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Abstract

The maize Cat2  gene was isolated by direct cloning and PCR. The clones were mapped and sequenced.
The start site of transcription was determined by primer extension. Computer analysis of the 1.6 kb Cat2
promoter sequence has revealed an obvious TATA box, two GC boxes, a putative GA response element,
and several ACGT core sequences known to have diverse regulatory functions in plants. Several other
protein binding motifs were also identified within 800 bp upstream from the transcriptional start site. Five
introns were identified in the Cat2 coding region. All five Cat2 introns are located in exactly the same
position as five of the six introns in Catl,  Two of the Cat2 introns are located in the same position as
the two Cat3 introns. The identical positioning of these introns suggests an evolutionary link between
all three maize cat&se  genes. The response of the Cat2 gene to plant growth regulators was examined.
Results clearly showed that the response of Cat2 to several environmental factors are developmental
stage-dependent. Thus. complex regulatory mechanisms appear to be involved in the regulation of Cat2
expression in maize.

Introduction

Catalase  (H,0,:H,02  o x i d o r e d u c t a s e ,  E C
1.11.1.6; CAT) is a tetrameric,  heme-containing
enzyme found in all aerobic organisms. It pro-
vides protection against reactive oxygen toxicity
by dismutating hydrogen peroxide to water and
oxygen [ 11. In maize (Zea  mays L.), three un-
linked structural genes, Cal,  Cat2,  and Cat3 en-
code three biochemically distinct isozymes,
CAT-l, CAT-Z, and CAT-3 [2,3].  Each of the

Cat genes exhibits temporal and spatial specific-
ity in its expression [4, 5, 61, and each responds
differently to various environmental signals [ 1,7].
In addition, the catalase isozymes exhibit cell and
organelle  specificities [ 1, and references therein].
For example, CAT-2 first appears during late ker-
nel development and increases dramatically in the
scutellum after germination. CAT-2 is absent in
etiolated leaves, but rapidly accumulates upon ex-
posure to light due to increased transcript accu-
mulation and translation of the Cat2 message.

The nucleatide sequence data reported will appear in the EMBL  Nucleotide  Sequence Database under the accession number
254358.
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Thus, unlike Cat2  which does not respond to light
and Cat3 which is controlled by a circadian clock,
Cat2 is positively regulated by light in a tissue-
specific manner [ 1, 81.

In order to understand the underlying mecha-
nisms by which the Cat genes are regulated and
expressed in response to various signals, their
cDNAs  were isolated and used, in turn, to isolate
the respective genes. The Cat1  and Cat3 genes
were successfully isolated from a genomic library
and fully characterized [9, lo]. The Cat2 gene
was recently cloned by two different methods:
direct cloning and PCR. Herein, we report on the
isolation, characterization, and expression of the
Car2 gene, and its comparison to the other maize
cat&se  genes.

Materials and methods

Isolation andpurification  of digested genomic DNA

W64A genomic DNA was isolated from lCday-
old light grown leaves as described [ 111. A large
amount of total DNA (50 pg) was digested with
the restriction enzymes BarnHI  and XbaI and
electrophoresed on a 0.4% agarose gel. Agarose
slices containing DNA fragments between 2.0 to
4.0 kb in size were sliced into 6 agarose pieces.
DNA purification was conducted by a special
freeze-thaw method. The procedure proved to be
an effective and efficient method in comparison to
other commercially available DNA purification
kits. This procedure is fast, inexpensive, and re-
sults in high-quality DNA ready for labeling and
library construction. It can be effectively used for
both low- and high-molecular-weight DNA puri-
fication. The detailed procedure is as follows:
agarose slices were transferred into a microfuge
tube and were quickly frozen in liquid N,.  Aga-
rose slices were quickly thawed at 50 “C for
10 min. The tube was then centrifuged for 5 min
and the aqueous solution containing eluted DNA
was transferred into a new tube. The tube con-
taining sliced agarose was frozen and thawed
again to elute more DNA solution and the newly
eluted liquid was transferred and combined with

the previous &ted  DNA. The efficiency of the
DNA elution can be visualized under a UV light
box. Phenol extraction was conducted to obtain
pure DNA for genomic library construction.
Ethidium bromide was removed from DNA by
ethanol precipitation.

Preparation of theplasmid  vectorfor  genomic library
construction

Because of the relatively small size of the insert
DNA, we used plasmid  pBluescript  KS (-  ) as
the vector for library construction. This plasmid
was digested with the restriction enzymes XbaI/
BamHI and was purified by phenol/chloroform
extraction.

Ligation and transformation

Genomic DNA fragments containing the Cat2 5’
sequence were ligated into the BamHI/XbaI-
digested pBluescript  vector. Ligation was set at
1:1 and 1:2 vector-to-insert ratio. Ligated plas-
mids were transformed into the XL-l Blue super-
competent cells according to the manufacturer’s
instructions (Stratagene). Transformation effi-
ciency was 2 x 10’ cfu/pg vector with supercom-
petent cells and 1:2 vector-to-insert ratio. The
library was screened with a 5’ end Cat2 cDNA
fragment and positive clones were identified.

