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In bean, potato, and Oenothera plants, the C encoded at position 4 (C4) in the mitochondrial tRNAGAA
Phe gene

is converted into a U in the mature tRNA. This nucleotide change corrects a mismatched C4-A69 base pair
which appears when the gene sequence is folded into the cloverleaf structure. C-to-U conversions constitute the
most common editing events occurring in plant mitochondrial mRNAs. While most of these conversions
introduce changes in the amino acids specified by the mRNA and appear to be essential for the synthesis of
functional proteins in plant mitochondria, the putative role of mitochondrial tRNA editing has not yet been
defined. Since the edited form of the tRNA has the correct secondary and tertiary structures compared with the
nonedited form, the two main processes which might be affected by a nucleotide conversion are aminoacylation
and maturation. To test these possibilities, we determined the aminoacylation properties of unedited and
edited potato mitochondrial tRNAPhe in vitro transcripts, as well as the processing efficiency of in vitro-
synthesized potato mitochondrial tRNAPhe precursors. Reverse transcription-PCR amplification of natural
precursors followed by cDNA sequencing was also used to investigate the influence of editing on processing.
Our results show that C-to-U conversion at position 4 in the potato mitochondrial tRNAGAA

Phe is not required for
aminoacylation with phenylalanine but is likely to be essential for efficient processing of this tRNA.

Editing is a posttranscriptional process which changes the
primary sequence of RNAs in comparison with those of the
corresponding DNA templates (for reviews, see, for instance,
references 3, 9, and 14). RNA editing was first described for
trypanosome mitochondria, in which extensive uridine inser-
tion-deletion events generate translatable open reading frames.
Subsequently, RNA editing has been found to be a widespread
phenomenon observed mainly in mitochondria, to a lesser ex-
tent in chloroplasts, and in a few cases in transcripts of nuclear
genes. In higher-plant mitochondria and in chloroplasts, RNA
editing results in the conversion of cytidines into uridines. A
few examples of uridine-to-cytidine changes in plant mitochon-
dria have also been reported. Although editing was first found
almost exclusively in mRNAs, a series of editing events affect-
ing the following structural RNAs have now been described: an
rRNA (34) and a few group II introns (6, 10, 18, 19, 38, 41) in
plants, a mammalian cytosolic aspartic tRNA (2), several mi-
tochondrial tRNAs of an amoeboid protozoan (20), at least
three mitochondrial tRNAs of the land snail (39), the marsu-
pial mitochondrial tRNAAsp (15, 28), and the platypus mito-
chondrial tRNAGCU

Ser (40). C-to-U editing was also shown to
correct a C4-A69 mismatched base pair into a classical U4-A69
base pair in the acceptor stem of the potato, bean, and Oeno-
theramitochondrial tRNAGAA

Phe (5, 25). In Oenotheramitochon-
drial tRNAGCA

Cys , a C28-U42 mismatched base pair encoded by
the gene in the anticodon stem is converted into U28-U42,
another mismatched base pair (5). This supports the idea that

the plant mitochondrial RNA editing system can make only
C-to-U (except for rare cases of U-to-C) changes.
Whereas in plant mitochondrial mRNAs most editing events

introduce changes in the specified amino acids and contribute
to the conservation of functional proteins, the precise role of
editing in mitochondrial tRNAs is not known. The only clear
example is that of the marsupial mitochondrial tRNAAsp (15,
28), which obviously needs editing to acquire its aspartic acid
anticodon. In plants, the various recombinations and muta-
tions the mitochondrial DNA has undergone during evolution
led to the inactivation or complete loss of a number of the
native tRNA genes deriving from the genome of the ancestral
endosymbiont. To ensure the complete tRNA set needed for
mitochondrial translation, the missing species are either tran-
scribed from chloroplast-originating genes which have been
acquired by the mitochondrial genome or imported from the
cytosol (for a review, see, for instance, reference 27). Higher
plants might also make use of editing as a strategy to rescue
some native mitochondrial tRNAs after sequence divergence
in their genes. In the case of plant group II introns, editing
increases the similarity between the secondary structure of the
RNA and the consensus model of group II introns and is a
prerequisite for splicing (7). It can be speculated that, by re-
pairing a mismatched base pair, C4-to-U4 editing improves the
secondary structure of the mitochondrial tRNAPhe of dicoty-
ledonous plants and is therefore necessary for either amino-
acylation or maturation, the two main processes requiring
correct folding of the tRNA. We report here the different
strategies we have used to check these two possibilities. Our
results strongly support the hypothesis that editing at position
4 of the potato mitochondrial tRNAGAA

Phe is required for effi-
cient processing of this tRNA.

