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Detergent-insoluble Aggregates Associated with
Amyotrophic Lateral Sclerosis in Transgenic Mice Contain
Primarily Full-length, Unmodified Superoxide Dismutase-1**
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Determining the composition of aggregated superoxide dis-
mutase 1 (SOD1) species associated with amyotrophic lateral
sclerosis (ALS), especially with respect to co-aggregated pro-
teins and post-translational modifications, could identify cellu-
lar or biochemical factors involved in the formation of these
aggregates and explain their apparent neurotoxicity. The results
of mass spectrometric and shotgun-proteomic analyses of
SOD1-containing aggregates isolated from spinal cords of
symptomatic transgenic ALS mice using two different isolation
strategies are presented, including 1) resistance to detergent
extraction and 2) size exclusion-coupled anti-SOD1 immunoaf-
finity chromatography. Forty-eight spinal cords from three dif-
ferent ALS-SOD1 mutant mice were analyzed, namely G93A,
G37R, and the unnatural double mutant H46R/H48Q. The anal-
ysis consistently revealed that the most abundant proteins
recovered from aggregate species were full-length unmodified
SOD1 polypeptides. Although aggregates from some spinal cord
samples contained trace levels of highly abundant proteins, such
as vimentin and neurofilament-3, no proteins were consistently
found to co-purify with mutant SOD1 in stoichiometric quanti-
ties. The results demonstrate that the principal protein in the
high molecular mass aggregates whose appearance correlates
with symptoms of the disease is the unmodified, full-length
SOD1 polypeptide.
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Mutations in the gene encoding superoxide dismutase 1
(SOD1)” induce familial amyotrophic lateral sclerosis (ALS),
and aggregation of the mutant SOD1 protein is hypothesized
to cause pathogenesis (1). Support for the aggregation
hypothesis includes pathological, cell-culture, and biophys-
ical data such as: 1) the appearance of fibrillar, spherical or
irregularly shaped SOD1-containing aggregates in murine
and human ALS spinal cord (2—8); 2) the formation of deter-
gent-insoluble SOD1 aggregates with the onset of motor
neuron degeneration in ALS mice (2, 9-12); 3) the observa-
tion that cultured neural cells that form SOD1 aggregates die
faster than cells that do not (13); and 4) various biophysical
and structural perturbations to ALS variant SOD1 proteins
(14 -18) that accelerate aggregation in vitro (1).

Although the aggregation of SOD1 is a conspicuous signa-
ture of SOD1-linked ALS, the protein composition of SOD1
aggregates remains unclear. Identifying proteins that might be
co-aggregated with SOD1 could help explain how the aggre-
gates are formed and why they are apparently toxic. For exam-
ple, the expression of ALS-SOD1 variants in mice and cell cul-
tures can induce: the slowing of axonal transport (19),
glutamate excitotoxicity (20, 21), and proteasomal inhibition
(22,23). Data also suggest that variant SOD1 proteins aggregate
with other proteins and lower the concentration of these pro-
teins below a threshold for normal viability (24 —27). Therefore,
the identification of binding interactions or co-aggregation
between SOD1 and specific proteins involved in any of these
processes could provide clues about the cellular processes
involved in ALS pathogenesis.

Another unanswered question pertains to whether the SOD1
polypeptide is pathogenic as it is expressed or if post-transla-
tional modifications to SOD1 trigger the polypeptide’s patho-
genicity. Immunohistochemical analysis of SOD1 inclusions in
mouse spinal cord using antibodies that are specific for oxi-

7 The abbreviations used are: SOD1, superoxide dismutase 1; ALS, amyotro-
phic lateral sclerosis; SE, size exclusion; LC, liquid chromatography; IA,
immunoaffinity; ESI, electrospray ionization; MS, mass spectrometry;
MS/MS, tandem MS; MALDI-TOF, matrix-assisted laser desorption time-of-
flight; DRP, detergent-resistant pellet; DTT, dithiothreitol; HPLC, high-per-
formance liquid chromatography.
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dized proteins have suggested that aggregated SOD1 proteins
are extensively modified (e.g. carboxymethylation of lysine res-
idues (4)). Likewise, the self-oxidation of metal coordinating
histidine residues by SOD1 has been shown to inactivate SOD1
in vitro (28 —=31). Such inactivation would be expected to cause
metal ion loss and structural destabilization of SOD1, which
could promote SOD1 aggregation.

Current information regarding the protein composition of
aggregated SOD1 and the post-translational state of aggregated
SODL1 is based upon immunohistochemical and Western blot
analysis of tissue inclusions and detergent-resistant complexes
that form in murine ALS spinal cord. For example, in addition
to containing SOD1 (3, 6), the inclusions that are visible by light
microscopy in ALS-affected spinal cord tissue are recognized
by antibodies to neurofilament components (3, 12), ubiquitin
(3, 6, 32), vimentin (9), heat shock proteins (33), Dorfin (34),
and NEDLI (35). The immunostaining of detergent-insoluble
SOD1 aggregates from the spinal cord of ALS mice has sug-
gested that many of the same proteins detected in visible SOD1
inclusions are also contained in detergent-insoluble aggregates
(11, 32). Consequently, hypotheses have emerged regarding the
role of some of these proteins in ALS pathogenesis. Other
reports, however, suggest that the co-localization of some of
these proteins with SOD1 in inclusion bodies is minimal,
inconsistent, and rare, i.e. ubiquitin (9, 32) and heat shock pro-
teins (36).

Immunohistochemical analyses have provided invaluable
information on the composition of various types of SOD1
aggregates; however, the limitations to immuno-based analyses
involve: 1) the possibility of cross-reactivity or nonspecific
binding that produces a false positive identification of proteins;
2) a protein bias; that is, the researcher must know which pro-
tein or chemical modification to assay; and 3) the inability to
discern if proteins that co-sediment or are co-localized with
SOD1 are in fact aggregated with SOD1.

In an attempt to directly characterize the SOD1 proteins that
aggregate in ALS spinal cord and to broadly identify proteins
that might be co-aggregated with SODI1, we have isolated
aggregate forms of SOD1 from the spinal cords of transgenic
ALS mice and analyzed these aggregate species with mass spec-
trometry, a technique used recently to analyze SOD1 aggre-
gates formed in vitro (37). Two different methods were used to
isolate SOD1-containing aggregates from mouse spinal cord.
One method involves detergent extraction and differential cen-
trifugation and has been previously described (11, 38). This
method isolates aggregates based upon their high molecular
mass and resistance to various detergents. It is very possible,
however, that a detergent extraction could dissociate meta-sta-
ble oligomeric species that might play a role in ALS pathogen-
esis (39, 40). Therefore we also isolated SOD1-aggregate spe-
cies from mouse spinal cord using a less harsh, detergent-free
method that employs size exclusion liquid chromatography
(SE-LC) coupled with anti-SOD1 immunoaffinity liquid chro-
matography (IA-LC).

