The EMBO Journal vol.6 no.7 pp.2123-2129, 1987

A yeast nuclear gene, MRSI1, involved in mitochondrial RNA
splicing: nucleotide sequence and mutational analysis of two
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We have cloned a 1.6-kb fragment of yeast nuclear DNA,
which complements pet~ mutant MK3 (mrsI). This mutant
was shown to be defective in mitochondrial RNA splicing:
the excision of intron 3 from the mitochondrial COB pre-RNA
is blocked. The DNA sequence of the nuclear DNA fragment
revealed two open reading frames (ORF1 with 1092 bp;
ORF2 with 735 bp) on opposite strands, which overlap by
656 bp. As shown by in vitro mutagenesis, ORF1, but not
ORF2, is responsible for complementation of the splice defect.
Hence, ORF1 represents the nuclear MRS1 gene. Disruption
of the gene (both ORFs) in the chromosomal DNA of the
respiratory competent yeast strain DBY747 (long form COB
gene) leads to a stable pet~ phenotype and to the accumula-
tion of the same mitochondrial RNA precursors as in strain
MK3. The amino acid sequence of the putative ORF1 pro-
duct does not exhibit any homology with other known pro-
teins, except for a small region of homology with the gene
product of another nuclear yeast gene involved in mitochon-
drial RNA splicing, CBP2. The function of the MRSI (ORF1)
gene in mitochondrial RNA splicing and the significance of
the overlapping ORFs in this gene are discussed.

Key words: DNA sequence/mitochondrial RNA splicing/in vitro
mutagenesis/overlapping open reading frames/yeast

Introduction

Introns in genes of cell organelles have been assigned to two
groups according to conserved nucleotide sequences and poten-
tial secondary structure (Michel and Dujon, 1983; Waring and
Davies, 1984). Predominant in fungal mitochondria are introns
of group I. Also the intron in the pre-rRNA encoded in
Tetrahymena nuclear DNA belongs to this group. This RNA
precursor was the first transcript shown to be capable of
autocatalytic splicing (self-splicing) in vitro (Kruger et al., 1982),
an activity essentially attributed to the intron. Meanwhile, several
mitochondrial transcript precursors in Neurospora and yeast, con-
taining either group I or group II introns, have been shown to
exert this activity in vitro (Garriga and Lambowitz, 1984; Peebles
et al., 1986; Schmelzer and Schweyen, 1986; Van der Veen et
al., 1986; see Cech, 1986, for a review).

This suggests that self-splicing is a basic phenomenon of group
I and group II introns. Yet, genetic studies in fungi suggest that
for mitochondrial RNA splicing in vivo proteins are needed; this
holds true even for in vitro self-splicing introns (Schmelzer et
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al., 1983; Garriga and Lambowitz, 1984; Schmelzer and
Schweyen, 1986). The function of these proteins may be ac-
cessory to the basically intron-catalyzed splicing reaction, but
nevertheless essential for the process in vivo.

Proteins involved in splicing of the yeast mitochondrial COB
mRNA, encoding apocytochrome b, may be encoded in the in-
trons themselves or in nuclear genes. There is ample genetic
evidence for such intron-encoded proteins, the so-called RNA
maturases, encoded in group I introns bI2 and bl4 (Lazowska
et al., 1980; Weiss-Brummer et al., 1982). Nuclear gene pro-
ducts appear to be involved in the excision of introns bI1 (group
II) and bI5 (group I) (McGraw and Tzagoloff, 1983; Schmelzer
et al., 1983; Hill et al., 1985). As shown by McGraw and
Tzagoloff, intron bI5 cannot be excised in yeast mutants lacking
a functional copy of the nuclear gene CBP2. For group I intron
bI3 the situation may be more complex. For the excision of this
intron the gene product of a nuclear gene MRS is required
(Kreike et al., 1986) and probably also the product of the bI3
intronic ORF (Jacq et al., 1982; Holl ez al., 1985).

Here we report the complete nucleotide sequence of the nuclear
DNA fragment which complements the per~ mutant MK3
(mrsI). We have identified two overlapping open reading frames
(ORF1 and ORF2) on opposite strands. Only ORF1 is responsi-
ble for complementation of the mrs! mutant and is therefore
thought to correspond to the MRSI gene. Our results further-
more suggest that this gene plays an essential role in the exci-
sion of a single group I intron from mitochondrial RNA.

