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Abstract We have analyzed the role of RNA editing in 
the correction of mismatched base pairs in tRNA sec- 
ondary structures in mitochondria of the flowering 
plant Oenothera berteriana. Comparison of genomic 
and cDNA sequences from unprocessed primary tran- 
scripts of the newly characterized genes for tRNA cyS, 
tRNA Ash and tRNA t~e and the previously described 
gene for tRNA Ph° revealed single nucleotide discrepan- 
cies in the tRNA cy~ and tRNA phe sequences. While the 
change in the anticodon stem of tRNA cys alters a C-T 
to a T-T mismatch, the nucleotide transition in the 
tRNA Phe restores a conventional T-A Watson-Crick 
base pair, replacing a C-A mismatch in the acceptor 
stem. Since both nucleotide alterations are conversions 
from genomic cytidines to thymidines in the cDNA 
(uridines in the tRNAs), they are attributed to RNA 
editing, which is observed in nearly all mRNAs from 
plant mitochondria. 

Key words Plant mitochondria • Transfer RNAs 
RNA editing 

Introduction 

RNA editing constitutes a particular type of RNA pro- 
cessing, since it results in a posttranscriptional change 
in the primary sequence of RNA molecules. This phe- 
nomenon was first identified in kinetoplastids from 
Trypanosoma brucei, where uridines that are not genom- 
ically encoded are posttranscriptionally inserted into 
coxII mRNA molecules by RNA editing (Benne et al. 
1986). 

in recent years various types of RNA editing have 
been described in different organisms (Bonnard et al. 
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1992; Cattaneo 1991; Benne 1992). RNA editing is most 
frequently observed in the mitochondrial compartment, 
where it is predominantly involved in the maturation of 
mRNAs, although it is not restricted to this type of 
RNA molecule. In Physarum polycephalum primary se- 
quences of mRNAs, rRNAs and tRNAs are altered by 
RNA editing (Miller et al. 1993). Pyrimidine transitions 
have been suggested to participate in the generation of 
the mature form of the mammalian cytosolic t R N A  ASp 
(Beier et al. 1992). A cytidine to uridine conversion 
changes the codon recognition loop of a marsupial mi- 
tochondrial tRNA (Janke and P~i/ibo 1993). RNA edit- 
ing has also been shown to be required for maturation 
of tRNAs in mitochondria of the amoeboid protozoan 
Acanthamoeba castellanii (Lonergan and Gray 1993). In 
this organism, U to A, U to G and A to G conversions 
correct mismatched base pairs in the acceplLor stems of 
four different tRNAs. These tRNA editing e, vents occur 
within the first 3 bp of the acceptor stem, a region that 
normally provides major identity elements and specific 
contact points for the cognate aminoacyl-tRNA syn- 
thetase (Saks et al. 1994). 

Almost all RNA editing events identified in higher 
plant mitochondria have been observed in mRNA 
molecules (Schuster et al. 1991a). Most of the cytidine to 
uridine (in rare cases uridine to cytidine) conversions are 
located in coding regions and alter the triplet identity, 
resulting in a change in the encoded amico acid (Schus- 
ter et al. 1991b). Some RNA editing events are observed 
in intron sequences, where the nucleotide conversions 
allow the formation of base pairs which are thought to 
be required for the adoption of a specific secondary 
structure by  the intron (Wissinger et al. 1991; Binder 
et al. 1992). Several RNA editing sites have also been 
identified in 5' and 3' untranslated regions of various 
mRNAs; their function, however, is unclear at present 
(Schuster et al. 1991b). Only one cDNA clone derived 
from the 26S rRNA in Oenothera berteriana has been 
found with single C to U and U to C conversions. The 
significance of this putative rRNA editing remains 
unclear, since no RNA editing was found in any of 
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the other  rRNAs  investigated in different plant species 
(Schuster et al. 1991a; Bonnard  et al. 1992). 

Recently Mar6chal -Drouard  et al. (1993) have iden- 
tified an R N A  editing event in the mitochondria l  
t R N A  phe of po ta to  and bean, In both  plant species a 
C~-A69 mismatched base pair located in the t R N A  ac- 
ceptor  stem is corrected to a regular Ug-A69 base pair. 

