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ABSTRACT: The reactivity of asparagine residues in Cu, Zn
superoxide dismutase (SOD1) to deamidate to aspartate
remains uncharacterized; its occurrence in SOD1 has not been
investigated, and the biophysical effects of deamidation on
SOD1 are unknown. Deamidation is, nonetheless, chemically
equivalent to Asn-to-Asp missense mutations in SOD1 that
cause amyotrophic lateral sclerosis (ALS). This study utilized
computational methods to identify three asparagine residues in
wild-type (WT) SOD1 (i.e., N26, N131, and N139) that are predicted to undergo significant deamidation (i.e., to >20%) on time
scales comparable to the long lifetime (>1 year) of SOD1 in large motor neurons. Site-directed mutagenesis was used to
successively substitute these asparagines with aspartate (to mimic deamidation) according to their predicted deamidation rate,
yielding: N26D, N26D/N131D, and N26D/N131D/N139D SOD1. Differential scanning calorimetry demonstrated that the
thermostability of N26D/N131D/N139D SOD1 is lower than WT SOD1 by ∼2−8 °C (depending upon the state of
metalation) and <3 °C lower than the ALS mutant N139D SOD1. The triply deamidated analog also aggregated into amyloid
fibrils faster than WT SOD1 by ∼2-fold (p < 0.008**) and at a rate identical to ALS mutant N139D SOD1 (p > 0.2). A total of
534 separate amyloid assays were performed to generate statistically significant comparisons of aggregation rates among WT and
N/D SOD1 proteins. Capillary electrophoresis and mass spectrometry demonstrated that ∼23% of N26 is deamidated to
aspartate (iso-aspartate was undetectable) in a preparation of WT human SOD1 (isolated from erythrocytes) that has been used
for decades by researchers as an analytical standard. The deamidation of asparaginean analytically elusive, sub-Dalton
modificationrepresents a plausible and overlooked mechanism by which WT SOD1 is converted to a neurotoxic isoform that
has a similar structure, instability, and aggregation propensity as ALS mutant N139D SOD1.

■ INTRODUCTION

The rate at which asparagine residues in folded proteins
deamidate (non-enzymatically) to aspartic acid (Figure 1) is

generally slow at neutral pH and can vary from days to decades
depending upon the primary and three-dimensional structure of
the protein.1−4 For example, the presence of glycine and other
small, unbranched amino acids at the C-terminal flank of an
asparagine will generally increase the rate of deamidation,
whereas C-terminal flanking by bulkier branched residues (and
proline) will diminish the rate of deamidation. The folding of
proteins also generally slows the rate of deamidation by
reducing solvent accessibility and increasing conformational
rigidity and intramolecular H-bonding.1 The non-enzymatic
deamidation of asparagine in folded proteins is commonly
associated with long-lived proteins,5−7 and its perennial
occurrence in aqueous environments has led to the hypothesis
that the reaction functions as a “molecular clock” by which
organisms can genetically control the amino acid sequence of
proteins as a function of time.2,4,8
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Figure 1. Chemical mechanism of spontaneous (non-enzymatic)
asparagine deamidation. The reaction can produce different products,
including the stereoisomers of aspartate or iso-aspartate and cleavage
products (which are not shown for clarity).
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We suspect that the spontaneous deamidation of asparagine
to aspartate might be intrinsically toxic to motor neurons, and
represent more of a “ticking time bomb”, because it is
chemically indistinguishable from toxic Asn-to-Asp missense
mutations. For example, the N86D and N139D missense
mutations in the gene encoding Cu, Zn, superoxide dismutase
(SOD1)9 cause familial forms of amyotrophic lateral sclerosis
(ALS),10 as do the more recently discovered ALS-linked
missense mutations N378D and N390D in the TARDBP gene
encoding the transactive response DNA binding protein-43
(TDP-43).11−14 It is reasonable to suspect that the spontaneous
deamidation of asparagine might occur to SOD1 and TDP-43
within motor neurons (more so than in other cell types)
because these proteins undergo axonal transport.14,15 Axonal
transport in motor neurons can involve distances that exceed
one meter and durations that exceed one year, e.g., the SC-b
(slow component-b) axonal transport16 of SOD1 proceeds at a
rate of 2−8 mm/day.15 In contrast, a protein such as SOD1
would be, we hypothesize, less susceptible to deamidation in
other cell types where its lifetime is typically shorter by a factor
of 100 (e.g., the SOD1 protein has a measured lifetime of <100
h when overexpressed in cultured HEK or COS cells).17

To date, more than 160 different mutations in the gene
encoding SOD1 have been linked to familial forms of ALS.
Most of these mutations result in single amino acid
substitutions that induce toxicity by (presumably) increasing
the rate of self-assembly of SOD1 into fibrillar oligomers that
are rich in β-sheet structure. The aggregation of the wild-type
(WT) SOD1 protein is now also hypothesized to cause
sporadic forms of ALS.18,19 A growing list of post-translational
chemical modifications (non-proteolytic) have been detected
(or are at least hypothesized) to occur to SOD1 in vivo or in
vitro,19−28 and several of these modifications are hypothesized
to convert the WT SOD1 protein into a neurotoxic isoform
that self-assembles into fibrillar structures at a rate or form
reminiscent of ALS mutant SOD1.19,20

The deamidation of asparagine to aspartate is unique among
post-translational modifications that are suspected to occur to
SOD1 and be involved in ALS, both in its potential relevance to
ALS and the urgency with which we must characterize its
occurrence and biophysical effects upon SOD1 because: (i)
deamidation is the only known modification that represents a
post-translational “mutation” that is chemically equivalent to
neurotoxic mutations; (ii) deamidation (Δmass = +0.984 Da)
is an analytically elusive modification that, if occurring in vivo
(or even in vitro), has likely been undetected in prior mass
spectrometric analyses of SOD1; and (iii) the slow kinetics of
deamidation suggest that the reaction will occur selectively to
SOD1 expressed in motor neurons. In fact, it appears obligatory
to conclude, a priori, that asparagine deamidation at N86 and
N139 in SOD1 produces an SOD1 polypeptide that is just as
intrinsically toxic to motor neurons as the polypeptide that
results from the chemically synonymous N86D and N139D
missense mutations to the SOD1 gene. Such a conclusion
cannot be rationally made, a priori, about other types of post-
translational modifications to SOD1.
The deamidation of asparagine in WT SOD1 has not been

explicitly investigated (or even cited in the literature) as a
modification that might convert WT SOD1 into a neurotoxic
isoform. Moreover, asparagine deamidation has not even been
reported to occur to full-length human SOD1 in vivo or in vitro,
within (or beyond) the context of ALS. Nevertheless, the
perfunctory detection of a subpopulation of deamidated SOD1,

followed by the verification that deamidation occurred in vivo
(and not during sample preparation) are both complicated by
the small change in molecular mass associated with
deamidation and by the difficulty in distinguishing whether
deamidation occurred in vivo or occurred artifactually during
sample preparations that will increase the solvent accessibility
and conformational flexibility of Asn residues (e.g., proteolysis
with trypsin or denaturation with urea).29 Furthermore, the
type of mass analyzers (i.e., time-of-flight, quadrupole, or ion-
trap) and proteolysis protocols that were used in most of the
previous mass spectrometric analyses of human SOD1 from
neural tissue, e.g., the study by Shaw et al.,30 would not have
been able to detect subpopulations of full-length SOD1
proteins bearing sub-Dalton modifications.26,31−33 Detecting
subpopulations of SOD1 with sub-Dalton modifications is even
difficult with Fourier transform ion cyclotron resonance-MS
instruments (because of naturally occurring carbon isotopes),
as shown in a recent study that distinguished subpopulations of
Cu-SOD1 (gas phase) from Zn-SOD1 (Δmass Cu:Zn = 1.84
Da).34

