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The MRS1 gene of S. douglasii: co-evolution of 
mitochondrial introns and specific splicing 
proteins encoded by nuclear genes
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and Piotr P. Slonimski
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We have developed a rap id  and simple m ethodology to locate yeast genes within cloned inserts, 
obtain partial sequence inform ation, and construct chrom osom al disruptions of these genes. This 
m ethodology has been used to study a nuclear gene from  the yeast S. douglasii (a close relative 
of S. cerevisiae), which is essential for the excision of the m itochondrial in tron  a ll of S. douglasii 
(the first in tron  in the gene encoding subunit I of cytochrome oxidase), an in tron  which is not 
present in the m itochondrial genome of S. cerevisiae. We have shown that this gene is the homo- 
logue of the S. cerevisiae MRS1 gene, which is essential for the excision of the m itochondrial in ­
trons bI3 and aI5P of S. cerevisiae, bu t is unable to assure the excision of the in tron  a ll from  the 
coxl gene of S. douglasii. The two genes are very similar, with only 13% nucleotide substitutions 
in the coding region, transitions being 2.5 times m ore frequent than  transvertions. At the protein  
level there are 86% identical residues and 7% conservative substitutions. The divergence of the 
MRS1 genes of S. cerevisiae and S. douglasii, and the concom itant changes in the structure of 
their m itochondrial genomes is an interesting example of the co-evolution of nuclear and m ito­
chondrial genomes.

A lthough the m itochondrial genomes of all 
fungi encode the same “basic set” of rRNAs, 

tRNAs, and a few proteins involved in energy 
metabolism, there is considerable variation in 
their organization. This is due in part to the 
large variety of introns found in m itochondrial 
genes. These introns vary in their position 
within genes and in their sequence, bu t they 
all fall into two groups based on secondary struc­
ture considerations (Davies et al., 1982; Michel 
et al., 1982). The excision of introns from m ito­
chondrial pre-mRNAs is a complex process: 
some introns can self-splice in vitro, but most,

if not all, require proteins for splicing in vivo 
(for reviews see Grivell, 1989, and Cech, 1990).

The proteins involved in m itochondrial pre- 
mRNA splicing are both m itochondrial and nu ­
clear in origin. The m itochondrial proteins 
(called RNA maturases; see Lazowska et al., 
1980,1989, and references therein), are encoded 
within introns and in general are only needed 
for the excision of the introns which encode 
them, the nuclear proteins may be involved in 
the excision of one or m ore introns. These n u ­
clear proteins can be fu rther subdivided into 
those that are only involved in m itochondrial
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pre-mRNA splicing, such as CBP2 and MRS1 
(Hill et al., 1985; Bousquet et al., 1990), and those 
required for splicing and other functions, such 
as the m itochondrial leucyl tRNA synthetase 
(H erbert et al., 1988a).

In order to identify the genes encoding these 
nuclear proteins two m ethods have been used. 
The first is the isolation of nuclear m utants 
deficient in mitochondrial splicing {pet) (McGraw 
and Tzagoloff, 1983); the second is the isolation 
of nuclear suppressors {NAM) of defined m ito­
chondrial splicing m utations (Labouesse et al.,
1985). These two approaches are not mutually 
exclusive, and in the case of the m itochondrial 
leucyl tRNA synthetase, they have both led to 
the identification of the same gene (Dujardin 
et al., 1980; H erbert et al., 1988a; and Tzagoloff 
et al., 1988).

One of the difficulties with these two ap­
proaches, when applied to splicing factors, has 
been to determ ine w hether the genes isolated 
are directly involved in splicing, or whether the 
effects on splicing are a secondary consequence 
of the original defect. To overcome this p rob­
lem Seraphin et al. (1987) constructed an intron- 
less mitochondrial genome. A gene involved only 
in m itochondrial splicing will be dispensable 
in this strain; thus its inactivation should not 
affect growth on respiratory substrates. This sys­
tem has been refined by Bousquet et al. (1990) 
in their study of MRS1IPET157. These authors 
constructed a large series of m itochondrial 
genomes with different intron compositions, 
and were thus able to identify which introns 
required  the MRS1/PET157 gene product in 
order to be spliced. The lim itation of this ap­
proach is that it is valid only when the gene 
in question is involved solely in m itochondrial 
pre-mRNA splicing during respiratory growth.

In this paper we present a novel approach 
to clone a gene that is involved in m itochon­
drial pre-mRNA splicing using a heterologous 
system of interspecific hybrids. Saccharomyces 
cerevisiae and Saccharomyces douglasii are 
closely related yeasts; calculations based on lim ­
ited nuclear sequence studies suggest that they 
diverged between 50 and 80 million years ago 
(H erbert et al., 1988b). The m itochondrial ge­
nomes of these two strains differ considerably 
(Kotylak et al., 1985; Claisse et al., 1987; Tian 
et al., 1991a,b); in particular there is a novel 
intron found in the coxl gene (subunit I of cyto­
chrom e oxidase) of S. douglasii which is not

found in S. cerevisiae. In a previous publication 
Kotylak et al. (1985) called this intron aI4a; 
to avoid confusion we shall call the intron 
S. douglasii a ll. Interspecific hybrids with the 
m itochondrial genome of S. douglasii and the 
nuclear genome of S. cerevisiae are respiratory- 
deficient: because the S. cerevisiae nuclear ge­
nome cannot assume the excision of the S. doug­
lasii intron a ll, no coxl messenger is made 
(Kotylak et al., 1985). When this intron is deleted 
from the mitochondrial DNA by recombination, 
the hybrid strains become respiratory com pe­
tent. Using this nucleo-m itochondrial incom ­
patibility, we have cloned an S. douglasii nuclear 
gene capable of prom oting the splicing of the
S. douglasii intron a ll from the coxl pre-RNA, 
in an S. cerevisiae nuclear background. We have 
also developed a general and rapid  m ethodol­
ogy to locate and disrupt newly cloned genes, 
and obtain partial sequence inform ation.

