SECTION 2
Cloning and characterization of two cDNAs for rice cytosolic

monodehydroascorbate reductase
Introduction

MDAR (EC 1.6.5.4) catalyzes MDA to AsA using NAD(P)H as an electron donor (Hossain et
1, 1984) and widely distributed in mammalians and plants (Arrigoni et al. 1981; Goldenberg et al.,
1983; Sun et al., 1984). MDAR is a FAD- and monomeric enzyme (Hossain and Asada, 1985), and
aplants is found not only in chloroplast stroma (Hossain et al., 1984) but also in cytosol,
nitochondria (Arrigoni et al., 1981; Dalton et al., 1993) and glyoxysome membrane (Bowditch and
Donaldson, 1990). The analysis of immunocytochemistry using soybean MDAR antibody indicated
hat cytosolic MDAR is located primarily in cell wall of soybean nodules (Dalton et al., 1993). The
rcent report indicated that the determined amino acid sequence of purified NADH-
kexacyanoferrate oxidoreductase (NFORase), which was obtained from highly purified spinach
llasma membranes and consisted of the majority of plasma membrane NFORase activity, was
wrresponded to that of the known plant MDARs, and the spinach MDAR is strongly associated
with the cytoplasmic surface of plasma membranes (Berczi and Moller, 1998). MDAR is purified
fom cucumber fruits (Hossain and Asada, 1985), potato tubers (Borraccino et al., 1986; Leonardis
tal.,, 1995) and soybean root nodules (Dalton et al., 1992). cDNAs encoding MDAR were also
solated from cucumber (Sano and Asada, 1994), pea (Murthy and Zilinskas, 1994) and tomato
(Grantz et al., 1995). These cDNAs have been supposed to encode cytosolic isozymes because of
ack of any signal sequence. Although many papers about MDAR have been published, there is
itle information of the expression or the regulation of MDAR gene. It have been reported only to
b shown that the expression of tomato MDAR gene is induced by wounding (Grantz et al., 1995).

Inthis section, the author reports the isolation and characterization of two cDNAs for rice MDAR.
Materials and Methods

Isolation and characterization of two cDNAs for rice MDARs -
Prior to the screening, any nucleotide sequences of rice EST clones that are highly homologous
bthe known plant MDAR ¢DNAs, from cucumber (Sano and Asada 1994) and pea (Murthy and
llinskas, 1994), were searched using the program of Fasta 1.7 software (Pearson and Lipman,

1988). Subsequently the nucleotide sequences of four EST clones were obtained (Fig. VI-1A).
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pased on two of these EST sequences (accession number D46186 and D39373), two
digonucleotides, RMDS-1 (5'-GGAGGCGTCGCCGCGGGATACGCTGC-3") and RMDA-1
(5'-CCAACGTTGTCGCCGTAGAATTGCCA-3') for use as forward and reverse primer,
espectively, were synthesized. About 1.1 kb fragment (Fig. VI-1B) was amplified by PCR using
ice double-strand cDNA of rice greening seedlings, which was prepared as described in
C(HAPTER 1, as a template and subcloned into T-vector of LITMUS 38 (New England Biolabs),
which was prepared as described in CHAPTER I. The partial nucleotide sequence of this fragment
was determined to recognize as a partial fragment of MDAR ¢DNA by the comparison with other
known plant MDAR c¢DNAs. Using this PCR fragment, the cDNA library, which was used in the
coning of rice plastidic Cu/Zn-SOD ¢cDNA (CHAPTER I-1), was screened. Subsequently, 2
positive clones were obtained from 3.0 x 10° plaques. Further a rice EST clone (D39373), whose
sequence was referred for the primer design, was purchased from the Rice Genome Research
Program because both sequences of the isolated cDNAs are not corresponded to that of the EST
done. The isolated largest clone, designated RMDAR-1, and the purchased EST clone, designated
RMDAR-2, were used for further analysis. The methods of screening and sequencing were

followed as described in CHAPTER 1. :
B)
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Fig. VI-1. Preparation of a partial fragment of rice MDAR c¢DNA. (A) Comparison among putative rice MDAR
cDNA and rice EST clones. The positions of PCR primers for amplification of a partial rice MDAR are indicated by
arrowheads as polarity. (B) Electrophoresis analysis stained by ethidium bromide; lane 1: pGEM marker (Promega
Japan), lane 2: PCR products amplified with a pair of primer, RMDS-1 and RMDA-1. Arrows indicated the
recovered band by electroelution for subcloning.

Genomic Southern blot, Northern blot, and immunoblot analyses -
Genomic Southern blot analysis was performed as described in CHAPTER 1, with *P-labelled
EcoRT and BamHI-fragment of RMDAR-1 ¢cDNA (full-length cDNA) and washing at high-

fringency conditions (1 x SSC, 42 °C). The restriction endonucleases of HindlIIl, Pst1, and Sphl

%ere used for the digestion of rice genomic DNA.
Northern blot analysis in vegetative tissues was carried out as described in the previous section,
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yith “P-labelled RMDAR-1 full-length cDNA, used in Southern blot analysis, and washing at the
gingency (1 x SSC, 42 °C). The quantification of the probe hybridized to specific mMRNAs were
performed by densitometric scanning of the autographs using a Master Scan 11 IM-300
scanalytics, Billerica, MA, USA). The amount of each gene specific transcript was revised with
fe amount of the loading rRNA, scanning by same method.

