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ABSTRACT: All proteins encoded by mitochondrial DNA (mtDNA) are dependent on proteins encoded by 
nuclear genes for their synthesis and function. Recent developments in the identification of these genes and the 
elucidation of the roles their products play at various stages of mitochondrial gene expression are covered in this 
review, which focuses mainly on work with the yeast Saccharomyces cerevisiae. 'Ihe high degree of evolutionary 
conservation of many cellular processes between this yeast and higher eukaryotes, the ease with which mitochon- 
drial biogenesis can be manipulated both genetically and physiologically, and the fact that it will be the first 
organism for which a complete genomic sequence will be available within the next 2 to 3 years makes it the 
organism of choice for drawing up an inventory of all nuclear genes involved in mitochondrial biogenesis and for 
the identification of their counterparts in other organisms. 

KEY WORDS: yeast, Saccharomyces cerevisiae, mtDNA. mitochondria, regulation of gene expression, tran- 
scription, RNA splicing, translation, membrane assembly, molecular sequence data. 

1. INTRODUCTION 

Numerous reviews on various aspects of mi- 
tochondrial biogenesis have appeared in recent 
years (Tzagoloff and Myers, 1986; Attardi and 
Schatz, 1988; Costanzo and Fox, 1990; Glick and 
Schatz, 1991; Bolotin-Fukuhara and Grivell, 1992; 
Gray et al., 1992; Wallace, 1992; de Winde and 
Grivell, 1993; Dieckmann and Staples, 1994; Pel 
and Grivell, 1994), so why yet another on the 
subject? Apart from its intrinsic interest, there are 
several reasons why this process deserves con- 
tinuing study and review: mitochondria make a 
major contribution to energy production and con- 
servation in all eukaryotic cells that use oxygen; 
they house key enzymes of major metabolic routes; 
they contain a genetic system that displays prin- 
ciples of organization and control not encoun- 
tered elsewhere. Finally, like any other intricate 
biological process, mitochondrial biogenesis can 
go wrong. In man, mutations in mtDNA that re- 
sult in an inability to assemble a fully functional 
mitochondrion are the basis of a wide spectrum of 
degenerative neurological and muscular disorders 

(Luft, 1994; Wallace, 1994), and this has resulted 
in a dramatic upswing in interest in the repair, 
replication, and expression of this compactly or- 
ganized genome. In higher plants also, distur- 
bance in mitochondrial function, resulting from 
rearrangements in mtDNA, or incompatibility 
between mitochondrial and nuclear genetic back- 
grounds can lead to aberrant patterns of mito- 
chondrial gene expression, which often result in 
cytoplasmic male sterility. This phenomenon is 
of great importance to plant breeders both for its 
value in the commercial production of hybrid 
strains and for associated, undesirable side ef- 
fects, such as increased susceptibility to fungal 
toxins (Hanson, 1991). 

The information content of most mtDNAs is 
low and the number of encoded proteins contrib- 
uted to the organelle is small. Nevertheless, all 
are essential for the assembly of a functional res- 
piratory chain and all are dependent on proteins 
encoded by nuclear genes for their synthesis and 
function. Recent developments in the identifica- 
tion of these genes and the elucidation of the roles 
their products play at various stages of mitochon- 
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drial gene expression are covered in this review, 
which like an earlier review on these topics 
(Grivell, 1989), focuses mainly on work with the 
yeast Succhuromyces cerevisiae, with occasional 
excursions to other organisms. 

II. THE YEAST MITOCHONDRIAL 
GENOME 

S.  cerevisiue remains the experimental organ- 
ism of choice for the study of mitochondrial bio- 
genesis, because, unlike most other organisms, 
respiratory functions are dispensable as long as 
the organism can fall back on glycolysis as a 
source of energy and intermediates. In practice, 
this means that mutations affecting synthesis or 
function of respiratory chain components are vi- 
able and that levels of these components can be 
manipulated simply by changes in culture condi- 
tions (Bolotin-Fukuhara and Grivell, 1992). 

Major features of the S. cerevisiue mitochon- 
drial genome were established already a number 
of years ago. Dependent on strain, this mtDNA 
varies in complexity from about 74 to 85 kb 
(Zamaroczy and Bemardi, 1986; Wolf and Del 
Giudice, 1988; Grivell, 1989; Costanzo and Fox, 
1990; Bolotin-Fukuhara and Grivell, 1992). The 
circular map presented in Figure 1 is the result of 
both genetic and restriction analysis, but circular 
molecules constitute only a small fraction of iso- 
lated mtDNA and the population may in fact con- 
sist in vivo of long linear concatemers (Maleszka 
et al., 1991; Bendich, 1993). In common with the 
much smaller mtDNAs from metazoa, yeast 
mtDNA contains genes coding for the two riboso- 
mal WAS,  a set of W A S  and some components 
of the respiratory and energy-conserving enzymes 
of the inner membrane. In addition, there are 
genes without countqarts in metazoan mtDNAs. 
These code for endonucleases involved in intron 
spreading (homing endonucleases); proteins re- 
quired for RNA splicing (RNA maturases); a pro- 
tein associated with the small subunit of the mi- 
tochondrial ribosome (VARI) and an RNA that 
f o m  part of an RNAse P-like tRNA processing 
enzyme (RpM2). In addition, three reading frames 
identified by DNA sequence analysis bear some 
resemblance to the LAGLI-DADG homing endo- 
nuclease/RNA maturase family (see Section VII). 

In some strains, the product of one of them (ENS2) 
acts as one subunit of a site-specific endonuclease 
involved in general recombination of yeast 
mtDNA, the other subunit being related to the 
mitochondrial hsp70 protein SSCl (Morishima et 
al., 1990; Nakagawa et al., 1991). Interestingly, 
the sequence selectivity of this enzyme is much 
more relaxed than that of other enzymes of the 
family (Kawasaki et al., 1991), a feature that may 
derive from influence exerted by the hsp70 sub- 
unit. 

Genes notably absent from S. cerevisiae, but 
present in mtDNAs from mammals, plants, fungi, 
trypanosomes, and certain other yeasts, are those 
for the membrane-bound subunits of the complex 
I type of mitochondrial NADH:Q reductase (Weiss 
et al., 1991). This absence simply reflects the fact 
that S. cerevisiue lacks this type of NADH dehy- 
drogenase, having instead two simpler enzymes 
whose subunits are encoded by nuclear genes (de 
Vries and Grivell, 1988; de Vies et al., 1992). 

A compilation of all published DNA sequence 
data for S. cerevisiue covers an estimated 92% of 
the genome, with a few large gaps remaining 
(Zamaroczy and Bemardi, 1986). Unfortunately, 
results of early ‘sequencing efforts revealed that 
the intergenic regions of yeast mtDNA are almost 
pure poly-d(AT) and this fact has effectively de- 
terred subsequent generations of sequencers from 
undertaking efforts to complete the sequence. 
Although information now available from other 
mitochondrial genomes makes it unlikely that other 
genes remain to be discovered, this still has to be 
established formally. 

Comparison of gene order in the mitochon- 
drial genomes in different yeasts shows that it is 
not conserved, with the larger genomes display- 
ing greater variability than the smaller (Hoeben et 
al., 1993). As in other mtDNAs, subgenomic 
molecules formed by deletions across repeated 
sequences are a likely source of such rearrange- 
ments. The S. cerevisiue mitochondrial genome 
abounds in such sequences, with both the exten- 
sive AT-rich regions and short (50 to 100 bp), 
highly homologous GC-rich sequence elements 
being implicated in formation of deletions 
(Bernardi, 1982). Additionally, large-scale dele- 
tions resulting from intron duplication and trans- 
position may be a major source of genomic varia- 
tion (see Section IX). 
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FIGURE 1. MtDNA in S. cerevisiae strain D273-1 OB. Gene positions are based on coordinates listed by Grivell 
(1 993). Genes for rRNAs and known proteins are represented by black bars, those for ORFs by lightgray shaded 
areas. Note that RF2 and Y'ENS2 consist of a series of overlapping reading frames linked by +1 and -1 
frameshifts. For ease of presentation, these sequences are shown as continuous areas on the map. In some 
strains, the ENS2 reading frame is continuous and encodes the catalytic subunit of a site-specific endonuclease 
involved in recombination of mtDNA (Nakagawa et al., 1991). tRNA genes are identified by means of the cognate 
amino acid, using the oneletter code. Subscripts indicate isoacceptors. Introns, where present, are indicated by 
gray bars and those of the group I1 type are additionally indicated by an asterisk. D273-108 contains a medium- 
sized mtDNA, which lacks a number of introns present in the genes for apocytochrome b and COX1 in so-called 
long strains. Insertion sites of the missing introns are indicated. Sites of transcriptional initiation are designated by 
@) and on sites by (b). For all genes but one (T2 fRN4m), transcription is in a dockwii direction. For the on 
sequences, the flags point in the direction of cluster A to cluster C (Zamaroczy and Bemardi, 1986). 

111. REPLICATION, RECOMBINATION, 
AND REPAIR 

replication of mtDNA in yeast. A high rate of 
recombination, together with the large size of the 
molecule have undoubtedly contributed to this 
state of affairs by compounding difficulties in 
identification and isolation of replication inter- 

In marked contrast to the situation for many 
other mtDNAs, remarkably little is known about 
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mediates. Additionally, despite the availability of 
the yeast mitochondrial DNA polymerase and 
other proteins likely to be involved in replication 
(Foury and Lahaye, 1987; van Dyck et al., 1992; 
Lahaye et al., 1993), there is as yet no in vitro 
system for study of replication. For the yeast 
Torulopsis glubrutu, a rolling ciicle mechanism 
of replication of its 19-kb mitochondrial genome 
has been proposed, based on the detection by 
electron microscopy of lariats with double- or 
single-stranded tails alongside linear molecules 
of 2 to 7 genome units in length (Maleszka et al., 
1991). A similar mode could also hold for 
S. cerevisiue (Maleszka et al., 1991; Bendich, 
1993), but whether replication occurs exclusively 
by this mechanism is still not known. 

A. Replication Origins 

Depending on strain, yeast mtDNA contains 
7 to 8 ori-like elements that resemble replication 
origins in other organisms in terms of both se- 
quence motifs and predicted secondary structure 
(Faugeron-Fonty et al., 1984; Zamarocny et al., 
1984). Of these, four (on 1,2,3,  and 5 )  could be 
functional in vivo, because they are able to initiate 
DNA synthesis through RNA priming (Baldacci 
and Bemardi, 1982; see below). Ori 1, 2, and 7 
are apparently optional, because they can be de- 
leted without obvious deleterious effects (Piskur, 
1988% 1988b), thus leaving on 3 and 5 as serious 
candidates as replication origins. For o n  3, both 
functionality and importance has been established 
by the finding of a point mutation conferring 
temperature sensitivity on replication of mtDNA 
(Zelikson, R. and Bolotin-Fukuhara, M., unpub- 
lished observations), 

As in other systems, DNA replication and 
transcription in yeast mitochondria are tightly 
linked processes. Ori sequences and promoters 
share the same highly conserved block of 11 bp 
and both are transcribed by the mitochondrial 
RNA polymerase, the product of the RP04I gene. 
Deletion of RP041 results in loss of mtDNA. 
Analysis of nascent DNA chains and RNA prim- 
ers originating from oril and 5 shows that both 
are used as sites of RNA-primed, bidirectional 
DNA replication. On the basis of the positions of 

the RNA primers, it seems likely that in contrast 
to vertebrate mtDNAs, RNA priming of the 
complementary strand takes place in the immedi- 
ate vicinity of the initial priming event, probably 
by an as yet unidentified p h a s e  (Baldacci et al., 
1984). This situation resembles that observed with 
other DNAs (Staudenbauer, 1979), including that 
of bacteriophage T7, whose RNA polymerase is 
highly homologous to the mitochondrial core RNA 
polymerase (Masters et al., 1987). Interestingly, 
the "7 RNA p h a s e  initiates replication in lag- 
ging DNA strands by synthesizing short primers 
with the sequences ACCC or ACCA in a preex- 
isting replication fork Both sequences occur in 
the conserved region of the secondary origins of 
yeast mtDNA, and RNA primers have been 
mapped to these regions (Baldacci et al., 1984; 
Schinkel and Tabak, 1989). 

B. Enzymology of DNA Replication 

Of interest for the enzymology of mtDNA 
replication is the fact that the yeast mitochondrial 
DNA polymerase, encoded by the nuclear MIPl 
gene is an enzyme that displays homology to 
Escherichiu coli type-I polymerases, bacterioph- 
age and eukaryotic DNA polymerases, and re- 
verse transcriptase (J3lanco et al., 1991). In addi- 
tion to recognizable similarity to the 3'-5' 
exonuclease and polymerase domains of the E. coli 
Klenow polymerase, MIPl contains a C-terminal 
region of approximately 300-aa not present in 
other DNA polymerases. 

Another protein displaying high homology to 
its E.  coli counterpart is MSHl, which is presum- 
ably part of the mitochondrial mismatch-proof- 
reading system. Isolated by virtue of its sequence 
homology to the E. coli MutS gene, MSHl is 
essential for maintenance of wild type mtDNA, 
with disruption leading to mutagenesis and large- 
scale rearrangements (Reenan and KoMner, 
1992). 