Results

The DNA fragment complementing the mrsl mutation contains
two overlapping open reading frames on opposite strands

The effect of the nuclear mrs] mutation on the excision of the
single group I intron bI3 from the mitochondrial COB transcript
in Saccharomyces cerevisiae and the isolation of a yeast nuclear
DNA fragment complementing this mutation have been describ-
ed before (Pillar et al., 1983a; Kreike et al., 1986). The com-
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Fig. 1. Physical map of the cloned nuclear DNA fragment, which com-
plements the mrsI mutation. The positions of ORF1 and ORF2 are shown,
as well as the positions of the Rsal fragments, described in the text. The
site of the gene disruption is marked by ‘g.d.” and the site of the in vitro
mutagenesis by ‘i.v.m.’. Only the essential Rsal and Sau3A sites are shown.
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GGCCGTAATT
Haelll

AATTCCAGCT
TTCGATACTT
CCTTATTATT

AAAAAAAGTG

GTTTAGATGT
CAAATCTACA

CTGTGGTTAC
GACACCAATG

CCGGCTATAG
GGCCGATATC

ATTGTCGATG
TAACAGCTAC

CGCCATTGAG
GCGGTAACTC

AGGGGTCGTC
TCCCCAGCAG

GACAAACGAC
CTGTTTGCTG

ACACTAGCTT
TGTGATCGAA

ACTGACAGAA
TGACTGTCTT

AACTGAAAAG
TTGACTTTTC

TIGTTTCTAT
AACAAAGATA

CTGCAATCAA
GACGTTAGTT

GTACGTAACT
CAIGCATTGA
Rsal

ATCCTGAATT

TCGTCGAAGA AAAATGATCT

ATTTACGATA ATCACGTTAG
TTCCACGCTT GAAAGTTCGC
CCAAACTTTG ATCCGTTTCA

CTGGTAAGTG AAAAATTATG

GAGACAAGCA
CTCTGTTCGT

GCAATGGAAG
CGTTACCTTC

ATGTCATTGT AAATATCTAC

AATTTCTTGA ATGAATGTCT

ATTCTATTGG CGTTTTGTAT

ACAACGGAAA AGGGAAAAAT

AAAACTCGCT AAACGGCGAA
GA TTTGCCGCTT
LStop ORF 2

TATAGGTTGG
ATATCCAACC

TATTGAATAT
ATAACTTATA

> Start ORF 1

TCTAAAGATG TCTCCGAAGA
AGATTTCTAC AGAGGCTTCT

ATTTGTATTG CCGCAAAGCA
TAAACATAAC GGCGTTTCGT

ATCCTAGGTA GTAAAAAAGA
TAGGATCCAT CATTTTTTCT

AACCTTTTTG GTCTCTCGAT
TTGGAAAAAC CAGAGAGCTA

TCGTTGAAGA TGGCAAAGTC
AGCAACTTCT ACCGTTTCAG

TCATTTTCTT TTTGCAAGAT
AGTAAAAGAA AAACGTTCTA

GGTCGATTGG CAAAAAATAC
CCAGCTAACC GTTTTTTATG

GACAGAATAT CAGTTTACTA

CTGTCTTATA GTCAAATGAT

ATCATATCGA TTCTTGGTGT

TAGTATAGCI_AAGAACCACA
Clal

AGAAAGAGAG CGATCAGACC
TCTTTCTCTC GCTAGTCTGG

ACATCCTAGA ACACCTACTA
TGTAGGATCT TGTGGATGAT

CCTACCAATG AAAAAGCTCG
GGATGGTTAC TTTTTCGAGC

CATTGACACC TTCTGGTGCG

TAGGACIIAA_GTAACTGTGG AAGACCACGC

EcoRIl

TCATTAAAGG AAAACCCTTC CATTTCTGIA_CCICGAGAAT
Rsal Xhol

AGTAATTTCC

ATATAACAAG
TATATTGTTC

GTCGGTGATC
CAGCCACTAG

AATTTTAAAA
TTAQAAIIIT
Dral

CTCTAAAATC
GAGATTTTAG

ATGGTATGAC
TACCATACTG

GTGGCATTTT
CACCGTAAAA

ACTAAAAAGG
TGATTTTTCC

CGAGCAGTTG
GCTCGTCAAC

AACTTGTTTA GTGTTTTCCT
TTGAACAAAT CACAAAAGGA

GACCGTTGAT
CTGGCAACTA

GATAAGTTCA
CTATTCAAGT
CCTTTGACAG TACATTTGCC
GGAAACTGTC_ATGTAAACGG
Rsal

CCTGTTGATA
GGACAACTAT

CACTGTTTGC
GTGACAAACG

ATCTCCTAAT
TAGAGGATTA

ATGACGAATC
TACTGCTTAG

TGGTGGATTT
ACCACCTAAA

TAATTGTAAA
ATTAACATTT

TACGCGAAAT
ATGCGCTTTA

GCCAAGGAGT
CGGTTCCTCA

TTTGCTTGCA
AAACGAACGT

GCTGTCTGCA
CGACAGACGT

AATTGACTCC
TTAACTGAGG

CATAAGAGTC
GTATTCTCAG

TTTTGGGAAG GTA

Start ORF 2 <—

CGATCCGGTG
TGCGATCCGC
GATAAAGGCT
AAACTTCTCC
CTGATATGAC
CGTACGTATA
GGACICAGGC
Ddel

TCAATCTACA

Stop ORF 1y

1401

AAGATATAAT

GTACGTGCCA CTATAAAGGA

CTTCGATAAT GACATCGACC

GGAAACTTAA ATTCCCCATA

CTGAAGGATT GTCTTTCCCT

AGAGGTGTTT CTCGCTACTA

