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ABSTRACT We have determined the nucleotide sequence
of a segment of Saccharomyces mtDNA that contains the
structural gene for one of the subunits (the dicyclohexylcarbo-
diimide-binding protein) of the mitochondrial ATPase complex.
The sequence fits the known amino acid sequence of this protein
with the exception of one amino acid. Codon usage is biased in
favor of A+T-rich codons. On both sides of the gene, the nu-
cleotide sequence contains less than 4% (mol/mol) G+C for at
least 180 nucleotides; these A+T sequences show no evidence
of internal repetition. The gene and all the A+T-rich sequence
preceding the gene are present in a 12S RNA that is the major
transcript, of this segment of mtDNA. The nature of the se-
quences responsible for binding ribosomes to mitochondrial
mRNA and for termination of RNA synthesis is considered.

The mtDNA of the yeast Saccharomyces is a 25-,rm circle (1),
which contains genes for rRNAs, tRNAs, and a limited number
of proteins (see Fig. 1). Biochemical analysis of this DNA and
its transcripts has uncovered several interesting features (see
ref. 7 for review). The DNA contains only 18% (mol/mol) G+C
(8), and about half of it is made up of segments that are nearly
pure A+T (9). Intervening sequences have been found both in
the gene for the large rRNA (10) and in the structural gene for
apocytochrome b (7, 11, 12), and in both cases these intervening
sequences have been shown to vary in size in closely related
Saccharomyces strains (7).
To understand the biological significance of these features

of yeast mtDNA, detailed information on strategic sequences
in this DNA is indispensable. A suitable starting point for se-
quence analysis of protein-specifying genes is the olil locus.
This locus is known to code for subunit 9 (the so-called dicy-
clohexylcarbodiimide-binding protein) of the mitochondrial
ATPase complex, and the amino acid sequence of this protein
is known (13). Mutations at this locus may lead to oligomycin
resistance of mitochondrial ATPase, and amino acid substitu-
tions corresponding to these mutations have been determined
(13, 14).

Slonimski and coworkers have isolated the petite mutant RP6,
which can transmit oligomycin resistance in genetic crosses (15)
and which contains a single amplified 1025-base pair fragment
of wild-type mtDNA. This DNA has been used to map the olil
locus on the restriction fragment map of mtDNA (15), and we
have now used RP6 as a convenient source of purified DNA to
determine the nucleotide sequence of the structural gene for
ATPase subunit 9 and the sequences surrounding this gene.

MATERIALS AND METHODS
Yeast Strains and Isolation of mtDNA. The wild-type strain

of Saccharomyces cerevisiae KL14-4A was obtained from R.
J. Schweyen, Genetisches Institut, Munich University, West
Germany. Petite mutant RP6 was obtained from P. P. Slo-
nimski, Centre de Genetique Moleculaire du Centre National
de la Recherche Scientifique (Gif-sur-Yvette, France). Reten-
tion of the olil marker in this petite was checked by the rep-
lica-cross technique of Deutsch et al. (16) and found to be >99%

FIG. 1. Physical and genetic map ofmtDNA from Saccharomyces
cerevisiae strain KL14-4A. The genetic map in the inner ring is
adapted from Schweyen et al. (2); oxil,2,3 are genes for subunits of
cytochrome c oxidase, cob is the gene for apocytochrome b, varl is
the gene for a ribosome-associated protein, and ery, cap, par, and oli
are resistance determinants for erythromycin, chloramphenicol,
paromomycin, and oligomycin, respectively. The black bars in the
inner ring represent sequences present in KL14-4A mtDNA and ab-
sent in the mtDNA of Saccharomyces carlsbergensis at that position
(3). The outer ring gives the position of recognition sites for en-
donucleases HindII + III (1) and EcoRI (|) and the approximate
position of 4S RNA genes (4). The open circles are tRNAmet genes (5).
The approximate position of other transcripts is given outside the
outer ring, the bars indicating the uncertainty in the exact position
(ref. 6; unpublished experiments). The open sections in the 21S
rRNA and in the 18S transcript of the cob region represent inter-
vening sequences. Modified from ref. 7; kbp, kilobase pairs.
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in the large-scale cultures used to isolate mtDNA by the pro-
cedure of Sanders et al. (17).

