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A tRNA gene transcription initiation site is similar to
mRNA and rRNA promoters in plant mitochondria
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ABSTRACT
The gene for tRNAPhe is located 292 nucleotides
upstream of the tRNAPIm gene in the Oenothera
mitochondrial genome. Hybridization with in vitro
capped primary transcripts Indicates a transcription
initiation site in the 5' region of the gene for tRNAPh.
Primer extension experiments show the presence of
precursor transcripts covering tRNAPhe and adjacent
sequences up to a transcription initiation site 181 or
180 nucleotides upstream of the tRNA gene. The
genomic sequence at this transcription initiation site
contains the consensus motif derived for putative
promoters of mitochondrial protein and rRNA coding
genes in dicotyledonous plants. This sequence
similarity suggests that tRNAs, rRNAs and mRNAs can
be transcribed from homologous promoters in plant
mliochondria.

INTRODUCTION
In all genetic systems structural RNAs are subject to extensive,
specific expressional control. Particularly rRNAs and tRNAs are
required in quantities exceeding the abundance of any mRNA
molecule species. To achieve and ensure the necessary supply
of rRNAs and tRNAs specific modes of transcription have
become established in many genetic systems. In the nucleus of
eukaryotes for example, tRNA and the 5S rRNA genes are
transcribed by a specific RNA polymerase (RNA-Polymerase M)
from gene internal promoters (1), while a high rate of
transcription of the other rRNA genes is provided by amplification
of these genomic sequences (2).

In the compact organellar systems of plastids and mitochondria
similar strategies are used to meet the requirements for abundant
RNA molecules. In plastids rRNA genes are duplicated and
evidence for an additional RNA-polymerase (and/or its respective
cofactors) has been described, which may provide a differential
tanscriptional activity (3-5). Only few of the plastid tRNA genes
are located in the inverted repeat region, while most of the others
appear to be cotranscribed with protein coding genes (6- 8).

In mammalian mitochondria the two rRNA genes are part of
a more frequently transcribed gene cluster including two tRNA
genes, while all other tRNA genes are interspersed between

EMBL accession nos X74449 and X74450

protein coding genes functioning as processing signals in the
polycistronic precursor transcripts (9, 10). Since only two
promoters are present on the animal mitochondrial genomes (11),
no specific transcription signals are known for the tRNA genes.
The greater stability of the tRNA molecules presumably provides
the sole basis for the higher steady state level of these molecules.

Cotranscription of mRNAs, rRNAs and tRNAs is also
observed in fungal mitochondria, although here tRNA genes tend
to be clustered in a few genomic regions (12). The promoters
identified for these tRNA clusters, however, are indistinguishable
from mRNA and rRNA promoter sequences, suggesting likewise
no elevated transcriptional activity, but rather molecule stability
for regulation of abundances (13).

In plant mitochondria tRNA genes are scattered throughout
the genome and are located in genomic contexts varying between
the different species, similar to the high variation in neighbouring
sequences of many of the protein coding regions (8, 14, 15).
Many tRNA genes are found to be rather distant from any
recognizable other gene (16, 17). This dispersed arrangement
of genes in plant mitochondria has prompted speculations about
the number and the nature of promoters required to transcribe
the essential genomic information in plant mitochondria (8, 18).
Investigations by in vitro capping and in vitro transcription have
indeed revealed the presence of several distinct promoter regions
for rRNA and protein coding genes (18, 19).

Analysis of tRNA genes and their surrounding sequences led
to the identification of small sequence elements that are conserved
just upstream of the coding regions of some, but not all tRNA
genes (8, 20). Besides these motifs, gene internal elements as
in cytoplasmic tRNAs have been suggested as potential promoter
signals. However, the lack of clear mapping data of tRNA
transcription initiation sites makes an evaluation of these
interpretations difficult. It is therefore necessary to obtain more
information on tRNA transcription in plant mitochondria.
We have now investigated the transcription initiation site of

the tRNAPhe gene in Oenothera mitochondria, that most likely
acts as promoter also for the downstream tRNANO°. The
sequence surrounding the transcription initiation site is very
similar to the dicot promoter consensus derived for mRNAs and
rRNAs, suggesting that all three classes of RNAs are transcribed
by the same RNA polymerase system in plant mitochondria.
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MATERIALS AND METHODS
Mitochondrial nucleic acids
O.berteriana mitochondrial DNA (mtDNA) was purified from
tissue culture cells as described elsewhere (21). For extraction
of mtRNA a crude fraction of mitochondria was isolated by
differential centrifugation and was further purified on
discontinuous percoll gradients. Mitochondria were lysed in a
buffer containing 4 M guanidinium thiocyanate, 25 mM sodium
citrate (pH 7), 0.5 % sarkosyl and 0.1 M 3-mercaptoethanol.
After incubation at room temperature for 5 min, 0.1 vol of 2 M
NaOAc (pH 4.0) was added, followed by an extraction with 1 vol
water saturated phenol and 0.2 vol of chloroform:isoamylalcohol
(24:1). The sample was kept on ice for 15 min and phases were
separated by centrifugation in a Beckman SJ 13.1 rotor at 10,000
rpm for 15 min. Mitochondrial RNA was precipitated from the
aqueous phase by addition of 1 vol isopropanol and incubation
at -200C for at least 2 hrs prior to centrifugation as above. The
RNA was resuspended in water and the extraction/precipitation
step was repeated. On average between 200-400 ag mitochon-
drial RNA were obtained from 1.5 kg callus culture cells.