Materials and methods

Media, strains, and genetic methods

For standard cloning experiments and the prop­
agation of M13 phages we used E. coli JM101 
{A [lac proAB], thi, supE, F' traD36, pro AB, lac /£, 
lacZ AM13). For the selection of URA3 contain­
ing plasmids we used E. coli B15 pyrF::Mu, 
trpam, lacZam, hsdR. The S. douglasii strains were 
4707-22D {MATaaa, HO, GAL, SUC, mal, aMG, 
his4, ura3, adel, leu2, rho+, mit+) and 4795-3B750 
{MATaaa, HO, GAL, SUC, mal, aMG, ural, metl, 
ade2, leul, tyr7, rho°), CXI is a cycloheximide 
resistant m utant derived from 4707-22D, and 
isolated after u.v. mutagenesis. The S. cerevisiae 
strains used were CW04 {MATa, his3-ll,15, leu2- 
3,112, ura3-l, trpl-1, rho+, mit+ 777-3A) (Ban- 
roques et al., 1986), JC25/A {MATa, karl, ade2-l, 
his4-A15, rho+, mit+ [intronless m itochondrial 
genome of Seraphin et al., 1987]) isolated d u r­
ing this study and W303/SD. The latter has the 
same nuclear genome as CW04 but the m ito­
chondrial genome of S. douglasii and was con­
structed during this study. The m edia (glucose 
complete medium [YPGA], glucose minimal me­
dium  [WO], and glycerol complete m edium  
[N3]) and the genetic m ethods used for yeast 
were as described in Dujardin et al. (1980). The 
m edia used for E. coli (LB and 2TY complete 
m edium  and M9 minimal medium) were as de­
scribed in Maniatis et al. (1982). The bank used
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to clone the S. douglasii gene was made by clon­
ing a partial BamH I digest o f genomic DNA 
from  S. douglasii CXI in the centrom eric vec­
tor YCBL1 which carries the m arker TRP1 for 
the selection of clones in yeast and ampr and 
tetr for selection in E. coli. This bank was con­
structed and kindly donated by E. Petrochilo.

Growth curves

Growth curves on minimal ethanol/glycerol me­
dium  were determ ined as described by Glab 
et al. (1990).

Transformation

Yeast (both S. cerevisiae and S. douglasii) were 
transform ed by the LiCl procedure of Ito et al. 
(1983) using cells grown in liquid medium, or 
using a modified protocol for cells grown on 
solid medium. E. coli were transformed by either 
the CaCb, or the CaCh/RbC^ m ethod, as de­
scribed in Maniatis et al. (1982).

DNA manipulations

Routine DNA m anipulations, plasm id prepara­
tions, and restriction enzyme digestions were 
perform ed according to Maniatis et al. (1982). 
DNA sequencing was perform ed using the chain 
term ination m ethod of Sanger et al. (1977) in 
conjunction with the M13 phage system of 
Messing et al. (1981). To generate overlapping 
clones for sequencing, the 3.8 kb H ind III frag­
m ent of YEpCSI007 was subcloned into pUC19 
to give the plasm id pCSI075. This was used as 
a source of the 3.8 kb H ind III fragm ent which 
was sonicated and end-repaired; the subfrag­
ments were cloned into Sma I cut dephosphory- 
lated M13mpl9. In this way the sequence of the 
central region around the EcoR I site encoding 
the com plem enting gene was determ ined. Syn­
thetic oligonucleotides were used to fill in the 
sequence on the second strand when necessary.

RNA manipulations

The purification of m itochondrial RNA, N orth­
ern blotting, and hybridization were perform ed 
as in Bousquet et al. (1990).

Results

Cloning of an S. douglasii gene

In order to clone an S. douglasii gene able to 
prom ote the excision of the S. douglasii intron

a ll, we m ade use of the nucleo-m itochondrial 
incompatibility that exists between S. cerevisiae 
and S. douglasii (Kotylak et al., 1985). Cloned 
fragments of S. douglasii genomic DNA which 
prom ote the excision of the S. douglasii intron 
a ll should allow the growth on glycerol of an
S. cerevisiae strain that contains S. douglasii 
m itochondria. W303/SD, which has the nucleus 
of S. cerevisiae and S. douglasii m itochondria, 
was transform ed by the bank of S. douglasii ge­
nomic DNA described in Materials and M eth­
ods. After an initial selection for the plasmid, 
— 20,000 colonies were replica-plated onto glyc­
erol medium. After incubation 7 glycerol-pos­
itive clones were isolated. Growth on a nonse- 
lective medium, followed by streaking for single 
colonies, showed that in 6 out of the 7 clones 
the capacity to grow on glycerol co-segregated 
with the plasm id marker. Plasmid DNA was iso­
lated from these clones after passage through
E. coli; restriction endonuclease analysis showed 
that the plasmids from all 6 clones contained 
a comm on 8 kb BamH I fragment. W hen the 
plasm id with the smallest insert (YCpCSI007) 
was used to transform  W303/SD, all transform ­
ants were able to grow on glycerol. These data 
indicate that we have cloned a functional gene 
from S. douglasii able to restore respiratory 
growth and to circumvent the nucleo-mito­
chondrial incompatibility.

