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ABSTRACT

We systematically examined transcription and RNA-processing in mitochondria of the petite-negative fission yeast Schizosac-
charomyces pombe. Two presumptive transcription initiation sites at opposite positions on the circular-mapping mtDNA were
confirmed by in vitro capping of primary transcripts with guanylyl-transferase. The major promoter (Pma) is located adjacent to
the 5�-end of the rnl gene, and a second, minor promoter (Pmi) upstream from cox3. The primary 5�-termini of the mature rnl
and cox3 transcripts remain unmodified. A third predicted accessory transcription initiation site is within the group IIA1 intron
of the cob gene (cobI1). The consensus promoter motif of S. pombe closely resembles the nonanucleotide promoter motifs of
various yeast mtDNAs. We further characterized all mRNAs and the two ribosomal RNAs by Northern hybridization, and
precisely mapped their 5�- and 3�-ends. The mRNAs have leader sequences with a length of 38 up to 220 nt and, in most
instances, are created by removal of tRNAs from large precursor RNAs. Like cox2 and rnl, cox1 and cox3 are not separated by
tRNA genes; instead, transcription initiation from the promoters upstream from rnl and cox3 compensates for the lack of
tRNA-mediated 5�-processing. The 3�-termini of mRNAs and of SSU rRNA are processed at distinct, C-rich motifs that are
located at a variable distance (1–15 nt) downstream from mRNA and SSU-rRNA coding regions. The accuracy of RNA-
processing at these sites is sequence-dependent. Similar 3�-RNA-processing motifs are present in species of the genus Schizo-
saccharomyces, but not in budding yeasts that have functionally analogous A+T-rich dodecamer processing signals.
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INTRODUCTION

Mitochondria—the energy-producing organelles present in
most eukaryotic cells—contain their own system to express
the genetic information encoded in mitochondrial DNA
(mtDNA). Since mitochondria derive from an �-proteo-
bacterial ancestor, one might expect to find conserved eu-
bacterial features in mitochondrial gene expression. How-
ever, while an overwhelming number of DNA motifs and
protein factors are known to control nuclear transcription
and RNA maturation, comparable mitochondrial elements
are either difficult to recognize (because of the accelerated
evolutionary rate of mtDNA), or totally missing because of
radical changes in mitochondrial gene expression (Gray
1999).

A well-studied example is mitochondrial RNA polymer-

ase. In most eukaryotes, the eubacterial-type RNA polymer-
ase complex was replaced by a T3/T7 phage-like enzyme of
uncertain evolutionary origin. This phage-like RNA poly-
merase promotes RNA synthesis from within short se-
quence motifs producing polycistronic transcripts (Cerma-
kian et al. 1997; Gray and Lang 1998). The four subunits of
a typical eubacterial �2���� RNA polymerase complex are
encoded only in jakobid protist mtDNAs (rpoA–rpoD).
However, even in these primitive mtDNAs, the sequences of
promoter motifs do not appear to be eubacteria-like, and
remain to be determined (Lang et al. 1997).

Mitochondrial promoters are best characterized in Sac-
charomyces cerevisiae, for which at least 19 transcription
units have been demonstrated experimentally (Foury et al.
1998). Despite the high number of promoters, most tran-
scripts are polycistronic, usually composed of two or more
coding sequences including various combinations of
rRNAs, tRNAs, and mRNAs. Transcription is initiated both
in vivo and in vitro at the last A residue of the conserved
nonanucleotide motif ATATAAGTA (Christianson et al.
1982; Osinga and Tabak 1982; Christianson and Rabinowitz
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1983; Osinga et al. 1984b). A slightly different promoter
motif (TTATAAGTA) is characteristic for tRNA gene tran-
scription (Edwards et al. 1983; Tabak et al. 1983; Burke et al.
1987). Identical or very similar promoter sequences have
been identified in mitochondria of Kluyveromyces lactis
(Ragnini and Frontali 1994), Torulopsis glabrata (Clark-
Walker et al. 1985; Koszul et al. 2003), Williopsis (Han-
senula) mrakii (Drissi et al. 1993, 1994), and Yarrowia lipo-
lytica (Kerscher et al. 2001). In contrast, mitochondrial pro-
moters of the distantly related ascomycete fungus
Neurospora crassa are only marginally similar to the nona-
nucleotide motif of S. cerevisiae (Kubelik et al. 1990). Al-
though several studies in S. cerevisiae have shown that the
consensus sequence alone is sufficient to promote initiation
of transcription in vitro (Biswas et al. 1985; Schinkel et al.
1986), the relative strength of these promoters is affected by
the context of flanking sequences (Biswas and Getz 1986).