PCR primers

Two 21-mer primers for the genomic DNA PCR
amplification reaction were synthesized (NCSU
Molecular Genetics Facility). The 5’ primer be-
gins at the 22nd nucleotide of the known first
Cat2 intro”  (see Results for details) and its
sequence is 5’-GTCTCAATTCGTGTTTCGT-
CG-3’. The 3’ primer was selected to span 11
nucleotides in the 3’-untranslated  region and the
last 10 translated nucleotides of the Cat2 cDNA.
The 3’ primer sequence is: 5’-GGTTGATCT-
TACATGCTCGGC-3’. Control PCR amplifica-
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purified and directly cloned into the SmaI  site of
the pBluescript  II KS( -) (Stratagene). That the
PCR product was in fact Cat2 was verified by
hybridization with the Cat2 cDNA  probe.

tion of the translated sequence of the Cat2  cDNA
was performed with plasmid  pCat2.1~ template
[ 121, the same 3’ primer as in the genomic PCR
and a 19-mer  5’ primer from the start of trans-
lation with sequence 5’-CCATGGACCCGTA-
CAAGCA-3 ’

Polymerase chain reaction

PCR was performed in a MJ Research PTC-100
programmable thermal controller, using either
Thermus aquaticus DNA polymerase (Taq DNA
polymerase; Stratagene) or Thermoccocus litoralis
DNA polymerase (Vent; New England Biolabs).
The reaction mixture, in a total volume of 100 ~1,
contained, when using Taq polymerase: 20 mM
Tris-HCl  pH 8.8, 10 mM (NHI,),SO,,  10 mM
KCl,  2 mM MgSO,,  0.1% Triton  X-100,0.1  mg/
ml nuclease-free  BSA, 200 PM dNTPs,  1 PM of
each primer, 5 units Taq Extender (Stratagene),
2.5 units Taq  polymerase, and 0.5pg  template
genomic DNA or 10 ng template plasmid  DNA.
The reaction mixture, when using Vent poly-
merase,  was the same with the exceptions that the
BSA and the Taq  Extender were omitted and
instead of Taq,  1 unit of Vent polymerase was
used. The cycle program was, 3.5 min denatur-
ation  at 95 “C followed by 30 cycles of 1 min
denaturation at 95 a C, 1 min annealing at 60 o C,
and 1.5 min extension at 75 “C. The time of the
last extension step was increased at 6 min to en-
sure that all the PCR products were complete
double-stranded blunt-ended fragments. No dif-
ferences were observed in the PCR products after
the use of either Vent or Taq  polymerases. Vent
polymerase amplified DNA was used in further
experiments, because Vent also contains a 3’-5’
proofreading exonuclease  activity resulting in
higher fidelity of base incorporation compared to
Taq polymerase, which lacks this function.

Punifrcation  and cloning of the PCR product

The PCR products were analyzed by agarose gel
electrophoresis and the specific Cat2 band was

Sequencing

The DNA sequence of the Cat2 5’ and the cod-
ing region clones were determined by the dideoxy
nucleotide chain termination method [ 131.  Over-
lapping deletions for sequencing were generated
using Exolll  nuclease on double-stranded plasmid
templates [ 141. Template plasmids  were isolated
and purified by the Jetprep  plasmid  DNA isola-
tion and purification kit (Genomed, Research
Triangle Park, NC). Sequencing was performed
by the Applied Biosystems Automated DNA Se-
quencer (Nucleic Acid Facility, Iowa State Uni-
versity).

Primer extension

Primer extension was used to determine the start
site of transcription of Cat2.  The procedure was
according to Metraux et al. [ 151. A 22-mer oligo-
nucleotide primer (5’-TTGTACGGGTCCATG-
GCGGTGG-3’) was synthesized (NCSU Mo-
lecular Genetics Facility) which is complementary
to the 5’ end of the Cat2 cDNA.  This primer was
end-labeled with polynucleotide kinase. A 50 pg
portion of total RNA (isolated from salicylic  acid
(SA)-treated scutella  with increased Cat2 tran-
script, 28 days after pollination [7]) was obtained.
The modified procedure was described [9].  Ex-
tension products were electrophoresed on an 8%
sequencing gel with sequencing reaction products
of the Cat2 promoter fragment using the same
oligo primer.

Hormone treatment and RNA analysis

Maize W64A embryos were manually excised
from germinating seed at 2 and 5 days post im-
bibition (dpi). Excised embryos were incubated
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on MS basic salt plates [ 161  supplemented with
5 mM/lO  mM of gibberellin (GA,), 100 mM ab-
scisic acid (ABA) (5 dpi), and 1 mM/1.5  mM
salicylic acid (2 dpi) for 24 h in the dark. After
treatment, scutella were harvested, frozen in liq-
uid nitrogen and stored at -70 “C. Total RNA
was isolated from treated scutella by cold phenol
extraction [ 171. Total RNA (2Opg) from each
sample was separated on denaturing 1.2% agar-
ose gels, and transferred to either nitrocellulose  or
nylon membranes. The resulting blots were hy-
bridized with 32P-labeled Car2  gene-specific
probe. After this analysis was performed, the
probe was removed from the filters by repeated
washes in boiling 0.1% SSC, 0.1% SDS. Equal
sample loading was verified by reprobing the fil-
ters with a cloned fragment containing 18s rDNA

[181.

