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Protein aggregation is a hallmark of many diseases, including
amyotrophic lateral sclerosis (ALS), where aggregation of Cu/Zn
superoxide dismutase (SOD1) is implicated in causing neurodegeneration. Recent studies have suggested that destabilization and
aggregation of the most immature form of SOD1, the disulfidereduced, unmetallated (apo) protein is particularly important in
causing ALS. We report herein in depth analyses of the effects
of chemically and structurally diverse ALS-associated mutations
on the stability and aggregation of reduced apo SOD1. In contrast
with previous studies, we find that various reduced apo SOD1 mutants undergo highly reversible thermal denaturation with little
aggregation, enabling quantitative thermodynamic stability analyses. In the absence of ALS-associated mutations, reduced apo
SOD1 is marginally stable but predominantly folded. Mutations
generally result in slight decreases to substantial increases in the
fraction of unfolded protein. Calorimetry, ultracentrifugation,
and light scattering show that all mutations enhance aggregation
propensity, with the effects varying widely, from subtle increases
in most cases, to pronounced formation of 40–100 nm soluble
aggregates by A4V, a mutation that is associated with particularly
short disease duration. Interestingly, although there is a correlation
between observed aggregation and stability, there is minimal to no
correlation between observed aggregation, predicted aggregation
propensity, and disease characteristics. These findings suggest that
reduced apo SOD1 does not play a dominant role in modulating
disease. Rather, additional and/or multiple forms of SOD1 and
additional biophysical and biological factors are needed to account
for the toxicity of mutant SOD1 in ALS.
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utations in Cu,Zn superoxide dismutase (SOD1) cause
familial amyotrophic lateral sclerosis (fALS), a devastating and invariably fatal neurodegenerative disease. Although
accounting for only a small percentage of all ALS cases, SOD1
mutations represent one of the main known causes of the disease.
The similar symptoms and pathology of familial and sporadic
ALS suggest common disease mechanisms and the potential
for related therapeutic strategies (1–3). The mechanisms by
which mutant SOD1 causes ALS are not known; however, extensive evidence supports a toxic gain of function due to increased
aggregation of mutant protein. Misfolding and aggregation of
diverse proteins are observed in numerous diseases, including
other neurodegenerative diseases such as Alzheimer’s, Huntington, and prion diseases (1, 2). Amyloid is a type of aggregate
structure formed by many disease-associated proteins, and perhaps by all proteins, often under destabilizing conditions (4).
Although there has been some controversy concerning the amyloid-like nature of large insoluble aggregates in mutant SOD1
mice models of ALS, amyloid aggregates are not observed in
ALS patients (5–7). Here, we characterize the formation of small,
soluble, nonamyloid aggregates by mutant SOD1.
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In its mature form, SOD1 is a highly stable, homodimeric protein, with each subunit binding one catalytic copper ion and one
structural zinc ion, and containing one intramolecular disulfide
bond as well as two nonconserved free cysteines (Fig. S1A).
Numerous in vivo and in vitro studies have shown that various immature, destabilized forms of SOD1 are prone to aggregate, and
this is often enhanced by disease-associated mutations (8–16).
Recently, attention has focused on aggregation of the most immature form of SOD1, in which the disulfide bond is reduced and no
metals are bound (reduced apo). Studies of various mutant-SOD1
ALS mice models have shown that small, soluble, misfolded forms
of reduced apo SOD1 are enriched in the spinal cord and may be
the common cytotoxic species that cause ALS (17, 18). In addition, cell culture studies suggest that ALS-associated mutations
can promote disulfide bond reduction and metal loss (19). Relatively little is known, though, about the properties of reduced
apo SOD1, and how mutations affect these properties. In vitro
studies have shown that agitation and/or oxidation of reduced
apo SOD1 results in the formation of large, insoluble, amyloid
aggregates (8, 10). However, the relevance of amyloid formation
to ALS is questionable, and recent studies of mutant-SOD1 mice
models have shown that formation of aberrant intermolecular
disulfide bonds and large insoluble aggregates by SOD1 becomes
pronounced only in the final, symptomatic stages of disease (13).
There is also extensive evidence that smaller, soluble aggregates
are particularly neurotoxic (2). Thus, it is of central importance to
elucidate the properties of reduced apo SOD1s, and how these
may relate to pathogenic mechanisms.
We report here in depth analyses of the effects of chemically
and structurally diverse ALS-associated mutations on the stability
and aggregation of reduced apo SOD1, under physiologically
relevant quiescent, reducing conditions. The mutations are predominantly destabilizing, causing marked changes in the fraction of
protein that is unfolded and increasing the propensity of the protein to form soluble aggregates. However, the formation of these
aggregates is not well correlated with disease duration. Although
the results suggest that aggregation of reduced apo SOD1 may
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Fig. 1. Reversible thermal unfolding of reduced apo pWT SOD1. (A) DSC
scans of pWT SOD1 in the reduced apo form in 20 mM Hepes, 1 mM TCEP,
pH 7.4 and the disulfide-intact apo and holo forms in 20 mM Hepes, pH 7.8.
The dashed black line indicates physiological temperature. (B) Consecutive
thermal unfolding traces of disulfide-intact apo pWT SOD1 in which the sample was heated (solid black line), cooled and heated again (dashed gray line).
(C) Change in apparent t m of apo SOD1 in the disulfide-oxidized (light shaded
bars) and the disulfide-reduced form (dark shaded bars). (D) Fraction of
unfolded reduced apo mutant SOD1 at 37 °C, calculated from thermodynamic parameters (Table 1 and SI Text).