Gene specific clones
Mitochondrial DNA fragments containing the genes for the
different tRNAs and/or the respective upstream and downstream
sequences were isolated from HindmI libraries of total
mitochondrial DNA from O.berteriana. Clone H21/1 was
isolated from a library in the vector pKUN and clones H8/47,
H4/69 and H3/31 from a library in the vector pBR 322. Subclones
were constructed from the HinduI clone H21/1 by inserting an
EcoRVISfiuI (subclone 21/1-5) and a SfuJJHindl (subclone 21/1-4)
fragment respectively into pBluescript vectors following standard
protocols (22).

Blotting and hybridization conditions
For Southern blot and dot blot analysis Genescreen plus (DuPont)
membranes were used according to manufacturer's instructions.
Hybridizations and prehybridizations were done in 50 %
formamide, 1 % SDS, 1 M NaCl and 10 % dextranesulphate

-RNase

at 42°C with 100 ,^g of in vitro capped mitochondrial RNA.
Filters were washed for 5 min each once in 2 x SSC at RT and
twice in 2xSSC, 1 % SDS at 600C for 30 min.

RNase digestion
To remove unannealed RNA, hybridized filters were digested
with 100 yg RNase A and 20 units RNase T1 in a buffer
containing 10 mM Tris-HCI (pH 7.8), 5 mM EDTA and 300
mM NaCl for 2 hrs at 370C.

In vitro capping
For in vitro labelling by capping 50-100 jg of mitochondrial
RNA were incubated in a total volume of 20 IlI containing 50
mM Tris-HCI (pH7.9), 1.25 mM MgCl2, 2.5 mM DTT, 80
U RNase inhibitor, 1 /AM GTP, 250 ,tCi alpha-32P GTP (3,000
Ci/mMol) and 15 U of guanylyltransferase for 30 min at 37°C.
The capping reaction was stopped by digestion with 20 ,ug
proteinase K for 15 min at 37°C. After one extraction with
0.5 vol watersaturated phenol and 0.5 vol of chloroform:isoamyl-
alcohol (24:1) and two extractions with 1 vol of chloroform:iso-
amylalcohol (24:1), RNA was precipitated from the aqueous
phase by addition of ammonium acetate to a final concentration
of 2.5 M and 70 % ethanol. Most of the unincorporated label
was removed by three washes with 70 % ethanol.

Miscellaneous methods
Primer extension experiments were done following standard
protocols (22). Primers used in these experiments were : P1:
5'-CTTGAATTTCCAAATCCGGC-3' and P3: 5'-CTCTTGT-
CTTCCGTCTTTTG-3'. DNA sequencing was performed with
a T7 sequencing kit (Pharmacia).

RESULTS
Identifi'cation of primary transcripts of tRNA genes
The first step in this investigation was to determine primary
transcripts levels of tRNA genes in Oenothera mitochondria and
to identify candidate transcripts abundant enough for detailed
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Figure 1. Dot blot analysis of various tRNA coding regions with in vitro cap-labelled mitochondrial transcripts. Digestion of the hybridized and washed blot (-RNase)
with RNase A (+RNase) removes most of the signals suggesting the presence of larger primary transcripts extending beyond the cloned regions probed here or

similarities with other transcribed regions due to sequence duplications common to plant mitochondria. The identities of the tRNAs encoded on the different fragments
are indicated in the margins. Cloned fragments correspond in most instances to those reported in ref. (23). Several upstream regions and control fragments were

included in this analysis: (1) Clone 12/18-3 contains the region 5' of tRNACYS; (2) clone 12/18-2 covers the region 3' of tRNAcYS and 5' of tRNAASn (19); (3)
this clone contains the tRNATYr gene and the downstream located nad2 exons c -e (24); (4) clone #963 contains the nad2 exons a and b (24); (5) the complete
genes for tRNAPhe and tRNApro are covered in clone H21/1 (see also Fig. 4) and (6) in clone H8/47; (7) is clone H4/69 with the incomplete tRNAPhe gene. Data
for tRNAlle are as yet unpublished.
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analysis. Total mitochondrial RNA was labelled by in vitro
capping and hybridized to dot blots of various tRNA coding
regions of Oenothera mitochondrial DNA (Fig. 1; 19, 23,
unpublished results). The presence of primary transcripts
accessible to in vitro capping was observed for cloned DNA
fragments containing coding sequences for tRNAPhe and
tRNAPrO and a truncated, partial tRNAPhe gene. Weak signals
were obtained with clones covering genes for tRNAser(GCT),
tRNALYs, and tRNATYr. No primary transcripts were detected
for clones carrying genes for tRNACYs, tRNAAsn, the region
between these two genes (i.e. clone 12/18-2), and clones with
the tRNAHis, tRNAIIe and tRNAG0Y genes.

