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Manganese-dependent superoxide dismutase (MnSOD) is localized in the mitochondria and is important
for oxidative stress resistance. Although transcriptional regulation of MnSOD has been relatively well
studied, much less is known about the protein’s posttranslational regulation. In budding yeast, MnSOD
is activated after mitochondrial import by manganese ion incorporation. Here we characterize posttrans-
lational modification of MnSOD in the fission yeast Schizosaccharomyces pombe. Fission yeast MnSOD is
acetylated at the 25th lysine residue. This acetylation was diminished by deletion of N-terminal mito-
chondrial targeting sequence, suggesting that MnSOD is acetylated after import into mitochondria. Mito-
chondrial localization of MnSOD is not essential for the enzyme activity, but is crucial for oxidative stress
resistance and growth under respiratory conditions of fission yeast. These results suggest that, unlike the
situation in budding yeast, S. pombe MnSOD is already active even before mitochondrial localization;
nonetheless, mitochondrial localization is critical to allow the cell to cope with reactive oxygen species
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generated inside or outside of mitochondria.
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1. Introduction

Living organisms utilize a variety of antioxidant mechanisms.
Cells are constantly exposed to reactive oxygen species (ROS), such
as superoxide radicals. ROS are generated either internally in the
mitochondria as a byproduct of metabolic reactions such as oxida-
tive phosphorylation, or externally in the environment. Superoxide
dismutase (SOD) is a key enzyme that protects the cell from ROS.
SOD catalyzes dismutation of superoxide anions into oxygen and
hydrogen peroxide. Most eukaryotes contain two or more families
of genes that encode SODs. These SOD families differ in metal
cofactor and subcellular localization. Copper/zinc-dependent SOD
(CuZnSOD) is primarily localized in the cytosol, and requires cop-
per and zinc as cofactors. On the other hand, manganese-depen-
dent SOD (MnSOD) is mainly localized in the mitochondria, due
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to the presence of a mitochondrial targeting sequence (MTS). Fis-
sion yeast Schizosaccharomyces pombe contains both CuZnSOD
and mitochondrial MnSOD [1-3]. Deletion of either one of two
SOD genes results in hypersensitivity to oxidative stress-generat-
ing agents, such as menadione [1,2].

The mechanism of regulation of MnSOD expression has been
well studied. In Saccharomyces cerevisiae, MnSOD is induced upon
stress or the diauxic shift. Induction of budding yeast MnSOD
expression depends on the Msn2/4p stress-responsive transcrip-
tion factors and/or the Hap heme activator complex [4,5]. MnSOD
is required for normal lifespan in S. cerevisiae [6,7]. In S. pombe,
MnSOD is transcriptionally up-regulated via the Wis1-Styl MAPK
pathway when cells are treated with heat, KCl or menadione [1].

Unlike transcriptional regulation, the posttranslational regula-
tion of MnSOD remains relatively unexplored. In S. cerevisiae,
MnSOD localized in the cytosol after translation is inactive due
to the absence of the manganese cofactor that associates with
MnSOD after mitochondrial import [8]. It is unknown whether
such regulation by metal binding and/or other forms of posttrans-
lational regulation also occurs in S. pombe MnSOD. Recently,
MnSOD was identified by a high-throughput immunoblot screen-
ing as one of the lysine-acetylated proteins of fission yeast [9]. In
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this study, we analyzed the role played by the mitochondrial
localization signal and lysine acetylation of the S. pombe MnSOD
in determining the protein’s catalytic activity and cellular oxida-
tive stress resistance.

2. Materials and methods
2.1. Fission yeast strains

The fission yeast strains used in this study are listed in Supple-
mentary Table 1. We generated plasmids containing the native
MnSOD gene promoter, followed by each MnSOD wild-type/mu-
tant construct with a C-terminal FLAG,-Hiss (MnSOD-FFH) tag,
as detailed in Supplementary methods. The DNA primers used in
this study are listed in Supplementary Table 2. These plasmids
were digested with Notl and then integrated into the leu1-32 locus
[10] of the MnSODA mutant named SpHT84, in which the entire
SPAC1486.01 ORF was replaced by the hphMX cassette amplified
from pAG32 [11].

