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In vivo analysis of mutated initiation codons in the mitochondrial
COX2 gene of Saccharomyces cerevisiae fused to the reporter
gene ARG8 m reveals lack of downstream reinitiation
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Abstract To examine normal and aberrant translation
initiation in Saccharomyces cerevisiae mitochondria, we
fused the synthetic mitochondrial reporter gene ARG8m

to codon 91 of the COX2 coding sequence and inserted
the chimeric gene into mitochondrial DNA (mtDNA).
Translation of the cox2(1±91)::ARG8m mRNA yielded a
fusion protein precursor that was processed to yield
wild-type Arg8p. Thus mitochondrial translation could
be monitored by the ability of mutant chimeric genes to
complement a nuclear arg8 mutation. As expected,
translation of the cox2(1±91)::ARG8m mRNA was de-
pendent on the COX2 mRNA-speci®c activator
PET111. We tested the ability of six triplets to function
as initiation codons in both the cox2(1±91)::ARG8m re-
porter mRNA and the otherwise wild-type COX2
mRNA. Substitution of AUC, CCC or AAA for the
initiation codon abolished detectable translation of both
mRNAs, even when PET111 activity was increased. The
failure of these mutant cox2(1±91)::ARG8m genes to
yield Arg8p demonstrates that initiation at downstream
AUG codons, such as COX2 codon 14, does not occur
even when normal initiation is blocked. Three mutant
triplets at the site of the initiation codon supported de-
tectable translation, with e�ciencies decreasing in the
order GUG, AUU, AUA. Increased PET111 activity
enhanced initiation at AUU and AUA codons. Com-
parisons of expression, at the level of accumulated
product, of cox2(1±91)::ARG8m and COX2 carrying
these mutant initiation codons revealed that very

low-e�ciency translation can provide enough Cox2p to
sustain signi®cant respiratory growth, presumably
because Cox2p is e�ciently assembled into stable cyto-
chrome oxidase complexes.

Key words Saccharomyces cerevisiae á Mitochondrial
translation á Translation initiation á Downstream
initiation

Introduction

The mechanisms that control translation initiation in
mitochondrial systems are poorly understood, owing to
the de®ciencies of organelle-derived in vitro translation
systems (Dekker et al. 1993). However, it has been
possible to ascertain some general features of translation
initiation in fungal mitochondria by genetic analysis and
examination of mRNA structure in Saccharomyces ce-
revisiae (reviewed in Fox 1996). While all of the eight
ORFs encoding the major yeast mitochondrial transla-
tion products begin with AUG, it is not clear how, or
how stringently, the initiation codon is selected. Six of
the seven major mRNAs have long 5¢-untranslated
leaders (5¢-UTLs) ± 300 to 950 bases long ± that contain
AUG triplets upstream of their initiation codons
(Grivell 1989; Dieckmann and Staples 1994), which ar-
gues against a scanning model similar to that for cyto-
plasmic translation (Sherman and Stewart 1982; Kozak
1989). Instead, it appears that mRNA sequence and
structural information is probably employed to identify
yeast mitochondrial initiation codons. This does not
seem to involve a simple Shine-Dalgarno interaction,
since sequences in the mRNAs that could pair in this
manner with 15S rRNA (Li et al. 1982) can be muta-
tionally destroyed without preventing translation (Cos-
tanzo and Fox 1988; Mittelmeier and Dieckmann 1995;
Dunstan et al. 1997). Other possible interactions be-
tween mRNAs and rRNAs could play a role (Dunstan
et al. 1997). Yeast mitochondrial translation depends on
mRNA-speci®c translational activator proteins that
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functionally interact with 5¢-UTLs, and these activators
could participate in initiation codon selection (reviewed
in Fox 1996). Thus, the yeast mitochondrial initiation
mechanism might be analogous to that of internal ri-
bosome entry in eukaryotic cytoplasmic translation
(Belsham and Sonenberg 1996; Kolupaeva et al. 1998).

Only very limited genetic analysis of mitochondrial
initiation codons has been performed to date. AUG to
AUA mutations have been created by site-directed mu-
tagenesis and introduced in the S. cerevisiae genes COX2
and COX3, which encode key subunits of cytochrome c
oxidase (Folley and Fox 1991; Mulero and Fox 1994). In
both cases, production of functional cytochrome oxidase
subunits was strongly reduced but not eliminated. Syn-
thesis of functional subunits indicated that at least some
initiation occurred at the correct position. However, the
occurrence of aberrant initiation at downstream AUG
codons could not be ruled out, since this could have
generated nonfunctional polypeptides that were unde-
tectable in the previous studies. To remove this con-
straint we have here employed a reporter gene to
monitor translation initiation, as has been done in bac-
terial and cytoplasmic systems (Zitomer et al. 1984;
Clements et al. 1988; Gordon et al. 1992; Sacerdot et al.
1996; Sussman et al. 1996).

The nuclear gene ARG8 encodes acetylornithine
aminotransferase, an enzyme of the arginine biosynthetic
pathway that is located in the mitochondrial matrix
(Jauniaux et al. 1978; Heimberg et al. 1990). A synthetic,
recoded, version of this gene, ARG8m, can be pheno-
typically expressed as a reporter for mitochondrial gene
expression when inserted into yeast mtDNA (Steele et al.
1996; He and Fox 1997). In this study, we have transla-
tionally fused ARG8m to an internal region of the COX2
coding sequence, at codon 91, so that translation initia-
tion, in its normal nucleotide context, could be moni-
tored by the ability of the chimeric cox2(1±91)::ARG8m

mitochondrial gene to complement the phenotype of a
nuclear arg8 mutation. Like translation of the native
COX2 mRNA (Poutre and Fox 1987; Mulero and Fox
1993b), translation of the cox2(1±91)::ARG8m mRNA
depends speci®cally on the presence of the product of the
nuclear gene PET111, which activates translation via
functional interactions with the 54-nucleotide 5¢-UTL of
COX2 mRNA (Mulero and Fox 1993a).

We have studied the ability of mutant initiation co-
dons to allow expression of both the cox2(1±91)::ARG8m

reporter and otherwise wild-type COX2. Some of the
mutant initiation codons caused reduced accumulation
of the COX2 gene product, cytochrome oxidase subunit
II (Cox2p), but allowed respiratory growth. These same
mutations caused more severe reductions in accumula-
tion of the cox2(1±91)::ARG8m reporter product, Arg8p,
re¯ecting reduced translation initiation. Gene expression
in these mutants was enhanced by overproduction of a
hyperactive variant of the COX2 mRNA-speci®c trans-
lational activator Pet111p. Other mutations abolished
detectable translation of both COX2 and cox2(1±
91)::ARG8m mRNAs. Our results demonstrate that ini-

tiation at downstream AUG codons in the chimeric re-
porter mRNA does not occur detectably in this system,
indicating stringent selection of the initiation site. This
work provides new tools with which to search for cis- or
trans-acting elements of the mitochondrial translation
system that govern start site selection in this system.