GCAACCTCGC TGATATTGTG

GTCCTAAAGC AATTCAACGA

ACATTTTCAG_GCCGGTTCCT
Haelll

CCTCTTATAT AGCATGTAAA

ATCAGATGTA

GGTTGTCACC AAGCGATTAC

CGCTAATGTG TCTTCATTTG

CTATCCTCGA CAACGGBLLT

Haelll

GGACACAGGA AAAGATGCAT

TGGAGTCGAG TAAAGTTCTT
ATGAAGGACA ATGGTAGGTT
CTACGTTAAG CAAGAAAAGC
CAAAGTTTCT CAAAGGCGCA

TAGAAAGTAT GTAAAAAAAA

Fig. 2. DNA sequence of the complementing 1.6-kb Haelll —Sau3A frag-

ment. The complete sequence is shown with the exception of ~ 100 bp near

the Sau3A site at the end of the DNA insert. ORF2 is indicated by the
double-stranded representation. Restriction sites are over- and underlined.
Start and stop codons of both ORFs are indicated.
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YEp24-3:

ORF IDD2000003033003005005555555555>
Gln Gly Val Tyr Val Thr Pro Thr Asn
841-GC CAA GGA GTG_TAC_GTA ACT CCT ACC AAT G-870
-C GGT TCC TCA CAT GCA TTG AGG ATG GTT AC-
Trp Pro Thr Tyr Thr Val Gly Val Leu
{LLLLLLLLLLLLLLCLLCLLCCLCKLLLLKKKORF 2

YEp24-3mutl:

ORF 1>>>>>>
Gln Gly Val **xx Val Thr Pro Thr Asn
841-GC CAA GGA GTG_TAa_GTA ACT CCT ACC AAT G-870
-C GGT TCC TCA CAT tCA TTG AGG ATG GTT AC-
Trp Pro Thr Tyr Thr Val Gly Val Leu
<L LLLLLLLLLLLLLLLLLCLCLLLLCLKLLKORF 2

YEp24-3mut2:

ORF 12222032000 000000555005555555)
Gln Gly Val Tyr Val Thr Pro Thr Asn
841-GC CAA GGA GTi_IAC_GTA ACT CCT ACC AAT G-870
-C GGT TCC TCA aAT GCA TTG AGG ATG GTT AC-
Trp Pro Thr *%%x Thr Val Gly Val Leu
C{CLLLLLLLLLLKKORF 2

Fig. 3. In vitro mutagenesis of ORF1 and ORF2. Only a 30-bp region
around the Rsal site (underlined) at position 851 —854 of the DNA sequence
is shown. The DNA sequence and the deduced amino acid sequence of both
ORFs are shown, the direction of them is indicated with the arrowheads.
The introduced base pair changes are shown in lower case and the stop
codons introduced are marked by ***.

plementing 1.6-kb Haelll —Sau3A fragment is thought to contain
the functional MRSI gene. A restriction map of this fragment
is presented in Figure 1, its DNA sequence (with the exception
of ~ 100 bp near the Sau3A site) in Figure 2. This sequence
shows two open reading frames (ORF1 and ORF2, 1092 and
735 bp respectively) in opposite direction, which overlap each
other by 656 bp.

We searched in this DNA sequence for motifs which are fre-
quently found at the 5’ and 3’ ends of yeast nuclear genes (Kozak,
1981). Such motifs are absent, with the exception of TAG and
TATGT sequences present at the 3’ end of ORF1 (Zaret and Sher-
mann, 1982) and a TATATAA sequence 422 bp upstream of
ORF2. However, evidence for a role of these sequences in in-
itiation or termination of transcription is so far lacking. We also
searched for consensus sequences involved in the excision of in-
trons from transcripts of yeast nuclear genes (Langford and
Gallwitz, 1983). Although the 5’ end consensus sequence
GTANGT is found four times in ORF1 and once in ORF2, the
highly conserved TACTAAC box, which is found invariably in
the 3’ region in yeast introns (Langford and Gallwitz, 1983), is
completely absent from our DNA sequence (both strands).
Therefore, we consider it most unlikely that the MRS1 gene is
a mosaic gene and that ORF1 or ORF?2 represents only one of
its exons.

