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ABSTRACT

Two highly similar cytosolic Cu/Zn Sod (Sod4 and Sod4A) genes have been isolated from maize. Sod4A
contains eight exons and seven introns. The Sod4 partial sequence contains five introns. The introns in
both genes are located in the same position and have highly homologous sequences in several regions.
The largest intron (>1200 bp) interrupts the 5’ leader sequence. The presence of different regulatory
motifs in the promoter region of each gene may indicate distinct responses to various conditions.
Zymogram and RNA blot analyses show that Sod4 and Sod4A are expressed in all tissues of the maize
plant. The developmental profiles of Sod4 and Sod4A mRNA accumulation differ in scutella during
sporophytic development. RNA blot analysis of the respective Sod mRNAs indicates a differential, tissue-
specific response of each gene to certain stressors. RNA isolated from stem tissue of ethephon-treated
seedlings shows an increase in the Sod4but not the Sod4A transcript while there is no change in transcripts
of either gene in leaves or roots. There is differential mRNA accumulation between the two genes in
leaf and stem tissue of paraquat-treated seedlings. Other agents that can cause oxidative stress were also

tested for differential expression of the genes.

UPEROXIDE dismutases (superoxide:superoxide
oxidoreductase; EC 1.15.1.1; SOD) are ubiquitous
enzymes among all aerobes and are involved in pro-
tecting against oxygen toxicity (FRIDOVICH 1978). These
enzymes catalyze the dismutation of the superoxide
anion to molecular oxygen and hydrogen peroxide. Su-
peroxide radicals (O;”) and hydrogen peroxide
(HyO7) can damage molecular (nucleic acids, proteins,
lipids) as well as cellular (membranes and organelles)
components (SCANDALIOS 1993), and have been impli-
cated in the cause of some human diseases.

SODs have been classified into three types based on
the metal(s) contained: Mn, Fe, and Cu/Zn. The Mn
and Fe SODs are both found in prokaryotes while the
Mn SOD is found in the mitochondria of eukaryotes.
The Mn and Fe SODs are structurally related to each
other but differ from the Cu/Zn SODs. The Cu/Zn
SODs are found in the chloroplast and cytosol of eu-
karyotes and in some prokaryotes (FRIDOVICH 1995).
The presence of Fe-containing SODs has been reported
in some plant species (KANEMATSU and Asapa 1990).

In maize the nuclear-encoded metalloprotein super-
oxide dismutase consists of nine isozymes: (a) four Cu/
Zn cytosolic isozymes (SOD-2, SOD-4, SOD-4A, and
SOD-5), (b) a small family of four mitochondrial associ-
ated MnSOD isozymes (SOD-3.1, -3.2, -3.3, -3.4), and
(c) a Cu/Zn chloroplast associated isozyme (SOD-1)
(BAUM and SCANDALIOS 1979; CANNON et al. 1987; CAN-
NON and SCANDALIOS 1989; ZHU and SCANDALIOS 1993).
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The cytosolic isozyme SOD-4A is similar to SOD-4 and
is biochemically indistinct from SOD-4. Originally, the
SOD-4 protein was defined as a single band of activity
by zymogram analysis (BAUM and SCANDALIOS 1979).
The N-terminal sequence for the first 20 amino acid
residues was determined for the SOD-4 protein. The
only discrepancy in the amino acid sequence occurred
at amino acid 12 where both glutamic and aspartic acids
occur. The deduced amino acid sequence obtained
after DNA sequence analysis of the cDNA clones
showed that SOD-4 contains glutamic acid while SOD-
4A contains aspartic acid at that position. The remain-
der of the deduced amino acid sequences differ at only
one other residue (amino acid 29). The DNA sequences
of Sod4 and Sod4A are 95% homologous in the coding
region. Genomic DNA blots probed with gene-specific
sequences (GSS) confirmed that two genes exist (CAN-
NON and ScanDpALIOs 1989).

The present report focuses on the isolation and char-
acterization of the Sod4 and Sod4A genes and a compari-
son to each other and to other superoxide dismutase
genes which have been isolated. RNA blot analysis has
indicated that the two genes respond differently to cer-
tain stressors but not to others. The response of these
two highly conserved maize genes to the various agents
known to cause oxidative stress as well as their expres-
sion during development was examined.

MATERIALS AND METHODS

Seed germination: Seeds of the maize inbred line W64A
(Zea mays L..) were surface sterilized for 10 min in 1% sodium
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hypochlorite, rinsed, and soaked in deionized water for 24
hr. Seeds were then either germinated in continuous darkness
on moistened Kimpak germination paper at 25° or planted
in flats containing Metromix potting soil and grown using a
12/12 hr light/dark cycle.

