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The ability to replace wild-type mitochondrial DNA sequences in yeast with in vitro-
generated mutations has been exploited to study the mechanism by which the nuclearly
encoded PET1 1 protein specifically activates translation of the mitochondrially coded
COX2 mRNA. We have generated three mutations in vitro that alter the COX2 mRNA 5'-
untranslated leader (UTL) and introduced them into the mitochondrial genome, replacing
the wild-type sequence. None of the mutations significantly affected the steady-state level
of COX2 mRNA. Deletion of a single base at position -24 (relative to the translation
initiation codon) in the 5'-UTL (cox2-1 1) reduced COX2 mRNA translation and respiratory
growth, whereas insertion of four bases in place of the deleted base (cox2-12) and deletion
of bases -30 to -2 (cox2-13) completely blocked both. Six spontaneous nuclear mutations
were selected as suppressors of the single-base 5'-UTL deletion, cox2-1 1. One of these
mapped to PET 11I and was shown to be a missense mutation that changed residue 652
from Ala to Thr. This suppressor, PET111-20, failed to suppress the 29-base deletion, cox2-
13, but very weakly suppressed the insertion mutation, cox2-12. PETI 11-20 also enhanced
translation of a partially functional COX2 mRNA with a wild-type 5'-UTL but a mutant
initiation codon. Although overexpression of the wild-type PET1 1 protein caused weak
suppression of the single-base deletion, cox2-11, the PET11-20 suppressor mutation did
not function simply by increasing the level of the protein. These results demonstrate an
intimate functional interaction between the translational activator protein and the mRNA
5'-UTL and suggest that they may interact directly.

INTRODUCTION

Expression of at least five of the eight major yeast mi-
tochondrial genes is controlled at the level of translation
by mRNA-specific activator proteins encoded by nuclear
genes (reviewed in Costanzo and Fox, 1990; Ackerman
et al., 1991; Hinnebusch and Liebman, 1991; Pon and
Schatz, 1991; Bolotin-Fukuhara and Grivell, 1992). To
date, it has not been possible to analyze yeast mito-
chondrial translation initiation in vitro (Dekker et al.,
1993). However, it is possible to manipulate the mito-
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chondrial genetic system in vivo by taking advantage
of recently developed methods for making targeted al-
terations in yeast mitochondrial DNA (mtDNA) (An-
ziano and Butow, 1991; Folley and Fox, 1991; Fox et
al., 1991; Costanzo and Fox, 1993; Mittelmeier and
Dieckmann, 1993; Mulero and Fox, 1993b; Thorsness
and Fox, 1993).

Translation of the mRNA specified by the mitochon-
drial COX2 gene, encoding the cytochrome c oxidase
subunit II (coxII) precursor protein (Cabral et al., 1978;
Sevarino and Poyton, 1980; Pratje et al., 1983), specif-
ically requires activity of the PET 111 nuclear gene (Ca-
bral and Schatz, 1978; Poutre and Fox, 1987). PET1ll
encodes a protein targeted to mitochondria (Strick and
Fox, 1987) whose site of action has been mapped ge-
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netically to the COX2 mRNA 5'-untranslated leader (5'-
UTL) (Mulero and Fox, 1993a). In the two other well
studied cases, translation of the COX3 and COB mRNAs
is similarly activated specifically through their 5'-UTLs
by membrane-associated mitochondrially located pro-
teins (Costanzo and Fox, 1986, 1988, 1993; Rodel and
Fox, 1987; Michaelis et al., 1991; McMullin and Fox,
1993). The reported data are most easily explained by
models in which the translational activator proteins bind
directly to their targets in mRNA 5'-UTLs. Although
most mitochondrial mRNAs have 5'-UTLs of at least
several hundred bases (Grivell, 1989), the COX2 mRNA
5'-UTL is only 54 bases in length (Bordonne et al., 1988),
making it an especially attractive target for functional
analysis.

In this study, we have taken advantage of gene re-
placement to generate a series of mutations in the COX2
5'-UTL that reduce or block its translation. We have
also selected nuclear mutations that suppress one of
these cox2 mutations and identified one suppressor as
a missense mutation in PET 11. Taken together, these
results point to a region of the COX2 mRNA 5'-UTL
that is likely to be important for translational activation
and suggest a close functional interaction between the
PET111 protein and the mRNA.

MATERIALS AND METHODS

Yeast Strains, Media, and Genetic Methods
The yeast strains and their genotypes are listed in Table 1. All strains
are isogenic or congenic to D273-1OB (ATCC25627) except
MCC123rho' and M4611. The previously published mating type for
strain DUL2 was incorrect; it is MATa as shown. Cells were grown

on YP medium (1% yeast extract, 2% bacto-peptone) with either 2%
glucose (YPD), 2% galactose (YPGal), 2% raffinose (YPR), or 3% glyc-
erol plus 3% ethanol (YPEG). Standard genetic methods and minimal
media were as described (Sherman et al., 1986). Yeast nuclear trans-
formation was carried out as described (Elble, 1992). Mitochondrial
transformation of the strain MCC123rho' was performed by high
velocity microprojectile bombardment (Fox et al., 1988; Johnston et
al., 1988) in a Biolistics PDS-1000 (DuPont Biolistic Particle Delivery
System, Wilmington, DE) driven by a pressured helium acceleration
system. The bombardments were carried out as described (Fox et al.,
1991) with an equimolar mixture of the mitochondrially targeted
plasmid and the URA3 shuttle vector YEP352 (Hill et al., 1986). Mi-
tochondrial genetic methods were as described (Fox et al., 1991).
Transfer of mitochondrial genomes to different nuclear backgrounds
was accomplished by cytoduction (Conde and Fink, 1976). Cytoduc-
tants were identified genetically after efficient mating of the parental
strains (Rogers and Bussey, 1978).

Nucleic Acid Analysis
Standard DNA manipulations were carried out as described (Sambrook
et al., 1989). DNA sequence analysis was performed by the dideoxy-
nucleotide chain termination method (Sanger et al., 1977). Total yeast
DNA and RNA were prepared as described (Rose et al., 1988). The
probes used for RNA hybridization consisted of the COX2 0.45-ki-
lobase (kb) Rsa I restriction fragment (Coruzzi and Tzagoloff, 1979)
and the 15S rRNA gene in the Bluescript plasmid (Stratagene, La
Jolla) (Shen and Fox, 1989).

