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Abstract 

A genomic clone of the gene encoding a nitrate-inducible ferredoxin-NADP + oxidoreductase (FNR) from rice (Oryza sativa L.) roots 
has been isolated and its nucleotide sequence determined. The clone contains 3897 nucleotides of the gene which consists of six exons 
interrupted by five introns. The transcription start site was determined by primer extension analysis which locates 64 bp upstream of the 
ATG translation initiation codon. The 5'-flanking region contains canonical TATA- and CAAT-boxes, and a potential Spl-binding site. 
Four A T C A A ( A / C )  and two inverted T I T G A T  sequences are localized in the promoter region and a TGTAA motif occurs three times in 
the 3'-untranslated region. No significant similarity was found when the 5' flanking region was compared with that of the photosynthetic 
FNR gene. 
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Ferredoxin-NADP + oxidoreductase (FNR, EC 1.18.1.2) 
provides NADPH from reduced ferredoxin (Fd) in the 
oxygenic photosynthetic electron transport, whereas the 
enzyme has been postulated to catalyze the reverse reac- 
tion to generate the reductant from NADPH for nitrite 
reduction and glutamate synthesis in the plastids of non- 
photosynthetic tissues [1,2]. Recently we reported two 
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Fig. 1. Restriction map of the root ferredoxin-NADP + oxidoreductase gene of rice. The wide bar represents the protein coding regions, the open bar 
introns, the medium bar transcribed regions and the narrow bar untranscribed regions. The transcription start site (TS) is marked with a vertical arrow. B, 
BamHI; Bg, BgllI; E, EcoRI; H, HindlII; K, KpnI; P, PstI; S, SalI; Sc I, SacI and Sc II, SaclI. 
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structurally distinct FNR cDNAs in rice, one of which 
corresponds to the photosynthetic FNR [3] and the other 
occurring in the roots [4]. The expression of the former 
gene has been shown to be under phytochrome control in 
the photosynthetic tissues [5-7]. In contrast to the leaf 
gene, root FNR gene is nitrate-inducible [4,8] along with 
the genes involved in the nitrate assimilation pathway in 
the root tissue of higher plants [9-11]. A genomic clone 
encoding spinach leaf FNR gene has been described which 
comprises the promoter and partial coding regions [5]. We 
report here the genomic structure of the gene correspond- 
ing to an FNR cDNA from rice roots [4]. 

Five genomic clones were isolated from 4 .105 phage 
of an EMBL3 genomic library of rice (Oryza sativa L. cv. 
Nihonbare) using the rice root FNR cDNA as a probe. 
Restriction maps showed all the clones to be identical. A 
representative clone was chosen to digest with SalI, which 
gave a 15 kb fragment. Further digestion of the DNA with 
SacI, Eco RI and KpnI yielded two fragments of 1.6 kb 
and 2.3 kb that comprised an entire region of the gene 
(Fig. 1). The resultant DNA was subcloned into pBlue- 
script II SK + (Stratagene) and sequenced for both strands 
from progressive deletion with an Applied Biosystems 
373A DNA sequencer according to the manufacturer's 
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gagctcctcatggaggccttga 
tcacatcatggggatgtgatcatctgaaacgaagctggctgtttgcaactcatcatatgcctgaagtcaggactcaggactagtccatctgtagttagcc 
taccaaaaggattatacttttagttttacctttaaaaagaaatggcgtgtgccattgaaggataagaaatgtgttggttgtagttaaaaggtactgcttg 
ctatcc•gtgatgctgtaaaaatgcaacagaattgcgcagctctctgcacaagtagttctcagcttttggtgaacagtccgaaatggagaaacaaaggta 
aaaacatcagacttacatggttctcttctgtggtgttgcatgacccgattacatttuatgagcatagtaggcccataaaatttgctaccttttggtcctt 
gcctttttttttaattttttttgggtaaatttgcaatgtgatcagtcacatgatggctcattggtgcaagggcaaacatctagccctttuatcacaaaut 
tttttttccc•ctctatccttaaaaaaattttttttttcgccaagatttgacacattttggcagtaaaatgtccaacagatacacaccggcttgtgcact 
acatgcacacgctgccaactcatgtactgttccaaaaaactaaaaagctaataatatacaagttgtatgtgcatctggctagctccatgggatacatgca 
tctcttcaggccaaaggtgacccttgatgccaccacaaagccatttttatcagcagccatctggagcactcaagctgcagccaccatttctgctagtcaa 
gcagccaggcaacccaaccctctgctgctacctccacctaacccaaaccccctaatctaatcaacatcaaaaacgaaaaaaacaaaatctttttttttaa 
attatcaaaccccaaacccaaactctaaaacgaaattactaagcagctaaagcttaaatcaaccccaagag~ttaatcacg~-a-a~taagcagc 
ta•tagcttaagtcgccccttccagcacctcaagagctcacctcactcctcccccttctctgattctgtc•a•aaaccccg•ctcctcccctcccatctc 
atctcaactcatctcatctcccttctccagatcaaaagacccttgctttccctcaggatcggccAT~C~C0TT~GTCcCR~gtacgcgccgtc 

