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Abstract  The structure and expression of the potato mit- 
ochondrial gene rpslO, encoding ribosomal protein $10, 
has been characterized. The RPS10 polypeptide of 129 
amino acids is encoded by two exons of 307 bp and 80 bp 
respectively, which are separated by a 774-bp class-II in- 
tron. Editing of the complete rpslO coding region was stud- 
ied by sequence analysis of spliced cDNAs. Four C resi- 
dues are edited into U, resulting in the creation of a puta- 
tive translational initiation codon, a new stop codon which 
eliminated ten carboxy-terminal residues, and two addi- 
tional amino-acid alterations. All these changes increase 
the similarity between the potato and liverwort polypep- 
tides. One additional C-to-U RNA editing event, observed 
in the intron sequence of unspliced cDNAs, improves 
the stability of the secondary structure in stem I (i) of do- 
main I and may thus be required for the splicing reaction. 
All spliced cDNAs, and most unspliced cDNAs, were com- 
pletely edited, suggesting that editing is an early step of 
rpslO mRNA processing and precedes splicing. Earlier 
work on potato rpslO (Zanlungo et al. 1994) is now known 
to comprise only a partial analysis of the gene, since the 
short downstream exon was not identified. 
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Introduction 

The mitochondrial DNA (mtDNA) of flowering plants, 
with sizes between 200 and approximately 2500 kb, is 
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much larger and more complex than that of animals and 
fungi (Levings and Brown 1989; Bonen 1991), and can 
thus potentially accomodate many more protein-coding 
genes. Contributing to the extended size of the genome are 
also large spacer sequences, promiscuous DNA of chloro- 
plast and nuclear origin, numerous duplications, and se- 
quences required for expression including introns. In flow- 
ering plants a number of mitochondrial genes are known 
to contain introns, all of  which are group-II introns char- 
acterized by distinctive secondary structural features 
(Michel et al. 1989; Gray et al. 1992). In addition to splic- 
ing, RNA editing is required for maturation of mRNAs in 
plant mitochondria (Gray et al. 1992). In higher-plant mi- 
tochondria this modification occurs almost exclusively by 
C-to-U conversions and has so far been found in mRNAs 
of all conserved coding regions investigated. In most cases, 
editing leads to changes in the amino-acid sequence that 
result in a protein with a sequence better conserved when 
compared to the homologous protein in other organisms. 
Therefore, RNA editing seems to be essential to ensure the 
synthesis of functionally competent proteins. 

Ribosomal protein genes comprise a significant frac- 
tion of the genes identified uniquely in plant mitochondria. 
While in vertebrates and many invertebrates these proteins 
are encoded by the nuclear genome, several ribosomal-pro- 
tein genes have been identified in the mtDNA of higher 
plants, including rps3, rps7, rps12, rps13, rps14, rpsl9, 
rpl5 and rp116 (Grohmann et al. 1993). Sixteen ribosomal- 
protein genes, including all of the above, have been iden- 
tified in the complete sequence of the mitochondrial (rot) 
genome from the liverwort (Oda et al. 1992; Takemura 
et al. 1992). 

Some of the ribosomal-protein genes that have been 
identified in the mtDNA of certain higher plants are in- 
complete in, or else absent from, the mt genome of other 
plants (Grohmann et al. 1993). Evolutionarily recent trans- 
fer events of functional genes to the nucleus, as shown for 
cox2 in legumes and rps12 in Oenothera (Nugent and 
Palmer 1991; Covello and Gray 1992; Grohmann et al. 
1992), can explain these differences in the mt ribosomal- 
protein gene content between different plant lineages. 
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We have recently reported the identification of an open 
reading frame (ORF) in the mitochondrial genome of Sol- 
anum tuberosum with significant similarity to ribosomal 
protein S10 genes (rpslO) (Zanlungo et al. 1994). This 
rpslO ORF is absent from wheat mtDNA. These results 
suggest a novel example of a rather recent gene-transfer 
event from the plant mitochondria to the nucleus. In this 
article we extend the results of our investigations on the 
organization and expression of the potato mitochondrial 
rpslO gene and show that the rpslO ORF is split by a 
group-II intron and undergoes RNA editing in both exons 
and the intron. 