Materials and methods

Yeast strains, media, genetic techniques and plasmids

All strains used in this study are listed in Table 1, with the excep-
tion of TF236 (see below). Strain NB40-3C is a spore obtained by
``forced'' sporulation (Fox et al. 1991) between strains DFS188
(Steele et al. 1996) and GW116 (Dunstan et al. 1997), which carries
a 660-bp deletion in the upstream region of COX2 ()295 to +363
relative to AUG, termed cox2±62). NB80 was created by cyto-
duction of wild-type mitochondria into a q° derivative of NB40-3C.
NB151-1B was derived from the pet111::LEU2 strain NB35-5D
(unpublished) by ``forced'' sporulation. In the pet111::LEU2 allele
(C. A. Strick, unpublished) the 2-kb XbaI-BglII fragment of
PET111 has been replaced by a 2.7-kb LEU2 fragment. TF236
(MATa lys2 leu2-3,112 ura3-52 ino1D::His3 arg8::hisG pet9 ura3-52
lys2 his3? [cox3::arg8m-1 q+]) was derived from a meiotic segre-
gant of a cross between a D273-10B (ATCC25627) related strain
and 777-3A (Weiss-Brummer et al. 1979). TF236 carries a MnCl2-
induced mutation, termed cox3::arg8m-1, that maps to the ARG8m

coding sequence and causes an Arg) phenotype.
Fermentable complete medium was YPDA or YpGalA (1%

yeast extract, 2% Bacto-peptone, 100 mg/l adenine, and either 2%
glucose or 2% galactose supplemented with 0.1% glucose). Non-
fermentable medium was YPEG (1% yeast extract, 2% Bacto-
peptone, 100 mg/l adenine, 3% ethanol, 3% glycerol). Minimal
medium (0.67% yeast nitrogen base without amino acids) was
supplemented with 2% glucose and speci®c amino acids, uracil and
adenine as required. Standard genetic methods were as described
(Rose et al. 1988; Fox et al. 1991). Yeast nuclear transformation
was carried out using the one-step transformation method (Chen
et al. 1992), with plasmids YEp352 (Hill et al. 1986), pJM20
(Mulero and Fox 1994) and pJM57 (Mulero and Fox 1993a).

Construction of cox2::ARG8m fusion genes,
and initiation codon mutagenesis

The pTZ18u (BioRad)-derived plasmid pHD6 (H. M. Dunstan,
unpublished), which carries the ARG8m ORF fused to ¯anking
COX2 untranslated regions, was modi®ed using a two step PCR
strategy (Horton et al. 1989) to construct the cox2(1±91)::ARG8m

translational fusion. The resulting plasmid contains the following
elements: 0.57 kb of 5¢-¯anking mtDNA including the COX2
promoter, the ®rst 91 codons of COX2 precisely fused to codon 2 of
ARG8m (Fig. 1A), 0.81 kb of 3¢-¯anking mtDNA, and a 0.75-kb
PacI-MboI COX3 mtDNA fragment that can rescue the cox3-10
mutation (Costanzo and Fox 1993) following transformation. We
eliminated the NsiI site contained in the COX3 fragment, so that
the NsiI site at position +65 of the COX2 coding sequence would
be unique. The ®nal plasmid, pNB81, contains three unique sites
useful for making further alterations: PacI at )60, NsiI at +65 and
EagI at +270 (all positions are given relative to the ®rst base of the
COX2 initiation codon).

The cox2(1±69)::ARG8m translational fusion was constructed
by replacing the 330-bp PacI-EagI fragment of pNB81 with a
corresponding 273-bp PacI-EagI PCR product containing the ®rst
69 COX2 codons and the modi®ed codons 90 and 91 from the
cox2(1±91)::ARG8m fusion (Fig. 1A).

Mutations in the COX2 initiation codon were generated by
replacing the wild-type COX2 PacI-NsiI fragment with mutant
PacI-NsiI fragments created by two-step PCR (Ho et al. 1989)
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using the high-®delity polymerase Deep Vent (New England Bio-
labs). To place mutations in the initiation codon of cox2(1±
91)::ARG8m, we used pNB90, a derivative of pNB81 carrying the
mutation cox2-22 (Bonnefoy and Fox, in preparation), which in-
troduces a unique SnaBI restriction site between the PacI and NsiI
sites. Thus cloning e�ciency of mutant fragments could be im-
proved by digestion of the ligation reaction with SnaBI. To place
mutations in the COX2 gene itself, the pJM2 (Mulero and Fox
1993a) PacI site upstream of COX2 was rendered unique by
shortening the COX2 3¢-¯anking region, creating pNB69, and the
cox2-22 mutation was introduced in pNB69 to yield pNB82, which
was then used for cloning of mutated fragments as described above
for pNB90.

To facilitate the insertion of mutant alleles into mtDNA, we
constructed a deletion mutation, cox2-60, that removed nucleotides
)63 to +66 relative to the COX2 initiation codon, by deleting the
PacI-NsiI fragment from both COX2 (pNB69) and cox2(1±
91)::ARG8m (pNB81).

Plasmids containing fusion genes andmutations were checked by
DNA sequencing usingmainly the primer (COX2A) complementary
to positions )254 to )237 relative to the COX2 initiation codon.

Mitochondria transformation

The plasmids carrying modi®ed COX2 sequences were introduced
into the q° mitochondria of strain DFS160q° (Table 1) by high-
velocity microprojectile bombardment, as previously described
(Wiesenberger et al. 1995), together with the LEU2 plasmid
YEp351 (Hill et al. 1986) to select nuclear transformants. To
identify transformants, colonies were mated to strains carrying
mutations in either ARG8m (TF236), COX3 (MCC125) or COX2
(HMD107), as appropriate. Following mating, cells were replica-
plated to minimal medium lacking arginine or to nonfermentable
medium as appropriate, to detect mitochondrial transformants by
their ability to rescue the tester mutations. Mutant mtDNA se-
quences from puri®ed mitochondrial transformants were integrated
into q+ mitochondrial genomes by cytoduction (Fox et al. 1991)
into strains carrying either the cox2-60 deletion (NB54 or NB97) or
the cox2-62 deletion (Dunstan et al. 1997) (NB40-3C) in the COX2
5¢ region. The desired cytoductants were detected by their ability to
rescue the cox2-107 mutation (Dunstan et al. 1997) in strain NB63.
Crosses to strains NB62 (q) COX2) and NB71 (cox3::arg8m-1) were
performed to con®rm the q+ state of the cytoductants and the
presence of the ARG8m ORF as appropriate. In two cases, we
constructed the desired mitochondrial genome by directly bom-
barding a q+ strain (Johnston et al. 1988) harboring a deletion in
the COX2 5¢ region (NB41 or NB104) with mutant mtDNA plas-
mids and YEp351. The q+ mitochondrial transformants were di-
rectly selected by replica-plating the Leu+ transformants to
nonfermentable medium (to construct the cox2-31 strain NB169) or
onto medium lacking arginine (to construct the cox2(1±69)::ARG8m

strain NB46). The q+ genomes from NB169 and NB46 were then
transferred to NB40-3q° by cytoduction, to yield strains NB161
and NB53.