The unfolding data for pWT are well fit using a two-state monomer unfolding model (Table 1 and SI Text), with an average van’t
Hoff to calorimetric enthalpy ratio (ΔH vH ∕ΔH cal ) of 1.1  0.2
(Table 1 and Table S1), further confirming the applicability of the
two-state monomer model (30). Similar fits are obtained for WT
(Fig. 2E, Table 1, and Table S1).
Calculation of the temperature dependence of stability requires
knowledge of the change in heat capacity upon unfolding, ΔCp
(SI Text), which was determined by Kirchoff analysis (31) to be
1.1  0.1 kcal mol−1 °C−1 for reduced apo pWT (Fig. S2 B and C).
This value is relatively low compared to that expected for a protein
of this size, ∼2 kcal mol−1 °C−1 (32, 33), suggesting that the reduced
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Fig. 2. Reversibility and data fitting of reduced apo mutants. The dashed black
line indicates physiological temperature. (A) Consecutive thermal unfolding
endotherms of reduced apo mutants with low unfolding reversibility and (B) with
high unfolding reversibility (scan 1—solid black line; rescan—large dashed gray
line). (C) DSC data fitting of the reduced apo mutants and pWT. Typical thermograms (solid black lines) with corresponding two-state monomer fits (small
dashed gray lines) are shown. (D) Consecutive thermal unfolding endotherms
of WT and wtH46R (scan 1—solid black line; rescan—large dashed gray line).
(E) DSC data fitting of WTand wtH46R SOD1. Thermograms (solid black lines) with
corresponding two-state monomer fits (small dashed gray lines) are shown.
In each panel, the datasets are offset for clarity.
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ing is a prerequisite for thermodynamic analysis, which has not
been reported previously for reduced apo SOD1. In previous studies, we showed that disulfide-oxidized apo and holo pWT SOD1
thermally unfold with high reversibility according to a two-state
dimer unfolding mechanism (15); however, reduction or mutation of the disulfide bond in apo SOD1 greatly weakens the dimer
interface (26, 28, 29). Measurements of thermal unfolding for
reduced apo pWT are consistent with a monomer unfolding transition, showing no systematic shift in tm;app over ∼20-fold range in
protein concentration (7–152 μM, 0.1–2.4 mg mL−1 ) (Fig. S2A).
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Transition and Is Predominantly Folded. High reversibility of unfold-
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measured by differential scanning calorimetry (DSC) (Figs. 1 A
and B, 2D, and Table S1), which shows that the temperature of
maximum heat capacity (Cp ), tm;app , is ∼48 °C for both constructs.
The tm;app for reduced apo SOD1 is markedly lower compared
to those for the more mature disulfide-oxidized apo and holo
forms (Fig. 1A) (15, 16). However, despite being significantly less
stable, reduced apo pWT thermally unfolds with high reversibility, typically ∼95% (Fig. 1B), comparable to the reversibility for
disulfide-oxidized forms of SOD1 (15, 23, 24). The reversibility
for the WT (Fig. 2D) is somewhat lower, at ∼75%, likely due
to the presence of the free thiols that have been shown previously
to decrease reversibility due to the formation of aberrant disulfide bonds (27). To minimize inaccuracies due to irreversibility,
pWT was used for most of the further analyses.
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In the Absence of ALS-Associated Mutations, Reduced apo SOD1
Unfolds with High Reversibility at Well Above Physiological Temperature. The stability of reduced apo pWT and WT SOD1 were
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Results
For most experiments herein, we employed a well-established
pseudo WT (pWT) construct in order to facilitate measurements
of stability and aggregation of reduced apo SOD1s and avoid complications caused by aberrant disulfide bond formation (8, 14–16,
20–22). In pWT, the nonconserved free cysteines at residues 6 and
111 are replaced by alanine and serine, respectively, whereas the
highly conserved cysteines at residues 57 and 146 are retained
(Fig. S1A). Cysteines 57 and 146 form a disulfide bond in mature
forms of SOD1 but are reduced in the current study. pWT is a
suitable background because its activity, structure, and stability
are extremely similar to wild type, and use of this background
formerly enabled thermodynamic stability analyses for disulfideoxidized holo and apo SOD1s (15, 16, 23, 24). In various in vivo
and in vitro studies, the free cysteines are frequently but not
always observed to form aberrant disulfide bonds in aggregates,
and they have been suggested to also play subtle roles in modulating noncovalent interactions during aggregation (8, 9, 11–14, 25).
These effects were controlled for here by analyzing the properties
of mutations relative to the pWT background in the absence of
disulfide bond formation. In addition, we conducted some experiments using the WT background containing cysteines 6 and 111;
the results obtained are consistent with those obtained using pWT.
All experiments on reduced apo SOD1s were conducted
under physiologically relevant conditions of pH (20 mM Hepes,
pH 7.4) and protein concentration (∼30–60 μM monomer,
0.5–1.0 mg mL−1 ) (11, 26), under reducing conditions [1 mM
Tris(2-carboxyethyl)phosphine (TCEP)], with no agitation and
sample incubation under anaerobic conditions. The reduced status of the protein throughout all experiments was confirmed
by iodoacetamide modification of the reduced cysteines followed
by SDS-PAGE (Fig. S1B) (11).
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tion of reduced apo mutants as the dominant determinant of ALS
severity. Rather, multiple immature or aberrant forms of SOD1
are implicated in playing important roles in modulating disease.

