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The mammalian mitochondrial genome is a double-
tranded circular DNA molecule, which is transcribed
rom both strands as polycistronic RNAs, which are
urther processed to yield the mature polyadenylated

RNAs, rRNAs and tRNAs. We compared the gene ex-
ression patterns of foetal and adult porcine brains
nd identified a sequence tag from the ATPase 6 re-
ion of the mitochondrial genome which, in adult
rain, was more abundant in the sense (H-strand)
orm, but, in foetal brain, more abundant in the anti-
ense form (L-strand). By means of solution
ybridisation/S1 nuclease protection assay, Northern
lotting, and PCR based techniques, we demonstrated
hat the ATPase 6 region of the porcine mitochondrial
enome is transcribed as co-existing, stable sense and
ntisense RNAs. Furthermore, we identified sense and
ntisense transcripts from this region consisting of
nversely assembled fragments joined together at a
irect repeat of 7 nucleotides. Our results suggest that
ranscription and post-transcriptional processing of
itochondrial RNAs are much more complex than

resently thought. © 2000 Academic Press

Normal brain function depends upon adequate levels
f energy supplies, and it has been shown that even
ubtle alterations in mitochondrial function can lead to
nsidious pathological changes in neurons (1–3). Since
he discovery of pathogenic mitochondrial DNA muta-
ions (4, 5), the role of mitochondrial dysfunction in
iverse neurological disorders has been studied inten-
ively (DiMauro and Bonilla, 1997) (6, 7).

1 Both first authors contributed equally to the manuscript.
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rganised double-stranded DNA molecule of about 16.5
bp encoding two rRNAs, 14 tRNAs and 12 mRNAs on

he H-strand, and 8 tRNAs and one mRNA on the
-strand; it is attached to the inner mitochondrial
embrane and not protected by proteins. The most

triking characteristic of mitochondrial DNA is its ex-
remely compact organisation (8, 9). All genes lack
ntrons and are butt joined to each other or separated
y very short nucleotide stretches. The economic or-
anisation of mitochondrial DNA does not leave much
pace for intervening non-coding regulatory sequences.
ranscription of both strands leads to the formation of
olycistronic RNAs (10). Non-coding L-strand tran-
cripts are short-lived and do not accumulate to a sig-
ificant level in mitochondria (8, 11). The scattered
istribution of tRNA genes, separating rRNA and
rotein-coding regions appears to function as a signal
or RNA processing and maturation (12, 13). Although
rogress has been made to understand the regulation
f RNA transcription in mitochondria, the exact mech-
nisms have not yet been completely elucidated. The
nvolvement of transcription and post-transcriptional
rocessing in the expression of the mitochondrial ge-
ome is evident from the observation that altered lev-
ls or incompletely processed transcripts correlate with
itochondrial diseases (14, 15). Furthermore, the iden-

ification of RNA transcripts superimposed to protein
oding regions suggests that they might be involved in
he control of mitochondrial gene expression (16–20).

In our effort to identify genes involved in the devel-
pmental processes of the brain, we compared the gene
xpression patterns of adult and foetal porcine brain
issues. During our studies we found a stable antisense
ranscript of the ATPase 6 region, which is differen-



tially expressed in foetal and adult brain. Further-
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ore, we provide evidence for RNAs from this region
onsisting of inversely aligned fragments. The frag-
ents of these RNAs are joined together at a 7 nucle-

tides direct repeat and are transcribed from both, the
- and H-strand of the mitochondrial genome, they
hus exist as sense and antisense transcripts.

ATERIALS AND METHODS

Materials. Materials were obtained from the following sources:
2P-labelled nucleotides were from Nycomed Amersham (Amersham,
K). Reverse transcriptase and Taq polymerase from Gibco BRL

Grand Island, NY); oligonucleotides from NAPS (Göttingen, Ger-
any); Aspergillus oryzae S1 nuclease from Nycomed Amersham

Amersham, UK); digoxigenin-labelled UTP, DIG Easy hybridisation
olution, polyclonal antibody against digoxigenin (alaline phospha-
ase-conjugated), and the chemiluminescent substrate Disodium2-
hloro5-(4-methoxyspiro{1,29dioxetane-3,29-(59-chloro)[3.3.1.1] decan}-
/yl)-1-phenyl phosphate (CDP-Star) all from Boehringer Mannheim
Mannheim, Germany); the kit for cRNA synthesis was from Pro-
ega (Madison, WI).

Tissue sources and preparation of RNA. Porcine tissues from
regnant animals and their foetuses were generously provided by
rs. S. Wallenhorst and Dietrich (Institut für Tierzucht und Hausti-
rgenetik; University of Göttingen) (21). Total RNA for Northern
lotting, S1 nuclease analysis and differential display were prepared
y the conventional guanidine isothiocyanate method (22).