Analysis of the isolated aggregate species with electrospray
ionization mass spectrometry (ESI-MS) and matrix-assisted
laser desorption time-of-flight (MALDI-TOF) mass spectrom-
etry has revealed that the detergent resistant SOD1 aggregates
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are composed predominantly of the full-length, non-ubiquiti-
nated SOD1 polypeptide that is bearing no covalent or oxida-
tive modifications. With the exception of trace amounts of
highly abundant proteins, there were no other proteins that
were found to be consistently co-aggregated with SOD1.

EXPERIMENTAL PROCEDURES

Transgenic Mice—Transgenic mice expressing hWT, G93A,
and G37R SOD1 and the double mutant mouse, expressing
H46R/H48Q ALS SODI1 mutations were sacrificed, and their
spinal cords were harvested as previously described (2, 11). In
short, mice were sacrificed at the end stage of motor neuron
degeneration when hind limb paralysis was pronounced. Non-
transgenic mice and hWT SODI1 transgenic mice were age-
matched with ALS mice when sacrificed. A total of 75 murine
spinal cords were analyzed in this study: 12 G93A, 27 H46R/
H48Q), 18 G37R, 9 hWT, and 9 non-transgenic.

Detergent Extraction and Sedimentation of Aggregates from
ALS Murine Spinal Cord—Detergent extraction and differen-
tial centrifugation of high molecular mass, detergent-stable
complexes was performed as previously described (11, 38). Spi-
nal cords were sonicated in 10 volumes of TEN buffer (10 mm
Tris, pH7.5,1 mMEDTA, pH 8.0, 100 mm NaCl), and the homo-
genate was centrifuged at 800 X g for 10 min. This initial pellet
(denoted P1) was discarded, and the remaining supernatant was
treated with 1/10 volume of TEN buffer containing 10% of Non-
idet P-40. This solution was mixed well, sonicated, and centri-
fuged at 100,000 X g. The resulting supernatant from this prep-
aration is referred to as S1, and the pellet is referred to as P2. An
additional, harsher detergent extraction was performed on the
P2 pellet by resuspension of the P2 pellet in 1 ml of TEN buffer
with 0.5% Nonidet P-40, 0.25% SDS, and 0.5% deoxycholate.
This homogenate was sonicated and centrifuged at 100,000 X g
for 30 min. The resulting pellet is denoted as the P3 pellet. The
P3 pellet was also subjected to an additional washing step; the
P3 pellet was resuspended in 1 ml of TEN with 0.5% Nonidet
P-40, 0.25% SDS, and 0.5% deoxycholate, and then sonicated at
centrifuged at 100,000 X g for 30 min. The supernatant was
discarded. For storage and analysis, the washed P3 pellet was
resuspended in 200 ul of water and kept at —80 °C. The number
of spinal cords analyzed from mice expressing G93A, H46R/
H48Q, G37R, and hWT SOD1 were 12,9, 3, and 3, respectively.

Dissolution of Detergent-resistant Pellets and Analysis with
LC-ESI MS—Frozen detergent-resistant pellet (DRP) samples
were thawed, and 100-pul aliquots were mixed with 400 ul of a
denaturing solution consisting of 3 M guanidine thiocyanate
and 0.5 M DTT. Frozen S1 samples were also thawed and 1/10
volume (~100 ul) was mixed with 400 ul of 3 M guanidine
thiocyanate and 0.5 M DTT. These mixtures were incubated at
room temperature for 30 min. Two 200-ul aliquots were
removed and placed in separate Eppendorf tubes and to each
tube methanol (600 wl), chloroform (200 wl), and water (400 wl)
was added. The tubes were mixed vigorously for 2 min, yielding
a white suspension. The tubes were then centrifuged for 1 min,
yielding a biphasic mixture with a white precipitate at the aque-
ous/organic interface. The upper methanol/aqueous layer was
removed, and 600 ul of methanol was added to each tube. The
tubes were then inverted gently to yield one organic phase. The
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tubes were centrifuged again for 1 min. The organic layer was
removed, and the white solid was allowed to dry for 2 min at
room temperature and pressure (41, 42).

The white solid was dissolved in 88% formic acid (total vol-
ume: 90 ul), and the entire volume was immediately injected
onto the HPLC column and separated using a two-solvent gra-
dient. The solvents used were 0.1% trifluoroacetic acid in water
(solvent “A”) and 49.9% isopropyl alcohol, 49.9% acetonitrile,
0.05% trifluoroacetic acid (solvent “B”). A compound linear gra-
dient was ramped from 5% B at 5 min to 40% B at 30 min and to
100% B at 150 min. The chromatography was conducted at
40 °C using an PLRPS column, with a flow rate of 100 wl/min
(43). The output from the HPLC was outfitted with a splitter
affording an equal flow of analyte to the mass spectrometer and
to the fraction collector. The fraction collector collected 1-min
(50 wl) fractions. The mass spectrometer (APIIII+, Sciex, Con-
cord, Canada) was tuned and calibrated as described previously
(44) and scanned from 600 to 2300 m/z with a step size of 0.3
and a dwell of 1 ms.

MS/MS Identification of Proteins Contained in DRPs—
LC-ESI-MS provides a survey of the number of proteins present
in the pellet, but mass alone is insufficient for an unambiguous
identification of proteins. To identify proteins detected with
LC-ESI-MS, they must be trypsinized and sequenced with tan-
dem mass spectrometry (LC-ESI-MS/MS). Therefore, the col-
lected fractions (~30 in number) from the LC-ESI-MS separation
were reduced, alkylated, and treated with trypsin (Promega,
sequencing grade) for analysis with LC-ESI-MS/MS. ESI-LC-
MS/MS analysis of DRPs was performed on a Q-STAR XL mass
spectrometer (Applied Biosystems, Foster City, CA). See supple-
mental information for additional experimental details of the
trypsinization of DRP samples and analysis with ESI-LC-MS/MS.

Size Exclusion and Anti-hSODI1 Immunoaffinity Isolation of
Soluble and Aggregated SODI1—Spinal cord tissue was weighed
and homogenized in 10 volumes of chilled phosphate-buffered
saline, pH 7.4, using an ultrasonic disintegrator. During sonica-
tion, the homogenate was kept on ice. The homogenate was
then centrifuged (800 X g, 10 min). This low speed centrifuga-
tion only pellets the major cellular debris and does not pellet
smaller structures such as mitochondria or aggregates. To
obtain SOD1 quantities sufficient for detection with mass spec-
trometry, it was determined that the SE/IA procedure had to be
scaled up to include three spinal cords. The supernatants from
three individual spinal cords were combined and then loaded
onto the G-75 SE column. The numbers of spinal cords ana-
lyzed from mice expressing H46R/H48Q, G37R, and hWT
SOD1 were 18, 9, and 6, respectively.