Table 1. Summary of thermodynamic parameters for reduced apo SOD1s
apo reduced SOD*
pWT
H46R
V148I
G85R
E100G
WT
wtH46R

tm ,
°C
47.6
52.6
51.0
40.7
33.2
46.8
52.7

±
±
±
±
±
±
±

0.5
0.5
1.1
0.4
1.2
0.4
2.5

ΔHvH ,
kcal mol−1

ΔHvH ∕ΔHcal

50.5
56.1
58.4
46.9
47.3
57.2
57.4

1.14
0.95
0.93
1.06
1.27
1.49
0.76

±
±
±
±
±
±
±

1.6
4.2
2.6
1.8
2.0
1.1
5.4

±
±
±
±
±
±
±

0.15
0.08
0.04
0.36
0.06
0.27
0.22

ΔC p ,
kcal mol−1 °C−1
0.72
−0.42
−2.62
−0.11
0.79
1.01
−1.59

±
±
±
±
±
±
±

0.57
0.84
1.19
0.34
0.32
0.67
3.18

ΔG,†,‡,
25 °C, kcal mol−1
3.5
4.9
3.6
2.1
1.0
3.0
3.8

±
±
±
±
±
±
±

0.1 4.0 ± 0.2
0.1 5.1 ± 0.1
0.1
0.1
0.1
0.0
0.5

ΔG,†
37 °C, kcal mol−1
1.8
3.1
2.2
0.6
−0.6
1.6
2.4

±
±
±
±
±
±
±

0.1
0.1
0.0
0.0
0.2
0.0
0.4

ΔΔG,§
37 °C, kcal mol−1
N/A
+1.3
+0.4
−1.2
−2.4
N/A
+0.8

N/A, not applicable.
All values are averages and standard deviations from at least three samples (Table S1), excluding WT and V148I, which are averaged over two samples.
*All mutants are in the pWT background unless otherwise specified.
†
Values are calculated using the thermodynamic parameters obtained from the monomer two-state model and a temperature independent ΔC p of 1.1 
0.1 kcal mol−1 °C−1 (Fig. 2 B and C).
‡
Values in italics are from monomer two-state unfolding fits of equilibrium urea chemical denaturation curves (Fig. S2 D and E).
§
ΔΔG ¼ ΔGðmutantÞ -ΔGðpWTÞ .

apo monomer may be less structured than a typical globular protein.
The Gibbs free energy of unfolding, ΔG, calculated from the thermodynamic parameters is 3.5  0.1 and 1.8  0.1 kcal mol−1 at
25 °C and 37 °C, respectively (Table 1). Similar values were obtained
for WT and are given in Table 1.
An independent measure of ΔG was obtained for pWT using
CD-monitored equilibrium urea chemical denaturation and renaturation curves (Fig. S2 D and E and Table 1). These data are also
well fit by a two-state monomer unfolding transition, giving a ΔG
of 4.0  0.2 kcal mol−1 at 25 °C, which is in reasonable agreement
with the value obtained by DSC, and previous chemical denaturation experiments for reduced apo WT at pH 6.3 (29).
Knowledge of ΔG enables calculation of the fraction of protein
that is unfolded, f U (SI Text). For pWT at 37 °C, f U is ∼0.05
(Fig. 1D), showing that the protein is predominantly (95%)
folded. However, owing to the relatively low value of ΔG, f U is
very sensitive to small perturbations in stability caused by mutation, as described below.
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DSC Reveals Complex Effects of ALS-Associated Mutations on the
Stability and Aggregation Propensity of Reduced apo SOD1. The

effects of chemically and structurally diverse ALS-associated
SOD1 mutations on both the disulfide-oxidized and reduced apo
forms of the protein were also analyzed by DSC. The mutations
include A4V, T and S, and V148I, located in the dimer interface;
G37R and H43R, affecting the packing of residues in the beta
barrel; metal binding mutants H46R and G85R; G93R, S, A,
and D at a mutational hot-spot within a tight turn; and E100G
located at the end of strand 6, which eliminates a salt bridge
with K30 (Fig. S1A). All of the mutants produced measurable
thermograms (Fig. 2 A and B and Table S2), except G93D.
Based on lower tm;app values, the mutants are generally destabilized relative to pWT, except for H46R and V148I, which have
slightly increased stabilities (Fig. 1C and Table S2). Furthermore,
