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We have isolated and determined the nucleotide sequence of the structural gene (sodB) coding for one of the copper/zinc-superozide dismutase

(CwZn-SOD) isozymes from rice plants (Oryza sativa L.). The sudB gene is split into 8 exons spread about 2 kb of the chromosomal DNA, with

the coding sequence beginning in the 2nd and ending in the 8th. Although none of sodB introns are inserted into similar positions in CwZn-SOD

genes from other sources, four of six introns in the protein-coding region are located at discriminating positions within structural domains of the
protein. Genomic Southern analysis indicated that cytosolic Cu/Zn-SOD is coded for by 2-3 genes in the rice genome.

Active oxygen; Exon/intron; Genomic DNA sequence; SOD gene; Superoxide dismutase; Rice (Ory:za sativa L.)

1. INTRODUCTION

Superoxide dismutase (SOD; superoxide:superoxide
oxidoreductase, EC 1.15.1.1) catalyzes the first step in
reactive oxygen-scavenging systems by conversion of
superoxide anion radicals to hydrogen peroxide and
molecular oxygen. This metalloenzyme is believed to be
indispensable for protection of almost all living cells
against oxidative stress generated under aerobic condi-
tions [1]. According to prosthetic metals, SOD is classi-
fied into three distinct types (Mn-, Fe- and Cu/Zn-
isozymes) [2]. In higher plants, the most prominent
SODs are Cu/Zn-isozymes which occur as multiple
isozymes, at least one of which is localized in the cytosol
and the other in plastids {2]. It has been observed that
the activity of plant SOD increases in respcnse to a
variety of environmental and chemical stimuli (i.e., ex-
posure to air pollutants, high light intensities, low tem-
perature under illumination, treatment with agents gen-
erating oxygen radicals, and so on) [3-6]. Recently,
studies using specific cDNA probes have shown that the
increased levels of SOD activities result from differen-
tial regulation of individual SOD genes at the transcrip-
tional level [7,8]. Although several plant SOD cDNAs
have been sequenced, thus far, no reports have demon-
strated the genomic structure of plant SOD. To eluci-
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date the regulation of this gene, a prime requisite is to
understand the structure.

We have investigated the molecular basis of Cuw/Zn-
SOD isozymes from both spinach and rice [9,10]. Rice
plants have at least two genes for cytosolic Cuw/Zn-SOD
as shown by cDNA analysis [10]. Furthermore, we iso-
lated two corresponding genomic clones and character-
ized one of them. As the first step towards understand-
ing gene regulation in response to environmental and
oxidative stress, we report here the exon/intron struc-
ture of a cytosolic Cu/Zn-SOD gene from a rice plant,
Oryza sativa L.

2. MATERIALS AND METHODS

2.1. Materials

Two similar but distinet ¢DNA clones for cylosolic CwZn-SOD
(RSODA and RSODB) were previously isolated from a Agt11 library
of developing rice sceds [10]. DNA was isolated from rice germs
(Ory:za sativa L, cv. Nipponbare).

2.2, Construction and screening of a genomic library

Nuclei were prepared from rice germs according to Spikeretal. {11].
High molecular weight genomic DNA was partially digested with
Suu3Al and size-fractionated by sucrose density gradient centrifuga-
tion. DNA fragments ranging in size between 9 and 20 kb were pooled,
dephosphorylated, and ligated with BamHI-digested arms of the 4
replacement vector EMBL3 (Stratagene, La Jolla, CA, USA). Concat-
enated A DNAs were packaged using an in vitro packaging extract
(Stratagene). Recombinant clones were screened for plaques which
hybridized to the *P-labeled probe prepared from a rice Cu/Zn-SOD
cDNA (RSODB).

2.3. Nucleotide sequencing

Appropriate restriction fragments from a genomic cloae (gSOD7)
were subcloned into the Bluescrint SK(+) vector (Stratagene) and
overlapping deletion mulants were generated by exonuclease IIV/
mung-bean nuclease digesticn of the asymmetrically cut plasmid DNA
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EcoRV . . . . . . .
GATATCTTCTGATGAGAATAAGCAAATCCCTATTTTTTTTGTTGAAGAAAAGAAALGCGTGTCCACGTGG

ACTGGACTCTGAAATTTTCCTCCTCCCTTCTGBAGTCTTCCTCATCAGAAATCAGAAGAGGAGAGEGT GG

5’ intron
GCAAETCGCAGATCGCCTTCTCGTCGCGCTCGCGCCGCAGGGGTCGCCTGA%Ltatgcagcttcacctcc
=