All mitochondrial mutations were veri®ed by DNA sequencing
following integration into q+ mtDNA. Yeast genomic DNA
(Ho�man and Winston 1987) was used as a template to amplify the
COX2 region around the AUG (corresponding to positions )315 to
+266 relative to the initiating AUG) by PCR. The PCR product
was sequenced directly with primer COX2A (above). All sequenc-
ing reactions were carried out by the Synthesis and Sequencing
Facility in the Cornell Biotechnology Building.

Analysis of cellular RNA and protein

Total RNA was prepared and analyzed as described (Dunstan
et al. 1997), except that samples were supplemented with ethidium
bromide before application to the gels for electrophoresis. The
COX2 and ARG8m probes were a mixture of the 1.6-kb PacI

Fig. 1A±C Structure, expression and PET111 dependence of
cox2::ARG8m chimeric genes inserted into yeast mtDNA.A Sequences
of junctions between COX2 and ARG8m. Numbers refer to COX2 or
ARG8m codons. Bold letters and numbers are used to indicate ARG8m

sequences as well as alterations in the COX2 sequence. The EagI
restriction site created by the silent mutations in COX2 is underlined
(see Materials and methods for details of construction). B Accumu-
lation of fusion proteins and mature Arg8p resulting from mitochon-
drial expression of chimeric cox2::ARG8m genes. 50 lg of total cellular
protein from strains NB40-3C (Darg8), DL2 (ARG8), HMD22
(cox2::ARG8m), NB53 [cox2(1±69)::ARG8m] and NB43 [cox2(1±
91)::ARG8m] were subjected to SDS gel electrophoresis and Western
analysis with anti-Arg8p antiserum. The positions of mature Arg8p
and fusion proteins are indicated. A fusion protein from the cox2(1±
91)::ARG8m strain is detectable upon longer exposure of the blot (not
shown). The middle band corresponds to a cross-reacting protein
which is present in arg8 deletion strains. C Phenotypic expression of
cox2(1±91)::ARG8m is dependent on PET111. The cox2(1±
91)::ARG8m arg8 pet111-9 strain NB151-1B was transformed with
either an empty vector Yep352 (``control'') or the PET111-carrying
plasmid pJM20 (``PET111'') (see Materials and methods). The
transformants were regrown and then replica-plated to either minimal
medium containing arginine (+Arg) or minimal medium lacking
arginine ()Arg), and incubated for 2 days at 28°C
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fragment from pJM2 (Mulero and Fox 1993a), which contains the
whole COX2 coding region and some ¯anking sequences, and the
1.4-kb PacI-BamHI fragment from pNB81, which contains part of
the COX2 gene (approximately from the start of the mature mRNA
to codon 91) and the whole ARG8m coding sequence. The control
15S probe was the 2-kb BamHI fragment from plasmid pYJL25
(Tian et al. 1991), provided by O. Groudinsky.

Steady-state levels of Cox2p and Arg8p were analyzed by
Western blotting of total proteins (Ya�e 1991) fractionated on 12%
or 10% polyacrylamide gels, respectively, and probed with mono-
clonal anti-Cox2p (dilution 1/5000, Molecular Probes, provided by
G. Dujardin) and polyclonal anti-Arg8p (Steele et al. 1996) (dilu-
tion 1/1000) antibodies. Secondary anti-mouse or anti-rabbit anti-
bodies were detected using the Pierce chemiluminescent substrate.

Results

Translational fusion of the mitochondrial
reporter gene ARG8m to COX2

To analyze the e�ect of mutations in the COX2 initia-
tion codon on translation, using a growth phenotype
that is independent of the function of Cox2p, we inserted
translational fusions of COX2 to the synthetic reporter
gene ARG8m (Steele et al. 1996) into mtDNA. COX2
speci®es a precursor protein with a 15-amino acid leader
peptide that is processed to yield the mature protein
(Sevarino and Poyton 1980; Pratje and Guiard 1986).
Our fusions contained the beginning of the pre-Cox2p
coding region, to preserve the normal COX2 mRNA
initiation codon context. Furthermore, the reporter
portion of the chimeric genes comprised the entire cod-
ing sequence of pre-Arg8p (except for its initiation co-
don), which is normally imported from the cytoplasm
under the direction of its N-terminal signal targeting
sequence. Thus, we expected the mitochondrially syn-
thesized reporter protein to be cleaved by the matrix
processing protease, releasing the normal mature Arg8p
in its normal cellular location, the mitochondrial matrix
(Steele et al. 1996). This would ensure that nonstandard
initiation events in the COX2 portion of the chimeric
mRNAs could neither alter the structure nor diminish
the activity of the reporter protein.

We constructed two chimeric genes, specifying fusion
proteins with the pre-Arg8p moiety fused to pre-Cox2p
after the 69th or the 91st pre-Cox2p amino acid
(Fig. 1A). These constructs were transformed into mi-
tochondria (Materials and methods) and integrated in
place of COX2 in mtDNA of a strain carrying a dis-
rupted arg8::hisG allele at the nuclear ARG8 locus. Ex-
pression of both chimeric genes, cox2(1±69)::ARG8m

and cox2(1±91)::ARG8m, in mtDNA fully complemented
the nuclear arg8::hisG mutation when cells were grown
on medium lacking arginine (not shown). Western
analysis using anti-Arg8p antibody showed that both
fusion proteins were expressed, but that cleavage of the
pre-Arg8p processing site was incomplete, especially in
the case of the cox2(1±69)::ARG8m product (Fig. 1B).
We therefore employed the cox2(1±91)::ARG8m reporter
gene for all subsequent studies.

As a ®rst step, we veri®ed that expression of the chi-
meric cox2(1±91)::ARG8m gene was dependent on the
COX2 mRNA-speci®c translational activator Pet111p.
As expected, the pet111, arg8, cox2(1±91)::ARG8m strain
NB151-1B failed to growonmedium lacking arginine, but
arginine prototrophy was restored by transformation of
this strain with a plasmid carrying the wild-type PET111
gene (Fig. 1C) and by crossing it to the PET111 arg8 q°
strain DFS160q° (data not shown). Thus, the reporter
exhibits normal dependence on translational activation.

Residual initiation at some mutant codons
allows accumulation of Cox2p

In addition to the previously described AUA mutation
(Mulero and Fox 1994), we constructed ®ve new initia-
tion codon mutations by site-directed mutagenesis of
plasmids carrying either the COX2 gene or the cox2(1±
91)::ARG8m fusion. These six mutations included all
three possible modi®cations of the last nucleotide, the
GUG triplet, and alterations involving two (AAA) or
three (CCC) nucleotide positions in the initiation codon.