We have isolated cytoplasmic RNA from respiratory compe-
tent strains and performed Northern hybridization experiments
using in vitro synthesized, highly labeled RNA as single-strand-
specific probes. However, we were not successful in identifying
transcripts of ORF1 or ORF2, neither in untransformed mrsl™*
or mrsl™ strains, nor in strains transformed with high copy
plasmids carrying the functional MRS! gene. Apparently the
MRS]1 gene is very poorly expressed (vide infra) or its transcript
is highly unstable.
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Fig. 4. Partial DNA sequence of the 180-bp Clal —EcoRI fragment in
M13mp9rev after the introduction of the mutl and mut2 mutations. The
base pair changes are indicated by the arrows.

ORF1 is responsible for complementation of the mrsl mutation

To investigate which one of the two ORFs is responsible for com-
plementation of the mrs/~ mutation and therefore represents the
MRS gene, we performed in vitro mutagenesis using the pro-
cedure of Kramer et al. (1984). The 180-bp Clal —EcoRI frag-
ment (located completely within both ORFs) was isolated from
plasmid YEp24-3 and subcloned in M13mp9 (see Materials and
methods). Two mutations were introduced in this fragment with
the help of synthetic oligonucleotides. The first (mutl) leads to
a stop codon in ORF1, without amino acid substitution in the
product of ORF2. The other (mut2) leads to the reverse situa-
tion: a stop codon in ORF 2, without amino acid substitution
in the product of ORF1 (Figure 3). Both mutations were introduc-
ed into the single Rsal site within the 180-bp fragment (position
851—854 in the DNA sequence of Figure 2). This enabled us
to verify the mutations in M13 ssDNA by DNA sequence analysis
and by Rsal digestion and Southern hybridization after reclon-
ing the mutated fragment into YEp24-3. The DNA sequence
showed the desired and no other base pair changes in 50% of
the clones. Examples are shown in Figure 4. The DNA sequences
of the other clones were all identical to the wild-type sequence.

The mutant sequences were recloned into the autonomous
plasmid YEp24-3, in a way that with the exception of the two
mutations, both ORFs would be fully intact. Digestion of the
resulting plasmid DNAs with Rsal and Southern hybridization
with the 180-bp Clal —EcoRI fragment as a probe was used to
check the absence of the Rsal site after this step. In the plasmids
YEp24-3 mutl and YEp24-3mut2, a novel 340-bp Rsal fragment
was expected to hybridize to the probe instead of two Rsal
fragments (127 bp and 211 bp) in plasmid YEp24-3 (Figure 1).

Nuclear control of mitochondrial splicing
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Fig. 5. (A) Restriction map of the chromosomal DNA of strain DBY747
(black bar) and the position of the inserted 7RPI gene (open bar) after
disruption of the MRS/ gene. The hybridization probes are indicated by (a)
and (b) and are described in the text. (B) Southern hybridization of
chromosomal DNAs from respiratory deficient (RD) and competent (RC)
strains, after digestion with Clal and BglIl. Hybridization probe was the
400-bp EcoRI—Ddel fragment from plasmid YEp24-3 (probe a of Figure
1A). Lane 1: strain DBY747 (trpl ~, RC); lanes 2, 3: two transformants of
DBY747, in which the MRSI gene is disrupted (trpl*, RD).
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Fig. 6. Northern hybridization of mitochondrial RNAs isolated from the
respiratory competent strain DBY747 (lane 1), from mutant MK3 (lane 2)
and from the respiratory deficient strain DBY747 (MRSI::TRPI) after
disruption of the MRS gene (lane 3). The DNA probe used is specific for
the COB gene (leader-region up to intron bIl).

This was indeed the case (data not shown).

The mrsI~ mutant MK3 as well as strain DBY747
(MRS1::TRPI) after disruption of the MRSI gene (vide infra)
were transformed with these plasmids. The ura3* transformants
were all respiratory competent, when YEp24-3mut2 (premature
termination of the ORF2 product) or the unmodified YEp24-3
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--PROTEINSEQUENCE ORF 1--