Results

Isolation and characterization of the 5’ end of the
Cat2 gene by direct cloning

The Cat1  and Cat3  genes of maize were previ-
ously isolated from a W64A genomic library and
fully characterized [9, lo].  The maize Cat2 gene
could not be isolated from the same library. We
attempted a different approach in order to isolate
the Cat2 genomic clone. We have tested the pos-
sibility of isolating a partial genomic clone con-
taining the 5’ promoter region which is important
for Cat2 regulation by completely digesting with
restriction enzymes. Preliminary results from
Southern blot analysis indicated that a 2.3 kb
XbaI/BamHI  genomic DNA fragment contained
the 5’ portion ofthe  Cat2 coding and 5’ promoter
regions. Genomic DNA was completely digested
with XbaI/BamHI  and about 2.3 kb of this DNA
was isolated and purified (Fig. 1A).  Purified ge-
nomic DNA fragments were electrophoresed on
a 1% agarose gel, transferred onto a nitrocellu-
lose filter and probed with a Cat2 5’ end cDNA
fragment; one positive fraction was used for ge-
nomic library construction (Fig. 1B).

About 50000 colonies were screened with the

Fig. I. W64A  genomic DNA fragments purified by the freeze-
thaw method. A. W64A  genomic DNA (50 ~8)  was digested
with BamHI,XboI  and electraphoresed on a 0.4%  agarose  gel.
Digested DNA fragments sized from 2.3 to  4 kb were sliced
into 6 gel pieces and purified from agarase gels as described
in Materials and methods. Fractions of purified DNA frag-
ments were  electraphoresed  on  a 1% agarose  gel as indicated
in lanes 1 to 6. Lane 7 is lambda Hind111  DNA marker. B. The
same  DNA gel was transferred onto  a nitracellulose  mem-
brane and probed with a 5’ Car2  cDNA  fragment @oRI/
BarnHI).  Results indicate that lane 3 contains most ofthe Car2
genomic DNA fragments and was used for genomic library
construction. C. Comparison of the PCR products using dif-
ferent Car2 templates. Lane I. 1 kb ladder (BRL)  molecular
weight markers. Lane 2, PCR amplit?cation  with Vent poly-
merase  and 0.5 fig  of maize genomic DNA as template. Lane
3, PCR amplification of Co12  genomic coding region using
10 ng  of lane 2 PCR product DNA as template. Lane 4, PCR
amplified Car2  cDNA  using IO ng of lane 2 PCR product
DNA as template. Lane 4, PCR amplified Car2 cDNA  using
10 ng  of pCor2.I~  plasmid  as template. The Car2  genomic
bands and the Car2  cDNA  band are indicated by arrows.  An
apparent difference, ca.  400 bp in size can be observed sug-
gesting the existence of intro”(s)  in the Co12 genomic coding
*eglO”.

Cat2 5’ end cDNA  probe. Ten positive clones
were identified and x-screened to eliminate any
possible false positives. The plasmid  DNA was



isolated in order to identify the proper insertion.
Southern blots were used to confirm the positive
clones and the restriction map was defined by
digesting all positive clones with various restric-
tion enzymes. Results indicated that all ten posi-
tive clones were identical. One of these clones
was sequenced. On comparison to the Cat2
cDNA,  this clone was found to contain a 1.6 kb
5’ promoter sequence. The coding region ranged
from the ATG start codon to the first BamHI  site
(600 bp) (Fig. 2). Two introns were identified
within that region by comparison with the Cat2
cDNA  sequence. The first intron (92 bp long) was
identified at five amino acids from the start of
translation.