The observation of several mismatched base pairings 
in secondary structure models deduced from t R N A  
genes encoded in mi tochondr ia  of several plant species 
led us to investigate a possible role of R N A  editing in 
restoring correct  base pairing in newly and previously 
described tRNAs from Oenothera mitochondria.  Com- 
parison of mitochondrial  t R N A  sequences from higher 
plants with the corresponding sequences from liverwort, 
where no R N A  editing has been observed (Oda et al. 
1992), reveals potential  R N A  editing sites in the t R N A  
sequences of higher plant mitochondria,  

of 10 rain at 72°C. The amplification was pertbrmed in the pres- 
ence of 50 mM KCI, 1.5 mM MgC1;, i0 mM TRIS-HC1, pH 8.3, 
50 nM dNTPs and 500 ng of each primer. Primers used in PCR 
amplifications were: tRNA A~, Asn2: 5'-CAACTCGATCGGTG- 
TATGTG-3' (nucleotides 2499-2518 in databank entry X76497), 
Asn3:5'-GATGTCCCTCGATTCTGC-3' (nucteotides 2748- 
2731 in databank entry X76497); tRNA c~, HC3:5'-CTTCTC- 
TGGCAACCCGCC-3' (nucleotides 266-283 in databank entry 
X76497), HCI:5'-CCAGAATGTTGTCTOTOG-3' (nucleotides 
539-522 in databank entry X76497); tRNA TM, Ilel:5'-TTC- 
CGTCCGCTCTTCCCG-3' (nucleotides 163-180 in databank 
entry X76496), Ile2:5'-TTGAGATCTGCGG~GTGG-3' (nucle- 
otides 346.329 in databank entry X76496); tRNA ~ ,  P6:5'- 
CAAAAGACGGAA~ACAAGAG-3' (nucleotides 313-332 in 
databank entry X74449), Pt:5'-CTTGAATTTCCAAATCCG- 
GC-3' (nucleotides 492-473 in databank entry X74449) 

Miscellaneous methods 

Mitochondriat DNA and PCR products were cloned into pKUN 
and pBluescript vectors following standard protocols (Sambrook 
et al. 1989). DNA sequencing was performed with a T7 sequencing 
kit (Pharmacia). 

Materials and methods 

Nucleic acids Results 

Isolation and purification of mitochondriaI nucleic acids have pre- 
viously been described in detail (Schuster et al. 1988, Binder and 
Brennicke 1993a, b). 

Southern blot analysis 

Total mitochondrial DNA was digested with restriction enzymes, 
size fractionated on agarose gels and transferred to GeneScreen 
Plus nylon membranes (Dupont) by standard capillary tech- 
niques. Hybridization conditions followed the instructions given 
by the manufacturer. The oligonucleotide used for the identifica- 
tion of tRNA TM was: 5'-CTCTAACCAACTGAGCTATTTCC- 
CC-3'. 

Northern blot analysis 

Mitochondrial RNA was fractionated in 4% polyacrylamide gels. 
After electrophoresis the gels were soaked in transfer buffer 
(0.045 M TRIS-borate, 0.001 M EDTA, pH 8) for 10 rain and sub- 
sequently electro-transferred for 16 h with 20 V to Duralon UV 
nylon filter (Stratagene) using a Biorad Trans-blot cell, which al- 
lows quantitative transfer of small and large RNA molecules. 

cDNA synthesis and polymerase chain reaction (PCR) 
amplification 

To remove possiNe DNA contamination from mitochondrial 
RNA preparations, nucleic acids were digested with RNase-free 
DNase I in a buffer containing 20 mM TRIS-HCt, pH 7.6 and 
5 mM MgCIa for t 5 rain at room temperature. After phenol/chlo- 
roform extraction, 5 ~tg of mitochondriat RNA and 50 ng of the 
distal primer were incubated at 70°C for 10 min followed by an- 
other 10 rain at room temperature, cDNA synthesis was carried 
out in a total volume of 20 gl using 200 U Superscript reverse 
transcriptase (BRL) in the presence of 20 mM TRIS-HCI, pH 8.4, 
50 mM KC1, 2.5 mM MgCI~, 1 mg/ml bovine serum albinum 
(BSA), 10 mM dithiothreitol (DTT) and 500 nM dNTPs for t h. 
First strand cDNA was amplified on a Biomed. thermocycler un- 
der the following conditions: 1 rain at 94°C, 2 min at 42°C and 
3 min at 72°C. This cycle was repeated 40 times with a final period 

