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A genomic DNA clone encoding cytosolic ascorbate peroxidase was isolated from a genomic library of Arabidopsis thaliana, using a cDNA for 
the enzyme as a probe. Nucleotide sequence and primer extension analyses of this gene (APXI) revealed nine exons split by eight introns, one of 
which is inserted in the 5’-untranslated region. The exon/intron organization of the APXI gene differs from that of the guaiacol peroxidase genes. 
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1. INTRODUCTION 

Among plant peroxidases (Prx), ascorbate Prx (APX, 
EC 1.11.1.1 l), which shows high specificity for ascor- 
bate as an electron donor, is distinct from guaiacol Prx, 
represented by horseradish peroxidase (HRP), with re- 
gard to enzymatic and molecular properties [l]. The 
primary structure of APX is more similar to that of 
yeast cytochrome c Prx (CCP) than that of guaiacol Prx 
[224]. To date, no reports have demonstrated the 
genomic DNA structure of APX, although several 
guaiacol Prx genes have been sequenced. 

2. MATERIALS AND METHODS 

2.1. Construction and screening of a genomic library 
Genomic DNA from Arabidopsis thaliana ecotype Columbia was a 

gift from Dr Y. Komeda (University of Tokyo). A portion of the DNA 
(4 pg) was digested with EcoRI to completion and electrophoresed in 
a 0.6% agarose gel. The 7.5 to 9.5kb fragments, which were presumed 
to include an APX gene [3], were electroeluted from the gel and ligated 
with the EcoRIdigested plasmid vector pBluescript SK(-) (Strat- 
agene Cloning Systems, USA). Escherichia coli strain DHl a was trans- 
formed with the recombinant plasmids. The subgenomic library was 
screened by colony hybridization using the digoxigenin-labeled cDNA 
encoding Arabidopsis APX [3] as a probe. 

2.2. DNA sequencing 
Chloroplastic APX has been well characterized, and 

proved to be a component of the system for scavenging 
active oxygens produced through photosynthesis under 
normal and stress conditions [1,5,6]. Nonchloroplastic 
APX has been found in several plants, and purified 
from several species [5,7-91. However, the physiological 
role of cytosolic APX in green tissue of higher plants is 
poorly understood. 

In this paper, we report the isolation of a genomic 
DNA clone encoding the cytosolic APX of Arabidopsis 
thaliana. The genomic DNA structure of this gene is 
also discussed. 

A 3.1-kb EcoOlO91 fragment from a genomic clone (pAPg2) was 
subcloned into the plasmid pBluescriptI1 KS(+) (Stratagene Cloning 
Systems) and several deletion derivatives were generated. The double- 
stranded DNA templates were sequenced by the cycle sequencing 
method with dye primers on an ABI Model 373A sequencer (Applied 
Biosystems, USA). Sequences were obtained from both strands of the 
genomic DNA. 

2.3. Primer extension 
A 30-mer oligonucleotide, at positions 315-344 in Fig. 2, comple- 

mentary to the 5’ end region of the APX cDNA [3], was synthesized 
and labeled at the 5’ end with 32P. Poly(A)’ RNA (2pg) prepared from 
Arabidopsis leaves [3] was hybridized with the oligonucleotide primer 
(5 x lo4 cpm). The primer was extended with Superscript RNase H- 
reverse transcriptase (Life Technologies, USA) and analyzed on a 
sequencing gel. 

2.4. Cell fractionation and Western blotting 

Correspondence address: A. Kubo, Environmental Biology Division, 
National Institute for Environmental Studies, 162 Onogawa, 
Tsukuba, Ibaraki 305, Japan. Fax: (81) (298) 51 4732. 

Abbreviations: Prx, peroxidase(s); APX, ascorbate peroxidase; HRP, 
horseradish peroxidase; CCP, cytochrome c peroxidase. 

