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Abstract

Accumulation of misfolded Cu/Zn superoxide dismutase (SOD1) occurs in patients with a subgroup of familial amyotrophic lateral
sclerosis (FALS). To identify the conversion of SOD1 from a normally soluble form to insoluble aggregates, we investigated the change of
SODI] solubility with aging in fALS-linked H46R SODI transgenmic mice. Mutant SOD| specifically altered to insoluble forms, which
were sequentially separated into Triton X-100-insoluble/sodium dodecyl sulfate (SDS)-soluble and SDS-insoluble/formic acid-soluble
species. In spinal cords, the levels of SDS-dissociable soluble SOD] monomers and SDS-stable soluble dimers were significantly elevated
before motor dysfunction onset. In COS-7 cells expressing H46R SODI, treatment with proteasome inhibitors recapitulated the alter-
ation of SODI solubility in transgenic mice. In contrast, overexpression of Hsp70 reduced accumulation of mutant-specific insoluble
SODI. SDS-soluble low molecular weight species of H46R SOD1 may appear as early misfolded intermediates when their concentration
exceeds the capacity of the proteasome and molecular chaperones.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Amyotrophic lateral sclerosis; Cu/Zn superoxide dismutase; Heat shock protein; Proteasome; Oligomer

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disorder characterized by the degeneration of both
upper and lower motor neurons, leading to progressive
paralysis. Of all ALS cases, ~90% are sporadic and
~10% are familial; ~20% of familial ALS (fALS) cases
are associated with dominantly inherited mutations in the
gene encoding Cu/Zn superoxide dismutase (SOD1) [1-3].
SOD1 is a major antioxidant enzyme located predominant-
ly in the cytosol, nucleus, and mitochondrial intermem-
brane space of eukaryotic cells [4]). The biological active
enzyme forms a 32-kDa homodimer and contains one

" Corresponding author, Fax; +81 23 628 5318
E-mail address: arawakuiwmed.id. yamagata-w.ac jp (S. Arawaka)

0006-291X/8 - see front matter @ 2006 Elsevier Inc. All rights reserved.
doi:10.1016/.bbre.2006.02.170

copper-binding site and one zinc-binding site, as well as a
disulfide bond in each of its two subunits. SODI-linked
fALS was initially suspected to result from oxidative dam-
age caused by diminished SODI1 activity, but SOD1-null
mice show no motor neuron disease [5], and transgenic
mice overexpressing human mutant SOD1 have a pheno-
type that is closely similar to patients with fALS, irrespec-
tive of their normal or elevated levels of SODI activity
[6-9]. This evidence indicates that SODI-linked fALS
occurs due to a toxic gamn-of-function of mutant SODI
but not due to a lowering of its activity [6].

Deposition of proteinaceous inclusions of SODI in
motor neurons is a characteristic hallmark of patients with
fALS [10-12]. Cellular and animal models have shown that
overexpression of mutant SOD1 can cause loss of motor

- _14 -
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neurons with the formation of SODI-positive inclusions
[12-15] and high-molecular-weight (HMW) SODI] com-
plexes [12.16-19], supporting the hypothesis that the
abnormal accumulation of SODI aggregates may play a
role in the pathogenesis of fALS. Concerning the forma-
tion of SOD1 aggregates, several reports have described a
close association with the proteasome and heat shock pro-
teins (Hsps). In cells overexpressing mutant SODI, inhibi-
tion of the proteasome activity resulted in the
accumulation of insoluble SOD1 protein and the formation
of HMW insoluble complexes [16,17,19-22]. On the other
hand, Bruening et al. [23] reported that overexpression of
Hsp70 reduced aggregate formation and prolonged cellular
viability in cells expressing mutant SODI. These data
imply that the conversion of SODI from an inherently sol-
uble form to an aggregated species is promoted by insuffi-
ciency of the proteasome and/or molecular chaperones,
which suppress the accumulation of misfolded proteins.
However, the formation of protein aggregation is a com-
plex process, which contains several kinds of misfolded
intermediates to form amorphous aggregates and fibrils
[24]. There is only a little basic information on how mutant
SODI1 undergoes the complex process in relation to the sys-
tem of proteasome and Hsps.

In the present study, we investigated the alteration of
SODI1 solubility with aging in fALS-linked mutant H46R
SODI transgenic mice. We also examined its change in
mutant SODI expressed cells by treatment with protea-
some inhibitors. Furthermore, using cells co-expressing
mutant SOD1 and Hsp70. we characterized an insoluble
SODI species influenced by Hsp70 as misfolded proteins.
Here we show that SDS-dissociable soluble monomers
and SDS-stable soluble dimers of H46R SODI appear as
early misfolded intermediates in the formation of highly
insoluble aggregates, and their levels are coordinately med-
iated by the proteasome activity and Hsp function.

