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A b s t r a c t  Nucleotide-sequence analysis showed that the 
gene for cytochrome oxidase subunit I (coxI) from tomato 
mitochondrial DNA has an ACG codon at a conserved po- 
sition corresponding to an ATG initiation codon in other 
higher-plant coxI genes, cDNA-sequence analysis of the 
coxl transcripts showed that 15 positions in the genomic 
DNA were converted from Cto U in the transcripts by RNA 
editing. One of the editing events is observed at the indi- 
cated ACG codon, producing an ATG initiation codon. The 
nucleotide sequences of 37 cDNA clones showed that the 
initiation codon was created in 32 out of the 37 clones, 
while nucleotide positions 254 and 11 were edited in 37 
and 34 of the 37 clones examined, respectively, suggest- 
ing that creation of the initiation codon is a post-transcrip- 
tional event. The BamHI site at nucleotide position 
757-762 within the coxI genomic DNA was altered in all 
97 cDNA clones examined, demonstrating that RNA edit- 
ing at this site in the transcripts is very common. RNA ed- 
iting takes place to a lesser extent at the initiation codon, 
compared with editing at internal position 254. This indi- 
cates that editing is either a random process or that it in- 
volves a mechanism favoring less RNA editing in the in- 
itiation codon than in internal sites. 
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Introduction 

RNA editing in plant mitochondria alters the nucleotide 
sequence of gene transcripts and often causes amino-acid 
substitution to a better conserved polypeptide sequence 
(Covello and Gray 1989; Gualberto et al. 1989; Hiesel 
et al. 1989). RNA editing is a post-transcriptional modifi- 
cation and partially edited, as well as fully edited, mRNA 
molecules have been identified in various gene transcripts 
of different plant species (for a review see Gray et al. 
1992). 

Among several hundred editing sites identified, some 
of the most drastic effects on genetic information caused 
by RNA editing involve the creation of initiation or termi- 
nation codons. Such substitutions have been reported in 
several plant mitochondrial genes. The creation of a ter- 
mination codon was reported for the ATPase subunit-9 
(atp9) gene of wheat (B6gu et al. 1990; Nowak and K/Jck 
1990) and Oenothera (Schuster and Brennicke 1990), and 
for the ATPase subunit-6 gene of sorghum (Kempken et al. 
1991) and Oenothera (Schuster and Brennicke 1991 a). The 
creation of an initiation codon by RNA editing has been 
proposed for the wheat NADH dehydrogenase subunit-I 
gene (Chapdelaine and Bonen 1991), and the same posi- 
tion is edited in Oenothera (Wissinger et al. 1991). 

Temporal relationships of editing sites have been exam- 
ined using spliced and unspliced cDNAs (Gualberto et al. 
1991; Sutton et al. 1991; Yang and Mulligan 1991), sug- 
gesting that RNA editing in plant mitochondria is a post- 
transcriptional event. However, in spite of the importance 
of editing for gene expression, nothing is known about the 
temporal order of RNA editing between the creation of the 
initiation codon and substitutions at other editing sites. In 
the case of the creation of a termination codon, the extent 
of RNA editing has been examined; however, transcripts 
partially edited for the termination codon were not identi- 
fied in the cDNAs from the atp9 of wheat (B6gu et al. 
1990), petunia (Wintz and Hanson 1991), Oenothera 
(Schuster and Brennicke 1990) and rice (Ishikawa and Ka- 
dowaki 1993). All of the analyzed cDNA clones of sor- 
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ghum atp9, except  for one (Salazar  et al. 1991), were ed- 
i ted to generate  a te rminat ion  codon. These  results  suggest  
that t ranscr ipts  are edi ted  with high ef f ic iency at the ter- 
minat ion  codon in the poo l  of  transcripts .  

D N A  sequences of  the cy tochrome c ox idase  subuni t - I  
(coxl)  gene have been repor ted  in maize  (Isaac et al. 1985), 
Oenothera (Hiesel  et al. 1987), pea (Kemmerer  et al. 1989), 
r ice (Kadowak i  et al. 1989), sorghum (Bai ley-Ser res  et al. 
1986), soybean  (Grabau 1986) and whea t  (Bonen et al. 
1987). The nucleot ide  pos i t ion  of  the ini t ia t ion codon is 
conserved  in all these species,  and the N- te rmina l  pept ide  
sequence of  COXI  is also h ighly  conserved.  Examina t ion  
of  R N A  edit ing in coxI  t ranscr ipts  has been  repor ted  in 
three plant  species;  wheat  (Gualber to  et al. 1989), Oenoth- 
era (Schuster  and Brennicke  1991 b) and a conifer  (Glau-  
bitz and Car lson 1992), but  in no case  was the entire c D N A  
sequence included.  Compute r -a ided  pred ic t ion  of  R N A  ed- 
i t ing sites for coxI, using a regis tered  nucleot ide  sequence,  
has also been  t r ied (Covel lo  and Gray  1990). In spite of  
these efforts,  the comple te  coxI  c D N A  sequence is still  un- 
known.  

During the course of  DNA-sequence  analysis ,  the to- 
mato coxI  gene was found to lack  an ini t ia t ion codon at the 
posi t ion conserved  in other  plants.  Here  we present  the nu- 
c leot ide  sequences of  genomic  and the entire c D N A  of  the 
coxI  gene f rom tomato.  The ini t ia t ion codon was created 
by R N A  edit ing but  less f requent ly  than at other internal  
posi t ions.  The role of  R N A  edi t ing in the creat ion of  an in- 
i t iat ion codon is discussed.  