The size exclusion/immunoaffinity method used here
involved the separation of SOD1-containing complexes first
with size exclusion chromatography followed by anti-SOD1
immunoaffinity chromatography. Sephadex G-75 medium was
packed into glass columns (1.0 cm X 50 cmand 1.5 cm X 75 cm,
respectively). The packed SE columns were connected to a Bio-
Logic fraction collector (Bio-Rad) programmed to collect
10-min fractions. The running buffer was phosphate-buffered
saline (the chromatography methods did not use detergent).
Typically, all of these columns flowed at 200-300 wl/min. To
identify SOD1-positive fractions, a 10-ul aliquot from each col-
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lected fraction was analyzed with SDS-PAGE and anti-hSOD1
Western blotting. The collected SOD1-positive fractions cor-
responding to the void volume were combined, concentrated
with Centricon centrifugal filtration devices (molecular mass
allowance of 3000 Da, Millipore), and subjected to an immuno-
affinity (IA) purification using the anti-SOD1 antibody-Sepha-
rose matrix. The resolving fractions were also combined, con-
centrated with 3-kDa centrifugation filtration devices, and
subjected to the anti-SOD1 IA column.

SOD1-positive fractions that eluted from the SE column
were incubated with the anti-SOD1-Sepharose beads overnight
at 4 °C. The bound species were eluted using 0.1 m glycine/HCl
buffer, pH 2.8, according to the same procedure used for the
purification of anti-SOD1 antibodies from the SOD1-Sepha-
rose media (see supplemental information for experimental
details). The fractions were then washed with 10 mm Tris (pH
8.0) using Centricon centrifugal filtration devices (molecular
mass allowance of 3000 Da) to prepare the sample for digestion
with trypsin. In short, samples were concentrated to ~200 ul,
followed by the addition of 1.8 ml 10 mm Tris, pH 8.0. This
procedure was repeated three to four times with the samples
being finally concentrated to ~200 ul.

Mass Spectrometry of Soluble and Aggregated SODI Isolated
with Size Exclusion/Anti-SOD1 Immunoaffinity Chromato-
graphy—SE/IA purified samples were analyzed directly with
MALDI-TOF mass spectrometry. To dissociate aggregated
SOD1, the samples were heated at ~80 °C for 2 min in the
presence of 100 mM DTT. Standard protocols were followed for
MALDI-TOF-MS analysis (42). In short, 1 ul of matrix solution
(1.0 mg of sinapic acid dissolved into 100 ul of 70% acetonitrile/
0.1% trifluoroacetic acid) was spotted onto the MALDI plate
along with 0.5 ul of protein sample and 0.5 ul of myoglobin (1
nmol/100 ul of H,O; added as an internal calibrant). Spots were
allowed to dry at room temperature, and data were collected on
a Voyager-DE STR instrument (Applied Biosystems) and ana-
lyzed with Data Explorer software (Version 5.10).

MS/MS Identification of Proteins Co-eluting with SODI in
Chromatographic Fractions—SE/IA samples were concen-
trated to a volume between 150 and 200 ul using centrifugal
filtration devices (Millipore, molecular mass allowance of 3000
Da) and subjected to digestion with trypsin. An aqueous solu-
tion of DTT was added to the digest so that the final concen-
tration was 1 mM. Tryptic digests were analyzed by uLC-MS/MS
with data-dependent acquisition using an LCQ-DECA ion trap-
quadrupole ESI-MS (ThermoFinnigan, San Jose, CA). See supple-
mental information for additional experimental details on the
trypsinization of samples and analysis with LC-ESI-MS/MS.

Preparation of Oxidatively Modified ALS Variant SODI1—
The ALS variant H48Q SOD1 was expressed in yeast and puri-
fied as previously described (45). Purified H48Q SOD1 (1.5
mg/ml) was reacted with 5 mm hydrogen peroxide (5 mm phos-
phate buffer, pH 7.4) for 1 h at room temperature. The resulting
protein solution was analyzed with LC-ESI-MS using the same
gradient used for analysis of the DRP samples.

RESULTS

Mass Spectral Profile of Soluble SODI1—Detergent-soluble
fractions (i.e. the supernatant of spinal cord homogenate
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FIGURE 1. LC-ESI-MS of soluble hWT and ALS variant SOD1 from ALS-mouse spinal cord. A, total ion
current LC chromatogram from LC-ESI-MS analysis of supernatant solution (referred to as “S1”). ALS variant and
hWT SOD1 elute at ~39-41 min (peak corresponding to hSOD1 marked with red arrow). B, raw mass spectra of
SOD1 species eluting between 38 and 41 min from hWT, G37R, H46R/H48Q, and G93A mice. C, reconstructed
mass spectra that were deconvoluted from the corresponding raw spectra in B (see Table 1 for mass values).
D-F, oxidative modifications to SOD1 do not significantly alter retention time on HPLC column. D, LC-ESI-MS
total ion current chromatogram of recombinantly purified H48Q SOD1 that has been partially oxidized in vitro
with H,0,.Peak at 39-41 min corresponds to H48Q SOD1 (peak at ~9 min is eluted salt from sample injection).
E and F, raw mass spectrum (E) and deconvoluted mass spectrum (F) of H48Q SOD1 species eluting in selected
region of chromatogram in D. Two SOD1 species are present and have co-eluted, demonstrating that oxida-
tively modified SOD1 in mouse spinal cord would have eluted with unmodified SOD1 at ~39-41 min. Species
with mass of 15839.47 Da corresponds to unmodified H48Q SOD1; species with 15869.36 Da corresponds to
oxidatively modified H48Q SOD1.

reconstruct (7, Da) wherein each
spectrum had one predominant sig-
nal that was consistent with the
molecular mass of each SOD1 vari-
ant (Fig. 1C). The calculated average
masses for N-terminally acetylated,
Metl removed hWT, G37R, H46R/
H48Q, and G93A SOD1 were
15846.62, 15945.75, 15856.66, and
15860.65 Da, respectively. The
experimentally measured masses
were 15847.4, 15946.6, 15857.2, and
15861.7 Da, respectively (Table 1).
These values are within experimen-
tal error consistent with normal
Met-1 removal and N-terminal
acetylation (Table 1). As summa-
rized in Fig. 1, the mass distribution
of both hWT and ALS variant SOD1
proteins is predominantly unimo-
dal. This peak shape indicates that
soluble hWT and ALS variant SOD1
proteins are largely unmodified.
There are, however, low levels of
modified SOD1 species that can be
observed in each de-convoluted
mass spectrum. The mass adducts
were +25 Da (hWT), +13 Da
(G37R), +26 Da (G93A), and +24
Da (H46R/H48Q) and are most
probably due to oxidation (+16 Da)
or formylation (+28 Da) as a conse-
quence of brief exposure to 90% for-
mic acid during solubilization.
Sodium (+22 Da) and potassium
(+38 Da) adducts are rarely seen
under the conditions used. It is rea-
sonably assumed that modest
adduction does not change the ion-
ization efficiency of the protein, and
based on this assumption we con-
clude that at least 80% of the SOD1
protein is unmodified. It is further
noted that a high concentration of
DTT was added to the pellet at the
beginning of the methanol/chloro-
form extraction (see “Experimental
Procedures”), and thus any modifi-
cations easily reversible with DTT,
such as O on Cys (+16 Da) may not