¢cgcaac tttétagggttctéatcgcctctgctcg@tcggattatgcgtgétgggtatggctccgattCCé
ccggagtagetggatctgtgtgccecgtgctaatttaggtttggotitegatteggecgegetteggttt
gttctcgcgcgtgattgctécsttcggccatassgctcatctcaggctcgacatgtggacggccacaaac

ataaaaaatccttgttaaatttacggttcatgtggtagggggscitticaggatcggaggtttaggtgat

. . . EcoRI . . . .
ttggagtagcaaaacgattttgctgtgttagagaattcgagaatctgtgecgtcagatgectaattagetg

gttttgaacaaatgttaagacatcctgatattatttgectgegtitaatgttcaaactttttgecacgggtyg
ttgctgagctataaaggatatgaggatatagtaccaagttctatcgtttitgttctgatacatacaatttyg
ctgtagtttatggcaccatcatactgagatatatatacctgtgcacctttcggettictgtgecaghAACACA

TAGACAATGéTGAAGGCTGfTGCTGTGCTTGcTAGCAGTéAGGGTGTCAAGGGCACCATéTTTTTCché
MetvallLysAlavalAlavalLeuAlaSersSerGluGlyvaiLyz2l'yThrllePhePheSeraG

intron 1

AAGAGGGAGATthaattcacctaaacacscagcgacaacttgtattctétccttcccgﬁgttctttggé
TnGIUG1yAsSpG

cgtaatttgttgccttccgtatttagGTCCGACCTCTATGACGGGAAGTGTCTCTGGECTCAAGCCAGGE
lyProThrServalThrGlyServalSerGlyLeulLysProGly

NcoI . ) . . Hincrr Y, intron 2
CTCCATGEATTCCATGTGCACGCGCTCGGTGACACCACTAATGGCTGCATRTCAACTGgtacatatgeac
LeuHisGlyPheHisvailHisAlalLeuGlyAaspThrThraosnGlyCysMetSerThrG

ttcattccecettttgtttatcaggagasatggatggattgrggtgtgcttactggggagtttgtitctatyg

ctgtagGACCACACTTCAATCCTACTGGGAAGGAACATGEEECACCACAAGATGAGAACCGCCATGCCGE
TyProHisPheAsnProThrGlyLysGluHisGlyAlaProGinAspGluAsnArgHisalaG]

Pvull intron 3

TGATCTTGGAAATATAAQAQQIQGAGCAGATthacttttgtttgttctécttctgtgttgcttacattc
yAspLeuGiyAsnIieThrAlaGiyAlasaspG

tgttattttggggattacatagttttgcattgatgggaattttgatagcégttctcgaattgtttaatgc

Pstl . . . . . . .

actgcagcaatcatgcataaccccactgatagtttttacttattgectecteccagGTGTTGCTAATGTCAA

1yvalAlaAsnvalas

. ! intron 4 . . ) . .

TGTCTCTGACAGCCAGgtaggaaataatcttgctctctcaatgaacatatgtactgacectttttettate
nvalSerAspSerGin

Fig. 1. For legend see next page
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1471 atttcctctéaagacagttaatttgacatcggtaac&ttctttgaacggca3ATCCCCC+TACTGGAGCA 1540
IleProleuThr8lyAla
L] . . . - a 1““"‘ 5 .
1841 CACTCCATCATTGGCCGAGCTGTTGTTGTCCATGCTGATCCTGATGATCTTGGCAAGGgtaatgetttat 1610
HisSerllelleGlyArgAlavalvalvailHisAlaAsSpProAspAsplLeuGlyLysG
1611 aaacactcagatctgtattatttatgtaggaatgattatttgtcagatgtcttcttttatcattgtttts 1680
1681 gatagagacétgaagccgatgtttgtgtaétgatgcctt&ctgttttatatcaQGTGGAéATGAGCTTAG 1750
1yGlyHisGluLeuSe
] intron 6 . .
1751 CAAGACCACTGGAAATGCTGGGGGCCGAGT TGCTTGCGgtgagtyacttggttttactcatgtectttty 1820
rLysThrThrGlyAsnAlaGlyGlyArgvalAlaCysG
. . Sacll . . . .
1821 gcaaatCtgtttaattcgttttc9tmattgtttgtttcttctcttasaactcccaf,caaatccgt 1890
1891 ctgttcttatgatgettgctcttctetagttcagBAATCATCGBACTCCAGGGTTAGACGTCTCAACTTT 1860
1ylielleGlyLeuGinGly
1961 CCAACATACAGAAGCTGTTCATGTTCGCTCGTATGGATGTTGAAATAAAAATAAGCACCTGATGTATGAC 2030
2031 CAGTGTGCAGTTTGCCCCAGTTTATATATATGTGCTATACTCCTGTCCGAACATTACAGTCATTTGACTT 2100
Sphl . . . . . . .
2101 GAGTQQAIQQGTTTTAAGTATCATTGGTGGACTTGAGTAgé;GTCCATAACCCATCATCTGGGATGCTGC 2170

Fig. i. Nucleotide sequence of the sodB gene in rice, The 5’ end of the corresponding cDNA (RSODB) is marked by a closed vertical arrow, The
boxed sequence refers to a highly homologous region to the 5’ nonscoding sequence of RSODA cDNA (73.5% homology) {10]. Introns are in lower
case while exons and the flanking regions are in upper case letters. Several features are indicated as follows: the restriction sites are marked with
underlined sequences with their names above; the polyadenylation site is marked by an open vertical arraw; exon/intron boundaries are indicated

by arrowheads.