Materials and methods 

Isolation of mitochondrial nucleic acids and cloning of the rpslO 
gene. Mitochondrial DNA and RNA were isolated from potato tu- 
bers (S. tuberosum cv Bintje) as previously described (Dell'Orto 
et al. 1993). A 5.1-kb EcoRI clone containing the potato rpslO gene 
(located downstream from a truncated cob pseudogerle) has been pre- 
viously isolated from a potato mtDNA library (Zasalungo et al. 1994). 

cDNA synthesis, PCR amplification and cDNA cloning. Potato 
mtRNA (50 gg) was treated with 40 units of RNase-free DNase I 
(BRL) in the present of 40 units of RNasin (BRL), extracted with 
phenol, and precipitated with ethanol. First-strand cDNA synthesis 
and PCR amplification of the cDNA were performed as previously 
described (Dell'Orto et al. 1993), using the following primers (lo- 
cated as depicted in Fig. 1 B): 

1: 5"-CAAGGAGGATCCTATCCTAAAG-3" (BamHI site italicized) 
2: 5"-AATTTGGATCCCCCTTTCCTCT-3' (created BamHI site ita- 
licized) 
3: 5'-CCAGTCGGCAAGCTITTTGGC-3" (created ItindIII site ita- 
licized) 

PCR products were analysed by electrophoresis through agarose gels, 
digested with BamHI or BamHI+HindIII, and ligated to Blue- 
scribe TM vectors (Stratagene). 

DNA sequencing. DNA sequencing was performed on single- or dou- 
ble-stranded templates by the dideoxy chain-termination method, us- 
ing a T7 DNA polymerase sequencing kit (Pharmacia LKB). Both 
strands of the genomic DNA were completely sequenced. 

Northern-hybridization analysis. Total mtRNA (5-10 gg) was frac- 
tionated through agarose-formaldehyde gels, transferred to nylon 
membranes and hybridized using standard procedures (Sambrook 
et al. 1989). The oligonucleotide probes used were oligo 4 (exon-1 
probe, 5'-ACTATGCCTATCTTGGTGGTC-3") and oligo 5 (intron 
probe, 5'-TACACTTCTTGAATTCTGTCCCAC-3'), and were la- 
belled using T4 polynucleotide kinase and [7-32p]ATP as described 
by Sambrook et al. (1989). 

Results and discussion 

Identification of two potato rpslO exons 

The potato rpslO gene has been previously identified on a 
5.1-kb EcoRI restriction fragment of potato mtDNA, 
downstream from a truncated cob pseudogene and up- 
stream of cox1 (Fig. 1 A). Sequence analysis identified an 
open reading frame (positions 1-324 in Fig. 1 B) whose 

translation product displays similarity to bacterial, chloro- 
plast, and liverwort mitochondrial RPS 10 sequences (Zan- 
lungo et al. 1994). However, comparison of liverwort 
and potato amino-acid sequences revealed a 18 amino-acid 
C-terminal extension in the liverwort polypeptide. This 
apparent divergence les us to determine additional 
downstream sequences. A stretch of 89 bp (positions 
1088 - 1176 in Fig. 1 B) could be aligned with the sequence 
coding for the 20 C-terminal amino acids of the liverwort 
polypeptide (and the 3' flanking sequence). Analysis of the 
sequence immediately upstream of this 89-bp stretch iden- 
tified conserved group-II-intron domains V and VI (dis- 
cussed below), suggesting that a novel intron interrupts the 
rpslO coding sequence in potato mitochondria, while in 
liverwort this gene has no introns (Oda et al. 1992). Either 
gain of the intron in potato or its loss in Marchantia must 
have occurred after the divergence of mosses and angio- 
sperms. 

The presence of the intron was confirmed by sequence 
analysis of spliced rps10 cDNAs. Mitochondrial RNA was 
reverse transcribed using primer 2, and amplified by PCR 
between primers 2 and 1 (Fig. 1 B). The main PCR product 
of 0.5-0.6 kb leads to an estimation of 0.7-0.8 kb for the 
intron length (data not shown). The position of the rpslO 
5' and 3' splice sites was precisely determined by sequence 
analysis of several cloned PCR-amplified cDNAs (Fig. 2). 
The two exons are separated by an intron of 774 bp and are 
predicted to encode 102 and 27 amino acids respectively 
(Fig. 1 B), taking into account RNA editing events (dis- 
cussed below). 

In our previous work the potato rpslO nucleotide se- 
quence was aligned with a single-copy sequence located 
upstream of the pea cox1 gene (Kemmerer et al. 1989; Zan- 
lungo et al. 1994). The published pea sequence does not 
contain a complete uninterrupted open reading frame, since 
deletions and insertions disturb the coding sequence and 
introduce frameshifts and stop codons. However, in light 
of the fact that the published homologous region in pea mi- 
tochondria contains rpslO exon-1/group-II intron/exon-2 
sequences, these frameshifts might simply reflect sequenc- 
ing errors in the early work by Kemmerer et al. (1989). 
This possibility has been considered by V. Knoop et al. 
(1995) who re-investigated this region in the pea mitochon- 
drial genome and found a functional rpstO gene similar to 
the potato gene. 