The function of the mitochondrial promoter region is to
recruit not only RNA polymerase but also additional speci-
ficity factors that initiate, enhance, and control transcrip-
tion rates. In S. cerevisiae, in vitro and in vivo experimental
data suggest initial binding of the specificity factor (Mtf1p)
to the core RNA polymerase (Rpo41p), a mechanism that
resembles activation by the eubacterial � factor. This pre-
initiation complex associates nonspecifically with mtDNA
and walks along the DNA template scanning for a pro-
moter. After binding to this target, the preinitiation com-
plex induces conformational changes in the DNA at the
promoter site, changes required for initiating RNA synthe-
sis. Immediately following early stages of elongation by
RNA polymerase, Mtf1p is released from the transcription
complex (Shadel and Clayton 1993; Mangus et al. 1994;
Cliften et al. 1997). Processing of the growing polycistronic
messengers occurs simultaneously with transcription
(Dieckmann and Staples 1994). In the absence of mecha-
nisms for transcription modulation in mitochondria, RNA
maturation (e.g., endonucleolytic cleavage, trimming of 5�-
and 3�-ends, splicing) and degradation are key steps in the
control of mitochondrial gene expression. In addition, in
animals, plants, and in certain protist mitochondria, poly-
adenylation regulates mRNA stability (for review, see Ga-
gliardi et al. 2004). Apparently, mitochondrial polyadenyla-
tion is absent in S. cerevisiae (Gagliardi and Leaver 1999;
Gagliardi et al. 2001).

The tRNA sequences are among the most general and
important mitochondrial RNA-processing signals. In poly-
cistronic precursor RNAs, exonucleolytic cleavage of their
5�- and 3�-ends liberates flanking mRNA and rRNA mol-
ecules in a wide range of eukaryotes including S. cerevisiae,
N. crassa, Aspergillus nidulans, and green and red algae
(Burger et al. 1985; Dyson et al. 1989; Wolff and Kück 1996;
Richard et al. 1998). This mechanism of RNA-processing is
known as the “tRNA punctuation model.” The most ad-
vanced example was found in animal mitochondria, where
this mechanism directly produces both 5�- and 3�-ends of

most mRNA sequences (Ojala et al. 1980). In contrast, the
3�-termini of yeast mitochondrial mRNAs are specified by a
dodecamer motif 5�-AAUAA(U/C)AUUCUU-3� in the 3�-
UTR region, which serves as a target for the mitochondrial
exosome (mtExo), also known as the yeast mitochondrial
degradosome (Osinga et al. 1984a; Hofmann et al. 1993).

In general, trans-acting mitochondrial RNA-processing
factors are nuclear-encoded, except for the mtDNA-en-
coded intron maturases. In yeast, only three mitochondrial
exoribonucleases are involved in RNA metabolism: the oli-
goribonuclease Ynt20p (Hanekamp and Thorsness 1999),
the nonspecific ribonuclease Nuc1p (Vincent et al. 1988),
and the yeast mitochondrial degradosome (Min et al. 1993).
The degradosome is a protein complex with both the 3�–5�
exoribonuclease Dss1p and the RNA helicase Suv3p (Min et
al. 1993; Dziembowski et al. 1998, 2003). RNA maturation
and turnover are also controlled by several RNA-stabilizing
proteins and translation activator proteins that bind to the
5�-UTL of mitochondrial RNAs (Wiesenberger et al. 1995;
Wiesenberger and Fox 1997; Green-Willms et al. 1998;
Chen et al. 1999; Islas-Osuna et al. 2002, 2003). Likewise,
the 55-kDa RNA dodecamer sequence-binding protein
(DBP) recognizes a dodecamer sequence in 3�-UTRs (Li
and Zassenhaus 1999).

Taken together, current knowledge of mitochondrial
transcription and RNA metabolism in S. cerevisiae and ver-
tebrates is extensive, but little is known regarding the
mechanisms in alternative model organisms. Here, we have

FIGURE 1. Genetic map of S. pombe mtDNA (strain 972h−). The
nomenclature for the genes is as follows: rnl and rns: genes encoding
large and small rRNAs; the 25 tRNA genes are indicated as dots; cox1,
cox2, and cox3: genes encoding subunits 1, 2, and 3 of cytochrome c
oxidase; atp6, atp8, and atp9: genes encoding subunits 6, 8, and 9 of
ATPase; rps3: ribosomal protein of the small subunit of mitochondrial
ribosomes (formerly urf a); rnpB: gene encoding RNA component of
the mitochondrial RNase P; group I introns in cox1: (cox1I1b and
cox1I2b) and group II intron in cob (cobI1) in dark gray bars. The
location of the identified promoters (Pma, Pmi, and Pin) and the cor-
responding transcription units are indicated in the inner circles.

Schäfer et al.

786 RNA, Vol. 11, No. 5



chosen the petite-negative “fission yeast” Schizosaccharomy-
ces pombe (S. pombe) as a model. Contrary to baker’s yeast,
its circular-mapping mitochondrial genome is very stable,
relatively small, and devoid of long repetitive sequences in
intergenic regions (for recent reviews, see Bullerwell et al.
2003; Schäfer 2003). We demonstrate that fission yeast mi-
tochondrial transcription and RNA-processing and regula-
tion differ significantly from the budding yeast S. cerevisiae.