+ + - ++ + o+ +4+— - ++ + + -
MSPKNITRSV IPAIDLYCRK ANFKTLKSLS MILGSKKEWY DTKKAPLRTF LVSRCGIFEQ
10 20 30 40 50 60

+ 4+ —— + - + -+ -+ - -4+
LRGRLVEDGK VNLFSVFLTN DSFSFCKMTV DDKFNTSLVD WQKIPFDSTF ATDRRAGNISL
70 80 90 100 110 120

- -+ -+ -+ - - + -+ +
LPVDTLFATE KIISILGVSP NMTNLVSIER ERSDLVDFNC KLQSNILEHL LYAKCQGVYV
130 140 150 160 170 180

-+ + - - - + +- +- - + 4=
TPTNEKARLL AAVCNPEFID TFWCELTPIR VSLKENPSIS VPREYQMYDP VVRATIKEW
190 200 210 220 230 240

++ 4+ - + -+ o+ + +— - +- - -
TKRLLRSAFD NDIDPLMCLH LDKGWKLKFP ILSSTTGLNF SLKDCLSLDT GKDASDMTEV
250 260 270 280 290 300

-+ o+ - - o+ - + -+ -+ + + o+
FLATMESSKV LRTYSNLADI VMKDNGRLDS GVLKQFNDYV KQEKLNLQHF QAGSSKFLKG
310 320 330 340 350 360

AKI*
363

~-PROTEINSEQUENCE ORF 2--

- - + + ++ + + o+ -
MEGFSFNETL MGVNSHGKVS MNSGLQTAAS KRAFSLVGVT YTPWHFAYSR CSRMFDCSLG
10 20 30 40 50 60

+ -+ -+ - o+ - + +
LKSTRSDRSL SIETRFVILG DTPRIDMIFS VANSVSTGSK LIFCLLSVAN VLSKGIFCQGS
70 80 90 100 110 120

+ +- - ++ + ++ + - 4+
TKLVLNLSST VILGKENESF VRKTLNKLTL PSSTRRPLNC SKMPHRETKK VLNGAFLVSY
130 140 150 160 170 180

+ + - -+ o+ + o+ - -+ - +
HSFLLPRIID NDFRVLKFAL RQYKSIAGIT DLVIFFGDIF RVTTDIQYQP ILPLLLVSHL
190 200 210 220 230 240

NFAV*
244

Fig. 7. Amino acid sequence of the putative proteins coded by ORF1 and ORF2. Positively (basic) and negatively charged (acidic) residues are indicated by
(+) and (-).

--CODON USAGE ORF1 AND ORF2--

ORF 1: 2t 1: 2 11 2 1: 2
Phe TIT 1212 Ser TCT 7 7 Tyr TAT 4 1 Cys T6T 4 2
TTC 9 6 TCC 6 2 TAC 4 4 16C S 3
Leu TTA 3 7 TCA 712 Ter TAA 1 O Ter TGA 0 O
TT6 11 8 TG 5 4 TAG O 1 Trp TG6 4 1
Leu CTT 7 6 Pro CCT 6 3 His CAT 2 4 Arg CGT 4 O
cTC 5 2 ccc 3 1 CAC 1 1 C6C 1 1
CTA 11 4 CCA 1 4 GIn CAA 6 6 cGA S 3
cT6 7 4 ccG 4 O CAG 4 2 66 0 1
Ile ATT S 2 Thr ACT 9 3 Asn AAT 11 7 Ser AGT 5 4
ATC 6 7 ACC 5 5 AAC 8 5 AGC 2 1
ATA 9 6 ACA 7 6 Lys AAA 17 9 Arg AGA 5 5
Met ATG 9 6 ACG 3 3 AAG 15 5 AGG 3 5
val GTT 8 6 Ala GCT S 3 Asp GAT 14 6 Gly GET S5 2
GTC 7 5 GCC 4 3 GAC 12 3 G6C 6 1
GTA 4 4 GCA 5 3 Glu GAA 11 3 66A 2 S
GTG 6 4 666 2 1 GAG S5 3 GGG O 2
Fig. 8. Codon usage in ORF1 and ORF2.
were used in the transformation. YEp24-3mutl (premature ter-  Disruption of the functional MRS gene in the respiratory com-

mination of the ORF1 product), however, leads to respiratory  petent strain DBY747

deficient ura3™ transformants. We concluded from this result

that only the ORF1 encoded protein is needed directly for com- Since the mrs] mutation in strain MK3 is probably a point muta-
plementation of the mrs! mutation. tion it may not prohibit the function of the gene product com-
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+ - + -+ + +
MRS1/Sc 332- VLKQFNDYVEKQOQ KLNLOHFQAGSSKTFL
1 10 523561642 02 9

+ o+ ==+ o+ + +
CBP2/Sc 132- WQQLIRVRCKDDEKLKLQRVIWPKSTITFS
91 10 4 20561 4 7 4 100 9 6

+ -+ + -
TS/Ec 146- CHAFFQFYVADGKLSCQLYQRSCDVFL
10 511562 22 1 6

-+ o+ + -

bI3ORF/Sc 83- YMNNTIIYDKNHEKLNTDNPIVYAYIVGL

Fig. 9. Region of homology between the putative MRS! protein, the CBP2 protein from S. cerevisiae (Sc), the thymidylate synthase from E. coli (TS/Ec) and
the product of the open reading frame in intron bI3 (bI30RF/Sc). The position of these protein regions within the complete protein sequence is indicated, for
bI30RF/Sc the first residue encoded in intron bI3 was taken as reference. Only zero and positive values according to Dayhoff (1979) are shown. The block of

nine residues homologous in the MRS/ and CBP2 gene products is underlined.