We ®rst examined the phenotypes caused by these
mutations when introduced into the COX2 gene of
otherwise wild-type strains (Materials and methods).
Their cytochrome spectra all exhibited the typical ab-
sorption peaks of cytochromes c, c1 and b. However, the
mutants carrying initiation codons AUC, AAA and
CCC, lacked a detectable peak of cytochrome aa3,
corresponding to cytochrome c oxidase (Fig. 2). The
cytochrome aa3 absorption peak was identical to wild
type in the mutant with a GUG initiation codon, was
slightly but reproducibly decreased in the AUU mutant,
and was very low in the AUA mutant.

Analysis of respiratory growth on nonfermentable
medium yielded a similar ranking amongst the mutants
(Fig. 3, top panel). The GUG mutant was almost in-
distinguishable from the wild type. Growth of the AUU
mutant was only slightly weaker, and could only be
di�erentiated from that of the GUG mutant by streak-
ing or by a brief incubation of patches printed to non-
fermentable medium. The AUA mutant grew poorly
compared to wild type, as previously described (Mulero
and Fox 1994). Finally, the triplets CCC, AAA and
AUC completely abolished respiratory growth. Immu-
nodetection of steady-state levels of Cox2p in the mu-
tants and control strains (Fig. 3, top panel) showed that
the pattern of protein accumulation closely mirrored the
growth and cytochrome spectra in all cases, as expected.

All mutations reduce translation of reporter mRNA

Respiratory growth phenotypes of the mutants re¯ect
translation of the COX2 mRNA, insertion of newly
synthesized pre-Cox2p into the inner membrane, pro-
cessing of the leader-peptide, and assembly into the
stable cytochrome c oxidase complex. To focus more
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closely on translation, we introduced the six initiation
codon mutations into the plasmid-borne cox2(1±
91)::ARG8m reporter fusion, whose product is a soluble
enzyme. These mutant reporter genes were then inte-
grated into the mitochondrial genome, in place of
COX2, such that all surrounding regulatory sequences
would then be identical to those of wild-type COX2
(Materials and methods). As expected from the above
results, the GUG initiation codon allowed substantial
growth on medium lacking arginine (Fig. 3). However,
the AUU initiation codon led to only very weak growth
± detectable after a 5- to 7-day incubation ± that was
enhanced at 36°C (not shown). No Arg+ growth was
detected for the AUA mutant.

In agreement with these growth phenotypes, Western
analysis using an anti-Arg8p antibody to detect steady-
state accumulation of Arg8p showed that while the
GUG mutant contained a signi®cant level of the re-
porter protein, it was still substantially reduced relative
to wild-type (Fig. 3). The AUU mutant contained very
low levels of Arg8p, requiring overexposure for detec-
tion (Fig. 3). Arg8p was undetectable in the other
mutants (AUA, CCC, AAA and AUC) above the
background level of a crossreacting protein present in
the arg8 deletion control.

The contrast between the respiratory and Arg phe-
notypes of the respective AUA and AUU mutants raised
the possibility that extraneous mutations in the mito-
chondrial or nuclear genomes of the cox2(1±91)::ARG8m

Fig. 2 Whole-cell cytochrome absorption spectra of strains harboring
either wild-type or mutant initiation codons in the COX2 gene. Low
temperature absorption spectra of dithionite-reduced cytochromes
from galactose-grown cells were recorded in liquid nitrogen as
described (Claisse et al. 1970). The absorption maximum expected for
the alpha band of cytochrome aa3 at 602 nm is indicated. The
absorption peaks at 558, 552 and 546 nm correspond to the alpha
bands of cytochromes b, c1 and c, respectively. The absorbance scale
is indicated at the top right. The strains examined were: D, NB97;
CCC, NB160; AAA, NB162; AUC, NB163; AUA, NB60; AUU,
NB164; GUG, NB161; AUG, NB80

Fig. 3 E�ects of initiation codon mutations in COX2 and cox2(1±
91)::ARG8m on growth phenotypes and protein accumulation. The
panels at the top show data for strains carrying the COX2 gene, while
the bottom panels show data for strains carrying the cox2(1±
91)::ARG8m reporter. Cells were patched onto complete glucose
medium, replica-plated onto selective medium (top, nonfermentable;
bottom, minimal medium lacking arginine) and incubated for 2 days
at 28°C. Relative growth patterns were similar at 16°C and 36°C,
and after 7 days of incubation, except that the AUU mutant with
cox2(1±91)::ARG8m (strain NB134) showed slight growth after
incubation for 5±7 days on minimal medium lacking arginine,
especially at 36°C (not shown). For Western analysis, 100 lg or
150 lg of total cellular protein from each strain was fractionated by
electrophoresis on SDS gels and reacted with anti-Cox2p or anti-
Arg8p antibodies, respectively (Materials and methods). Overexpo-
sure of the blot probed with anti-Arg8p (lowest panel) revealed the
presence of Arg8p initiated by the AUU codon, in addition to cross-
reacting proteins present in the arg8 deletion strain. The strains
examined, carrying COX2 or cox2(1±91)::ARG8m, respectively, were:
AUG, NB80 and NB43; D, NB97 and NB54; CCC, NB160 and
NB83; GUG, NB161 and NB131; AAA, NB162 and NB132; AUA,
NB60 and NB110; AUC, NB163 and NB133; AUU, NB164 and
NB134
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strains could be responsible for the Arg) phenotypes. To
exclude this possibility we crossed all of the strains used
in the experiment shown in Fig. 3 with NB66 (Table 1),
whose mtDNA contains a 129-bp deletion that removes
the region including the COX2 initiation codon, up-
stream of the reporter [cox2-60(1±91)::ARG8m, Materi-
als and methods]. The resulting zygotes thus contained a
second copy of all mitochondrial and nuclear sequences,
except the deleted region. Diploids were selected on
appropriate minimal medium containing arginine, al-
lowing mtDNA recombination to occur, and then rep-
lica-plated to minimal medium lacking arginine. In every
case, the Arg phenotype of the diploids was the same as
that of the corresponding haploid initiation codon mu-
tants, con®rming that no extraneous mutations were
a�ecting this phenotype.

The steady-state level of COX2 mRNA harboring an
AUA initiation codon mutation is very similar to that of
the wild-type COX2 mRNA (Mulero and Fox 1994). To
ask whether the steady-state levels of the mutant chi-
meric cox2(1±91)::ARG8m mRNAs were also similar to
wild type, we carried out Northern analysis on total
cellular RNA from each strain, using a COX2-ARG8m

probe (Fig. 4). Quantitation of the results by Phospho-
Imager (Molecular Dynamics) detection revealed that
the levels of cox2(1±91)::ARG8m mRNA were similar to
or higher than wild-type in all the mutants, except for
the one containing a CCC initiation codon, which
expressed 60% of the wild-type level. Thus, the Arg)

phenotypes of the mutants were not due to defects in
mRNA stability, but rather to decreased translation of
the chimeric mRNA. In addition, the steady-state level
of chimeric cox2(1±91)::ARG8m mRNA was roughly
similar to that of the normal COX2 mRNA.