Localization of the complementing gene within 
the cloned fragment

In order to locate the com plem enting gene 
within the cloned fragment we used a functional 
test similar to transposon mutagenesis, which 
is outlined in Figure 1. The plasmid YCpCSI007 
was digested with Sau3A I to give approximately 
one cut or less per molecule. This digestion was 
then ligated to the S. cerevisiae URA3 gene iso­
lated from the plasm id pFL34 as a Bgl II frag­
ment, and thus com patible with Sau3A I. This 
ligation m ixture was used to transform  the 
E. coli strain B15, which is a PyrF~ m utant (ura­
cil auxotroph) that can be com plem ented by 
the S. cerevisiae URA3 gene. This allowed a d i­
rect selection of recom binant plasmids that had 
incorporated the URA3 gene; 60 such plasmids 
were obtained. Digestion of these plasmids by 
BamH I showed w hether the URA3 gene was 
located in the insert or the vector; o f the 60 
plasmids, 24 had the URA3 gene located in the 
insert. These 24 plasmids were used to trans-
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Insert encoding 
complementing gene Figure 1. Schema showing the 

strategy used to locate the com­
plem enting gene within the 
cloned insert and to sequence 
the site of insertion.

URA3
M

Ligation of partial Sau3AI digest with 
BgUI fragment encoding URA3. 
Transformation of E. coli PyrF- and 
selection of uracil prototrophs.

Selection of plasmids with URA3 
inserted into the cloned fragment, 
transformation of W303/SD to 
determine if the suppressor activity 
has been lost. Sequence inactivation 

\ j sites using synthetic oligonucleotides.
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form W303/SD, and the ability of the transform ­
ants to grow on glycerol was tested. In parallel 
with this, o ther restriction digestions were p e r­
form ed to locate the position of the URA3 gene 
within the insert. Insertions of the fragm ent 
encoding the URA3 gene which inactivate the 
original plasm id’s ability to com plem ent must 
be contained within the gene. Thus the com­
bination of the growth on glycerol and the lo­
calization of the URA3 gene define the region 
of the insert encoding the complementing gene. 
These results (summarized in Figure 2) indicate 
that the complementing gene is encoded in a 
3.8 kb H ind III fragment, and that there is an 
EcoR I site within the gene.

Sequence of the cloned S. douglasii gene

A nother advantage of the m ethod used to lo­
cate the complementing gene within the cloned 
fragm ent (Fig. 1) is that it becomes simple to 
determ ine whether the cloned gene is already 
known. Using oligonucleotide prim ers com ple­
m entary to the ends of the Bgl II fragm ent en­
coding the URA3 gene (TGTTCGGAGATTACC- 
GAATC and GGGAATCTCGGTCGTAATGA), it 
is possible to sequence from this fragm ent into 
the cloned genomic insert. W hen this is done 
on a plasmid in which the gene is inactivated 
by the insertion of the URA3 encoding frag­
ment, the sequence obtained should be within 
the gene; thus comparisons with yeast databases

such as LISTA1 (Mosse et al., 1988) should show 
whether the gene has already been cloned and 
sequenced. This was done for the plasmids 
YEpCSI020 and YEpCSI054, in which the gene 
is inactivated by insertions on either side of the 
EcoR I site (see Fig. 2). Approximately 120 bp 
of sequence was obtained from each and, when 
com pared with LISTA1, showed —90% identity 
with the MRS1 gene of S. cerevisiae (Kreike et 
al., 1987). The sequence of the central region 
of the 3.8 kb H ind III fragm ent was determ ined 
as described in M aterials and Methods. An ex­
amination of the sequence showed the presence 
of an open reading frame of 1089 bp capable 
of encoding a protein of 363aa (MW 41.6 kDa; 
Fig. 3). This is the same size as the S. cerevisiae 
MRS1 ORF; at the nucleic acid level the se­
quences show 952 identical bases out of 1089 
(87%). At the protein level there are 86% iden­
tical residues (311aa), and 7% similar residues 
(25aa; Fig. 4). These results suggest that we have 
cloned the S. douglasii MRS1 gene.

Inactivation of the MRS1 gene of S. douglasii

To study further the function of the MRS1 gene, 
we decided to inactivate the gene in S. douglasii 
using a one-step disruption procedure (Roth- 
stein, 1983). For this we made use of the URA3 
insertion in the plasmid YCpCSI020, which in ­
activates the MRS1 gene. YCpCSI020 was d i­
gested by Hind III, and the 4.9 kb fragment corre-

G lycerol p o sitiv e  in ser tio n s
AH

gene

Figure 2. Partial restriction map of the cloned insert showing the positions of the URA3 insertions (V). Insertions 
have been located to the specific restriction fragments shown, but their positions within the fragments are not known. 
Insertions that inactivate complementation are marked below the line. The deduced position of the gene is shown 
by a hatched bar. H: Hind III; E: EcoR I; AH: Hind III site deleted; AE: EcoR I site deleted.
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1 AGATCACGTGCATATTATTCTTGTCTCAACTGTAAGTCTTGATTAAGTCGAAGAAAAATG 60 