Site-directed Mutagenesis of COX2 mRNA 5' UTL-
coding DNA
The plasmid pJM2 (Figure 1) was constructed by cloning the COX2
gene of strain D273-1OB (ATCC 25627) into pTZ18u (BioRad, Rich-
mond, CA) as a 2.5-kb Sal I-HindIII fragment with the Sal I site closest
to the 5' end of the gene (this fragment corresponds to the 2.45-kb
Hpa II fragment of mtDNA [Fox, 1979] flanked by polylinker se-
quences). The construction of the cox2-11 mutation, a deletion of a
single G nucleotide at position -24 in the COX2 mRNA leader (Figure

Table 1. Yeast strains used in this study

Strain Genotype Source

DAU2 MATa ade2-101 ura3-52 [rho'] Costanzo and Fox (1988)
DL1 MATa Iys2 [rho'] Folley and Fox (1991)
DULl MATa ura3 lys2 [rho'] This study
DUL2 MATa ura3 Iys2 [rho'] L. S. Folley
DUL2rho° MATa ura3 Iys2 [rho'] L. S. Folley
JJM87 MATa ade2-101 ura3-52 petlll-14 [rho'] Mulero and Fox (1993b)
JJM87rho° MATa ade2-101 ura3-52 petlll-14 [rho'] Mulero and Fox (1993b)
JJM120 MATa Iys2! [rho' cox2-11] This study
JJM122 MATa Iys2 [rho' cox2-12] This study
JJM144 MATa Iys2 PET111-20 [rho' cox2-11] This study
JJM150 MATa ura3 Iys2 [rho' cox2-11] This study
JJM156 MATa ura3 Iys2 [rho' cox2-11] This study
JJM159 MATa ura3 Iys2 [rho' cox2-12] This study
JJM179 MATa ura3 Iys2 PET1II-20 [rho' cox2-11l This study
JJM179rho' MATa ura3 Iys2 PET111-20 [rho'] This study
JJM180 MATa ade2 ura3 Iys2 PET111-20 [rho' cox2-111 This study
JJM196 MATa ade2 ura3 Iys2 [rho' cox2-101 Mulero and Fox (1993b)
JJM230 MATa Iys2 ura3 [rho' cox2-13] This study
JJM270 MATa ade2-101 ura3-52 karl-i [rho- pJM2] This study
MCC123rho' MATa ade2-101 ura3-52 karl-I [rho'] M. C. Costanzo
M4611 MATa adel opl [rho' cox2-M4611] Fox and Staempffi (1982)
TF145 MATa ade2 ura3 [rho' cox2-17] Fox et al. (1988)
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1), was accomplished by oligonucleotide-directed mutagenesis (Muta-
gene kit, Bio-Rad) of the plasmid pJM2 with the oligonucleotide 5'
CCTTTAGATCTTTTG 3' to produce pJM45. The cox2-11 allele gen-
erates a unique Bgl II restriction site in the plasmid. The cox2-12 in-
sertion allele (Figure 1) on plasmid pJM46 was obtained by cutting
pJM45 with Bgl II, filling the ends with the large fragment of DNA
polymerase (Klenow), and religating. This procedure generated a
unique Cla I site marking cox2-12. The deletion allele cox2-13 (Figure
1) was obtained by cleaving pJM45 with Bgl II and treating with Exo-
nuclease III (BRL, Gaithersburg, MD) and Si nuclease. The resulting
plasmid, pJM50, contains a deletion of 29 nucleotides from -30 to
-2 within the region coding for the COX2 5'-UTL. Sequence analysis
of the region corresponding to the 5'-UTL of pJM2 and the mutants
pJM45, pJM46, and pJM50 verified the mutations. Restriction enzyme
analysis did not detect any gross alterations in these plasmids.

Molecular Cloning and Identification of the
PET 111-20 Mutation
The PET1I1-20 allele was cloned by gap repair (Orr-Weaver and
Szostak, 1983). The plasmid pJM21 was constructed for this purpose
from pJM20 [YEP352 (Hill et al., 1986), carrying PETI1 on a 7.3-kb
fragment (Mulero and Fox, 1993b)]. pMJ20 was cleaved at a unique
Spl I site at position +1142 (Strick and Fox, 1987) within the PETi1
structural gene, and a bidirectional deletion was generated by treatment
with exonuclease III and S1 nuclease. Mlu I linkers were attached at
the blunt ends of the deletion, which starts at position -200 and
extends to position +2298. To isolate the PET1I1-20 allele, pJM21
was cut with Mlu I and used to transform a ura3 PET 11-20 strain
JJM180). Repaired plasmids were recovered from Ura+ transformants
by using their DNA to transform the Escherichia coli strain DH5a. A
repaired plasmid, pJM55, carrying the PET111-20 suppressor allele
was identified by its ability to suppress the respiratory growth defect
of a cox2-12 mutant UJM159). Although a single chromosomal copy
of PET111-20 suppresses cox2-12 only very weakly (.3 wk of incu-
bation at 30°C are needed; see Figure 6), the same gene carried on
the high copy plasmid pJM55 causes much stronger suppression
(readily visible after 8 d).
To map the suppressor mutation within pJM55, a 2.7-kb HindIII

fragment, encompassing most of the PET11 gene (Poutre and Fox,
1987; Strick and Fox, 1987), was subcloned into the YEP352 vector
(Hill et al., 1986) generating pJM57. As expected, pJM57 was capable
of suppressing the cox2-12 mutation. Further subcloning was accom-
plished by swapping the 0.49-kb Bgl II-Hpa I fragments among the
PET111-20 containing plasmid, pJM57, and the PET111-YEP352 plas-
mid, pJM65. The Bgl II-Hpa I fragment originating from the pJM57
plasmid provided an otherwise wild-type PETIIl gene with the ability
to suppress a cox2-12 mutation. Conversely, when the PETI 11-20
containing plasmid pJM57 acquired the Bgl II-Hpa I fragment from
pJM65, it lost the ability to suppress the cox2-12 mutation. Thus the
suppressor mutation was mapped to 0.49 kb between the Bgl II and
Hpa I sites. All the plasmids that were used in this study were able
to complement the respiration deficient phenotype of the petlll-14
null mutant strain, JJM87.

During the course of our investigations, we uncovered discrepancies
with the previously published PETI1 sequence (Strick and Fox, 1987).
We found that base 1496 is a C, changing the codon at position 499
from arginine to threonine. Bases 1704-1706 are TGG, changing the
codon at position 569 from proline to glycine. An additional T residue
follows position 2123 extending the open reading frame (ORF) to
predict an 800 amino acid protein. The correct ORF extends beyond
the previously published sequence. The corrected PETI 11 sequence
has been deposited in GenBank with the accession number M17143.