Isolation of the Cat2 gene coding region by PCR

In preliminary experiments, the primers designed
for the Cat2 cDNA  amplification were used in an
attempt to amplify the Cat2 genomic coding re-
gion, with no success. After the genomic clone
corresponding to the 5’ of the Cat2 coding region
was isolated and sequenced, a 92 bp intro”  oc-
curring 15 nucleotides from the first ATG codon
was revealed. The last three nucleotides of the 5’
cDNA  primer were mismatching to the genomic
DNA sequence due to the occurrence of that in-
tro”. Thus, a new 5’ primer from the intron se-
quence was designed, to ensure that any PCR
amplified sequence should represent Cat2 ge-
nomic  DNA. A single strong band about 1900 bp
was observed after amplification ofgenomic DNA
with the Vent polymerase.  The 1900 bp band was
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excised from the gel to avoid any minor contami-
nation and the recovered DNA was directly li-
gated into the SmaI site of the pBluescript  vector.
Plasmid  DNA from clones with the correct insert
served as template for PCR amplification to en-
sure that the insert is Cat2  genomic DNA. Cat2
cDNA  from the plasmid  pCat2.1~ [ 121  was also
amplified using the Cat2 cDNA  designed primers.
The amplified Cat2 genomic coding region mi-
grated as a 1900 bp band from both templates
used. The Cat2  cDNA  formed a 1480 bp band, as
was expected. The apparent dissimilarity between
the Cat2  genomic coding region and the Cat2
cDNA  band suggested that one or more introns
was responsible for the about 400 bp difference in
length of the two bands (Fig. 1C).  In order to gain
more information about the number and possibly
the location(s) as well as the orientation of the
insert in one clone selected for further analysis,
restriction digestion with several enzymes and se-
quencing were performed. Both indicated that in
addition to the first intro”  which was used for
making the 5’ primer, four more introns were
present. Comparison of the two clones isolated
by direct cloning and by PCR as well as the Cat2
cDNA  revealed no mismatches in common re-
gions.

Structure and expression of the maize Cat2 gene

Sequencing results showed that the overlapping
regions ofthe  two clones have identical sequences,
indicating that both clones are part of the same
gene. Previous results indicated that only one

x H SP N H B PPBHP PH

PRObf- CODINciBEQlON  INIRON  s’~REctlON

Fig. 2. Restriction map of the maize  Cot2 gene. The map was constructed from two  clones  isolated by direct cloning and PCR.
The black box indicates the DNA fragments which hybridized to the full length Car2  cDNA  probe. The introns, coding repion,
and 5’- and 3’4anking  regions are  indicated. Restriction sites are: B, BrrmHI;  H, Hindll; N, Ncol;  P, PSI; S, SacI;  X, Xbal.
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copy of the Car2  gene exists in the maize genome
[ 111. A restriction map (Fig. 2) was constructed
based on a comparison of the Cat2 cDNA  se-
quence with the Cat2 gene sequence (Fig. 3).

In order to map the 5’ end of the Car2 tran-
script, primer extension was performed on total
RNA isolated from 1 mM SA-treated scutella  [7]
28 days after pollination in which the Cat2  tran-
script was increased to high levels. The Cat2
cDNA  contains a short 5’-untranslated  region.
In order to obtain a fair size of extension prod-
uct, a 22-mer oligonucleotide was synthesized
which was complementary to both Cat2 cDNA
and genomic DNA. It covered the portion of 5’-
untranslated region and coding region up to the
first intron. The primer extension product is about
45 bp and the 5’ end is indicated as + 1 in Fig. 3.
Upstream from the transcriptional start site, sev-
eral motifs were found and are depicted in Fig. 4.
A typical TATA box is located at -43. The CAAT
consensus sequence cannot be found between
-80 and -120; however, two sequence motifs
(GCGCCC, GGGCAG), which are homologous
to the consensus sequences for the Spl-binding
site, GGGCGG  (GC box) [ 191  were found
around -114 and -570. The GC box has been
found in promoters of many viral and cellular
genes [20],  and acts as a binding site of a protein,
Spl, which is necessary for transcriptional activ-
ity. A pyrimidine box (CCTTT)  and Box I
(GCAGTG) which are part of the GA response
complex [ 211 were found at -208 and -256.
Two 8 bp sequences (CACGTCGC, CACG-
TAAC) which are similar to an ABA response
element (ABRE, CACGTGGC) [22]  were lo-
cated at -308, -648 relative to the + 1 site. The
core sequence of the ABA response element
(ACGT) is the binding site for basic leucine zip-
per transcriptional factors or common plant regu-
latory factors (CPRFs)  [23].  Promoter elements
with a ACGT core are recognized by both homo-
and heterodimers of leucine zipper transcriptional
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factors. A CEl-like element which was recently
reported to enhance the ABA response [24],  was
located next to the second ABRE at -636
(Fig. 4). A 6 bp inverted repeat sequence (CG-
GCGC,GCGCCG)  was also found. An 11 bp el-
ement (GGTGACCTTGC), which is identical to
the antioxidant response element (ARE, PuGT-
GACNNNGC) of the rat glutathione S-trans-
ferase  Ya subunit [25],  was identified at a posi-
tion close to the + 1 site. The ARE might
represent a &-acting  element which activates
genes that protect eukaryotic cells against oxida-
tive stress. The ARE was also found at -470 of
the maize Cat1  promoter [9].  Two direct ACGT
repeat sequences, which is the core sequence for
leucine zipper protein binding sites, were located
at about 15 bp downstream of the + 1 site. A
DNA motif CAGGTG, which is identical to the
core sequence for a class of transcriptional fac-
tors bHLH  (CANNTG, basic helix-loop-helix
proteins), was located near the + 1 site and over-
lapping with the 5’ portion of the ARE motif.
This transcriptional factor shares similarities with
the basic, leucine zipper family and can form
homo- and heterodimers to exert regulatory func-
tions [26].  Two additional bHLH  binding motifs
(CATCTG, CATTTG) were also found at -245,
and -625 relative to the + 1 site. Both of them
are located down stream of the two leucine zip-
per core sequences ACGT. A DNA sequence
(CGTCCCGGAACG) was located at -480 with
2 bp mismatch to the 12 bp metal responsive el-
ement (MRE, CGNCCCGGNCNC) core se-
quence [27].  This motif can be found in the pro-
moter region of metallothionein proteins that bind
heavy metal ions, and have been functionally im-
plicated in heavy metal detoxification [28].  The
putative regulatory motifs found in the 5’ of the
Cat2  gene are summarized in Fig. 5.