2.2. Culture media

Rich YE medium contains 5 g/L yeast extract and 20 g/L glucose.
Agar was added to a final concentration of 20 g/L. Minimal MB
medium contains 0.5 g/L KH,PO4, 0.36 g/L KOAc, 0.5 g/L MgSOy,,
0.1 g/L NaCl, 0.1 g/L CaCly, 5 g/L (NH4)2S04, 5 g/L glucose, 500 ng/
L H3BO4, 40 pg/L CuSO4 100 pg/L KI, 200 pg/L FeCls, 400 pg/L
MnSOy4, 200 pg/L Na,MoO,, 400 pg/L ZnSOy4, 10 pg/L biotin, 1 mg/
L calcium pantothenate, 10 mg/L nicotinic acid and 10 mg/L myo-
inositol [12].

2.3. Purification of MnSOD

Each MnSOD-FFH protein was expressed under the MnSOD
promoter integrated into the leul locus on chromosome 2. To pur-
ify MnSOD-FFHs, fission yeast strains were cultured in liquid MB
and harvested at ODggp = ~3. MnSOD-FFHs were purified using
the Hisg-tag. To determine acetylation sites, purification was car-
ried out under denaturing conditions, whereas a non-denaturing
purification was utilized for the in vitro MnSOD assay. These proce-
dures are detailed in Supplementary methods.

2.4. Immunoblotting

Similar amounts of purified MnSODs were separated on a 12%
SDS-PAGE gel and transferred onto an ImmobilonFL PVDF mem-
brane (Millipore). The membrane was blocked for 90 min in
PBSTSM (phosphate-buffered saline containing 0.1% Tween-20
and 3% Difco skim milk). To detect lysine acetylation, the mem-
brane was incubated overnight at 4 °C in PBSTSM containing an
AKL5C1 anti-acetyl-lysine mouse antibody (1:100, Santa Cruz Bio-
technology) and an anti-Hisg-tag rabbit antibody (1:5000, MBL
International). The membrane was washed four times with PBST
and incubated in PBSTSM containing an Alexa Fluor 680-conju-
gated goat anti-mouse IgG (1:5000, Invitrogen) and an IRDye
800CW-conjugated goat anti-rabbit IgG (1:10,000, Rockland). The
membrane was washed four times in PBST. The fluorescent signals
were detected with an Odyssey Imaging System (Li-COR).

2.5. Mass spectrometry

MnSOD-FFH was purified from a wild-type strain, SpHT122
under denaturing conditions as described above. An aliquot of
the protein was run on a 5-20% SuperSep SDS-PAGE gel (Wako)
and stained with Quick-CBB PLUS (Wako). The MnSOD band was

reduced with dithiothreitol, carboxymethylated by iodoacetic acid,
and digested with trypsin. An aliquot of the digest was analyzed by
nano-liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS) as previously described [13].

2.6. Multiple alignment of MnSOD amino acid sequences

Multiple alignment of MnSOD orthologs in eight model organ-
isms was generated by the ClustalW program [14]. The GenBank
accession numbers used are as follows: Homo sapiens,
NP_001019636; Mus musculus, NP_038699; Caenorhabditis elegans,
AAB53822; Drosophila melanogaster, NP_476925; Arabidopsis
thaliana, NP_187703; S. cerevisiae, AAS56147; S. pombe, NP_
594089; Escherichia coli, NP_418344.

2.7. In vitro SOD assay

MnSOD-FFHs were purified in parallel from SpHT121, 122, 142,
172, 198 and 109 under non-denaturing conditions as described
above. The amount of MnSOD-FFH in each sample was determined
by immunoblotting followed by densitometry. Each protein was
twofold serially diluted, and only signals in the linear range were
quantified. The SOD activity was assayed using an SOD Assay Kit-
WST (Dojin). Each sample was diluted such that the activity is
never saturated. To calculate specific activity, the average value
of three measurements was divided by the amount of protein. Spe-
cific activities are reported relative to that of wild type, which is set
to 1. Averages and standard deviations shown in Fig. 4 were calcu-
lated from the results of three independent culturing of the strains.