MetAlaThrAlaValAlaSerGln 
ctcgcggttttttggatcccctggttgtctgcgctgcgcgatggtgctgagttcatgggggttcttgtggctgtttctgacacagGTT~TGTCTCT~T 

ValAlaValSerAla 
CCGGCTGGCTCGGATCGCGGCTTGAGGAGTTCTGGGATCCAGgtgcgtggtttggtgcccctgatggtagaacttgcttccttttgggtggaatcctgtg 
ProAlaGlySerAspArgGlyLeuArgSerSerGlyIleGln 
aggattccgcgggcttggattggtcaatgtgtagtaggtggatacaaatctatgggatatatctcagattggttcagtattgagcgctattgagagctag 
gcaacgccagatattgctgctgcttgttaattcgatgtgcagatcaattatcagggttcagggttttggtttagtaggctgtttatcctgaattcacagc 
gttcttgaatggtggtgctaaactatgtgctggatttcattctgtgtgattcctcagGGTAGCARCA•TATTAGCTTTAGCARCAJ&ATc-ATGGGTTGGCA 

GlySerAsnAsnIleSerPheSerAsnLysSerTrpValGlyT 
CCACATTGGCGT~CACGCGACCGAGGCATGCGARCAAGGTGCTCTGCATGTCAGTT~GAGC TGCTGTCAA 
hrThrLeuAlaTrpGluSerLysAlaThrArgPr•ArgHisAlaAsnLysValLeucysMetSerValGlnGlnAlaSerGluSerLysValAlaValLy 
GCCTCTTGATTTGG~GAGTGCTAACGAGCCGCcGcTCARC~CATACAA~&CCARAGGAGCCTTACACCGCCACRA~C~T~C~ 
sPr•LeuAspLeuGluSerAlaA•nGluPr•Pr•LeuAsnThrTyrLysPr•LysGluPr•TyrThrAlaThrIleValSerValGluArgIleValGly 
C~TC~J&G(L1&GAGACATG(~c2&cATTGTTJ~TTGATCATGGTGGCA~TGTGCCTTACTOm4~%G~cA~cT~G~T~&TTATTcCTcCAgtaagta 
Pr•LysAlaPr•GlyGluThrCysHisIleValIleAspHi•GlyGlyAsnValPr•TyrTrpGluGlyGlnSerTyrGlyIleIlePr•Pr• 
attcct•ctttcaatcattttccttgtttaaaatagaacattatgcttatgctttgtcggtttcgttcatagtctatttatctgattggatattgacgat 
tgtctcgttgacactattaattaagaacttacaaagatatagtcggtagtatattaggattatttctgtagacactgtttccaatgttctattcaatggc 
ttaaaattgtaaacctaggtgagaaaacctgctcttgataggagacttgagtatgtgcacacactattaatacagttccagtggtatctccatgggcatc 
accctcttcactgttctctaaaccctgtgcatttttgcttgttagGGGGAGAR~Cc~CTGGTG~A(~ACATAATGTCCGTCTTTATTc-AATT~ 