Materials and methods 

Plant material. Tomato (Lycopersicon esculentum Mill. cv Ponde- 
rosa) seeds were obtained from Takii Seed Co., Ltd. (Kyoto, Japan) 
and grown in a greenhouse. Young leaves were used for nucleic-ac- 
id extraction. Mitochondrial DNA was isolated according to the 
method of Umbeck and Gengenback (1983). Mitochondrial RNA 
was isolated as described by Stern and Newton (1986). For prepar- 
ation of cDNA, the isolated mitochondrial RNA was further purified 
by incubation with RNase-free DNase I according to the 
manufacturer's instructions (Takara Shuzo Co., Ltd., Kyoto, Japan). 

Cloning of tomato coxl gene. Tomato mitochondrial DNA was di- 
gested by SacI and the fragmented DNAs were cloned into a plas- 
mid vector pBluescript SKII+ (Stratagene, Calif., USA). Colony hy- 
bridization was performed according to conventional methods (S am- 

. 32  brook et al. 1989) using a P-labeled rice coxIgene (Kadowaki et al. 
1989) as a probe. 

Southern-blot analyses. Electrophoretic conditions and hybridiza- 
tion conditions were as described by Kadowaki et al. (1990). Ap- 
proximately 3 ~tg of mitochondrial DNA was used in each lane for 
electrophoresis. 

Reverse transcription and amplification of resultant cDNAs by the 
polymerase chain reaction. The oligonucleotide primers employed 
were synthesized using a 394 automated DNA synthesizer from Ap- 
plied Biosystems (Calif., USA). The synthesized sequences were as 
follows: P4, 5'-CTCTGATAAGCTTGGAAACG-3'; P5, '5-GGC- 
TAAGCTTAATAGGAGCA-3'; P6, 5'-GTTCTGTAAGCTTCT- 
TAGTA-3'. The primers were designed according to the tomato ge- 
nomic coxl sequence (this study), and modified to contain a HindIII 

recognition site, 5'-AAGCTT-3', for cloning (underlined). The posi- 
tions and orientations of these oligonucleotides are indicated in Fig. 1 
and 2. Approximately 2.5 lag of isolated tomato mitochondrial RNA 
and 58 ng of the primer P5 or P6 were used for cDNA synthesis. Re- 
verse transcription was carried out following the manufacturer's pro- 
cedures (Pharmacia, Wis., USA). Resultant cDNAs were amplified 
at 92 ~ for 1 min, 48 ~ for 2 rain, 72 ~ for 2 min. Twenty-five and 
30 cycles were carried out for the amplification of 1663- and 393- 
nucleotide cDNAs, respectively. Absence of DNA contamination in 
the RNA preparation was confirmed by control experiments in which 
water was used in place of reverse transcriptase. 

DNA sequencing. A nested set of deletions of the coxl gene was con- 
structed by exonuclease III and mung bean nuclease treatment. Sin- 
gle-stranded DNAs from selected deletion clones were purified from 
phage precipitated with polyethylene glycol. Sequencing reactions 
were performed on single-stranded templates using the fluorescent 
T7 primer according to the procedure of Applied Biosystems. Reac- 
tion products were separated by 6% polyacrylamide-gel electropho- 
resis and analyzed by an Applied Biosystems 373A apparatus. The 
computer software program GENETYX (Software Development 
Co., Ltd., Tokyo, Japan) was used for data analysis. 

Results and discussion 

Cloning  and nucleot ide  sequence analysis  
of  the tomato  coxI  gene 

Tomato mi tochondr ia l  D N A  was d iges ted  with SacI and a 
D N A  l ibrary was const ructed using pBluescr ip t  vector. The 

�9 tomato  coxI  gene was ident i f ied  by  colony hybr id iza t ion  
using the r ice coxI  gene as a probe.  The coxI  gene was lo- 
cated on a 2.0-kb SacI f ragment  in the tomato  mi tochon-  
drial  genome  (Fig. 1). 

The D N A  sequence of  the i sola ted  coxI  gene was deter-  
mined  (Fig. 2). The amino-ac id  sequence was der ived  f rom 
the tomato  coxI  gene nucleot ide  sequence and compared  
with the homologous  sequence f rom other  plants.  The de-  
duced  tomato  COXI  sequence appeared  to be 29 amino ac-  
ids shorter  at the N- te rminus  than those of  other plants  be-  
cause the genomic  sequence lacked  an ATG ini t ia t ion co- 
don. An  A C G  codon was observed  at a conserved  pos i t ion  
cor responding  to an ATG ini t ia t ion codon  in other  higher-  
p lant  coxI  genes.  An  in- f rame stop codon,  TAA,  was found 
30 nucleot ides  ups t ream of  the A C G  codon  and no in- f rame 
ATG or G T G  codons  were evident  be tween  the A C G  co-  
don and the T A A  codon.  A poss ib le  ini t ia t ion codon,  ATG 
or GTG,  was observed  at nucleot ide  pos i t ions  88 and 85 

