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The rps12 gene transcripts encoding mitochondrial ribosomal protein S12 are partially edited in petunia
mitochondria. Different petunia lines were found vary in the extent of rps12 transcript editing. To test whether
multiple forms of RPS12 proteins are produced in petunia mitochondria as a result of partial editing, we
probed mitochondrial proteins with specific antibodies against edited and unedited forms of a 13-amino-acid
RPS12 peptide spanning two amino acids affected by RNA editing. Both antibodies reacted with mitochondrial
proteins at the expected size for RPS12 proteins. The amounts of unedited RPS12 protein in different petunia
lines correlate with the abundance of unedited transcripts in these plants. Unedited rps12 translation products
are also detected in other plant species, indicating that polymorphism in mitochondrial rpsI2 expression is
widespread. Moreover, we show that RPS12 proteins recognized by both edited-specific and unedited-specific
antibodies are present in a petunia mitochondrial ribosome fraction. These results demonstrate that partially
edited transcripts can be translated and that the protein product can accumulate to detectable levels. There-
fore, genes exhibiting incompletely edited transcripts can encode more than one gene product in plant mito-

chondria.

The discovery of RNA editing represents another challenge
to the central dogma of molecular genetics regarding genetic
information flow. The posttranscriptional modification of spe-
cific nucleotides by RNA editing alters the coding capacities of
certain transcripts and makes it impossible to predict amino
acid sequences of corresponding proteins directly from DNA
sequences. Transcripts that are subject to RNA editing have
been found in a wide range of organisms, including trypano-
somes, higher plants, mammals, Physarum polycephalum, and
certain viruses (for reviews, see references 3 and 4). Nucleotide
modification, insertion, and/or deletion may occur, depending
on the organism and gene.

Higher plant organellar transcripts are edited by a C-to-U-
type alteration (2, 9, 15, 18, 22, 35). While only a few editing
events have been reported for chloroplast transcripts, numer-
ous editing sites have been documented for plant mitochon-
drial transcripts. In plant mitochondria, RNA editing sites oc-
cur mainly in the protein-coding regions and are often located
within the first and second positions of codons, therefore
changing the encoded amino acids (16, 44). RNA editing can
create new start (5) and stop (24, 45) codons and often though
not always increases amino acid sequence conservation (8, 39).
That RNA editing is a posttranscriptional RNA processing or
maturation step is supported by the findings that RNA editing
extent correlates temporally with splicing (43, 47) and that a
single nuclear locus specifies both RNA editing extent and
transcript abundance in petunia mitochondria (27). Many tran-
scripts are shown to be partially edited in plant mitochondria
(10, 17, 21, 24, 27, 28, 38, 40, 43, 47). In some cases, partially
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edited transcripts are more abundant than fully edited tran-
scripts (28, 40).

In certain other editing systems in which differential RNA
editing was detected, both edited and unedited transcripts have
been shown to be translated, giving rise to proteins with dif-
ferent biological properties. For example, differential editing
of apolipoprotein B (apoB) mRNA in mammals results in the
production of ApoB-100 and ApoB-48, two proteins with dis-
tinct properties in lipid transport and metabolism (6, 33). The
extent of editing of mammalian glutamate receptor subunit
gene transcripts was found to be regulated developmentally
and neuron specifically in the brain (26, 31, 42). Electrophys-
iological studies demonstrated that edited and unedited forms
of the receptor proteins differ in Ca®" permeability and kinetic
aspects (23, 27). RNA editing of the Wilms’ tumor suscepti-
bility gene may also help produce functionally distinct gene
products (41).

The presence of abundant partially edited transcripts of
some plant mitochondrial genes raises the possibility that mul-
tiple forms of certain mitochondrial proteins exist. Very lim-
ited analysis of plant organelle DNA-encoded mitochondrial
proteins has been carried out, partly because of the hydropho-
bic nature of many such proteins, which makes characteriza-
tion difficult. It was shown previously that only a single form of
ATP6 (subunit 6 of ATPase) protein accumulates in petunia
mitochondria, although transcript analysis showed that par-
tially edited transcripts are more abundant than fully edited
transcripts (28). The observation that partially edited atp6
transcripts are associated with mitochondrial polysomes sug-
gests posttranslationally acting mechanisms prevent the accu-
mulation of proteins specified by partially edited atp6 tran-
scripts (28).