in the reduced apo form all mutants except H46R, V148I, and
G85R have tm;app values at or below 37 °C (Table S2). This is in
contrast to the more mature disulfide-oxidized apo form where
the mutants all have tm;app values significantly higher than 37 °C
(15, 24). Although it is difficult to directly compare the effects
of the mutations on the thermodynamic stability of the oxidized
to the reduced apo forms due to the change in quaternary structure, it is noteworthy that the changes in melting temperature are
larger in the reduced apo form compared to the oxidized apo
form (Fig. 1C and Table S2). Similarly, the effects of mutations
in nonmetal binding mutants are larger in the oxidized apo forms
than in the holo (metallated) forms (15), suggesting that the
effects of mutations in SOD1 tend to propagate more as the protein becomes increasingly destabilized and folding becomes less
cooperative. Overall, the propensity of most reduced apo SOD1s
to misfold/aggregate is evident from the decreased reversibility
2212 ∣
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of thermal unfolding traces (Fig. 2A), which is generally most
pronounced in the significantly destabilized mutants.
Nevertheless, the reversibility of thermal unfolding is remarkably high for several mutants: H46R, V148I, G85R, and E100G,
enabling thermodynamic analysis using the two-state monomer
unfolding model (Fig. 2 B and C, Table 1, and Table S1). Similar
results were also obtained for H46R in the WT background
(Fig. 2 D and E, Table 1, and Table S1). The stability of pWT and
H46R was also measured using chemical denaturation, again
giving results consistent with those obtained by DSC (Fig. S2 D
and E and Table 1). Using the fitted thermodynamic parameters,
f U at 37 °C is calculated to be 0.05, 0.007, 0.03, 0.28, and 0.71
for pWT, H46R, V148I, G85R, and E100G, respectively (Fig. 1D
and SI Text). Thus, at physiological temperature the slightly stabilizing H46R and V148I mutants are predominantly folded (in fact,
more so than pWT), but the proportion of unfolded protein is markedly increased for the other destabilizing mutants, with E100G
being more unfolded than folded. This differs significantly from
the effects of the mutations in the disulfide-oxidized apo form where
the proteins remain very predominantly folded (Table S2) (24).
Although the thermal unfolding of these reduced apo SOD1s is
highly reversible, there is some evidence in the DSC fitted parameters
for increased aggregation propensity (15). H46R, G85R, and V148I
have relatively low, mostly negative, fitted ΔCp s, with average values
of −0.42  0.84, −2.62  1.19, and −0.11  0.34 kcal mol−1 °C−1 ,
respectively (Table 1). The negative average ΔCp s for H46R and
V148I is pronounced and consistent, suggesting the occurrence
of exothermic aggregation as these mutants thermally unfold (15).
In contrast, E100G does not exhibit unusually low ΔCp values; however, the ΔH vH ∕ΔH cal ratios tend to be larger than 1 (1.3  0.1
on average), suggesting a larger cooperative unfolding unit, i.e., presence of aggregates (34). Overall, the DSC data are suggestive of
subtle increases in aggregation of all mutant SOD1s.
Analytical Ultracentrifugation Shows That Reduced apo SOD1s Are
Predominantly Monomeric, and Mutations Slightly Increase Protein–
Protein Interactions. In order to further investigate the tendency