Cell fractionation of leaf cells of Arabidopsis thaliana ecotype Co- 
lumbia was achieved by differential centrifugation of the gently-rup- 
tured protoplasts from the leaves according to [lo], except that the 
2,500 x g (chloroplastic) pellet was lysed with 50 mM potassium phos- 
phate (pH 7.8) containing 1 mM sodium ascorbate and centrifuged at 
10,000 x g for 5 min to separate the insoluble (chloroplastic mem- 
brane) fraction from the soluble (stroma) fraction. Western blotting 
of proteins in the subcellular fractions was performed as described 
using an anti-APX monoclonal antibody, AP3 [1 11. 
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Fig. 1. Restriction map and structure of the Arubidopsis cytosohc APX gene (APXI). E, EcoRI; Eo. EcoO1091; H, HzzzdIII; P, MI. Boxes represent 
exons: solid boxes, coding regions; clear boxes. non-coding regions. 

3. RESULTS AND DISCUSSION 3.3. Western blot analysis of proteins in the subcellular 
fractious 

3.1. Isolation ofgenomic DNA clones 
The Arabidopsis subgenomic library consisting of 

1.7 x lo3 independent recombinants was screened with 
a previously identified cDNA [3] encoding an APX of 
Arabidopsis. Two positive clones were isolated. One of 
them (pAPg2) contained an 8.7-kb EcoRI fragment and 
the other contained the same insert except a deletion 
spanning one of the vector-insert junctions. A restric- 
tion map of the genomic DNA inserted in pAPg2 is 
shown in Fig. 1. 

3.2. S~r~c~u~~ of the APX gene 
A 3.1-kb EcoO1091 fragment in pAPg2 (Fig. l), hy- 

bridized with the APX cDNA, was subcloned and se- 
quenced (Fig. 21, and a gene corresponding to the 
cDNA was found. The intron positions of the gene were 
unambiguously determined by comparison with the 
cDNA sequence and by the GT-AG rule [12]. The se- 
quences of the exons match the cDNA exactly. The 5’ 
end of the gene mRNA was mapped within the 3.1-kb 
&001091 fragment by Northern analysis using various 
DNA fragments as probes. The exact position of the 
transcription start point was determined as shown in 
Fig. 2 by primer extension analysis (data not shown). 
The results revealed nine exons interrupted by eight 
introns. The predicted TATA box [13] is located 26 bp 
upstream from the transcription start site. The only 
possible start codon is located just before the N-termi- 
nal codon for the mature protein. This gene encodes no 
signal or transit peptide sequence, indicating the cy- 
tosolic location of the enzyme. One of the introns is 
inserted in the 5‘-untranslated region. The exonfintron 
organization is depicted in Fig. 1. 

The subcellular localization of the Arabidopsis APX 
encoded by the APXl gene was examined by Western 
blotting of proteins in the subcellular fractions (Fig. 3). 
One of the anti-APX monoclonal antibodies, reactive 
with the Arabidopsis APX [3], reacted predominantly 
with a polypeptide corresponding to APX (28 kDa) in 
the 12,000 x g supernatant fraction (lane 5). It is not 
clear whether faint bands with different molecular 
masses resulted from specific or nonspecific binding of 
the antibody. This provides additional support for the 
cytosolic location of the enzyme. Furthermore, the 
amino acid sequence of the Arabidopsis APX is more 
similar to that of the cytosolic APX of pea [2] (78% 
identity) than the partly determined sequence of the 
chloroplastic APX of tea [4] (38% identity between cor- 
responding sequences). The subcellular localization of 
an isozyme of spinach APX, AP-II [14], against which 
the monoclonal antibodies had been raised, was exam- 
ined by the same method. The results suggested that it 
is also a cytosotic enzyme (data not shown). APX activ- 
ity in spinach leaves is elevated under stress conditions 
such as ozone exposure [15] and water deficiency [16]. 
However, the subcellular type of the APX induced re- 
mains to be determined. 

3.4. Comparison of Prx gene structure 
It has been found so far that the guaiacol Prx genes 

of higher plants have 1, 2, or 3 introns, located in the 
mature protein region [ 17-2 1; Theilade and Rasmussen, 

-+ 

We assume that this gene is a single-copy gene, since 
the genomic clone pAPg2 contains only one APX gene 
and the restriction map of the genomic DNA in pAPg2 
is consistent with the results of genomic Southern anal- 
ysis of the Arabidopsis genome [3], which showed an 
8.7-kb EcoRI fragment and two PstI fragments (19.5 
and 1.5 kb), hybridizing with the APX cDNA. This gene 
was tentatively designated as APXl. 