Intron structure 

Several features of the intron are clearly indicative of a 
group-II intron (Michel et al. 1989): a conserved block at 
the 5' splice site (GUGCG), the helical domain-V struc- 
ture, and the bulging A located 8 nt upstream of the 3' in- 
tron-exon junction on the 3' side of helix VI (this is the 
nucleotide which participates in "lariat" formation by co- 
valent attachment to the 5' intron end during attack of the 
5' splice site). The rpslO intron can be folded into the con- 
servative group-II structural model consisting of six do- 
mains (I through VI) radiating outward from a central core 



Fig. l A, B Nucleotide se- 
quence of the potato rpslO 
gene. A restriction map of the 
potato mitochondrial pseudo- 
cob-rpslO-coxl locus. Black 
bars represent rpslO exons and 
the cox1 coding region, and the 
hatched box the truncated cob 
coding region. The direction of 
transcription is indicated by ar- 
rows. A, AvaI; B, BamHI; E, 
EcoRI; H, HindIII; S, Sall. 
B nucleotide sequence of rpslO 
(EMBL Accession number 
X74826). The genomic se- 
quence is presented, with the 
derived amino-acid sequence 
given above the triplets in the 
single letter code. Sequence 
numbers are in relation to the 
rpslO genomic ATG codon at 
position 1. C-to-T conversions 
detected in rpslO cDNAs are 
shown below the genomic se- 
quence and the altered codons 
are translated underneath. Se- 
quences identical in the liver- 
wort rrn26 intron are under- 
lined. Arrows show the position 
of oligos (1-5) used in PCR 
amplifications and Northern 
analysis. The coxl initiation co- 
don is created by editing (un- 
published results) and is locat- 
ed 61 nt downstream from the 
sequence shown 
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~l"cob rps 10 -~ coxl  -~ [ ' 
0.5 kb 

B 

-123 TACTACTAGA AAATGGTGAG ACCATTAGTG AAAGAAGGAC CAAGGAGGAT CCTATCCTAA AGGAGAAGGA 
1 

1 
M R Q R R 

- 53 GGAGGAGTAG GAGCTAGCTT TAGGGGCGGA ATCGAATGAT TACGAGATAA ACA AT_GG AGA CAA AGG AGA 

A L R R V S Q K E R P P K V ~ M A T  T K I G 
16 GCA CTT AGA CGA GTC AGC CAA AAA GAA AGA CCA CCA AAA GTA CC ACC AAG ATA GGC 

4 

I V I R S F D H P F L E N H F W G L P P 

76 ATA GTA ATT CGA TCT TTT GAT CAC CCA TTT TTG GAA AAC CAT TTT TGG GGG CTT CCG CCT 

Y T R K I G L P E S R V L Y T V L R S P 

136 TAC ACA CGG AAG ATT GGA TTG CCT GAA TCA CGA GTC TTA TAT ACT GTG TTA CGA TCA CCT 

H I D K K S R E Q F F M K I K K E F L V 

196 CAT ATT GAT AAA AAG TCC AGA GAA CAA TTT TTT ATG AAA ATA AAG AAA GAA TTT CTG GTC 

I K T E R H E L R K K F F ~--~ L K R 
256 ATA AAA ACA GAA AGG CAT GAA TTG CGC AAG AAG TTC TTT ~ TTA AAA CGC C 

/ 3 

308 GTGCGAC~ GAGGACATAA GACTTCTTGG TCAAGCCAAA AAGATTGCCG ACTGGATGCT CCTACCCCAC 

/ 5 
378 CATGCCTGGC CCTTTATCTT ACCTTAAGAA GAAAGAGGA_G GTATGAAGCG TGGGACAGAA TGCAAGAAGT 

448 GTATGATACA ACAGATAACC TTAAGGAGTG GCGGCAACCC TCTTGATTGA TCAACGCGAG TGAACTGTGC 
518 TTAGACGCTT CGTAAAACCG CACCGATCTA CGAGAGGAGC TGATAGATGA GTAGGCTTCC CCTTTCGATT 

588 CACGGAATGT GATCTGGGAC ACGATGGGAG TTTGCGTGTC TCGGTAGGAA AGATATCACC GGAGTATAGC 

658 ACAAGATCGC CTTTTCTTGC TGCCATGGGG TCGACCTGTG AACAAGGTAA ACCCAATGGG AACCAAAAAA 

728 CGGGGGGTAC CGCATTGGGC AGAAGACGAT CCAAAAAGCG _AAG~CTCACC CAGCTGAAGG AAGGGGGTGA 

798 GATAGGCAAG AGGTAGCTTG CTTCCAAGCC GGCCCGGCCG CGAGGAATCA AGAGATCTTT GCCGGTGCTG 

868 ACTTGGATCT CGGGTGACGG AATAAGGCGG CCAGAAGCGA CGAGCAGTCG CGGTCGAAGC TTGGCTCTAG 
938 CCGATAGGCT AGCTGTAAGC TTGGCTACAG CGAACGCTTA CCAAGCGCGA AGGAAAGGGC CTTCGCCACT 