C. Shared Proteins 

At least one protein involved in recombina- 
tiodrepak of yeast mtDNA is also required for 
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DNA transactions in the nucleus. PIFI (TSTI) is 
an ATP-dependent 5’-3’ ss-DNA helicase and 
shares additional sequence motifs with the E. coli 
RecC and D polypeptides. The protein is required 
for recombination, repair, and maintenance of 
mtDNA, with p i n  cells being respiratory defi- 
cient, deficient in certain recombination activi- 
ties, and strongly inclined to degrade their mtDNA 
at 36” (Foury and Van Dyck, 1985; Lahaye et al., 
1991; Lahaye et al., 1993). Like a number of 
other dual-location proteins (see Section X.B), 
the coding sequence of PIFI contains two in- 
frame initiation codons the use of which results in 
the production of proteins that differ in length at 
their amino-terminus. The longer product is im- 
ported into mitochondria. The shorter form is 
found in the nucleus, where it affects telomere 
length and the frequency of de mvo telomere 
formation (Schulz and Zakian, 1994). 

A second possible dual-function DNA-bind- 
ing protein is ABF2 (HIM1) (Diffley and Stillman, 
1991; Kao et al., 1993), closely related to the 
vertebrate high-mobility group protein HMG-1 
and other HMG-box proteins, among which is the 
nuclear-encoded human mitochondrial transcrip- 
tional activator mtTFl (Paxisi et al., 1993). ABF2 
is an abundant, nuclearencoded mitochondrial 
protein and is required for maintenance of the 
yeast mitochondrial genome, to which it binds at 
many sites, including at least one replication ori- 
gin (Diffley and Stillman, 1991). In vitro, ABF2 
also binds to replication origins in nuclear DNA 
and at least half of the intracellular protein has 
been reported to be recoverable from the nucleus 
in subcellular fractionations @iffley and Stillman, 
1992). This distribution is, however, not observed 
in hunofluorescence studies and the possibil- 
ity of some kind of redistribution during fraction- 
ation cannot fully be ruled out. It should also be 
noted that while ABF2 and mtTFl share similar- 
ity in sequence and mode of binding to DNA and 
mtTF1 can even rescue the loss of mtDNA phe- 
notype of abflO-mutant cells, there is no indica- 
tion that the proteins fulfill similar roles in tran- 
scription in their respective mitochondria. In 
contrast to mtTF1, ABF2 is not required for selec- 
tive initiation, nor does it stimulate transcription 
by mitochondrial RNA polymerase in vitro (Xu 
and Clayton, 1992). 

D. Maintenance of mtDNA and 
Mitochondria1 Translation 

A puzzling aspect of mtDNA maintenance is 
the’ dependence of this process on mitochondrial 
translation, at least in wild type cells. A block in 
translation caused either by mutations in general 
translational components, or by growth of cells in 
the presence of inhibitors of mitochondrial trans- 
lation leads to appearance of rho-, or rho0 cells, 
which, respectively, contain large deletions in, or 
lack mtDNA entirely. Nevertheless, the rho- pe- 
tite cells, which also lack a functional translation 
system, are capable of the faithful propagation of 
their highly amplified mitochondrial genomes 
(Weislogel and Butow, 1970; Williamson et al., 
1971; Myers et al., 1985). The explanation usu- 
ally put forward for this phenomenon is that rep- 
lication of wild type, but not petite mtDNA, re- 
quires an as yet unidentified mitochondrial 
translation product (Myers et al., 1985). It implies 
that there are important mechanistic differences 
in the replication or transmission of wild-type and 
petite mtDNAs. This is conceivable. Cells can 
partition single mitochondrial genomes and a 
single molecule parti‘tioned at cell division is ap- 
parently sufficient to permit restoration of the 
normal complement of multiple copies (Jones and 
Fangman, 1992). Transmission of wild-type 
mtDNA could thus be much more sensitive to 
compromised mitochondrial function caused by 
lack of mitochondrial translation products than 
that of highly amplified petite mtDNAs. Puzzling 
aspects remain, however. First, all major products 
of mitochondrial translation have been identified, 
so this “replication factor” would have to be a 
minor product. Second, stringent mutations in the 
mitochondrial gene for tRNA, do not lead to 
loss of mtDNA (Myers et al., 1985). so this puta- 
tive product would have to lack aspartate resi- 
dues. 

Maintenance of wild type yeast mtDNA also 
requires the product of the PIMI gene. PIMl 
encodes an La-Like protease, which is also found 
in mitochondria of several other organisms (see 
Goldberg, 1992 for review). Disruptants of PIMI 
are respiratory deficient, display a marked ten- 
dency to lose their mtDNA (Suzuki et d., 1994; 
van Dyck et al., 1994), and are impaired in their 

125 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ability to degrade misfolded imported mitochon- 
drial proteins (Wagner et al., 1994). Loss of 
mtDNA could, of course, simply be an indirect 
consequence of one of the other two defects, per- 
haps again reflecting an inability to maintain an 
electrochemical gradient across the inner mem- 
brane. On the other hand, it should be remem- 
bered that the E. cofi La-protease has DNA-bind- 
ing activity and that the enzyme was originally 
isolated on the basis of this ability (Zehnbauer et 
al., 1981). There may therefore be a more inter- 
esting role for PIMl still to be discovered (see 
also Section XI.C). 

E. Mitochondria1 Inheritance 

Finally, maintenance and transmission of yeast 
mtDNA is additionally dependent on a number of 
nuclear genes, whose functions are not yet clearly 
defined, but which are Likely to exert their effects 
by way of involvement in the inheritance of the 
organelle itself. Mutations in these genes typi- 
cally result in abnormal mitochondrial morphol- 
ogy and failure, or reduced ability to transfer their 
mitochondria to daughter cells during cell divi- 
sion. As might be expected, a number of these 
genes are essential to viability, because besides 
their role in respiration and energy conservation, 
mitochondria supply other functions essential for 
cell proliferation and survival (Gbelska et al., 
1983; Yaffe and Schatz, 1984). Genes with a 
possible role in organelle inheritance are listed in 
Table 1. MDMI encodes an essential protein, dis- 
playing sequence similarity to mammalian 
vimentin and cytokeratin, which are both compo- 
nents of the intermediate filament network Anti- 
bodies directed against MDMl recognize novel 
cytoplasmic structures in yeast and the interne&- 
ate filament network in animal cells, suggesting 
that cytoskeletal structures mediate mitochondrial 
inheritance. Additional support for the interaction 
of mitochondria with the cytoskeleton comes from 
the characterization of the MGMl gene, encoding 
a protein highly related to a family of GTP-bind- 
ing proteins that includes the microtubule-bind- 
h g  protein dynamin (Jones and Fangman, 1992; 
Guan et al., 1993). Mutation in or deletion of the 
MGMI gene results in temperature-sensitive loss 

of mtDNA and, as in the other mutants in this 
group, the appearance of abnormal mitochondrial 
structures. 

MDM2, MDM10, -1, and YMEl are 
mitochondrial proteins with an involvement in 
organelle inheritance. MDMlO and MMMl are 
integral components of the outer membrane. 
YMEl appears to be membrane attached, but fur- 
ther details of its location are not known. Muta- 
tions in all four genes result in abnormal mito- 
chondrial morphology, impaired mitochondrial 
movement and distribution, and disturbances in 
function. For MDM2, a A9-fatty acid desaturase, 
this is presumably the consequence of a require- 
ment for unsaturated fatty acids in one or more of 
these processes. For the other proteins, the basis 
of their involvement is less obvious. A function in 
mediating interactions with the cytoskeleton is 
one possibility and indeed has been proposed for 
MDMlO and MMMl (Burgess et al., 1994; Sogo 
and Yaffe, 1994). For YME1, results of second- 
site suppressor analysis are consistent with a simi- 
lar function (see Section XI.C for discussion). 

F. Petite-Negativity 

An area that deserves further study is the 
exact relationship between cell survival, mito- 
chondrial inheritance, and maintenance of mtDNA. 
As stated above, mitochondria fulfill functions 
additional to those in energy metabolism and the 
presence of a functional mitochondrial compart- 
ment is essential for cell proliferation. Assembly 
of a functional respiratory chain is dependent on 
expression of genes in mtDNA, while other func- 
tions are not. Both wild-type S. cerevisiae 
(Slonimski et al., 1968) and animal cells 
(Desjardins et al., 1985) are able to tolerate the 
loss of a functional mtDNA, provided certain 
nutritional or genetic criteria are met. It is there- 
fore intriguing that many yeasts are naturally 
unable to tolerate loss of mtDNA (petite-nega- 
tive) and that certain nuclear mutations can im- 
pair this tolerance in S.  cerevisiue (Janitor and 
Sub% 1993), or create it in other yeasts (Maleszka 
and Clark-Walker, 1989; Haffter and Fox, 1992). 
Whereas little is known about the latter class of 
mutations, recent sequence analysis of the PEL1 
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petite-lethality gene in S. cerevisiae shows that it 
is likely to encode a phosphatidylserine synthetase 
(Janitor and Subik, 1993). By analogy with the 
role of the MDA42 gene (see above), petite-lethal- 
ity may in this situation derive from an impair- 
ment in mitochondrial inheritance. ymel muta- 
tions also effectively convert S. cerevisiue into a 
petite-negative yeast. A single-point mutation in 
the ATP3 gene encoding the y-subunit of the 
F1-ATP synthase is able to suppress this effect 
(Weber et al., 1994). The basis of this suppression 
is as yet unknown. 

IV. TRANSCRIPTION 

A. Promoters, RNA Polymerase, and 
Accessory Factors 

Transcription of metazoan mtDNAs is initi- 
ated from a single promoter region and attenua- 
tion, processing, and stability are used as mecha- 
nisms to control levels of individual transcripts. 
In contrast, S. cerevisiae mtDNA contains 19 to 
20 transcriptional initiation sites scattered around 
the genome (Christianson and Rabinowitz, 1983; 
Edwards et al., 1983), thus offering considerably 
more scope for differential controls of gene ex- 
pression at the transcriptional level. Transcription 
starts within the sequence (W)TATAAGTA, 
with the last A being the site of initiation. Se- 
quences outside this motif probably also contrib- 
ute to promoter activity, as the motif is found at 
several sites in the genome, which lack corre- 
sponding transcripts (Edwards et al., 1983; 
BordonnC et al., 1987). In addition, the various 
promoters differ markedly in strength as mea- 
sured by their ability to compete in vitro for lim- 
iting amounts of RNA polymerase (Biswas and 
Getz, 1986; Wettstein-Edwards et al., 1986). Fea- 
tures of this enzyme, which bears a strong resem- 
blance to the RNA polymerases of bacterioph- 
ages "3, TI, and SP6, have been covered elsewhere 
(Schinkel and Tab&, 1989). It is, however, re- 
markable that the 153-kDa mitochondrial enzyme, 
in contrast to its smaller bacteriophage counter- 
parts (circa 100 ma) ,  requires an additional speci- 
ficity factor for promoter recognition and stabili- 
zation of the polymerase-promoter complex 

(Schinkel et d., 1988). T b k f i c t c r k t k p x h t  
of the MTFI gene, a ptein.with a molecular 
weight of 43 kDa MTFl can act as a mdticopy 
suppressor of a ts-mutation in the catalytic snb- 
unit, while its inactivation leads to the rapid loss 
of mtDNA (Lisowsky and Michaelis, 1988; 
Lisowsky and Michaelis, 1989). Interestingly, 
sequence comparison of MTFl with the family of 
bacterial sigma factors reveals similarity to do- 
mains involved in -10 promoter recognition, pro- 
moter melting, and holoenzyme stability (Jang 
and Jaehning, 1991). 

A second gene thought initially to encode a 
transcription factor is MTF2 (Lisowsky, lM), 
which, rather surprisingly, turns out to be identi- 
cal to NAMI, a gene cloned on the basis of its 
ability to act as a high copy number suppressor of 
splicing defects caused by certain mitochondrial 
intron mutations (Ben Asher et al., 1989; see 
below). The properties of cells carrying a dis- 
rupted NAMI sequence suggest that the gene en- 
codes a factor that specifically functions in the 
translation of the COX1 mRNA. Its involvement 
in transcription could be indicative of the exist- 
ence of independent functional domains within 
the protein, but direct evidence for interaction of 
the MTF2 product with the catalytic subunit of 
RNA polymerase has yet to be obtained. 

B. Transcriptional Termination 

Surprisingly little is known of the sequences 
that signal termination or attenuation of transcrip- 
tion, despite the fact that attenuation may play an 
important role in the regulation of expression of 
promoter-distal genes in multigenic transcripts 
(Mueller and Getz, 1986). Although the 3'-ends 
of most mRNAs have been found to lie in (Osinga 
et al., 1984), or a couple of nucleotides down- 
stream of (Hofmann et al., 1993) the dodecamer 
motif AAUAA(U/C)AUUCUU, this sequence 
appears to be primarily a site for endonucleolytic 
cleavage (see below). 

V. RNA PROCESSING 

Apart from FWA splicing, which will be dealt 
with in later sections, expression of S. cerevisiae 
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mtDNA is heavily dependent on one or other 
form of RNA processing carried out by nuclear- 
encoded, imported enzymes. Many genes lack 
their own promoter and are transcribed as part of 
larger transcriptional units (Osinga et al., 1984), 
mature RNAs being generated by endonucleolytic 
cleavage and trimming. Sequences cotranscribed 
in this way form a motley collection, and as might 
be expected, additional controls operate to adjust 
levels of individual transcripts or their products to 
meet the needs of the organelle. In addition to 
transcriptional attenuation, processing serves to 
control the rate at which mature transcripts arise 
and, as discussed below (see Section VI), also 
plays a role in determining their stability. 