Isolation and Labeling of DNA Fragments. RP6 mtDNA
was partially digested with endonuclease Alu I and end-labeled
with [T-32P]ATP (The Radiochemical Centre, Amersham,
England) and polynucleotide kinase as described by Birnstiel
and coworkers (18). The fragments were purified by chroma-
tography over Sephadex G-50, digested with endonuclease Hap
II, and separated either in 1.5% agarose (19) or in 3.5% poly-
acrylamide slab gels (50 mM Tris citrate, pH 8.0/2.5 mM
EDTA). Fragments were eluted from crushed gel segments by
buffer extraction (20).
DNA Sequence Analysis. The sequences of DNA fragments

labeled at one 5' end were determined by the Maxam-Gilbert
procedure (20) and by a modified chain-termination method
(21) developed by Maat and Smith (22). In the latter method,
the DNA fragments were incubated for 30 min at room tem-
perature in 5 ,l of a mixture containing 6.7 mM Tris-HCl (pH
7.6), 6.7 mM MgCl2, 6.7 mM 2-mercaptoethanol, 50 mM NaCl,
a specific dideoxynucleoside triphosphate (P-L Biochemicals)
at 0.5 mM, the other three deoxynucleotide triphosphates at
0.02 mM, 25 pg of pancreatic DNase, and 1.5 unit of DNA
polymerase I. Four incubations were run in parallel, and, in
each, one of the dNTPs was replaced by the corresponding
dideoxynucleoside triphosphate (in the T-terminated and G-
terminated reactions) or a 500:1 mixture of dideoxynucleoside
triphosphate and dNTP (A and C). The four reaction mixtures
were analyzed on gels as in the Maxam-Gilbert procedure.
Enzymes. Restriction endonuclease Alu I was purchased

from New England BioLabs; DNA polymerase I of Escherichta
coli and pancreatic DNase (grade I) were from Boehringer
Mannheim; and polynucleotide kinase from E. coli infected
with phage T4 was a gift from H. Van Ormondt. Endonuclease
Hap II was prepared as described (23).

RESULTS
Colinearity of RP6 DNA with wild-type mtDNA
Although petite mutant mtDNAs consist of repeated segments
of wild-type mtDNA, they often contain secondary rear-
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rangements and deletions. In using such a mutant for sequence
analysis, it is therefore essential to demonstrate that the sec-
ondary rearrangements are absent in the region of interest. This
was done by three types of experiments: First, restriction en-
zyme analysis and electron microscopy of single-stranded DNA
showed that the repeat units in RP6 mtDNA are in simple
head-to-tail arrangement without inverted repeats. Second,
Southern-type blotting experiments showed that the RP6 se-
quence hybridizes to the adjacent fragments of wild-type
mtDNA (Fig. 2 left). By using the separated 340-base pair and
475-base pair Hap II and Alu I fragments (see Fig. 2 right) in
these hybridization experiments, we also determined the or-
ientation of RP6 on the wild-type mtDNA. Third, electron
micrographs of hybrids between RP6 mtDNA and the 12S RNA
transcribed from this region in wild-type strains (see Fig. 1)
exhibited perfectly matched hybrids over most of the RP6 se-
quence, as indicated in Fig. 2 left. From these results, which
will be presented in more detail elsewhere, we conclude that
RP6 mtDNA is colinear with wild-type mtDNA in the region
of interest.

Sequence analysis of the gene and its flanking regions
In preliminary experiments we found that the structural gene
for subunit 9 of the ATPase complex lies over the three Alu I
sites in the middle of the major Hap II fragment of RP6
mtDNA (see Fig. 2 left). To get end-labeled fragments suitable
for sequence determination, RP6 mtDNA was partially digested
with Alu I, and the fragments were labeled with polynucleotide
kinase and [y-32P]ATP and then digested with Hap II. The
resulting fragments labeled at one end (see Fig. 2 right) were
separated by gel electrophoresis and used for sequence deter-
minations. The sequence was determined from each of the three
internal Alu sites proceeding towards the ends, and the over-
lapping sequences derived for the various Alu partial fragments
were then aligned. Sequence analysis was done both by the
Maxam-Gilbert method and by a modified chain-termination
method using dideoxynucleoside triphosphates. The two
methods often yielded complementary information and were
used side by side.