To determine whether partially edited transcripts can be
translated in plant mitochondria, it is necessary to analyze
additional mitochondrial genes that display partially edited
transcripts. Epitope-specific antibodies against edited and un-
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edited RPS12 peptides have recently shown that both fully and
partially edited rpsi2 transcripts are translated in maize mito-
chondria (32). Products of the partially edited maize rpsi2
transcripts were found in the soluble rather than the ribosome
fraction (32). We have analyzed mitochondrial RPS12 protein
by using these anti-maize RPS12 antibodies in a unique set of
petunia genotypes differing in rpsi2 editing extent. Here we
present evidence for the translation of both edited and uned-
ited petunia rpsi2 transcripts and incorporation of the corre-
sponding RPS12 proteins into petunia mitochondrial ribo-
somes.

MATERIALS AND METHODS

Plant material. For nucleic acid analysis, either green leaves or suspension
culture cells of different petunia lines were used. Only suspension culture cells
were used to purify petunia mitochondria for immunoblot analysis and polysome
preparation.

Isolation of RNA, RT-PCR, and cDNA sequence analysis. Total RNAs were
prepared as described previously (1). The nad3-rpsI2 transcripts were amplified
by using a reverse transcription (RT)-PCR technique essentially as described
previously (27). A downstream primer, rps12-1 (5 CAGAGGCATCTTCCATT
CATATCG?3'), was used for first-strand cDNA synthesis. First-strand rpsI2 cD-
NAs from fertile lines were PCR amplified by using primers rps12-1 and nad-fer
(5'GAAGGAGCAGGCTCTCTTGGATATG3'). Those from sterile lines were
amplified by using primers rpsi2-1 and nad-ste (5'GCCTTGACAAGTTAGT
ACGGGTACTG). The nad primers differ because of some sequence divergence
in the 5’ untranslated regions. RT-PCR products were cloned into TA cloning
vectors (InVitrogen) according to the manufacturer’s protocol. The double-strand-
ed plasmid DNA sequencing procedure was used in cDNA sequencing analysis.

Fusion protein production. An Xhol-EcoRI fragment of the rpsI2 cDNA
sequence was cloned in frame into Smal-EcoRI-digested pGEX-2T vectors fol-
lowing Klenow fill-in of the X%olI cohesive end (29). The resulting constructs that
contain Xhol-EcoRI fragments derived from fully edited, partially edited, and
unedited rps12 cDNAs were named pGEX cDNA-1, pGEX ¢cDNA-2, and pGEX
c¢DNA-3, respectively. Codon position 95 is not edited in pPGEX cDNA-2. Fusion
constructs were transformed into Escherichia coli BL20 cells. Fusion proteins
were produced as described previously (28).

Affinity purification of antibodies and immunological detection of proteins.
Crude rabbit antisera were raised against edited RPS12 peptide (VKDLPGVK
FHCIR) and unedited RPS12 peptide (VKDSPGVKSHRIR) (32). These anti-
sera were affinity purified by using fusion proteins expressing edited and unedited
RPS12 forms according to published procedures (28). Total petunia mitochon-
drial proteins or E. coli proteins were subjected to electrophoresis, transferred
onto nitrocellulose filters, and probed with antibodies as described previously (20).

Fractionation of mitochondria and analysis of petunia mitochondrial ribo-
somes. Petunia mitochondria were purified from suspension culture cells as
described previously (19). Purified mitochondria were lysed in mitochondrial
lysis buffer containing 25 mM Tris-HCI (pH 7.5), 25 mM (low salt) or 500 mM (high
salt) KCI, 25 mM MgCl,, 5 mM dithiothreitol, 1% Triton X-100, 100 pg of
chloramphenicol per ml, and 0.5 mg of heparin per ml. After incubation for 10
min on ice, the lysate was centrifuged for 15 min in a microcentrifuge at 4°C to
remove membranes. The supernatant was then layered onto cushions of 1.5 ml
of 1.75 M sucrose overlaid with 1 ml of 0.5 M sucrose. Both sucrose buffers were
prepared in mitochondrial lysis buffer. After ultracentrifugation in a Beckman 75
Ti rotor at 54,000 rpm for 3 h, the supernatant was carefully removed. The
polysome pellet was briefly rinsed with ice-cold water and then resuspended in
sodium dodecyl sulfate (SDS)-gel loading buffer. Proteins in the supernatant
fraction were precipitated with trichloroacetic acid and dissolved in SDS-gel
loading buffer. Equal amounts of proteins from both fractions were subjected to
gel electrophoresis, transferred onto nitrocellulose membranes, and probed with
antibodies.

