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Abstract
Mutations in superoxide dismutase 1 (SOD1) associated with familial amyotrophic lateral
sclerosis (fALS) induce misfolding and aggregation of the protein with the inherent propensity of
mutant SOD1 to aggregate generally correlating, with a few exceptions, to the duration of illness
in patients with the same mutation. One notable exception was the D101N variant, which has been
described as wild-type-like. The D101N mutation is associated with rapidly progressing motor
neuron degeneration but shows a low propensity to aggregate. By assaying the kinetics of
aggregation in a well characterized cultured cell model, we show that the D101N mutant is slower
to initiate aggregation than the D101G mutant. In this cell system of protein over-expression, both
mutants were equally less able to acquire Zn than WT SOD1. Additionally, both of these mutants
were equivalently less able to fold into the trypsin-resistant conformation that characterizes WT
SOD1. A second major difference between the two mutants was that the D101N variant more
efficiently formed a normal intramolecular disulfide bond. Overall, our findings demonstrate that
the D101N and D101G variants exhibit clearly distinctive features, including a different rate of
aggregation, and yet both are associated with rapidly progressing disease.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that selectively
targets motor neurons. Although the majority of cases are sporadic (sALS) in nature, around
5% of cases are familial (fALS) and have a genetically inherited component. Mutations in
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the SOD1 gene, which codes for the ubiquitously expressed homodimeric metalloenzyme
SOD1, are known to be causative in 10–20% of fALS cases. To date, there have been 165
SOD1 mutations described in either familial or, less frequently, sporadic ALS cases (http://
alsod.iop.kcl.ac.uk). Interestingly, the duration of disease (from less than 2 years to more
than 10) varies in a nonrandom fashion among patients such that some mutations are
associated with disease of short duration whereas others are associated with disease of long
duration (Cudkowicz et al. 1997, Prudencio et al. 2009b).

Although it was first unclear whether toxicity in SOD1-mediated fALS disease was due to a
loss of enzymatic function, it is now accepted that mutated SOD1 results in the acquisition
of toxic properties (Borchelt et al. 1995, Borchelt et al. 1994). The SOD1 protein is subject
to several post-translational modifications including the insertion of copper (Cu) and zinc
(Zn) ions, the formation of a disulfide bond, and dimerization (Doucette et al. 2004, Potter et
al. 2007). Many fALS-linked SOD1 mutants can achieve enzymatically active
conformations that exhibit biophysical profiles indistinguishable from the wild-type protein
(Borchelt et al. 1995, Borchelt et al. 1994, Rodriguez et al. 2005). However, multiple studies
have demonstrated that mutation-induced conformational changes of the protein lead to
misfolding that manifests as the formation of detergent-insoluble protein aggregates; these
aggregates have been observed both in patients and transgenic mouse models expressing
mutant SOD1 (Bruijn et al. 1998, Karch et al. 2009, Prudencio et al. 2009b, Wang et al.
2003, Watanabe et al. 2001). The formation of SOD1 aggregates has also been reliably
demonstrated in cultured cells, which have proven to be a valuable tool in studying the
variability in mutant SOD1 aggregation (Prudencio & Borchelt 2011, Prudencio et al.
2009b, Wang et al. 2003).

In studies investigating the propensity of a number of SOD1 mutants to aggregate we
demonstrated that there was an inverse relationship between high-aggregation propensity
and the duration of disease in SOD1-fALS patients; the majority of mutants associated with
rapidly progressing disease exhibited high propensities to aggregate (Prudencio et al.
2009b). However, several mutants associated with a rapid disease course exhibited a low
propensity to aggregate. One of these mutants was the D101N variant; a site that can also be
mutated to D101G in ALS patients. Both of these mutations are associated with rapidly
progressing disease (2.4 years; n=14 patients with D101N and n=3 patients with D101G)
(Prudencio et al. 2009b). The D101N variant of SOD1 can be isolated in a state that exhibits
a similar tertiary structure, activity, Zn metallation state, and stability to WT SOD1
(Bystrom et al. 2010, Chattopadhyay & Valentine 2009, Rodriguez et al. 2005, Prudencio et
al. 2009b). In comparison, the D101G variant markedly destabilizes the protein (Bystrom et
al. 2010, Prudencio et al. 2009b). Thus, although the D101N and D101G mutations both
produce a decrease in the negative charge of SOD1, these proteins exhibit divergent
biophysical characteristics. In the present study, we sought to determine the basis for the
different aggregation propensities of these two mutants using a previously characterized
HEK293FT cell culture model (Karch & Borchelt 2008, Karch et al. 2009, Prudencio &
Borchelt 2011, Prudencio et al. 2009a, Prudencio et al. 2010, Prudencio et al. 2009b,
Prudencio et al. 2012). Our data demonstrate that as compared to the D101G variant, the
D101N variant of SOD1 exhibits a longer lag phase to initiate aggregation. In this over-
expression model, neither protein efficiently acquired Cu, or Zn, and both failed to fold into
trypsin-resistant conformations. A second major biophysical difference between the two
mutants was that the D101N variant more efficiently formed the normal intramolecular
disulfide bond. Our data demonstrate that variants with substantially different characteristics
can cause rapidly progressing forms of ALS.
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Methods
Tissue culture transfection and pulse-chase labeling