500 bp 

Sacl BamHI Sacl 

I I ' l , I  
P 4  - 

- P 5  

- P 6  

Fig. 1 Organization of the coxI locus in tomato mitochondria. Re- 
striction enzyme sites are indicated in the figure. The regions cloned 
as cDNAs are indicated by two thick lines below the genomic ar- 
rangement. Positions of primers (P4, P5 and P6) are shown by thin 
and short lines 
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GAGC TCAATATGAAATC C TATTTTC TTGCAAGAC C CGTTCGGATAAGGGAAAAC TC CAGA 
GAT TGC TT CGAAATAAGATC C TTGCGTTGAC C C TTTC C TGAAC CAGAAC CGGGGGAGGAT 
GAGAGGAAAAGGGGAT cAAAATGTCC CATCAATAAAGTT CGGGCTTTC CATT C T T C CT CC 

P4 
C CCC C CC TCACTC C C CCTTTTTCAATAAATAAGCCC CGCGGC CCCTCTCTGATAAGGAAG 

10 �9 �9 
GAAACGAAATAATCTCAATTTTAt GACAAATC t GGT t CGATGGC TGTTC TC CACTAAC CA 38 

T<MT N P<LV R W L F S T N H 

CAAGGATATAGGGACTCTTTATTT CAT CTTCGGTGCCATTGCTGGAGTGATGGGCACATG ~8 
K D I G T L Y F I F G A I A G V M G T C 

CTTC TCAGTACTGATTCGTATGGAATTAGCACGACCCGGCGATCAAATTCTTGGTGGGAA I 58 
F S V L I R M E L A R F G D Q I L G G N 

TCATCAACTTTATAATGTTTTAATAACGGC TCACGCTTTTTTAATGATCTTTTTTATGGT 218 
H Q L Y N V L I T A H A F L M I F F M V 

TATGC CGGCGATGATAGGTGGATTTGGTAATTGGT t TGTTCCGATTCTGATAGGTGCGC C 278 
M P A N I G G F G N W S<FV P I L I G A P 

TGACATGGCATT TC CACGATTAAATAATATTTCATTC TGGTTGTTGC C T C CAAGT C TC TT 338 
D }4 A F P R L N N I S F W L L P P S L L 

P5 
GCTC CTATTAAGCTCAGCCTTAGTAGAAGTGGGTAGCGGCACTGGGTGGACGGTC TATC C 398 
L L L S S A L V E V G S G T G W T V Y P 

GC C CTTAAGTGGTATTAC CAGC CATTCTGGAGGAGCAGTTGATTTAGCAATT T t TAGT CT 
P L S G I T S H S G G A V D L A I S<FS L 

TCATCTATCTGGTGTTTCATCCATTTTAGGTTCTATTAATTTTATAACAACTATCTTCAA 
H L S G V S S I L G S I N F I T T I F N 

CATGCGTGGACCTGGAATGACTATGCATAGATt ACCTCTATTTGTGTGGTCCGTTCTAGT 
M R G P G M T M H R S<LP L F V W S V L V 

GACAGCATTCC t AC TTTTATTATCACTTCCGGTACTGGCAGGGGCAATTAC CATGTTATT 
T A F P<LL L L S L P V L A G A I T M L L 

AAC CGATCGAAAC TTTAATACAACCTTTT t TGATC C CGC TGGAGGGOGAGAC C C CATAT T 698 
T D R N F N T T F S<FD P A G G G D P I L 

ATACCAGCATCTCTTTTGGTTCTTCGGT CAT C CAGAGGTGTATATTC t CATTC TGCCTGG 758 
Y Q H L F W F F G H P E V Y I P<LI L P G 

AT t CGGTATCATAAGTCATATCGTTTCTACTTTTTCGGGAAAAC CGGTTTT CGGGTATC T 8 ] 8 
S<--"~G I I S H I V S T F S G K P V F G Y L 

AGGCATGGTTTATGC CATGATCAGTATAGGTGTTC TTGGAT T T C TTGTTTGGGCTCAT CA 878 
G M V Y A M I S I G V L G F L V W A H H 

TATGTTTACTGTGGGCTTAGACGTTGATACCCGTGCCTACTTCACCGCAGC TACCATGAT 938 
M F T V G L D V D T R A Y F T A A T M I 

CATAGCTGTCCCCACTGGAATCAAAATCTTTAGTTGGATCGCTACCATGTGGGGGGGTTC 998 
I A V P T G I K I F S W I A T M W G G S 

GATACAATACAAAACACCCATGTTATTTGCTGTAGGGTTCATC TTTTTATTCAC CATAGG ] 058 
I Q Y K T P M L F A V G F I F L F T I G 

AGGACTCACTGGAATAGTTCTGGCTAATTCTGGGCTAGACATTGCTCTACATGATACTTA 1118 
G L T G I V L A N S G L D I A L H D T Y 

TTATGTGGTTGCACATTTCCATTATGTACTTTCTATGGGAGCCGTTTTTGCTTTATTTGC ] ] 78  
Y V V A H F H Y V L S M G A V F A L F A 

AGGATTT t ACTATTGGGTAGGTAAAATCTT TGGTCGGACATAC C C TGAAACTTTAGGTCA ] 238 
G F H<YY W V G K I F G R T Y P E T L G Q 

AATC CATTTTTGGATCACCTTTTTCGGGGTTAATATGACCTTC TTTC C TATGCATTTC TT ]~98 
I H F W I T F F G V N M T F F P M H F L 

AGGGC TTTCGGGTATGC CACGTCGCATTC CAGATTATC CAGATGC TTACGC TGGATGGAA ] ~58 
G L S G M P R R I P D Y P D A Y A G W N 

TGCCCTTAGCAGTTT TGGCTCT TATATATCCGTAGTTGGGATTTGT t GTTTCTTCGTGGT. 1418 
A L S S F G S Y I S V V G I C R<CF F V V 

TOMATO CGGCCCC TCTC TGATAAGGAAGGAAAC GAA 

SOYBEAN G ............................. 