Materials and methods

Materials. We used the following antibodies: polyclonal h SODI
antibody (SODI-100, diluted 0.1 pg/ml, Victoria, BC, Canada); mono-
clonal antibody against GST-fused full-length human SOD1 protein that
specifically binds to human SODI (diluted 0.2 pg/ml, MBL, Nagoya,
Japan); polyclonal Hsp70 antibody (SPA-757, dlluled 1:30,000 l'ur Wes-
tern blotting, diluted 1:1000 for i hi . St ): poly-
clonal Hspd0 antibody (SPA-400 diluted 1:10,000 for W:uwrn blotting,
diluted 1:500 for immunohistochemistry, Stressgen). Wild-type SODI
cDNA fused with an FLAG tag at C-terminus of SOD1 (SODI-FLAG)
was subcloned into either pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) or
pEF-BOS vector [20]. Mutant H46R and G93A S0D] ¢cDNAs were
generated by site-directed mutagenesis, and their sequences were con-
firmed by DNA sequencing. pCMV-HspT0 and pRC-Hsp40 were descri-
bed previously [25.26].

Cell culture and rransfection, COS-7 and SH-SYSY cells were grown in
Dulbecco’s modified Eagle's medium (DMEM, Invitrogen) and a mixture
of DMEM and Ham's F-12, respectively, supplemented with 10% fetal
bovine serum. SOD1 cDNAs were transfected into cells using Lipofect-
amine Plus reagents (Invitrogen), g 1o the urer's proto-
cols [27]. Cultured cells were harvested 48 h after transfection for
experiments. For inhibition of the proteasome activity, enther MG132 or
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lactacystin (Sigma, St. Louis, MO, USA) in indicated concentrations was
added 1o calls 24 h after transfection and then cells were further incubated
for 24 h. In experiments using Hsp chaperones, either Hsp70 or Hspd0
cDNA was co-transfected with H46R SOD1-FLAG pEF-BOS to COS-7
cells (at a molar ratio of 4:1)

Transgenic mice. Transgenic mouse lines expressing FALS-hnked H46R
SOD| under the control of inherent human SOD] promoter were main-
tained as hemizygotes by mating with B6/SJF] as previously described
28] The transgenic mice expressing wild-type human SODI1 were also
kindly supplied by Dr. PH. Chan {Stanford Umiversity, Stanford, CA,
USA) and maintained as hemizygotes [29]. All of the mouse experiments
followed the Guidelines for Animal Experiments of Yamagats University
School of Medicine

Protem fracrionation and Western blotting. Protein fracti ion of
whole mouse spinal cords was performed according to published pro-
tocols {30,317 with a slight modification (see Fig. |A). Whole mouse
spinal cords were homogenized by 15 up-and-down strokes with a Teflon
homogenizer in 1:3 (wt/vol) phosphate-buffered saline (PBS; 100 mM
phosphate, pH 7.4, 150 mM NaCl, and protease mhibitor cocktail
{Roche Diagnostics, Mannheim, Germany)). The homogenate was cen-
trifuged at 100,000ng for 20 min at 4 *C, and the resuliani supernatant
was collected as the PBS-soluble fraction. The pellet was rinsed three
times with PBS and was extracted by sonication in 1% Triton X-100
(TX)/PBS. After centrifugation at 100,000xg for 20min at 4°C, the
supernatant was designated as the TX-soluble (raction. The pellet was
washed three times with 1% TX/PBS and extracted by sonication in 5%
SDS/PBS, The extract was incubated at room temperarure for 30 min
and centrifuged at 100,000<¢ for 20 min at 20 *C. The supernatant was

i d as the SDS-soluble fraction. After rinsing and centrifugating
three times in 3% SDS/PBS, the resultant pellet was extracted by soni-
cation in 8 M urea/PBS. After centrifugation at 100,000 for 20 min at
20 *C, the supernatant was designated as the urea-soluble fraction. The
pellet was rinsed once with 8 M urea/PBS and extracted by sonication in
88% formic acid (FA). After centrifugation at 100,000xg for 20 min at
20=C, the supernatant was designated as the FA-soluble fraction. FA
was evaporaled by SpeedVac (Savant, Farmingdale, NY, USA). After
washing the dried pellet with distilled water and lyophilizing it again, the
resulting pellet was resuspended by somcation in Laemmli's sample
buffer cantaining 2% SDS and 100 mM dithiothreitol and then boiled for
5 min. The protein concentrations of the PBS-soluble, TX-soluble, SDS-
soluble, and urea-soluble fractions were measured by a BCA prolein
assay (Pierce, Rockford, IL, USA). Cultured cell pellets were fraction-
ated by the same protocol described above until the preparation of the
SDS-soluble fraction. The SDS-insoluble pellet was resuspended by
sonication in Laemmli's sample buffer and boiled for 5 min. The sus-
pension was designated as the SDS-insoluble fraction.