Identification and genomic location 
of the t R N A  genes 

The genes for t R N A  cy~ and t R N A  a~n were identified in 
the Oenothera mitochondrial  genome during investiga- 
tion of the region upstream of the t R N A  a~yr gene and the 
distal part  of the split had2 gene. The gene for t R N A  A~n 
was detected on a 1 kb HindlII fragment that was 
mapped upstream of a 7 kb HindIII fragment contain- 
ing the t R N A  ~:yr gene and the second segment of the 
had2 gene. Detailed mapping and sequence analysis of 
the region further upstream revealed a 5 kb HindIII 
fragment that contains the gene for t R N A  cyS. These 5 
and 1 kb fragments are separated by a small 147 nucle- 
otide HindIII D N A  fragment (Binder et al. 1990, 1992). 
Southern blot hybridization confirmed the mitochon-  
drial origin of the identified HindlII D N A  fragments 
and the location of the genes for t R N A  cy~ and t R N A  ~n 
on a common  2.85 kb BamHI fragment (Fig. 1A,B). 
While t R N A  cy~ is encoded by a single locus, the gene for 
t R N A  T M  is possibly present in two different environ- 
ments in the Oenothera mitochondrial  genome. Weak 
signals corresponding to a 6.5 kb BarnHI and a 3.1 kb 
HindIII fragment could either derive from such a second 
copy of this gene, which is present in substoichiometric 
amounts,  or could result from a partial  sequence dupli- 
cation (Fig. 1A). The two t R N A  genes for t R N A  cy~ and 
t R N A  A~n occur together with the previously character- 
ized gene for t R N A  a'yr encoded upstream of had2 exon c. 
Sequence analysis showed the gene for t R N A  cyS to be 
located 2145 bp upstream of the t R N A  A~n coding re- 
gion. 

A 3 kb cloned fragment was isolated from an 
Oenothera mitochondrial  D N A  HindlII l ibrary by hy- 
bridization with an oligonucleotide that is complemen- 
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Fig. 1A-C Southern blot analysis of the genes for tRNA A~ (A), 
tRNA cy~ (B) and tRNA ~ (C). Total mitochondrial DNA was 
digested with BamHI (1) or HindlII (2) and probed with: A a DNA 
fragment containing the tRNA A~ gene with 558 bp of upstream 
and 167 bp of downstream region. This gene is present in two 
genomic environments in different stoichiometric amounts or on- 
ly part of this region is duplicated in the mitochondrial DNA, B 
A t.5 kb DNA fragment containing the tRNA cy~ gene with 
380 bp of upstream and 1030 bp of downstream sequence. Signals 
corresponding to a single DNA fragment in each digest indicate 
that tRNA cu~ is encoded by a single-copy gene. C Hybridization 
of a 0.6 kb NruI fragment containing the tRNAn~gene with 210 bp 
of upstream and 300 bp of downstream region detects a single 
DNA fragment in each lane, indicating that this tRNA is encoded 
by a single gene. Sizes of co-electrophoresed DNA length.stan- 
dards are given in kilobases 

tary to the 5' part of maize tRNA m~t (Parks et al. 1984), 
which most probably is also modified in this plant spe- 
cies to decode an isoleucine codon (AUA), as has been 
shown for potato (Weber et al. 1990). Sequence analysis 
of a 0.58 kb NruI DNA fragment revealed a tRNA gene 
that was identified as tRNA ne by its homology to the 
respective gene from potato (Weber et al. 1990). Hybrid- 
ization of the 0.58 kb NruI fragment to total m tDNA 
indicates that this gene is present in a unique genomic 
environment in the Oenothera mitochondrial genome 
(Fig. 1C). So far no other coding region has been identi- 
fied in the immediate vicinity of this gene. 
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The complete gene for tRNA ~n~ is present in four 
different genomic environments, while a fifth locus con- 
tains only a truncated t R N A  pu~ sequence in the mito- 
chondrial genome of Oenothera (Binder and Brennicke 
1993b). 

Primary sequences and secondary structures 

The tRNA sequences deduced from the genes for 
tRNAA% tRNA cy~ and tRNA n~ can be folded into the 
classical cloverleaf secondary structure (Fig. 2A-C). The 
sequences contain the typical nucleotides at invariant 
positions postulated by the generalized tRNA model 
(Singhat and Fallis 1979). 

The gene for tRNA c~ (Fig. 2B), which is 71 nucle- 
ofides long shows 100% sequence identity with the cor- 
responding gene from tomato (Izuchi and Sugita 1989). 
While the tRNA cy~ gene is of "native" mitochondrial 
origin (Izuchi et al. 1990), the 72-nucleotide gene for 
tRNA a~'~ (Fig. 2A) shows 94.4%-100% identity to the 
chloroplast-like genes from tomato, wheat, and bean 
(Izuchi et al. 1990; Joyce and Gray 1989; Bird et al. 
1989). Such chloroplast-like tRNA genes typically show 
very high sequence similarity to their chloroplast coun- 
terparts and are often located on plastid-derived DNA 
insertions in the mitochondrial DNA. 