In this paper, we show (computationally) that several
asparagine residues in SOD1 undergo significant deamidation
on time-scales comparable to the SC-b axonal transport of
SOD1 in a motor neuron. We also measured the biophysical
effects of deamidation of multiple asparagines (to aspartate) in
WT SOD1. The results demonstrate that the successive
deamidation of multiple asparagines has similar effects on the
structure, thermostability, and rate of self-assembly of SOD1
into amyloid as the ALS-linked missense mutation N139D. To
illustrate the elusiveness of deamidation and begin to determine
its occurrence in vivo, we show that asparagine is deamidated to
aspartate (not iso-aspartate) and has gone undetected in a
common commercial source of human SOD1 (isolated from
human blood) that has been utilized for >30 years as a standard
in the electrophoretic, immunohistochemical, and enzymolog-
ical studies of SOD1 biochemistry and reactive oxygen species.

■ RESULTS AND DISCUSSION
The SOD1 protein is expected to endure a lifetime on the order
of 1.4 years when traversing an axon that is 1 m in length at a
rate of 2 mm/day.15 The lifetime of SOD1 that is localized to
axons might also be increased by deficits in axonal transport,
which can precede the death of motor neurons and can be
associated with ALS.35 With these time-scales in mind, we used
an algorithm previously developed by Robinson and Robinson4

to predict the rate of deamidation of all seven Asn residues in a
subunit of homodimeric WT holo-SOD1 (at pH 7.4, 37 °C).
The calculations were performed upon an NMR solution
structure of WT holo-SOD1 (PDB entry: 1L3N); the details of
the algorithm and its use to predict deamidation rates have
been reviewed.1 Briefly, the free energy of activation required to
rearrange the Asn side chain (to permit optimal formation of
the cyclic succinimide intermediate) is approximated from a
parametrized function that accounts for the local primary
structure and flexibility of each asparagine (i.e., the local 2° and
3° structure and H-bonding). The location of each Asn residue
(and its solvent accessibility) in folded holo-SOD1 is shown in
Figure 2A; the secondary structure of each Asn residue in holo-
SOD1 is shown in Figure 2B.
The shortest half-life of Asn deamidation in folded, holo-

SOD1 was calculated to be t1/2 = 71 days for N26 (which is
solvent exposed and C-terminally flanked by Gly27), and the
longest was t1/2 = 48.5 years for N86 (which is buried and C-
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terminally flanked by Val87) (Figure 2C). The half-life of N139
was predicted to be t1/2 = 3.6 years in folded holo-SOD1.
Asparagine residues in holo-SOD1 were predicted to undergo
deamidation in the following order: N26 > N131 > N139 >
N65 > N19 > N53 > N86. We did not attempt to predict the
effect of the deamidation of one Asn residue on the rate of
deamidation of a separate Asn residue. In order to estimate the
intrinsic half-life of Asn residues in disordered SOD1 or peptide
fragments of SOD1, such as those that might be generated
during proteolysis (in vitro, prior to MS/MS sequencing), we
searched published libraries of measured rates of deamidation
for ∼400 pentapeptides1 and found 7 pentapeptides with Asn
residues that have identical n + 1 and n − 1 residues to the 7
Asn in SOD1. Notably, t1/2 = 0.96 days for the N26 analog
pentapeptide, and t1/2 = 21.1 days for the N139 analog, at pH
7.4−7.5, 37 °C (Figure 2C).
The predicted rates of Asn deamidation in holo-SOD1 were

compared with its timespan of anterograde SC-b axonal
transport through an axon measuring 1 m in length (Figure
3). After ∼450 days, 99% of holo-SOD1 polypeptides were
predicted to have undergone deamidation at N26; 55% at
N131; 21% at N139, and 2% at N86 (Figure 3). These
approximations led us to hypothesize that the deamidation of
N26, N131, and N139 might occur at significant levels (i.e.,
>20%) in SOD1 proteins that traverse long distances during
axonal transport.
Successive Asn Deamidation Lowers the Thermo-

stability of WT SOD1. The conformational stability of ALS-
linked mutant SOD1 proteins has been shown to correlate
negatively with their aggregation propensity and positively with
the life-span of ALS patients.36 In order to determine the effects
of successive deamidation on the conformational stability (and
other biophysical properties) of SOD1, we used site-directed

mutagenesis to introduce the following compounded Asn-to-
Asp substitutions into WT SOD1: N26D, N26D/N131D, and
N26D/N131D/N139D. The use of Asn-to-Asp missense
mutations to mimic deamidation allowed us to: (i) generate
pure solutions of “deamidated” SOD1, (ii) control the site of
“deamidation”, and (iii) generate the deamidated analogs
quickly (instead of performing the reaction manually over the
course of, presumably, several months under reducing
conditions).
An analysis of each recombinantly expressed and purified N/

D SOD1 mutant protein (in the demetalated apo state) with
circular dichroism and amide hydrogen−deuterium exchange
(as measured by mass spectrometry) suggested that the
compounded deamidation of N26, N131, and N139 does not
significantly affect the three-dimensional structure of apo-SOD1
(Figure 4B−D). All apo-SOD1 proteins retained between 25
and 35 unexchanged hydrogens after 60 min in D2O, however,
a one-way ANOVA test (analysis of variance) of each set of 21
measurements (for each protein) showed no statistically
significant difference between the rates of H/D exchange for
any of the apo-SOD1 proteins studied at either 5 or 60 min, i.e.,
p > 0.05 (Figure 4C).
In order to demonstrate further that WT apo-SOD1, N139D

apo-SOD1, and the triply deamidated analog of apo-SOD1
exhibited similar rates of amide H/D exchange, we mixed the
WT, N139D, and N26D/N131D/N139D apo-proteins into a
single solution and simultaneously measured their mass in D2O
after 60 min (Figure 4D). The width of the molecular ions for
this mixture (i.e., ∼ 20.4 Da) was nearly indistinguishable from
the width of the molecular ions of the pure N26D/N131D/
N139D apo-SOD1 protein after 60 min in D2O (i.e., ∼19.5
Da). The small increase in width (0.9 Da) observed for the
mixture is likely due to the small variance in the intrinsic
molecular weight of the three proteins before H/D exchange
(Figure 4D). It is important to point out that increasing the net
negative charge of proteinsby only a single unitcan reduce