We performed Western blotting as described previously [27]. All pro-
tein samples were boiled for 5 mun in 1 li's ple buffer i
100 mM dithiothreitol. Ten micrograms of protein from each of the PBS-

luble, TX-soluble, SDS-soluble, and urea-soluble fractions, and equal
aliquots of the FA-soluble fraction were loaded on 15% polyacrylamide
gels. The relative intensities of detected bands were scanned and quantified
with the Scion image program, version 4,02 (Scion Corp., Frederick, MD,
USA) Statistical analysis for comparison of groups was performed by
ANOVA with Fisher's probability of least significant difference (PLSD)
post hoc test for significance using the Statview software version 5 (SAS
Institute Inc, Cary, NC, USA),

Immunohisiochemistry. The mice, anesthetized with diethyl ether, were
sacrificed by transcardial perfusion with 0.9% sodium chloride followed by
4% paraformaldehyde in PBS. The spinal cord was quickly removed, post-
fited with the above solution, and then embedded in paraffin. After
deparaffinizing, sections (4-pm thickness) of the lumbar spinal cord (Lys)
were incubated with 0.3% hydrogen peroxide for 10 min and then with
10% normal goat serum for 30 min. The sections were incubated with the
primary antibodies, and they reacted with the appropriate biotinylated
secondary antibodies, followed by an avidin-biotin-peroxidase complex
(Vector, Burlingame, CA, USA). Color was developed with diam-
inobenzidine (Sigma).
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Results fALS-linked mutation-dependent change of SODI solubil-

ity, we sequentially extracted spinal cords of mutant trans-
Mutant-specific alteration of SODI solubility in genic mice with severe motor impairment (~24 weeks of
[fALS-linked H46R SODI transgenic mice age) with PBS, 1% TX, 5% SDS, 8 M urea, and 88% FA

(Fig. 1A), and then separated extracts by SDS-PAGE
In this study, we used fALS-linked H46R SODI trans-  under the denaturing condition. In 24-week-old non-trans-
genic mice as reported previously [28]. To examine the genic  littermates and  38-week-old  wild-type SODI

A Spinal cord
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(100,000 =g, 60°)
P1 S1 (PBS-sol)
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(100,000 =g, 60')
P2 S2 (TX-sol)
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(100,000 =g, 60')
P3 S3 (SDS-soluble)
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Fig. 1. Mutant-specific alteration of SOD1 solubility in spinal cords from fALS-linked H46R SOD| transgenic mice. (A) Schematic representation of the
sequentiel extraction steps. (B) Western blot analysis of spinal cords from 24-week-old non-transgenic mice (Non-1g) (upper left panel), 38-week-old wild-
type SOD! transgenic mice (Wild-type SOD1 tg) (lower left panel), and mutant H46R SOD] transgenic mice at end stage (H46R SOD1 tg) (upper right
panel), Ten micrograms of protein from each of the PBS-soluble fraction (PBS-sol}, the TX-soluble fraction (TX-sol), the SDS-soluble fraction (SDS-sol),
and the urea-soluble fraction (urea-sol) and equal aliquots of the FA-soluble fraction (FA-sol) were subjected to 15% polyacrylamide gels under reducing
conditions. Western blots were probed with SODI-100 antibody, which recognizes both human SOD1 (h-S0OD!) and mouse endogenous SOD] (m-
SODI1). The lower right panel (identical to the upper right panel) was exposed to the film for a longer time
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transgenic mice, endogenous mouse SODI, and wild-type
human SODI] were detected as monomers migrating at
16-kDa and 22-kDa, respectively, in the PBS- and 1%
TX-soluble fractions (Fig. 1B). This finding may be
explained by the fact that normal SODI1 is a soluble protein
located predominantly in the cytosol and less within the
membranous organelle such as mitochondrial intermem-
brane space [4]. In contrast to the control mouse SDS-
soluble fraction that was virtually devoid of SODI, intense
bands of SOD] were found in the SDS-soluble fraction of
mutant transgenic mice (Fig. 1B). In the fraction, the anti-
SODI! antibody (SODI-100) recognized 22-kDa bands
((SODI)1: it represents SOD1 monomer), ~44-kDa bands
((SOD1)2; apparent molecular weight of (SOD1)2 shows 2-
fold to 22-kDa monomer, being consistent with SODI
dimer as previously reported [19]), and multiple bands
above 44-kDa ((SODI)n; it represents high-molecular-
weight (HMW) species). Also, ~28 and ~36-kDa bands
were observed in the SDS-soluble fraction. These bands
may represent proteolvtic fragments from HMW species,
but the exact origin was unknown in this study. SODI
monomers, dimers, and HMW species were further recov-
ered in the FA-soluble fraction, whereas a small amount of
monomeric SODI, but not HMW species, was detected in
the urea-soluble fraction, indicating that FA-soluble SODI
species were not simply carnied over [rom the prior urea
extracts (Fig. 1B). TX-insoluble/SDS-soluble (designated
as SDS-soluble) species are characterized by an alteration
of solubility to distinguish mutant H46R SODI] from a
wild-type one, Also, mutant H46R SOD1 contained SDS-
stable oligomers with diverse solubility in detergents or
denaturants,