referred to as S1 and prepared as described under “Experimen-
tal Procedures”) were analyzed with LC-MS. Both hWT and
ALS variant SOD1 proteins eluted from the HPLC column sev-
eral minutes before most other molecular species. The reten-
tion time for hWT or ALS variant SOD1 was between 39 and 41
min (Fig. 1A). This elution profile allowed the collection of eas-
ily interpretable mass spectra (Fig. 1, Band C). A deconvolution
of the raw mass spectra (m/z) produced a molecular mass
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be seen. The reader is reminded that there are no Met residues
in the mature SOD1 sequence.

It is possible that oxidized SOD1 would elute from the HPLC
column separately from unmodified SOD1, as can be observed
for some proteins upon their oxidation (46). To determine if
oxidative modifications to SOD1 result in a substantial change
in the HPLC retention time, we prepared an oxidatively modi-
fied ALS variant SOD1 protein by incubating a recombinantly
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TABLE 1

Molecular mass values for aggregated and soluble SOD1 proteins
isolated from spinal cord of symptomatic mice expressing ALS
mutant SOD1 proteins (and from non-symptomatic mice expressing
human WT SOD1)

hSOD1 Molecular mass® No. of spinal
variant Calculated  Soluble  Aggregate cords analyzed
Da
H46R/H48Q 15856.7 15857.2 15857.0 9
G37R 15945.8 15946.6 15945.0 9
GI93A 15860.7 15861.7 15862.5 12
WwT 15846.7 15847.4 -4 3

“ Mass values for “soluble” and “aggregated” SOD1 refers to SOD1 proteins detected
in supernatant of spinal cord homogenate and in detergent-insoluble aggregates
(P2 preparations), respectively.

 _, denotes that no SOD1 protein was detected in detergent insoluble aggregates.
Theoretical molecular mass values account for N terminus methionine cleavage
and N terminus acetylation.

purified SOD1 protein (H48Q SOD1) with hydrogen peroxide.
This reaction did not result in the appearance of an additional
peak in the HPLC total ion current chromatogram (Fig. 1D);
however, the mass spectra of the SOD1 protein did exhibit a
+32 Da modification (Fig. 1, E and F; note: a similarly prepared
+32 Da modified SOD1 protein has been previously shown to
involve the oxidation of copper-coordinating histidine residues
(47)). Therefore, oxidatively modified SOD1 proteins that
might exist in ALS spinal cord can be expected to elute with the
unmodified SOD1 protein.

Mass Spectral Profile of SOD1 Proteins Recovered from DRPs—
ALS-variant proteins were extracted from detergent-resistant
pellets after reduction using methanol/chloroform and then
analyzed with LC-MS (Fig. 2). All three ALS variant SOD1 pro-
teins recovered from the DRPs (G37R, G93A, and H46R/H48Q)
had identical elution times compared with the soluble SOD1
proteins from supernatant (39-41 min, Fig. 24). The most
noticeable difference between the LC-MS results for SOD1
proteins from the S1 supernatant (Fig. 1) compared with pro-
teins from the DRPs is that no signal was detected for the h\WT
SOD1 protein in the DRP samples (Fig. 2 and Table 1). This
absence of hWT SODL1 in DRPs suggests that hWT SOD1 does
not accumulate into detergent-insoluble and sedimentable
complexes (Fig. 2C). This negative result is corroborated by
previous Western blot analyses of DRPs from ALS mouse spinal
cord (48) and supports the key observation that SOD1 only
accumulates in DRPs when animals begin to show symptoms of
the disease.

The ALS variant SOD1 proteins that form DRPs had mass
values consistent with full-length, unmodified SOD1 (similar to
the soluble SOD1 proteins from supernatant). The G93A,
G37R, and H46R/H48Q SOD1 proteins were found to have
mass values of 15862.5, 15945.0, and 15857.0 Da, respectively
(Table 1). Raw mass spectra of ALS variant SOD1 proteins from
P2 pellets are shown in Fig. 2C, and the de-convoluted mass
spectra for both P2 and P3 pellets are shown in Fig. 2 (D and E),
respectively. (See “Experimental Procedures” or Fig. 2 for a
description of the different detergent mixtures used to generate
P2 and P3 pellets.) The mass distributions for all three SOD1
variants are predominantly unimodal, and only low intensity
mass adducts were detected with values of +4.5,7.5, 16, and 32
Da. It should be noted that the +16 and +32 Da species that are
observable with some SOD1 proteins from DRPs (Fig. 2, E and
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D) are also routinely observed to form over time, in vitro, with
recombinantly purified hWT and ALS variant SOD1 proteins
during purification, storage, and analysis (15). These +16 and
+32 Da adducts are likely due to the air oxidation of free cys-
teine residues present in human SOD1 (i.e. Cys-6 and/or Cys-
111) (14, 15,49, 50) that occurs during detergent extraction and
organic solvent extraction. Previous MS/MS analysis of modi-
fied hWT SOD1 showed that a +32 Da modification was
located on cysteine 111 (49). Trypsinization and MS/MS anal-
ysis of our detergent-extracted SOD1 proteins, however, did
not yield MS/MS spectra consistent with modified SOD1 pep-
tides, and this is probably due to the low abundance of these
modified proteins in the detergent-extracted protein samples.

The oxidation of Trp-32 in SOD1 has also been observed, in
vitro with purified SOD1 solutions containing hydrogen perox-
ide and bicarbonate (51) and with ALS mutant SOD1 purified
from the blood of transgenic mice (52). It should also be pointed
out that the +4.5-Da modifications to G93A and G37R SOD1
in the P3 samples (Fig. 2E) could be due to the oxidation of
tryptophan to kynurenine, which results in a +3.9-Da modifi-
cation. These 4.5-Da adducts were only observed in P3 samples
and not P2 samples, and could have formed during the addi-
tional detergent extraction step. Regardless, these species do
not represent the majority of SOD1 in the DRP samples and are
low in abundance relative to the unmodified SOD1 protein.