Figure 2. (A) Three-dimensional structure of human WT SOD1
(PDB: 1L3N) with its seven Asn side chains highlighted in red; the
solvent accessible surface area of each Asn is listed (as approximated
from the rolling sphere method, using Accelrys Discovery Studio). (B)
Secondary structure map of WT holo-SOD1. (C) Calculated
(theoretical) half-lives of deamidation for all seven Asn residues in
folded holo-SOD1 at pH 7.4, 37 °C. Half-lives were calculated by
analysis of the NMR-derived solution structure of WT holo-SOD1
(PDB entry: 1L3N) with an algorithm developed by Robinson and
Robinson.4 Also shown: the previously measured half-lives of
deamidation of seven different pentapeptides1 (at pH 7.4, 37 °C)
that have homologous neighboring residues (n + 1 and n − 1) to the
seven Asn residues in SOD1.

Figure 3. Comparison of the predicted extent of deamidation of holo-
SOD1 (as estimated by an algorithm developed by Robinson and
Robinson)4 with the rate of anterograde SC-b axonal transport of
SOD1 (at 2 mm/day) in a motor neuron that is 1 m in length.
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the rate of amide H/D exchange of that protein at pH > 4 (by
either lowering the local concentration of hydroxide catalyst or
increasing the free energy of activation of the anionic −N:−
intermediate that forms during base-catalyzed amide H/D
exchange).37 These electrostatic (not structural) effects, if
occurring from the addition of a single unit of negative charge
with each N/D substitution, would likely manifest in reductions
in the global rate of exchange of only 1−3 hydrogen ions after 5
or 60 min (which is within our experimental error).
Nevertheless, the similarities in rates of amide H/D exchange
(and likely, structure) are not surprising when considering that
N131 and N139 are located in loop VII, which is intrinsically
disordered prior to the coordination of metal ions38 and the R
group of N26 located in loop II is exposed to solvent (Figure
2A,B). All apo-SOD1 proteins in this study were demetalated
to contain <0.05 equiv of either copper or zinc per dimer,
according to ICP-MS (Table S1).
Each successive N/D substitution lowered the melting

temperature (Tm) of apo-SOD1 by <1 °C per substitution
(i.e., per deamidation), as measured by differential scanning
calorimetry (DSC) (Figure 5A, Table S1). The Tm of the triple
mutant (i.e., N26D/N131D/N139D) apo-SOD1 was similar to
the ALS-linked N139D apo-SOD1 (i.e., ΔTm = 0.24 ± 1.46
°C). The successive N/D mutations had a greater destabilizing
effect on remetalated (i.e., Cu2Zn2) SOD1 than apo-SOD1. All
apo-SOD1 proteins were remetalated to contain between 1.73
and 2.05 Cu2+ and 1.70−1.87 Zn2+ per dimer, according to
ICP-MS (Table S1). The thermograms of remetalated WT
SOD1 and each mutant protein exhibited one predominant

endothermic transition (in the range 82−88 °C) and two minor
transitions (each of which likely represent a unique state of
metalation, as previously observed for WT and ALS mutant
SOD1).39 Each of the three transition temperatures of the triple
mutant was consistently lower than the ALS mutant N139D
protein by ∼1−3 °C and lower than the WT SOD1 protein by
∼3−8 °C (Figure 5B, Table S1). The most straightforward
explanation for why the compounded N26D, N131D, and
N139D substitutions had a more destabilizing effect on
remetalated SOD1 than apo-SOD1 is because N131 and
N139 are located in loop VII, which is intrinsically disordered
prior to metal binding.38 Therefore, the N/D substitutions at
positions 131 and 139 cannot significantly destabilize a loop in
apo-SOD1 that is already intrinsically disordered. Loop VII
does, however, become ordered upon metal binding, and the
structuring of this loop in the metalated state, which involves
the molecular packing and partial burial of N139 (see solvent
accessibility values in Figure 2A), is somehow disfavored by the
incorporation of a carboxylic acid. This destabilizing effect
could be rationalized on the basis that the partial burial of a
negatively charged carboxylic acid will be generally disfavored
over the partial burial of a neutral amide and/or the H-bond
donor ability of the CO2

− group is lower than the CONH2
group.

Measuring the Effect of Successive Deamidation on
the Rate of Self-Assembly of SOD1 into Amyloid. In spite
of its destabilized conformation, the triply deamidated SOD1
analog might aggregate slower than N139D SOD1 or WT
SOD1 because it has a higher net negative charge than both

Figure 4. Biophysical effects of successive deamidation of N26, N131, N139 in apo-SOD1 (as modeled by N/D substitutions). (A) Electrospray
ionization mass spectra and (B) circular dichroism spectra (at pH 7.4, ∼ 22 °C) of N26D, N26D/N131D, and N26D/N131D/N139D apo-SOD1.
(C) Solution structure of deamidated analogs is similar, as measured by amide H/D exchange and mass spectrometry (at pD 7.4, ∼ 22 °C). Error
bars represent standard deviation of 21 replicate measurements (i.e., 7 replicate H/D experiments, measured in triplicate). D) Width of +13 ion of a
mixture of WT, N139D, and N26D/N131D/N139D apo-SOD1 after 60 min in D2O is similar to width of +13 ion of pure apo-SOD1 protein (here,
N26D/N131D/N139D apo-SOD1) showing that deamidation does not affect the rate of amide H/D exchange of apo-SOD1.
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proteins, which can diminish the rate of aggregation.40−43 We
used a thioflavin-T (ThT) fluorescence assay44 to quantify the
rate of aggregation of N/D mutants and WT SOD1 into
amyloid-like fibrils at pH 7.4 (Figure 6). Assays were performed
on metal free, disulfide-reduced SOD1 proteins in the absence
of NaCl (Figure 6A); Na+ and Cl− can screen certain types of
attractive or repulsive electrostatic interactions in proteins (e.g.,
those that occur across a distance that is larger than the Debye
screening length, which is ∼1 nm at I = 100 mM, or do not
occur across the hydrophobic core of protein that has a low
dielectric interior).45