RESULTS

Identification of RNA editing sites in petunia rpsI12 tran-
scripts. As in other plant species, the rpsI2 gene is cotrans-
cribed with the nad3 (subunit 3 of NADH dehydrogenase)
gene in petunia mitochondria (36). An RT-PCR method was
used to amplify nad3/rps12 transcripts from five different pe-
tunia lines, 3688, 3699, 3704, 11127, and S10636. Lines 3699
and 3704 are male fertile, while lines 3688, 11127, and S10636
are male sterile. Lines 3688 and 3699 carry the Petunia parodii
nuclear genome; 3704 and 11127 carry the same P. hybrida
nuclear genomes. Comparisons of cDNA sequences with geno-
mic DNA sequences allowed the identification of edited nu-
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FIG. 1. Nucleotide and deduced amino acid sequences of the petunia mito-
chondrial rps12 gene. Edited nucleotides are underlined. The amino acids that
are affected by RNA editing are enclosed in parentheses, with the amino acids
encoded by edited codons written above. The numbers refer to codon positions
relative to the start codon.

cleotides. Nineteen edit sites were found in the nad3 coding
region (data not shown), and five edit sites were found in the
rps12 coding region (Fig. 1). RNA editing changes 14 and 5
amino acids in petunia NAD3 and RPS12 proteins, respec-
tively. It has been shown that wheat (17) and maize (32) mi-
tochondrial rpsI2 transcripts are edited at six identical sites.
Comparison of rps12 cDNA sequences from petunia, maize,
and wheat mitochondria shows that they share three editing
sites (codon positions 66, 90, and 95). The edit sites at codon
positions 35 and 49 in petunia are genomically encoded in
maize and wheat, whereas edit sites at codon positions 24, 74,
and 97 in maize and wheat are genomically encoded in petunia
(Fig. 2).

Variation in editing extent of rpsI2 transcripts among dif-
ferent petunia lines. By sequencing a large number of cDNA
clones derived from RT-PCR products, we found that the
editing status of 7ps12 transcripts varies greatly among different
petunia lines. For example, fertile line 3704 and cytoplasmic
male sterile line 11127 show higher degrees of editing, while
cytoplasmic male sterile line 3688 and fertile line 3699 show
lower degrees of editing (Fig. 3). Given that the high-editing
lines 3704 and 11127 and the low-editing lines 3688 and 3699
are isogenic pairs, the extent of editing of 7psI2 transcripts is
evidently influenced by the nuclear background, as was previ-
ously reported for the cotranscribed nad3 gene (27).

Specific antibodies against edited and unedited forms of
RPS12 proteins. To test whether partially edited rpsi2 tran-
scripts were translated, we made use of antibodies raised
against 13-amino-acid long peptides (amino acids 87 to 99)
specified by fully edited and unedited maize rpsi2 cDNA se-
quences (32). The peptide sequences span codons 90 and 95 of
petunia RPS12 protein that are altered by RNA editing. The
RPS12 proteins encoded by edited petunia and maize rpsi2
transcripts are identical at this 13-amino-acid region. There is
a one-amino-acid mismatch (at codon 97) in this region be-
tween petunia and maize RPS12 proteins encoded by unedited
transcripts (Fig. 2). For convenience, protein specified by un-
edited transcripts will be referred as unedited peptide or un-
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FIG. 2. Comparison of petunia and maize RPS12 amino acid sequences. Petunia and maize RPS12 sequences deduced from genomic DNA sequences are aligned.
The amino acids affected by RNA editing are enclosed in parentheses, with the amino acids encoded by edited codons written above. Amino acid differences between
petunia and maize sequences are outlined. The 13-amino-acid peptide sequence used to generate RPS12 peptide antibodies is underlined.

edited protein, and protein encoded by edited transcripts will
be termed edited peptide or edited protein.