Fig. 2. Nucleotide sequence of the APXI gene encoding the cytosolic 
APX of A. thaliana. The transcription start and the poly(A) addition 
sites are denoted by downward and upward arrows, respectively. The 
5’ and the 3’ ends of each intron are marked with right- and left- 
oriented arrows, respectively. The deduced amino acid sequence of the 
APX is written under the nucleotide sequence. The start and the stop 
codons are indicated by overlining and asterisks, respectively. The 
N-terminal ammo acid residue (Thr) of the mature protein (31 is under- 
lined. The predicted TATA box is boxed. The predicted polyadenyia” 
tion signal is bold underlined. The poly(dG-dT) sequence [3] is under- 

lined. 
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GGGCCCTCCACACGAAGCATGTATCCTCCAATTGCATATTGCCAATTATTTCCTAATAATATTGAAGGATTATTCTTTTCCCATCTATATACCACCAACC 100 

CTAAGATCCGAACGTCCATTTTAAAGCCGTGCGTTTAATCATGATCGTCAATTATATTGGCAAATTTGACCACACGATATCCGTCATCTAACGGCATCTA 200 

I. 
CAGATCTACCAGAACGTTCTCATTCATGACT~TTCGCATTTCTTCTCCTCAACGCTCTCATAAAAAGTAGTACTCGTGTCTTACTCGTGCCAG 300 

. iintron 1 
CCACTCGCATTTCTCCAGATTTTATTATCCTTCCTCGAAACAAGGTATGACGGAAACTCTCTCTCTCCCTCTCTGATCCGTCGTTGCTGCTTCCATTTTC 400 

ATCTTGACTCGATCGGATCATTGTTATGCTTGGCTTGATCTGTGCTTAATGATGTGTTTTTCGTAGTAGATCCACGATTCGTTGCTGCGATCGGCGTTAT 500 

TATCGTCAGCTCTCTCGTTTCTGTTCTGTGGTTCGATATTGCTGAGTTTCTAGGCTAATCTTACGAATCTGTGAAAGTTTTTGAGAGATTTGGCTTCTGT 600 

AGCTCACTCCTGCTTGATTTAGGTTTTTTTTTTTTCCACTCGTATGAAGCTGTTTTAGAGGCTGTTGTTGTTTATGATTCTCAGCTTGTTATGTATAGTT 700 

. intron I+ -' 
GGATTTCGTGAGTTTTGGATTTGATCTGTGCGTTTATTTAGTAGTGAGGCTCATGTATATATATCTGTGTATTTGTTCCAGAGCTTAGCTAAGATGACGA 600 

HetEL 

AGAACTACCCAACCGTGAGCGAAGATTACAAGAAGGCTGTTGAGAAGTGCAGGAGGAAGCTCAGAGGTTTGATCGCTGAGAAGAACTGTGCACCCATCAT 900 
ysAsnTyrProThrValSerGluAspTyrLysLysAlaValGluLysCysAr~Ar~LysLeuAr~GlYLeUlleAlaGlULYsAsnCYsAlaP~O~l~M~ 

. i1ntron 2 .1ntron 2.c, 
GGTCCGACTCGCGTAAGTAACTAACCATATTTGCTTGTGGTTTTGAAGTATGTAGGATTATGAACTTTCTCATGGCTGATCTGTCTGGCTAAACTGCAGA 1000 
tValArgLeuA1 a 

TGGCACTCTGCTGGAACTTTCGATTGTCAATCAAGGACTGGAGGTCCATTCGGAACAATGAGGTTTGACGCTGAGCAAGCTCATGGAGCCAACAGTGGTA 1100 
TrpHisSerA1aGlyThrPheAspCysGlnSerAr~ThrGlyGlyProPheGlyThrMetAr~PheAspAlaGlUGlUAlaHlSGlYAl~AsUS~~GlYl 

. +1ntron 3 
TCCACATTGCTCTTAGGTTGTTGGACCCCATCAGGGAGCAATTCCCTACCATCTCTTTTGCTGATTTCCATCAGGTACATGGTTTTAAATTTTAAAAAGC 1 1200 
leH~sIleAlaLeuAr~LeuLeuAspProIleAr~GluGlnPheProTh~lleSerPheAlaAspPheHisGln 