Each thioflavin-T amyloid assay was repeated in replicates of
42 to 96 for each protein (depending on protein availability) in
the presence or absence of NaCl. Each longitudinal plot of ThT
fluorescence generally exhibited a sigmoidal increase in
fluorescence (as previously observed for SOD1)44 that yielded
kinetic parameters of fibrillization, i.e., “lag time” and “inverse
propagation constant” (Table 1). A graphical illustration of the
calculation of lag times and inverse propagation constants from
sigmoidal plots of ThT fluorescence is shown in Figure S1.
Only a single longitudinal plot of fluorescence from a single
replicate experiment is shown for each protein in Figure 6 (to
indicate the general sigmoidal shape and not necessarily the
average lag time and inverse propagation constant shown in
Table 1, that were calculated from dozens of replicate
experiments); the intensity of fluorescence was also normalized

in these plots. The raw (non-normalized) longitudinal plots of
ThT fluorescence for each protein (a total of 534 plots) are
included in Supporting Information (Figures S2 and S3;
replicate experiments that were carried out in 0 mM NaCl are
shown in Figure S2, and experiments in 100 mM NaCl are
shown in Figure S3). The terminal reduction in fluorescence
that occurred in some of the replicate assays at the end of
fibrillization, after reaching a maximum intensity (Figure 6A,B),
is an artifact that can be attributed to the adhesion of
aggregated SOD1 to the sides of the microplate wells (as
inferred from visual inspection); data points within this region
were not included in the sigmoidal fit. The fibrillar morphology

Figure 5. Successive deamidation (as modeled by N/D amino acid
substitutions) reduces the thermostability of remetalated SOD1 more
than apo-SOD1. (A) Endothermic transitions of N26D, N139D,
N26D/N131D, and N26D/N131D/N139D apo-SOD1, with a
diagram of resulting Tm values. (B) Endothermic transitions of
remetalated N26D, N139D, N26D/N131D, and N26D/N131D/
N139D Cu2Zn2-SOD1, with diagrams of resulting Tm values. Error
bars represent standard error from three separate DSC measurements
of each protein.

Figure 6. The fibrillization of deamidated analogs of WT apo-SOD1
(disulfide-reduced) into amyloid-like oligomers studied with ThT
fluorescence assay and transmission electron microscopy. (A) ThT
fluorescence assay for the fibrillization of WT and N/D mutant apo-
SOD1 without NaCl; number of replicates, n, listed in key. Inset shows
magnification of 0−30 h. Only a single longitudinal plot of
fluorescence is shown for each protein to indicate sigmoidal increase
in ThT fluorescence, i.e., the single plot shown for each protein was
randomly chosen and might not correlate with the relative average lag
time and inverse propagation constant listed for each protein in Table
1. Longitudinal plots of fluorescence from all replicate experiments
(≥42 replicate experiments for each protein) are shown in Figure S2.
(B) The same experiment as in part A, but in the presence of 100 mM
NaCl. Only a single longitudinal plot of fluorescence is shown for each
protein to indicate sigmoidal increase in ThT fluorescence but not to
indicate relative average lag times or inverse propagation constants
(listed in Table 1) that were calculated from replicate experiments;
longitudinal plots of fluorescence from all 42 replicate experiments
(for each protein) are shown in Figure S3. (C) Transmission electron
micrographs after ThT assay in part A (scale bar = 100 nm). All ThT
assays were performed at pH 7.4, 37 °C. (D and E) SDS-PAGE of WT
and N/D mutants of apo-SOD1 before aggregation assay (D) and
after aggregation assay and centrifugation (E) in 100 mM NaCl.
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of aggregated SOD1 proteins was confirmed with transmission
electron microscopy (Figure 6C).
In the absence of NaCl, the triply deamidated analog of apo-

SOD1 exhibited a shorter mean lag time than WT apo-SOD1
by a factor of 1.7 (p < 0.0001***) and a smaller mean inverse
propagation constant than WT by a factor of 1.6 (p = 0.0003)
(Table 1). The mean lag time of the triply deamidated analog
was, however, indistinguishable from N139D apo-SOD1 in the
absence of NaCl (p = 0.2263); the mean inverse propagation
constants of the triple mutant and N139D were also
indistinguishable (p = 0.5514). In the presence of 100 mM
NaCl, the fibrillization of the triply deamidated analog of apo-
SOD1 exhibited a significantly shorter mean lag time than WT
apo-SOD1, by a factor of 1.3 (p = 0.0079**) (Table 1, Figure
6B). The triple mutant apo-SOD1 protein exhibited a similar
mean inverse propagation constant than WT apo-SOD1 (p =
0.0670), which suggested that although the fibrillization of the
triple mutant initiated earlier than WT apo-SOD1, the rate of
propagation of the triple mutant fibrils was identical to WT
fibrils, in 100 mM NaCl. Most importantly, the mean inverse
propagation constant and mean lag time of the triple mutant
were statistically indistinguishable from those of N139D SOD1
(p = 0.7018 and 0.3008, respectively, Table 1), suggesting that
the N139D ALS variant and triply deamidated apo-SOD1
exhibited identical rates of aggregation in 100 mM NaCl.
We note that 12% of replicate ThT fluorescence plots of

N139D (in 0 mM and 100 mM NaCl) and 36% of replicate
ThT fluorescence plots of the triply deamidated analog (in 0
mM and 100 mM NaCl) appeared as predominantly flat lines,
i.e., exhibited a nearly negligible sigmoidal increase in
fluorescence of <2 arbitrary units (from the baseline)
throughout the 150 h assay (Figures S2D,E and S3D,E). A
sigmoidal fit of these predominantly flat plots, which were only
observed during the aggregation of N139D and N26D/
N131D/N139D apo-SOD1, yielded R2 values below 0.9. We,
therefore, chose not to incorporate the lag times and inverse
propagation constants from these fittings into the calculation of
the mean lag time and inverse propagation constants listed in
Table 1. A visual inspection of these low-intensity samples at

the end of the assay revealed turbidity, which suggested that the
SOD1 proteins did indeed aggregate, albeit not into oligomers
that bound fluorescent ThT.
We also point out that although the majority of replicate

experiments for all proteins exhibited a single predominant
sigmoidal increase in ThT fluorescence (denoted τ1 in Figures
S2 and S3), we did observe that ∼15% of the replicates
exhibited a second minor sigmoidal increase in fluorescence
(denoted τ2 in Figures S2 and S3). This second transition,
which was observed more often in the N139D and N26D/
N131D/N139D apo-SOD1 proteins than other proteins,
occurred 2−3 days after the first increase in fluorescence.
The lag times and inverse propagation constants for this second
sigmoidal increase in fluorescence were not incorporated into
the calculation of mean lag times and inverse propagation
constants listed in Table 1, i.e., this second transition was
excluded from all mathematical fittings because of its
infrequency of occurrence and minor amplitude. Future studies
will be required to determine the cause of this second
transition. Additional details of the raw ThT data from the
amyloid assays including the shortcomings of the ThT assay
and possible causes of variation in fluorescence intensity among
fibrils of WT SOD1 and all four variants of SOD1 are discussed
further in Supporting Information.
Analysis of WT and mutant SOD1 proteins with ESI-MS,

UV−vis, and SDS-PAGE before initiation of the ThT assays
demonstrated that all proteins were present at identical
concentrations and degrees of purity (Figures 4 and 6D).
The centrifugation and SDS-PAGE analysis of the supernatant
of SOD1 solutions after completion of the ThT assay
demonstrated that the majority (i.e., > 80%) of WT and
mutant SOD1 proteins underwent aggregation in 100 mM
NaCl (to a sedimentable form) during the 150 h amyloid assay.
A small amount of N139D SOD1 (i.e., 3%) and N26D/
N131D/N139D SOD1 (i.e., 14%) remained in the supernatant
upon completion of the aggregation assay (Figure 6E), which
suggests the presence of native (monomeric or dimeric) SOD1
and/or oligomers that were too small to sediment during
centrifugation at 13 000 rpm.