61 AAATATGCGATCCTAAATACCTAAAAGCCCAGCTATTTATGATAATCACGTTAGGGTCCC 120  

12 1  TCAAATGGATGTCCTTCAATACTTTTCGCTATTGGAAGATCGCATTCTTTTGGCGTTTTG 180  

1 8 1  TATCCTTATTATTCAAAACTTTGATCCGTTTCAACAATGCGGAAAAGGGAATTAAAAAAA 2 4 0  

2 4 1  GTGGTGGTGCAAAGTGAAAAATTATGAAAACTCGTTAAACGGCGAAGTTTAAGATGGTGC 3 0 0

M
3 0 1  GGGTCAAGCAGCAATGGAAGTATAGGCTGGTATTGAAGAATCTGTGGTCATTTTGAAGAT 3 6 0

S P K N L T R S V V P A I D L Y C R K A  
3 6 1  GTCTCCGAAGAATTTAACAAGGTCTGTGGTCCCGGCTATCGACTTGTATTGCCGCAAGGC 42 0

N F K T L K F L S M I L C S K K E W Y D  
4 2 1  AAACTTTAAAACACTTAAATTTCTGTCGATGATCCTGTGCAGTAAAAAGGAGTGGTATGA 48 0

N T K A P V R N F L V S R C A V F E Q L  
4 8 1  TAATACAAAGGCGCCAGTGAGAAACTTTTTGGTCTCCCGGTGTGCTGTTTTCGAGCAGTT 5 4 0

R N R L V D E G K V N L F G V F L T N D  
5 4 1  ACGGAATCGTCTGGTTGACGAGGGCAAAGTCAACCTATTTGGCGTTTTCCTGACAAACGA 600

S F S F C K M T V D D K F D T S L V D W  
6 0 1  CTCATTTTCATTTTGCAAGATGACTGTTGATGATAAGTTCGACACTAGCTTGGTCGACTG 660

Q K I P F D Y S F A T E R R Q H I S L L  
6 6 1  GCAAAAGATACCCTTTGATTATTCATTCGCAACTGAGAGAAGACAGCATATTAGTTTGTT 72 0

P P D T L F A T E K I I S L L G V S P N  
7 2 1  a c c c c c t g a t a c a c t t t t t g c a a c t g a a a a g a t c a t a t c a c t a c t t g g t g t a t c t c g t a a  78 0

M A N L V S  I E R Q R S D L M D F S C K  
7 8 1  TATGGCGAATCTTGTTTCCATAGAAAGACAGCGATCTGACCTGATGGATTTTAGTTGCAA 84 0

L Q S N  T L E H L L Y A K C Q G V Q V T  
8 4 1  ACTGCAATCAAACATCCTAGAGCACCTGTTATACGCGAAGTGCCAAGGAGTGCAAGTAAC 900

S T N E E A R L L A A I C N P E F  I D A  
9 0 1  TTCTACTAATGAAGAAGCTCGCTTGCTTGCAGCCATCTGCAATCCTGAATTCATTGACGC 960

F W C E L T P  I R A S L K E N P S I S V  
9 6 1  CTTCTGGTGCGAGTTGACTCCCATAAGGGCCTCATTAAAGGAAAATCCTTCCATCTCCGT 1 0 2 0

P Q E Y Q I Y D P V I R A T  I K E V V A  
1 0 2 1  ACCTCAAGAATACCAGATATACGATCCGGTGATACGTGCCACCATAAAAGAGGTTGTCGC 1 0 8 0

K R L L R S A F D N D  I D P L M R L R L  
1 0 8 1  TAAGCGATTACTGC£AX£CGCCTTCGATAATGACATTGACCCGCTAATGCGTCTGCGTTT H 4 0

D K G W K F K F P T L S S T T D L D F S  
1 1 4 1  GGATAAAGGCTGGAAGTTCAAATTTCCCACGCTCTCCTCGACAACCGACCTAGATTTCTC 1 2 0 0

L K D C L S L D T R R D A Y D M T E V F  
1 2 0 1  CCTGAAGGATTGTCTTTCCCTGGATACACGAAGAGATGCATATGACATGACTGAGGTGTT 1 2 6 0

L A T M A S S K T L R T Y S N L V D I V  
1 2 6 1  TCTTGCTACTATGGCATCGAGTAAAACTCTTCGTACGTATAGCAACCTCGTTGACATTGT 1 3 2 0

M K D N G R F D S G I L K Q F N D Y V K  
1 3 2 1  GATGAAAGACAACGGTAGATTTGATTCAGGCATTCTAAAGCAATTCAACGACTACGTCAA 1 3 8 0

Q E K L N L Q N F Q A G S S E F L K G V  
1 3 8 1  GCAAGAAAAGCTCAATCTACAAAATTTCCAGGCCGGTTCCTCAGAGTTTCTGAAAGGTGT

K I
1 4 4 1  AAAGATATAATCCTCTTATATAACATGTAAATAGAGAGTCCGTG 1 4 8 4

Figure 3. Nucleotide sequence 
of the S. douglasii MRS1 gene 
and the deduced protein se­
quence. The Sau3A I sites 
where the fragment encoding 
the URA3 gene is inserted in 
the plasmids YCpCSI020 (751) 
and YCpCSI054 (1095) are 
underlined.

