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ABSTRACT

The antioxidative enzyme copper-zinc superoxide dismutase (Sod1) is an important cellular defence sys-
tem against reactive oxygen species (ROS). While the majority of this enzyme is localized to the cytosol,
about 1% of the cellular Sod1 is present in the intermembrane space (IMS) of mitochondria. These
amounts of mitochondrial Sod1 are increased for certain Sod1 mutants that are linked to the neurodegen-
erative disease amyotrophic lateral sclerosis (ALS). To date, only little is known about the physiological
function of mitochondrial Sod1. Here, we use the model system Saccharomyces cerevisiae to generate cells
in which Sod1 is exclusively localized to the IMS. We find that IMS-localized Sod1 can functionally sub-
stitute wild type Sod1 and that it even exceeds the protective capacity of wild type Sod1 under conditions
of mitochondrial ROS stress. Moreover, we demonstrate that upon expression in yeast cells the common
ALS-linked mutant Sod1%°*# becomes enriched in the mitochondrial fraction and provides an increased
protection of cells from mitochondrial oxidative stress. Such an effect cannot be observed for the catalyt-
ically inactive mutant Sod1°8°R, Qur observations suggest that the targeting of Sod1 to the mitochondrial

IMS provides an increased protection against respiration-derived ROS.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Reactive oxygen species (ROS) are byproducts of many oxygen-
dependent redox reactions. Increased levels of ROS can result in
deleterious consequences for the cell including lipid peroxidation,
protein carbonylation and DNA damage [1]. Cells contain multiple
systems to counteract and degrade ROS. The superoxide anion is a
highly reactive ROS that is a product of the transfer of a single
electron onto molecular oxygen. It is detoxified by two superoxide
dismutases, Sod1 and Sod2. Both proteins use metal cofactors to
catalyze the disproportionation of superoxide anions to oxygen
and the less toxic hydrogen peroxide (H,0,). The manganese-
containing Sod2 is located in the mitochondrial matrix, while the
copper-zinc enzyme Sod1 is an abundant cytosolic protein. In addi-
tion, Sod1 has also been found in the nucleus [2],in lysosomes [3], in
the endoplasmic reticulum [4] and more recently in the intermem-
brane space (IMS) of mitochondria [5,6]. The latter compartment
contains approximately 1% of the cellular Sod1 [6]. The import of
Sod1 into the IMS has recently been demonstrated to be linked to
the mitochondrial disulfide relay machinery [7,8]. The disulfide
relay component Mia40 thereby participates in the import of the
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copper chaperone for Sod1 (Ccs1)whichin turn mediates the import,
folding and activation of Sod1.

Given the tiny volume of the IMS the concentration of Sod1 in
the IMS presumably exceeds that of the cytosol. It has been
hypothesized that the mitochondrial fraction of Sod1 protects
cellular structures against superoxide radicals that are released
into the IMS by the respiratory chain [6]. This is supported by
the finding that the knockout of SOD1 results in increased free
radical damage in mitochondria [6,9]. Moreover, in yeast increased
cellular amounts of Sodl lead to prolonged stationary phase
survival, which is limited by mitochondrial oxidative stress [6].
However, contrary to these results it also has been suggested that
the presence of Sod1 in the IMS might promote the production of
damaging free radicals [10]. Thus, the significance of the presence
or absence of Sod1 from the IMS remains unclear.

The localization of Sod1 to the IMS has attracted significant
attention because certain Sod1 mutants that are linked to the neu-
rodegenerative disease familial amyotrophic lateral sclerosis [11]
show an increased association with mitochondria [12]. These
Sod1 mutant proteins were reported to accumulate in the IMS, in
the matrix and on the outer membrane of mitochondria [13-15].
The increased accumulation of Sod1 mutants with mitochondria
leads to a decreased mitochondrial protein import [13] as well as
to shifts of the mitochondrial glutathione redox potential and
impairments of respiratory chain complexes [16]. These harmful
effects of Sod1 mutants are attributed to a still unidentified toxic
gain-of-function since many mutants exhibit full enzymatic
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activity in vivo [17] and in vitro [18], and have structures like the
wild type protein [12]. Due to this wild type-like activity it is con-
ceivable that the accumulation of Sod1 mutants in mitochondrial
fractions results in beneficial effects under specific conditions.
However, this has not yet been assessed experimentally.

