the role of SOD1 in fALS pos-
tulates that mutant SOD1 acquires toxic properties that are
independent of its normal physiological function. There are
several lines of evidence that support the gain-of-function
hypothesis. Mice expressing fALS-SOD1 mutants in addition
to endogenous mouse SOD1 develop a motor neuron disease
that is symptomatically and pathologically similar to human
ALS (34, 75), in contrast to SOD1 null mice that do not show
any symptoms of motor neuron degeneration (57). Addi-
tionally, the deleterious effects of mutants that lack sufficient
dismutase activity cannot be offset by the expression of wild-
type SOD1 (15), and there is no correlation between levels of
enzymatic activity and the duration or severity of disease
symptoms (14). Investigations into the toxic function acquired
by SOD1 have narrowed in on a prominent feature observed
in both human patients and animal models of fALS: the ac-
cumulation of SOD1-rich proteinaceous deposits in the spinal
cord, leading to the hypothesis that SOD1 mutants are or
become unstable and misfold to form high-molecular-weight
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aggregates that are selectively toxic to motor neurons (14).
This review discusses the importance and causes of SOD1
aggregation in ALS, including biophysical aspects not often
discussed in current literature.

SOD1 Aggregation is an Early
and Ubiquitous Indicator of Disease

The spinal cords of sporadic and familial ALS patients
contain SOD1-positive proteinaceous inclusions, according to
histopathological studies conducted postmortem. In a large
subset of sporadic cases, anterior horn cells in spinal cord
sections showed positive SOD1 immunostaining in Lewy
body-like hyaline inclusions (LBHI), which are intracyto-
plasmic proteinaceous deposits (48, 62, 63). In familial ALS
patients, LBHI's in the anterior horn cells of the spinal cord
also stain strongly for SOD1 (15, 39, 62, 74) (Fig. 1A). LBHI's
are a hallmark of many neurodegenerative diseases of the
central nervous system such as Parkinson’s, Alzheimer’s, and
Huntington’s diseases, and in ALS, consist of granule-coated
fibrils that contain other proteins as well (74).

Clues to the role of SOD1 inclusions in ALS can be found in
animals models of the disease that show a high degree of
correlation between SOD1 aggregation and the appearance
and progression of neurodegenerative symptoms. Like hu-
mans, mice expressing fALS mutants such as G93A, G37R,
G85R, and others show extensive motor neuron loss and the
formation of SOD1-rich inclusions in their spinal cords in the
terminal stages of disease (15, 74) (Fig. 1B). Immunohisto-
chemical studies have localized these inclusions predomi-
nantly to motor neurons and, in some cases, astrocystes (49).
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Within motor neurons, inclusions have been found in a
number of compartments including the cytoplasm, mito-
chondria, and vacuoles (10, 23, 29, 70). SOD1-rich inclusions
have also been detected in neuronal processes in both axons
and dendrites (37, 59). Although nonmotor neuronal cells
participate in the ALS disease mechanism (12), selective ex-
pression of mutant SOD1 in motor neurons is sufficient to
induce ALS-like symptoms in mice, suggesting that SOD1
aggregation in motor neurons plays a major role in their
eventual demise (37).

SOD1 is a highly soluble and abundant protein that is most
abundant in erythrocytes, where its concentration is esti-
mated to be in the hundreds of micromolar (41). Thus, the
presence of intracellular inclusions in motor neurons, where
SOD1 expression is comparatively lower, is likely a conse-
quence of misfolding-driven aggregation. Further evidence
for this hypothesis comes from detergent solubility assays
that examine the fraction of SOD1 in tissue homogenates of
fALS-transgenic mice that remains insoluble even after
treatment with detergents. Mice expressing fALS mutants
accumulate substantial amounts of detergent-resistant SOD1
in their spinal cord and brain stem (23, 40, 71, 72). This tech-
nique has proven especially useful for detecting SOD1 ag-
gregation in mice expressing mutants such as L126Z and the
“Quad” mutant (SOD1 containing 2 fALS and 2 non-fALS
mutations) that develop symptoms of progressive motor
neuron degeneration but do not contain visible inclusions in
their spinal cords or brain stem (71, 73). Inmunomicroscopy
and detergent solubility assays have both shown that SOD1-
containing aggregates form well before the onset of symptoms
and accumulate throughout the duration of disease (10, 37, 40,

FIG. 1. SODI1l-containing inclusions
and fibrils from human patients and
transgenic mice. (A) An inclusion from
the spinal cord of a fALS patient expres-
sing a frameshift mutation at position 126
in SOD1, who died from disease, shows
strong SOD1 staining (white arrowheads)
when reacted with an antibody raised
against an SOD1 peptide (Reprinted by
permission of Bruijn et al. (15)). (B) SOD1-
positive inclusions (arrowheads) from the
spinal cords of end-stage transgenic mice
expressing SOD1 mutants G85R (left) vi-
sualized by staining with an antibody
recognizing both mouse and human
SOD1 (Reprinted by permission of Bruijn
et al. (adapted, 15). (C) Postembedding
immunogold electron microscopy shows
the fibrillar nature of inclusions (arrow-
heads) that are immunoreactive for both
ubiquitin and human SOD1 in dendritic
processes in the spinal cords of G93A
mice. The letter ‘m” denotes mitochondria.
Scale bar corresponds to 500nm. (Rep-
rinted by permission of Jaarsma et al. (37)).
(D) Fibrillar aggregates in G93A mice are
recognized by antibodies that recognize
human SOD1 only. (Immunogold electron
microscopy, scale bar corresponds to