We produced specific antibodies against unedited and edited
peptides by affinity purification using pMAL-unedited maize
RPS12 (32) and glutathione S-transferase-edited petunia
RPS12 fusion proteins, respectively. The specificity of each
purified antibody is shown in Fig. 4. The anti-edited peptide
antibody reacts strongly with fully edited petunia RPS12 fusion
protein (pGEX cDNA-1). It also reacts with partially edited
petunia RPS12 fusion protein in which codon position 95 re-
mains unedited (pGEX cDNA-2) but does not react with un-
edited petunia RPS12 fusion protein (pGEX cDNA-3). The
anti-unedited peptide antibody reacts strongly with unedited
petunia RPS12 fusion protein. It does not react with either
partially edited or fully edited petunia RPS12 fusion protein
(Fig. 5). These results show that the two antibodies have spec-
ificities sufficient to distinguish RPS12 proteins specified by
edited and unedited RNAs.

Detection of edited and unedited RPS12 proteins in petunia
mitochondria. When total mitochondrial proteins from petu-
nia lines 3688, 3699, 3704, and S10636 were transferred to
nitrocellulose filters and probed with anti-edited and anti-un-
edited RPS12 peptide antibodies, mitochondrial proteins that
react with each antibody were detected (Fig. 5). The apparent
molecular mass of the reactive proteins is 15 kDa, which is very
close to the expected size of petunia RPS12 protein (14.5 kDa).
Moreover, the amount of the unedited RPS12 protein differs
greatly among the petunia lines tested (Fig. 5). Such proteins
were readily detected in lines 3688 and 3699 but could barely
be detected in lines 3704 and S10636. This variation of uned-
ited RPS12 protein levels correlates with the proportion of
partially edited rpsI2 transcripts in these different petunia
lines. In lines S10636 and 3704, in which unedited RPS12
proteins are barely detected, only 1 of 15 and 1 of 22, respec-
tively, of the sequenced cDNA clones could encode RPS12
protein that can be detected by the unedited antibody (Table
1). In contrast, in line 3699 and 3688, in which unedited RPS12
proteins are readily detected, 15 of 39 and 15 of 23, respec-
tively, of the sequenced cDNA clones encode RPS12 proteins
that react with the unedited antibody (Table 1). This correla-

tion further affirms that the protein recognized by the anti-
unedited RPS12 peptide antibody represents unedited RPS12
protein. The anti-edited RPS12 antibody recognizes proteins
from all four petunia lines (Fig. 5). The lower amount of the

3704 3688
35 49 66 90 95 35 49 66 90 95
3699
3 49 66 90 95 35 49 66 90 95
11127

35 49 66 90 95

FIG. 3. Summary of sequencing analysis of rps12 cDNA clones derived from
RT-PCR products from different petunia lines. Total RNAs from petunia lines
3704, 3688, 3699, and 11127 were amplified by the RT-PCR technique. RT-PCR
products were cloned into TA cloning vectors and sequenced. The numbers
indicate codon positions of the editing sites. Filled circles represent sites that are
edited; open circles represent unedited sites.
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FIG. 4. Immunoblot analysis showing specificities of the anti-edited RPS12
and anti-unedited RPS12 antibodies. Constructs that express edited rps72 cDNA
(pGEX cDNA-1), partially edited rps12 cDNA (pGEX cDNA-2), and unedited
rps12 cDNA (pGEX c¢DNA-3) were transformed into E. coli BL21. (A) Total
proteins made from isopropylthiogalactopyranoside (IPTG)-induced (+) or un-
induced (—) cells were transferred to nitrocellulose filters and stained with
Ponceau S. (B) Filter immunodecorated with anti-edited RPS12 peptide anti-
body. (C) Filter probed with anti-unedited RPS12 peptide antibody.