The DNA coding sequence in the coding region
of the Cat2 genomic DNA is identical to the
cDNA.  The map and sequence of the Cat2 gene

Fig. 3. Nucleotide  and deduced amino acid sequence of the maize Cad gene. The Car2  clones were sequenced by the dideoxy-
nucleotide chain termination method. The deduced amino acid sequence is shown in single letter code below the nucleotide se-
quence. lntrons are shown in lower-case letters. The transcriptional start  site was determined by primer extension and is indicated
as + 1. The translational codon  (ATG) and TATA  box are also indicated.
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AtCtOCCCAtOAtttCA CtOCCttCOCtAOOCttAtCCOOCAACAAACAAAACCtOCOCttt
CT*  m.

ttttttCtOOAOOACOOCOCOCOCCOOtOAOCOtOtOOAtOAO CCTACAOCAOAACCCACCCAO
- - TATA  box

tCOAOOOCAAAAAOAOCCtCCtCCCCCOtCACtCOttOCtCCOOC COACCOOCOCtAtCCO
*l

tOtCOCAOCCtCCtCO t COtAOCOOCtCOtCCAOCtCOCtCOCCACCO
T Cd00 AOOT  mc
C

Fig. 4. Nucleotide  sequence of the maize Cat2 genamic  DNA 5’.Ranking  region. This region extends from  -860  (relative to the start of transcription + I) to + 56,  the
translational start codon.  The ATG codon,  5’ end of the cDNA  and f 1 site are indicated. Arrows indicate the direcl  repeat sequence.  Some important motifs for plant
gene regulation are  also  indicated and boxed, including TATA box, two  GC boxes, two ABRE, CEI  like elements, metal responsive element (MRE).  antioxidant-
responsive element (ARE), three BHLH  (basic helix-loop-helix), and part  of the GA response element (pyrimidine box and box I).
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> TATAH  ARENxmBHLH  ac MREAcm  c3c

-a?#3 -453 -aM) -40 +1

F&  5. Schematic representation of the putative motifs located in the promoter region of the Car2 gene. The abbreviations are:
BHLH, basic helix-loop-helix protein binding site; ARE, antioxidant-responsive element: ACGT, ACGT core  or leucine  zipper
protein binding site; GC, GC box or Spl-binding s&e; MRE,  metal-responsive element.

indicated that the coding region contains five
short introns. All introns possess the consensus
5’ GT splice donor site and the 3’ AG splice
acceptor site described in other eukaryotic  genes
[29].  The properties of these five introns are in-
dicated in Fig. 6. Intron sizes are relatively small
ranging from 78 to 113 bp. The sequence at the
5’ and 3’ splice sites of the introns have low
homologies to the consensus sequence (CAG/
GTAAGT and TGCAG/GT) for plant introns
[30].  In addition, all five introns are atypical from
other plant introns in that they are not AT-rich.
All five Cat2 introns are located in exactly the
same positions as five of the six introns in Carl.
The number three intron  in C&Z is missing in the
Car2  gene (Fig. 7). In contrast to the Cat1 introns,
all Cat2 introns are about 50% AT nucleotides
and their sizes are relatively small in comparison
to the Cat1  introns. Introns  1 and 5 of the Cat2
gene are located at the same position as the two
introns in the Cat3 gene. These results indicate
evolutionary linkages among the three maize
catalase  genes.

Fig. 7. Exon,intron structureofthethreemaizecatalasegenes.
Exons (dark boxes) and intrans (gaps) are drawn schemati-
cally to indicate the relative position of the introns. The maize
Cot/  gene [9] possesses 6 introns, the Car2 gene (this study)
has 5 intrans, and Cat3  contains only 2 introns [lo].