of reduced apo SOD1s to aggregate, analytical ultracentrifugation
(AUC) sedimentation velocity and equilibrium experiments were
performed (SI Text). Sedimentation velocity experiments can assess
sample heterogeneity with high sensitivity. Analysis of the velocity
data for pWTand H43R revealed species with sedimentation coefficients of 1.5–2 S (Fig. S3), very similar to the values reported
previously for reduced apo WT SOD1 (28). The plots of boundary
fraction versus sedimentation coefficient show only a modest slope,
indicating no significant population of dimers or larger aggregated
species for either pWT or H43R in these experiments.
Sedimentation equilibrium experiments at several rotor speeds
(20,000, 25,000, 30,000, and 35,000 rpm) were also performed to
analyze the molecular weights (MWs) of the species present in
solution. Fitting of the equilibrium data for pWT, H43R, A4V,
Vassall et al.

Light Scattering Reveals Marked Differences in Aggregation of
Mutants upon Prolonged Incubation. Dynamic light scattering (DLS)
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was used to monitor the size of particles in solution upon incubating
samples at 37 °C (Fig. 3 and Figs. S4 and S5A). It is important to
note that light scattering intensity is proportional to the sixth power
of the diameter of the scattering particle; thus this technique is
extremely sensitive to aggregate formation (35). DLS analyses
showed that all reduced apo SOD1 solutions were initially monodisperse, with a single species of hydrodynamic diameter ∼5–6 nm. This
diameter is intermediate between those expected for a protein the
size of SOD1 in the fully folded and unfolded states (36), consistent
with the relatively low ΔCp (see above), and suggesting that the
folded reduced apo SOD1 may have an expanded structure.
Upon prolonged incubation, gradual formation of small amounts
of soluble aggregates was observed, with distinct differences between
mutants (Fig. 3 and Figs. S4 and S5). At one extreme, H46R and
V148I show only very slight evidence for aggregation, with more than
99% of the protein remaining as reduced monomers after ∼300 h of
incubation (Fig. 3D and S4D). In contrast, A4Vand H43R show the
most pronounced evidence of soluble aggregates species (Fig. 3 C
and F). A4V forms aggregates with hydrodynamic diameters of

Fig. 3. Particle size distributions for reduced apo pWT and mutants at 37 °C,
pH 7.4 measured by dynamic light scattering over time, as indicated in hours (H).

Vassall et al.