RESULTS

Mitochondrial transcription in S.
pombe initiates from yeast-like
nonanucleotide motifs

The mtDNA of S. pombe (Fig. 1) carries
genes for two ribosomal RNAs (rnl, rns),
a complete set of 25 tRNAs, the RNA-
encoding RNase P RNA (rnpB) (Seif et al.
2003), and a total of eight proteins (Pa-
quin et al. 1997; for review, see Schäfer
2003). In the strain used here, the cox1
gene contains two group I introns,
whereas the cob gene is endowed with a
single group IIA1 intron; all introns are
not essential (Schäfer et al. 1991). Every
one of the coding regions is on the same
DNA strand. Since mitochondrial pro-
moter motifs exhibit conservation among
distantly related yeast species (see Intro-
duction), we attempted to identify similar
motifs in the S. pombe mtDNA.

The analysis of S. pombe mtDNA iden-
tified four yeast-like promoter motifs in
the unique direction of transcription: (1)
the motif ATATATGTA (Pma) immedi-
ately adjacent to the rnl coding region; (2)
TTATATGTG (Pmi) upstream from the
cox3 gene; (3) ATATATGTG (Pin) 15 bp
downstream of the cob group II intron
5�-splice junction; and finally (4)
TTATATGTA at a position within the
rps3 gene. These A+T-rich motifs may
possibly occur by chance in the A+T-rich
S. pombe mtDNA; therefore, experimental
evidence is mandatory to pinpoint poten-
tial promoters with confidence.

To identify transcription initiation
sites, we used a method that is widely
used in yeast and plant mitochondria
(Christianson and Rabinowitz 1983;
Auchincloss and Brown 1989). The 5�-
termini of primary transcripts (not
capped in vivo) are labeled in vitro with
the Vaccinia virus capping enzyme (gua-

nylyltransferase) in the presence of [�-32P]GTP. Primary,
strong initiation occurred at the last A of Pma, which cor-
responds to the first nucleotide position of the rnl-coding
sequence (Fig. 2A,B). Less efficient RNA synthesis initiates
at Pmi corresponding to a position 38 nt upstream of cox3
(Fig. 2C), and no signal was detected for the other two
predicted promoters. However, primer extension analyses
identified a minute fraction of RNA molecules starting at

FIGURE 2. (A) Mapping of transcription initiation sites by in vitro capping with guanylyl-
transferase. Shown here are primary RNA molecules as products of transcriptional initiation
that are specifically labeled by in vitro capping of RNA purified from intact, purified mito-
chondria with Vaccinia virus-derived guanylyltransferase in the presence of [�-32P]GTP. (B)
Sequencing of in vitro capped rnl RNA. The labeled RNA (identified by direct exposure of an
X-ray film) has been excised and purified by preparative PAGE, prior to sequencing. (C,D)
Confirmation of the 5�-termini of cox3 and cobI1 RNAs by primer extension analysis (gel views
from A.L.F. runs of reactions with primers specific for cox3 and cobI1).
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Pin, close to the 5�-end of the group II intron in cob (Fig.
2D). Finally, primer extension analyses indicated that fur-
ther 5�-processing of both rnl and cox3 RNAs does not take
place. A small fraction of a stable cox1–
cox3 transcript is likely initialized from
Pma (see below). In conclusion, two of
four predicted promoters exhibit signifi-
cant transcriptional activity.

Mapping of mitochondrial
transcripts by
Northern hybridization

The S. pombe mitochondrial genome
(unlike S. cerevisiae) is transcribed in
two major units each producing a large
precursor RNA. The excision of tRNAs,
rRNAs, and mRNAs from the large pre-
cursor RNAs likely involves several
RNA-processing mechanisms. To iden-
tify mRNAs and mature rRNA as well as
processing intermediates, Northern hy-
bridizations were performed using com-
prehensive sets of labeled oligonucleo-
tides covering both DNA strands. As ex-
pected, (1) significant transcription
occurred only from the predicted sense
strand (data not shown). (2) The most
abundant sense-strand RNAs are the
two rRNAs with sizes of 2822 and 1422
nt (rnl, rns) (Fig. 3A), as predicted from
modeling of rRNA secondary structures
(Lang et al. 1987; Trinkl et al. 1989). (3)
The rnpB RNA was detected at a size of
274 nt (Fig. 3B), confirming an earlier
prediction using sequence and structure
similarity to other mitochondrial RNase
P RNAs, and precise mapping of 5�- and
3�-ends (Seif et al. 2003).

