Volume 11 Number 2 1983 Nucleic Acids Research

Complete DNA sequence coding for the large ribosomal RNA of yeast mitochondria

Frédéric Sor and Hiroshi Fukuhara*

Institut Curie, Section de Biologie, Bitiment 110, Centre Universitaire, 91405 Orsay, France

Received 5 October 1982; Revised and Accepted 20 December 1982

ABSTRACT

The mitochondrial gene coding for the large ribosomal RNA (21S) has been
isolated from a rho- clone of Saccharomyces cerevisiae. A DNA segment of about 5500
base pairs has been sequenced which included the totality of the sequence coding for the
mature ribosomal RNA and the intron. The mature RNA sequence corresponds to a
length of 3273 nucleotides. Despite the very low guanine-cytosine content (20.5 %),
many stretches of sequence are homologous to the corresponding Escherichia coli 23S
ribosomal RNA. The sequence can be folded into a secondary structure according to the
general models for prokaryotic and eukaryotic large ribosomal RNAs. Like the E.coli
gene, the mitochondrial gene contains the sequences that look like the eukaryotic 5.8S
and the chloroplastic 4.5S ribosomal RNAs. The 5' and 3' end regions show a
complementarity over fourteen nucleotides.

INTRODUCTION

In Saccharomyces cerevisiae, many mutations are known which affect the

mitochondrial ribosomes. Most of these mutations are mapped within or near the
ribosomal RNA genes of the mitochondrial DNA (mtDNA). Mutations conferring
resistance to antibacterial drugs (see ref. 1), as well as temperature-sensitive mutations
(2) have been described, and extensive genetic studies have been made using these
mutations. The knowledge of ribosomal gene sequences and of their flanking regions is
therefore a considerable help to an understanding of the genetic properties of yeast
mitochondria which are often very unusual (recombination, deletion, inversion, and so
forth). Also, the structure of mitochondrial ribosomal RNA itself is of particular
interest for the study of the ribosome, since the availability of the specific mutations
can help to define the functional domains of the ribosomal architecture. These reasons
prompted us to analyze the sequences of the rRNA genes. The primary structure of the
small ribosomal RNA (15S) of yeast mitochondria has been described previously (3,4).
The present report describes the gene for the large ribosomal RNA (21S rRNA).
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MATERIALS AND METHODS
Source of the 21S rRNA gene.

The rho- mutant, F11, derived from the wild type strain IL8-8C (qtrp] hisj ;
originally from the Centre de Génétique Moléculaire du CNRS, Gif) has been used for
the isolation of the gene. IL8-8C carries a chloramphenicol resistance mutation, C%z 1’

and an erythromycin resistance mutation, Epgl 4 It is also a w ™ strain, that is, it
contains the intron win the 21S rRNA gene. The rho™ strain F11 has retained all of these
markers. Restriction analysis of F11 mtDNA and hybridization experiments with 21S
rRNA (5) have shown that the mutant has a mtDNA sequence of 12000 base-pairs (bp)
(repeated in tandem ; cf. ref. 6) and contains the totality of the 21S rRNA transcription
unit, but deleted for 84 % of the wild type mtDNA (11). A few other rho™ mutants (El,
E2 and E3) derived from the same wild type strain have been also used for confirmation
of sequences. Their mtDNAs contained parts of the 21S rRNA gene (see Figure 1).
Isolation of mtDNA, restriction analysis and DNA sequencing.

Mitochondria were purified from protoplasts and treated with pancreatic DNase
I to eliminate nuclear DNA contamination. MtDNA was purified by CsCl isopiknic
centrifugation. These procedures have been described previously by Casey et al. 7).
Restriction analysis of mtDNA was performed as detailed by Wésolowski et al. (8). DNA
sequences were determined according to the chemical method of Maxam and Gilbert 9)
using either 5' or 3' end-labelling. S1 nuclease mapping experiments were performed
under the conditions described previously (10).

RESULTS AND DISCUSSION
Restriction map of the region coding for the 21S rRNA.