It is very likely that SOD1 proteins bearing single or multiple
8-kDa ubiquitin modifications would have altered elution times
compared with non-ubiquitinated SOD1 proteins. Therefore,
we used Analyst software to search the entire LC-MS chromat-
ogram of P2 samples from hWT and ALS mutant samples for
ions corresponding to mono-, di-, and tri-ubiquitinated SOD1
proteins. No distributions of ions were detected that corre-
sponded to hWT or ALS variant SOD1 having 1-3 conjugated
ubiquitin polypeptides. Fig. 3 shows the results of this ion
extraction for the +20 molecular ion of mono and di-ubiquiti-
nated SOD1 (denoted SODI-Ub, and SODI1-Ub,) and the +30
ion for tri-ubiquitinated SOD1 (SODI-Ub;). Although only the
+20 or +30 ions are shown in Fig. 3, we performed an ion
extraction for a complete ion series (+20 to +40) of SOD1-Ub,,
with no significant signal detected (data not shown). All four
plots (A-D) in Fig. 3 show, as a reference, an ion extract chro-
matogram for the +14 ion of unmodified SOD1. As can be seen
from Fig. 3 (A-D), the +14 ion is extremely abundant at times
of 39 —41 min, where unmodified SOD1 was shown to elute. It
should be noted that the ion extract for unmodified h'WT SOD1
does not exhibit a strong signal, consistent with no hWT SOD1
being present in the DRPs. It should also be noted that in Fig. 3
(Cand D), a small signal can be seen for SOD1-Ub, and SOD1-
Ub, at ~45 min. This signal is also present in the SOD1 extracts
(e.g. SOD1-Ub,), and these ions were found to be members of
an ion distribution for glial fibrillary acidic protein and not
SOD1 or ubiquitinated SOD1.

It should be remembered that aggregated proteins that could
not be dissociated during the DRP dissolution would be difficult
to detect with ESI-MS. We believe, however, that we achieved
complete dissociation and recovery of aggregated proteins
based upon the lack of an observable pellet after dissolution and
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FIGURE 2. LC-ESI mass spectra of ALS variant SOD1 from DRPs prepared from symptomatic ALS mouse
spinal cord. DRPs that were resistant to 10% Nonidet P-40 are denoted “P2"; pellets resistant to 10% Nonidet
P-40 and an additional exposure to 0.5% Nonidet P-40, 0.25% SDS, and 0.5% deoxycholate are denoted “P3.”
A, total ion current chromatograms of P2 DRPs (solubilized for LC-MS analysis with methanol/chloroform) from
non-transgenic (nTg) and hWT, H46R/H48Q, G37R, and G93A mice are overlaid. B, expanded and overlaid view
of SOD1 elution peak at 39-41 min shows that hWT SOD1 is not present in DRPs from transgenic mice
expressing hWT SOD1; dashed and solid lines represent hWT and H46R/H48Q samples, respectively. C, raw mass
spectra of ALS variant SOD1 recovered from P2 DRP. D and E, reconstructed mass spectra of ALS variant SOD1
deconvoluted from raw mass spectra from P2 (D) and P3 (E) DRPs, respectively. See Table 1 for mass values of SOD1.

the absence of an increase in pressure after each sample was

loaded onto the HPLC column (data not shown).

To approximate the amounts of SOD1 proteins presentin S1,
P2, and P3 samples, we integrated the mass spectral signals for
each variant and determined the quantity of SOD1 using an
SOD1 calibration curve (see supplemental information for
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additional experimental details).
Calibration curves were prepared
using recombinantly purified hWT
and ALS variant SOD1 (e.g. H48Q)
of known concentration. The
results are summarized in supple-
mental Fig. S2. The results show
that ~90-96% of the SOD1 from all
three ALS mutant samples was
present in the supernatant with
~4.-10% contained in the P2 pellet
(supplemental Fig. S2C).

MS/MS Identification of Proteins
Co-sedimented with SODI in Deter-
gent-resistant Pellets—The organic
extraction of proteins from DRPs
and the subsequent analysis with
LC-MS generated chromatograms
wherein the predominant signals
were found to correspond to molec-
ular species with masses consistent
with human SOD1, glial fibrillary
acidic protein, myelin basic protein
precursor, tubulin, and actin (Fig.
2A). Trypsinization of collected
fractions and sequence analysis with
MS/MS confirmed the identity of
each protein (see supplemental
Table S1 and tryptic map of SOD1
in the supplemental information).
All of these proteins, except for
SOD1, were also found in the nTg
and hWT SOD1 controls, indicat-
ing that their detergent-insoluble,
high molecular mass nature is a
non-pathogenic occurrence or arti-
fact of the DRP preparation. No
other proteins were detected in the
DRPs with LC-MS. However, the
trypsinization and LC-MS/MS anal-
ysis of LC fractions collected from
the DRP LC-MS analysis did result
in the detection and identification
of additional proteins that were
present along with SODI1, glial
fibrillary acidic protein, actin, mye-
lin basic protein precursor, and
tubulin in the DRPs (see supple-
mental Table S1 in supplemental
information for a list of these pro-
teins). None of these proteins, how-
ever, were consistently detected in

aggregates samples from spinal cords of all three ALS mutant

mice except for vimentin, a highly abundant cytoskeletal pro-

vimentin.

tein. Therefore, the only proteins that were consistently
detected with ESI-MS/MS to be present in detergent-resistant
samples from only ALS mutant spinal cords were SOD1, and
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FIGURE 3. Ubiquitinated-SOD1 (SOD1-Ub) ion extract of LC-ESI-MS chromatogram for DRP from ALS
variant and hWT SOD1 mouse spinal cord. G93A, G37R, H46R/H48Q, and hWT SOD1 ion extracts for +20
molecular ion are shown for SOD1-Ub, and SOD1-Ub,; +30 ion shown for SOD1-Ub;. The ion extract for the
+14 molecular ion of unmodified SOD1 is shown for each variant, with strong signals appearing between 39
and 41 min, where SOD1 elutes (note: signal marked with asterisk in each plot corresponds to injection peak

ofthe LC MB/MS system is ~10-20
fmol of protein on column. Thus
Western blotting may detect mate-
rials that escape detection by this
method.

Isolation of Aggregated and Solu-
ble SODI from Spinal Cord with
SE/IA-LC—The coupled SE/IA-LC
method vyields information about
which proteins are complexed with
SOD1 in the spinal cord extracts,
whereas the detergent extraction
method isolates molecular species
that are similarly detergent-resist-
ant and sedimentable but not neces-
sarily aggregated with one another.

The Sephadex G-75 size exclu-
sion media separates globular pro-
teins with molecular masses that
range from 3 to 70 kDa. Prepara-
tions from hWT or ALS mutant
mice consistently vyielded two
groups of SOD1 immunoreactivity
with different molecular masses
according to anti-hSOD1 Western
blot analysis of SE fractions (Fig. 4;

and is due to salt clusters across a broad m/z range).