Table 1. Kinetic Parameters of Fibrillization (i.e., lag time and inverse propagation constant) of Deamidated Analogs of WT
apo-SOD1 and ALS-Linked N139D apo-SOD1 (at pH 7.4)

SOD1 inverse propagation constanta (hr) P valueb lag timea (hr) P valueb Nc average R2

0 mM NaCl
WT 5.3 ± 0.4 26.2 ± 1.5 60 0.98
N139Dd 3.3 ± 0.1 <0.0001 17.7 ± 1.1 <0.0001 96e 0.97
N26D 2.4 ± 0.2 <0.0001 31.2 ± 1.9 0.0430 42 0.99
N26D, N131D 3.5 ± 0.3 0.0010 33.3 ± 2.7 0.0159 42 0.99
N26D, N131D, N139D 3.4 ± 0.3 0.0003 15.7 ± 1.0 <0.0001 84f 0.92
100 mM NaCl
WT 3.5 ± 0.3 18.9 ± 1.2 42 0.97
N139Dg 2.9 ± 0.2 0.1110 12.9 ± 1.1 0.0006 42h 0.97
N26D 3.0 ± 0.3 0.2099 22.6 ± 1.1 0.0286 42 0.97
N26D, N131D 2.3 ± 0.2 0.0005 21.3 ± 1.3 0.1908 42 0.97
N26D, N131D, N139D 2.8 ± 0.2 0.0670 14.5 ± 0.9 0.0079 42i 0.97

aData are shown as mean ± standard error of the mean (SEM) of N number of assays. bP values are calculated with unpaired t test between WT and
different mutants. cN represents the number of replicates of ThT amyloid assays performed for each protein. dUnpaired t test between N139D and
triple mutant yielded p = 0.5514 for inverse propagation constant and p = 0.2263 for lag time. e11.5%. f44.1% of replicate experiments did not result
in a substantial increase in fluorescence (i.e., appeared flat, resulting in sigmoidal fits with R2 < 0.9) and were not included in calculation of mean lag
time or propagation constant. These flat plots are nonetheless shown in Figure S2. gUnpaired t test between N139D and triple mutant yielded p =
0.7018 for inverse propagation constant and p = 0.3008 for lag time. h12%. i21% of replicate experiments did not result in a substantial increase in
fluorescence (i.e., appeared flat, resulting in sigmoidal fits with R2 < 0.9) and were not included in calculation of mean lag time or propagation
constant. These flat plots are nonetheless shown in Figure S3.
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Asparagine is Deamidated to Aspartate in WT SOD1
Purified from Human Blood. In order to begin to determine
if asparagine deamidation occurs to SOD1 in humans and also
to establish mass spectrometric protocols (that are free of
artifactual deamidation) that can be used by researchers in
future studies to search for deamidated SOD1 from tissue
extracts, we determined the extent of deamidation in an
analytical standard of human SOD1 that is commercially
available (from Sigma-Aldrich) as a lyophilized powder. This
copper- and zinc-containing form of human SOD1 (denoted
holo-SOD1) is isolated from human erythrocytes and has been
utilized by dozens of research groups for several decades in
clinical and biochemical studies of SOD1 and reactive oxygen
species (wherein it is used as an analytical standard in
immunohistochemical, electrophoretic, and enzymological
studies of SOD1 and reactive oxygen species).46−61 The
deamidation of asparagine has never been reported to occur in
this (or any) form of native human SOD1.
We reiterate that our intent in the analysis of this analytical

“legacy” standard of SOD1 (Figure 7) was not to necessarily
establish (definitively) that asparagine deamidation occurs to
SOD1 in vivocollecting such data must be the subject of
future studiesbut to demonstrate that asparagine deamida-

tion can (if present) remain easily overlooked, even in an
analytical standard of SOD1 that has been used for >30 years.
Nevertheless, if the deamidation of SOD1 is a physiologically
relevant reaction in some human tissues, then we would expect
(based upon the Robinson algorithm) to observe the
deamidation of the most reactive asparagine in SOD1 proteins
isolated from erythrocytes. For example, the SOD1 proteins
that are isolated from erythrocytes are expected to have
moderately long lifetime because erythrocytes cannot synthe-
size proteins after erythrogenesis and the lifetime of
erythrocytes is ∼120 days.62,63

A combination of capillary electrophoresis (which can
separate proteins that differ in net charge by as little as a
single unit), rapid proteolysis with immobilized trypsin, and
LC-ESI-MS/MS was used to detect deamidation at N26 in WT
holo-SOD1 from Sigma-Aldrich (as isolated from human
erythrocytes) (Figure 7). The electropherogram of holo-
SOD1 contained a small satellite peak (μ = 6.14 cm2·kV−1·
min−1) that was consistent with an increase in net negative
charge (denoted Z) of a single unit, according to alignment
with second rung of the Lys-NHCOCH3 “protein charge
ladder” of holo-SOD1 (Figure 7A). The protein charge ladder
of SOD1, which operates as a “charge ruler”, was made by

Figure 7. Deamidation of Asn26 is observed in human WT SOD1 isolated from human erythrocytes but not in recombinant WT SOD1 that is
freshly isolated from yeast, i.e., that existed in aqueous solution for <13 days prior to analysis (see Materials and Methods for description of time
required to express and purify SOD1). (A) Capillary electropherogram of: (top) WT SOD1 from human erythrocytes and (bottom) freshly isolated
recombinant human WT SOD1 (with multiple metalation states). A protein charge ladder of holo-SOD1 (from erythrocytes) is inverted to provide a
“charge ruler” to estimate the change in charge (ΔZ) of the small satellite peak. (B) Ion extracts from chromatogram of HPLC separation of tryptic
digest of SOD1 from erythrocytes (4 h digest); the two ions 467.5898 m/z (black trace) and 467.9177 (red trace) correspond to the theoretical m/z
of [MH3]