The expression of the maize Car2  gene is highly
regulated developmentally and spatially [ 11. The
Cat2 transcript can be detected during the late
stages of seed development. Upon germination,
the Cat2 transcript increases dramatically and
reaches a peak at about 4 days after imbibition.
The responses of Car2  to several environmental
factors have also been examined. C&2  responds
to the fungal toxin cercosporin differently at two
distinct developmental stages: embryogenesis and

Fig. 6. Properties ofthe maize Car2 introns. The  intron/exon junction sequences were located by comparison with the Car2  cDNA
sequence. The size of Ca2  introns varies from 78 to 113 bp.
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Fig. 8. Responses of the maize Car2 gene to GA,, ABA and
SA in mature maize embryos. W64A  embryos were excised
from 5 dpi seeds and treated with 5 mM,  10  mM of  gibberel-
lit acid (GA3),  100 mM ofabscisic acid (ABA); embryos were
also excised from 2 dpi and treated with 1 mM/1.5  mM of
salicylic acid (SA) as described. Scutella  were isolated from
treatted  embryos and examined for Car2 transcript accumula-
tion with Car2  gene-specific probe and reprobed with a 18s
DNA fragment as a loading control. Representative results
from duolicate  blots are shown.

germination [31].  The Cat2 gene also responds to
SA differentially at these two stages [7].  In order
to gain a better understanding ofthe  developmen-
tal stage-dependent responses of Cat2,  we ex-
tended our studies to examine the response of
Cat2 to plant growth regulators at later stages of
germination. Germinating embryos were treated
with GA, ABA at 5 dpi and SA at 2 dpi for 24 h.
Northern blots were then performed with a Cat2
gene-specific fragment. Results indicated that the
Cat2 transcript did not change upon GA treat-
ment; however, the Cat2 transcript from scutella
5 days after imbibition increased dramatically fol-
lowing ABA treatment, and Cat2 transcript in-
creased slightly after 1 mM SA treatment at 2 dpi
(Fig. 8).

Discussion

The maize Cat2 genomic DNA was isolated by
direct cloning and PCR. A 2.3 bp genomic clone
containing the 5’ end of the Cat2 gene was iso-
lated by the direct cloning method. The fragment
includes 1.7 kb of sequence 5’ of the Cat2 gene,
two small introns shortly after the ATG start
codon,  and 600 bp of coding sequence. The small
intro” located 5 amino acids from the amino ter-

minus is located exactly at the same position as
the first introns of the Carl and Cat3  genes. No
sequence similarity was found among the first in-
trons of the three maize Cat genes. The coding
region of the Cat2 gene was cloned and isolated
by PCR with the primer designed from the first
intro”. The resulting PCR product shared about
400 bp identical with the 3’ portion of the 2.3 kb
clone. This indicated that both clones are part of
the same Cnz2  gene. Previous DNA blot data also
suggested that only one copy of the Cd gene
exists in the maize genome [ 111.  In the coding
region of the Cat2 gene, 5 introns were located
and their locations are exactly the same as five of
the maize Cat1  introns. They also share the same
locations with five castor bean introns [32].  The
identical positions of the catalase introns between
the monocot  and dicot  plants imply evolutionary
links among plant catalases.

The Cat2 gene promoter region revealed an ob-
vious TATA  box located 43 bp 5’ from the end
of the cDNA.  No CAAT box was found within
120 bp upstream from the 5’ end Cat2 cDNA;
however, several motifs involved in plant gene
regulation were identified. Two putative ABA re-
sponse elements (CACGTCGC, CACGTAAC)
were identified in the Cat2 promoter region. One
of the elements (CACGTCGC, -308) is almost
identical to the ABA response element
(CACGTGGC) of the wheat Em gene [22].
However, the Cat2 gene responds negatively to
ABA in scutella after pollination and the Cat2
transcript failed to accumulate after 24 h of ABA
treatment [33].  In this report, we found that the
Cat2 transcript increased after 24 h ABA treat-
ment at 5 dpi, suggesting that the response of the
Cat2 gene to ABA is developmental stage spe-
cific. Whether the effect is direct or indirect still
needs to be determined. This ABA response el-
ement contains the core sequence ACGT which
is a c&-acting  element for plant transcription fac-
tors. It is also the core element for response to
light [34,  351,  jasmonic acid [36],  and salicylic
acid [ 371.  The Cat2 gene responds positively to
light [8]  and salicylic acid [7].  It is possible that
the ACGT core sequence in the Cat2 gene also
serves as a light or SA response element. At 1 mM
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of SA concentration, Cat2 transcript increased
dramatically in 28 dpp scutella; however, the Cat2
transcript failed to accumulate at 1 dpi with the
same doses of SA treatment [7].  We extended
our study to examine the effect of SA on Cat2 at
2 dpi. Surprisingly, the Cat2 transcript again in-
creased slightly upon 1 mM SA treatment. The
levels of transcript accumulation are not as dra-
matic as they are during embryogensis. Thus, the
response of Cat2  to the same doses of SA is not
only different at two distinct developmental stages
(i.e., embryogenesis and germination), but also
differ at two time points of the same developmen-
tal stage. A pyrimidine box (CCTTTT) and box
I (GCAGTG) of the GA response complex of a
barley sc-amylase  [21]  were also identified. Re-
cently, new evidence indicated that the Cat2  gene
is induced by a germination related regulator [ 71.
This regulator might be GA or some other plant
hormone. To address this question, maize em-
bryos from 5 dpi were isolated and incubated in
culture plates containing GA, and the Cat2 tran-
script level was examined by northern blots. Re-
sults showed that there are no changes in Cat2
transcript levels between GA treated and non-
treated maize embryos at 5 dpi. This is also the
case with 28 dpp embryos (data not shown).
These results suggest that GA is not the regula-
tory factor which induces Cat2  expression upon
germination.