500 nm. [Reprinted by permission of Basso et al. (10)]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www.liebertonline.com/ars).
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59, 73). This behavior is not solely a consequence of the high
levels of SOD1 expression in these mice, since inclusions form
before the onset of symptoms and continue to build up even in
mice that express mutant SOD1 in significantly reduced
amounts (37). While staining intensely for SOD1, the inclu-
sions also contain ubiquitin and have a filamentous appear-
ance, suggestive of amyloid fibrils (Fig. 1C and D) (10, 37, 59).

The conversion of a soluble protein to a misfolded form that
aggregates in the form of amyloid fibrils is a hallmark of
several neurodegenerative diseases such as Parkinson’s,
Alzheimer’s, and Huntington’s, and biophysical evidence
from human and animal models suggest that ALS belongs to
this group. Transgenic mice expressing mutants such as
GI3R, G37R, or G85R contain thioflavin-S positive inclusions
that have a fibrillar appearance, suggestive of amyloid mor-
phology, in their spinal cords (72). Aggregation is likely a
consequence of the formation of misfolded SOD1 present in
the spinal cords of fALS patients as well as presymptomatic
mice expressing fALS mutants (38, 39, 56). Misfolded, but
soluble, SOD1 is enriched selectively in the spinal cords of
these mice throughout their lifetime (76), suggesting that
these species are sequestered in fibrillar inclusions when
neuronal cells are no longer able to handle the burden of
misfolded SOD1. However, the causes of SOD1 misfolding,
the identity of the species ultimately responsible for motor
neuron death, be it misfolded monomeric, oligomeric, or fi-
brillated SOD1, and the precise mechanism by which it causes
motor neuron death remain unclear.

Role of Wild-Type SOD1 in ALS

Familial ALS is a dominantly inherited disease in humans;
thus patients are heterozygous (with a few exceptions) and
express both the mutant and wild-type forms of SOD1. Con-
sequently, SOD1-rich inclusions in the spinal cord of fALS
patients contain both wild-type and mutant SOD1, as has
been shown in fALS patients expressing truncation mutants
(Fig. 1B) (15, 40). In contrast, until recently, the available fALS
transgenic mice were homozygous, expressing only the mu-
tant form of human SOD1, besides endogenous mouse SOD1.
A key question then becomes: Can the presence of wild-type
SOD1 affect the clinical outcome and pathology of the dis-
ease? More important, are homozygous mice a good model
for ALS in human patients who are largely heterozygous?

The co-expression of wild-type SOD1 with a mutant can
indeed hasten the onset and duration of disease in transgenic
mice. For example, A4V is a mutation with a particularly dire
prognosis that is responsible for >50% of all fALS cases in
North America, but, surprisingly, A4V mice do not show any
symptoms of neurodegeneration in their lifetime. However,
double-transgenic mice expressing both A4V and wild-type
SOD1 develop an aggressive ALS-like phenotype and die early
(23). Co-expression of wild-type SOD1 also hastens the onset
and shortens the duration of symptoms for mice expressing the
mutants G93A and L1267 and, at least in the case of L126Z,
spinal cord inclusions contain both wild-type and mutant
SOD1 (15, 23, 29, 37). However, this is not the case for mice
expressing G85R, which show no difference in disease onset
and progression compared to their counterparts co-expressing
wild-type SOD1 (15). The reasons behind this difference be-
tween the mutants are unclear. Two possible factors are un-
likely to play a role: (a) stability, since A4V and G85R have the
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same half-life in cultured human lymphoblasts (14), and (b)
heterodomerization between wild-type and mutants SOD1,
since neither G85R nor truncation mutants like 1L.126Z form
heterodimers with wild-type SOD1 (13, 39). It would be in-
teresting to examine if the inclusions in the motor neurons of
the G85R/wild-type heterozygous mice contain both forms
of human SOD1. In general, wild-type SOD1 is more likely to
exacerbate the symptoms and outcome of disease in fALS-
transgenic mice, and co-aggregation in inclusions may well
be the reason behind this behavior. These differences indi-
cate that transgenic mice homozygous for specific mutants
do not necessarily reflect aggregation trends and hence,
disease mechanisms, observed in fALS patients who are
usually heterozygous.