In the case of M A S ,  modifications include 
5’- and 3’-trimming, -CCA addition, and base 
modification (see Hopper and Martin, 1992 for 
review). 5’-Maturation is carried out by an RNAse 
P-type enzyme, whose RNA moiety is encoded 
by a mitochondrial gene, the tRNA synthesis 
locus, RPMI (Miller and Martin, 1983). The 
protein component of this enzyme is the product 
of the nuclear RPMZ gene @ang, 1993). which, 
somewhat surprisingly, lacks obvious homology 
to any other known protein. The nuclear coun- 
terpart of RPM2 has not yet been cloned, how- 
ever. Less is known about processing events at 
the 3’-terminus of W A S ,  apart from the dem- 
onstration of an endonuclease activity in crude 
mitochondrial extracts (Chen and Martin, 1988). 
Interestingly, in view of the sequence differ- 
ences of their substrates, many of the enzymes 
involved in base modifications in mitochondrial 
tRNAs have dual locations in the cell and carry 
out the same job in the nucleus on tRNAs des- 
tined for the cytoplasm (Wolfe et al., 1994 and 
references therein). 

Unlike the situation in protozoan and plant 
mitochondria, there is no evidence that editing of 
mRNAs occurs in yeast mitochondria. 

VI. RNA STABILITY 

Sequences marking the sites of stable 5’-ter- 
mini have not been defined, but as mentioned 
above, stable 3’-tennini appear to be generated by 
cleavage at or downstream of the dodecamer motif. 

Besides marking the site for cleavage of pre- 
mRNAs, this sequence may play an important 
role in stabilization by binding a protein complex 
that protects transcripts from the action of a pro- 
gressive 3’-exoribonuclease (Min et al., 1993; Min 
and Zassenhaus, 1993). 

Several nuclear genes influence the stability 
of mitochondrial transcripts in a more or less 
specific fashion. Of the transcript-specific pro- 
teins, CBPl, required for the stabilization of the 
cytochrome b mFWA, is possibly the best charac- 
terized. cbpl mutant strains lack cytochrome 
b mRNA, while maintaining relatively normal lev- 
els of the tRNAaU that is cotranscribed with the 
cytochrome b gene and derived from the primary 
transcript by processing. Generation of the ma- 
ture cytochrome b requires three processing 
steps - one at the 3’-end of the tRNA; the others 
100 and 144/5 nucleotides downstream at posi- 
tions -999 and -955D54, respectively, relative to 
the initiator AUG. Cleavage at the most down- 
stream sites yields the 5’-end of the ma- mFWA. 
Deletion analysis shows that sequences lying be- 
tween -961 and -898 are sufficient to confer 
CBP1-mediated stability on both precursor and 
mature cytochrome b transcripts, with the region 
-948 to -938 being particularly important 
(Mittelmeier and Diechann, 1993) both in stabi- 
lization and the correct positioning of the -955D54 
processing sites. More recent work (Chen and 
Dieckmann, 1994) has shown that deletion of the 
tRNAslu-cytochrome b intergenic region still al- 
lows mature mRNA to be generated in a single 
cleavage reaction, but does not relieve the re- 
quirement for CBPl, thereby strongly implying 
that the protein is required for stabilization both 
before and after cleavage, perhaps by formation 
of a protective complex. 

Two other nuclear genes (AEPIINCAI and 
AEPZIATPI3) resemble CBPl in being required 
for the maturation and stability of a single mito- 
chondrial mRNA (Ackerman et al., 1991; 
Finnegan et al., 1991; Payne et al., 1993; Zaja et 
al., 1993). Absence of either one of the proteins 
results in specific destabilization of the mRNA 
for ATP synthase subunit 9, which is cotranscribed 
with W A S “  and VARl. Both proteins contain 
putative mitochondrial targeting sequences, but 
lack any other obvious sequence motifs that would 
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give clues to their mode of action. AEP2 may 
have an additional function in translational acti- 
vation (see Section X.E). 

Even less is known of the action of other 
genes influencing RNA stability, often because of 
the complex phenotypes that mutations within 
them produce. Good illustrations of the kinds of 
problems involved are given by the NAMl and 
suv3 genes (Table 2). NAMIIhlTF2 was fmt  iso- 
lated as a multicopy suppressor of mitochondrial 
splicing deficiencies resulting from mutations in 
introns aIl and b12 (Ben Asher et al., 1989) and 
later was reisolated as MTF2, a gene capable of 
complementing a rs-respiratorydeficient mutant 
and identified as a possible transcription factor 
(Lisowsky and Michaelis, 1989; Lisowsky, 1990). 
Inactivation of NAMl in different mitochondrial 
backgrounds creates different phenotypes super- 
ficially suggestive .of involvement in RNA splic- 
ing. Thus, inactivation in intron-containing strains 
leads to a reduction in the o v e d  synthesis of 
mitochondrial proteins and strong reduction or 
complete absence of cytochrome b and cox1 
mRNAs, as well as of arp6Iens2 transcripts, which 
are cotranscribed with cox]. In intronless strains, 
mitochondrial protein synthesis is normal and only 
the atp6lens2 transcript is decreased in amount. 
Unlike typical splicing mutants, however, intron- 
containing strains do not accumulate unspliced 
transcripts (Groudinsky et al., 1993). Taken to- 
gether, these observations suggest that the NAMl 
product is not directly involved in either tran- 
scription, splicing, or translation, thus prompting 
the speculation (Groudinsky et al., 1993) that the 
protein plays a role in the processing or stabiliza- 
tion of arp6 and intron-containing transcripts of 
the COX1 and COB genes. 

The suv3 gene encodes a putative “DEAD- 
box” RNA helicase, whose role in mitochondrial 
RNA metabolism remains far from clear. A Val- 
to-leu substitution in the second of eight sequence 
blocks conserved between this family of helicases 
produces the dominant suppressor allele S W 3 - I  
(Stepien et al., 1992). Originally isolated as a 
suppressor of a deletion of the dodecamer pro- 
cessing site close to the 3’-end of the VARI 
(mitoribosomal protein) gene in mtDNA (Conrad- 
Webb et al., 1990), SW3-1 was proposed to act 
as a translational enhancer of the aberrant VARl 

mFWA arising from the mutant gene. In a wild- 
type background, however, SW3-1 has pleiotro- 
pic effects on many mitochondrial transcripts, 
including increased abundance of the excised in- 
tron in the LSU rRNA gene and of six of seven 
other group I introns tested. In addition, SW3-I 
decreases steady-state levels of both cytochrome 
b and Coxl -As, the latter effect deriving 
from impaired splicing of intron aI5b. Despite the 
reduced &A levels, amounts of cytochrome b 
and Coxl proteins are comparatively normal, sug- 
gesting that the mutant suv3 protein enhances 
translation. Disruption of suv3 results in petite 
formation. By analogy with other members of this 
helicase family, suggested roles for the suv3 
helicase include recycling of components of splic- 
ing complexes and translational initiation. Inter- 
esting in this latter context is the fact that SPB4, 
another yeast member of the family, acts to sup- 
press the block in translational initiation resulting 
from deletion of PAB 1, the poly(A)-bincIing pro- 
tein (Sachs and Davis, 1990). Because SW3-1 
permits translation of a VARl mRNA with an 
aberrant 3’end, translational initiation in both 
mitochondria and cytoplasm could depend on 
interactions b e ~ e e n  5’- and 3’-ends of &As, 
and a common feature could be the dependence of 
these interactions on “DEAD-box” helicases. 

An important principle emerging from the 
case histories described above is that there is a 
strong linkage between RNA processing and sta- 
bility. Such a linkage is not peculiar to yeast 
mitochondria. In chloroplasts, several examples 
of proteins resembling CBPl in their action have 
been described (Nickelsen et al., 1994 and refer- 
ences therein), while in plant mitochondria, the 
phenomenon of nuclear restoration of fertility to 
a cytoplasmic male sterile line of sunflower is 
associated with tissue-specific destabilization of 
a single mRNA that is cotranscribed with the 
atpA gene (Moneger et al., 1994). 

VII. RNA SPLICING: RIBOZYMES AND 
MATURASES 

As shown in Figure 1, the S. cerevisiue mito- 
chondrial genome contains three split genes, the 
number of introns in each gene being strain de- 
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TABLE 2 
Nuclear Gene Products Involved in Mitochondrial RNA Splicing 

Sequence similarity; 
Nuclear gene lntrons involved (other) function 

Category 1 - Directly Involved in Splicing 
NAM2 a14, b14 mt leucyl tRNA synthetase 

CM78 Group I in N. crassa mt tyrosyl tRNA synthetase 

us1 Group I in P. amefina mt tyrosyl tRNA synthetase 
CBP2 b15 None known 

MRSVPET157 a15b, b13 

PETW a15b 
MRS2 Group I1 

Homologous to CCEl (crucifom- 

COX3 translation 
Membrane assembly 

cutting endonuclease) 

Category 2 - Required for Yaturase Synthesis 
MSS51b all, a12, a14, a15c COXl translation 

MSSl8 a15b None known 
MSSl16 Several COXl, COB Member of DEAD-box RNA 

MRFl all, a12 Translational release factor 
helicase family 

Category 3 - Multicopy Suppressors of Splicing Defects 
MRS3 bl l  Mitochondrial carrier 
MRS4 bl l  Mitochondnal carrier 
MRSUMS14 Group II Component A of geranylgeranyl 

transferase 

MRS5,7,17,12,13 Group I1 None known 
N A M l M F 2  b12, al l  TranscriptiodRNA stability 

NAM7IUPF1 b12, al l  Zn-finger protein; RNA helicase? 
Related to SENl-tRNA endonuclease 

NAM8 b12, al l  Contains RNP RNA-binding motifs 

Category 4 - Pleiotropic, with Effects on RNA Splicing 
CM-4 Effects on Y-end formation; 

RNA stability: 
similarity to SSDlISRKl 
protein phosphatases 

suv3 aEb, b13 Member of DEAD-box RNA 
helicase family; dodecamer 
processing? Translation? 

a PEr54 is also reauired for translation of the COX3 mRNA (see Table 3). 

Ref. 

Labouesse (1 990); 
Li et al. (1992); 
Zagorski et al. (1991) 
Akins and Lambowitz, (1987); 
K i i e  el al. (1991) 
Kamper et ai. (1992) 
Gampel et al. (1 989); 
Gampel and Cech (1991) 
Bouquet et al. (1990) 

Valencik and McEwen (1991) 
Wiesenberger et at. (1 992) 

MSS51 appears to be a specific translational activator for COXl mRNA (see Table 3). 

Simon and Faye (1984); 
Decoster et al. (1 990) 
Sdraphin et al. (1 988) 
S6raphin et al. (1 989) 

Pel et al. (1 992) 

Wiesenberger et al. (1991) 
Wiesenberger et al. (1991) 
Waldherr et al. (1993); 
Ragnini et at. (1994); 
Fujimura et al. (1994); 
Jiang and Ferro-Novick (1 994) 
Schweyen (1 994) 
Wallis et al. (1994); 
Groudinsky et al. (1993); 
Lisowsky and Michaelis (1 989); 
Lisowsky (1 990); 

Ben Asher et al. (1989) 
Ben Asher et al. (1989); 
Leeds et al. (1 992); 
Altamura et al. (1 992); 
Altamura et al. (1 994) 
Ben Asher et at. (1989); 
Ekwall et al. (1 992) 

Lisowsky et al. (1990); 

Turcq et al. (1992); 
Dobinson et al. (1989) 

Conrad-Webb et al. (1 990); 
Stepien et al. (1992) 
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pendent. The introns can be divided into two 
groups (I and II) on the basis of differences in 
their predicted secondary structure and in the 
mechanism by which self-splicing occurs in vifro 
(Lambowitz and Belfort, 1993). The group I in- 
trons resemble those found in the nuclear DNAs 
of lower eukaryotes, in bacteriophage and 
eubacteria. Many possess self-splicing activity, 
which proceeds via coupled transesterification 
reactions triggered by binding of a guanine nucle- 
otide in the neighborhood of the catalytic site. For 
many group I introns, a circular RNA arising 
from circularization of (part of) the excised intron 
is a byproduct of the splicing reaction. In the case 
of yeast mitochondria, the only group I intron 
giving rise to an abundant, stable circular tran- 
smpt is that present in the LSU rRNA gene; other 
group I intron transcripts appear to be rapidly 
degraded. 