3+ of residues 24−36 in WT SOD1 (i.e., ES[N/D]GPVKVWGSIK). Measured mass is listed below amino acid sequence. The gray trace
represents raw chromatogram of all eluents. (C) Similar ion extracts (467.5898 m/z, black trace; 467.9177, red trace) from chromatogram of tryptic
digest of “fresh” recombinant human WT SOD1 (4 h digest). The tryptic peptide 24−36 containing D26 is not detected. (D and E) Intensity of
mass spectra of tryptic peptide 24−36 (containing Asn26) decreases in intensity (D) while artifactually deamidated peptide 24−36 (with Asp26)
increases in intensity (E) during 24 h tryptic digest. (F) Plot of artifactual deamidation of Asn26 (that occurred during proteolysis) as a function of
digest time. (G) Top: Deamidation of N26 detected in recombinant WT apo-SOD1 after the protein has existed in solution for ∼60 days. Bottom:
deamidation is not detected in the same sample after only ∼16 days in solution.
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successively acetylating surface Lys-ε-NH3
+ with acetic

anhydride to yield electrostatically neutral Lys-ε-NHAc. Thus,
the second “rung” of the charge ladder will be isoelectric with a
singly deamidated SOD1 protein. The integration of this
satellite peak at μ = 6.14 (which represented deamidated
SOD1, as we show below) yielded an intensity that was 24.9%
of the major peak. This satellite peak does not represent a
different metalation state of SOD1, as demonstrated by its
persistence after demetalation (Figure S2).
Rapid trypsinization of human WT holo-SOD1 from human

erythrocytes and analysis with HPLC-MS/MS demonstrated
that N26 is deamidated to aspartic acid and thus contributes (at
least partially) to the intensity of the small satellite peak in the
capillary electropherogram in Figure 7A. For example, the
tryptic peptide corresponding to residues 24−36, which eluted
at t = 23.74 min, was 0.985 Da lower in mass than the tryptic
peptide (which also contained residues 24−36) that eluted 1.1
min later at 24.84 (Figure 7B). The MS/MS spectra of the
eluting peptides confirmed the presence of N26 in the peptide
at 23.74 min and D26 in the peptide at 24.84 min (Figure S3).
There were no other deamidated residues detected in WT
holo-SOD1 from erythrocytes. The intensity of the peak at
24.84 min representing residues 24−36 with deamidated N26
was 22.4% of the intensity of the peak at 23.74 min, suggesting
that 22.4% of the SOD1 protein is deamidated at N26, which is
nearly equal to the estimate of 24.9% deamidation from the
capillary electropherogram. Quantifying the amount of
deamidated N26 from the intensity of mass spectral ions is
appropriate when considering experiments, described below,
which show that the ionization efficiency of the deamidated and
undeamidated peptides is approximately similar (i.e., see similar
mass spectral intensity of synthetic peptides; Figure 8A)
The extent of deamidation that we detected at N26 in WT

SOD1 from erythrocytes (i.e., ∼23%, based upon the
integration of peaks in the chromatogram and electrophero-
gram) is ∼2-fold lower than the theoretical percentage that is
predicted from the Robinson algorithm, i.e., ∼50% deamida-
tion, after ∼70 days (Figure 3). This theoretical percentage was
inferred by assuming that the SOD1 proteins from Sigma-
Aldrich existed in an aqueous (i.e., nonfrozen and non-
lyophilized) environment for an average of ∼70 days before

analysis with CE and MS. This “age” of SOD1 is based upon
the average lifetime of erythrocytes (i.e., ∼ 60 days, assuming a
maximum lifetime of ∼120 days) and the time required to
purify SOD1. The lyophilized SOD1 protein that is purchased
from Sigma-Aldrich requires 9 days to purify from blood
samples (which is collected at a private blood bank)64 utilizing
a proprietary protocol that has been used for decades without
modification64 (and is adapted from long-used protocols).65−67

This proprietary protocol involves lysis, ammonium sulfate
precipitation, cation and anion exchange chromatography, and
a proprietary thermal denaturation step (which is unique to the
method of purification utilized by Sigma-Aldrich but presum-
ably denatures under-metalated SOD1 species and thus results
in a high-metal content).64

The deamidation of N26 in WT holo-SOD1 from
erythrocytes is not an artifact of proteolysis with trypsin or of
analysis with LC-MS. For example, we found that artifactual
deamidation did occur during proteolysis but could be
eliminated by completing trypsin digests in 4−8 h (with
immobilized trypsin). Trypsin digests longer than 8 h resulted
in detectable artifactual deamidation at N26 (Figure 7E).
Moreover, artifactual deamidation was not observed at other
Asn residues. The sequence coverage of SOD1 in MS/MS
experiments was >95%.
In order to determine if deamidation of N26 can be observed

in WT SOD1 shortly after translation, we analyzed
recombinant human WT SOD1 immediately after isolating
the recombinant human protein from yeast (Figure 7). These
recombinant SOD1 proteins had been in aqueous solution for
<13 days prior to analysis with CE or MS (i.e., the time
required to express, purify, and freeze protein). The electro-
pherogram of “fresh” recombinant SOD1 exhibited a tight
clustering of partially resolved peaks that represent a mixture of
different metalation states, as demonstrated by the emergence
of a single peak after complete demetalation (Figure S2).
Deamidation was not detected in any Asn residues in this
recombinant WT SOD1 after trypsinization and MS/MS,
including at N26 (Figure 7C). Deamidation at N26, but not at
any other Asn residue, could be detected in recombinant
human WT apo-SOD1 (Figure 7G) after the protein had been
incubated in solution for ∼60 days (i.e., 8 days of cell growth, 5

Figure 8. (A) Reversed-phase liquid chromatographs of mixtures of synthetic peptides with identical sequences to residues 24−36 from SOD1,
wherein residue 26 contained either: Asn26, Asp26, or iso-Asp26. Top: a mixture of peptides with Asn26 and iso-Asp26; middle: Asn26 and Asp26;
and bottom: all three peptides. (B) Mass spectra of peptides from (A). Top: residues 24−36 with Asn26; middle: residues 24−36 with iso-Asp26;
bottom: residues 24−36 containing Asp26.
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days of purification, 7 days of demetalation, and 41 days of
incubation at pH 7.4, 37 °C); deamidation was not detectable
after only 16 days of similar incubation at pH 7.4, 37 °C. We
were prevented from quantifying the deamidation in folded
SOD1 at t > 2 months because of loss of protein signal during
CE and ESI-MS (possibly due to protein aggregation or
misfolding).
The authenticity of the MS/MS identification of the tryptic

peptide containing deamidated N26 was further confirmed by
LC-MS/MS analysis of synthetic peptides that were identical to
residues 24−36 in WT SOD1 but contained either N26, D26,
or iso-D26 (Figure 8). The MS/MS spectra of the peptides
derived from proteolysis of SOD1 were identical to synthetic
peptides containing N26 and D26 (or iso-D26) (Figure S3).
Because our MS/MS instrument does not generate “z”
daughter ions, we could not use MS/MS to determine whether
N26 deamidated to aspartate or iso-aspartate. Each of the three
synthetic peptides were, however, separable with HPLC (Figure
8A), and a comparison of their elution time with elution times
of SOD1 peptides allowed us to confirm that N26 deamidated
to aspartate in SOD1 and not to iso-aspartate. For example, the
Δtelute was 1.6 min for synthetic peptides containing N26 and
iso-D26, whereas Δtelute = 1.2 for synthetic peptides containing
N26 and D26 (Figure 8A), which is similar to the Δtelute = 1.1
observed for the D26 and N26 peptides derived from the
proteolysis of WT SOD1 (Figure 7B).
The deamidation of N26 in WT SOD1 to predominantly