The primary sequence of the gene for tRNA "~ 
(Fig. 2C) is 98.6% homologous to the corresponding 
gene from potato. Both genes are 74 nucleotides long 
and contain a 5'-CAT-3' anticodon. 

R N A  editing in tRNA cy~ and tRNA TM 

In order to investigate RNA editing in tRNA molecules 
a cDNA library derived from Oenothera mitochondrial 
R N A  was screened with specific probes for tRNA cys, 
tRNA Ash and tRNA Phe (Wissinger et al. 1991). Since on- 
ly two tRNA-derived cDNA clones were isolated by 
this approach, we also analyzed PCR amplified cDNAs 
that were specifically synthesized from precursor 
molecules of tRNA cy~, tRNA A~, tRNA ~e and tRNA ~'~e. 
Comparison of genomic and cDNA sequences iden- 
tified one cytidine to thymidine exchange each in the 
tRNA cy~ and tRNA ~'~ coding regions (Figs. 3 and 4). 

The secondary structure model (Fig. 2B) shows the 
nucleotide transition in tRNA c~ (Fig. 3A) to be located 
at the base of the anticodon stem. A C~-Tg~, mismatch is 
changed to a T~s-T~ mismatch in 33.3% of the analyzed 
cDNA clones (Fig. 3B). 

In the tRNA TM gene a C to T exchange was identified 
by comparing the sequences of the four identical ge- 
nomic copies with the respective cDNA sequences 
(Fig. 4A, Binder and Brennicke 1993b). This nucleotide 
transition converts a C4-A~9 mismatch in the acceptor 
stem to a conventional Tg-A~ Watson-Crick base pair- 
ing (Fig. 2D). The cDNA sequence analysis showed 
46.7% of the 15 analyzed clones to be altered in this 



70 

A 
ASN 
(GTT) 

T 
G 

G 
r 

20  

G 
T- -A  
C--G 
C--G-7O 
T e G  
C--G 
A--T 60 
G e T  f 

lo T C A T c c T A A  
LA GACTCG I I I I I  A 

I I I I  GTAGG T C 
TAGAGC C\ST o T 

GG--cTG G 
T- -A 
C--G 

30-G • T-4o 
G--C 

C A 
T A 

G T T  

C A 
ILE G • T 

(CAT) G - c 
G - -  C-7O 
C--G 
T - - A  
T -- A 60 
A - -T  c G  

io T CATCC 
T T A A T T T & A  I I I  I I  

G I I I I  G T A G G T T  
G G A A A C  T \5o 

TT G T 
F T T A 

20 T A 
A - -T  
C--G 

30 -C -- G- 4o 
G--O 

O A 
T , A 

C A T  

A 
G 

C 

T B C Y S  G - -  C 
(G CA) G - -  C -  70 

C--G 
T e G  
A--T 
G e T  60 

J1° T G - - C c T G c c C C  A 
T AATACA A I I I  I I  G 

G I I I I  G A C G G T T C  
G A AATGTA T "5o 

A J 
20 T - - G G A  

T ~ . . C  T G--C 
30 -G -- C-4O 

A--T 
C A 
T A 

G c A  

Fig. 2A-D Cloverleaf structures of the tRNAs deduced from the 
genes for tRNA ash (A), tRNA cys (B), tRNA! le (C) and tRNA Phe 
(D) are shown as DNA sequences. Numbering of the nucleotides 
follows Steinberg et al. (1993). The C to T editing events are indi- 
cated by arrows. Major editing events are marked by bold charac- 
ters, while the minor editing events observed in a single cDNA 
clone (no. 1182) are indicated by thin letters. The cytidine (C34) in 
the first anticodon position of tRNA he, which is hypermodified to 
a lysidine-like nucleotide in potato, is marked by an asterisk. The 
sequences of the newly characterized genes for tRNA cys, tRNA AS" 
and tRNA TM with the respective upstream and downstream re- 
gions have been submitted to the Genbank/EMBL Data Bank 
with accession numbers X76496 and X76497 

position. Sequence analysis of a cDNA clone derived 
from a pseudo-tRNA Phe showed that this nucleotide po- 
sition (C4) is also edited in a cDNA clone derived from 
a pseudo-copy of this gene (not shown), although the 
disruption in the 3' part of the gene does not allow cor- 
rect formation of the acceptor stem of the pseudo-tRNA 
(Binder and Brennicke 1993b). 