Library preparation, screening and subcloning: Sod4. A ge-
nomic DNA library was constructed from 14 days post-imbibi-
tion (dpi) greenhouse grown leaves by cell lysis in a buffer
containing 2% Mauryl sarcosine, 0.2% f-mercaptoethanol,
30 mm EDTA pH 8.0, 50 mM Tris pH 8.0, and 300 pg/ml
ethidium bromide followed by cesium chloride centrifugation
and dialysis in 1X TE pH 8.0 (10 mM Tris, 1 mM EDTA).
The DNA was partially digested with varying concentrations of
Sau3A to determine which concentration gave the maximum
number of DNA fragments between 15 and 20 kb. Size se-
lected DNA was obtained by sucrose gradient centrifugation.
The vector A\GEM-11 (Promega Biotech) was prepared ac-
cording to manufacturer’s directions. The genomic DNA and
vector were ligated together, packaged (Stratagene) and tit-
ered on LE 392 cells. Duplicate nitrocellulose filters were
prepared then denatured (0.5 M NaOH, 1.5 M NaCl), neutral-
ized (1.0 M Tris pH 8.0, 1.5 M NaCl) and rinsed in 2X SSC.
Filters were baked for two hours at 70° in a vacuum oven to
bind the DNA to the filter. After prewashing (50 mMm Tris pH
8.0, 1 M NaCl, 1 mm EDTA pH 8.0, 0.1% sodium dodecyl
sulfate) to remove excess cellular debris, filters were prehy-
bridized and hybridized in a solution containing 6X SSC, 5X
Denhardt’s, 0.05 M sodium phosphate pH 7.0, 0.1% sodium
dodecyl sulfate (SDS), 200 pg/ml sheared and denatured
salmon sperm DNA, and 50% formamide at 42° for 16-18
hr. Sod4 and Sod4A full length cDNAs were radioactively la-
beled with [a-**P]dCTP (FEINBERG and VOGELSTEIN 1983).
Filters were sequentially washed in 5X SSC, 0.1% SDS at 23°;
2X 8SC, 0.1% SDS at 42°% and 0.1x SSC, 0.1% SDS at 60°.
Filters were air dried and exposed to Kodak XAR film. Positive
plaques were isolated and purified to homogeneity (MANIATIS
et al. 1982).

Sod4A. A sizeselected genomic DNA library from line
W64A was prepared. Total DNA isolation was as described
above. The DNA was restricted with EcoRI and electropho-
resed on a 0.7% agarose gel. The region that contained the
size desired was excised and the DNA electroeluted using an
Isco Concentrator model 1750 according to manufacturer’s
directions. The DNA was ligated to the EcoRI site of the
lambda replacement vector EMBL4 (Stratagene), packaged,
titered on LE 392 cells and duplicate nitrocellulose filters
were prepared and probed as described above.

Phage and plasmid DNA isolation: Phage DNA from the
positive plaques was isolated by a modified M13 phage DNA
isolation procedure (KERNODLE ef gl 1993). Plasmid DNA
was isolated by an alkaline lysis method (BiRNBOIM and DOLY
1979).

Southern blot analysis: Plasmid DNA was digested with re-
striction enzymes (Boehringer Mannheim) and electropho-
resed on agarose gels of varying concentrations depending
on the size of the DNA. Denaturing, neutralizing, and transfer
to nitrocellulose was as described (MANIATIS et al. 1982). Hy-
bridizations and autoradiography were performed as de-
scribed earlier.

Sequencing: Single-stranded M13 DNA or double-stranded
plasmid DNA were used as templates. Small DNA fragments
(<500 bp) were sequenced from both directions. Larger frag-
ments (>1 kb) were subcloned into pBluescript and nested
deletions made using Nuclease S1 (Stratagene). The Sanger
dideoxy method was used for all sequencing (SANGER ef al.
1977).

Primer extension: Primers for Sod4 (5'TCCAGAAGCGAA-
GACTC3') and Sod4A (5'TAAGGCCGTCGCCTTCCCATT3')

were kinased at 37° for 30 min followed by heating to 70° for
10 min to denature the enzyme. The reactions were purified
on Sephadex G50-50 (20-50 um) columns and counted on
a Beckman LS6000 scintillation counter. The primers were
diluted to approximately 0.002 pmol/ul in 1X reverse tran-
scriptase buffer (Boehringer Mannheim). Ten, 20 and 50 ug
of total W64A RNA from scutella were lyophilized. Approxi-
mately 60 fmol of primer was added to each RNA sample,
heated to 65°, vortexed briefly to resuspend and returned to
65°. The heating block was turned down to 37° and the anneal-
ing proceeded overnight. The extension reaction was incu-
bated at 37° for 30 min followed by phenol/chloroform ex-
traction and ethanol precipitation. The pellets were
resuspended in loading buffer of deionized formamide con-
taining 0.3% xylene cyanol FF, 0.3% bromophenol blue and
0.37% EDTA pH 7.0. The extension products and a sequenc-
ing ladder, using appropriate primers, were run on a 6%
acrylamide/8M urea gel. The gel was then dried and exposed
to XAR-film.

Temperature and chemical agent treatments: The maize
inbred line W64A was used for all treatments. Seeds were
germinated and grown at 25, 35 and 40° and scutella collected
at 1-10 dpi.

Greenhouse grown seedlings (12 dpi) were treated with
increasing concentrations of ethephon or paraquat for 17
hours by hydroponic uptake. Leaf, stem, and root tissues were
harvested, frozen in liquid nitrogen and stored at —80° until
used.

Embryos isolated from kernels at 21 and 28 days postpolli-
nation (dpp) were placed on Murashige and Skoog (MS)
media plates with basal salts plus B-5 vitamin containing vari-
ous concentrations of hydrogen peroxide (HyO.) ranging
from 0 to 0.1%. Plates were placed in the light or dark at 25°
for 24 hr. Two and 3 dpi or 25 and 28 dpp embryos were
treated with 0—-5 mM salicylic acid in the same manner as
for HyO,. The tissue was harvested, frozen, and stored as
described.

RNA isolation and blot analysis: Total RNA was extracted
from maize tissues by a cold phenol extraction method
(BEACHY et al. 1985). Total RNA was electrophoresed through
1.2% agarose gels containing formaldehyde and transferred
to nitrocellulose (MANIATIS et al. 1982). DNA fragments were
labeled as described. Prehybridization and hybridization were
performed as earlier described. The Sod4 GSS or Sod4A GSS
(CANNON and SCANDALIOS 1989) were used as probes at a
concentration of 2 X 10° cpm/ml at 42° for 2448 hr. Filters
were washed two times with 2X §SC, 0.1% SDS at 42°, followed
by one wash with 0.1X SSC, 0.1% SDS at 65°, air dried and
exposed to Kodak XAR film. The 8.8-kb fragment of pea ribo-
somal DNA (JORGENSEN et al. 1987) was used as a loading
control on all RNA hybridizations.

