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RNA editing at a splicing site of NADH dehydrogenase subunit IV gene
transcript in wheat mitochondria
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Comparison between the sequence of the gene coding for the wheat mitochondrial NADH dehydrogenase subunit IV (nad4) and the cDNA sequen-

ce obtained by reverse transcription, using total wheat mtRNA as template, has shown the presence of a uridine residue, not encoded by the genomic

sequence, at the exon2-exon3 junction of the spliced transcript. This U creates a non-encoded CUG leucine codon which is essential for maintaining

the reading frame, as shown by the conservation of the amino acid sequence of the NAD4 protein in various species. The addition of a U or the
specific post-transcriptional conversion of a C to a U could explain this phenomenon.
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1. INTRODUCTION

The discovery of the phenomenon of RNA editing
upon transcription of protozoan mitochondrial (mt)
genes [1-3], was a major breakthrough in the study of
the post-transcriptional control mechanisms which
regulate gene expression. RNA editing described initial-
ly a process resulting in the addition of non-genomically
encoded uridine residues [1]. However, it has recently
been defined in a broad sense as processes that result in
the production of an RNA molecule which differs in
nucleotide sequence from the DNA template in the
coding regions and where this difference is not the result
of the classic splicing mechanisms [4]. Recently, a
specific C to U conversion has been described which oc-
curs during the expression of apolipoprotein B produc-
ing two alternative transcripts [5,6]. One transcript has
a uridine in place of the genomically encoded cytidine
and this conversion introduces a stop codon.

Known RNA editing events have been recently re-
viewed and were identified in protozoan mitochondria
as well as in mammalian organisms [4,7]. In this work,
we show the presence of a uridine residue not encoded
by the genomic DNA, at the exon2-exon3 junction of
the transcript of the split nad4 gene of wheat mitochon-
dria.

This is the first report of such RNA editing in the
plant kingdom.
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2. MATERIALS AND METHODS

2.1. DNA cloning and sequencing

Subclones of wheat mtDNA were obtained using M13mp19 vectors
after transformation of Escherichia coli NM522 host strains [8]. Se-
quencing was performed using the dideoxynucleotide chain termina-
tion method [9]. Inserted fragments of the different sizes were obtain-
ed by the ordered deletion method [10].

2.2. ¢DNA sequencing

For cDNA sequencing, a dideoxynucleotide chain termination reac-
tion was developed by modification of a previously published method
[11]: 60 ug of total wheat mtRNA were hybridized with 4 ng of the
specific 3*P-labeled oligonucleotide primer in 250 mM KC! and
10 mM Tris-HCI (pH 8.3). The mix (14 xl) was heated at 80°C for
3 min and the oligonucleotide primer and RNA were annealed for
60-90 min at 5°C below the denaturation temperature of the
oligonucleotide. The reactions contain: (a) 24 mM Tris-HCI (pH 8.3),
16 mM MgCl,, 8 mM dithiothreitol, 0.8 mM each (dNTP) and
100 xg/ml actinomycin D; (b) 3 #l of the primer/RNA-template solu-
tion; (c) 14l of 1 mM either ddATP, or ddCTP or ddGTP, or
ddTTP; (d) 8-10 units of avian myeloblastosis virus (AMV) reverse
transcriptase. The mix was incubated at 50°C for 45 min. The
samples were boiled for 3 min and loaded onto sequencing gel.

2.3. Hpybridization assays

Southern blot analysis was performed by standard methods [8]. For
Northern blot analysis, mtRNA was separated (20 xg in each lane) on
a 1.3% agarose vertical gel containing 2.2 M formaldehyde [8]. Stain-
ing and blotting of RNA to nitrocellulose filters was as described [12].
The blots were washed twice with 5 x SSPE and 0.5% SDS, at room
temperature, twice at 65°C for 15 min in the same solution and once
in 0.1 x SSPE and 0.1% SDS at 65°C for 15 min. Blots were exposed
overnight at —80°C to X-ray film with an intensifying screen.