In the tRNA Ph~ two additional, unusual RNA edit- 
ing events were observed in a single cDNA clone (no. 
1182, Fig. 4B). Transition of C13 in the stem of the D- 
arm and C4~ in the anticodon stem to thymidines con- 
verts two conventional C~G base pairings to less stable 
T-G base pairs (Fig. 2D). The significance of these two 
RNA editing events, which were detected only in a sin- 

D PHE 
(GAA) 

G 
G--C 
T e G  
T --A-70 

T ~ C  A 
A - - T  

T G -- C s0 
I 1o T G • T r 
i ~ T C A c c T A A  

T C G A c T C G  A I I I  [ [  G 
G # # [ [ AGTGGTT C 
GT TAGAGC A CT\5O 

r A- -TG_G 
20 A --T / 

G - - C  - ~ T  
30 -G -- C- 40 

A--T 
C A 
T A 

G A A  

gle cDNA clone, remains unclear. Since this clone is 
derived from PCR amplified cDNA, amplification arti- 
facts cannot be excluded. 

The seven cDNA clones derived from tRNA n~ pre- 
cursor molecules show no differences from the genomic 
sequence. Only cytidines (C34) were observed at the most 
probably hypermodified first anticodon position 
(Fig. 2C). 

The analysis of genomic and cDNA sequences from 
tRNA ash did not reveal any evidence for a nucleotide 
exchange. All 11 investigated cDNA clones are identical 
to the genomic sequence. 

Since the observed nucleotide differences in the in- 
vestigated tRNAs are alterations from genomic cytidi- 
nes to thymidines in the cDNA (uridines in the tRNA), 
they are attributable to the R NA editing process ob- 
served in almost all plant mitochondrial mRNAs inves- 
tigated so far. 

The tRNA genes are transcribed into 
larger precursor RNAs 

Transcription of the newly identified tRNA genes cod- 
ing for tRNA cys, tRNA ash, and tRNA ~I° was analyzed in 
detail by Northern blot experiments. Hybridization 
against total mitochondrial RNA was performed with 
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Fig. 3A, B RNA editing in tRNA cyS. A Comparison of genomic 
and cDNA sequences of tRNA cyS. 5' and 3' ends of the tRNA 
gene are indicated and the editing site is identified by an arrow. B 
Statistical analysis of tRNA cy~ editing events. In the precursor 
RNA population analyzed, 33.3 % of the individual cDNA clones 
are found to be edited at position 28 

probes containing the respective tRNA gene with up- 
stream and downstream region sequences. Signals at 
about 75 nucleotides showed the mature tRNAs to be 
present in the steady state R N A  of Oenothera mitochon- 
dria ( tRNA a~n, Fig. 5A; tRNA cys, Fig. 5B; tRNA I~e, 
data not shown). Beside these mature tRNA-sized 
molecules a complex pattern of larger R N A  species is 
detected by this approach. R N A  molecules of sizes up to 
2.5 kb for both tRNA cy~ and tRNA A~n are most proba- 
bly tRNA precursors. The various size classes of these 
precursor molecules may represent intermediates in the 
tRNA maturation process. 

Discussion 

The genes for tRNA cys and tRNA Ash have been newly 
identified in the Oenothera mitochondrial genome. To- 
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gether with the previously identified gene for tRNA Tyr 
they are located upstream of exon c of subunit 2 of the 
N A D H  dehydrogenase. The organization of these three 
tRNA genes is identical in Oenothera and tomato, al- 
though the distances between the genes differ (Izuchi et 
al. 1990). The larger RNAs detected in the Northern 
blot analysis do indicate that these tRNA genes are 
transcribed into longer precursor RNAs (Fig. 5), but do 
not yet allow any conclusions to be drawn concerning 
possible cotranscription of the genes. 

RNA editing or modification ? 

The sequence analysis of cDNAs derived from precur- 
sor tRNAs provided evidence for RNA editing in the 
mitochondrial tRNA cys and tRNA Phe from the higher 
plant O. berteriana. One of these editing site, s is located 
in the anticodon stem of tRNA cy~. Another editing site 
is detected in the acceptor stem of tRNA TM. There are 
two arguments that support the idea that the transitions 
represent RNA editing rather than modification or hy- 
permodification. First, in both cases genomic cytidines 
were altered to uridines (thymidines in the cDNA) as in 
the overwhelming majority of the editing events de- 
scribed in higher plant mitochondria. This notion is 
strongly supported by the analysis of the: analogous 
tRNA phe editing event in potato and bean, where the 
investigation showed a genuine C to U transition in the 
mature tRNAs (Mar6chal-Drouard et al. 1993). Second, 
the mitochondrial tRNA zl~ encoded in Oenothera most 
probably contains the same cytidine to lysidine-like nu- 
cleotide hypermodification as its counterpart in potato 
(Weber et al. 1990). A similar hypermodification in E. 
coli changes the codon recognition and amino acid 
specificity from methionine to isoleucine. The cDNA 
sequence analysis of the tRNA ~ precursor RNA in 
Oenothera mitochondria showed that this nucleotide is 
always identified as a cytidine residue. This implies that 
either the hypermodified nucleotide is transcribed by 
the reverse transcriptase as a normal guanosine or the 
precursor RNA is not yet modified at this nucleotide 
position. The clear detection of only cytidines at this 
position in the precursor RNA molecules indirectly 
supports the classification of the observed transitions in 
tRNA cys and tRNA TM as RNA editing events rather 
than nucleotide modifications, since they are already 
observed in precursor molecules. 