The mtDNA of the mutant F11 is a typical tandemly repeated rho™ genome. No
abnormal rearrangements of sequence was found with respect to the wild type map of
this region (presence of all restriction fragments identical to the wild type, except for
the junction-fragments of the repeating units). Single and double digestions using
various combinations of restriction enzymes allowed us to establish the map shown in
Figure 1A. All the restriction sites used for sequencing have been sequenced across
from other sites (Figure 1B).

Sequence of the 21S rRNA gene.
Figure 2 shows the nucleotide sequence of the 21S rRNA gene and its flanking

regions. The sequence corresponds to the area specified in Figure I. The sequence
corresponding to the mature RNA is 3273 bp long (1 to 2688 and 3832 to 4416), split by
the intronw (2689 to 3831). The guanine-cytosine content is 20.5 %. There are many long
sequences of pure adenine-thymine bases, as in the case of the mitochondrial 15S rRNA
gene.
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Figure 1 : (A) Restriction map of the sequenced region. The top line shows the mature
21S rRNA. Thick lines indicate the localization of the rho™ mtDNAs used for the rRNA
gene sequencing. Lengths of fragments are in base-pairs. The wavy line inﬂicateithe
intron. gc means a GC cluster with the indicated orientation (see text). E 514° Ez2 1
C and C 3, are drug resistance genetic markers. wis the intron.

(B??equencing scheme. Each arrow indicates the position of labelling (5' or 3') and the
length of sequence read.

5' region of the gene.
In yeast mitochondria, the large and small rRNA belong to two separate

transcription units (23,24). Levens et al. (11) have shown, by guanylyl transferase
capping reaction, that the initiating nucleotide of the primary transcript of 21S rRNA is
also the first nucleotide of the mature 21S rRNA. They have also determined the first
nucleotides of the RNA : 5' AGU(UUUU)AGUAGAAUAAUAGA 3 (bases in parentheses
are uncertain according to the authors). SI mapping experiments of Osinga and Tabak
(12) clearly identified this sequence on mtDNA as AGTAAAAAGTAGAATAATAGA. We
have confirmed this sequence and its location. These authors also sequenced about 200
bp flanking the 5' end of the gene and suggested a possible role of the sequence -1 to -9
in transcription. Far upstream, we have found a "GC clusters" (at -215). Such a cluster
is known to be present in many copies in the yeast mtDNA, but their role is not known
(see ref. 10).

3' region of the gene.