Immunoblot analysis in vegetative tissues was carried out using polyclonal-antibody against
acumber cytosolic MDAR (kindly gift from Dr. Sano of Kyoto Prefectural University; Sano and
ssada, 1994) as described in the previous section. 20 ug of the soluble fraction from each sample
was separated by SDS-PAGE, electroblotted, and then the immunoreaction was carried out using

he MDAR antibody (1:1000 dilution) as first antibody.
Results

Isolation and characterization of two cDNAs for rice cytosolic MDAR:s -

To isolate full-length cDNAC(s) clone for MDAR, a cDNA library used in cloning of rice
plastidic Cu/Zn-SOD (CHAPTER I-1) was screened with about 1.1 kb of rice MDAR partial clone
(Fig. VI-1B) prepared as described in Materials and Methods. 2 positive clones were obtained from
10 x 10° plaques and then the 5' end of these clones was partially sequenced (data not shown). Both
sequences are corresponded each other, but not corresponded to that of EST D39373. Therefore this
EST clone was also purchased from the Rice Genome Research Program. A longest cDNA of two
psitive clones and the EST clone, which were designated RMDAR-1 and RMDAR-2,
tspectively, were used for further analysis. The nucleotide sequences of these cDNA were
ompletely determined. The nucleotide and deduced amino acid sequences of RMDAR-1 and
RMDAR-2 are presented in Figure VI-2. The RMDAR-1 (accession number D85764) contains a
1305 bp putative open reading frame and includes both 5'- and 3'-UTRs, while the RMDAR-2
tontains 5'-UTR but is lack of about 2-300 bp at 3' end of cDNA, which is included 3' part of
tding region and 3'-UTR. The 3' UTR in RMDAR-1 contains a putative polyadenylation signal
5-AATAAA-3"), which was located 16-bp upstream from poly(A)* tails (Figure VI-2A, double-
inderlined). The deduced amino acid sequence from RMDAR-1 showed that this cDNA encode
45 amino acid residues with a molecular weight of 46,630, which corresponded to the size (47 kD)
if protein synthesized from RMDAR-1 by in vitro transcription/translation system (data not
hown). The comparison between the deduced amino acid sequences of RMDAR-1 and RMDAR-2
dicated 86.7% of identity. This result suggested that these cDNAs encode the same isoform of

66



cggacgcgtggcccccaaat cttctccangtcmate

37

(B)

Qg acgaggttcggtcgtotanona

gacctcatttcattcgattcatcgatcgetcggegeggettagggtttitggeggeageg 97 gcoagcgogegagagageegpge ctccgecgegegetttectcccttgcteccacecacca  8S
ATGGCGT CGGAGAAGCACTTCAAGTACGT CATCCTCEGCGGCGGCOT CGCAGCGGRATAT 157 cacctgtcctectteccctecatcgtegtctecctectettgteccactccgactecgac 145
M A SEKHTFLKTYVY I L GG GV AAGY 2 ATGGCGGCCGCGAAGCACT TCAC CTACGT CATCCT CGGCGGAGGCGTCGCCGCGGGATAC 285
GCGGCACGEGAGTTCGC CAAGCAGGGT GTTAAGCCAGGGGAGCTCGCCATCATCTCCAAG 217 M A AAKHFT YY I L GG GY AAGY 20
AAREFAKQGY KPGETLA “ GCT GCGCGGGAGTTCGC CAAGCASGGCGT CAAGCC CGGGGAACTCGCCATCATCTCCAAG 265
GAGGCCETGGCTCCTTATGAGLGCCCT GCTCTCAGCAAGGGATACCT CTTTCCTCAGAAT 273 FAKQGVYKPGELATLTILSK 40
EAY APYERPALSKGYLF®PQN (] GAATCGGTGGCTCCCTACGAGCGTCCT GCTCTCAGCAAGGGATACCT CTTTCCTCAGAAT 325
GCTGCAAGACT CCCAGGATTT CATGTGTGTGTCGGCAGT GGAGGAGAGAGGLTTTTGCCC 33 S Y AP YE P AL SKGY LFPQN =)
AARLPGFHYCVYGSGGERTLLEP GCAGCCAGACTTCCGGGATTCCACACCTGCGTCGGGAGE GGCGGAGAGAGGCTCTTGCCT 385
GAATGGTACTCAGAGAAAG GCATTGAGTT GATCCT GAGCACTGAAATTGTCAMAGCTGAT 393 AARLPGFHNTOCVYSG&SGGERLTLT®P .1}
EW Y5 EKGIELTILSTETLYKADLD 100 GAATGGTATTCCGAGAAAGGTAT CGAGCT GATC CTGAGCAC CGAMATTGTCAAGGCT GAT 445
CTTGCCT CCAAGACTTT GACTAGTGCAGT TGGAGCAACCTTTACATATGAGATTTTGATC 453 E WY S E€KGIELTILSTETLVYEKATLD 100
LASKTLTSAY GATFTYETLTLTI 120 CTTGCCTCCAAGACATT GACCAGTT CAGCTGAT GCAACCTTTACCTATGACACTITGCTC 505
ATT GCAACT GGCT CCTCAGTCAT CAAGCTAT CAGATTTTGGTACT CAAGGAGCTGATTCC 513 LASKTLTSSADATETY DT L L 120
I ATGSSYIKLSOFGT G ADS 140 ATTGCCACT GGCTTCTCGGTCATAMAGCT CACT GACTTT GGTGTT CAAGGAGCAGAGGCE 565
AACAACATTTTATAT CTAAGGGAAGTAGATGAT GCTGACAAGCTGGTTGCAGCTATCCAS 573 I AT GFSVYIKLTDFGVYQGATEA A 140
NN ILYLRETVYDODOADEKTLYAATLRQ 160 AACGACATATT GTACCT GAGGGATATT GAGGACGC GGACAAGTTGGT CGCGGLTATGCAA 625
GCAAL GAAGGGTGGAAA GGCAGT TATT GTAG GA GGAGGT TACATT GG T ACTTA €33 NDILYLRDTILIETD DA ATD KLY A AAMGQ 160
A K KGG[K AV IV 666 YTIG6 L ELS 180 GCCAAGAAGGATG €8S
GCTGCATTGAAGATCAATGAT TTTGAT GT CACGATGGTGTTTCCTGAACCTTGGTGCATG 693 A K KD G[K AV [V 6 G 6 Y [ 6 | E L 5] 18