Location of the RNA editing sites 
in the tRNA molecules 

The tRNA editing sites identified in plant mitochondria 
are located in double-stranded regions of the tRNA sec- 
ondary structures. As in the RNA editing of tRNAs in 
A. castellanii (Lonergan and Gray 1993) and in bean 
and potato tRNA TM (Mar~chal-Drouard ell al. 1993) the 
C to T transition corrects a mismatch located in the 
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Fig. 4A, B RNA editing of tRNA ~ .  A Autoradiograms of 
tRNA Ph~ genomic and cDNA sequences are compared. Nucle- 
otides changed by RNA editing are marked by arrows. The edited 
nucleotides are identified as C in the genomic and T in the cDNA 
sequences, Two rare and apparently "nonsense" editing events 
were detected in only a single cDNA clone (no. 1182). B Statistical 
analysis of the tRNA ~° editing events shows 53.3% of all clones 
to be edited ~vith 46.7% altered at position 4 (Fig. 2D) 

acceptor stem of Oenothera tRNA pu~. As has been pro- 
posed for A. castellanii, the 3' part of the acceptor stem 
itself could provide the specificity for this editing event, 
assuming that the R N A  editing mechanism is a form of 
directed mismatch repair. However, there are several 
arguments against a cis-guiding mechanism in higher 
plant mitochondria. Although the observed editing 
events are located in double-stranded regions, cis-guid- 
ing cannot be a prerequisite for editing, since editing at 
this position (C4) also occurs in a cDNA derived from a 
pseudo-tRNA TM gene, which shows a C4-C69 mismatch 
in the non-functional acceptor stem of the potential sec- 
ondary structure. In addition, cis-guiding is not possible 
at all in the RNA editing event in the tRNA cy~, where a 
C-T mismatch is edited to a mismatched T-T pair. How- 
ever, since all identified R N A  editing events, including 
those observed in cDNA clone no. 1182, are located in 
base pairing regions, this structural feature might be 
somehow important for the R N A  editing mechanism. 
These observations might suggest that formation of 
some kind of secondary structure is more generally in- 
volved in R N A  editing in higher plant mitochondria. 

R N A  editing of tRNAs: functionally necessary 
for higher order structure ? 
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merits in the tRNA, which can be dispersed throughout 
the three-dimensional structure of the tRNA or may be 
concentrated in the anticodon loop and/or the accep- 
tot stem (Schulman 1991). However, RNA editing of 
tRNA P~e in potato and bean, which is analogous to that 
observed in the corresponding tRNA from Oenothera, is 
proposed to have no influence on correct aminoacyla- 
tion (Mar6chal-Drouard et al. 1993). A function of 
RNA editing of the tRNA cy~ in defining aminoacylation 
specificity is also rather unlikely, since the identity ele- 
ments are usually not located in the stem of the anti- 
codon arm. In Marchantia mitochondria, where no 
RNA editing has been observed so far, the mismatched 
T-T basepair, which is introduced into Oenothera 
tRNA cy~ by RNA editing, is genomically encoded. It is 
therefore possible that the R N A  editing of tRNA cy~ is 
involved in the stabilization of the higher order struc- 
ture. T-T mismatches are observed in several other mi- 
tochondrially encoded tRNAs from different plant spe- 
cies, either located in the acceptor stem as in tRNA s~ 
(GCU) (Binder et al. 1990, Mar6chal-Drouard et al. 
1993, Joyce et al. 1988) or in the stem of the anticodon 
arm as in tRNA ~e (Fig. 2C, Weber et al. 1990) or 
tRNA G~u (UUC) (Gualberto et al. 1989). This may indi- 
cate that mismatched T-T "basepairs" are less obstruc- 
tive to formation of functional tRNA secondary struc- 
tures than C-T mismatches. The significance of the 
RNA editing events observed in cDNA clone no. 1182 is 
questionable. Since these were detected only in a single 
cDNA clone, they might result from a kind of mis- 
editing as observed in coxI and rps3 mRNAs from 
O. berteriana (Schuster and Brennicke 1991) or alter- 
natively result from PCR artifacts. 