PEA G ............................. 

OENOTHERA GACGAAG" AAAGCTGTCT. G' �9 ' G" "TT" T 

TOMATO 

SOYBEAN 

PEA 

OENOTHERA 

ATAATCTCAATTTT~CAAATCCGGTC C 

�9 G ...... e ..... ~.T. I �9 ............ 

�9 G ...... C .................. .'T~ I 

T.G ....................... 

TOMATO GATGGCTGTTCTCCACTAACCACAAGGATA 

SOYBEAN .............................. 

PEA .............................. 

OENOTHERA .............................. 

Fig. 3 Alignment of coxI nucleotide sequences from dicotyledon- 
458 ous plants. Published sequences are cited as follows; tomato (this 

study), soybean (Grabau 1986), pea (Kemmerer et al. 1989) and 
518 Oenothera (Hiesel et al. 1987). The positions of the ACG codon of 

tomato and the corresponding ATG initiation codon from other plants 
578 are framed. Only nucleotides deviating from the tomato coxI gene 

are shown 
688  

the DNA sequence. The BamHI site encoded by genomic DNA, 
5'-GGATCC-Y, is underlined. The position and orientation of prim- plants  s h o w e d  h i g h  n u c l e o t i d e - s e q u e n c e  conserva t ion  
ers used for cDNA synthesis (P5 and P6) and DNA amplifications around the in i t ia t ion  c o d o n  and in the f o l l o w i n g  s e q u e n c e  
(P4, P5 and P6) are indicated by arrows. The C-to-U (C genomic (Fig.  3).  T h e  h i g h  s e q u e n c e  h o m o l o g y  ( 4 l  out  o f  44  nuc le -  
DNA to T in cDNA) conversions caused by RNA editing are marked ot ides)  a lso  e x t e n d e d  to the 5' f l a n k i n g  reg ion  o f  the coxI 
by closed circles with the edited nucleotide shown in lower case. The 
resulting amino-acid changes are shown on the right hand side. The g e n e  b e t w e e n  tomato  and s o y b e a n  or pea.  
A of the genomic-encoded ACG that is converted to the initiation Three  p o s s i b l e  exp lana t ions  are p r o p o s e d  to account  for 
codon ATGis numbered as 1. EMBL data accession number: X54 738 this  n u c l e o t i d e - s e q u e n c e  d e v i a t i o n  at the in i t ia t ion  codon .  

Fig. 2 Genomic and cDNA sequences of the coxI gene from toma- 
to mitochondria. The predicted amino-acid sequence is shown using 
the single letter amino-acid abbreviation and indicated underneath 

E Q N P < S T T P < L E W M V Q S P P A F H T F  

TGGAG~CTTCCAGCCATC~GGAGACGAAAAGCTATGTG~GTAAAAG~GAAAAGGTC 
G E L P A I K E T K S Y V K *  

�9 P6 
GCCGATTGCTACT~G~CCT~CAG~CTTTTCCT~TTT~GTTAAAA/kACCACTTGT 
~TAGGTCGGGGTTGAG~TTGG~GCCGCGCCCTACCCCGTCGGCCT~GCCTCGCTATG 
AG~CTGACGCTTTCT~CTCTCTATGAGGAGTGAAAGCCACTTGACTGT~GGAGAGGA 

GCTC 

d o w n s t r e a m  f r o m  the A C G  codon ,  respec t ive ly .  Ini t iat ion 
at p o s i t i o n  85, h o w e v e r ,  pred ic ted  a large d e v i a t i o n  o f  the 
d e d u c e d  pept ide  s e q u e n c e  o f  tomato  C O X I  f r o m  those  o f  
other plants .  A l i g n m e n t  o f  the coxI g e n e s  f r o m  var ious  

restriction enzymes used are indicated above the figure. Lambda 
1598 DNA HindIII digestion was used as the molecular-weight size mark- 

er 

CGTAACAATCACTTtAAGCAGTGGAAAGAACAAAAGATGTGCTCCAAGTCCTTGGGCTGT 1478 Fig.  4 Agarose-gel electrophoretic patterns of restricted mitochon- 
v T I �9 s<Ls s G x N K ~ c A P s P • A v drial DNA from tomato. Ethidiumbromide-stained gel ( left)and 

32 r162 1 S38 Southern-blot analysis with a P-labeled rice coxl gene (right). The 
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Fig. 5 Creation of the initia- 
tion codon in the tomato coxI 
transcript by RNA editing. 
Nucleotide sequences of the 
tomato coxI gene from genomic 
DNA (top) and cDNA (bottom) 
are compared. Arrows show 
nucleotide alterations 

First, the cloned coxI gene may be a pseudogene and there 
is a functional coxI gene located elsewhere in the tomato 
mitochondrial genome. Secondly, RNA editing or intron 
splicing occurs at the ACG codon and results in the pro- 
duction of an ATG initiation codon. Thirdly, a functional 
coxI gene could be encoded by the nuclear genome with 
the protein product transported into the mitochondria. In 
order to examine the first possibility, we determined the 
coxI gene copy number in the tomato mitochondrial ge- 
home. 