Like other organellar and bacteriophage 
group I introns, most of the introns in yeast 
mitochondria contain an O W ,  which encodes 
either a protein required for splicing (an RNA 
maturase), or a sequence-specific DNA endonu- 
clease that acts in intron spreading via a 
recombinative process known as homing (see 
below; Dujon, 1989). Except aI5b and the LSU 
rRNA gene, these intronic ORFs are in frame 
and continuous with their upstream exons and 
are presumably translated by ribosomal read- 
through into the intron. Several lines of evidence 
suggest that the resulting chimeric proteins are 
subsequently cleaved to release the intron-en- 
coded sequence (de la Salle et al., 1982; Weiss- 
Brummer et al., 1982; Banroques et al., 1986). 
Whether this cleavage depends on a specific 
protease or is self-catalyzed (cf. Shub and 
Goodrich-Blair, 1992) is not known. In 
S. cerevisiue, both DNA endonucleases and RNA 
maturases belong to a single protein family char- 
acterized by two dodecapeptide sequences con- 
taining the motifs LAGLI-DADG and spaced 
some 100 amino acids apart. In other yeasts and 
bacteriophage, however, a second endonuclease 
t>pe is found, distinguished by the presence of 
the short but characteristic sequence motifs 
GIY . . . YIG, which are separated by some 10 
to 15 amino acids (Tian et al., 1991). LAGLI- 
DADG endonucleases have been encountered 

outside mitochondria, with the HO mating type 
switch endonuclease and the recently character- 
ized VDE1 endonuclease being among the bet- 
ter-known representatives (Russell et al., 1986; 
Gimble and Thorner, 1992). Mitochondrial en- 
donuclease and maturase activities are distinct 
manifestations of common features. Thus, the 
b12-encoded proteins of S. cerevisiue and 
S .  cupensis, which are thought to possess 
maturase and endonuclease activities, respec- 
tively (Lazowska et al., 1992), differ in only 5 
out of 280 residues, In the case of the a14 (endo- 
nuclease) and b14 (maturase) Oms, which dis- 
play some 70% sequence identity, both proteins 
are, when produced in E. coli, capable of bind- 
ing to DNA with high affinity (Goguel et al., 
1989; Perea et al., 1990). Only single-amino 
acid changes are required to convert the a14 
endonuclease into a protein capable of support- 
ing RNA splicing. These changes may be in the 
a14 protein itself (as in rnim2-1 a glu to lys 
substitution at position 64; Dujardin et al., 1982), 
or in the mitochondrial leucine aminoacyl-tRNA 
synthetase, product of the nuclear N M 2  gene, 
which normally cooperates with the b14 maturase 
in the splicing of introns of a14 and b14 (Herbert 
et al., 1988). However, after mutation of a gly- 
cine residue at position 240 to either a serine or 
cysteine, NAM2 can cooperate with the a14 en- 
donuclease to do the same job (Labouesse et al., 
1987). In the S. cerevisiue a14 and b14 maturases, 
endonuclease and maturase activities appear to 
be mutually exclusive functions, because in bI41 
a14 domain-swapping experiments (Goguel et 
al., 1992), not one of 40 chimeric fonns with 
RNA maturase activity was active as a DNA 
endonuclease. In S. pombe, however, both mo- 
bility and splicing of the first intron in the gene 
for cox1 are dependent on the same intron-en- 
coded OW, a member of the LAGLI-DADG 
family (Schiifer et al., 1994). 

The group 11 introns in yeast mtDNA resemble 
those found in fungal and plant mitochondria, 
chloroplasts, and, more recently, cyano- and 
proteobacteria (Ferat and Michel, 1993). They 
share a structure distinct from that of group I 
introns. Some members of the group are capable 
of self-splicing in a reaction that displays mecha- 
nistic similarities to that catalyzed by spliceosomes 
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in the cell nucleus. As with group I introns, splic- 
ing occurs by way of two coupled trans- 
esterifications, but in this case the reaction is 
initiated by nucleophilic attack of an intron-inter- 
nal nucleotide on the S’-exon/imtron junction 
(Saldanha et al., 1993 and references therein). 
The excised intron therefore accumulates in the 
form of a lariat containing a 5’-3’, 2’ branched 
nucleotide. Splicing is reversible and, given ap- 
propriate conditions, can be demonstrated in vino. 
Interestingly, a group TI intron can undergo a 
reverse splicing reaction with a foreign RNA spe- 
cies, provided that this RNA contains a short 
sequence motif complementar), to the intronic 
sequence UCUGUC (exon-binding site EBSl) 
(Morl and Schmelzer, 1990). During the forward 
reaction, EBSl undergoes base pairing with a 
motif of the 5’-exon known as the intron-binding 
site (IBSl). 

Reading frames, when present in group 11 
introns, also appear to encode maturases involved 
in RNA splicing, as demonstrated genetically 
for the introns aI1 and a12 (Carignani et al., 
1983; M o m  et al., 1994). These proteins show 
little resemblance to group I intron reading 
frames, but do in several cases exhibit signifi- 
cant sequence similarity to reverse transcriptases, 
in particular to those encoded by the LINE1- 
like, or non-LTR class of retroid elements 
(Michel and Lang, 1985). The sequence similar- 
ity extends across the seven conserved sequence 
domains present in all functional reverse tran- 
scriptases (Xiong and Eickbush, 1990). In yeast 
mitochondria, reverse transcriptase-like proteins 
are encoded by the group II introns aI1 and d2, 
and reverse transcriptase activity that is depen- 
dent on the presence of a functional copy of one 
or other of the introns has recently been demon- 
strated biochemically (Kennell et al., 1993). The 
intron ORFs additionally display weak sequence 
similarity to a retroviral protease domain and 
contain a Zn2+-fingerlike motif close to their 
C-terminus (Mohr et al., 1993). Part of this latter 
element contains a conserved H-N-H motif, 
which is also found in a wide range of group I 
endonucleases, leading to the suggestion that 
group 11 ORFs may also possess endonuclease 
activity (Shub et al., 1994). Between the reverse 
transcriptase and Zn2+-finger domains lies a con- 

served region (X), which is sometimes the sole 
motif present. The conserved nature of the re- 
gion and the fmding of missense mutations that 
prevent splicing suggest that it has an essential 
function in maturase activity (Moran et al., 1994). 

VIII.’ RNA SPLICING: NUCLEAR- 
ENCODED ACCESSORY FACTORS 

Nuclear-encoded proteins are also required 
for RNA splicing in vivo. These can exert their 
influence on the splicing of only a single intron, 
on several introns belonging to the same group, or 
even on different groups of intron. Proteins so far 
identified are listed in Table 2, following lines 
laid down in earlier reviews (Bolotin-Fukuhara 
and Grivell, 1992; Pel and Grivell, 1993). Three 
main groups can be distinguished, with a fourth 
containing proteins exerting pleiotropic effects 
on several aspects of RNA metabolism, including 

The first group contains proteins likely to 
function directly in RNA splicing, although in 
most cases an interaction with intron RNA re- 
mains to be directly demonstrated. The mecha- 
nism of action of CBP2, which acts exclusively 
on bI5, the terminal intron in the cytochrome b 
gene is relatively clear: the protein enhances splic- 
ing of the group I intron bI5 in vitro by reducing 
the dependence of catalytic activity of the RNA 
on GTP and Mgz+ ions, while leaving the basic 
transesterification mechanism of self-splicing 
unaltered (Gampel et al., 1989). It does this by 
binding either directly to the catalytic core of the 
intron or to sequences that depend for their expo- 
sure on the core’s integrity (Gampel and Cech, 
1991). A similar mode of action may hold for the 
amino-acyl-tRNA synthetases encoded by CYT- 
18 in Neurospora, by ytsl in Podospora and by 
NAM2 in yeast. The tyrosyl-tRNA synthetase 
encoded by CYT-I8 is possibly the best studied of 
the group. In addition to its involvement in the 
splicing of group I introns in Neurospora mito- 
chondria, the enzyme can promote splicing of 
mutant versions of the distantly related td group I 
intron in bacteriophage T4. It does this by binding 
to and stabilizing the catalytic core (Mohr et al., 
1992), perhaps by recognizing features with struc- 

splicing. 
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tural similarities to its natural tRNA substrate 
(Guo and Lambowitz, 1992). 

Among these relatively clear-cut cases, MRSZ 
is something of an oddity. The gene is a multicopy 
suppressor of splicing deficiency caused by the 
insertion of a single base pair in a conserved stem 
in domain III of the group 11 intron bI1 and can 
suppress a number of other intron mutations 
(Wiesenberger et al., 1992). Disruption of MRS2 
results in a block of the excision of all four mito- 
chondrial group II introns and respiratory defi- 
ciency. Curiously, however, intronless mrs2 
disruptants also display a respiratory and cyto- 
chrome-deficient phenotype, even though the stan- 
dard pattern of mitochondrial translation products 
is observed (Wiesenberger et al., 1992). The 
protein's role in splicing may therefore be either 
dependent on, or distinct from a second function 
in mitochondrial membrane assembly. 

The second and third groups contain proteins 
whose involvement in splicing is indirect. For the 
second group, which in the main appears to con- 
sist of proteins required for translation of Cox1 
mRNA, involvement in splicing can be rational- 
ized in terms of a need for translation as a neces- 
sary  step in the synthesis of maturases. 

In contrast, the third group is a heterogeneous 
one, consisting of proteins that when overpro- 
duced are capable of extragenic suppression of 
splicing defects. Within this group MRS2,3 ,  and 
4 share the ability to restore splicing to the same 
defective group 11 intron as used in the identifica- 
tion of MRSZ (Sollner et al., 1987). MRS3,4,  and 
others in the series were later identified on the 
basis of their ability to restore respiratory compe- 
tency to an mrs2 disruptant (Waldherr et al., 1993). 
These suppressors can be broadly divided into 
two groups, depending on whether they restore 
respiratory function to strains containing introns 
( M R S 3 , 4 , 5 , 7 , I I ,  12,  and 1 3 )  or lacking introns 
(MRS6,14,  I S ,  16,  and 17). Three of the genes 
within the former group (MRS3, 4 ,  and 12 
[=RIM211 have sequence homology to mitochon- 
drial carrier proteins (Wiesenberger et al., 1991; 
van Dyck et al., 1994) and may function in the 
transport of as yet unidentified solutes. It has been 
speculated that the involvement of these proteins 
in splicing is indirect, perhaps attributable to 
changes in RNA structure induced by changes in 
the ionic balance within mitochondria. MRSS and 

I1 are related in sequence, but MRSII,  which is 
considerably shorter than MRSS, does not cross- 
complement lethality caused by MRSS disruption 
(Schweyen, 1994). Of the genes within the sec- 
ond group that are presumably capable of substi- 
tuting for the membrane assembly function of 
MRS2 or compensating for its loss, MRS6lMSI4 is 
the best characterized, turning out to be the yeast 
equivalent of the human choroideraemia gene 
(Ragnini et al., 1994). This gene encodes the com- 
ponent A escort protein of the geranylgeranyl 
transferase (Fujimuraet al., 1994; Jiang andFerro- 
Novick, 1994). It is required for the modification 
and consequent membrane attachment of mem- 
bers of the family of small GTP-binding proteins 
(Rabs in mammalian cells; Ypt and Sec4 in yeast), 
which regulate vesicular traffic in all eukaryotic 
cells. As MSI4, MRS6 has been isolated as a 
multicopy suppressor of the heat shock sensitivity 
of an irul-l mutant and can suppress the heat 
shock phenotype of either RAS2vpl-19 or bcyl 
mutants. Whether the mrs2-suppressor activity of 
this protein derives from a function in or outside 
the mitochondrion still remains to be determined. 

Like MRS6, the role of NAM7 in mitochon- 
drial splicing is difficult to explain. First isolated 
as a multicopy suppressor of a mutant defective in 
the splicing of intmn b12 @en Asher et al., 1989). 
NAM7 is identical to U P F l ,  a gene whose product 
mediates selective destabilization of cytosolic 
unspliced pre-mRNAs and mRNAs containing 
nonsense mutations (Altamura et al., 1992; He 
et al., 1993). NAM7 displays extensive similarity 
to SEN1 an essential protein required for endo- 
nucleolytic cleavage of ineons fiom precursor 
W A S  (Leeds et al., 1992) and contains a number 
of motifs diagnostic for members of a superfam- 
ily of RNA helicases (Altamura et al., 1992). Like 
MRS6, it remains to be seen whether the effects 
of NAM7IUPFI overexpression on mitochondrial 
splicing result from mislocalization of the protein 
to the organelle, or from action on specific cyto- 
solic mRNAs encoding mitochondrial (regulatory) 
proteins. The results of a subcellular localization 
are eagerly awaited. 

Although it may seem paradoxical that de- 
spite the ability to self-splice in v i m  so many 
other proteins should be required to help splicing 
along, this dependency is by no means excep- 
tional: even the ribozyme from Tetruhymena 
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splices some 50-fold more efficiently in vivo than 
in vitro (Brehm and Cech, 1983), while the splic- 
ing reactions catalyzed by group I introns in bac- 
teriophage T4 exhibit various features strongly 
suggestive of an involvement of facilitatory fac- 
tors (Coetzee et al., 1994). In the case of fungal 
mitochondrial introns, speculations on the role of 
the accessory proteins have included (1) stabiliza- 
tion of correct intron folding (Davies et al., 1982), 
(2) prevention of aberrant side reactions (Tabak 
and Grivell, 1986), and (3) enhancement of the 
efficiency of RNA catalysis by electrostatic shield- 
ing and/or activation of reactive groups (Van der 
Veen et al., 1987). For the Neurosporu CYT-18 
protein, the mechanism of action seems clear-cut: 
the protein acts as a kind of RNA chaperone by 
binding specifically to the catalytic core, thereby 
thermodynamically stabilizing correct folding 
(Guo and Lambowitz, 1992). Assuming a close 
relationship between maturase and endonuclease 
activities, the DNA-binding properties of various 
LAGLI-DADG proteins suggest that a similar 
function could hold for this group of maturases. 
For example, when produced in E ,  coli. maturase 
b14 stimulates rec A-Ddependent recombination, 
probably promoting initial strand exchange 
(Goguel et al., 1989). Additionally, the a13 en- 
coded endonuclease I-Sce III does not bind sym- 
metrically to its target site in DNA, but has a 
higher affinity for a region in the upstream exon, 
which in RNA is involved in formation of abase- 
paired stem required for splicing (Schapira et al., 
1993). 