pletely. Therefore, we cannot conclude from the splice defect
in the mutant that the MRS gene product is exclusively involv-
ed in intron bI3 excision. To investigate this we disrupted the
chromosomal MRS! gene essentially as described by Rothstein
(1983). In order to do this we first constructed a derivative of
plasmid YEp24-3 in which the EcoRI site within the MRS! gene
is the only site for this enzyme. Into this site the 1.4-kb EcoRI
fragment from plasmid YRp7, containing the 7RP! gene, was
inserted (Figure 5A). Then the resulting plasmid was digested
with BamHI and Sall and used for transformation of respiratory
competent (RC) strain DBY747 (trpl~; having the long form
of the COB gene including intron bI3, data not shown). Five
transformants with a stable trpl* phenotype were obtained
which were all respiratory deficient (RD) and of a stable
pet”Irho* phenotype. The disruption was verified by Southern
hybridization and the result is shown in Figure 5B. Chromosomal
DNAs from two of the transformants (RD) and from strain
DBY747 (RC) were digested with Clal and Bglll, transferred
to nitrocellulose filters and hybridized with the 400-bp
EcoRI—Ddel fragment from plasmid YEp24-3 (probe a in Figure
5A). In the DNA from strain DBY747 a band of ~900 bp
hybridizes to this probe, whereas DNA from the two wrpl™
transformants showed a fragment of ~ 1.5 kb (Figure 5B). Diges-
tion of the DNAs with Clal and Xhol, followed by hybridization
with the 300-bp Clal—Xhol fragment from plasmid YEp24-3
(probe b in Figure SA) gave similar results: in DNA from strain
DBY747 only the 300-bp fragment characteristic for the func-
tional MRSI gene hybridized. In DNA from the RD, trpl*
transformants a fragment that was 1.4 kb longer, was found in-
stead, due to the insertion of the TRPI gene (data not shown).

The effect of the disruption of the MRSI gene on mitochon-
drial RNA splicing was studied in two ways. First, we isolated
mitochondrial RNA from strain DBY747, from strain DBY747
(MRS]1::TRPI) having the disrupted MRSI gene and from mu-
tant MK3. Northern hybridization using a DNA probe specific
for the COB gene (leader-region up to intron bl1) gave the same
transcript patterns in both RD strains: the mature 18S transcript
is absent and a 28S precursor and larger ones accumulate (Figure
6) (see also Pillar et al., 1983b). Hybridization of the RNAs
isolated from the RD strains with an OXI3-specific DNA probe
(exon A4 and intron al4) showed the 26S RNA precursor as the
shortest OXI3 transcript and no mature RNA (data not shown).
Second, we combined the disrupted MRS! nuclear gene with the
‘short form’ mitochondrial genome; this combination has a
respiratory competent phenotype. The experiment was done by
crossing a rho® strain derived from DBY747 with the disrupted
MRSI gene (MRSI::TRPI1/rho®) with strain D273-10B
(mrsI*/rho*, short form COB gene lacking introns bl1-bI3).

Sporulation of the resulting diploids gave only tetrads with four
respiratory competent spores. This result clearly shows that in
a strain with a disrupted MRS gene the mitochondrial introns
bl4 and al4 are excised correctly. From these two experiments
we conclude that the disruption of the MRS gene and the muta-
tion in mutant MK3 lead to identical defects in mitochondrial

" RNA splicing.

Properties of the putative ORFI and ORF2 encoded proteins

The amino acid sequences of the putative ORF1 and ORF2 en-
coded proteins deduced from the DNA sequence and their codon
usage are given in Figures 7 and 8. If no post-translational
modifications occur in vivo, the ORF1 product is 363 residues
long and has a mol. wt of 41 224 daltons. It contains 14.5% basic
(positively charged) and 11.6% acidic (negatively charged)
residues. The putative ORF2 product has 244 residues (27 446
daltons) and an excess of basic residues (15%) over acidic
residues (6%).