Determination of coxI gene copy number in the tomato 
mitochondrial genome 

The coxI gene copy number in the tomato mitochondrial 
genome was determined using Southern hybridization and 
a rice coxI gene as a probe. A single hybridization signal 
was observed when the DNA was digested with EcoRI, 
PstI and HindIII, suggesting a single-copy tomato coxI 
gene (Fig. 4). Two hybridization signals were observed in 
BamHI-digested DNA. The genomic DNA sequence shows 
the presence of a BamHI site in the tomato coxI gene at nu- 
cleotide position 757-762 (Fig. 2). This result indicates 
that BamHI splits the coxI gene and results in two BamHI 
fragments containing parts of the same coxI gene. There- 
fore, the coxI gene is a single-copy gene in the tomato mit- 
ochondrial genome. 

Determination of cDNA sequence of tomato coxI 
transcripts 

RNA editing in tomato coxl transcripts was examined. 
cDNAs containing the entire coxl gene were synthesized 
by reverse transcription with a P6 primer, and were ampli- 

fled by the polymerase chain reaction using primers P4 and 
P6. Amplified products had the expected size of 1663 bp 
and they were subsequently cloned into the plasmid vec- 
tor. The cDNA sequences were determined and compared 
with the genomic sequence. Fifteen sites deviated from the 
corresponding genomic sequence by C-to-U transitions 
and hence were concluded to be editing sites (Fig. 2). This 
result also confirmed that the tomato coxI gene was tran- 
scribed. No U-to-C change was found in the cDNAs ex- 
amined. Deduction of the amino-acid sequence showed 
that one of these substitutions was silent whereas the other 
14 positions led to changes in the amino-acid sequence 
(Fig. 2). 

RNA editing at nucleotide position 2 converted the 
ACG codon to an AUG codon in the tomato coxl mRNA 
(Fig. 5), creating an initiation codon at the position that is 
conserved in other coxI genes. This also suggests that in- 
tron splicing is unlikely to be a mechanism for initiation 
codon production. A nucleotide-sequence comparison 
shows that positions 11,254, 452, 551,590, 668, 761 and 
1186 are occupied by C in dicotyledonous plants, tomato, 
soybean, pea and Oenothera. These nucleotides are edited 
to U in tomato transcripts. On the other hand, these posi- 
tions are already occupied by T in monocotyledonous 
plants, rice, wheat, maize, and sorghum. Although many 
nucleotides edited to U in dicotyledonous plants are al- 
ready encoded by T in monocotyledonous plants, the pos- 
sibility of RNA editing still exists at positions 1405, 1433 
and 1489. Sequence analysis of a 712-base portion of coxI 
cDNAs from a conifer (a gymnosperm), showed 26 RNA 
editing events (Glaubitz and Carlson 1992). This number 
is larger than the 15 RNA editing events found in the 1663- 
base region of tomato coxI transcripts and probably also 
exceeds the number of RNA editing events in coxI tran- 
scripts of monocots. The positions of RNA editing sites 
were different between conifer and tomato but the deduced 
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Tomato cDNA 

Tomato 
Human 
Xenopus 
Neurospora 
Yeast 
Trypanosoma 

M L 50 F 

TT---N-PVRWL•STNHKDIGT•YFIFGAIAGVMGTCFSVLIRME•ARPGDQILGGNH••YNV•ITAHAF••IFFMVMPAMIGGFGNWSVPILIGA•DMA 96 
MF--_A-D-RWLFSTNH•DIGT•Y•LFGAWAGV•GTALS••IRAE•GQ•GN--•LGNDHIYNVIVTAHAFVMI••MVMPIMIGGFGNWLVPLMIGA•DMA 
MA---I-T-RWLFSTNHKDIGTLYLVFGAWAGLVGTALSLLIRAELSQ•GT--LLGDDQIYNVIVTAHAFIMIFFMVMPIMIGGFGNWLVPLMIGA•DMA 
MSSISIWTERWFLSTNAKDIGVLYLIFALFSGLLGTAFSVLIRMELSGPGVQYI-ADNQLYNAIITAHAILMIFFMVMPALIGGFGNFLL•LLVGGPDMA 
MV---Q---RWLYSTNAKDIAVLYFMLAIFSGMA•TAMSLIIRLELAAPGSQYLHGNSQLFNVLVVGHAVLM••FLVMPALIGGFGNYLL•LMIGATDTA 
MF-_-F-LCLVCLSVSHKMIG•CYLLVAILCGFIGYIYSLFIRLEL•LIGCGVLFGDYQFYNVLITSHGLIMVFAFIMPITMGGFTNYFAPVMVGF•DMV 

100 F L 

FPRLNNISFWLLPPSLLLLLSSALV•VGSGTGWTVYp•L•GITSHSGGAVDLAISSLHLSGVSSILGSINFITTIFNMRG•GMTMHRSPLFVWSVLVTAF 196 
F•RMNNMSFWLL•PSLLLLLASAMVEAGAGTGWTVY•PLAGNYSHPGASVDLT•FSLHLAGVSSILGAINFITTIINMKPPAMTQYQTPLFVWSVLITAV 
FPRMNNMSFWLLPPSFLLLLASSGVEAGAGTGWTVYPPLAGNLAHAGASVDLTIFSLHLAGISSILGAINFITTTINMK•PAMSQYQTPLFVWSVLITAV 
FPRLNNISFWLLPPSLLLLVFSACIEGGAGTGWTIY••LSGVQSHSG•SVDLAIFALHLSGVSSLLGSINFITTIVNMRT•GIRLHKLALFGWAVVITAV 
FPRINNIAFWVLPMGLVCLVTSTLVESGAGT•WTVY•PLSSIQAHSG•SVDLAIFALHLTSZSSLLGAINFIVTTLNMRTNGMTMH•LPLFVWSIF•TAF 
•PRZNNMSFWMFIGGFGCLVSGFLTEEGMGVGWTLY•TLICIDFHSSLACDFIIFSVHFLGISSZLNS•NVVGTIFCCRRKYFSFLIWTLFIWGALLTSI 
L 200 F L F 