Differential mRNA display (DD) and rapid amplification of cDNA
nds (RACE). 50 mg of RNA from adult and foetal brain were
igested with DNase, phenol/CHCl3 and CHCl3-extracted, precipi-
ated and redissolved in RNase-free water. Reverse transcription
as performed with 1–5 mg RNA and 1 mM of one degenerate down-

tream primer (23). The DD was essentially performed as originally
escribed (23), except that each 59 primer (10 mer) contained a
estriction enzyme site and the 10-fold PCR buffer was 800 mM TRIS
H 8.9, 200 mM (NH4)2SO4, 40 mM MgCl2. For each radioactive PCR
he equivalent of 0.2 or 0.02 mg of transcribed RNA was used in
uplicate. The labelled PCR products were heated to 80°C for 3 min,
ransferred to ice water for 3 min and then separated on 6% non-
enaturing acrylamide gels at 2400 V.
The cDNA bands of interest and their corresponding negative

ontrols were cut from dried gels as described (23), with the minor
hange that the eluted cDNAs were not precipitated but recovered by
yophylisation. The dried pellets were resuspended in 15 ml water,
nd 3 ml were used for amplification in a 30 ml PCR. Non-radioactive
CR products from amplification of the specific band and their con-
rols were run on 1.8% agarose gels together with size markers. The
anding pattern between specific bands and control was compared to
ach other and to the original size estimation from the DD. In cases
here the PCR products of the specific cDNA band and their nega-

ive controls were obviously different, the band(s) of proper size
as/were transferred to and recovered from DEAE membranes (24);

n cases where the amplification step of negative control and sample
roduced similar PCR products and where PCR products could not
ndoubtedly be assigned to the original size of the DD cDNA band,
he whole PCR product was used for further cloning.

Unpurified PCR or PCR bands, which were eluted from DEAE
embranes, were either digested with restriction enzymes according

o the restriction enzyme site in the 39 primer (see DD section) and
hen ligated into the appropriately cut pGEM4Z vectors, or cloned
irectly into pGEMT vector. The RACE was done with a Marathon
DNA Amplification kit from Clontech (Palo Alto, CA, USA) accord-
ng to the instructions of the supplier. Resulting PCR products were
loned in pGEMT vector. Sequencing was performed with a T7 se-
uencing kit (Pharmacia, Freiburg, FRG) and later with a Big Dye
171
77.

S1 nuclease protection assay. S1 nuclease protection assay was
erformed as previously described (25). Part of our results were
epeated with a modified form of this assay, which circumvents
he problem of poor RNA solubility in high salt formamide buffers
nd loss of pellets during the isopropanol precipitation step. In
rief, 20 mg of total RNA and, as negative controls, either 20 mg of
east tRNA or 4 mg of porcine DNA were dissolved in 20 ml
iethylpyrocarbonate (DEPC)-H2O. 10 ml of 3-fold hybridisation
uffer [75 mM PIPES (Piperazine-1,4-bis (2-ethanosulfonic
cid))], pH 6.8; 600 mM NaCl; 3 mM EDTA) with 105 cpm of
adioactively labelled cRNA probe were added to each sample. The
amples were covered with mineral oil, denatured at 100°C for 5
inutes and then hybridised at 80°C for 3 h. Subsequently, 470 ml

f S1 mix (50 mM NaCl; 30 mM Na-acetate, pH 4.6; 100 mg/ml
erring sperm DNA; 4 mM ZnSO4; 600 U/ml S1 nuclease) were
dded to each sample, and the digestion was performed at 37°C for
0 min. The digestion was stopped with 100 ml 4 M NH4Ac/0.1 M
DTA. After precipitation with 10 mg yeast tRNA and 1 volume of

sopropanol containing 35 mg/ml dextran blue, pellets were
ashed once with 70% ethanol and subsequently dissolved in 5 ml
E-buffer pH 8.0 [10 mM Tris z Cl (pH 8.0); 1 mM EDTA (pH 8.0)]
nd 4 ml loading buffer. Samples were heat denatured at 95°C for
min prior to loading on polyacrylamide gels containing 7 M

rea. Autoradiography was performed on X-ray films with inten-
ifying screens at – 80°C or room temperature for varying time
pans.

cRNA probes. After PCR reamplification of the original DD clone,
he product was cloned in pGEMT vector. The clone contained a 162
p fragment corresponding to nt 8020 to 8182 of the mitochondrial
-strand. A Sp6 cRNA transcript of the Nco I cut plasmid detected a
62 nt fragment of the mitochondrial H-strand transcript (DD anti-
ense probe) in the S1 nuclease protection assay, and a T7 transcript
f the Not I cut plasmid detected the corresponding 162 nt fragment
f the mitochondrial L-strand transcript (DD sense probe). The
ACE product was also cloned in pGEMT vector and is shown in
etail in Fig. 5. cRNA transcribed with T7 polymerase from a Not I
ut of the plasmid detected mitochondrial H-strand transcripts
RACE antisense probe), whereas the Sp6-derived cRNA from a Nco

cut of the plasmid detected mitochondrial L-strand transcripts
RACE sense probe); for some experiments a T7 transcript from a
siW I cut was used to detect mitochondrial H-strand transcripts

BsiW I probe).

Analysis of in vitro forming double-stranded RNAs. Total RNA
as heat-denatured at 95°C for 3 min and re-annealed by incubation
ith 3-fold hybridisation buffer at 65°C for 6 h. Following S1 nucle-
se digestion (see above), the samples were isopropanol-precipitated,
ellets were washed in 70% ethanol and dissolved in 5 ml water.
hen 25 ml of electrophoresis sample buffer [0.75 ml deionised for-
amide, 0.15 ml 10 3 MOPS (3-N-morpholino propanesulfonic acid),

.24 ml formaldehyde, 0.1 ml RNase-free water, 0.1 ml glycerol, 0.08
l 10% (w/w) bromphenol blue] were added prior to further process-

ng. Part of the samples were loaded on 1% non-denaturing agarose
els containing ethidium bromide, in order to assess complete diges-
ion of 28 S and 18 S bands.

