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The fission yeast Schizosaccharomyces pombe contains two distinct superoxide dismutase (SOD)
activities, one in the cytosol encoded by the sodI* gene and the other in mitochondria. The sod2*
gene encoding putative mitochondrial manganese superoxide dismutase (MnSOD) was isolated
from the S. pombe genomic library using a PCR fragment as the probe. The nucleotide sequence
of the sod2* gene and its flanking region (4051 bp HindIIl fragment) was determined. An intron
of 123 nt in size was predicted and confirmed by sequencing the cDNA following reverse tran-
scription PCR. The predicted Sod2p consists of 218 amino acid residues with a molecular mass of
24,346 Da. The deduced amino acid sequence showed a high degree of homology with other
MunSODs, especially in the metal binding residues at the active site and their relative positions. The
transcriptional start site was mapped by primer extension at 231 nt upstream from the ATG codon.
A putative TATA box (TATAAAA) was located 58 nt npstream from the transcriptional start site
and putative polyadenylation sites were located at 1000, 1062, and 1074 nt downstream from the
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ATG start codon.
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Reactive oxygen species (ROS) are produced as a
byproduct of aerobic metabolism. These include super-
oxide, hydrogen peroxide, hydroxyl radicals, and singlet
oxygen, known to damage various cellular macromol-
ecules, such as DNA, proteins, and lipids. Mitochondria
constitute the prime source of ROS since its electron
transport system consumes more than 90% of the oxy-
gen utilized by the cell (15). As a defense against oxi-
dative injury, cells have evolved a muttilayered interde-
pendent antioxidant system that includes enzymatic
and nonenzymatic components (5). Individual anti-
oxidant enzymes are located in specific subcellular
sites and reveal distinct substrate specificity. Among
these, manganese superoxide dismutase (MnSOD) has
been the subject of particular interest because it is
located in the mitochondria and represents the first
line of defense against superoxide radicals produced as
byproducts of oxidative phosphorylation (2).
Superoxide dismutases (SOD. EC1.15.1.1) are metal-
loproteins that dismutate two molecules of O, to hydro-
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gen peroxide (H,0,) and molecular oxygen (O,). SODs
are classified into four groups depending on their metal
cofactors; MnSOD (containing manganese) (6), CuZn-
SOD (containing copper and zinc) (10), FeSOD (con-
taining iron) (17) and NiSOD (containing nickel) (7, 18).
Prokaryotes contain MnSOD and FeSOD that are similar
in their amino acid sequences and structure (1). NiSOD
has been found in some Gram-positive actinomycetes. In
eukaryotes, a cytosotic CuZnSOD, a glycosylated extra-
cellular CuZnSOD, and a mitochondrial MnSOD have
been found (3).

Schizosaccharomyces pombe is an ascomycetous
yeast that divides by binary fission. This yeast shares
many fundamental cellular properties with higher mul-
ticellular eukaryotes (19). Conservation of the stress-
activated cell signaling pathway between S. pombe and
mammalian cells suggest that S. pombe can serve as a
good model system to study stress response (16). S.
pombe exhibits an adaptive response to oxidants like
hydrogen peroxide and superoxide-generators by induc-
ing such antioxidant enzymes as catalase and SODs
(8, 9). Here we report on the isolation and charac-
terization of the sod2” gene encoding a putative mito-
chondrial MnSOD in S. pombe.
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gaattcttgatteggtattgtaaaatcatttetaacaattcaatgtaaagaagttgeccttitaaact tcagtaacarttgttgagttgtcatttctataagttc
aagtaccattaattgcttgcacttaacaaaaccttccasaattttitgettgataataatgtegtagtaaatattattacattgetataatctagtaacctagag
taatgaagattgctaaatgaatgeagagaattttgagaagttggtgaaatgaagatacgt tgaacttcacattctactctataaaactagt tcttaatggttcat