1008 TGAGCCGTAT GCGGGGGAAC TCGCACGTGC GGTTCTTAGG GGGGGAGAGC TAGTAGGAGC CATCCCATCC 

Q a I F G A Q Y E I L F S C K T R ~ g  

1078 C_AAT AG CGT ATA TTT GGA GCT CAA TAT GAA ATC CTA TTT TCT TGC AAG ACC CGT ~ T 

K G K ,. Q R L ~' r-~-7~ K i ~. A ,. T L s sTo~ 

1138 AAG GGA AAA CTC CAG AGA TTG CTT ~ T  AAG ATe CTT GCG TTG Ace CTT Tee TGA 

1195 ACCAGAACCG GGGGAGGATG AGAGGAAAGG GGGATCAAAA TGTCCCATCA ATAAAGTTCG GGCTTTCCAT 
\ 

2 

1265 TCTTCCTCCC CCCCCCTCAC TCCCCCTTTT TC 

(Fig. 3). The main features classifying this intron into sub- 
group I IB  include the posit ion of  the bulging A at -8 ,  a 
4-nt C l ( i ) -C l ( i i )  internal loop with consensus sequence 
AARC,  the intron 3 '  end with the consensus sequence RAY, 
and the conserved nucleotides circled in Fig. 3 (Michel 
et al. 1989). 

Two rather close relatives o f  the potato rpslO intron 
were found by sequence comparisons in the liverwort 
mitochondrial  genome (Oda et al. 1992). One of  them is 
the intron in the rrn26 gene (Fig. 1 B) and the other is in- 
tron 2 in the cox3 gene (data not shown). The fact that these 

introns are so similar in primary sequence implies a com- 
mon evolutionary origin and suggests that they may have 
been mobile f rom gene to gene in a common  ancestor of  
bryophytes  and angiosperms. Horizontal  spreading of  
group-II  introns has been postulated in fungi (Hardy and 
Clark-Walker 1991), Marchantia (Oda et al. 1992; Ohta 
et al. 1993), and Oenothera (Lippok et al. 1994). Most  of  
the other introns of  Marchantia show no homology  in se- 
quence or integration site wih higher-plant mitochondrial  
introns, suggesting different origins for these introns (Oda 
et al. 1992; Ohta et al. 1993). 



568 

Fig. 2A-C Identification of splice sites between rpslO exons. A 
DNA sequence of the 3' end of exon 1 and the 5' end of the rpslO 
intron. B sequence of a spliced cDNA. C DNA sequence of the 3' 
intron end and the 5' end of exon 2. Exon and intron sequences are 
given in uppercase and lowercase letters, respectively. Horizontal 
arrows indicate exon-intron junctions in genomic sequences and the 
exon junction in the spliced cDNA. Vertical arrows indicate exon se- 
quences 

The rpslO stop codon and a putative initiation codon 
are created by editing 

Comparison of cDNA and genomic sequences revealed 
RNA editing events in both exons. Six independently de- 
rived spliced cDNAs were completely sequenced. All had 
in common four C-to-U modifications as compared to the 
genomic sequence (Fig. 1 B), with two editing sites in each 
exon. No partially edited sequences were observed, sug- 
gesting that these editing sites are altered efficiently in the 
mRNA. The first editing event in exon 1 changes a threo- 
nine ACG codon to an AUG methionine codon 20 amino 
acids downstream from a genomic-encoded in-frame AUG 
codon. The amino-acid sequence between the two poten- 
tial initiation codons would extend the N-terminus of po- 
tato polypeptide in comparison to bacterial, chloroplast, 
and liverwort and pea mitochondrial RPS10 sequences, 
while the second AUG codon created by RNA editing co- 
incides wih the liverwort and pea initiation codons (Fig. 4 
and Knoop et al. 1995). These results suggest that transla- 
tion initiates at the AUG codon created by editing in po- 
tato. C-to-U changes have been shown to produce an initi- 
ation codon in chloroplast rpl2 mRNA of maize (Hoch 
et al. 1991) and psbL transcripts of tobacco (Kudla et al. 
1992), as well as in the mitochondrial nadl mRNAs of 
wheat and probably also Oenothera (Chapdelaine and Bo- 
nen 1991; Wissinger et al. 1991). Isolation and direct se- 
quencing of the N-terminus of potato RPS10 will answer 
this question. If the second methionine residue corresponds 

to the first translated codon, this RNA editing event can be  
assumed essential for protein synthesis to proceed. 