Northern analysis. Total RNA or S1-digested RNA hybrids were
issolved in 25 ml electrophoresis sample buffer. Samples were
eated to 65°C for 15 min prior to loading on 1% denaturing
garose formaldehyde gels. The RNA was transferred onto Hybond N
ylon membranes (Nycomed Amersham, Amersham, UK) in 203
SC by capillary blotting overnight. In the case of DIG-labelled
RNA probes, the DIG-Easy hybridisation solution was used, and
ybridisation proceeded at 68°C overnight. Hybridisation with ra-
ioactively labelled probes was performed overnight in a hybridisa-
ion solution containing 50% formamide; 25% 203 SSPE (175.3
aCl:27,6 g Na2HPO4 z H2O; 7.4 g EDTA pH 7.4 per litre), 0.15 M



Tris–HCl pH 8; 1% SDS and 0.5% heparin (25000 U/ml) at 65°C: the
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ybridisation temperature for end-labelled oligonucleotides was
5°C. Membranes were washed under high stringency conditions in
ultiple steps. Filters hybridised with DIG-labelled cRNA probes
ere incubated with a polyclonal antibody against digoxigenin, con-

ugated to alkaline phosphatase. Detection was performed with the
DP-Star substrate according to the instructions of the supplier.
ultiple film exposures with different time spans were obtained

rom each membrane.

RT-PCR analysis and primers. Reverse transcription reactions
ere performed with 5 mg total RNA. The RT primers were either 0.5
g of random hexamers (Promega, WI), or 20 pmoles of specific
rimers. Primers were a 26-mer primer CATTGTTGGATCGAGAT-
GTGCGGTT (designated P1; nt 8085–8059, Accession No.
J002189), reverse and complementary to the H- (sense) strand of
itochondrial DNA; a 21-mer primer GAGTCGTTTGGGTGTTGG-
AA (designated P2; nt 8053–8033), reverse and complementary to

he H- (sense) strand of mitochondrial DNA; a 23-mer primer (des-
gnated P3; nt 8179–8201), identical to the H-strand of mitochon-
rial DNA; a 23-mer primer CAGGTTTGGCCTTTTTGGTTGTG
designated P5; nt 8145–8123), reverse and complementary to the
-strand of mitochondrial DNA. Additional primers were the 38-mer
GTTTGGGTGTTGGGAATAGTAAATGTGATAAAAGCTG (desig-
ated P4a), reverse and complementary to the H-(sense) strand and
panning the 7 nucleotides overlap region of the RACE-clone and a
1-mer GCTTTTATCACATTTACTATTCCCAACACCCAAACGAC-
CA (designated P4s), reverse and complementary to the L-strand
nd spanning the 7 nucleotides overlap region; a 27-mer primer
GTTGTGAATAGCTATTATTTGTTTGG (designated P6; nt 8129–
103), reverse and complementary to the H-strand of mitochondrial
NA and a 24-mer primer CTACCACACTCATTCACACCCACC

designated P7; nt 8204–8227), corresponding to the H-strand of the
itochondrial DNA. PCR reactions were done with 20 pmol of each

rimers. For each PCR a 2 ml aliquot of the RT-reaction were used as
template. Annealing temperatures and MgCl2 concentrations var-

ed according to the primers and templates used.

Accession numbers. AF190812 for the unusually assembled tran-
cripts and AF190813 for the ATPase 6/8 L-strand (antisense) tran-
cript.

FIG. 1. Comparison of the steady-state levels of mitochondrial
-strand transcripts of the ATPase 6 region in multiple porcine

issues: Duplicates of 20 mg of total RNA from porcine lung (Lu),
idney (K), ovary (O), cerebrum (C), cerebellum (Cl), plexus choroi-
eus (Pl), meninges (Me), foetal lung (fLu), foetal kidney (fK), foetal
rain (fB), and 20 mg of yeast tRNA (t) were measured by solution
ybridisation/S1 nuclease digestion assay with the 32P-labelled DD
ntisense probe as described under Materials and Methods. The
ight-hand lane of the autoradiograph depicts the undigested probe,
nd the arrowheads with numbers indicate the sizes in nucleotides
nts) of the undigested probe (263) and of the protected fragments of
he digested samples (163). The autoradiography was performed on
-ray film for 14 h at room temperature. (Please note that one of the
uplicate pellets from adult lung was lost during the assay proce-
ure.)
172
ESULTS

table L-Strand Transcripts of the ATPase 6 Region

The comparison of the gene expression patterns of
dult and foetal porcine brains with differential dis-
lay (DD) revealed, besides other bands which were
pecific for one of either tissue, one PCR fragment
hich was predominantly expressed in foetal brain and

dentical to porcine mitochondrial DNA from base pairs
020 to 8182 (Accession No. AJ002189). This fragment
orresponds to the ATPase 6 region of the porcine mi-
ochondrial genome. The original up- and downstream
rimer for this RT-PCR were GCCCAAGCTT and
12GC, respectively; the upstream primer matched the
itochondrial H-strand sequence by 90% and the an-