taacaagttgcacaatttgttgtttaccacatttttggtataatatttoggaaatgactttctecagacatttcataggccagacgtaatttogagaatttatat
aggctccttteaccctactccatactttecctctaccatatacgatttgttcaatcaaaccgtacaat ttagttataagttaaggtatttaacaaagaaaacatt
toggtttactttgttegttggteactttagttgetatrtacttttttactttrgatetoattttaacgATOCTTCACTTITIGTCTARGAACTCTATAGCCGCTAT
M L R F L 8§ KNSV A A I
TAGGAACGTCTCAATTGCCAGAGGAGTTCATACTAAIGCTACTCT TCCCCCTTTACCTTATGCTTACART g tatgcaataaatagt tgtaaaagcaat tgctcat
R NV SI ARGV HTIKXKATTULUZPUPILUPYAYN
gttgatgggttotgaagcaateataagttttggatgttteocactgtctagttaatttgtiaatgatgattactaactatagottia
A L E P A L
QT2 2CGATTATIAAGTTACATCATGACAAGCATCACCAAACAT ATGTTAACARACT TGAATGCOGCTCAGGACARGCTAGCCGAT CCCAACCTCAATTTAGA
$ ET I M KVLHUHDU KHUHQT Y VNDNULNAAQEIKLADUZPW-NLDLE
QGGAGAGGTTGCCCT TCAAGCTGCTATTAAATTCAR TGGOGGTOCTCACATCAATCAT TCTCTCTTTTGGAAGATTTTAGCACCTCAARAGGARGGTGGTCACAR
G EV AL Q AAI KANG GG GHINUHSILVPFWI KIULAPU QI KESGS® GSGHK
ACCCCTCACCTCTGGATCTTTACATAAGGCTATAACCTCTAAA TORGETTCT T TEGAGGATTTCCAGARGGAAATGAATGCOGCCT TAGCTAGCAT CCAAGGTAG
PV TS G S L HKAITS S KW G SL EDAQEKEMN>NAALASTIZGQGSGS
TGGTTGGGCATAGCTAATOGTGGATAAAGACGAAT AGTCTCORTATTACTACT ACTGCTAACCARGACACGATTGTCAAGTOCARGCCCATTAT TCGAATTCATCC
G WA WULTIVD KD GSILRITTTAWNOQEDTTIVEKSZXUPITIOGTIDA
TTGEGAACATGCCTACTATCCTCAAT ACGAGAATORTARGGCOGARTACTTTARAGC T ATTTGERATGTGATTAAT TCGARRAGAGGCCGAGTCTCGTTATTCCAR
W E H A Y Y P Q ¥ ENIRIKAEYTVFZKXKAIWNUVINWI KEA AESRYSN
COGTTAAgtccttaaacatgttatgctegattacgaaaacacectgeteatctatctatecagctaacaaagtatcaattaccaggaaagtgtgatgrtttgtta
R *
ttttatttttgtgtttctttttagecagtagctttgaattttcaaattcatagatttgataagtttctagt ctactacctttgatcaatgaatgaactaaatttta
cattgaaatttcctgaaatasagetattagacaataccaaattttttegttaacgattactacagatccatatttacgaataaagtaaasaataaaagactagaa
acctteaccactcacaggtttgogcaat cattgacagtaaacaattaget tatgataaatgggacaaaacaat tgctatgtaggaaatgtaaataattcatggta
agaaatgatgttcaasattagcaaaartttaaacaggaaagaacgaagataagaaatgtgtigttittgtgatcgettgattasagaacagtttaatagteggetg
tttgctecaataacaattctacagetetetgeacategt tagt ttgagataaggectagataget tgagetctaga
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Fig. 1. Nucleotide sequence of the sod2* gene. The nucleotide sequence of 1965 bp EcoRI/Xbal fragment containing the sod2” gene is shown with
its deduced amino acid sequence. The transcription start site is indicated with an arrow, the putative TATA box in bold face, and the intron sequences
in italics. The conserved regions in the intron junctions as well as the branch site in S. pombe are underlined. Three putative polyadenylation sites
are underlined. The nucleotide sequence of the sod2* gene and its flanking region (HindIIl fragment of 4051 bp in length) has been deposited in the

GENBANK database under accession number AF069292,

Materials and Methods

Strains and culture media

S. pombe strains 972 (k') and ED665 (I, ade6-M210 leu]-
32 ura4-D18) were used in this study. For routine cul-
tures, YES [0.5% (w/v) yeast extract, 3% (w/v) dextrose,
and 100 mg/l supplements] and YPD [1% (w/v) yeast
extract, 2% (w/v) Bacto-peptone, and 2% (w/v) dextrose]
media were used. EMM with appropriate supplements
(11) was used to isolate the sod2" gene-disrupted cells.