RESULTS

Cloning, structure and sequence analysis of the Sod4
and Sod4A genes: The Sod4 gene was isolated from
Sau3A digested genomic DNA which was size selected
(~15-20 kb insert length) on a sucrose gradient and
ligated to the vector A\GEM-11. The full-length Sod4
¢DNA was used to probe the library. Two putative posi-
tives were isolated, one of which was Sod4. Subsequent
restriction digestion and Southern analysis placed the
Sod4 gene on a 9-kb Sall fragment. The Sod4A gene was
isolated from a library constructed by digesting geno-
mic DNA with EcoRl, electrophoresing the DNA
through a 0.7% agarose gel and excising a region that
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FIGURE 1.—Structural maps of the Sod4 and Sod4A genes.
Orientation was determined after hybridization with the 5,
middle, and 3’ sequences of the Sod4 cDNA. The Sod4A gene
has eight exons and seven introns. The partial Sod4 gene has
six exons and five introns. The two genes have similar exon
and intron placement and size. The 5’ leader sequence is
interrupted by a large intron (>1200 bp) in both genes. A,
Acd; B, BamHI; D, Hindlll; E, EcoRI; H, HindIl, L, Sall, N,
Nedl, P, Psfl; S, Sphl; X, Xbal.

contained the desired DNA size. The electroeluted
DNA was then ligated to the lambda replacement vector
EMBLA4. This library was probed with the Sod4A cDNA.
Two putative positives were obtained. The Sod4A gene
was located on a 15-kb EcoRI fragment after Southern
analysis. Two libraries were screened to obtain the
genes because both genes were not isolated from the
initial library.

The Sod4 9 kb Sall and Sod4A 15-kb EcoRI fragments
were subcloned into pUC12, digested with various re-
striction enzymes, and the structural maps determined
for Sod4 and Sod4A (Figure 1). Southern blot analysis
with the full length cDNAs was used to determine which
restriction fragments of the genomic clones contained
sequences complementary to the cDNAs. The Sod4
cDNA hybridized to an 806-bp BamHI fragment and a
2.4kb BamHI/Sall fragment. The Sod4A cDNA hybrid-
ized to a 118-bp Psél/ BamHI and a 3-kb BamHI/ HindIII
fragment. The fact that each cDNA mapped to two ge-
nomic fragments, one of which was very large, indicated
that each genomic clone probably contained at least
one intron. This was confirmed when the 5’, coding,
and 3’ regions of the Sod4 cDNA were used as probes.
The 5’ region indicated not only orientation of the
genes but also confirmed that the 5’ leader sequence
of each gene was located on two restriction fragments.
Hybridization using the coding region showed that the
Sod4 coding region was located on three restriction frag-
ments while that of Sed4A was located on four restric-
tion fragments. The 3’ untranslated region of each gene
is positioned on a single restriction fragment.

The nucleotide sequences were characterized for
both Sod4 (GenBank accession no. U34726) and Sod4A
(U34727) (Figure 2). Analysis of the sequence data indi-
cates numerous similarities between the two genes.
There are eight exons and seven introns in the Sod4A
gene. The Sod4 clone contains the promoter and the
first 125 amino acids. Due to the way the library was
constructed (Sau3A digestion) and the presence of sev-

eral Sau3A sites in the 3’ region of the Sod4 cDNA, only
a partial clone was obtained. The location of the introns
is identical in both genes and the size of each corre-
sponding intron is fairly similar with the exception of
the second intron (Table I). Both genes contain a very
large intron interrupting the 5’ leader sequence. All
introns have the GT . . . AG consensus sequence for
splicing junctions (BREATHNACH and CHAMBON 1981).
In addition the 5’ and 3’ splice junction sequences are
similar between Sod4 and Sod4A. For example, both the
5" and 3’ splice junction sequences of the second intron
are identical except for the last base of the 5’ junction,
which for Sod4 is an A and for Sod4A is a C.

There are many similarities between Sod4 and Sod4A
with respect to their introns. Some of the correspond-
ing introns contain some identical sequences. In the
first intron which interrupts the 5’ leader sequence,
there are several regions that are similar, particularly
around the Acd and Xbdl sites, indicating that these
sites may be conserved. There are also some areas of
sequence identity in the second intron. The third and
fourth intron sequences are almost completely identi-
cal. Intron three is 74% and intron four is 89% identical
between the two genes.