hor primer the L-strand sequence by 66%. To verify
hether the difference in the RNA expression levels of

he mitochondrial sequence seen in the DD corre-
ponds to a real difference in mitochondrial RNA
teady-state levels, we analysed the mitochondrial
NA expression level of foetal and adult brain tissue
ith sense and antisense cRNA probes derived from

he DD clone by S1 nuclease protection assay.
In contrast to the original DD, we detected low levels

f the H-strand transcripts in foetal brain, whereas
igh levels of H-strand expression were seen in adult
erebrum and cerebellum as well as in most other
issues (Fig. 1). The expression levels of the mitochon-
rial L-strand RNA were high in foetal brain but not in
dult cerebrum and cerebellum (Fig. 2). The latter
esult was verified and extended by further tissue
nalyses using the DD sense probe. As shown in Fig. 3,
he steady-state level of the mitochondrial L-strand
ranscript was the highest in foetal brain compared to
ll other foetal and adult tissues analysed. When foetal

FIG. 2. Comparison of the steady-state levels of mitochondrial
-strand transcripts of the ATPase 6 region in foetal and adult
orcine brain: foetal brain (fB), cerebrum (C) and cerebellum (Cl),
east tRNA (t). From each sample 20 mg of total RNA were measured
y solution hybridisation/S1 nuclease digestion assay with the 32P-
abelled DD sense probe as described under Materials and Methods.
he right-hand lane of the autoradiograph depicts the undigested
robe, and the arrowheads with numbers indicate the sizes in nu-
leotides (nts) of the undigested probe (240) and of the fragments of
he digested samples (163). The autoradiography was performed on
-ray film with intensifying screens for 7 days at 280°C.
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nd adult brain tissues were compared, an inverse
attern of H- and L-strand transcripts was obvious
rom Figs. 1, 2, and 3.

We next performed Northern blottings with RNA
rom foetal brain and foetal muscle and used either the
D sense or the antisense cRNA probe, respectively, in
rder to determine the approximate sizes of the L- and
-strand transcripts. As can be seen in Fig. 4, the size

f the L- (Fig. 4A) and major H- (Fig. 4B) strand tran-
cript was the same (approximately 800 nucleotides
nts]). This is in accordance with reports on other spe-
ies (26–28) and the expected size of 841 nts of the
orcine ATPase 6/8 transcript (Accession No.
J002189). In addition to the 800 bp H-strand tran-
cript, 3 larger H-strand transcripts were detected
ith the DD antisense probe. In none of our Northern
lots or S1 nuclease protection assays, neither tRNA
rom yeast nor DNA from porcine blood cells ever
howed any cross-reactivity with the cRNA probes
sed.

nusually Assembled Transcripts in the ATPase 6
Region

In an attempt to determine the 59 end of the H- and
-strand transcripts, we performed 59 RACE (rapid
mplification of cDNA ends) with total RNA from por-
ine brain. PCR amplification of the H-strand RACE
DNA with primer P1 and the RACE anchor primer
ielded one band of approximately 500 bp and occasion-
lly a faint band of 1100 bp (data not shown). We only
ucceeded in subcloning the 500 bp product into
GEMT, and sequencing of the clone revealed a re-
arkable structure (Figs. 5A and 5B): Instead of hav-

FIG. 3. Comparison of the steady-state levels of mitochondrial
-strand transcripts of the ATPase 6 region in multiple porcine
issues: lung (Lu), ovary (O), cerebellum (Cl), cerebrum (C), foetal
ntestine (fI), foetal heart (fH), foetal liver (fL), foetal lung (fLu),
oetal kidney (fK), foetal brain (fB), and yeast tRNA (t). From each
ample duplicates of 20 mg of total RNA were analysed by solution
ybridisation/S1 nuclease digestion assay with the 32P-labelled DD
ense probe as described under Materials and Methods. The right-
and lane of the autoradiograph depicts the undigested probe, and
he arrowheads with numbers indicate the sizes in nucleotides (nts)
f the undigested probe (240) and protected fragments of the digested
amples (163). The autoradiography was performed on X-ray film
ith intensifying screens for 14 days at 280°C. (Please note that one
f the duplicate pellets from adult cerebrum was lost during the
ssay procedure.)
173
n a continuous order, the clone had a fragment of nt
086 to nt 8526 (accession number AJ002189) joined
irectly to a fragment of nt 8027 to 8085 (Fig. 5A). The
omplete region of the cloned mitochondrial sequence
ncompasses nt 8027 to nt 8526 and is flanked by a
erfect direct repeat of seven nucleotides at positions
027–8033 and 8519–8526. This 7 nt direct repeat has
he sequence TTACTAT and is the stretch where both
ragments of the RACE clone overlap and join together
shaded area in Figs. 5A and 5B). Besides this, the
ACE product had the P1 primer in an inverse order at

he 39 end, a structure which is most likely due to
rroneous ligation of P1 primer during the RACE.
In order to prove that the unusually assembled mi-