D26, with no detection of iso-D26, is not in conflict with what
(little) is known about the deamidation of Asn in folded
proteins. Although previous studies on short disordered
peptides have shown that the deamidation of Asn generally
favors the formation of iso-Asp over Asp, by a ratio of 3:1,1,68,69

other studies have shown that the ratio can be inverted in
folded proteins to 1:2 in favor of Asp (presumably due to the
steric constraints that prevent the reconfiguration of the
polypeptide backbone that is required during the formation
of iso-Asp).69 The formation of iso-Asp can also be intrinsically
disfavored in some proteins because of specific interactions
with nearby residues. For example, the isomerization of Asp15
to iso-Asp15 in the H15D mutant of histidine-containing
phosphocarrier protein (HPr) is inhibited by the presence of
Glu85; the deletion of Glu85 (via site-directed mutagenesis)
allows the interconversion of iso-Asp15 and Asp15.70 Never-
theless, we cannot rule out the possibility that a significant
fraction of N26 in WT SOD1 does deamidate to iso-Asp, but
that this isomeric form of SOD1 is lost during protein
purification (possibly due to its potential instability) or is
present at low abundance and difficult to detect.
Deamidation of Asparagine in SOD1: A Molecular

Clock or a Ticking Time Bomb? The presence of the Ser25-
Asn26-Gly27 motif in a solvent exposed loop of SOD1 appears
to predispose N26 to spontaneous deamidation, which suggests
that the deamidation of N26 might play a functional role in the
cell biology of holo-SOD1 (e.g., in signal transduction). Signal
transduction cascades that involve non-enzymatic deamidation
(triggered by increases in intracellular pH) have been
delineated.71,72 We do not suspect that the deamidation of
N26 is toxic to motor neurons because N26 has not been
identified as the site of an ALS-linked missense mutation (as of
yet) and the effects upon the structure, stability and aggregation
propensity are small. We do not, however, rule out the
possibility that the deamidation of N26 is intrinsically toxic
because several ALS mutations (e.g., D90A and D101N) are

known to have subtle effects on the structure and thermo-
stability of SOD1.73,74

Unlike other post-translational chemical modifications to
SOD1 (e.g., the oxidation of histidine, tryptophan or cysteine;
glycation of lysine; glutathionylation or palmitoylation of
cysteine, or the phosphorylation of serine)19−28 that require
the intracellular presence of reactive oxygen species, lipids,
enzymes, glycans or other small molecules (at catalytic,
stoichiometric, or excessive concentrations), the deamidation
of asparagine is a reaction that is mediated by water and
hydroxide ion and is thus occurring perennially throughout the
lifetime of a protein. The deamidation of asparagine is thus
initiatedalbeit at different rates depending upon the primary
and three-dimensional structure of each asparagineat the
moment of protein translation. The incessant occurrence of
non-enzymatic deamidation and the likelihood that the reaction
occurs to SOD1 proteins steadily over time suggests to us that
the WT SOD1 protein becomes a type of “time bomb” that
starts “ticking” at the moment which it is expressed in a motor
neuron. This “ticking time bomb” hypothesis implies that the
concentration of deamidated SOD1 would be directly propor-
tional to its lifetime and intracellular pH (and possibly the state
of metalation, i.e., the loop containing N139 is intrinsically
disordered prior to coordinating metal ions and might undergo
deamidation more rapidly in the apo-state than holo-state). The
“ticking time bomb” hypothesis also suggests that the
concentration of deamidated SOD1 would be greater in longer
motor neurons than shorter ones, which could offer one (albeit
simple) hypothesis for why the longest motor neurons involved
in upper or lower limb extremities are the first to be reportedly
affected in ALS.75 We can only speculate on the abundance of
N139-deamidated SOD1 that would be required to induce
motor neuron death, however, the heterozygous nature of the
N139D mutation suggests the level to be ≤50%.
Although this study represents the first detection of

asparagine deamidation in intact human SOD1, we suspect
that deamidation has been detected in previous 2D electro-
phoretic studies of SOD1 from cultured cells and neural
tissue.26,31−33 Multiple analyses of WT and ALS mutant SOD1
proteins from human and transgenic mouse tissue26,31−33 have
consistently detected a series of multiple isoforms of human
SOD1 with reduced isoelectric points consistent with
successive deamidation (i.e., pI = 6.2, 5.9, 5.6, 5.3, and 5.1).31

Many of these isoforms have identical molecular weights
(according to SDS-PAGE) and were not reported to contain
chemical modifications according to tandem mass spectrome-
try.26 These previous studies did not, however, discuss the
possibility of asparagine deamidation, whose formation is not
mutually exclusive of other modifications, and we presume that
the sub-Dalton modification was not queried during MS/MS
peptide fingerprinting (and would be difficult to detect, de novo,
especially if instrument or search algorithm tolerances for
parent or daughter ions were ±1 Da).

■ CONCLUSION
This study demonstrated that the sequential deamidation of
N26, N131, and N139 to aspartate can convert the WT SOD1
polypeptide into a pseudo-ALS mutant isoform with a
destabilized conformation and accelerated rate of aggregation
that is indistinguishable from ALS-linked N139D SOD1.
Although this study only examined one particular sequence of
compounded deamidation, we do not rule out the possibility
(and potential importance) of deamidative reactions that occur
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stochastically or in a different sequence than examined in this
study. Future studies will need to be performed to determine
the extent of asparagine deamidation in human WT SOD1 that
is expressed in ALS-affected tissue.
The superoxide dismutase protein is certainly not the first

example of a protein whose deamidation accelerates its self-
assembly into amyloid-like fibrils. The deamidation of
asparagine in amylin and α-synuclein also accelerate their
fibrillization into amyloid.3,76 Moreover, the deamidation or
“ticking time bomb” hypothesis that we introduce in this study
is by no means limited to cases of ALS that are caused by
SOD1. The Asn residues in TDP-43 (which undergoes both
anterograde and retrograde transport)14,77 that are the sites of
the recently discovered N378D and N390D ALS mutations are
estimated to have even faster intrinsic rates of deamidation than
N86 and N139 in SOD1 (as estimated from measured rates of
deamidation of pentapeptides with homologous n + 1 and n −
1 residues).1 For example, t1/2 = 15.1 days for GlySerAsnSerGly
(i.e., the peptide analog for N378) and t1/2 = 14.9 days for
GlySerAsnAlaGly (i.e., the analog N390).1 The three-dimen-
sional structure of the entire TDP-43 protein has not yet been
reported. Thus, we cannot use the Robinson algorithm4 to
predict the rates of deamidation of its 28 Asn residues within its
native state. Nevertheless, the fact that mutations in two
different ALS-linked genes result in similar Asn-to-Asp
substitutions on their gene products raises another hypothesis.
The concurrent, collocal deamidation of two (or more)
different ALS-linked proteins, e.g., N139 in SOD1 and N378
in TDP-43 might antagonize motor neurons synergistically,
thus lowering the concentration of each isoform that would
have alone been required for pathogenesis.

