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ABSTRACT

The wheat mitochondrial (mt) NADH dehydrogenase
subunit 4 gene (nad4) has been localized and
sequenced. This gene, about 8 kb long, is composed
of four exons separated by three class Il introns. The
nad4 gene exists as a single copy in the wheat
mitochondrial genome and it is transcribed into one
abundant mRNA of 1.8 kb, whose extremities have
been mapped. The complete cDNA sequence
corresponding to the nad4 transcript has been
determined by combining the direct sequencing of
uncloned cDNA and a method involving cDNA
synthesis and PCR amplification using specific
oligonucleotides as primers, followed by cloning and
sequencing of the amplification product. Comparison
of the genomic sequence with that of the cDNA shows
that all nad4 transcripts are fully edited at 23 positions,
with an uneven distribution of the editing sites between
the different exons: While exon 1 and exon 4 are
extensively edited (with a change of 11% of the amino
acid sequence), exon 2 is not edited at all and exon 3
is 0.5% edited. This uneven distribution is discussed.

INTRODUCTION

By immunological studies, seven open reading frames of the
human mt genome have been identified as the genes coding for
seven polypeptides which are part of complex I, the NADH
dehydrogenase (1).These genes have been found in nearly all
mitochondrial genomes except in yeast (2). In higher plant
mitochondria, the genes coding for the subunits 1, 2, 3 and 5
of NADH dehydrogenase have been recently identified (3—7).
The partial sequence of a putative gene coding for the subunit
4 (nad4) has also been reported in soybean mitochondria (8).
By comparison of the deduced polypeptide sequence with known
protein sequences, it was shown that this partial sequence codes
for the C-terminal part of nad4 and also that nad4 is interrupted.
Using the soybean sequence as a probe, a similar sequence has
been identified in wheat mitochondria (9) and the presence of
a 3398 nt long class II intron has been shown.

Recently, we (9,10) and others (11,12) have shown that RNA
editing, a newly discovered way of modulating genetic
information, is occurring in plant mitochondria. This activity
results into the presence of a U in the mRNA at specific locations
where a C is encoded by the DNA. These conversions result in
an mRNA whose nucleotide sequence is different from that of
the gene and it is therefore not possible to deduce the protein
sequence directly from the gene sequence. The determination of
the mRNA sequence, usually through cDNA sequencing, is now
a necessary step to obtain the correct aminoacid sequence of a
protein encoded by the plant mt genome (10,11).

This work describes the study of a region of the wheat
mitochondrial genome which contains the gene coding for subunit
4 of NADH dehydrogenase. This gene, which is about 8kb long,
is composed of four exons separated by three class II introns.
The complete sequence of this gene can be found in GenEMBL
data bank under accession number X57164. In this report, we
present the physical structure of this gene, the nucleotide sequence
of the nad4 cDNA with the complete characterization of the edited
sites of the nad4 transcript.

MATERIAL AND METHODS
Wheat mitochondrial DNA

The complete collection of wheat mt DNA Sal I clones was
obtained from F. Quétier and B. Lejeune (Laboratoire de Biologie
Moléculaire Végétale, Université Paris XI, Orsay, France).

Extraction and analysis of RNA

Wheat seeds (Zriticum aestivum, variety Capitole) were grown
in the dark at 25°C for 10 days. Total mt RNAs of the etiolated
seedlings were extracted as described by Stern and Newton (13).
RNAs were analysed by electrophoresis on formaldehyde-agarose
gel and blotted onto nitrocellulose filters. Oligonucleotides probes
were labelled with T4 polynucleotide kinase using (y-32P) ATP
as described (14). Probes were hybridized to filters at 42°C in
50% formamide, 5 XSSPE, 5 X Denhardt’s, 0.5% SDS, at least
during 48 h. Washings were performed at high stringency (45°C,
0.1XSSPE and 0.1% SDS).
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DNA cloning and sequencing