ochondrial transcript is a naturally occurring mito-
hondrial RNA of the H-strand and not a cloning arte-
act or a cloned fragment from mitochondrial DNA
fter a recombination event (29, 30), we performed S1
uclease protection assays with total RNA from por-
ine brains. Figure 6 shows an S1 analysis of 20 mg of
otal RNA from foetal brain and tRNA with a labelled
RNA probe of 213 nts transcribed from the BsiW I cut
ACE clone (Fig. 5B). The sizes of the three bands seen

n Fig. 6 correspond well to the predicted protected
ragments: the band with 161 nts represents the full-
ength fragment of the unusually assembled mitochon-
rial transcript, whereas the bands at 109 and 59 nts
orrespond to the fragments which result from hybri-
isation of the labelled cRNA to normal mitochondrial
NA.
The unusual structure of the assembled mitochon-

rial RNA urged us to use a third, independent exper-
mental approach to confirm the results from the
ACE and S1 nuclease protection assays. We therefore
ynthesised cDNA from foetal liver RNA with random
examers and from adult cerebellum RNA with ran-
om hexamers and with primer P3. The resulting
DNAs were used for PCR with primers P3 and P2. The
CRs with the cDNAs synthesized with random hex-
mers yielded identical PCR products of approximately
70 bp, which, upon subcloning and sequencing, re-
ealed a structure identical to the expected sequence
ncompassed by primers P2 and P3 in Fig. 5A; no PCR
roduct was visible when water instead of cDNA was
sed as template. Due to the orientation of the primers,
he PCR products could only have formed if the primer
2 and the random hexamer-primed cDNAs were de-
ived from the unusually assembled H-strand tran-
cript. Furthermore, cDNAs which were synthesised
rom foetal brain RNA with primers P1, P2 and ran-
om hexamers and which were amplified by PCR with
rimers P4 and P3 confirmed the above-described re-
ults and also yielded the expected products of approx-
mately 370 bp (Fig. 7). Surprisingly, the PCR with
DNA derived from P3 primed cerebellum RNA and
rimers P2 and P3, which was performed as an addi-



tional negative control, also yielded the same product
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174
s the PCR with cDNA synthesised with random prim-
rs and primers P2 and P3. This result is unusual,
ince P3 can only bind to an L-strand sequence and
hus pointed to the existence of an L-strand transcript,
hich is reverse and complementary to the unusually
ssembled H-strand transcript.
To confirm the PCR result of an unusually assembled

-strand transcript which is reverse and complemen-
ary to the already described H-strand transcript, we
erformed S1 nuclease protection assays with a la-
elled cRNA transcribed with Sp6 polymerase from the
ACE clone; the cRNA probe would only bind to and

hus protect the predicted unusually assembled
-strand transcript (Fig. 5B). Figure 8 shows a double
and at approximately 490 nts in porcine cerebrum
nd foetal brain RNA but not in tRNA, which clearly
emonstrates the occurrence of the unusually assem-
led mitochondrial L-strand transcript. The protected
ragments were also seen with RNA from all other
issues tested (data not shown). As already demon-
trated for the normal L-strand transcript with the DD
ense probe (Figs. 2 and 3), the unusually assembled
-strand transcript also shows a higher expression in

oetal than in adult brain (Fig. 8). However, the expres-
ion level of the unusually assembled H-strand tran-
cript did not show reproducible differences between
NA preparations from foetal and adult brain (data
ot shown), as compared to those seen with the DD
ntisense probe (Fig. 1).

ouble-Stranded Hybrid Formation of L- and
H-Strand Transcripts

To prove the co-existence of stable L- and H-strand
ranscripts, total RNA from foetal brain was self-
ybridised, treated with S1 nuclease to digest single-
tranded RNAs and run on a Northern blot along with
ndigested RNA from foetal muscle and tRNA (see
aterials and Methods). With the end-labelled anti-

ense primer P4a, which spans the unusual assembly
ite of the RACE clone, the digested RNA from foetal
rain revealed one major and one minor band; both

otal RNA from foetal muscle (fMU, lane 3) were subjected to North-
rn blotting and L-strand transcripts were detected with a DIG-
abelled sense DD probe as described under Materials and Methods.
rrowheads on the right side indicate the position of the 28S and 18S
RNA in comparison to the specific band of the mitochondrial
-strand transcript (double arrowhead). The estimated size of the
-strand transcript is approximately 800 nts. (B) 4 mg of total RNA

rom adult (C) and foetal brain (fB) were subjected to Northern
lotting, and transcripts were detected with a DIG-labelled anti-
ense DD probe. Arrowheads on the left side indicate the position of
pecific transcripts in comparison to the 28S and 18S rRNAs (arrow-
eads on the right side). The estimated sizes of the H-strand tran-
cripts are approximately 800 nts (double arrowhead), 1600 nts,
400 nts and 4800 nts.
FIG. 4. Detection of mitochondrial L- and H-strand transcripts of
he ATPase 6 region by Northern blotting. (A) 4 mg and 8 mg of total
NA from foetal brain (fB, lanes 1 and 2, respectively), and 7 mg of
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ands correspond exactly in size to the bands detected
ith untreated RNA from foetal muscle (Fig. 9, upper
anel). To demonstrate the complete digestion of the
ingle-stranded RNAs in the foetal brain RNA sam-