edited RPS12 protein in line 3704 is reproducible and is not
due to underloading, as all four lanes contain comparable
amounts of ATPA (ATPase subunit o) protein (Fig. 5).
Identification of unedited rpsi12 translation products in
other species. Translation of unedited rps/2 mRNAs could be
a general phenomenon or one that is restricted to a few iso-
lated systems. Heterogeneity of rpsi2 cDNAs has been con-
firmed for wheat (17), maize (32), and petunia. Editing sites at
codon positions 90 and 95 are conserved in all known dicot
rps12 sequences (Panax ginseng and Brassica napus), and edit-
ing sites at codon positions 90, 95, and 97 are conserved in all
known monocot sequences (Triticum aestivum, Zea mays, and
Oryza sativa). Thus, the unedited antibody should detect the
presence of unedited translation products from these plant
mitochondrial systems. To test whether RPS12 protein prod-
ucts specified by partially edited transcripts accumulate in oth-
er plant species, we probed mitochondrial proteins from zuc-
chini, wheat, squash, and maize. The unedited immune serum
recognized ribosomal S12 polypeptides from isolated mito-
chondria from all four species (Fig. 6A), and the edited
immune serum also recognized S12 polypeptides from these
mitochondrial samples (Fig. 6B). These data suggest that tran-

Edited RPS12

Unedited RPS12

68 —
ATPA
45—

FIG. 5. Immunoblot analysis of petunia mitochondrial proteins with anti-
RPS12 antibody. Approximately 50-pg aliquots of total mitochondrial proteins
from petunia lines 3688 (lane 1), 3699 (lane 2), S10636 (lane 3), and 3704 (lane
4) were separated by electrophoresis, transferred to nitrocellulose filters, and
probed with anti-edited RPS12 peptide antibody, anti-unedited RPS12 peptide
antibody, and anti-ATPA antibody. Sizes are indicated in kilodaltons.
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TABLE 1. Degree of RNA editing at codon positions 90 and
95 based on sequencing analysis of rps12 cDNAs
from four different petunia lines®

No. of cDNA clones edited at indicated site/total no. analyzed

Strain 90 edited, 95 edited, Both 90and  Both 90 and
95 unedited 90 unedited 95 edited 95 unedited
3704 1/22 3/22 17/22 1/22
3688 1/23 1/23 6/23 15/23
3699 2/39 0/39 21/39 15/39
S10636 0/15 0/15 14/15 1/15

“ Summary of data obtained from sequencing analysis of 7ps/2 cDNAs from
petunia lines 3688, 3699, 3704 (shown in Fig. 2), and S10636 (data not shown) are
summarized.

script heterogeneity as a result of incomplete C-to-U editing
exists and that these transcripts are utilized as templates for
translation in these species.

Mitochondrial fractionation analysis indicates assembly of
edited and unedited RPS12 proteins into ribosomes. To test
whether the RPS12 proteins specified by edited and unedited
transcripts are both ribosomal proteins in petunia mitochon-
dria, we fractionated purified petunia mitochondria into solu-
ble supernatant and ribosome pellet and probed the localiza-
tion of RPS12 proteins. Ribosomes were prepared under both
low-salt and high-salt conditions. Equal amounts of proteins
from each fraction were separated on an SDS-polyacrylamide
gel and transferred to nitrocellulose filters. As shown in Fig.
7A and B, probing of identical filters with anti-edited and
anti-unedited RPS12 peptide antibodies detected both the ed-
ited and unedited RPS12 proteins specifically in the polysome
pellet under low- and high-salt conditions. When an identical
filter was probed with an antibody against petunia mitochon-
drial aspartate aminotransferase (28), a soluble mitochondrial
matrix enzyme, mitochondrial aspartate aminotransferase was
found mainly in the supernatant fraction (Fig. 7C), demon-
strating efficient separation by the fractionation procedure.
This result indicates that both edited and unedited RPS12
proteins can be found in the ribosome pellet in petunia mito-
chondria.