The genomic region encoding the first two exons of the nad2
gene (24) was included in this experiment (clone # 963 in Fig.
1). RNase digestion of the hybridized dot blot removed the
adhering primary transcripts of this probe and most other clones,
suggesting that the sites of the added cap structures and thus the
sites of transcription initation lie outside of the cloned genomic
regions. Since the nad2 clone contains little sequence upstream
of exon a, the observed cap-site may nevertheless be the primary
transcript end for these exons. An alternative explanation for
RNase sensitive hybridizations may lie in duplicated sequence

elements often found in plant mitochondrial genomes (18, 25)
which may result in retention of primary transcripts by such

Phe/Pro 1 CCAAGGAGGTOOCTTACTTACTTAGTTGCAAA&C

Phe/Pro 81 TATTGAAGTGGACTOAGCAGTCCACGACAAAAAC
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similarities of several hundred nucleotides, but no obvious
functional connection.
Only the hybridization observed for the tRNAPhe and pseudo-

tRNAPhe loci are largely resistant to RNase attack. The region
with the complete tRNAPhe and tRNAPrO gives the strongest
signal, corresponding to the most abundant primary transcript
of the tRNA coding regions tested, and was therefore selected
for detailed analysis.

Genomic recombinations at the tRNAPhe-tRNAPro locus
Sequence analysis of the genomic environment of tRNAPhe
beyond the previously investigated region (23) revealed the
presence of a tRNAPro gene 292 nucleotides downstream (Fig.
2). The tRNAPro gene shows very high sequence similarity with
the respective genes from other plant mitochondria (26) rather
than from plastids, suggesting this gene to be of genuine
mitochondrial ancestry.
Complete or partial sequences of the tRNAPhe-tRNAPro locus

are present in the mitochondrial DNA of Oenothera in several
different arrangements (Fig. 3). Southern hybridizations to
digested total mtDNA reveal at least four genomic loci with
divergent vicinities for the complete two tRNAs. All of these
have been cloned as HindIm fragments and were mapped in detail
(Fig. 3). All four clones contain the complete tRNAPhe and

GGAACCCTCOCTATCGGACCTGGTTGGGACTCTTTGTTGGAT 80
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OGAGAGAAGTOCCGGAGCGATGGTTTTGCTTCTCTTTTTTGTTTGCCT
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Figure 2. Nucleotide sequence of the region containing the genes for tRNAPhe and tRNAPNO. tRNA coding regions are underlined and the position of the transcription
initiation site upstream of the gene for tRNAPhO is indicated by the arrow above the two nucleotides between which the primary transcript terminus has been mapped.
Nucleotides identical between the loci encoding the intact two tRNA genes and the transcription initiation site (upper line marked Phe/Pro as represented by clones
H3/31, H21/1 and H17/4) and the locus recombined in the tRNAPhe gene (lower sequence marked Phe as derived from clone H4/69) are indicated by vertical lines.
These sequences are available under EMBL accession numbers X74449 and X74450.