Wild-type SOD1 may also play a role in the etiology of
sporadic ALS, as suggested by the presence of misfolded
SOD1 in the spinal cord extracts of sALS patients (33). In a
clever approach, the authors used a conformation-sensitive
chemical probe to isolate the abnormally folded SODI1-
containing species with a molecular weight that is roughly
similar to that of dimeric SOD1. Whether this species con-
tains other protein components is unclear at this point. The
presence of a species with similar mobility has been noted in
fALS human, mice, and cell-culture extracts previously (61).
It is possible that the approach used by Gruzman et al. (33)
was highly successful in selectively stabilizing this species
observed by others previously. The novel aspect of these
findings is demonstrating the presence of a species containing
misfolded SOD1 in the spinals cords of sALS patients, thereby
suggesting that fALS and sALS may share common disease
mechanisms. Since animal models for sALS do not exist at this
point, these findings offer hope toward elucidation of certain
aspects of sALS disease mechanisms from the study of fALS
animal models.

SOD1: Structure, Folding and Stability

SODI1 is a major antioxidant enzyme found in cytosol, nu-
cleus, peroxisomes, and mitochondrial intermembrane spaces
in eukaryotic cells (67). In mice, SOD1 is selectively enriched
in a subset of neurons that include motor neurons in the
brainstem and spinal cord, within which it is also present in
the proximal portion of dendrites and in axonal compart-
ments (51). The human enzyme is a 32-KDa homodimer of a
153-residue polypeptide with one copper and one zinc bind-
ing in each monomeric subunit (Fig. 2). The copper ion in each
subunit is the center of enzymatic activity and generates hy-
drogen peroxide and molecular dioxygen from superoxide
dismutation by switching between cupric and cuprous states.
Zinc plays roles in maintaining catalytic activity over a wide
pH range and in stabilizing the structure of SOD1 (67). While
the mechanism of zinc acquisition by SOD1 in vivo is not
known, copper is inserted by CCS (copper chaperone for
SOD) concomitantly with the formation of an intrasubunit
disulfide bond (32). This may not be the only mechanism in
humans, since SOD1 in mammalian systems can acquire
copper via a CCS-independent mechanism (19).

The polypeptide backbone of SOD1 is folded into an eight-
stranded beta-barrel motif interspersed by loops of which two
are large and functionally important—the electrostatic loop
and the zinc loop. The beta-barrel fold is a fundamental
property of the polypeptide and can be observed even in the
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FIG. 2. Secondary structural representation of SOD1. A diagram showing the locations of fALS-associated mutations (A)
and the structure of a monomer of SOD1 (B) colored to match the drawing on the left. Copper ligands are shown in green and
zinc ligands shown in red. Copper and zinc ions are shown as green and gray spheres, respectively, and the intrasubunit
disulfide bond is shown in red. Point mutation, deletions, and insertions are indicated with a line, whereas mutations that
cause C-terminal truncations are shown as scissor cuts at the point of the stop codon [Reprinted by permission of Valentine
et al. (67)]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article at www liebertonline.com/ars).

absence of the metal cofactors or the disulfide bond (2). Dis-
ulfide formation and metal binding increase the strength of
intersubunit interactions in the dimer and provide structure to
loops, especially the electrostatic and zinc loops within each
subunit (2, 65). Residues in the electrostatic loop function to
guide the superoxide anion selectively to the copper ion. The
zinc loop contains the three histidine and an aspartate resi-
dues that coordinate zinc. One of these histidine residues is
simultaneously coordinated to the copper (in the cupric state)
through an imidazolate side chain, and together with three
other histidine residues, holds the copper in a distorted square
planar geometry (67). The details of SOD1 structure that
contribute to its unusually high activity and selectivity have
been reviewed elsewhere (11, 26, 28, 68). It is worth noting
that while all the residues that bind zinc belong to a con-
formationally flexible loop region, three of the four copper
ligands reside in beta-strands that are structured with or
without the presence of metals.

Biophysical studies conducted over the last three decades
illustrate an important aspect of SOD1 structure: the enor-
mous contribution of post-translational modifications to its
stability. The maturation of the human SOD1 polypeptide
consists of the following steps: N-terminal acetylation (com-
mon to most cytoplasmic proteins in eukaryotes), insertion of
copper and zinc ions and formation of a disulfide bond in each
subunit, and dimerization. These steps are unlikely to be
mutually independent in vivo; for instance, the oligomeric

state of SOD1 in vitro is dependent on the status of metallation
and the cysteine residues. Wild-type SOD1 is monomeric only
in the disulfide-reduced, metal-depleted (apo) state. Disulfide
bond formation in apo SOD1 or the binding of a single copper
or zinc ion in the disulfide-reduced state leads to dimer for-
mation (2, 25, 45). Similarly, the binding of copper and/or zinc
stabilizes the disulfide bond from reduction (25, 66). SOD1 is
an unusual example of a protein that is able to maintain a
disulfide bond in the reducing environment of the cytoplasm,
and the intrasubunit disulfide bond contributes to its enzy-
matic activity (32). Thus, by modulating the status of the
disulfide bond, the metal cofactors contribute to both the
enzymatic activity and structural integrity of SOD1.