Isolation of the sod2* gene

Two degenerate oligonucleotide primers corresponding to
the conserved residues of MnSOD in §. cerevisiae were
used to amplify homologous DNA from §. pombe by
PCR; MSN?2 for residues 55 to 61 (KHHQTYV; 5-AAR-
CAYCAYCARACNTAYGT-3") and MSC1 for residues
196 to 202 (WEHAYYL; 5'-ARRTARTANGCRTGYTC-
CCA-3), where R=A+G, Y=C+T, N=A+C+G+T. The
amplified DNA fragment of 411 bp was cloned and se-
guenced. It was used as a probe to isolate the entire sod2”
gene. S. pombe genomic DNA, prepared as described by
Moreno et al. (11), was completely digested with Sall,
from which fragments in the range of 5.5~8.0 kb were
obtained by elution from agarose gel electrophoresis. The
DNA fraction hybridizing to the PCR product was ligated
to Sall-cut pTZI18R plasmid DNA to construct a sub-
library, and transformed into E. coli DHSa cells. About
200 transformants were screened by colony hybridization

(14), and two positive clones containing a common 6.1 kb
Sall fragment were selected.

Reverse transcription (RT)-PCR

To verify the predicted intron junctions, primers MS5N1
(5-CGATTTGTTCAATCAAACCGTAC-3") and MS5C2
(5-AACTATTGTTTGGTGATGCTTGTC-3") were syn-
thesized. The 5" ends of the MS5N1 and MS5C2 primers
correspond to nucleotide positions -129 and +300, respec-
tively, relative to the translation start codon (Fig. 1). The
reverse transcription (RT) mixture contained 1 > RT buffer
(Poscochem, Korea), | mM dNTP, 25 pmol of MS5C2
primer, 2.5 mM of MgCl,, 40 U of RNasin (Promega) and
7 ug of 8. pombe RNA in total 20 ul of reaction. The mix-
ture was incubated at 65°C for 5 min and then at 37°C for
10 min, followed by addition of 10 units of AMV RTase
(Poscochem) and further incubation for 1 h at 37°C. To
amplify the cDNA, 50 pmol of each primer were added to
the reaction mixture adjusted to a final | > PCR buffer
(Poscochem) containing 1.5 mM MgCl, in 100 ul total
volume. The resulting PCR product was checked on an
agarose gel and the intron junction was verified by
sequencing.

Primer extension analysis

Primer extension analysis was performed according to
Grimm et al. (4) with a slight modification as follows. An
anti-sense oligonucleotide SD2prim2 (5-AAAGGAGC-
CTATATAAATTCTCGAAATT-3") was radioactively labeled
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with [y-"P]ATP by T4 polynucleotide kinase. Total RNA
(150 pg) denatured with DMSO in the presence of the
radioactive primer was precipitated with ethanol. The pel-
let was dissolved in 30 pul of RT buffer (5 mM MgCl,, 50
mM KCI, | mM DTT, and 50 mM Tris-HCI, pH 8.3) and
heated at 55'C for 30 min. This was slowly cooled to
22°C and precipitated with an equal volume of isopro-
panol. The pellet was resuspended in 30 ul of RT buffer
containing 2 mM dNTP. The ¢cDNA was synthesized by
adding 200 units of MMLYV RTase (Promega) and incubated
at 37°C for 2 h. RNA was hydrolyzed in 0.3 N NaOH at
56°C for 10 min and the reaction was neutralized by add-
ing Tris-HCL pH 8.0. to 60 mM. and HCl to 22 mM. The
mixture was extracted with phenol/chloroform once and
precipitated with ethanol. The ¢cDNA was run on a 6%
polyacrylamide sequencing gel containing 7 M urea.

Results and Discussion

Isolation of the sod2” gene

From the known amino acid sequences of MnSODs of
other organisms, several highly conserved regions were
identitied. The primer pair corresponding to the residues
55-61 (KHHQTYV) and 196-202 (WEHAYYL) of the
SOD2 gene of S. cerevisiae amplified a single species of
PCR product from the chromosomal DNA of S. pombe
strain 972, The deduced amino acid sequence of the
amplified product revealed high homology with that of
MnSODs from S. cerevisize and humans. Using this PCR
product as a probe, the genomic library was screened and
two positive clones containing a common 6.1 kb Safl frag-
ment were selected. Genomic Southern analysis revealed
that there is only one copy of the MnSOD gene in S.
pombe (data not shown). The nucleotide sequence of the
sod2" gene and its tlanking region in the 4051 bp HindIll
fragment was determined and deposited in the database
under the accession number AF069292. The nucleotide
and deduced amino acid sequences of EcoRI/Xbal frag-
ment containing the sod2* gene are presented in Fig, 1.