Age-dependent alteration of SODI solubility in H46 R SODI
fransgenic mice

As described in our previous report, the H46R SODI
transgenic mice showed motor dysfunction with aging, and
the stages of motor dysfunction could be classified into four
time periods based on the Rotarod test: 13 weeks, 17 weeks.
21 weeks, and later 23 weeks of age were designated as the
early presymptomatic stage (EP), late presymptomatic stage
(LP), symptomatic stage (SS), and end stage (ES), respective-
Iy [28]. Toclarify the alteration of SODI solubility withaging
in mutant SOD1 transgenic mice, we compared the levels of
SODI1 species, which were biochemically fractionated as
described above, in the different stages (Figs. 2A and B).
The levels of both PBS-soluble and TX-soluble SOD1 mono-
mers showed no statistically significant difference between
stages, although they had a tendency 1o decrease with aging
(Figs. 2A and B). In the SDS-soluble fraction, mutant SOD1
monomers and dimers were clearly detected at EP. Theratios
of SOD! monomers at EP and LP versus ES were
20.52 £+ 6.41% (mean + SD) and 45.88 = 2.30%, respective-
ly. In addition, the ratios of SOD1 dimers at EP and LP ver-
sus ES were 2938 +2120% and 6847 =10.27%,
respectively. On the other hand, the levels of SOD1 HMW

species showed the later elevation at the period between LP
and SS. These findings indicate that the increase of SDS-dis-
sociable soluble SOD1 monomers and SDS-stable soluble
SODI1 dimers occurred between EP and LP before onset
(n=23, p=0.017 and p = 0.005, respectively) (Fig. 2B). In
the FA-soluble fraction, a small number of SOD1 monomers
were also seen at EP, but there was no significant difference in
the levels of monomers between EP and LP. The ratos of
SOD! monomers at LP and SS versus ES were
3231 £1299% and 6830 +17.03%, respectively, The
ratios of SOD| dimers at LP and SS versus ES were
12,73 = 6.27% and 41.42 = 4.50%, respectively, The levels
of FA-soluble SOD1 monomers and FA-soluble dimers sig-
nificantly increased between LP and SS (p =0.036 and
p < 0.001, respectively), while the levels of FA-soluble
SOD1 HMW species elevated later in the period between
SS and ES (Figs. 2A and B). The levels of SDS-dissociable
soluble monomers and SDS-stable soluble dimers elevated
earlier than the SDS-stable soluble HMW species and
FA-soluble species.

To examine the relation between the alteration of SODI
solubility and the formation of SODIl-inclusions with
aging, we immunostained mouse spinal cords in four differ-
ent stages with monoclonal ant-SODI1 antibody (Fig. 2C).
At EP, we did not detect any kind of SODI-inclusions.
SODI-inclusions n the neuropil appeared at SS. and the
number of SOD1-inclusions increased between SS and ES
(Fig. 2C). SODI-inclusions increased after disease onset,
indicating that the accumulation of SDS-dissociable solu-
ble SOD1 monomers and SDS-stable soluble dimers pre-
cedes the appearance of SODI-inclusions.

The mcrease of Hsp70/40 in the SDS-soluble fraction with
aging m H46 R SODI transgenic mice