Merten et al. (13) have shown that the primary transcript of the 21S rRNA gene
is a large molecule of 5.1-5.4 kilobases (electron microscopy), which is subsequently
processed by (i) excision of the 1.1 kb intron and (ii) excision of the 3' extension of
about 1.2 kb. Also Bos et al. (14) have estimated by S1 mapping experiments that the 3'
end of the mature RNA should lie about 570 bases downstream from the end of the
intron. Our S1 mapping experiment (Figure 3) shows that the end of the mature RNA
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TTTTATTAAATATAAAATC;TTTTATGTTATTAATTTTT;TTTATTAAAAATAAATTTT;
TAATTAATATTTCTCCTTT&TTAAAATAAATAATATTQT%TTTTATAATTATTAATTAA%
GAATACTCCTTGGGGTTCG&TCCCCCCTCCCGTATACTT;CGGGAGGGGGTCCCTACTCé
TTTTGAGACTTTAATTTTA%AAATATAAATATAAATATA;TAAGATGTTAACTCTTTTA%
AAATAAATAQTRAATATTA;TTCTATTTTTAATAATAAT;TATAATATTTTTATAATAAA
ATATATAAATAATAATATT%ATATATATATATATACTTT%TTTTATATARGAATAATAT;
TATAGTTCACATTGGAGGC&AGTAAAAAGGAGATAAGAA;TATAATATAATATAATAAT;
AAAATATAATGAATAATAA%AATAAAAATTTATATAATA;CAAAATAGTCCGACCGAAG&
AGATGAGATTATTAATATT;TTAﬁATAATAAAATGTATT&ATTATAAAATATAAAACCT;
TAAATAATTTATAATATAA;TTATATTATGATAATAATA;TATATATATTATAATATTT+
ATATATATATATTTATTAT;TTTATATTTATATAAAAAA&TGAAATTGATTAATTAATT;
ATTTATAATTAATAATTAT%AATATAATCCGGCCGAAGG;GTGAGGGACCCCTCCCQTAé
TCTATACTAATGGGAGGGG&ACCGAACCCCTATTTAAGA;GGAGTTTATTATATATATT&
AATAAGATTTATAQTATAA;TAATATATATTTTAATAAA%ATAAAGATTATATTATAAA;
AGTATATTTTATATTTATA}TTATATATATATTTTATTT;TTATTATTATATATATAQG}
;E%AAAAAGTQGAATAATA&ATTTGAAATATTTATTATA{AGATTTAAAGAGATAATCA%
GGAGTATAATAATTAAATT%AATAAATTTAATATAACTA}TAATAGAATTAGGTTACTA;
TAAATTAATAACAATTAAT%TTAAAACCTAAGGGTAAAC&TTTATATTAATAATGTTAT%
TTTTATTATATTTATAATA;GAATAATTATTAATAATAA;AAACTAAGTGAACTGAAQC;
TCTAAGTAACTTAAGGATA;GAAATCAACAGAGATATTA%GAGTATTGGTGAGAGAAAA%
AATAAAGGTCTAATAAGTA%TATGTGAAAQAAATGTAAG;AAATAGGATAACAAATTCT;
AGACTAAATACTATTAATA;GTATAGTAAGTACCGTAAGéGAAAGTATGAAAATGATTA;
TTTATAAGCAATCATGAAT;TATTATATTATATTAATGA%GTACCTTTTGTATAATGGG+
CAGCAAGTAATTRATATTA&TAAAACAATAAGTTATAQA%AAATAGAATAATATATATA%
ATAAAAAAATATATTAAAA%ATTTAATTAATATTAATTG;CCCGAAAGCAAACGATCTA;
CTATGATAAGATGGQTAAA&GATCGAACAGGTTGATGTTéCAATATCATCTGATTAATT&
TGGTTAGTAGTGAAAGACA;ATCTGGTTTGCAGATAGCTéGTTTTCTATGAAATATATG}
AAGTATAGCCTTTATAAAT;ATAATTATTATATAATATT;TATTAATATTATATAAAGA;

TGGTACAGCAATTAATATA*ATTAGGGAACTATTAAAGT%TTATTAATAATATTAAATC*
CGAAATATTTAATTATATA%AATAAAGAGTCAGATTATG%GCGATAAGGTAAATAATCT;
AAGGGAAACAGCCCAGATT;AGATATAAAGTTCCTQATA;ATAATAAGTGAAATAAATA%
TAAAATATTATAATATAATéAGTTAATGGGTTTGACAAT;ACCATTTTTTAATGAACAT&
TAACAATGCACTGATTTAT&ATAAATAAAAAAAATAATA}TTAAAATCAAATATATATA;
ATATATTTGTTAATAGATA;TATACGGATCTTAATAATA;GQATTATTTQRTTCCTAATg