The comparative stabilization of SOD1 structure offered by
each post-translational modification has been explored in
detail by differential scanning calorimetry (DSC). The com-
pletely unprocessed, disulfide-reduced, monomeric apopro-
tein melts in a single endotherm with a T, of 42°C (25, 31).
Formation of the intrasubunit disulfide bond leads to the
more stable dimeric form that exhibits a Ty, at 52°C (25, 31). In
contrast, the dimeric form of disulfide-reduced SOD1 ob-
tained by the binding of one zinc per dimer melts at 58°C (31).
This difference in melting temperature between the two forms
of dimeric SOD1 suggests that the binding of a single zinc to
the disulfide-reduced form generates a more stable dimer
than that obtained upon disulfide bond formation in apo
SOD1. Whether this occurs due to a stronger dimer interface
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or a tighter, better packed structural fold is unclear. The NMR
structure of the zinc-bound, disulfide-reduced dimer is re-
markably similar to that of disulfide-intact SOD1, except for a
higher degree of solvent exposure of the two cysteine residues
that form the disulfide bridge (5).

Zinc binding also increases the stability of the disulfide-
intact form of SOD1. The one zinc (per dimer) form yields a
thermogram showing two peaks at Ty,’s of 60°C and 75°C,
while the presence of the second zinc results in a similar DSC
profile with melting temperatures of 60°C and 78°C (Fig. 3)
(55). We believe that the presence of two peaks in the isotherm
of 1Zn-SOD1 can be explained in the following way. As the
1Zn-SOD1 dimer is heated, the apo subunit melts at 60°C. The
remaining zinc-bound subunit then self-associates to create
the 2Zn-SOD1 dimer, which, upon further heating, melts at
75°=78°C. Our interpretation is consistent with the presence
of a peak at 75°-78°C in the thermogram of the natively-
reconstituted 2Zn-SOD1 sample. However, the concomitant
presence of a peak at 60°C in this sample suggests that zinc
may dissociate from its native binding site in a fraction of the
SOD1 sample over the course of the heating period. More
importantly, these results suggest that the zinc-bound subunit
stabilizes the apo subunit in 1Zn-SOD1 that results in an in-
crease in its melting temperature from 52°C to 60°C. Thus, the
presence of zinc in one subunit results in stronger intersubunit
interactions compared to the apo dimer, most likely through a
tighter dimer interface (55). The ability of zinc to enhance
subunit affinity has also been noted in analytical centrifuga-
tion experiments that show that metallated SOD1 containing
2.9 equivalents of zinc and 0.6 equivalents of copper dissoci-
ates to monomers at 2.0-3.0 M guanidinium hydrochloride
(GdmCl), in comparison to apo SOD1 that dissociates over the
range of 0.5-1.0 M GdmCl (25).

In DSC experiments, an interesting change is observed in
the thermogram upon titrating zinc beyond two equivalents.
SOD1 bound to three zinc ions per dimer shows a single peak
with a Ty, of 80°C that increases to 82°C upon the binding of
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FIG. 3. DSC scans of apo and zinc derivatives of hSOD1
in phosphate buffer, pH 7.0, showing the transition from
two peaks when two or fewer equivalents of zinc are
bound to one peak when three or four equivalents of zinc
are bound per dimer [adapted from Potter et al. (55)].
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the fourth zinc (Fig. 3) (55). Classical experiments using UV-
visible spectroscopy with cobalt as a spectroscopic substitute
for zinc have shown that the third and fourth zinc species
likely go into the copper site at neutral pH (47, 69). Thus, the
occupancy of one or both of the copper sites results in the
thermogram displaying a single peak that suggests that
the dimeric protein now behaves like a monomeric, globular
protein. In other words, the occupancy of one or both of the
copper sites increases subunit affinity and the interactions in
the beta-barrel to a maximum whereby dimer SOD1 behaves
like a highly stable monomeric protein. Similar results are
observed for natively metallated Cu,Zn,SOD1 which also
melts in a single peak but at an astonishingly high tempera-
ture of 92°C (54). While many studies have shown that the
binding of zinc stabilizes SOD1 structure considerably, these
results suggest that copper also plays an important role in
strengthening SOD1 structure.

The remarkable stability of metallated (holo) SOD1 is
manifested in its ability to remain enzymatically active under
highly denaturing conditions, such as in 6 M GdmCl or 4%
SDS (8, 27). This behavior is likely due to the extreme resis-
tance of holo-SOD to unfold completely in the presence of
GdmCl, as observed by NMR (3). While metallated SOD1
shows signs of conformation changes at 0.5M GdmCl, un-
folding is achieved only at GAmCI concentrations of 3.5 M or
higher. The unfolded species has a residual globular structure
with a partly formed hydrophobic core that persists even at
8 M GdmCl, showing that even in highly denaturing conditions,
holo SOD1 never unfolds to a complete random coil confor-
mation. Apo SOD1 shows less resistance to GdmCl-induced
unfolding and adopts a similar conformation with residual
globular structure at 1 M GdmCl. In both cases, unfolding starts
in the loops that lie at the edges of the structure and proceeds to
the beta-strands that are at its core (3), explaining why metal
binding, disulfide formation, and dimerization, features that
provide structure to the many loops that connect beta strands,
dramatically increase the thermostability of SOD1.