PLLLSL•VLAGA•TMLLTDRNFNTTFSDPAGGGDPILYQHLFWFFGHP•VYI•IL•GSGIISHIVSTFSG-KPVFGYLGMVYAM•SIGVLGFLVWAHHMF 295 
LLLLSLPVLAAGITMLLTDRNLNTTFFD•AGGGDPILYQHLFWFFGHPEVYILILPGFGMISHIVTYYSGKKEPFGYMGMVWAMMSIGFLGFIVWAHHMF 
LLLLSL•VLAAGITMLLTDRNLNTTFFD•AGGGDPVLYQHLFWFFGHPEVYILILPGFGMISHIVTYYSGKKE•FG•MGMVWAMMSIGLLGFIVWAHHMF 
LLLLSL•VLAGAITMLLTDRN•NT•FFETAGGGD•ILFQHLFWFFGH•EVYILII•GFGIISTTISAYSN-KSVFGYIGMVYAMMSIGILGF•VWSHHMY 
LLLLSL•VLSAGITMLLLDRNFNTSFFEVAGGGDPILYEHLFWFFGHPEVYIL•IPGFGIISHwSTYSK-KPVFGEISMVYAMASIGLLGFLVWSHHMY 
LLIITLPVLAGGVTLLLCDRNFNTSFYDwGGGDLVLFQHLFWFFGHPEVYIIILPVFGLVSTIIEVTSF-RCVFSSVAMIYSMLLISVLGMFVWAHHMF 

300 350 

TVGLDVDTRAYFTAATMIIAVPTGI•IFSWIATMWGGSIQYKTPMLFAVGFIFLFTIGGLTGIVLANSGLDIALHDTYYVVAHFHYVLSMGAVFALFAGF 395 
TVGMDVDTRAYFTSATMIIAIPTGVKVFSWLATLHGSNMKWSAAVLWALGF•FLFTVGGLTGIVLANSSLDIVLHDTYYVVAHFHYVLSMGAVFAIMGGF 
TVDLNVDTRAYFTSATMIIAIPTGVKVFSWLATMHGGTIKWDAPMLWALGFIFLFTVGGLTGIVLANSSLDIMLHDTYYVVAHFHYVLSMGAVFAIMGGF 
TVGLDVDTRAYFTAATLIIAVPTGIK•FSWLATCYGGSIRLTPSMLFALGFVFMF.TIGGLSGwLANASLDIAFHDTYYVVAHFHYVLSMGAVFAMFSGW 
•VGLDADTRAYFTSATMIIAIPTGIKIFSWLATIYGGSIRLATPMLYAIAFLFLFTMGGLTGVALANASLDVAFHDTYYVVGHFHYVLSMGAIFSLFAGY 
VVGMDVDSRAYFGSITVLIGLPTCIKLFNWIYSFLFTDMCICFE•YFIYMFILMFLAGGLT•LFLSNVGIDILMHDTYFwAHFHYVLSLGAVVG•FGGF 
Y 400 450 C L 

HYWVGKIFGRTY•ETLGQIHFWITFFGVNMTFFPMHFLGLSGMPRRIPDYPDAYAGWNALSSFGSYISwG•CRFFVVVTITSSSGKNKRC•PSPWAVEQ 495 
IHWFPLFSGYTLDQTYAKIHFT•MFIGVNLTFFPQHFLGLSGMPRRYSDY•DAYTTWNILSSVGSF•SLTAV---MLM•FMIWEAFASKR---KVLMVEE 
IHWF~LFTGYTLHETWAKIHFGVMFAGVNLTFFPQHFLGLSAMPRRYSDYPDAYTLWNTVSSIGSLISLVAV---IMMMFIIWEAFAAKR---EVTTYEL 
YHWV•KILGLNYNMVLSKAQFWLLFIGVNLTFF•QHFLGLQGMPRRISDY•DAFSGWNLISSFGS•VSVVASWLFLYIVYIQLVQG•YAGRYPWSIPQF 
YYWSPQIL•LNYNEKLAQ•QFWLIFIGANV•FFPMHFLGINGMPRRIPDYPDAFAGWNYVAS•GSFIATLSLFLFIYILYDQLVNNKSVIYAKA 
FHFLMKW•PIELHTFWLFFFISTLWFGSNMVFF•LHSLGMFAFPRRISDYPISFLFWSAFTLYGMLLLTFLVIFCCCLFNVILFWDYCLFFINL 
SL 
V V  
NPTTPEWMVQSPPAFHTFGELPAIKETKSYVK 527 
PSMNLEWLYGCPPPYHTFEEPVYMKS 
TSTMLEWLQGCPTPYHTLKTSLVQINHQMIKS 
YTDSLRALLNRSYPSLEWSISSPPKPHSFASLPLQSSSFFLSFFRLSSYGEQKEISGRQN 
PSSSIEFLLTSPPAVHSFNTPAVQS 
FTYSLSIFFYFYTWVPVCMAIYLLVIDFAHIILDYLLIILCFCFVFYIFFWQAFLLFFYI 