One of the striking features of mitochondrial 
RNA splicing is the diversity of cellular proteins 
involved in excision of the various introns in 
different organisms, suggesting that these pro- 
teins may have been recruited or press-ganged 
into this process fairly late in evolution 
(Lambowitz and Perlman, 1990). How this may 
have worked is nicely illustrated by recent results 
with the phage T4 group I introns, which suggest 
that any of a number of E. coli RNA-binding 
proteins, among them the ribosomal protein S 12, 
can promote splicing in vitro by binding 
aspecifically to the intron and acting as RNA 
chaperones (Coetzee et al., 1994). The proteins 
may prevent formation of a collapsed conforma- 
tion unfavorable to splicing (cf. Franzen et al., 
1994) or promote conformational rearrangements 

once such structures have formed. The fact that in 
the experiments of Coetzee et al. (1994) other 
basic RNA-binding proteins do not stimulate splic- 
ing suggests that their role is not simply that of 
electrostatic shields. Interestingly, these experi- 
ments also demonstrate that S12 can reverse the 
inhibitory effect on splicing of the sunY intron 
ORF and that splicing efficiency is inversely pro- 
portional to the length of the ORF coding se- 
quence contained within the intron. These iind- 
ings thus provide the rationale for an evolutionary 
development in which an initially self-splicing 
intron acquires mobility by virtue of the insertion 
of sequences coding for a homing endonuclease 
(see Section IX), but is thereby forced to compen- 
sate for the resultant reduced splicing efficiency 
by recruitment of cellular proteins. 

IX. INTRON MOBILITY: HOMING AND 
TRANSPOSITION 

Like the group I D  introns in many other or- 
ganisms, those in yeast mtDNA are descended 
from, or still are mobile genetic elements. Both in 
yeast and other fungal mtDNAs, first suspicions 
of intron mobility were aroused by the discovery 
of relationships in sequence (Hensgens et al., 1983) 
that implied the existence of families whose mern- 
bers had arisen from common ancestors by a pro- 
cess of duplication and dispersal. Since then, other 
evidence for mobility involving acquisition and 
loss of mitochondrial introns has accumulated. 
For example, loss by “clean excision” of one or 
more introns from S. cerevisiue and S. pombe 
mtDNAs is a relatively frequent event, thought to 
be brought about by recombination with cDNAs 
produced by the action of a reverse transcriptase 
on spliced mRNAs (Gargouri et al., 1983; Schger 
et al., 1991). In Podosporu, the phenomenon of 
senescence is associated with the massive accu- 
mulation of closed circular DNAs (senDNAs), 
which turn out to be cleanly excised, tandemly 
duplicated, and amplified group I1 introns 
(Osiewacz and Esser, 1984, Sainsard-Chanet et al., 
1993). In Euglena, the acquisition of twintrons - 
elements consisting of at least two introns, with 
one or more copies of one type being inserted 
piggyback style into another - has also been 
attributed to a sequence of events involving re- 
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verse splicing, reverse transcription, and homolo- 
gous recombination (Copertino and Hallick, 1991; 
Hong and Hallick, 1994; see below). 

It is now clear that different mechanisms are 
operative in intron mobility, depending on intron 
type and on whether movement is to a cognate 
site in an intronless gene (homing) or to a new 
location (transposition). For yeast mitochondrial 
group I introns, it is ironic that the first experi- 
mental evidence for homing came from genetic 
analysis in 1971, long before the existence of the 
introns themselves had been recognized. In early 
genetic crosses (see Dujon, 1989 and references 
therein), markers subsequently mapped to the 
organellar large rRNA gene were found to dis- 
play nonreciprocal recombination and highly bi- 
ased transmission, with the alleles of one parent 
(a+) being overrepresented in the progeny at the 
expense of the other (w). The explanation for this 
behavior came with the discovery of an optional 
intron in the rRNA gene of parents displaying 
high transmission (Bos et al., 1978; Faye et al., 
1979). Analysis of mtDNA in progeny arising 
from such crosses showed that in all cases high 
transmission of parental markers was associated 
with a gene conversion event that resulted in ac- 
quisition of the intron by the other, initially 
intronless parent and extensive coconversion of 
flanking sequences (Jacquier and Dujon, 1985). 
The trigger for intron transfer turned out to be a 
double-strand break at the exon-exon junction of 
the intronless gene, produced by the action of the 
endonuclease encoded by the intron, a member of 
the LAGLI-DADG family mentioned above 
(Dujon et al., 1985). In the meantime, several 
other examples of intron homing have come to 
light. In each case, sequence-specific cleavage by 
an intron-encoded endonuclease is the initial event 
leading to integration of the intron at the corre- 
sponding site in an intronless gene (Strausberg 
and Perlman, 1978; see Belfort, 1990 for review). 

Although group II introns also exhibit hom- 
ing behavior, in some cases with efficiencies ap- 
proaching 100% (Meunier et al., 1990), the DNA 
endonuclease-based mechanism described above 
for group I introns seems unlikely to apply. Hom- 
ing of group I introns is insensitive to cis-acting 
mutations that block splicing (Wenzlau et al., 
1989), whereas homing of group II introns re- 
quires splicing proficiency (Meunier et al., 1990). 

Homing of group I introns is accompanied by 
bidirectional coconversion of sequences in flank- 
ing exons (Jacquier and Dujon, 1985). In contrast, 
homing of group I1 introns is accompanied by a 
unidirectional coconversion that proceeds in a 3'- 
5' direction toward the upstream exon (Lazowska 
et al., 1994). Both features strongly suggest that 
group II homing is an RNA-mediated process, but 
do not yet make clear what principles are in- 
volved. Thus, a simple model assuming recombi- 
nation between intronless DNA and a cDNA de- 
rived from reverse transcription of an unspliced 
RNA accounts neither for the dependence of the 
process on splicing proficiency nor for the evi- 
dent sequence specificity observed during intron 
transfer in interspecific crosses (Lazowska et al., 
1994). The latter implicitly suggests involvement 
of a site-specific endonuclease and in this con- 
text, the suggestion (Shub et al., 1994; see above) 
that group II ORFs may also possess endonu- 
clease activity assumes increased significance. 

For both groups of introns, cleavage by a 
DNA endonuclease fails to account for efficient 
movement to new locations, because, depending 
on endonuclease, the target sequence recognized 
can be anything'from 14 to 40 bp long, and the 
number of potential new sites in the mitochon- 
drial genome must thus be limited. On the other 
hand, a mechanism involving reversal of the splic- 
ing reaction with insertion of intron sequences at 
either cognate or new sites, followed by reverse 
transcription and recombinative integration of the 
resulting cDNA into the genome, offers an effec- 
tive mechanism of dispersal, as has been directly 
confimned in both yeast and Podospora anserina 
(Mueller et al., 1993; Sellem et al., 1993; Grivell, 
1994). 

In both instances of intron transposition a 
number of issues remain unresolved. First, there 
is the question of what drives reverse splicing. In 
vifro, combination of a high concentration of in- 
tron lariats with conditions that slow the forward 
reaction will yield small amounts of introncon- 
taining RNAs. Such circumstances may be ap- 
proached in Podospora, in which high concentra- 
tions of both excised intron and transcripts of the 
targeted tRNA region are present. However, they 
are unlikely to hold for yeast, in which the inser- 
tion sites so far characterized turn out to lie in 
group I introns. Targets for reverse splicing are 
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thus partially spliced precursor RNAs, present in 
only low amounts in wild-type strains. One pos- 
sible solution to this paradox is that intron inser- 
tion may also occur at DNA replication forks: 
either into RNA primers, or single-stranded DNA 
(Muellex et al., 1993), because for both groups of 
intron, the first step in splicing reversal has been 
observed with a DNA substrate containing the 
splice-junction sequence (Beaudry and Joyce, 
1992; Morl et al., 1992). Additionally, proteins 
involved in splicing may also facilitate the re- 
verse reaction (Lambowitz and Belfort, 1993). 

A second question concerns the mechanism 
whereby reverse transcription of intron sequences 
is initiated. Sequence analysis carried out in both 
yeast and Podospora reveals invasion by a com- 
plete intron, implying that reverse transcription is 
being initiated downstream of the insertion site in 
regions lacking any obvious similarity to the down- 
stream exons. This would seem remarkably pro- 
miscuous behavior, even for an enzyme that may 
have a wider than normal priming specificity 
(Kennell et al., 1993). 

X. TRANSLATION 

Because general features of mitochondrial 
translation systems have been reviewed recently 
(Pel and Grivell, 1994), the following sections are 
restricted to a summary of the more unusual fea- 
tures of the translational machinery in yeast mito- 
chondria and the implications these features have 
for the mechanism of protein synthesis and its 
control. 

A. Ribosomes 

Like the ribosomes of animal mitochondria, 
the 74s ribosomes in yeast mitochondria are richer 
in protein than their prokaryotic or cytosolic coun- 
terparts. They are dissociable into 54s and 37s 
subunits, which each yield more than 40 proteins 
in 2Delectrophoretic separations. The structural 
RNAs, with lengths of 1686 and 3273 nt, respec- 
tively, are intermediate in size between typical 
prokaryotic and eukaryotic rRNAs and conserve 
many of the features characteristic of the former 
(Sor and Fukuhara, 1983; Neefs et al., 1991). A 

typical 5s rRNA species is absent. In common 
with other mitochondrial rRNAs, those of yeast 
mitochondria display minimal posttranscriptional 
modification. Both rRNAs lack methylated bases 
and neither contains more than one pseudouridine 
residue. Ribose methylation is restricted to only 
two groups in the LSU rRNA, while the SSU 
rRNA appears to be completely unmodified 
(Klootwijlc et al., 1975). For the LSU rRNA, this 
type of modification probably occurs on a univer- 
sally conserved G residue that corresponds to 
G,, in the peptidyl transferase center of E. coli 
23s rRNA. The modification is introduced by the 
PET56 gene product, a guanosine methyl- 
transferase, and is essential for assembly of the 
50s ribosomal subunit (Simm-Connelly and Ma- 
son, 1993). 

Of the 23 yeast mitoribosomal proteins whose 
primary sequence has been elucidated to date, all 
but a couple are essential for mitochondrial func- 
tion, yet only 10 contain stretches of amino acids 
that display similarity to known E. coli ribosomal 
proteins (Kitakawa and Isono, 1991; Matsushita 
and Isono, 1993 and references therein). This lack 
of homology and the relatively large number of 
proteins compared to bacterial or cytoplasmic ri- 
bosomes could mean that mitoribosomes possess 
functions absent from ribosomes of free-living 
organisms. Among these could be the ability to 
interact with specific translational activators and 
the mitochondrial membrane (see below), and in 
this respect it is worth noting that of three riboso- 
mal proteins thought to interact with one such 
activator, none displays similarity to any other 
known ribosomal protein (McMullin et al., 1990; 
H&er et al., 1991; Haffter and Fox, 1992). 

B. tRNAs, Modification Enzymes, and 
RNA Synthetases 

Yeast mtDNA contains genes for 24 W A S  
that, despite fairly conventional structures, oper- 
ate with a simplified set of decoding rules, thus 
allowing recognition of all codons (Bonitz et al., 
1980). As in other mitochondria, AUA and UGA 
are recognized as methionine and tryptophan, re- 
spectively. The idiosyncratic recognition of the 
rarely used CUN family as threonine derives from 
the presence of a 3’-GAU-5’ leucine anticodon in 
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one of the two tRNAm genes. This gene contains 
an unusual anticodon loop and an off-center, pre- 
sumably nonfunctional GGU threonine anticodon 
(Li and Tzagoloff, 1979). Interestingly, this tRNA 
gene is transcribed from the strand opposite to 
that containing all other genes and is to date the 
only coding sequence found on this strand. 

As in Gram-positive bacteria and chloroplasts, 
Gln-tRNA is produced by transamidation of a 
missense Glu-tRNAGh intermediate (Martin and 
Rabinowitz, 1976; Schon et al., 1988). In contrast 
to plant or protozoan mitochondria (Dietrich et 
al., 1992), there is no need for tRNAs to be im- 
ported from the cytoplasm. Nevertheless, import 
of a single tRNA species, a cytoplasmic 
tRNAIF(CUU), has been observed (Martin et al., 
1979). Its function is apparently not in translation 
and is so far unknown. 

Products of at least four nuclear genes in- 
volved in posttranscriptional modification of mi- 
tochondrial W A S ,  CCAI l TRMI l TRM2, and 
MODS, are also responsible for the modification 
of cytosolic M A S .  Both the CCAl and MOD5 
products are localized to three sites in the cell, 
namely, mitochondria, nucleus, and cytosol 
(Boguta et al., 1994; Wolfe et al., 1994), while the 
TRMI product localizes to mitochondria and 
nucleus (Rose et al., 1992). The coding sequences 
of each of these genes contain multiple in-frame 
initiation codons the use of which results in the 
production of proteins that differ in length at 
their amino-terminus, the longer products being 
more efficiently imported into mitochondria. A 
dual location has also been reported for the valyl- 
and histidyl-tRNA synthetases, two of the 10 
S. cerevisiae mitochondrial tRNA synthetases 
identifed so far (reviewed in Tzagoloff et al., 
1990). The mitochondrial leucyl-tRNA synthetase 
in yeast and the tyrosyl-tRNA synthetases in both 
Neurospora and Podospora all appear to be bi- 
functional mitochondrial proteins, with roles in 
the splicing of one or more group I introns as well 
as in amino acylation (Labouesse, 1990; Kittle et 
al., 1991; Kiimper et al., 1992). 

