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increases its similarity to two overlapping reading frames 
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Abstract. An open reading frame (orfx) in mitochondria 
of the higher plants Oenothera berteriana and Arabidopsis 
thaliana is homologous to orf244 in the mitochondrial 
genome of Marchantia polymorpha. Homologous se- 
quences are also present in carrot, potato and sugar beet. 
Profile analysis revealed similarity to two overlapping 
reading frames in the Escherichia coli genome. Potential 
translation initiation at conserved ATA (isoleucine) and 
TTG (leucine) codons is discussed. Transcripts of the 
open reading frame are altered by RNA editing in Ara- 
bidopsis and Oenothera downstream of these codons, sug- 
gesting this to be the functionally important region. 
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Introduction 

Several factors contribute to the large size of plant 
mitochondrial genomes (200-2000 kb) in comparison 
with those of animals (16 kb) and fungi (18-90 kb). 
Among these are the presence of introns, pseudogenes, 
additional gene copies and genes that are not mitochon- 
drially encoded in other eukaryotes. In other eukaryotes, 
these latter genes have presumably been transferred to 
the nucleus during evolution, with the encoded proteins 
now being posttranslationally imported into mitochon- 
dria. Examples of such genes are those coding for ribo- 
somal proteins or subunit ~ of the ATP synthase (re- 
viewed in Bonen 1991). Alternatively, these additional 
genes in plant mitochondria might encode proteins for 
plant-specific requirements in mitochondrial biogenesis 
and function. 

Analysis of the mitochondrial genes encoding subunit 
5 of the NADH dehydrogenase (had5) in two dicoty- 
ledonous plants has shown that trans-splicing ofindepen- 
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dent precursor mRNAs is necessary for assembly of the 
nad5 reading frame (Knoop et al. 1991). The complex 
arrangement of the five had5 exons is conserved in mono- 
cotyledonous species (Pereira de Souza et al. 1991). 

An important argument for trans-splicing ligation is 
the presence of other genes between the distant exons. An 
open reading frame (orfx) was identified upstream of the 
small central nad5 exon c in Oenothera (Knoop et al. 
1991). A corresponding cDNA clone covering the C-ter- 
minal part of this reading frame showed several RNA 
editing events. Since the initial reports on RNA editing 
in plant mitochondria (Gualberto et al. 1989; Covello 
and Gray 1989; Hiesel et al. 1989), C to U changes at the 
RNA level have been recognized as a general feature of 
plant mitochondrial protein gene expression (reviewed in 
Wissinger et al. 1992). RNA editing events in plant 
mitochondria are concentrated in open reading frames. 
The observation of RNA editing in an otherwise un- 
characterized open reading frame can thus be taken as an 
indication of its functional expression. 

Plant mitochondrial genomes vary considerably in 
size and structure, but functional genes are extremely 
well conserved at the nucleotide sequence level. We 
therefore tried to identify homologous counterparts in 
other species in order to substantiate this assumption. In 
this communication we have analysed the novel open 
reading frame orfx in mitochondria of Arabidopsis and 
Oenothera and report the presence of homologous 
sequences in Marchantia, potato, carrot, sugar beet and 
the bacterium Escherichia coll. 

Materials and methods 

Mitochondrial nucleic acids were extracted from plant 
cell cultures following published procedures (Schuster et 
al. 1988). RNA was extracted from isolated mitochon- 
dria in the presence of guanidinium thiocyanate with 
minor modifications from published procedures (Chom- 
czynski and Sacchi 1987). A cosmid library of Arabidop- 
sis total DNA was kindly provided by U. Halfter and 
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1191 ATG ATC AAG GTG CGG GGA GAC 
1 M I K V R G D 