.1ntron 3c. 
ACTATTTGGTTAACGGTGATAACTGTAAGGTTTGGATTCTAACTCTAGATATCCTTGTGGTGTGAAATTGATCATTCAGCTTGCTGGTGTTGTGGCCGTT 1300 

LeuAlaGlyValValAlaVa1 

+intron 4 . 
GAAGTTACTGGTGGCCCTGACATTCCTTTCCACCCTGGAAGAGAGGTTAGTCATTGCTGTAGATTTGTTTGCCGTCTCTAAGGTTATCATATACTCAATT 1400 
G1UVaIThrGlyGlyProAspIleProPheHisProGlyAr~Glu 

intron 4+ . 
TGGTCGAGAGAACGTGTTCTGCTTTCTTTGTAGAGATGGCTGATTGATAATTGTGGGACTTGATTTTCTGTTTCTAAAATGCATATCTTGATTTCAGGAC 1500 

ASP 

AAGCCCCAACCACCTCCAGAGGGTCGTCTTCCTGATGCTACCAAGGGTTGTGACCATTTGAGAGATGTCTTTGCTAAGCAGATGGGCTTATCTGACAAAG 1600 
LysProGlnProProProGluGlyAr~LeuProAspAlaThrLysGlyCysAspH~sLeUA~~AspValPheAlaLysGln~etGlyLeuSe~AspLysA 

. iintron 5 
ACATTGTCGCTTTATCTGGTGCCCACACTCTGGTTCGTTTCTCTCCAACTGCTTAAAACTTTAAAATTTGTTTGCTCCAAGCTTACAAATTCTGATGAGT 1700 
spIleValAlaLeuSerGlyAlaHlsThrLeu 

1ntron 5+ 
GCTAGCAAAATATGATATCGCAGGGACGATGCCACAAGGATAGGTCTGGCTTCGAAGGTGCATGGACATCAAACCCTCTAATCTTCGACAACTCTTACTT 1800 

GlyAT~CysH~sLysAspAr~SerGlyPheGluGlyAlaTrpThrSe~AsnProLeu~lePheAspAsnSerTyrPh 

+intron 6 lntron 6~ . 
CAAGTGAGTATCCCAAGTTCCCTTGTAGGAGGATTCAGTGGCTTATATGGTTACTAATCAAATTATATATGGGCAGGGAACTCTTGAGCGGAGAGAAGGA 1900 
eLY sGlULeuLeuSerGl~GluL~sGl 

+intron 7 ’ 
AGGCCTTCTTCAGCTTGTCTCTGACAAAGCACTATTGGACGACCCTGTTTTCCGTCCTTTGGTCGAGAAATACGCTGCTGTATGTCTTTCATTCCCTTTT 2000 
uGlyLeuLeuGlnLeuValSerAspLysAlaLeuLeuAspAspPraValPheAr~P~~LeuValGluLysTy~AlaAla 

intron 7+ . 
TTCTGTTTTTCACTTGGTAGAGAGAGAGAGAAGAGAACTCATGGTTTCTTGTGACAATGTGAACAGGATGAAGATGCCTTTTTCGCTGATTACGCTGAGG 2100 

AspGluAspAlaPhePheAlaAspTyrAlaGluA 

a1ntron 6 . . intron 8 
CCCACATGAAGCTTTCTGAGCTTGGGTACTTATCCTGAATCTATGAATCATTTAGAAAGTAAATATTAATTCAGTGGTGTGATTTGAGTTTGTATCTGTT 2200 
l.aHisMetLysLeuSerGluLeuGl 

GGTTGCAtCGTTTGCTGATGCTTAAGCTGTGACGTATGCTCTGTGTGTGTGTGTGTGTCTCCCCGAGAGTCATGGCTGTTTTTGGTTGGGGGCTGGAGGGG 2300 
yPheAlaAspAla+** 