The DNA sequences of ORF1 and ORF2 and the deduced
amino acid sequences were compared with sequences present in
DNA and protein sequence collections. No extensive homologies
exist. Only short regions of homology were found with several
eukaryotic and prokaryotic proteins, e.g. between ORF1 and
thymidylate synthase genes from Escherichia coli (Belfort et al.,
1983) and from Lactobacillus casei (Bellisario et al., 1979). Fur-
thermore, we compared the MRS! (ORF1) amino acid sequence
with the sequence of the CBP2 gene product (McGraw and
Tzagoloff, 1983), since up to now these two are the only sequenc-
ed yeast genes which are specific for the excision of single (group
I) mitochondrial introns. The results are shown in Figure 9. There
is no extensive homology between the two proteins, except for
a region of nine amino acids in which five residues and four
charges are conserved. Interestingly, this region also shows some
homology with the putative bI3 maturase (Holl ez al., 1985). The
region of homology in the MRS and CBP2 proteins is the same
region which is homologous with the prokaryotic thymidine syn-
thase proteins (Figure 9). This region of the E. coli protein may
be functionally important, since a temperature-sensitive muta-
tion has been mapped in it (Belfort and Pederson-Lane, 1984)
and a functional site (Cys-146), responsible for the binding of the
inhibitor 5-fluoro-2’-deoxyuridine, is located at only three
residues distance. At present it is difficult to say what is the
significance of these homologies (if any).

Discussion

In this paper we presented the DNA sequence of a fragment of
yeast nuclear DNA, which complements a respiratory deficient
mrs] mutant to respiratory competence. It has previously been
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shown that this mutant is defective in mitochondrial RNA splic-
ing and that the nuclear MRSI gene is involved in the excision
of group I intron bI3 from the mitochondrial COB transcript
(Kreike et al., 1986). The effect of the disruption of the nuclear
MRS]1 gene, as presented in this paper, on the accumulation of
mitochondrial RNA precursors confirmed and extended this con-
clusion. The mrs] mutant and a strain with the disrupted MRS]
gene have completely identical splice defects. This means that
the excision of intron bI3 from the COB RNA is the only func-
tion of the MRSI gene in mitochondrial RNA splicing. The ex-
cision of this intron therefore seems to be dependent on the
function of at least two proteins: the nuclear coded MRS gene
product and the bI3 encoded maturase (Jacq et al., 1982; Holl
et al., 1985). The functional cooperation of proteins of different
origin in the excision of a single mitochondrial intron is a very
interesting aspect in the study of mitochondrial RNA splicing.
Both proteins may be directly involved in the splicing process,
e.g. by stabilization of the secondary structure of the b3 intron.
Or, alternatively, only one of them may interact with the RNA
precursor but may require to be modified first by the other. Pro-
teolytic cleavage of the pre-maturase, as has been shown to oc-
cur with the bl4 maturase (Weiss-Brummer et al., 1982), would
be one possible example of activation of the bI3 maturase by the
MRS1 gene product. Discrimination between these possibilities
is currently under investigation.

The DNA sequence of the complementing DNA fragment
revealed two open reading frames (ORF1 and ORF2) on opposite
strands overlapping by 656 base pairs. In vitro mutagenesis show-
ed that ORF1 alone is responsible for complementation of the
defect in the mrsI mutant and in the strain with the disrupted
MRS]I gene. Therefore, we suggest that this ORF corresponds
to the MRS1 gene. From the codon usage we calculated the codon
bias index for both ORFs. This codon bias index has been cor-
related with the efficiency of RNA synthesis in yeast: a value
of 1 is found for highly expressed genes and a lower value is
found for more poorly expressed genes. For instance the
transcript of a gene with codon bias index 0.15 is approximately
only 0.003% of the total mRNA in the cell (Bennetzen and Hall,
1982). The values calculated for ORF1 and ORF2 are even much
lower: 0.045 and 0.007, respectively. This would mean that if
ooth ORFs are expressed in vivo, they are probably expressed
very poorly. This would explain why we have not yet been able
to identify their transcripts by Northern hybridization, in spite
of the use of highly labeled RNA as strand-specific probes.

The overlapping configuration of ORF1 and ORF2 is a very
unusual situation for eukaryotic nuclear genes. Overlapping genes
are common only in bacteriophages, animal viruses, bacteria and
in organelles of eukaryotic cells (Normark et al., 1983). Does
ORF?2 represent a regular gene or not? Statistically, one would
expect only short open reading frames in coding DNA strands
(which are complementary to the transcript of a gene) as is the
case in random DNA. However, computer analysis of the se-
quences of such coding DNA strands revealed that open reading
frames longer than 300 bp are not uncommon (Casino et al.,
1981). Numerous yeast nuclear genes have now been sequenc-
ed, but no example of such antiparallel overlapping open reading
frames has been discussed. At the moment we do not know
whether ORF?2 is expressed and codes for a functional protein
or not. We have not been able to identify its transcript and have
no data to indicate what the function of its product might be.