Immunological Methods
A polyclonal rabbit antiserum (5524) directed against residues 172-
792 of the PET 11 protein was previously prepared (Strick, 1988)
using as antigen a trpE-PET1 11 fusion protein isolated from E. coli

as described (Dieckmann and Tzagoloff, 1985). Total proteins were
extracted from yeast cells grown in YPGal as described (Yaffe, 1991).
Approximately 45 jig of each preparation was subjected to electro-
phoresis on an 8% polyacrylamide-sodium dodecylsulfate (SDS) gel
and blotted electrophoretically to a membrane of Immobilon-P (Mil-
lipore, Bedford, MA). The polyclonal antisera was used at a 1:100
dilution. Enhanced chemiluminescence (Amersham, Arlington
Heights, IL) was used to visualize the anti-PETl 11 immune reactions
using a goat anti-rabbit IgG-horseradish peroxidase conjugate.

RESULTS

Replacement of Wild-Type by cox2 Mutations
Affecting the mRNA 5'-UTL
To begin the analysis of functionally important elements
in the 54-base COX2 mRNA 5'-UTL, we generated in
vitro three mutations in the DNA encoding it (Figure 1
and MATERIALS AND METHODS). The first mutation,
cox2-1 1, deleted the G residue at position -24 in the 5'-
UTL, creating a unique Bgl II restriction site in the DNA
that facilitated the identification of the mutant plasmid
(pJM45) and provided an entry point for making further
mutations. The second mutation, cox2-12, was generated
by cleaving this Bgl II site, filling in the resulting sticky-
ends, and religating. The resulting plasmid (pJM46) thus
had a unique Cla I site marking the mutation. The third
mutation, cox2-13, was an exonuclease generated dele-
tion of 29 basepairs (pJM50).

Plasmids bearing wild-type COX2 and each of the
cox2 mutations were introduced into the mitochondria
of a strain lacking mtDNA (MCC123rho°) by micro-
projectile bombardment (MATERIALS AND METH-
ODS) (Fox et al., 1988). Transformants containing rep-
licating plasmids in their mitochondria were identified
by their ability to produce respiring diploids by recom-
bination (marker rescue) when mated to the mutant
tester strain, M461 1, carrying an ochre allele in the
COX2 coding sequence (Fox and Staempfli, 1982). To
determine whether the 5'-UTL mutations affected
expression of COX2, we tested their ability to comple-
ment a complete deletion, cox2-17 (Fox et al., 1988), by

5'-UTL-~

W; COX2

5'-AGTATrAACATATTATMATAGACAAAAGAGTCTMAAGAMAITMA ATG COX2 (pJM2)

5'-AGTATTAACATATTATAAATAGACAAAAGA TCTAAAGG1TAAGATTrATTAAA ATG cox2-11 (pJM45)
BgIIB

5'-AGTATTAACATATMATAAATAGACAAAAGATCGATCTAAAGGTTAAGAMATTAAA ATO cox2-12(pJM46)
Cbl.

5'-AGTATTAACATAflATAAATAAGAC~ . A ATG cox2-13 (pJM50)

Figure 1. Sequence of the COX2 5'-UTL mutants. The small black
rectangle represents-the DNA sequence encoding the 5'-UTL, and the
white rectangle represent the COX2 structural gene. The bold letters
ATG represent the translation initiation codon. The uppermost se-
quence is the wild-type 54-nucleotide-long COX2 5'-UTL. The restric-
tion sites created by the mutations are indicated.
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mating each transformant to the rho' deletion strain,
TF145. The ability of the resulting diploids, hetero-
plasmic for the cox2-17, rho' mtDNA, and each plasmid
to grow on nonrespiratory medium (YPEG) was scored.
The plasmid-bome wild-type COX2 gene strongly com-
plemented the complete cox2 deletion mutation. The
plasmid-bome cox2-11 allele failed to complement
strongly, although slowly growing papillae appeared in
the patch of respiratory-deficient diploid cells. Both
plasmid-bome alleles cox2-12 and cox2-13 failed com-
pletely to complement the cox2 deletion.
The wild-type COX2 gene was replaced with the mu-

tant alleles by homologous double recombination (Folley
and Fox, 1991; Fox et al., 1991). Zygotes were produced
by mating the initial mitochondrial transformants car-
rying the plasmid-bome mutations with strains carrying
wild-type rho+ mtDNA (DL1 and DULl). The transfor-
mants carried the karyogamy-defective mutation karl-1,
allowing the isolation of haploid progeny (strains JJM120,
JJM122, and JJM230) isogenic to the rho+ parents except
for the cox2 mutations. As expected, the integrated mu-
tations produced respiratory defective phenotypes: cox2-
11 caused slow respiratory growth, whereas cox2-12 and
cox2-13 blocked respiratory growth completely (Figure
2). In each case, the respiratory defect could be rescued
by recombination after mating the mutants to a synthetic
rho- strain containing the wild-type COX2 gene (JM270),
confirming that the respiration-deficient phenotype was
because of a cox2 mutation. Furthermore, direct sequence
analysis of mtDNA (Fox et al., 1991) confirmed the pres-
ence of the mutations.
The 5'-UTL Mutations Decrease Translation of the
COX2 mRNA
To determine whether the cox2 5'-UTL mutations af-
fected the synthesis of coxII, we examined mitochondrial

COX2

cox2- 11 cox2- 13

cox2- 12
Figure 2. Respiration-dependent growth phenotypes of the strains
carrying the 5'-UTL mutations. The isogenic strains DUL2 (COX2),
JJM120 (cox2-11), JJM122 (cox2-12), and JJM230 (cox2-13) were streaked
onto medium containing nonfermentable carbon sources (YPEG) and
incubated at 30°C for 6 d.

translational products radioactively labeled in vivo in
the presence of cycloheximide (Douglas and Butow,
1976; Mulero and Fox, 1993a). Crude mitochondrial
fractions were prepared from labeled cells and analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE) and
autoradiography (Figure 3). As expected the level of
coxII protein was strongly reduced in the cox2-11 mutant
(Figure 3, lane 2) relative to wild-type (Figure 3, lane
1), and coxII protein could not be detected in the cox2-
12 and cox2-13 mutant strains (Figure 3, lanes 3 and 4).
The cox2 mutations affecting the mRNA 5'-UTL might

have reduced coxII synthesis by reducing the steady-
state levels of the mRNA. We therefore isolated total
cellular RNA from wild-type and mutant strains for hy-
bridization analysis. The RNAs were separated by elec-
trophoresis, blotted to nitrocellulose, and hybridized to
labeled probes specific for the COX2 mRNA and the
mitochondrial 15S ribosomal RNA (MATERIALS AND
METHODS). The hybridization signals were detected
by autoradiography (Figure 4) and quantitated with a
Betascope 603 Blot Analyzer (Biogen, Geneva, Swit-
zerland). The relative levels of COX2 mRNA in the mu-
tants were between one-half and two-thirds of the wild-
type level (0.5 ± 0.1 for cox2-11, 0.75 ± 0.05 for
cox2-12, and 0.6 ± 0.1 for cox2-13). Thus, the strongly
reduced levels of coxII protein in the mutants cannot
solely be the result of decreased mRNA levels, indicating
that the mutations directly affect translation of the
mRNAs.