1440
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1 MSPKNLTRSVVPAIDLYCRKANFKTLKFLSMILCSKKEWYDNTKAPVRNF 50
I I I I I  I I I I I I I I  I I  I I I I I I I I I I I I I I I I I I I I I I I I I  I I1 MSPKNITRSVIPAIDLYCRKANFKTLKSLSMILGSKKEWYDTKKAPLRTF 50

51 LVSRCAVFEQLRNRLVDEGKVNLFGVFLTNDSFSFCKMTVDDKFDTSLVD 100 
I I I  I I I I I I I I I I  I I I I I I  I I I I I I I I I I I I I I I I  I I I I I I I I51 LVSRCGIFEQLRGRLVEDGKVNLFSVFLTNDSFSFCKMTVDDKFNTSLVD 100 

101 WQKIPFDYSFATERRQHISLLPPDTLFATEKIISLLGVSPNMANLVSIER 150
I I I I I I  I I I I  I I I  I I I I  I I I  I I I I I I I I I I I I I I I I I I I I I I I101 WQKIPFDSTFATDRRQNISLLPVDTLFATEKIISILGVSPNMTNLVSIER 150

Figure 4. Comparison of the 
S. douglasii (above) and S. cere- 
visiae (below) MRS1 protein se­
quences. The two sequences 
show 86% identical residues 
and 7% similar residues. Iden­
tical residues are shown with 
a vertical bar.

151 QRSDLMDFSCKLQSNILEHLLYAKCQGVQVTSTNEEARLLAAICNPEFID 200
I I I I I I  I I I I I I I I I I I I I I I I I I I  I I  I I I  I I I I  I I I I I I I I I151 ERSDLVDFNCKLQSNILEHLLYAKCQGVYVTPTNEKARLLAAVCNPEFID 200

201 AFWCELTPIRASLKENPSISVPQEYQIYDPVIRATIKEWAKRLLRSAFD 250
I I I I I I I  I I I I I  I I I I I  I I I I I I  I I I I  I I I I  I I I I I I I I  I I I  I I201 TFWCELTPIRVSLKENPSISVPREYQMYDPWRATIKEWTKRLLRSAFD 250

251 NDIDPLMRLRLDKGWKFKFPTLSSTTDLDFSLKDCLSLDTRRDAYDMTEV 300 
II I I I I I I I I I II I III II I I I I I I I I I I I I I I I II I I I I I 251 NDIDPLMCLHLDKGWKLKFPILSSTTGLNFSLKDCLSLDTGKDASDMTEV 300

301 FLATMASSKTLRTYSNLVDIVMKDNGRFDSGILKQFNDYVKQEKLNLQNF 350
I I I I I I I I  I I I I I I I I I I  I I I I I I I I I  I I I I I I I I I I I I I I I I I 301 FLATMESSKVLRTYSNLADIVMKDNGRLDSGVLKQFNDYVKQEKLNLQHF 350

351 QAGSSEFLKGVKI 363 
I I I I I I I I I II 351 QAGSSKFLKGAKI 363

sponding to the S. cerevisiae URA3 gene inserted 
in the S. douglasii MRS1 gene was purified (see 
Fig. 2). This was used to transform  the S. doug­
lasii strain 4707-22D. After an initial selection 
for the URA3 marker, 20 transform ants were 
tested for their capacity to grow on glycerol; 
none of these transform ants were able to do 
so. However, when they were crossed to a rho° 
tester strain (S. douglasii 4795-3B750), the re­
sulting diploids were all able to grow on glyc­
erol, indicating that the inability of the origi­
nal transformants to do so was not due to a defect 
in their m itochondrial DNA. Several transform ­
ants were fu rther analyzed by Southern blot; 
in all cases the integration had occurred as ex­
pected. One of these transform ants, C0701, was 
used in the subsequent experiments.

Does the S. douglasii MRS1 gene have a function 
other than mitochondrial pre-mRNA splicing?

Recently it has become apparent that some genes 
involved in m itochondrial pre-mRNA splicing

are also involved in o ther m itochondrial func­
tions, such as translation (for a review see Grivell,
1989). Seraphin et al. (1987) have developed a 
m ethod for determ ining whether a gene is in ­
volved only in splicing based on an intronless 
mitochondrial genome. If a gene is involved only 
in mitochondrial pre-mRNA splicing, it becomes 
dispensable when there are no m itochondrial 
introns. Thus if we com pare the growth on glyc­
erol of isogenic S. douglasii strains MRS1 and 
mrsl::URA3 with an intronless m itochondrial 
genome, we should be able to determine whether 
the S. douglasii MRS1 gene is involved in func­
tions other than mitochondrial pre-mRNA splic­
ing. Using the S. cerevisiae strain JC25/A as a 
donor, the intronless m itochondrial genome of 
Seraphin et al. (1987) was introduced by cyto- 
duction (Conde and Fink, 1976) into the S. doug­
lasii strains 4707-22D/50 and C0701/50, both 
of which are rho°. Figure 5 shows the growth 
on glycerol of the resulting cytoductants 4707- 
22D/A and C0701/A; no difference can be de-
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4707-22D
M R S l

C 0701
m r s l: :U R A 3

4707-22D /A
M R S l

C 0701/A
m r s l: :U R A 3

Figure 5. Growth on glycerol after 3 days incubation 
at 28°C of S. douglasii strains with a wild-type (MRSl) 
or inactivated (mrsl::URA3) M RSl gene, in the presence 
of the S. douglasii wild-type intron plus m itochondria 
(4707-22D and C0701) or an intronless m itochondrial 
genom e (4707-22D/A and C0701/A). In the presence of 
the intronless m itochondrial genome the mrsl::URA3 
strain shows a wild-type growth on glycerol.

tected . T hus we may con clu d e that the M R S l  
gene o f  S. d ou glasii is involved only  in m ito ­
chondria l pre-mRNA splicing.