In this work, we aimed to understand the specific physiolog-
ical roles of Sod1 and Sodl mutants in mitochondria. To this
end, we constructed an exclusively IMS-targeted variant of wild
type Sod1 that we expressed in the model system Saccharomyces
cerevisiae. This Sod1 variant fully complements a 4sod1 mutant
and provides increased protection under conditions of mitochon-
drial oxidative stress. Moreover, we characterized two ALS-linked
Sod1 mutants: Sod1%®** (a mutant that still exhibits activity
and shows an increased accumulation in mitochondria) and
Sod1%®R (3 mutant without activity that does not accumulate
in mitochondria) [19,20]. Similar to the situation in patient cells,
the Sod1%** mutant accumulated in mitochondria when ex-
pressed in yeast. Surprisingly, this mutant also efficiently pro-
tected cells from ROS that are derived from the respiratory
chain. Thus, we demonstrate that both a mitochondria-associ-
ated ALS-linked Sod1 mutant and IMS-targeted wild type Sod1
are beneficial for cells during mitochondrial oxidative stress.

2. Materials and methods
2.1. Yeast strains and media

For primers and plasmids see Table S1. The Asod1 strain was de-
rived from the wild type strain W303 (MATa; his3A41; leu2A0;
lys240; ura340) by replacement of the SOD1 open reading frame
(ORF) with a HIS3 cassette. Homologous recombination was veri-
fied by PCR and controlled by immunoblotting against Sod1. The
Asod1 strains expressing Sod1 variants were generated by trans-
formation with the respective plasmids. Strains were grown in
S(Lac) medium (0.85% yeast nitrogen base, 2.5% (NH4)>SO4, 9.9%
lactate, 20 mg/1 adenine sulfate, 20 mg/1 uracil, 100 mg/1 1.-leucine,
30 mg/l L-lysine, pH 5.5) with 0.2% galactose at 30 °C. For drop dilu-
tion assays 5 pl of tenfold dilutions of 1 OD/ml cells were plated on
YPD. To induce oxidative stress plates were supplemented with
4 mM H,0, or 0.5 mM paraquat.

2.2. Antibodies

The following antibodies were used: anti-Cox2 [21], anti-DNP
(Sigma-Aldrich), anti-Mrp20 [21], and anti-Pgk1 (Invitrogen). To
generate the Sod1 antibody yeast Sod1 was purified and used for
immunization of rabbits.

2.3. Preparation of yeast mitochondria; cell fractionation

Wild type and mutant yeast strains were grown to exponential
phase in S(Lac) medium, and mitochondria were prepared as
described [22].

2.4. Protein carbonylation assay

Sodiumdodecyl sulfate (SDS) was added to isolated mitochondria
or whole cell lysate to a concentration of 6% SDS. Samples were
reacted with 2,4-dinitrophenylhydrazine (DNPH) (3.96 mg/ml
2,4-dinitrophenylhydrazine, 0.154 g/ml trifluoroacetic acid) for
10 min at 25 °C. After precipitation with trichloroacetic acid the
pellets were resuspended in SDS-loading buffer (60 mM Tris/HCl
pH 6.8, 10% glycerine, 2% SDS, 0.01% bromophenol blue). Proteins
were separated on SDS—polyacrylamide gels, transferred to nitrocel-
lulose membranes, and carbonyl groups were detected by Western
blotting with a DNP antibody.

2.5. Amplex red assays

For the measurement of H,0, production 100 g mitochondria
were dissolved in 100 pl Amplex red buffer (0.6 M sorbitol, 50 pM
Amplex red, 1 mM EDTA, 2 pl horseradish peroxidase (50 U/ml),
20mM KP; pH 8.0; optionally containing 10 mM TEMED or
10 mM paraquat). The reaction was started by addition of 10 mM
succinate pH 7.0 and was followed in a Fluoroscan Ascent CF Fluo-
rometer (ThermoLabsystems) at an emission wavelength of
587 nm (excitation wavelength of 563 nm).