Suppression of cox2-11 by a Chromosomal Mutation
at PET1l1
To search genetically for factors interacting with the
COX2 mRNA 5'-UTL, we have begun to look for mu-
tations that suppress the defects caused by alterations

1 2 3 4 5

coxI1--
_ -_

Figure 3. CoxII protein synthesis is affected by the 5'-UTL mutations.
Yeast cells were grown on YPGal at 30°C and radioactively labeled
with Trans 35S-label (ICN Radiochemicals, Irvine, CA) in the presence
of cycloheximide as described (Douglas and Butow, 1976; Fox et al.,
1991). Crude mitochondria were prepared and analyzed by SDS-
PAGE as described (Mulero and Fox, 1993a). Lane 1, wild-type DUL2;
lane 2, the cox2-11 strain JJM120; lane 3, the cox2-12 strain JJM122;
lane 4, the cox2-13 strain JJM230; lane 5, the PET111-20, [cox2-11]
strain JJM144.
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1 2 3 4

15S rRNA_-m.-

COX2mRNA-_

Figure 4. RNA gel-blot-hybridization analysis of the COX2 5'-UTL
mutants and the wild-type. Total RNA isolated from strains grown
at 30°C was fractionated by formaldehyde agarose gel electrophoresis,
transferred to nitrocellulose, and probed with COX2 and 15S rRNA
specific sequences (MATERIALS AND METHODS). Lane 1, the wild-
type DULl; lane 2, the cox2-11 mutant JJM120; lane 3, the cox2-12
mutant JJM122; lane 4, the cox2-13 mutant JJM230.

in the 5'-UTL. Strains carrying the cox2-11 mutation
readily produce respiratory-competent (Pet') revertants.
Seven independent spontaneous Pet+ revertants were
isolated on YPEG medium at 30°C and analyzed ge-
netically for the presence of unlinked suppressor mu-
tations. To determine whether any of the revertants
were due to dominant nuclear mutations, they were
first grown in the presence of ethidium bromide to pro-
duce derivatives lacking mtDNA (Goldring et al., 1970).
These rho' derivatives were then mated to the rho+ cox2-
11 mutant strain, JJM150. Six of the resulting diploids
grew well on YPEG medium indicating that they con-
tained dominant nuclear suppressor mutations derived
from the corresponding revertants. The diploid pro-
duced by the rho' derivative of the seventh revertant
exhibited the cox2-11 mutant phenotype. This seventh
revertant contained a mitochondrial mutation (as op-
posed to a recessive nuclear suppressor) because mating
the original rho+ revertant to JJM150 produced diploids
that grew well on YPEG.
Four of the six revertants carrying nuclear suppressors

exhibited temperature-sensitive respiratory growth
(Mulero, 1993). To determine whether the suppressor
mutations alone caused these defects, the rho' deriva-
tives of those four nuclear revertants were crossed to
the wild-type rho+ strain DUL2, and the resulting dip-
loids were sporulated. None of the meiotic progeny of
these crosses (all of which contained wild-type mtDNA)
were defective for respiratory growth at 160, 300, or
37°C. Thus, none of the suppressor mutations caused
intrinsically temperature-sensitive respiration; only the
combination of the cox2-11 mutation and the nuclear
suppressors produced this phenotype.

Because the PETIl1 site of action has been mapped
to the 5'-UTL of the COX2 mRNA (Mulero and Fox,
1993a), we tested whether any of the nuclear suppres-
sors of cox2-11 were linked to petl1. Each nuclear re-
vertant was mated to a rho' strain carrying the null mu-
tation peti 11-14, JJM87rho°. Tetrads were dissected from
each cross, and the progeny were scored for growth on
YPEG. Although the suppressors present in five of the
revertants were unlinked to petl 11 (and were not studied
further), the suppressor in the revertant strain JJM144

was tightly linked to petlll. All 38 tetrads dissected
exhibited the parental ditype segregation of 2 Pet+:2
Pet-, where the Pet' spores exhibited the suppressed
phenotype and the Pet- spores were completely respi-
ratory deficient. (Residual translation of the mRNA
coded by the cox2-11 allele requires PETI 11 activity be-
cause the pet 1 -14, [cox2-1 1] spores from this cross were
completely deficient for respiratory growth.) This dom-
inant suppressor is a mutation in PETI 1, as shown be-
low, and has been termed PETI 11-20. The ability of this
mutation, affecting the COX2 mRNA-specific transla-
tional activator protein PET 11, to improve translation
of the cox2-11 mutant mRNA and to suppress the mu-
tant growth defect is illustrated in Figures 3 and 5, re-
spectively.
The allele-specificity of suppression by PETI 11-20 was

tested by mating a PET11-20 rho0 strain (JJM179rho°)
to rho' strains harboring cox2 mutations and scoring the
respiratory growth of the resulting diploids, heterozy-
gous for the suppressor (Figure 6). After a 2-d incubation
on YPEG medium at 30°C, suppression of the 5'-UTL
mutation cox2-11 was readily apparent (Figure 6A). In-
terestingly, PETI 11-20 also suppressed the leaky respi-
ratory defect caused by cox2-1 0, a mutation that changed
the COX2 translation initiation codon fromAUG to AUA
but did not affect the 5'-UTL (Mulero and Fox, 1993b).
No suppression of the other 5'-UTL mutations, cox2-12
and cox2-13, was evident after 2-d incubation. On a
similar YPEG plate incubated for 24 d (Figure 6B), very
weak suppression of cox2-12 was evident, although
cox2-13 remained unsuppressed.
Genomic DNA carrying the PET11-20 allele was

cloned by the gap repair method (Orr-Weaver and

PET 11,
COX2
,<__mmm

PET111-20,
''" cox2-11... ...

pJM20,
cox2- 11

Figure 5. The PET111-20 allele suppresses the respiration-deficiency
of a strain carrying a cox2-11 mutation. The following strains were
streaked on nonfermentable medium (YPEG) and incubated at 30°C
for 6 d: the PETIl, [COX2] strain, DUL2; the PET111, [cox2-11] strain,
JJM156; the PETlIl, [cox2-11] strain overproducing wild-type PET11 1,
JJM156 (pJM20); the PETI11-20, [cox2-11] strain, JJM179.

PET1 1 1,
cox2- 11
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A
\N S(.!

r.