To examine how the mutant-specific alteration of SDS
solubility is associated with the molecular chaperone sys-
tem, the fractionated samples prepared above were ana-
lyzed by Western blotting using antibodies to Hsp70 and
Hsp40. Hsp70 and Hsp40 were found to be rich in the
PBS-soluble and the TX-soluble fractions (Fig. 3A). PBS-
and TX-soluble Hsp70 and Hsp40 showed constant levels
in all stages of mutant transgenic mice and were not differ-
ent from those in 24-week-old non-transgenic littermates
and 38-week-old wild-type SODI! transgenic mice
(Fig. 3A). In the SDS-soluble fraction, the levels of
Hsp70 and Hsp40 in mutant transgenic mice at LP were
higher than those in the control mice at later 24 weeks of
age. The levels of Hsp70 and Hsp40 in the SDS-soluble
fractions elevated at the period between EP and LP in
mutant transgenic mice (Fig. 3A). To clarify how the
increase of Hsp70 and Hsp40 in the SDS-soluble fraction
reflects in histopathological change with aging, we immu-
nostained the lumbar spinal cords with antibodies to
Hsp70 and Hsp40 (Fig. 3B). SOD1-positive inclusions were
intensely stained with the antibody to Hsp70 as previously
reported and faintly reacted with the antibody to Hsp40 in

- 47 -



5. Koyama et al. | Biochemical and Biophysical Research Communications 343 (2006) 719-730 723

A
PBS-sol “ -h-(SODT)1 TXesal “ -h-(SOD1)1
o -m-(SOD1)1 -m-(S0D1)1

(SOD1)n 4 (SOD1)n
i
SDS-s0l -(S0D1)2 FA-sol . .. -(SOD1)2
-h-(SOD1)1 el 1-(SOD1)
EP LP SS ES EP LP S8 ES
Non Wt H46R Non Wt H46R
B F g
£ 120 i Z 120
§ 100 — & 100 —
PBS-s0l £ ®0 TX-sol £ 80
= 80 80
monomer 32; 0 monomaer % &0
20 20
é o " c 0
£ 100 [ : i 2 j00¢ — —
SDS-sol § #0 . FA-sol § 80|
monomer < m monomer = 80
P50 [ Biilu
g 20 s 20}
21 | g
2 00p — — € 100 -
§ 80 s 6o}
SDS-s0l £ 4 FAsal £ 1 .
dimer 2 4 I_I_l dimer. £ {0t r‘l
3 20 3 20t
é a e |
2 . iy ’ X
%; 100 |—.—.’_ o %‘ 100 sy
SDS-sol § 80 FA-sol g B0
HMW (=] HMW E B0
species £ 40 species = o0 [
it B T M
g ol= =g
EP LP SS ES EP LP SS ES
C == - pt :
¥ . B U
= - 5 > A
. : c 2 ) "z .,
{ {8 2 .. 9 . e <10,
24 weeks old EP LP S5 ES
Non H4B6R

Fig. 2. Age-dependent alteration of SOD1 in spinal cords from H46R SODI transgenic mice. (A) The spinal cords of 24-week-old non-transgenic
littermates (Non), 38.week-old wild-type SOD1 transgenic mice (Wt), and H46R SOD1 transgenic mice (H46R) at early presymptomatic stage ( EP), late
presymptomatic stage (LP), symptomatic stage (58), and end stage (ES) were sequentially fractionated, Ten micrograms of protein from each of the PBS-
soluble fraction (PBS-sol), the TX-soluble fraction (TX-sol), and the SDS-soluble fraction (SDS-sol), and equal aliquots of the FA-soluble fraction
{FA-sol) were loaded on the gel and then immunoblotted with SOD1-100 antibody. (B) The graphs represent relative intensities of H46R SOD1 species at
each stage (n = 3, bars represent mean + SD,"P < 0.03). (C) Immunohistochemical analysis of lumbar spinal cords (La_s) of 24-week-old non-transgenic
litermates (Non) and H46R SODI transgemic nmuce (H46R) at four stages. These sections were immunostamed with monoclonal anu-SOD1 antibody
specific to human SOD1. Scale bars = 50 jum. Arrowheads indicate SODI-immunoreactive structures
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Fig. 3. (A) Increase of Hsp70 and Hsp40 in the SDS-soluble fraction from H46R SOD] trunsgemc muce. The frachonated samples used in Fig. 2 were
analyzed by Western blotting using anti-Hsp70 and anti-Hsp40 antibodies. Ten micrograms of total protein from each fraction was loaded on each lane.
(B) Time course analysis of Hsp-immunoreactive structures. These sections were immunostained with anu-Hsp70 anubody and anu-Hspd0 antibody. Scale
bars = 50 pm. Arrowheads indicate immunoreactive structures of each antibody

the serial sections (data not shown). Although a small num-
ber of Hsp70-positive structures were found in neuropil at
LP, the increase of SODI-inclusions containing Hsp70
immunoreactivities was remarkable after S8 (Fig. 3B).
Similarly, Hsp40-positive structures increased from SS
(Fig. 3B). The present data showed that the increase of
Hsp70 and Hsp40 in the SDS-soluble fraction appeared
along with the increase of SDS-dissociable soluble SODI
monomers and SDS-stable soluble dimers. This increase
of Hsp70 and Hsp40 occurred before the accumulation of
visible inclusions with Hsp70 and Hsp40 immuno-
reactivities.