Characterization of the sod2” gene

From the nucleotide sequence, we predict that the sod2*
gene contains an intron of 123 nt near the N terminus of
the open reading frame. This intron has the canonical 5'
donor (GTATG). branch site (TACTAAC). and the 3'
acceptor (TAG) sequences for the splicing known in §.
pombe (12, Fig. 1). The presence of the intron was ver-
ified by RT-PCR and sequencing of the ¢cDNA (Fig. 2).
The reverse transcription of sod2* mRNA followed by
PCR generated the 306 bp fragment whereas the genomic
DNA produced the PCR fragment of 429 bp. This sug-
gests that there is indeed an intron of 123 bp (Fig. 2A).
The intron junction was sequenced, veritying the 5" and 3’
splice sites (Fig. 2B).
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Fig. 2. Characterization of an intron by RT-PCR. (A) Total RNA was
reverse transcribed followed by PCR. Genomic DNA was also ampli-
fied as a comparison. PCR amplitied 429 bp fragment from the
genomic DNA (Janes 2, 3) and 306 bp fragment from RNA (lanes 4.
5). indicating the presence of a 123 nt-long intron. (B) The nucleotide
sequence near the intron junction of the sod2” ¢cDNA. The intron junc-

tion where two exons were ligated is marked with an arrow.

The predicted Sod2p consists of 218 amino acid res-
idues with a molecular mass of 24,346 Da. Comparison of
the amino acid sequence with those from known MnSODs
revealed a high degree of conservation (Fig. 3). It showed
about 75% and 71% homology with those of humans and
8. cerevisiue, respectively, and the metal binding residues
at the active site and their relative positions were very
well conserved. Computer-based analysis of the primary
amino acid sequence suggested that Sod2p could be a
mitochondrial protein where the 22nd valine becomes the N-
terminal amino acid after targeting into mitochondria. The
N-terminal 21 amino acids of the predicted Sod2p exhib-
ited a putative signal sequence for mitochondrial trans-
port, being a sequence of 20-30 amino acids with 3-5
lysine or arginine residues, each separated by 2-5 hydro-
phobic residues (13). Protein identification and analysis
tools calculated that the molecular mass of MnSOD is
21,909 Da with pl 7.28 after processing.
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S.pombe = --------- MLRFLSKN- - SVAAIRNVSIARGVHTKATLPPLPYAYNALEPALSET I MKLHHDKHHQTYVNNLNAAQEKLADP
Maize MALRTLASKKVLSFPFGG- - AGRPLAAAASARG- VI TVTLPDLSYDFGALEPAISGEIMRLHHQOKHHATYVANYNKALEQLETA
Human = c-----eo-- MLSRAVCG - - TSRQLAPALGYLGSRQKHSLPDLPYDYGALEPHINAQIMQOLHHSKHHAAYVNNLNVTEEKYQEA
Mouse 0@ ------e--- MLCRAACS - - TGRRLGPVAVAAGSRHKHSLPDLPYDYGALEPHINAQIMQLHHSKHHAAYVNNLNATEEKYHEA
S. cerevisiae =~ @0 o----~----- MFAKTAAANLTKKGGLSLLSTTARRTKVTLPDLKWDFGALEPY I SGQINELHYTKHEQTYVNGFNTAVDQFQEL
E.coli = e MSYTLPSLPYAYDALEPHFDKQTME ITHHTKHHQTYVNNANAALESLPEF
:** * B . * Nk : :*: *kk :*t * . .
S. pombe N--------- LDLEGEVALQAATKANGGGHINHSLFWKILAPQKEGGGKPVTSGSLEKAI TSKWGSLEDAQKEMNAALASIQGS
Maize VS------~ KGDASAVVQLOAATKFNGGGHVNHS I FWKNLKPI SEGGGEPP-HGKLGWAIDEDFGSFEALVKKMNAEGAALQGS
Human LA------- KGDVTAQIALQPALKFNGGGHINHS I FWINLSPN- -GGGEP- -KGELLEAIKRDFGSFDKFKEKLTAASVGVOGS
Mouse LA------- KGDVTTQVALQPALKFNGGGHINHT I FWTNLSPK- -GGGEP - - KGELLEATKRDFGSFEKFKEKLTAMSVGVQGS
S. cerevisiae SDLLAKEPSPANARKMIAIQONIKFHGGGFTNHCLFWENLAPESQGGGEPP-TGALAKAIDEQFGSLDELIKLTNTKLAGVQGS
E. coli ANLPVEELITKLDQLPADKKTVLRNNAGGHANHSLFWKGLKKG- - - - - - TTLQGDLKAAIERDFGSVDNFKAEFEKAAASRFGS
: e H * %k * X :tt * * 0w * ok :** : *H
S. pombe GWAWLIVDKD-~-GSLRITTTANQD-TIVKS------- KPIIGIDAWEHAYYPQYENRKAEYFKAIWNVINWKEAESRYSNR- -
Maize GWVWLALDKEA - KKVSVETTANQD - PLVTKGAS - - - LVPLLGIDVWEHA YYLQYKNVR PDYLNNIWKVMNWKYAGEVYENVLA
Human GWGWLGFNKER - GHLQIAACPNQD - PLOGT - TG~ - - LI PLLGIDVWEHAYYLQYKNVR PDYLKAIWNV INWENVTER YMACKK
Mouse GWGWLGFNKEQ-GRLQIAACSNQD - PLQGT -TG- - - LI PLLG IDVWEHAYYLQYKNVR PDYLKAIWNVINWENVTERYTACKK
S. cerevisiae GWAFIVKNLSNGGKLDVVQTYNQD-TVIGP- - - - - - LVPLVAIDAWEHAYYLQYQNKKADYFKAIWNVVNWKEASRRFDAGKT
E. coli GWAWLVLKGD- - - KLAVVSTANQDSPLMGEAL SGASGF PIMGLOVWEHAYYLKFQONRR PDY I KEFWNVVNWDEAAARFAAKK -
HE wkw LR AL F I A A A A :