Promoter analysis: Promoter and 5’ leader se-
quences prior to the intervening sequence were ana-
lyzed to determine the location of the transcription
start site (ts), CAAT and TATA boxes and the presence
of regulatory motifs (Figure 3). Location of the tran-
scription start of Sod4 and Sod4A by primer extension
is indicated by +1. Motifs placed on the line are located
on the sense strand and occasionally on both sense
and antisense strands (e.g., ACGT, bHLH) while those
placed below the line are located on the antisense
strand. Relative position of the motifs is indicated by the
numbers below the line. All motifs present are shown to
underscore differences in the two promoters, irrespec-
tive of potential functional significance. For example,
the ABA responsive element (MARCOTTE et al. 1989)
located in the Sod4 promoter is 335 bp upstream of the
ts. Generally this element is located approximately 150
bp upstream of the ts in most ABA response genes.
Although this sequence is distally located from the ts
in Sod4, preliminary RNA blot results have indicated
that ABA does have an effect on the expression of Sod4
but not Sod4A (L. GUAN and J. G. SCANDALIOS, unpub-
lished results). The motifs, their sequence, response,
and location in Sod4 or Sod4A are listed in Table 2. The
two genes share some of the same elements [ACGT
(TABATA et al. 1989; ARMSTRONG et al. 1992), AP-1
(MEYER et al. 1993), bHLH (PABO and SAUER 1992),
GT-1 (GREEN et al. 1988; TERZAGHI and CASHMORE
1995), and lbox (TERZAGHI and CASHMORE 1995)].
Sod4 also contains the following elements: ABA, G-box
(light) (GIULIANO et al. 1988), Gap-box (light) (CONLEY
et al. 1994), SV-40 (enhancer) (HATZOPOULOS et al.
1988) and wound (wounding) (PABO and SAUER 1992)
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Sod4A |tttttttatgtcatttttatgtcaggataaagggtattgaacttttaataagctgaactacatcttggetatcetttgateecgetgatctgaatettttgtgagaactttggetttgaacaatgecatetttagt
Sod4A |cttgcttgggttatgaataatatacttgtaaaagctttgtcactgatcaatccacatttgtctatttaaacaccttggttgtgcacttagecagaattttttttttgecttaaccttagtttccaaactgaagty

G G H EUL S K S TGN AGGR V A C

Sod4A |tgtactgctaggtacttttcagagccatctcagataataacagctgttggtttgtacgttcAGFTGGGCACGAGCTTAGCAAGAGCACTGGAAACGCGGGTGGCCGTGTTGCTTGTGpTacgaccaaccatttcc]

G L Q G End

I
Sod4A [catccccattcccccttacgcagattagettgetgtttacgcactttgeggattgctgatogeactaaat tatcacceAGGGATCATTGGACTCCAGGGCTGAAAACGATCGCCGGACTTGGGGGTGCCTGAGAG

Sod4A GTCCGTCTCCTGCCGTCGCCAGCAGACGGCACTGAACATTGGGAGACATCGTGAAATAAGAGCGTCGCTGATCTGTGATCGATCGTAGGTGTCATTATGCACCTGTAGCCACCGATGGACTAAACTGTGCTGGAT

Sod4A TATGCTGTTGGATGACCAAAAACcctgggttgcag//cagtttcccgactgaaagggcagcgtagcgcaacgcattaatgtgagttagctactcattaaggcaccccaggctttacactttatgcttccggctcg

Sod4A tatgttgtgtggaattgtgagcggataacaatttaacacaaggaaacagctatgaccatgattaccgcaagaattc

S. P. Kernodle and J. G. Scandalios

FIGURE 2.— Continued

while Sod4A contains bzip-hexamer (leucine zipper fac-
tors) (KATAGIRI ef al. 1989), cAMP-receptor (receptor)
(MONTMINY et al. 1986), two different heat shock ele-
ments (PELHAM 1982; SORGER 1991), Myb binding site
(regulation of phenylpropanoid products) (SABLOWSKI
et al. 1994), an 8-bp octamer (enhancer) (HARVEY et al.
1982) and three Y-boxes (cold stress response, en-
hancer) (WOLFFE 1994). The antioxidant response ele-
ment (RGTGACNNNGC) is not present in either gene
(RUSHMORE et al. 1991). An ethylene binding response
element (TAAGAGCCGCC) was also not found in ei-
ther Sod4 or Sod4A (OUME-TAKAGI and SHINSHI 1995).
RNA blot analysis of leaves and stems from seedlings
treated with ethephon showed that Sod4 transcript lev-
els increased in response to elevated levels of ethephon
while those of Sod4A do not. Computer analysis of the
Sod4 and Sod4A DNA sequences did not reveal the pres-
ence of any other reported regulatory motifs. The pres-
ence of certain response elements in Sod4A but not Sod4
suggests differential functions for the two genes. The
5" leader sequence of both Sod4 and Sod4A contain a
stretch of 5 G’s 16 bp before the splice junction of
the intron interrupting the leader sequence and 26 bp
upstream of the translational start when the intron is
removed. This group of G’s may have some effect on
expression of the genes.

Comparison to other Cu/Zn Sod genes: Comparison
of Sod4 and Sod4A with other cytosolic Cu/Zn Sod genes
reveals some interesting features (Figure 4). The Cu/
Zn Sod sequence from rice (SAKAMOTO et al. 1992) con-
tains the identical exon/intron placement as Sod4 and
Sod4A. Both the maize and rice cytosolic Cu/Zn Sod
genes contain an intron interrupting the 5’ untrans-
lated sequence. This indicates very strong conservation
of this structure among plants. The exon/intron pat-
tern of human (LEVANON et al. 1985) and rat (KiMm et
al. 1993) Cu/Zn Sod genes are almost identical to each
other. The cytosolic Cu/Zn Sod from Drosophila (SETO
et al. 1987) contains only one intron while that of Neuros-
pora (CHARY et al. 1990) contains three. Yeast Cu/Zn
Sod has no introns (BERMINGHAM-MCDONOUGH et al.
1988). The only intron which appears to be located in
a similar position among all of these organisms is the
second intron of plants and the first intron of animals.
With the exception of Sod4 and Sod4A of maize, com-
puter analysis of the plant cytosolic Cu/Zn Sod intron
sequences did not reveal any areas of similarity.