FIG. 5. Structure of the unusually assembled RACE clone in
ssembled H-strand transcript as determined by automatic sequenc
he primers used during the study. Arrows which point from 59 to 39
hereas arrows which point from 39 to 59 are reverse and complem

haded area of 7 nts (TTACTAT) is the repeat, where the two fr
ncompasses the amplified fragment in the original mitochondrial
519–8526) (for further details, please refer to the text). (B) Schema
ector and of the cRNA probes which derive from transcription of re
p6 and T7 polymerases. Numbers below the open and filled circles
itochondrial sequence (AJ002189) and refer to the 59 and 39 ends, r

ars indicate the sizes of the fragments in nucleotides (nts). The pa
tart sites to the respective beginning of the clone are also given in
rientation and size of the sense and antisense cRNA probes used d
175
les, the blot was stripped and reprobed with an anti-
ense cRNA probe of porcine GAPDH. Only the lane
ith the undigested RNA from foetal muscle showed

he expected sized band for GAPDH RNA (Fig. 9, lower

mitochondrial ATPase 6 region. (A) Sequence of the unusually
. The arrows above the sequence, designated as P1 to P7, represent
resent primers with the sequence as indicated (H-strand sequence),
ary to the depicted sequence and correspond to the L-strand. The
ents of the RACE clone overlap in an inverse order and which

uence at the 59 end (nts 8027–8033 of AJ002189) and 39 end (nts
representation of the unusually assembled RACE clone in pGEMT
ction enzyme cut (Not I, BsiW I, and Nco I, respectively) vectors by
below the filled squares correspond to the numbers of the genomic

ectively, of the fragments comprising the clone. Numbers above the
of the multiple cloning site (MCS) spanning from the transcription
s. The three arrows in the upper part of the cartoon represent the
ng this study.
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anel); a parallel sample of S1-digested RNA analysed
n an ethidium bromide-stained gel revealed no intact
8 S and 18 S RNA (data not shown).
In order to ascertain that the unusual transcripts

etected by either end-labelled sense (primer P4s) or
ntisense (primer P4a) oligos in self-hybridised and S1
uclease-digested RNA from foetal brain, have the
ame transcript size, digested and undigested RNA
rom foetal brain was analysed on Northern blots with
ither end-labelled primers P4s or P4a or with the
ntisense RACE cRNA probe. No differences in the
izes of the detected bands were observed, regardless of
hether the RNA was derived from digested or undi-
ested samples or which probe was used (Fig. 10).
orthern blotting with the sense DD probe detected

nly one single band of approximately 800 bp (Fig. 4A).
n contrast, when the labelled sense oligo (P4s) was
sed as probe, the 800 bp band and an additional

FIG. 6. X-ray autoradiograph of 20 mg of total RNA from foetal
rain (fB) and 20 mg of yeast tRNA (t) as analysed by solution
ybridisation/S1 nuclease digestion assay with an antisense cRNA
robe derived from BsiW I cut plasmid. The right-hand lane of the
utoradiograph shows the undigested probe, and the arrowheads
ith numbers indicate the sizes in nucleotides (nts) of the undigested
robe (213) and the protected fragments derived from the digested
amples (161, 109 and 59). The exposure time of the X-ray film was
0 h at 280°C.
176
les (lanes 1 and 2 in Fig. 10 and Fig. 9); hardly any
and was seen in the undigested RNA sample (lane 4
n Fig. 10). The antisense oligo P4a detected 3 bands in
he digested samples. These 3 bands (lanes 5 and 6 in
ig. 10) and an additional bigger-sized band were de-
ected by P4a in undigested RNA (lane 8 in Fig. 10).
his pattern is identical to the Northern blot with the
ntisense DD (Fig. 4B) and to the pattern detected
ith the antisense RACE probe (lanes 9–12 in Fig. 10).
he estimated sizes of the detected bands are ap-
roximately 800 nts, 1600 nts, 2400 nts and 4800 nts
Fig. 10).

ISCUSSION

The data presented above provide compelling evi-
ence for the expression of a stable antisense tran-
cript of the ATPase 6 region in many tissues. The

FIG. 7. Ethidium bromide-stained agarose gel of PCR products
erived from amplification of cDNAs synthesised with primer P1
lane 1), random primer (lane 2) and primer P2 (lane3) (see Fig. 5A
or sequence) from total RNA of foetal brain. PCR primers were P4a
nd P3. The sizes of 3 bands from the molecular weight marker (M)
re given in base pairs (bp) on the right side. The size of the PCR
ragments is approximately 370 bp. Cycling conditions were: anneal-
ng at 65°C for 30 sec, denaturing at 95°C for 30 sec, and extension
t 72°C for 2 min for 35 cycles.
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teady-state level of this antisense RNA is regulated
uring brain development and is high in foetal but low
n adult brain tissues; this pattern is inverse to the
teady-state level of the H-strand transcript, which
odes for ATPase 6 and 8 subunits. Furthermore, we
emonstrate the expression of unusually assembled L-
nd H-strand-derived RNAs from the same region,
hich can form S1 nuclease-resistant double-stranded
ybrids. These unusually assembled transcripts are
omposed of fragments which are joined together in an
nverse order at a perfect direct 7 nts repeat. In North-
rn blottings with a cRNA probe derived from the usual
TPase 6 sequence, the unusually assembled tran-
cripts cannot be distinguished from the usual ATPase
/8 coding RNAs, because both transcripts reveal the
ame banding pattern. The transcripts can only be
istinguished by S1 nuclease protection assay and are
hown to co-exist.
The expression of the mitochondrial genome at the

ranscriptional level seems to be regulated by three
trand-specific promoters (PH1, PH2, PL1) located in
he D-(displacement) loop (10, 31) and by an attenuator
equence within the gene for the leucine-tRNA which is