3. Results

3.1. IMS-localized Sod1 improves viability during respiratory chain-
derived ROS stress

To understand the specific physiological role of Sod1 in mito-
chondria, we generated yeast cells in which Sod1 is exclusively
localized to the IMS. To this end, a SOD1 deletion strain was trans-
formed with either an empty vector (Asod1), a plasmid encoding
for wild type yeast Sod1 (Sod1), or an IMS-targeted yeast Sod1 var-
iant, respectively (Fig. 1A). The latter plasmid encoded an extended
bipartite mitochondrial targeting signal of cytochrome b, fused to
wild type Sod1 (b,-Sod1). This bipartite targeting signal consists of
a matrix-targeting signal followed by a hydrophobic sorting se-
quence ensuring transfer into the inner membrane, and an addi-
tional IMS-localized domain that prevents accidental matrix
import. After import into mitochondria a part of the bipartite tar-
geting signal is removed and the mature b,-Sod1 protein localizes
to the IMS.

In a first set of experiments we verified the expression, localiza-
tion and activity of the different Sod1 variants. As expected no
Sod1 was detected in Western blots of lysates from the Asodl
strain, while the strains expressing the Sod1 and the b,-Sod1 vari-
ants contained proteins that migrated at sizes of approximately 20
and 30 kDa, respectively (Fig. S1). Next, we analyzed these strains
by a cell fractionation approach. We separated cells into cytosolic
and mitochondrial fractions and demonstrated by Western blots
the dual localization of wild type Sod1 (Fig. 1B). We thereby con-
firmed previous findings that around 1% of total endogenous
Sod1 localize to the IMS (see Fig. 3C and [6]). Notably, b,-Sod1
was exclusively localized to the mitochondrial fraction. b,-Sod1
as well as Sod1 also exhibited Sod activity in cell extracts and mito-
chondrial fractions (Fig. S2). The b,-Sod1 activity was considerably
enriched in the latter fraction due to its exclusive presence in mito-
chondria. Taken together, the expressed b,-Sod1 protein is func-
tional and exclusively localized to mitochondria.

We next asked whether this exclusively IMS-localized Sod1 can
functionally replace wild type Sod1 (Fig. 1C). To this end, we spot-
ted cells grown to log phase on full medium and assessed their
growth. In the absence of oxygen all strains exhibited a similar
growth. Conversely, under aerobic conditions the Asod1 strain con-
taining an empty plasmid exhibited a strongly reduced growth,
while the expression of Sod1 or b,-Sod1 suppressed the Asod1 de-
fect. However, the strain expressing Sod1 grew better than the
strain expressing b,-Sod1. This suggests that the cytosol-localized
fraction of Sod1 provides an improved ROS protection under these
conditions. We next tested whether b,-Sod1 can replace wild type
Sod1 also under conditions of oxidative stress. To this end, we
exposed cells to either of two ROS-producing reagents, H,O, or
paraquat (Fig. 1C). While H,0, leads to amplified ROS levels in
the whole cell, paraquat induces ROS production through mito-
chondrial NADPH dehydrogenases and at the level of complex III
of the respiratory chain [23-25] (see also Figs. S3 and S6). As ex-
pected all strains exhibited a diminished growth upon exposure
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Fig. 1. Mitochondrial Sod1 improves viability under conditions of mitochondrial ROS stress. (A) Scheme of the Sod1 constructs used in this study. For efficient targeting to the
IMS the N-terminal 167 amino acids of cytochrome b, were fused to Sod1. The resulting b,-Sod1 (mature protein starting from residue 31, dashed line) is exclusively present
in the IMS. (B) Subcellular localization of Sod1. Wild type (W303) as well as Asod1 yeast cells expressing wild type or b,-Sod1 were grown to mid-log phase in S(Lac) medium.
Cells were lysed and fractionated into post-mitochondrial supernatant (C) and mitochondria (M). Fractions were analyzed by SDS-PAGE and immunoblotting using
antibodies directed against Sod1, Mrp20 (mitochondrial marker) and Pgk1 (cytosolic marker). M, mitochondria; C, post-mitochondrial supernatant; T total. (C) The indicated
strains were grown to log phase. Tenfold serial dilutions were spotted on plates containing glucose as carbon source and incubated at 30 °C for 2-4 days. Plates were
incubated either in the presence or absence of oxygen, or in the presence or absence of either 4 mM H,0, or 0.5 mM paraquat. The results in (C) are representative for three
independent experiments.
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Fig. 2. Mitochondria-targeted Sod1 is able to counteract oxidative damage to mitochondrial proteins. (A) Mitochondria isolated from the indicated strains were subjected to
an amplex red assay to detect the generation of H,0,. Mitochondria were either left untreated or preincubated with 10 mM paraquat or 10 mM TEMED. The data are
represented as percentage of the vector control. (B) Mitochondria isolated from the indicated cells were incubated with DNPH. DNPH-reactive carbonyl groups were detected
by immunoblotting with a DNP antibody. Equal loading was confirmed by immunoblotting against Mrp20 and Cox2. The results in (A) and (B) are representative for three
independent experiments.