3. Results and discussion

3.1. MnSOD is acetylated probably after mitochondrial import in
fission yeast

Global analysis of protein acetylation in S. pombe suggested that
MnSOD is an acetylated protein [9]. To confirm the acetylation of
lysine residue(s), we expressed C-terminally tagged MnSOD under
the native promoter in fission yeast. The purified protein was
immunoblotted with an anti-acetyl lysine antibody (Fig. 1A). The
wild-type (WT) MnSOD protein reacted with this antibody (second
lane in each panel), confirming the previous immunoblot screening
[9].

The N-terminal 21 amino acid residues of MnSOD correspond to
a mitochondrial targeting sequence (MTS), which is cleaved upon
the import of MnSOD into the mitochondrion (Fig. 2A) [1]. To see
whether MnSOD is acetylated before or after mitochondrial import,
we expressed a version of MnSOD that lacked the 2nd-21st amino
acid residues. If MnSOD is acetylated in the cytosol before trans-
port into the mitochondrion, then keeping MnSOD in the cytosol
by deletion of the MTS should not decrease the acetylation level.
However, the MnSOD protein that lacked an MTS exhibited dimin-
ished acetylation (first lane in each panel of Fig. 1A), suggesting
that MnSOD is acetylated not in the cytosol but in the mitochon-
dria after import.

3.2. Identification of acetylated residues in fission yeast MnSOD

To locate the acetylated lysine residues of MnSOD, we system-
atically replaced each of the protein’s 18 lysine (K) residues with
arginine (R). These mutant MnSOD proteins were expressed and
purified from fission yeast cells. Inmunoblotting with the anti-
acetyl lysine antibody demonstrated that only the 25th lysine
residue (K25) was crucial for acetylation of MnSOD (Fig. 1A). This
residue is therefore likely to be the major acetylation site in vivo.
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Fig. 1. MnSOD is acetylated at the 25th lysine residue. (A) Immunoblotting, using an anti-acetyl-lysine (anti-AcK) antibody, of MnSOD mutants in which individual lysine
residues (K) have been substituted with arginine (R). Each protein was expressed under the native MnSOD promoter integrated at the leul locus, and purified from fission
yeast utilizing a C-terminal His6-tag. Each membrane was re-blotted with anti-Hisg antibody. AMTS lacks the mitochondrial targeting sequence (the 2nd-21st residues).

Strains used: SpHT121-140. (B) Immunoblotting, using an anti-acetyl-lysine antibody, of MnSODs purified from several known histone acetyltransferase gene deletion
mutants. Strains used: SpHT105, 169, 170, 109 and 110.
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Fig. 2. Identification of acetylated lysine residues in MnSOD by tandem mass spectrometry (MS). (A) Amino acid sequence of MnSOD, with a summary of MS. The peptides
covered by MS were underlined. Five candidate acetylated lysine (K) residues (K25, K121, K126, K156 and K175) detected were highlighted in black. The arrowhead indicates
the mitochondrial targeting sequence cleavage site [1]. (B) The MS fragmentation spectra of the acetylated K25-containing peptide. The bold letters represent the peptides

containing acetylated K25. Only some of the peaks are indicated. (C) The amino acid sequence of the acetylated K25 (indicated with “+”)-containing peptide. All the b, b**, y
and y** ions detected are denoted above or below the sequence.

None of 18 lysine-residue mutant proteins appeared larger in MnSOD. We tested whether any of the four known histone acetyl-
molecular weight than the AMTS mutant, suggesting that lysine transferase genes are involved in acetylation of MnSOD in vivo
acetylation is not required for cleavage of MTS from premature (Fig. 1B). None of the deletion mutants decreased the acetylation,
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Fig. 3. Oxidative stress resistance of MnSOD lysine residue mutants. Each MnSOD mutant gene was expressed under the native MnSOD promoter integrated at the leul locus
in the MnSODA strain. (A) Serial dilution assay of the MnSOD acetylated lysine mutants, grown on rich media containing menadione. Strains used: SpHT142, 122, 154, 124,
172 and 209. The AORF strain contains the pDUAL-FFH vector only at the leul locus (SpHT142). (B) Serial dilution assay of the MnSOD acetylated lysine mutants, grown on
rich medium containing glycerol. Strains used: SpHT142, 121, 198, 122, 154, 124, 172 and 209.

raising the possibility that a unique acetylating mechanism/en-
zyme may exist in the mitochondrion.