1272 TTC TGT CCT TTG AAT TAC TCC 
28 F C P L N Y S 

1353 TCC GTT~-~ATA TTG ATC GGT 
55 s v ~ i L I G 

1434 AAA CCC TTT CTT AGC TTG CCT 

82 K P F L S L P 

1515 TCT TCA ATA GCA TGC TCT TAC 
109 S S I A C S Y 

1596 GAA CAA AGG ACG AAA TAC AAT 
136 E Q R T K Y N 

1677 GTA GTT CCC AAT GTT TGG CAC 

163 V V P N V W H 

1758 ATC TAT GAC CAT ATT ATG TTA ACT GTT 
190 I Y D H ~ M L T V 

1839 TTG CCA GAA~-~AGG GGT CTT TCT GTG 
217 L P E ~ R G L S V 

1920 GCT CTT TCC ACA CCT CCG GAT ATC TGG 
244 A L S T P P D I W 

ATT TTA TTG ACC GGT CGC 
I L L T G R 

TAT ATA TCC TCA AAA TTT 

Y I S S K F 

CTT GGT TTG ACA TGG TTT 
L G L T W F 

TTG GAC TCG TAT TTT GTT 
L D S Y F V 

TTC GTC TTC CCT TTT ATA 
F V F P F I 

CGA TTC TTC CAT TTA AGT 
R F F H L S 

TTT CCA TAC TTC GTG GGT 
F P Y F V G 

2001 GTG GCA~ATT GTA CAA GTT CGT GAG GAG GGC TGG 
271 V A ~ I V Q V R E 

Fig. 1A, B. Genomic arragement of orfx in Oenothera. A Orfx is 
encoded on a 2.65 kb HindIII fragment in the Oenothera mitochon- 
drial genome, upstream of the central nad5 exon c. Independent 
eDNA clones (c3, c6 and c9) were isolated from an Oenothera 
mitochondrial cDNA library, with clone c9 representing a trans- 
splicing event between nad5 exons c and d. Vertical lines indicate 
R N A  editing events identified in the independent eDNA clones. 
Polymerase chain reaction (PCR) amplification of Oenothera 
mitochondrial eDNA between specific oligonucleotide primers 
(horizontal arrowheads) yielded the complete cDNA sequence. Two 
editing sites are located between orfx and nad5 exon c. The editing 
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site proximal to nad5 exon c had erroneously been reported as a 
genomically encoded T residue (Knoop et al. 1991). The two boxed 
regions indicate repeated sequences of the Oeno thera mitochondrial 
genome as detailed in the text. Restriction sites are indicated for 
HindIII (H) and EeoRV (RV). B Sequence of the region encoding 
orfx beginning with the first in-frame methionine codon (numbering 
of nucleotides as in GenBank X60046). The reading frame is shown 
in triplets with the encoded amino acids given in the single letter 
code. Edited nucleotides are shown in lower ease letters and are 
underlined with the resulting amino acid exchange indicated 

L. Willmitzer. A set of cosmids with inserts of mitochon- 
drial origin was selected from this library (W. Schuster, 
unpublished). Cloning procedures were performed as 
suggested by enzyme suppliers and by standard protocols 
(Sambrook et al. 1989). For agarose gel (1%) electro- 
phoresis, RNA was denatured in the presence of glyoxal 
(Sambrook et al. 1989). Nucleic acids were transferred 
to Biodyne B membranes (Pall, UK) after agarose gel 
electrophoresis, as recommended by the manufacturer. 
Oligonucleotides were obtained commercially from 
TIB Molbiol, Berlin. Nucleic acids were labelled with 
[ct-32P]dCTP (Amersham, UK) by the multiprime meth- 
od (Hodgson and Fisk 1987). Sequences were determined 

by the chain termination method (Sanger et al. 1977) 
using the T7 polymerase kit supplied by Pharmacia. 
Computer analysis was performed using version 7.1 of 
the UWGCG program package (Devereux et al. 1984) on 
a VAX/VMS system. Oligonucleotides used for PCR 
(polymerase chain reaction) amplification and/or se- 
quencing of cDNAs were 5'-GGGATTACAGGCCGA- 
AGGGGCG-3' (upstream) and 5'-CATCATAACA- 
CAAGCTACCCATTC-3' (downstream) for Oenothera 
and 5'-GCAAAATGGTGATGAATT(C)CGATT- 
GG-3' (P1), 5'-GAAGTTCG(G)ATCCGTTCCG-3' 
(P2), 5'-GCTATTGAAGACGTTGC-3' (P3) and 5'- 
NNNNGAATTCATTGATAGTTACTTTGCC-3'  (P4) 