A LJK I NDFODVT PR CN 200 A AAGA CCAACAATTT TGAT GT CACTA ACCCTGAACCTTGGTGCATG 745
CCTCGTCTCTTCACT GCTGATATCGCGGCTTTCTATGAGAGTTACTACACTAACAMGGA 753 KTNNEODYT Y Y P P W CN 200
PRLFTADTIAAFYESYYTNEKSGEG 220 CCCCRTCTCTTCACTTCTGGCCTTGCT GCTTTCTACGAGGGATACTACGCTAGCAMGEA  BOS
GTTAAGATCGT GAAGGGTACAGTAGCT GTTGGTTTTGAT GCTGATGCTAATGGTGATGTC B3 PRLFTSGLAAFYEGYTYANKTESG 220
YK IV KGTVY AV GFDADANGEDYVY 240 ATCCATATCATAAAGGGAA CCGT GG CTGTTGGT TTTGAT GCTGAT GCCAATGGAGATGTT 865
ACAGCAGTTAACCTGAA GAAT GGCAGT GT GCTT GAAGCT GATATTGTTGGTGTTGGTGTT 873 I K ITIXKGTV AV GFDADANTESGTD DYV 248
TAVNLEKNGSY LEADTIVGGY GV 260 ACT GCGETGAAGCTAAL GAAT GGAAAC GT GCTGGAAGCT GACATT GTTATTGTCGGTGCTC 925
GGGGGCAGACCGCTGACTACT CTCTTTAAAGGT CAAGTT GCTGAGGAGAMGETGGAATT 933 TA VY KLKXNGNY LEADTIY IV GV 260
6 GRPLTTLFKGQVAEEKE GG GTI 4. GGT GGCAGGCCACTGACTCATCT CTTCAA GG GT CAAGTT GCAGAGGAGAAGGGTGGAATC 985
AAGACCGAT GCTTTCTTTGAAACAAGT GTTCCT GGAGTCTATGCTGT CGGTGATGTGGCC 993 GG RPLTHLEFKSG GQVYAEETKTE GT® GTI 280
KT DAFFETSY PGV YAV GO VA 300 AAGACTGAT GCATTCTT CGAMAC GAGCGTTCCTGGTGTATACGCCATTGCCGACGTGGLC  1@dS
ACCTTCCCCAT GAAGAT GTACAATGAGTT GA GGAGAGTGGAACAT GTTGACCATGCTAGG 1053 KT DAFFET S Y P GVYYALADVYVA 300
TFPMNKMYNELRRYEHYDHAR 320 GCCTTCCCGAT GAAGCTATACAATGAGAT TAGGAGAGTAGAGCAT GTTGACCATGCTCGC 1105
AAGTCTGCAGAGCAGGCTGTAAAGGCAAT CAAGGGAAAA GAGT CCGGCGAGTCCETTETG 1113 AFPMKLYNETLRRYETHYDHAER 32
K S AE AYKATIKGEKESGES VYV 340 AMTCAGCCGAGCAGGC CGTGAA GG CGAT CAAGGC GAAGGAGGCC GG CGAGTCLETGCCG  L16S
GAGTATGACTATCTGCCATACTT CTACTCCCGETCATTCGACCTGGGATGRCAATTCTAC 1173 K S AEQAVY KATILTKATEKTEAGESVYFP 340
EY DY LPYFYSRSFDODLGWQFY 360 GAGTACGACTACCTGCCCTACTT CTACTCCCGGTCETTCGACCTCTCGTGGCAGTTCTAC 1225
GGCGACAACGTTGGCGACACCATCCTGTT CGGAGACAGT GACCCGACCTCTGCLAAGECC 1233 €Y DY LPYFYSRSFDODLSWQFY 360
GO NVY GDTILFGDSDOD®PTSAKSE? 380 GGCGACAACGT CGGCGAGGAT GT GCTGTT CGGC GA CAACGACCCCACGGCGGCCAAGCCC 1285
AAGTT CGGGTCCTACTGGATCAAGGACGGCAAGGT GTTGGGTGCCTTCCTGRAGGETGGE 1293 G D NVY GEDVYLFGDNDTPTAATKST P 38
KF 6S5SYWTIKDGKYLGAFTLETG GHG® G 400 AAGTTCGGCTCGTACTGGATCAA GGAC GGCAAGGT CGTCGGCGTCTT CCTCGAG 1339
TCACCTGAT GAGAACAA GG CCATTGCCAAGGTC GCGAMACTCAGCCGCCCOTTGCCAAC 1353 X F GSYWTIKTUDGKYVYGVYFLE 398

S P DEMNKAILIAKYAKTQP PV AN 420
ATAGAGGAGCT CAAGAA GGAAGGCCTCCAGTTCGCCAGCAAMATATGAgat tE ttgtagt 1413
I EELKKETG GTLQTFAS K L 435
tttgatgtacotttccacotggtactecccctattggtttt ctgottgtgotgegtctgt 1473
actctgtactcctcttanatatgggtacttgctatagctgctgagat ttgaatoaagaag 1533
ttttctactac 1544

Fig. VI-2. Nucleotide and deduced amino acid sequences of two rice cytosolic MDAR c¢cDNAs, RMDAR-1 (A) and
RMDAR-2 (B). The nucleotide (upper line) and amino acid residues (lower line) are numbered on the right. The
termination codon is indicated as asterisks. The putative polyadenylation signal (-AATAAA-) is double-underlined.
The finger print of binding domain for FAD and NAD(P)H are underlined and boxed, respectively. The nucleotide
sequence data of RMDAR-1 will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases with the
accession number D85764.

ice MDAR.