MATERIALS AND METHODS

Preparation of a potato mitochondrial fraction containing precursor RNAs.
Mitochondria purified from potato tubers as described by Neuburger et al. (29)
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were used for RNA extraction. This extraction was performed as described by
Remacle and Maréchal-Drouard (32). To remove possible DNA contamination,
RNA was treated three times with RNase-free DNase under conditions recom-
mended by the manufacturer (Pharmacia).
In vitro transcription and aminoacylation of full-length tRNA transcripts.

The previously cloned 2.8-kbp potato mitochondrial DNA fragment containing
the trnS-trnF-trnP gene cluster (25) was used as a template for standard PCR
amplification using oligonucleotide 1 and either oligonucleotide 2 or oligonucle-
otide 3 (to obtain a G69 mutation) as primers. The PCR products were cloned
into the EcoRI site of pUC18 (Boehringer) according to standard protocols (33)
and sequenced by the dideoxyribonucleotide chain termination method using a
simplified protocol (11). In vitro runoff transcripts were prepared from these
constructs as described by Perret et al. (31) after digestion with BstNI. Amino-
acylation was conducted under optimal conditions (8) in the presence of a potato
mitochondrion or an Escherichia coli enzymatic extract (24).
cDNA synthesis and amplification by PCR. For cDNA synthesis, 5 mg of the

potato mitochondrial fraction containing precursor RNAs (see above) was used
for reverse transcription (32) with oligonucleotide 4 or 5. One-fifth of the reac-
tion mixture was used for PCR amplification (32) in the presence of oligonucle-
otide 4 or 5 and of oligonucleotide 6. PCR products were cloned into the BamHI
site of plasmid Bluescript KS(1) (pKS) and sequenced. To produce a DNA
fragment coding for the mutated C4-G69 tRNAPhe precursor sequence, a PCR
was done with oligonucleotides 6 and 7 (complementary to the 39 end of the
potato mitochondrial tRNAGAAPhe gene and to the adjacent downstream flanking
region) with a cDNA clone corresponding to an unedited tRNAPhe precursor
used as a template.
Preparation of RNA transcripts. Uniformly labeled RNA transcripts were

synthesized by standard in vitro transcription with T7 RNA polymerase in the
presence of 10 mCi of [a-32P]UTP or [a-32P]CTP and 1 mg of linearized template
plasmid DNA. The synthesized RNAs were fractionated by electrophoresis on a
15% polyacrylamide gel in the presence of 7 M urea. After identification by
autoradiography, the bands corresponding to the expected products were excised
from the gel and the labeled RNAs were eluted (26).
To perform primer extension analysis of the processing products and to ana-

lyze incorporation of [a-32P]CTP by tRNA nucleotidyltransferase during in vitro
processing of tRNA precursors, unlabeled transcripts were prepared as described
above except that [a-32P]UTP was replaced by 250 mM UTP.
Preparation of potato mitochondrial processing extracts and in vitro process-

ing assays. Lysates able to perform tRNA processing were prepared as described
by Hanic-Joyce and Gray (13) from potato tuber mitochondria (29). Processing
assays (13) of labeled in vitro transcripts (15,000 cpm as determined by Cerenkov
counting) were performed in the presence of a dialyzed 20 to 40% ammonium
sulfate fraction (10 mg of proteins). After a 30-min incubation at 268C, the
reaction mixtures were brought to 0.3 M sodium acetate (pH 4.8) and 2 mg of
carrier tRNA was added. The samples were extracted once with phenol and
precipitated with ethanol. RNA processing products were analyzed by electro-
phoresis on a 15% sequencing gel. To determine the size of the processing
products, the products of a sequencing reaction were used as a ladder.
To test for incorporation of the CCA end into the processed products, pro-

cessing assays were performed as described above but with unlabeled precursor
RNAs as substrates and in the presence of 40 mCi of [a-32P]CTP and 40 mM
CTP.
Primer extension analysis. The mature tRNA-sized product obtained from