40–60 nm within ∼15 h of incubation, and these approximately double in diameter and increase in abundance over ∼2 weeks. H43R
forms 100–1,000 nm species within ∼60 h, which also increase in
abundance with time. For both mutants, at long incubation times
the larger species dominate the scattering and the soluble monomers
can no longer be observed. However, the total intensity of scattered light continues to increase, indicating continued aggregation (Fig. S5B). In general, the extent of aggregation of different
mutants, as shown by the prominence of large species in the size
distributions (Fig. 3 and Figs. S4 and S5A), is consistent with the
extent of aggregation as indicated by total light scattering intensity
(Fig. S5 B–D). Both observations give similar indications of the
relative aggregation propensities of different mutants. It should
be noted, however, that lack of observation of the monomer peak
does not indicate a predominantly aggregated sample. If one considers a hypothetical mixture containing only 5- and 50-nm species,
due to the dependence of light scattering intensity on the sixth power
of the diameter, when 99% of the intensity arises from the 50-nm
species, this species will account for only 0.1% by mass of the total
protein in solution (35). Therefore, the DLS data indicate only
slight to moderate formation of soluble aggregates by reduced apo
SOD1 variants, consistent with the DSC and centrifugation data.
Discussion
The biophysical analyses conducted here show that ALS-associated
mutations have the most pronounced effects on stability in the
reduced apo form of SOD1 and enhance the formation of soluble
aggregates. These represent unique in-depth analyses of reduced
apo SOD1 stability and aggregation, and they have important implications for understanding mechanisms of SOD1 aggregation that
may be involved in ALS, considered further below.
In the Absence of ALS-Associated Mutations, Reduced apo SOD1 Is
Predominantly Folded and Has Low Aggregation Propensity Under
Physiologically Relevant Conditions. The unfolding of pWT measured

here by DSC and chemical denaturation is well fit by a reversible
two-state monomer unfolding transition, based on multiple DSC and
chemical denaturation criteria (Fig. 2C, Fig. S2 D and E, and Table 1),
and comparable results are obtained by DSC for WT (Fig. 2E and
Table 1). These results reveal that the ΔG of unfolding for reduced
apo SOD1 at 37 °C, which has not been reported previously, is
1.8  0.1 kcal mol−1 for pWT and 1.6  0.0 kcal mol−1 for WT.
Thus, at physiological temperature and pH, the protein is predominantly folded and shows very little tendency to aggregate.
The very minimal aggregation observed here for monomeric
reduced apo pWTand WT is particularly noteworthy given that previous studies have reported monomerization and loss of metals
greatly enhance, or are required for, aggregation (8, 37). Moreover,
several studies have reported observations of amyloid formation by
apo SOD1 in which the intramolecular disulfide bond was reduced
or removed by mutagenesis (8, 10, 14). A key difference between
these and the current studies is their use of agitation rather than
quiescent solution conditions. It is well established that agitation
promotes the aggregation of many proteins, often as amyloid
(8, 38, 39). This is not well understood but likely involves interface
effects and perhaps also accelerated oxidation of free thiols.
The relevance of the formation of amyloid aggregates in previous studies of reduced apo SOD1 to ALS disease mechanisms is
not clear. Other forms of SOD1 have also been shown previously
to form amyloid under destabilizing conditions caused by denaturant, sonication, trifluoroethanol, or low pH (8, 14, 20, 40), and
formation of intermolecular disulfide bonds (25). In contrast,
other studies under less extreme conditions have also reported
evidence for distinct aggregation processes from native-like states
(41–43). Protein aggregation is generally strongly dependent on
solution conditions, and many destabilizing and often nonphysiological conditions can result in the formation of amyloid. In this
regard, it should be noted that the amyloid-specific characteristic
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and E100G to a single species model gave highly reproducible
results (Table S3). For the pWT protein, the fitted MW at lower
rotor speeds is generally close to 15 kDa, just under the calculated
mass of ∼15.8 kDa. In contrast to the pWT, the fitted MWs for
the A4Vand E100G mutants are intermediate between monomer
and dimer, whereas fits for the mutant H43R tend to give values
closer to what would be expected for a dimer. Additionally, fitted
MW values for all mutants markedly decrease with increased
rotor speed (Table S3). These results clearly indicate increased
intermolecular association of the mutant proteins. Attempts to
fit the data to two-state models for monomer/dimer, monomer/
trimer, and monomer/tetramer transitions gave poor fits with
nonrandom residuals, indicating that the association is likely
more complex than a simple two-state process. Overall, the sedimentation equilibrium data indicate that the pWT protein
remains predominantly monomeric during the lengthy period
required for these studies, but that the mutants have an increased
tendency to form small aggregated species. These findings are
consistent with the results of the DSC experiments.