The primary structures deduced from rice MDAR c¢DNAs were compared with the deduced

imino acid sequences of cytosolic MDAR from cucumber (Sano and Asada, 1994), pea (Murthy
ind Zilinskas, 1994) and tomato (Grantz et al., 1995), and putative chloroplastic MDAR from A.
haliana (accession number D84417) in Figure VI-3. The sequence of rice MDARs was highly
wnserved among those of the known plant cytosolic MDARSs, and the identities compared with
Ytosolic MDARSs from cucumber, pea and tomato were 76.7, 75.5, and 79.0%, respectively. While
lhe identity compared with A. thaliana chloroplastic MDAR was 44.5%. Furthermore, the deduced
imino acid sequences from rice MDARs were not contained any typical targeting signal in amino-
frminal amino acid sequence. Therefore these cDNAs are seemed to encode cytosolic isoforms of
te MDAR similar to other characterized plant MDARs. The deduced amino acid sequence also
‘ntains putative flavin adenine dinucleotide (FAD) and NAD(P)H binding domains (Figure VI-2;
‘nderlined and boxed, respectively), which were conserved in other flavoprotein oxidoreductases

Eggink et al., 1990) and in other plant MDARS. In rice the sequences of these domain were
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Rice-1 (cyt) 1 K YVILGGGVAAGYAARE FRKQGVISPGELATTSKEAVAPYERPAL SKEYL FPRNNARL PGFHYCVGS GGERLLPENYSEKGTELTLSTETV
Rice-2 (eyt) PRl WY - B v L GGovAAGYAARE FlkQGY APGELATTSKEBVAPYERPALSKEYLF ROLLARLPGFHTCVGSGGERLLPEWYSEKGIELTLSTETV]
Cucumber  (cyt) 1: WA-0E FKWILGGGVAAGYAAREFVKQG#PGELAIISKEAVAPYERPALSKI\YLF R PARLPGFHYCVGSGGERLLPEWYREKGTELTLSTE TV
Pea (eyt) 1: HP R ARLPGFHTCVGSGGERLLPEWYSEKGIRLNL STETV
Arabidopsis (pls) 54 JL P @R ARL PGFHTC (<R -levilYEDPVAG
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Arabidopsis (pls) 250:

Rice-1 (cyt) 298: RORSFDLEWQF YGDNVGETHL FGDSDPYSAKPKFGS YWIKDGKV(G)
Rice-2 (cyt)  298: BSRSFDL stFchNVGF’-'VLFcnwovhnkPKFGSVWIKDGKWG
Cucumber (cyt) 297: SRSFDLSWQFYGDNV(}M\ILFGDNEPJSAmKFGSYW[KDGKVVG
Pea (eyt) 297: m

RORSFDL SWQF YGDNVGE TVL FGDNDPEYSSKPKF GIYWI KEGKVVG)
Arabidopsis (pls) 350: R

Rice-1 Ceyt) 298:
Rice-2 Ceyt) 298:
Cucumber (eyt) PATERIAF LESGSPEENKATAKVARMOPY V)
Pea (eyt) 297: I\FLEHGEP!ENKIXTAKVAR- KA
Arabidopsis (pls) 350: VLVISE
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Fig. VI-3. Comparison of the deduced amino acid sequence of rice cytosolic MDAR with those of other MDAR
cDNAs, cytosolic MDARs from cucumber (Sano et al., 1994), pea (Murthy and Zilinskas, 1994) and tomato (Grantz
etal., 1995), and putative chloroplastic MDAR from A. thaliana (accession number D84417). Identical residues
among more than three sequences are enclosed in black boxes.

srongly conserved only in the deduced amino acid sequences from cytosolic GR but not in those

from other rice flavoproteins (data not shown). This results suggested that these domain within

MDAR may be conserved only in cytosolic proteins of flavoprotein oxidoreductases.

Genomic Southern blot analysis of rice cytosolic MDAR genes -
To clarify the copy number of rice cytosolic MDAR gene(s), genomic Southern blot analysis
ias carried out as described with a full-length fragment of RMDAR-1 (Fig. VI-4A). One major

tnd and minor band were detected by the digestion of HindllI, while two major bands and several

(A) 123

(kb)
23.1— - (B)

- =»
38= -‘ RMDAR-1 |

RMDAR-2 |

200 bp

Fig. VI-4. (A) Genomic Southern blot analysis of rice cytosolic MDAR. Total genomic DNA (10 pg) from rice was
digested with HindIII (1), PsfI (2), and Sphl (3), transferred to nylon membrane, and hybridized with a full-length
fragment of RMDAR-1. Size markers (\/HindIIl; New England Biolabs.) are indicated on the left. (B) Restriction
map of rice cytosolic MDAR cDNAs, RMDAR-1 and RMDAR-2. Open reading frame is indicated as shaded box.
RV, EcoRV; P, Pstl; SI, Sacl; SII, Sacll; Sp, Sphl; Xb, Xbal; Xh, Xhol.
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qinor bands were detected with Pszl and Sphl, whose restriction sites were contained in the
ucleotide sequence of both rice cytosolic MDAR ¢DNAs (Fig. VI-4B). This result showed that
fiere is at least one more gene for cytosolic MDAR in rice nuclear genome, excepting the gene for
RMDAR-1. These minor bands in Southern blot analysis were seemed to be corresponded to the
gne for RMDAR-2. Therefore the genes of cytosolic MDAR may be consisted a small gene family

jnrice nuclear genome, containing two genes.