Subclones of wheat mt DNA were obtained in M13 vectors by
transformation of Escherichia coli NM522 host strains. Standard
recombinant techniques were followed (14). Sequencing of single-
strand DNA was performed using the dideoxynucleotide chain
termination method (15). Direct sequencing of PCR amplification
products was carried out as described (15) with some
modifications. The hybridization reaction contained about 10 ng
of double-stranded PCR product purified through NACS columns
(BRL), 50 mM Tris-HCI pH 7.5, 20 mM MgCl,, 70 mM NaCl
and 5 ng of 3?P-labelled primer in 10 ul . The reaction mixture
was boiled for 10 min, immediately put at —70°C for 15 sec
and rapidly mixed with 5.5 ul of the labelling solution containing
0.1 uM of each dNTP, 20 uM DTT and 3 U of T7 DNA
polymerase. After 30 sec at room temperature, termination mix
were added as in a conventional sequencing reaction (15) and
the incubation was carried on at 37°C for another 2 min. The
reaction was stopped by adding formamide solution and the
products were analysed on a 6% polyacrylamide gel.

Direct sequence of uncloned cDNA

For cDNA sequencing, 60 ug of total wheat mt RNAs were
hybridized with 4 ng of 5’-end 32P-labelled specific
oligonucleotides in 13 ul of a solution containing 250 mM KCl
and 10 mM Tris-HCI pH 8.3. The solution was heated at 80°C
during 3 min, followed by 60 min at 5°C below the denaturation
temperature calculated for each oligonucleotide. The dideoxy
chain termination method (15) was carried out using AMV
reverse transcriptase in four tubes with 10 ul of a reaction mixture
containing: 24 mM Tris-HCI pH 8.3, 16 mM MgCl,, 8 mM
DTT, 0.8 mM of each dNTP, 100 pg/ml actinomycin D, 3 pl
of the primer/RNA solution and 1 ul of 1 mM of one of the
ddNTP. The mixture was incubated at 45°C for 45 min,
denaturated and the products were resolved on a 6%
polyacrylamide gel.

S1 nuclease and primer extension mapping

For S1 nuclease mapping of 3’-end of E3, the 383 nt Hpall-Haelll
fragment was purified from agarose gel after digestion of 1.9
kb Sacl fragment (Figure 1a) and labelled with (a-3?P) dCTP
(400Ci/ mmol, Amersham). The labelled coding strand was
isolated in a denaturating polyacrylamide gel (14). After elution,
the sample was precipitated with ethanol, dried and resuspended
in 10 pl of 10 mM Tris pH 7.5, 1 mM EDTA. For S1 nuclease
digestion, 40 pug of total mt RNAs were hybridized with about
20 ng of the purified single-stranded DNA in 10 mM Pipes pH
6.4, 0.4 M NaCl and 1 mM EDTA. After 3 h at 50°C, hybrids
were incubated with 4000 U/ml or 2000 U/ml of S1 nuclease
(Appligene) at 37°C for 60 min. The solution was phenol-
extracted and ethanol precipitated. The products were analysed
on a 6% polyacrylamide gel.

For S1 nuclease analysis of the 3’-end of nad4 transcript, the
oligonucleotide Oy (Figure 1a, Table I) was labelled at its 3'-end
with (a-32P)dCTP and Terminal Deoxynucleotidyl Transferase
(TdT). The reaction mix contained 0.1 M potassium cacodylate
(pH 7.2), 2 mM CoCl,, 0.2 mM DTT, 3 mM (a-32P) dCTP
(3000 Ci/mmol, Amersham), 200 ng of oligonucleotide Og (47
mer) and 15 U of TdT in 10 ul of reaction volume. The reaction
was carried out at 37°C for 2 min and immediately heated at
70°C to inactivate the enzyme. The products were separated on
a 6% polyacrylamide gel in order to isolate the DNA species
which have incorporated only one nucleotide. The 48 mer
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Figure 1. Organization of wheat mitochondrial nad4 gene and Northern analysis.
a, partial restriction map of the 23 kb Sal I fragment (C3) of wheat mt DNA
containing the nad4 gene. E1, exon 1; E2,exon 2; E3,exon 3 and E4, exon 4;
11, intron 1; 12, intron 2 and I3, intron 3. O, _o, synthetic oligonucleotides used
for DNA and RNA sequencing, for polymerase chain reaction and for Northern
analysis. Relative locations of the primers are shown with the direction of chain
elongation indicated by arrows. Numbers into parentheses indicate the coordinates
of wheat mt genomic sequence, starting from 5’-end of exon 1 of nad4. S21,
S29, S19,S04 and P34 indicate the fragments whose sequence has been determined
. P= Pstl; S= Sacl; X= Xhol. b, Northern analysis of the wheat mt nad4
transcripts. About 50 ug of total wheat mt RNAs were probed with oligonucleotides
internal to the four nad4 exons, O, (lanel); O; (lane 2); O, (lane 3) and Og (lane
4). Probe preparation is described in Methods. The sizes of the transcripts were
determined using RNA size markers (BRL).