Tissue distribution and response to stressors: The
cytosolic Cu/Zn Sod4 and Sod4A transcripts are found
in most tissues of the maize plant. Previous zymogram
analysis indicated that SOD-4 was found in most maize
tissues (BAUM and SCANDALIOS 1979). RNA blot analyses
using the GSS of Sod4 and Sod4A have indicated that
there are some tissues where transcripts of the two
genes are more abundant (i.e., 4 dpi scutella, silks, 11
dpp husks) while in other tissues (i.e., leaves, cobs,
young and mature tassels) they are less abundant (CAN-
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FIGURE 3.—Location of motifs in the promoter regions of the Sod4 and Sod4A genes. The transcription start sites of Sod4A
and Sod4 are indicated by +1. Relative positions of the motifs are indicated by the numbers below the line. Motifs straddling
the line are found on the sense strand while those below the line are on the antisense strand. Some of the motifs are found in
the same position on both the sense and antisense strands (e.g., ACGT and bHLH).

NON and SCANDALIOS 1989; ACEVEDO and SCANDALIOS
1990, 1992).

Plants exposed to elevated temperatures often ex-
hibit changes in metabolic processes as a result of in-
creased oxidative stress. To determine if any changes in
Sod4and Sod4A transcripts occur in response to elevated
temperatures, scutellar RNA was isolated from W64A
1-10 dpi seed germinated and grown at 25, 35, and
40°. Duplicate RNA blots were prepared and probed
with Sod4 and Sod4A GSS (Figure 5). In scutella of seed
germinated at the “‘normal” 25°, the mRNA levels for
the two genes accumulate at different rates. Sod4 mRNA
levels increase greatly at 3 dpi and stay steady until 7
dpi when they begin to decrease slightly to levels similar

TABLE 1
Characteristics of the Sod4 and Sod4A introns

Length (bp) Percent

Placement (aa)®  Sod4  Sod4A

Intron similarity (%)
1 5" untranslated 1436 1238 47
region
2 26 79 293 39°
3 60 105 94 81
4 92 184 185 89
5 102/103 77 76 88
6 129 — 621 =t
7 147 — 99 —4

“aa, amino acid.

*The Sod4A intron 2 is over three times larger than the
Sod4 intron 2 and the percent similarity is very low. The 5’
and 3’ regions of intron 2 that match have a percent similarity
of 71%.

“The partial Sod4 gene does not contain the sixth and sev-
enth intron.

“The percent homology could not be calculated for the
sixth and seventh introns since the Sod4 partial gene lacks
those two introns.

to 1 and 2 dpi. There is very little Sod4A transcript at 1
dpi but then it increases and remains steady at 5-10
dpi. The two genes however, exhibit the same expres-
sion pattern (mRNA levels) at 35° and 40°. At 35° there
is little Sod4 or Sod4A mRNA at 1 dpi but mRNA levels of
both genes increase greatly at 2 dpi and remain steady
through 10 dpi at levels similar to those at 25°. At 40°
Sod4 and Sod4A transcript levels are very low at 1-3 dpi
but increase to a level similar to that of 25° at 4-5 dpi.

Ethephon (2-chloroethylphosphonic acid) is often
used to study the effects of the phytohormone ethylene
on plants which degrade ethephon into ethylene and
phosphoric acid. Exposure to ethylene can cause in-
creased respiration and prematuration and early senes-
cence (ABELES 1973). Twelve-day postimbibition W64A
seedlings were treated hydroponically for 17 hours with
ethephon or phosphoric acid. In leaves isolated from
ethephon-treated seedlings, only a slight induction of
Sod4 transcript is detected (Figure 6). No induction of
either gene was observed in roots (data not shown). How-
ever in stem tissue, there is a significant difference in the
level of the two transcripts. While no induction of mRNA
levels was detected with Sod4A, Sod4 mRNA levels in-
creased at the 25 mM concentration of ethephon and
remained steady through 200 mM concentration, indicat-
ing a differential response and regulation of the two
genes. No change in mRNA levels were seen in leaf, stem
or root tissue from seedlings treated with phosphoric acid
(data not shown).

The herbicide paraquat (methyl viologen; 1,1'-di-
methyl-4,4'-bipyridinium chloride) acts by accepting an
clectron from Photosystem I to become a reduced free
radical which is then immediately reoxidized by trans-
ferring an electron to oxygen forming superoxide (FAR-
RINGTON et al. 1973). Paraquat is highly toxic in the
light but can also cause damage in the dark by accepting
electrons from other sources such as the mitochondrial
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TABLE 2
Regulatory motifs found in the Sod4 and Sod4A promoters

Gene Motif Sequence” Response (signal/factor) Literature cited
Sod4 ABA TCACGTGGTTGTT  ABA regulation MARCOTTE et al. (1989)
Sod4/Sod4A  ACGT ACGT Leucine zipper factors TABATA et al. (1989); ARMSTRONG
et al. (1992)
Sod4/Sod4A  AP-1 TGAGTCA PMA, UV, hydrogen peroxide MEYER et al. (1993)
Sod4/Sod4A  bHLH CANNTG Basic helix-loop-helix proteins ~ PABO and SAUER (1992)
Sod4A bzip-hexamer TGACGY Leucine zipper factors KATAGIRI et al. (1989)
Sod4A cAMP-receptor TGACGTTT Receptor MONTMINY et al. (1986)
Sod4 G-box CACGTG Light GIULIANO et al. (1988)
Sod4 Gap-box ATGAARA Light CONLEY et al. (1994)
Sod4/Sod4A  GT-1 KWGTGRWAAWRW  Light GREEN et al. (1988); TERZAGHI and
CASHMORE (1995)
Sod4A Heat Shock (I) TAAAGGG Heat Shock PELHAM (1982)
Sod4A Heat Shock (II) CAANNTTC Heat shock SORGER (1991)
Sod4/Sod4A  1-box GATAA Light TERZAGHI and CASHMORE (1995)
Sod4A Myb binding YAACKG Reg. of phenylpropanoid SABLOWSKI et al. (1994)
rod.
Sod4A Octamer ATTTGCAT Enphancer, activator HARVEY et al. (1982)
Sod4 SV-40 TGTGGWWWG Enhancer HATZOPOULOS et al. (1988)
Sod4 Wound TKGTTGAAATAWA  Wounding PABO and SAUER (1992)
Sod4A Y-box GATTGG Cold stress response, enhancer ~ WOLFFE (1994)