unlabeled edited tRNAPhe precursor was recovered from a sequencing gel (26)
by using as a reference the migration of the same product derived from the
corresponding labeled tRNAPhe precursor. Primer extension was done as de-
scribed by Remacle and Maréchal-Drouard (32), using one-fifth of the gel-
purified processing product as a template and oligonucleotide 8, complementary
to the 39 end of potato mitochondrial tRNAPhe, as a primer.
Oligonucleotides. The following oligonucleotides were used (EcoRI or BamHI

sequences added for cloning are in italics): 1, AGCAAGAATTCGAATTGT
AATACGACTCACTATAGTT(C/T)AGGTAGCTCAGCTGGTTAG (T7 pro-
moter sequence underlined); 2, GTACAGAATTCCCTGGTGCTTAGAAGTG
GATTCGAACC (BstNI site underlined); 3, GTACAGAATTCCCTGGTGCT
CAGAAGTGGATTCGAACC (BstNI site underlined, mutated position in bold-
face italics); 4, AGTACGGATCCTGCTTAGAAGTGGATTCGAACCACTG;
5, GTACTGGATCCCCCGGCTACGTTTGGACCTTTCGCC; 6, AGTAGG
GATCCGGGCGCTCTTCGATGAAGAAAACAG; 7, TACTGGATCCCCCG
GCTACGTTTGGACCTTTCGCCCGCTCAGA (mutated position in boldface
italics); and 8, TGCTTAGAAGTGGATTCGAA.

RESULTS

Aminoacylation of in vitro-synthesized potato mitochon-
drial tRNAGAA

Phe . In vitro transcription of constructs containing
the potato mitochondrial tRNAGAA

Phe gene directly fused to the
T7 RNA polymerase promoter at the 59 end and to a BstNI site
at the 39 end yielded full-length tRNA transcripts. Aminoacy-
lation of these transcripts with either an edited or a nonedited
sequence was tested in the presence of phenylalanine and of a

homologous potato mitochondrial enzymatic extract. As shown
in Fig. 1, identical kinetics were obtained with the edited and
nonedited sequences. These data demonstrate that the stability
and the capacity for aminoacylation with phenylalanine do not
differ significantly between the edited and nonedited forms of
the potato mitochondrial tRNAGAA

Phe in vitro transcript. The
same kinetics were also obtained with a transcript possessing a
doubly modified U4-G69 base pair in the acceptor stem (be-
cause of the mutation of position 69) and with an E. coli
enzymatic extract (data not shown).
Occurrence of tRNAPhe editing at the precursor level. Since

C4 editing did not seem to affect tRNA
Phe recognition by the

corresponding mitochondrial phenylalanyl-tRNA synthetase
and since only the edited form could be detected as a mature
tRNAPhe in potato plants (25), we speculated that editing
might have an influence on processing. If this is the case, the
sequence change has to occur at a very early stage after tran-
scription and, unless editing is the rate-limiting step, it might
be possible to detect edited tRNAPhe precursor molecules. To
test such a hypothesis, cDNAs representative of the tRNAPhe

sequence in potato mitochondrial precursor RNAs were syn-
thesized. The strategy used is schematically presented in Fig.
2A. A potato mitochondrial RNA fraction was used as a tem-
plate for reverse transcriptase (RT) cDNA synthesis in the
presence of a primer complementary either to the N49-N73
sequence of the tRNA (oligonucleotide 4) or to the down-
stream region of the gene (oligonucleotide 5). The synthesized
cDNAs were amplified by PCR in the presence of a primer
corresponding to the upstream flanking region of the gene
(oligonucleotide 6) and one of the two primers used for the
reverse transcription. As an example, Fig. 2B shows the se-
quences of two PCR clones obtained with oligonucleotides 5
and 6. With either combination of primers (oligonucleotides 4
and 6 or 5 and 6), the amplified tRNAPhe sequence was in its
edited form, with a U at position 4, in 50% of the 34 clones
sequenced (Fig. 2C), while the other 50% retained the original
C. Editing of tRNAPhe therefore appears to occur already at
the precursor level in potato mitochondria.
Furthermore, a strong processing site is present at the 39 end

of the potato mitochondrial tRNAPhe, as judged from North-
ern (RNA) blot and primer extension analyses, leading in vivo