To directly detect the acetylation at K25 of MnSOD, we con-
ducted tandem mass spectrometry (LC-MS/MS) of purified wild-
type MnSOD. We have identified five acetylated sites, K25, K121,
K126, K156 and K175 (Fig. 2A), among which only the acetylation
at K25 could be detected by immunoblotting (Fig. 1A). It is not
clear why we did not detect acetylation at the other four sites by
immunoblotting. It is possible that the acetylation levels at the
other four residues are lower than the detection threshold level,
or that the anti-acetyl lysine antibody has lower affinity toward
these four sites.

To see whether the acetylated residues are conserved through-
out evolution, we aligned S. pombe MnSOD amino acid sequence
with orthologs in other model organisms (Supplementary Fig. 1).
None of the acetylated lysine residues was invariantly conserved
in all eight species, although K25 and K156 were retained at the
equivalent positions in five out of the other seven species. Mass
spectrometry-based proteome-wide determination of human acet-
ylated proteins identified two acetylated lysine residues in human
MnSOD [15]. Very recently, mouse MnSOD activity was shown to
be regulated by the acetylation at K122 [16]. However, none of
the three lysine residues identified in mammals were in identical
positions to the acetylation site in fission yeast, nor were they con-
served in the fission yeast ortholog (Supplementary Fig. 1).

3.3. None of the lysine residues of MnSOD are required for oxidative
stress resistance in fission yeast

Fission yeast MnSODA mutant is hypersensitive to an oxidative
stress reagent, menadione [1]. We analyzed the effects of arginine
substitution of each lysine residue of MnSOD on menadione
resistance. Arginine mimics non-acetylated lysine. Unexpectedly,
none of the lysine residues, irrespective of acetylation, was impor-
tant for the menadione resistance (Supplementary Fig. 2A). We
next mutated each lysine residue to glutamine (Q), which mimics
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Fig. 4. In vitro SOD enzyme assay of the MnSOD mutants. The MnSODs with a C-
terminal Hisg-tag, which were expressed and purified from SpHT122, 198, 121, 172
and 209, were assayed as described in Section 2. The black bar represents the
average value of specific activities of three independently purified samples. The
values are reported relative to that of the wild-type (WT) sample. Standard
deviations are shown. The single star represents the samples that were significantly
different from WT (p-value <0.025). The double star denotes that the difference
from WT was not significant.

acetyl-lysine. None of these glutamine-substituted mutants
showed altered sensitivity to menadione compared to wild type
(WT) (Supplementary Fig. 2B). To test the possibility that the five
potentially acetylated residues are functionally redundant, we re-
placed all five lysine residues simultaneously with either arginine
or glutamine residues. However, none of the resulting mutants
exhibited obvious changes in menadione sensitivity (Fig. 3A). We
also tested menadione resistance on minimal media in addition
to rich medium; we obtained basically the same results on either
media (data not shown). Thus, the physiological significance of
MnSOD acetylation is unclear. We next examined whether MnSOD
is important for fission yeast growth under respiratory conditions.
We tested growth on rich medium containing 3% glycerol as the
carbon source. Under these conditions, deletion of the entire ORF
resulted in growth defect, suggesting that the level of endoge-



46 H. Takahashi et al./Biochemical and Biophysical Research Communications 406 (2011) 42-46

nously generated ROS becomes too high in the absence of MnSOD
(Fig. 3B). Again, the acetylated residues were dispensable for
growth under these conditions.