“IUPAC codes for DNA: B = not A;N =any; S=CorG D =notCGR=AorGK=GorT;H=notGY=CorT; M=

AorC;V=notT; W=AorT.

transport chain. It was previously shown in maize that
the chloroplastic, cytosolic and mitochondrial SOD pro-
teins increased in response to treatment with paraquat
(MATTERS and SCANDALIOS 1986a). However, at the
time those studies were performed the cDNA clones
had not been isolated. To determine the effect on tran-
script levels, maize seedlings were treated with increas-
ing concentrations of paraquat in the light and dark.
RNA was isolated from the leaves, stems and roots. Sub-
sequent RNA blots with the Sod4and Sod4A GSS showed
a difference in expression of the two genes (Figure 7).
In leaves and stems Sod4 seems to be induced in the
dark at the highest concentration of paraquat (0.01 M)

Exon/Intron Comparison Among Cytosolic Cu/Zn Superoxide Dismutase Genes
() S ) N O -

Maize 47 (8 SN D SN 0 SN S

Rice (3 O S S I S

I I — —— —

Rat (I I — — —
Drosophila N A
Neurospora [ I M S

Yeast

Maize 4

Human

FIGURE 4.—Exon/intron comparison of cytosolic Cu/Zn
Sod genes. The second intron of the plants and the first intron
of human, rat, and Drosophila are located within a span of
three to four amino acids. The plant cytosolic Cu/Zn Sods
have identical number and placement of introns as well as an
intron in the 5" untranslated region.

and then decreases slightly. Sod4A is inhibited by the
highest concentration but is induced at lower concen-
trations (0.001 M) in light and dark grown stems and
leaves.

Hydrogen peroxide (HyOy) is a product of the dis-
mutation reaction of superoxide dismutase and is re-
moved by catalases and peroxidases. However, if it is
inefficiently removed or an excess is present, it can form
more superoxide and hydroxyl radicals. Maize scutella
from 21 and 28 dpp were placed on MS plates con-
taining various concentrations of HyO, from 0 to 0.1%.
RNA blot analysis of 21 dpp embryos shows an increase
in transcript levels of both genes up to a peak at 0.1%
(Figure 8). At 28 dpp, the mRNA levels of both genes
peak at 0.03-0.04% and then decrease slightly at 0.05
and 0.1%.

Seedlings and isolated embryos were treated with
other agents which can cause oxidative stress to deter-
mine if Sod4 and Sod4A were affected. RNA was isolated

(dpi)
Sod4
Sod4A — B ———
pHA2 NP SR ¢ s e |

FIGURE 5.—RNA blot analysis of Sod4 and Sod4A in devel-
oping scutella from seed germinated and grown for 1-10 days
post imbibition (dpi) at 25, 35, and 40°. Duplicate total RNA
samples (20 ug) were electrophoresed through a 1.2% agar-
ose-formaldehyde gel, transferred to nitrocellulose and
probed with the Sod4 or Sod4A GSS. The pea ribosomal DNA
probe (pHA2) was used as a loading control for all RNA blots.
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Stem Leaf
Ethephon (mM) 10 25501002000 0 1 5 10 25 50 100 200)
Sod4 |
Sod4A

FIGURE 6.—RNA blot analysis of Sod4 and Sod4A mRNA
levels in tissues of seedlings treated with increasing concentra-
tions of ethephon. Twelve-day seedlings were exposed to
ethephon through hydroponic uptake for 17 hr. Duplicate
RNA blots with 20 pg total RNA per lane from leaves and
stems were probed with Sod4 and Sod4A GSS. In stem tissue,
the Sod4 transcript increases in response to ethephon while
the Sod4A transcript does not.

from leaves exposed to various light regimens (12/12 hr
light/dark, constant light, constant dark) and different
wavelengths of the light spectrum (white, blue, red, far
red, red/far red). RNA was also isolated from embryos
treated with salicylic acid. Subsequent RNA blots how-
ever, showed no changes in transcript levels for Sod4 or
Sod4A under these conditions. However, treatment of
embryos with the lightactivated fungal toxin cer-
cosporin resulted in an initial decrease followed by a
dose-dependent increase of both Sod4 and Sod4A tran-
scripts (Figure 9) (WILLIAMSON and SCANDALIOS 1992).
Further experiments involving other stressors or signals
may help to further define differences and similarities
in the regulation and functional roles of these two
closely related genes.

DISCUSSION

The maize Sod4 and Sod4A genes show a remarkable
similarity in their structure. A previous paper (CANNON
and SCANDALIOS 1989) discussed the two cDNAs in de-
tail and presented evidence that the two genes encode
two biochemically indistinct proteins. There are two
amino acid changes between the SOD-4 and SOD-4A
proteins at positions 12 and 29. The purpose of maize
having two such closely related Sod genes may be a
consequence of selection pressure to provide maximal
antioxidant defenses under constantly changing envi-
ronments. RNA data presented in this paper indicate
that there is a differential tissue-specific response be-

Leaf Stem
Light Dark Light Dark

10° 162 10%16*] 100 102 10 10“1 100 102 10216%] 10 102 16>

0-4

Sod 4
SOd4A "v’v‘w"sw

FIGURE 7.—RNA blot analysis of Sod4 and Sod4A mRNA
levels in leaf and stem tissue isolated from seedlings treated
with paraquat in the light and dark. Twelve-day seedlings were
exposed to paraquat through hydroponic uptake for 17 hr.
Duplicate RNA blots with 20 ug total RNA per lane from
leaves and stems were probed with Sod4 or Sod4A GSS.