Fig. 6 Alignments of the amino-acid sequences deduced from the 
genomic and cDNA sequences. Amino acids that could be altered by 
RNA editing are shown in the top row above open and closed arrow- 
heads. The open arrowheads show 100% conservation for amino- 
acid residues among six species. The sequences are cited as follows: 
tomato (this study), human (Anderson et al. 1981), Xenopus (Roe 
et al. 1985), Neurospora (Burger et al. 1982), yeast (Bonitz et al. 
1980) and Trypanosoma (Hensgens et al. 1984) 

amino-acid sequences of coxI were similar. A compara- 
tively higher degree of RNA editing is also observed for 
cytochrome oxidase subunit-III transcripts of Ginkgo bi- 
loba, Cycas revoluta and Picea abies than for cox3 tran- 
scripts of other plant species, indicating that RNA editing 
is more frequent in gymnosperms than in angiosperms 
(Hiesel et al. 1994). The above results imply that there is 
a general tendency to lose RNA editing during the evolu- 
tion of higher plants. Covello and Gray (1990) have pre- 
dicted possible sites of RNA editing in plant coxI genes by 
comparing the registered amino-acid sequences between 
plants and non-plants. They predicted 11 positions of 
amino-acid alteration in dicotyledons and eight of these 
can be explained by C-to-U conversion. Our results directly 
demonstrate the occurrence of RNA editing at 15 positions 
in tomato coxI transcripts and show that the prediction of 
RNA editing sites by comparing amino-acid sequences 
between plants and non-plants (Covello and Gray 1990) is 
effective in some cases. 

Comparison of the two full-length tomato coxI cDNA 
sequences showed identity except for position 15. Pre-ed- 
ited codon GTC and edited codon GTT at position 15 both 
encode Val and do not affect the polypeptide sequence of 
tomato COXI. Subsequent sequence analysis showed that 
nucleotide position 15 was edited in a total of 10 out of 37 
clones; thus, editing at this position is infrequent and is 
only seen in fully edited transcripts. Strong selection to 
maintain RNA editing at position 15 appears to be unlikely 
because both pre-edited and edited codons result in the 
same amino acid. This may represent a transition state of 
losing or gaining of an RNA editing event at position 15. 

Amino-acid sequences deduced from tomato genomic 
and cDNA sequences were compared with the respective 
proteins of other species (Fig. 6). This alignment shows 
that RNA editing improves the peptide sequence similar- 
ity of tomato COXI with COXI from different species. 

The possibility of an active coxI gene present in the to- 
mato nuclear genome and targeting of the protein product 
to mitochondria has not been examined. However, the crea- 
tion of the initiation codon by RNA editing at the conserved 
position in the coxI transcripts suggests that the coxI gene 
we have cloned is functional in tomato mitochondria. The 
next question is whether or not RNA editing at the initia- 
tion codon site plays a role in translational control. If the 
initiation codon is created by RNA editing prior to editing 
events in the other sites, some regulation is needed to con- 
trol translation of partially edited transcripts, otherwise 
polypeptides with heterologous sequences will be trans- 
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Fig.  7 Overv iew of  R N A  edit ing sites in the t ranscripts  o f  tomato 
mitochondrial coxI gene. The nucleotide sequence of cDNA was de- 
termined and compared with the genomic DNA sequence. The length 
of bars (bold, bold and bJvken, and broken) show the cDNA sequence 
prepared by reverse transcription and subsequent amplification by 
the polymerase chain reaction. Bold lines show the DNA sequences 
analyzed. Broken lines show regions where the DNA sequences have 
not yet been examined. The number of clones analyzed is shown on 
the left. Black circles show changes from C-to-U that cause amino- 
acid alterations. White circles show changes of C-to-U which are si- 
lent with respect to the encoded amino acid. White squares show loss 
of the BamHI site (nucleotide position 757 to 762) analyzed by 
BamHI digestion analysis 

lated. If the initiation codon is edited subsequent to other 
editing sites, it would favor recruiting more completely ed- 
ited transcripts for translation. 

Frequency of RNA editing at the initiation codon 
of tomato coxI transcripts 

In order to examine the frequency of RNA editing at the 
initiation codon and at internal editing sites, two kinds of 
cDNAs were used. One was initiated by the primer P6 and 
subsequently amplified by primers P4 and P6 as described 
previously. The other was initiated by primer P5 and am- 
plified by primers P4 and P5, having an expected size of 
393 bp. The resultant cDNA sequences were cloned into 
plasmid vectors. Nine clones including two full-length 
cDNAs, prepared by P4 and P6, and 28 clones containing 
only the 5' portion of the coxI gene, prepared by P4 and 
P5, were analyzed. Nucleotide-sequence analysis showed 
that the initiation codon was created in 32 out of the 
37 cDNA clones. Three clones retained ACG at the initia- 
tion site, while position 254 was edited in all 37 clones, 
demonstrating partial RNA editing (Fig. 7). Another two 
cDNA clones were shown to be partially edited in a differ- 
ent way, having edited sites at positions 11 and 254 but 
not at position 2. Along with the edited positions, addi- 
tional nucleotide substitutions were found at positions -8 