Multicopy suppression of initiation codon mutations

Increased gene dosage of the COX2 mRNA-speci®c
translational activator gene, PET111, was previously
shown to enhance translation of a COX2 mRNA bear-
ing an AUA initiation codon (Mulero and Fox 1994).
We therefore tested the whether elevated PET111 ac-
tivity could suppress all the initiation codon mutations
in both a COX2 and cox2(1±91)::ARG8m context, as a
more sensitive way to detect low levels of translation
initiation. To maximize possible suppression e�ects, we
employed a multicopy plasmid bearing the dominant
PET111-20 allele. PET111-20 has a missense mutation
that suppresses some mutations in the COX2 mRNA
5¢-UTL (Mulero and Fox 1993a; A. Seshan and T. D.
Fox, unpublished results), and the AUG to AUA initi-
ation codon mutation (Mulero and Fox 1993a). Thus,
PET111-20 appears to encode a more active product
than the wild-type allele.

We transformed the mutant strains with a control
vector or a multicopy plasmid carrying PET111-20, and
examined the respiratory growth or arginine prototro-
phy of the transformants, as appropriate (Fig. 5). In the
context of the COX2 gene, both the AUA and AUU
mutations were clearly suppressed, as expected. In the
context of the cox2(1±91)::ARG8m reporter, the AUU
mutation exhibited clear suppression, while the AUA
mutation was only weakly suppressed (detectable after
prolonged incubation). The AUC, AAA and CCC mu-
tations were not detectably suppressed by elevated
PET111 activity, even after prolonged incubation, sug-
gesting that translation of these mRNAs is either com-
pletely blocked or extremely weak.

Discussion

In this study we have examined in vivo the ability of
altered COX2 initiation codons to function in mito-

Fig. 4 The chimeric cox2(1±91)::ARG8m mRNA accumulates despite
the presence of mutant initiation codons. Total cellular RNA from the
strains NB80 (AUG COX2), NB54 (D), NB43 (AUG), NB110
(AUA), NB83 (CCC), NB131 (GUG), NB132 (AAA), NB133
(AUC), NB134 (AUU) was subjected to electrophoresis and then
hybridized to a mixture of COX2 and ARG8m probes (see Materials
and methods), revealing either the wild-type COX2 mRNA, or the
cox2(1±91)::ARG8m RNA (fusion), depending on the strain. The same
blot was then hybridized to a probe for the 15S rRNA. Hybridization
was quanti®ed using a PhosphoImager (Molecular Dynamics)

Fig. 5 Analysis of multicopy suppression of the initiation codon
mutants by the gene encoding the COX2 translational activator
Pet111p. Strains carrying either COX2 or the cox2(1±91::ARG8m

reporter, as indicated (see legend to Fig. 3 for strain names), were
transformed with the empty vector Yep352 (control) (Hill et al. 1986),
or the PET111-20 carrying plasmid pJM57 (111), (Mulero and Fox
1993a). Transformants were patched onto arginine-containing mini-
mal medium selective for the URA3 plasmid marker (+Arg), and
then replica-plated to either nonfermentable medium (YPEG), or
minimal medium lacking arginine ()Arg), as appropriate. Cells were
incubated at 28°C for 2 days
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chondrial synthesis of the normal gene product, Cox2p,
and a soluble reporter enzyme, Arg8p, that is released
by a processing protease from a chimeric Cox2p-Arg8p
fusion protein. The use of this reporter system should
have allowed the detection of translation initiation
events at downstream AUG codons in COX2, such as
the one at position 14, since the aberrant initiation
events would not a�ect the structure or stability of the
reporter protein, whose coding sequence begins at co-
don 92. A previous study examined the e�ects of an
AUG to AUA COX2 initiation codon mutation and
showed that the detectable residual COX2 translation
was initiated at the mutant AUA triplet, rather than the
AUG at position 14 (Mulero and Fox 1994). However
functional constraints on the structure of pre-Cox2p
could have prevented detection of additional down-
stream initiation events. The fact that the various initi-
ation codon mutations either reduced or completely
abolished all detectable synthesis of the reporter protein
demonstrates, for the ®rst time, that downstream
translation starts do not occur, even when normal ini-
tiation is blocked. Thus, yeast mitochondrial initiation
site selection is under stringent control, at least for the
COX2 mRNA.

How might the mitochondrial translation machinery
discriminate between the initiation codon position and
the AUG codon at position 14? A previously suggested
sequence consensus surrounding yeast mitochondrial
initiation codons (A residues at positions )25, )13, )6.
+6, +12, +15 and +18; Folley and Fox 1991) does not
appear to play a role here, since it is present around both
positions. We favor the hypothesis that the translational
activator Pet111p, or proteins associated with it, interact
with the mitochondrial ribosome and direct it to the
initiation codon. In this model, the initiation site would
be determined by the geometry of the functional inter-
action been Pet111p and the COX2 mRNA 5¢-UTL
(Mulero and Fox 1993a). Direct interactions between
the ribosome and the 5¢-UTL (Green-Willms et al. 1998)
could also play a role here. Subsequent translation ini-
tiation would then depend upon a productive interaction
between a codon in the selected region and the antico-
don of the initiator tRNA.

Three mutant triplets at the initiation codon position
supported detectable translation, with e�ciencies de-
creasing in the order GUG, AUU, AUA. The compar-
ison between the e�ects of each mutation on COX2 and
cox2(1±91)::ARG8m expression revealed that accumula-
tion of Cox2p in functional cytochrome c oxidase
complexes was less a�ected than accumulation of the
soluble reporter protein Arg8p. For example, the AUG
to AUU mutation in COX2 had only a modest e�ect on
respiratory growth and the steady state level of Cox2p,
while the same mutation in cox2(1±91)::ARG8m greatly
diminished growth in the absence of arginine as well as
the level of Arg8p. These di�erences are not due to
dramatic alterations in the steady-state-levels of the
COX2 and cox2(1±91)::ARG8m mRNAs, nor are they
likely to be due to di�erences in the e�ciencies of

translation initiation since the mRNA 5¢-UTL and ini-
tiation codon context are the same in both mRNAs. We
propose instead that the di�erences observed between
Cox2p and the reporter protein re¯ect post-translational
di�erences in the behavior of the proteins.