21 dpp 28 dpp
H202 (%) 002 003 005 01 0.5 §002 003004005 01 |

Sodd [EEEs |

¥

Sod4A

FIGURE 8.—RNA blot analysis of Sod4 and Sod4A mRNA
levels in 21 and 28 days postpollination (dpp) scutella treated
with increasing concentrations of hydrogen peroxide. Dupli-
cate total RNA samples (20 pg) were electrophoresed through
1.2% agarose-formaldehyde gel, transferred to nitrocellulose
and probed with the Sod4 or Sod4A GSS.

tween Sod4 and Sod4A to certain stress signals. It is also
possible that the Sod4 and Sod4A genes may be located
in different regions of the cytosol and this is currently
being investigated using a tissue printing technique (YE
et al. 1992).

The promoters of Sod4 and Sod4A contain some of
the same transcription regulatory elements or en-
hancers, but also contain different motifs which may
help to explain the differential regulation of these two
almost identical genes. The Sod4A promoter sequence
contains several CAAT and TATA boxes while only
TATA boxes are present in the Sod4 promoter although
almost all are found farther upstream than usual and
may not be functionally significant. The ABA response
element is located only in the Sod4 promoter and treat-
ment of maize embryos with ABA causes an increase in
Sod4 mRNA levels, but not in those of Sod4A. Several
known light regulatory elements are found in the Sod4
and Sod4A promoters. However, preliminary RNA re-
sults have indicated different light regimens, or various
wavelengths of the light spectrum do not have any de-
tectable effects on the expression of either Sod4 or
Sod4A. Further studies may help to reveal those ele-
ments that are functional.

The exon/intron patterns of Sod4 and Sod4A are
identical. Although Sod4 is only a partial clone, data
from Sod4A as well as the exon/intron location of other
plant cytosolic Cu/Zn Sod genes deem it likely that
placement of the two missing introns of Sod4 will be the
same as Sod4A. The DNA sequence similarity between

Cercosporin (uM)
0 5 10 20 40

FIGURE 9.—RNA blot analysis of Sod4 and Sod4A mRNA
levels in post pollination embryos treated with the light-acti-
vated fungal toxin cercosporin. Duplicate RNA blots were
prepared with 20 ug total RNA per lane and hybridized with
the Sod4 or Sod4A GSS. Hybridization with the fragment of
pea ribosomal DNA did not show any loading variances.
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corresponding introns of Soed4 and Sod4A is also very
high. This is not really surprising considering the high
homology of the two cDNAs. The AT content of the
Sod4 and Sod4A introns ranges from a high of 72.8%
for intron 2 of Sod4A to a low of 50.5% for intron 6 of
Sod4A. The average for all seven introns is 62% for Sod4
and Sod4A. It has been proposed that splicing of the
RNA precursor in monocots and dicots is dependent
on AT content (GOoDALL and FiLipowicz 1991). Pro-
cessing of various plant introns in tobacco and maize
protoplasts revealed that monocots processed all in-
trons (both monocot and dicot) efficiently while in to-
bacco only the introns with high AT content spliced
efficiently (GOODALL et al. 1992).

To date, fulklength or nearly fuil-length genomic cy-
tosolic Cu/Zn Sod sequences have been reported from
humans (LEVANON et al. 1985), rat (KiM et al. 1993),
Drosophila (SETO et al. 1987), Neurospora (CHARY et al.
1990), yeast (BERMINGHAM-MCDONOUGH et al. 1988),
and rice (SAKAMOTO ¢t al. 1992). The position of introns
in the published Sod genomic sequences (Fig. 4) indi-
cates that all of the plant Cu/Zn Sod introns lie in ex-
actly the same position and each has an intron inter-
rupting the 5’ leader sequence. The vertebrate
sequences do not contain the 5 intron and yeast con-
tains no introns. A recently reported chloroplastic Cu/
Zn Sod gene from tomato does not contain the 5’ intron
and some of its other introns lie in positions different
from those of the cytosolic genes (KARDISH et al. 1994).
A few other genes containing an intron interrupting
the 5’ leader sequence have been reported including
plant and vertebrate actin genes (PEARSON and
MEAGHER 1990), insulin genes (PERLER ¢t al. 1980) and
the maize Shrunken-1 gene (CLANGY et al. 1994). Inter-
ruption of the 5’ leader sequence by an intron is com-
monly found in mammalian genes. In the actin genes
the 5' leader intron may be conserved because it is
found in a similar position in plants and vertebrates
while most of the other actin introns are located in
different positions. When the intron placement of the
plant Cu/Zn Sod genes is compared to the human Cu/
Zn Sod, four of the introns are located in positions
similar to the four positions of the human Cu/Zn Sod;
the remaining three introns occupy different positions.
These extra introns in the plant genomic sequences
could be ancient sequences in the progenitor Sod gene
which, after plants and animals diverged, the plants
needed but the animals were able to discard, or the
extra introns may be the result of a later insertion. The
origin of introns is a subject of much debate (GILBERT
1978; PALMER and LOGSDON 1991). One theory pro-
poses that exons, which are considered to contain infor-
mation for structural and functional portions of a pro-
tein, are duplicated to form the final protein structure,
“exon shuffling”’ (GILBERT 1978). In studies of the bo-
vine Cu/Zn SOD, it was proposed (McLAacHAN 1980)
that present day forms of Cu/Zn SOD may be the result