PET1 1 1-20. rho'

PETI 1 1, rho'

B
PET 1J 1-20. rho'

PETlI1. rho'

Figure 6. The PET111-20 mutation readily suppresses the cox2-11
and cox2-10 mutations. After 24 d of incubation it weakly suppresses
the cox2-12 mutation. Grids of strains of opposite mating types were
mated on YPD for 2 d and then printed to YPEG. The YPEG plate
shown in A was incubated at 30°C for 2 d. The YPEG plate shown
in B was incubated at 30°C for 24 d. The suppressor PET111-20, rho'
strain was JJM1 79rhoo. The control PETII1, rho' strain was DUL2rho'.
The mutant strains tested carried the COX2 5'-UTL mutations cox2-
11 (JJM156), cox2-12 (JJM159), and cox2-13 (JJM230), as well as the
COX2 initiation codon mutation cox2-10 (JJM196) (Mulero and Fox,
1993b).

Szostak, 1983), and the mutation was mapped by sub-
cloning of DNA fragments to a 0.49-kb Bgl II-Hpa I
fragment within the PETI 11 ORF (MATERIALS AND
METHODS). DNA sequence analysis of this region
identified a unique change of a G to A substitution at
position +1954 of the wild-type sequence (GenBank
accession number M17143; see MATERIALS AND
METHODS) that changed amino acid 652 from alanine
to threonine.

Suppression by PET111-20 Is not Because of
Overaccumulation of the PETi 11 Translational
Activator Protein
If the respiratory defects caused by the mutations af-
fecting the COX2 mRNA 5'-UTL were because of weak-
ened interactions between the mRNA and the PET 11
protein, then overproduction of PET 11 might cause
suppression. To test this possibility for the leaky
mutation, cox2-11, a mutant strain UJM156), was trans-
formed with a multicopy plasmid carrying the wild-
type PETI 11 gene (pJM20, MATERIALS AND METH-
ODS). The resulting elevated dosage of PETIII caused
weak suppression of cox2-11 (Figure 5). However, sim-
ilar experiments revealed that the more stringent mu-
tations cox2-12 and cox2-13 were not detectably sup-
pressed by elevated PET 111 dosage (not shown).
The fact that elevated dosage of the wild-type PET 111

gene caused suppression of cox2-1 1, albeit weakly, raised
the possibility that the PETI 11-20 suppressor mutation
might act by dramatically increasing the steady-state
level of PET 11 protein (for example by increasing its
stability). To test this hypothesis we used an antibody
directed against PET 11 (MATERIALS AND METH-
ODS) to compare the level of the protein in a PETI 11-
20 strain with that in a strain carrying the wild-type

PETlI gene on the multicopy plasmid pJM20. Im-
munoblot analysis of total cellular protein (Figure 7)
revealed that the -94-kDa PET111 protein could be
detected, in addition to several unidentified background
bands, in the strain containing multiple copies of PET 111
(Figure 7, lane 4). However, PET 11 could not be de-
tected in the PET111-20 mutant (Figure 7, lane 5). Con-
sistent with previous observations using this antiserum
(Strick, 1988), PETi 11 was similarly undetectable in
wild-type (Figure 7, lanes 1 and 3). These data show
that a strain with multiple copies of the wild-type
PET 111 gene contains more PET1 1 protein than a strain
with the chromosomal PET111-20 mutation. Because
PET 11-20 causes far stronger suppression of the cox2-
11 mutation than do multiple copies of the wild-type
gene, suppression by PET111-20 must involve an alter-
ation of the function of the PET 11 protein. Obviously
these data shed no light on the relative levels of PET 11
protein in wild-type and PET111-20 strains.

DISCUSSION

We have begun to explore translational activation of
the COX2 mRNA by generating mutations in vitro that
alter the mitochondrial COX2 gene and inserting them
into the mitochondrial genome in place of wild-type.
Here we describe three mutations affecting the mRNA
5'-UTL (Figure 1). All three mutations reduce coxII syn-
thesis and respiratory growth rates without dramatically
lowering the steady-state level of COX2 mRNA, indi-
cating that they directly affect translation.
Our results point to an intimate functional interaction

between the 54-base COX2 mRNA 5'-UTL and the 94-
kDa translational activator protein PET1 1. One of the
mutations, a deletion of a single base at position -24
of the 5'-UTL (relative to the start of translation) termed
cox2-1 1, clearly interferes with the action of PET11 1 but
does not completely eliminate PET111-dependent
translation. The mutation is strongly suppressed at the
level of respiratory growth by the nuclear missense mu-
tation PET111-20. This observation suggests the possi-
bility that PET1 1 may directly contact the COX2 mRNA
and that the PETI 11-20 mutation could increase the af-

1 2 3 4 5
PE- 'I 1 -...._ .,

Figure 7. The PET 11 protein can be detected immunologically in
a strain containing multiple copies of the wild-type PETI1 gene but
not in a PET111-20 mutant. Total yeast protein was isolated, subjected
to SDS-PAGE, blotted to a membrane, and reacted with anti-PET1 11
serum (MATERIALS AND METHODS). Immune complexes were vi-
sualized by chemiluminescent film exposure (MATERIALS AND
METHODS). Lane 1, the wild-type PETl lI strain DAU2; lane 2, the
petil 1-14 (complete deletion) strain JJM87; lane 3, the PETIl 1, [cox2-
11] strain JJM156; lane 4, the PETlIl, [cox2-11] strain, JJM156 trans-
formed with the multicopy PETI1 plasmid pJM20; lane 5, the PET111-
20, [cox2-11] strain JJM179.
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finity of the protein for the 5'-UTL. Similar genetic in-
teractions have revealed physical RNA-protein inter-
actions (Nishi and Schnier, 1986; Meinnel et al., 1991;
Shannon and Guthrie, 1991; Peabody and Ely, 1992).
Consistent with the possibility that the cox2-11 mutation
weakens interaction with the PET1 1 protein, overpro-
duction of the wild-type protein suppressed the mu-
tation, albeit very weakly. Strong suppression by
PETI 11-20 is not simply because of increased levels of
the translational activator protein.
PETI 11-20 also suppresses a leaky COX2 translation

initiation codon mutation whose phenotype is known
to be affected by PET 111 gene dosage (Mulero and Fox,
1993b). Because the initiation codon mutation does not
affect the structure of the mRNA 5'-UTL, this obser-
vation suggests that PET111-20 may code for a protein
with increased affinity for the wild-type 5'-UTL. Al-
though PETl1-20 has no effect on the respiratory
growth of cells containing a fully wild-type COX2
mRNA, this is not unexpected. The rate of coxIl syn-
thesis is apparently not rate-limiting for the growth of
wild-type cells on nonfermentable carbon sources, be-
cause PET111-20 fully suppresses the growth phenotype
caused by cox2-11 but only partially restores translation
(compare Figures 3 and 5).
A more complex alteration at the same site in the