SOD1 constructs (4ug) were transfected into HEK293FT cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), for 24 or 48 hours, as indicated in the figure legends, at
37°C with 5% CO2. After 3–5 hours, complete media (DMEM with 10% horse serum and
2mM L-glutamine) was added to the cells. For pulse-chase labeling, at 24 hours post-
transfection, cells were rinsed with DPBS, then incubated in cysteine-free media for 1 hour.
This was followed by incubating the cells in 35S-Cysteine media (300 uCi/ml) for 1 hour at
37°C. Cells were then either harvested following this 1 hour incubation or harvested after an
additional incubation for 24 hours at 37°C with 5% CO2 in cysteine-free media.

Detergent extraction, immunopurification, and visualization of radiolabeled SOD1 protein
The cells were either washed 3 times in DPBS then scraped off the bottom of the dish or
collected by aspiration of the media and washed 3 times in DPBS by repeated centrifugation
and resuspension. Cells were then centrifuged at low speed (~800 × g) for 10 minutes and
resuspended in 1X TEN buffer (10 mM Tris, pH 7.5; 1 mM EDTA, pH 8.0; 100 mM NaCl)
containing 1:100 v/v protease inhibitor cocktail (Sigma, St. Louis, MO, USA) and 0.5%
NP-40. The cells were then lysed by sonicating the samples two times for 15 seconds each
before centrifugation at >100,000 × g for 5 minutes in a Beckman AirFuge (Brea, CA, USA)
to produce supernatant 1 (S1) and pellet (P1) fractions. The S1 fractions were put on ice, and
the P1 fractions were washed with the same extraction buffer, sonicated and centrifuged as
before. The supernatant was discarded and the remaining pellet (P2) was resuspended by
sonication in 1X TEN buffer containing 0.5% NP-40, 0.25% SDS, 0.5% deoxycholate, and
1:100 v/v protease inhibitor cocktail.

SDS and deoxycholate were added to the S1 samples to 0.25% and 0.5% respectively.
Samples were then boiled for 10 minutes, cooled at room temperature, and spun at 16,000xg
for 5 minutes. The supernatant was collected and cooled on ice for 5 minutes. A rabbit
SOD-1 antibody was added at 1:100 to the S1 and P2 samples and incubated overnight at
4°C with shaking. 50ul of Protein A agarose (Pierce Biotechnology, Rockford, IL, USA)
was then added to the samples and gently shaken for 1.5 – 2 hours at room temperature.
After the samples were spun at 3000×g for 3 minutes, the supernatant was removed and the
agarose beads were washed with 500ul of the 1X TEN buffer containing SDS and
deoxycholate for 30 minutes at 4°C with shaking. The samples were then spun again at
3000×g for 3 minutes and this wash procedure was repeated an additional 3 times. During
the last wash, the beads were transferred to a clean tube, and then pelleted by centrifugation.
The supernatant was removed and the beads were resuspended in 30ul of 2X Laemmli
buffer, boiled for 5 minutes in Laemmli sample buffer and electrophoresed in 18% Tris-
Glycine gels (Invitrogen, Carlsbad, CA, USA). The gel was then soaked in Amplify (GE
Healthcare, Pittsburgh, PA, USA), dried, and exposed to film.