FIG. 8. X-ray autoradiograph of duplicates from 20 mg of total
NA from adult cerebrum (C) and foetal brain (fB) and 20 mg of yeast

RNA (t) as analysed by solution hybridisation/S1 nuclease digestion
ssay with a sense cRNA probe derived from the Nco I cut plasmid.
he right-hand lane of the autoradiograph shows the undigested
robe, and the arrowheads with numbers indicate the sizes in nu-
leotides (nts) of the undigested probe (606) and the protected frag-
ent derived from the digested samples (493). The exposure time of

he X-ray film was 3 days at 280°C.
177
o mRNA and a limited L-strand synthesis (32, 33).
ubsequent to transcription, the polycistronic RNAs
re mostly cleaved immediately 59 and 39 of a tRNA
equence (9, 12, 27, 34). Post-transcriptional events,
uch as polyadenylation and RNA degradation, then
etermine the stability of the individual transcription
ntities. The region of the mitochondrial genome, cod-
ng for the genes of the ATPase subunits 6 and 8 and
he cytochrome C oxidase chain III (COIII), differs
rom the common scheme of individual genes separated
y interspersed tRNA genes and is peculiar in two
ays: no tRNA gene separates the genes of ATPase 6
nd COIII (27), and the coding regions of ATPase 6 and
overlap (35–37) by 43 bp (in the pig). This raises the

uestion of how the expression of the two ATPase sub-
nits is coordinated and how the polycistronic tran-

FIG. 9. (Upper panel) Northern blot analysis of 20 mg of self-
ybridised and S1 nuclease-digested total RNA from foetal brain (fB)
nd 20 mg of yeast tRNA in comparison to 20 mg of undigested total
NA from foetal muscle (fMu). Total RNA from tissues were North-
rn blotted as either self-hybridised and digested (fB and t) or undi-
ested RNAs (fMu) as described under Materials and Methods. The
itochondrial L-strand transcripts in the samples were detected
ith a 32P end-labelled sense oligo (P4s) which spans the unusual
ssembly site of the RACE clone. Arrowheads on the right side
ndicate the position of the 28S and 18S rRNA in comparison to the
pecific mitochondrial L-strand transcripts. The estimated sizes of
he L-strand transcript are approximately 800 nts and 1600 nts.
lower panel) The Northern blot was stripped and reprobed with an
2P-labelled antisense cRNA specific for GAPDH RNA (G).
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cripts of ATPase 6/8 and COIII are processed into
ndividual RNAs without the punctuation signal of a
RNA gene. The fact that individual transcripts for the
egion of ATPase 6/8 and COIII exist demonstrates
fficient processing of the polycistronic precursor RNAs
ithout the need of a cleavage signal from interspersed

RNAs. Our data and the already reported unusual
ranscripts from the ATPase 6/8/COIII region (18)
ake this area of the mitochondrial genome an inter-

sting spot to examine mitochondrial transcription and
ost-transcriptional events.
Our finding that the steady-state level of the
-strand transcript of the ATPase 6 region is upregu-

ated in porcine brains during development (Figs. 1
nd 4B) is in accordance with observations made dur-
ng developmental changes in mitochondrial transcript
evels of several species (26, 38–42); however, to our
nowledge, the detection of a stable L-strand tran-
cript (Figs. 2, 3, 4B) derived from this region has not
et been reported. According to the Northern blots, the
izes of the L- and the smallest H-strand transcripts
re the same and represent the complete transcript
ength of the ATPase 6/8. A similar finding was re-
orted by Tullo et al. (17), who detected an antisense
ranscript for the full length of the ND 6 mRNA which
as more abundant than the actual coding RNA from.
lthough the relation of sense and antisense is differ-
nt between ATPase 6/8 and ND 6 transcripts, the
ppearance of antisense transcripts, corresponding to
oding regions of mitochondrial genes, might be a more
eneral phenomenon in mitochondrial gene expression.
t further demonstrates that the polycistronic L-strand

FIG. 10. Comparison of transcript sizes of the unusually assem-
led mitochondrial L- and H-strand RNAs by Northern blot analysis.
uplicates from 20 mg of self-hybridised and S1 nuclease-digested

see Materials and Methods) total RNA from porcine foetal brain
lanes 1, 2, 5, 6, 9, 10), 20 mg of yeast tRNA (lanes 3, 7, 11) and 20 mg
f undigested total RNA from foetal brain (lanes 4, 8, 12) were
nalysed by Northern blotting with a 32P end-labelled sense oligo
primer P4s) (lanes 1–4) and with a 32P end-labelled antisense oligo
primer P4a) (lanes 5–8) which both span the unusual assembly site
f the transcript, or with an antisense cRNA derived from the RACE
lone (lanes 9–12). Arrowheads on the right side indicate the posi-
ion of the 28S and 18S rRNA in comparison to the specific mito-
hondrial L- and H-strand transcripts. The estimated sizes of the
-strand transcripts, as indicated by the arrowheads, and numbers
n the left side are approximately 800 and 1600 nts and of the
-strand transcript 800, 1600, 2400, and 4800 nts.
178
nally thought (43).
This L-strand transcript is detected in all tissues