Mitochondria contain ATP-dependent proteolytic
systems that play a role in assembly of membrane
complexes and degradation of unassembled mitochon-
drial translation products (reviewed in Rep and Grivell
1996). Indeed, unassembled Cox2p is known to be a
target of such proteolysis through the action of Yme1p
(Nakai et al. 1995; Pearce and Sherman 1995; Leonhard
et al. 1996; Weber et al. 1996). Thus, Cox2p produced in
excess of the amount needed to assemble with other
cytochrome c oxidase subunits would be quickly de-
graded. On the other hand, if Cox2p synthesis were re-
duced below this level, then all of the available Cox2p
would be fully assembled into stable complexes. Thus,
the stability of Cox2p could depend on its rate of syn-
thesis, limiting the range over which its accumulation
could vary. In contrast, the soluble reporter protein
Arg8p does not assemble with other polypeptides and is
likely to have a constant half-life that is independent of
its rate of synthesis. Indeed, Arg8p can accumulate to
levels far higher than wild-type when it is overproduced
(Steele et al. 1996). These considerations suggest that
while respiratory growth is the most sensitive way to
detect low levels of COX2 mRNA translation, Arg8p
accumulation more accurately re¯ects relative rates of
synthesis. We therefore conclude, for example, that ini-
tiation at GUG is several times less e�cient than at
AUG, based on the relative levels of Arg8p, despite the
fact that Cox2p accumulation in the corresponding
mutant was essentially wild-type.

Our results support the idea that there could be genes
in yeast mtDNA whose ORFs initiate with GUG, AUU
or AUA. At least one such gene has been previously
proposed (Colin et al. 1985), but there is no experi-
mental evidence to support this suggestion. Vertebrate
mitochondrial translation systems employ alternative
start codons such as AUA and AUU in humans
(Fearnley and Walker 1987) and GUG in ducks (Pan
et al. 1993) and ®sh (Johansen et al. 1990). GUG also
appears to be utilized for initiation in mitochondria of
®lamentous fungi (Netzker et al. 1982) and plants (Bock
et al. 1994; Siculella et al. 1996; Sakamoto et al. 1997),
as well as in chloroplasts (Rochaix et al. 1989; Turmel
et al. 1993). Recently, the COX2 mRNA from radish
was shown to have an ACG initiation codon, which is
apparently not edited to AUG (Dong et al. 1998).
However, an ACG mutation at the human COX2 initi-
ation codon apparently prevents translation and is as-
sociated with a mitochondrial encephalomyopathy
(Clark et al. 1999). Interestingly, mitochondrial trans-
lation systems in nematodes may not employ AUG at
all, utilizing UUG, AUU, AUA and GUU instead
(Okimoto et al. 1990). In bacterial and eukaryotic cy-
toplasmic systems, non-AUG codons occur naturally in
some mRNAs and can play a role in controlling gene
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expression (Hager and Rabinowitz 1985; Sacerdot et al.
1996; Arnaud et al. 1999, and references therein).

Mutational analyses of initiation codons in E. coli
genes (Sacerdot et al. 1996; Sussman et al. 1996) and
eukaryotic nuclear genes of yeast (Zitomer et al. 1984;
Clements et al. 1988; Donahue and Cigan 1988), plants
(Gordon et al. 1992) and animals (Mehdi et al. 1990;
Kozak 1997), as well as Chlamydomonas chloroplast
genes (Chen et al. 1993, 1995), have shown that a
number of non-AUG codons can direct detectable but,
in most cases, very low levels of, translation initiation.
The identi®cation of suppressors of initiation codon
mutations has helped to elucidate the function of several
factors that control initiation speci®city in bacteria
(Sussman et al. 1996) and the yeast cytoplasmic system
(Yoon and Donahue 1992; Huang et al. 1997). Similar
analyses have begun in organellar systems, but no spe-
ci®c factors have been identi®ed to date (Folley and Fox
1994; Chen et al. 1997). The identi®cation of nonfunc-
tional initiation codon mutations in this study will aid in
the extension of this genetic approach to yeast mito-
chondria. The AUC, AAA and CCC triplets failed to
direct detectable translation, even when we elevated the
activity of the translational activator gene PET111, a
condition that enhanced translation initiation at par-
tially functional codons. Thus, these alleles should pro-
vide an excellent starting point for the selection of strong
cis- and trans-acting suppressor mutations whose anal-
ysis may provide insights into the mechanism of start site
selection in yeast mitochondria.

Acknowledgements We are grateful to Heather M. Dunstan for
supplying strains and plasmids, and to GenevieÁ ve Dujardin for
supplying antibodies and critically reading the manuscript. This
work has been supported by a Human Frontier Science Program
Organization long-term fellowship LT22/96 to N.B. and by NIH
research grant GM29362 to T.D.F.

References

Arnaud E, Touriol C, Boutonnet C, Gensac MC, Vagner S, Prats
H, Prats AC (1999) A new 34-kilodalton isoform of human
®broblast growth factor 2 is cap dependently synthesized by
using a non-AUG start codon and behaves as a survival factor.
Mol Cell Biol 19:505±514

Belsham GJ, Sonenberg N (1996) RNA-protein interactions in
regulation of picornavirus RNA translation. Microbiol Rev
60:499±511

Bock H, Brennicke A, Schuster W (1994) Rps3 and rpl16 genes do
not overlap in Oenothera mitochondria: GTG as a potential
translation initiation codon in plant mitochondria? Plant Mol
Biol 24:811±818

Chen DC, Yang BC, Kuo TT (1992) One-step transformation of
yeast in stationary phase. Curr Genet 21:83±84

Chen X, Kindle K, Stern D (1993) Initiation codon mutations in
the Chlamydomonas chloroplast petD gene result in tempera-
ture-sensitive photosynthetic growth. EMBO J 12:3627±3635

Chen X, Kindle KL, Stern DB (1995) The initiation codon deter-
mines the e�ciency but not the site of translation initiation in
Chlamydomonas chloroplasts. Plant Cell 7:1295±1305

Chen X, Simpson CL, Kindle KL, Stern DB (1997) A dominant
mutation in the Chlamydomonas reinhardtii nuclear gene SIM30

suppresses translational defects caused by initiation codon
mutations in chloroplast genes. Genetics 145:935±943

Claisse ML, Pere-Aubert GA, Clavilier LP, Slonimski PP (1970)
MeÂ thode d'estimation de la concentration des cytochromes
dans les cellules entieÁ res de levure. Eur J Biochem 16:430±438

Clark KM, Taylor RW, Johnson MA, Chinnery PF, Chrzanowska-
Lightowlers ZM, Andrews RM, Nelson IP, Wood NW,
Lamont PJ, Hanna MG, Lightowlers RN, Turnbull DM (1999)
An mtDNA mutation in the initiation codon of the cytochrome
c oxidase subunit II gene results in lower levels of the protein
and a mitochondrial encephalomyopathy. Am J Hum Genet
64:1330±1339

Clements JM, Laz TM, Sherman F (1988) E�ciency of translation
initiation by non-AUG codons in Saccharomyces cerevisiae.
Mol Cell Biol 8:4533±4536