[12]. The nucleotide sequence was determined in both directions by
means of automated fluorescence sequencing with dye primers using
the Applied Biosystem Model 370A/373A DNA sequencing sysiem
(Applied Biosystems, Foster City, CA, USA).

2.4, Genomic Southern analysis

Total DNA extracted from rice germs was purified by CsCl equilib-
rium ultracentrifugation. Aliquots (each 10 ug) were digested with
restriction endonucleases (EcoRI and EcoRV), separated on a 0.7%
agarose gel and transferred to a nylon membrane [13]. Hybridization
was performed using RSODA ¢DNA as the probe and then the mem-
brane was washed twice at 50°C in 1 x S8C and 0.1% SDS.

3. RESULTS AND DISCUSSION

3.1. Isolation of SOD genomic clones

A genomic A EMBL3 library (consisting of 1.1 x 10°
independent recombinants) was screened using a previ-
ously identified rice Cu/Zn-SOD ¢cDNA (RSODB) as
the probe. Based on Southern hybridization and restrie-
tion mapping, twelve genomic clones were categorized
into two representative clones, one (termed gSOD27)
for RSODA ¢DNA and the other (termed gSOD7) for

RSODB cDNA. We designated these transcriptionally
active Cu/Zn-SOD genes as sodA4 (gSOD27) and sodB
(gSOD?7), respectively.

3.2, Structure of the SOD gene

The complete structure of the sodB gene was deter-
mined (Fig. 1). Structural alignment provided rot only
perfect agreement between th.e cDNA sequence and the
putative exons in the sodB gene, but also revealed six
introns in the coding region (introns 1, 84 bp; 2, 88 bp;
3, 162 bp; 4, 106 bp; 5, 136 bp; 6, 136 bp). Every intron
except the fourth interrupts between the first two bases
(dG-dG) of a glycine codon. Exorwv/intren junctions, in
all cases, conform to the splice donor and acceptor con-
sensus motifs [14]. The 5" transcribed but untranslated
region is interrupted by an additional intron (5" intron)
at 12 bp upstream from the translation start site. Inser-
tion of the 5 intron results in the creation of an up-
streain exon Jacking protein-coding information (5’
exon). The occurrence of a 5 intron in the 5 upstream
region could not be confirmed by direct sequence com-
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Fig. 2. Genomic Southern analysis of the rice gene encoding cytosolic

CwZn-SOD, Total DNA (10 ug) was digested with EcoRI (lane 1) or

EcoRV (lane 2), separated on 0.7% agarose gel and transferred to a

nylon membrane. The membrane was hybridized with the *P-jabeled

c¢DNA insert of RSODA. Molecular sizes were calibrated by reference

to the migration of A/Hind[1 DNA fragments (indicated in kilobase
pairs),

parison sirice the region of RSODB cDINA is quite short
(15 bp). However, the possibility of the 5’ intron is
supported by the following observations: (i) the gene for
RSODA c¢DNA (sodA) contains a 5’ intron inserted at
a similar position (unpublished results), and (ii) there is
a highly homologous region (73.5%, boxed in Fig. 1) in
the 5’ upstream region of the sodB gene with the 5’
non-coding sequence of RSODA ¢DNA [10], which cor-
responds to the 5" exon in the sod4 gene. It is noted that
the resultant 5’ exon also has high sequence similarity
to the 5 non-~coding regions of cytosolic Cu/Zn-SOD
c¢DNA sequeiices from other plan: species [10). The pre-
sumed 5’ intron of the sodB gene is 572 bp long, corre-
sponding to the largest one within the gene. To summa-
rize, the sodB gene is composed of 8 exons interrupted
by 7 introns (one in the 5 non-coding, and the rest in
the structural regions, respectively), spanning apout 2
kb of genomic DNA.,

3.3, Copy number of the SOD gene

Characterization of cDNA clones has indicated that
there are at leasv two genes coding for cytosolic Cu/Zn-
SOD in rice [10]. In order to estimate the copy number
of the Cu/Zn-SOD gene, rice DNA was cleaved with
EcoRl or EcoRV (neither of which digests within the
CuwZn-SOD ¢DNA sequences) and hybridized with
RSODA cDNA as the probe (Fig. 2). A single intense
signal was detected in EcoRI-digested genomic DNA,
whereas two bands appeared in the DNA treated with
EcoRV. In the latter, the hybridization signals must be
at leasi composed of three bands, since the lower is
denser than the upper. The restriction endonuclease
EcoRYV did not cut the structural region of the sodB
gene (see Fig. 1), but split the sod4 coding region into
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Human
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Fig. 3. Compurison of exon/iniron organization of Cuw/Zn-SOD genes.