The MRSl genes of S. douglasii and S. cerevisiae 
are functionally homologous

T h e sequence o f  the S. d ouglasii M R S l  gene  
revealed that it is 87% identical at the n u cleo ­
tide level to the S. cerevisiae M R S l  gene. T he  
M R S l  gene was identified  by Kreike et al. (1986) 
and show n to be involved in the excision  o f  bI3. 
R ecently B ousquet et al. (1990) have iso lated  
the sam e gene and show ed that in S. cerevisiae  
it is also n eed ed  for the sp lic ing  o f  the sixth  
in tron o f  the coxl gene (aI5(3), and that it is d is­
pensable for glycerol growth when bI3 and aI5(3 
are d eleted  from  the m itochondria l genom e. 
T ian  et al. (1991a,b) have shown that a lthough  
the m itochondrial genom e o f  S. douglasii differs 
sign ificantly from  that o f  S. cerevisiae, the in ­
tron bI3 is a lm ost identical, and aI5P is quite  
sim ilar to their S. cerevisiae counterparts. Thus 
it is possib le  that the S. d ou glasii M RSl protein  
may also function  in the excision  o f  these in- 
trons. To investigate further the possib le fu n c­
tional sim ilarity o f  the two M RSl proteins, 
we d ec id ed  to determ ine w hether the S. d o u g ­
lasii M R S l  gene can rep lace the S. cerevisiae  
M R S l  gene. A gain we m ade use o f  the plasm id  
YCpCSI020, in which the S. douglasii M R S l  gene 
is inactivated by the insertion  o f  a fragm ent 
carrying URA3. As the n u cleo tid e  sequences o f  
the two M R S l  genes are 87% identical, we d e ­

cided  to use a fragm ent o f  the S. douglasii M R S l  
gene to inactivate the S. cerevisiae gene in a one- 
step gene rep lacem ent experim ent (Rothstein,
1983). In order to avoid artifacts due to changes 
in the adjacent genes, we used  a Dra I-SnaB I 
fragm ent w hich contains the d isruption  and is 
internal to the M R S l  ORF. T his 2.06 kb Dra I- 
SnaB I was purified  and used  to transform  the
S. cerevisiae strain CW04; as expected , uracil­
positive transform ants were glycerol-negative. 
A fter a cross w ith a rho° tester strain to ensure  
that the transform ants had retained their m ito­
chondria, one transformant (CW75) was selected  
and transform ed by the plasm ids YCpCSI007 
(M R S l  S. douglasii), YEpIBOOl (M R S l S. cere­
visiae), or the vector controls YCBL1 and YEpl3. 
T he growth on glycerol o f  these strains is shown  
in Figure 6, and it is clear that both  the S. d o u g ­
lasii and the S. cerevisiae M R S l  genes are able 
to com p lem en t a d isruption  o f  the S. cerevisiae  
M R S l  gene. Taken in conjunction with the other  
results this dem onstrates that the S. douglasii 
and the S. cerevisiae M R S l  genes are functional 
h om ologues.

The MRSl gene of S. cerevisiae when present on a 
multicopy plasmid, but not a single chromosomal 
copy, can stimulate some excision of the 
S. douglasii intron all

To com p lete  our study o f  the M R S l  genes o f  
S. dou glasii and S. cerevisiae, we d ecid ed  to d e ­
term ine if  the S. cerevisiae M R S l  gene could

YEpIBOOl
M R S l S .c e r .

YCpCSI007
M R S l S. d o u g .

Y E p l3 Y C B L 1

Figure 6. M RSl genes from both strains are iso-func­
tional with S. cerevisiae m itochondria. Growth on glyc­
erol after 3 days incubation at 28°C of a strain contain­
ing the S. cerevisiae nuclear and mitochondrial genomes, 
with an inactivated M RSl gene (mrsl::URA3) transformed 
by the S. cerevisiae M RSl gene on a multicopy plasmid 
(YEpIBOOl), the S. douglasii M RSl gene on a centro- 
meric plasm id (YCpCSI007), and the vector controls. 
Both genes are able to efficiently com plem ent the chro­
mosomal d isruption of the S. cerevisiae M RSl gene.
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stim ulate the excision  o f  the S. douglasii intron  
a ll when present on a m ulticopy plasmid. W 303/ 
SD was transform ed with the m ulticopy plas­
m ids Y E pl3 and YEpIBOOl (the S. cerevisiae  
M R S1  gene c loned  in YEpl3; B ousquet et al.,
1990) and the centrom eric plasm ids YCBL1 and  
YCpCSI007 (the S. douglasii M RS1  gene cloned  
in YCBL1). Transformants were p lated  on solid  
glycerol m edium , and growth curves in m in i­
mal ethanol/glycerol m edium  were determ ined  
(Fig. 7). T he vector controls showed no growth, 
cells transform ed w ith YCpCSI007 grew well, 
and cells transform ed with YEpIBOOl grew sig­
nificantly but n o t as well as those transform ed  
by YCpCSI007 (it is im portant to note that under  
these conditions, the plasm id YEpIBOOl is stably