oligonucleotide was eluted from the gel, ethanol-precipitated and
its length checked by comparison with the standard sequence of
M13mp18. About 5 ng of 3’-end labelled and purified
oligonucleotide were hybridized with 40 ug of total wheat mt
RNAs in 10 mM Pipes pH 6.4 ; 0.4 M NaCl and 1 mM EDTA.
The denaturation step was at 97°C for 3 min and the hybridization
step was at 65°C for 60 min. After digestion with 150 U of S1
nuclease at 37°C for 30 min, the protected oligonucleotide was
analysed on a 6% polyacryamide gel.

Primer extension analysis were performed using AMYV reverse
transcriptase as decribed above for the sequencing of uncloned
cDNA without adding ddNTP in the reaction. After denaturation
for 5 min at 95°C in 40% formamide, the reaction products were
separated on a 6% polyacrylamide gel.

cDNA synthesis and PCR amplification

The PCR technique was used to amplify the cDNA corresponding
to exons 1, 2 and 3 of nad4 transcript. Total mt RNAs (6 mg/ml)
was treated with 100 U/ml of RNAse-free DNAse, during 45
min at 37°C. After phenol extraction and ethanol precipitation,
the pellet was dried and 40 ug of mt RNAs were mixed with
150 ng of oligonucleotide O5 (Figure 1a, Table I). Hybridization
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Figure 2. Direct, uncloned cDNA sequences of wheat mt nad4 transcripts at the junction sites of exons. The sequences shown correspond to the coding strand,
complementary to the RNA. a, exon l-exon 2 ; b, exon 2-exon 3 and ¢, exon 3-exon 4. For the cDNA sequences of a, b and ¢, O3, O4 and Og primers

were respectively used. Arrows indicate the junction sites of exons. The shadowed As (corresponding to a U in the mRNA) indicate the sites which are edited and
correspond to a C in the genomic DNA (Figure 4).

a b c
5'-end E1 3'-end E3 3'-end E4
ACGT ACGT12% ®1ACGT

—196 nt

E1 T E S 13 13 E4
S'Hsv 5'——l— 3 5'—*— 3"
1l 'Hae lIl
(1) (172) 6ol (rong)
rimi (o] * ! (o]
S e a |3 ¢
_ 4 (5944) 1(6328)
223
(6168)

Figure 3. Primer extension analysis and S1 mapping of the wheat mt nad4 transcripts. a, 5’-end labelled O, was hybridized to total wheat mt RNAs. Primer extension
by AMV reverse transcriptase was carried out as described in Materials and Methods. P.E., primer extension reaction. b, The 383 Hpall-Haelll fragment was
used for S1 mapping analysis as described in Methods. The protected fragments are shown on the autoradiogram. Lanel, 200 U of S1 nuclease; lane2, 400 U of
S1; lane (-S1), no S1 added. ¢, S1 mapping analysis of the 3'-end of exon 4 of nad4. The protected part of oligonucleotide O9 is shown in lane 1. The labelled
09 is shown in lane (-S1). Sequencing reactions were carried out using M13mp18 as size standard (lanes A,C,G,T). The products were resolved on a 6% polyacrylamide