tpiAPhe

GGAAGACAAGAGAAGOOOGCTATTCGATGAAGAAAAGAGACTTTAGGAAAGTGOTTCAGOTAGCTCAGCTGGTTAGAGC

GGAAGACAAGAGAAGGGGCGCTATTCGATGAAGAAAAGAGACTTTAGGAAAGTGGTTCAGGTAGCTCAGCTGGTTAGAGC

AAAGGACTGAAAATCCTTOTGTCAOTOGTTCGAATCCACTTCTAAGCOGGCGCAAGGTCCAAAGGACACGTAGCCGGATT

AAAGGACTGAAAATCCTTGTGTCAGTGGTTCGAATCCGTATTCCCTTGCOTGATGTGGCGAAAAATTTCTCTCAAAAGAA

TGGAAATTCAAGTGAAAAGAGGAAGCCAAAAAAAGTGAGCGCTCCTTCACCTATCGGTTCGGTAAAGTGGCTTTTCGCTC

AGACATTCTCGTTTTTCTTTTGAGATTGTCTTTTGAATTTCCTTCCAAATCTTTCCATATTCATCATGTATTCACGTTTC

CAOCACTATACGGCTTTTTGGCCTCGCCCTATCTTGCTGGAGGCGGATTTTCTCAAAAAAGCGGTTGAAACCTCGGATTG

GTTCTCGCGTCCCTGTGCCCAAAAGGCCAAAAGGATGGGAGAGTTCGGTTCGAGTCTTCATCGATCGGGTGGATCTATAT
tRpfAPro

GCTCCGGGOGGGGOOTGAGACGAGGTOTAGCOCAGTCTGGTCAGCGCATCTGTTTTGGGTACAGAGGOCCATAGGTTCOA

ATCCTGTCACCTTGATGTGAAACTCTCAGGGGCCGAAGTGCAAAGCCCCGCAGCCGTTCCGTGGTCCGGAAGGCAGGCGA

AACAATTCCTCAAGCTGGACCGAAGACTCCTTTGGTATCAACGTTCTCCTGGAACCTTCCTCCGCGACGGAAACAGCCCT
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Figure 3. Several loci in Oenothera mitochondria contain sequences of tRNAPhe and tRNAPrO. (A) Southern blot analysis of the Oenothera mitochondrial loci with
sequences of the tRNAPhe and tRNAPrO genes. Total mitochondrial DNA was digested with HindIII, size-fractionated and the blots were hybridized with the probes
indicated underneath in the schematic restriction maps. The mitochondrial fragments isolated as clones are indicated by arrows with the respective clone designations.
The four genomic regions containing the entire genes for tRNAPhe and tRNAPNo (clones H3/31, H21/1, H17/4 and H8/47) and one of the two regions with the
truncated pseudo-tRNAPhe (H4/69) have been cloned. (B) Schematic comparison of the cloned loci. The mapped transcription initiation site is present in four loci
as indicated by the flag. DNA size markers are indicated in kb and restriction sites are given for BstXI (Bx), HindIlI (H), SalI (S) and SfI (Sf).

tRNApro genes and are in 3' direction identical at least up to the

common HindE site, but differ in their 5' regions. Sequences
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upstream region colinear with clone H21/1, but diverges about

400 nucleotides upstream of the tRNAPhe. The fourth locus

(clone H3/31) is identical with H21/1 at least as far upstream
as the SalI site.
Another recombination has occurred within the tRNAPhe
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do

Figure 4. Localization of primary transcript termini on restriction fragments of the region of clone H21/1 encoding the genes for tRNAPhe and tRNAPrO. Blots of
different restriction digests were hybridized with in vitro cap-labelled total mitochondrial RNA. Clone H21/1 was digested with various combinations of restriction
enzymes, HindLl/EcoRI in lane 1 and HindJlIISfuI in lane 2 of the left panel. In the right panel subclone 21/1-5 was digested with BstXIISfuI in lane 3 and subclone
21/1-4 was cut with PstIlHindlII in lane 4 and with SfuIlNdeI in lane 5 respectively. The schematic restriction maps show the positions of the strongly (black bars)
and less intensively (hatched bar) hybridizing restriction fragments in each of the digests and are numbered accordingly. The regions marked A and B denote the
locations of the two independent transcription initiation sites in the regions delineated by the dotted vertical lines. DNA size markers are indicated in kb and restriction
sites are given for BstXI (Bx), EcoRI (E), HindIH (H), NdeI (N), PstI (P) and SfuI (Sf).

replacement results in complete disruption of the acceptor stem
of the tRNA. While in the intact tRNAPhe the acceptor stem is
stabilized by 5 Watson-Crick pairs, 1 GU pair and a C/A
mismatch, only 3 G U pairs and 4 mismatches are present in the
analogous folding of the truncated tRNA gene.
These recombinations at the tRNAPhe-tRNAPrO locus have to

be taken into consideration when identifying transcription
initiation sites.

Two transcription initiation sites are located near the
tRNAPhe and tRNAF'ro genes
To define the transcription initiation site(s) in this genomic region
in vitro cap-labelled mitochondrial RNA was hybridized to
restriction fragments of the cloned mtDNA fragments (Fig. 4).
Hybridization was observed with several fragments containing
two separate genomic regions, one upstream of the tRNA genes,
the other downstream as represented by the Sfui/Sfiu and
SfuI/HindIl fragments respectively (Fig. 4, upper left panel, lane
and fragments labelled 2). Significantly no hybridization was
observed to the 0.38 kb S.fuI fragment, running at the very bottom
of lane 2 in the upper left panel of figure 4. This fragment is
located between the two hybridizing regions and covers the entire
spacer sequence from the 3' end of the tRNAPhe to the 3' end
of the tRNAPro genes. Rapid processing of the potential tRNA
containing precursors may be responsible for the lack of
hybridization to this fragment by lowering the abundance of
primary transcripts containing these downstream sequences below
the threshold of detection in this experiment.
RNase digestion of the hybridized blot did not alter the obtained

hybridization signals, suggesting both to be derived from bona
fide transcription intiation sites within the respective restriction
fragments.