3. RESULTS AND DISCUSSION

A complete Sall library of wheat mtDNA was screen-
ed with a 820 bp Bg/II-HindIII probe which contains

79



Volume 258, number 1

part of the soybean gene coding for subunit IV of
NADH dehydrogenase (mitochondrial complex I) [13].
One clone, named C3 by Quetier et al. [14] was found
to hybridize with the soybean probe. This clone con-
tains a 23 kb Sa/l fragment which is unique in the
mitochondrial genome since it does not contain any
repeated sequence involved in recombination events
[14]. Restriction analysis and Southern hybridization
showed that a 1.9 kb Sacl fragment (Sacl.9) of C3
(fig.1a) contained the sequence homologous to the soy-
bean probe (data not shown). An open reading frame of
148 codons (orf148) was found in the sequenced frag-
ment. The derived amino acid sequence showed 69%
similarity with the C-terminal part of several mitochon-
drial NAD4-proteins (data not shown). In a Northern
experiment, using the Sac1.9 fragment as a probe, we
showed that the wheat mitochondrial gene is transcrib-
ed into a 1.8 kb RNA. In order to look for the 5 part
of the gene, a synthetic oligonucleotide (O4) deduced
from the DNA sequence of orf148 (fig.1a) was used for
the synthesis of a labeled cDNA probe by AMYV reverse
transcriptase using total wheat mtDNA as template [8].
This ¢cDNA probe hybridized to the Sacl.9 fragment
and also to a 2.9 kb Sacl fragment (Sac2.9) which is
situated upstream of Sacl.9 on the C3 fragment
(fig.1a), thus indicating that the nad4 gene is inter-
rupted. The Sac2.9 fragment was cloned in M13mp19 in
both orientations and sequenced (data not shown).

In order to cross the intron boundaries and to iden-
tify the nucleotide sequence corresponding to the

3'-end of the preceding exon (upstream orf148), the

c¢DNA sequence was determined by the chain termina-
tion method (fig.2), using total wheat mtRNA as
template. Upon complete analysis of the wheat mtnad4
gene structure (which will be published elsewhere), it
was found that orf148 corresponds to the third exon
(E3) and that Sac2.9 fragment contains the second exon
(E2) of this gene. The two exons are separated by a 3405
nucleotide long intron (I2; fig.1a).

When determined, the cDNA sequence revealed, sur-
prisingly, a difference with respect to the corresponding
DNA sequence (fig.2). The transcript contains a uridine
at the E2/E3 junction, which is part of a non-encoded
CUG leucine codon. This experiment has been repeated
4 times, using different wheat mtRNA extracts, with the
same result. As this was the only base change found in
the 200 nucleotides sequenced, it is not likely to be the
result of a reverse transcriptase error.

The DNA sequences were determined on both strands
using cloned mitochondrial DNA. To eliminate any
possible artifacts due to the cloning steps, we have also
determined the sequence of the genomic wheat mtDNA
after amplification by the polymerase chain reaction
(PCR), using Taq polymerase as described [15,16].
Four synthetic oligonucleotides (01-O4) were used for
the synthesis of DNA fragments crossing the intron-
exon boundaries (fig.1a). These experiments showed
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that the wheat mtDNA sequences are strictly identical
to the cloned Sac2.9 and Sacl.9 fragment sequences
(data not shown). Longer expositions did not give dif-
ferent pattern of hybridization fragments.

We have also considered the possibility that homolo-
gous sequences carrying a T could exist in other loca-
tions in the wheat mt genome. All Southern hybridiza-
tions show that each digest gives hybridizing fragments
that are unique when they are probed with either Sac2.9
(fig.1b) or Sacl.9 (data not shown) fragments.

Northern blot hybridizations were performed using
5'-end labeled oligonucleotides [8]. When O4 and Os
oligonucleotides were used, corresponding respectively
to sequences internal to E3 and to E2, only one
transcript of 1800 nucleotides was detected, which
therefore represents the mature transcript of nad4
(fig.1c, lanes 1 and 2). Two other oligonucleotides, Oz
and Og, complementary respectively to the 5’ and 3’
regions of the intron, recognized only one RNA
molecule of about 3400 nucleotides, corresponding to
the known size of the spliced intron (fig.1c, lanes 3 and
4). These experiments suggest that there exists no other
exon sequence into I2 and therefore that the com-
parison which is made between the DNA and RNA se-
quence is a valid one. The presence of this U residue is
necessary to maintain the correct reading frame as
shown by a comparison with already known fungal or
mammalian NAD4 (fig.3).