3.4. Mitochondrial localization of MnSOD is required for oxidative
stress resistance in fission yeast

On the other hand, deletion of the MTS caused menadione
hypersensitivity (Supplementary Fig. 2B, 2nd lane from the left).
The AMTS mutant was as sensitive as the strain lacking the entire
MnSOD ORF (AORF). The AMTS mutant also exhibited a growth de-
fect in YE containing glycerol as the sole carbon source (Fig. 3B,
lane 2). In budding yeast, MnSOD that is present in the cytosol be-
fore mitochondrial import is inactive due to the lack of a manga-
nese ion, which binds and activates MnSOD after mitochondrial
import [8]. Therefore, it seemed likely that oxidative stress hyper-
sensitivity caused by the deletion of the MTS from MnSOD is due to
the lack of enzymatic activity of MnSOD when it cannot be im-
ported into mitochondria. To test this possibility, we purified
MnSOD from WT and the AMTS mutant, and compared their
SOD activities. Unexpectedly, the MTS-deleted MnSOD retained
~60% of SOD activity relative to WT (Fig. 4, lane 3). This result im-
plies that deletion of the MnSOD MTS caused oxidative stress
hypersensitivity because ROS inside mitochondria can no longer
be scavenged. The mutation of histidine residues critical for bind-
ing to manganese ion (H185) exhibited only a background level of
activity (Fig. 4, lane 2), indicating that our purified samples are not
contaminated by other SOD activities such as CuZnSOD. On the
other hand, the simultaneous substitution of the five potentially
acetylated lysine residues did not significantly alter enzymatic
activity (Fig. 4, lanes 4 and 5). Again, acetylation at the five lysine
residues may not be important, or may play functional roles in as-
pects other than catalytic activity.

In summary, we found that posttranslational regulation of
MnSOD in fission yeast is different from that in budding yeast.
The MnSOD present in the cytosol before mitochondrial import
was fairly active, suggesting that a substantial amount of manga-
nese ion is present in the cytosol and can be incorporated into
the apoenzyme. In mammals, a large number of mitochondrial pro-
teins are acetylated by unknown mechanisms [15,17,18]. Histone
acetylation level reflects nucleocytosolic acetyl-coenzyme A
metabolism [19], suggesting that the level of acetyl-coenzyme A
is one of the determinants of protein acetylation. Acetylation of
MnSOD at K25 depended on the protein’s mitochondrial localiza-
tion. Therefore, the fission yeast MnSOD will be a good model to
study mitochondrial protein acetylation and mitochondrial acet-
yl-coenzyme A metabolism.

Acknowledgments

We are grateful to Dr. H. Fujiwara for support and encourage-
ment. We thank the Support Unit for Bio-material Analysis, RIKEN
BSI Research Resources Center for help with DNA sequencing anal-
ysis. This work was supported in part by CREST from the Japan

Science and Technology Agency to M.Y. and by a Grant-in-Aid for
Young Scientists B from the Japan Society for the Promotion of Sci-
ence to H.T.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2011.01.103.

References

[1] J.H. Jeong, E.S. Kwon, ].H. Roe, Characterization of the manganese-containing
superoxide dismutase and its gene regulation in stress response of
Schizosaccharomyces pombe, Biochem. Biophys. Res. Commun. 283 (2001)
908-914.

[2] N. Mutoh, C.W. Nakagawa, K. Yamada, Characterization of Cu, Zn-superoxide
dismutase-deficient mutant of fission yeast Schizosaccharomyces pombe, Curr.
Genet. 41 (2002) 82-88.

[3] E.S. Kwon, J.H. Jeong, J.H. Roe, Inactivation of homocitrate synthase causes
lysine auxotrophy in copper/zinc-containing superoxide dismutase-deficient
yeast Schizosaccharomyces pombe, ]. Biol. Chem. 281 (2006) 1345-1351.

[4] E. Boy-Marcotte, M. Perrot, F. Bussereau, H. Boucherie, M. Jacquet, Msn2p and
Msn4p control a large number of genes induced at the diauxic transition which
are repressed by cyclic AMP in Saccharomyces cerevisiae, J. Bacteriol. 180 (1998)
1044-1052.