This observation can only be explained by the presence of two
independent and separate promoter regions upstream and
downstream of the tRNA genes respectively. The different
hybridization intensities of the equimolar restriction fragments

covering these two regions (fragments and lane 2 at the top of
figure 4) suggest transcripts with primary 5'-termini to be less
abundant for the promoter region upstream of the tRNA genes
than for the transcription initiation site downstream of these tRNA
genes.

This interpretation is supported by the dot-blot signal strength
obtained with clone H4/69, which is clearly less intensive than
the signals observed with clones H21/1 and H8/47 as estimated
by visual inspection of the signals in figure 1. Clone H4/69 covers
only the region upstream of the tRNAs, while the second potential
promoter region downstream of the two genes is substituted by
a different sequence due to the recombination within the
tRNAPhe pseudogene. The tRNA genes encoded on clone H8/47
are probably not transcribed, since only the second promoter
region downstream of these genes is present. This clone H8/47
although containing only the downstream promoter region shows
a signal strength in the cap-labelled RNA hybridization
comparable with clone H21/1 as judged by visual inspection of
figure 1. These data are consistent with primary transcripts being
more abundant from the second transcription initiation site than
from the tRNA promoter.

Mapping of the transcription initation site for the tRNAPhe-
tRNAPrO locus
The smallest fragment of cloned mitochondrial DNA hybridizing
with in vitro capped RNA upstream of the two tRNA genes is
the 430 bp BstXI/SfiI fragment which contains the 5' part of
the tRNAPhe and 387 upstream nucleotides (Fig. 4). This
hybridization narrows the location of the transcription initiation
site for the tRNAs to the 387 upstream nucleotides. The low
efficiency of the capping reaction at these primary transcript
molecules precluded further direct analysis of the capped end
by RNA sequencing or RNase protection.
The location of the RNA terminus was therefore analysed with

primer extension walks from the tRNA coding regions to identify
all detectable RNA 5' termini in this region (Fig. 5). Starting
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from a primer (P1) located downstream of the tRNAPhe gene in
the transcribed spacer region, the expected strong signals at the
mature 3' (Fig. 5A, product a) and 5' ( Fig. 5A and B, termini
b) ends of this tRNA were observed. However, longer precursor
molecules can also be identified that contain the unprocessed
tRNA and additional upstream sequences. The 5' most extended
product detected from this primer (Fig. 5B, terminus c) is
identical with the RNA terminus detected from a primer (P3)
upstream of the tRNA gene (Fig. SC, product c). This primer
is located upstream of the recombination point of clone H8/47
and thus only detects transcripts of the genomic arrangement
represented by the other three clones H3/3 1, H17/4 and H21/1.
The longest RNA precursor molecules detected in these primer
extensions start with the G or A 181 and 180 nucleotides upstream
of the 5' end of the tRNAPhe. The absence of any larger primer
extension products in these experiments is consistent with the
in vitro capped hybridization data, suggesting this terminus to
be derived from de novo initiation of transcription.
Precursor transcripts are present in steady state RNA
The above described in vitro capping analysis suggests the
presence of primary transcripts covering the genomic region
upstream of the tRNA genes in the steady state mitochondrial
RNA population. To identify these precursor RNA species
present in the steady state transcripts total mitochondrial RNA
was blotted and probed with several genomic regions for the
presence of homologous transcripts.

Strong hybridization signals were obtained in the size range
of the mature tRNAs in addition to larger RNA species (Data
not shown). An abundant transcript of 500 nucleotides in length
is detected only with sequences downstream of the two tRNAs
and is probably derived from the second transcription initiation
site downstream of tRNAPro.
The most likely candidate for the primary precursor transcript

of the two tRNAs is a much less abundant 3,000 nucleotides long
RNA molecule. This transcript is detected in Northern blots with
the probe upstream of the two tRNAs covering the region which
hybridizes with the cap-labelled RNA, with a probe containing
the spacer between the tRNAs and with the sequence downstream
of the tRNAPro gene (Data not shown). In addition several
smaller transcripts are detected, which may be processing
intermediates.

Northern blot probing with the region downstream of the
incomplete tRNAPhe locus revealed an abundant 1.5 kb mRNA
which is also detected with sequences upstream of the tRNA gene.
This suggests that the incomplete tRNA is excised from the
precursor molecules very inefficiently.

Besides several cDNA clones containing the region downstream
of the two tRNA genes and probably corresponding to the
abundant 500 nucleotides long transcript with as yet unidentified
information content, one cDNA clone identified is derived from
an unprocessed RNA containing the pseudo-tRNAPhe sequence
further supporting the evidence for transcription and slow
processing of this unprocessed incomplete tRNA locus (data not
shown).