COX2 mRNA 5'-UTL, termed cox2-12 (in which 4 new
bases were substituted for the single base deleted in
cox2-1 1), completely prevents detectable translation and
is only very weakly suppressed by PETI 11-20. This sug-
gests that a recognizable site for PET1 1 action remains
in the cox2-12 mRNA, but it is severely damaged or
concealed by aberrant structure. A deletion of over one-
half the 5'-UTL cox2-13 also blocked translation com-
pletely but was not detectably suppressed, suggesting
that the PET1 1 site of action may have been removed
in this case. These results are particularly interesting in
light of a phylogenetic comparison of known or pre-
sumed COX2 mRNA 5'-UTL sequences in the budding
yeasts Saccharomyces cerevisiae, Torulopsis glabrata,
Kluyveromyces lactis, Kluveromyces thermotolerans, and
Hansenula saturnus (Hardy and Clark-Walker, 1990;
Clark-Walker, personal communication). Although
these 5'-UTLs are not highly homologous, they all con-
tain the sequence UCUAA at positions between 18 and
37 bases upstream of the translation initiation codon.
In S. cerevisiae this pentanucleotide sequence comprises
bases -19 to -23. Thus, it is immediately downstream
of the site altered by the mutations cox2-11 and cox2-
12 and is deleted by cox2-13. Although the significance
of this pentanucleotide sequence has yet to be investi-
gated, it is a good candidate for the site of PET1 1 ac-
tion. Part of this sequence is bound in vitro by an abun-
dant 40-kDa mitochondrial protein distinct from
PET1 1, the functional significance of which is un-
known (Papadopoulou et al., 1990; Dekker et al., 1991,
1992).

The PET111-20 missense mutation changed amino
acid residue 652 from Ala to Thr. Interestingly, this site
falls within a region of the PET1 1 protein previously
identified as being similar in sequence to the amino-
terminal portion of the coxIl precursor protein (16 iden-
tities and 10 conservative substitutions in an overlap of
51 amino acids) (Strick and Fox, 1987). We do not know
whether this amino acid sequence similarity has any
biological significance. Deletion of PET1 1 amino acids
651-654 (petlll-12) blocked COX2 translation, con-
firming the importance of this region for function (Mu-
lero, 1993). However, these residues are not critical for
activity because a temperature-sensitive revertant of this
deletion contained an intragenic suppressor mutation
that changed residue 485 from Thr to Pro (Mulero,
1993).

Translation of the COX3 mRNA in yeast mitochondria
is specifically activated by the protein products of three
genes, PET54, PET122, and PET494, which act on a site
in the 613 base 5'-UTL (Costanzo and Fox, 1988). These
three proteins, which interact with each other (Brown
et al., 1994), are located in mitochondria and associated
with the inner membrane (Costanzo and Fox, 1986;
Ohmen et al., 1988; Costanzo et al., 1989; McMullin
and Fox, 1993). PET122 functionally interacts with both
the mitochondrial ribosome (Haffter et al., 1990, 1991;
McMullin et al., 1990; Haffter and Fox, 1992) and with
the COX3 mRNA 5'-UTL (Costanzo and Fox, 1993),
suggesting that the translational activator proteins
function to mediate the interaction of ribosomes with
the COX3 mRNA before initiation codon selection (Fol-
ley and Fox, 1991; Mulero and Fox, 1993b). PET111,
which appears to be membrane bound in cells over-
producing the protein (Strick, 1988), could be playing
a similar role in translation of the COX2 mRNA. In this
connection it is interesting to speculate that the other,
as yet unidentified, nuclear gene(s) detected as sup-
pressors of cox2-11 may play a direct role in activating
translation of the COX2 mRNA.
There may be parallels between the positive control

of translation in yeast mitochondria and gene regulation
in chloroplasts of higher plants and Chlamydomonas.
There is ample evidence that expression of at least some
genes in these systems is controlled, both developmen-
tally and in response to light, at the level of translation,
and in several cases nuclear genes have been identified
that may encode translational activators (Rochaix, 1992;
Staub and Maliga, 1993). Furthermore, 5'-UTL se-
quences have recently been implicated in the transla-
tional control of some Chlamydomonas mRNAs (Rochaix,
1992; Sakamoto et al., 1993).
The situation in mammalian mitochondria is less clear.

Although evidence has been reported indicating that
translational control may occur (Whitfield and Jefferson,
1990), mammalian mitochondrial mRNAs typically lack
significant 5'-UTLs (Attardi and Schatz, 1988). Although
mammalian mitochondrial ribosomes can be associated
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with mRNAs in vitro (Denslow et al., 1989; Liao and
Spremulli, 1989, 1990), there is very little information
on how mitochondrial translation initiates in animal
mitochondria.

ACKNOWLEDGMENTS
We thank M.C. Costanzo for a critical reading of the manuscript and
L.S. Folley for strains. This work was supported by a grant (GM-
29362) to T.D.F. from the National Institutes of Health.

REFERENCES

Ackerman, S.H., Gatti, D.L., Gellefors, P., Douglas, M.G., and Tza-
goloff, A. (1991). ATP13, a nuclear gene of Saccharomyces cerevisiae
essential for the expression of subunit 9 of the mitochondrial ATPase.
FEBS Lett. 278, 234-238.

Anziano, P.Q., and Butow, R.A. (1991). Splicing-defective mutants
of the yeast mitochondrial COX1 gene can be corrected by transfor-
mation with a hybrid maturase gene. Proc. Natl. Acad. Sci. USA 88,
5592-5596.

Attardi, G., and Schatz, G. (1988). Biogenesis of mitochondria. Annu.
Rev. Cell Biol. 4, 289-333.

Bolotin-Fukuhara, M., and Grivell, L.A. (1992). Genetic approaches
to the study of mitochondrial biogenesis in yeast. Antonie Leeuwen-
hoek 62, 131-153.

Bordonne, R., Dirheimer, G., and Martin, R.P. (1988). Expression of
the oxil and maturase-related RF1 genes in yeast mitochondria. Curr.
Genet. 13, 227-233.

Brown, N.G., Costanzo, M.C., and Fox, T.D. (1993). Interactions
among three proteins specifically activate translation of the mito-
chondrial cox3 mRNA in Saccharomyces cerevisiae. Mol. Cell. Biol. (in
press).

Cabral, F., and Schatz, G. (1978). Identification of cytochrome c oxidase
subunits in nuclear yeast mutants lacking the functional enzyme. J.
Biol. Chem. 253, 4396-4401.

Cabral, F., Solioz, M., Rudin, Y., Schatz, G., Clavilier, L., and Slon-
imski, P.P. (1978). Identification of the structural gene for yeast cy-
tochrome c oxidase subunit II on mitochondrial DNA. J. Biol. Chem.
253, 297-304.