FIG. 1. Aminoacylation kinetics of in vitro-synthesized potato mitochondrial
tRNAGAAPhe (3 mM) in the presence of a saturating amount of a homologous
mitochondrial enzymatic extract. E, edited form; ■, nonedited form.
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to a strong predominance of the intermediate precursors
yielded by the corresponding cleavage over the 39 unprocessed
precursor forms (32). Therefore, in our experiments, cDNAs
obtained by using a primer located in the tRNA before this
strong processing site (oligonucleotide 4 in Fig. 2A) for RT-
PCR amplification could roughly be considered representative
of the strongly predominant precursors processed at the 39 end
of the tRNA, whereas amplification with a primer located after
this site (oligonucleotide 5 in Fig. 2) could logically occur only

on 39 unprocessed precursors. As the same percentage of ed-
ited clones was observed in both cases, these data support the
idea that the C-to-U change at position 4 in the 59-end region
of tRNAPhe does not have a strong influence during 39-end
processing of this tRNA in potato mitochondria.
In vitro processing of potato mitochondrial tRNAPhe pre-

cursors. An edited and a nonedited labeled RNA spanning the
flanking and coding sequences of the potato mitochondrial
tRNAPhe gene were synthesized in vitro by T7 RNA polymer-
ase transcription of the corresponding cDNAs obtained in the
previous section by RT-PCR amplification with oligonucleo-
tides 5 and 6. The 32P-labeled transcripts produced were 202
nucleotides (nt) long, with 74 nt coming from the tRNA, 40
and 25 nt from the potato mitochondrial upstream and down-
stream regions, respectively, and the remaining 63 nt (50 at the
59 end and 13 at the 39 end) from the pKS vector (Fig. 3A).
Equal amounts of these labeled in vitro precursor transcripts
were incubated in the presence of a homologous potato mito-
chondrial lysate. Incubation of the edited precursor RNA with
the mitochondrial lysate yielded a major product correspond-
ing in size to the mature tRNA (Fig. 3B), as established by
comparison with a DNA sequence ladder and with the migra-
tion of labeled full-length tRNA transcript synthesized in vitro
from the gene constructs used in the aminoacylation studies.
This is indicative of both processing of the edited precursor
RNA and addition of the uncoded CCA end to the processed
product, which would be in agreement with the fact that plant
mitochondrial extracts exhibit both processing and tRNA
nucleotidyltransferase activity (13, 22). Incorporation of the
CCA end was further suggested by the fact that omitting CTP
and ATP in the incubation medium led to the formation of a
faster-migrating processing product. In processing assays with
the nonedited precursor RNA, the mature tRNA-size product
was either absent or present at a very low level, but, when
present, it migrated at the same position as for the edited
precursor. According to the reasoning mentioned above, this
argues in favor of the idea that, whenever processing happens
to occur with the unedited precursor, it is accurate and fol-
lowed by CCA addition. Figure 3 shows the strongest signal
(about 10% of that yielded by the edited precursor, as judged
by scanning) obtained with the unedited precursor out of five
independent experiments. It is unlikely that this absence or
very low level of mature tRNA-size product observed with the
nonedited precursor RNA is due to a fast turnover of these
molecules, because the nonedited full-length tRNA transcript
synthesized in vitro from the gene constructs used in the ami-
noacylation studies is as stable as the edited one when incu-
bated with the potato mitochondrial lysate (not shown). It thus
appears that although a complete processing reaction can oc-
casionally occur with the nonedited precursor RNA, the pro-
cess is inefficient, which strongly suggests that the C4-to-U4
change in the amino acid stem is necessary prior to processing
of the potato mitochondrial tRNAPhe. Similar processing as-
says were done with precursor RNAs synthesized in the pres-
ence of [a-32P]CTP. Total P1 nuclease hydrolysis of the small
amount of mature tRNA-size processing product obtained
with the nonedited precursor followed by thin-layer chroma-
tography (25) yielded no [32P]UMP (not shown). This makes it
unlikely that the low level of processing product obtained in
some experiments when the nonedited precursor RNA is
tested is due to editing which occurs during the incubation with
the mitochondrial lysate, as C-to-U editing in plant mitochon-
dria is believed to be due to deamination (14).
It should be emphasized that only a few intermediate prod-

ucts could be detected. In particular, no signals corresponding
to the 59 or 39 trailers were observed. The major processing