However, the size of some RNAs
seemed to differ from their respective
coding regions. One reason was the oc-
currence of a stable cox1–cox3 tran-
script, which is not further processed
because of the lack of an RNA-process-
ing signal in the intergenic region be-
tween cox1 and cox3. Our results imply
that the cox1–cox3 cotranscripts are
transcribed from the main promoter
(upstream rnl), whereas the cox3 mRNA
is initiated at the second, minor pro-
moter Pmi upstream of cox3. While
small concentrations of RNA-processing
intermediates are present in stationary
phase, glucose-grown cells (standard ex-

periments with 3% glucose) (Fig. 3E–H), these become
more abundant under glucose-repression, but are virtually
absent in glycerol or raffinose-grown cells (both carbon

FIGURE 3. (Continued on next page)
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sources are known to induce no or only modest glucose
repression in fission yeast) (data not shown).

Splicing of group I and group II introns

The cox1 gene in the wild-type strain of S. pombe contains
two group I introns (cox1I1b, cox1I2b). Northern hybrid-
ization analysis indicates a highly complex RNA-processing
pattern (Fig. 3E,F). The smallest of the RNA molecules
(∼1800 nt) is cox1 mRNA. Larger RNA species are partially
and fully spliced cox1 RNA precursors (Fig. 3F), and some
are cotranscripts with cox3 as already mentioned (∼2800 nt:
cox1+cox3 mRNAs; two species at ∼4000 nt: cox1–cox3 plus
cox1I1b, and cox1–cox3 plus cox1I2b; ∼5000 nt: cox1–cox3
plus cox1I1b and cox1I2b). To enable identification of the
mature cox1 RNA, mitochondrial RNA prepared from an
intron-less strain (P3) was used in addition to RNA from
strain 972h− (Fig. 3E, lane 1; Fig. 3F, lane 1).

With cob-specific probes, five RNA species were identi-
fied (Fig. 3G,H). The cob mRNA correlates to the band at
∼1400 nt while the smaller ∼500-nt band hybridizes exclu-
sively to a cob exon 2 probe. Two observations lead us to
assume that this RNA might be either a splicing interme-
diate, or (less likely, because of the low promoter strength)
arises via transcription initiation at Pin (within cobI1) and
subsequent RNA-processing: (1) The band appears only in
intron-containing strains, as seen in comparisons between
an intron-less strain (P3: identification of mature cob RNA)
(Fig. 3G, lane 1; Fig. 3H, lane 1), a mutant defective in cobI1
splicing (R10/5: identification of cobI1 precursors) (Fig. 3G,
lane 2; Fig. 3H, lane 2) and the wild-type strain 972h− (Fig.

3G, lane 3; Fig. 3H, lane 3). (2) The size of the band in
question (∼500 nt) is close to that of cob exon 2 (480 nt).

The three larger bands (a double band of ∼2500 nt and a
single band at ∼4000 nt) represent two species of the spliced
group II intron RNA and the unspliced cob precursor RNA
(Fig. 3G,H). To identify the two intron RNAs as lariat,
broken lariat, or circular RNA, we amplified cDNAs from
the gel-purified RNAs, covering the 5�- and the 3�-end of
the intron. The resulting cDNAs were cloned, and >20 in-
dependent clones were sequenced. The analysis of the
cloned cDNAs obtained with both intron RNA species as
templates verified that both types contained the entire 5�-
and 3�-junctions (data not shown). Furthermore, primer
extension experiments showed linear intron RNAs that end
either exactly at the 5�-exon/intron junction or adjacent to
Pin in the cobI1 (Fig. 2D).

Transcription initiation and tRNA-processing generate
5�-ends of transcripts

To identify mitochondrial 5�-RNA-processing mechanisms,
we mapped the 5�-termini of all transcripts except tRNAs.
As already noted, the 5�-ends of the large subunit rRNA and
cox3 mRNA coincided with the transcription initiation sites
Pma and Pmi, respectively. In numerous experiments using
different RNA preparations and primers, we did not detect
any cox3 RNA with longer 5�-UTLs. Thus, 5�-ends of rnl
and cox3 RNAs are defined by the site of transcription initia-
tion in promoters upstream of each coding region (Fig. 4).

In contrast, the 5�-termini of most RNA molecules (rns,
rps3, cox1, cox2, cob, atp6, atp8, atp9) have leader sequences

of 81 to 220 nt that precisely coincide
with the 3�-ends of upstream tRNAs
(Fig. 4). Thus, tRNA punctuation cre-
ates the majority of RNA 5�-ends. Only
a small fraction of 5�-termini remains
unprocessed under standard growth
conditions. However, an increase in
growth temperature from 30°C to 37°C
or growth at high glucose concentra-
tions (10% w/v) results in an accumu-
lation of precursors that retained the
upstream (e.g., atp9 transcripts with a
tRNA cluster) or downstream tRNAs
(rnpB RNA precursors).