Detergent extraction and trypsin digestion of SOD1 for disulfide bond analysis
Following a 24 hour transfection, cells were scraped from the dish in DPBS and washed 3
times in DPBS by repeated centrifugation and resuspension. After the final wash, cells were
resuspended by sonication three times for 10 seconds each in 1X TEN buffer containing 1%
NP-40, 200mM iodoacetamide, and 1:100 v/v protease inhibitor cocktail before
centrifugation at >100,000 × g for 5 min in an AirFuge to produce supernatant 1 (S1) and
pellet (P1) fractions. The S1 fractions were put on ice, and the P1 fractions were washed
with the same extraction buffer, sonicated three times for 10 seconds each, and centrifuged
at >100,000 × g for 5 min. The supernatant was discarded and the remaining pellet (P2) was
resuspended by pulsed sonication in 1X TEN buffer containing 0.5% NP-40, 100mM
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iodoacetamide, and protease inhibitors. The protein concentrations of the S1 and P2
fractions were then determined by BCA assay, as described by the manufacturer (Pierce
Biotechnology, Rockford, IL, USA). For trypsin digests, the protease inhibitor cocktail was
omitted from all buffers. For digestion, 5 μg of the S1 fraction and 20 μg of the P2 fraction
were incubated with trypsin at final concentrations of 0, 10, and 100 μg/ml for 30 minutes at
37°C. Digestions were stopped by the addition of Laemmli sample buffer and immediately
boiling the sample at 100°C.

Western blot analysis
5 μg of the S1 fractions and 20 μg of the P2 fractions were boiled for 5 minutes in Laemmli
sample buffer with β-mercaptoethanol (βME), or without for non-reducing SDS-PAGE, and
electrophoresed in 18% Tris-Glycine gels (Invitrogen, Carlsbad, CA, USA). For non-
reducing SDS-PAGE, an in-gel reduction was accomplished by incubating gels in transfer
buffer with 2% βME for 10 minutes prior to transferring to nitrocellulose membrane.
Following transfer, membranes were blocked in 5% milk in PBS-T (1X PBS, 0.1%
Tween-20) for 30 minutes then incubated for 1 hour at room temperature or overnight at 4°C
with the rabbit polyclonal antibodies m/h SOD (Borchelt et al. 1994) or hSOD (Bruijn et al.
1998) at 1:2500 in PBS-T and 5% milk. The membrane was then washed with PBS-T,
incubated for 1 hour at room temperature with a goat anti-rabbit secondary antibody at
1:5000 in PBS-T and 5% milk before developing with ECL reagents (Thermo Scientific
Inc., Rockford, IL, USA) and visualizing with a Fujifilm imaging system (FUJIFILM Life
Science, Stamford, CT, USA). The aggregation propensity was assessed by comparing the
ratio of immunoreactive SOD1 bands in the P2 versus S1 fractions as previously described
(Prudencio et al. 2009a).

SOD1 metal-binding characterization
The level of Cu and Zn bound to soluble SOD1 isolated from cultured cells, which had been
transfected for 24 hours, was determined using methods previously described (Lelie et al.
2011, Prudencio et al. 2012). Briefly, 40ul of the NP-40 detergent soluble supernatants (S1)
from transfected cells were loaded onto an Agilent 1200 series HPLC size exclusion column
(SWX 2000 TOSOH Biosciences; resolvable range 5 kDa to 150 kDa), and the proteins
were segregated using a 30 minute isocratic gradient with a trace element free mobile phase
(25mM potassium phosphate pH 6.7, 25 mM sodium chloride). The absorbance at 214 was
used to monitor SOD1 peak elution and measure the protein concentration. The eluent
directly flowed in-line into the ICP-MS where Cu, Zn, manganese, and iron concentrations
were then measured in real-time allowing for accurate Cu and Zn concentration from the
SOD1 peak. SOD1 metallation was determined by dividing SOD1 metal concentration by
the SOD1 protein concentration.

Statistical analyses
All statistical analyses were analyzed in GraphPad PRISM 5.01 Software (La Jolla, CA) as
explained in figure legends.

RESULTS
Kinetics of insoluble aggregate formation in HEK293FT cells expressing mutant SOD1

When overexpressed in HEK293FT cells, the D101G mutant of SOD1 produces much larger
amounts of detergent insoluble aggregates at both 24 and 48 hours post-transfection than the
D101N mutant (Prudencio et al. 2009b). To allow a side-by-side comparison, we transiently
transfected HEK293FT cells for 48 hours with WT SOD1 and the mutants, A4V, D101G,
and D101N. Although the D101N mutant accumulated a significant amount of insoluble
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SOD1 when compared to WT SOD1, the amount of insoluble D101G and A4V SOD1 was
much greater (Fig. 1A and B). To determine how the kinetics of aggregation differ between
the D101N and D101G mutants, HEK293FT cells were transiently transfected and cells
were harvested at defined intervals post-transfection followed by detergent extraction and
analysis by immunoblot. Detectable levels of insoluble SOD1 first appeared for D101G at
12 hours following transfection and rose steadily over 48 hours post-transfection. Whereas
insoluble D101N was not detected until 24 hours the accumulated robustly over the next 24
hours (Fig. 1C and D; Fig. S1). Together these data suggested that the low propensity of the
D101N variant of SOD1 to aggregate in 24 or 48 hour intervals is due to a to a longer lag
phase to initiate aggregation.

