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Eukaryotic (nucleated) cells are the basic unit of structure in plants, metazoan animals, 
protozoa, fungi and algae (Stanier et al., 1988). Despite the diversity that has arisen as a 
result of evolutionary specialization, the basic architecture of the cells in these groups has 
many common features. The cells are bounded by a surface membrane (the cytoplasmic 
membrane) and within the cytoplasm, the eukaryotic cells contain several unique 
membrane systems: the nuclear envelope, the endoplasmic reticulum, the Golgi 
apparatus, and one or two types of membrane-bounded organelles that house the electron 
transport machinery of the cell. These membrane-enclosed organelles are the chloroplasts 
and mitochondria, and contain photosynthetic and respiratory electron transport systems, 
respectively. Both organelles share the same basic structure: an outer membrane, 
enclosing the topologically more complex inner membrane system in which the 
components of electron transport are embedded. Chloroplasts have an additional 
membrane system, the thylakoid, which contains the photosynthetic apparatus. Synthesis 
of chloroplasts and mitochondria is directed in part by the nuclear genome and in part by 
the genome located in the organelle itself. Organelle genomes are characteristically 
present in multiple copies. In the majority of organisms, chloroplast and mitochondrial 
genomes are covalently closed circular molecules of double stranded DNA. While 
chloroplast genomes are relatively constant in size and gene content, mitochondrial 
genomes are much more diverse. 

Saccharomyces cerevisiae: pet organism for molecular biologists 

The subject of the study presented in this thesis, Saccharomyces cerevisiae, is a powerful 
tool for molecular biologists interested in the biology of the eukaryotic cell (Botstein and 
Fink, 1988). The evolutionary conservation of cellular processes within higher eukaryotes 
and the many possibilities to manipulate the mitochondrial biogenesis make the unicellular 
eukaryote Saccharomyces cerevisiae an highly attractive organism. Yeast cultures are 
easily grown and handled under laboratory conditions, and the organism lends itself to 
classical genetics, transformation with foreign DNA and gene-replacement techniques. S. 
cerevisiae is the first eukaryote for which a complete genomic sequence was determined 
(Johnston, 1996). Despite advances in other systems, the facultative anaerobic yeast S. 
cerevisiae is still a highly attractive experimental organism for the study of mitochondrial 
function and assembly (Grivell ef ai, 1999). The fact that the mitochondrial respiratory 
function does not affect the viability on fermentable carbon sources as long as cells can 
depend on glycolysis, makes Saccharomyces cerevisiae the organism of choice to perform 
mutational analysis of the mitochondrial function and assembly. Additionally, the 
identification of novel mitochondrial proteins and the genome-wide study of changes in 
gene expression is greatly facilitated by availability of the full genomic sequence data. It is 
likely that yeast will be the first organism for which a complete inventory of mitochondrial 
proteins and their function can be drawn up (Grivell ef a/., 1999). For this reason, yeast 
should provide a useful testbed to verify ideas about mitochondrial dysfunction in man and 
other organisms. 

Mitochondrial biogenesis 

There are several reasons to study mitochondrial biogenesis. Most of the energy required 
for all cellular processes is derived from reactions taking place in the mitochondrion and 
key enzymes for major metabolic routes are localized in this organelle. Since mitochondria 
are involved in a number of central cellular processes and in metazoans play an important 
role in triggering events that lead to apoptosis, the organelle has gained the interest of 
researchers to study defects that contribute to the pathogenesis of a number of 
degenerative diseases in man. So far, about 50 disease-producing mutations in mtDNA 
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have been characterized, and an increasing number turns out to involve nuclear genes 
(DiMauro et al., 1998). Assembly of mitochondria depends on balanced synthesis of a 
handful proteins encoded by mitochondrial DNA (mtDNA) with several others encoded by 
nuclear genes. The nuclear and the mitochondrial genomes interact in at least two ways. 
First, both contribute to mitochondrial protein function and mitochondrial gene products 
function in multimeric complexes that contain nuclear-encoded components as well. 
Second, the nuclear genome encodes a large number of PET genes that function either in 
regulating the expression of mitochondrial genes or in the assembly of respiratory proteins 
(reviewed by Grivell, 1995; Poyton and McEwen, 1996). 

Mitochondrial organization 

Although the physical form of the molecule in vivo remains controversial, the sequence of 
the mtDNA of S. cerevisiae can be assembled into a circular map with a length of 85,779 
bp (Foury et al., 1998). One of the most striking characteristic features of the genome is 
the presence of extensive intergenic spacers composed of quasi-pure A+T stretches 
several hundreds of base pairs in length (De Zamâroczy and Bernardi, 1986a). The 
genome encodes cytochrome c oxidase subunits 1, 2 and 3 (COX1, COX2 and COX3), 
apocytochrome b (COB), subunits 6, 8 and 9 of the mitochondrial ATP synthase (ATP6, 
ATP8 and ATP9) and a ribosomal protein (VAR1) (De Zamâroczy and Bernardi, 1986b). 
Other proteins encoded by S. cerevisiae mtDNA include intron-encoded proteins in COX1 
and COB, that act as RNA maturases, reverse transcriptases and homing endonucleases. 
In addition the genome codes for 24 tRNAs that can recognize all codons, for the large and 
small ribosomal RNAs (21S and 15S, resp.), and for the 9S RNA component of RNAse P 
(involved in tRNA processing). All genes are transcribed from the same strand, except 
tRNA tnr1. Recently, the complete sequence of the mtDNA of the strain used for 
sequencing of the nuclear genome was published (Foury et al., 1998). The general 
organization of the mitochondrial genome was confirmed, while seven hypothetical ORFs 
were identified and hot spots of point mutations were found. 

Table I: Mitochondrial proteins in S. cerevisiae ' 

outer membrane 
intermembrane space 
inner membrane 
matrix 

29 
13 

151 
67 

Data obtained from the Yeast Proteome Database 
(http://www.proteome.com), modified July 8 2001. 

The majority of mitochondrial proteins are encoded by nuclear genes and imported into the 
mitochondria (Tzagoloff and Dieckman, 1990). Over the last year the number of genes 
predicted to encode mitochondrial proteins has increased from 340 (as of March 1999) to 
the current 470 (as of July 2001) out of a total gene complement of about 6,147 (Hodges ef 
a/., 1999). These proteins are synthesized in the cytoplasm and subsequently transported 
into the mitochondrion by protein complexes in the outer and inner membranes (Kubrich ef 
a/., 1995; Pfanner et al., 1994). The imported proteins account for an estimated 90% of the 
protein mass in mitochondria, and they are distributed in all four mitochondrial 
compartments: outer membrane, inter membrane space, inner membrane and matrix. The 
numbers of proteins of known mitochondrial localization are summarized in Table I. 
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Proteins involved in complex assembly and protein degradation as well as translational 
activators are associated with the inner membrane. The enzymes responsible for 
maintenance and expression of mtDNA and for function of the TCA-cycle are present in 
the mitochondrial matrix. A survey of the information in the Yeast Proteome Database for 
mitochondrial proteins grouped according to function and/or molecular environment shows 
that the majority of mitochondrial proteins is involved in mitochondrial gene expression. 
Major functional classes include proteins involved in mitochondrial protein synthesis (108, 
including 72 ribosomal proteins); proteins involved in translational activation (10); DNA-
associated proteins (22); respiratory complex assembly factors (17). These figures 
emphasize the investment that is required to maintain the mitochondrial genetic system 
and the ability to synthesize only seven respiratory chain proteins encoded by it. 
Translation and respiratory complex assembly are particularly expensive processes 
(Grivell et ai, 1999). Both are still poorly understood, with many steps occurring with the 
help of membrane-associated proteins. 

Complex assembly 

All mitochondrially encoded proteins, except the ribosomal protein Varlp and the intron-
encoded proteins, are hydrophobic proteins that assemble into the respiratory complexes 
of the inner membrane (Grivell, 1995). NADH dehydrogenase (Complex I), 
succinate:ubiquinone oxidoreductase (complex II), ubiquinol:cytochrome c oxidoreductase 
(Complex III), cytochrome c oxidase (Complex IV) together form the respiratory chain, 
which is indispensable for mitochondrial function (Rep, 1996). In other organisms, 
complete 3D structures for cytochrome c oxidase (Tsukihara et al., 1996) and 
ubiquinokcytochrome c oxidoreductase (Iwata ef ai, 1998) have been presented. Both 
genetic and biochemical studies have added new factors to a growing list of nuclear-
encoded factors required for the assembly of mitochondrial protein complexes (Grivell, 
1995; Poyton and McEwen, 1996), however, the assembly pathways have not been 
elucidated. 

Cytochrome c oxidase catalyzes the last electron transfer reaction of the respiratory chain: 
oxidation of cytochrome c and reduction of oxygen to water. Electron transfer is coupled to 
proton translocation across the membrane. Yeast cytochrome c oxidase consists of eleven 
subunits (Geier er al., 1995), three subunits are mitochondrially encoded (Coxlp, Cox2p 
and Cox3p: Rubin and Tzagoloff, 1973). The three mitochondrially encoded proteins are 
the largest subunits of the complex. It is likely that assembly of this complex occurs in the 
inner membrane and that it is assisted by specific assembly factors. For cytochrome c 
oxidase eight of these specific factors have been identified (for review: Rep, 1996; Poyton 
and McEwen 1996). Studies with strains carrying mutations in cytochrome c oxidase 
subunits suggested that assembly of the mitochondrially encoded subunits begins with 
insertion of Coxlp into the inner membrane, followed by association with Cox2p, Cox4p 
and Cox3p (Glerum and Tzagoloff, 1997; Lemaire et ai, 1998). These studies indicate that 
Coxlp is a key subunit in the assembly of the enzyme. Loss of Coxlp has very drastic 
effects on the assembly of cytochrome c oxidase and the function of mitochondria. Coxlp 
not only forms the assembly core of cytochrome c oxidase. Together with Cox2p and 
Cox3p this subunit contains all redox centers (Cooper et ai, 1991): two hemes (a and 33) 

and Cu2+ are bound by Coxlp. These three subunits, forming the functional core of 
cytochrome c oxidase are highly conserved across kingdoms (Kadenbach et ai, 1991). 
Knowledge of the synthesis of subunit 1 of cytochrome c oxidase in yeast might add new 
insights in the assembly and (dys)function of cytochrome c oxidase in other organisms. A 
precise picture of the process will provide a better basis for study of mutants affecting 
Coxlp and cytochrome c oxidase. While 18 nuclear genes have been identified for the 
expression of COX1 in S. cerevisiae (reviewed by Pel ef ai, 1992a), little is known about 
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translation of the COX1 mRNA. For three mitochondrially encoded proteins (Cox2p, 
Cox3p, and Cobp) translation factors have been extensively studied, these specific 
translational activators have been suggested to localize the translation of the respiratory 
subunits at the inner membrane (reviewed by Fox, 1996). 

Mitochondrial protein synthesis 

Looking at mitochondrial protein synthesis in Saccharomyces cerevisiae, the first major 
characteristic is the fact that the mitochondrial genetic code differs from the universal 
genetic code (Fox, 1987). In S. cerevisiae, the termination codon UGA is a sense codon 
and encodes Trp, while AUA encodes Met instead of the standard lie. Yeast mitochondria 
use only a restricted number of 24 tRNAs that is below the minimum number of 32 
considered to be necessary to translate all the codons of the genetic code according to the 
wobble hypothesis, but simplified decoding rules allow recognition of all codons (reviewed 
by Martin era/., 1990). 

The mitochondrial ribosome (mitoribosome) resembles the prokaryotic ribosome. There is 
similarity between components of the mitochondrial translation machinery and that of 
bacteria, they are largely similar in size and sedimentation coefficients (Kitakawa and 
Isono, 1991). Especially mitochondrial elongation factors show a high similarity with 
bacterial elongation factors. The mitochondrial translation machinery is inhibited by almost 
the same spectrum of antibiotics as that of prokaryotes (Borst and Grivell, 1971). Protein 
synthesis in all mitochondria is inhibited by D-chloramphenicol, also antibiotics that 
interfere with bacterial protein synthesis inhibit the mitochondrial ribosome (tetracycline, 
lincomycin, erythromycin, neomycin). Mitochondrial protein synthesis is not inhibited by 
cycloheximide, emetin and anisomycin, which are inhibitors of the cytoplasmic protein 
synthesis. 

The yeast mitoribosome consists of more different proteins than its cytoplasmic and 
prokaryotic ribosomes (Kitakawa and Isono, 1991). About half of the yeast mitoribosomal 
proteins (MRPs) characterized so far show a high degree of similarity to eubacterial 
ribosomal proteins, while they do not share any of their constituents with the cytoplasmic 
ribosomes. It is not clear whether the previously mentioned number of 72 yeast MRPs 
represents a complete set. So far, MRPs have been identified by genetic means and direct 
protein sequencing and both approaches are still ongoing. The availability of a complete 
sequence of the genome makes it possible to identify the genes encoding ribosomal 
proteins by computer search (Kitakawa et al., 1997). Graack and Wittman-Liebold (1998) 
attempted to identify the yeast MRPs directly on the basis of their association with 
ribosomal subunits. The yeast mitoribosome appears to contain at least 90 proteins and 
the actual number may exceed 100. However, proteins may have been lost from the 
ribosomal subunits during the isolation procedure, and due to lack of a functional assay it 
can not be concluded whether a protein is actually required for ribosome function. While 
the total molecular mass of the mitoribosomes is at least that of bacterial ribosomes, the 
number of MRPs is much higher than in bacteria (55 in E. coli) or in eukaryotic cytoplasmic 
ribosomes (75-76 in yeast; 70 in rat). Once all the MRPs have been identified, assignment 
of MRP functions within the mitorobosome is the next task. The proteins which are 
unrelated to ribosomal proteins from other organisms and that are essential for ribosomal 
function, might have been recruited during the course of evolution from other sources 
unrelated to ribosomes. Functions of these MRPs cannot be deduced from sequence 
similarity. The direct assignment of MRP function is difficult, since no in vitro protein 
synthesis system capable of accurately translating mitochondrial mRNAs is available 
(Dekker era/., 1993a). 
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Mitochondrially encoded Varip is a mitochondrial translation product with very unusual 
features. The VAR1 gene is unusual in its base composition, nearly 90% A+T. Gene and 
gene product show a strain-dependent variation in size of up to 7 percent, but this variation 
does not detectably interfere with the function of Varip (Butow et ai, 1985). The tight 
association of Varip with the small subunit of the mitoribosome was shown by radioactive 
labelling of mitochondrial translation products and comparison with ribosomal constituents 
(Groot ef ai, 1979). In a two dimensional electrophoretic separation of ribosomal proteins, 
Varip is the only major labeled polypeptide species to be resolved when cells are labeled 

with 35s042" in the presence of cycloheximide. Varip is specifically associated with the 
38S mitochondrial ribosomal subunit. It cannot be removed by a high salt wash, indicating 
that it is an integral ribosomal protein (Terpstra ef ai, 1979). For the assembly of the 
mature small ribosomal subunit, mitochondrial protein synthesis is essential. Since Varip 
is the only mitochondrial translation product, this suggests that Varip is essential for 
assembly or stability of the small subunit (Maheshwari and Marzuki, 1984; 1985). A 
marked decrease in the synthesis of Varip in a temperature-conditional mutant resulted in 
loss of the small ribosomal subunit (Hibbs era/., 1987). To study the structure, function and 
synthesis of Varip, a nuclear version of the VAR1 gene was engineered (Sanchirico et ai, 
1995). The nuclear encoded Varip was imported into the mitochondria and was shown to 
be associated with the small ribosomal subunit. This relocation experiment provides a tool 
for molecular genetic analysis of structure function relationships in the unusual VAR1 
gene, and possibly in other mitochondrially encoded genes. 

Table II: General factors involved in mitochondrial protein synthesis 
Gene Function Reference 

MEF1 mitochondrial elongation factor Vambutasefa/., 1991 
IFM1 mitochondrial translation initiation factor Vambutasefa/., 1991 
MEF2 mitochondrial translation initiation factor Rasmussen et ai , 1995 
TUF1 mitochondrial elongation factor Nagata étal. ,1983 
MRF1 mitochondrial peptide chain release factor Pèlera/., 1992b 

Our knowledge of the mitoribosome contrasts with the still poorly understood characterized 
general factors involved in mitochondrial protein synthesis. Over the last years, only a 
small number of general factors has been identified by similarity, these factors are 
summarized in Table II. The MEF1 gene shows 20-23% identity to eukaryotic EF2, the 
IFM1 gene is 30-35% similar to bacterial initiation factor 2 (Vambutas et ai, 1991). The 
MEF2 gene encodes a mitochondrial translation factor, that promotes GTP-dependent 
translocation of the nascent chain from the A-site to the P-site of the ribosome 
(Rasmussen, 1995). Using cross-hybridization with the E.coli EF-Tu gene, the gene for the 
mitochondrial translation elongation factor Tu, TUF1, was identified (Nagata et ai, 1983). 
Even slight overproduction of this protein suppresses the effect of two mutations affecting 
tRNA maturation (Rinaldi ef ai, 1997). In yeast mitochondria no EF-Ts could be detected, 
mitochondrial EF-Tu is active in the absence of additional factors and the activity is not 
stimulated by the addition of E. coli EF-Ts (Rosenthal and Bodley, 1987). The gene for a 
mitochondrial peptide chain release factor has been cloned by a genetic approach (Pel ef 
ai, 1992b). Sequence comparison showed high similarity to E. coli release factor RF-1 and 
to release factors from Gram-positive and Gram-negative bacteria (Pel ef ai, 1992c). 
Mrflp reduced nonsense suppression in yeast mitochondria and inactivation of its gene led 

to rho induction (Pel ef ai, 1992a). The Mrf1 protein interacts with the mitoribosome (Pel 
ef ai, 1993). In addition to these general factors, each mitochondrial mRNA is likely to 
have specific factors for translation intiation. The specific characteristics of the 5' leaders of 
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mitochondrial mRNAs differ significantly from other mRNAs and this has implications for 
the mechanism of translation initiation in mitochondria. 

The mature mRNAs are the product of processing of multigenic precursor transcripts and 
splicing (in the case of COX1 and COB). In contrast to the mammalian mitochondrial 
mRNAs that have very short or no leader sequences, yeast mitochondrial mRNAs contain 
long 5' and 3' untranslated regions (UTRs). These UTRs are extremely A+U rich, and vary 
in size from fifty up to several hundred nucleotides. Another important difference is that 
yeast mitochondrial mRNAs do not possess poly-A tails and are not capped at their 5'-
ends Often many leaders contain several potential initiation sites and probably possess 
stable secondary structures due to G+C rich clusters. These last features seem 
inconsistent with a scanning model for translation initiation as proposed for eukaryotic 
cytoplasmic translation. In mammalian and yeast cytoplasm, stable secondary structures in 
the leaders of the mRNA impede the scanning by the 40S ribosomal subunit (Bairn and 
Sherman, 1988; Cigan et ai, 1988; Kozak, 1991a). Rarely occuring upstream AUGs in 
cytoplasmic transcripts of both yeast and higher eukaryotes have a negative effect on 
translation initiation at the down-stream start codon (Cigan and Donahue, 1987; Kozak, 
1991b), although in some cases regulatory functions have been described (Hinnebusch 
and Le'ibman, 1991). In bacteria and Picornavirus mechanisms of internal initiation have 
been described (Jackson et al., 1990). 

In bacteria initial binding of mRNAs to ribosomes depends on recognition and pairing 
between Shine-Dalgamo sequences in the mRNA 5'-UTR and a complementary sequence 
near the 3'-end of 16S rRNA. Similar complementary sequences between the mRNA and 
the small subunit rRNA can also be detected in mitochondria (Li ef al., 1982). However, 
mRNAs lacking these elements are still active in protein synthesis (Costanzo and Fox, 
1988) indicating these elements are not essential. By changing the translation initiation 
codon of the COX2 mRNA from AUG to AUA translation was reduced at least five-fold, 
without affecting the steady-state level of the mRNA. Translational initiation was still 
occuring at the AUA codon and not at the next AUG codon downstream (Mulero and Fox, 
1994) Like in bacteria, mRNAs with non-AUG initiators were translated at reduced levels 
which emphasises the importance of secondary structures (Folley and Fox, 1991). All this 
indicates that sequences surrounding the initiation codon are not the only factors 
determining translation initiation in yeast mitochondria, as might also be the case in other 
systems. 

Previously, we have shown that a nuclear encoded protein binds specifically and with high 
affinity to the 5'-UTR of all mitochondrial mRNAs (Papadopulou ef a/., 1990; Dekker et al., 
1992) This protein was identified as the TCA-cycle enzyme (NAD+-)dependent isocitrate 
dehydrogenase (Idh) (Elzinga ef a/., 1993). A stem-loop structure in the 5'-UTR was shown 
to be recognized by Idh (Dekker et al., 1992). The enzyme consists of a heterodimer 
formed between related subunits encoded by the nuclear IDH1 and IDH2 genes (Cupp and 
McAllister-Henn, 1991; 1992). Both catalytic and RNA-binding activities depend on a native 
heterodimeric enzyme. This double role of Idh makes the enzyme one of a growing list of 
dual-function RNA-binding proteins. Many other enzymes have been found to be RNA-
binding proteins, e.g. aconitase (Roualt ef a/., 1988;1990), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; Singh and Green, 1993), thymidylate synthase (TS; Chu ef al., 
1993) enoyl-CoA hydratase (Nakagawa ef a/., 1995), MnSOD (Fester and Schuster, 
1995)' catalase (Clerch ef ai, 1996), glutamate dehydrogenase (GDH; Preiss ef ai, 1997; 
Bringaud ef ai, 1997). It has been suggested that the RNA-binding domain present in 
these enzymes evolved from a dinucleotide binding site, or vice versa (Hentze, 1994). We 
have hypothesized that the combination of dehydrogenase and RNA-binding activities in a 
single protein may form a regulatory link between the need for mitochondrial function and 
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rate of biogenesis (Elzinga et al., 1993). In vitro translation experiments showed increased 
translation of mitochondrial translation products in mitochondria of an idh-null strain (De 
Jong et al., 2000). Binding of Idh to mitochondrial mRNAs might modulate or repress the 
level of translation of the hydrophobic respiratory subunits by keeping the mRNAs in the 
mitochondrial matrix. At the moment of need for more respiratory capacity the mRNAs are 
tethered to the inner membrane by the specific translational activators to synthesize the 
proteins of the respiratory subunits. 

mRNA-specific mitochondrial translational activators 

The translation of mitochondrially encoded transcripts depends on mRNA-specific 
translational activators encoded in the nucleus (reviewed by Fox, 1996). For four of the 
eight major mRNAs one or more nuclear-encoded gene-specific translational activators 
have been identified (Table III). These activator proteins are associated with the inner 
membrane, recognize sites in the 5'-UTR and interact with the mitoribosomal small 
subunit. Through these interactions the insertion of translation products into the 
appropriate respiratory complexes might be facilitated. 