FIG. 2. Analysis of the in vivo sequence of potato mitochondrial tRNAGAAPhe

in precursor RNAs by RT-PCR and cDNA sequencing. (A) Schematic presen-
tation of the strategy used for the different RT-PCR amplifications. Oligonucle-
otide numbering is as described in Materials and Methods. Sequence data for the
trnF gene and its flanking regions have been reported previously (25). Evidence
for the strong processing site at the 39 end of tRNAPhe is described elsewhere
(32). RT-PCR amplification in the presence of potato mitochondrial RNA was
primed with either oligonucleotides 4 and 6 or oligonucleotides 5 and 6. (B)
Sequence analysis of 2 (one edited and one nonedited [arrows]) of the 24
tRNAPhe cDNAs amplified by RT-PCR with oligonucleotides 5 and 6. (C)
Complete results of 34 cDNA sequence analyses after RT-PCR amplification of
potato mitochondrial tRNAGAAPhe from precursor RNAs. T, total number of
cDNA clones analyzed; NE, number of clones with the unedited sequence; E,
number of clones with the edited sequence; P, percentage of clones with the
edited sequence; oligos, oligonucleotides.
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intermediate obtained with the edited precursor RNA was a
product of about 110 nt which might correspond to the tRNA
plus the 39 trailer (Fig. 3B). In contrast, assays with the non-
edited precursor RNA yielded a product of about 165 nt, which
would fit the size of the tRNA plus the 59 trailer (Fig. 3B).
Since editing of a C4-A69 mispairing into a normal U4-A69

base pair in the acceptor stem of potato mitochondrial
tRNAPhe appeared to promote efficient processing of the cor-
responding precursor RNA in vitro, we wondered whether the
same effect would be obtained when this mismatched C4-A69
was artificially changed into another conventional base pair. In
order to test such a hypothesis, a C4-G69 base pair was created
in the tRNA, instead of the U4-A69 base pair, by mutating the
A69 into a G in the clone encoding the nonedited precursor
RNA. A mature tRNA-size product was also obtained when
the C4-G69 in vitro transcript of this mutated gene was incu-
bated in the presence of the mitochondrial lysate (Fig. 3B). On
average, the signal obtained in this case reached about 40% of
that yielded by the edited U4-A69 precursor RNA.
Identification of the 5* and 3* processing sites. Primer ex-

tension analysis was used to check the accuracy of 59-end in
vitro processing of the tRNAPhe precursors. For that purpose,
unlabeled and labeled edited precursor RNAs were incubated
under the same conditions in the presence of the mitochon-
drial extract and run in parallel on a sequencing gel. The
mature tRNA-size unlabeled processing product was recov-
ered from the gel, using as a reference the migration of the
same product derived from the labeled precursor RNA. Primer
extension (Fig. 4A) using oligonucleotide 8 yielded a single
cDNA product of 74 nt with a homogeneous 59 end corre-
sponding precisely to the first nucleotide of the mature
tRNAPhe.
Taking into account that tRNA nucleotidyltransferase activ-

ity has already been detected in wheat or potato mitochondrial
lysates (13, 22), we checked whether the 39-terminal CCA
sequence was present in the mature tRNA-size products ob-
tained in our in vitro assays, thereby also verifying indirectly
the accuracy of 39-end processing of the tRNAPhe precursors.
For these experiments, unlabeled edited (U4-A69) or unedited
(C4-A69) precursor RNAs were incubated in the presence of
[a-32P]CTP with or without potato mitochondrial lysate. A
strong signal corresponding to a labeled mature tRNA-size
product was obtained with the edited precursor RNA in the
presence of the protein extract (Fig. 4B), whereas only a very
faint signal could be observed at the same position with the
nonedited pre-tRNA. These results reflect incorporation of the
CCA end into the processed tRNA molecules, which both
indicates accurate 39-end processing and strongly suggests that
the tRNA-size product obtained in the in vitro processing
assays described in this section and the previous sections has a
mature 39 end. The latter is also supported by the fact that this
tRNA-size processing product always migrated as the labeled
full-length tRNA transcript synthesized in vitro from the gene
constructs used in the aminoacylation studies and not as the
3-nt-shorter, CCA-deprived tRNAPhe encoded by the gene.
The very faint signal obtained with the nonedited pre-tRNA in
the [32P]CTP incorporation experiment whose results are
shown in Fig. 4B is consistent with the fact that no significant
level of mature tRNA-size processing product was detected in