Several regulatory motifs were found in the area
around the transcription start site and 5’-
untranslated region as well. Two repeat ACGT
core sequences were located down stream of the
+ 1 site. An antioxidant responsive element and
a bHLH  binding site were located around the + 1
site. The function of these putative motifs at the
+ I and 5’-untranslated  region still needs to be

determined. It may be that they are involved in
post-transcriptional mechanisms which regulate
the Cat2  gene. Further upstream in the Car2  pro-
moter, two other bHLH  motifs were also located
near two ACGT core sequences. The same pat-
tern was observed in the 5’ region of the maize
Cat1  gene (two bHLH  located near two ACGT
core sequences) [9].  The role of the sequential
presence of these elements in the two catalase

gene promoters is being investigated. The expres-
sion of the maize Cat2 gene is regulated at several
different levels. The Cat2 gene also responds to
signals at specific developmental stages. Thus,
tissue and stage specific regtilatory  factors might
be involved in the regulation of Cat2 gene. Fur-
ther experiments are underway to identify the cis-
acting elements and the trans-acting  factors re-
sponsible for Cat2 expression.

Acknowledgements

We thank Stephanie Ruzsa and Sheri Kernodle
for expert technical assistance. Research was
supported in part by Grant 94-37-100-0690 from
the National Research Initiative Competitive
Grants Program, U.S.D.A., and North Carolina
State University.

References

1. Scandalios JG: Regulation and properties of plant cata-
lases.  In: Foyer CH, Mullineaux  PM (eds)  Causes of
Photoaxidative Stress and Amelioration of Defense Sys-
tans  in Plants, pp. 275-315. CRC Press, Boca Raton,  FL
(1994).

2. Scandalios JG: Subunit dissociation and recombination
of catalase isozymes.  Proc  Nat1 Acad  Sci USA 53: 1035-
1040 (1965).

3. Scandalios IG, Tong WF, Roupakias DG: Cocl,  a third
gene locus coding for a tissue-specific catalase  in maize:
Genetics, intracellular location, and some biochemical
properties. Mel  Gen  Genet 179: 33-41 (1980).

4. Scandalios JG, Tsaftaris  AS, Chandlee IM,  Skadsen
RW:  Expression of the developmentally regulated cata-
lax (Cat) genes in maize. Devel  Genet 4: 28 l-293 (1984).

5. Wadsworth GJ, Scandal&  JG:  Differential expression of
the maize  cat&se  genes during kernel development: the
role of steady-state mRNA  levels. Devel  Genet 10: 304-
310 (1989).

6. Redinbaugh MG, Sabre M, Scandalios JG:  The distri-
bution of cat&se  activity, isozyme  protein, and tran-
script in the  tissues of developing maize seedlings. Plant
Physiol 92: 375-380 (1990).

7. Gun  L, Scandalios JG: Developmentally related re-
sponses of maize cat&w  genes to  salicylic  acid. Proc
Nat1 Acad  Sci USA 92: 5930-5934 (1995).

8. Skadsen RW, Scandalios JG: Translational control of
photo-induced expression of the Car2 cat&se  gene dur-
ing leaf development in maize. Proc  Nat1 Acad  Sci USA
84: 2785-2789 (1987).



924

9. Gun  L, Scandalios JG: Characterization of the cat&se
antioxidant defense gene Carl of maize, and its develop-
mentally regulated expression in transgenic  tobacco. Plant
J 3: 527-536 (1993).

IO. Abler MA, Scandalios JG: Isolation and characterization
of a genomic sequence encoding the maize Cad catalase
gene. Plant Mol  Biol  22: 1031-1038  (1994).

1 I. Redinbaugh MG, Wadsworth GJ.  Scandal&  JG: Char-
acterization of catalase  transcripts and their differential
expression in maize. Biochim Biophys Acta  951: 104-  I16
(1988).

12. Bethards  LA, Skadsen RW, Sandalias  JG:  Isolation
and characterization of a cDNA  clone for the Car2  gene
in maize and its homology with other catalases. Proc  Natl
Acad  Sci  USA 84: 6830-6834 (1987).

13. Sanger F, Nicklen  S, Coulsen  AR: DNA sequencing with
chain-terminating inhibitors. Proc  Nat1 Acad  Sci USA
74: 5463-5467 (1977).

14. Henikoff  S: Unidirectional digestion with exonuclease 111
creates targeted breakpoints for DNA sequencing. Gene
28: 351-359 (1984).

15. Metraur JP, Burkhart W, Moyer M, Dincher  S, Midd-
les&ad W, Williams S, Paune  G, Canes  M, Ryals  I: Iso-
lation of a complementary DNA encoding a citinase  with
structural homology to a bifunctional  lysozymejchitinase.
Proc  Nat1 Acad  Sci USA 86: 896-900 (1989).