Table III: Mitochondrial TiRNA-specific translational activators 

mRNA Activator Localization Interaction References 
COB CBS1 inner membrane 5'-UTR Rodel, 1986a 

CBS2 associated with 
inner membrane 

5'-UTR, small subunit 
of mitoribosome 

Rödel, 1986b 

COX1 MSS51 associated with 
inner membrane 

under investigation DeCoster, 1990; this thesis 

PET309 inner membrane 5'-UTR Mantheyand McEwen, 1995 

COX2 PET111 inner membrane 5'-UTR Poutre and Fox, 1987 

COX3 PET54 associated wih inner 
membrane 

5'-UTR Costanzo e( a/., 1986 

PET122 inner membrane 5'-UTR, small subunit 
of mitoribosome 

Kloeckener-Gruissem et al., 1988 

PET494 inner membrane 5'-UTR Müller ef a/., 1984 

PEU 11: translational activator of cytochrome c oxidase subunit 2 
The nuclear gene PET111 was shown to be required for translation of the mitochondrial 
mRNA encoding cytochrome c oxidase subunit 2 (Poutre and Fox, 1987). Studies with 
chimeric mRNAs showed that Pet111 p acts specifically at a site in the 54 nucleotides 5'-
UTR of COX2 mRNA (Mulero and Fox, 1993a). Mutations generated in the 5'-UTR of 
COX2 mRNA, could be suppressed by a missense mutation in PET111 (Mulero and Fox, 
1993b). Levels of Pet111p are rate-limiting for Cox2p expression and overproduction of 
PET111 partially suppresses the respiration-deficient phenotype of a mutant in which the 
start codon of COX2 is changed from AUG to AUA (Mulero and Fox, 1994). Translation of 
heterologous mitochondrial mRNAs containing bases -16 to -47 of the COX2 5'-UTR can 
be activated by Pet111p (Dunstan et al., 1997). This stretch contains four regions that are 
crucial to translation: a possible stem-loop structure at -20 to -35, the -16 to -19 region, the 
C-residue at -46 and the -36 to -46 region. Interestingly, the possible stem loop at -20 to -
35 contains a conserved UCUAA sequence which is part of the COX2 mRNA sequence 
that is bound by Idh (Dekker ef a/., 1992). Binding of Pet111p and Idh could be mutually 
exclusive, translation might be activated when Idh is displaced by Pet111p. 
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PET54, PET122 and PET494: translational activators of 
cytochrome c oxidase subunit 3 

a™5 ! 9 e n e ^ J 3 ? , i d e n t i f i e d a s necessary for translation of C0X3 mRNA was the nuclear 
^ ™ gene (Müller et al., 1984). Mitochondrial rearrangements that replace the normal 
ö-U I K with the leaders of other mitochondrial mRNAs suppressed pet494 mutations 
These same rearrangements suppressed pet54pet494 double mutants, suggesting that 
PET54 acts together with PET494 in COX3 translation (Costanzo et al 1986) 
J U P ^ S J ó ° n b y rear rangements in the mRNA indicates an interaction with the 5;-UTR of 
the COX3 mRNA. Localization studies showed that Pet494 protein is an integral inner 
membrane protein, while half of the Pet54 protein is associated with the inner membrane 
and the other half is in soluble form (McMullin and Fox, 1993). As a third nuclear encoded 
protein necessary for expression of COX3 mRNA, PET122 has been identified 
(Kloeckener-Gruissem et al., 1988; Ohmen et al., 1988). Pet122p is integral inner 
membrane protein (McMullin and Fox, 1993). Pet54p is also involved in splicing intron al5ß 
of COX1 pre-mRNA (Valencik et al., 1989). Insertion of 4 amino acids within the Pet54 
polypeptide identified different functional domains (Valencik and McEwen 1991) Levels of 
Pet54p are not rate-limiting for COX3 expression, while levels of Pet122p'and Pet494o are 

Ä Ä f i ? 1 9 9 1 ; S t e e ' e &t al' 1 9 9 6 ) - R e sP i r a t o rV 9r°wth of a mutant 
™ u c e d C0X3 translation was sensitive to decreased dosage of genes PET122 and 
PET494. Levels of a mitochondrial reporter gene vary between strains under- and 
?oomXP

D
reSS',ng t r a n s l a t i o n a l activator subunits, in particular Pet494p (Marykwas and Fox 

1989). Regulation of Pet494p appears to occur at the translational level. Glucose grown 

T c e r d P r e S S t0 SiX f ° l d '0Wer 'eVelS ° f Pet494P than Ce"S g r ° W n ° n etnano ' and 

TJarnv\ 5. uTD°f t h ,M e t h r e e 9 e n e S a b o l i s h e d translation of a chimeric mRNA bearing 
l i n ï m y ^ a n T ^ r C O i n 9 sequence of COB, showing that all three products act 
* ' h e C°X3 5 - U T R (Costanzo and Fox, 1988). Interaction of Pet54p, Pet122p and 
Pet494p with the 5'-UTR occurs at least 172 nucleotides upstream of the initiation codon 
Mutation of the translation initiation codon AUG to AUA had no effect on the levels of 
Cox3p, showing that the site of interaction is specified by other sequence or structural 
features (Folley and Fox, 1991). Deletion of the entire 5'-UTR completely prevented 
translation. A reg.on of 151 bases, between -480 and -330, containing sequences that are 
sufficient for translational activation could be defined (Wiesenberger et al. 1995) The 
respiratory defect of a pet54 missense mutation was enhanced by a T insertion between 
bases -428 and -427 (Costanzo and Fox, 1995). This suggests that the -400 region is 
important for Pet54p-COX3 mRNA interaction. Overproduction of Pet494p weak y 
suppresses several COX3 5'-untranslated leader mutations affecting translation co-

°QQ? rwU K P e t 1 2 2 p m 0 r e S t r 0 n g l y suPP resses such mutations (Costanzo and'Fox 
1993 Wiesenberger and Fox, 1995). A dominant mutation in PET122 and overproduction 
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2 2 f SLJPPress the respiratory defect of a pet54 missense mutant (Brown et al 

with the COX3 K T t h 6 S e ^ ^ i n d i C a t e t h a t t h e t h r e e t r a n s l a t i o n a l activators interact 

Analysis of C-terminal truncations of Pet122p identified PET123 MRP1 and MRP17 as 
' W ^ f o f these mutations (Hafter et al., 1990; McMullin et al., 1990- Hafter et al 

h :- ï l ? F 0 X ' 1 9 9 2 ) - A " t h r e e p r o t e i n s a r e mitoribosomal proteins of the small 
subunit Pet123p and Mrplp interact functionally with each other (Hafter et al 1991) 
These findings indicate that Pet122p promotes translation initiation of the COX3 mRNA 
through an interaction with the small subunit of the mitoribosome. Two-hybrid analysis 
showed interactions between Pet54p, Pet122p and Pet494p (Brown et al., 1994) It was 
suggested that the activators form a complex that mediates the interaction of the COX3 
mRNA with the mitoribosome at the surface of the inner membrane 



CBP6, CBS1 and CBS2: translational activators of apocytochrome b 
Translation of apocytochrome b (COB) mRNA requires the products of three nuclear 
genes: CBP6, CBS1 and CBS2 (reviewed by Rödel, 1997). In a mutant expressing wild 
type levels of COB mRNA the absence of the Cob protein was the result of missense 
mutations in CBP6 (Dieckmann and Tzagoloff, 1985). Mutants in CBP6 cannot be 
suppressed by mitochondrial gene rearangements that place heterologous 5'-UTRs on the 
COB mRNA. Cbp6p has been suggested to stabilize the nascent polypeptide chain prior to 
association with chaperones or assembly with other proteins (Rödel, 1997). 

CBS1 and CBS2 were isolated from a yeast genomic library by functional complementation 
of cbsl and cbs2 mutants, respectively (Rödel, 1986a). Mutations in both genes can be 
suppressed by fusion of the COB gene with the 5'-UTR of the ATP9 gene (Rodel, 1986b), 
indicating that unlike Cbp6p these two proteins interact with the 5'-UTR of COB mRNA. 
Analysis of deletions in the 5'-UTR mapped the site of action of the translational activators 
either between -170 and -104 or between -60 and the AUG at +1 of the COB mRNA 
(Mittelmeier and Dieckmann, 1995). Cbslp behaves as an integral inner membrane 
protein, while Cbs2p behaves as a soluble protein with some characteristics of a 
membrane-associated protein (Michaelis et al., 1991). There is some evidence that Cbs2p 
maybe in contact with the small ribosomal subunit (Michaelis era/., 1991). The C-terminus 
of Cbs2p is important for its function (Tzchoppe et al., 1999). At the transcriptional level, 
the expression of both genes is lower in cells cultured under anaerobic growth, expression 
of CBS1 is subject to regulation by glucose (Rödel, 1997). 

AEP1 and AEP2: translational activators of ATP-synthase subunit 9 
Two nuclear genes are required for the expression of subunit 9 of the ATP-synthase 
subunit 9 (Atp9p). At the non-permissive temperature temperature-conditional mutants 
showed deficiencies in subunits of the ATP-synthase complex, primarily Atp9p (Payne et 
al., 1991; Ziaja er al., 1993). The mutants indicated that two nuclear genes, AEP1 and 
AEP2, are required for synthesis of Atp9p (Finnegan er al., 1991, Payne ef al., 1993,). 
Mutations in the AEP2 gene suggested that this factor is most likely to affect either 
translation or processing of the transcript (Ackerman etal., 1991). A mutation in the 5'-UTR 
of the ATP9 gene could suppress a temperature-sensitive mutation in the AEP2 gene, 
indicating that Aep2p may interact with the 5'-UTR of the ATP9 mRNA (Ellis et al., 1999). 

A model for translation initiation in yeast mitochondria 

The fact that there are distinct translational activators for the mitochondrially encoded 
mRNAs led to the speculation that translation of these mRNAs occurs at a discrete number 
of sites on the inner membrane. It has been suggested that there are only a very limited 
number of sites where translation of COX2 and COX3 mRNA can initiate, in this way, the 
expression of respiratory chain subunits might be modulated in response to the expression 
level of the translational activators (Fox, 1996). Michaelis et al. (1991) proposed a model 
for the organization of these translation initiation sites based on the available data for the 
COB translational activators Cbslp and Cbs2p. The membrane association and the affinity 
for the COB 5'-UTR of both activators and the ribosome interaction of Cbs2p, ensure that 
translation of the COB mRNA initiates at the inner membrane (Figure 1). Newly 
synthesized apocytochrome b can be co-translationally inserted into the membrane and 
aggregation of this hydrophobic protein is prevented. This model is directly applicable to 
the COX3 situation, the available data for Pet54p, Pet122p and Pet494p indicate the same 
level of organization for translation of this mRNA (Figure 1). Translation of the other 
mitochondrial mRNAs, encoding respiratory chain subunits, is very like to occur through 
the same mechanism. Varlp is the only mitochondrial gene product that is not inserted into 
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the membrane. Although this hydrophilic protein is also synthesized on membrane-
associated mitonbosomes (Marzuki and Hibbs, 1986), nothing is known about what if any 
specific activators are required. The ultimate destination of Var lp indicates that synthesis 
does not depend on the membrane insertion mechanism and that the 5'-UTR does not 
contain information to localize translation at the inner membrane. Recently studies with 
chimeric mRNAs with the VAR1 5'-UTR and the coding sequence of COX2 or COX3 
confirmed the hypothesis on membrane-associated translation of respiratory chain 
subunits (Sanchirico et al., 1998). Strains carrying these chimeric mRNAs synthesize 
Cox2p and Cox3p, but are deficient in cytochrome c oxidase activity and accumulation of 
Cox2p and Cox3p. The mislocalization of Cox2p and Cox3p leads to unassembled 
subunits which are degraded rapidly. This indicates that the 5'-UTRs of COX2 and COX3 
mRNA contain membrane targeting information and confirms the importance of membrane 
targeting during synthesis of respiratory chain subunits for the correct insertion in the inner 
membrane. 

mmmmwmiï 
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matrix 

3" 
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Figure 1: Model for the function of mitochondrial mRNA-specific translational activators The 
activator proteins are associated with the inner membrane, recognize sites in the 5'-UTR and interact 
functionally with the mitoribosomal small subunit. Through these interactions the insertion of 
translation products into the appropriate respiratory complexes might be facilitated (based on 
Michaelis et al., 1991 and Fox, 1996). 
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Translation of cytochrome c oxidase subunit 1 

The mitochondrially encoded subunit 1 of cytochrome c oxidase (COX1) is the largest 
subunit of the cytochrome complex and forms an integral part of the catalytic core of the 
enzyme (Capaldi, 1990). Synthesis of the subunit is strictly regulated at different levels. 
The COX1 gene in Saccharomyces cerevisiae is transcribed as a polycistronic precursor 
RNA containing cistrons COX1, AAP1, OLI2 and ENS2, encoding cytochrome c oxidase 
subunit 1, ATPase subunit 8, ATPase subunit 6 and an endonuclease, respectively. The 
COXf-containing transcripts are released from the AAP1-OLI2-ENS2 cistrons by 
processing between the COX1 and AAP1 cistrons. The COX1 coding region contains 
introns, which must be removed before translation. To synthesize mature COX1 mRNA 
numerous RNA-processing steps are involved (Dieckmann and Staples, 1994). 

A number of the factors involved in these processes have been identified and 
characterized. MSS116 encodes a putative RNA helicase required for splicing of group II 
introns of COX1 and COB (Séraphin era/., 1989). The homology of the MSS116 gene with 
translation factor elF-4A outside the helicase boxes suggests that Mss116p may have an 
additional function to its role in splicing. MRS1, MSS18 and PET54 are involved in excision 
of intron al5ß from the COX1 transcript (Herbert ef a/., 1992; Johnson and McEwen, 1997; 
Valencik et ai, 1989). NAM1 is involved in splicing of the COX1 mRNA (Asher era/., 1989; 
Groudinsky ef a/., 1993), and might be involved in directing mRNAs to the membrane 
(Wallis et al., 1994). The SUV3 gene is needed for stability and processing of COX1 and 
COB mRNA (Conrad-Webb et al., 1990; Golik ef a/., 1995), a null-mutant displays severe 
inhibition of mitochondrial translation (Dziembowski ef ai, 1998). Expression of PET127 in 
this null-mutant can suppress this effect (Wegierski ef ai, 1998). PET127 is a 
mitochondrial membrane-associated protein involved in stability and processing of 
mitochondrial mRNAs (Wiesenberger and Fox, 1997). This gene has also been identified 
as a suppressor of carboxy-terminal truncations of Pet122p (Hafter and Fox, 1992). MSS1 
encodes a mitochondrial GTPase which is involved in translation of COX1 mRNA 
(Decoster ef ai, 1993). The product of the MT01 gene also specifically affects COX1 
expression (Colby ef ai, 1998), Mtolp and Msslp form a heterodimeric complex which 
may play a general role in mitochondrial translation. In total more than 18 nuclear-encoded 
proteins control the expression of COX7 (reviewed by Pel, 1992a). 

PET309 and MSS51: translational activators of cytochrome c oxidase subunit 1 
Two of these 18 proteins are specifically needed for translation of COX1 mRNA, analogous 
to the situation for COX2, COX3, COB and ATP9. The PET309 gene encodes a protein 
that is required for two steps in the expression of COX1 (Manthey and McEwen, 1995). 
Pet309p is required for production or stability of precursor and mature transcripts from 
intron-bearing alleles of COX1 and, through interaction with the 5'-UTR of COX1 mRNA, 
Pet309p functions in initiation of translation. Mitochondrial revertants were found, 
containing a rearranged COX1 gene, such that most of the 5'-UTR of COX1 was replaced 
by the 5'-UTR of COB. Pet309p was localized as an integral membrane protein, spanning 
the inner membrane with part exposed to the intermembrane space and part exposed to 
the mitochondrial matrix (Manthey ef ai, 1998). The N. crassa Cya-5 protein shares a 
region of homology with Pet309p, CYA-5 is also specifically required for a post-
transcriptional step in Coxlp expression (Coffin ef ai, 1997). This region of homology 
contains several tandem copies of a PPR (pentatricopeptide) motif consisting of a pair of 
anti-parallel a-helices that form a superhelix that might be able to bind RNA (Small and 
Peeters, 2000). Loss of Coxlp in a pet309-null strain does not affect Cox4p and Cox6p 
accumulation, but both proteins are soluble since they are not assembled into cytochrome 
oxidase, and Cox2p and Cox5p are unstable, because assembly of cytochrome oxidase is 
prevented (Glerum and Tzagoloff, 1997). 
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The MSS51 gene was isolated by complementation of a nuclear pet mutant without 
cytochrome oxidase activity in an intron-containing strain (Faye and Simon, 1983). The 
Mss51 protein turned out to be necessary for the correct maturation of the mitochondrial 
pre-mRNA of COX1. Originally, Mss51p was thought to be a component of the 
mitochondrial splicing system, specifically involved in splicing of introns of COX1 pre-
mRNA (Simon and Faye, 1984). Studies on strains without mitochondrial introns showed 
that Mss51p is in fact necessary for the translation of the COX1 transcript (Séraphin et al., 
1987). The apparent splicing defect in the absence of a functional Mss51 protein, is in this 
case thus merely a secondary due to the fact that the maturases of COX1 are not 
translated (Decoster et al., 1990). As described for other translational activators, 
suppressors of some nuclear pet mutations are associated with rearrangements of 
mitochondrial DNA. However, revertants of this type are not found for mss51 mutations. 
This may indicate that the Mss51 protein interacts very near the AUG start codon, so that 
non-homologous recombination cannot readily occur (Decoster ef ai, 1990). Mss51p might 
also interact with the 3'-UTR or elements within the coding region. In a strain resistant to 
paromomycin, the translation defect of COX1 mRNA by the mss51-3 mutant is enhanced 
(Decoster et al., 1990). Paromomycin is an antibiotic that interferes with the decoding 
process at the ribosomal A site. The paromomycin-resistant mutation, a C to G 
transposition, occurs at a position corresponding to the first base pair of the imperfect helix 
in the secondary structure model of the 15S rRNA (Li et al., 1982). This indicates that the 
translation machinery may interfere, directly or indirectly, with the action of Mss51p 
(Decoster ef a/., 1990). 

Aim of this thesis 

To further elucidate the process of translation initiation in yeast mitochondria, two proteins 
involved in different aspects of this process were chosen as the subject of study. Chapter II 
of this thesis describes the characterization of the RNA-binding properties of Idh and 
discusses the implications for the possible function of the RNA-binding activity in regulating 
mitochondrial gene expression. To look at activation of mitochondrial translation, MSS51 
was chosen as subject of study. To characterize the MSS51 gene product, different 
biochemical approaches were applied. The localization and the possible function of 
Mss51p are discussed in chapter III. Using epitope-tagging it is shown that Mss51p is 
associated with the mitochondrial inner membrane and in in vitro translation experiments it 
is shown that Mss51p functions in an early step of Coxlp synthesis. This chapter also 
describes the characterization of the mutant allele mss51-3. Another factor that is involved 
in synthesis of Coxlp is Pet309p, in chapter IV it is shown that Mss51p and Pet309p have 
distinct roles in synthesis of Coxlp. Chapter V describes the attempts to show a possible 
interaction of Mss51p with the mitoribosome and a functional analysis of MSS51 using a 
mutagenesis approach. In Chapter VI, a hypothetical model for the function of Mss51p is 
presented, based on the experimental data discussed in Chapters lll-V. 
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Summary 

The Krebs cycle enzyme (NAD+)-dependent isocitrate dehydrogenase (Idh) in the yeast 

Saccharomyces cerevisiae binds to the 5'-untranslated region (UTR) of all mitochondrial 

mRNAs (Elzinga ef ai, 1993). Recently we obtained evidence that RNA-binding by Idh 

inhibits translation of mitochondrial mRNAs (De Jong et al., 2000). For further 

understanding of the physiological significance of RNA-binding, detailed information about 

the nature of this interaction is needed. Here, we report that Idh binds the COX2 mRNA 

leader with high affinity (Kd = 3 nM), and that isocitrate, NAD and AMP do not affect RNA-

binding. In addition, we searched for a mutant of Idh that is unable to bind RNA but still 

contains normal enzyme activity, in relation to Krebs cycle function. Since no obvious 

RNA-binding regions are present in either Idhlp or Idh2p, we analyzed the RNA-binding 

capacity of Idh in other yeast species. We utilized the observation that Idh isolated from 

Kluyveromyces lactis has a strongly reduced affinity for mitochondrial mRNA leaders 

(Elzinga et al., 2000). Expression of K. lactis IDH genes in S. cerevisiae idh-null strains 

resulted in the formation of heterologous Idh complexes displaying reduced RNA-binding 

activity, confirming that both Idhlp and Idh2p from S. cerevisiae are involved in RNA-

binding. Mutational analysis of Idhlp from S. cerevisiae, based on alignment with the 

deduced amino acid sequence from K. lactis, resulted in Idh mutants exhibiting strongly 

reduced RNA binding activity while enzymic activity appeared unaltered. 

Introduction 

In search of an RNA-binding factor involved in regulation of mitochondrial translation in S. 

cerevisiae, we demonstrated that the Krebs cycle enzyme (NAD+)-dependent isocitrate 

dehydrogenase (Idh) binds specifically to the 5'-untranslated region (UTR) of all 

mitochondrial mRNAs (Dekker ef a/., 1992; Elzinga et al., 1993). Idh consists of a 

heterodimer formed between related subunits encoded by the nuclear IDH1 and IDH2 

genes. Neither subunit contains recognizable RNA-binding motifs, yet both are required for 

RNA-binding activity (Elzinga et al., 1993). 

Pulse-chase protein labelling studies in isolated mitochondria from an Idh disruption 

mutant reveal a strong (2-3 fold) increase in the synthesis of mitochondrial translation 

products, as compared to wild-type. Strikingly, the newly synthesised proteins are more 

short-lived than in mitochondria from wild-type cells, their degradation occurring with a 2-3 

fold reduced half-life (de Jong et ai, 2000). Enhanced degradation of translation products 
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is also a feature of yeast mutants in which tethering/docking of mitochondrial mRNAs is 

disturbed (Sanchirico et al., 1998). We have therefore suggested that binding of Idh to 

mitochondrial mRNAs may suppress inappropriate translation of mitochondrial mRNAs (de 

Jong et al., 2000). In addition, we and others recently observed that in vitro Idh enzymic 

activity is strongly inhibited by mitochondrial mRNA (Anderson et al., 2000; Elzinga et al., 

2000). This inhibitory effect could be counteracted by the addition of the allosteric effector 

AMP (Anderson etal., 2000). Taken together, these data strongly suggest a regulatory link 

between the need for Krebs cycle function and mitochondrial gene expression. 

To study the exact role of RNA-binding by Idh, it is imperative to obtain Idh mutants that 

are disturbed in RNA binding whilst enzymic activity remains unaltered. Since no obvious 

RNA-binding region could be identified in the sequence of either Idhlp or Idh2p, we have 

recently cloned the IDH genes of the closely related yeast Kluyveromyces lactis to identify 

residues involved in RNA-binding. Idh from K. lactis was shown to have a very low affinity 

for COX2 mRNAs of S. cerevisiae and also for the COX2 mRNA from K. lactis itself 

(Elzinga et al., 2000). Sequencing and subsequent alignment of the deduced amino acid 

sequences of the genes encoding Idh from S. cerevisiae and those from K. lactis revealed 

a very high overall sequence identity (79.9% and 86.2 % for Idhlp and Idh2p, 

respectively). Moreover, residues involved in substrate and co-factor binding as well as 

regions surrounding these amino acids were conserved in both genes. Analysis of the 

RNA-binding capacity of heterologous complexes consisting of one subunit of S. cerevisiae 

Idh and the other subunit of K. lactis Idh, indicated that both Idhlp and Idh2p are involved 

in RNA-binding. Alignment of the S. cerevisiae and K. lactis IDH genes and close 

examination of a deduced 3D-model for S. cerevisiae Idhlp, identified candidate residues 

capable of influencing RNA-binding. Mutation of two of these residues indeed resulted in a 

drastically decreased affinity for mRNA leaders. 

Material & Methods 

Strains. 

As wild-type S. cerevisiae strain W303 was used (Rothstein, 1983), the wild-type K. lactis 

strain was CBS2359 (source: CBS, The Netherlands). A strain disrupted for both IDH 

genes (idh-null) was kindly made available to us by Dr. Lee McAlister-Henn (Cupp and 

McAlister-Henn, 1992). All strains are summarized in Table I. 
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Extract preparation. 

All strains were grown on lactate medium. Wild-type, heterologous and mutant Idh 

complexes were purified by salt elution from Heparin-Sepharose, followed by DEAE-

cellulose column chromatography as described previously (Papadopoulou ef a/., 1990). 

Mitochondrial lysate fractions of the disruptant strain were obtained by salt elution from 

Heparin-Sepharose as described for the purification of Idh (Papadopoulou era/., 1990). 

In vitro transcription and band-shift assays. 

Labeled RNA was produced by run-off transcription from pCOX2A9*Rsa7, encompassing 

the mitochondrial COX2 leader in the presence of [32P]-UTP. This yielded transcripts 

containing the entire COX2 5'-leader from -65 until +50 with respect to the AUG codon 

(Dekker er al., 1992). Band-shift assays were performed as described previously 

(Papadopoulou et al., 1990). Binding reactions were incubated with Heparin-Sepharose 

elution fractions, isocitrate, NAD, AMP or heparin for 15 min. at 30°C at the indicated 

concentrations, prior to electrophoresis. 

Enzyme assay. 

NAD+-ldh activity was measured in 1 ml 100 mM Tris-acetate (pH 7.2), 1 mM MnCI2, 0.5 

mM AMP, 0.5 mM NAD+ and 1 mM DL-isocitrate (Robinson et al., 1987). Assays were 

performed at room temperature and were initiated by the addition of isocitrate. Prior to 

addition of the substrate, purified Idh was incubated with RNA for 15 min. at 30°C, as in 

the band-shift assays. Formation of NADH was measured spectrophotometrically at 340 

nm. 