Correct aminoacylation of tRNAs by their cognate 
aminoacyl-tRNA synthetases is directed by identity ele- 
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2 6 0 0  
1200  

680  

520  

4 0 0  
350  

B 

- -  2 2 0  

- -  180  

- -  125 

- -  7 5  

- -  5 0  

Fig. 5A, B Northern blot analysis of tRNA A~ (A) and tRNA cy~ 
(B). For hybridization to total mitochondrial RNA f rom 
Oenothera the same probes as described for the Southern blot 
analysis were used. Strong signals from species of about 75 nucle- 
otides correspond to the mature tRNA molecules. Signals corre- 
sponding to larger RNA species indicate the presence of tRNA 
precursor molecules in the steady state RNA of OenOthera mito- 
chondria. Sizes of co-electrophoresed DNA standard fragments 
are given in nucleotides (nt) 

RNA editing, a prerequisite for efficient processing 
of tRNAPh~? 

The T-A base pair introduced by RNA editing of the 
tRNA ~'h~ repairs a mismatch in the acceptor stem and 
increases the stability of the secondary structure. The 
correctly paired stem might influence the processing 
steps required for maturation of the tRNA. While 
46.6% of the investigated cDNA clones derived from 
precursor tRNA molecules from Oenothera are found to 
be edited at this position (Fig. 2D, position 4), no uned- 
ited forms of the mature tRNA from potato could be 
detected (Mar6chal-Drouard et al. 1993). This suggests 
that the tRNA ph~ editing is required for efficient 5' and 
3' processing. 

Acknowledgements We thank Jean-Michel Grienenberger, Lau- 
rence Mar6chal-Drouard and Jacques-Henry Well for the kind gift 
of tRNA gene specific oligonucleotides. Special thanks to Bernd 
Wissinger for providing Oenothera eDNA and genomic HindIII 
libraries and Martina Gutschow for her perfect technical assis- 

tance. This work was supported by grants from the Deutsche 
Forschungsgemeinschaft and the Bundesministerium fiir For- 
schung und Technologic. 

References 

Beier H, Lee MC, Sekiya T, Kuchino Y, Nishimura S (1992) Two 
nucleotides next to the anticodon of cytoplasmic rat tRNA A~p 
are likely generated by RNA editing. Nucleic" Acids Res 
20: 2679-2683 

Benne R (1992) RNA editing in trypanosomes. Mol Biol Rep 
16:217-227 

Benne R, Van den Burg J, Brakenhoff J, Sloof P, Van Boom JH, 
Tromp MC (1986) Major transcript of the fraraeshift coxII 
from trypanosome mitochondria contains four nucleotides 
that are not encoded in the DNA. Cell 46:819-826 

Binder S, Brennicke A (1993a) Transcription initiation sites in 
mitochondria of Oenothera berteriana. J Biol Chem 268:7849- 
7855 

Binder S, Brennicke A (1993b) A tRNA gene transcription initia- 
tion site is similar to mRNA and rRNA promoters in plant 
mitochondria. Nucleic Acids Res 21:5012-5019 

Binder S, Schuster W, Grienenberger J-M, Weil JH, Brennicke A 
(1990) Genes for tRNA ~a, tRNA HiS, tRNA Lys, tRNA Phe, 
tRNA ser and tRNA Tyr are encoded in Oenothera mitochon- 
drial DNA. Curr Genet 17:353-358 

Binder S, Marchfelder A, Brennicke A, Wissinger B (1992) RNA 
editing in trans-splicing intron sequences of had2 mRNAs in 
Oenothera mitochondria. J Biol Chem 267:7615--7623 

Bird S, Duncker B, Garber P, Bonen L (1989) Nucleotide se- 
quence of the bean mitochondrial DNA region containing the 
tRNA A~n and tRNA Tyr genes. Nucleic Acids Res 17:4379 

Bonnard G, Gualberto JM, Lamattina L, Grienenberger JM 
(1992) RNA editing in plant mitochondria. Crit Rev Plant Sci 
10:503-524 

Cattaneo R (1991) Different types of messenger RNA editing. 
Annu Rev Genet 25:71-88 