One possibility, which deserves some comment, is that ORF2
may represent a gene or pseudogene, which has lost its protein-
coding function during evolution. But why then should the open
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reading frame be maintained? The following explanation seems
plausible: that part of ORF2, which overlaps with ORF1, could
not accumulate mutations because of selection for functional
ORF]1. For instance, all 1310 possible frame shift mutations (+1
or —1 bp) would probably lead to a loss of the ORF1 function.
In addition we have identified 103 possible single base pair
changes leading to a premature termination of the ORF2 pro-
tein. Of these changes, ~60% lead to a premature stop in ORF1
too, or result in amino acid substitutions with strong negative
values according to Dayhoff (1979), and are presumably drastic
changes in the ORF1 product. In other words, selection for ORF1
function dramatically slows down the evolutionary mutation rate
of ORF2 and probably its promotor sequences.

Disruption of the MRSI gene, which also leads to disrupted
ORF2, results in the same phenotype as the original mrs/ muta-
tion. The constructed strain grows normally on glucose-containing
media and is able to sporulate giving four viable spores. Obvious-
ly, ORF2 has neither a direct effect on mitochondrial RNA splic-
ing, nor is it involved in essential cellular functions. We cannot
exclude the possibility that ORF2 has an indirect regulatory func-
tion on ORF1 expression, effective only when ORF1 and ORF2
are located in the normal configuration in the chromosomal DNA.
In that case it would have escaped our attention, as we have
studied cells with multiple episomal copies of ORF1 and ORF2.

Materials and methods

Strains and plasmids

The respiratory deficient strain NP1/MK3 (c mrsi leu2-3 leu2-112 his3-11 his3-15
ura3-251 ura3-372 ura3-228) has been described before (Kreike ez al., 1986).
Strain DBY747 (a his3-1 leu2-3 leu2-112 ura3-52 trp1-289) was a gift from
D.Botstein. Escherichia coli strains 490 (ry, r,,, met™ thr™ leu™ recA™ lac™ su*,
a gift from G.Hobom) and JM101 (Messing, 1983) were routinely used for
transformations. E. coli strains BMH71-18 and WK6 and the M13mp9 and
M13mp9rev were kind gifts from H.-J.Fritz.

The yeast gene bank used for isolation of the MRS1 gene was a gift from
F.Lacroute (Fasiolo et al., 1981), pAT153 (Twigg and Sherratt, 1983) was used
for the recloning of the in vitro mutagenized Clal—EcoRI fragment from M13
RF-DNA into YEp24-3. Plasmid YRp7 has been described by Stinchcomb et
al. (1979).

DNA sequence determination

For the determination of the DNA sequence of the 1.6-kb Haelll —Sau3A frag-
ment, containing the complete functional MRS/ gene, the procedure of Maxam
and Gilbert (1979) was used with the modifications described elsewhere (Lang,
1984). Overlapping fragments were always sequenced in both directions. The
sequence has been confirmed and extended with the method of Messing (1983).

In vitro mutagenesis

For in vitro mutagenesis of the 180-bp Clal—EcoRI fragment the method of
Kramer et al. (1984) was used. From a subclone we isolated an EcoRI fragment
consisting of the 180-bp fragment from YEp24-3 plus the 25 bp pBR322 sequence
between the EcoRI and Clal restriction sites. This fragment was subcloned into
the EcoRI site of RF-DNA of M13mp9, having two mutations in essential M13
genes. Gapped duplex DNA was made by hybridization of single-stranded DNA
from this construct with EcoRI digested linear double-stranded DNA of
M13mp9rev, lacking these two mutations. Synthetic oligonucleotides
5'-GGAGTTACTTACACTCC-3' (mutl) and

5'-GGAGTTACGTAAACTCCTTG-3' (mut2) (the introduced base changes are
underlined) were a kind gift of H.Domdey (Munich). They were hybridized to
the gapped duplex DNA and filled in with E. coli DNA-polymerase (Klenow
fragment) and ligated with T4 DNA-ligase. The resulting DNA was transform-
ed into strain BMH18-71 and white plaques were selected for phage-isolation
and dot-blot hybridization to the 180-bp fragment. Phage positive in this test were
used for infection of strain WK6. Normally, >80% of the plaques in this strain
are formed by phage with the desired mutation in the single-stranded DNA (Kramer
et al., 1984). From RF-DNA the 180-bp EcoRI~ Clal fragment was reisolated
and recloned in the autonomous plasmid YEp24-3. In order to do this a derivative
of YEp24-3 was constructed with single sites for these enzymes in the DNA insert.

Miscellaneous

Pt}blished procedures have been used for the isolation and hybridization of
mitochondrial DNA and RNA (Pillar er al., 1983b), the isolation of plasmid DNA



and E. coli and yeast transformations (Kreike et al., 1986). The 1.2-kb Haelll
fragment from Yep24-3 was subcloned in plasmid pSP64 and in vitro transcrib-
ed RNA was used as a radioactive probe (Green et al., 1983). Evaluation of
the DNA sequence data was performed on a Commodore personal computer PC10
using programs described by Lang and Burger (1986).
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