Binding affinity measurement. 

The binding affinity of Idh for COX2 RNA was estimated by mobility-shift assays in which 

binding of a fixed amount of protein was assayed in the presence of increasing amounts of 

labeled COX2 RNA. To calculate the dissociation constant (K<j), free and bound RNA were 

quantitated by Phosphorlmager analysis and the amount of bound RNA was plotted 

against the ratio bound RNA:free RNA (Scatchard analysis). 

Constructs. 

The IDH genes from S. cerevisiae and K. lactis were cloned in the multicopy vector 

YEp352, under control of their own promoter. The construct bearing both IDH1 and IDH2 

from S. cerevisiae (YEp352::Sc/DH7//DH2) was generously provided by Dr. Lee McAlister-

26 



Herrn. The construct expressing only S. cerevisiae IDH1 was derived from 

YEp352::SclDH1/IDH2, by subcloning an IDH1 containing Xbal fragment into an empty 

YEp352 vector. Religation of the Xba/-digested YEp352::SclDH1/IDH2 construct resulted 

in a construct expressing only S. cerevisiae IDH2 (YEp352::/D/-/2). The genes and flanking 

sequences of both K. lactis Idh subunits were also cloned into YEp352, as described 

earlier (Elzingaef a/., 2000). 

Mutagenesis of S. cerevisiae IDH1. 

To mutate S. cerevisiae Idhlp, site-directed mutagenesis was performed based on the 

"megaprimer" method (Sarkar and Sommer, 1990). Three oligonucleotide primers and two 

rounds of PCR were used with the S. cerevisiae IDH1 gene as template. The first round of 

PCR was performed using primer I (5'-GGTCACGGTTCACTAAACGTT-3') and a 

degenerate oligonucleotide with three weak sites (5'-

CTTCTGTTGTWTTTCWWGGCGAAGTC-3'. W is A or T) , the underlined codons contain 

degenerate sites which result in the mutagenesis of residues Lys-182 and Tyr-184. This 

resulted in the generation of eight different PCR fragments. These fragments were used as 

a new primer in a second round of PCR along with another flanking primer II (5'-

CCACGTTAATGTTGAAC-3'). A Kpnl-EcoRI fragment of the final PCR-product was 

cloned into pBluescript. Sequence analysis identified two mutants: single mutant K182L 

and double mutant K182L/Y184N. The Kpnl-EcoRI fragment from YEp352::Sc/DH7 was 

replaced by the Kpnl-EcoRI mutant fragments, resulting in single mutant 

YEp352::Sc/d/7 7K,82L or double mutant YEp352:.Scidh1 K182UY184N, An Xbal fragment 

containing S. cerevisiae IDH2 was subcloned into YEp352::Sc/a7?7K,82L, resulting in 

YEp352::Sc/cf/j 1K182L/IDH2). 

Miscellaneous. 

All DNA manipulations were done according to standard techniques as described by 

Sambrook (Sambrook et al., 1989). Yeast was transformed with plasmid DNA by the one-

step method as described by Chen (Chen et al., 1992). Sequencing was performed 

according to the dideoxy-method of Sanger (Sanger et al., 1977). Protein samples were 

separated by SDS-PAGE according to the method of Laemmli (Laemmli etal. 1970). 

27 



Table I: Strains used in this study 

Strain::plasmid 
W303 (wild-type) 
AidM 
Aidh1::YEp352 
Aidhl ::SclDH1 
AidhV.:KIIDH1 
Aidhl:: Scia'h 1 LKY 

Aidhl ::Scidh 1 LKN 

Aidh2 
Aidh2::YEp352 
Aidh2::Sc/D«2 
Aidh2: :KIIDH2 
Aidh1Aidh2 
AidhlAidh2::YEp352 
AidMA\dh2::SclDH1/IDH2 
AidhlAidh2::K//DH 1/IDH2 

Genotype 

ade2-1; his3-11,15;leu2-3,112; ura3-1;trp1-1; can1-100 
ade2-1; his3-11,15; ura3-1; trp1-1; can1-100 

ade2-1;his3-11,15;trp1-1;can1-100 
ade2-1;his3-11,15;trp1-1;can1-100 
ade2-1;his3-11,15;trp1-1;can1-100 

ade2-1;his3-11,15;trp1-1;can1-100 
ade2-1; his3-11,15; t r p M ; can1-100 
ade2-1; Ieu2-3,112; ura3-1; trp1-1; can1-100 
ade2-1; Ieu2-3,112; t r p M ; can1-100 
ade2-1; Ieu2-3,112; trp1-1; can1-100 
ade2-1; Ieu2-3,112; trp1-1; can1-100 
ade2-1; ura3-1; trp1-1; can1-100 
ade2-1;trp1-1;can1-100 
ade2-1; trp1-1; can1-100 
ade2-1; trp1-1,can1-100 

Reference 
Rothstein, 1983 
Elzingaetal., 1993 
this study 
this study 
this study 
this study 

this study 
Elzinga et al., 1993 
this study 
this study 
this study 
this study 
this study 
this study 
this study  

Results 

Idh binds COX2 RNA with high affinity. 

We have previously established that Idh binds specifically to all mitochondrial mRNA 

leaders (Dekker et al., 1992; Elzinga et al., 1993). To further investigate the characteristics 

of this RNA-binding we set out to measure the dissociation constant (Kd) of Idh for the 

COX2 mRNA leader by titration of a fixed amount of enzyme with increasing amounts of 

RNA. As is shown in Fig. 1A, up to 30 minutes incubation time of the binding reactions 

leads to increased complex formation; longer incubation times did not increase the amount 

of complex. Since 30 minutes were sufficient to obtain maximum complex formation this 

incubation time was used in further experiments. Subsequently we incubated increasing 

amounts of RNA with 20 ng Idh (Fig. 1B). Quantitation of free and bound radioactivity and 

analysis of the resulting Scatchard plots showed that Idh binds COX2 RNA with a Kd = 3 

nM (the average from three separate experiments). This value is in the same range as 

measured for the MS2 coat protein-RNA interaction (LeCuyer et al., 1996), which is 

generally regarded as an extremely stable interaction. 

Regulation of the RNA-binding activity of Idh 

It has been shown for other RNA-binding proteins that the RNA-binding activity can be 

inhibited by co-factors or allosteric ligands (Chu et al., 1993; Nagy and Rigby, 1995; Clerch 

et al., 1996; Bringaud et al., 1997). We therefore investigated whether isocitrate NAD+ or 

AMP influence the RNA-binding of Idh (Figure 2). These compounds were added to the 
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binding reactions in high molar excess (final concentrations indicated in Fig. 2; the Idh and 

RNA concentrations in these experiments are in the nM range). The effect on RNA-binding 

was assayed by mobility-shift analysis. As is shown in Figure 2, none of the added 

compounds inhibts RNA-binding. Isocitrate does not affect complex formation even up to a 

concentration of 150 mM (Fig. 2, panel A). NAD+ and AMP did not affect RNA-binding up 

to a concentration of 15 mM (Fig. 2, panel A). An effect on complex formation can be 

observed when still higher concentrations of NAD+ and AMP are used (Fig. 2). This effect 

may well be artefactual, since these concentrations affect the mobility of free RNA as well. 

Since addition of up to 15 mM (which is 5.106-fold the Kd) does not affect RNA-binding we 

conclude that the RNA-binding of Idh is not regulated by either isocitrate or NAD+ and 
AMP. 

Figure 1 
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Figure 1: Measurement of the RNA-binding affinity of Idh. 

A: 2 fmo, of COX2 RNA was incubated with 100 ng of purified S. cerevisise Idh The binding 

reasons were carried out at 30°C as indicated (lanes 2-8). Band-shift assay was performed as 

described in Material & Methods. As a control the RNA was incubated without idh (lane 1) B 

Increasing amounts of COX2 RNA were incubated for 30 min. at 30 C with 20 ng of Idh For 

Scatchard analysis, the amounts of free and bound RNA were determined by Phosphorlmager 

analysis of the dried band-shift gel. 
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Figure 2 
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Figure 2: Characterization of RNA-binding. 

A: COX2 RNA was incubated without (lane 1) and with 100 ng of purified Idh (lanes 2-14). For lanes 

3-14 isocitrate, NAD+ or AMP were added to the binding reactions in the final concentrations shown 

in the figure (in mM). B: Heparin was added to the binding reactions in the final concentrations 

shown in the figure (in nM). Lanes 1 and 2 contained the same controls as in panel A. 

The oligosaccharide heparin was found to inhibit RNA-binding. Mobility-shift assays 

showed that addition of 60 nM of heparin starts to inhibit RNA-binding of Idh; at a 

concentration of 600 nM heparin, complex formation is virtually absent (Fig. 2B). This 

concentration of heparin is only 20 to 200-fold higher than the Kd value of Idh for COX2 

RNA, suggesting that competition of RNA-binding by heparin might involve part of the 

same binding site. Heparin sensitivity might be an indication that positively charged 

domains of Idh interact with the negatively charged heparin (see Discussion). 

Both Idh subunits contribute to RNA-binding 

Computer analysis of the amino acid sequence of Idhlp and Idh2p failed to reveal any 

obvious similarities with characterized RNA-binding regions identified in other RNA-binding 

proteins. We therefore searched for a naturally occurring variant of Idh that does not bind 

RNA. We found that Idh from the closely related yeast Kluyveromyces lactis displays 

hardly any detectable RNA-binding activity (Elzinga et al., 2000). 
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We have previously shown that RNA-binding of Idh is dependent on the simultaneous 

presence of both Idh subunits (Elzinga et al., 1993). We do not know whether this 

dependence is due to a direct contribution to binding, or a mere need for heteromer 

formation (the holoenzyme is an octamer containing 4 copies of Idh1 and Idh2 each). To 

investigate this, we first expressed the K. lactis IDH genes in a S. cerevisiae strain lacking 

both IDH genes. Expression of both K. lactis genes was shown to occur by growing the 

transformants on medium containing acetate as a carbon source (Figure 3), since strains 

disrupted for one or both of the IDH genes are unable to grow on this carbon source (a 

phenotype that is shared by other Krebs cycle mutants; Cupp and McAlister-Henn, 1992). 

No growth on acetate is observed when an empty control plasmid was introduced into the 

idh-null strain (Fig. 3). This suggests that the K. lactis IDH genes are not only expressed in 

S. cerevisiae but also that the products are imported into the mitochondria and that the Idh 

complex is sufficiently enzymically active to support growth under these conditions. 

wo Acetate 

Figure 3: Complementation of the Ac" phenotype. Growth analysis of an idh-null strain 

transformed with YEp352, YEp352:.SclDH1SclDH2, and YEp352::KIIDH1KIIDH2. S. cerevisiae 

strain W303 was used as positive control. First transformed cells were plated on minimal medium 

supplemented with amino acids, to select for the presence of the plasmid (left panel). Cells 

containing the desired plasmid were grown on medium containing acetate as non-fermentable 

carbon source (right panel). 
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Subsequently we created strains harboring heterologous Idh complexes. K. lactis IDH1 

was expressed in a S. cerevisiae idh1-null strain and K. lactis IDH2 in a S. cerevisiae idh2-

null strain. These heterologous Idh complexes were purified by Heparin-Sepharose and 

DEAE-cellulose column chromatography and tested for enzymic- and RNA-binding ability. 

During isolation the enzyme activity was determined (Table II). Both heterologous 

complexes displayed enzyme activity in S. cerevisiae, confirming the complementation of 

the Ac" phenotype (Fig. 3). This means that both K. lactis subunits are sufficiently 

expressed in S. cerevisiae and are able to form heterologous Idh complexes with their S. 

cerevisiae counterparts. The specific activity of both heterologous complexes is 

substantially lower then the specific activity of the wild-type S. cerevisiae Idh and also of 

the K. lactis Idh complex expressed in S. cerevisiae (Table II). This indicates that although 

the heterologous complexes are formed, these are less enzymically active, maybe due to 

less efficient subunit interaction. 

Table II: Specific NAD+-ldh enzyme activity (Units/mg) (U) and yield of activjty_(%)i 

Fraction from Sc idh1-null::K\IDH1 
Act (U) / yield (%) 

Sc/d/72-nu//:: Kl IDH2 
Act (U) / yield (%) 

Sc idh1/idh2-nul\::K\ IDH1/IDH2 
Act (U) / yield (%)  

Mitochondrial lysate 
Heparine-Sepharose 

DEAE-Cellulose 

2.3/100 
4 .5 /59 
7.9 / 26 

0.7/ 100 
2.1 /69 
3.4/21 

6.5/100 
11.8/57 
32 .9 /23 

Isolated Idh complexes were analyzed by SDS-PAGE and visualized by silver staining 

(Fig. 4A). Western blots of these SDS-PAGE gels, were incubated with a polyclonal 

antibody against Idh from S. cerevisiae. This antibody also recognized the K. lactis 

subunits expressed in S. cerevisiae (Fig. 4B; lane 2). Klldhlp and Scldh2p are almost 

indistinguishable on Western blot (Fig. 4B, lane 3), which correlates well with their 

calculated mass (39 kDa). Scldhlp and Klldh2p can be separated into two bands of about 

40 kDa, also in agreement with the calculated mass of the respective proteins (Fig. 4B, 

lane 4; Elzinga et al., 2000). The Idh subunits isolated from a wild-type K. lactis strain (Fig. 

4B, lane 5) are indistinguishable from the K. lactis Idh subunits expressed in (and purified 

from) S. cerevisiae (Fig. 4B, lane 2). 
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Figure 4: Purification of homologous and heterologous Idh complexes. 

A: Silver-stained SDS-PAGE of purified (DEAE cellulose chromatography ) Idh complexes. 150 ng 

fraction wild type Idh from S. cerevisiae and K. lactis was loaded in lanes 1 and 5, respectively. 250 

ng was loaded of the purified heterologous complexes Kl Idh1/Kl Idh2 (lane 2), Kl Idh1/Sc Idh2 (lane 

3) and Sc Idh1/Kl Idh2 (lane 4). B: Western blot of panel A. The Idh subunits were detected with a 

polyclonal antibody raised against S. cerevisiae Idh. 

Idhl 
Idh2 

Complex 

Free RNA 

Figure 5: RNA-binding of heterologous Idh complexes. Mobility-shift assay using labeled COX2 

leader RNA from S. cerevisiae. RNA was incubated with DEAE-fractions containing S. cerevisiae Idh 

(lane 2), DEAE-elution fractions from a idh-null strain (lane 3), Idh consisting of Kl Idh1/Sc Idh2 (lane 

4) or Sc Idh1/ Kl Idh2 (lane 5) and K.lactis Idh (lane 6). As a control the RNA was incubated without 

Idh (lane 1). 
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Subsequently, we analyzed the heterologous complexes in mobility-shift assays to obtain 

information about the contribution of either or both Idh subunits in RNA-binding. As target 

RNA we used radioactively labelled S. cerevisiae COX2 leader RNA. Partially purified 

DEAE-fractions were used in each reaction (Fig. 5). The homologous K. lactis Idh 

expressed in S. cerevisiae shows strongly reduced RNA-binding compared to S. cerevisiae 

Idh (Fig. 5, compare lanes 2 and 6). This was expected since we have shown previously 

that Idh isolated from K. lactis showed very low RNA-binding activity (Elzinga era/., 2000). 

Both heterologous complexes, however, could bind COX2 RNA (Fig. 5, lanes 4 and 5), but 

showed decreased affinity for the target RNA as compared to wild type Idh from S. 

cerevisiae (Fig. 5, lane 2). These data either suggest that both subunits equally contribute 

to RNA-binding, or that an 'active' conformation (heterodimer or octamer, as for the Idh 

enzymic activity) is necessary for RNA-binding. 

Generating a mutant Idh by site-directed mutagenesis 

Amino acid sequence comparison of S. cerevisiae and K. lactis Idh1 and Idh2 highlighted 

several conserved regions (Elzinga ef a/., 2000). These regions were superimposed on a 

predicted 3D structure of Idh from S. cerevisiae, obtained from SWISS-MODEL (Peitsch er 

al., 1995). This program was used to model S. cerevisiae Idh in analogy with the crystal 

structures of a number of related proteins, including NADP+-ldh from E. coli (Thorsness 

and Koshland, 1987), which has 43% similarity and 32% identity with Idhlp. We observed 

a putatively interesting region that forms a wide cleft, that divides Idhlp in a large and a 

small domain (Fig. 6). This cleft appears wider in the S. cerevisiae Idh1 subunit than in the 

K. lactis Idh1 subunit. A second observation was that three aromatic residues (Phe-176, 

Phe-180 and Tyr-184) protrude into the cleft of S. cerevisiae Idhlp (Fig. 7). This region is 

markedly different in the K. lactis sequence: Tyr-184 is replaced by an Asparagine and 

Lys-182 is replaced by a Leucine residue. Remarkably, these differences are the only 

changes within a large conserved stretch of amino acids. We therefore chose to change 

the Lys-182 and the Tyr-184 ("KKY") of S. cerevisiae into Leu and Asn ("LKN") 

respectively, according to the K. lactis Idhlp sequence using the "megaprimer" mutational 

PCR method (Sarkarand Sommer, 1990) (Fig. 7). 
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Figure 6: Putative 3D model of S. cerevisiae Idh1. Ribbon diagram of S. cerevisiae Idhlp was 
drawn with MOLSCRIPT, based on Idh sequence alignments and crystallographic data obtained for 
E. coliNADP-Idh (Peitsch era/., 1995). 
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Figure 7: Comparison of S. cerevisiae and K. lactis Idhlp. Alignment of residues 170 to 190 (co
ordinates taken from S. cerevisiae Idh1) of Idhlp and Idh2p from S. cerevisiae with Idhlp and Idh2p 
from K. lactis. Identical residues are indicated with an asterisk, similar residues with a vertical line. 
Underlined residues protrude into the cleft; shadowed residues have been mutated to Leucine (Lys-
182) or Asparagine (Tyr-184) as indicated. 
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Two mutated Idh1 subunits were obtained (the single mutant ldh1LKY and the double 
• LKN mutant Idh1 m"; see Methods) and these were expressed in a S. cerevisiae idh1-null 

mutant. Both mutants were able to complement the Ac" phenotype of the idh1-null strain, 
denoting that both mutated Idh1 subunits were able to interact with wild-type Idh2p to form 
an enzymically active Idh complex. Following isolation of the Idh complexes, the mutated 
Idh complexes showed normal enzyme activity under standard conditions, indicating that 
the mutations did not interfere with the active site of the enzyme or with substrate or co-
factor binding (data not shown). RNA-binding of partially purified Idh complexes, containing 
either the single or the double mutated Idhlp, was determined in mobility-shift assays. The 
Idh mutants form complexes with COX2 RNA that differ in mobility, indicating that the 
RNA-binding affinity of Idh has changed (Fig.8, lanes 4 and 5). Quantitation of the amount 
of bound RNA by Phosphorlmager analysis, showed that the mutated Idh complexes had 
80% lower affinity for RNA than wild type Idh. 

Complex 

Free RNA 

Figure 8: RNA-binding of wild-type and mutated Idh complexes. Mobility-shift assay using 

labelled COX2 leader RNA and Idh from S. cerevisiae. RNA was incubated with DEAE-fractions 

containing wild-type S. cerevisiae Idh (lane 2; 100 ng), wild-type commercially available Idh (lane 3; 

50 ng), single mutant ldhLKN (lane 4; 250 ng) and double mutant ldhLKN (lane 5; 250 ng). As a control 

the RNA was incubated without Idh (lane 1). 
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Discussion 

NAD+-dependent isocitrate dehydrogenase (Idh) is an allosterically regulated enzyme of 

the Krebs cycle. This enzyme also specifically binds yeast mitochondrial mRNA leaders 

(Elzinga et ai, 1993), and negatively influences translation of these mitochondrial mRNAs 

(De Jong et al., 2000). In this paper, we show that NAD+-ldh binds COX2 RNA with a Kd 

value of 3 nM. Based on earlier work, we know that Idh binds the other mitochondrial 

mRNAs with comparable affinity (Dekker et al., 1992). This Kd value compares well to 

other known protein-RNA interactions for which a biological function has been shown (like 

for instance the extremely stable MS2 coat protein-RNA interaction; LeCuyer et al., 1996). 

This, together with the abundance of Idh relative to mitochondrial mRNA molecules (see 

also Dekker et al., 1992; Anderson er al., 2000), strongly suggests that RNA-binding of Idh 

is likely to occur in vivo and is biologically functional. 

In the TCA-cycle Idh catalyzes the oxidative decarboxylation of isocitrate with NAD+ as 

cofactor and AMP as allosteric effector. The fact that these compounds did not affect RNA-

binding when added in concentrations 5.106-fold the Kd value indicates that the RNA-

binding site is different from the catalytic site and apparently insensitive to the allosteric 

changes these molecules (might) induce. 

Several other enzymes also bind RNA. These include aconitase (Rouait et al., 1988;1990), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Singh and Green, 1993), 

thymidylate synthase (TS; Chu ef al., 1993), enoyl-CoA hydratase (Nakagawa et al., 1995), 

MnSOD (Fester and Schuster, 1995), catalase (Clerch et al., 1996) and glutamate 

dehydrogenase (GDH; Preiss ef ai, 1997; Bringaud ef ai, 1997). None of these proteins 

contain recognizable RNA-recognition motifs (like for instance the RNP1/2 motifs or RGG-

box; Mattaj, 1993). All these enzymes, including Idh, do however contain a dinucleotide 

binding domain (Rossman fold, Rossmann et ai, 1975). RNA-binding of some of these 

enzymes (GAPDH, GDH, catalase, TS) could be competed by NAD(H), NADP(H) or ATP, 

suggesting that the Rossmann-fold might serve as an RNA-binding domain, and indicating 

that the enzymic function and RNA-binding are mutually exclusive (Chu et ai, 1993; Nagy 

and Rigby, 1995; Clerch ef ai, 1996; Bringaud ef ai, 1997). These observations led to the 

hypothesis that the RNA-binding domain present in these enzymes evolved from a 

dinucleotide binding site, or vice versa (Hentze, 1994). 

Our data clearly indicate that the Rossmann-fold of Idh is not involved in RNA interaction, 

since even high concentrations of NAD+ did not affect the capacity of Idh to bind RNA. This 
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implies that in addition to the two types of RNA-binding proteins thus far described (RNA 

recognition motifs or Rossmann-fold), there is a third class of RNA-binding proteins with 

Idh being the first member of this group. 

In mobility-shift assays, heparin is often used to eliminate nonspecific RNA-protein 

interactions. In this light the observed sensitivity of Idh RNA-binding to heparin is 

unexpected but not unprecedented (Ladomery and Sommerville, 1994; Freire and Pages, 

1995). In these studies heparin sensitivity was explained as an indication for the 

involvement of electrostatic interactions and of positively charged domains (arginine 

clusters). Idh band-shift assays are routinely performed in the presence of 50-100 mM 

NaCI; high salt concentrations (250-500 mM) only slightly decrease complex formation 

(data not shown). This may indicate that the Idh-RNA interaction is not exclusively an 

electrostatic interaction. 

In previous studies we tried to determine the function of the RNA-binding activity of Idh 

using strains disrupted for either one or both of the Idh subunits (Elzinga ef a/., 2000). 

However, disruption of these genes causes loss of Krebs cycle activity, with complex 

effects on mitochondrial energy balance and on translation. Therefore, to investigate the 

role of Idh in translational regulation, we searched for a mutant that was impaired in RNA-

binding but that still contains enzyme activity. A natural RNA-binding mutant of Idh was 

discovered in Kluyveromyces lactis. NAD+-dependent Idh isolated from this strain had very 

low affinity for either its own COX2 m RNA leader or for the m RNA leaders from S. 

cerevisiae (Elzinga et al., 2000). Apparently, K. lactis Idh lacks an RNA-binding region. 

The K. lactis IDH genes were expressed in a S. cerevisiae strain disrupted for both IDH 

genes. Complementation of the Ac" phenotype of the S. cerevisiae disruptant strain and 

presence of NAD+-dependent Idh activity in the mitochondrial fractions, indicated that the 

K. lactis IDH genes are expressed and imported at a level sufficient to satisfy growth 

requirements. Expression of heterologous Idh complexes (KIIDH1/SclDH2 and 

SclDH1/KIIDH2) also showed complementation of the Ac" phenotype. Protein purification 

and SDS-PAGE/Western analysis indeed showed that the heterologous subunits are 

expressed and mitochondrially localized (Fig. 4). However, the specific activity of these 

heterologous Idh complexes was substantially lower compared to homologous Idh 

complexes (both from S. cerevisiae and from K. lactis). This indicates that subunit 

interaction and communication, necessary for normal enzyme activity, is far from optimal. 