to oxidative stress when compared with unstressed conditions.
Again the expression of wild type Sod1 as well as b,-Sod1 con-
ferred viability to the respective strains. Cells expressing the dually
localized wild type Sod1 exhibited a better growth upon exposure
to general oxidative stress. Surprisingly however, b,-Sod1
protected cells better from mitochondrial ROS than Sod1
(Fig. 1C). Taken together, we find that b,-Sod1 can replace wild
type Sod1. Noteworthy, b,-Sod1 even provides increased protec-
tion of cells against mitochondrial oxidative stress. Mitochondria-
localized Sod1, however, is apparently less protective against
oxidative stress that affects the whole cell.

3.2. IMS-localized Sod1 provides increased protection of proteins from
carbonylation by respiratory chain-derived ROS

Next, we aimed to analyze the impact of the different Sod1 vari-
ants on the production of H,0, and the amount of carbonylated
proteins. H,O, production is an indicator for the detoxifying activ-
ity of Sod1, and protein carbonylation represents a marker for the
cellular damage caused by ROS. We applied a fluorescence-based
assay to determine the H,0, production in mitochondria isolated
from the different strains (Fig. 2A). Under unstressed conditions
the H,0, production was generally very low, and only slightly
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Fig. 3. Sod1%%3# is enriched in the mitochondrial fraction compared to wild type Sod1 and improves viability under conditions of mitochondrial ROS stress. (A) Alignment of
human and yeast Sod1. The positions of the glycin residues mutated in the G93A and the G85R mutations are indicated. (B) Subcellular localization of Sod1. Asod1 yeast cells

expressing wild type, Sod1%°3* or Sod1¢8°}

were grown to mid-log phase in S(Lac) medium. Cells were lysed and fractionated into total (T), post-mitochondrial supernatant

(C) and mitochondria (M), and fractions were analyzed by SDS-PAGE and immunoblotting using antibodies directed against Sod1, Mrp20 (mitochondrial marker) and Pgk1
(cytosolic marker). (C) Quantification of three independent experiments as described in (B). (D) The indicated strains were grown to log phase. Tenfold serial dilutions were
spotted on plates containing glucose as carbon source and incubated at 30 °C for 2-4 days. Plates were incubated either in the presence or absence of oxygen, or in the
presence or absence of either 4 mM H,0, or 0.5 mM paraquat. The results in (D) are representative for three independent experiments.

increased in mitochondria from the b,-Sod1 strain. However, upon
application of the ROS-producing agents TEMED or paraquat we
observed an increased release of H,0,. In this case, the generation
of H,0, was mainly dependent on Sodl since mitochondria
isolated from the Asodl strain hardly increased their H,0,
production (Fig. 2A, compare WT with Asod1). The residual H,0,
production is presumably due to the activity of Sod2 in the mito-
chondrial matrix. During incubation with TEMED mitochondria
containing Sod1 and b,-Sod1 released similar amounts of H,0,.
Interestingly, upon application of paraquat mitochondria contain-
ing by-Sod1 exhibited a strongly increased release of H,O, com-
pared to mitochondria isolated from strains expressing wild type
Sod1. This is consistent with an improved accessibility of b,-Sod1
to mitochondria-generated ROS.