The guanidinium-resistant globular structure observed in
unfolded SOD1 may well be the folding nucleus observed
during the folding of SOD1 in a cell-free translation system
(17). Using protease sensitivity assays, the authors showed
that SOD1 folds in at least two kinetically distinct steps that
have different levels of protease resistance. The structure that
forms the earliest is defined by resistance to low but not high
proteinase K concentrations and is followed by zinc or copper
binding, disulfide formation, and dimerization. Interestingly,
neither of these two states appear to require bound copper,
since the kinetics of their formation is unaffected by the
presence of a strong copper chelator (17).

FALS mutations have been found in nearly every loop and
beta-strand of SOD1 and in all key areas of SOD1 including
the metal-binding residues, the disulfide forming cysteines,
and the dimer interface. X-ray crystallography and NMR
studies have shown that most ALS-causing SOD1 mutants in
the disulfide-intact state adopt a beta-barrel structure very
similar to wild-type SOD1 (1, 6, 18, 35, 36). Because of the
large increase in stability upon binding copper and/or zinc, it
was thought earlier that all mutations lead to a destabilization
of the apo state and this may play a critical role in FALS by
enhancing the ability of SOD1 to aggregate (46). This hy-
pothesis, while attractive, was disputed in a study that looked
at the stability and conformation of a large number of fALS
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mutants in their apo state and found that several mutants
such as D125H, D101IN, and S134N had identical melting
temperatures to wild-type SOD1 and a couple of mutants,
H46R and D124V, exhibited higher melting temperatures
than wild-type SOD1. Other mutants such as the apo forms of
E100K and V7E, along with D101N, showed H/D exchange
kinetics very similar to that of apo wild-type, suggesting that
these mutants are very similar to wild-type SOD1 in their
global structure in solution (58). Of the mutants examined so
far, D101N remains a most striking example with its structure,
metallation, activity, solution state dynamics, and even sta-
bility in the disulfide-intact and disulfide-reduced apo states
almost identical to wild type SOD1, and yet, is able to cause
fALS in humans that express it.

The only consistent difference between wild-type SOD1
and mutants observed so far, including the wild-type-like
ones discussed above, has been in post-synthesis folding in
the cell-free translation system. The mutants appear to form
the initial folding nucleus characterized by low proteinase K
resistance at a slower rate (Fig. 4). They also show delayed
kinetics in achieving the next folded state characterized by
high proteinase K resistance, suggesting that the mutations
may cause aggregation by affecting the kinetic route to the
folded state, even for mutants that are of comparable stability
to wild-type SOD1 such as D101IN or E100K (17). Some mu-
tants such as G93A and A4V appear to be unstructured in the
apo, disulfide-reduced state (58) and emerging evidence in-
dicates that differences between mutant and wild-type SOD1
polypeptide in this unmodified state may play an important
role in SOD1 aggregation.

SOD1 Fibrillation: Role of the Disulfide Bond
and Metal Cofactors

Proteinaceous inclusions are a prominent feature of both
sporadic and familial ALS. In transgenic mice models of fALS,
the inclusions are among the earliest biophysical changes in
the spinal cord that form well before the onset of motor
neuron degeneration. Within motor neurons, these aggre-
gates are found in the cytoplasm of dendritic processes, react
positively to antibodies raised against SOD1, and have a fi-
brillar appearance, reminiscent of amyloid fibrils (10, 37).
Their dissolution from mouse spinal cord tissue requires the
presence of strong detergents. A detailed biophysical study on
detergent-solubilized proteinaceous aggregates from spinal
cords of transgenic mice for several fALS-SOD1 mutants has
revealed that these inclusions are primarily composed of full-
length, unmodified SOD1 (60). Taken together, these findings
suggest that the conversion of misfolded SOD1 into amyloid
fibrils precedes neurodegeneration and motor neuron death.
Although a precise relationship has not been firmly estab-
lished, the high degree of correlation between the formation of
fibrillar SOD1 aggregates and motor neuron degeneration
suggests that these phenomena may be causally related. Thus,
examining the factors that lead to the misfolding of soluble
SOD1 into insoluble amyloid fibrils may help us determine
the molecular events in motor neurons that trigger the cascade
of events leading their demise.

Soluble SOD1 can be converted to amyloid fibrils under a
variety of conditions. Most of these investigations were car-
ried out on an SOD1 mutant in which the two non-disulfide
cysteine residues at positions 6 and 111 were mutated to
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FIG. 4. The slower folding and dimerization kinetics for
fALS mutants compared to wild type SOD1, as shown by
proteinase K sensitivity. (A) Rates of protease resistance for
wild-type SOD1 and mutants A4V and E100G at low pro-
tease concentration, showing the folding rate of the initial
hydrophobic nucleus. (B) Rates of protease resistance for the
same proteins at high protease concentration, showing the
rate of formation of the dimeric form. Insets show the initial
time points [Reprinted by permission of Bruns et al. (17)].