In mobility-shift assays, both heterologous complexes showed decreased affinity for RNA 
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as compared to wild type Idh from S. cerevisiae. From these data we were unable to 

assign a more dominant role for either Idh subunit in RNA binding. 

The deduced amino acid sequences of both Idh1 subunits share 78.5% identical residues. 

Alignment of S. cerevisiae Idhlp and K. lactis Idhlp identified a region potentially involved 

in RNA-binding (amino acids 170 to 190), containing some non-conserved residues. From 

a 3D-structure based on E. coli NADP+-ldh (Thorsness and Koshland, 1987), we identified 

a cleft region, dividing the subunit in a large and a small domain. Three aromatic residues 

of the potential RNA-binding region were notably sticking in the cleft: two Phenylalanine 

residues (at 176 and 180) and a Tyrosine (at 184). The Phenylalanine residues are 

conserved in K. lactis Idhlp, but the Tyrosine is not conserved. Except for Tyr-184 and 

Lys-182, this region is highly conserved between S. cerevisiae Idhlp and K. lactis Idhlp. 

Lys-182 of S. cerevisiae Idhlp is also different from the residue at the same position in S. 

cerevisiae and K. lactis Idh2p. To test the involvement in RNA-binding of this region, we 

decided to mutate residues 182 and 184 from Lysine and Tyrosine to Leucine and 

Asparagine, respectively. We obtained a mutant containing the K182L mutation and a 

mutant containing both the K182L and the Y184N mutation. Both mutated Idh1 subunits 

were able to restore the Ac" phenotype and the enzyme activity of a S. cerevisiae idh1-null 

strain (both in yield as in specific activity), indicating that the mutation did not have an 

obvious effect on enzyme activity of Idh. However, mobility-shift assays clearly showed 

that both mutations had a drastic effect on RNA-binding, resulting in a reduction of RNA 

binding with 80% (Fig. 9). The observed lower affinity for RNA shows that residues in the 

cleft region are important for RNA-binding. The question arises whether these amino acids 

are directly involved in RNA-binding. The IDH1 homologue of Schizosaccharomyces 

pombe might provide a clue to the answer to this question. We have reported before that 

Idh from S. pombe is able to bind RNA with an affinity comparable to S. cerevisiae Idh 

(Elzinga ef a/., 2000). Recently, as a result of the S. pombe sequencing project, a 

sequence with 57.6% identity with S. cerevisiae Idhlp was found in the S. pombe 

database. This sequence is assumed to encode the Idh1 subunit of S. pombe NAD+-ldh. 

However, the amino acids in the potential RNA-binding region are conserved between K. 

lactis and S. pombe. Idhlp of S. pombe contains a Leucine residue at position 182 and a 

Asparagine residue at position 184, like K. lactis Idhlp. When this observation is taken into 

account, it is unlikely that the mutated Lysine and Tyrosine residues are directly involved in 

RNA-binding and suggest that other determinants (like the width of the cleft) are likely to 

play a role. 
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We hypothesized that the combination of dehydrogenase and RNA-binding activities in a 

single protein may form a regulatory link between the need for mitochondrial function and 

rate of biogenesis. Recently we reported that pulse-labeling experiments show increased 

translation of mitochondrial translation products in an idh-null strain, indicating that RNA-

binding of Idh effects the level of synthesis of respiratory chain subunits in vivo (De Jong ef 

a/., 2000). The data we present here add to the biological role of Idh in S. cerevisiae. 

Having created a mutant of Idh which is disturbed in RNA binding but wild-type in enzymic 

activity provides us with an imported tool to further study the biological role of RNA-binding 

and determination of the novel way this protein is able to bind RNA. 
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Chapter III 

Mss51p, a putative translational activator of cytochrome 
c oxidase subunit 1 (COX1) mRNA, is required for 

synthesis of Coxlp in Saccharomyces cerevisiae 

Michel Siep, Katinka van Oosterum, Hans Neufeglise, Hans van der Spek and Leslie 
Grivell 

Current Genetics 37: 213-220, 2000. 
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Summary 

Mutants of Saccharomyces cerevisiae that lack a functional MSS51 gene are respiratory-
deficient due to the absence of cytochrome c oxidase subunit 1 (Coxlp). It has been 
previously suggested, but not formally proven, that Mss51p is required for translational 
activation of COX1 mRNA, rather than being involved in a subsequent step in the 
synthesis of Coxlp, or its assembly into cytochrome c oxidase. Pulse-chase labelling 
experiments now show that the absence of detectable levels of Coxlp in mss57-null 
strains is indeed due to the lack of synthesis of Coxlp, and is not caused by reduced 
stability of the protein. To get more insight into the exact function of Mss51p, we 
determined the subcellular localization of the protein. We were able to show that an 
epitope tagged version of Mss51p (Mss51HA) complements the mutation and can be 
localized in mitochondria where it is firmly associated with the mitochondrial inner 
membrane. In addition, we characterized the previously identified mutant allele mss51-3. 
Sequence analysis revealed the presence of a short open reading frame upstream of 
MSS51 resulting from the creation of an extra ATG startcodon. 

Introduction 

Mitochondria possess their own genome together with the machinery necessary to express 
the information contained within it. In yeast, the mitochondrial genome encodes seven 
protein subunits of the inner membrane, involved in respiration and oxidative 
phosphorylation (Pel et ai, 1994). Although most of the genes encoding components of the 
mitochondria! translational apparatus have been identified in Saccharomyces cerevisiae, 
the process of translational initiation in yeast mitochondria is still poorly understood. 
Mitochondrial mRNAs in S. cerevisiae are unusual in that specific nuclear gene products 
are required for their translational activation (Grivell, 1995; Fox, 1996). Indirect evidence 
suggests that these proteins function by interacting with specific regions of the 5'-
untranslated leaders (5'-UTL), with the mitochondrial ribosome and with the mitochondrial 
inner membrane. The nuclear genes PET54, PET122 and PET494, which specifically 
activate translation of cytochrome c oxidase subunit 3 (COX3) mRNA, are associated with 
the mitochondrial inner membrane. A complex of these proteins mediates the interaction of 
the COX3 mRNA with mitochondrial ribosomes (Brown ef a/., 1994; Wiesenberger et al., 
1995). Translation of cytochrome b (COB) mRNA requires the action of CBS1 and CBS2. 
Cbslp is tightly associated with the membrane, and Cbs2p has a peripheral association 
with the membrane and might be associated with mitochondrial ribosomes (Michaelis et 
al., 1991). These findings have been interpreted in terms of a model in which translational 
initiation occurs on the matrix face of the inner membrane, allowing the encoded proteins 
to be synthesized near the site of their assembly into multisubunit respiratory complexes 
(Michaelis et al., 1991; Dekker, 1993). 
As part of a search for mutants specifically disturbed in the splicing of precursors of the 
mRNA for cytochrome c oxidase subunit 1 (COX1), Decoster identified a nuclear gene, 
MSS51, the product of which is specifically required for accumulation of normal levels of 
Coxlp (DeCoster ef a/., 1990). In an mss51-null strain devoid of mitochondrial introns, 
levels of COX1 mRNA were found to be normal, but Coxlp was reduced to almost 
undetectable levels, implying control at the level of translation or a subsequent step in 
maturation or assembly of the Cox1 protein. A potentially informative mutant allele is 
mss51-3, reported by DeCoster, mss51-3 mutants display a partial deficiency in respiratory 
growth (DeCoster ef a/., 1990). The effect of mss51-3 is enhanced in a strain carrying the 
pR454 (|_j e f a/ 1982) mutation. This mutation is located in a conserved hairpin in the 
mitochondrial 15S rRNA and results in resistance to the antibiotic paromomycin. 
Paromomycin is known to interfere with the decoding process at the ribosomal A site. 
These findings are suggestive of, but do not prove a role for Mss51p as an initiation factor 
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specific for the translation of the COX1 mRNA. As initiai step in the elucidation of the 
function of Mss51p in Coxlp synthesis/assembly, we demonstrate here that (i) absence of 
detectable levels of Coxlp in a mss51-null strain is indeed due to lack of Coxlp synthesis 
(ii) Mss51p is a mitochondrial protein tightly associated with the inner membrane, and (iii) 
impaired respiratory growth of strains carrying the mss51-3 allele is caused by drastically 
reduced synthesis of Mss51p. Implications of these findings for the mode of action of 
Mss51p are discussed. 

Material & Methods 

Strains and media 
To test complementation of an mss51-null strain by the HA-tagged MSS51 construct, yeast 
cells were grown at 30 °C on MM+AHW, YPGIyc or YPD plates. MM+AHW plates: 0.67% 
YNB 2% glucose, 2.2% agar and 20 mg/l Adenine, Histidine and Tryptophan. Rich media: 
1% bacto-peptone, 1% yeast-extract, 2% glycerol (YPGIyc) or 2% glucose (YPD) or 2% 
galactose (YPGal), 2.2% agar. To isolate mitochondria yeast were grown at 30 °C in 
YPGIyc or YPGal medium. The mutant gene mss51-3 was isolated from strain A278 (met6, 
Iys2, canR, mss51-3, [M12,54]), a kind gift of prof. dr. G. Faye (DeCoster ef a/., 1990). 
Strain W303(167)Amss57 has the nuclear genotype MATalpha, ade2-1, his3-11,-15, trpl-
1, ura3-1, leu2-3,-112, Amss57::URA3, the mitochondrial genome is derived from KAR167. 
The Mss51HA fusion protein was expressed in this strain by transforming the strain with 
the desired plasmid. E. coli strain DH5a was used in all DNA manipulations requiring E. 
coli. E. coli cells were grown in 2YT (1.6% Bacto tryptone, 1% yeast extract, 0.5% NaCI), 
supplemented with ampicillin (100 mg/l) as necessary. Yeast was transformed with plasmid 
DNA by the one step method as described by Chen (Chen ef a/., 1992). E. coli was made 
competent and transformed with plasmid DNA by electroporation (Sambrook ef a/., 1989). 
Plasmid DNA was isolated from E. coli according to the CTAB-method (Del Sal ef a/., 
1988) 

Cloning of the wild type and the mutant MSS51 gene 
To clone the wild type MSS51 gene and the mutant gene mss51-3 mini libraries were 
constructed. Chromosomal DNA of wild type W303(167)alpha and mutant strain A278 was 
digested with EcoRV, leaving the MSS51 gene on a 3611 bp fragment. Fragments 
between 3 kb and 4 kb were isolated from gel (Qiagen extraction kit) and cloned into the 
Smal site in the multiple cloning site of YCplad 11 (Gietz ef a/., 1988). The mini library was 
transformed to W303(167)Amss57 to isolate the genes by complementation on YPGIyc. 
From transformants that complemented the disruption strain to wild type level or to mutant 
level, plasmid DNA was isolated. The presence of MSS51 was checked by digestion with 
ORF specific restriction enzymes. This resulted in the constructs pMS1 (wild type gene in 
YCplad 11) and pMS10 (mutant gene in YCplad 11). Both the wild-type and the mutant 
gene were sequenced according to the dideoxy-method of Sanger (Sanger ef a/., 1977). 

Addition of C-terminal tags to MSS51 
To be able to detect the Mss51 protein in whole cells, the protein was tagged with the 
green fluorescent protein (GFP) at its C-terminus. By means of PCR on chromosomal DNA 
(S. cerevisae FY1679-28) the MSS51 gene was amplified, using primers: 5'-
qqqqttaattaATGACCGTGCTATAT-CTCC-3' and 5'-cccggçggcçgçcggcgcgccTTG-
TCTCTTGATTGTATGG-3'. In this PCR Pad and Notl sites (underlined) were introduced 
at the 5'-end and 3'-end of the gene, respectively. The PCR product was digested with 
Pad and Notl and ligated into pGH8, a modified version of p425TEF (Mumberg ef a/., 
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1995) containing GFP (derived from the plasmid pGFP1 (Kruckeberg et al., 1999)) and the 
HA-epitope. This cloning procedure resulted in an in-frame fusion of MSS51, GFP and the 
HA-epitope (pGJ1). Plasmids were transformed to W303(167)Amss57, to confirm the 
ability to complement growth on YPGIyc. Independent transformants were used for 
fluorescence microscopy analysis. 
Construct pMS1 was used to tag MSS51 at its C-terminus with the HA-tag (YPYDVDPYA), 
an epitope derived from the human influenza hemagglutinin protein (Wilson et al., 1984)! 
To create the C-terminal fusion a primer was designed that contains the coding information 
for the last 8 amino acids of the gene, changes the stop codon in a sense codon, 
introduces an in-frame HA-tag and a new stop codon. This primer 5'-
AAGGTACCATACAATCAAGAGAÇAGCTGTACCCATACGACGTCCCAGACTACGCTTG 
AÇTAGTTATCGGGAGGCCATGCC-3', adds a Pvull restriction site directly upstream of 
the tag and a Spel restriction site directly downstream of the tag (both are underlined in the 
primer sequence). Together with the universal M13 primer and under standard PCR 
conditions this yields a PCR-product of 172 bp. This PCR-product was digested with Kpnl, 
in the 3' part of the gene (indicated in bold in the primer sequence), and in the multiple 
cloning site of YCplac111, and cloned in Kpnl digested pMSl Resulting clones were 
analyzed on restriction pattern by checking insertion of an extra Pvull restriction site. 
Positive clones were sequenced to confirm the in-frame fusion between the 3' end of the 
MSS51 ORF and the HA-tag. This construct (pMS3) was transformed to 
W303(167)Amss57 to confirm the ability to complement the disruption. To look at higher 
expression levels of the fusion protein, the MSS51HA fusion was cloned into the multicopy 
vector YEplac181 (Gietz era/., 1988), resulting in construct pMS7. To confirm the changed 
expression level caused by the mutation in mss51-3, the C-terminal HA-tag was added to 
the mutant gene. A 970 bp Hpal/Xbal restriction fragment from pMS3 was cloned in 
pMS10, this resulted in an in-frame fusion of the mss51-3 gene and the HA-epitope 
(pMS11). All constructs used in this study are summarized in Table 1. 

Table I: Constructs used in this study 
Construct Vector Insert References 

pMS1 YCpladH MSS51 This study; Gietz and Sugino,1988. 
pMS3 YCplacm MSS51HA This study; Gietz and Sugino, 1988 
pMS7 YEplac181 MSS51HA This study; Gietz and Sugino,1988. 
pMS10 YCpladH mss51-3 This study; Gietz and Sugino, 1988. 
pMS11 YCpladH mss51-3HA This study; Gietz and Sugino, 1988. 
pGJ1 pGH8 MSS51GFP This study; Mumberg era/., 1995; 

Kruckeberg era/., 1999. 

Detection of GFP 
Independent yeast colonies from Amss57::pGJ1 were picked from a fresh MM+AHW plate. 
After o/n growth in 3 ml of MM+AHW, these cultures were diluted into 3 ml fresh MM+AHW 
to an OD600 of about 0.3. Dapi was added to the culture (final concentration: 0.2 ug/ml). 
After growth for about one generation cells were harvested, and analysed by fluorescence 
microscopy. 

Isolation of mitochondria 
Strain Amss5f::pMS3 was grown on YPGIyc, after 2 days of growth cells were harvested 
and washed in water. Cells were resuspended in 2 ml/g wet weight DTT-buffer (100 mM 
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TrisS04 pH 9.4, 10 mM DTT) and shaken at 30 °C for 20 min. After washing in 1.2 M 
sorbitol, cells were treated with zymolyase in 7 ml zymolyase-buffer (1.2 M sorbitol, 20 mM 
Kpi, pH 7.4) and 2 mg zymolyase per gram wet weight, gently shaking for 30-60 min. at 30 
°C. After washing in 1.2 M sorbitol, cells were resuspended in 7 ml/g breaking buffer (0.6 
M sorbitol, 10 mM Tris pH 7.4, 1 mM EDTA, 0.2% BSA (fatty-acid free), 1mM PMSF) and 
pottered 10-20 times to break the cells. Mitochondria were isolated from this lysate by 
differential centrifugation. The mitochondrial pellet was resuspended in SEM (250 mM 
saccharose, 1 mM EDTA, 10 mM MOPS pH 7.2 (with KOH)). Protein concentration was 
determined by the method of Bradford (Bradford era/., 1976). Mitochondria were stored at 

-70 °C. 

Fractionation of mitochondria. 
Mitochondria of Amss51 ::<pMS3 were thawed on ice. The mitochondrial fraction (Mit) was 
prepared by addition of 10% SDS and 50% TCA, incubation on ice for 20 min. and 
centrifugation at 15,000 rpm for 10 min. Mitoplasts were prepared by osmotic shock, after 
10 min. on ice and 15 min. 15,000 rpm the supernatant contains the intermembrane space 
(Ims) fraction and the pellet consists of mitoplasts. The pellet (mitoplasts) was 
resuspended in TE/PMSF (10 mM Tris pH 7.5, 1 mM EDTA, 1 mM PMSF). To break the 
mitoplasts this suspension was sonicated: 6 times 5 sec. After sonication the matrix (Mat) 

and membrane (Mem) fractions were separated by ultracentrifugation for 1 hour at 4 °C in 
an SW50.1 rotor. In the salt extraction experiment sonication was performed with 
mitoplasts in TE/PMSF with 0, 100, 200, 300, 400 and 500 mM NaCI. To extract soluble 
proteins and peripheral membrane proteins sodium carbonate extraction was carried out. 
Mitochondria were thawed on ice and harvested by centrifugation for 10 min. 10,000 rpm. 
The pellet was resuspended in 100 mM Na2C03 pH 11.5 (0.2-1 mg protein/ml). After 45 
min. on ice and 1 hour centrifugation at 40,000 rpm in an SW50.1 rotor the supernatant 
contains soluble proteins and peripheral membrane proteins and the pellet contains 
integral membrane protein 

Analysis of mitochondrial fractions by SDS-PAGE and Western blotting 
Proteins were resolved in 15% SDS PAGE gels and transferred to nitrocellulose (0.45 urn, 
Schleicher & Schuell) or Immobilon-P (0.45 urn, Millipore). Gels were electrotransferred at 
90 V for 1 hour. Prior to incubation with antibodies, the membranes were blocked by 
incubation in blocking buffer (Phosphate buffered saline (PBS), 0.05 % Tween-20, 0.5 % 
gelatin) for 1.5 hrs to overnight. After blocking the membranes were incubated with 
antibodies for 1.5 hrs to overnight. Mss51HAp was detected with the monclonal antibody 
12CA5 (Boehringer Manheim) at a 1: 1,000 dilution in PBS/Tween. Polyclonals anti-AAC 
and anti-TIM44 were used at a 1: 1,000 dilution. The goat anti-rabbit and the goat anti-
mouse secondary antibodies, conjugated to horse radish peroxidase (Bio-Rad 
Laboratories), were used at 1: 10,000 dilution. Western blots were developed with HRP-
color development (Bio-Rad Laboratories). 

Labelling of mitochondrial translation products (Pulse-Chase) 
Strains were grown in YPGal (1% bacto-peptone, 1% yeast extract, 2% galactose). 
Mitochondria were isolated as described previously. In the labelling experiment 
mitochondria were resuspended in translation buffer (750 mM mannitol, 187.5 mM KCl, 
18.75 mM KH2PO4, 15.675 mM MgS04, 5 mM ATP, 0.625 mM GTP, 6.25 mM 
ketoglutarate, 6.25 mM Phosphoenolpyruvate, 0.125 mM amino acids, 25 mM Tris-base, 
6.25 ug/ml cycloheximide, 3.75 mg/ml BSA, pH 7.2). After addition of TRAN35S-LABEL 
(1175 Ci/mmol, 10.5 mCi/ml, containing 70% L-(35S)methionine and 15% L-(35S)cysteine; 
ICN Biomedicals, Inc.) and pyruvate kinase this reaction was incubated at 28 °C, 
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vigorously shaking. Pulse (protein synthesis) samples were taken after 10 and 30 min. At 
30 min. 1/10 volume 0,2 M methionine was added and chase samples (protein 
degradation) were taken at 40, 60 and 90 min. Samples were pelleted, the pellet was 
washed once in 0.6 M mannitol/1 mM EDTA, pH 6.7. After electropheresis on 11% SDS-
PAGE, bands were visualized using a phosphorimager (Molecular Dynamics). 

Miscellaneous 
All DNA manipulations were done according to standard techniques as described by 
Sambrook (Sambrook et al., 1989). Sequencing was performed according to the dideoxy-
method of Sanger (Sanger et al., 1977). Protein samples were separated by SDS-PAGE 
according to the method of Laemmli (Laemmli etal. 1970). 

Results 

Cloning and tagging of the MSS51 gene 
The wild type MSS51 gene was cloned by functional complementation of a mss51-null 
strain (W303(167)Amss57 on YPGIyc using a mini-library (see Materials and Methods) of 
DNA from the strain W303(167)alpha constructed in the vector YCplac111 (Gietz et al., 
1988). To allow detection of Mss51p, coding sequences for the hemagglutinin epitope (HA) 
or the green fluorescent protein (GFP) were fused in-frame to the 3'-end of the PCR 
amplified MSS51 gene (see Materials and Methods). Single- and multicopy plasmids 
containing either the MSS51HA- or the MSS51GFP fusions were introduced in a mss51-
null yeast strain to verify the ability of these constructs to complement the disruption. 
Growth of these strains was indistinguishable compared to the wild-type strain under all 
conditions tested (data not shown). 

Mss51p is necessary for translation of COX1 mRNA 
DeCoster et al. have previously shown by labelling of mitochondrial translation products 
that lack of a functional MSS51 gene leads to a specific loss of Coxlp, without significantly 
affecting the level of the corresponding mRNA (DeCoster et al., 1990). They suggested 
that Mss51p is a factor specifically required for the translation of cytochrome c oxidase 
subunit 1 (COX1) mRNA. However, because the labelling times employed were long (60 
minutes), they were unable to distinguish between lack of mRNA translation or 
destabilization of the resulting translation product with consequent enhanced turnover. To 
discriminate between these options we performed short-term pulse-chase labelling 
experiments to be able to look at the balance between initial rates of protein synthesis and 
turnover. Mitochondrial proteins were labelled for 5 and 30 min using 35S-methionine 
(pulse), followed by the addition of an excess of unlabelled methionine (chase; see Figure 
1). The results clearly indicate that the absence of detectable levels of Coxlp in the 
disruptant strain is due to a lack of synthesis, and not the result of increased turnover 
(compare Fig. 1 panels A and B). A pulse-chase labelling experiment with the partial 
respiratory deficient mutant mss51-3 is consistent with this. Steady state levels of Coxlp 
were specifically decreased, while the stability of Coxlp was not changed (compare Fig. 1 
panels A and C). These and previous results show that Mss51p is involved in the 
translation initiation of COX1 mRNA. Interestingly, in the disruptant strain Varlp, 
Cox2p/Cobp and Cox3p/Atp6p show a reduced level of synthesis as compared to wild' 
type, while in mutant mss51-3 all other proteins were synthesized at levels comparable to 
wild type. 
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Figure 1: Mss51p is involved in translation initiation of COX1 mRNA. Mitochondria of 
W303(167) (panel A), Amss51 (panel B) and AmssölvpMSH (panel C) were isolated from YPGal 

grown cultures. Equal amounts of mitochondria (500 ug) were incubated with 3 5 S labelled 
methionine, after 10 and 30 minutes pulse samples were taken, at 30 minutes the labelling reaction 
was stopped by addition of excess of methionine, to follow the turnover of the synthesized proteins. 
During the chase, samples were taken after 10, 30 and 60 minutes. Samples (100 ug) were taken at 
the indicated time points and analyzed on 11% SDS-PAGE. Bands were visualized using a 
phosphorimager (Molecular Dynamics) and quantified using ImageQuant. 

Mss51p is a mitochondrial protein, associated with the inner membrane 
Based on the putative role of Mss51p as a translational activator, it seems reasonable to 
assume that the protein is located in mitochondria. Fluorescent microscopic examination of 
cells expressing Mss51p tagged at its C-terminus with GFP (pGJ1, Table 1) indeed 
showed that the Mss51GFP-fusion is found in particulate structures (Fig. 2A, right panel) 
that co-stain with dapi, which stains mtDNA and nuclear DNA (Fig. 2A, left panel). 