GlyGluAsnProLysLysProGlyAlaProHisAsnValArgLeuTyrSerIleA 
CATCTR, C R A G G T A T G G A G A T T C A T T C G A T ~ C R C T A G T T T A T G T G T G C G C C G T G C C ~ A T ~ C C ~ T  CCCTC 
•a•erThrArgTyrG•yAsp•erPheAspG•yArgThrThr•erLeucysVa•ArgArgA•aVa•TyrTyrAs•Pr•G•uThrG•yLysG•uAspPr•se 
ARAJ&RATGGTGTCTGCAGTRACTTCCTATGTAATT~ARAGTGACAGgttagttgatttctttcagcttcagatgaatgcaa 
rLysAsnGlyValCysSerAsnPheLeuCysAsnSerLysProGlyAspLysValLysValThrG 
aggctttgtgagtttcctatgaggttgtttaacttctaattccaagcggagcaaaattagttgttttagttgcgtttttcctgaaacccacctttggtag 
acaacctatttctgagttcatacataccaacaacaaataaacggttctctgcaacaaaggttccaatagcctctcctctaatatgattatgccccttcta 
caatatgattatcttatcttgctcttttcctttcttactaaagtttgcaatcgcatcttagtttacccttttctttgttagtcatcatgtcctttgtggc 
acatgatggatgccaagtatctcacagtgatttccttctgaacaccagGTCCGTCAGGCAJ&AR~AR~GCTCCTGCCT~CCARATGCARCTCA 

lyProSerGlyLysIleMetLeuLeuProGluGluAspProAsnAlaThrHi 
CATCATGATAGCTACTGGCACTGGTGTTGCTCCATTCCGTGGCTACCTACGCCGTATGTTCATGO~CC~~T~~C 
sIleMetIleAlaThrGlyThrGlyValAlaPriPheArgGlyTyrLeuArgArgMetPhe~etG~uAspvalPr~LysTyrArgPheGlyGlyLeuAla 
TG0CTcTTCcTTGGTGTG~M~TAAD-J&~GACAGCCTTCTCTATGATGRAGAGTTc-ACA~&GCTACCTTAR~(L1~J~TATCc-AGR~-AATTTCAGgttgctagaca 
TrpLeuPheLe•GlyvalAlaAsnThrAspSerLeuLeuTyrAspG•uGluPheThr•erTyrLeuLysGlnTyrPr•AspA•nPheAr 
tcatctgtcttgactcttcgtattaattattagtactacatgcatacttggctgaaacagcgccacataatgaacatagatgcctctgtcaactgatgcc 
atcatagaattattgagctttgactttgagagtaccacataaatgagctgtttttgttaagtatattcgtgcatattgctataattgaattgtgttgaat 
t t g t agGTATGRCARAGCGCT GCT GGCRAGATGT J&T GT CCAGGACAR~&TCGAGGAGTACAGCG~CGAGItTCT T C 

gTyrAspLysAlaLeuSerArgGluGlnLysAsnLysAsnAlaGlyLysMetTyrValGlnAspLysIleGluGluTyr•erAspGluI•ePhe 
AAGCTCTTGGATGGCGGCGCGCACATCTACTTCTGTGGT TTGARaGGGATGATGCCT GGGATTC~%R~RCACCC~GGC ~J&OCAGAGAGGGG 
LysLe•LeuA•pGlyGlyAlaHi•IleTyrPheCysGlyLeuLysGlyMetMetPr•GlyIleGlnA•pThrLeuLysLysvalAlaGluGlnArgGlyG 
AGAGCZ~TATCCCAGCT~GG~.RCGTTGAGGTCTACTAGgatctaagtgtccaaggattatgattgttgcgcag 
luSerTrpGluGlnLysLeuSerGlnLeuLysLysAsnLysGlnTrpHisValGluValTyr*** 
tgaaaaagagaaaacaaaacgcatgatctgatgattcttgtagggtggtqtaaaatcatcattttttttctgaatatgaatcataaaatcacccatqtaa 
ttcataagcttctgcatcacatgatgaacgaaaggaagcatqtaacttg£-~'c-~tgtcactattgcagctggtacc 