DISCUSSION
Plant mitochondrial tRNA genes are transcribed as larger
primary transcripts
Primary transcript termini are detected in the total steady state
RNA for several tRNA coding regions in the Oenothera
mitochondrial genome. The primary transcript termini of three
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Figure 5. Primer extension experiments identify the borders of tRNAPhe and the
5' end of the longest detectable precursor molecule. Panels A and B show
extensions from primer P1 located downstream of tRNAPhe. Panel C shows the
fine mapping of the upstream RNA terminus from primer P3. Schematic
representation of the obtained products shows that terminus a corresponds to the
5' end of the spacer between the two tRNAs at the junction with the tRNAPhe.
Terminus b identifies the 5' end of the tRNAPhe and terminus c corresponds to
the location of the transcription initiation region identified by hybridizaton upstream
of the tRNAs (Fig. 4). The sequence surrounding extension product c is given
at the bottom of the figure and the site of transcription initiation is indicated by
an arrow.

of the cloned mitochondrial regions tested are either outside of
the clones or due to spurious similarities with transcripts derived
from other loci, since the hybridizing primary transcript ends
are removed by RNase digestion. Such similarities are frequently
found in plant mitochondrial genomes as duplications of
transcribed coding and intron regions for example (e.g. 25),
which in hybridization analyses of genome-trascript relationships
have to be taken into account. The correlation between primary
transcript end and tRNA transcription thus needs to be verified
rigourously in each instance, particularly since most of the
assayed clones are large enough to potentially contain additional
genes.
The extensive analysis of the genomic region encoding

tRNAPhe and tRNAPro for example shows the presence of two
transcription initiation sites, one for the tRNA(s) and a second
for as yet unknown sequence information. The primary end of
this second site is much more abundantly present in the
mitochondrial RNA than the tRNA precursor. Comparison of
hybridization efficiencies to restriction fragments containing only
one of the transcription initiation sites each (e.g. lane 2 in figure
4) shows far stronger signals for the second site than for the tRNA
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Oenothera
r>

coxII TAACTAAAAATCTCGTATGAGAATCAAAAG
r->

atpA AAAGTTGATAAATCATAAGAGAAGCAAAGT
r>

18S AAGATTGAAATGTCATAAGTGATGTTCGAA
r>

consensus aAaNTtgAaAtNTCaTAaGaGAagcaaaaN

tRNAPhe CACGACTTAATTTCATAAGAGAGAGAAGTG

soybean

atp9 CGAAATAGCGTAAGAGAAGAAAGTA

b/c RNAs TAAAATTTCATAAGAGAAGAAAGCT
r>

identity yrAAATnnCRTAAGAGAAGAAAGyn

consensus for dicot plants

r>
raaAtNtCRTAaGaGArrNaaR

Figure 6. Conserved sequence motifs at promoters for tRNA, rRNA and mRNA
genes. The sequence surrounding the transcription initiation site for tRNAPhe
shows high similarity with the consensus sequence derived for several promoters
analysed in Oenothera mitochondria for mRNAs and the 18S rRNA (19).
Sequences at identified primary transcript termini from soybean mitochondria
(34) are also aligned to show the high conservation of this motif in dicotyledonous
plants. Inclusion of the putative tRNA promoter identified here allows further
refinement of the deduced consensus sequence (19).

precursor. This comparatively close spacing of unrelated
transcription initation sites in a small region of the Oenothera
mitochondrial genome shows that numerous promoters are
present in these plant organelles, confirming the previous minimal
estimates (19). Such coinciding unrelated transcription initation
sites must be included in any consideration and identification of
plant mitochondrial promoters.

Primary transcripts for tRNAPhe include leader and trailer
sequences
The presence of larger precursor molecules for tRNA genes is
here verified and analyzed in detail for the region encoding
tRNAPhe and tRNApro. The investigation shows that at least in
this instance transcription is not initiated at the first nucleotide
of the tRNA guided by external or gene internal signals, but rather
from distant upstream promoter elements. Correct processing of
such larger precursors to mature tRNA molecules in plant
mitochondria is ensured by the presence of 5' and 3' tRNA
processing activities, which have been identified in wheat,
Oenothera and potato mitochondria (27, 28).
The observation of a clean 5' terminus of the spacer between

the two tRNAs at the junction with the 3' end of tRNAPhe
suggests that in vivo 3' processing at least of this tRNA is achieved
by an endonucleolytic digestion rather than a 3' to 5' exonuclease
activity. Only a specific endonuclease can release this spacer
molecule with a precise 5' terminus during processing (27).