Expression of rice cytosolic MDAR genes in vegetative tissues -

To analyze the gene expression of rice cytosolic MDAR, Northern blot analysis of various
jegetative tissues, such as etiolated seedlings, green leaves, stems, roots and calli, was carried out
Fig. VI-5A). Before this experiment, the author have attempted to detect the gene-specific
ranscripts for RMDAR-1 and RMDAR-2 using 3'- and 5'-UTR of each cDNA, respectively (data
1ot shown). In the case of RMDAR-2, the specific transcript, however, was not able to be judged
tecause 5'-UTR of RMDAR-2 was also hybridized to the non-specific transcripts. Therefore, we
used a full-length rice MDAR ¢cDNA (RMDAR-1) as a hybridization probe in this experiment. The
seady level of about 1.6 kb mRNA, which mostly corresponded to the length of RMDAR-1 (1560
bp), was detected in all tissues examined. The amount of transcript for rice cytosolic MDAR was
rvised with the amount of the loading rRNA as described in Materials and Methods. This gene
lightly strongly expressed in calli (2.4-fold, comparing to amount of mRNA in etiolated seedlings)
nd in green leaves, stem and roots the increase of the transcript was observed (1.4 to 1.7-fold,
womparing to amount of mRNA in etiolated seedlings). Immunoblot analysis in the same samples
Was also done using anti-cucumber cytosolic MDAR antibody (Fig. VI-5B). Two major bands were
letected (48 and 42 kD) in all tissues examined. The band corresponded to the isolated rice
tytosolic MDAR ¢DNA (48 kD) was abundant in root and calli.

(A)
1 2 3 4 5 (B)
MDAR o e (kD)
BT - - o=

y v 40— —
rBNA
m,ﬂ =

Fig. VI-5. Expression of rice cytosolic MDAR in vegetative tissues. (A) Northern blot analysis of rice cytosolic
MDAR. Total RNA (15 mg) was fractionated by an electrophoresis on a 1.2% formamide-containing agarose gel,
transferred to nylon membrane, and hybridized with a full-length fragment of RMDAR-1. Each rRNA band was used
as size marker and to check the loading of equal amounts of total RNA with ethidium bromide. Lane 1, shoots of
etiolated seedlings; lane 2, green leaves; lane 3, stems; lane 4, roots; lane 5, suspension culture of embryogenic-calli.
(B) Immunoblot analysis of rice cytosolic MDAR. Each total protein (20 ug) of the same tissue as used in Northern
blotting was separated by 10% SDS-PAGE, transferred to PVDF membrane and subjected to immunoblotting with
the antibodies against cucumber cytosolic MDAR (Sano and Asada, 1994). An arrow indicates putative
corresponding protein band to the isolated rice cytosolic MDAR cDNAs.
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Discussion

[n this section, two cDNAs for MDAR from rice were isolated, and the gene structure and the
apression were characterized. The deduced amino acid sequences from rice MDAR ¢DNAs (Fig.
yI-3) are highly homology to the amino-terminal amino acid sequence of purified MDAR II from
sybean root nodules (Dalton et al., 1992) and the internal amino acid sequences of purified
MDAR from cucumber fruit (Sano and Asada, 1994). This finding and the absence of any typical
gquence of targeting signal to any organelles indicate that these rice MDAR cDNAs encode
ytosolic isoform of MDAR as other plant MDARs. Moreover the molecular weight (46,630) of the
jeduced amino acid sequence from RMDAR-1 corresponds to those of cucumber MDAR and
wybean root nodules (47 kD) but not to that of cytosolic MDAR from potato tubers (42 kD). Two
distinct size (42 and 48 kD) of MDAR isoforms in rice were detected with anti-cucumber MDAR
mtibody (Ushimaru et al., 1997; Fig. VI-5B). These distinct molecular weight of MDARs are
wrresponded to two purified cytosolic MDARs as described above. The molecular weight of
deduced amino acid from rice cytosolic MDAR cDNAs indicated that MDARs encoded by the
solated cDNAs are corresponded to the 47 kD of MDAR. The molecular weight of spinach
MDAR, which is the purified plasma membrane-associated NFORase, is 45 kD (Berczi and Moller,
1998). The nucleotide or amino acid sequence informations about 45 or 47 kD of cytosolic MDARs
are available, but that of 42 kD MDAR is not. Therefore 42 kD of cytosolic MDARs may be
sructurally similar to 47 kD of MDARs, but have distinct primary structures.

Genomic Southern blot analysis (Fig. VI-4B) and the existence of two cDNAs for rice cytosolic
MDAR suggested that the gene of cytosolic MDAR consists a small gene family in rice nuclear
%nome, containing two genes. Likewise two isoforms, putative cytosolic isoform (Dalton et al.,
1993), of MDAR have been isolated from soybean root nodules (Dalton et al., 1992) and the
mesence of different isoform(s) not corresponding to a cDNA isolated from cucumber seedlings
has reported (Sano and Asada, 1994), while the existence of single copy gene for MDAR in tomato
has reported (Grantz et al., 1995). In plants, the existence of multiple isoforms for MDAR has
ttported, in chloroplast stroma (Hossain et al., 1984), cytosol, mitochondria (Dalton et al., 1993;
Leonardis et al., 1995) and on glyoxysome membranes (Bowditch and Donaldson, 1990). The
lifference between the amino acid sequences of these isoforms is not clear, but in DNA databases
e sequence of putative chloroplastic isoform of MDAR from A. thaliana is observed (accession
lumber D84417). The deduced amino acid sequence from this cDNA shows relatively low
dentities to other cytosolic MDARs (less than 50 %) and has a putative transit peptide sequence.