To further examine the kinetics of mutant SOD1 aggregation of these two mutants, we used
pulse-chase labeling of SOD1 following a transient transfection in HEK293FT cells.
Because the only methionine in SOD1 is the initiator start site and because this methionine
is lost by post-translational N-terminal acetylation (Borchelt et al. 1998), radiolabeled
methionine cannot be used to metabolically radiolabel SOD1. Following a previously
established protocol for metabolic labeling with pulse-chase, we used radiolabeled cysteine
for these studies (Borchelt et al. 1998). Radiolabeled cysteine is the only other sulfur
containing amino acid that allows for the use of more energetic isotopes. For this
experiment, we used a paradigm in which the cells were pulse-labeled for 1 hour at 24 hours
post-transfection. At this time point, cells expressing the D101G variant appear to be
exponentially increasing the levels of misfolded SOD1 (Fig. 1D) and we observed that a
significant amount of mutant SOD1 labeled in the 1 hour pulse partitioned into the
detergent-insoluble fraction (Fig. 1E and F). Conversely, at 24 hours post-transfection cells
expressing the D101N mutant have not yet shown evidence of accumulation of insoluble
protein (Fig 1D) and very little of the newly labeled protein partitioned into the detergent-
insoluble fraction (Fig. 1E and F). However, following a 24 hour chase in unlabeled media
(or 48 hours post-transfection), approximately 60% of the radiolabeled D101N mutant had
become detergent-insoluble. In the case of the D101G mutant, the percentage of newly made
protein that became detergent-insoluble during the pulse label was somewhat lower (~50%)
and the overall level of radiolabeled D101G protein that was detergent insoluble at 48 hours
was less than that of the D101N mutant; suggesting that some of the D101N mutant protein
that acquired detergent-insolubility at 1 hour either became soluble or was degraded.
Importantly, the level of radiolabeled D101N SOD1 that was immunoprecipitated in a 1
hour pulse was similar to that of D101G SOD1, indicating that the basal level of expression
of mutant SOD1 between the two cultures was not significantly different. We also noted that
the level of labeled D101G protein in the soluble fraction decreased at 48 hours, and coupled
with a lack of appearance of this labeled protein in the insoluble fraction we assume that the
mutant SOD1 that did not assemble into more stable aggregates was degraded.

Analysis of intramolecular disulfide bond formation and metallation
The differences in aggregation rates between the D101N and D101G mutants could be due
to differences in acquisition of post-translational modifications to the protein. Previous
studies have demonstrated that different mutations associated with ALS produced varied
effects on the formation of intramolecular disulfide bonds between cysteines 57 and 146
(Karch et al. 2009). To examine the formation of this bond in the D101G and D101N
mutants, in comparison to WT SOD1, in our cell model of aggregation, we assessed the
migration rates of these SOD1 proteins in non-reducing SDS/PAGE; using in-gel reduction
to enhance the detection of the oxidized SOD1 by immunoblot analysis (Zetterstrom et al.
2007). In the soluble fractions at 24 hours post-transfection, less than a third of the WT
SOD1 protein had acquired a disulfide bond, whereas by 48 hours the ratio of oxidized to
reduced SOD1 was ~ 1:1 (Fig. 2). In comparison, at either 24 or 48 hours, the vast majority
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of the detergent-soluble D101G SOD1 remained reduced. The D101N SOD1 mutant,
however, produced a pattern more similar to WT SOD1, with a greater percentage of the
protein acquiring a disulfide bond by 48 hours (Fig. 2). These data reveal that, in the context
of these cell expression models, the D101N variant is significantly more efficient in
acquiring the normal intramolecular disulfide bond than the D101G variant.

Since the binding of Cu and Zn to SOD1 has been previously shown to increase the
structural stability of the protein, which could influence aggregation rates, we investigated
the binding of Cu and Zn to SOD1 in our cell model. We have previously demonstrated that
when overexpressed in cell culture, WT SOD1 shows a reduced incorporation of Cu
(Prudencio et al. 2012). Even though we could detect incorporated Cu in endogenous SOD1
from untransfected HEK293FT cells, we were unable to detect any Cu bound to the
overexpressed WT or mutant SOD1 in our transfected cells (Fig. 3). By contrast, the levels
of Zn incorporated into overexpressed WT SOD1 were near normal, while both the D101G
and D101N SOD1 mutants showed much poorer incorporation of Zn in this system (Fig. 3).