■ MATERIALS AND METHODS
Prediction of Deamidation Rates from the Solution

Structure of Human WT holo-SOD1. The rate of deamidation
for each Asn residue in folded WT Cu2Zn2−SOD1 (PDB: 1L3N) was
estimated by Noah C. Robinson (37 °C, pH 7.4, 0.15 M Tris) using a
previously developed algorithm.4

Purification of SOD1 Proteins. The expression, purification,
demetalation, quantitation (of protein and metal stoichiometry), and
remetalation of recombinant human WT SOD1 from Saccharomyces
cerevisiae are described in Supporting Information. The time required
to express and purify SOD1 is critical to interpreting the kinetics of
deamidation and involved: 8 days of expression (at 30 °C, pH 6.5), 5
days of purification (at room temperature, pH 7.0−8.0), and 7 days of
demetalation (4 °C, pH 3.8−5.5). After purification, a portion of the
“as-isolated” protein was immediately frozen in order to determine the
extent of deamidation in SOD1 immediately after expression and
purification. Another aliquot of recombinant SOD1 was demetalated
and incubated at 37 °C, pH 7.4 for up to 41 additional days in order to
assess deamidation (the solution conditions at which these proteins
were incubated included: 5 μM SOD1, 150 mM NaCl, 50 mM KCl, 1
mM dithiothreitol, 5% glycerol, 0.002% sodium azide, 10 mM
potassium phosphate).
Capillary Electrophoresis, Differential Scanning Calorimetry,

Circular Dichroism, and Amide Hydrogen−Deuterium Ex-
change of SOD1 Proteins. Preparation of SOD1 protein charge
ladders from lyophilized WT holo-SOD1 (isolated from erythrocytes,
Sigma-Aldrich) and analysis of all SOD1 proteins with CE were
performed as previously described.78 Differential scanning calorimetry
was performed on a Microcal VP-DSC (scan rate = 1 °C/min, 10 mM
potassium phosphate, pH 7.4, 2.00 ± 0.03 mg/mL SOD1). Circular
dichroism spectroscopy of apo-SOD1 was performed at pH 7.4, 22−
23 °C, 15 μM SOD1 (dimer) as previously described.78 Amide H/D
exchange experiments were performed at 22−23 °C, pD 7.4 (10 mM
phosphate, 90% D2O) as previously described.37 The extent of H/D

exchange was quantified with ESI-MS after 5 and 60 min in deuterated
buffer. Seven separate H/D exchange experiments were performed for
each time point and measured in triplicate (resulting in 21 mass
measurements for each protein at each time point). See Supporting
Information for additional details.

Thioflavin-T Fluorescence Amyloid Assay. A microplate-based
ThT fluorescence assay was used to measure the fibrillization of
disulfide-reduced apo-SOD1 proteins (pH 7.4, 37 °C, 60 μM SOD1
monomer) with and without 100 mM NaCl, as previously described
(with modifications described in Supporting Information).44 Data
were collected continuously over a period of at least 150 h. In order to
determine the lag time and the inverse propagation constant from each
ThT aggregation assay, a sigmoidal function was fit to resulting plots,
as described in Supporting Information (and illustrated in Figure S1).
ThT amyloid assays were carried out for each protein in replicates of
between 42 and 96 (depending on availability of protein) so that the
statistical significance of average fibrillization rates could be compared
among different SOD1 proteins (using an unpaired t test at a 95%
confidence interval). After completion of the aggregation assay,
aliquots of each SOD1 protein from replicate assays (at least 6) were
mixed together and analyzed with transmission electron microscopy to
confirm the presence of fibrillar species (see Supporting Information
for additional experimental details).

To quantify the extent of aggregation, solutions of SOD1 were also
analyzed with denaturing SDS-PAGE (Coomassie staining) prior to
initiating the aggregation assay and after completion. Prior to
aggregation, 20 μL of soluble protein solutions (60 μM SOD1
monomer) were diluted 2-fold into Lammeli’s buffer and analyzed
with SDS-PAGE. After aggregation, protein solutions from 6 replicate
microplate wells were combined and centrifuged at 13 00 rpm for 30
min. The resulting supernatant was filtered with a syringe filter (0.2
μm), and 20 μL was diluted 2-fold into Laemmli’s buffer. All samples
were heated to 95 °C for 5 min before loading into gel cassette.

Trypsinization and Mass Spectrometric Analysis of SOD1.
Immobilized trypsin (Promega) was used in all digests. An aliquot of
each SOD1 solution (100 μL, 178 μM SOD1, 50 mM NH4HCO3, pH
7.5) was combined with a slurry of immobilized trypsin (350 μL, 50
mM NH4HCO3, pH 7.5) into the filter cup of a centrifugal filtration
device (5000 Da cutoff). To this mixture, 4.5 μL of 1 M dithiothreitol
(DTT) was added. The digest slurry was incubated at 37 °C for 4 h
and analyzed with LC-MS/MS (see Supporting Information for
chromatographic details). Identical tryptic digests were also carried out
for 8, 12, and 24 h.

Synthetic Peptides Containing Asn26, Asp26, or iso-Asp26.
Three synthetic peptides that were identical to the Asn26-containing
peptide from trypsin proteolysis of WT SOD1 (i.e., residues 24−36:
ESNGPVKVWGSIK) were synthesized, wherein residue 26 was either:
Asn, Asp, or iso-Asp. Peptides were synthesized using solid-phase
synthesis by New England Peptide (NEP) and received as a
lyophilized powder (see Supporting Information for protocols). Each
peptide had a molecular weight within 0.1% of the theoretical mass
and a purity >98%, according to HPLC and MALDI-TOF mass
spectrometry by NEP. Certificates of analysis from NEP are shown in
Supporting Information. We also verified the purity and peptide
sequence with LC-ESI-MS/MS. The Asn26 peptide was mixed with
Asp26 and/or iso-Asp26 peptides in equal concentration (2.0 μM) and
analyzed with the same LC-ESI-MS/MS method described for tryptic
digests of WT SOD1.

■ ASSOCIATED CONTENT

*S Supporting Information
Additional experimental details, additional supporting data, and
an expanded discussion of data can be found in Supporting
Information, including: (i) the complete set of 534 longitudinal
plots of ThT fluorescence for WT, N26D, N131D, N139D, and
N26D/N131D/N139D apo-SOD1; (ii) the tandem mass
spectra of synthetic peptides and peptide fragments of WT
SOD1; and (iii) the certificates of analysis of each synthetic
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peptide. This information is available free of charge via the
Internet at http://pubs.acs.org.
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