The 3�-termini of mature
mitochondrial transcripts are
characterized by a C-rich motif

Previously, we used S1 Nuclease protec-
tion assays to locate the 3�-ends of S.
pombe rRNAs and mRNAs (Lang et al.
1983; Trinkl et al. 1989). In many cases,
this assay failed to recover precise

FIGURE 3. (A–H) Northern hybridizations with comprehensive sets of labeled oligonucleo-
tides covering the sense DNA strand. (A) rnl, rns; (B) rnpB; (C) atp6, atp8, atp9; (D) rps3; (E)
cox1, cox2, cox3; (F) cox1I1b/I2b; (G,H) cobE1/E2/I1. In cells grown under standard conditions
(3% glucose), only small concentrations of RNA-processing intermediates are present (E–H).
The most prominent type of RNA intermediates represent pre-mRNAs and splicing interme-
diates of the mosaic genes cox1 (E,F) and cob (G,H). Mitochondrial RNA prepared from an
intron-less strain (P3) was used to identify mRNA (A–H, first lanes), and the mutant R10/5
defective in cobI1 splicing was used to identify cobI1 precursors (G,H, second lanes).
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nucleotide positions because of ”breezing” of AT-rich ter-
minal sequences. An alternative strategy is to identify the
3�-ends in cDNAs produced from circular transcripts ob-
tained after intramolecular RNA ligation of 5� and 3� RNA
termini with T4 RNA ligase.

Neither the mtP-RNA nor the LSU rRNA contained an
obvious conserved signal motif at its 3�-end. The processing
of mtP-RNA is mediated by tRNA punctuation at both ends
(Seif et al. 2003). Yet, the specific signal responsible for
3�-processing of LSU rRNA is unknown. In contrast, all
mRNAs and the SSU rRNA end 2 nt downstream of a
five-C-residue motif (C-core motif) that
occurs at a variable distance (1–15 nt)
from the end of coding regions (Fig.
5A). Processing at the motif 5�-(CC)-
CCCCC-(CC)-3� (SSU rRNA 3�-end) is
precise. In other cases, the accuracy of
3�-RNA-processing is sequence-depen-
dant with ragged ends in ∼20%–75% of
analyzed RNA molecules (Fig. 5B). The
C-core motif is not present at the 3�-end
of mobile group I and group II intron
ORFs. Despite the sequence-dependent
3� extensions that are the result of inac-
curate 3�-RNA-processing, we found no
evidence for nontemplate-specific poly(A)
extensions in S. pombe mitochondrial
mRNAs. It is interesting that similar 3�-
terminal processing signals exist in mi-
tochondrial genomes throughout the
Schizosaccharomycetales, that is, includ-
ing species such as Schizosaccharomyces
octosporus and Schizosaccharomyces ja-
ponicus var. japonicus (Bullerwell et al.
2003). As in S. pombe, the motif is ab-

sent at the end of the rnl-coding region in both yeasts. Also,
the atp6 gene in S. japonicus var. japonicus lacks this motif.

DISCUSSION

This work presents precise mapping of the S. pombe mito-
chondrial transcriptome, and shows by in vitro capping and
primer extension experiments that this mitochondrial ge-
nome is transcribed in two transcription units. The results
further uncover the mechanisms that are responsible for pro-
cessing of the large RNA precursors into mature, stable RNAs.

Nonanucleotide motif promoters mark transcription
units on S. pombe mtDNA

The S. pombe mitochondrial promoters are similar to those
of S. cerevisiae, both in sequence, and in using transcription
initiation sites from within the same position of the con-
served nonanucleotide motif. There is no evidence of tran-
scription initiation at a motif located within the rps3 gene,
despite its sequence identity to tRNA-specific promoters in
S. cerevisiae. This indicates high promoter specificity for the
mitochondrial RNA polymerase of S. pombe, although the
four nucleotide positions in the nonanucleotide motif re-
quired for efficient initiation of transcription in S. cerevisiae
(i.e., -2G, -4A, -6A, and -7T) are also conserved in fission
yeast. In addition, the strongest S. pombe promoter (Pma,
required for transcription of high levels of the two rRNA
subunits) also contains a purine at position +2 followed by
a pyrimidine residue at +3, both known to enhance in vitro
transcription rates in S. cerevisiae (Biswas and Getz 1986).

FIGURE 5. (A) Mapping of the 3�-termini of mitochondrial transcripts. The 3�-UTR region of
almost all mitochondrial transcripts end 2 nt downstream to the conserved C-core motif. (B)
Accuracy of 3�-processing at various C-core motifs. The accuracy of the 3�-processing in vivo
was determined by measuring the frequency of clones with imprecise downstream processing
among at least 10 clones from three independent reactions. The motifs are: A = CC+CC
CCC+CC (rns); B = AC+CCCCC+TT (cox1); C = TC+CCCCC+TT (cox3); D = TC+CCC
CC+TA (cox2); E = CT+CCCCC+TA (atp6); F = TT+CCCCC+TT (cob, rps3, and atp9); G =
TA+ACCCC+TC (atp8). The C-core motif is lacking at the 3�-ends of rnl and rnpB.