This result suggested that the sequences of cytosolic MDAR is much difference with that of
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;hloroplastic MDAR. Therefore our analysis by genomic Southern blot suggested to characterize
ply genes for cytosolic isoforms of MDAR, which is presumably 47 kD of rice cytosolic MDAR.
The gene expression of cytosolic MDAR in rice is shown in Fig. VI-5. This gene is seemed to
wexpressed rather consitutively in all tissues, but relatively stronger in non-photosynthetic tissues.
the expression of cytosolic MDAR in pea was detected in all tissues, which they examined, and
jightly high level of the transcript was detected in flower tissues and etiolated seedlings relative to
fe light grown plants (Murthy and Zilinskas, 1994), while comparative high level of the transcript
ptomato was detected in roots relative to other tissues (Grantz et al., 1995). Grantz and his
olleagues illustrated that the abundance of the transcript of cytosolic MDAR has a correlation to
DAR activity and an inverse correlation to ascorbic acid in each tissue. On the other hand, the
itivity of MDAR increased by the treatment of L-galactono-1,4-lactone, which artificially
ncreased the intracellular level of AsA (Hausladen and Kunert, 1990). In rice, the quantification of
scorbic acid in roots and shoots of etiolated seedlings and light grown plants was performed (data
ot shown). This result is mostly same result as in tomato; the amount of ascorbic acid in etiolated
sedlings is slightly abundant relative to that of light grown plants. Our data also indicated an

nverse correlation between the amount of ascorbic acid and transcript of cytosolic MDAR in these

nssues.
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SECTION 3
Gene regulation of rice cytosolic active oxygen scavenging enzymes

under environmental stresses

Materials and Methods

Experimental materials: stress treatments and preparation of gene specific probes to rice
glosolic AOS-scavenging enzymes -

All materials and samples treated with various stresses were same as used in CHAPTER 1-4
(study on the gene regulation and expression of rice SOD isoforms).

To prepare the gene-specific probe to each rice cytosolic AOS-scavenging enzymes, namely
50D, APX, GR, MDAR, and DHAR, 3'-UTR of each gene was used in the case of cytosolic
(u/Zn-SOD, APX and MDAR, and full-length cDNAs used in the case of cytosolic GR and
DHAR. In the case of cytosolic Cu/Zn-SOD genes (sodCcl and sodCc2), cytosolic GR gene
(RGRC2), and one of cytosolic MDAR gene (RMDARI), gene specific probes were prepared as
described in CHAPTER I-3, II-1, and II-2, respectively. The 3'-UTR fragments of cytosolic APX
senes (apxa and apxb)(Morita et al., 1997) were obtained by PCR with the primer as follows; for
pxa: APXA-3'F (5'-GAGGTTTCTAGTCTACTACTGC-3") and APXA-3'R (5'-GGATGCAGCA
TTGCAGTTGAGC-3"), for apxb: APXB-3'F (5-GAAGCCTTTAGAGAGCGGGATA-3") and
APXB-3'R (5'-ATCTTGACAGCAAATAGCTTGG-3"). For the preparation of the gene specific
probes to one of rice cytosolic MDAR gene (RMDAR]), 3'-UTR of RMDAR-1 was amplified by
PCR with following primers; RMD1-3UF (5'-TGAGATTTTTGTAGTTTTGA-3") and RMDI1-3UR
" TTGTAGTAGAAAACTTCTTT-3"). The coding region of rice DHAR ¢cDNA was prepared by
PCR, using rice DHAR c¢DNA as a template, with the pair of primers, EcoF (5'-GGCGTGGAGGT
(TGCGTCAAGG-3") and EcoR (5'-TTACGCATTCACTTTTGGTGC-3") (kindly gift of cDNA
and primers from Dr. Ushimaru, Shizuoka University; sequence data is not published). A partial
tDNA of putative rice cytosolic PHGPX (Fig. VII-1B) was prepared by PCR using rice seedling
double-strand cDNAs as a template with the pair of primers, RGPS1 (5-CCATACACGAATTCA
CCGTCAAGGA-3") and RGPA1 (5-AATGACTTTGCCATTCTTATCAAT-3"). These primers
Were synthesized with the based on the nucleotide sequences of rice EST clones (accession number
022908, D48881, and D49202), which are highly homologous to A. thaliana putative cytosolic
PHGPX ¢DNA (accession number AJ000470) (Fig. VII-1A). All probes were recovered by the
tlectroelution after the agarose electrophoresis. The used probes for the hybridization were

Simmarized in Table VII-1.
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The extraction of total RNA and Northern blot analysis were performed as described in
(HAPTER I-4, with **P-labelled each gene specific probes to rice cytosolic AOS-scavenging

Table VII-1. Gene specific probes to rice cytosolic AOS-scavenging
enzymes used in Northen blot analysis.