Independent confirmation of a mitochondrial location was obtained by analysis of cells 
expressing HA-epitope tagged Mss51p. Mitochondrial and cytoplasmic fractions were 
isolated from the disruptant strain transformed with YCplac111 or the HA-tagged 
constructs (pMS3 and pMS7, Table 1), grown in YPGal and analysed by Western blotting. 
As shown in Fig 2B, a polypeptide of approximate Mr 44 kDa is observable in mitochondria 
of strain Amss51 :.pMS3. This band is absent in the cytoplasmic fractions (data not shown) 
and in strains without tagged Mss51p (Fig. 2B, lane 1). Multicopy expression of Mss51HA 
(pMS7, Table 1) results in an increased signal (Fig. 2B, lane 3), providing additional 
confirmation of specificity of detection. From both fluorescent microscopic analysis and 
subcellular fractionation it is concluded that Mss51p is localized in the mitochondria. 
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Figure 2: Detection of Mss51 p in mitochondria. A: a GFP-tagged version of the MSS51 gene was 
expressed in W303(167)Amss5f, in the right panel the fluorescent microscopic analysis of these 
cells is shown. The left panel shows dapi-staining of one of these cells, which stained the nuclear 
and mitochondrial DNA. B: Isolated mitochondria of strain W303(167)A/77ss57 transformed with 
YCplacm, pMS3 or pMS7 (Table 1) were analyzed by Western blot analysis. Equal amounts (20 
ug) of mitochondrial protein were resolved on a 15% SDS-PAGE gel. After transfer to nitrocellulose 
membrane, the HA-signal was detected with the monoclonal antibody 12CA5 
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Figure 3: Mss51p is associated with the mitochondrial inner membrane. Mitochondria (Mit) of 
strain Amss51::pMS3 were fractionated into three different fractions: the intermembrane space (Ims), 
matrix (Mat) and membrane (Mem), respectively. Mitochondrial protein fractions were resolved on 
15% SDS-PAGE gels. Equal amounts (100 ug) of the respective fractions were analyzed. The HA-
signal was detected with the monoclonal antibody 12CA5. 
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Figure 4: Mss51p is a peripheral membrane protein. Mitochondria (M) of strain Amss57::pMS3 
were subjected to Na2CC>3-extraction. After centrifugation the supernatant (S) contained soluble 
proteins and peripheral membrane proteins and the pellet (P) consisted of integral membrane 
proteins. Equal amounts of the fractions (100 ug) were resolved on 15% SDS-PAGE gels. The HA-
signal was detected with the monoclonal antibody 12CA5. 

To determine in which mitochondrial compartment Mss51p is localized, mitochondria of 
strain Amss57::pMS3 were fractionated into mitoplast and IMS fractions by osmotic shock. 
The mitoplast fraction was subsequently divided in matrix and membrane fractions by 
sonication. The quality of the fractionation was monitored by using antibodies for the ATP-
ADP Carrier ( A a d p ; integral inner membrane protein), and Tim44p (peripheral inner 
membrane protein). As observed previously (Blom et al., 1993), part of Tim44p appears in 
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the matrix fraction (Fig. 3., lane 3). Fig. 3 shows that Mss51HAp is firmly associated with 
the membrane fraction and that it co-fractionates with both Aadp and Tim44p. In a 
separate experiment, the strength of the membrane association of Mss51p was assessed, 
by sonication of mitoplasts in the presence of increasing NaCI concentration. Mss51HAp 
remains associated with the membrane in the presence of 500 mM NaCI (data not shown), 
indicating that Mss51p is either an integral membrane protein or a tightly bound peripherai 
membrane protein. To distinguish between these possibilities, mitoplasts were extracted 
with sodium carbonate. After Na2CC>3 extraction Mss51HAp was detected in the soluble 
fraction (S, Fig. 4). Controls for Na2C03 extraction are the integral membrane protein 
Aadp (insoluble fraction P, Fig. 4), and the peripheral inner membrane protein Tim44p 
(soluble fraction S, Fig. 4). Co-localization of Mss51p with Tim44p indicates that Mss51p is 
a peripheral inner membrane protein. Taken together, these results clearly show that 
Mss51p is a mitochondrial protein, that is tightly associated with the mitochondrial inner 
membrane. 

Characterization of mutant mss51-3 
Decoster et al. described three mutant alleles of the MSS51 gene. mss51-1 is a nonsense 
mutation resulting in loss of function, while mss51-2 is simply a disruption produced by 
insertion of the LEU2 gene (DeCoster et al., 1990). A mutant strain containing the third 
allele, mss51-3, was identified in a screen for nuclear genes involved in mitochondrial 
splicing. In this screen, a strain lacking mitochondrial introns displayed strongly reduced 
respiratory growth. This suggests that at least a part of the effect on RNA splicing might be 
indirect, resulting from impaired translation. Respiratory deficiency of the mss51-3 mutation 
is enhanced in a strain additionally carrying the pR454 (y et al., 1982) mutation, 
suggestive of an interaction between Mss51p and ribosomes. 

To investigate the nature of the mutation, the mss51-3 gene was cloned in YCplac111 by 
complementation of an MSS51 disruption strain. mss51-3 complements the null mutant 
only partially, resulting in extremely slow growth (complementation was assessed after 5 
days on YPGIyc, data not shown). Sequence determination revealed only one difference 
compared to the wild-type MSS51 gene (Fig. 5A). This is a G to A substitution 41 bp 
upstream of the translational start codon. This mutation creates an ATG, which could 
potentially serve as an initiation codon for an orf of 4 aa. The context of the ATG 
determines whether translation initiation might occur at this position. The presence of 
adenine (A) at position -3 and guanidine (G) at position +4, relative to the new ATG (Fig. 
5A), is consistent with the preferences for efficient translation (Kozak, 1997). This makes it 
very likely that this new ATG is indeed used to initiate translation. Translation initiation at 
this ATG is expected to severely inhibit translation (Kozak, 1995; Pain, 1996) of the 
downstream Mss51p orf. In order to determine the expression levels of Mss51p in the 
mutant mss51-3, expression levels of Mss51p were compared in the disruptant strain 
transformed with either the HA-tagged wild-type gene (pMS3, Table 1) or the HA-tagged 
mutant gene (pMS11, Table 1 ). For the wild type gene we found a clear signal in the lanes 
containing 100 and 500 ug mitochondrial protein (Fig. 5B), while only a faint signal could 
be seen in the lane containing 10 ug mitochondrialprotein. The expression level of the 
mutant gene was indeed strongly reduced since only the lane containing 500 ug 
mitochondrial protein showed a faint signal on the original blot, which could not be 
reproduced photographically. On the basis of this difference (several experiments, data not 
shown) it is estimated that the expression level of Mss51p in mutant mss51-3 is at least 
100 fold lower than in wild-type. These results strongly suggest that in mutant mss51-3 
translation of the MSS51 mRNA is reduced by the introduction of a small open reading 
frame upstream of the translational start codon. 
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mss51-3 .. GCGAAGATGGACTTAAAGTAGTTTGGCA 
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Figure 5: Characterization of mutant mss51-3. A: Sequence comparison of the 5' part of the wild-
type (MSS51) sequence and the mutant (mss51-3) sequence. In bold the G to A substitution at 
position -41, relative to the normal start site (in italics), is indicated. This substitution introduces an 
upstream ATG (in bold) and a four amino acid upstream open reading frame (underlined). *: G to A 
substitution, =>: ATG of the Mss51p orf. B: Increasing amounts (as indicated) of mitochondrial 
proteins of Amss51 ::pMS3 and Amss57::pMS11 were resolved on 15% SDS-PAGE gels. The 
Mss51HA and mss51-3HA fusion proteins were detected with the 12CA5 monoclonal antibody. 

Discussion 

Genetic studies have led to the identification of an unexpectedly large number of nuclear 
genes, whose products are required for the translation of yeast mitochondrial mRNAs. The 
translational activators of COX2, COX3 and COB have been extensively studied (Mulero et 
al., 1993, Brown et al., 1994; Michaelis er al., 1991). These mRNAs require one to three 
nuclear proteins which act as initiation factors. Less is known about factors required for 
ATP synthase subunits ATP6 and ATP9 and for COX1. Synthesis of Atp9p is under control 
of ATP13 (Finnegan et al., 1991) and AEP1 (Payne ef ai, 1993). Synthesis of Cox lp is 
controlled by PET309 and MSS51. Both emerged from screens for mRNA splicing defects. 
Mutations in both have variable effects, dependent on the presence or absence of introns 
in the COX1 gene. It has been described for the MSS51 gene product that it is implicated 
in the translation of the COX1 mRNA. The most plausible function is that of an initiation 
factor specific for the translation of COX1 mRNA (DeCoster ef ai, 1990). In this report we 
show that Mss51p is tightly associated with the mitochondrial inner membrane. A C-
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terminal fusion of the Mss51 protein with the HA-tag can only be extracted from the 
membrane under stringent conditions and co-localizes with Tim44p (Blom et al 1993) 
indicating a tight association with the inner membrane. DeCoster et al (DeCoster et al 
1990) previously showed that Mss51p is involved in Coxlp synthesis. However a role in 
stabilization of Coxlp could not be ruled out. Using pulse-chase experiments'we have 
been able to show that Mss51p is required to initiate translation of COX1 mRNA since 
during the pulse no Coxlp synthesis can be detected. 

The mutation in mss51-3 lowers the expression level of Mss51p by at least 100 fold due to 
the presence of a short upstream ORF in the mutated allele. The low expression 'level of 
Mss51p results in reduced synthesis of Coxlp, again indicating that Mss51p is required for 
transition and is not involved in stabilization of Coxlp. Since other mitochondrial 
translation products are present at normal levels, the effect on the synthesis of these 
products in the disruptant strain may be suggestive of secondary effects on translation 
The mss51-3 mutation is apparently specific in its effect on Coxlp synthesis (Figure 1) 

R454 ° f t h e mSS51'3 m u t a t i o n is enhanced when this allele is combined with the 
P mutation which confers resistance to the aminoglycoside paromomycin This 
mutation is located in a conserved hairpin in the 15S mitochondrial rRNA (Li et al 1982) 
Paromomycin is known to interfere with the decoding process at the ribosomal A site The 
observation that this mutation enhances the translational effect of the mss51-3 on Coxln 
gives further support to the idea that Mss51p acts together with other factors to initiate 
translation of COX1 mRNA. This may indicate a possible physical interaction of Mss51p 
with the mitochondrial ribosome, analogous to the situation for the COB mRNA 
translational activator Cbs2p (Michaelis et al., 1991). 

We were able to detect the HA-tagged Mss51 protein expressed from a single copy vector 
(Fig 2) This indicates that the steady state level of Mss51p is high enough to make it 
easily detectable comparable to results obtained for the COX3 translational activator 

plnnV^u' I }-, '1 T o o f *• t 0 b e a b l e t 0 d e t e c t t h e C0X1 translational activator 
Pet309p (Manthey et al., 1998), the COX2 translational activator Pet111p and the COX3 
rQQ«at!°?K' a c t i v a t o r s P e t 4 9 4 P a n d Pe t122p, multicopy expression is required (Fox 
1996). In this respect it may be significant that both Mss51p and Pet54p are peripheral 
membrane associated translational activators, while the others are integral membrane 
proteins. These observations suggest distinct roles for the integral membrane translational 
activators and the peripheral membrane translational activators. 

Mss51p is not the only factor involved in translation of COX1 mRNA, the gene product of 
the nuclear gene PET309 is also necessary for Coxlp synthesis. Pet309p is an integral 
inner mitochondrial membrane protein (Manthey et al., 1998). Unlike mss51 disruptants 
pef309 mutants can be suppressed by 5'-UTR exchanges within the COX1 mRNA which 
^ C°x1.P sVnthesis under control of other translational activators (Manthey et al 
1995) Similar revertants have been found for most other mitochondrial translational 
activators and this has been interpreted as evidence for direct interaction of the various 
activators with the 5'-UTRs of the respective mRNAs. The fact that such suppressors have 

" I 7 oK?An u d f ° r mss51 m u t a n t s c o u l d m e a n e i t h e r that Mss51p does not interact 
with mRNA, or that its site of interaction is not easily separable from the COX1 codina 
sequence. y 

The finding that the translation factors of the COX1 mRNA resemble other translational 
activators in being associated with the inner membrane is consistent with the idea that 
translation in yeast mitochondria takes place on the inner membrane in close proximity to 
sites of assembly of translation products into respiratory complexes (Sanchirico et al 
i yyb) . 
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Until now very few nuclear genes required for translational activation have been identified 
in other organisms, with sequences of activators displaying high divergence even between 
yeast species (Costanzo et al., 1998). This may not be surprising for those factors that 
interact with mRNA, since S. cerevisiae mitochondrial mRNAs are unusual in possessing 
extremely long 5'-UTR's. For other factors that primarily interact with the ribosome, or other 
proteins at a membrane-associated assembly site, stronger sequence conservation of 
orthologous proteins might reasonably be expected. For the MSS51 gene, however, no 
obvious homologs have thusfar been found. 

How Mss51p and Pet309p function in the coupling of translation and insertion into the 
membrane remains to be determined. Further study will be required to identify possible 
interactions with other factors, such as Pet309p or the mitochondrial ribosome, to get more 
insight in the exact function of Mss51p in translation initiation of COX1 mRNA. 
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Chapter IV 

The translational activators Mss51p and Pet309p play 
distinct roles in the synthesis of Coxlp in mitochondria of 

Saccharomyces cerevisiae 

Michel Siep, Leslie A. Grivell and Hans van der Spek. 
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searched for possible physical or functional interactions between Mss51p and Pet309p. 
None of these approaches provided any evidence for such an interaction. We therefore 
conclude that these two translational activators play distinct roles in the synthesis of 
Coxlp. 

Material & Methods 

Table la: Strains used in this study 
Strain 

W303(167) 

Jmss51 

GM10 

GM11 

Genotype 
MATalpha, ade2-1, his3-11,-15, trp1-1 
ura3-1, leu2-3,-112 
MATalpha, ade2-1, his3-11,-15, trpl-
1, ura3-1, leu2-3,-112, 
Amss51::URA3 
MATalpha, Ieu2-3,112, ura3-52, trpl-
289, his4-580 
MATalpha, Ieu2-3,112, ura3-52, trpl-
289. his4-580. Apet309::URA3 

Table 1b: Two-hybrid strains 

Mitochondrial genome 
Kar(167) 

Kar(167) 

Kar(167) 

Kar(167) 

àîrain 
Y187 

CG 1945 

PJ69-4A 

Genotype 
MATalpha, ura3-52, his 3-200, ade2-
101, trp1-901, Ieu2-3,112, met-, 
ga!4D, gal80D, URA3::GAL1UAS-
GALTATA-LACZ 
MATa, ura3-52, his 3-200, Iys2~801, 
ade2-101, trp1-901, Ieu2-3,112, gal4-
542, ga!80-538, LYS::GAL1UAS-
GAL1TATA-HIS3, URA3::(GAL4 17-
mers) 3-Cyc1TATA-lacZ, cvhr2 
MATa, trp1-901, leu2-3, 112, ura3-52, 
his3-200, gal4D, ga!80D, LYS2::GAI1-
HIS3 GAL2-ADE2, met2::GAI7-lacZ 

Reporter 
lacZ 

HIS3, lacZ 

HIS3, ADE2, lacZ 

References 
Rothstein, 1983 

Siepefa/., 2000 

Mantheyefa/., 1995 

Manthey et al., 1995 

References 
Clontech 

Clontech 

James et al., 1996 

_l_ 

Strains and media 

Yeast were grown at 30 °C on minimal medium, YPGIyc or YPD plates. Minimal medium 
plates: 0.67% YNB, 2% glucose, 2.2% agar, supplemented with amino acids as necessary 
Rich media: 1% bacto-peptone, 1% yeast-extract, 2% glycerol (YPGIyc) or 2% glucose 
(YPD), 2.2% agar. To isolate mitochondria, yeast were grown at 30 °C in YPGIyc medium 
or minimal medium with the appropriate amino acids. Strain W303(167) has the nuclear 
genotype MATalpha, ade2-1, hls3-11,-15, trp1-1, ura3-1, leu2-3,-112, the mitochondrial 

enome is derived from KAR167. In W303(167)Amss57 the MSS51 gene has been 
disrupted by insertion of the URA3 gene (Table I). Strain GM10 has the nuclear genotype 
MATalpha, his4-580, leu2-3, -112, trp1-289, ura3-52, the mitochondrial genome is derived 
from KAR167. In GM11 the PET309 gene has been disrupted by insertion of the URA3 
ene (Table I). These strains were a kind gift of prof, dr J. McEwen. The Mss51HA and 
3t309c-myc fusion proteins were expressed in these strains by transforming the strains 

with the desired plasmids: pMS3 and pMS7 (Table II) for Mss51HA, pGM1 and pGM2 
Table II) for Pet309c-myc. E. coli strain DH5alpha was used in all DNA manipulations 
equinng E. coli. E. coli cells were grown in 2YT (1.6% Bacto tryptone, 1% yeast extract 
).5% NaCI), supplemented with ampicillin (100 mg/l) as necessary. For complementation 
studies yeast were transformed with plasmid DNA by the one step method (Chen et al 
992). E. coli were made competent and transformed with plasmid DNA by electroporation 
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(Sambrook et al., 1989). Plasmid DNA was isolated from 
method (Del Sal et al., 1988). 

E. coli according to the CTAB-

Constructs 
Constructs pMS3 and pMS7 contain the MSS51HA fusion in single copy vector YCplad 11 
or in multicopy vector YEplac181, respectively (Table II). The plasmids pGM1 and pGM2 
contain a fusion of the PET309 gene and the c-myc tag, in single copy vector YCpmyd 11 
and multicopy vector YEpmyc181, respectively (Table II). These constructs were a kind gift 
of prof. dr. J. McEwen. To perform two-hybrid analysis, the MSS51 coding sequence was 
fused with the Gal4 DNA-binding domain. Using PCR, an EcoRV restriction site was 
introduced directly upstream of the start codon of the MSS51 orf in construct pMS3 (Table 
II). A 1453 bp EcoRV/Smal fragment was cloned in Smal digested pAS2-1 (Clontech). This 
resulted in construct pMS14 (Table 2), an in-frame fusion of the DNA-binding domain of 
Gal4, MSS51 and the HA-tag. In order to search for an interaction with Mss51p, the C-
terminal part of Pet309p was fused to the Gal4 DNA-activator domain. A 745 bp 
EcoRV/Smal fragment of pGM2 was cloned in the Smal site of pACT2 (Clontech), resulting 
in construct pMS17 (Table II), containing an in-frame fusion of the AD-domain ofGal4 and 
the C-terminal 35 kD of Pet309. In the two-hybrid screen the FRYL genomic DNA library 
was used (Fromont-Racine et al., 1997). The original vector is a modified pACTII vector 
and the genomic DNA is derived from strain Ym955. The E.coli FRYL library contained 

5.106 clones, 72.5% with insert i.e. 3.6.106 clones. The mean length of DNA fragments 
was 700 bp. 

Table II Constructs used in this study 
Construct Vector Insert Reference 

pMS3 YCplad 11 MSS51HA Gietz ef ai , 1988; Siep et al. ,2000 
pMS7 YEplac181 MSS51HA Gietz et al., 1988; Siep et al. ,2000 
pGM1 YCpmyd 11 PET309 Reisdorf et al., 1993; Manthey ef a/., 1998 
pGM2 YEpmyc181 PET309 Reisdorf era/., 1993; Manthey era/., 1998 
pMS14 pAS2-1 MSS51HA Clontech; this study 
pMS17 pACTII C-terminal part of 

PET309 
Clontech; this study 

Two-Hybrid screening 
For screening the FRYL library with Gal4AD-MSS51 as bait construct, a mating strategy 
was used (Fromont-Racine et al., 1997). The Y187 strain (Table I) was transformed with 
the FRYL library DNA using the high efficiency transformation protocol (Gietz and Schiestl, 
1995). The bait construct pMS14 (Table II) was transformed to strain CG 1945 (Table I) 
using one-step transformation (Chen et al., 1992). In order to eliminate cells displaying 
growth based on weak, a specific interactions that activate the HIS3 gene, we used -LWH 
plates containing 20 mM 3-Amino-1,2,4-triazole (3-AT). 3-AT dose dependently inhibits 
imidazoleglycerol-phosphatase (IGP), an enzyme involved in histidine biosynthesis. [His+] 
colonies were screened for blue-colouring using an X-Gal overlay assay. After partial lysis 
of the cells with chloroform, 10 ml X-Gal overlay (0.5% agar, 100 mM KPi pH 7.4, 0.04% X-
gal) was poured on the plates, plates were incubated at 30 °C for 30 minutes to 18 hours. 
Blue colonies were streaked on new -LWH plates and checked for blue-colouring again. 
[His+, X-Gal+] colonies were grown in -L to select for the prey plasmid. From these 
cultures plasmids were isolated and the inserts were determined by sequencing the 
Gal4BD-insert fusions with a Gal4 domain specific primer. To look at a possible interaction 
between the C-terminal part of Pet309p and Mss51p another two-hybrid screening method 
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was used. In this system the host strain PJ69-4A (Table I) contains three different reporter 
genes, driven by different promoters: HIS3, ADE2 and LacZ (James, 1996). Both plasmids 
pMS14 and PMS17 (Table II), containing Gal4ADMSS51 fusion and Gal4BDPET309-C-
terminus, respectively, were transformed to strain PJ69-4A using one-step transformation 
(Chen et ai, 1992). Double transformants were subsequently screened on -A and -H 

plates, [A+/H+] positives were checked for blue-colouring using the X-Gal overlay analysis, 
as described previously. 

Preparation of mitochondrial fractions for BN-PAGE 
Yeast cells were grown on 20 ml YPGal medium (1% yeast extract, 1% peptone, 2% 
galactose) overnight to an ODßOO of approximately 2. Cells were harvested at 4,000 rpm 
and washed once in cold H2O. The pellet (± 0.2 mg wet weight) was resuspended in MTE 
(0.65 M mannitol, 20 mM Tris pH 7.1, 1 mM EDTA). After addition of 0.4 ml of glass beads 
this suspension was vortexed for 5 minutes at 4°C. The lysate was put in another tube, and 
the glass beads were washed in 0.5 ml MTE. The pooled supernatants were centrifuged at 
4,000 rpm for 3 minutes at 4°C to remove the unbroken cells. Mitochondria were collected 

by centrifugation at 13,000 rpm for 15 minutes at 4 °C. Pellets were stored at-70 °C. 

Electrophoresis and Western blotting 
Standard SDS-PAGE was performed according to Laemmli (Laemmli et al., 1970) and 2D 
Blue-Native gel electrophoresis was carried out according to the method of Schägger and 
Von Jagow (Schägger and von Jagow, 1991; Schägger et al., 1994). Following 
electrophoresis, proteins were blotted to nitrocellulose (Towbin et al., 1951). 

Immunoreactive material was visualised using chemoluminesence (ECL , Amersham), 
according to the instructions of the manufacturer. 

Results 

Translation of subunit 1 of the cytochrome c oxidase complex (Coxlp) in mitochondria of 
Saccharomyces cerevisiae is regulated by the nuclear encoded proteins Mss51p and 
Pet309p. Disruption of either MSS51 or PET309 leads to loss of Coxlp synthesis, causing 
respiratory growth deficiency. In pulse-labelling experiments with strains disrupted for 
either MSS51 or PET309, highly similar phenotypes were observed (Fig. 1, panel B and 
D). In both disruptant strains no synthesis of Coxlp could be detected. Additionally, the 
level of the other mitochondrial translation products was observed to be lower than in a 
wild-type strain. In combination with previously published work (Manthey and McEwen, 
1995; Siep ef ai, 2000), this result indicates that both Mss51 p and Pet309p are involved in 
an early step in the synthesis of Coxlp. 