FIG. 3. In vitro processing of the nonedited, edited, and C4-G69 mutated
forms of potato mitochondrial tRNAGAAPhe . (A) Schematic presentation of the
gene constructs used as templates for the synthesis of tRNAPhe precursors. The
RT-PCR-amplified cDNAs comprising the potato mitochondrial tRNAPhe (74
nt) with its flanking sequences (40 and 25 nt) were cloned into the BamHI (B)
site of plasmid pKS. After digestion with EcoRI (E), transcription from the T7
RNA polymerase promoter (T7) yielded transcripts (202 nt) also including vec-
tor sequences (50 and 13 nt). (B) In vitro-synthesized labeled precursor RNAs
corresponding to the nonedited (NE), edited (E), and mutated (C4-G69) forms of
potato mitochondrial tRNAGAAPhe were incubated in the presence (1) or absence
(2) of a potato mitochondrial protein extract. Processing products were analyzed

on a 15% acrylamide sequencing gel. The migration of the in vitro-synthesized
mature-size potato mitochondrial tRNAGAAPhe and the putative processing inter-
mediates of about 110 and 165 nt (as deduced from a ladder) is indicated on the
left.
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this case in the processing assay of labeled unedited precursor
run in parallel under the same conditions.

DISCUSSION

Editing and aminoacylation. We tested the functional role
of editing in the potato mitochondrial tRNAGAA

Phe . The editing
site concerned in this case, namely, position 4, is located in the
amino acid acceptor stem, which in all tRNAs contains identity
determinants for recognition by the cognate aminoacyl-tRNA

synthetase (see, for instance, reference 30). The N4-N69 base
pair, which is not conserved among phenylalanine tRNAs (35),
has not been implicated as an identity element for tRNAPhe,
but it could be involved in the fine-tuning of the tRNA struc-
ture allowing correct positioning of the identity nucleotides for
recognition by phenylalanyl-tRNA synthetase. We show here
that the same aminoacylation efficiency of potato mitochon-
drial tRNAGAA

Phe can be observed with either a U4-A69, a C4-
A69, or a U4-G69 base pair. This confirms that the N4-N69 base
pair is not an identity element for phenylalanylation in plant
mitochondria and does not play a role in aminoacylation, un-
less C4-to-U4 editing introduces a negative identity element
which prevents mischarging of tRNAPhe. Since we have been
using a partially purified potato mitochondrion enzymatic ex-
tract, it is very unlikely that these results are biased by the
occurrence of editing during the aminoacylation assay. This is
also strongly supported by the fact that the same results were
observed when an E. coli enzymatic extract was used, as no
editing has been reported for E. coli.
Editing and processing. It is known that correct folding of

the portion corresponding to the mature tRNA in larger pre-
cursors is important for recognition by processing enzymes.
From the data presented here, it seems that indeed the non-
edited precursor of potato mitochondrial tRNAPhe cannot be
efficiently processed in vitro, and thus presumably in vivo,
which is in accordance with the fact that only edited mature
tRNAPhe can be found in mitochondria of potato (and bean)
plants (25). That the nonedited in vitro-synthesized full-length
tRNAPhe transcript is as stable as the edited one upon incu-
bation with a potato mitochondrial lysate also makes it unlikely
that this absence of nonedited mature tRNAPhe in vivo is
simply due to fast turnover. In contrast to potato mitochon-
drial tRNAPhe, tRNAAsp is present in both its edited and its
nonedited form in marsupial mitochondria (15, 28), confirming
that the role of editing is different in this case.
Although an effect on other processing activities cannot be

excluded, our data are consistent with the possibility that ed-
iting of potato mitochondrial tRNAPhe affects cleavage of the
59 leader rather than removal of the 39 trailer from the pre-
cursor RNA. In all organisms studied so far, the 59 leader of a
tRNA precursor is removed by the site-specific RNase P, which
cleaves precisely at the 59 end of the mature tRNA (for a
review, see e.g., reference 1). Structural studies have already
indicated that (i) the conformation of the tRNA in the precur-
sor is approximately the same as that in the final mature state
and (ii) the correct cloverleaf folding and L-shaped three-
dimensional structure of the tRNA moiety in the precursor are
essential for recognition and cleavage by RNase P. Two do-
mains, one near the cleavage site at the 59 end of the tRNA and
the other one in the T stem and loop, were shown to be
important for the interaction between the eubacterial RNase P
RNA and the tRNA precursor (36). The residue at position 4
was part of the 6 nt of the acceptor stem involved in this
interaction. Detailed analyses of substrate recognition by
RNase P and by the M1 RNA, the catalytic RNA subunit of E.
coli RNase P, performed with different Schizosaccharomyces
pombe pre-tRNAs led to similar results (17).
Considering all these data, it can be speculated that the U