Representative sequencing gels are shown in Fig. 3, and the
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FIG. 2. Origin, structure, and transcription of petite RP6 mtDNA (Left) and partial digestion products used for nucleotide sequence analysis
(Right). For reasons of clarity, only the Hap II sites in the immediate vicinity of the RP6 sequence on wild-type mtDNA are shown. The RP6
sequence itself is represented by a thickened bar. The limits of the repeating unit are indicated by >1. The lower part of Left shows a hybrid
between RP6 mtDNA digested with Hap II and 12S RNA. See text for explanation. H2, recognition site for HindIl. In Right, asterisks denote
the presence of 32P-labeled 5' termini.
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FIG. 3. Autoradiograms ofDNA sequencing gels of fragments of RP6 mtDNA. The first two gels from left to right were obtained by using
the Maxam-Gilbert technique (20), and the remainder were obtained by using the modified chain-termination method (ref. 21 and Materials
and Methods). The arrow indicates the position where the derived amino acid sequence contains a Leu in contrast to the Thr in the published
amino acid sequence (14). See text for further details.

sequence obtained is presented in Fig. 4. Comparison of our
nucleotide sequence with the amino acid sequence determined
by Sebald and Wachter (14) for the oligomycin-resistant version
of the protein shows almost complete correspondence. The only
discrepancy is at position 135-138, where Sebald and Wachter
(14) find a threonine and we find a leucine. The DNA sequence
at this position is unambiguous (see arrow in Fig. 3) and has
been found in both strands. Since at least two point mutations
are required to convert a threonine codon into a leucine codon,
it is unlikely that we have analyzed a different variant of this
gene. An error in the amino acid sequence is, therefore, the
simplest explanation of the discrepancy, but other explanations
are not excluded.

As a further check we have analyzed the sequence for rec-
ognition sites of known restriction enzymes. No additional Alu
I site, besides the three known, is present, and the sequence
contains no recognition site for any of the 23 enzymes that do
not cut RP6 DNA.
The structural gene sequence is flanked by A+T-rich seg-

ments, which contain less than 4% G+C. On the 5' side, the
precise sequence is known up to nucleotide -108, but we have
verified that Gs and Cs are rare up to nucleotide -250. At the
3' end, the precise sequence is known down to nucleotide 300,
but it remains A+T-rich down to at least nucleotide 400. We
do not yet know exactly where the 12S RNA ends, but from the
electron micrographs of DNA-RNA hybrids this is 70 nucleo-
tides ± 100 from the end of the gene.
Codon usage
Codon usage is highly nonrandom, as shown in Fig. 5. Only 27
of the 61 amino acid-specifying codons are used, and the pos-

sibility that the mitochondrial translation system economizes
on tRNA genes by not using all codons, although unlikely, can
still not be excluded. Where a codon choice is possible, an
A+T-rich codon is preferred. In the first codon position, this
occurs 12 out of 13 times (expectation for random choice, 4 out
of 13 times). In the third position, the preference for A or T is
63 out of 74 (expected, 39 out of 74).

If there is no selection for A+T-rich codons, the mole percent
G+C of this gene would be 48. We find 33%, which is close to
the minimum possible with this amino acid sequence (29%).
This suggests that the low mole percent G+C of yeast mtDNA
is not only due to the presence of noncoding A+T-rich stretches
and the low G+C content of the rRNAs (23%; ref. 24) and
tRNAs (35%; ref. 25), but that the selective pressure towards
a low G+C content also operates on protein-specifying se-
quences.