Inhibition of the proteasome activity promotes the change
of SODI solubility in cells expressing H46R SOD!

The fALS-linked mutant misfolded SODI1 protein is
reported to be degraded by the proteasome pathway

[16.17,19.20]. To see how inhibition of the proteasome
pathway influences mutant SODI solubility, we examined
COS-7 cells transiently overexpressing either wild-type
SODI-FLAG or H46R SODI-FLAG in the presence or
absence of proteasome inhibitor MG132. In this experi-
ment, FLAG-tagged SOD1 was used for discriminating
exogenous SODI from endogenous SODI1 by migrating
more slowly. Collected cell pellets were sequentially
extracted with PBS, 1% TX, and 5% SDS. In the PBS-
soluble and the TX-soluble fractions, the levels of mutant
SODI as well as wild-type SODI slightly increased when
MGI132 was added in a dose-dependent manner
(Fig. 4A). In the SDS-soluble fraction, a small amount of
wild-type monomeric SODI1 was seen in the absence of
MG132. The levels of wild-type SOD1 monomers increased
without generating HMW species in the presence of 10 uM
MG132. On the other hand, in the SDS-soluble fraction,
mutant " SODI monomers and dimers were obviously
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Fig. 4. Alteration of H46R SODI solubility in COS-7 and SH-8Y5Y cells by treatment with proteasome inhibitors. COS-7 cells (A) and SH-SY5Y cells
(B,C) were transiently transfected with either wild-type SODI1-FLAG pcDNA3.l or H46R SODI-FLAG pcDNA3J.L. At 24 h after transfection, the
culture medium was replaced with a fresh one containing the indicated concentrations of proteasome inhibitor, either MG132 (left panels of (A) and all
panels of (B)) or lactacystin (right panels of (A)). Cells were incubated for an additional 24 h. Collected cell pellets were serially fractionated to the
PBS-soluble fraction (PBS-so0l), the TX-soluble fraction (TX-s0l), the SDS-soluble fraction (SDS-sol), and the SDS-insoluble fraction (SDS-insol). Ten
micrograms of protein from each of the PBS-soluble fraction, the TX-soluble fruction, and the SDS-soluble fraction, and equal aliquots of the
SDS-insoluble fraction were subjected to the gel and immunoblotted with SOD1-100 (A.B). (C) The levels of bath endogenous Hsp70 and Hsp40 were
elevated in the SDS-soluble fraction from cells expressing wild-type SOD1 as well as mutant SOD! in an MG-132 dose-dependent manner. The
fractionated samples used in (B) were analyzed by Western blotting using anti-Hsp70 end anti-Hsp40 antibodies
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detected in the absence of MG132 and showed a significant
increase in generating HMW species by treatment with
MGI32 in a dose-dependent manner (Fig. 4A). Similarly,
in the SDS-insoluble fraction, the levels of mutant SODI
monomers, dimers, and HMW species elevated by treat-
ment with MGI132 in a dose-dependent manner, while
wild-type SODI was not detected (Fig. 4A). Dose-depen-
dent treatment with MG132 further showed that the eleva-
tion of SDS-dissociable soluble mutant SODI monomers
and SDS-stable soluble dimers preceded that of SDS-stable
soluble HMW species and SDS-insoluble species. Treat-
ment with another specific proteasome mhibitor, lactacy-
stin, also caused the accumulation of SDS-soluble and
SDS-insoluble mutant SODI1 species in COS-7 cells,
although to a lesser extent (Fig. 4A). We further confirmed
the effect of MG132 on the alteration of SOD1 solubility in
human neuroblastoma SH-SY3Y cells. By treatment with
MG132, SDS-soluble and SDS-insoluble mutant SODI
monomers, dimers, and HMW species accumulated in
mutant-specific  and  dose-dependent  manners in
SH-SYSY cells similar to COS-7 cells (Fig. 4B). The eleva-
tion of SDS-dissociable soluble mutant SODI monomers
and SDS-stable soluble dimers also preceded that of
SDS-stable soluble HMW species and SDS-insoluble spe-
cies. In SH-SY3Y cells expressing mutant SOD1, the levels
of both endogenous Hsp70 and Hsp40 were elevated in the
SDS-soluble fraction in an MG-132 dose-dependent man-
ner (Fig. 4C). However, the increase of endogenous
Hsp70 and Hsp40 levels in the SDS-soluble fraction was
similarly observed in cells expressing wild-type SODI
(Fig. 4C). These results showed that inhibition of the pro-
teasome activity in mutant SODI1 expressed cells recapitu-
lated the alteration of SODI solubility with aging in
mutant transgenic mice. Inhibition of the proteasome
activity initially led to the accumulation of SDS-dissociable
soluble mutant SOD1 monomers and SDS-stable soluble
dimers prior to that of SDS-stable soluble HMW species
and SDS-insoluble species irrespective of the increase of
endogenous Hsp70 and Hsp40.