Enzyme Gene Gene-specific probe

SOD sodCcl 3'UTR fragment of sodCcl

sodCc2 3'UTR fragment of sodCc2

APX apxa 3'UTR fragment of apxa
apxb 3'UTR fragment of apxb
GR RGRC2 full-length cDNA of RGRC2
MDAR RMDARI 3'UTR fragment of RMDAR-1
DHAR DHAR coding region of rice DHAR cDNA
PHGPX PHGPX partial PCR fragment of rice EST clone

homologous to the known plant PHGPX

Results

Characterization of rice EST clones homologous to cytosolic PHGPX -

In order to detect the specific-transcript to cytosolic PHGPX, a nucleotide sequence of rice EST
lones (accession number D22908, D48881, and D49202) were obtained by searching the DNA
latabases with the nucleotide sequence of putative cytosolic PHGPX cDNA (GPX2, accession
mumber AJO00470) isolated from A. thaliana (Fig. VII-1A). A partial fragment of the concatenate
sequence using these rice EST clones was amplified by PCR as described in Materials and Methods
Fig. VII-1B). Sequencing of this fragment revealed that this fragment included the sequences of
tice EST clones (data not shown). Therefore this PCR-fragment was used as a partial DNA of rice
ytosolic PHGPX cDNA for further analyses.

Preparation of gene-specific probes to cytosolic isoforms of AOS-scavenging enzymes -

Before Northern blot analysis, the gene-specific probes to rice AOS-scavenging enzyme were
prepared as described in Materials and Methods and summarized in Table VII-1. For the detections
f RGRC2 gene, full-length cDNA was used as the hybridization probe because this gene exist as
tie single copy gene in rice genomes (see in the section 1). In the case of two cytosolic Cu/Zn-SOD
enes (sodCcl and sodCc2), two cytosolic APX genes (apxa and apxb), and one of cytosolic
MDAR genes (RMDARI), 3'-UTR prepared by PCR were used because these have been

tharacterized as two copy genes in rice genomes (Sakamoto et al., 1992b; Sakamoto, 1992; Morita
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Fig. VII-1. Preparation of a partial fragment of rice cytosolic PHGPX ¢cDNA. (A) Comparison between the
nucleotide sequences of A. thaliana cytosolic PHGPX ¢cDNA (GPX2, accession number AJ000470) and the
concatenate sequence of rice EST clones (accession number D22908, D48881, and D49202). The positions of PCR
primers, GPS-1 and GPA-1, for amplification of a partial rice cytosolic PHGPX are indicated by arrowheads as
polarity. (B) Electrophoresis analysis stained by ethidium bromide; lane 1: pPGEM marker (Promega Japan), lane 2:
PCR products amplified with a pair of primer, GPS-1 and GPA-1. Arrows indicated the recovered band by
electroelution for using as a hybridization probe.

etal., 1997; see in section 2). In the case of cytosolic DHAR and PHGPX genes, PCR-fragments
were used for the hybridization probes. With these probes, Northern blot analysis was carried out
ising rice seedlings treated with ABA and environmental stresses, such as drought, salinity and

chilling.

Coordinate regulation of the genes for cytosolic AOS-scavenging enzymes under ABA and ABA-
wsociated environmental stresses -

In order to clarify the regulational mechanisms of genes for cytosolic AOS-scavenging enzymes
inder environmental stresses, the transcripts of these genes in rice seedlings treated with ABA and
ABA-related environmental stress treatments, as done in CHAPTER -4, were examined by
Northern blot analysis. In the ABA treatment (Fig. VII-2), the mRNA levels of sodCc2, apxa, and
RGRC2 genes were increased significantly at 12 h after the treatment, and the induction was dose-
lependent on ABA concentration. While the induction of sodCcl, RMDARI, DHAR, and PHGPX
nes by ABA treatment was not dose-dependent. The response of apxb gene to ABA was not
observed. In the drought treatment (Fig. VII-3), sodCc2, apxa, DHAR, RGRC2, and PHGPX genes
Were strongly induced and the high expression level of these genes were kept at 24 h after the

eatment, while those of other genes was dramatically decreased at same time. The salinity stress
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Fig. VII-2. Effect of ABA on the gene expressions of cytosolic
AOS-scavenging enzymes. Total RNA (20 pg) was isolated from
rice seedlings treated with 10°M ABA (0-48 h) or different
concentration of ABA (107, 10*and 10°M) for 16 h, and subjected
to Northern blot as described in Materials and Methods. *P-
labeled gene-specific probes for cytosolic AOS-scavenging
enzymes (Table VII-1) were used for the hybridization.
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Fig.VII-4. Effect of salinity treatment on the gene
expressions of cytosolic AOS-scavenging enzymes. Northern
blot analysis of rice seedlings, treated with 250 mM NaCl
under continuous illumination (170 xmol quanta m*s"), was
performed as described in Fig. VII-2.
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Fig. VII-3. Effect of drought on the gene
expressions of cytosolic AOS-scavenging
enzymes. Northern blot analysis of rice seedlings,
treated by withholding water (0-48 h) under
continuous illumination (170 gmol quanta m*s"),
was performed as described in Fig. VII-2.
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expressions of cytosolic AOS-scavenging enzymes.
Northern blot analysis of rice seedlings, subjected to
chilling condition (10 °C, 0-48 h) under continuous
illumination (170 gmol quanta m*s”), was
performed as described in Fig. VII-2.



nduced the expression of all genes without sodCc/ gene, but there is difference in the induction
patterns (Fig. VII-4). The mRNA level of apxb gene was increased from 3 h after the treatment and
cached the maximum level at 6 h. Whereas the expressions levels of sodCc2, apxa, RMDARI,
DHAR, RGRC2, and PHGPX genes were gradually increased, and the maximum level of mRNAs
gere observed at 48 h after the treatment. In the chilling treatment at 10 °C (Fig. VII-5), mRNA
evels of sodCcl, apxb, RMDARI, GR, and PHGPX genes were gradually increased during 48 h of
reatment, while rapid responses of apxa and DHAR genes was observed at 3 h after the starting of

reatment. The significant change of sodCc2 gene was not observed.