C. Elongation and Termination Factors 

To judge from factors so far characterized, 
both elongation and termination phases of yeast 
mitochondrial protein synthesis also appear fairly 

conventional. Genes encoding yeast mitochon- 
drial homologues of prokaryotic elongation fac- 
tors EF-Tu and EF-G and termination factor RF-1 
have been cloned and sequenced (Nagata et al., 
1983; Vambutas et al., 1991; Pel et al., 1992) and 
all display considerable levels of sequence iden- 
tity with their bacterial counterparts. EF-G and 
EF-Tu both display activity in combination with 
E. coli ribosomes (Rosenthal and Bodley, 1987), 
EF-Tu having a relatively low affinity for guanine 
nucleosides. Curiously, in light of such strong 
conservation of both structure and function, ef- 
forts to detect EF-Ts activity in yeast mitochon- 
drial extracts using E. coli ribosomes and EF-Tu 
have so far failed (Rosenthal and Bodley, 1987). 
Whether this means that a mitochondrial Ts 
equivalent does not exist or that it differs signifi- 
cantly from the bacterial protein has yet to be 
resolved. 

D. mRNA Structure 

Even by mitochondrial standards, the mRNAs 
in yeast mitochondria are unusual. They lack caps 
(Christianson and Rabinowitz, 1983) and conven- 
tional (i.e., posttranscriptionally added) poly(A) 
tai ls (Moorman et al., 1978). In most cases, the 
5’-leaders are long, AU-rich, and are littered with 
short open reading frames likely to mislead any 
ribosome intent on scanning for initiation codons. 
Scanning, if it occurs, is moreover likely to be 
made more hazardous by the presence in these 
leaders of short, strain-dependent G+C-rich clus- 
ters capable of forming highly stable secondary 
structures. Other mechanisms, such as entry at an 
internal landing site may therefore be used to 
guide the ribosome to the initiation site. How this 
site is recognized remains unclear. Sequence and 
structure elements additional to the initiator AUG 
must be involved, as shown by the results of 
studies carried out with COX2 and COX3 mRNAs 
in which the initiator AUG has been mutated to 
AUA volley and Fox, 1991; Mulero and Fox, 
1994). Such mRNAs appear to be recognized 
correctly, albeit with reduced efficiency, despite 
the presence, respectively, of 4 or 98 upstream 
AUA codons. The elements responsible are un- 
likely to be the sequences complementary to a 
region of the small subunit rRNA that are present 
in most mRNAs (Li et al., 1982), because these 

138 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



are found at different sites relative to the AUG 
start codon in the various leaders and an mRNA 
lacking them is still active in protein synthesis 
(Costanzo and Fox, 1988). Unfortunately, bio- 
chemical analysis of initial stages in mRNA rec- 
ognition has been severely hampered because of 
a singular lack of success in the development of 
an mRNA-dependent in vitro translation system 
using yeast mitochondrial ribosomes. Failure to 
correctly recognize the start codon (Dekker et al., 
1993) may be responsible for this. Rigorous pro- 
cedures are required to free ribosomes from mem- 
branes and nascent polypeptide chains and these 
could possibly lead to the loss of mRNA-specific 
activators. 

E. Translational Activation 

A major distinguishing feature of yeast mito- 
chondrial protein synthesis is that translation of at 
least five of the eight major mRNAs requires the 
action of one or more nuclear-encoded gene-spe- 
cific translational activator proteins (Table 3). 
Increasingly strong circumstantial evidence sug- 
gests that these proteins function by interacting 
with the mitochondrial ribosome, with specific 
regions of the 5’-leaders, and with the inner mem- 
brane. As discussed in detail below for individual 
mRNAs and cognate factors, the proteins may 
play important roles in mRNA selection, recogni- 
tion of the correct starting point for translation, 
and/or interaction of translationally active ribo- 
somes with the mitochondrial membrane, thus 
facilitating insertion of translation products into 
the appropriate respiratory complexes. 

required for the excision of the aI5b intron from 
precursors to the COXZ mRNA (Valencik et al., 
1989). Despite the suggestion that both activities 
derive from recognition of similar sequence mo- 
tifs in the 5’-leader and intron, respectively, sub- 
sequent mutational analysis has indicated that the 
two activities are separate and located in different 
domains of the protein (Valencik and McEwen, 
1991). Early ideas that the three factors act as a 
single complex have now been lent strong s u p  
port by the finding that in the GAIA-based two- 
hybrid system physical interactions are detectable 
between PET54 and PET122, and between PET54 
and PET494 (Brown et al., 1994). PET54 is a 
mitochondrial protein, about 50% being peripher- 
ally bound to the inner membrane, while the re- 
mainder is present & soluble form (McMullin and 
Fox, 1993). PET122 and PET494 are both low- 
abundance proteins, below detection levels in wild 
type cells, but are found firmly attached to mito- 
chondrial membranes when overproduced. Al- 
though the possibility exists that overproduction 
is responsible for artifactual membrane associa- 
tion, the results also indicate that these factors 
may be naturally associated with the mitochon- 
drial inner membrane. 

Besides making contact with COX3 mRNA 
and the mitochondrial membrane, the PET494/ 
54/122 complex is likely to interact with the mi- 
tochondrial ribosome. Three of four nuclear sup- 
pressor mutations that partially compensate for 
the loss of the carboxy-terminus of PET122 turn 
out to be located in genes encoding proteins of the 
small mitoribosomal subunit (McMullin et al., 
1990; Haffter et al., 1991; Haffter and Fox, 1992). 
A role for the complex in facilitating coupled 
synthesis and insertion of subunit 3 into the mem- 
brane thus seems extremely likely. 

1. Cytochrome c Oxidase Subunit 3 
(cOX3) mRNA 

2. Cytochrome b (COB) mRNA 
As shown in Table 3, products of three nuclear 

genes, PET494, PET54, and PET122, specifically 
activate translation of COX3 mRNA, most prob- 
ably by interaction with a region of the 5’-leader 
lying between its 5’-end at position -610 and 
position -173 relative to the initiator AUG 
(Costanzo et al., 1986; Costanzo and Fox, 1988; 
Kloeckener-Gruissem et al., 1988). PET54 ap- 
pears to be a dual function protein, being also 

Facilitation of membrane insertion would also 
appear to hold for CBSl and CBS2 (CBP7), trans- 
lational activators of the cytochrome b mRNA 
(Rodel et al., 1986). As with COX3, activation 
also depends on sequences upstream of the initia- 
tor AUG (Rodel 1986), but as yet the targets 
within this 954-nt-long leader have not been fur- 
ther defined. CBS2 associates with mitochondrial 
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ribosomes, as indicated by appearance of the pro- 
tein in two-dimensional separations of small 
mitoribosomal subunit proteins (Michaelis et al., 
1991), and in subfractionations both proteins dis- 
play association with mitochondrial membranes, 
which is tight for CBSl and loose in the case of 
CBS2. Consistent with a role in membrane at- 
tachment/insertion, neither CBSl nor CBS2 ap- 
pears to be necessary for the expression of the 
RNA maturase involved in the processing of in- 
tron b14 in the cytochrome b gene (Muroff and 
Tzagoloff, 1990). It should be noted, however, 
that both the p55 and p27 maturase proteins pro- 
duced by cbsl and cbs2 mutant cells appear to be 
nonfunctional, as demonstrated by the accumula- 
tion of intron-containing pre-mRNAs. Michaelis 
et al. (1991) have speculated that this may reflect 
a dependence of maturase processing on a mem- 
brane-bound protease (see also Section XI.C). 

3. Cytochrome c Oxidase Subunit 2 
(COX2) mRNA 

Translation of COX2 mRNA is dependent on 
PET111 (Poutre and Fox, 1987), which, unlike 
the factors discussed so far, may play a role in 
mRNA and/or start-site selection. Similar to other 
translational activators, PET111 acts via the 
5’-leader of the mRNA, which in this case is only 
54-nt long (Mulero and Fox, 1993). Direct inter- 
action of the protein with the mRNA is suggested 
by the fact that a translational defect resulting 
from a single-base deletion at position -24 can be 
efficiently suppressed by a second-site mutation 
in the PET1 I I gene (Mulero and Fox, 1993). This 
same PETl 1 1 missense mutation (A,,T) partially 
suppresses the leaky respiratory-deficient growth 
phenotype of a mutant in which the COX2 initia- 
tion codon has been changed to AUA. In addition, 
both leader and start-site mutations are to some 
extent alleviated by overproduction of PETl 11, 
suggesting that their effect is to weaken interac- 
tion of the RNA with the protein (see also Mulero 
and Fox, 1994). Just like the COX3 activators 
PET122 and PET494, PETl 1 1 is detectable only 
after overproduction and is then recovered in 
mitochondria as a tightly bound inner-membrane 
protein (Strick and Fox, 1987). No functional link 
between PETl 11 and the mitochondrial ribosome 

has so far been demonstrated. This function may 
belong to as yet uncharacterized factors. Five of 
the six nuclear suppressors of the -24 single-base 
deletion in the COX2 leader are genetically un- 
linked to PETl 1 1 (Mulero and Fox, 1993) and are 
thus potential candidates for components of a 
PETl 11 activator complex. 

4. Miscellaneous Activators 

As Table 3 shows, four other genes (MSS.51, 
CPB6, PET309, and AEP2/ATP13) appear to 
function as activator proteins. Mutations in MSS.51 
and CPB6 result in absence of a specific transla- 
tion product, without marked effects on the corre- 
sponding mRNA (at least in intronless strains). 
AEP2IATP13 mutants display a lower steady-state 
level of mature mRNA and increased levels of 
higher-molecular-weight precursors, suggestive of 
an involvement in both mRNA maturation and 
translation. Neither mss51 nor cbp6 mutations are 
suppressible by the kind of leader substitutions 
that overcome the effects of mutations in other 
translational activators, suggesting a quite differ- 
ent mode of action (Dieckmann and Tzagoloff, 
1985; Decoster et al., 1990). Interestingly, the 
paromomycin-resistance mutation Pards, which 
is a G-to-C substitution at position 1514 within 
the region of 15s rRNA corresponding to helix 47 
in E. coli SSU rRNA (Li et al., 1982), interferes 
with the action of the MSS.51 product (Decoster et 
al., 1990). 

A mutation in the PET112 gene (petl12-1) 
also results in absence of a specific translation 
product (COX), without effect on the correspond- 
ing mRNA (Mulero et al., 1994). Unlike the origi- 
nal mutation, however, disruption of the gene 
destabilizes mtDNA and causes accumulation of 
rho- cells. The protein may therefore have a more 
general role in translation, or a second function in 
biogenesis. 

F. lsocitrate Dehydrogenase: A Novel 
Translational Repressor? 

Sequence and gene disruption analysis show 
conclusively that an abundant, nuclear-encoded 
40-kDa protein that binds specifically and with 
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high affinity to the 5’-untranslated leaders for all 
major yeast mitochondrial mRNAs (Papadopoulou 
et al., 1990; Dekker et al., 1992) is in fact the 
mitochondrial NAD+-dependent isocitrate dehy- 
drogenase (Idh) (Elzinga et al., 1993). Both sub- 
units of this Krebs cycle enzyme, encoded by the 
nuclear genes IDHI and ZDH2 (Cupp and 
Mcfister-Henn, 1991, 1992), are required for 
enzyme and RNA-binding activities. Although it 
may come somewhat as a surprise that such a 
familiar enzyme should lead a double life, Idh is 
just one of a rapidly growing family of dual- 
function RNA-binding proteins. The canonical 
protein that combines functions in both transla- 
tion and metabolism is the iron-responsive ele- 
ment-binding protein (IRE-BP), which also 
doubles as cytoplasmic aconitase. The RNA-bind- 
ing activity of this protein is modulated in re- 
sponse to iron levels in the cell by changes in an 
Fe-S cluster and is reciprocally related to its en- 
zymic activity as cytosolic aconitase (Basilion 
et al., 1994 and references therein). 

RNA-binding activity has also been recently 
attributed to other “regular” enzymes, including 
thymidylate synthase, dihydrofolate reductase, 
catalase, and glyceraldehyde-3-phosphate de- 
hydrogenase (see Hentze, 1994 for review). A 
common feature of all members of the family 
examined so far is the presence of a (di-)nucleo- 
tide-binding site, and in a number of cases nucle- 
otide- and RNA-binding sites appear to overlap. 
Such overlap could have a structural basis and 
reflect the evolutionary pathway followed during 
acquisition of poly(ribo)nucleotide-binding activ- 
ity. Additionally, it opens possibilities for redox 
sensor-mediated modes of genetic regulation, al- 
lowing translation to be coupled to the metabolic 
state of the cell. Besides Idh, another Krebs cycle 
enzyme with RNA-binding activity is the bovine 
NAD+-linked glutamate dehydrogenase (Preiss et 
al., 1993). The identity of RNA(s) normally bound 
in this latter case is &own, but for both en- 
zymes, the ability to bind RNA could be part of a 
regulatory circuit that couples the rate of mito- 
chondrial biogenesis to the need for mitochon- 
drial function. 

Action of the various translational activators 
should be considered in relation to that of Idh. 
Dekker et al. (1992) have previously speculated 
that the enzyme, which at a level of some 25,000 

molecules per cell is in principle sufficient to 
complex all mitochondrial mRNAs, may act as a 
repressor of translational initiation in the mito- 
chondrial matrix. Steric hindrance of initiation, 
caused by protein binding to the 5’-leader, is a 
common theme in eukaryotic translational regu- 
lation (Gray and Hentze, 1994; Stripecke et al., 
1994) and for Idh, such a role is additionally 
supported by the observations that (1) chimeric 
mRNAs apparently lacking p40-binding sites are 
stil l  translatable (cf. Costanzo and Fox, 1988) and 
(2) for COX1, COX2, and ATP9 leaders, Idh 
binding leads to the exposure of sequences poten- 
tially capable of interacting with the initiator AUG, 
thereby regulating ribosome access (Dekker et 
al., 1992). The fact that ZDHIIZDH2 disruption 
strains are stil l  capable of slow nonfermentable 
growth is also consistent with a nonessential role 
of Idh in translation or mRNA stability (Elzinga 
et al., 1993; cf. also Cupp and McAlister-Henn, 
1991,1992), but it should be noted that disruption 
strains display increased rates of rho--cell pro- 
duction, a property normally indicative of im- 
paired or abnormal translational activity (see Sec- 
tion ED). 