mRNA editing in plant mitochondria can also create 
stop codons from arg or gln triplets (Gray et al. 1992). The 
last editing event in exon 2 modifies a CGA arginine tri- 
plet to a UGA termination codon, shortening the deduced 
polypeptide by ten amino acids. After editing the predicted 
C-terminus is more similar to that of the liverwort mt 
RPS10. However, both plant-deduced amino-acid se- 
quences are extended at the carboxy-terminal end in com- 
parison with bacterial and algal chloroplast RPS10 poly- 
peptide sequences (Fig. 4). A potential specific effect of 
these carboxy-terminal extensions in the function of the 
plant RPS 10 remains to be established. The two other ed- 
iting events (amino acids 99 and 120) also improve simi- 
larity to the liverwort polypeptide but not to the bacterial 
and algal chloroplast proteins (editing at position 99 actu- 
ally decreases this similarity). The highest similarity be- 
tween the predicted amino-acid sequences encoded by the 
rpslO genes of potato and other species is found with liv- 
erwort. After editing, potato and liverwort polypeptides 
show 60% identity in a 100 amino-acid overlap. The 
amino-acid sequence deduced for potato RPS10 corre- 
sponds to a basic polypeptide of 129 amino acids, with a 
predicted molecular weight of 15 798 Da. 

Unspliced rpslO transcripts are edited 

The temporal relationship between RNA editing and in- 
tron splicing was examined by sequence analysis of cDNA 
clones of unspliced rpslO transcripts. Unspliced cDNAs 
were obtained by reverse transcription of total mtRNA with 
oligo 3 and PCR-amplification of exon-1 and intron se- 
quences between oligos 1 and 3 (Fig. t B). A RT-PCR 
product size with a length of 0.4-0.5 kb was as expected 
from the genomic sequence. Of the nine clones completely 
sequenced (Fig. 5), seven showed three C-to-U modifica- 
tions with respect to the genomic sequence. These include 



Fig. 3 Secondary structural 
model of the rpslO intron. The 
secondary structure model of 
six domains (I to VI) is charac- 
teristic for group-II introns 
(Michel et al. 1989). The RNA 
editing event in domain I(i) is 
indicated by an arrow (C-to-U). 
The position of the bulging A 
to which the 5' end of the in- 
tron is expected to join during 
splicing is indicated by an aste- 
risk. EBS and IBS are candi- 
dates for exon- and intron-bind- 
ing sites, respectively. The 7 
tertiary interaction in the cen- 
tral hub is indicated. Arrows 
point to exon-intron borders 
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potato 50 ....... IGL PESRVLYTVL RSPHIDKKSR EQFFMIIIKKE FLVIKTERHE 

liverwort ....... ::: :KKQT::::: :::::::::: :::E:R:H:Q L:::E::T:K 

Cryptomonas NSVTAGP:P: :TR:KI:C:: ::::VN:D:. :H:ETR:H:R VID.YEPNST 
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potato 93 LRKKFFWLKR QRIFGAQYEI 
liverwort ::E:LNW::L HDLL:V:VK: 
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Cyanophora TIDTLTR:DL PAGVDVEVKL 

E. coli TVDALMR:DL AAGVDV:ISL 

Mycoplasma TMDVLKRVQL PSGVDIEIKL 

S R 

LFSCKTRLDK GKLQRLL* (ii0 or 129) 
I:!rYQ::L:: VCKS* (102) 

* (102) 

* (105) 

G* (103) 

* (102) 

Fig. 4 Comparison of RPS 10 amino-acid sequences deduced from 
potato cDNA and genomic nucleotide sequences. Amino-acid se- 
quence comparison between RPS 10 polypeptides specified in pota- 
to mitochondria and by genomic sequences from liverwort mitochon- 
dria (Takemura et al. 1992). Cryptomonas phi chloroplast (EMBL 
SWISS-PROT Database Accession P19460), Cyanophora paradoxa 
cyanelle (Accession P17009), Escherichia coli (Accession P02364) 
and Mycoplasma capricolum (Accession P10129). Only amino ac- 

ids altered by RNA editing are given in the top lane for the potato 
genomic-encoded sequence. Gaps, indicated by dashes, were intro- 
duced to maximize the alignment. A colon (:) indicates identity with 
the respective potato residue. Asterisks below the amino acids indi- 
cate positions conserved in all species compared, and dots indicate 
positions conserved in 5 out of 6 proteins or involving only conser- 
vative amino-acid changes. Numbering refers to the potato protein 
and total numbers of amino acids are given in parentheses 
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1 59 295 316 
i ..... i i , t  

exon 1 intron 

T" T - T -  7 clones 

..... T '" C - C -  1 clone 

C" T ' T -  1 clone 

Fig. 5 RNA editing sites vary between individual unspliced rpslO 
cDNA clones. Shown on the first line is a representation of rpslO 
first exon (open bar) and intron (thin line). Line drawings below it 
represent the sequenced region of unspliced cDNAs. Edited or un- 
edited nucleotides at the editing sites (nucleotides 59, 295 and 316) 
are indicated by T or C, respectively. Numbering is in relation to the 
rps10 genomic ATG codon at position 1 

the two previously identified editing sites in exon 1 and an 
additional editing event in the intron sequence. 