Effect of overexpression of Hsp70 on the accumulation of
SDS-soluble and SDS-insoluble mutant SODI species

Overexpression of Hsp70 has been reported to reduce
the SOD1-aggregate formation and prolong cellular viabil-
ity in a cellular model of fALS [23]. As described in our
previous report [20], overexpression of mutant SODI
pEF-BOS in COS-7 cells causes higher expression levels
of SOD1 than overexpression of mutant SOD1 pcDNA3Z.1,
and a large amount of SDS-insoluble mutant SODI
appears without adding proteasome inhibitor. By taking
advantage of this high-expression system, we investigated
cells co-transfected with mutant H46R SODI1 cDNA and
a 4-fold molar excess of Hsp ¢cDNA to see the effect of
Hsp70 and Hsp40 on the levels of altered insoluble SODI
species (Fig. 5A). Overexpression of Hsp70 obviously
reduced the levels of SDS-dissociable soluble mutant

SODI1 monomers, SDS-stable soluble dimers, and SDS-sta-
ble soluble HMW species, compared to co-expression of
the empty vector (Fig. 5A). Overexpression of Hsp4(
showed a weaker effect on the levels of SDS-soluble mutant
SOD1 species (Fig. 5A). Co-overexpression with Hsp70
plus Hsp40 enhanced the effect of Hsp70 on a decrease of
the levels of SDS-stable soluble mutant SODI| dimers and
HMW species (Fig. 5A). In the SDS-insoluble fraction,
overexpression of Hsp70 also led to a reduction in the lev-
els of SDS-dissociable insoluble mutant SOD] monomers,
SDS-stable msoluble dimers, and SDS-stable insoluble
HMW species, and the effect was enhanced by co-overex-
pression of Hspd0 (Fig. 5A). This finding was also observed
in cells expressing different fALS-linked mutant GY3A
SODI (data not shown). To further examine the molecular
mechanism by which overexpression of Hsp70 reduced
insoluble mutant SODI1 species, cells were co-transfected
with H46R SODI1 and Hsp70 cDNAs in various molar
ratios (Fig. 5B). The levels of mutant SODI monomers,
dimers, and HMW species in the SDS-soluble fraction as
well as in the SDS-insoluble fraction decreased in negative
correlation to the amounts of transfected Hsp70 cDNA
(Figs. 5B and C). On the other hand, the levels of mutant
SOD1 monomers in the PBS-soluble and TX-soluble
fractions did not increase, in sharp contrast to the signifi-
cant reduction of the amount of SDS-soluble species by
overexpression of Hsp70 (Figs. 5B and C). These findings
demonstrated that overexpressed Hsp70 modulated the lev-
els at SDS-dissociable soluble mutant SODI monomers
and SDS-stable soluble dimers as misfolded proteins and
preferentially forwarded abnormally insoluble SOD1 spe-
cies to degradation rather than to refolding,

Discussion

Although wild-type SODI1 is principally a soluble, cyto-
solic protein [4], TALS-linked mutant SOD]1 has a tendency
to assemble as insoluble aggregates, which are immunohis-
tochemically observed as cytoplasmic inclusions in patients
with fALS having SOD1 mutation [10]. There has been
controversy about whether such inclusions are a cause or
simply a result of the neuronal degeneration. Immunohis-
tochemical experiments do not rule out the possibility that
mutant SOD1 aggregates can damage molor neurons, even
though microscopically visible inclusions are absent in the
early period. In agreement with the previous finding
[16,19], our immunohistochemical data demonstrated that
SODI-positive inclusions appeared after disease onset,
and the accumulation of SOD 1-positive inclusions was par-
allel to the elevation of most insoluble SOD1 species recov-
ered in the FA-soluble fraction. On the other hand, we
revealed that mutant H46R SODI1 began to significantly
alter its solubility to SDS-dissociable soluble monomers
and SDS-stable soluble dimers earlier than the appearance
of visible SODI-positive inclusions. These findings suggest
that complexes of SDS-dissociable soluble SOD1 mono-
mers and SDS-stable soluble dimers were much smaller in
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size than visible inclusions, and the presence of visible
inclusions composed of highly insoluble aggregates con-
tributes less to the early pathological event.