[5] J.L. Pinkham, Z. Wang, J. Alsina, Heme regulates SOD2 transcription by
activation and repression in Saccharomyces cerevisiae, Curr. Genet. 31 (1997)
281-291.

[6] E.S. Unlu, A. Koc, Effects of deleting mitochondrial antioxidant genes on life
span, Ann. NY Acad. Sci. 1100 (2007) 505-509.

[7] L. Fontana, L. Partridge, V.D. Longo, Extending healthy life span - from yeast to
humans, Science 328 (2010) 321-326.

[8] E. Luk, M. Yang, L.T. Jensen, Y. Bourbonnais, V.C. Culotta, Manganese activation
of superoxide dismutase 2 in the mitochondria of Saccharomyces cerevisiae, ].
Biol. Chem. 280 (2005) 22715-22720.

[9] A. Shirai, A. Matsuyama, Y. Yashiroda, A. Hashimoto, Y. Kawamura, et al.,
Global analysis of gel mobility of proteins and its use in target identification, J.
Biol. Chem. 283 (2008) 10745-10752.

[10] A. Matsuyama, R. Arai, Y. Yashiroda, A. Shirai, A. Kamata, et al., ORFeome
cloning and global analysis of protein localization in the fission yeast
Schizosaccharomyces pombe, Nat. Biotechnol. 24 (2006) 841-847.

[11] A.L. Goldstein, J.H. McCusker, Three new dominant drug resistance cassettes
for gene disruption in Saccharomyces cerevisiae, Yeast 15 (1999) 1541-1553.

[12] S.L Forsburg, Introduction of DNA into S. Pombe Cells, Curr. Protoc. Mol. Biol
(2003) 13.17.6-13.17.8.

[13] M. Yoshida, K. Higashi, L. Jin, Y. Machi, T. Suzuki, et al.,, Identification of
acrolein-conjugated protein in plasma of patients with brain infarction,
Biochem. Biophys. Res. Commun. 391 (2010) 1234-1239.

[14] J.D. Thompson, D.G. Higgins, T.J. Gibson, CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice, Nucleic Acids Res. 22
(1994) 4673-4680.

[15] S. Zhao, W. Xu, W. Jiang, W. Yu, Y. Lin, et al., Regulation of cellular metabolism
by protein lysine acetylation, Science 327 (2010) 1000-1004.

[16] R. Tao, M.C. Coleman, ].D. Pennington, O. Ozden, S.H. Park, et al., Sirt3-
mediated deacetylation of evolutionarily conserved lysine 122 regulates
MnSOD activity in response to stress, Mol. Cell 40 (2010) 893-904.

[17] C. Choudhary, C. Kumar, F. Gnad, M.L. Nielsen, M. Rehman, et al., Lysine
acetylation targets protein complexes and co-regulates major cellular
functions, Science 325 (2009) 834-840.

[18] S.C. Kim, R. Sprung, Y. Chen, Y. Xu, H. Ball, et al., Substrate and functional
diversity of lysine acetylation revealed by a proteomics survey, Mol. Cell 23
(2006) 607-618.

[19] H. Takahashi, ].M. McCaffery, R.A. Irizarry, ]J.D. Boeke, Nucleocytosolic acetyl-
coenzyme A synthetase is required for histone acetylation and global
transcription, Mol. Cell 23 (2006) 207-217.


http://dx.doi.org/10.1016/j.bbrc.2011.01.103

	Mitochondrial localization of fission yeast manganese superoxide dismutase is required for its lysine acetylation and for cellular stress resistance and respiratory growth
	Introduction
	Materials and methods
	Fission yeast strains
	Culture media
	Purification of MnSOD
	Immunoblotting
	Mass spectrometry
	Multiple alignment of MnSOD amino acid sequences
	In vitro SOD assay

	Results and discussion
	MnSOD is acetylated probably after mitochondrial import in fission yeast
	Identification of acetylated residues in fission yeast MnSOD
	None of the lysine residues of MnSOD are required for oxidative stress resistance in fission yeast
	Mitochondrial localization of MnSOD is required for oxidative stress resistance in fission yeast

	Acknowledgments
	Supplementary data
	References