gel. The schemes under the autoradiograms give the coordinates (in parentheses) and refer to the DNA fragments shown in Figure 1a. The stars indicate the labelled
extremities.
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was performed in 10 gl of 10 mM Pipes pH 6.4, 0.4 M NaCl
and 1 mM EDTA. After a denaturation step at 80°C for 3 min,
the reaction mixture was incubated at 50°C for 1 h. The first
strand synthesis was performed by addition of 90 ul of 50 mM
Tris-HCI pH 8.3, 6 mM MgCl,, 10 mM DTT, 0.4 mM of each
dNTP and 20 U of AMV reverse transcriptase. The resulting
cDNAs were amplified by PCR, using oligonucleotides O, and
Os, whose sequences were derived from the genomic DNA
sequence modified in order to create Xho I sites at the
5'-extremities of both primers. The PCR amplification mix
contained 16.6 mM (NH,),SO,, 67 mM Tris-HCI pH 8.8, 6.7
mM MgCl,, 10 mM S-mercaptoethanol, 200 uM each dNTP,
0.1 mg/ml BSA, 30 mM KCl, 100 pmole of each primer and
4 U of Taq DNA polymerase (Pharmacia). Amplification was
carried out by 30 cycles of the following steps : denaturation
(94°C; 1 min); annealing (50°C; 2 min) and elongation (72°C;
3 min), followed by a final elongation step of 10 min at 72°C.
Amplification products were phenol-extracted, ethanol-
precipitated and purified on NACS columns (BRL). After
digestion with Xho I, amplified cDNAs were cloned into the Sa/
I site of M13mp19 and sequenced using internal sequencing
primers (O3, O, and Og, see Figure la and Table I).

RESULTS

Localization of exons 1, 2 and 3 of wheat mt nad4

A 820 bp BglIl/Hindlll probe containing part of the soybean gene
coding for subunit IV of NADH dehydrogenase (8) was used
to screen the complete Sal/l library of wheat mt DNA as
previously described (9). We have shown that only one clone,
termed C3, corresponding to a 23 kb Sall fragment of the wheat
mt genome (17), hybridized with the soybean probe. In a previous

TABLE |. Synthetic oligonucleotides used for polymerase chain

reaction, DNA and RNA sequencing and for Northern analysis.

2 8
5-AGCTCGAGTCTTTAGAAAGATTCCCGG-3'

0y O
197 i

O2 (R) 5'-GGGAAGTCATGAGGCTAGCCCCCCC-3'
1914 180

O3 (R) 5'-GGATCCCAGTAAAGTATATAGGAAAA-3
56873 5850

O4 (R) 5-TCCATAATATCTAACAAGTCGAGT-3'
£169 6143

Os5 (R) 5'-CCTCGAGCAAGAAAAGGTAGAAATATG-3'
2212 2240

O (D) 5-CCTTTCATTTATACTCTAAGCGCGATTGC-3
6082 6105

O7 (D) 5'-CTGGAAATTTAAAACCCGATTTCC-3'
7929 901

Og (R) S-TTTCTTTTCTTTGCTGATTCCTCTCAATG-3'
7949

Og (R) 5-CCCGGAGAAGATTTCTTTTCTTTGCTGATT//

8%
/ICCTCTCAATGAAATTTG-3'

The orientation of the sequence as compared to the gene is
indicated into parentheses, R: reverse, D: direct. Underlined
numbers indicate the positions of the extremities of the
oligonucleotides using the coordinates of wheat mt DNA sequence
(Figure 1a). Dots indicate nucleotide mismatches introduced at the
extremities of oligonucleotides O1 and OS5 in order to create Xhol
sites.
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Figure 4. Comparison between wheat mitochondrial genomic DNA and cDNA
sequences. The upper sequence corresponds to the cDNA sequence. The lower
sequence is the corresponding genomic mt DNA sequence without intron
sequences. The amino acid sequence deduced from the genomic sequence using
the universal genetic code is shown below the corresponding sequence. Codons
modified by RNA editing are boxed with the corresponding amino acid
modification indicated above the cDNA sequence. Solid triangles indicate the
position of the introns. The sequences of O, and Os (used for cDNA
amplification), O, and Og (used for sequencing of direct, uncloned cDNA of
respectively, the 5’ non-coding region of E1 and E4) are underlined. The sequence
of the nad4 cDNA has been deposited in the GenEMBL data bank under accession
number X57163.



work, we have shown that the nad4 gene is interrupted in wheat
mitochondria and have located two exons within the 1.9 kb and
2.9 kb Sacl fragments respectively (9). In order to determine
the complete sequence of nad4, different Sacl fragments of C3,
namely 1.9 kb, 0.4 kb, 2.9 kb and 2.1 kb (S19, S04,5S29 and
S21 in Figure 1a) have been sequenced. Comparison of the
cDNA sequence (Figure 2b) with the genomic DNA sequence,
shows the presence of a 3398 bp long intron (Figure la, 12). It
was found that the upstream region of 12 is composed of an open
reading frame of 225 codons preceeded by a number of a stop
codons which indicated the presence of another intron.