Assessment of WT and mutant SOD1 folding by sensitivity to trypsin digestion
WT SOD1 is a hyperstable protein that shows extreme proteolytic resistance, whereas
mutant SOD1 variants exhibit variable sensitivities to proteolytic digestion (Ratovitski et al.
1999). To determine how overexpression of SOD1 in our cell culture model of aggregation
impacted folding, we examined the sensitivity of WT and mutant SOD1 to trypsin digestion.
For this study, we assessed the protease sensitivity of SOD1 in NP-40 detergent-soluble and
insoluble fractions and analyzed these fractions by non-reducing SDS/PAGE to determine
whether oxidized and reduced forms of the proteins displayed different sensitivities to
trypsin digestion. Importantly, despite the low incorporation of Cu and the slowness of
disulfide formation in this cell model, WT SOD1, which was found only in the NP40 soluble
fractions, displayed the expected extreme resistance to trypsin digestion (Fig. 4A and B).
Both reduced and oxidized fractions of soluble WT SOD1 displayed similar levels of
resistance to proteolytic digestion (Fig. 4A and B). For mutant D101G and D101N SOD1
that fractionated into the NP40 soluble fraction, protein lacking a disulfide bond displayed
high sensitivity to proteolysis, whereas the oxidized protein displayed slightly greater
resistance (Fig. A and C–D).

Previous studies have established that the normal disulfide bond of the detergent-insoluble
forms of mutant SOD1 is reduced; and that disulfide cross-links between mutant proteins
produce multiple bands on SDS-PAGE (Furukawa et al. 2008, Karch et al. 2009,
Zetterstrom et al. 2007). Thus, for analysis of the P2 fraction, we analyzed the proteins that
survive trypsin digestion by immunoblotting standard SDS-PAGE with reducing agents so
that we would have a single band to quantify. As compared to reduced or oxidized, soluble
WT SOD1, the insoluble D101G and D101N variants displayed higher sensitivity to trypsin
digestion. Insoluble mutant SOD1 proteins were completely degraded by 100 μg/ml trypsin
in 30 min at 37°C (Fig. 5), whereas oxidized WT SOD1 is completely resistant and ~50% of
reduced soluble WT SOD1 survives this condition (see Fig. 4). However, we noted that as
compared to soluble forms of D101G or D101N SOD1, the insoluble proteins were
significantly more resistant to trypsin (resisting digestion by 10 μg/ml of trypsin for 30
minutes at 37°C) (Fig. 5). Overall, these findings indicate that both soluble and insoluble
forms of D101N and D101G proteins fail to achieve native conformations when
overexpressed in HEK293FT cells. The data further indicate that the conformation of
detergent-insoluble D101N and D101G proteins differ from that of the soluble forms.
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DISCUSSION
In multiple prior studies, we found that overexpression of mutant SOD1 in HEK293FT cells
is a valuable system for assessing the impact of ALS associated mutations on the
aggregation propensity of SOD1 (Karch et al. 2009, Prudencio et al. 2009b, Prudencio et al.
2012). In this system, the overexpression of SOD1 overwhelms most cellular systems
associated with protein homeostasis and post-translational regulation and reveals inherent
properties of mutant SOD1. In a prior study of the aggregation propensity of the D101N and
D101G variants of SOD1 in this system, we found that cells expressing the D101N variant
accumulate less misfolded aggregates of mutant SOD1 than cells expressing the D101G
variant (Prudencio et al. 2009b). In the present study, we have used this same cell culture
system to further examine the aggregation of these variants and define the properties that
may account for different aggregation propensities (Table 1). In studies of aggregation
kinetics, we determined that the D101N variant displays a longer lag phase before the initial
appearance of insoluble protein as compared to the D101G variant; suggesting that the
nucleation of aggregation by D101N is slower than that of the D101G variant. However,
once aggregation initiated, the relative efficiencies with which newly made D101N protein
that acquired the detergent-insoluble conformation was similar to that of the D101G mutant.
As compared to WT SOD1 expressed at similar levels, our findings indicate that both of
these mutations significantly impact the post-translational modification and structural
stability of SOD1. Although the D101N variant was similar to WT SOD1 in efficiency to
form an intramolecular disulfide bond, the D101N variant was much less able to bind zinc
than WT SOD1 and showed a much higher sensitivity to trypsin digestion than the WT
protein. The D101G variant appeared to be slightly more severely affected, as this mutant
was less able to form intramolecular disulfide bonds on top of its inability to bind Zn or
acquire trypsin-resistant conformations.