Colin Y, Baldacci G, Bernardi G (1985) A new putative gene in the
mitochondrial genome of Saccharomyces cerevisiae. Gene 36:1±
13

Costanzo MC, Fox TD (1988) Speci®c translational activation by
nuclear gene products occurs in the 5¢ untranslated leader of a
yeast mitochondrial mRNA. Proc Natl Acad Sci USA 85:2677±
2681

Costanzo MC, Fox TD (1993) Suppression of a defect in the 5¢-
untranslated leader of the mitochondrial COX3 mRNA by a
mutation a�ecting an mRNA-speci®c translational activator
protein. Mol Cell Biol 13:4806±4813

Dekker PJT, Papadopoulou B, Grivell LA (1993) In-vitro trans-
lation of mitochondrial mRNAs by yeast mitochondrial ribo-
somes is hampered by the lack of start-codon recognition. Curr
Genet 23:22±27

Dieckmann CL, Staples RR (1994) Regulation of mitochondrial
gene expression in Saccharomyces cerevisiae. Int Rev Cytol
152:145±181

Donahue TF, Cigan AM (1988) Genetic selection for mutations
that reduce or abolish ribosomal recognition of the HIS4
translational initiator region. Mol Cell Biol 8:2955±2963

Dong FG, Wilson KG, Makaro� CA (1998) The radish (Raphanus
sativus L.) mitochondrial cox2 gene contains an ACG at the
predicted translation initiation site. Curr Genet 34:79±87

Dunstan HM, Green-Willms NS, Fox TD (1997) In vivo analysis
of Saccharomyces cerevisiae COX2 mRNA 5¢-untranslated
leader functions in mitochondrial translation initiation and
translational activation. Genetics 147:87±100

Fearnley IM, Walker JE (1987) Initiation codons in mammalian
mitochondria: di�erences in genetic code in the organelle.
Biochemistry 26:8247±51

Folley LS, Fox TD (1991) Site-directed mutagenesis of a Sac-
charomyces cerevisiae mitochondrial translation initiation co-
don. Genetics 129:659±668

Folley LS, Fox TD (1994) Reduced dosage of genes encoding
ribosomal protein S18 suppresses a mitochondrial initiation
codon mutation in Saccharomyces cerevisiae. Genetics 137:369±
379

Fox TD (1996) Genetics of mitochondrial translation. In: Hershey
JWB, Matthews MB, Sonenberg N (eds) Translational control.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y., pp 733±758

Fox TD, Folley LS, Mulero JJ, McMullin TW, Thorsness PE,
Hedin LO, Costanzo MC (1991) Analysis and manipulation of
yeast mitochondrial genes. Methods Enzymol 194:149±165

Gordon K, Futterer J, Hohn T (1992) E�cient initiation of
translation at non-AUG triplets in plant cells. Plant J 2:809±813

Green-Willms NS, Fox TD, Costanzo MC (1998) Functional in-
teractions between yeast mitochondrial ribosomes and mRNA
5¢-untranslated leaders. Mol Cell Biol 18:1826±1834

Grivell LA (1989) Nucleo-mitochondrial interactions in yeast mi-
tochondrial biogenesis. Eur J Biochem 182:477±493

Hager PW, Rabinowitz JC (1985) Translational speci®city in
Bacillus subtilis. In: Dubnau DA (eds) The Molecular biology
of the Bacilli. Academic Press, New York, pp 1±32

He S, Fox TD (1997) Membrane translocation of mitochondrially
coded Cox2p: distinct requirements for export of amino- and

1044



carboxy-termini, and dependence on the conserved protein
Oxa1p. Mol Biol Cell 8:1449±1460

Heimberg H, Boyen A, Crabeel M, Glansdor� N (1990) Escheri-
chia coli and Saccharomyces cerevisiae acetylornithine amino-
transferases: evolutionary relationship with ornithine
aminotransferases. Gene 90:69±78

Hill JE, Myers AM, Koerner TJ, Tzagolo� A (1986) Yeast/E. coli
shuttle vectors with multiple unique restriction sites. Yeast
2:163±167

Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR (1989) Site-
directed mutagenesis by overlap extension using the polymerase
chain reaction. Gene 77:51±59

Ho�man CS, Winston F (1987) A ten-minute DNA preparation
from yeast e�ciently releases autonomous plasmids for trans-
formation of Escherichia coli. Gene 57:267±272

Horton RM, Hunt HD, Ho SN, Pullen JK, Pease LR (1989) En-
gineering hybrid genes without the use of restriction enzymes:
gene splicing by overlap extension. Gene 77:61±68

Huang HK, Yoon H, Hannig EM, Donahue TF (1997) GTP hy-
drolysis controls stringent selection of the AUG start codon
during translation initiation in Saccharomyces cerevisiae. Genes
Dev 11:2396±2413

Jauniaux J-C, Urrestarazu LA, Wiame J-M (1978) Arginine me-
tabolism in Saccharomyces cerevisiae: subcellular localization of
the enzymes. J Bacteriol 133:1096±1107

Johansen S, Guddal PH, Johansen T (1990) Organization of the
mitochondrial genome of Atlantic cod, Gadus morhua. Nucleic
Acids Res 18:411±419

Johnston SA, Anziano PQ, Shark K, Sanford JC, Butow RA
(1988) Mitochondrial transformation in yeast by bombardment
with microprojectiles. Science 240:1538±1541

Kolupaeva VG, Pestova TV, Hellen CU, Shatsky IN (1998)
Translation eukaryotic initiation factor 4G recognizes a speci®c
structural element within the internal ribosome entry site of
encephalomyocarditis virus RNA. J Biol Chem 273:18599±
18604

Kozak M (1989) The scanning model for translation: an update.
J Cell Biol 108:229±241

Kozak M (1997) Recognition of AUG and alternative initiator
codons is augmented by G in position +4 but is not generally
a�ected by the nucleotides in positions +5 and +6. EMBO
J 16:2482±2492

Leonhard K, Herrmann JM, Stuart RA, Mannhaupt G, Neupert
W, Langer T (1996) AAA proteases with catalytic sites on op-
posite membrane surfaces comprise a proteolytic system for the
ATP-dependent degradation of inner membrane proteins in
mitochondria. EMBO J 15:4218±4229

Li M, Tzagolo� A, Underbrink-Lyon K, Martin NC (1982)
Identi®cation of the paromomycin-resistance mutation in the
15S rRNA gene of yeast mitochondria. J Biol Chem 257:5921±
5928

Mehdi H, Ono E, Gupta KC (1990) Initiation of translation at
CUG, GUG and ACG codons in mammalian cells. Gene
91:173±178

Mittelmeier TM, Dieckmann CL (1995) In vivo analysis of se-
quences required for translation of cytochrome b transcripts in
yeast mitochondria. Mol Cell Biol 15:780±789