The same strategy was used to cross the next intron boundaries.
The cDNA sequence primed by oligonucleotide O (Figure 1a,
Table I) was determined (Figure 2a). The sequence of O; was
deduced from the genomic DNA sequence about 50 bp
downstream of the putative 5’-end of the open reading frame,
estimated by the end of the aminoacid homology between the
deduced wheat NAD4 protein sequence and its counterpart from
Aspergillus nidulans (18). Comparison of the cDNA and genomic
sequences shows that the 3'-end of the preceeding exon is located
within the 2.1 kb Sacl fragment (Figure la, E1) and separated
from the 5'-end of the dowstream exon by an intervening
sequence of 1021 bp (Figure 1a, I1). Analysis of the sequence
of this exon shows that an initiation codon can be found by
homology with the other NAD4 proteins (Figure 6). At this
point, the identified structure of the nad4 appeared to consist of
three exons, E1, E2 and E3, interrupted by two introns I1 of
1021 bp and 12 of 3398 bp (Figure la).

Identification of the 5’'-end of exon 1 and the 3’'-end of exon 3

To determine whether the three identified exons correspond to
the complete nad4 gene, we have localized the 5'-end of exon
1 and the 3’-end of exon 3 by primer extension and S1 mapping
experiments, respectively. Primer extension experiments gave
one predominant cDNA species of 196 bp (Figure 3a), indicating
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that the 5'-end of the transcript is situated 350 bp upstream of
the putative AUG initiation codon. Other less intense signals could
correspond either to less abundant transcripts or to premature
termination of the reverse transcriptase reaction.

The 3'-end of E3 was localized by hybridization of the labelled
coding strand of the 383  bp Hpall-Haelll probe containing the
putative 3'-end of exon 3 with total wheat mt RNA. An S1
nuclease protected fragment of 224 bp (position 6168 in
Figure 3b) allowed the localization of the 3'-end of E3.

The structure of the gene is therefore as follows: exon 1
contains 811 bp (350 bp corresponding to the non-coding
upstream region plus a 461 bp coding region). E2 contains
515 bp as deduced from the cDNA sequences used to identify
the E1-E2 and E2-E3 junctions (Figure 2, a and b) and from the
corresponding genomic DNA sequences (Figure 4). E3 contains
423 bp as deduced from the position of the E2-E3 junction
(Figure 2b) and the location of its 3’-end (Figure 3b). Therefore,
the three identified exons contain together 1749 bp, which is close
to the size of the major nad4 transcript (1800 nt) observed by
Northern hybridization (Figure 1b).

But the DNA sequence of E3 shows no termination codon
(Figure 4). Moreover, the comparison of the protein sequence
deduced from the three exons with other NAD4 proteins shows
that the wheat mt protein would be 20 amino acids shorter than
its human or Aspergillus counterparts. Since the transcript
resulting from the three known exons is 1749 nt long, very close
to the observed 1800 nt RNA (Figure 1b), it is possible that a
termination codon could be created by an editing event in the
3’-end region of E3. However, only two arginine codons (CG-
A—UGA, positions : 1422 and 1434) and two glutamine codons
(CAG— UAG, position : 1335 and CAA — UAA, position : 1575)
could be converted by RNA editing into a termination codon and
the study of RNA editing of the nad4 transcript (Figure 4) shows
that this is not the case. Therefore, we postulated the presence
of a fourth exon.

intron 3

Figure 5. Consensus secondary structure of domains V and VI of the wheat mitochondrial nad4 introns. a, intron 1; b, intron 2 and ¢, intron 3. Shadowed nucleqtides
are quasi-universal (present in all group IIA introns, with at most one exception). Numbers represents the length of the variable single-stranded loops. The site of
lariat formation is marked by an asterisk. Arrows point to the 3’ intron-exon junctions of the three nad4 introns.
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Searching for exon 4 (E4)

When the 3.4 kb PstI fragment (P34 in Figure 1a) was analyzed
downstream of E3, it was possible to recognize a region which
can be folded into conserved domains V and VI, a characteristic
feature of organellar class II introns (Figure 5c). These secondary
structures are present between 1543 and 1649 nucleotides
downstream from the 3’-end of E3 previously determined by S1
mapping experiments (see Figure 3b). Therefore, if these
assumptions are correct, the consensus terminal sequence of the
putative 3’'-end of intron 3 would be CCCUAC (Figure 5c) and
the downstream nucleotides would constitute the 5'-end of exon
4 of nad4.