ALS-Associated Mutations Have Complex Effects on Stability and
Aggregation. Under the physiologically relevant conditions used

herein, we were able to measure the effects of many chemically
and structurally diverse ALS-associated mutations on stability
and aggregation propensity. The effects on stability range from
slightly stabilizing to slightly or significantly destabilizing (Fig. 1C,
Table 1, and Table S2). Consistent with previous studies on apo
SOD1 where metal binding mutations had relatively small effects
on tm;app (44), the metal binding mutants H46R and G85R are
among the most stable mutants studied here. In the disulfideoxidized apo form, all the mutants have tm;app values well above
physiological temperature; however, in the reduced apo form,
most have tm;app values close to or lower than 37 °C, indicating
that they will be 50% or more unfolded at physiological temperature (Fig. 1D and Table S2). The observation that decreases in
melting temperatures tend to be largest in the reduced apo form
implies that substantial increases in the population of unfolded
conformations will also occur for many other mutants that have
been found to have decreased tm;app in the disulfide-oxidized apo
form (15, 24, 44). Thus, overall, many but not all ALS-associated
mutations are likely to significantly increase the population of
reduced apo unfolded monomers.
Regardless of stability, the DSC, AUC, and DLS experiments
indicate that the reduced apo mutants generally have increased
propensity to misfold/aggregate. In particular, DLS results indicate
that distinct sizes of small, soluble aggregates are observed for different mutants (Fig. 3 and Figs. S4 and S5A). Evidence for structural
polymorphism of SOD1 aggregates was also reported for agitationinduced aggregation (26). These findings are intriguing as variations
in aggregate structures may cause different disease phenotypes.
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Limited Correlations Between the Properties of Reduced apo Mutant
SOD1s and ALS Characteristics Implicate Multiple Forms of SOD1 in
Modulating Disease. Correlations between the properties of

mutant SOD1 and ALS disease characteristics have been sought
for many years and are critical for deciphering disease mechanisms. Previous studies have reported evidence for a weak inverse
correlation between oxidized apo SOD1 stability and ALS disease duration (45–47), which improves when global or local protein characteristics such as charge (48) or hydrogen bonding (45)
are considered. The results for V148I suggest that increased hydrophobicity of the exposed dimer interface may be another significant modulator of aggregation. A weak correlation is observed
between reduced apo mutant SOD1 stability and disease duration
(Fig. 4 and Fig. S6A), suggesting that the effects of the mutations
on the stability of reduced apo SOD1 do not play a more signifi2214 ∣

www.pnas.org/cgi/doi/10.1073/pnas.0913021108

cant role than their effects in oxidized apo in determining disease
duration. This implies that factors beyond stability, and multiple
forms of SOD1, are important in modulating disease duration.
There is a significant correlation (r ¼ 0.78, Fig. 4 and Fig. S6B)
between observed aggregation and mutant destabilization, consistent with results of general studies of protein aggregation. This
has also been observed for more mature forms of SOD1 that tend
to aggregate more readily when destabilized (10, 11, 15, 16). The
aggregation observed here is poorly correlated with nine different
aggregation prediction models (Fig. S6E and SI Text). The lack of
correlations may be because most of these prediction algorithms
were developed based on datasets of amyloid-forming proteins
and peptides. As noted above, amyloid formation may differ
significantly from the formation of the soluble, nonamyloid aggregates that are characterized here. There is also no significant
correlation between observed aggregation and ALS disease duration (Fig. 4 and Fig. S6C). Furthermore, the aggregation propensities of the SOD1 mutants predicted using the preceding methods
are also poorly correlated with disease duration (Fig. S6D).
Consideration of these correlations points to two key conclusions: Neither the association of reduced apo SOD1 mutants into
small soluble aggregates nor the predicted aggregation propensities of SOD1 mutants are able to account for fALS disease
duration. These key findings have two important implications:
(i) Multiple forms of SOD1 are likely to modulate disease characteristics and (ii) amyloid formation is likely not an important
factor in SOD1-associated fALS. Further support for the first
point is evidence that mutations enhance the population and
aggregation of various immature forms of mutant SOD1, and
the observation of multiple forms of SOD1 in aggregates in vivo
(1, 13, 15, 16, 21, 41, 42, 49). The second point is further supported by evidence that fALS patient data fail to reveal any support for a role of amyloid in disease (7).
In conclusion, the results reported here provide unique and
important data on the stability and aggregate formation by
reduced apo SOD1s, which should prove useful for further testing
of ALS disease hypotheses. The increased aggregation of reduced
apo SOD1 upon mutation suggests that this form of the protein
may play a role in causing disease. However, the lack of strong
correlations between reduced apo SOD1 stability and disease
duration and between measured aggregation and disease duration imply that the effects of mutations on reduced apo SOD1
are unlikely to be the dominant factor in modulating disease, and
that multiple forms of the protein are involved. Unravelling the
complex aggregation processes that are likely to contribute to the
syndrome of ALS (50) may ultimately lead to new and urgently
needed approaches for treating this devastating disease.
1
0.8