Interestingly, the region of the ~ 0 x 2  ~ R N A  
that is bound by Idh contains the sequence 
UCUAA, a motif that is conserved between a 
number of yeasts between 18 and 37 bases u p  
stream of the initiator codon of this -A. This 
region is suggested by mutational analysis to be a 
good candidate for the site of PET111 action 
(Mulero and Fox, 1993). Therefore, for this 
mRNA, binding of Idh and PET111 could be 
mutually exclusive so that translation is prevented 
until Idh is displaced by PET1 11 and other com- 
ponents of an initiation complex acting at the 
surface of the mitochondrial membrane. 

G. Translation and the Mitochondria1 
Membrane 

A functional association between mitochon- 
drial protein synthesis and the mitochondrial 
membrane was suggested many years ago as an 
explanation for the f m  binding of ribosomes to 
membranes in yeast mitochondria and the proper- 
ties of a group of cytoplasmic antibiotic-resistant 
mutants (Bum et al., 1970). At the time none of 
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the arguments were compelling and d were open 
to alternative explanations (see Borst and Grivell, 
1971 for discussion). The evidence listed above, 
which indicates that the translational activators 
for COX3 and COB mRNAs mediate interactions 
between mRNA and ribosome while themselves 
attached to the mitochondrial inner membrane, 
gives this idea a much f m e r  basis, as does also 
the finding that overproduction of ABC 1, a pro- 
tein implicated in the correct folding or assembly 
of apocytochrome b, leads to partial suppression 
of a mutation in CBS2 (Bousquet et al., 1991). 
Additional observations in support of a close cou- 
pling between translational activity and membrane 
insertion of the nascent products are discussed in 
Section XI. 

H. Regulation of Translation 

Finally, as reviewed by Costanzo and Fox 
(1990) and Dieckmann and Staples (1994), the 
existence of mRNA-specific translational activa- 
tors opens up additional possibilities for nuclear 
control at this stage of mitochondrial gene ex- 
pression. Several of these activators are present in 
low amounts, which in the case of PET111, 
PET122, and PET494 may even be limiting for 
translation (Mulero and Fox, 1994; Pinkham et 
al., 1994), and expression of the corresponding 
genes is subject to regulation by the oxygen and/ 
or carbon source. Taken together, these features 
open possibilities for subtle regulatory effects on 
individual translation products over and above 
more general controls exerted by environmen- 
tally induced changes in the activities of the mi- 
tochondrial transcription and translation machin- 
eries as a whole. 

XI. POSlTRANSLATlONAL EVENTS: 
MODIFICATION, ASSEMBLY, AND 
DEGRADATION 

With the exception of the ribosomal protein 
Varl and intron-encoded proteins, all products of 
rnitochondrial trar~slation in yeast are fairly hy- 
drophobic membrane proteins that ultimately as- 
semble into the respiratory complexes of the in- 

ner membrane. Although association of mitochon- 
drial ribosomes and the various translational acti- 
vators with the inner surface of the inner mem- 
brane may indeed facilitate insertion of these 
proteins into the membrane, the appearance of a 
growing list of new gene products with proposed 
functions in posttranslational modification and 
assembly is sufficient to justify an increasingly 
uneasy feeling that we really have little idea of 
what is going on at this late stage of mitochon- 
drial gene expression. The list is presented in 
Table 4. None of the proteins display sequence 
features typical of the heat shock type chaperones 
known to be involved in the translocation and 
folding of cytoplasmically synthesized, imported 
proteins (see Stuart et al., 1994 for review) and it 
thus seems reasonable to suppose that in many 
cases principles other than straightforward fold- 
inghefolding of translation products will be in- 
volved. This supposition is already supported by 
the finding that COXlO and COXll, two gene 
products originally reported to be essential for a 
posttranslational stage of cytochrome c oxidase 
synthesis (Nobrega et al., 1990), are in fact re- 
quired for synthesis of heme A. COXlO encodes 
a heme A:farnesyl transferase, while COXll is 
predicted to encode an enzyme involved in form- 
ing the formyl group at position 8 of the porphy- 
M ring (Tzagoloff et al., 1993; Glerum and 
Tzagoloff, 1994). Both COXlO and COXll are 
evolutionarily conserved proteins, their consider- 
able sequence similarity to their bacterial coun- 
terparts yielding important clues to their probable 
functions. ABCl, OXA1, and SCOl are similarly 
evolutionarily conserved, with recently sequenced 
counterparts in both the pro- and eukaryotic king- 
doms. The ABCI gene was isolated as a multicopy 
suppressor of the translational defect in a cbs2 
mutant, yet turns out to be essential for assembly 
of a functional UQ-cytochrome c oxidoreductase, 
being somehow involved at a stage subsequent to 
heme incorporation into holocytochrome b 
(Bouquet et al., 1991). The OXAl gene is also 
required for a late step in synthesis of cytochrome 
c oxidase (Bonnefoy et d., 1994). OM] mutant 
cells exhibit somewhat decreased levels of the 
three mitochondrially synthesized subunits of 
cytochrome oxidase, yet a total absence of cyto- 
chrome a d ,  together with a reduced amount of 
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cytochrome b. The SCOl gene is also specifically 
needed for formation of a functional cytochrome 
c oxidase, possibly being required for stabiliza- 
tion of the mitochondrially synthesized COX1 
and COX2 proteins during or immediately after 
their synthesis (Knunmeck andRijde1, 1990). 
Interestingly, all three genes contain sequence 
motifs that have been strongly conserved in evo- 
lution. ABCl displays extensive similarity to Oms 
in both Clostridium and Mycobacterium and a 
more limited similarity to the gene 55 family of 
proteins in herpes viruses (Figure 2A); OXAl to a 
series of ORFs in E. coli, Bacillus, Pseudomonas, 
Oryza, and Caenorhabditis (Bonnefoy et al., 1994) 
and SCOl to an ORF in Pseudomonas, a major 
surface protein in Anaplasma and a bovine 
immunodominant protein (Figure 2B). Further 

mutagenic analysis of such conserved features 
should provide important clues to the function of 
all the proteins involved. 

A. Mitochondria1 Proteases 

As has been reviewed extensively elsewhere 
(Hartl and Neupert, 1990). nuclear-coded mito- 
chondrial proteins are in most cases divested of 
their targeting signals by the action of the highly 
specific matrix and inner-membrane proteases 
(MPP, M P ,  IMP) during or shortly after impoh 
MPP, or more rarely MIp* (Isaya et al., 1992; 
Isaya et al., 1994). cleave precursors of proteins 
with the mitochondrial matrix or inner membrane 
as their final destinations and carry out the initial 

A, 

n - 
n 

FIGURE 2 ABCl and SCOl are evolutionarily conserved proteins. Block alignments were made using the 
program MACAW (Schuler et al., 1991) on sequences available from the Swissprot and Genbank databases. 
Intensity of shading is a rough measure of the extent of sequence identity. (A) S. CefeVkhf3ABC1, acc. no. P27697; 
Clostr. past. ORF acc. no. 228353; Mycobact. leprae ORF ace. no. UOOO16; EHV-1 gene 55 acc. no. P28945. (6) 
SCOl acc. no. P23833; SC02 acc. no. X76078; Pseudomonas ORF acc. no. 226044; Anaplasma marginale MSPd 
acc. no. A49213; Cow immunodominant protein acc. no. LO7385 

In yeast, the gene encoding MIP has ratha unfortunately been designated MIp1. It should not be confused with the gene 
of the same name encoding the mitochondrial DNA polymerase (see Section III.B). 
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processing of the bipartite addressing signal of 
proteins destined for the intermembrane space. 
The MPP protease is a two-subunit enzyme, 
consisting of the catalytic subunit (encoded by 
the MAS2 gene) and a second protein that en- 
hances activity (protease-enhancing protein, PEP, 
product of the MAS1 gene). Examination of the 
sequences of yeast and Neurospora subunits 
shows that they display a considerable degree of 
sequence similarity and belong to the same su- 
perfamily of metalloendoproteases. Quite unex- 
pected, however, is the finding that in Neuro- 
spora, PEP is identical with subunit I of the 
ubiquinol-cytochrome c reductase (Schulte et al., 
1989). leading to the conclusion that this rather 
unremarkable-looking protein combines a role 
in protein import with a function in the respira- 
tory chain. At the time of this discovery, it looked 
as though Neurospora was an interesting excep- 
tion, because the corresponding functions in yeast 
reside in separate (albeit distantly related) pro- 
teins. It has, however, become clear that this 
sharing of functions is a more widespread phe- 
nomenon, because in both potato and spinach 
mitochondria, the processing protease appears 
to be an integral component of the cytochrome c 
reductase (Braun et al., 1992; Eriksson and 
Glaser, 1992). In potato, subunit II is the pro- 
cessing peptidase and the complex is bifunc- 
tional: it transfers electrons from ubiquinol to 
cytochrome c and it cleaves presequences from 
imported precursor proteins (Emmermann et al., 
1993). These findings raise some interesting 
questions as to the relationship between protein 
import and electron transport, including whether 
bioenergetic activity can influence the rate of 
biogenesis (Weiss et al., 1990). 

The second processing step undergone by 
proteins of the intermembrane space is carried out 
by IMP, which in fact consists of two sequence- 
related, leader peptidase-like catalytic subunits 
(IMP1 and IMP2) with nonoverlapping specifici- 
ties (Nunnari et al., 1993). Both enzymes sit on 
the intermembrane face of the inner membrane. 
IMP1 is responsible for processing of the inter- 
membrane enzyme cytochrome b, and, curiously, 
also mitochondrially coded pre-COX, one of the 
two regular mitochondrial translation products to 
be synthesized in precursor form (Behrens et al., 
1991; Michon et al., 1988). u I p 2  processes 

precytochrome c1 and is further required for sta- 
bilization of IMP1 (Nunnari et al., 1993). 

In addition to these specific enzymes, mito- 
chondria of a variety of organisms contain pro- 
teases that possibly function in the ATP-depen- 
dent degradation of abnormal, misfolded, or 
incomplete polypeptides (see Goldberg, 1992 and 
references therein). These are homologues of the 
E. coli La and Ti (Clp) proteases, and in yeast are 
encoded by the PIMI and HSP78 genes, respec- 
tively (Leonhardt et al., 1993; Suzuki et al., 1994; 
van Dyck et al., 1994). PIMl is a versatile and 
intriguing protein. In collaboration with the mito- 
chondrial hsp70, it is capable of degradation of 
misfolded imported proteins (Wagner et al., 1994). 
It is also somehow involved in the maintenance of 
wild type mtDNA (Section III.D) and, when 
overexpressed, can suppress the phenotype of null 
mutants in the mitochondrial FtsH homologue 
AFG3 (Section XI.C). In contrast, much less is 
known about HSP78, apart from the fact that 
disruption of the gene does not detectably impair 
mitochondrial function. It remains to be seen 
whether this heat shock protein is itself a protease 
or a chaperone that facilitates protease activity in 
another subunit; for example, a mitochondrial 
homologue of the E. coli ClpP protein (cf. 
Goldberg, 1992). 

B. AAA-Family Proteins in Mitochondria 

Finally, perhaps most intriguing are BCSl ,  
AFG3, RCAl,  and YMEl,  genes that cannot easily 
be assigned to any one class in terms of action, 
despite considerable similarity in sequence. These 
are all mitochondrial members of a large and 
growing family of ATPases associated with di- 
verse cellular activities (AAA-proteins) and are 
related by virtue of the possession of one or two 
highly conserved domains of approximately 200- 
aa (Figure 3). These domains contain consensus 
sequences characteristic of ATPases and nucle- 
otide-binding proteins, thus making it likely that 
the proteins are also ATPases, capable of ATP- 
hydrolysis for performance of their various func- 
tions (see Kunau et al., 1993 for review). 

BCSl is an her-membrane protein, most 
closely related to Afgl/Sec18, and is required for 
the assembly of a functional Rieske FeS protein 
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\ 
\ @ Mitochondrion 

@ Cell cycle 

@ Prokaryote 

@ Secretion 

@ Peroxisome 

0 Unknown 

FIGURE 3. The yeast AAA-protein family and its closest prokary- 
otic relatives. The unrooted neighboring-joining tree is based on 
alignments made with the GCG program PILEUP and constructed 
using the Drawgram routine in the Phylogeny Inference Package 
Phylip. Sequences are available in Swissprot and Genbank data- 
bases. 

into the UQ-cytochrome c oxidoreductase 
(Nobrega et al., 1992). YMEl and AFG3 form a 
subgroup together with the prokaryotic members 
of the AAA-family - E.  coli FtsH and its homo- 
logues in other bacteria (Thorsness et al., 1993; 
Guelin et al., 1994; Schnall et al., 1994). Despite 
high sequence similarity, AFG3 and yME1 ap- 
pear to be involved in quite distinct mitochondrial 
processes. YMEl is one of six genes, mutations 
in which have drastic effects on mitochondrial 
structure, greatly elevating the rate at which 
mtDNA escapes from the organelle (Thorsness 
and Fox, 1993). AFG3, in contrast, was isolated 
via its ability to restore respiratory function to a 

mutant that is temperature sensitive for growth on 
nonfermentable carbon sources (Guelin et al., 
1994). Disruptions of the AFG3 gene lead to res- 
piratory deficiency, reduced assembly of a num- 
ber of mitochondrial translation products, and 
increased rate of petite formation as a result of 
mtDNA loss (Rep, M. and Guelin, E., unpub- 
lished observations). Interestingly, the subgroup 
can be extended with additional members. The 
first of these is a putative mitochondrial ATPase 
present in the parasitic protozoan Schistosoma 
mansonii (Menrath and Kunz, 1994). The second 
is RCAI, a gene recently isolated on the basis of 
its requirement for assembly of mitochondrial 
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respiratory complexes (Tzagoloff et al., 1994). 
The N-terminal regions of both AFG3 and RCAl 
display features characteristic of a typical mito- 
chondrial targeting sequence and both have been 
localized to the mitochondrial inner membrane 
(Rep, M., unpublished observations; Paul et al., 
1994). Like FtsH (Tomoyasu et al., 1993), AFG3 
appears to be anchored in the inner membrane in 
such a way that a large part of the protein, includ- 
ing the C-terminus, extends into the matrix (Rep, 
M., unpublished observations; Pajic et al., 1994). 