The nucleotide sequence of the fourth exon of nad4 was
therefore determined (Figure 4). That this sequence is really exon
4 was confirmed by direct uncloned cDNA sequencing: Og
(Figure 4) was annealed to total wheat mt RNA to prime a cDNA
reaction using AMV reverse transcriptase (Figure 2c). This
allows the crossing of exon 3-exon 4 boundary and the sequence
obtained upstream was confirmed to be that of the 3’ end of E3.
This experiment confirms also the determination of the 3'-end
of E3 as obtained by S1 mapping (see above). The 3'-end of E4
was determined by an S1 nuclease protection experiment using
oligonucleotide Oq (Figure 3c). After analysis of the peptide
sequence deduced from the cDNA sequence, a termination codon
was found 89 bp downstream of the E3-E4 junction in frame
with the E3 deduced peptide sequence. The nad4 transcript
extends 21 bp downstream of the termination codon. The nad4
mature transcript is 1859 nucleotides long. It contains 350 nt in
the upstream non-coding region, 1485 nt from the initiation codon
to termination codon, coding for a protein of 495 amino acids
(Figure 4) and 21 nt in the downstream non-coding region.

Transcriptional analysis of the nad4 gene

Two wheat mt RNA species are identified when internal probes
corresponding to each of the four exons are used in Northern
experiments (Figure 1b). All together, the four exons account
for 1859 nt, the size of the most abundant transcript (Figure 1b).
The same probes hybridize also to a larger transcript of about
2500 nt, which is present in very low amounts, about 100 times
less than the 1859 nt transcript. We do not know the origin and
the nucleotide sequence of the fragment which distinguishes the
1859 nt and the 2500 nt transcripts. Considering the sizes of 11,
12 and I3 (1.0 kb, 3.4 kb and 1.6 kb respectively), the 2500 nt
transcript cannot results from the persistence of any of these
introns. Since no significant open reading frame has been
identified in I1, I2 or I3, the possibility of a maturase-type
extension can also be ruled out.

Different probes corresponding to exons and introns of nad4
were used in Northern blot experiments. None of them detected
products larger than 2500 nt, which could correspond to a primary
non-spliced transcript of nad4 (not shown). When in organello
transcription was performed using wheat mitochondria and
(a-32P)-UTP as precursor, the resulting labelled RNAs were
shown to hybridize to the fragments containing the four exons
of nad4 demonstrating that nad4 mRNA is produced in wheat
mitochondria from the gene analysed here (in preparation). Since
the primary transcript of nad4 is not detected in RNAs from green
or etiolated wheat leaves, it must be rapidly processed.

Editing sites of the wheat nad4 mRNA

It has already been shown that an editing site is located at the
junction of E2 and E3 of the nad4 mRNA (9). Experiments have

been undertaken to determine the total number of edited
nucleotides in the 1859 nt long nad4 mRNA. cDNAs were
synthesized and amplified using oligonucleotides O, and Os
(Figure 4), corresponding to the extremities of El and E3,
respectively. After DNAse treatment of the RNA preparations,
c¢DNA synthesis was primed with Os, complementary to the
3’-end of E3. No product was observed after PCR amplification
when no reverse transcriptase was added during the cDNA
reaction, demonstrating that no amplification was possible from
any residual DNA. Moreover, the only DNA fragment obtained
after amplification is 1.6 kb long (not shown), corresponding to
the length of the three exons between O, and Os, without any
intron sequence, and cannot therefore be obtained from the DNA.

This 1.6 kb fragment was cloned into the Sall site of M13mp19
using the artificial Xhol sites present at the extremities of O; and
O;s. Eight clones were analysed. All these clones are fully edited
and contain 19 modifications when compared with the genomic
DNA sequence (Figure 4). All these modifications are C to U
conversions. Four editing sites have been identified on E4 by
direct uncloned cDNA sequencing using Og as primer
(Figure 4). El is edited at 17 positions, each of them modifying
the nature of the encoded amino acid. This leads to a modification
of 11% of the amino acid sequence genomically specified by E1.
Surprisingly, E2 is not edited at all whereas E3 contains only
2 edited positions, one of them localized at the junction with E2
(Figure 4). E4 contains four edited nucleotides (two of them
within the same codon) leading to the change of three amino acids.
After edition, the deduced protein sequence corresponding to E4
is modified by 11%. No editing site was found in the upstream
and downstream non-coding regions of the wheat mt nad4
transcript.