alanine and serine, respectively. This mutant, known as AS-
wild-type (or AS-SOD1), has been shown to be remarkably
similar to wild-type SOD1 in its structure, stability, and metal-
binding properties (42, 52). The earliest reports used severely
destabilizing conditions that are unlikely to be encountered
in vivo such as extremely low pH, heat, or the presence of
trifluoroethanol (TFE), a hydrogen-bonding perturbant, to
induce fibrillation. For instance, AS-SOD1 formed fibrils upon
incubation at pH 3.5 over a period of months. However, when
ALS causing mutations H43R and A4V were introduced into
AS-SOD1, fibrils formed over a period of weeks (24). The
extreme low pH required for fibrillation is likely an indication
of SOD1 requiring the loss of bound copper and zinc before
forming amyloid fibrils under these conditions. Apo AS-
SOD1 and mutants G93A, G93R, A4V, and E100G (of AS-
SOD1), can also be induced to aggregate upon incubation at
high temperatures or in the presence of TFE at pH 5.4. In this
case, electron microscopy showed an assortment of structures,
including fibrillar species and amorphous granular aggre-
gates. An interesting correlation was observed between the
amount of TFE required to induce aggregation and the melt-
ing temperature of the apoproteins. The higher the T, of
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apoprotein, the higher was the fraction of TFE required to
induced aggregation, suggesting that destabilization of the
dimeric apoprotein is a prerequisite to aggregation in mutant
and wild-type AS-SOD1. Holo forms of these proteins, which
were fully metallated, could not be induced to aggregate
using these methods (64). The severe conditions required to
generate fibrillar structures in both of these studies illustrates
the “tightness” of the beta-barrel fold in dimeric SOD1, even in
the absence of bound copper and zinc.

Recent research focusing on the conversion of SOD1 into
amyloid-like forms has employed mild conditions that are
more physiologically accessible than those described above.
For instance, apo forms of wild-type SOD1 and mutants when
incubated aerobically at pH 7, form soluble oligomeric
structures that bind thioflavin T (ThT). ThT is an aromatic dye
that fluoresces strongly upon binding amyloid fibrils but can
also recognize beta-rich oligomers (9, 43). The soluble nature
of the apo SOD1 oligomers, attested to by a lack of turbidity,
suggests that these species are not fibrillar in nature. Since
oligomerization required the presence of the two nondisulfide
cysteines and was inhibited by reducing agents, the mecha-
nism likely involves oxidation of these cysteine residues to
form intermolecular disulfide crosslinks (4, 7). The mutants
approached a maximum in ThT fluorescence over a broad
timescale, from a period of hours to hundreds of days. Since
Cys6 and Cys111 are necessary for this reaction, the wide time
range is likely a reflection of their varying solvent accessibility
in the mutants. Because these residues are close to the dimer
interface, variations in their solvent accessibility among mu-
tants likely arise due to changes in subunit affinity in dimeric
SOD1, which can be affected by fALS mutations (44).

Apo SOD1 can be converted to insoluble amyloid fibrils at
pH 7 by the addition of reducing agents, as shown in a recent
paper by Furukawa ef al. (30). These experiments were per-
formed on N-terminally tagged SS-SOD1, where Cys6 and
Cys111 were mutated to serine. By further mutating Cys57
and Cys146, the cysteine residues involved in the intrasubunit
disulfide to serine, the SOD1 construct was capable of forming
amyloid fibrils in the absence of reducing agents. Since apo
SOD1 lacking a disulfide bond is monomeric, these experi-
ments led the authors to conclude that complete loss of all
post-translational modifications is a requirement for SOD1
fibrillation. Introducing additional mutations corresponding
to those observed in fALS did not always accelerate the for-
mation of fibrils, but the addition of zinc inhibited the process.
While these results represent the first successful attempt at
generating SOD1 fibrils in mild physiologically relevant
conditions and the reactions demonstrate many characteristic
features of amyloid fibrils as shown by atomic force micros-
copy, sigmoidal growth of ThT fluorescence, and an ability to
seed fibril growth in soluble SOD], a potential concern is the
large number of mutations, including Hiss and thrombin
recognition sequence, at the SOD1 N-terminus. Since the
N-terminus of SOD1 is at the dimer interface, the presence of
an extraneous sequence at this location may interfere in the
proper folding of SOD1 to the dimeric form and the non-
natively folded dimer may possess a unique ability to fibril-
late that is distinct from that in wild-type SOD1. This problem
could be exacerbated by the simultaneous mutation of all
four cysteine residues, which also reside close to the dimer
interface. Nevertheless, these results advance significantly our
understanding of conditions that promote SOD1 fibrillation.
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Investigations in our laboratory show that correctly folded
human wild-type SOD1 purified from S. cerevisae containing
all the post-translational modifications found in the human
protein, including the intrasubunit disulfide bond and the
N-terminal acetyl group, can be fibrillated in the apo state via
two mechanisms (20). Additional of 1M GdmCl generates
amyloid fibrils with a lag phase of ~40h. However, replacing
the guanidinium hydrochloride with reducing agents such as
50 mM DTT or 2 mM TCEP generates amyloid fibrils on a much
faster timescale with a lag time of ~2h (Fig. 5A and B). Since
apo SOD1 dissociates to monomers with an intact disulfide
bond in 1M GdmCl and to disulfide-reduced monomers in
DTT or TCEP, these results show that the reduction of the
disulfide bond is capable of inducing fibrillation, in agreement
with the results reported by Furukawa et al. (30). However, they
also suggest that reduction of the disulfide bond is not strictly
necessary for fibrillation but can vastly accelerate the process.