Discussion

In this section, the author reports the gene expression of cytosolic AOS-scavenging enzymes,
iamely SOD, APX, MDAR, DHAR, GR, and PHGPX, under ABA and ABA-associated stress
reatments. Of course, this is first report of such large scale analysis of plant AOS-scavenging
enzymes and carrying out the overall speculation about a part of regulational mechanisms.

Previous reports about response of each cytosolic SOD, MDAR, and GR gene to environmental
sresses are referred to the former sections. Beside these results, several reports have indicated the
responses of another cytosolic AOS-scavenging genes, APX and PHGPX, to various stimul,
including environmental stresses. The many informations about cytosolic APX gene have already
been available, and so examined the responses of cytosolic APX genes to various stress. The
amount of pea cytosolic APX mRNA was increased by the treatments of paraquat, ABA, high
temperature and ethephone but the coordinate elevation of cytosolic APX protein was not observed
Mitller and Zilinskas, 1992). One of A. thaliana cytosolic APX gene (APXI) was induced strongly
by methyl viologen and ethephone (Storozhenko et al., 1998) and slightly by ozone and sulfur
dioxide (Kubo et al., 1995). PHGPX ¢DNA was, at first, isolated from Nicotiana sylvestris by
differential screening, and the mRNA was abundant in germinating seed and increased by HgCl,
teatment (Criqui et al., 1992). Further PHGPX cDNA was isolated using the antibody against one
of salt-stress-associated protein from Citrus sinensis cultured cells (Holland et al., 1993). PHGPX
(DNAs were categorized to two groups as their localized subcellular compartments, presumably
tytosolic and chloroplastic isoforms (Mullineaux et al., 1998). In rice, there are no information
ibout PHGPX. About DHAR in rice, the purified protein from rice brans was characterized (Kato
ttal., 1997) and corresponding cDNA was isolated (unpublished data by Dr. Ushimaru). The
amount of rice DHAR was increased by air-adaptation, together with APX and MDAR (Ushimaru
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stal., 1997).

Like this, because the previous analyses were carried out only by focusing on one or several of
A0S-scavenging enzymes, the overall speculation in the gene regulation of plant AOS-scavenging
enzymes has not been carried out so far.

In this section, similar responses of sodCc2, apxa, RGRC2 genes to ABA and ABA-associated
stress, salinity and drought, were observed (Fig. VII-2,3,4). While such responses of these genes
were not observed to chilling at 10 °C (Fig. VII-5), but these responses were seemed to be not
ssociated with ABA-mediated signal transduction pathway like the case of SOD genes (in
CHAPTER I-4). sodCc2 and RGRC?2 genes were seemed to be regulated by ABA-mediated signal
ransduction pathway because there are several ABREs in the promoter region of each gene and
s0dCc2 gene responded to ABA by promoter analysis in rice protoplasts (Sakamoto et al., 1995b;
in this thesis, CHAPTER II-1). Several results about such coordinate gene regulation of cytosolic
AOS-scavenging enzymes were reported as follows. The parallel induction of pea cytosolic SOD
and APX genes were observed under drought stress and the recovery period (Mitller and Zilinskas,
1994). Similar responses of cytosolic Cu/Zn-SOD and APX genes to ozone were observed in A.
thaliana (Conklin and Last, 1995) and to ozone, sulfur dioxide and UV-B in N. plumbaginifolia
(Willekens et al., 1994). Citrus cytosolic Cu/Zn-SOD, APX was increased by the treatment of
salinity and methyl viologen, while PHGPX was increased only by salinity (Gueta-Dahan et al.,
1997). The high levels of both SOD and GR activities were significant for the tolerance against
drought and herbicide in maize (Malan et al., 1990), and against oxidative stress by transgenic
malysis (Aono et al., 1995). All of these results suggested that the coordinate expressions of
0dCc2, apxa, and RGRC2 genes, presumably regulated by ABA-mediated signal transduction
rathway(s), are important when plants are subjected to environmental stresses.

On the other hand, similar expression pattern was observed in DHAR and PHGPX genes. These
gnes were induced by ABA but not dose-dependent (Fig. VII-2), and induced by drought and
slinity treatments (Fig. VII-3,4). Citrus PHGPX protein was induced by ABA and salinity but the
slinity induction was independent to ABA (Gueta-Dahan et al., 1997). The mechanisms of the
regulation for sodCcl, apxb, RMDARI, DHAR, and PHGPX genes could not be clarified. Several
Otosolic SOD and APX genes were regulated by cellular redox state; N. plumbaginifolia and rice
‘Ytosolic Cu/Zn-SOD gene is up-regulated by reduce reagents (Herouart et al., 1993; Sakamoto et
il, 1995a), and mRNA levels only of A. thaliana APXI and APX2, which are cytosolic APX genes,
%ere rapidly (within 15 min) increased by excess light treatment and the regulation was associated
With the redox states of plastquinone (Karpinski et al., 1997). Therefore a part of cytosolic AOS-

avenging enzyme genes might be regulated by the cellular redox states under stress conditions.
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one of rice cytosolic Cu/Zn-SOD gene, sodCcl, has 77 bp of homologous sequence with rice
nhioredoxin h (Rtrxh) gene (Ishiwatari et al., 1995; Sakamoto et al., 1995b). 28 bp core sequence in
e homologous sequence is highly conserved in the promoter region of these genes and rice
glutaredoxin gene (accession number D86744). Currently in the author's laboratory, this sequence

nas been identified as a cis-element for gene regulation by cellular redox state.
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