The detection of additional proteins such as vimentin in the
trypsinization and LC-MS/MS experiments (but not
in the LC-MS experiments) is likely due to a combination of
factors, including: 1) the greater relative sensitivity of the LC-
MS/MS instrumentation, compared with the instrumentation
used for the LC-MS (75-pum versus 2-mm column; see “Exper-
imental Procedures”); 2) the additional concentration step
included in the trypsinization protocol (see “Experimental Pro-
cedures”); and 3) the increased ionization efficiency of tryptic
peptides, relative to unproteolyzed, full-length proteins.

The inconsistent detection of additional proteins besides
SOD1 in DRPs and the apparent low abundance of vimentin
creates difficulty in determining the relevance of these data to
ALS pathology (see supplemental Table S1 in supplemental
information for a complete list of these proteins). Together, the
data do suggest that the most abundant species in detergent-
resistant aggregates that are associated with ALS is the SOD1
protein and that other proteins are present in very low amounts
that are difficult to detect with mass spectrometry.

An SOD1 “elution ruler” is shown at the bottom of the chro-
matogram overlay in Fig. 24 and illustrates the fractions that
were shown, with trypsinization and MS/MS, to contain SOD1
proteins. The elution ruler shows that SOD1 was only detected
to be present in ESI-LC-MS fractions that contain full-length,
unmodified SOD1 (e.g. fractions 39—41). This implies that no
other SOD1 species such as fragmented SOD1 (which would
probably elute earlier than full-length SOD1) or ubiquitinated
SOD1 (which would probably elute later than full-length
SOD1) are present in DRPs in amounts detectable with mass
spectrometry. It should be noted that the lower detection limit
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example from analysis of a G37R

mouse). The first group of SOD1
eluted from the SE column in the void volume (typically in
fractions 22—-24) thereby indicating a molecular mass greater
than the upper resolving limit (70 kDa) of the medium (Fig. 4).
The second group of SOD1 immunoreactivity was detected in
fractions that corresponded to the resolving region of the col-
umn (typically fractions 30—37) and represents the majority of
SOD1 isolated from the spinal cord, as judged by the intensity of
the anti-hSOD1 immunostaining. It should be remembered
that the supernatant loaded onto the G-75 column is from spi-
nal cord homogenate that was centrifuged at 800 X g as
opposed to the 100,000 X g used in the detergent extraction;
therefore the supernatant loaded onto the SE column is
expected (and has been previously shown) to contain both sol-
uble oligomeric SOD1 as well as dimeric SOD1 (12).

As can be seen by the Western blot in Fig. 4, most high
molecular mass SOD1 immunoreactive species eluting in the
void volume of the G-75 column were dissociated during the
SDS boiling process so that the majority of SOD1 migrates at
the same molecular mass as the 15.8-kDa SOD1 marker. How-
ever, the same void volume fractions also contain higher molec-
ular mass SOD1 immunoreactive species that migrated
through the polyacrylamide gel more slowly than the 15.8-kDa
SOD1 marker, suggesting that these species remained aggre-
gated even after boiling in SDS and DTT or -mercaptoethanol.
These SDS/DTT-resistant bands were not as abundant in the
later, resolving fractions that contain the majority of SOD1
immunoreactivity. Therefore, these high molecular mass bands
are probably not artifacts of the SDS/DTT boiling process.
These detergent/reductant-resistant, high molecular mass
SOD1 species are also present in hWT samples, but in lower
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FIGURE 4. MALDI-TOF and ESI-MS/MS mass spectra of soluble and aggregated G37R SOD1 purified from
symptomatic mouse spinal cord with size exclusion and anti-SOD1 immunoaffinity liquid chromatog-
raphy (SE/IA-LC). A, SDS-PAGE and Western blot analysis of eluted SE fractions reveal SOD1 species with
different molecular mass ranges. SOD1 in fractions 22-24 (dashed box on left) eluted in void volume indicating
amolecular mass > 70 kDa; SOD1 species that eluted in fractions 31-37 (dashed box on right) have a molecular
mass between 7 and 70 kDa (i.e. the resolving range of the G-75 media). Fraction numbers are listed at the
bottom of the Western blot (see “Experimental Procedures” for chromatographic parameters), and “M" denotes
the hWT SOD1 marker. Arrows on Western blot indicate SOD1 aggregate species that are heat- and SDS-stable.
Right spectra: MALDI-TOF mass spectrum of SOD1 species that eluted in resolving region of G-75 column (i.e.
soluble SOD1) and were pooled and further purified with anti-SOD1 immunoaffinity chromatography. The
theoretical average mass of G37R SOD1 is 15945.8 Da. The 16952 m/z signal corresponds to myoglobin (co-
spotted with protein samples as an internal calibrant). The 16153 m/z signal arises from a gas-phase SOD1-
matrix adduct (matrix: sinapic acid; molecular mass 224.22 Da). Left spectra: MALDI-TOF spectrum of SOD1
species that eluted in the void volume of a G-75 column (i.e. aggregated SOD1) and were pooled and further
purified with anti-SOD1 immunoaffinity chromatography. Insets for both spectra show expanded spectrum
from 15,000 to 18,000 m/z. B, ESI-MS/MS spectra of tryptic fragment of G37R SOD1 purified from symptomatic
mouse spinal cord with SE/IA-LC. The spectrum shown here was generated from the void volume (>70 kDa)
fractions of the G-75 column. A ladder scheme numerates the C and N terminus daughter ions (e.g. y and b
daughterions, respectively) for the tryptic SOD1 peptide (residues 80-91). Daughter ions assigned “b,” or “y,"
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m/z

refer to ions that have undergone the loss of H,0.

amounts, as interpolated from Western blots (data not shown).
A recent examination of data from nearly two dozen literature
reports has revealed that these thermally stable and reductant/
detergent stable species commonly appear with the onset of
ALS symptoms in mice and increase in abundance as symptoms

progress (1)
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Mass Spectral Profile of SODI
Isolated from Spinal Cord with
SE/IA  Liquid Chromatography—
The SODI1-immunoreactive frac-
tions that eluted from the G-75 col-
umn in the void volume (i.e. >70
kDa) and resolving regions (i.e. <70
kDa) were pooled into two separate
groups, and each was further puri-
fied with anti-SOD1 immunoaffin-
ity chromatography (Fig. 4). The
SE/IA-LC-purified SOD1 was then
analyzed with MALDI-TOF mass
spectrometry instead of ESI-MS due
to the low abundance of SOD1 in
the purified samples (MALDI-TOF
MS is generally more sensitive than
ESI-MS by ~1 order of magnitude).
It was found that the SOD1 signal
intensity in void volume samples
increased when heated to ~75-
80 °C in the presence of 100 mm
DTT prior to MS analysis.