Conde, J., and Fink, G.R. (1976). A mutant of S. cerevisiae defective
for nuclear fusion. Proc. Natl. Acad. Sci. USA 73, 3651-3655.

Coruzzi, G., and Tzagoloff, A. (1979). Assembly of the mitochondrial
membrane system: DNA sequence of subunit II of yeast cytochrome
c oxidase. J. Biol. Chem. 254, 9324-9330.

Costanzo, M.C., and Fox, T.D. (1986). Product of Saccharomyces cer-
evisiae nuclear gene PET494 activates translation of a specific mito-
chondrial mRNA. Mol. Cell. Biol. 6, 3694-3703.

Costanzo, M.C., and Fox, T.D. (1988). Specific 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, M.C., and Fox, T.D. (1990). Control of mitochondrial gene
expression in Saccharomyces cerevisiae. Annu. Rev. Genet. 24, 91-113.

Costanzo, M.C., and Fox, T.D. (1993). Suppression of a defect in the
5'-untranslated leader of the mitochondrial COX3 mRNA by a mutation
affecting an mRNA-specific translational activator protein. Mol. Cell.
Biol. 13, 4806-4813.

Costanzo, M.C., Seaver, E.C., and Fox, T.D. (1989). The PET54 gene
of Saccharomyces cerevisiae: characterization of a nuclear gene encoding

a mitochondrial translational activator and subcellular localization of
its product. Genetics 122, 297-305.
Dekker, P.J.T., Papadopoulou, B., and Grivell, L.A. (1991). Properties
of an abundant RNA-binding protein in yeast mitochondria. Biochimie
73, 1487-1492.

Dekker, P.J.T., Papadopoulou, B., and Grivell, L.A. (1993). In-vitro
translation of mitochondrial mRNAs by yeast mitochondrial ribosomes
is hampered by the lack of start-codon recognition. Curr. Genet. 23,
22-27.

Dekker, P.J.T., Stuurman, J., van Oosterum, K., and Grivell, L.A.
(1992). Determinants for binding of a 40 kDa protein to the leaders
of yeast mitochondrial mRNAs. Nucleic Acids Res. 20, 2647-2655.
Denslow, N.D., Michaels, G.S., Montoya, J., Attardi, G., and O'Brien,
T.W. (1989). Mechanism of mRNA binding to bovine mitochondrial
ribosomes. J. Biol. Chem. 264, 8328-8338.
Dieckmann, C.L., and Tzagoloff, A. (1985). Assembly of the mito-
chondrial membrane system: CBP6, a yeast nuclear gene necessary
for the synthesis of cytochrome b. J. Biol. Chem. 260, 1513-1520.
Douglas, M., and Butow, R.A. (1976). Variant forms of mitochondrial
translation products in yeast: evidence for location of determinants
on mitochondrial DNA. Proc. Natl. Acad. Sci. USA 73, 1083-1096.
Elble, R. (1992). A simple and efficient procedure for transformation
of yeast. Biotechniques 13, 18-20.
Folley, L.S., and Fox, T.D. (1991). Site-directed mutagenesis of a Sac-
charomyces cerevisiae mitochondrial translation initiation codon. Ge-
netics 129, 659-668.

Fox, T.D. (1979). Genetic and physical analysis of the mitochondrial
gene for subunit II of yeast cytochrome c oxidase. J. Mol. Biol. 130,
63-82.

Fox, T.D., Folley, L.S., Mulero, J.J., McMullin, T.W., Thorsness, P.E.,
Hedin, L.O., and Costanzo, M.C. (1991). Analysis and manipulation
of yeast mitochondrial genes. Methods Enzymol. 194, 149-165.

Fox, T.D., Sanford, J.C., and McMullin, T.W. (1988). Plasmids can
stably transform yeast mitochondria lacking endogenous mtDNA.
Proc. Natl. Acad. Sci. USA 85, 7288-7292.

Fox, T.D., and Staempfli, S. (1982). Suppressor of yeast mitochondrial
ochre mutations that maps in or near the 15S ribosomal RNA gene
of mtDNA. Proc. Natl. Acad. Sci. USA 79, 1583-1587.

Goldring, E.S., Grossman, L.I., Krupnick, D., Cryer, D.R., and Marmur,
J. (1970). The petite mutation in yeast: loss of mitochondrial deoxy-
ribonucleic acid during induction of petites with ethidium bromide.
J. Mol. Biol. 52, 323-335.

Grivell, L.A. (1989). Nucleo-mitochondrial interactions in yeast mi-
tochondrial biogenesis. Eur. J. Biochem. 182, 477-493.
Haffter, P., and Fox, T.D. (1992). Suppression of carboxy-terminal
truncations of the yeast mitochondrial mRNA-specific translational
activator PET122 by mutations in two new genes, MRP17 and PET127.
Mol. & Gen. Genet. 235, 64-73.
Haffter, P., McMullin, T.W., and Fox, T.D. (1990). A genetic link be-
tween an mRNA-specific translational activator and the translation
system in yeast mitochondria. Genetics 125, 495-503.

Haffter, P., McMullin, T.W., and Fox, T.D. (1991). Functional inter-
actions among two yeast mitochondrial ribosomal proteins and an
mRNA-specific translational activator. Genetics 127, 319-326.
Hardy, C.M., and Clark-Walker, G.D. (1990). Nucleotide sequence
of the cytochrome oxidase subunit 2 and val-tRNA genes and sur-
rounding sequences from Kluyveromyces lactis K8 mitochondrial DNA.
Yeast 6, 403-410.

Hill, J.E., Myers, A.M., Koemer, T.J., and Tzagoloff, A. (1986). Yeast/
E. coli shuttle vectors with multiple unique restriction sites. Yeast 2,
163-167.

Molecular Biology of the Cell1334



Translational Activation in Mitochondria

Hinnebusch, A.G., and Liebman, S.W. (1991). Protein synthesis and
translational control in Saccharomyces cerevisiae. In: The Molecular
and Cellular Biology of the Yeast Saccharomyces: Genome Dynamics,
Protein Synthesis, and Energetics, vol. 1, ed. J.R. Broach, J.R. Pringle,
and E.W. Jones, Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press, 627-735.

Johnston, S.A., Anziano, P.Q., Shark, K., Sanford, J.C., and Butow,
R.A. (1988). Mitochondrial transformation in yeast by bombardment
with microprojectiles. Science 240, 1538-1541.

Liao, H.-X., and Spremulli, L.L. (1989). Interaction of bovine mito-
chondrial ribosomes with messenger RNA. J. Biol. Chem. 264, 7518-
7522.

Liao, H.-X., and Spremulli, L.L. (1990). Effects of length and mRNA
secondary structure on the interaction of bovine mitochondrial ri-
bosomes with messenger RNA. J. Biol. Chem. 265, 11761-11765.