xamined, except from foetal heart and is most pro-
ounced in foetal brain (Fig. 3). Although the level of
-strand and H-strand expression cannot be compared
irectly, steady-state levels of the L-strand are defi-
itely lower than those of the H-strand transcript. This

s obvious from S1 nuclease protection assays, where
ignals from the L-strand transcript were detected in
0 mg of total RNA in most tissues only after 14 days of
utoradiography, whereas respective H-strand signals
ere already visible within 14 h. Although we easily
etected the H-strand transcripts in RNA from adult
orcine brains by Northern blotting (Fig. 4B), the
ethod was insufficient to provide evidence of the
-strand transcript in RNA from adult brains (data not
hown), despite detection of the L-strand transcript in
oetal tissue (Fig. 4B). The results show that the levels
f L- and H-strand expression from adult and foetal
rains are inverse to each other. There is a low level of
-strand expression in foetal brain and a high expres-

ion of this transcript in adult cerebrum and cerebel-
um (Figs. 1 and 4B); in contrast, the level of the
-strand transcript is higher in foetal brain than the
teady-state level found in adult cerebrum and cerebel-
um (Figs. 2 and 3). It is well documented that nuclear
nd cytosolic factors affect mitochondrial gene expres-
ion (44–46) and vice versa, mitochondrial factors can
nfluence nuclear and cytosolic events (47–49). Our
esults show for the first time a regulation of a mito-
hondrial L-strand transcript and the data suggest
hat developmental changes in the brain might regu-
ate mitochondrial gene expression and could contrib-
te to mitochondrial differentiation processes.
The mammalian mitochondrial genome almost ex-

lusively consists of gene-coding sequences and, in con-
rast to the nuclear genome, does not contain intron
equences (8, 9). This lack of introns implies that mam-
alian mitochondrial gene expression would not re-

uire any splicosomal activity and thus makes the
iscovery of transcripts consisting of inversely assem-
led fragments most stunning. From the data pre-
ented in this manuscript (Figs. 9 and 10) we conclude
hat L- and H-strand transcripts have the same size.
he fact that the unusually assembled H-strand tran-
cript starts at the 59 end with nt 8086 and ends at the
9 site with nt 8085 suggested a circular structure of
he original cDNA template, but so far PCRs with
ifferent combinations of primers have failed to prove a
ircularity. In Northern blottings all transcripts
howed a size of approximately 800 bp or multiples
hereof and thus it is improbable that the RACE clone
epresents the complete structure of the transcripts.
he 59 start of the unusually assembled transcript is
ost likely further upstream and the 39 end further

ownstream. Whatever the complete structures of the
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nown sequences (Figs. 5A and 5B) make it unlikely
hat the transcripts contain a complete coding se-
uence for the ATPase 6 subunit. Therefore, it is not
robable that the unusually assembled transcripts are
ranslated into a functional ATPase 6 subunit.

Deletions at direct repeats in the mitochondrial ge-
ome are associated with a number of pathological
rocesses in humans (e.g., Pearson and Kearns-Sayre
yndromes) (50–54) and animals (55, 56). Mitochon-
ria possess homologous DNA recombination activity
29), and recently a double strand break rejoining ac-
ivity was discovered in mitochondrial extracts, which
an cause deletions between direct repeats (30). In this
ontext it is a remarkable feature of the unusually
ssembled transcript that the joined fragments overlap
t a perfect 7 nts direct repeat. The experiments pre-
ented in the result section show that the unusually
ssembled transcripts are present in sense and anti-
ense form and that they can build S1 nuclease-
esistant double-stranded hybrids. In an earlier report,
itochondrial double-stranded RNAs were already de-

cribed without assessing their function (57), but re-
ently non-mitochondrial double-stranded RNAs were
ssigned as mediators in sequence specific genetic si-
encing and co-suppression [(58, 59) and references
erein; for review, please see: (60)]. If the unusually
ssembled, double-stranded RNAs were transcribed
rom recombinant mitochondrial DNA, a significant
ortion of the mitochondrial genome would then con-
ain the unusual sequence; but to our knowledge, so far
uch DNAs have not been reported. It is more likely
hat the RNAs are transcribed from normal mitochon-
rial DNA and that developmental specific mito-
hondrial-nuclear interactions cause the specific pro-
essing of the unusual transcripts.

The presented data for the expression of sense and
ntisense transcripts as well as the existence of the
nusually assembled transcripts were demonstrated
y several independent experiments, but up to now we
an only speculate on the origin and possible physio-
ogical role(s) of these RNAs. Nevertheless, our results
nd the findings presented by other laboratories (17,
8) show that mitochondrial transcription and/or post-
ranscriptional processing are much more complex
han currently recognised, and it should be taken into
ccount that besides mitochondrial DNA mutations,
bnormalities in mitochondrial RNA production and
rocessing might also lead to pathological disturbances
f mitochondrial gene expression.
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