Mulero JJ, Fox TD (1993a) Alteration of the Saccharomyces ce-
revisiae COX2 5¢-untranslated leader by mitochondrial gene
replacement and functional interaction with the translational
activator protein PET111. Mol Biol Cell 4:1327±1335

Mulero JJ, Fox TD (1993b) PET111 acts in the 5¢-leader of the
Saccharomyces cerevisiae mitochondrial COX2 mRNA to pro-
mote its translation. Genetics 133:509±516

Mulero JJ, Fox TD (1994) Reduced but accurate translation from a
mutant AUA initiation codon in the mitochondrial COX2
mRNA of Saccharomyces cerevisiae. Mol Gen Genet 242:383±
390

Nakai T, Yasuhara T, Fujiki Y, Ohashi A (1995) Multiple genes,
including a member of the AAA family, are essential for de-
gradation of unassembled subunit 2 of cytochrome c oxidase in
yeast mitochondria. Mol Cell Biol 15:4441±4452

Ne� NF, Thomas JH, Grisa® P, Botstein D (1992) Isolation of the
b-tubulin gene from yeast and demonstration of its essential
function in vivo. Cell 33:211±219

Netzker R, Kochel HG, Basak N, Kuntzel H (1982) Nucleotide
sequence of Aspergillus nidulans mitochondrial genes coding for
ATPase subunit 6, cytochrome oxidase subunit 3, seven un-
identi®ed proteins, four tRNAs and L-rRNA. Nucleic Acids
Res 10:4783±4794

Okimoto R, Macfarlane JL, Wolstenholme DR (1990) Evidence for
the frequent use of TTG as the translation initiation codon of
mitochondrial protein genes in the nematodes, Ascaris suum
and Caenorhabditis elegans. Nucleic Acids Res 18:6113±6118

Pan YF, Lee YW, Wei YH, Chiang AN (1993) A gene for cyto-
chrome c oxidase subunit II in duck mitochondrial DNA:
structural features and sequence evolution. Biochem Mol Biol
Int 30:479±489

Pearce DA, Sherman F (1995) Degradation of cytochrome oxidase
subunits in mutants of yeast lacking cytochrome c and sup-
pression of the degradation by mutation of yme1. J Biol Chem
270:20879±20882

Poutre CG, Fox TD (1987) PET111, a Saccharomyces cerevisiae
nuclear gene required for translation of the mitochondrial
mRNA encoding cytochrome c oxidase subunit II. Genetics
115:637±647

Pratje E, Guiard B (1986) One nuclear gene controls the removal of
transient pre-sequences from two yeast proteins: one encoded
by the nuclear the other by the mitochondrial genome. EMBO J
5:1313±1317

Rep M, Grivell LA (1996) The role of protein degradation in mi-
tochondrial function and biogenesis. Curr Genet 30:367±380

Rochaix J-D, Kuchka M, May®eld S, Schirmer-Rahire M, Girard-
Bascou J, Bennoun P (1989) Nuclear and chloroplast mutations
a�ect the synthesis or stability of the chloroplast psbC gene
product in Chlamydomonas reinhardtii. EMBO J 8:1013±1021

Rose MD, Winston F, Hieter P (1988) Methods in yeast genetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY

Sacerdot C, Chiaruttini C, Engst K, Gra�e M, Milet M, Mathy N,
Dondon J, Springer M (1996) The role of the AUU initiation
codon in the negative feedback regulation of the gene for
translation initiation factor IF3 in Escherichia coli. Mol Mi-
crobiol 21:331±346

Sakamoto W, Tan SH, Murata M, Motoyoshi F (1997) An unusual
mitochondrial atp9-rpl16 cotranscript found in the maternal
distorted leaf mutant of Arabidopsis thaliana: implication of
GUG as an initiation codon in plant mitochondria. Plant Cell
Physiol 38:975±979

Sevarino KA, Poyton RO (1980) Mitochondrial biogenesis: iden-
ti®cation of a precursor to yeast cytochrome c oxidase subunit
II, an integral polypeptide. Proc Natl Acad Sci USA 77:142±146

Sherman F, Stewart JW (1982) Mutations altering initiation of
translation of yeast iso-1-cytochrome c; contrasts between the
eukaryotic and prokaryotic initiation process. In: Strathern JN,
Jones EW, Broach JR (eds) The Molecular biology of the yeast
Saccharomyces: metabolism and gene expression. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y., pp 301±
333

Siculella L, Pacoda D, Treglia S, Gallerani R, Ceci LR (1996) GTG
as translation initiation codon in the apocytochrome b gene of
sun¯ower mitochondria. DNA Seq 6:365±369

Steele DF, Butler CA, Fox TD (1996) Expression of a recoded
nuclear gene inserted into yeast mitochondrial DNA is limited
by mRNA-speci®c translational activation. Proc Natl Acad Sci
USA 93:5253±5257

Sussman JK, Simons EL, Simons RW (1996) Escherichia coli
translation initiation factor 3 discriminates the initiation codon
in vivo. Mol Microbiol 21:347±360

Tian GL, Macadre C, Kruszewska A, Szczesniak B, Ragnini A,
Grisanti P, Rinaldi T, Palleschi C, Frontali L, Slonimski PP,
Lazowska J (1991) Incipient mitochondrial evolution in yeasts.
I. The physical map and gene order of Saccharomyces douglasii
mitochondrial DNA discloses a translocation of 15,000 base-

1045



pairs and the presence of new introns in comparison with
S. cerevisiae. J Mol Biol 218:735±743

Turmel M, Mercier JP, Cote MJ (1993) Group I introns interrupt
the chloroplast psaB and psbC and the mitochondrial rrnL gene
in Chlamydomonas. Nucleic Acids Res 21:5242±5250

Weber ER, Hanekamp T, Thorsness PE (1996) Biochemical and
functional analysis of the YME1 gene product, an ATP and
zinc-dependent mitochondrial protease from S. cerevisiae. Mol
Biol Cell 7:307±317

Weiss-Brummer B, Guba R, Haid A, Schweyen RJ (1979) Fine
structure of OXI1, the mitochondrial gene coding for subunit II
of yeast cytochrome c oxidase. Curr Genet 1:75±83

Wiesenberger G, Costanzo MC, Fox TD (1995) Analysis of the
Saccharomyces cerevisiae mitochondrial COX3 mRNA 5¢-un-
translated leader: translational activation and mRNA process-
ing. Mol Cell Biol 15:3291±3300

Ya�e MP (1991) Analysis of mitochondrial function and assembly.
Meth Enzymol 194:627±643

Yoon J, Donahue TF (1992) Control of translation initiation in
Saccharomyces cerevisiae. Mol Microbiol 6:1413±1419

Zitomer RS, Walthall DA, Rymond BC, Hollenberg CP (1984)
Saccharomyces cerevisiae ribosomes recognize non-AUG initi-
ation codons. Mol Cell Biol 4:1191±1197

1046