Fig. 2. Nucleotide sequence of the rice root ferredoxin-NADP + oxidoreductase gene. Sequence in bold capital letters indicate the exons and lower-case 
letters represent the 5' and 3' flanking and intron sequences. Numbering of nucleotides begins at the transcription start site (designated + 1). The TATA, 
CAAT, and GC motifs are boxed. The ATCAA(A/C) and AAAG'I'I 'I 'I 'I 'I 'I 'I '  sequences are underlined and the TGTAA is double-underlined. 
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specifications based on the dideoxy chain-termination 
method [12]. Nucleotide and the deduced amino acid se- 
quences of the gene are shown in Fig. 2. The exon/intron 
boundary follows the A G / G T  rule of splice junction [13]. 
The coding region consists of 6 exons interrupted by 5 
introns. The protein coding sequence is completely identi- 
cal with that from the rice root FNR [4]. The first exon 
contains the ATG translation start codon. The binding site 
for Fd is in the 4th exon and NADP-PP i binding region 
stretches over the 4th and 5th exons. The NADP + binding 
site is also located in the 5th exon. The short stretch for the 
active site domain is found in the last coding segment (see 
[4] for an assignment of the functional domains of FNR). 

The transcription start site (TS) was determined by 
primer extension analysis with a synthetic primer comple- 
mentary to the root FNR gene. The reverse transcription 
yielded one major extension product of 66 bases, indicat- 
ing that the TS is the nucleotide A that locates 64 bp 
upstream from the methionine initiation (ATG) codon (Fig. 
3). A TATA box (TATAA) and CAAT box (CAAT) are 
found at - 3 0  and - 1 1 2 ,  respectively, as found in many 
eukaryotic promoters. A S p  1-binding GC box-like se- 
quence (GGCCGG) is also noticed at - 128. Besides those 
core promoter elements, there are four ATCAA(A/C)  
sequences between - 1 3 8  and - 2 4 1 ,  two of which is 
contiguous and its inverted sequence T I T G A T  occurs 
twice at - 609 and - 742. 

It is interesting to find that the TATCAA motif, closely 
related sequence of a core sequence TATCTA (GATA on 
the other strand) of the binding site for the NIT2 of 
Neurospora crassa [15], is the same as located at - 193 to 
- 1 9 8  of the root FNR gene (Fig. 2). The NIT2 is the 
product of nit-2, the major positive-acting regulatory gene, 
turns on the expression of various nitrogen catabolic struc- 
tural genes of N. crassa under n_.2.ogen-limitation condi- 
tions [16]. The existence of a NIT2-1ike protein named 
NTL1 has been reported in Nicotiana plumbiginifolia and 
its full-length cDNA clone was shown to encode a single 
zinc-finger domain [17] as in the case of the NIT2 of N. 
c r a s s a  [16]. A n o t h e r  charac te r i s t ic  sequence ,  
A A A G ' I I I I I ' I " I ' I ' ,  is present at two positions - 5 7 5  and 
- 6 0 4 .  Although the hexameric and T-rich motifs are 
suggestive of a function in the transcriptional control, their 
significance is as yet unknown. In the 3'-untranslated 
region, the TGTAA motif is localized three times as found 
in the maize root FNR cDNA [8]. 

There is no significant sequence homology in the pro- 
moter region between the rice root and spinach leaf FNR 
genes, although the protein sequences are about 50% iden- 
tical as a whole and much higher homologies are con- 
served in the cofactor binding regions. The lack of substan- 
tial similarity in the 5'-flanking regions suggests that the 
transcription regulation might be different between the two 
types of FNR gene. 

This research was supported in part by a Grant-in-Aid 
for General Scientific Research (No. 0560093) from the 
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Fig. 3. Determination of the transcription start site by primer extension 
analysis. Primer extension was carded out according to Triezenberg [14] 
on a total RNA (50 /xg) that was prepared from the rice roots induced 
with nitrate for 1 h as described [4]. The primer used was 5'-biotinylated 
oligomer (5'-ATGGCCGATCCTGAGGGAAA-3') complementary to nu- 
cleotides 47-66 of the gene. The products were analyzed on a 6% 
denaturing (8 M urea) acrylamide sequencing gel and visualized with a 
chemiluminescent detection kit (Toyobo). The size of the nucleotide 
product is shown in the right of the figure. The transcription start site 
(TS) is the nucleotide T which corresponds to an A in the coding strand. 
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