The MALDI-TOF mass spectra
of SE/IA-LC-purified G37R SOD1
are shown in Fig. 4. As can be seen in
both sets of spectra, the predomi-
nant signal corresponds to full-
length, unmodified G37R SOD1
(molecular mass 15,943.72 Da; the
16952 m/z signal corresponds to the
myoglobin calibrant). These spectra
show the singly charged MH™ ion
for G37R SOD1 at 15943 m/z, as
well as the doubly charged ion at
7968 m/z. There is also a small peak
at 31,958 m/z that represents
dimeric SOD1I; this dimer is likely to
be a gas-phase artifact of the ioniza-
tion process and has been observed
with numerous non-pathogenic
SODI1 proteins from a variety of or-
ganisms including, bovine, yeast,
and tomato SOD1 (data not shown).
Collection of MALDI-TOF MS
spectra was carried out in the
1,000-100,000 m/z range, and no
discernable ion signals were
detected above 40,000 m/z. The
16,153 m/z signal present in spectra
from both high and low molecular
mass fractions is likely a gas-phase

SOD1-matrix adduct (molecular mass of sinapinic acid: 224.22
Da), and a similar adduct was observed to form with the myo-
globin calibrant (Fig. 4).

MS/MS Identification of Proteins Co-purifying with SOD1 in
SE/IA Liquid Chromatography—Similar to the MS/MS protein

identification results of DRPs, there were no proteins consis-
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tently detected to co-purify with SOD1 by SE/IA-LC. Fig. 4B
shows a typical MS/MS spectrum that was generated from the
trypsinization of SE-IA-LC-purified samples. This particular
MS/MS spectrum corresponds to a tryptic peptide of G37R
SOD1 from the G37R mouse. See supplemental Table S2 in
supplemental information for a list of the proteins that were
inconsistently identified with MS/MS to elute from the anti-
hSOD1 IA column after void volume elution from the G-75 SE
column. (See supplemental Fig. S3 in the supplemental infor-
mation for the MS/MS spectra of peptides from multiple pro-
teins listed in supplemental Table S2.)

DISCUSSION

The detergent-resistant, high molecular mass SOD1-con-
taining species that we isolated have been previously shown to
not form in non-transgenic (nTg) mice or mice expressing
human wild-type (hWT) SOD1. In addition, the detergent-re-
sistant aggregates are not detectable in ALS mice before the
onset of symptoms; the appearance of SOD1 aggregates corre-
lates with the onset of ALS symptoms (9, 12). These DRPs are
likely to contain SOD1 aggregates with a broad range of size
(e.g across the nanometer to micrometer scales) with the com-
mon property being a high molecular mass that is maintained
despite the exposure to high concentrations of detergents. A
detergent extraction and sedimentation at 100,000 X g will not
isolate small oligomers (e.g. dimers, trimers, or dodecamers).
The SE/IA-LC method, however, isolates any soluble oligomer
that: 1) has a molecular mass >70 kDa and 2) exhibits a solvent-
exposed SOD1 epitope. Together, the SE/IA-LC and detergent
extraction methods are likely to isolate the broader aggregated
pool of SOD1 from extracellular, cytosolic, or intraorganellar
loci, as opposed to isolating a single “type” of SOD1 aggregate,
for example a micrometer scale inclusion body or a nanometer
scale oligomer.

The SOD1 Protein That Aggregates in ALS-affected Mouse
Spinal Cord Is a Full-length Polypeptide—In several neurode-
generative diseases that are linked to protein aggregation, the
pathogenic species that undergoes aggregation is not a full-
length polypeptide, but a post-translationally generated pep-
tide fragment. For example, the pathogenic forms of the pro-
teins gelsolin (53), which is linked to Finnish-type familial
amyloidosis, and amyloid precursor protein (54) (APP), which
is linked to Alzheimer’s disease, are truncated forms of the full-
length (as expressed) protein. Anti-hSOD1 Western blot anal-
ysis has shown that truncated forms of SOD1 are present in
detergent-stable aggregates from ALS mice (11); however, the
predominant SOD1 species appears to be the full-length
polypeptide, according to SDS-PAGE (9-11, 32). We find no
evidence, from mass spectrometry, for the enrichment of trun-
cated forms of SOD1 within the aggregated pools of SOD1, and
SOD1 was only detected with MS/MS to be present in LC-MS
fractions that corresponded to the full-length SOD1 protein
(Fig. 2A). This result suggests that the majority of SODI1
polypeptides undergo aggregation without prior proteolysis
(besides Met-1 removal), and that any truncated forms are
present below the limit of detection by ESI-MS.
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Aggregated and Soluble SOD1 Proteins in ALS-affected Spinal
Cord Tissue Are Unmodified—Native state stability is one fac-
tor that contributes to the propensity for a folded protein to
aggregate, and the extreme stability of SOD1 is largely depend-
ent on copper and zinc coordination (1). Considering that many
ALS variants are not destabilized relative to hWT SOD1 and
can coordinate metals properly, it has been hypothesized that
ALS variants might undergo chemical modifications that some-
how destabilize the native state, such as oxidative modifications
to copper-binding histidine residues that decrease the copper
binding affinity (28, 29). In vitro studies have shown that, com-
pared with hWT SOD1, ALS variants undergo histidine oxida-
tion at a faster rate in the presence of hydrogen peroxide and
bicarbonate, leading to SOD1 inactivation and the presence of
oxidative modifications that are +16 and +32 Da in mass.
However, the analysis of soluble or aggregated SOD1 with ESI-
MS, ESI-MS/MS, and MALDI-TOEF-MS presented here clearly
demonstrates that ALS variant SOD1 proteins are largely
unmodified in ALS-affected spinal cord, apart from the low
abundant mass adducts that are commonly observed to form on
hWT or mutant SOD1 during purification, handling, and stor-
age in an aerobic environment or during electrospray ioniza-
tion. Because our samples were treated with high concentra-
tions of DTT, any reversible modifications such as single
oxidation of Cys to the sulfenic acid (+16 Da), for example, may
not be observed in our analysis.

Additional post-translational modifications to SOD1 that
might also destabilize the SOD1 native state and promote
aggregation have also been implicated in promoting the aggre-
gation and pathogenesis of SOD1 (4). Immunohistochemical
studies have suggested that proteins with advanced glycation
end-products such as carboxymethylysine are co-localized with
SOD1 in inclusion bodies and that the aggregated SOD1
polypeptide is carboxymethylated or glycated (5) (the car-
boxymethylation of lysine results in a +58-Da adduct). Again,
the mass spectrometric data presented in this work suggests
that, if aggregated or soluble SOD1 is glycated or modified with
advanced glycation end-products, in ALS mouse spinal cord it
is at a level below the detection limits of mass spectrometry.