Similarity between different NAD4 proteins

The wheat mt NAD4 protein deduced from the cDNA nucleotide
sequence is 495 amino acid long and has a molecular weight of
55812 Da with a calculated isoelectric point of 8.26. It shows
70%, 60% and 63 % similarity with the corresponding proteins
from Aspergillus amstelodami mitochondria (Nuo4$ASPAM in
SwissProt protein data bank), mouse mitochondria (19) and
tobacco chloroplast (20), respectively (Figure 6). Some of the
domains (boxed in Figure 6) are better conserved, and may play
a role in the function of the NADH subunit 4 or in the molecular
interactions with other components of mitochondrial complex I.

About half of the 22 amino acid modifications resulting from
RNA editing increases the similarity between wheat mitochondrial
NAD#4 protein and its counterparts from chloroplasts and non-
plant mitochondria (Figure 6), leading to the incorporation either
of the identical aminoacid (5 instances) or of an aminoacid which
is functionnally equivalent (7 instances).

The partial DNA sequence of soybean mt nad4 (8) is
homologous to that of E3 in wheat mt nad4 and is the only higher
plant mitochondrial sequence available for comparison. If one
compares the aminoacid sequence deduced from this partial
soybean sequence with the corresponding part of the wheat
protein, the similarity is 88 %. The differences, at the DNA level,
involve 17 nucleotides, twelve of them being C in soybean mt
DNA and T in wheat mt DNA. They would all cause a change
of the amino acid encoded by genomic DNA, with the exception
of the tyrosine at position 390 (Figure 6). If these Cs were edited
in the soybean transcript, the similarity between the two proteins
would then increase to 96%. However, only four of these
potential editing sites in soybean mt nad4 transcript would



enhance the conservation of the soybean protein as compared with
non plant NAD4 proteins (Figure 6).

It is interesting to note that, if deduced from the genomic DNA
sequence, the amino acid sequence of El, which contains the
majority of editing sites, shows the lowest similarity with the
corresponding non-plant sequences, as compared with the other
exons which are not (E2) or rarely (E3) edited.

DISCUSSION
Genomic structure of wheat mt nad4

This work describes the first complete plant mt nad4, its structural
organization, its transcription and the determination of its editing
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Figure 6. Amino acid similarities between wheat mitochondrial NAD4 protein
and other NAD4 proteins. The wheat mt NAD4 protein deduced from cDNA
is compared with the amino acid sequences (deduced from the gene sequences)
of mitochondrial NAD4 proteins of mouse (19), Aspergillus amstelodami (see
text), tobacco chloroplasts (20) and with the partial sequence of soybean
mitochondria (8). Consensus sequence indicates: dots, the non-conserved positions;
asterisks, functionnaly equivalent aminoacid; capital letters, complete identity.
The regions of NAD4 proteins which are well conserved among species are
indicated by solid boxes. Solid circles indicate the amino acids modified by editing
in wheat mt nad4 transcripts. Empty triangles indicate the junction positions of
wheat mt nad4 exons. A dash indicates identity to the amino acid deduced from
wheat mt cDNA sequence. Dotted lines boxes indicate amino acids differences
between soybean and wheat NAD4 proteins, which are due to the presence of
a C in soybean genomic DNA and a T in wheat genomic DNA. Empty circles
indicate putative editing sites of soybean mt nad4 transcripts, which would result
in the incorporation of the same amino acid as specified by the wheat mt genomic
sequence. The soybean amino acid sequence was taken from Figure 3 of reference 8.
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sites. It has already been demonstrated (9) that this gene is present
in only one copy in the wheat mitochondrial genome and it
extends over a fragment of 8 kb.