Results 
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Genomic environment of orfx in Oenothera mitochondria 

During investigation of the nad5 gene arrangement an 
open reading frame was identified upstream of the cen- 
tral nad5 exon c in Oenothera and was tentatively termed 
orfx (Knoop et al. 1991). 

The entire nucleotide sequence of the 2.65 kb HindIII 
fragment encompassing orfx was determined (Fig. 1; 
GenBank X60046). Two regions in the investigated 
HindIII fragment were apparently duplicated by recom- 
bination events since they show high similarity (more 
than 95% identical residues, alignments not shown) to 
other sequences in the Oenothera mitochondrial genome 
(Fig: 1A). A sequence of 80 nucleotides (solid box in 
Fig. 1A) at the carboxy-terminal end of orfx, including 
the six terminal orfx codons, is nearly identical to a 
sequence located 50 nucleotides downstream of the gene 
for tRNA-Ser(UGA) (Binder et al. 1991). Another 
sequence of 260 nucleotides (hatched box in Fig. 1A) 
located 670 nucleotides upstream of orfx has high sim- 
ilarity to a region upstream of the rpsl9 pseudogene 
(Schuster and Brennicke 1991) and is repeated several 
times elsewhere in the Oenothera mitochondrial genome 
(W. Schuster, personal communication). 

Orfx is conserved in higher plant mitochondria 

Since mitochondrial gene sequences are highly conserved 
between different plant species, the presence of orfx in 
plants other than Oenothera would support the assump- 
tion that orfx encodes a protein of functional impor- 
tance. Southern blot analysis with an orfx-specific probe 
indeed detects homologous sequences in HindIII-digest- 
ed mitochondrial DNA from Arabidopsis thaliana and 
carrot (Daueus carota) and total DNA from potato 
(Solanum tuberosum) on species-specific restriction frag- 
ments (Fig. 2A). 

In Oenothera orfx is cotranscribed with the nearby 
exon c of the nad5 gene (Knoop et al. 1991), supporting 
the functional relevance of this reading frame. A con- 
served function implies expression of orfx in other plants 
also. Northern blot hybridization experiments with Ara- 
bidopsis mitochondrial RNA indeed show the Arabidop- 
sis homologue of orfx to be transcribed in this species 
(Fig. 2B). A major mRNA species of 2.4 kb and two 
minor RNAs of 1.4 and 1.1 kb are detected. 

The homologue of orfx was analysed in detail in 
Arabidopsis. Screening of selected eosmids carrying Ara- 
bidopsis mitochondrial DNA with the orfx-specific probe 
from Oenothera identified cosmid clone 11A5. An inter- 
nal 5.4 kb HindIII fragment of 11A5 corresponds in size 
to the signal obtained in the Southern blot analysis 

2 3 4 5 6 7 

B for Arabidopsis as depicted in Figs. 1A and 3A, respec- 
tively. Single nucleotide exchanges (shown in paren- 
theses) were introduced into P1 and P2 to create recog- 
nition sites for EcoRI and BamHI, respectively. 
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Fig. 2A, B. Conservation of orfx in other higher plant species. 
A Mitochondrial DNA from Arabidopsis (lanes 2, 5) and carrot 
(lanes 3, 6) and total DNA from potato (lanes 4, 7) was digested 
with HindIII and separated alongside a size marker (lane l) by 
agarose gel electrophoresis (left panel, lanes 1-4). The EcoRV frag- 
ment derived from the Oenothera orfx clone (Fig. 1A) was used as 
a radiolabeled hybridization probe in a Southern blot (right panel, 
lanes 5-7) of the agarose gel. The different quantities of mitochon- 
drial DNA in the three lanes are most probably responsible for the 
different hybridization signal intensities. B Northern blot with the 
same radiolabelled fragment as in A hybridized to mitochondrial 
RNA from Arabidopsis after electrophoresis and membrane trans- 
fer 