Although high concentrations of reducing agents such as
DTT and TCEP were capable of inducing rapid fibrillation in
apo SODI1, we found that even at vastly reduced concentra-
tions as low as 0.25 mM DTT, apo SOD1 could form amyloid
fibrils, albeit with somewhat longer lag times. Amyloid fibril
formation is proposed to occur by the formation of one or
more nuclei during the lag phase, which then recruit soluble
protein monomers or oligomers in the elongation phase to
generate mature fibrils (21). The ability of very low concen-
trations of reducing agents to promote fibrillation of apo
SOD1 suggested that a small amount of disulfide-reduced apo
SOD1 (SOD1%Y) could initiate the fibrillation of disulfide-
intact apo SOD1 (SODlS'S). Indeed, we find that the presence
of SOD1*" at 5% concentration is sufficient to initiate fibril-
lation of apo SOD1%? in the absence of reducing agents (Fig.
5C). Initiation requires the presence of Cys57 and Cys146, but
not Cys6 or Cyslll, suggesting that disulfide-reduced apo
SOD1 forms amyloid nuclei through intermolecular cross-
linking of Cys57 and Cys146. Elongation of the nuclei into
mature fibrils proceeds by the recruitment of disulfide-intact
forms of SOD1 through noncovalent interactions, as shown by
the dissociation of fibrils into monomers in the presence of
denaturants such as 7 M GdmCl or 0.5% SDS. The dissolution
of SODI1 fibrils without requiring the presence of reducing
agents suggests that intermolecular disulfide crosslinking is
not involved in elongation.

The ability of apo SOD1 to form amyloid fibrils under a
variety of conditions as observed by us and other groups
prompted us to investigate if metal binding was capable of
protecting SOD1 from fibrillation. In our hands, SOD1" was
capable of initiating fibrillation when added to zinc-bound
but not copper-bound SOD1, showing that copper but not
zinc can protect SOD1 from being recruited by amyloid nu-
clei. The ability of 1Zn-SOD1 to be efficiently recruited was
particularly surprising given the increased stability in both
the zinc-bound and apo subunits of this heterodimer (55).
These results are in contrast to the findings by Furukawa et al.
(30) who show that the addition of up to one equivalent of zinc
inhibits SOD1 fibrillation. We propose that part of the inhi-
bition may have arisen from some of the added zinc binding at
the copper site. For unknown reasons, both copper and zinc
binding sites show the highest fidelity for their respective
metal ligands at pH 5.5 (50), and at pH 7, added zinc migrates
to both zinc and copper binding sites (69). We have observed
that copper is able to protect SOD1 from being recruited by
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FIG. 5. Fibrillation of SOD1 is induced by mildly reducing
conditions or small amounts of disulfide-reduced, apo SOD1
protein. (A) Increase in TfT florescence indicates fibrillation
of 50 uM apo SOD1 in 10 mM potassium phosphate buffer,
pH 7.4, incubated with constant agitation at 37°C in 96-well
plates with 50 mM DTT (line 1, light gray), 1 M GdmHCI (line
2, medium gray), or no addition (line 3, black). (B) Electron
micrograph of SOD1 fibrils generated in the presence of
5mM DTT. (C) Disulfide-reduced SOD1 with free thiol
groups initiates fibrillation in the absence of reducing agent.
SOD1°5H and SOD1%® generated during the lag phase of a
fibrillation reaction in 5mM DTT were purified by HPLC,
either not treated or treated with N-ethylmaleimide (NEM)
to block free thiols, and added to fibrillation reactions
without reducing agent. Apo-SOD1 (47.5 uM) in phosphate
buffer was incubated with 2.5 uM of SOD1 in the following
forms: SOD1*°", O; SOD1%%, A; SOD1**"-4NEM, —; or
SOD1%°-2NEM, +. [Adapted and reprinted by permission of
Chattopadhyay et al. (20)].

amyloid nuclei in the presence or absence of bound zinc. Thus,
the catalytically active metal cofactor of SOD1 may also play a
critical role in stabilizing SOD1 against fibrillation in vivo.
SOD1 aggregates obtained from the spinal cords of fALS
transgenic mice are deficient in copper, further supporting the
physiological significance of our findings (39).