FIGURE 4. Mapping of the 5�-termini of mitochondrial transcripts
by primer extension. The 5�-ends of mature RNAs coincide either with
transcription initiation sites or with 3�-ends of upstream tRNAs.
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In accordance with this rule, the second minor promoter
(Pmi, upstream cox3) has instead two purine residues at
these two positions, and the potential, very weak cobI1 pro-
moter (Pin) has mismatches in both positions. Pin is not
likely used for transcription of structural genes. Instead,
transcription from this promoter might be instrumental for
intron propagation (Schäfer et al. 2003).

The low density of promoters in S. pombe is unexpected,
since substantially higher densities are observed in budding
yeasts such as S. cerevisiae, Y. lipolytica, K. lactis and Can-
dida (Torulopsis) glabrata. In this respect, S. pombe more
resembles animals (Tracy and Stern 1995), Candida parap-
silosis (Nosek et al. 2004), Aspergillus nidulans (Dyson et al.
1989), N. crassa (Burger et al. 1985; Kubelik et al. 1990), the
chlorophytic unicellular alga Prototheca wickerhamii (Wolff
and Kück 1996), and the red alga Chondrus crispus (Richard
et al. 1998). This broad evolutionary distribution of species
with only a few mitochondrial promoters suggests that S.
pombe retained a more ancestral mode of transcription and
RNA-processing, and that high mitochondrial promoter
density is a secondary adaptation.

Maturation at the 5�-termini of transcripts follows the
tRNA punctuation model

The fission yeast mitochondrial genome gives rise to two
long primary transcripts. Initiation at the major promoter
(Pma) likely covers the entire 19.4-kb genome because of an
apparent lack of transcription termination (i.e., the exist-
ence of cox1–cox3 cotranscripts). The minor promoter (Pmi)
yields a transcript that is responsible for synthesis of mature
cox3 mRNA and presumably other RNAs following down-
stream to Pmi on the genome map. Based on these long
precursor RNA molecules (presumably 19.4 and 10.5 kb as
predicted from the mtDNA map), the 5�-ends of most ma-
ture RNAs are generated by tRNA-mediated processing of
precursor RNAs. Consequently, the protein-coding genes of
S. pombe have 5�-UTL sequences of 38 up to 220 nt length.
However, the 5�-processing of RNAs is strongly affected by
growth conditions.

The intergenic region between cox1 and cox3 is an excep-
tion, because the intergenic region does not contain a tRNA
gene or a known RNA-processing or transcription termi-
nation signal. We interpret the observed cox1–cox3 precur-
sor RNA as a functionally inactive form, and assume that
the biologically active cox3 mRNA is synthesized by initia-
tion at the Pmi promoter, followed by 3�-processing at a
C-core motif, as discussed below. In other words, the Pmi

promoter is essential for the formation of a unique cox3
mRNA, and compensates for the lack of a tRNA-processing
signal between cox1 and cox3.

3�-processing involves a conserved processing motif

Recognition and processing at the 3�-end of transcripts is
similar in S. pombe and S. cerevisiae: the 3�-UTR region of

nearly all mitochondrial transcripts in fission yeast contains
a conserved motif (a distinctive run of several Cs, the C-
core motif) that is analogous to the dodecamer motif in S.
cerevisiae mtDNA. In S. pombe, this motif occurs at a vari-
able distance 1–15 nt downstream of all protein-coding re-
gions and the small subunit rRNA sequence. We have not
succeeded to identify conserved RNA secondary structure
motifs including the C-core motif, excluding the interpre-
tation of a bacteria-like transcription termination structure.
As shown in Figure 5B, the accuracy of the 3�-processing in
vivo decreases with the overall GC-content within the 3�-
terminal sequence. Additional support for the importance
of this sequence motif in 3�-processing comes from its con-
servation in all members of the Schizosaccharomycetales
(Bullerwell et al. 2003).

Intron splicing

In previous studies, we could show that splicing of both
group I introns in the cox1 gene (cox1I1b, cox1I2b) and the
group IIA1 intron in the cob gene (cobI1) are maturase-
dependent (Schäfer et al. 1991, 1994). Because translation of
the cox1I2b maturase might depend on the removal of the
cox1I1b intron sequence (i.e., translation of a joint exon1–
exon2-I1b ORF), splicing of cox1I2b might occur subse-
quently to cox1I1b. However, we did not find a dependence
on the intron splicing pathway, indicating that translation
might be initiated from independent sites.

Lack of mRNA polyadenylation
in S. pombe mitochondria

We did not find any evidence for transcripts with poly(A)
extensions in fission yeast mitochondria. Polyadenylation of
mRNAs was reported in prokaryotes, the cytoplasm of eu-
karyotes, and some of their organelles. While polyadenyla-
tion in the cytoplasm of eukaryotes and in human mito-
chondria stabilizes mRNA, steady-state levels of polyade-
nylated mRNAs are low in prokaryotes and in plant
organelles, serving to tag mRNAs for degradation (Coburn
and Mackie 1999; Gagliardi and Leaver 1999). We believe
that mRNA concentrations in S. pombe mitochondria are
not controlled by degradation as in plants, but are stabilized
as in metazoa, although via a C-core motif rather than by
polyadenylation.