The genes for tRNAPhe and tRNAPrO are probably
cotranscribed
Cotranscription of the two genes for tRNAPhe and tRNAPrO as
deduced from the presence ofcommon larger precursor molecules
is further confirmed by the primer extension experiments showing
that transcripts of the tRNAPrO extend at least into the spacer
between the two tRNAs. These observations suggest that the

transcription initiation site identified upstream of the gene for
tRNAPhe represents the functional promoter for the primary
bicistronic transcript of both genes. This promoter region is most
likely active in three of the four complete copies of the tRNAPhe
and tRNAP'rO coding region and in both copies of the 3'
truncated pseudo tRNAPhe. It is not present in the 5' recombined
locus represented by clone H8/47. The 3' extension of the
primary transcript is as yet unclear, but must continue through
the region of the second transcription initiation site located
downstream of the two tRNA genes.
The presence of several promoters in tandem has been observed

for example for the atp9 gene in maize mitochondria (29, 30),
where the individual transcripts overlap into the region
downstream of the actual gene. The second promoter region
observed downstream of the genes for tRNAPhe and tRNAPro
here in Oenothera, however, probably belongs to a different as
yet unknown gene located further distal to this region.
The identified transcription initiation site for the tRNAPhe and

tRNAPro genes is present in three genomic arrangements of
these two tRNAs in the Oenothera mitochondrial genome,
suggesting that a comparatively high rate of transcription is at
least in part ensured by this amplification of genomic sequences.

The tRNA, mRNA and rRNA promoter regions contain a
common motif
The here reported identification of a transcription initiation site
for a tRNA locus allows a comparison of the sequence
surrounding this initiation site with the putative promoter motifs
identified for rRNA and protein coding genes in this
dicotyledonous plant (Fig. 6). Intriguingly the sequence at the
transcription initiation site is highly similar to the consensus motif
derived from the promoters of protein coding mRNAs and the
18S rRNA in Oenothera mitochondria (19). Transcription in all
investigated instances starts with a conserved GA dinucleotide,
which is part of the common sequence motif. The tRNA primary
transcript identified here likewise starts with a GA dinucleotide,
if the primer extension signal indeed corresponds to nucleotide
- 181 upstream of the tRNA (Fig. 5).
The primary sequence similarities between the previously

identified mRNA and rRNA promoters and the tRNA
transcription initiation site further confirm the identification of
the location of this primary RNA terminus as a tRNA promoter.
This high sequence similarity of transcription initiation sites
suggests that all three types ofRNA molecules-mRNAs, rRNAs
and 'native' tRNAs-can be transcribed by the same RNA
polymerase-transcriptional cofactor system in plant mitochondria.

Transcription of yeast mitochondrial genes similarly uses a
single promoter motif for the different types of genes. The
tRNAPhe in yeast mitochondria is also transcribed from its own
promoter in the fungus (13), while other tRNA genes are
transcribed in clusters or together with protein coding or rRNA
genes (31, 32). The close location of e.g. the tRNAfmet gene just
one nucleotide upstream of the 18S rRNA gene in wheat
mitochondria (33) suggests that these two genes are cotranscribed
and confirms different modes of cotranscription for other tRNA
genes also in plant mitochondria. It is unclear at present, whether
the presence of specific promoters for the tRNAPhe genes in both
yeast and plant mitochondria is related to any specific function
of this tRNA in the organelle.
How the appropriate relative stoichiometries between mRNAs,

rRNAs and tRNAs are met needs to be further analysed. One
possibility may be found in the unique differences in each of the
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analysed promoter sequences, which may confer different
promoter efficiencies. Another factor may be found in differential
amplification of some coding regions, for example the tRNAPhe
and tRNAPro region investigated here, which is present in at
least three genomic environments together with the identified
promoter and thus presumably also transcribed in these copies.
Detailed investigations of relative promoter strengths, processing
velocities and RNA molecule half-lifes are required to determine
the contributions of these different potentially interfering
processes.

27. Hanic-Joyce,P.M. and Gray,M.W. (1990) J. Biol. Chem., 265, 13782-13791
28. Marchfelder,A., Schuster,W. and Brennicke,A. (1990) NucleicAcids Res.,

18, 1401-1406.
29. Mulligan,R.M., Maloney,A.P. and Walbot,V. (1988) Moi. Gen. Genet.,

211, 373-380.
30. Mulligan,R.M., Lau,G.T. and Walbot,V. (1988) Proc. Natl. Acad. Sci. USA.,

85, 7998-8002.
31. Wettstein-Edwards,J., Ticho,B.S., Martin,N.C., Najarian,D. and Getz,G.S.

(1986) J. Bio. Chem., 261, 2905-2911.
32. Schinkel,A.H. and Tabak,H.F. (1989) Trends Genet., 5, 149-154.
33. Gray,M.W. and Spencer,D.F. (1983) FEBS Letu., 161, 323-327.
34. Brown,G.G., Auchincloss,A.H., Covello,P.S., Gray,M.W., Menassa,R. and

Singh,M. (1991) Mol. Gen. Genet., 228, 345-355.