Comparison of RPS12 amino acid sequences at the codon
positions affected by RNA editing. RPS12 protein sequences
from plants and other organisms were compared. Eight resi-
dues affected by RNA editing with RPS12 proteins in plants
are completely conserved after RNA editing. However, com-
parison of plant sequences with sequences from Drosophila
melanogaster (37), Paramecium tetraurelia (34), and Eikenella

Unedited RPS12

Edited RPS12

FIG. 6. Unedited and edited antisera recognize S12 polypeptides from vari-
ous dicot and monocot species. Total proteins from isolated mitochondria were
blotted to nitrocellulose and probed with S12-specific immune serum as de-
scribed by Phreaner et al. (32). Total mitochondrial protein (30 wg) from the
following sources was used: lane Z, Cucumis pepo (zucchini); lane W, Triticum
aestivum (wheat); lane S, Cucumis pepo (squash); and lane M, Zea mays (maize).
(A) Protein blots probed with unedited antisera; (B) protein blots probed with
edited antisera. Sizes are indicated in kilodaltons.
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FIG. 7. Fractionation analysis showing assembly of RPS12 proteins into mi-
tochondrial ribosomes. Purified mitochondria from petunia line 3699 were lysed
under low-salt and high-salt conditions and sedimented through sucrose cushions
to prepare polysome pellets and soluble supernatants. Approximately 10 pg of
proteins from the supernatant (S) and the ribosome pellet (P) were subjected to
gel electrophoresis and transferred onto filters. Identical filters were probed with
anti-edited RPS12 peptide antibody (A), anti-unedited RPS12 peptide antibody
(B), and anti-petunia mitochondrial aspartate aminotransferase (MAAT) anti-
body (C).

corrodens (Swiss-Prot database number P35643) showed that
the amino acids are less conserved at certain positions (Fig. 8).
For example, radical amino acid changes at codon positions 35,
49, and 97 were found. Interestingly, although codon 24 is
conserved among plants, D. melanogaster, and P. tetraurelia, it
is missing in E. corrodens, suggesting that this amino acid is
not absolutely required for RPS12 function. The variations
revealed by this comparison suggest that the RPS12 proteins
encoded by partially edited plant mitochondrial rpsi2 tran-
scripts may still be functional as ribosomal protein compo-
nents.

DISCUSSION

By analysis with epitope-specific antibodies, we have shown
that multiple forms of RPS12 exist in petunia and several other
species. Even more diversity may exist in the RPS12 protein
population in the mitochondrion than our experiments could
detect. Not all residues at sites of partial editing have been
assayed in this study. There could be divergence in petunia
RPS12 at sites in addition to divergence at residues specified
by codon 90 and 95.

rps12 genes are found to be cotranscribed with nad3 genes in
the mitochondria of several plant species (17, 32, 36, 40). Like
rps12 transcripts, nad3 transcripts are also partially edited. In
petunia mitochondria, a correlation between transcript abun-
dance and RNA editing extent of nad3 transcripts has been
established. A single nuclear locus that determines both traits
was identified (27). It is possible that this nuclear gene directly
controls nad3 and rpsi2 transcript stability and that the ob-
served RNA editing extent difference is a secondary effect.
Because of the cotranscription of nad3 and rpsi2 transcripts,
the same nuclear locus that determines nad3 RNA abundance
also controls rps/2 RNA abundance (27). The variation in
rps12 RNA editing extent between the two nuclear back-
grounds shown in this study also correlates with rpsI2 tran-
script abundance, as is the case for nad3 transcripts. Whether
similar correlations between transcript abundance and editing
extent variation exist in other plant species remains to be
examined.

Finding multiple forms of RPS12 in maize, petunia, and
other species raises the question of whether the different forms
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have different functions. In maize, the unedited RPS12 trans-
lation products apparently fail to assemble into ribosomes (32)
and therefore evidently do not function in the same way as the
RPS12 protein that is produced from edited transcripts and
integrated into ribosomes. Whether the maize RPS12 protein
from incompletely edited transcripts is merely a nonfunctional
waste product or has another function is unknown. RPS12 may
have more than one function in E. coli. E. coli RPS12 is incor-
porated into the ribosome and forms a component of the
streptomycin binding site. Purified RPS12 can facilitate in vitro
splicing of phage T4 introns, suggesting that RPS12 may have
the capacity to act as an RNA chaperone (7).