(T to C), 55 (C to T), 262 (A to G) and 328 (C to T) dur- 
ing analysis of the 37 cDNA sequences. Each substitution 
was a single event in only one cDNA clone, suggesting that 
these substitutions may result from a misincorporation of 
a nucleotide during reverse transcription or the amplifica- 
tion of cDNA by the polymerase chain reaction. The above 
possible misincorporation at position 262 was found in one 
of the three cDNA clones that had been edited only at po- 
sition 254, while the remaining two other partially edited 
cDNA clones had no such substitution at position 262. This 
suggests that the three clones are not likely to be derived 
from the same transcript. The above results suggest that 
RNA editing at position 2 tends to be less frequent than at 
positions 11 and 254. Transcripts unedited at the initiation 
codon could be intermediates on the way to editing and 
translation. Alternatively, the transcripts lacking the func- 
tional initiation codon could remain untranslated and face 
degradation. Different extents of RNA editing have been 
observed in different kinds of gene transcripts, and they 
are thought to be intermediates in RNA maturation. Thus, 
the former interpretation seems to be more likely. 

Vidal et al. (1990) showed that paramyxal viral tran- 
scripts are edited by a co-transcriptional polymerase stut- 
tering. Gualberto et al. (1991), Sutton et al. (1991), and 
Yang and Mulligan (1991), have shown that spliced tran- 
scripts are more frequently edited than unspliced tran- 
scripts, and they suggested that RNA editing in plant mit- 
ochondrial transcripts is a post-transcriptional event. If 
plant mitochondria employ the same RNA editing mecha- 
nism for all types of transcripts, it is likely that the crea- 
tion of an initiation codon by RNA editing in tomato cox! 
is a post-transcriptional event. However, we can not rule 
out the possibility that RNA editing takes place in a co- 
transcriptional manner in the tomato coxI case because we 
lack direct evidence. 

The RNA editing event at position 761 changed the se- 
quence of a BamHI site 5'-GGATCC-3' in the genomic 
DNA to 5'-GGATTC-3' in the cDNA, resulting in the loss 
of the BamHI site in the cDNA coxI sequence. This nucle- 
otide alteration at the BamHI site was used to measure the 
occurrence of RNA editing at position 761. Ninety-seven 
cDNA clones were tested for presence/absence of the 
BamHI site by BamHI digestion analysis. The cloning vec- 
tor contains a BamHI site in the multicloning site. Hence, 
if the BamHI site of the coxI gene is retained in cDNA, two 
bands of approximately 0.75 and 3.95, or 0.95 and 3.75 kb, 
are expected to be produced. If RNA editing changes the 
DNA sequence at the BamHI site of the cDNA, only one 
band of approximately 4.7 kb will be detected. All of the 
97 clones analyzed by BamHI digestion showed one 4.7 kb 
band, suggesting a lack of the BamHI site in the cDNAs. 
This result, together with nucleotide-sequence analysis of 
the two full-length cDNA clones, suggests that RNA edit- 
ing at the BamHI site occurs with a high frequency. 

These results imply that the creation of the initiation co- 
don by RNA editing takes place with less frequency com- 
pared with the events at positions 11 and 254. The region 
analyzed, where partial editing is found, does not reflect 
the overall maturity of the RNA molecule. The relative 



amount  o f  edi t ing be tween  the ini t ia t ion codon and all of  
the remain ing  pos i t ions  was not  examined ,  l eav ing  open 
the poss ib i l i ty  that edi t ing at the ini t ia t ion codon  may  be 
more  f requent  than at some other  edi t ing sites in the same 
transcript .  Never the less ,  it is ev ident  that a d i f ference  in 
the extent  of  edi t ing occurred  at the ini t ia t ion codon.  One 
in terpre ta t ion for these results  is that the presence  o f  par-  
t ia l ly ed i ted  t ranscr ipts  at the ini t ia t ion codon in tomato  
coxI t ranscr ipts  may  be an ind ica t ion  of  the control  of  trans- 
lat ion by  R N A  edit ing.  R N A  edi t ing at the ini t ia t ion co-  
don is p robab ly  a prerequis i te  for t ransla t ion of  the coxI 
t ranscript .  Less  f requent  R N A  edit ing at the ini t ia t ion co- 
don seems to be helpful  for p rov id ing  enought  t ime for 
comple te  R N A  edi t ing to occur. Ano the r  in terpre ta t ion is 
that this t empora l  order  may  have been  p roduced  at ran-  
dom.  We can not de te rmine  which  explana t ion  is correct  
at this t ime. 

Recent ly ,  the creat ion of  an ini t ia t ion codon  was re- 
por ted  in the ch lorop las t  t ranscr ipt  encoding  N A D H  dehy-  
d rogenase  subunit  4 (ndhD; Necke rmann  et al. 1994). This  
repor t  is in teres t ing because  incomple te  edi t ing of  this site 
was found in the same tobacco  and spinach ch lorop las t  
R N A  samples  for  which  comple te  edi t ing was ident i f ied  
in the ini t ia t ion codon  of  psbL cDNA.  Necke rmann  et al. 
(1994) d i scussed  the poss ib i l i ty  that the incomple te  crea-  
t ion of  the ndhD t rans la t ional  start  site in psaC-ndhD co- 
t ranscr ipts  may  p lay  a role  in the down-regu la t ion  of  the 
synthesis  of  ndhD-encoded polypept ide .  Fur ther  s tudy is 
necessary  to e luc ida te  the reasons why  creat ion of  an in- 
i t ia t ion codon  by  R N A  edi t ing is less f requent  than R N A  
edi t ing in some internal  posi t ions.  
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