Qur findings are relevant to the previous reports that
detergent-insoluble dimers and HMW species were found
before onset of motor disability and the appearance of
pathological SOD1-aggregates in mutant SODI transgenic
mice [16.19]. However, in these preceding experiments, the
alteration of mutant SOD] solubility was assessed by frac-
tionation using only one detergent. By the sequential
extraction of mutant transgenic mouse spinal cords with
PBS and TX containing buffer for removing cytosolic
and mitochondnial SODI1 with normal solubility equivalent
to wild-type SODI, we separated H46R SODI into three
different kinds of mutant-specific insoluble species, indicat-
ing that insoluble mutant SODI1 did not consist of a uni-
form species, To see whether SDS-dissociable soluble
monomers, in addition to SDS-stable soluble dimers, repre-
sented early misfolded intermediates, we have investigated
the alteration of SOD1 solubility using a cell culture model
of fALS, Treatment with proteasome inhibitors caused the
accumulation of SDS-dissociable soluble mutant H46R
SODI1 monomers and SDS-stable soluble dimers earlier
than that of SDS-stable soluble HMW species and SDS-
insoluble species. This finding resembled the age-dependent
alteration of SODI solubility in mutant H46R SODI trans-
genic mice. In contrast, overexpression of Hsp70 reduced
the levels of SDS-dissociable soluble mutant H46R SODI
monomers and SDS-stable soluble dimers. These findings
indicate that SDS-dissociable soluble mutant SOD1 mono-
mers and SDS-stable soluble dimers are degraded by the
proteasome pathway and are modulated by molecular
chaperones as misfolded intermediates. The previous in vi-
tro study showed that a normal homodimer of SODI dis-
sociates to an aggregation-prone monomeric intermediate
by oxidation [32]. Further experiments would be necessary
to see how potentially aggregation-promoting modifica-
tions, such as oxidation and nitration, relate to the alter-
ation of SOD1 solubility.

Several reports showed that Hsp70 and its co-chaperone
Hsp40 were involved in the aggregation process or the deg-
radation of SODI [11.33], and Hsp70 and Hspd0 suppress
SOD1 aggregate formation and improve neurite outgrowth
[34]. Although in the previous report up-regulation of
Hsp70 was not observed in the spinal cords of mutant
SODI1 transgenic mice in contrast to cultured cells over-
expressing mutant SODI [23], we found that the levels of
Hsp70 and Hsp40 in mutant SODI transgenic mice
increased in the SDS-soluble fraction before disease onset.
This observation is consistent with the report that Hsp70
interacts with detergent-insoluble SOD1 rather than deter-
gent-soluble SOD1 in cells [33]. However, it should be not-
ed that endogenous Hsp70 and Hsp40 in the SDS-soluble
fraction do not suppress accumulation of insoluble mutant
SODI1 in the present H46R SOD] transgenic mice. Fur-
thermore, Liu et al. [35] showed that elevation of Hsp70
does not affect ALS disease onset and survival in several

types of mutant SODI transgenic mice co-overexpressing
Hsp70 at ~10-fold higher levels than control mice, suggest-
ing that there was no benefit from chronically elevated
Hsp70. In cells, overexpression of Hsp70 reduced the levels
of SDS-soluble and SDS-insoluble mutant H46R SODI,
whereas it did not lead to the elevation of PBS-soluble
and TX-soluble SODI levels. This result implies that over-
expression of Hsp70 had an effect on the levels of mutant-
specific insoluble SOD1 species by forwarding them to the
degradation pathway rather than refolding them to a nor-
mal soluble pool of SODI1. Adachi et al. [36] reported that
overexpression of Hsp70 decreased soluble monomeric
androgen receptor (AR) protein in addition to HMW
mutant AR protein in double transgenic mice expressing
mutant AR protein and Hsp70, suggesting that Hsp70
enhanced mutant AR degradation. Since inhibition of the
proteasome activity in cells had a strong effect on the accu-
mulation of insoluble mutant SOD| with up-regulation of
endogenous Hsp70 and Hsp40, the discrepancy in benefi-
cial effects of Hsp70 between cellular and mouse models
of TALS may be explained by several possibilities. First,
the diminishing of the proteasome activity may generate
abundant misfolded proteins whose concentration exceeds
the capacity of up-regulated endogenous Hsp70/40. Sec-
ond, the main function of Hsp70 is to facilitate the protea-
some pathway-dependent clearance of misfolded SODI.
Third, the accumulation of insoluble SOD1 species directly
impairs the chaperone function of Hsp70 [37]. An
approach for examining the toxicity of SDS-dissociable
soluble mutant SOD1 monomers and SDS-stable soluble
dimers may provide a clue to prevent a further accumula-
tion of potentially toxic misfolded protein complexes in
fALS.
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