Although the role of large aggregates of mutant SOD1 in the pathogenesis of motor neuron
disease is uncertain, it is clear that the propensity to aggregate is a reflection of misfolding
and that, in transgenic mouse models, disease is always associated with an accumulation of
aggregates of mutant SOD1; mice expressing the mutant protein at levels too low to cause
disease do not develop aggregates of mutant SOD1(Deng et al. 2006, Jaarsma et al. 2000,
Wang et al. 2005). Thus, aggregation seems to be linked to toxicity in some manner.

As stated in the Introduction, both the D101G and D101N mutants are associated with rather
short disease durations of about 2.5 years. Previously, we had thought the short disease
duration period of the D101N variant was discordant with its apparent aggregation
propensity because the general trend we observed across a large number of mutants was that
mutations associated with faster rates of progression showed high propensities to aggregate
(Prudencio et al. 2009b). In the present study, we show that the low apparent propensity of
the D101N mutant to aggregate, as measured in this cell system, is due to a longer lag phase
to initiate aggregate formation. If we associate aggregation with toxicity, then we would
presume that the lag phase to initiation of aggregation should be a modulator of onset
whereas the rate with which soluble precursor converts to insoluble aggregate should be a
modulator of duration. Our pulse-chase studies of aggregation demonstrate that once
aggregation initiated the percent of newly made D101N protein that acquired a detergent
insoluble conformation was similar to that of the D101G mutant. Thus, the apparent
discordance between overall aggregation propensity of the D101N and D101G variants and
disease duration may be resolved by relating disease duration to the relative efficiency by
which soluble mutant SOD1 acquires insoluble conformations once aggregation has
initiated. Additional studies of a larger set of mutants that includes mutants associated with
slowly progressing disease are required to determine whether this proposed relationship
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holds. The current picture is one in which we have two variants that alter a single position
with clearly distinguishable properties that produce disease of short duration.

Both the D101N and D101G mutants contain amino acid substitutions that eliminate a
negatively charged residue (aspartate), which has been suggested as potentially contributing
to protein aggregation (Sandelin et al. 2007). The glycine residue introduced in the D101G
mutant protein may impart greater local flexibility to the protein structure than the
asparagine in D101N (Betts & Russell 2003); and the greater flexibility around amino acid
101 when glycine is present could allow greater sampling of alternate conformations,
promoting a shorter lag phase to aggregation. The D101N protein may also undergo
deamidation potentially generating iso-aspartate at this position (Reissner & Aswad 2003).
This alteration could have a negative influence on the nucleation of aggregates. Notably,
cell-free translation studies of SOD1 maturation by Bruns et. al. observed a delay in the
initial rate of the D101N mutant to fold (Bruns & Kopito 2007). The slower rate of folding
would likely allow the protein to sample alternate conformations including conformations
that allow self-assembly into aggregates. Although we do not fully understand how the
different substitutions affect overall folding of mutant SOD1, both mutations produce a
sufficient degree of instability to foster self-assembly into aggregates.

The major biophysical correlate to account for the distinct aggregation kinetics between the
D101N and D101G mutants was the greater ability of the D101N mutant to acquire an
intramolecular disulfide bond. Although significantly different (p<0.05) from WT SOD1, a
far greater percentage of the D101N protein possessed a normal intramolecular disulfide
bond than did the D101G mutant. This supports the previously mentioned Bruns et. al. study
in which the formation of disulfide bonds was found to be identical for the D101N and WT
SOD1 proteins in their cell-free translation system (Bruns & Kopito 2007). They also
observed that other WT-like SOD1 mutant proteins such as the N134K and E100K variants
efficiently acquired an intramolecular disulfide bond. We and others (Chattopadhyay et al.
2008, Furukawa et al. 2008, Jonsson et al. 2006, Karch et al. 2009) have previously noted
that the fraction of mutant SOD1 that forms detergent-insoluble aggregates lacks an
intramolecular disulfide bond. If the insoluble SOD1 aggregates are in fact produced from a
fraction of the protein that lacks this modification (Karch et al. 2009), then it is possible that
the slower rate of D101N aggregation is due to its greater efficiency in achieving an
intramolecular disulfide bond. The more efficient formation of this modification would
reduce the effective concentration of the precursor to aggregates, potentially leading to the
longer lag phase to aggregate formation that we observe.