CHATTOPADHYAY AND VALENTINE

Because of the large number of fALS-linked mutations that
are distributed over the entire length of SOD1 polypeptide, we
think that the ability to misfold into an amyloid form under
physiologically accessible conditions represents a fundamental
property of this protein and have consequently conducted
most of our investigations on human wild-type SOD1. Al-
though wild-type SOD1 has been shown to be present in the
spinal cord inclusions of sALS patients, mutations in SOD1 are
required to cause fALS in both human patients and transgenic
animal models. In vitro studies have shown that the in-
trasubunit disulfide bond in FALS-SOD1 mutants is more
susceptible to reduction than that in wild-type SOD1 and thus
is more likely to be cleaved under the reducing conditions
prevalent in vivo (66). Disulfide-reduced SOD1 has indeed been
detected in spinal cord extracts of transgenic mice expressing
fALS-SOD1 mutants well before they reach terminal stages of
the disease (76). This finding may be relevant to SOD1 fibril-
lation in vivo as we have found that small amounts of apo-
G93A%H, apoG37R*M, and apo-D101N** are capable of ini-
tiating fibrillation of wild-type SOD1 in the absence of reducing
agents (20). This process may represent a mechanism by which
coexpression of wild-type SOD1 hastens the onset and dura-
tion of disease in transgenic mice expressing fALS-SOD1 mu-
tants (23, 37). It may be particularly important for unstable
mutants such as L126Z or A4V that have low steady-state
concentrations in vivo, and might require wild-type protein to
sustain fibril growth, but it could also occur with more stable
mutants in which wild-type and mutant proteins are present in
approximately equal amounts.

In summary, the conversion of soluble SOD1 into amyloid
fibrils can be separated mechanistically into initiation of fibril
formation and elongation of the initiating species by virtue of
their distinct requirements. Whereas disulfide-reduced apo
SOD1 is highly efficient at initiating this process, fibrillation
can be sustained by disulfide-intact, partially metallated
forms of SOD1. These findings can have unexpected impli-
cations in the mechanism of the disease process. For instance,
although the disulfide-reduced, metal-free form of SOD1 is
unstable and may easily be degraded in vivo, a low steady-
state concentration of the disulfide-reduced, metal-free form
of SOD1 may be enough for fibrillation to be started in various
parts of the motor neuron. Once started, copper incorporation
appears to be the only step in its maturation pathway that can
protect SOD1 from being recruited into fibrils. This is a
troublesome implication since eukaryotic cells such as human
lymphoblasts have been shown to have a “pool” of partially
mature, copper-free SOD1 that is ready to be converted to the
enzymatically-active form during periods of high oxidative
stress (53). While this phenomenon has not been demon-
strated for motor neurons, one can expect it to be equally
applicable, particularly in light of their higher consumption of
oxygen. It remains to be determined if the culprit for motor
neuron death is the initiating species and fibrils represent a
mechanism by which toxic SOD1 species are sequestered for
the benefit of motor neurons.

Future Perspectives

Fibrillar protein aggregates that are intracellular (inclu-
sions) or extracellular (plaques) are a hallmark of many neu-
rodegenerative diseases. Their role in these diseases is
puzzling, since there is no clear correlation between their
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relative abundance and the extent of neurodegeneration. This
paradox is apparent in ALS as well (71, 73). In most cases,
symptoms appear in the ALS transgenic mice before SOD1
inclusions can be detected in their spinal cord. Interestingly,
multiple studies have shown the presence of misfolded and
oligomeric SOD1 before the onset of symptoms, suggesting
that it is these species that may play a more direct role in the
disease process. A hypothesis that has gained considerable
acceptance in the area of amyloid-related neurodegeneration
proposes that the toxic species responsible for cell death are
protein oligomers and the build-up of amyloid fibrils repre-
sent a mechanism by which the soluble oligomeric species are
sequestered into less harmful (often insoluble) forms. Emer-
ging research into the pathways of fibrillar aggregation of
SOD1 along with the existence of ALS transgenic mice may
now allow us to examine the relevance of this hypothesis in
the etiology of ALS.

Our recent work suggests that separate biophysical changes
may be responsible for initiating SOD1 fibril formation and
sustaining the process, raising the possibility that these two
phenomena may have different contributions to disease
mechanisms in ALS. As we explore the in vitro aggregation
pathways of SOD1 mutants, alone or in combination with wild-
type protein, we may discover differences in either initiation or
elongation in specific mutants. By following up these studies in
the mouse system, it may be possible to gain insight into the
etiological relevance of these differences, for example, their
effect on the onset and progression of disease in humans.

The facts that (a) both initiation and elongation of fibrils are
processes that occur readily with wild-type protein, and that
(b) familial and sporadic ALS in humans are so strikingly
similar in phenotype make it tempting to speculate that wild-
type SOD1 is involved in sporadic ALS. A possible involve-
ment of wild-type SOD1 is suggested by three lines of evidence:
(a) The amyloid fibril structure is accessible to wild-type SOD1
under conditions that resemble those found in vivo (20); (b)
soluble proteinaceous species containing misfolded SOD1 are
present in the spinal cords of sALS patients (33); and (c) the co-
expression of wild-type SOD1 in transgenic mice along with
ALS mutant SOD1 exacerbates the disease outcome (23, 37).

To answer this question fully, the molecular composition of
spinal cord inclusions from sALS patients, specifically, the
relative abundance of SOD1 in these inclusions needs to be
determined. Then, it will be important to determine whether it
is the initiating species, the intermediates on the pathway to
mature fibrils, or the fibrils themselves, that, directly or indi-
rectly, trigger a cascade of events that ultimately leads to
motor neuron death.
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