(Fig. 2A) and was subcloned. Upon further restriction 
analysis a 1.3 kb HindIII-EcoRI fragment was selected 
for sequencing (Fig. 3, GenBank X72616). 

The region of similarity, with 94 % nucleotides identi- 
cal, between Arabidopsis and Oenothera (alignment not 
shown) is confined to the region encoding orfx and does 
not include nad5 exon c sequences. The 24 N-terminal 
amino acids of orfx beginning with a possible ATG start 
codon in Oenothera are, however, not conserved in Ara- 
bidopsis. Sequence similarity terminates where, in 
Oenothera, the similarity with the tRNA(Ser)-associated 
sequence begins, which includes the six C-terminal co- 
dons of the reading frame. 

Using the FASTA algorithm (Pearson and Lipman 
1988) an orfx homologous region was identified near the 
sugar beet (Beta vulgaris) atp6 gene, which is published 
with the flanking regions as a database entry only (Gen- 
Bank X55076). The homology of 850 nucleotides is locat- 
ed 400 nucleotides downstream of the atp6 reading frame 
and starts at approximately the position where the Ara- 
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bidopsis and Oenothera homology begins (not shown). 
The orfx reading frame in sugar beet is conserved with 
the exception of a single G insertion. Whether this ho- 
mologous region in the sugar beet mitochondrial genome 
indeed encodes the functional orfx gene remains to be 
investigated. 

An rpl2 9ene is possibly encoded upstream 
of  orfx in Arabidopsis 

Sequences upstream of orfx in Arabidopsis reveal high 
similarity to the gene encoding ribosomal protein L2 
(rpl2) in the Marchantia mitochondrial genome (Fig. 3). 
In Arabidopsis, this region of homology is preceded by 
a nucleotide sequence that can be folded into the highly 
conserved secondary structure of  domains V and VI of 
organellar group II introns (Michel et al. 1989) as shown 
in Fig. 3B. The intron structure conforms to all structural 
elements characteristic of group II introns. The only 
exception is the distal domain V stem, which is 2 bp 
shorter than the typical length. The single group II intron 
in the Marchantia rpl2 gene is located in a different 
position, while the intron structure and position iden- 
tified in Arabidopsis is conserved in Oenothera (W. Schus- 
ter, personal communication). PCR amplification of 
Arabidopsis mitochondrial cDNA using an oligonucleo- 
tide homologous to part of  the 5' exon of Oenothera rpl2 
as upstream and Arabidopsis orfx oligonucleotide P3 as 
downstream primers yielded products spliced at the 
predicted position, supporting the idea that a functional 
rpl2 gene is present at this location. 

The orfx mRNA is edited 

The initially identified cDNA clone c9 from Oenothera 
showed several sites of  RNA editing by C to U exchanges 
in orfx. The Oenothera cDNA library (Wissinger et al. 
1991) was rescreened with an orfx-specific probe and two 
additional cDNA clones (c3, c6) were identified that 