16. MurashigeT, Skoog F: A revised medium for rapid
growth  and bioassays  with tobacco tissue cultures.
Physiol Plant 15: 473-497 (1962).

17. Beachy  RN, Chen Z-L, Horsch  RB, Rogers SG, Horg-
gmm NL, Fraley  RT:  Accumulation and assembly of
soybean fl-conglycinin  in seeds of transformed petunia
plants. EMBO J 4: 3047-3053 (1985).

18. Jorgensen RA,  CuelIar  RE, Thompson WF.  Kavanagh
TA:  Structure and variation in ribosomal RNA genes of
pea. Characterization of a cloned rDNA  repeat and chro-
mosomal [DNA  variants. Plant Mel  Biol 8: 3-12 (1987).

19. Dynan  WS, Tjian R: Control of eukxyotic  messenger
RNA synthesis by sequence-specfic DNA-binding pro-
teins. Nature 316: 774-778 (1985).

20. Kadonaga  JT, Jones KA, Tjian  R:  Promoter-specific ac-
tivation of RNA polymerase  II transcription by Spl.
Trends B&hem  Sci 11: 20-23 (1986).

21. Sutliff  TD, Lanahan  MB, Ho TH: Gibberellin  treatment
stimulates nuclear factor binding to the gibberellin  re-
sponse complex in abarley  alpha-amylase  promoter. Plant
Cell 5: 1681-1692 (1993).

22. Guiltinan  MI,  Marcotte  WR Jr, Quatrano RS: A plant
leucine  ripper protein that recognizes and abscisic acid
response element. Science 250: 267-271 (1990).

23. Armstrong GA, Weisshaar B, HabIbrock  K: Ho-
modimaic  and heterodimeric leucine  zipper proteins and
nuclear factors from parsley recognize diverse promoter
elements with  ACGT core. Plant Cell 4: 525-537 (1992).

24. Shen  Q, Ho T-HD: Functional dissection of an ahscisic
acid (ABA).inducible gene reveals two  independent
ABA-responsive complexes each containing a G-box and
a novel cir-acting  element. Plant Cell 7: 295-307 (1995).

25. Rushmore TH, Morton MR.  Picker1  CB: The antioxidant
responsive element. J Biol  Chem 266: 11632-11639
(1991).

26. Pabo CO: Transcription factors: structural families and
principles of DNA recognition. Annu  Rev Biochem 61:
1053-1095  (1992).

27. Stuart GW, Scale  PF, Chen HY, Brinster  RL, Palmiter
RD: A 12.base-pair  DNA motif that is repeated several
times in metallathionein gene promoters confers metal
regulation to a heterologous  gene. Proc  Nat1 Acad  Sci
USA 81: 7318-7322 (1984).

28. Westin  G, Schtiner  W: A zinc-responsive factor inter-
acts with a metal-regulated enhancer element (MRE) of
the mouse metallothinein-I  gene. EMBO J 7: 3763-3770
(1988).

29. Shapiro MB, Senapathy  P: RNA splice junctions of dif-
ferent classes of eukaryotes:  Sequence statistics and func-
tional implications in gene expression. Nucl  Acids Res
IS:  7155-7174 (1987).

30. Brown JWS: A catalague of splice junction and putative
branch point sequences from plant introns.  Nucl  Acids
Res 14: 9549-9559 (1986).

31. Williamson ID, Scandalios JG: Response of the maize
catalases and superoxide dismutases  to cercosporin-
containing fungal  extracts: the pattern of cat&se
response in scutella  is stage specific.  Physiol Plant 88:
159-166 (1993).

32. Suzuki M, Ario  T, Hattori  T,  Nakamura K, Asahi T:  lso-
l&on and characterization of two  tightly linked cat&w
genes from castor bean that are differentially regulated.
Plant Mol Biol  25: 507-516 (1994).

33. Williamson JD, Scandalios JG: Differential  response of
maize catalases to abscisic acid: Vpl  transcriptional ac-
tivator is not required for abscisic  acid-regulated Carl
expression. Proc  Natl  Acad  Sci USA 89: 8842-8846
(1992).

34. Oeda K, Salinas J,  Chua N-H: A tobacco b-Zip  tran-
scription activator (TAF-I) binds to a G-box-like motif
conserved in plantgenes. EMBO 1 10: 1793-1802(1991).

35. Schulze-Lefert P, Becker-Andre M, Schulz W, Hahl-
brock  K, Dangl JC: Functional architecture of the light-
responsive chalcone synthase  promoter from parsley.
Plant Cell 1: 707-714 (1989).

36. Mason HS, Dewald  DB, Mullet JE  Identification  ofme-
thy1  jasmonate-responsive domain in the soybean wpB
promoter. Plant Cell 5: 241-251  (1993).

37. Qin X-F, Holuigne  L, How&h DM, Chua N-H: Imme-
diate early transcription activation by salicylic  acid via the
cauliflower mosaic virus as-1  element. Plant Cell 6: 863-
874 (1994).