Pet309p is an integral protein of the mitochondrial inner membrane (Manthey et ai, 1998). 
As judged from the results of sub-fractionation and carbonate extraction, Mss51p appears 
to be firmly associated with the inner membrane (Siep et ai, 2000). This similarity in intra
mitochondrial location suggests that interaction between the two proteins might occur. We 
employed two-hybrid analysis (Fromont-Racine et ai, 1997) to investigate whether such an 
interaction is possible. The MSS51 ORF was used as bait to screen the FRYL yeast 
genomic DNA library (Fromont-Racine ef ai, 1997). In this screening 20 million diploids 
were obtained of which 10,000 were HIS3 positive. This relatively high level is, to a large 
extent, ascribable to the ability of Mss51p alone to weakly activate this marker gene. After 
more stringent selection on plates lacking histidine but containing 20 mM 3-AT, only 144 
diploids were able to grow. These were screened further for activation of the lacZ gene by 
X-Gal overlay, a procedure which left only 7 diploids all of which displayed weak blue 
colouring. Sequence analysis of the inserts revealed proteins, which as a consequence of 
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their cellular location would be unlikely to interact with Mss51p. Therefore we regarded 
them as false-positives. Significantly, PET309 was not picked up in this screen. The FRYL 
library contains 5.106 clones, and complete coverage of the library requires the screeninq 
of 15 million interactions (Fromont-Racine et al., 1997). So, the number of diploids tested 
in this study should have been sufficient to detect all possible interactions. Although there 
may be several reasons why two interacting proteins fail to be scored in a two-hybrid 
assay, we interpret this observation as an indication that there is no interaction between 
Mss51p and Pet309p. Similar results were obtained in a comparable study in which 
PET309 was used as bait (Manthey, personal communication). 

W303 Amss51 GM10 (PET309) Apel309 

Cox2p/Cobp 

Cox3p 
Atp6p 

Figure 1: Disruption of MSS51 or PET309 leads to loss of Coxlp synthesis. In vitro pulse chase 
experiment with mitochondria of W303(167), Amss51, GM10 (PET309+) and GM11 (Apet309). Equal 
amounts of mitochondria (500 ug) were incubated with 3 5S labelled methionine after 10 and 30 
minutes pulse samples were taken, at 30 minutes the labelling reaction was stopped by addition of 
excess of methionine, to follow the turnover of the synthesized proteins. During the chase samples 
were taken after 10, 30 and 60 minutes. Samples (100 ug) were taken at the indicated time points 
and analyzed on 11% SDS-PAGE. Bands were visualized using a phosphorimager (Molecular 
Dynamics) and quantified using ImageQuant. Positions of the mitochondrial translation products are 
indicated on the right. 

We pursued this question further by combining the MSS51 ORF and the Pet309 C-terminal 
domain (the matrix part; 250 amino acids) in a two-hybrid screen. As in the library screen 
weak activation of the HIS3 gene in the Mss51p control samples was observed However' 
no significant activation of the HIS marker and the lacZ marker were found. Therefore we 
conclude that no physical interaction exists between Mss51p and Pet309p. 

We then examined the possibility of a functional interaction between Mss51p and Pet309p 
by looking for phenotypic complementation of respiratory deficiency when each of the 
genes was overexpressed in the other disruptant strain. A mss51-null strain was 
transformed with the PET309 gene on single and multicopy plasmids (pGM1 and pGM2 
respectively; Table II), and a pet309-null strain was transformed with single- and multicopy 
Plasmids containing the MSS51 gene (pMS3 and pMS7 respectively; Table II) Growth of 
the transformants on minimal medium suplemented with adenine, histidine and 
tryptophane, indicates the presence of the plasmid (Fig. 2). The ability to grow on both 
YPD and YPGIyc plates was determined (Fig. 2). While all strains displayed similar growth 

n« ,ono7 ; . g ? W t h ° n Y P G I y C w a s f o u n d t 0 o c c u r o n | y w i t h t h e respective wild-type strains 
(W303(167) and GM10), and the disruptant strains transformed with the corresponding 
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wild-type gene. We conclude that Mss51p and Pet309p fulfill independent functions in the 
activation of Coxlp translation. 

YPGlyc YPD MM+AHW 

i A;;;ss57 i 

Ï • • 

\ 

s.c. MSS51 

m.c. MSS51 

s.c. PET309 

m.c. PET309 

Apet309 

s.c. MSS51 

m.c. MSS5] 

s.c. PET309 

m.c. PKT309 

W303(167) 

GM10 (PET309) 

Figure 2: Complementation of Amss51 and Apet309 with MSS51 or PET309. Amss51 and 
Apet309 were transformed with single (s.c.) and multi copy (m.c.) constructs containing the wild type 
MSS57 gene (pMS3 and pMS7: Table 2) or the wild typePE7309 gene (pGM1 and pGM2: Table 2). 
Growth of transformants was determined on MM+AHW, YPD and YPGlyc. Pictures were taken after 
4 days of growth at 30 °C. 

Respiratory deficiency caused by the absence of individual translational activators can 
often be phenotypically suppressed by mitochondrial DNA rearrangements which fuse the 
affected mitochondrial gene to a 5'-UTR of a mitochondrial gene responsive to another 
activator (Rödel, 1986; Costanzo et ai, 1986; Dunstan ef a/., 1997). Such phenotypic 
revendants have indeed been found for a pet309-null strain (Manthey and McEwen, 1995). 
They contain Coxlp coding sequences fused downstream of the COB 5'-UTR, and Coxlp 
synthesis is Cbs1p/Cbs2p dependent. This mitochondrial revertant is unable to 
complement a mss51-null nuclear background (Fox, personal communication). 
Additionally, we (this report, data not shown) and others have looked extensively for the 
appearance of phenotypic suppressors of respiratory growth using a mss51-null strain. 
These attempts have all been negative. Taken together, these results strongly suggest that 
Mss51p either does not directly interact with the COX1 5'-UTR, or that it interacts with a 
region of the 5'-UTR that is not easily separable from the coding sequence. 
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ompIcxlVÉHMfe ' 
Mss51HA m 

1 2 3 4 

Mss51HAp 

AmssSJ.vmx. MSS51HA Ape«J9::m.c.MSS5IHA 

W a r a d S RNF1 , ? 9t , d e r C T i > l e X ' A : 3 ° M9 mit°chondrial protein was analyzed on 8-
anttnHf l i n« R7 9 e e*°Ph^es,s. After Western blotting, complex IV was detected with 
antibody 11D8-B7 against the Cox1 subunit and Mss51HA was detected with antibody 12CA5 
against the HA-ep,toPe. Both antibodies were obtained from Boehringer MannheimT For 2D 

te!ZTiSplZ\n^r? f""* BNKE"9el T 6 m n in 1 0 % SDS-PAGE. Arrows indicate the 
o n S e f t SDS-PAGE electrophoresis. The positions of Mss51HA and Cox1 are indicated 

S! t - fnQ i n aL a P P r?C h , t 0 t h e d e t e c t i 0 n 0 f a p o s s i b l e infraction between Mss51p and 
Pet309p the molecular organization of Mss51p was investigated by 2D Blue Native ael 
electrophoresis Schägger et al., 1994) under conditions that have allowed detection of 
several other mitochondrial complexes and intermediates in the assembly of cytochrome c 
oxidase (Nijtmans ef a/., 1998). The location of cytochrome c oxidase (about 250 kDa) was 

h f ^ h n i n n ' T f 0 " , ^ ^ ™ t h a n t i b ° d i e S d i r e c t e d a 9 a i n s t C o x 1 P- Application of 
this technique to mitochondrial extracts containing C-terminally HA-tagged Mss51p allowed 
detection of the protein at a position corresponding roughly to a molecular mass of 
approximately 150 k D a (Fig. 3A). We do not ye?knoAhe tL ' t h i s complet o n Z of 
multimer of Mss51p, or Mss51p in association with another protein. If the latter the other 
component is unlikely to be limiting in amount, since increased expression of Mss51p is 

u n S v S ™ 6 3 m ° U n t ? * . e C O m p l e X ' T n e o t h e r component of this complex is 
uni kely to be Pet309p, as migration is unaffected by disruption of the PET309 gene (Fiq 
3B). Taken together, these observations are highly suggestive of a lack of strong physical 

SrSeTbv t rent Mf51P a n d P e t 3 ° 9 p - H 0 W e V e r < ex i s tence of w e a k interaÄ disrupted by the extraction or separation techniques used, cannot be entirely ruled out 
Additionally since we do not know where the bulk of Pet309p migrates in this system we 
Ppnn°Jne^h t h e , r e m o t c Possibility that a minor amount of Mss51p is complexed with 
retd09p at this position in the gel. 
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Discussion 

Synthesis of cytochrome c oxidase subunit 1 (Coxlp) in S. cerevisiae mitochondria 
requires the products of MSS51 and PET309 genes. Mutants lacking either one of these 
genes resemble each other in being both Coxlp- and respiratory-deficient. We have 
recently shown (Siep et al., 2000) that lack of Coxlp in mss51 disruptants is indeed due to 
loss of synthesis of the subunit, rather than to déstabilisation of the protein as a result of 
impaired modification or assembly into holo-cytochrome c oxidase. Similar observations 
have been made for pet309 null mutants (Manthey et al., 1995). mss51 and pet309 
mutants were initially characterized in strains containing mitochondrial introns and both 
display complex changes in the levels of COX1 derived transcripts. Whether the proteins 
exert their effects entirely through translation (for example via the synthesis of intron-
encoded RNA maturases as well as of Coxlp), or whether they combine roles in both 
translation and RNA processing is currently unknown. Neither protein exhibits obvious 
hydrophobic regions, yet Mss51p is firmly associated with the mitochondrial membrane 
from which it can be eluted by carbonate extraction and Pet309p behaves as an integral 
membrane protein. 

The fact that both proteins localize to the mitochondrial inner membrane raises the 
question whether they might either physically or functionally interact. This appears not to 
be the case. Lack of physical interaction is indicated by the combined results of two-hybrid 
analysis and 2D Blue-Native gel electrophoresis. Lack of functional interaction is indicated 
by the absence of cross-complementation between the two genes in either single or 
multiple copies and by the lack of phenotypic suppression of the mss51-null mutant by a 
5'-UTR-COß/COX7 fusion that restores respiratory function to a pet309-null mutant. This 
fact and the observation that similar mitochondrial rearrangements have been observed to 
arise in a pet309-null strain indicates that Pet309p acts through an interaction with the 5'-
UTR of the COX1 mRNA. This interaction may well be responsible for the tethering of 
COX1 mRNA to the mitochondrial inner membrane. 

In line with the conclusion that Pet309p may interact directly with RNA is the recent 
observation that the protein contains several tandem copies of a PPR (pentatricopeptide) 
motif (Small and Peeters, 2000). This 35-amino-acid repeat is prevalent in members of a 
large family of plant and fungal proteins that either localise to mitochondria or chloroplasts, 
or are predicted to do so. Like the related TPR (tetratricopeptide) motif, the PPR motif 
consists of a pair of anti-parallel a-helices. Tandem arrays of the motif are expected to 
form a superhelix enclosing an extended groove or tunnel which is lined with hydrophilic 
and positively charged residues and which is wide enough to bind a single RNA strand. 

Compared with Pet309p, few clues to a possible function can be gleaned from examination 
of the sequence of Mss51p. The only close relatives of Mss51p are proteins of unknown 
function in S. pombe and Arabidopsis thaliana. The former displays similarity over its whole 
length and most probably represents the S. pombe orthologue of Mss51p. The latter only 
displays similarity over its C-terminal 200 amino acids, the remainder of the protein being 
homologous to a family of proteins with similarity to S. cerevisiae spliceosomal protein 
Prp19. 

Other features also distinguish PET309 and MSS51 genes. In analysis of DNA micro-array 
expression profiling data (data not shown; Eisen et al., 1998), MSS51 clusters together 
with a group of about 40 other genes encoding proteins involved in mitochondrial assembly 
or respiratory chain function, 20 of which are either proteins of the mitochondrial ribosome, 
aminoacyl-tRNA synthetases, or other factors closely involved in the translation process. In 
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contrast, the cluster containing PET309 contains only 6 other genes with roles i, 
respiratory chain function or assembly and PET309 itself displays a similar expression 

m%s%iïîViïm?*ïïr of,?enes i n v o , v e d i n R N A p r o c e s s i n9' Slicing ( P " P S O ; 
• • • ; ƒ ? ' 3 ' YSH1) a n d / o r t r a n s l a t i°nal activation (MSS116 AEP1) To what 

^l7lTS™*^nS
t
 in C , ° X 1 P Synth6SiS IS Undear' how^r- as Ä* PET111 and PET494 which cluster closely together, other mitochondrial translations 

dSert?group0s P Y ***** 6 X P r e S S i ° n P a t t e m S t h a t C 3 U S e t h e m t 0 b e ™^> 

UTOSrnx^MA C°hXlP SyK!hfSiS b y 9 m e c h a n i s m o t h e r than interaction with the 5'-
UTR of COX mRNA, what might its site of action be? An interaction with the mitochondrial 
ribosome has been suggested, based on the observation that the r e s p r ^ S S 
phenotype of the mss51-3 mutation is exacerbated by the presence of a P«454 mutation Ï 
the mitochondrial SSU rRNA (a C to G change at position 1514; Li et al 1982 ï 
mss51-c mutation reduces the level of Mss51p by more than 100-fold and'the negative 
effects tij.sm.ght have on an interaction with the mitochondrial ribosome might pTausllybe 

sXieoUulu7TTtan\ChaT i n t h e c o n f o r m a t i - °f SSU rRNA. Sensïivi t ó ï 
status of he 1477 site is also a feature of mutations in MSS1 and MT01 genes whose 
products together form a complex that has been suggested to influence the fideïy of 
mitochondrial translation (Colby et al., 1998). In the case of Mss1p/Mto1p rbosomj 
interaction would appear to be weak or transient, since the complex does not co 
fractionate with mitochondrial ribosomes in gradient separations (ColbÇ e* a /1998 For 
Mss51p, data on this point have so far been inconclusive (Chapter V Mss51p ma 

he1 I OUTRanfrn9 e rnSn S l a^n a l initiati0n SUbSequent t0 interactio" of the n S e J 
n « V r th\C0X1 m R N A - Alternatively, it may promote efficient elongation of the 

e7r?996anPd I S ^ ' w '" u ^ ̂  ^ ^ r i b ° S ° m a l t r ™ e r factor Hesterkam era/., 1996 and 1997) folding of the nascent polypeptide as it exits the ribosome. 
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Summary 

ÏÏJ55 f i n a ' e x p e r i m e n t a l c h a P t e r . we describe our attempts to determine the function of 
MSS51P ,n the synthesis of Coxlp. One approach to get more insight in the function of 
gene product is the study of mutants. However, for MSS51 there were no muta t 

Hbrarf tha^co0, d ' r 5 ^ ' ' ™!?T' ™ p e r f b r m e d P C R genesis t o create a m 
library that could be screened for temperature sensitive (ts) mutants. Comparison 
sequences might lead to clues on a proteins' function, therefore we carried out databas 
searches with the Mss51p sequence. From earlier work an interaction of Mss5 p and 

Ï A 2 3 Ï Ï Ï S ?ihb
eoS

mo^bosome) was sug9ested-To investigate this ^ > 5 
Introduction 

S l fp iüT a b l e t ° ' T 9 ' 1 2 6 M S S 5 1 P t 0 t h e m i t o c h o ndr ia l inner membrane and using pulse 
labeling experiments we showed that this protein functions in an early step of 
cytochrome c oxidase subunit 1 (Coxlp) synthesis (Chapter III). However the exac 
function of Mss51p is still unknown. Based on the evidence presented in Chapter IVth 
mechanism whereby Mss51p activates translation appears to differ froni tha t o ot e 
translational activators. For the functional analysis of proteins naturally occu "ng v a r ï 

h Z ° ^ n d . D ? P l t e 6 X t e n S i V e S e a r c h i n 9 ' n o spontaneous mutants in M s L T h a v 
been found (DeCoster ef a/., 1990; Siep and van der Spek, unpublished results) mss513 
the only mutant described so far, is an expression mutant: introduction of an upstream 

^M^^F^MZ?^88^ °RF:° 1% ° f Wild tyPe (Chapter ,l')- M u t a t i ° n s -the MSS51 ORF would facilitate the analysis of the protein function. Because of the lack of 
available mutations we decided to create point mutations by PCR mutagenes" Mutan 
libraries were screened for presence of temperature-sensitive (cs/ts) mutants durfna 
S d 37 a

c J 0 n - f e r m e n t a t i v e c a r b o n s ° ^ c e (YPGIyc) at different temperatures (23 C 28 

In chapter III we describe the characterization of mutant mss51-3. The phenotype of this 
mutation is enhanced by the PR mutation (Li et al., 1982), this mutation is located in a 
conserved ha.rp.ri .n the 15S mitochondrial ribosomal RNA and interferes wtfh h 

M s s s t ^ T the t I : , i ; b O S O m a l
 h

A Site- I h e S e ° b S e r V a t i o n s s u 99 e s t - i n t e r a c t o MSS51P with the translation machinery. Mitochondrial fractionation experiments (as 

mitonrh H-'", C h a P t e r ,M)' S h ° W e d t h a t M S S 5 1P P ro te in is f i rm 'V associated with h 
mitochondrial inner membrane. This localization resembles that of other mitochondrial 
^anslationa activators in S. cerevisiae. As suggested by others, it is Thought t a 
membrane-localized translation initiation is needed to synthesize the hydrophob 
franslation products near their site of assembly (Michaelis et al., 1991; Fox, 1996) Mo 
T ^ ^ H ^ ™ ^ * ? are translated by membrane-associated ribosome 
CO?? mRNA r i n ' 9 8 f )• T h e , t r a n S l a t , o n a l a c t i v a t o r s Cb^2p and Pet122p for COB and 
t h p i » h ; f ? ' V e l y ' d , S p l a y i n t e r a c t i o n w i t h the mitochondrial inner membrane and 
the mitochondrial ribosome (Michaelis er al., 1991; Harter et al 1991) Based on thP 
observation that the respiratory-deficient phenotype of the JssT-S muta ion s enhanc 
losZTZ , n , t h e

h
m i t o c h o n d r i a l ^ 'RNA ( P - ) , an interaction with the mtochond-

Mss51n with I n S U " e S t e d f ° r M S S 5 1 P ' T ° i n v e s t i 9 a t e a P ° s s i b l e interaction of 
Mss51p with nbosomes, we isolated mitochondrial ribosomes from a yeast strain 
expressing HA-tagged Mss51p. Using Western blot analysis with antibodies directed 
T T I m ' t o c h o n d r i a l ribosomal subunit protein and the HA-epitope we dete mined 
whether Mss51p displays co-localization. determined 
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Material & Methods 

Mutagenesis of MSS51 
All constructs in this study were based on construct pMS3: a Sphl-Xbal chromosomal DNA 
fragment containing the MSS51 gene in yeast-Escherichia coli shuttle vector YCplac111 
(Gietzand Sugino, 1988). 

Deletion mutants: All single copy mutants were constructed in YCplad 11 and YEplac181. 
From pMS3 different internal fragments were deleted. pS51NHA was constructed by 
deleting a 324 bp Ncol fragment. Before ligating the vector, the sticky ends were made 
blunt with T4 DNA polymerase. Plasmid pS51EHA was constructed by deleting a 187 bp 
Espl-Pmll fragment, the sticky Espl end was made blunt with T4 DNA polymerase. For the 
construction of plasmid pS51BHA the Sphl-Xbal fragment of pMS3 (containing the 
MSS51HA-fusion) was first cloned in vector pEP30 (Laird, 1988). Then a 126 bp BstBI 
fragment was deleted and the Sphl-Xbal fragment with the BstBI deletion was cloned in 
YCplad 11. Multi copy plasmids pMS7, pM51NHA, pM51EHA and pM51BHA were 
constructed by cloning a Hindlll-Xbal fragments of respectively pMS3 pS51NHA 
pS51 EHA and pS51 BHA in YEplad 81. 

PCR mutagenesis: Random mutagenesis experiments on the MSS51 gene were 
performed according to the method of Spee et al. (1993). PCR reactions were performed 
using pMS3 as template. Reactions were done in a final volume of 50 pi, containing- 0 2 
mM of the universal M13 primers, 10 template, 1 unit of Taq DNA Polymerase (Promega 
Madison, USA), Thermophilic Buffer (50 mM KCl, 10 mM Tris-HCI pH 9, 0.1% Triton X-
100), 5 mM MgCl2, 20 mM of one dNTP and 200 mM of the three remaining dNTPs. PCR 
was performed in 30 cycles, each cycle consisting of a denaturing step at 94 °C for 1 min 
a primer annealing step at 54 "C for 1.5 min. and an extension step at 72 °C for 2.5 min.,' 
using a Biometra T3-termocycler. In a mutagenesis experiment four separate PCR 
reactions were performed, each of which contained limiting amounts of one of the four 
dNTPs and afterwards the products were pooled. Two different libraries were made PCR-
products digested with Hindlll and Xbal were ligated in YCplad 11, resulting in insertion of 
a MSS51 gene with possible mutations over the complete ORF (EWL). For the other library 
a vector was created that was suitable for inserting only part of the PCR-products: an 
internal 1148 bp BamHI-Kpnl fragment. pMS3 was digested with Sphl and BsaBI, a 1872 
bp fragment was inserted in YCplad 11 vector. First, the empty vector was digested with 
Kpnl, treated with T4 DNA Polymerase and digested with Sphl. The 1148 bp internal 
BamHI-Kpnl fragment was exchanged with primers MWG#112 and MWG#113, introducing 
a linker containing a Pmel site. This vector, pMR2, contained the mitochondrial targeting 
signal of MSS51, a linker and the 3'-part of the gene fused with the HA-epitope. A library 
was constructed in this vector by exchanging the linker with the BamHI-Kpnl fragment from 
the PCR-products. This library (MRL) contained inserts with wild type tarqetinq siqnal and 
wild type HA-epitope. 

Isolation of mitochondrial ribosomes 
Mitochondrial ribosomes were isolated as described previously (Grivell et al., 1971) with 
minor modifications. In brief, cells from a late logarithmic phase culture were'collected by 
centnfugation (MSE-rotor), and spheroplasts were prepared by zymolyase (Seikagaku) 
treatment at 30 °C for 1 hr. After resuspension in 5 ml Mannitol medium (0 6 mM mannitol 

1 mM EDTA, 10 mM Tris.HCI pH 6.7), cells were disrupted in a blender. To remove 
unbroken cells this suspension was centrifuged twice at 3,000 rpm for 5 min in a GSA-
'otor. The supernatant was centrifuged at 10,000 rpm for 10 min in a SS34-rotor to collect 

i mitochondrial pellet. After washing in Mannitol medium, the mitochondria were 
resuspended in Medium A (60 mM mannitol, 150 mM KCl, 10 mM KH2PO4, 2 mM ATP 
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(sodium salt), 5 mM 2-oxoglutaric acid, 2 mg/ml bovine serum albumin, 20 mM Tris pH 6 7) 
in a concentration of 5 mg/ml, and incubated at 30 °C for 10 min (gently shaking) in 
Erlenmeyer flasks holding 1/10th of their nominal volume. After 10 min, puromycin was 
added to a final concentration of 50 ug/ml and the incubation was continued for a further 3 
min. The suspension was rapidly chilled to 0 °C by addition of an equal volume of Mannitol 
medium. To recover the mitochondria, this suspension was centrifuged at 13,000 rpm for 5 
min at 4 °C (SS34-rotor). Mitochondria were resuspended in A50MT (50 mM NH4CI, 10 
mM MgAc, 10 mM Tris-HCI pH 7.5, 6 mM 2-mercaptoethanol), and lysed by rapid addition 
of 1/10th volume 3% sodium deoxycholate. After clarification at 13,000 rpm for 20 min 
(SS34-rotor), the lysate was layered directly over 0.4 volume 1 M sucrose in A500MT (500 
mM NH4CI, 10 mM MgAc, 10 mM Tris-HCI pH 7.5). This sucrose cushion was centrifuged 
at 40,000 rpm for 16 hr in a TI65-rotor or a type 60 rotor. After centrifugation, the pellet was 
washed three times in A50MT, and resuspended in the same buffer and the suspension 
was clarified by centrifugation at 10,000 rpm for 10 min in an Eppendorf centrifuge at 4 °C 
The supernatant was transferred to a new Eppendorf tube and the pellet was again 
extracted with the same buffer, centrifuged and the supernatants were combined 
Fractions were frozen in liquid nitrogen and stored at -70 °C. 

Miscellaneous 
All DNA manipulations were done according to standard techniques as described by 
Sambrook (Sambrook et al., 1989). Sequencing was performed according to the dideoxy-
method of Sanger (Sanger era/., 1977). 