Conclusion

The organization of the transcription system in fission yeast
mitochondria is simple but efficient. Only a small subset of
mechanisms involved in RNA maturation and control of
transcript concentrations is present, thereby limiting the
necessity to import nuclear-encoded factors. The S. pombe
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mitochondrial RNA-processing mechanisms have changed
little with reference to a postulated ancestral state, similarly
found in plants, protists, several non-yeast fungi, and ani-
mals. This system is characterized by the synthesis of large
RNA precursors from few phage-like promoters, and RNA-
processing by tRNA punctuation. It will be interesting to
trace its evolutionary pathway within all fungal lineages,
and to identify the origin of the dramatic differences in
transcript maturation seen in budding yeasts.

MATERIALS AND METHODS

Strains

The fission yeast strain 972h− is a wild-type strain from the
Leupold collection. Strain R10/5 is a cob intron mutant of a strain
that was constructed by elimination of all group I introns from the
mtDNA of strain 972h−. A point mutation at nucleotide position
2734 blocks splicing (presumably as a consequence of an exchange
of the proline to a threonine residue close to the end of domain X
of the cobI1 ORF) (Schäfer et al. 1991), and thus results in an
accumulation of cob precursor RNAs. The strain P3 lacks all mi-
tochondrial introns (Schäfer et al. 1991) and was used to identify
RNA splicing intermediates.

Purification of mitochondrial RNA

All fission yeast strains were grown in a medium containing 2%
yeast extract, 3% (w/v), 5% (w/v), or 10% (w/v) glucose or 3%
(w/v) raffinose or glycerol. Cells from early-stationary-phase cul-
tures were harvested and cultured for 1–2 h in a fresh medium
containing 0.5% glucose (w/v). Cells were collected and washed
sequentially in EDTA buffer (50 mM EDTA at pH 7.5), sterile
distilled water, and SEP buffer 1 (750 mM sorbitol, 5 mM EDTA,
100 mM citrate-phosphate at pH 7.5). Cell walls were digested in
SEP buffer containing a mixture of 20 mg of Lysing Enzyme
(Sigma L-2265) and 20 mg Kitarase (KI Chemicals) per gram of
cells (wet weight). Protoplasts were collected, washed twice in SEP
buffer, and resuspended in 15 mL of ice-cold SEP buffer. Then
50 mg of mitochondria (wet weight) was resuspended in RNase-
free PBS buffer (58 mM Na2HPO4, 17 mM NaH2PO4, 69 mM
NaCl at pH 7.0), and mtRNA was purified further by use of High
Pure RNA isolation columns (Roche Diagnostics).

Northern hybridization

For Northern experiments, 10–25 µg of purified mitochondrial
RNA was separated on a urea-agarose gel (Locker 1979), and
transferred on a positively charged nylon membrane (Roche Di-
agnostics). The blots were hybridized with a set of 5�-digoxigenin
end-labeled 50-mer oligonucleotides complementary either to the
sense strand of each coding region, or to complementary regions
of the antisense strand (defined as the position of the first base at
the 3�-end; position +1 = the first base of rnl on the mtDNA map
of strain 972h−): DIG_rnl-c00001; DIG_rns-c03235; DIG_cox1-
c4886; DIG_cox1I2b-c06860; DIG_cox3-c09075; DIG_cobE1-

c10180; DIG_cobI1-c10870; DIG_cobE2-c13390; DIG_atp6-
c14877; DIG_rps3-c16035; DIG_atp8-c16914; DIG_atp6-c17851;
DIG_rnpB-c18230; DIG_cox2-c18561.

The membranes were exposed on a Fuji LAS-1000 imager or on
X-ray films. The RNA molecular weight marker II (Roche Diag-
nostics) was used as a standard.

In vitro capping with guanylyltransferase

RNA used for in vitro capping experiments was purified from
intact mitochondria that were purified by sucrose gradient cen-
trifugation (to avoid non-mitochondrial RNA contaminants such
as 5S rRNAs). The mitochondrial lysate (0.5% SDS in a buffer
containing 10 mM Tris and 1 mM EDTA at pH 8) was deprotein-
ized by the addition of 1 M NaCl and incubated for 1 h on ice, and
the SDS–protein complex was removed by centrifugation (5�,
15,000g). Total nucleic acids were ethanol-precipitated, redis-
solved in TE buffer (10 mM Tris and 1 mM EDTA at pH 8),
adjusted to 2 M LiCl, and cooled for ∼1 h on ice. Next, the
precipitated RNAs were recuperated by centrifugation (10 min at
15,000g), resuspended in TE buffer, and precipitated a second time
with 2 M LiCl. The resulting RNA pellet is washed repeatedly with
80% ethanol, resuspended in TE buffer at ∼500 µg/mL, and placed
in storage at −80°C.