Normalized Scale

of green–gold Congo red birefringence and ThT binding of
aggregates is not observed in ALS (5, 7) and the intracellular
SOD1-containing aggregates in fALS have a granule-coated
rather than the smooth fibrillar structure characteristic of amyloid (6); thus, ALS is not a typical amyloid disease.
A key aspect for in vitro studies of aggregation is to consider
their relation to in vivo conditions. Here we have used physiologically relevant conditions of temperature, pH, protein concentration, and quiescence. Importantly, the very minimal aggregation
of reduced apo pWT and WT is consistent with cell culture and
mice studies where wild-type SOD1 shows very little tendency
to aggregate and mice do not develop ALS symptoms (13, 17). This
differs from observations for mutant SOD1s, which tend to aggregate more than WT in cell culture and form small aggregated
species in mice prior to the onset of symptoms followed by large
disulfide-linked aggregates in the final stages of disease (12, 13).
In contrast, in previous in vitro studies the comparable wild-typelike constructs not only formed amyloid (8, 10, 14) but in some
cases this was more pronounced than for ALS-associated mutants
(10). This suggests fundamentally different aggregation processes
are being observed under different conditions.
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Fig. 4. A correlation plot representing the relationship between reduced
apo SOD1 mutant stability, fALS disease durations, and observed and predicted aggregation. The stability is determined by a change in apparent
t m of mutants compared to pWT and normalized, from 0 (least stable) to
1 (most stable). Observed aggregation is based on DLS measurements as
described in Fig. S5A. Predicted aggregation based on the Chiti et al. method
(52) was normalized from 0 (lowest propensity) to 1 (highest propensity).
Disease duration (47) is normalized from 0 (short) to 1 (long).
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Expression and Purification of Mutant SOD1. Disulfide-oxidized apo SOD1 proteins were prepared as described previously (24, 51). Reduced apo SOD1 was
prepared by first unfolding the protein in 2 M GdmCl, 20 mM Hepes, pH 7.8
for 30 min at ambient temperature with degassing. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP.HCl) was then added to a final concentration of
10 mM with reduction occurring in an anaerobic environment for 1 h. Finally,
samples were exchanged into buffer containing 1 mM TCEP.HCl, 20 mM
Hepes pH 7.4 by successive dilutions and reconcentrations using a 3-kDa
cutoff Nanosep centrifugal device (Pall Corporation).

data were fit to a two-state monomer unfolding model after normalizing
for protein concentration (SI Text).
Light Scattering Measurements. Time average dynamic light scattering measurements were performed using a Zetasizer Nano ZS (Malvern Instruments
Ltd.). Particle size was determined from an average of three correlation functions, each being the average of five consecutive 10-s data accumulations.
Particle size was analyzed by the CONTIN method using Malvern software.
Samples were initially measured daily and then at increasing time intervals.

Differential Scanning Calorimetry. DSC scans of apo SOD1 samples were
performed as described elsewhere (15). After subtraction of buffer versus
buffer scans from protein versus buffer scans, disulfide-reduced apo SOD1
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