=901
-841
-721
~661
-601
-541
-481
~-421
-361
-301
-241
-181

-121

360
420
480
540

600

840
200
960
1020
1080
1140
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TGGAATATTATATTTTTAT;ATAAAAATATAAATACTGA;TATCTAAATATTATTATTAé 1200
TTTTTTTTTTAATAATAAT;ATATGGTAATAGAACATTT;ATGATAATATATATTAGTT; 1260
TTAATTAATATATGTATTA;TTAAATAGAGAATGCTGQC;TGAGTAACGAAAAAAAGGT; 1320
TAAACCTTTTCACCTAAAA&ATAAGGTTTAACTATAAAA&TACGGCCCCTAATTAAATT; 1380
ATAAGAATATAAATATATT{AAGATGGGATAATCTATAT;AATAAAAATTTATCTTAAA& 1440
TATATATATTATTAATAAT%ATATTAATAATATATATAA}TATATTATATATTTTTTTT% 1500
ATATAATATAAACTAATAA&GATCAGGAAATAATTAATG%ATACCGTAATGTAGQCCGQ& 1560
TCAGGTATGTAAGTAGAGA&TATGAAGGTGAATTAGATA;TTAAAGGGAAGGAACTCGG& 1620
AAAGATAGCTCATAAGTThéTCAﬂTAAAGAGTAATAQGA;CAAAGTTGTACAACTGTTT; 1680
CTAAAAACACCGCACTTTGéAGAAACGATAAGTTTAAGT;TAAGGTGTGAACTCTGCTC& 1740
ATGCTTAATATATAAATAA;ATTATTTAACGATAATTTA;TTAAATTTAGGTAAATAGC; 1800
GCCTTATTATGAGGGTTAT;ATGTAGCGAAATTCCTTGG&CTATAATTGAGGTCCCGCA% 1860
GAATGACGTAATGATACAA&AACTGTCTCCCCTTTAAGC;AAGTGAAATTGAAATCGTA& 1920
TGAAGATGCTATGTACCTTéAGCAAGACGGGAAGACCCTATGCAGCTTTACTGTAATTAé 1980
ATAGATCGAATTATTGTTT;TTATATTCAGCATATTAAG%AATCCTATTATTAGGTAATé 2040
GTTTAGATATTAATGAGAT;CTTATTATAATATAATGAT;ATTCTAATCTTQTAAATAA+ 2100
TATTATTATTATTATTAAT;ATAQTAATATGCTTTTCAA&CATAGTGATAAAACATATT% 2160
ATATGATAATCACTTTACT;AATAGATATAATTCTTAAG%AATATATAATATATATTTT; 2220
TATATATTATATATAATAT;AGAGQCAATCTCAATTGGT;GTTTTGATGGGGCGTCRTT; 2280
TCAGCAAAAGTATCTGAAT;AGTCCATAAATAAATATAT;AAATTATTGAATAAAAAAA% 2340
AATATATATTATATATATT;ATTATAAATTGAAATATGT%TATATAAATTTATATTTAT% 2400

GAATATATTTTAGTAATAGATAAAAATATGTACAGTAAAATTGTAAGGAAAACAATAATA 2460

ACTTTCTCCTCTCTCGGTG&GGGTTCQC#CCTATTTTTA;TAGGTGTGAACCCCTCTTCé 2520
GGGTTCCGGAACTTAAATA;AAATGGARAGQATTAAATT;ATATAATGGTATARCTGTGé 2580
GATAATTGTAACACAAACG;GTGAAACAAGTACGTAAGT;TGGCATAATGAACAAATAAé 2640
ACTGATTGTAAAGGTTATTéATAACGAATAAAAGTTACGéTAGGGATAatttaccccct£ 2700
Qtcccattatattqaaaaa;ataattatteaettaatta;ttaattgaagtaaattggg; 2760
gaattqcttaqatatccat;tagataaaaataatqgaca;taageagcgaagcttataa; 2820
aactttcatatatgtatat;tacggttataagaacqttc;acgactagatgatqaqtqg; 2880
qttaacaataattcatcca;gagcgcccaatgtcgaata;ataaaatattaaataaata; 2940
caaaqgatatataaagatt;ttaataaatcaaaaaataa;ataaaatqaaaaatattaa; 3000
aaaaatcaaqtaataaattiaggacctaattctaaattaitaaaagaatataaateata; 3060