In our analysis of sensitivity of WT and mutant SOD1 to proteolytic digestion, we noted that
whether reduced or oxidized, the D101N and D101G mutants in detergent-soluble fractions
appeared more sensitive to digestion than WT SOD1 extracted in the same manner.
However, we did note differences between the relative sensitivities of reduced and oxidized
mutants to proteolysis as the oxidized fractions of both mutants retained some resistance to
trypsin digestion. This finding indicates an important role of the disulfide bond in stabilizing
the conformation of the SOD1 protein. For both mutants, the protein that partitioned into the
detergent insoluble fractions displayed less resistance to trypsin degradation than either
reduced or oxidized WT SOD1. Thus, in these aggregated mutant SOD1 proteins, significant
regions of the protein are sufficiently disordered to allow access to trypsin digestion. It is
notable that in this cell model, WT SOD1 is slow to aggregate and highly resistant to
proteolysis even though a significant fraction of the protein fails to acquire the
intramolecular disulfide bond. Thus, although post-translational modification of mutant
SOD1 appears to be an important modulator of aggregation, WT SOD1 has evolved a
sequence that inherently folds into a very stable structure even in the absence of stabilizing
post-translational modifications.
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The binding of metal cofactors to SOD1 contributes to the enzymatic activity and structural
integrity of the protein (Chattopadhyay & Valentine 2009). Specifically, it has been
demonstrated that WT SOD1 acquires resistance to protease digestion with the binding of
Zn, not Cu (Bruns & Kopito 2007). Our findings agree with this prior study. Although the
WT SOD1 protein was inefficient at binding Cu because of overexpression, the binding of
Zn was about 1.5 atoms per dimer and both the reduced and oxidized forms of WT SOD1
were highly resistant to trypsin. In regard to the D101N and D101G mutants, both showed
limited binding to both Cu and Zn and both mutants were highly sensitive to trypsin. Taken
together, this data suggests that for the D101N and D101G mutants the binding of Zn may
play a critical role in the acquisition of a conformation that resists proteolytic degradation.