In vitro capping of mitochondrial RNAs followed published
protocols (Christianson and Rabinowitz 1983; Auchincloss and
Brown 1989; Brown et al. 1991) with slight modifications. Ap-
proximately 10–50 µg of purified mitochondrial RNA was added
to 50 µL of a capping buffer (50 mM Tris-HCl at pH 7.9, 1.25 mM
MgCl2; 60 mM KCl, 0.1 mM S-adenosyl-methionine, 2.5 mM
DTT; 100 µCi [�-32P]GTP, 0.6 unit of pyrophosphatase, and 8
units of guanylyltransferase. After incubation for 1 h at 37°C,
unincorporated [�-32P]GTP and salts were removed on a Sepha-
dex G-50 column and the RNA was ethanol-precipitated, centri-
fuged, and washed with 80% ethanol. After centrifugation, the
resulting pellet was dissolved in 80% formamide and loaded on
5% acrylamide gels. The labeled RNA was excised from the gel,
recuperated by electroelution, concentrated by ethanol precipita-
tion, and finally sequenced.

Determination of 5�-ends by primer extension analysis

In our high-resolution, nonradioactive primer extension proce-
dure to precisely map the 5�-ends of all mitochondrial transcripts,
500 ng of purified mitochondrial RNA served as template for
reverse transcription with MMLV reverse transcriptase (Promega).
First-strand cDNA synthesis was performed with CY5-labeled
primers annealing ∼100 nt downstream of the 5�-end of coding
regions (oligonucleotides are named according to the position of
the first base of the 3�-end; position +1 = first base of rnl on
mtDNA map of strain 972h−): CY5_rnl-c00101; CY5_rns-c03234;
CY5_cox1-c04978; CY5_cox3-c09076; CY5_cobE1-c10310; CY5_cobI1-
c108710; CY5_atp6-c14877; CY5_rps3-c16035; CY5_atp8-c17021;
CY5_atp9-c17418; CY5_rnpB-c18230; CY5_cox2-c18644.

After treatment with RNase H to degrade the RNA in the DNA–
RNA heteroduplexes, 100, 200, and 500 ng of the single-stranded
cDNAs were separated in a sequencing gel (A.L.F., Amersham
Biosciences). Marker sequencing reactions using the same CY5-
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labeled primer were separated adjacent to the primer extension
reaction. Fragment length analysis of the primer extension prod-
ucts was determined as run time of the Cy5 signal peak using
ALFwin software. The precise 5�-end of each cDNA was then
recovered by direct comparison with a cycle sequencing reaction
obtained with the same primer used for the primer extension, on
a double-stranded DNA template covering the same sequence.

Mapping of RNA 3�-termini

For mapping of RNA 3�-termini, 500 ng of purified mitochondrial
RNA was ligated together with 1 U of T4 RNA ligase (Roche
Diagnostics), in a buffer as recommended by the supplier (Roche,
Diagnostics). Circular RNAs were used as a template for RT-PCR
amplifications with suitable primer pairs. Resulting amplification
products were ligated into pUC19, and at least 10 clones from
three independent amplification reactions were sequenced. The
3�-ends were inferred by comparison of the sequence with the
published mtDNA sequence (accession no. X54421).

Mapping of branch point in group II intron RNA

RNAs were isolated from the two intron RNA bands that were
separated by urea agarose gel electrophoresis (see above). These
RNAs served as templates in RT-PCR. First-strand cDNA synthesis
was carried out at 42°C for 30 min, using 200 ng of intron RNA,
an antisense primer complementary to a position 121 nt apart
from the 5�-end of the intron sequence, and AMV reverse tran-
scriptase (GIBCO BRL), following the manufacturer’s protocol.
After heat inactivation of the enzyme, 3 U of RNase H (GIBCO
BRL) was added, and digestion was carried out for 20 min at 37°C.
Then 5 µL of the first-strand mixture was PCR-amplified in a
50-µL assay, containing 30 pmol of antisense primer (complemen-
tary to a position 121 nt apart from the 5�-end of the intron) and
30 pmol of sense primer (identical to the sequence 212 nt apart
from the 3�-end of the cob intron), PCR reaction buffer (1.5 mM
MgCl2, 10 mM Tris-HCl at pH 9.0, 50 mM KCl, 0.1% Triton
X-100, 200 µM dNTPs), and 2.5 U of Taq DNA Polymerase (Pro-
mega). After preincubation for 5 min at 95°C, 30 cycles of 1 min
at 95°C, 30 sec at 55°C, 30 sec at 72°C, and a final step of 7 min
at 72°C were performed. The resulting 357-bp-long cDNA frag-
ment was cloned into pUC19, and at least 20 independent clones
were subsequently sequenced on an ALF sequencer.
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