* .
ttaattaeaattaaastattaaacaattteaaacagqtattggtttaattttaggagatact 3120

. * *
tatattcatagtcqtaatqoaaqgtasactatattqotatacaastttgagtasaaaaataaq 3180
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gcatacatgqatcatqtat;tttattatatgatcaatga;tattatcacctcctcataa; 3240
aaaqaaagagttaatcatt;aggtaatttagtaattaccégagqagctcaaacttttaa; 3300
eatcaaqcttttaataaat;agctaacttatttattgta;ataataaaaaacttattcci 3360
aataatttagttgaaaatt;tttaacacctataagttta;catattgatttatagatgaé 3420
ggaqgtaaatgagattata;taaaaattctcttaataaa;gtattqtattaaatacaca; 3480
aqttttacttttgaagaaqéagaatatttagttaaaggt{taagaaataaatttcaatt; 3540
aattqttatgttaaaatta;taaaaataaaccaéttattiatattgattctataagtta{ 3600
ttaattttttataatttaa;taaaccttatttaattcctéaaatgatatataaattaccé 3660
aatactatttcatccgaaa;ttttttaaaataatattct;atttttattttatgatatai 3720
ttcataaatatttatttat;ttaaattttatttgataat;atataqtctgaacaatata; 3780
taatatattgaagtaattaittaaatgtaattacgataaéaaaaaatttgahCAGGGTA; 3840
TATAGCGAAAGAGTAGATA%TGTAAGCTATGTTTGCCAC&TCGCTGTCGACTCATCATT% 3900
CCTCTTGGTTGTAAAAGCT;AGAAGGGTTTGACTGTTCG;CAATTAAAATGTTACGTGA& 3960
TTGGGTTAAATACGATGTG;ATCAGTATGGTTCCTATCTéCTGAAGGAAATATTATCGA; 4020
TTAAATCTCATTATTAGTA&GCAAGGACCATAATGAATC&ACCCATGGTGThTCTATTG; 4080
TAATAATATAATATATTTA;TAAAAATAATACTTTATTA;TATATTATCTATATTAGTT% 4140

ATATTTTAATTATATATTA{CATAGTAGATAAGCTAAGT%GATAATAAATAAATATTGAA 4200
TACATATTAAATATGAAGT}GTTTTAATAAGATAATTAA;CTGATAATTTTATACTRAA; 4260
TTAATAATTATAGGTTTTA%ATATTATTTATAAATAAAT;TATTATAATAATAATAATT; 4320
TTATTATTAATAAAAAATA%TAATTATAATATTAATAAA;TACTAATTTATCAGTTATC} 4380
ATATAATATCTAATCTAﬁTéTATTATTCTATATAC;TAT%ACTCCTTATGGGGTCCCGG% 4440
TGGACCGAGACTCCTCCCT;GCGGGATTGGTTCACACCT}TATAAATAAATAATAAATA; 4500
TAAATAAAGGTGTTCACTA;TAAATATATATATﬂTATAT;TQTATATTATATTATAATA% 4560
TATTTAATACTTAATATAT;ATATATTTTATATTTAATA;ATAAAAAAAATATTAATAA; 4620
TAATAATATTAATAATAAA&AAATTATAATTAATACCCT}TATATATAATTCTQATTAA; 4680
TAAATTAAATATTTATATA%AATAATCAATATATTATTA;TTTAATAATTATTATAATAé 4740
TTTATAAAAGTATATTTTA%ATTATATTATATTATATTT;ATAAGTCATTTT

Figure 2 : Sequence of the 21S rRNA gene and its flanking regions. The non coding
(RNA-like) strand is written from 5' to 3' end. Position +1 corresponds to the first
nucleotide of the mature rRNA (which is also the first nucleotide of the primary
transcript). Position 4416 is the last nucleotide of the mature rRNA, as determined by
S1 mapping (see Figure 4), with 1 nucleotide uncertainty. In the precursor RNA the 3'
end extends further 1.2 kb. The intron is from 2689 to 3831 (lower case letters). The
non-excised 66 bp mini-insert is from 2466 to 2532. Two additional A's are present
bi{ween 2534 and 2535 in w~ strains which lack the intron and the mini-insert. E 514
€323 and C3;, mutations are at 1951, 2685 and 3884 respectively (see Figure 5).
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1 2 3 4 5 6 Figure 3 : Determination of the 3' end of the