One very common pathological signature of SOD1-linked
familial ALS is the appearance of low molecular mass (<100
kDa) SODI1-containing species that have electrophoretic
mobilities equivalent with dimeric or trimeric SOD1, even
under completely denaturing SDS-PAGE (1). A recent report
has suggested that these SOD1-containing oligomers are held
together with covalent bonds and contain covalently modified
SOD1 proteins (55). It should be made clear, however, that
protein complexes that are stable under the denaturing condi-
tions of SDS-PAGE are not necessarily covalently linked (1). For
example, it has been recently suggested that the aggregate spe-
cies responsible for memory loss in Alzheimer disease is a
dodecameric oligomer of the A peptide (56); this species runs
as a dodecamer during fully denaturing SDS-PAGE. The
dodecamer dissociates, however, in hexafluoroisopropanol
(56).

Biochemical Implications for the Lack of Detected Ubiquitin
in SODI Aggregates—Recent work has demonstrated that ALS
variants of SOD1 could promote pathogenesis by inhibiting
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proteasomal activity, thereby leading to increased concentra-
tions of misfolded or aggregated SODI, including SOD1
polypeptides that have been tagged with ubiquitin for degra-
dation by the proteasome (57-59). Likewise, proteasomal
inhibition has been hypothesized to explain the apparent
accumulation of ubiquitinated SOD1 in spinal inclusion
bodies (as measured by immunostaining analyses).

Our results show that ubiquitinated forms of SOD1 are not a
predominant species in the detergent-resistant aggregates from
homogenates of ALS mouse spinal cord tissue (Figs. 3 and 4),
being below the limit of detection by mass spectrometry. For
example, MS and MS/MS analysis showed that none of the
SOD1 proteins isolated by both the detergent extraction and
SE/IA-LC methods were found to bear the 8-kDa modification
associated with monoubiquitination (i.e. SOD1-Ub,) or the
8n-kDa modifications (i.e. SOD1-Ub, ) that would be associated
with oligoubiquitination (Figs. 3 and 4). Ubiquitination of
SOD1 would have resulted in a 24-kDa or 24 + 8n-kDa species
depending upon the number of ubiquitin chains, n. Moreover,
no ubiquitin peptides were detected during the protein identi-
fication experiments involving trypsinization and LC-ESI-
MS/MS of SOD1 proteins isolated with the detergent extrac-
tion or SE/IA-LC methods (see supplemental Tables S1 and S2).

The absence of detected ubiquitin in either the DRPs or in
SE/IA-LC-isolated samples is not completely surprising in light
of previous immunostaining of aggregates from mouse and
human spinal tissue. Although anti-ubiquitin immunostaining
has shown that ubiquitin is sometimes co-localized with SOD1
in aggregate structures and that the aggregated SOD1 is ubiq-
uitinated (6,7, 11, 32, 57, 60), many of these studies suggest that
ubiquitinated SOD1 is not the predominant form of aggregated
SOD1. The inability to detect ubiquitinated SOD1 does not
suggest that a perturbation in the ubiquitin proteasome path-
way is not involved in the pathogenesis of familial ALS. How-
ever, the inability to detect ubiquitinated SOD1 may suggest
that ALS variants targeted for proteasomal degradation via
ubiquitination do not form aggregate species that can be readily
isolated and detected with mass spectrometry. It should be
pointed out that trypsinization of proteins or peptides that bear
ubiquitin modifications reduce the mono- or poly-Ub protein
modification to a +114-Da modification (i.e. a Gly-Gly tag).
This 114.0-Da Lys modification was never detected in our LC-
ESI-MS/MS proteomic experiments and analyses (which were
conducted numerous times on dozens of spinal cords from the
three ALS variants G37R, G93A, and H46R/H48Q). One group
analyzing SOD1 aggregates from ALS mouse spinal cord that
are resistant to Triton-X have reported that some tryptic SOD1
peptides do in fact bear the 114.0-Da lysine modification that is
associated with ubiquitination (32). This report, however, did
not present mass spectra of the intact, non-trypsinized SOD1
polypeptide showing the 8- or 16-kDa ubiquitin modification to
SOD1 (which makes it difficult to judge the relative level of
ubiquitinated SOD1 that might have been present in the DRPs).

High Molecular Mass Complexes of Mutant SODI Do Not
Counsistently Contain Other Cellular Proteins—SOD 1 was the
only protein that was consistently detected to be present in
detergent-resistant aggregate samples and SE/IA purified
aggregates from ALS spinal cords. Perhaps most surprising was
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the absence of molecular chaperones. For example, previous
immunohistochemical analyses of G93A and G85R mouse spi-
nal cord tissue have suggested that the heat shock protein
Hsc70 is present in SOD1 inclusion bodies (33). In G93A spinal
cord cultures, the heat shock protein Hsp70 was detected, via
Western blot analysis, to be present with SOD1 in detergent-
insoluble fractions (61). However, Hsp70 was also reported to
be absent in inclusion bodies from SOD1 transgenic mice, and
the presence of Hsp70 in inclusion bodies from ALS patients is
reportedly rare (36). The lack of a consistent detection of heat
shock proteins, or other molecular chaperones, in DRPs from
all ALS mice (Fig. 2; see also supplemental Tables S1 and S2),
does not necessarily imply that molecular chaperones do not
mediate the formation of SOD1 inclusion bodies, or that molec-
ular chaperones are not somehow involved in SOD1 aggrega-
tion. Our findings do demonstrate that molecular chaperones
are not irreversibly or stoichiometrically associated with
mutant SOD1 in DRPs associated with ALS.

Trace amounts of chaperones that are below the detection
limit of ESI-MS could still be relevant to aggregate formation
via transient or sub-stoichiometric associations. For example,
the molecular chaperone BiP is incorporated into aggregate
forms of mutant transthyretin, and stable BiP-transthyretin oli-
gomers have been isolated wherein the BiP:transthyretin ratio
can vary from 1:1 for small oligomers (e.g. 100 kDa) up to 1:15
for larger oligomers (e.g 1000 kDa) (62). Such sequestered
chaperones are thought to mediate the formation of large
aggregate structures or inclusion bodies and might also facili-
tate the later disassembly of the inclusion (62).

Autonomous SODI1 Aggregation in ALS Mouse Spinal Cords?—
In conclusion, mass spectrometric data has demonstrated that
soluble and aggregated forms of ALS variant SOD1 from ALS
spinal cord are predominantly full-length and are not ubiquiti-
nated or damaged by oxidative modifications. Clearly, the
majority of ALS-variant SOD1 polypeptides that assemble into
detergent-stable aggregate structures do so without being irre-
versibly oxidatively damaged and without co-aggregating with
other proteins in a stoichiometric, detergent-stable manner.
This is consistent with the idea that the ability to incorporate
into a propagating aggregate is an intrinsic property of the
SOD1 polypeptide, as in the case of amyloid formation, for
example. We cannot, however, rule out the possibility that
post-translational modifications or binding interactions
with other proteins play a role in initiation of the aggrega-
tion process.
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