A low level of partially edited unspliced precursors was 
found. Two out of the nine cDNA clones were not fully ed- 
ited, one clone lacking the first editing event in exon 1 and 
the other being edited only at this position. The presence 
of differentially edited cDNA clones confirms that the in- 
dividual cDNA clones analyzed are derived from separate 
cloning events of the mRNA population. Fully edited atp9 
mRNAs and low levels of partially edited cob mRNAs were 
previously observed in potato mitochondia (Dell 'Orto 
et al. 1993; Zanlungo et al. 1993). Differentially edited 
mRNAs have also been observed in other plant mitochon- 
drial genes and unselected translation of all these tran- 
scripts would direct the synthesis of variant polypeptides. 
However, partially edited transcripts appear to be, at least 
in some cases, intermediates in editing, since processed 
transcripts and polysomal mRNAs are more heavily edited 
than precursor or pooled total mtRNAs (Gualberto et al. 
1991; Sutton et al. 1991; Yang et al. 1991). Consistent with 
this hypothesis, spliced rpslO transcripts are found fully 
edited while a low level of partially edited rpsl 0 transcipts 
is detected in the unspliced fraction. On the other hand, 
RNA editing presumably precedes splicing in the matura- 
tion of rpslO transcripts, since most unspliced cDNA 
clones are already completely edited. Recent work has 
shown that chloroplast editing is also an early processing 
event (Freyer et al. 1993; Ruf et al. 1994). 

The intron RNA editing event eliminates an A/C mis- 
match of the genomic sequence in stem I(i) of domain I, 
and allows an additional A-U base pairing presumably es- 
sential for stable folding of the stem structure (Fig. 3). This 
stem is usually well conserved in its secondary structure 
and thus presumably required for correct intron excision. 
This editing event may thus be necessary for splicing of 
the intervening sequence, an hypothesis further substan- 
tiated by the fact that it is altered with high efficiency, i.e. 
in 8 out of 9 cDNA clones. However, editing at the intron 
site detected here cannot be the sole rate-limiting step of 
splicing, since most of the immature molecules are already 
edited at this site. 

Although editing takes place predominantly within the 
coding regions, editing sites have also been observed in- 
side of intron sequences, in nadl introns of Oenothera and 
petunia and in had2 and nad5 introns of Oenothera (Knoop 
et al. 1991; Sutton et al. 1991; Wissinger et al. 1991; Binder 
et al. 1992). Some of these editing events improve base 
pairing in secondary structure models and may thus be re- 
quired for correct processing of these introns. The editing 
event observed in the rpslO intron stem I(i) of domain I is 
similar to an editing event observed in the Oenothera nad2 
intron 2 (Binder et al. 1992). A possible role of RNA ed- 
iting in regulation splicing of rpslO transcripts needs to be 
investigated. Further editing within the intron may be 
required for splicing. A good candidate for such an edit- 
ing site is found in the helical stem of domain IV which 
contains an A/C mismatch that could be eliminated by a 
C-to-U change, thus correcting the base pairing and stabi- 
lizing the structure (Fig. 3). 

Transcription of the rpslO gene 

Northern analysis previously showed that potato rpslO is 
expressed as multiple transcripts, ranging in size from 0.8 
to 3.3 kb (Zanlungo et al. 1994). Although rpslO could be 
potentially co-transcribed with the upstream cob pseudo- 
gene, its complex set of transcripts differs from the hybrid- 
ization pattern obtained with a cob probe. Intron and exon 
probes (probes 4 and 5 respectively, Fig. 1 B) reveal simi- 
lar transcript patterns of mRNAs larger than 1400 nt which 
thus probably represent unspliced precursors (Fig. 6). The 
relative abundance of these mRNAs is similar except for a 
1.7-1.8 kb transcript detected by the intron probe that may 
represent a splicing intermediate (i.e. a intron-exon-2 lar- 
iat) or an anomalous migrating free intron, mRNA species 
with sizes of about 800-1000 nt, sufficient to encode the 
entire rpslO ORF, are specifically detected by the exon 
probe and thus might represent mature spliced rpslO 