*x oo

Fig. 3. Comparison of deduced amino acid sequence of the sod2* gene with other MnSODs. The deduced amino acid sequence of sod2* gene was
compared with MnSOD genes from E. coli (X03951), §. cerevisiae (X02156), humans (X15132), mice (X04972), and maize (M33119). Sequences
were aligned using the Clustal W program. Identical and similar matches are indicated by asterisks(*) and colons( : ), respectively. Positions of the
metal binding ligands are presented in bold. Amino acids of S. cerevisiae MnSOD employed to design MSN2 and MSC1 PCR primers are underlined.
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Fig. 4. Determination of the transcription start site by primer extension
analysis. An oligonucleotide primer SD2prim2, complementary to the
coding strand, was extended by reverse transcription. The same primer
was used for sequencing. The transcriptional start point was localized
on the T residue at 231 nt upsiream from the initiation codon.

Transcription start site of the sod2® gene

To determine the transcriptional start site of the sod2”
gene, primer extension analysis was performed. The
primer whose 5' end corresponds to the 164th residue
upstream from the ATG start codon was extended by
reverse transcription. The length of the extended cDNA
indicated that the transcription initiated at the T residue
231 nt upstream from the start codon (Fig. 4). This posi-

tion coincided with the one predicted from the SI
nuclease protection analysis (data not shown). A putative
TATA box (TATAAAA) was located 58 nt upstream from
the transcriptional start site (Fig. 1). Putative polyade-
nylation sites were located at 1000, 1062, and 1074 at
downstream from the ATG start codon. The length of the
mature sod2* transcript is thus predicted to be about 1.1
kb.

Sod2p as a mitochondrial MnSOD in S. pombe
The finding that the deduced amino acid sequence exhib-
its high homology with those of other MnSODs, espe-
cially in the metal binding residues of the active site,
strongly suggests that the Sod2p is indeed an Mn-con-
taining SOD. The presence of the mitochondrial target
sequence at the N-terminus of Sod2p predicts that it is
localized in mitochondria. Even though these predictions
are very likely, it is still necessary to purify the protein to
determine its metal content, as well as the N-terminal
amino acid sequence. The subcellular localization of
Sod2p needs to be verified experimentally as well.
Based on these findings, further investigation of the role
and regulation of sod2" in the growth and stress response
of 8. pombe will provide valuable insights to the role of
mitochondrial MnSOD in eucaryotic cells.
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