m ain ta in ed  in the cells). To confirm  this, m ito ­
chondrial RNA was purified  from  these trans­
form ants and hybridized with probes for the 
coxl exons and the S. douglasii intron a ll. T he  
results o f  these experim ents are shown in Fig­
ure 7, and dem onstrate clearly that w hen pres­
ent on  a m ulticopy plasm id, the M RS1  gene o f  
S. cerevisiae can stim ulate the excision  o f  the  
S. d ouglasii intron a ll  and restore growth on  
glycerol, w hile a single chrom osom al copy pres­
ent in its physiological environm ent results in 
no detectab le  excision  o f  the intron. However, 
the growth on  glycerol due to the S. cerevisiae  
M R S1  gene c loned  on  a m ulticopy plasm id  
is less vigorous, and the pre-mRNA sp licing  
less efficient than that observed w ith the M RS1
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Figure 7. The M RSl genes of S. cerevisiae and S. doug­
lasii display quantitative differences in the presence of 
the S. douglasii m itochondrial genome. A. The left- 
hand side shows the growth on a com plete glycerol m e­
dium  after 5 days incubation at 28°C of W303/SD 
(S. cerevisiae nuclear genome with the S. douglasii m ito­
chondrial genome) transform ed by the S. cerevisiae 
M RSl gene on a multicopy plasm id (YEpIBOOl), the 
S. douglasii M RSl gene on a centrom eric plasmid 
(YCpCSI007), and the vector controls, showing that on 
a multicopy vector the S. cerevisiae M RSl gene can re­
store some growth on glycerol. The right-hand side 
shows a N orthern  blot of m itochondrial RNA from the 
same strains revealed with a cox/exonic probe, and shows 
that the S. douglasii M RSl gene prom otes an efficient 
excision of the S. douglasii intron a ll, while the S. cere­
visiae M RSl gene on a multicopy plasm id prom otes a 
poor excision of this intron. B. Growth kinetics of the 
strains used in A on a synthetic ethanol/glycerol liquid 
medium.
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gene from  S. douglasii cloned on a centrom eric 
plasmid.

Discussion

In this study we have used a novel inter-species 
com plem entation system to clone a gene from 
S. douglasii that is involved in m itochondrial 
RNA processing. In doing this we have devel­
oped a simple and rapid  m ethod for m apping 
functional genes within cloned inserts, ob tain ­
ing partial sequence inform ation, and produc­
ing chrom osomal disruptions of the genes. In 
some ways this is similar to the linker insertion 
strategy developed by Legrain et al. (1991). How­
ever, the use of the URA3 cassette for the m u­
tagenesis instead of linkers has two significant 
advantages: (1) com plem entation of the PyrF~ 
m utation of E. coli allows a positive selection 
of plasmids with an insertion, and (2) the con­
structions used to map the gene within the in ­
sert can be used to disrupt the chrom osomal 
copy of the gene without fu rther subcloning 
steps. The same strategy can be employed using 
the yeast LEU2 gene to com plem ent a LeuB~ 
m utation of E. coli when selecting insertions 
(A. Harington, unpublished results).

The S. cerevisiae nuclear gene MRS1 was orig­
inally isolated by Kreike et al. (1986) and shown 
to be involved in the excision of the intron bI3 
(cyt b gene). More recently Bousquet et al. (1990) 
have shown that MRS1 is also involved in the 
excision of aI5P (coxl gene), and that it is dis­
pensable when these introns are deleted from 
the m itochondrial genome. In the present study 
we show that the MRS1 gene of S. douglasii is 
essential for the splicing of the S. douglasii in ­
tron a ll (coxl gene) and that this function can­
not be replaced by a single chrom osomal copy 
of the homologous gene from S. cerevisiae. 
W hen the S. cerevisiae MRS1 gene is cloned 
on a multicopy plasmid, some splicing of the 
S. douglasii intron a ll does take place, allow­
ing lim ited growth on respiratory substrates 
(Fig. 7). Thus the MRS1 gene of S. douglasii is 
more efficient than the S. cerevisiae gene at splic­
ing the S. douglasii intron all.

This raises the question of whether the differ­
ence between the two MRS1 genes is quantita­
tive or qualitative. At present no definitive 
answer can be given to this question. A single 
copy of the S. cerevisiae MRS1 gene is sufficient 
for the splicing of the introns bI3 and aI5P; it

is only the splicing of the S. douglasii intron 
a ll which is deficient (Kotylak et al., 1985). 
Cloned on a multicopy plasmid, the S. cerevis­
iae MRS1 gene allows an inefficient splicing of 
the S. douglasii intron a ll ( — 15% splicing; see 
Fig. 7); we feel it is im probable that under no r­
mal circumstances much larger amounts of the 
S. douglasii MRS1 protein are needed for the 
splicing of a ll than for bI3 and aI5p. Thus we 
suggest that the difference between the two 
MRS1 proteins is qualitative. A precedent ex­
ists for this in the products of the NAM2 genes 
of S. douglasii and S. cerevisiae. The wild-type 
S. douglasii NAM2 gene has the suppressor ac­
tivity of the m utant S. cerevisiae NAM2 suppres­
sor alleles. A N orthern analysis showed that 
there was no significant difference in the level 
of expression of the two genes, and a fragm ent 
exchange experim ent was able to identify part 
of the S. douglasii gene responsible for the differ­
ence (H erbert et al., 1988a,b).

We have shown that in a purely S. cerevisiae 
nuclear and m itochondrial background the 
MRS1 genes of S. cerevisiae and S. douglasii 
are functionally equivalent (see Fig. 6). As the 
S. cerevisiae gene is essential for the excision 
of bI3 and aI5p, we can deduce that the S. doug­
lasii gene is also com petent in the excision of 
these introns. Interestingly, these introns are 
conserved both in position arid sequence in the 
m itochondrial genome of S. douglasii (Tian et 
al., 1991a,b); thus it is reasonable to conclude 
that in S. douglasii the MRS1 gene is needed 
for the splicing of three introns, bI3, a ll, and 
aI5p. This enlarged spectrum of the S. douglasii 
MRS1 gene is consistent with the observation 
that in hybrid strains with an S. cerevisiae n u ­
clear genome and an S. douglasii m itochondrial 
genome the cytochrome b transcript is fully pro­
cessed, while a coxl transcript containing a ll 
accumulates (Kotylak et al., 1985, and Fig. 7).