In contrast to the maize protein, petunia RPS12 protein
from incompletely edited transcript is found in the ribosome
pellet. The variation in the amount of unedited RPS12 among
male fertile and male sterile petunia lines does not correlate
with male fertility, and so our data do not implicate abnormal
rps12 transcript editing in sterility. Moreover, the presence of
abundant unedited RPS12 protein in petunia fertile line 3699
indicates that this protein does not have toxic effects on plant
mitochondrial function. The mitochondrial RPS12 residue
which is homologous to the residue altered in streptomycin
resistance in Chlamydomonas reinhardtii and E. coli is not
affected by editing, and so it is not likely that petunia ribo-
somes containing the different RPS12 forms differ in strepto-
mycin binding (13, 14, 25). Whether petunia ribosomes con-
taining unedited RPS12 protein and those containing edited
protein differ in some other function is not known.

Circumstantial evidence is consistent with the functionality
of certain protein products specified by partially edited tran-
scripts in plant organelles. Species-specific RNA editing pat-
terns of mitochondrial transcripts have been reported in sev-
eral cases. For example, rpsI3 (which encodes ribosomal
protein S13) and coxII (encoding cytochrome c oxidase subunit
IT) transcripts show differences in editing at homologous sites
such that certain sites are edited in one species but are not
edited in another species (10, 46). This finding suggests that
RNA editing at these sites is not absolutely required for the
function of the protein products, as a result of differential
RNA editing of the cox/I transcripts, even though the existence
of editing affects the encoded amino acid. For example, codon
5 encodes serine in wheat but leucine in maize, and codon 31
encodes leucine in wheat but phenylalanine in maize. A similar
situation was found in chloroplast rpoB (encoding the 8 sub-
unit of chloroplast RNA polymerase) transcripts, in which one
site was edited in maize but not edited in barley (48). Lack of
RNA editing at this particular site does not seem to affect
chloroplast function in barley. Further evidence comes from

Coden positions 24 35 49 66 74 90 95 97

Petunia unedited ——L—P—P—H—L—S—8—C—
Maize unedited —S—L—L—H—S—S—S—R—
Wheat unedited —S§—L—L—H——S§—S——S—R—
Plants edittd —]—L—L—Y—L—L—F—(C—
Drosophila ——L—N—Y— L—V——L—A—
Paramecium —J—L—R—H— L—L—H—C—
Eikenella — T—L—Y—L—L— Y —T—

FIG. 8. Alignment of RPS12 amino acid sequences at the seven codon po-
sitions affected by RNA editing in plants. RPS12 amino acid sequences of plants,
D. melanogaster, P. tetraurelia, and E. corrodens were used for this comparison.
Only the eight amino acids corresponding to the codons affected by RNA editing
in plants are shown for each sequence.
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studies of mitochondrial genes that have been transferred to
the nucleus during evolution, such as the coxII genes of cowpea
(30) and soybean (11). The nuclear coxIl sequences more
closely resemble edited mitochondrial coxII RNA sequences
than mitochondrial DNA sequences. While most of the edited
C’s identified in mitochondrial coxII transcripts are found in
the nuclear coxII gene sequences as T’s, certain editing sites
remain as C’s in the nuclear coxIl sequences. Because the
transferred coxII genes are single copy in the nucleus, and the
mitochondrial copies were either lost or silent in both species,
it can be inferred that the nucleus-encoded COXII proteins,
corresponding to proteins encoded by partially edited mito-
chondrial transcripts in other species, function properly in
plant mitochondria.

RNA editing may be a process that was introduced into the
mitochondrial gene expression system and has added an extra
RNA processing step in the expression of mitochondrial genes.
C-to-U editing in plant mitochondria is apparently an acquired
trait that is prevalent in higher plant mitochondria (12, 16).
Incomplete editing makes possible the creation of protein
polymorphism. A single gene such as rpsI2 may direct the
synthesis of a family of polypeptides and thereby allow the
system to test numerous changes in the rpsI2 polypeptide se-
quence. The situation is comparable to that for genes that have
been duplicated and allowed to diverge. The subsequent steps
in evolution of duplicated genes have occurred in other sys-
tems, with one member of the duplicated gene set taking on
additional and unique functions.

On the basis of our studies of ATP6 and RPS12 in maize and
petunia, we propose that translation is not a barrier to the
accumulation of products of partially edited transcripts in plant
mitochondria. Whether such proteins can accumulate inside
mitochondria is probably determined posttranslationally. Be-
cause differential RNA editing can result in accumulation of
more than one protein form encoded by a single gene, RNA
editing may play a regulatory role in plant mitochondrial gene
expression.
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