Gualberto JM, Domon C, Weil J-H, Grienenberger J-M (1989) 
Nucleotide sequence of the wheat mitochondrial tRNA GI- 
(UUC) gene. Nucleic Acids Res 17:3586 

Izuchi S, Sugita M (1989) Nueleotide sequence of a tomato mito- 
chondrial tRNA cys (GCA) gene. Nucleic Acids Res 17:1248 

Izuchi S, Terachi T, Sakamoto M, Mikami T, Sugita M (1990) 
Structure and expression of tomato mitochondrial genes cod- 
ing for tRNA cys (GCA), tRNA Asn (GUU) and tRNA vyr 
(GUA): a native tRNA cy~ gene is present in dicot plants but 
absent in monocot plants. Curr Genet 18:239-243 

Janke A, P/ifibo S (1993) Editing of a tRNA anticodon in marsu- 
pial mitochondria changes its codon recognition. Nucleic 
Acids Res 21:1523-1525 

Joyce PBM, Gray MW (1989) Aspartate and asparagine tRNA 
genes in wheat mitochondrial DNA: a cautionary note on the 
isolation of tRNA genes from plants. Nucleic Acids Res 
17:7865-7878 

Joyce PBM, Spencer DF, Bonen L, Gray MW (1988) Genes for 
tRNA ASp, tRNA Pr°, tRNA Tyr and two tRNAs set in wheat mi- 
tochondrial DNA. Plant Mol Biol 10:251-262 

Lonergan KM, Gray MW (1993) Editing of transfer RNAs in 
Acanthamoeba castellanii mitochondria. Science 259:812-816 

Mar6chal-Drouard L, Ramamonjisoa D, Cosset A, Weil J-H, Di- 
etrich A (1993) Editing corrects mispairing in the acceptor 
stem of bean and potato mitochondrial phenylalanine transfer 
RNAs. Nucleic Acids Res 21:4909-4914 

Miller DL, Ling M, Wang S, Yang N, Costandy H (1993) RNA 
editing in mitochondria of Physarum polycephalum. In: Bren- 
nicke A, Kfick U (eds) Plant mitochondria, VCH Chemie, 
Weinheim and New York, pp 53-61 

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 



74 

of liverwort Marchantia polymorpha mitochondrial DNA. J 
Mol Biol 223:1-7 

Parks TD, Dougherty WG, Levings CS III, Timothy DH (1984) 
Identification of two methionine transfer RNA genes in the 
maize mitochondrial genome. Plant Physiol 76:1079-1082 

Saks ME, Sampson JR, Abelson JN (1994) The transfer RNA 
identity problem: a search for rules. Science 263:191-197 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a 
laboratory manual. Cold Spring Harbor Laboratory Press, 
Cold Spring Habor, New York 

Schulman LH (1991) Recognition of tRNAs by aminoacyl-tRNA 
synthetases. Prog Nucleic Acid Res Mol Biol 41:23-87 

Schuster W, Brennicke A (1991) RNA editing makes mistakes in 
plant mitochondria: editing loses sense in transcripts of a 
rpsl9 pseudogene and in creating stop codons in coxI and rps3 
mRNA of Oenothera. Nucleic Acids Res 19:6923-6928 

Schuster W, Hiesel R, Wissinger B, Schobel W, Brennicke A (1988) 
Isolation and analysis of plant mitochondria and their 
genomes. In: Shaw C (ed) Plant molecular biology. A practical 
approach. IRL Press, Oxford, pp 79-102 

Schuster W, Ternes R, Knoop V, Hiesel R, Wissinger B, Brennicke 
A (1991a) Distribution of RNA editing sites in Oenothera mi- 
tochondrial mRNAs and rRNAs. Curr Genet 20:397-404 

Schuster W, Wissinger B, Hiesel R, Unseld M, Gerold E, Knoop V, 
Marchfelder A, Binder S, Schobel W, Scheike R, Gr6nger P, 
Ternes R, Brennicke A (1991b) Between DNA and. protein - 
RNA editing in plant mitochondria. Physiol Plant 81:437445 

Singhal RP, Fallis PAM (1979) Structure, function, and evolution 
of transfer RNAs. Prog Nucleic Acid Res Mol Bio123:227-263 

Steinberg S, Misch A, Sprinzl M (1993) Compilation of transfer 
RNA sequences and sequences of transfer RNA genes. Nucleic 
Acids Res 21:3011-3015 

Weber F, Dietrich A, Weil J-H, Mar6chal-Drouard L (1990) A 
potato mitochondrial isoleucine tRNA is coded for by a mito- 
chondrial gene possessing a methionine anticodon. Nucleic 
Acids Res 18:5027-5030 

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