Sustained production of superoxide anions leads to oxidative
damage of proteins that can be monitored by the detection of
protein carbonylation. We therefore determined the amount of
protein carbonylation in mitochondrial fractions using a dinitro-
phenylhydrazine (DNPH) modification assay (Fig. 2B). DNPH adds
to sites of carbonylation in proteins and can subsequently be
detected using an anti-DNP antibody. Hereby, we found that car-
bonylated proteins accumulated in the absence of Sod1. This sug-
gests that proteins in mitochondrial fractions are especially
sensitive to the lack of Sod1 presumably due to their proximity
to the respiratory chain. The expression of either of the Sod1 vari-
ants diminished the level of protein carbonylation to wild type lev-
els. Apparently, the mitochondrially localized Sod1 protected
mitochondrial proteins from carbonylation even better than wild
type Sod1 presumably by providing a higher local Sod activity close
to the respiratory chain. This observation is consistent with an im-
proved antioxidative capacity of b,-Sod1 towards mitochondrial
oxidative stress.

3.3. The ALS-associated mutant Sod1°%*# is enriched in mitochondria
and provides increased protection from mitochondrial ROS

Some ALS-linked Sod1 mutants were shown to accumulate in
mitochondria (e.g. by immunogold electron microscopy). We
therefore asked whether these variants would exert a similar pro-
tective effect as b,-Sod1. To test this we generated two strains
expressing mutants of yeast Sod1 that correspond to the G93A
and G85R mutations in human Sod1 (Fig. 3A). First, we compared
the expression levels of both Sod1 mutants with that of wild type
Sod1, and found for all three Sod variants similar protein levels
(Fig. S4). The distribution of Sod1%%32 significantly shifted towards
the mitochondrial fraction compared to wild type Sod1 (4.4% of to-
tal Sod193* in the mitochondrial fraction compared to 0.7% in the
case of Sod1), while the distribution of Sod1°%°R remained un-
changed (Fig. 3B and C). Moreover, we confirmed that Sod1%%°R is
inactive whereas Sod1%%3A is active (Fig. S5). However, despite sim-
ilar protein levels in whole cells the activity of the Sod1%°*A mutant
is diminished compared to the wild type protein indicating a
decreased specific activity of Sod1%3A, Notably, in line with the
mitochondrial accumulation of the Sod1%*# protein the activity
of wild type Sodl and Sod1%®** in mitochondria is similar
(Fig. S5). Taken together, the data support that like b,-Sod1 Sod1-
G93A s enriched in mitochondrial fractions.

Next, we tested whether these Sod1 mutants can functionally
replace Sod1l (Fig. 3D). As expected the strain expressing the
non-functional Sod1°%°R variant grew like the SOD1 deletion strain
under all conditions tested. Conversely, the Sod1%°*2 variant com-
plemented wild type Sod1 (Fig. 3D). Interestingly, under conditions
of mitochondrial oxidative stress Sod1°°** grew better than wild
type resembling the phenotype of the strains expressing IMS-
localized wild type Sod1 (Figs. 3D and S6).



118 C. Kloppel et al./Biochemical and Biophysical Research Communications 403 (2010) 114-119

3 +vector
12504 == +Sod1

+Sod1%
1000 { =3 +S0d1°*" |

Asod1

7501
5004

H,O, generation
(% of vector control)

2504

g Wl

Control TEMED

Paraquat

B Asod1
o &
g
D <\}o‘ b\f’ 5@
e P

[kDa]
66~

45- aDNP

35- .
S8R an |oMmp20

R —— | Cox?2
1 2 3 4

Fig. 4. Mitochondria isolated from the Sod1°3* strain exhibit an increased Sod activity. (A) Mitochondria isolated from the indicated strains were subjected to an amplex red
assay to detect the generation of H,0,. Mitochondria were either left untreated or preincubated with either 10 mM paraquat or 10 mM TEMED. (B) Mitochondria isolated
from the indicated cells were reacted with DNPH. DNPH-reactive carbonyl groups were detected by immunoblotting with a DNP antibody. Equal loading was confirmed by
immunoblotting against Mrp20 and Cox2. The results depicted in (A) and (B) are representative for three independent experiments.