of a gene duplication because of its structural symmetry.
The identical intron positions of the plant Cu/Zn Sod
genes suggests conservation of these introns, whether
due to structural stability or a regulatory role. The in-
tron sequences of the plant cytosolic Cu/Zn Sods have
been compared and there appears to be little similarity
between the species. As noted previously, the compara-
ble introns of Sod4 and Sod4A are highly homologous.
Some regions of similarity might be expected in the 5’
intron since this intron is found only in the plant Sod
genes. Intron sequences may contain regulatory ele-
ments and have been shown to have effects on gene
expression in plants and animals (BUCHMAN and BERG
1988; CLANCY et al. 1994). For example, in Neurospora
the first intron of the Cu/Zn Sod contains sequences
similar to those of UAS-1, the transcriptional regulatory
site of the yeast CYCI gene and to UAS from the Mn
Sod of yeast (CHARY et al. 1990). In the Sod4 and Sod4A
genes there is a 4-5 bp G’ stretch in the 5’ leader
sequence 16 bp upstream of the intron interrupting
the 5’ leader sequence. If the intron is removed, this
“G” stretch is located 26 bp upstream of the transla-
tional start of all the plant genomic cytosolic Cu/Zn
Sod sequences. The 26 bp prior to the translational start
of these genes are also highly conserved. Whether this
sequence has any impact on expression levels of Cu/
Zn Sod remains to be determined.

Structural analysis of the Cu/Zn SOD protein indi-
cates that exon/intron boundaries generally lie in re-
gions of the protein surface where any change in se-
quence would not affect the structure or function of
the protein (GETZOFF et al. 1989). Three of the four
introns of the human Cu/Zn Sod map to the protein
surface. The second and third introns of Sod4 and Sed4A
(as well as those of rice and tobacco) are found in
positions similar to the human Cu/Zn Sod first and
second introns. These two introns map to the loop sepa-
rating the first B-strand and the Zn subloop, respec-
tively. The five remaining introns map to locations dif-
ferent (a separation of at least 10—15 amino acids) from
the human Sod gene. The fourth maize intron is located
on the fifth loop separating two of the f-strands. The
fifth intron is found at the beginning of the second
Greek key loop. The sixth intron is found on the elec-
trostatic channel loop while the seventh is located at
the beginning of a disulfide bridge. It appears that all
the introns probably map to the protein surface.

Steady state levels of Sod4 and Sod4A transcripts can
be found in almost all maize tissues (CANNON and SCAN-
DALIOS 1989; ACEVEDO and SCANDALIOS 1990, 1992).
This corresponds to the appearance of SOD protein in
all maize tissues studied (BAUM and SCANDALIOS 1979).
Changes in these levels can be induced under some
conditions of oxidative stress.

The transcripts of Sod4 and Sod4A increase steadily
in the developing maize seedling, in response to the
increased demands to remove oxygen radicals formed



The Maize Sod4 and Sod4A Genes 327

during metabolic processes (Figure 5). At 25° there is a
difference in transcript accumulation for the two genes.
Sod4 increases gradually and remains steady at 3—-6 dpi
and then returns to earlier levels while Sod4A is barely
present at 1 dpi, then increases until 5 dpi and remains
steady levels through 10 dpi, indicating possible tempo-
ral regulation of the two genes. Seedlings grown at 35°
exhibited no difference in transcript levels between the
two genes. However, the mRNA levels of the two genes
accumulate much earlier (2 dpi) than at 25° although
levels appear to be about the same. When the seedlings
were grown at 40° there was no difference in the mRNA
levels between the two genes. Earlier results of SOD
protein levels in line W64A grown at 25, 35, and 40°,
showed no significant differences in total SOD activity
levels (MATTERS and SCANDALIOS 1986b).

When developing seedlings are treated with agents
which cause oxidative stress, a differential, tissue-spe-
cific response of the two closely related Sod4 and Sed4A
genes occurs under some conditions. This response is
most notable when seedlings are exposed to ethephon
which is reduced to ethylene and phosphoric acid in
the plant. No adverse effects are seen on the seedlings
at 0-10 mM concentrations of ethephon. Beginning
with 25 mM ethephon the seedling stems appear red-
dish purple due to anthocyanin production and the
leaves begin to wilt. At 200 mM the leaves are mostly
brown. Sod4 transcript levels increase dramatically in
stem and leaf tissue while those of Sod4A remain steady
(Figure 6). Neither gene contains an ethylene-binding
response element in the promoter region. There is no
difference in mRNA levels between the two genes in
root tissue. No change in mRNA levels of leaf, stem,
and root tissue was seen when the seedlings were
treated with phosphoric acid, indicative that the re-
sponse is most likely due to ethylene. The two genes also
show a difference in responsiveness to the herbicide
paraquat. Treatment of seedlings with paraquat results
in opposite expression of the two genes (Figure 7). The
Sod4 transcript is induced at higher levels while Sod4A
is inhibited by those conditions. However, treatment
with other chemicals does not always result in a differen-
tial response between the two genes although they are
induced (hydrogen peroxide). Still other treatments
have no effect on the two genes at all (salicylic acid,
elevated temperature). Further experiments with other
agents which can cause oxidative stress may help to
explain the mechanisms leading to the differential re-
sponse of the two genes.

In summary, characterization of the maize cytosolic
Cu/Zn Sod4 and Sod4A has revealed two genes with
almost identical structure and DNA sequence which
are expressed differently under certain conditions of
oxidative stress. These findings suggest that even
though these two genes are very similar structurally,
they may have evolved some unique functional roles to

aid the organism in its capacity to cope with constantly
changing adverse oxidative environmental insults.
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