C. AFG3, RCA1, and YME1: Chaperones 
or Proteases? 

Also like FtsH, AFG3, RCAl, and YME1 
share a sequence motif (HEXXH) that is charac- 
teristic of the active site in a family of neutral, 
zinc metalloendopeptidases including neprilysin 
and the thimet oligopeptidase (Bode et al., 1993). 

This motif is located at a similar position and 
within a highly conserved sequence in each pro- 
tein (Figure 4). Alias HflJ3, FtsH has been shown 
to stimulate degradation of the lambda cII-activa- 
tor protein (Herman et al., 1993), thus leading to 
the suggestion that the protein is either a protease 
or a chaperone that induces a conformation sus- 
ceptible to proteolysis. Action as protease is sug- 
gested by the fact that a mutant gene containing a 
substitution of lysine for glutamate in the HEXXH 
motif is no longer functional (Akiyama et al., 
1994), and this strongly implies a similar 
function for the mitochondrial members of the 
family. The occurrence of three new, putative 
proteases in yeast mitochondria raises immediate 
questions concerning their role in mitochondrial 
biogenesis or function. In the case of AFG3, clues 
to such a role are given by recent genetic and 
biochemical analyses. First, the respiratory-defi- 
cient phenotype of afg3 disruptants can be sup- 
pressed by overexpression of the PIMl protease 

.A. 

€3, 

FIGURE 4. Consetvation of a metallopeptidase sequence motif in mitochondrial FtsH-like proteins. Both block (A) 
and sequence (B) alignments were made using the program MACAW (Schuler et at., 1991) on sequences available 
from the Swissprot and Genbank databases. FtsH acc. no. Ma31 38; AFG3 acc. no. X76643; RCA 1 acc. no. U09358; 
YMEI acc. no. P32795. Note that the latter three genes have also been sequenced under the names M A 1  0, M A  12, 
and M A 7 7  (Schnall et al., 1994). The HEXXH metallopeptidase motif (Bode et al., 1993) is overlined. 
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(Rep, M., unpublished observations). Second, such 
disruptants are deficient in the metal ion- and 
Amdependent degradation of incompletely syn- 
thesized mitochondrial translation products (Pajic 
et al., 1994), an activity that has been suggested to 
reflect a physiological mechanism for regulation 
of membrane assembly (Wheeldon et al., 1974; 
Yasuhara et al., 1994). Both observations strongly 
support the idea that AFG3 either is itself a mem- 
brane-bound protease or is closely involved in the 
activation of the catalytic subunit of such a pro- 
tease. Several considerations complicate this 
simple picture, however. First, if AFG3 has such 
a broad-spectrum degradative ability, it is not 
easy to see how this can be responsible for the 
clear-cut deficiency in cytochrome b and subunits 
of cytochrome c oxidase, which seems to reflect 
reduced synthesis rather than increased turnover 
(Rep, M., unpublished observations). Second, if 
AFG3 is indeed a broad-spectrum protease, why 
is the highly similar RCAl protein unable to com- 
pensate for its loss? Finally, why should lack of 
such a degradative ability have such serious con- 
sequence for respiratory sufficiency and mtDNA 
stability? One explanation may be that AFG3 and 
RCAl function both as chaperone and protease, 
promoting membrane insertion during translation, 
but capable of carrying out degradation of aber- 
rant or incomplete translation products. Alterna- 
tively, protease action may be a specific and, by 
way of ATP hydrolysis, strictly controlled activ- 
ity required for disruption of some kind of pro- 
teinaceous pore involved in membrane insertion. 
In E .  coli, FtsH has been proposed to function in 
a similar capacity to assure efficient stoptransfer 
of some transmembrane proteins (Akiyama et al., 
1994; Akiyama et al., 1994). 

Although possibly differing in function from 
AFG3 and RCAl, a discussion on mitochondrial 
AAA-proteins would not be complete without 
coverage of YME1. The gene for this protein 
emerged from a screen for mutants that displayed 
an increased rate of escape of mitochondrial DNA 
to the nucleus. ymel mutants contain abnormal, 
distended mitochondrial structures, are tempera- 
ture sensitive for growth on nonfermentable car- 
bon sources, cold sensitive for growth on rich 
glucose medium, and lose mtDNA at an acceler- 
ated rate (Thorsness et al., 1993). The resultant 
mtDNA-less mutants display severely impaired 

growth and rapidly become unviable, a property 
that essentially converts S. cerevisiue into a pe- 
tite-negative yeast (see Section m.F). Thorsness 
et al. (1993) have suggested that all these features 
could be symptomatic of a defect in the mainte- 
nance of mitochondrial structure, leading to im- 
proper organelle fusion or division. Six indepen- 
dent ymel mutant alleles were isolated in the 
original screen carried out by Thorsness and Fox 
(1993) and all display essentially identical pheno- 
types to that displayed by a ymel gene disruption. 
the ymel-l allele shows weak intragenic comple- 
mentation with the ymel-3 allele, suggesting that 
the functional unit contains more than one copy 
of the protein. The fact that increased dosage of 
the YMEl gene does not increase cellular levels 
of YMEl could mean that it is part of a complex 
whose assembly limits the amount of the protein 
within the cell. Candidates for other components 
of such a complex could be proteins encoded by 
other YME genes. 

Arguing that YME1 may also be a mitochon- 
drial ATP-dependent metalloprotease, Campbell 
et al. (1994) have attempted to gather information 
on the protein's function by searching for inter- 
acting gene products. The search, directed at de- 
tection of mutations that bypass a requirement for 
YME1, has yielded an unexpected result in the 
shape of the yntl -I mutation. yntl -I cells display 
an intrinsic cold sensitivity for growth on 
nonfermentable substrates. Yet, in combination 
with a ymel null mutation, yntl-I suppresses all 
four phenotypes associated with ymel dysfunc- 
tion and partially reverses the morphological ab- 
normalities displayed by mitochondria in ymel 
cells. The sequence of YNTl (also known as YTA2) 
shows it to be one of a family of genes encoding 
additional members of the AAA-extended family. 
In this case, the products are related to regulatory 
subunits of the 26s proteasome, whose activity is 
necessary for a variety of activities, including 
progression through the cell cycle (Campbell et 
al., 1994 and references therein). 

At present, this finding raises more questions 
than it answers. If YMEl is a mitochondrial pro- 
tease, the distinctive phenotype resulting from its 
dysfunction suggests that other proteases present 
in mitochondria are also unable to substitute its 
function. It is therefore especially surprising that 
YNT1, as a possible component of the cyto- 
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solically located 26s proteosome, should have 
such an ability. Campbell et al. (1994) speculate 
that both YMEl and YNTl may in fact fulfii a 
similar role, acting in the processing of a subset of 
mitochondrially targeted proteins. Given a cyto- 
solic location for the 26s proteosome, testable 
predictions of such a role are that processing may 
occur prior to import and that the mitochondrial 
location of Ymel may be such that it has access 
to cytosolic proteins. An interesting extension to 
this speculation is that both YMEl and YNTl are 
involved in interactions with the cytoplasmic struc- 
tures that mediate organelle movement and inher- 
itance (Section III.E), thereby playing an impor- 
tant role in mitochondrial proliferation at cell 
division. 

XII. CONCLUSIONS AND PROSPECTS 

Reviewing the field in 1990, Tzagoloff and 
Dieckmann (1990) listed some 215 yeast nuclear 
genes required for the synthesis of a functional 
mitochondrion and showed that the majority of 
these encoded components of the mitochondrial 
genetic system, proteins required for the mainte- 
nance of this system, or for various stages of gene 
expression. As documented in the previous sec- 
tions, the last few years have led to an almost 
explosive increase in the number of new gene 
products characterized, and new insights have been 
gained into the mode of action of genes character- 
ized previously. New genes have emerged (and 
are st i l I  emerging) from three main approaches: 

1. The use of mutant selection strategies that 
take into account the essential nature of the 
mitochondrial compartment and of many of 
the metabolic reactions that occur there. The 
emergence of new genes involved in mito- 
chondrial protein import (Pfanner et al., 
1994) or mitochondrial inheritance and 
cytoskeletal interactions (Section IUX) nicely 
illustrates this point and provides d i c i e n t  
jusWication for further searches, which, hope- 
fully, will clarify the ways in which mito- 
chondria contribute to decision making with 
respect to cell growth and division. 
The application of novel multicopy suppres- 
sor or synthetic lethal screens that have re- 

2. 

sulted in the identification of gene products 
whose ability to bypass the mutational block 
may derive from unconventional and in- 
formative principles. The MRS series of sup- 
pressors of splicing and respiratory defi- 
ciency (Section VIII) and the Y N T l  
suppressor of YMEl deficiency (Section 
XLC) are good examples of the puzzling yet 
challenging examples of nucleomito- 
chondrial relationships st i l l  to be unravelled. 
The rapid increase in availability of genomic 
sequence information. Indeed, given the high 
degree of evolutionary conservation of many 
cellular processes between yeast and higher 
eukaryotes and the fact that it will be the 
fmt organism for which a complete genomic 
sequence will be available within the next 2 
to 3 years, S. cerevisiae currently offers 
unequalled advantages for drawing up an 
inventory of all nuclear genes involved in 
mitochondrial biogenesis and for identifica- 
tion of their counterparts in other organ- 
isms. Especially informative in this context 
will be the further characterization of newly 
discovered copies of previously identified 
genes. Recent sequencing efforts indicate 
that extensive regions of the S. cerevisiae 
genome have undergone duplications and 
subsequent divergence, leading to the ap- 
pearance of gene families, whose members 
often differ in sequence or mode of regula- 
tion (Oliver, 1992; Dujon et al., 1994; 
Johnston et al., 1994). 

3. 

Sequence analysis and comparison have in 
several instances provided new insights into func- 
tions of familiar genes. The identification of the 
evolutionarily conserved COX10 and COX1 I gene 
products as enzymes involved in heme A biosyn- 
thesis, rather than as chaperones (Section XI), is a 
good case in point and by analogy, the discovery of 
sequence relationships in the ABCl, OXAl, and 
SCOl genes may provide new impetus in the search 
for their functions. However, sequence compari- 
sons alone may fail to reveal key information. 
Without mutational and biochemical studies, the 
aminoacyl-tRNA synthetases encoded by the CYT- 
18 and NAM2 genes and the NAD+-linked mito- 
chondrial iswitrate dehydrogenase would not have 
disclosed the secrets of their double lives. 
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An area of particularly fast growth has been 
that involving posttranslational modification of 
mitochondrial translation products and their as- 
sembly into respiratory complexes. Yeast mito- 
chondria appear to have chosen an entirely idio- 
syncratic system for targeting ribosomes, 
associated mRNAs, and nascent polypeptide 
chains to the membrane (Sections X.G and XI> 
instead of using evolutionarily tried and tested 
techniques for coaxing or driving such newly 
synthesized products into or across the membrane 
(cf. Schekman, 1994; Wickner, 1994). Finding 
out how this system works will be a task for the 
future, as will be the'elucidation of the relevance 
for this process of protein tumover and of the 
exact roles played by the AAA-family proteins 
(Section X.I.C). 

Finally, better characterization of nuclear 
genes encoding components of the mitochondrial 
genetic system is a prerequisite for an under- 
standing of the etiology of human mitochondrial 
diseases, Although the vast majority of such dis- 
eases can be attributed to more or less severe 
mutations in the compactly organized mitochon- 
drial genome, it is becoming increasingly clear 
that nuclear gene products are important detenni- 
nants in the occurrence of mutations, the manifes- 
tation of clinical symptoms, and their time of 
onset (Luft, 1994). In addition, the mutations in 
mtDNA are just one of the damaging consequences 
of reactive oxygen species produced as byproducts 
of aerobic respiration in mitochondria, and nuclear- 
encoded mitochondrial proteins play important 
roles in minimizing oxidative damage. Bcl-2 is a 
mammalian protooncogene capable of blocking 
apoptotic cell death in a variety of contexts and its 
product is thought to function in an antioxidant 
pathway that provides protection against such 
damage (Hockenbery et al., 1993). The discovery 
that a large fraction of the Bcl-2 localizes to the 
mitochondrion (Hockenbery et al., 1990), most 
likely anchored in the outer membrane (Nguyen 
et al., 1993), may therefore open a new chapter in 
nucleomitochondrial interactions. 
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