The NAD4L gene, coding for another subunit of the
mitochondrial NADH dehydrogenase complex (1), overlaps with
the 5' part of nad4 in the mitochondria of several species. This
is true for mouse, human, bovine, Drosophila melanogaster, and
Xenopus laevis mitochondria (19, 21 —24). There is no evidence
for the presence of an open reading frame homologous to nad4L
in frame or out of frame in the wheat mt fragment containing
nad4. Like watermelon and broad bean mt nadl and Oenothera
mt nadS (3,4,7), the wheat mt nad4 gene is interrupted. It
contains three introns which are respectively 1021, 3398 and 1649
bp long, intron 2 being the longest plant mt intron found up to
now. It should be noted that no other nad4 from mammalian (19),
fungal (18), protozoan mitochondria (25) or chloroplasts (20)
contains introns. The search for consensus sequences at the 5’
and 3’ ends and the presence of consensus secondary structures
in the 3' part of these introns show that they belong to class ITA
introns following the classification recently proposed (26).

Primary and secondary structures of nad4 introns

When analyzed, the sequence of the three introns present in the
nad4 gene can be partially folded to generate the highly conserved
domains V and VI of group II introns (Figure 5 a, b and c)
which is the group comprising plant mitochondrial introns (26).
When the 3’ terminal part of the three introns are compared, one
can find highly conserved sequences maintaining the elements
of subgroup ITA of class II introns namely : All three introns
end with YAY at their 3'extremities (Figure Sa, b and c), which
is one of the features that distinguishes the subgroup IIA from
the subgroup IIB. The bulging A on the 3’ side of helix VI is
7 nt upstream of the 3’ intron-exon junction for I1 and I3 and
9 nt for 12. The main diagnostic feature for class II introns (26)
is that this bulging A, which participates in the lariat formation,
is found at 7 or exceptionally 8 nucleotides upstream from the
3’ intron-exon junction. I2 possesses a G nucleotide at positions
7 and 8. However, it has already been demonstrated that correct
lariat formation can be carried out if there is a G, instead of an
A, at this position (27). No homology with maturase-like proteins
(4) was found when internal intron sequences were translated
and compared with the GenEMBL data bank. This fact and the
presence of structural elements such as exon binding sites (EBS1
and EBS2), the bulging A residue and structural domain V,
suggest that self-splicing mechanisms are involved in the
processing of nad4 primary transcript.

Transcription of wheat mt nad4

In Northern experiments, every exon of nad4 hybridizes to a
major 1800 nt RNA and also to a minor 2500 nt transcript.
Determination of the 5'-end of the transcript by primer extension
shows only one signal even after long exposure. From this point
to the 3’-end of the transcript as determined by S1 mapping
experiment (Figure 3c), the complete length of the transcript is
1859 nt which corresponds to the major signal observed by
hybridization. Probes specific for the three introns of nad4 do
not hybridize to the 2500 nt transcript indicating that it is not
an unspliced precursor of the mature nad4 transcript. Moreover,
when we tested the presence of nad4 transcripts in a wheat
mitochondrial polysomal preparation, both the 1800 nt and the
2500 nt RNA species could be identified on Northern blots, in
the same relative amounts as observed with total mt RNA
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preparation (not shown). This suggests that there is no precursor-
product relationship between the two transcripts.

RNA editing of nad4 transcript

The direct uncloned cDNA sequencing shows no ambiguity at
the editing sites and this is consistent with the fact that all
sequenced cDNA clones after PCR amplification were found fully
edited. The genomic sequence of nad4 differs from that of the
mRNA (as deduced from the cDNA sequence) at 23 positions
where RNA editing takes place (Figure 4). All these
modifications are C to U conversions and result in a the change
of the aminoacid encoded by the genomic DNA, with the possible
exception of the editing site at position 1782 where a genomically
encoded proline codon (CCG) is converted into a leucine codon
(UUG) by two editing events. It is thus possible to consider the
editing event at the first position of the codon as a silent one since
CUG is also a leucine codon. Studies of this particular case of
editing of the proline codons (CCN) into leucine codons (UUN)
involving the modification of both adjacent Cs could well give
some interesting insights about the mechanism of RNA editing.
No editing site was found in the non coding region of the nad4
transcript. The editing sites are not evenly distributed along the
mRNA and it is interesting to note that the great majority of
editing sites are present in the first exon, while none could be
found in the second exon. One can wonder whether such an
uneven distribution of editing sites is related to the presence of
functional domains in the protein or whether this is related to
the hypothesis of exon shuffling, which proposes that, during
evolution, each exon would act as an independent element in the
constitution of different genes (28, 29) and therefore would be
characterized by its own degree of RNA editing.
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