Fig. 3A-C. Genomic arrangement of orfx in Arabidopsis. A In 
Arabidopsis orfx is encoded in a genomic environment different 
from that in Oenothera. For cloning in expression vectors cDNA 
was amplified using primers P2 and P4. For the complete analysis 
of RNA editing additional cDNA derived PCR-clones were se- 
quenced betweed primers P1 and P3. Dots indicate edited sites in 
the individual cDNA clones. Restriction sites are indicated for 
HindIII (H), EcoRV (RV) and EcoRI (RI). B The region with 
similarity to rpl2 is preceded by a nucleotide sequence that can 
assume a secondary structure typical of domains V and VI of group 
II introns. The unpaired A residue for branch site formation is 
encircled, and the 3' splice site and a 2 bp deletion in domain V are 
indicated by arrows. Editing of the C residue marked by an asterisk 
would improve the secondary structure. C Nucleotide sequence of 
the HindIII-EcoRI fragment indicated in A. Sequence features are 
as in Fig. 1B with the sequence shown in B marked with a broken 
line. PCR primer binding sites are marked by lines above (for sense 
primers) and below (for antisense primers) the sequence and nucleo- 
tides altered in the primers for cloning are shown in parentheses 
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cover the N-terminal region of the reading frame and 
show additional RNA editing events (Fig. 1). 

Specific primers were synthesized as indicated in 
Figs. 1 and 3 to amplify Arabidopsis and Oenothera 
mitochondrial cDNA. The cloned and sequenced PCR 
products revealed 20 editing sites in the Oenothera and 
25 in the Arabidopsis orfx coding regions. The two species 
have 10 editing sites in common, while the others are 
either genomically encoded as T or were not found to be 
edited in the other plant species. Two of the silent editing 
sites in third codon positions are identical in the two 
species. Six more editing sites are expected in each species 
in fully edited mRNAs to increase the number of amino 
acid identities to the Marchantia sequence (Fig. 4), but 
were not observed in the cDNA clones analysed. Editing 
of the ACG codon at positon 530 of the Arabidopsis orJSc 
sequence (Fig. 3C) to an otherwise absent ATG star- 
todon was not observed in 10 independent cDNA de- 
rived PCR clones. Five of these PCR clones with almost 
complete editing within orf'¢ were completely sequenced 
(Fig. 3A). No editing events were detected in the part of 
the rpl2 exon investigated nor in the intergenic region 
between rpl2 and orfx. 

Orfx is homologous to orf244 in the Marchantia 
polymorpha mitochondrial genome and to two 
overlappin9 open readin9 frames in E. coli 

Database analysis with the Oenothera and Arabidopsis 
orfx sequences revealed high similarity of orfx to orf244 
in the M. polymorpha mitochondrial genome (Oda et al. 
1992) (Fig. 4). The RNA editing events observed in the 
higher plants generally increase similarity to the March- 
antia amino acid sequence. In Oenothera 15 of 17 and in 
Arabidopsis 16 of the 20 observed non-silent editing 
events establish amino acid identity with the Marchantia 
polypeptide. The investigated cDNA clones suggest that 
RNA editing in the higher plants is confined to the region 
of sequence homology to Marchantia. The homologous 
orf244 in Marchantia is located between a tRNA gene 
and the gene encoding subunit 2 of the cytochrome ox- 
idase (cox2). 

From the four plant polypeptide sequences available at 
this time the profile of the hypothetical protein was 
calculated and used for database searches with the profile 
analysis method (Gribskov et al. 1987) of the U W G C G  
program package (Devereux et al. 1984). This strategy 
revealed homology between orfx and two overlapping 
reading frames (orf154 and orfl31) in the E. coli genome 
(Daniels et al. 1992) with 22% identical and 54% similar 
amino acids (Fig. 5A). In the E. coli genome these read- 
ing frames are located between the genes udp and rfaH. 
Interestingly, translation of the second orf (orf131) was 
suggested to be initiated at a GTG codon, a situation 
frequently found in E. coll. Considering the homology of 
the two reading frames to orfx, cotranslation of orf154 
and orf131 by a ( - 1 )  frameshift may be possible, 
producing a single protein of  homology to orfx over its 
entire length. The homology of orfx to orf154 and orf131 
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Fig. 4. Comparison between the protein sequences deduced from 
orfx from Arabidopsis and Oenothera and the Marchantia orf244 
reading frames. Amino acid changes introduced by RNA editing are 

indicated. White letters on black 9round highlight amino acids 
identical in at least two of the species compared 