» gene sequence coding for the mature 21S
rRNA. The coding strand of an Avall fragment
(397 bp, see Figure 1A) was labelled at its 3'
end with 32P-4-dCTP, and annealed to the
mature 21S rRNA. The hybrid was digested
with S1 nuclease and electrophoresed on a
denaturing 5 % polyacrylamide gel. Lane 1:
undigested Avall fragment ; lane 2 : DNA from
the digested hybrid ; lanes 3-6 : a sequencing
gel used as reference ladders. Note that the
Avall fragment was shortened by 19 nucleotides
after Sl nuclease treatment.

corresponds to the position 4416 (possibly *# 1 base) of the gene. This 3' end does not
seem to have any detectable heterogeneity. Immediately before the 3' end, we find a
14 bp sequence (4397 to 4410) which is complementary to the beginning of the gene (10
to 23). Such a head-tail complementarity is known to exist in the large rRNA of bacteria.

The 3' end is followed by a sequence very rich in GC (4422 to 4478). This
sequence diverges much from the typical GC clusters mentioned above. It shows a
possible secondary structure shown in Figure 4, which may have a role in the splicing of

-«
(7]
(7]

Figure 4 : A potential secondary structure of the
sequence which follows the 3' end of the mature
RNA sequence.
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the precursor RNA at this position.
Intron and insertion.

The region 2689 to 3831 corresponds to the intron W. This segment is present
only in the strains called w*. The intron and its flanking sequences have been previously
studied by Dujon (15), who used a rho™ strain (IL8-8C/R53) derived from the same original
strain as ours. The intron sequences obtained with these two isomitochondrial strains
completely agree. About 160 bp ahead of the intron there is a 66 bp mini-insert (2466 to
2532) described by the same author. This insert is absent in w~ strains (IL16-11D used by
Dujon and FF1210-6C examined by us, data not shown). Both w~ strains have however
two additional A's between 2534 and 2535. The mini-insert is transcribed into the mature
RNA without excision (S1 mapping experiments, not shown). Such a non-excised short
insert has been also found in the mitochondrial 15S rRNA gene (10).

Secondary structure of the 21S rRNA.

The gene sequence can be folded into a secondary structure according to the
general models (16,17,18) proposed for the large rRNAs of various organisms. Figure 5
shows a tentative folded structure, drawn in the style of Branlant et al. (17). Details of
base pairing in this figure have many other possibilities, but long distance interactions
first proposed for bacterial RNAs can be remarkably reproduced with the mitochondrial
sequence, despite its unusually low guanine-cytosine content. Conservation of the paired
regions by compensating variations seems convincing in this case. The mitochondrial
large rRNA gene looks much like E.coli 23S rRNA gene, since the 5' region of the
mitochondrial gene contains a sequence (from the 5' end to about 160) reminescent of
the 5.8S rRNA of eukaryotic ribosomes (cf. 20). Also a sequence which may be related to
the chloroplast 4.5S rRNA is found in the 3' region (4216 to the 3' end) (cf. 18,21,22).
The mtDNA of Aspergillus nidulans, a filamentous fungus with a much smaller mitochon-

drial genome, appears to lack the 5.8S and 4.5S rRNA counterparts (19).

Recently, we have identified the erythromycin mutation Eps“ 14 at the position
1951 (submitted for publication). At 734 and 790 bp downstream (excluding the intron)
there are two chloramphenicol mutations, C§23 and C%Zl’ previously identified by
Dujon (15). In the secondary structure model (Figure 5, domain V-VI) all these mutations
are found together within a small loop, suggesting a specific role of this region in the
peptide elongation cycle. This region is one of the best conserved sequences of the
ribosomal RNA genes in those organisms that have been studied so far.

Figure 5 : A possible secondary structure of the mitochondrial large rRNA, as deduced
from the gene sequence. The sequence was folded into a tentative secondary structure
according to Branlant et al.'s model (17) ; it is divided into seven domains (I to VID.
Details of pairing remain to be worked out in comparison with other rRNA structures.
Thick lines indicate the sequences homologous with the E.coli 23S rRNA.
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