In the present study we use a variety of biochemical techniques to further characterize the
properties of the D101N and D101G SOD1 mutants that have been associated with fALS.
While the D101N and D101G mutations are associated with fairly short disease durations of
2.5 years, previous studies have reported that the D101N mutant exhibits properties
indistinguishable from the WT protein (Bystrom et al. 2010, Chattopadhyay & Valentine
2009, Rodriguez et al. 2005). However, in our overexpression model, we elaborate defects
in D101N folding that include reduced efficiency of disulfide bond formation, high
sensitivity to trypsin, and poor incorporation of zinc. Among these properties, D101N was
very similar to D101G with the exception that the D101G mutant was significantly less
efficient in forming the intramolecular disulfide bond. Additionally, we show that the
different properties amounts of the D101N and D101G mutants that aggregate over 24 or 48
hour periods in our cell model is due to different rates of aggregate nucleation. Overall, our
findings demonstrate that the D101N and D101G variants, which are both associated with
relatively rapidly progressing disease, exhibit clearly distinctive features including different
kinetics aggregation. Despite the general association between high aggregation propensity
and disease duration (Prudencio et al. 2009b), the D101N variant seems to be a clear
example of an exception to the rule and thus the biophysical characteristic of SOD1 that
mediates rate of progression remains difficult to define.
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FIGURE 1.
Analysis of D101N and D101G variant aggregation. A, HEK293FT cells were transiently
transfected with vectors to express WT or mutant hSOD1 for 48 hours before harvest and
analysis of 5μg or 20μg of the NP-40 soluble (S1) or insoluble SOD1 (P2), respectively, by
SDS-PAGE as described under “Methods”. B, quantification of the aggregation propensity
of the mutants analyzed in (A). Student’s t-tests were performed to compare aggregation
propensities of SOD1 proteins to WT SOD1, * P ≤ 0.05, of three replicate experiments. C,
transiently transfected HEK293FT cells expressing either D101G or D101N were collected
at the indicated time-points post-transfection and 20μg of the NP-40 detergent insoluble
SOD1 was analyzed by SDS-PAGE as described under “Methods”. D, the band intensities at
each time-point for D101G (circle) and D101N (square) were quantified in comparison to
the intensity of the 48-hour signal (mean ratio ± S.E. (error bars) of three replicate
experiments). A second order quadratic polynomial curve was fit for both mutants. To
illustrate the relationship between the pulse-chase experiments and the overall aggregation
time course, the 24hr time-point is highlighted as the point at which cells were metabolically
radiolabeled. E, HEK293FT cells were transiently transfected (tf) with WT hSOD1 or
mutant hSOD1 for 24 hours. Following radiolabeling of cells with 35S Cys for one hour
(1h), cells were either harvested or supplied with fresh unlabeled media for an additional 24
hours (24h) prior to harvesting. NP-40 soluble (S) and insoluble (I) fractions were then
immunopurified and analyzed as described under “Methods”. F, quantification of data
illustrated in Panel E, comparing the amount of NP-40 insoluble protein formed in 1 or 24
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hours for one construct in relation to its soluble fraction formed after 1 hour [mean ratio ±
S.E. (error bars) of three replicate experiments]. An unpaired t-test was used to determine
the statistical significance of the aggregation potential for each of the mutants when
compared to wild type.
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FIGURE 2.
Analysis of intramolecular disulfide bond formation by D101N and D101G variants of
SOD1. Following transfection of HEK293FT cells for either 24 or 48 hours, as indicated,
with WT SOD1, mutant SOD1 constructs, or left untransfected (UT), cells were detergent
extracted in buffers containing iodoacetamide, as described under “Methods”. A, 5μg of the
detergent soluble fractions were analyzed by SDS-PAGE without reducing agent followed
by an in-gel reduction in 2% β-mercaptoethanol. B, the ratio of oxidized (O) to reduced (R)
SOD1 was quantified for each construct at both 24 and 48 hours [mean ratio ± S.E. (error
bars) of three replicate experiments]. Analysis of variance (ANOVA) and Tukey’s test was
used to determine the statistical significance for each mutant SOD1 construct at either 24 or
48 hours when compared to WT at the same time point: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤
0.001.
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FIGURE 3.
Analysis of metal binding by D101N and D101G variants of SOD1. The copper (Cu) and
zinc (Zn) metallation state of soluble human SOD1 from either untransfected HEK293FT
cells or cells transfected for 24 hours with the SOD1 constructs listed were measured by
HPLC-ICP-MS as described under “Methods”. The amount of Cu (black bars) and Zn
(white bars) per dimer was calculated by dividing the metal concentration for each construct
by its protein concentration [mean ratio ± S.E. (error bars) of at least three replicate
experiments]. ANOVA and Tukey’s test was used to determine the statistical significance of
the Cu and Zn levels for each of the mutants in comparison to the WT levels: ** P ≤ 0.01,
*** P ≤ 0.001.
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FIGURE 4.
Sensitivity of detergent-soluble forms of D101N and D101G SOD1 to proteolytic digestion.
HEK293FT cells were transfected with the SOD1 constructs listed in panel A for 48 hours
and detergent extracted in buffers containing iodoacetamide as described under “Methods”.
A, 5μg of the NP-40 detergent soluble fractions were treated with varied concentrations of
trypsin and analyzed by SDS-PAGE without reducing agent followed by an in-gel reduction
in 2% β-mercaptoethanol. The migration of the 20kDa band of the ladder is indicated on the
left of the panel. B–D, the reduced (black bars) and oxidized (white bars) band intensities for
each SOD1 construct were quantified in relation to the non-trypsin treated fraction [mean
ratio ± S.E. (error bars) of at least three replicate experiments]. ANOVA and Tukey’s test
was used to determine the statistical significance of the band intensities for trypsin-treated
reduced and oxidized SOD1 when compared to the non-treated samples: ** P ≤ 0.01, *** P
≤ 0.001. Red, reduced fraction; Ox, oxidized fraction.
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FIGURE 5.
Sensitivity of NP-40 insoluble forms of D101N and D101G SOD1 to proteolytic digestion.
HEK293FT cells were transfected with the SOD1 constructs listed in panel A for 48 hours
and detergent extracted in buffers containing iodoacetamide as described under “Methods”.
A, 20μg of the NP-40 detergent insoluble fractions were treated with varied concentrations
of trypsin and analyzed by SDS-PAGE. The migration of the 20kDa band of the ladder is
indicated on the left of the panel. B–D, the intensity of the band representing monomer
SOD1 (~16kDa or most intense band) for each SOD1 construct was quantified in relation to
the non-trypsin treated fraction [mean ratio ± S.E. (error bars) of three replicate
experiments]. ANOVA and Tukey’s test was used to determine the statistical significance of
the trypsin treated band intensities when compared to the non-treated samples: ** P ≤ 0.01,
*** P ≤ 0.001.
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