Putative control elements and unusual structural
features
We have scanned the region before the initiator ATG codon for
a possible ribosome binding site. The most unusual structure
present is the 14 nucleotide palindrome following the two lonely
Gs at -31 and -26. Such palindromes are not rare, however,
in very A+T-rich sequences, and its significance can only be
assessed when the sequences flanking other protein-specifying
genes in yeast mtDNA are known. Since the only transcript
from this region is the 12S RNA that extends at least 400 nu-
cleotides upstream of the gene (see Fig. 2 left), it is also possible
that ribosomes bind to the 5' end of this RNA and slide down
to the first AUG.

There are no ribosome binding sites for bacterial ribosomes
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FIG. 4. Nucleotide sequence of one strand of the gene for subunit 9 of the ATPase complex and the derived amino acid sequence for this
protein. Singly underlined sequences are the recognition sites for Alu I. The doubly underlined nucleotide is uncertain.

within 100 nucleotides upstream of the gene, although at several
internal positions sequences occur that are complementary to
a large portion of the Shine-Dalgarno sequence (ACCUC-
CUUA-OH) found at the end of bacterial 16S rRNA (26). Ex-
amples are at positions 29-33-(TGGAG) and 60-63 (GGAG).
Such sites could account for the inability of bacterial ribosomes
to effect the complete and correct synthesis of mitochondrial
proteins (27).
The region following the gene contains several long (dA)n

tracts up to (dA)10, and the complementary strand used for 12S
RNA synthesis, therefore, contains the same type of (dT)n tracts
that appear to act as the termination signal for RNA synthesis,
both in prokaryotic and eukaryotic systems (see refs. 28 and 29).
The 12S RNA may terminate in this region (see Fig. 2 left), but
we do not know exactly where.
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DISCUSSION

Although the sequences of small segments of animal mtDNAs
(30) and yeast mtDNA (31) have been determined before, Fig.
4 presents the sequence of a complete mitochondrial gene with
its flanking sequences. This structural gene lacks an intervening
sequence, which contrasts with the situation recently found for
two other genes in this DNA. We have shown by RNA-DNA
hybridization and by electron microscopy of hybrids that a
1 160-base pair intervening sequence is present in the gene for
the large rRNA (10) and confirmed the suspected (7, 11, 12)
multiple intervening sequences in the 13S RNA that contains
structural information for cytochrome b (A. C. Arnberg, L. A.
Grivell, and G. J. B. Van Ommen, unpublished results).
Whatever the function of intervening sequences in mitochon-
drial genes, they are obviously not essential.

Fig. 4 confirms some of the predictions of Bernardi and co-
workers about the sequence organization of yeast mtDNA (9).
The sequence contains a moderately G+C-rich gene between
two very A+T-rich segments (cf. ref. 9), and these segments
contain both oligo(dA-dT) and oligo[(dA-dT)-(dA-dT)} stretches
(cf. ref. 32). Other predictions of the Bernardi model (9) are not
borne out by our sequence, however: the gene is flanked neither
by a G+T-rich cluster nor by a cluster of recognition sites for
endonucleases Hap II and Hae III; the A+T-rich segments are
transcribed; and they are not truly repetitive, in agreement with
the results of DNA-DNA renaturation studies (1, 33) and the
analysis of the mtDNA from another petite mutant that contains
an A+T-rich repeat of only 68 nucleotides (31). Some repetition
is obviously unavoidable in a random A+T sequence, and this
may be sufficient for the faulty recombination thought to be
the origin of the cytoplasmic petite mutants (9). The comparison
of petite mtDNA sequences with the wild-type mtDNA from
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which they are derived will soon provide precise information
on the origin of petite mtDNA.

Finally, the excellent correspondence between nucleotide
and amino acid sequence for this gene shows that (some) petite
mutant DNAs contain precise copies of wild-type mtDNA
segments, prepurified and faithfully replicated by nature. Al-
though this had been inferred already from less precise analyses
(see ref. 7), this is proved here directly at the nucleotide
level.

Note Added in Proof. The sequence of a fragment of this gene (nu-
cleotides 132-245) had been independently determined (34).
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