Fig. 6 Northern analysis of 
transcripts from the rpslO locus 
in potato mitochondria. Blots 
were hybridized with A an exon 
probe (oligo 4, Fig. 1B), and B 
an intron probe (oligo 5, 
Fig. 1B). Size markers are 
RNA length standards (BRL 
RNA ladders) co-fractionated 
in the agarose-formaldehyde 
gel 



mRNAs .  Accumula t i on  of  mul t ip le  unspl iced  in termedi-  
ates that p robab ly  include immature  molecu les  with differ-  
ent 5 '-  and 3 ' -ex tens ions  suggests  that the spl ic ing react ion 
may  proceed  more  s lowly  than the other  process ing  steps 
(i.e. the p rocess ing  react ions  at the 5 '  and 3'  ends).  On the 
other  hand, different  5 '  ends may  be genera ted  by  mul t ip le  
p romoters  be tween  the cob pseudogene  and rpslO. It wil l  
be necessary  to ana lyse  R N A  transcr ip t ion in greater  detai l  
to d i scover  the nature and origin o f  these mul t ip le  mRNAs .  

Potato rpslO is l ike ly  to be a funct ional  gene s ince its 
t ranscr ipts  have been  de tec ted  and shown to undergo  pro-  
cess ing in the form of  edi t ing and splicing.  Ev idence  for 
the synthesis  of  r ibosomal  prote ins  in plant  mi tochondr ia  
includes  the observa t ion  of  Hunt  and Newton  (1991) that 
the NCS-3  pheno type  in ma ize  results  f rom disrupt ion of  
the rps3/rpl l6  locus,  and the reac t ion  of  an t ibodies  against  
R P S 1 A  with prote ins  in wheat  mi tochondr ia l  r i bosomal  
f ract ions (Gonz~lez  et al. 1993). 

Acknowledgements The authors are greatly indebted to Dr. Simon 
Litvak for his continued support and encouragement. We thank Lau- 
ra Tarrag6-Litvak, Alejandro Araya and Alejandro Venegas for dis- 
cussions and encouragement, and Dr. Jorge Garrido for improving 
the manuscript. We also thank V. Knoop and A. Brennicke (IGF, Ber- 
lin) for sharing data prior to publication, and F. Michel (Centre de 
G6n6tique Moldculaire du CNRS) for his help in analyzing the sec- 
ondary structure of the intron. This work was supported by research 
grants 93/0584 from Fondecyt-Chile and CI1 *-CT93-0058 from the 
European Economic Community, and by The Minist6re des Affaires 
Etrang~res of France. 

References 

Binder S, Marchfelder A, Brennicke A, Wissinger B (1992) RNA 
editing in trans-splicing intron sequences of nad2 mRNAs in 
Oenothera mitochondria. J Biol Chem 267:7615-7623 

Bonen L (1991) The mitochondrial genome: so simple yet so com- 
plex. Curt Opin Genet Dev 1:515-522 

Chapdelaine Y, Bonen L (1991) The wheat mitochondrial gene for 
subunit I of the NADH dehydrogenase complex: a trans-splicing 
model for this gene-in-pieces. Cell 65:465-472 

Covello PS, Gray MW (1992) Silent mitochondrial and active nu- 
clear genes for subunit 2 of cytochrome oxidase (cox2) in soy- 
bean: evidence for RNA-mediated gene transfer. EMBO J 11: 
3815-3820 

Dell'Orto R Moenne A, Graves PV, Jordana X (1993) The potato 
mitochondrial ATP synthase subunit 9: gene structure, RNA ed- 
iting and partial protein sequence. Plant Sci 88:45-53 

Freyer R, Hoch B, Neckermann K, Maier RM, K6ssel H (1993) RNA 
editing in maize chloroplasts is a processing step independent of 
splicing and cleavage to monocistronic mRNAs. Plant J 4:621- 
629 

Gonzfilez DH, Bonnard G, Grienenberger J-M (1993) A gene in- 
volved in the biogenesis of cytochromes is co-transcribed with a 
ribosomal protein gene in wheat mitochondria. Curt Genet 24: 
248-255 

Gray M, Hanic-Joyce P J, Covello PS (1992) Transcription, process- 
ing and editing in plant mitochondria: Annu Rev Plant Physiol 
Plant Mol Biol 43:145-175 

Grohmann L, Brennicke A, Schuster W (1992) The mitochondrial 
gene encoding ribosomal protein S 12 has been translocated to the 
nuclear genome in Oenothera. Nucleic Acids Res 20:5641-5646 

Grohmann L, Brennicke A, Schuster W (1993) Genes for mitochon- 
drial ribosomal proteins in plants. In: Nierhaus KH, Franceschi 
F, Subramanian AR, Erdmann VA, Wittmann-Liebold B (eds) The 
translational apparatus, structm-e, function, regulation, evolution. 
Plenum Press, New York London, p 599-607 

571 

Gualberto JM, Bonnard G, Lamattina L, Grienenberger J-M (1991) 
Expression of the wheat mitochondrial nad3-rpsl2 transcription 
unit: correlation between editing and mRNA maturation. Plant 
Cell 3:1109-1120 