ACKNOWLEDGEMENTS

We thank Wolfgang Schuster and Bernd Wissinger for providing
Oenothera Hindll clone libraries, Michael W.Gray for the gift
of cloned tRNA gene probes and Andrea Schmidt for outstanding
technical assistance. This investigation was supported by grants
from the Deutsche Forschungsgemeinschaft and the
Bundesministerium fiir Forschung und Technologie.

REFERENCES

1. Chambon,P. (1975) Ann. Rev. Biochem., 44, 613-638.
2. Roeder,R.G. (1976) In Losick,R. and Chamberlin,M. (eds.), RNA Polymerase.

Cold Spring Harbor Laboratory Press, New York, pp. 285-329.
3. Hess,W.R., Prombona,A., Fieder,B., Subramanian,A.R. and B6rner, T.

(1993) EMBO J. 12, 563-571.
4. Wolfe,K.H., Morden,C.W. and Palmer,J.D. (1992) Proc. Natl. Acad. Sci.

USA, 89, 10648-10652.
5. Lerbs-Mache,S. (1993) Proc. Natl. Acad. Sci. USA, 90, 5509-5513.
6. Ohyama,K., Fukuzawa,H., Kochi,T., Shira,H., Sano,T., Umesono,K.,

Shiki,Y., Takeuchi,M., Chang,Z., Aota,S., Inokuchi,H. and Ozeki,H. (1986)
Nature, 322, 572-574.

7. Shinozaki,K., Ohme,M., Tanaka,M., Wakasugi,T., Hayashida,N.,
Matsubayashi,T., Zaita,N., Chunwongse,J., Obokata,J., Yamaguchi-
Shonozaki,K., Ohto,C., Torazawa,K., Meng,B.Y., Sugita,M., Deno,H.,
Kamogashira,T., Yamada,K., Kusuda,J., Takaiwa,F., Kato,A., Tohdoh,N.,
Shimada,H. and Sugiura,M. (1986) EMBO J., 5, 2043-2049.

8. Marechal-Drouard, L., Weil,J.-H. and Dietrich,A. (1993) Annu. Rev. Plat
Physiol. Plant Mol. Biol., 44, 13-32.

9. Yoza,B.K. and Bogenhagen,D.F. (1984) J. Biol. Chem., 259, 3909-3915.
10. Clayton,D.A. (1984) Annu. Rev. Biochem., 53, 573-594.
11. Clayton,D.A. (1991) Trends Biochem. Sci., 16, 107-111.
12. Grivell,L.A. (1983) Sci. Am., 63, 78-89.
13. Christianson,T. and Rabinowitz,M. (1983) J. Biol. Chem., 258,

14025-14033.
14. Leaver,C.J. and Gray,M.W. (1982) Ann. Rev. Plant Physiol., 33, 373 -402.
15. Newton,K. (1988) Annu. Rev. Plant Physiol. Plant Mol. Biol.., 39, 503-532.
16. Sangare,A., Lonsdale,D., Weil,J.-H. and Grienenberger,J.-M. (1989) Curr.

Genet.., 16, 195-201.
17. Joyce,P.B.M. and Gray,M.W. (1989) Biochim. Biophys. Acta., 1008,

355-356.
18. Gray,M.W., Hanic-Joyce,P.J. and Covello,P.S. (1992) Annu. Rev. Plant

Physiol. Plant Mol. Biol., 43, 145-175.
19. Binder,S. and Brennicke,A. (1993) J. Biol. Chem., 268, 7849-7855.
20. Joyce,P.B.M., Spencer,D.F., Bonen,L. and Gray,M.W. (1988) Plant Mo.

Biol., 10, 251-262.
21. Schuster,W., Hiesel,R., Wissinger,B., Schobel,W. and Brennicke,A. (1988)

In Shaw, C. (ed.), Plant Molecular Biology. A practical approach. IRL Press,
Oxford, ISBN 1 852210575, ISBN 1 852210567, pp. 79-102.

22. Sambrook,J., Fritsch,E.F. and Maniatis,T. (1989) Molecular Cloning 2nd
Edition. Cold Spring Harbor Laboratory Press, New York.

23. Binder,S., Schuster,W., Grienenberger,J.-M., Weil,J.-H. and Brennicke,A.
(1990) Curr. Genet., 17, 353-358.

24. Binder,S., Marchfelder,A., Brennicke,A. and Wissinger,B. (1992) J. Biol.
Chem., 267, 7615-7623.

25. Wissinger,B., Hiesel,R., Schobel,W., Unseld,M., Brennicke, A. and
Schuster,W. (1991) Z. Naturf. 46, 709-716.

26. Joyce,P.B.M., Spencer,D.F. and Gray,M.W. (1988) Plant Mol. Biol., 11,
833-843.