A 
S R 

Oenothera orfx MIKVRGDILLTGRYYGGVIELKLSFLTFCPLNYSYISSKFDFALETILEEVRIRSVWILIGLG 63 

E.COIi orf154 MSVEDTQPLITHLIELRKRLLNCIIAVI 2 8  

R FP S S SP H 

LTWFTCYWFSEEFIFLLAKPFLS-LPLDSYFVCTQLTEAFSTYVATSSIACSYF~FPFISYQIWCFLIPSCYGEQRTKYN 142 

vIFLCLVYFANDIYHLVSAPLIKQLPQGSTMIxxDVASPFFTP•KLTFMVSLILSA•V•LYQVWAFIAPALYKHERRLVV 108 

SR P SF P P 

RFFHLSGFCFSLFLFLTLPRWpNVWHFPY-FVGATSTNSLMIKLQPKIYDHIMLTVRILFISSVCSLVPVILICLPELR 221 
.if iiii.i.. .~ .t ii . .. l . .. 
• ,, I II ........ I ,I I .... II I. -.I .... I 
PLLVSS .... SLLFYIGMHS--PTLWSFRW-HLA ..... SLPIP-RRKGCRYPPTSPAI* 154 

P SF P P 

Oenothera orfx LPRVVPNVWHFPY-FVGATSTNSLMIKLQPKIYDHIMLTVRILFISSVCSLVPVILICLPELR 221 

E. coli orfl31 MVFPLAFGFLANTAPEGVQVSTDIASYLSFVMALFMAFGVSFEVPVAIVLLCWMGZ- 56 

I R  S 

GLSVETFTNNRRFLMVFSLLTAALSTPPDIWCQIVACFLISLIIELAIFVALIVQVREEGW---TSGMRESGSTRLI* 295 

-TSPEDLRKKRPYVLVGAFVVGMLLTPPDVFSQTLLAIPMYCLFEIGVFFSRFYVGKGRNREEENDAEAESEKTEE* 131 

B 

1 

oO-0 
t.. 

7. 
I 

-1 

-2 

-2 

. . . .  , , , , , , , , , , . . . . .  i , . . . .  , , , 

/ \ ,tf b fl L, 

, kA,,  A,r 
F V V vLV.   Y i !  

' \, '/ ' vLY iWl t t 
I ~ ' ~ J  I l ,  I {tV t / ,  

l Oenothercl o r f x  i 
i i x, t 
1 E. co[i o f f  1 5 4  .I 

E. co[i o f f  131 . . . . .  = 

0 100 200 300 
Residue posi t ion 

Fig. 5A, B. Orfx has homology to the 
two overlapping reading frames 
orf154 and orf131 in Escherichia coil 
A Vertical lines in the alignment in- 
dicate identical residues, broken lines 
and colons indicate amino acid ex- 
changes with high and low degrees of 
similarity, respectively, as introduced 
by the default settings of the program 
GAP of the UWGCG package. The 
ATG start codon of orf154 is jux- 
taposed to an ATA codon in the 
higher plant species. The amino acid 
sequence derived from the Beta vul- 
garis entry is more similar to the 
E. colt sequence in the carboxy-termi- 
nal region, where a recombination 
event has altered the Oenothera read- 
ing frame (not shown). B The homol- 
ogy of both orf154 and orf131 to orfx 
is identified by comparison of the hy- 
dropathy plots of the three polypep- 
tides. Hydropathy profiles were ob- 
tained using the PEPWINDOWS 
program of the UWGCG package 
with the window size set to 19 



is strongly supported by hydropathy analysis of the poly- 
peptide sequences (Fig. 5B). The hydropathy profiles are 
very similar over the entire length of the polypeptides 
except the amino-terminal extension of the Oenothera 
reading frame. The hydropathy analysis also suggests a 
translational switch between orf154 and orfl31 in their 
overlapping region to produce a protein with colinearity 
to orfx. Alternatively, a functional homologue to orfx 
could be reconstituted as a heterodimer in E. coli. 