The precise function of the protein com po­
nents involved in m itochondrial pre-mRNA 
splicing is unknown, but as the same basic mech­
anism of excision probably holds for all introns, 
and as some m itochondrial introns self-splice 
in vitro, it is reasonable to assume that the p ro ­
teins involved in vivo have no direct catalytic 
role. Thus the protein components would be 
involved in obtaining the correct structure of 
the intron, to allow the RNA-catalyzed reactions 
to occur. We have shown that there is a func­
tional difference in the MRS1 genes of S. cere-
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visiae and S. douglasii in respect to the splicing 
of the S. douglasii intron all. The simplest ex­
planation of this is that the S. douglasii MRS1 
protein has a higher affinity for the a ll RNA 
than the S. cerevisiae protein. This is also con­
sistent with the low-level excision of the S. doug­
lasii intron a ll seen when the S. cerevisiae p ro ­
tein is overexpressed. It might be expected that 
these differences would be reflected in the p ro ­
teins. An examination of the deduced S. cere­
visiae and S. douglasii MRS1 protein sequences 
shows 14% differences; however, there is no sig­
nificant clustering of amino acid changes, which 
could delim it a particular dom ain of the p ro ­
tein which varies between S. cerevisiae and 
S. douglasii and thus explain the difference in 
specificity.

In S. cerevisiae a second ORF of 244 codons, 
present on the opposite strand, overlaps the 
MRS1 ORF. Kreike et al. (1987) were able to 
show that this ORF was not responsible for the 
MRS1 complementing activity, but were not able 
to determ ine if the ORF corresponded to a real 
gene and was expressed. In S. douglasii this 
second ORF is not m aintained: in the region 
that overlaps the MRS1 ORF there is a stop 
codon, and in the region outside the MRS1 ORF 
there are two fram eshift mutations. This shows 
that the second ORF is not functional in S. doug­
lasii and by analogy probably does not corre­
spond to a gene in S. cerevisiae either.

A com parison of the NAM2 gene sequences 
of S. cerevisiae and S. douglasii leads to the 
conclusion that the two species diverged 50- 
80 million years ago (H erbert et al., 1988b). 
Table 1 shows a com pilation of data from the 
three ORFs for which the com parison between 
S. cerevisiae and S. douglasii can be made. 
An examination of these data shows that there 
is rem arkable uniform ity for all param eters 
studied. Transitions are 3 times more frequent 
than transversions (a X2 homogeneity test gives 
2.7 for 2 degrees of freedom). Silent m utations 
are m ore frequent than replacem ent ones: they 
attain  for all three genes a 50% value of all 
possible silent m utations, while the replace­
m ent m utations rem ain very low (4-7% of the 
possible sites). All these data strongly argue for 
a recent divergence of the two species. This un i­
formity contrasts markedly with the results of 
Tian et al. (1991b), who have shown that in the 
m itochondrial cytochrome b gene there is wide 
variation in the rate of fixation of m utations

Table 1. Comparison of evolutionary divergence for 
three homologous genes in S. cerevisiae and S. douglasii.

The MRS 7 data are from Figure 3 of this study for S. douglasii, 
and Kreike et al. (1987) for S. cerevisiae. The NAM2 and DY 
data are from Herbert et al. (1988b) for S. douglasii, and 
Labouesse et al. (1987) for S. cerevisiae. The correction for the 
saturation of possible mutations have been calculated by the 
method of Perler et al. (1980) using the UWGCG diverge pro­
gram (Devereux et al., 1984).

Gene
MRS1 NAM2 DY

Codons 363 894 177

Base transitions 98 219 47
Base transversions 39 60 17

Actual mutations
Silent 79 195 40
Replacement 58 84 24

Corrected saturation of 
possible mutations

Silent 49% 50% 55%
Replacement 7% 4% 6%

Amino acid identity 86% 91% 89%

between the exons and the introns, and even 
between different introns. The exon sequences 
show less than 2% nucleotide substitutions, with 
transitions and transvertions being almost equal. 
Thus in the divergence of S. cerevisiae and 
S. douglasii the nuclear genes appear to accu­
mulate mutations considerably faster than mito­
chondrial genes. Interestingly, this is the reverse 
of the situation in the vertebrate system, in 
which m itochondrial genes accumulate 5- to 
10-fold more nucleotide substitutions than n u ­
clear genes, with transitions being predom inant 
(Brown et al., 1982).

In conclusion, we have cloned the S. doug­
lasii MRS1 gene, shown that it is needed for the 
excision of the S. douglasii introns bI3, a ll, and 
aI5(3, and that it is dispensable for respiratory 
growth in the presence of an intronless m ito­
chondrial genome. Even though the two yeasts 
S. cerevisiae and S. douglasii are closely related, 
they display significant differences. In partic­
ular, since they diverged there has been either 
a concomitant gain of the intron all and of func­
tion for the MRS1 gene in S. douglasii, or a loss 
of both intron and function in S. cerevisiae. Thus 
the MRS1 genes of S. cerevisiae and S. douglasii 
and their role in m itochondrial pre-mRNA splic­
ing present an interesting example of the co­
evolution of nuclear and mitochondrial genomes.
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