Results 

Mutagenesis of MSS51 
The sequence of Mss51p does not display any obvious motifs or features that could give 
clues to a possible function of the protein or location of functional domains in the protein. 
Based on its hydropathy, Mss51p can be divided into two parts: a rather hydrophilic N-
terminal part of about 160 amino acids, and a more neutral C-terminal part with occasional 
hydrophilic regions. The protein is tightly associated with the mitochondrial inner 
membrane (Siep et al., 2000). A database search using Psi-BLAST (Altschul et al., 1997) 
identified a protein in Schizosaccaromyces pombe that displays similarity with Mss51p 
over its whole length, showing 37% identity with S. cerevisiae Mss51p (Fig. 1). Alignment 
of S. cerevisiae Mss51p and the S. pombe orthologue revealed a number of higly 
conserved regions (Fig. 1). To search for additional conserved domains that might indicate 
the function of Mss51p, these candidate patterns together with the S. cerevisiae Mss51p 
sequence were used as input in a Phi-BLAST search against all non-redundant GenBank 
translations (Zhang et al., 1998). No other protein sequences that contain the input 
patterns were found. 

In order to determine experimentally which domains are important for activity of Mss51p, 
deletion mutants were created. Through digestion and religation, deletions of 108, 64 and' 
42 amino acids were obtained. The deleted regions are shown schematically in Figure 2. 
All three deletions were checked by DNA sequencing and turned out to be in-frame. 
However, because all deletions led to loss of function (data not shown), we turned to 
creation of point mutations by random mutagenesis (Spee et al., 1993), followed by a 
screen for a mutant phenotype. Two different libraries were created: EWL, in this library 
the whole gene (including targeting signal and 3*-HA-tag) was mutagenized' and MRL, for 
this library a vector was created that contained the wild type targeting signal and 3'-HA-tag 
and was suitable for insertion of an internal 1148 bp fragment of the mutagenized PCR-
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products. Library EWL gave rise to about 2,000 E. coli clones, from which DNA was 
isolated and transformed to the mss51-null strain. Screening of this yeast library on 
YPGIyc at 23 C, 28°C and 37°C yielded seventeen thermosensitive (ts) mutants out of 
4,000 transformants: eight ts mutants which did not grow at 37°C, and nine partial ts 
mutants which grew poorer at 37°C compared to growth at 28°C. For the MRL library 1 800 
£ coll clones were pooled to isolate DNA. Transformation of the mss51-null strain 
resulted in a yeast library of 12,000 clones. Screening of this library yielded four ts mutants 
and 5 partially ts mutants at 37"C. Western blot analysis showed that at 28°C all mutant 
proteins were normally expressed and localized in the mitochondria (data not shown) In 
order to determine which alterations are responsible for the ts phenotypes a number of 
mutants with the most clear phenotype were chosen for sequence analysis: one ts mutant 
from the EWL library and four ts mutants from the MRL library. 

S. cer 

S. pombe 

S. cer 

S. pombe 

MTVLYAPSGATQLYFHLLRKSPHNRLWSHQTRRHLMGFVRNALGLDPPPSPEDPTPENR 6 0 
*.*::*: ..* * : 
MSFLKNLFKKKSP T-HEL 17 

V 
FHPWDQSPSVDLRERAAKIRTLAHCPVTGKDINYTCPLSGIPTHHSREAWEMDKAYHDSK 12 0 ..** _ **.*: .*. . .**..**_._.* ** **.*** * ** ** . 
FHPLSRSPLTALRRRSEHIKQVYRCPISGKSVEYECPESGFPTHCNRTHWEQDKIHQS-- 75 

G S S 
KYEILKKVNIYEHDLRSGRPFPEFD-FPQQQGYDKAVNLTNWDLFFYTRSFYSMDTEFOL 17 9 *:::* *** .*:**: :* *• * * ** ***** * ... 

pombe LIpKLRQINEDYHDLARPNPLPELLKLPGPMEEDEWSLLSWDSFFYTRDFPKFQSSRTA 135 

S. cer 

S. pombe 

S. cer 

S. pombe 

S. cer 

AAVTKMLSYPITIGSLLHKFSPYSLNPKGPITLEGLKSLAALRYTLYPLENRSLPTTTKN 23 9 :*..*.**..**..*** *** *. _t .**.**.**** *. t 

RHITSLLTYPMSIGAILHKMSPYNLKNG- -LTPQGLQSLTALRYMLHRPLS- -AQS-TDP 19 0 

RAMRIFILGARAEAQLPGHVWKQ-LQFLFPEQSFEIHFIGPECLYKRDKQEYVKSTTPW 298 *. ***.*** *..** .* * *.**** . *..****** _ 

RPTRIFVXGATKECSLPPSIWLQGLNFLFPGRLFQLHFIGPEVWPSKQP 240 

QRVDETLKFIYRTNFFEVFHEAQDFFPYDPYMDVFFTFHPGYASÎ 

S. pombe 

S. cer ETKCAI 

PESHGSWMGETMKALL 3 5£ •: . . * . : :: :::. :*.. * *.*** * ** * . * ti! . t t 
NLPSPLSLHFHQDYYHNLHRVGAFEPFDPYYDTFFLPMPLISHPLYSSSWI-PTLHDLV 29£ 

ETKCAIFTTGFNKKDLTDDINLVKSKYGKEMDVLMEPVRNVFGSTKWELNDMNPQEVYQF 41£ 

. pombe STRCSWLTSPSSQRTTKDLEVLNOTLKDSIEPLLLPTVNKFASLGWSVDDSNLHEVYHA 356 

c e r NMYIAGFRGKRYHTIKRQ-4 3 6 

* . *** _ *. 
pombe NQEVFGFRALYYNVQNVSKE 3 7£ 

DIAMrM'9 -, ?M ' g n m ! n L 0 / S- cerevisiae M s s 5 1 P and a S. pombe homologue. Using 
altanS J h ( M o r f n s t e r n • 1 9 " ) t h e Pr°tein sequence of the S. cerevisiae Mss51 protein was 
a gned with a protein sequence that was identified using Psi-BLAST (Altschul et al 1997) This 
protein from S. pombe (GenBank Accession number SPAC25B8) shows similarity to S cerev^ 
m ochondnal protein Mss51p. The underlined sequences were used as candidate paterns to seamh 
for conserved domains using Phi-BLAST (Zhang et al., 1998). Amino acid substitutions created by 
HOR-mutagenesis are depicted in bold type. 
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Figure 2: Organization of the Mss51HA protein and positions of the deletions. Mss51p is 
represented as an open box of 436 amino acids. The Ha-tag is represented as a shaded box of 10 
amino acids. The deletions are shown as black boxes in the open box. N, 108-aa Ncol-Ncol deletion. 
E, 64-aa Espl-Pmll deletion. B, 42-aa BstBI-BstBI deletion. The square dotted line represents the N-
terminal region containing the point mutations. 

Mutant Nucleotide substitution Amino acid change 
tsl C227T, A499T A76V, T167S 
ts3 deletion (139-159), T494C DPPPPSPE (47-53), F165S 
ts8 A401G D134G 

tsl3 G577A G193R 
tsl7 C701T P234L 

Table I: Nature of the point mutations in Mss51p. Point mutant ts1 from library EWL and point 
mutants ts3, ts8, ts13 and ts17 from library MRL were characterized using sequence analysis. This 
table depicts the nucleotide substitutions and the corresponding amino acid changes. Positions are 
relative to the initiator ATG of the MSS51 orf. 

Sequence analysis of the point mutants showed that the ts phenotype of three of the yeast 
transformants was caused by a single point mutation in the MSS51 gene (Table I). Mutant 
ts1 is the only mutant that contained two nucleotide changes. The first being a C to T 
alteration at nucleotide position 227 (relative to the ATG) resulting in a change from valine 
to alanine at amino acid position 76 and the second substitution was an A to T alteration at 
nucleotide position 499 resulting in a threonine to serine change at amino acid position 
167. In mutant ts3 sequence analysis showed a 21 bp deletion resulting in loss of amino 
acids DPPPSPE from position 47 to 53, in combination with a T to C nucleotide 
substitution at position 494 resulting in a change from phenylalanine to serine at position 
165. The amino acid changes in these mutants range from relatively neutral changes 
(alanine to valine, threonine to serine) to more drastic changes (neutral glycine to 
hydrophilic, positively charged arginine) (Fig. 1). Interestingly, all mutations (except A76V) 
that change conserved amino acids are in a 100-aa region in the N-terminal half of the 
protein (Fig. 2). 

Does Mss51p interact with the mitochondrial ribosome? 
To investigate this possibilty, we set out to isolate mitochondrial ribosomes from the 
mss51-null strain (\N303(~\67)Amss51) transformed with a multi-copy construct of the HA-
tagged MSS51 gene. To check the fractionation from crude mitochondria to ribosome 
fraction these samples were analyzed by SDS-PAGE and Western blotting. Using different 
antibodies, we determined whether Mss51p co-localizes with the mitochondrial ribosome 
(data not shown). A low yield caused by partial lysis of mitochondria and incomplete 
resuspension of the ribosomal pellet, and a high degree of cross-contamination by 
membrane material, mean that the location of Mss51p could not be established with any 
degree of certainty. 
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Discussion 

From the characterization of various properties of Mss51p, including genetic and physical 
interactions and biochemical characterization, we hypothesized that this protein is different 
from other translational activators (Chapter 11 l/l V). We were unable to detect an interaction 
with Pet309p, the integral membrane translational activator for COX1 mRNA. Mitochondrial 
reversants that arise spontaneously in mutant strains of other translational activators, could 
not be found for Mss51p, indicating that Mss51p either does not interact with the 5'-UTR or 
that it recognizes some other part of the mRNA. Characterization of mutant mss51-3 
showed that the phenotype of this mutant strain is enhanced in a strain carrying the pR454 
mutation (Decoster et al., 1990; Siep et al., 2000). The pR454 mutation is located in a 
conserved hairpin in the 15S mitochondrial ribosomal RNA and interferes with the 
decoding process at the ribosomal A site (Li et al., 1982). This mutation, a C to G 
transversion, confers resistance to paromomycin, an inhibitor of prokaryotic protein 
synthesis. In the paromomycin-resistant background, an enhancing effect on two other 
factors involved in mitochondrial protein synthesis has been reported. Mss1 mutants fail to 
splice the COX1 pre-mRNA (Decoster ef a/., 1993), the mutant phenotype was interpreted 
to indicate that Msslp normally interacts with the 15S rRNA. The paromomycin-resistance 
allele was also sufficient for the expression of respiratory deficiency in mto1 mutants 
(Colby et al., 1998). Both Msslp and Mtolp are mitochondrial proteins that on the grounds 
of co-sedimentation have been proposed to form a complex (Colby ef a/., 1998). No 
association of these proteins with the mitoribosome was observed, transient interactions 
could not be excluded. Since the effect of the paromomycin-resistance mutation on the 
mss51-3 mutant is comparable with the situation for MSS1 and MT01, we hypothesized 
that Mss51p might interact with the mitoribosome. Alternatively, it would mean that the 
pR454 mutation diminishes ribosome function and makes mss51 mutants grow more 
poorly for indirect reasons. For the mitoribosome of S. cerevisiae 65 proteins have been 
characterized so far (YPD database, Hodges ef a/., 1999). Mitoribosomes differ from their 
counterparts in yeast cytoplasm and in other organisms mainly in the protein/RNA ratio, 
containing many more ribosomal proteins (MRPs). Still not all MRPs are identified, but the 
availibility of a complete sequence of the yeast genome has greatly facilitated the 
identification of new MRPs (Graack and Wittmann-Liebold, 1998). To investigate a 
possible interaction of Mss51p with the mitoribosome, we isolated ribosomes from a strain 
expressing HA-tagged Mss51p. The results we obtained with the antibody against the HA-
epitope suggested that Mss51p co-localized to some extent with the mitoribosome, 
Mss51p could be detected in mitochondrial subfractions that contain ribosomes. 
Unfortunately, the ribosomes obtained in this experiment are atypical. A low yield caused 
by partial lysis of mitochondria and incomplete resuspension of the ribosomal pellet, and a 
high degree of cross-contamination by membrane material, mean that the location of 
Mss51p could not be established with any degree of certainty. 

So far, our experiments still have to reveal the function of Mss51p. Based on the results 
obtained, we suggest three possible functions. Using pulse-labeling experiments, we 
showed that MSS51 is specific for COX1 mRNA and Mss51p is required for the synthesis 
of Coxlp. The simplest explanation is that MSS51 interacts with a component of the 
translational apparatus that is specifically involved in Coxlp synthesis. This explanation 
leaves us with three possibilities. First, Mss51p might interact with COX1 mRNA. If this is 
the case, then interaction is most probably with a part of the mRNA that is distinct from the 
5'-UTR, since we and others have been unsuccessful in searches for mitochondrial 
pseudo-revertants, in which translation has been restored as a result of leader exchange. 
The fact that the paromomycin-resistance mutation, which interferes with both initiation 
and elongation of translation, enhances the effect of the mss51-3 mutation, opens the 
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possibility that Mss51p interacts downstream of the initiator-AUG. Second, while we could 
not show an interaction with Pet309p, Mss51p might associate with another, ye: 
unidentified, COX7-specific translational activator. Also, our results on the ribosome-
association of Mss51p, do not exclude that Mss51p interacts transiently with the 
mitoribosome. These two possibilities imply that Mss51p may promote efficient elongation 
of the nascent Coxlp subunit. Third, an interaction with the growing nascent peptide chain 
might exist. For this last possibility, two interactions could be envisaged. In analogy with 
bacterial ribosomal trigger factor (Hesterkamp, 1996; 1997), Mss51p, might act to promote 
folding of the nascent polypeptide as it exits the ribosome. Through interaction with the 
growing peptide chain, Mss51p might act as a co-translational docking protein, which co-
translationally inserts the hydrophobic Cox1 protein in the inner membrane. 

The amino acid substitutions in the thermosensitive mutants are located within a 10ol 
amino acid region in the N-terminal part of the Mss51 protein. Since all mutant proteins 
created were expressed at normal levels and located to mitochondria, this indicates the I 
importance of this part of the protein for its function. Based on amino acid properties the 
A76V and T167S changes appear not to be very drastic, since they exchange one neutral 
amino acid for another (Wienholds, 1998), but it should be remembered that these 
changes do affect side-chain length. The other changes are more drastic, changing the 
hydrophobicity or charge of amino acids. Comparing the wild type sequence with the 
sequences of the ts alleles, using secondary structure prediction programs (Levin et al., 
1986; Deleage and Roux, 1987; Rost and Sander, 1993; Geourjon and Deleage, 1994; 
Frischman and Argos, 1996; Gamier et al., 1996; King and Sternberg, 1996), suggested 
that the single amino acid substitutions might influence the secondary structure of Mss51p 
(Rijnberg, 1999). On basis of these predictions an area predicted to form an extended 
strand appeared to have a higher probability of forming an alpha helix in mutant ts3 
(F165S), and in mutant ts13 (G193R) a region of random coil might assume an alpha 
helical conformation. These secondary structure changes might lead to loss of an 
interaction necessary for the function of Mss51p. Taken together, for the mss51 point 
mutants described here this could mean that at the restrictive temperature the substitutions 
in amino acids caused by the point mutations lead to loss of an interaction necessary for 
proper translation of COX1 mRNA. 

Through a database search (Psi BLAST, NCBI), we found an homologue for MSS51 in 
Schizosaccharomyces pombe. This protein most probably represents the S. pombe 
orthologue of Mss51 p. Four of the amino acids that were mutagenized in our mutagenesis 
approach (D134, F165, T167 and G193) appeared to be conserved between S. cerevisiae 
Mss51p and the S. pombe orthologue (Fig. 2). Although the function of this S. pombe 
orthologue of MSS51 has to be determined, it is striking that we find an homologue through 
database search in a distantly related yeast. For the other translational activator protein for 
COX1 mRNA, Pet309p, a protein with significant sequence similarity has been found: the 
Neurospora crassa gene CYA-5, which is required in a post-transcriptional step for the 
expression of Coxlp (Coffin ef a/., 1997). Functional homologues of PET309 have also 
been found in Candida albicans and S. pombe (Costanzo et al., 2000), while the maize 
chloroplast translational activator protein Crplp exhibits sequence similarity to Pet309p 
(Fisk et al., 1999). The fact that for the COX1 translational activators MSS51 and PET309 
homologues with significant similarity could be found in distantly related fungi, while for the 
COX2 and COX3 translational activators no significant matches could be found, indicates 
that proteins involved in synthesis of Coxlp may be subjected to more stringent 
evolutionary constraints. 

Recently, it was shown that in the closely related yeasts Saccharomyces kluyveri and 
Kluyveromyces lactis the mRNA-specific translational activators PET111 and PET122 are 
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highly diverged, while their functions are orthologous (Costanzo et al., 2000). These 
homologues were found by screening for complementation of mutations in genes adjacent 
to the PET genes and failed to function in S. cerevisiae. Not only the translational activator 
genes, but also the 5'-UTRs of the COX2 and COX3 mRNAs in S. kluyveri and K. lactis 
have little similarity to each other or to those of S. cerevisiae. This implies that through co-
evolution of the yeast mitochondrial mRNA translational activators and the yeast 
mitochondrial mRNAs membrane-bound translation has been retained, while the factors 
involved have diverged. 
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Chapter V I 

General discussion 
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Mitochondrial translation 

From genetic studies it has become clear that translation in yeast mitochondria is an 
extremely complicated process, requiring numerous general and specific factors. Although 
in recent years new biochemical approaches have added a large amount of experimental 
data to the information obtained by these genetic studies, the exact function of many 
factors involved remains obscure. In a number of aspects mitochondrial translation in yeast 
seems to be prokaryotic in nature (Kitakawa and Isono, 1991). The mitoribosome 
resembles more its prokaryotic than its eukaryotic counterpart and is sensitive to almost 
the same spectrum of antibiotics that interfere with translation in prokaryotes (Borst and 
Grivell, 1971). All general factors that have been identified, i.e. IFM1, MEF2 and TUF1, 
share homology with prokaryotic translation factors (Vambutas et al., 1991; Rasmussen. 
1995; Nagataefa/., 1983). 

Most mitochondrial translation products are highly hydrophobic subunits of the respiratory! 
chain complexes that need to be assembled in the inner membrane. These proteins have 
to be protected from degradation in the mitochondrial matrix and need to be targeted to the I 
inner membrane for correct complex assembly. Specific factors for translation of individual 
yeast mitochondrial mRNAs play an important role in initiation of translation and | 
localization of translation at the mitochondrial inner membrane. Further characterization of 
the mRNA-specific translational activators led to a generally accepted model that places 
translation of mitochondrial mRNAs at the inner membrane so that the synthesized 
proteins can be co-translationally inserted into the membrane (Fox, 1996; Michaelis el 
a/.,1991). 

So far, the best characterized yeast mitochondrial translation processes are the translation 
of cytochrome c oxidase subunit 3 (COX3) and apocytochrome b (COB) mRNA. For 
translation of COX3 mRNA three factors have been identified, Pet54p, Pet122p and 
Pet494p (Costanzo et al., 1986; Kloeckener-Gruissem et al., 1988). Cbslp and Cbs2p 
regulate the translation of COB mRNA (Rodel, 1986). All these factors are associated with 
the mitochondrial inner membrane and are thought to interact with the 5'-UTR of the 
mRNAs. This protein-RNA interaction has been proposed to tether the mRNAs to the inner 
membrane. In order to translate the mRNAs at the inner membrane, the ribosome has to 
be targeted to the membrane-localized mRNA. Pet122p and Cbs2p are shown to interact 
with the mitoribosomes (Hafter et al., 1991; Michaelis er al., 1991), indicating that 
translation occurs at the inner membrane. The newly synthesized hydrophobic subunits of 
inner membrane complexes can be co-translationally inserted into the membrane thereby 
preventing aggregation and degradation of these proteins. Recently, studies have been 
described on chimeric mRNAs harbouring the COX2 or the COX3 coding region under 
control of the VAR1 5'-UTR (Sanchirico et al., 1998). As a protein of the mitoribosomal 
small subunit, it is thought that the synthesis of Varlp does not depend on co-translational 
membrane insertion. In line with a membrane-tethering model for mitochondrial translation, 
both Cox2p and Cox3p were translated efficiently from the chimeric mRNAs, but their 
incorporation into active cytochrome c oxidase was found to be severely defective and 
their turnover significantly increased. 

The model for translation on the surface of the mitochondrial inner membrane is based on 
the fact that all mitochondrial translational activators that have been studied so far are 
associated with the inner membrane. According to this model, the mitochondrial mRNAs 
need to be tethered to the inner membrane to facilitate co-translational insertion of the 
newly synthesized proteins. The question remains how tethering does occur. Although 
genetic evidence suggests that translational activators interact with the 5'-UTR of their 
target mRNAs, RNA-binding has not yet been demonstrated directly. 
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The role of NAD+-dependent isocitrate dehydrogenase 
in mitochondrial translation 

A search for RNA-binding proteins, possibly involved in mitochondrial translation, led to the 
discovery that NAD+-dependent isocitrate dehydrogenase (Idh) is an RNA-binding protein 
(Elzinga et al., 1993). Idh, one of the eight enzymes of the Krebs cycle, is an octamer 
composed of Idhlp and Idh2p (encoded by IDH1 and IDH2, respectively). This enzyme is 
not only catalytically active in the TCA-cycle, it also binds specifically and with high affinity 
to the 5'-UTR of all mitochondrial mRNAs. Chapter II of this thesis describes the 
characterization of the RNA-binding activity of Idh. The value of the dissociation constant 
(Kd = 3 nM) that was found for the RNA-binding of Idh indicates that RNA-binding is 
possible even at low levels thought to exist within the miochondria under physiological 
conditions and is thus likely to occur in vivo. Recently, our group showed that a strain 
disrupted for Idh displays a 2-3-fold increase in the synthesis of mitochondrial translation 
products (de Jong et al., 2000). However, the half-life of the newly produced proteins is 
reduced 2-3-fold. As mentioned previously, Cox2p and Cox3p showed increased turnover 
when their mRNAs are prevented from membrane tethering/docking. Taken together this 
suggests that Idh may suppress inappropriate translation of mRNAs in the mitochondrial 
matrix. To initiate translation, Idh should be, directly or indirectly, replaced by the 
membrane-bound translational activators causing the mRNAs to be tethered to the inner 
membrane. 

Translation of COX1 m RNA 

Chapter III to V of this thesis describe the characterization of the translational activator of 
cytochrome c oxidase subunit 1 {COX1), Mss51p. Although we could show that Mss51p 
functions in an early step of Coxlp synthesis, we were unable to establish the exact 
function of this protein (Siep et al., 2000). Based on our extensive functional analysis two 
models are presented that describe the possible function of Mss51p and Pet309p in 
synthesis of Coxlp (Figure 1). In contrast to the situation for the COX3 mRNA-specific 
translational activators (Pet54p, Pet122p and Pet494p), no physical interaction between 
Mss51p and Pet309p could be detected by two-hybrid analysis or two-dimensional gel 
electrophoresis. Mutations in other translational activators are suppressible by mtDNA 
rearrangements that place mRNA coding sequences downstream of another 5'-UTR. The 
fact that no such mitochondrial suppressors could be found in mss51 mutants, is an 
indication that Mss51p does not interact with the 5'-UTR of COX1 mRNA. However, 
especially the membrane association of both Pet309p and Mss51p and requirement for 
these factors for translation of COX1 mRNA, place translation at the inner membrane 
analogous to other translation events. 
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Figure 1 : Two hypothetical models for the role of Mss51 p in the synthesis of Cox1 p. This figure 
depicts the interactions required for membrane-associated translation of COX1 mRNA. Possible 
interactions that are discussed in this chapter are indicated by a dotted arrow and marked with a 
question mark. The assembly machinery is depicted as a 'black box'. 
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The membrane association of Mss51p, as depicted in both models, is based on our 
extensive characterization described in Chapter III of this thesis. Mss51p could only be 
extracted from the mitochondrial inner membrane under stringent conditions and co-
fractionates with proteins known to be associated with the inner membrane, indicating a 
tight association with the inner membrane. 