introduced at position 4 of potato mitochondrial tRNAPhe by
editing is essential for maintaining the cloverleaf folding of the
tRNA part in the precursor RNA and thereby obtaining effi-
cient cleavage by RNase P. Figure 5 shows that if the first base
pairs of the acceptor stem are indeed destabilized when the
precursor is not edited, the 59 end of the tRNA could be
recruited to form an alternate stem-loop folding involving the
upstream region in the precursor. According to the results

FIG. 4. In vitro analysis of 59- and 39-end processing of tRNAPhe. (A) Primer
extension analysis of the mature tRNA-size in vitro processing product obtained
from the edited precursor (Fig. 3) by using as a primer an oligonucleotide
complementary to the 39 end of potato mitochondrial tRNAPhe. The products of
a DNA sequencing reaction performed with the potato mitochondrial tRNAPhe

gene and the same primer were used as a ladder. This DNA sequence is shown
in its complementary form (C, T, A, G) to allow direct alignment of the primer
extension product (P) with the terminal sequence of the tRNA. The sequence of
the region surrounding the processing site is presented on the left, with an arrow
starting at the 59-terminal nucleotide of the mature tRNAPhe. (B) Addition of
the CCA end during in vitro processing of the edited (E) and nonedited (NE)
forms of potato mitochondrial tRNAGAAPhe . In vitro-synthesized unlabeled precur-
sor RNAs were incubated with [a-32P]CTP in the presence (1) or absence (2)
of a potato mitochondrial protein extract. Processing products were analyzed on
a 15% acrylamide sequencing gel. Migration of the in vitro-synthesized mature-
size potato mitochondrial tRNAGAAPhe is indicated (arrowhead).
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mentioned above obtained with other organisms, such an al-
ternate folding is unlikely to be recognized by RNase P. One
possible explanation for the low level of processing sometimes
observed with the unedited precursor RNA is that occasionally
a small proportion of the unedited molecules might fold cor-
rectly, either during in vitro synthesis or in the assay. In a
parallel work, Marchfelder et al. recently pointed out that
editing is also required for efficient excision of Oenothera mi-
tochondrial tRNAPhe from precursor RNAs (23). A similar,
although less stable, alternate folding can be proposed for the
Oenothera tRNAPhe precursor (Fig. 5).
In the protozoan Acanthamoeba castellanii, 8 of the 10 mi-

tochondrial tRNAs characterized are edited (20) or are pre-

dicted to undergo editing (21) at the 59 end of the acceptor
stem. These editing events are also likely to allow proper fold-
ing of the tRNA in the respective precursors and therefore
might be required for recognition by RNase P and/or other
processing enzymes.
The fact that replacing the unedited C4-A69 mispairing in

the potato mitochondrial tRNAPhe by a correct C4-G69 base
pair, instead of the normally edited U4-A69 base pair, restored
only 40% processing efficiency of the precursor RNA seems
somehow contradictory with the previous view, as a C-G base
pair is stronger than a U-A base pair and thus should even
better stabilize the acceptor stem. This suggests that either
introducing a C4-G69 base pair makes the tRNA structure too
tight or the U at position 4 by itself plays a role during inter-
action of the tRNA with plant mitochondrial RNase P. In
contrast to the situation in dicotyledonous plants, such as po-
tato plants, the native tRNAPhe gene has become a pseudo-
gene in mitochondria of the monocotyledonous plants wheat
and maize. When the sequences of these pseudogenes are
folded into the cloverleaf structure, a correct C4-G69 base pair
is found (12, 37). It can be speculated that an A69-to-G69
mutation appeared in the native tRNAPhe gene of monocoty-
ledonous plants after their divergence with dicotyledonous
plants, giving rise to a tRNAPhe transcript which could no
longer be edited and was unefficiently processed. In another
evolutionary step, the transfer of the chloroplast tRNAPhe

gene into the mitochondrial genome of monocotyledons (16)
might have enabled efficient expression and processing of an
alternative tRNAPhe, leading to further divergence of the na-
tive tRNAPhe gene into a pseudogene.
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