This U not encoded in the gene but found in the
wheat nad4 transcript is the first demonstration of
RNA editing in plant mitochondria. When analysed,
the secondary structure of 12 indicates that it is a class
II intron [17]. If one looks 39 nucleotides upstream the
3’ end of this intron, one sees that 44 nucleotides can be
folded into the conserved secondary structure of loop V
of class II introns (not shown). At the 5’ splicing site,
I2 contains the sequence GGGCG with a G instead of
the U present in the consensus sequence of class II in-
trons [18]. The 3’-end sequence is Y4AUC instead of
the usual Y,AU. This could be an indication that the
last C residue is the first nucleotide of E3. Therefore,
as there is no C in the mRNA at this position, the non
encoded U found in the mRNA could be derived from
this C.

In the heat mt nad4 transcript, this editing takes place
at the junction between exons 2 and 3 and therefore
could be a consequence of the splicing mechanism. Up
to now, there is no report of a nucleotide insertion at
the splicing site in class II introns. The guanidine
nucleotide which initiates splicing in class I introns has
always been found attached to the excised intron and
not inserted between the two ligated exons [19]. It is not
known whether another splicing mechanism operates
specifically in plant mitochondria.

Whether this editing involves a U addition or a C to
U conversion, it would be interesting to determine at
what level of the mRNA processing this change occurs.
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Fig.1. (a) Restriction map of the 23-kb Sa/l fragment (C3) of wheat mitochondrial DNA containing the nad4 gene. 11 (intron 1), E2 (exon 2), 12
(intron 2), E3 (exon 3), I3 (intron 3), Oy, synthetic oligonucleotides used for the polymerase chain reaction, for DNA and RNA sequencing and
for Northern analysis. O, 5'CCTTTCATTTATACTCTAAGCGCGATTGC-3'; 0z, 5'-GCGACATGCTAAGTTTTCTCCCCTA-3'; Os,
5'-TCGATCCGACAGAGCGGAACGACCAG-3'; 04, 5'-TCCATAATATCTAACAAGTCGAGT-3', Os, 5'-GGATCCCAGTAAAGTATA-
TAGGAAAA-3'; Og, 5'-CCTTGCTTAGCGTTCCACTTGTG-3'. Relative locations of the primers flanking the edited region are shown with
the direction of chain elongation by arrows. P = PstI; S = Sacl. (b) Southern blot analysis of wheat mt genomic DNA restricted with Sacl
(lane 1), Pst1 (lane 2), Sall (lane 3) and probed with a second strand synthesis of Sac2.9 fragment cloned in M13. (c) Northern blot analysis of
transcripts in total wheat mtRNA probed with Os (lane 1), O4 (lane 2), O: (lane 3) and O (lane 4). Numbers at the left indicate the positions of
the RNA size markers (BRL).

Unfortunately, it has not been possible to detect the ving any heterogeneity, indicates that this process
primary transcript corresponding to the nad4 mRNA modifies all nad4 mRNA molecules and therefore that
suggesting that it must be rapidly processed. there probably is a specific mechanism to direct the

The fact that we have been able to detect this editing modification at the precise site of editing. We do not
phenomenon by sequence determination without obser- know whether this specificity is encoded in the
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Fig.2. Partial sequences of wheat mitochondrial nad4. (a) DNA sequence of the 3'-end of exon 2 and 5'-end of intron 2. (b) Sequence of nad4

transcript. The box indicates the position of the non-encoded U residue. (c) DNA sequence of the 3'-end of intron 2 and the 5'-end of exon 3.

Arrows indicate the extent of exons. (d) The sequence of nad4 transcript is shown next to the DNA sequences corresponding to the exon 2/intron

2 and intron 2/exon 3 boundary regions, aligned above and below, respectively. The box indicates the position of the non-encoded U residue and
the nucleotides found at this position in the DNA sequence.
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Fig.3. Comparison of part of the deduced amino acid sequence of the
wheat mt NAD4 with the amino acid sequence of the corresponding
protein from Aspergillus nidulans [20], human {21], bovine [22] and
mouse [23] mitochondria. The arrow indicates the position of the
leucine found at the E2-E3 junction. Stars indicate the homologies
with the Aspergillus nidulans NAD4 amino acid sequence. Boxes in-
dicate the homologies which exist in this part of the NAD4 protein
between wheat and the other organisms.
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mitochondrial DNA or due to some structural features
of the transcript itself before or after the splicing event.
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