The proposed interaction with the mitoribosome is based on three observations. First, the 
previously identified mutant mss51-3 displays a partial deficiency in respiratory growth 
(DeCoster et al., 1990). The effect of the mss51-3 mutation is enhanced when this allele is 
combined with the P R 4 5 4 mutation which confers resistance to the aminoglycoside 
paromomycin. This mutation is located in a conserved hairpin in the 15S mitochondrial 
rRNA (Li et al., 1982). Paromomycin is known to interfere with the decoding process at the 
ribosomal A site. The observation that this mutation enhances the translational effect of the 
mss51-3 mutation on Coxlp synthesis, may indicate a possible physical interaction of 
Mss51p with the mitochondrial ribosome, analogous to the situation for the COB mRNA 
translational activator Cbs2p (Michaelis er al., 1991). Second, analysis of DNA micro-array 
expression profiling data for yeast grown under a wide variety of conditions (Eisen er al., 
1998), shows that MSS51 clusters together with a group of about 40 other genes encoding 
proteins involved in mitochondrial assembly or respiratory chain function, 20 of which are 
either proteins of the mitochondrial ribosome, aminoacyl-tRNA synthetases, or other 
factors closely involved in the translation process. Third, the functional analysis presented 
in chapter V, suggests a physical interaction between Mss51p and the mitoribosome. The 
results we obtained with HA-epitope tagged Mss51p suggests that Mss51p co-localizes to 
some extent with the mitoribosome. Mss51p could be partly detected in mitochondrial 
subfractions that contain ribosomes. Taken together, these observations suggest a 
functional interaction of Mss51p with the mitoribosome. 

The functional form of Mss51p is depicted as a higher order structure. This representation 
is based on the migration behaviour of Mss51p in native PAGE electrophoresis. The 
protein is detected at a position corresponding to a molecular mass of approximately 150 
kDa, while on denaturing PAGE electrophoresis, it migrates at 44 kDa (Chapter IV). 

In model A an interaction of Mss51p with the growing Cox1 peptide chain is proposed. This 
is based on preliminary results, using 2D analysis. A comigration in the first dimension of 
Mss51p and (unassembled) Coxlp may suggest a direct interaction of Mss51p with 
Coxlp (see also below). In this model Pet309p docks the COX1 mRNA at the 
mitochondrial inner membrane. At the inner membrane, Mss51p interacts with the 
mitoribosome to target the ribosome to the right location. By interaction with the growing 
peptide, Mss51p directs the newly synthesized peptide to the membrane-associated 
assembly factors, such as PetlOOp, Pet117p, Pet191p, Cox14p, Cox18p orOxalp. In this 
model the proposed function for Mss51p would then be the correct localization of 
translation at the inner membrane and aiding the insertion of the newly synthesized protein 
in the membrane similar to the function of the E. coli 'trigger factor'. In E. coli, trigger factor 
acts as a chaperone that co-translationally folds newly synthesized proteins by interaction 
with the growing peptide chain and the ribosome (Hesterkamp ef a/., 1996). 

Interestingly, a mutation of the COB translational activator Cbs2p was found to be 
suppressible by overexpression of ABC1 (Bousquet er al., 1991). Abdp is an assembly 
factor of apocytochrome b, essential for the correct conformation and function of the 
cytochrome bd complex (Brasseur ef a/., 1997). Mss51p and Cbs2p might have a similar 
function in mitoribosome interaction. Suppression of a mutation in Cbs2p by an assembly 
factor indicates that (Cbslp and) Cbs2p is not the only factor that promotes correct 
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synthesis of apocytochrome b. Since such suppressors could not be found for mss51 
mutants, Mss51p might combine functions in translation and in assembly in itself. Through 
an interaction with the growing petide chain Mss51p may stabilize the peptide prior to 
association with chaperones or assembly with other proteins. 

In model B, as in model A, Pet309p docks the COX1 mRNA at the inner membrane In 
contrast to model A, an interaction of Mss51p with the COX1 mRNA is proposed. Although 
it has been concluded that it is unlikely that Mss51p binds RNA, this possibility is formally 
not excluded. In favour of such a RNA-interaction is the finding that part of the MSS51 
sequence has a weak similarity with the pre-mRNA splicing factor PRP19 of Arabidopsis 
thaliana, over a region of 200 amino acids. Part of this homologous region is also shared 
by S. cerevisiae PRP19, a known splicing factor. Although Prp19p does not contain any 
recognizable RNA-binding motifs, it is likely to bind RNA. Since Mss51p is involved in 
translation it might also bind RNA. Based on the effect of the paromomycin mutation, it 
could be hypothesized that Mss51p might play a role in the elongation phase of translation. 
Paromomycin interferes with the decoding process at the ribosomal A site, which indicates 
interference with the elongation process. A physical interaction of Mss51p with the 
mitoribosome suggests that Mss51p might be part of the mitoribosome. To promote correct 
elongation of translation of the COX1 mRNA by the mitoribosome, Mss51p might interact 
with the mRNA downstream of the AUG codon to keep the mitoribosome at the 
membrane-localized COX1 mRNA. In this model, the proposed function for Mss51p would 
be to ensure continuation of synthesis of the growing peptide chain on the inner 
membrane. This membrane-localized synthesis of Coxlp promotes co-translational 
insertion of the newly synthesized protein into the inner membrane. 

Mss51p is depicted as a multimeric structure. From 2D experiments, it was concluded that 
Mss51p is in a higher order complex (Chapter IV). This complex might consist either of a 
multimer of Mss51p, or of hetero-multimeric structures with different proteins. A homo-
multimeric (3-4 Mss51p subunits) structure does not seem unlikely since increased 
expression of Mss51p is directly reflected in the amount of the 150 kDa complex. However, 
association of Mss51p with other proteins can not be ruled out. The most likely candidates 
for this proposed interaction would be either Pet309p or Coxlp. Since migration of the 
Mss51p-containing complex is unaffected by disruption of PET309, Pet309p is unlikely to 
be a component of this complex. As mentioned before, comigration of unassembled Coxlp 
with the 150 kDa complex can be interpreted in favour of a direct interaction of Mss51p 
and Coxlp. This interpretation seems to be in conflict with the before mentioned data 
obtained with disruption of PET309, since in pet309-null strains Coxlp synthesis is 
supposed to be completely abolished. If this would be true, Coxlp could not be associated 
with Mss51p. However, we repeatedly have observed accumulation of small amounts of 
fully assembled cytochrome c oxidase complex in strains lacking Mss51p or Pet309p (and 
also in the absence of other translational activators such as Pet111p and Pet494p; M. 
Artal, M. Farhoud, personal communication). This would mean that synthesis (of strongly 
reduced amounts) of Coxlp could occur, even in the absence of Pet309, and this would 
formally leave open the possibility of interaction with Mss51p. 
Beside Pet309p and Coxlp, other candidate proteins may be involved. Manthey et al. 
(1998) suggested that Namlp acts as a carrier, bringing COX1 mRNA to the membrane. In 
that case an interaction between Mss51p and Namlp might exist. On basis of model A 
one might argue that the protein that inserts Coxlp into the inner membrane might be the 
complex partner of Mss51p. Recently it was shown that Coxlp, Cox3p and apocytochrome 
b interact with Oxalp (Hell et al., 2001). Newly synthesized Coxlp displays strong 
dependence on Oxalp for its membrane insertion and interacts physically with Oxalp 
during its insertion process. The interaction of Oxalp with the peptide chain is enhanced 
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by the presence of the associated ribosome. However, an interaction of Oxalp with the 
ribosome has not yet been shown (Hell et al., 2001). 

Taken together the final conclusion on the function of Mss51p is that this protein is different 
from the other translational activators. Most important argument for this conclusion is the 
absence of mitochondrial revertants. No mitochondrial 5'-UTR rearrangements have been 
found to suppress mutations in MSS51, unlike other translational activators. This may 
mean that Mss51p does not act via direct interaction with the 5'-UTR. Unlike most 
translational activators, Mss51p may be present in appreciable excess. Only Pet494p, 
another peripheral membrane associated translational activator, shows comparable 
expression levels. This might indicate distinct roles for the peripheral membrane 
translational activators and the integral membrane translational activators. Our data and 
the recent data on Oxalp leave the opportunity to speculate that Mss51p interacts with the 
mitoribosome and Oxalp to couple translation and membrane insertion of Coxlp. Further 
experiments need to be performed to test this hypothesis. These experiments might 
include confirmation of the interaction of Mss51p and Coxlp and/or the ribosome, using 
the HA- or GFP-tagged Mss51p in immune precipitations and 2D gel eletrophoresis. In 
combination with an antibody against Oxalp, the interaction of Mss51p and Oxalp needs 
to be investigated. For analyzing the putative Mss51p-COX7 RNA interaction, a 
combination of genetic (three hybrid system) and biochemical (band-shift assays, cross-
linking) approaches can be employed. 

Translational activators in mitochondria 

For the translational activators of COX1 mRNA possible homologues could be found 
through database searches. We found a homologue for MSS51 in Schizosaccharomyces 
pombe and based on the sequence conservation this protein most probably represents the 
S. pombe orthologue of Mss51p. For the other translational activator protein for COX1 
mRNA, Pet309p, functional homologues have been found in C. albicans and S. pombe, 
while proteins with significant sequence similarity have been found in maize and N. crassa 
(Coffin et al., 1997; Fisk er al., 1999; Costanzo er al., 2000). Although the function of this S. 
pombe orthologue of MSS51 has to be determined, it is striking that we find these 
homologues in distantly related yeast and other fungi since for the translational activators 
of other mitochondrial mRNAs possible homologues could only be found by screening for 
complementation of mutations in conserved genes adjacent to the PET genes (Costanzo 
et al., 2000). The authors showed that in the closely related yeasts Saccharomyces 
kluyveri and Kluyveromyces lactis the mRNA-specific translational activators PET111 and 
PET122 are highly diverged in sequence, while their functions are orthologous. Not only 
the translational activator genes, but also the 5'-UTRs of the COX2 and COX3 mRNAs in 
S. kluyveri and K. lactis have little similarity to each other or to those of S. cerevisiae. This 
implies that through co-evolution of the yeast mitochondrial mRNA translational activators 
and the yeast mitochondrial mRNAs, membrane-bound translation has been retained, 
while the sequence of the factors involved have diverged. The fact that for MSS51 and 
PET309 homologues with significant similarity could be found in distantly related fungi, 
while for the COX2 and COX3 translational activators no significant matches could be 
found, indicates that proteins involved in synthesis of Coxlp may be subject to more 
stringent evolutionary constraints. A reason for this might be that Coxlp is the key subunit 
in the assembly of cytochrome c oxidase. Complex asembly is assumed to begin with 
insertion of Coxlp into the inner membrane, followed by association with Cox2p, Cox4p 
and Cox3p (Glerum and Tzagoloff, 1997; Lemaire ef a/., 1998). In addition to this it can be 
argued that since Coxlp is the largest and most hydrophobic mitochondrially translated 
subunit, extra control mechanisms have to be operative. The hydrophobic nature of Coxlp 
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would require such special control mechanisms to prevent excess of potentially hazardous 
unassembled Cox1 p in the mitochondrial inner membrane. 

Taken together, it looks like the mitochondrial specific translational activators lack 
evolutionary conservation, mRNA-specific mitochondrial activators appear to be amona thP 

most rapidly diverging proteins in budding yeasts, despite their conserved functions 
Costanzo er al., 2000). This conservation of function is the result of co-evolution of the 

target RNAs. The question remains why they are so variable, even in different yeast 
strains. And why don't we find counterparts in other genetic systems? As mentioned 
before at least between different yeasts the system is there, only the players have 
diverged. Only in other fungi homologues of mRNA-specific activators could be found 
indicating that mRNA-specific translational activation may be a feature of funqai 
mitochondrial gene expression. Orthologous proteins might be present in more distantly 
related species, however, the divergence between closely related species indicates that 
detection by sequence similarity alone will be difficult. In bacteria docking seems to occur 
at the protein level. While no mRNA-specific translational activators have been found 
proteins have been found that dock newly synthesized proteins at their site of assembly In 
the mammalian system little is known on how translation initiation in mitochondria occurs 
Mammalian mitochondrial mRNAs lack 5'UTRs (Attardi and Schatz, 1988) While the loss 
of similarity of 5'-UTRs between different yeast strains already led to co-evolution of the 
translational activators, one could imagine that in the mammals the whole system of 
mitochondrial translation might have changed. Two possible changes might have occurred 
during evolution. First, although mammals might have a similar system using specific 
translational activators for translation of mitochondrial mRNAs, these factors might have 
diverged so drastically that they are unrecognizable. Second, the system itself changed to 
a totally different mechanism with other factors that localize translation at the inner 
membrane, regulate translation, and protect the newly synthesized proteins from 
degradation. 
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Summary 

The work presented in this thesis aims to shed more light on the biogenesis of yeast 
mitochondria. As in all other eukaryotes, yeast mitochondria are important cell organelles. 
Most of the energy required for all cellular processes is derived from reactions taking place 
in the mitochondrion and key enzymes for major metabolic routes are localized in this 
organelle. The inability to assemble a functional mitochondrion underlies a wide spectrum 
of degenerative diseases in man. So, a better understanding of mitochondrial assembly in 
yeast might provide us with valuable information about mitochondrial dysfunction in man 
and other organisms. 

For several reasons the yeast Saccharomyces cerevisiae is a highly attractive 
experimental organism to study mitochondrial assembly. Yeast cultures are easily grown 
and handled under laboratory conditions, and the organism lends itself to classical 
genetics, transformation with foreign DNA and gene-replacement techniques. Mutations 
that affect the mitochondrial respiratory function are not lethal, since this organism can still 
grow on fermentable carbon sources. Therefore, a large number of genes that are involved 
in the expression of mitochondrial genes could be identified by genetic means. 
Additionally, the identification of novel mitochondrial proteins and the genome-wide study 
of changes in gene expression is greatly facilitated by availability of the full genomic 
sequence data. 

The majority of proteins that are needed to assemble functional mitochondria are encoded 
by nuclear genes and imported into the mitochondria. The mitochondrial genome of S. 
cerevisiae encodes seven protein subunits of the inner membrane, involved in respiration 
and oxidative phosphorylation. Except Varlp, all mitochondrially encoded proteins are 
hydrophobic proteins that assemble into the respiratory complexes of the inner membrane. 
Mitochondrial protein synthesis differs from cytosolic protein synthesis in a number of 
aspects. Most important characteristic of translation in mitochondria is the large number of 
factors that seem to be involved in translation initiation of specific mitochondrial mRNAs. 
For four of the eight major mRNAs one or more nuclear-encoded gene-specific 
translational activators have been identified. The Introduction of this thesis (Chapter I) 
describes the specific characteristics of mitochondrial protein synthesis and summarizes 
the current knowledge on mRNA-specific translational activators in yeast mitochondria. In 
this chapter a generally accepted model is introduced that places translation of 
mitochondrial mRNAs at the inner membrane to facilitate co-translational insertion of the 
newly synthesized proteins. 

In this model the mRNA-specific translational activators function as proteins that dock the 
mRNAs at the inner membrane, however RNA-binding has not yet been demonstrated 
directly. In contrast, a search for RNA-binding proteins identified NAD+-dependent 
isocitrate dehydrogenase (Idh) as an RNA-binding protein. Disruption of both IDH genes 
led to a strong increase in mitochondrial translation activity, while the newly synthesized 
products are also more rapidly degraded. From this observation, it was suggested that 
binding of Idh to mitochondrial mRNAs may suppress inappropriate translation of 
mitochondrial mRNAs. Chapter II describes further characterization of the RNA-binding 
activity of Idh by determination of the affinity for RNA and mutagenesis of the RNA-binding 
site. 

In chapter III, we show that the product of the nuclear gene MSS51 is required to initiate 
translation of COX1 mRNA. The Mss51 protein was shown to be firmly associated with the 
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mitochondrial inner membrane, indicating that translation of COX1 mRNA takes place at 
the inner membrane analogous to the other mitochondrial mRNAs. 

Synthesis of Coxlp is also dependent on Pet309p, the product of the nuclear PET309 
gene. Pet309p is an integral inner membrane protein that might interact with the 5'-UTR of 
the COX1 mRNA. In chapter IV, evidence is shown that Mss51p and Pet309p act at 
distinct levels in the translation of COX1 mRNA. Different genetic and biochemical 
approaches show that these two translational activators do not physically interact. 

Chapter V describes an extensive functional analysis of Mss51p. Mutagenesis of the 
MSS51 gene (deletion and point mutations) was performed to identify functional domains 
or amino acids in Mss51p. By isolation of mitoribosomes from a strain expressing HA-
tagged Mss51p a possible interaction of Mss51p with the mitoribosome could be shown. 

The final chapter of this thesis (chapter VI) summarizes the experimental data from 
chapters III to V and based on these data two models are presented that speculate on the 
function of Mss51p. This chapter also discusses the evolutionary conservation of mRNA-
specific translational activators. 



Samenvatting 

Het onderzoek dat in dit proefschrift wordt beschreven heeft als doel om meer inzicht te 
verkrijgen in de biogenese van gist mitochondriën. Zoals in alle andere eukaryote 
organismen, zijn de mitochondriën van gist cellen zeer belangrijke organellen. Bijna alle 
energie die nodig is voor het uitvoeren van cellulaire processen wordt gevormd in de 
mitochondriën. Ook zijn belangrijke enzymen uit belangrijke metabole routes gelocaliseerd 
in dit organel. Afwijkingen in de assemblage van een functioneel mitochondrion zijn de 
oorzaak van een aantal ziektes bij mensen. Een betere kennis van de mitochondriale 
biogenese zal ons daarom waardevolle informatie kunnen verschaffen over mitochondriale 
defecten in de mens en andere organismen. 

Om een aantal redenen is de bakkersgist Saccharomyces cerevisiae een zeer interessant 
experimenteel organisme om mitochondriale assemblage te bestuderen. Gist cultures zijn 
eenvoudig te kweken en te hanteren onder laboratorium omstandigheden. Daarnaast is dit 
organisme uitstekend geschikt voor klassieke genetische technieken en de introductie van 
vreemd DNA en andere moderne moleculair biologische technieken. Mutaties die de 
mitochondriale ademhaling beïnvloeden zijn niet lethaal, omdat dit organisme dan nog 
steeds kan groeien op fermenteerbare koolstofbronnen. Dit heeft ertoe geleid dat een 
groot aantal genen dat betrokken is bij de mitochondriale gen expressie kon worden 
geïsoleerd met behulp genetische technieken. Een extra voordeel is de beschikbaarheid 
van de volledige genomische sequentie, waardoor de identificatie van nieuwe 
mitochondriale eiwitten en de kennis van veranderingen in de gen expressie grote 
vooruitgang konden boeken. 

De meeste eiwitten die nodig zijn voor een functioneel mitochondrion worden gecodeerd 
door genen in de kern en deze eiwitten worden geïmporteerd in de mitochondriën. Het 
mitochondriale genoom codeert zeven eiwitten die allemaal betrokken zijn bij ademhaling 
en oxidatieve phosphorylering. Alle mitochondriaal gecodeerde eiwitten zijn hydrophobe 
eiwitten die de ademhalingscomplexen in de mitochondriale binnen membraan vormen. 
Mitochondriale eiwit synthese verschilt in een aantal aspecten van cytosolische eiwit 
synthese. Het belangrijkste kenmerk van mitochondriale translatie is het grote aantal 
factoren dat betrokken lijkt te zijn bij de initiatie van translatie van specifieke mRNAs. Voor 
vier van de acht mitochondriale mRNAs zijn een of meer kern-gecodeerde gen-specifieke 
translatie activatoren geïdentificeerd. De "Introduction" van dit proefschrift (Chapter I) 
beschrijft de specifieke karakteristieken van de mitochondriale eiwit synthese en geeft een 
samenvatting van de huidige kennis van mRNA-specifieke translatie activatoren in gist 
mitochondriën. In dit hoofdstuk wordt een algemeen geaccepteerd model geïntroduceerd. 
Dit model plaatst translatie van mitochondriale mRNAs aan de binnen membraan zodat de 
nieuw gevormde eiwitten co-translationeel in de binnen membraan kunnen worden 
geïmporteerd. 

In dit model functioneren de mRNA-specifieke translatie activatoren als eiwitten die de 
mRNAs aan de binnen membraan vast zetten. Tot nu toe is een directe interactie tussen 
activatoren en mRNA nog niet aangetoond. Een zoektocht naar mitochondriale RNA-
bindende eiwitten leidde tot de ontdekking dat NAD+-afhankelijk isocitraat dehydrogenase 
(Idh) in staat is om specifiek alle mitochondriale mRNAs te binden. Wanneer beide IDH 
genen worden verwijderd leidt dit tot een sterke toename van mitochondriale translatie, 
terwijl de nieuw gevormde producten ook sneller worden afgebroken. Deze observatie 
leidde tot de suggestie dat binding van Idh aan mitochondriale mRNAs voorkomt dat 
translatie van deze mRNAs op de verkeerde locatie gebeurd. Hoofdstuk II beschrijft de 
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verdere karakterisering van de RNA-bindende activiteit van Idh door de bepaling van de 
affiniteit voor RNA en mutagenese van de RNA-bindingsplaats. 

In hoofdstuk III laten we zien dat het product van een gen uit de kern, MSS51, nodig is bij | 
de initiatie van translatie van COX1 mRNA. Het Mss51 eiwit blijkt stevig geassocieerd te 
zijn met de mitochondriale binnen membraan, dit geeft aan dat de translatie van COX1 
mRNA plaats vindt aan de binnen membraan analoog aan de situatie voor andere 
mitochondriale mRNAs. 

De synthese van Coxlp is ook afhankelijk van Pet309p, het product van het kern-
qecodeerde gen PET309. Pet309p is een integraal binnen membraan eiwit dat mogelijk 
een interactie met de 5'-UTR van het COX1 mRNA aangaat. In hoofdstuk IV laten we zien 
dat Mss51p en Pet309p op twee verschillende niveau's de translatie van COX1 mRNA 
beinvloeden. Verschillende genetische en biochemische technieken laten zien dat deze 
twee activatoren geen interactie vertonen. 

Hoofdstuk V beschrijft een uitgebreide functionele analyse van het eiwit Mss51. Via 
mutagenese van het MSS51 gen (deletie en punt mutanten) is geprobeerd om functionele 
eiwitdomeinen of amino zuren te identificeren. Door de isolatie van mitochondriale 
ribosomen kon een mogelijke interactie van Mss51p met het ribosoom worden 
aangetoond. 

Het laatste hoofdstuk van dit proefschrift (chapter VI) vat de experimentele gegevens van 
de hoofdstukken II tot V nog eens samen. Gebaseerd op deze gegevens worden twee 
modellen gepresenteerd die speculeren over de functie van Mss51p. Dit hoofdstuk 
bediscussieerd ook de evolutionaire conservering van mRNA-specifieke translationele 
activatoren. 

100 



Tl 

101 



102 



Curriculum Vitae 

Michel Siep werd geboren op 27 mei 1970 in het hartje van Rotterdam, op een steenworp 
afstand van de vermaarde Coolsingel. Na de Rehoboth kleuterschool en de Wilhelmina 
(lagere) school, werd het Atheneum aan de CSG Maarten Luther gevolgd. Aan deze 
school behaalde hij in 1988 het VWO diploma. Na een korte flirt met de studie 
Bedrijfskunde, koos hij voor een studie Biologie aan de Rijksuniversiteit Leiden. 

Tijdens deze studie werden door hem drie stages uitgevoerd. Van januari tot juli 1992 was 
hij, via het Erasmus uitwisselingsproject werkzaam aan de "Tor Vergata" universiteit in 
Rome, bij de vakgroep Moleculaire Genetica (Prof. Dr G. Cesareni). Vervolgens volgde hij 
van september 1992 tot oktober 1993 een hoofdvakstage bij de vakgroep Moleculaire 
Plantkunde (Leiden, Prof. Dr J. Kijne en Dr S. de Pater). Afsluitend deed hij van januari tot 
juni 1994 een onderzoeksstage bij de vakgroep Anthropogenetica (Leiden, Dr E. Bakker). 
Na het behalen van het doctoraalexamen, in augustus 1994, mocht hij zich Drs M. Siep 
noemen. Alvorens te beginnen met promotieonderzoek was hij van september 1994 tot 
februari 1995 gastmedewerker van de vakgroep Celbiologie en Genetica aan de Erasmus 
Universiteit Rotterdam (Prof. Dr J.H.J. Hoeijmakers/Prof. Dr F. Grasveld). 

Op 1 april 1995 trad hij in dienst als Onderzoeker In Opleiding (OIO) bij de vakgroep 
Moleculaire Biologie aan de Universiteit van Amsterdam. Hier verrichtte hij moleculair 
biologisch onderzoek aan translatie in gistmitochondriën (promotor Prof. Dr L.A. Grivell, 
co-promotor Dr H. van der Spek). De resultaten van dit onderzoek zijn weergegeven in dit 
proefschrift, deze prestatie heeft ertoe geleidt dat Drs M. Siep in oktober 2001 
promoveerde tot Dr M. Siep. 

103 



104 





Mich Siep 

l 