Hardy C, Clark-Walker GD (1991) Nucleotide sequence of the coxl 
gene in Kluyveromyces lactis mitochondrial DNA: evidence for 
recent horizontal transfer of a group-II intron. Curr Genet 20: 
99-114 

Hoch B, Maier RM, Appel K, Igloi GL, K6ssel H (1991) Editing of 
a chloroplast mRNA by creation of an initiation codon. Nature 
353:178-180 

Hunt MD, Newton KJ (1991) The NCS3 mutation: genetic evidence 
for the expression of ribosomal protein genes in Zea mays mito- 
cbondria. EMBO J 10:1045-1052 

Kemmerer EC, Kao T-H, Deng G-R, Wu R (1989) Isolation and 
nucleotide sequence of the pea cytochrome oxidase subunit I 
gene. Plant Mol Biol 13:121-124 

Knoop V, Schuster W, Wissinger B, Brennicke A (1991) Trans splic- 
ing integrates an exon of 22 nucleotides into the had5 mRNA in 
higher plant mitochondria. EMBO J 10:3483-3493 

Knoop V, Ehrhardt T, L~ttig K, Brennicke A (1995) The gene for ri- 
bosomal protein S 10 is present in mitochondria of pea and pota- 
to but absent from those of Arabidopsis and Oenothera. Curr Gen- 
et 27:559-564 

Kudla J, Igloi GL, Metzlaff M, Hagemann R, K6ssel H (1992) RNA 
editing in tobacco chloroplasts leads to the formation of a trans- 
latable psbL mRNA by a C to U substitution within the initiation 
codon. EMBO J 11:1099-1103 

Levings CS, Brown GG (1989) Molecular biology of plant mitochon- 
dria. Cell 56:171-179 

Lippok B, Brennicke A, Wissinger B (1994) Differential RNA edit- 
ing in closely related introns in Oenothera mitochondria. Mol 
Gen Genet 243:39-46 

Michel F, Umesono K, Ozeki H (1989) Comparative and functional 
anatomy of group-II catalytic introns - a review. Gene 82:5-30 

Nugent JM, Palmer JD (1991) RNA-mediated transfer of the gene 
coxH from the mitochondrion to the nucleus during flowering- 
plant evolution. Cell 66:473-481 

Oda K, Yamato K, Ohta E, Nakamura Y, Takemura M, Nozato N, 
Akashi K, Kanegae T, Ogura Y, Kohchi T, Ohyama K (1992) Gene 
organization deduced from the complete sequence of liverwort 
Marchantiapolymorpha mitochondrial DNA. J Mol Bio1223:1-7 

Ohta E, Oda K, Yamato K, Nakamura Y, Takemura M, Nozato N, 
Akashi K, Ohyama K, Michel F (1993) Group-I introns in the liv- 
erwort mitochondrial genome: the gene coding for subunit I of 
cytochrome oxidase shares five intron positions with its fungal 
counterparts. Nucleic Acids Res 21:1297-1305 

Ruf S, Zeltz P, K6ssel H (I 994) Complete RNA editing of unspliced 
and dicistronic transcripts of the intron-containing reading frame 
IRF170 from maize chloroplasts. Proc Natl Acad Sci USA 
91:2295-2299 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a la- 
boratory manual, 2nd edn. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, New York 

Sutton CA, Conklin PL, Pruitt KD, Hanson MR (1991) Editing of 
pre-mRNAs can occur before cis- and trans-splicing in Petunia 
mitochondria. Mol Cell Biol 11:4274-4277 

Takemura M, Oda K, Yamato K, Ohta E, Nakamura Y, Nozato N, 
Akashi K, Ohyama K (1992) Gene clusters for ribosomal pro- 
teins in the mitochondrial genome of a liverwort, Marchantia 
polymorpha. Nucleic Acids Res 20:3199-3205 

Wissinger B, Schuster W, Brennicke A (1991) Trans splicing in 
Oenothera mitochondria: nadl mRNAs are edited in exon- and 
trans-splicing group-II intron-sequences. Cell 65:473-482 

Yang AJ, Mulligan RM (1991) RNA editing intermediates of cox2 
transcripts in maize mitochondria. Mol Cell Biol 11:4278-4281 

Zanlungo S, B6gu D, Quifiones V, Araya A, Jordana X (1993) RNA 
editing of apocytochrome b (cob) transcripts in mitochondria 
from two genera of plants. Curr Genet 24:344-348 

Zanlungo S, Quifiones V, Moenne A, Holuigue L, Jordana X (1994) 
A ribosomal protein S10 gene is found in the mitochondrial ge- 
nome in Solanum tuberosum. Plant Mol Biol 25:743-749 