TCGCATTGCATTTGAACTTTGTCATATGATTGCTTAATGTACTCTCGGATTTACGTATCTGTTTTTTTCGGTGGGTTGCGATTTGAACACATCCGTTGCG 2400 

CTTTTGCTGCTTAGACACATTAATAAAATTAATTTCTCTCGATATTTATGCCTCAAATCCATTCATATCTGCTTAGTCTCTAATAACAGTAGAACTTGGA 2500 
t 

TTAAGAGTTTGAAGATACAGTGGCTAATTGCCTATATAAAGTGATAAACAGCCAAATCTTTAATCAGAAGTAGAAGTATTAGTATAACATGATTTGACTA 2600 . 
TGTACTACGAGATCAATGGTAAACCTGACATTGTTCCAAAACCAATCTAGACCAGTTCACTTACCGAATTTTAGTTCCATACCCATAAACCAATCCAAAG 2700 

TGATTCTATCACCACATGCAACAGCATGTAATGATGTGGTGCCCGAATAGGCGGATTCCATCGATGTTGATCAGACGATGCTTTAGATCAAAGACCGGCG 2800 

TGAGCTGAGACGGATGGCTCTGGCTTATAATGTCACCACTATGATTACCAAAGTGTTTGCTGCTTTGATCACGGCCGAGGGAGTAAAGAGCTTGAAGTCA 2900 

AGTGTTATTCAAATGATTGTCATTCAGCACTCCTTTTCTAGGTGAAGGATCTTGCCTATGCGCTTCTCTAAAACCGTTTTTTTTTCTATTTTTATGTTGT 3000 

CGATGGAAACGTCTCTTATTTTTATCTTGAATTGAACCGAATCTGCAATT 3050 
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Distal histidine Proximal hlstidine 

J t 

f ** * 

Yeast CCP GYG*VL.... **TS**W*KH MN-.RK”...M...A..K 

A. APXl -CAPIMVRLLWHSAGTFDCQ GS-DKDIVALSGAHTI!GR 

A. Prx C -I*GSIL-*HF.DC--*&G LI)RPS.L....!.*.F.K 

A. Prx E -I*ASLL- *HF.DC--.VRb 

HRP Cla -I*ASIL..HF*DC--*VNb 

l,NRTS.L....!G..F.. 

LNRSS.L*--.!G..F.K 

HRP Clb -ITASlL.*HF-DC--*VN’G LDRPS*L*...!G..F.K 

HRP C2 -I*ASIL+*HF*DC--*VNfG LDRPS*L,***!G‘.F.K 

HRP C3 -I*ASIL*.HF-DC--*VR& I,NRPS.I_....!G..F.. 

Tomato TAP1 -MGASLI‘*HF.DC--*VDfC FT-LREM..*A....V*F 

Tomato TAP2 -MCASLI**HF*DC--*VD’C FT-VREM.-*A*.*.V-F 

Wheat Prx -MGASLL..HF*DC--*--k LN-TV.,Q........I.K 

Fig. 4. Intron positions relative to the active site of Prx. Amino acid 
sequences near the proximal and distal histidine residues of the Arubi- 
dopsis cytosolic APX (APXl) are aligned with those of yeast CCP [24] 
and some guaiacol Prx [17-211. Dots represent amino acid residues 
identical to those of APXl. Gaps in sequence, which have been intro- 
duced to improve the alignment, are indicated by dashes. Asterisks 
indicate the amino acid residues present at the heme pocket of CCP 
[23]. Amino acid residues which form the helix in CCP are overlined 
[23,24]. Positions in the peptide that correspond to intron placement 

in the coding sequence are denoted by arrowheads. 

accession number M836717. By contrast, the APXI gene 
has as many as eight introns, one of which is inserted 
in the 5’-untranslated region. The yeast CCP gene has 
no intron [22], although the primary structure of yeast 
CCP resembles that of APX f2-4]. 

The introns of the guaiacol Prx genes are inserted in 
the same positions, despite the fact that some of the 
genes lack some of the introns. Fig. 4 shows intron 
positions relative to the active site of Prx [23,24]. The 
intron splitting the active site domain seems to have 
been inserted after establishment of the domain in the 
course of evolution. The intron positions of the APXI 
gene are different from those of the guaiacol Prx genes. 

The distinct difference in exon/intron organization 
between the APXl and the guaiacol Prx genes suggests 
a long distance between APX and guaiacol Prx in terms 
of molecular evolution. 
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