3.4. Sod1%°34 provides increased protection of proteins from
carbonylation

The H,0, release from mitochondria of Sod1%®°R-expressing
strains resembled the release from mitochondria isolated from
the SOD1 deletion strain (Fig. 4A). Conversely, mitochondria
isolated from the Sod1°* strain released similar amounts of
H,0, as b,-Sod1-containing mitochondria (compare Fig. 4A and
Fig. 2A). Moreover, these correlations were confirmed by our anal-
ysis of the level of protein carbonylation in mitochondria (Fig. 4B).
Taken together, we find that Sod1%°* endows cells with a similarly
increased antioxidative capacity against mitochondria-derived ROS
as by-Sod1, a finding that can be explained by the enrichment of
the Sod1 mutant in the mitochondrial fraction (Fig. 3B and C).

4. Discussion

The antioxidative enzyme Sod1 is distributed between two cel-
lular compartments, the cytosol and the mitochondrial IMS. The
relevance of the mitochondrial fraction for cellular functionality
remained unclear, in particular since only a rather minute fraction
of the enzyme is located in mitochondria and since the mitochon-
drial matrix harbours a second superoxide dismutase enzyme
(Sod2) which overlaps with Sod1 in its role in oxidative stress
defence [26,27]. In this study we focused on the capacity of IMS-
localized Sod1 to combat oxidative damage. Our results demon-
strate that, even if the entire cytoplasmic fraction was shifted into
the IMS, Sod1 can still efficiently counteract the deleterious effects
of oxidative agents. Surprisingly, this re-direction of Sod1 even
provided increased cellular resistance against mitochondria-
derived ROS. Such an improved stress resistance was also observed
for the ALS-linked Sod1%®*f mutant that accumulated in
mitochondria.

In fungi as in many animal cells, the respiratory chain of mito-
chondria is the predominant source of ROS [1]. Oxygen radicals are
thereby released to both sides of the inner membrane. In the
matrix, Sod2, peroxiredoxins and other enzymes degrade these
radicals [1]. Our results suggest that Sod1 in the IMS plays a major
role in the oxidative stress defence of eukaryotic cells. Expression
of the b,-Sod1 protein almost completely complemented the
Asod1 phenotype on glucose-containing medium. Under these
conditions, yeast cells produce their energy by fermentation. It
therefore appears unlikely that differences in the damaging of

mitochondrial components account for the observed growth de-
fects. It seems more likely that the IMS-located Sod1 can efficiently
reduce the ROS burden not only within the mitochondria but also
in extra-mitochondrial compartments of the cell. However, the
exclusive presence of Sod1 in mitochondria is not sufficient to fully
complement wild type Sod1 under all conditions. The decreased
viability of the SOD1 deletion strain might therefore result from
cumulative effects caused by the diminished antioxidative capacity
in different compartments implying that a detoxification of ROS
close to the site of their generation is crucial for the cell. Our data
hence indicate the importance of dually localized Sod1 for growth
under conditions of general cellular oxidative stress.

The suitability of yeast as a model for the understanding of the
neurological pathology in ALS patients might be limited since ALS
patients show highly specific defects in motor neurons that mani-
fest typically only after forty or fifty years of life. Hence, even in af-
fected patients most cells obviously are not or only little affected
by the Sod1 mutations. However, yeast cells might represent a
valuable model system to analyze the mechanisms by which
Sod1 is distributed between mitochondria and the cytosol because
our cell fractionation experiments with a yeast Sod1°>* model
showed increased amounts of the protein in mitochondria. Also
the mammalian Sod1%°3# exhibits such an increased accumulation
with mitochondria and this was associated with the neurological
defects observed in ALS patients and mouse models for ALS
[13-15]. It will thus be exciting to explore the mechanisms of dis-
tribution of Sod1 between cytosol and mitochondria in future
experiments in yeast.
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