Discussion 

Is orfx functionally expressed? 

Several arguments support orfx as a candidate for a 
functionally expressed gene in plant mitochondria. First- 
ly, sequences with homology to orfx are detected in at 
least five higher plant species and a homologue of orfx 
is also present in the Marchantia mitochondrial genome 
indicating a wide taxonomic distribution. Secondly, the 
reading frame is highly conserved between Arabidopsis 
and Oenothera. Thirdly, the more than 34% thymidine 
nucleotides observed for orfx at third codon positions are 
a common feature of functional genes in plant mitochon- 
dria. Fourthly, the RNA editing observed in orfx 
mRNAs is a feature indicative of functionally expressed 
proteins in these organelles. RNA editing in orfx in- 
creases its similarity to the Marchantia homologue 
orf244, while editing in mRNAs of an rpsl9 pseudogene 
has been shown to decrease its similarity to functional 
copies of this gene (Schuster and Brennicke 1991). 

The different genomic environments of orfx in the 
different plant species most likely do not interfere with 
its functional importance, since genes are generally high- 
ly conserved at the sequence level, but located in different 
genomic vicinities in mitochondrial genomes of different 
plant species (Palmer and Herbon 1988). In Oenothera 
orfx can be cotranscribed with the central exon c of the 
nad5 gene and even stay linked to this exon after addition 
of the terminal nad5 exons by trans-splicing (Knoop et 
al. 1991). 

How is orfx translation initiated in higher plants? 

No in-frame ATG start codons for the orfx reading 
frames are present in Arabidopsis and sugar beet. These 
incomplete reading frames could thus be interpreted as 
pseudogenes. This explanation, however, appears unlike- 
ly since all other features of the orfx reading frames, as 
outlined above, are suggestive of functional genes. 

In this context it is intriguing to find an ATA (isoleu- 
cine) codon in all three plant species juxtaposed to the 
ATG start codon of orf154 in E. coli in the alignment 
shown in Fig. 5A. A potential ATG start codon 35 
codons upstream of the conserved ATA codon in the 
Oenothera reading frame is outside of the conserved 
sequence region, which extends only approximately 15 
nucleotides upstream of this ATA codon in all three 
higher plants. The Marchantia reading frame begins four 
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codons downstream of the conserved ATA codon. Could 
this ATA (isoleucine) codon be used for initiation of 
translation? In mitoehondria of animals, ATA codons 
are frequently used for translation initiation instead of 
ATG (methionine) codons, but no evidence for such a 
divergent translation initiation mechanism has as yet 
been found in plant mitochondria. 

The first codon that is conserved in the orfx reading 
frames of all three higher plant species for which 
sequence data are available is a TTG (leucine) codon. 
Evidence for translation initiation at TTG codons has 
been reported for mitochondria in nematodes (Okimoto 
et al. 1990) and appropriate TTG codons might likewise 
be used to initiate translation in plant mitochondria. 

What is the function of the orfx polypeptide ? 

No function can as yet be ascribed to the protein product 
encoded by orfx. Attempts to express this protein in 
E. coli have failed up to now (data not shown). The 
E. coli transformants cease to grow immediately after 
induction of orfx expression constructs and no protein 
product is detected on electrophoresis of protein extracts. 
This phenotype may somehow be related to the observed 
homology between the two reading frames orf154 and 
orfl31 and orfx. Again, no function has as yet been 
ascribed to these bacterial reading frames. 

Complementation experiments with orfl54/orfl31 de- 
letion mutants of E. coli could confirm homologous func- 
tions of these open reading frames in the bacterium and 
orfx in higher plant mitochondria. These experiments 
will also allow investigation of differentially edited orfx 
cDNA constructs. Although RNA editing in plant 
mitochondria has indeed been shown to alter the encoded 
protein (Graves et al. 1990), it is as yet unclear whether 
unedited versions of proteins might fulfil their functions. 
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