Closed boxes refer to protein-coding exons which are arranged for

maximum matching. Introns are not shown but numbered above exon/

exon junctions. Open boxes in the rice gene indicate the 5 non-coding

sequences interrupted by insertion of the 5’ intron (marked above as
*5*). The yeast gene has no introns,

Neurospora

Yeast

two fragments (unpublished results: the restriction site
is located in an internal intron). Considering the restric-
tion pattern of SOD genomic clones, it seems most
likely that the rice genome contains 2-3 genes for cy-
tosolic Cw/Zn-SOD.

3.4. Comparison of SOD gene structure

Having determined the genomic sequence for plant
Cu/Zn-SOD, we compared SOD gene structures derived
from a broad range of eukaryoies (Fig. 3). The SOD
genes have been determined in humans [15], Drosophila
melanogaster [16), Neurospora crassa [17] and yeast [18].
It appears that the exon/intron organization for plant
Cu/Zn-SOD differs from those found from other
sources, especially in terms of intron numbers and in-
serted positions (introns 1 and 2 are in close, but not
identical positions to those found in human, Drosophila
or Neurospora genes). Moreover, the presence of the 5’
intron is unique in that it is observed only in the plant
gene. Structural analysis of the crystal form of bovine
Cu/Zn-SOD has indicated that modern Cu/Zn-SOD has
arisen through duplication and fusion of short primitive
gene(s) (exons) [19-21]. Chary and his colleagues have
supported this hypothesis by comparing intron posi-
tions in Neurospora, human and Drosophila genes with
the structural domains of bovine Cu/Zn-SOD [17]. In
this comparison, although the inserted positions of
plant introns are not conserved in other Cw/Zn-SOD
genes (Fig. 3), four of the six introns in the protein-
coding region are situated at or near structural junc-
tions which distinguish between f-strands (introns 1
and 3), between loops (intron 2), or between S-strand
and loop (intron 4) (Fig. 4). Therefore, this distribution
of rice introns also suggests that plant Cu/Zn-SOD
genes have been generated by the proposed evolution-
ary pathway. The existence of three other introns (in-
trons 5, 6 and 5’ intron) may be tha result of more recent
insertion events after the gene was established.

We are attempting to define cis- and trans-acting reg-
ulatory elements concerning the molecular mechanisms
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intron 1

Rice

Lt L *KKER K

MVKAVAVLASSEGVKGTIFFSQEGDGPTSVTGSVSGLKPGLHGFHVHALGDTTNG 86

AR AR R AR Ak K R

Bovine Aa-fr___mf_—BIWVTGSI TEGDHGFHVHQFGDNTQG 54

intron 2

Rice

e ————

intron:3 4dntron 4

CMSTGPHFNPTGKEHGAPQDENRMAGDLGNITAGADGVANVNVSDSQIPLTGAHS 110
Aok RAORKRAOKR ok KK ok KK KA KKK koK

AR K L I I

Bovine CTSAGPHFNPLSKKHGGPKDEERHVGDLENVTADM\IAIVDIVE’L ISLSGEYS 109

e e T T s

intron § intron 6
Rice IIGRAVVVHADPDDLGKGGHELSKTTGNAGGRVACGIIGLQG 152
ARk wME AR Kk Kk X AARAMAAK K KK KK
Bovine IIGRTMVVHEKPDDLGRGGNEESTKTGNAGSRLACGVIGIAK 151
- <---—- ———————— e

Fig. 4. Intron positions relative to the secondary siructure of Cu/Zn-80D. The deduced amino acid sequence for sodB gene is aligned with the

primary sequence of bovine CwWZn-SOD [22]. *Shows idenlity between two sequences (57.2% identity within the rice sequence). Insertions of introns

with respect lo the rice sequence are marked above by triangles. Secondary structures assigned for the crystal form of bovine CwZn-SOD are
indicated by boxes (for S-strands) and dashed arrows (for loops) below the corresponding sequence, respectively [20],

responsible for transcriptional regulation and induction
of the SOD gene in rice. In addition, we are also focus-
ing up on how SOD participates and functions in plant
defense systems. These studies are in progress using
molecular approaches, including expression in trans-
genic tobacco and rice systems.
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