McMullin, T.W., and Fox, T.D. (1993). COX3 mRNA-specific trans-
lational activator proteins are associated with the inner mitochondrial
membrane in Saccharomyces cerevisiae. J. Biol. Chem. 268, 11737-
11741.

McMullin, T.W., Haffter, P., and Fox, T.D. (1990). A novel small sub-
unit ribosomal protein of yeast mitochondria that interacts functionally
with an mRNA-specific translational activator. Mol. Cell. Biol. 10,
4590-4595.

Meinnel, T., Mechulam, Y., Le Corre, D., Panvert, M., Blanquet, S.,
and Fayat, G. (1991). Selection of suppressor methionyl-tRNA syn-
thetases: mapping the tRNA anticodon binding site. Proc. Natl. Acad.
Sci. USA 88, 291-295.

Michaelis, U., Korte, A., and Rodel, G. (1991). Association of cyto-
chrome b translational activator proteins with the mitochondrial
membrane: implications for cytochrome b expression in yeast. Mol.
& Gen. Genet. 230, 177-185.

Mittelmeier, T.M., and Dieckmann, C.L. (1993). In vivo analysis of
sequences necessary for CBP1-dependent accumulation of cytochrome
b transcripts in yeast mitochondria. Mol. Cell. Biol. 13, 4203-4213.

Mulero, J.J. (1993). Studies on the translation of the yeast mitochondrial
COX2 mRNA with emphasis on its translational activator PET 11.
Ph.D. Thesis. Ithaca, NY: Cornell University.

Mulero, J.J., and Fox, T.D. (1993a). PETI1 acts in the 5'-leader of the
Saccharomyces cerevisiae mitochondrial COX2 mRNA to promote its
translation. Genetics 133, 509-516.

Mulero, J.J., and Fox, T.D. (1993b). Reduced but accurate translation
from a mutant AUA initiation codon in the mitochondrial COX2 mRNA
of Saccharomyces cerevisiae. Mol. & Gen. Genet. (in press).

Nishi, K., and Schnier, J. (1986). A temperature-sensitive mutant in
the gene rpIX for ribosomal protein L24 and its suppression by spon-
taneous mutations in a 23S rRNA gene of Escherichia coli. EMBO J.
5, 1373-1376.

Ohmen, J.D., Kloeckener-Gruissem, B., and McEwen, J.E. (1988). Mo-
lecular cloning and nucleotide sequence of the nuclear PET122 gene
required for expression of the mitochondrial COX3 gene in S. cerevisiae.
Nucleic Acids Res. 16, 10783-10802.

Orr-Weaver, T.L., and Szostak, J.W. (1983). Yeast recombination: the
association between double-strand gap repair and crossing-over. Proc.
Natl. Acad. Sci., USA 80, 4417-4421.

Papadopoulou, B., Dekker, P., Blom, J., and Grivell, L.A. (1990). A
40 kd protein binds specifically to the 5'-untranslated regions of yeast
mitochondrial mRNAs. EMBO J. 9, 4135-4143.

Peabody, D.S., and Ely, K.R. (1992). Control of translational repression
by protein-protein interactions. Nucleic Acids Res. 7, 1649-1655.

Pon, L., and Schatz, G. (1991). Biogenesis of yeast mitochondria. In:
The Molecular and Cellular Biology of the Yeast Saccharomyces: Ge-
nome Dynamics, Protein Synthesis, and Energetics, vol. 1, ed. J.R.
Broach, J.R. Pringle, and E.W. Jones, Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press, 333-406.
Poutre, C.G., and Fox, T.D. (1987). PETIll, a Saccharomyces cerevisiae
nuclear gene required for translation of the mitochondrial mRNA
encoding cytochrome c oxidase subunit II. Genetics 115, 637-647.
Pratje, E., Mannhaupt, G., Michaelis, G., and Beyreuther, K. (1983).
A nuclear mutation prevents processing of a mitochondrially encoded
membrane protein in Saccharomyces cerevisiae. EMBO J. 2, 1049-1054.
Rochaix, J.D. (1992). Post-transcriptional steps in the expression of
chloroplast genes. Annu. Rev. Cell Biol. 8, 1-28.
Rodel, G., and Fox, T.D. (1987). The yeast nuclear gene CBS1 is required
for translation of mitochondrial mRNAs bearing the cob 5'-untranslated
leader. Mol. & Gen. Genet. 206, 45-50.
Rogers, D., and Bussey, H. (1978). Fidelity of conjugation in Saccha-
romyces cerevisiae. Mol. & Gen. Genet. 162, 173-182.
Rose, M.D., Winston, F., and Hieter, P. (1988). Methods in Yeast
Genetics, Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
Press.
Sakamoto, W., Kindle, K.L., and Stem, D.B. (1993). In vivo analysis
of Chlamydomonas chloroplast petD gene expression using stable
transformation of f3-glucuronidase translational fusions. Proc. Natl.
Acad. Sci. USA 90, 497-501.
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Cloning,
a Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory Press.
Sanger, F., Nicklen, S., and Coulson, A.R. (1977). DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-
5467.
Sevarino, K.A., and Poyton, R.O. (1980). Mitochondrial biogenesis:
identification of a precursor to yeast cytochrome c oxidase subunit II,
an integral polypeptide. Proc. Natl. Acad. Sci. USA 77, 142-146.
Shannon, K.W., and Guthrie, C. (1991). Suppressors of a U4 snRNA
mutation define a novel U6 snRNP protein with RNA-binding motifs.
Genes & Dev. 5, 773-785.
Shen, Z., and Fox, T.D. (1989). Substitution of an invariant nucleotide
at the base of the highly conserved "530-loop" of 15S rRNA causes
suppression of mitochondrial ochre mutations. Nucleic Acids Res. 17,
4535-4539.
Sherman, F., Fink, G.R., and Hicks, J.B. (1986). Methods in Yeast Genetics.
Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press.
Staub, J.M., and Maliga, P. (1993). Accumulation of Dl polypeptide
in tobacco plastids is regulated via the untranslated region of the psbA
mRNA. EMBO J. 12, 601-606.
Strick, C.A. (1988). A study of the expression and protein product of
the yeast positive regulatory gene PETliI. Ph.D. Thesis, Ithaca, NY:
Cornell University.
Strick, C.A., and Fox, T.D. (1987). Saccharomyces cerevisiae positive reg-
ulatory gene PET111 encodes a mitochondrial protein that is translated
from an mRNA with a long 5' leader. Mol. Cell. Biol. 7, 2728-2734.
Thorsness, P.E., and Fox, T.D. (1993). Nuclear mutations in Saccha-
romyces cerevisiae that affect the escape of DNA from mitochondria
to the nucleus. Genetics 134, 21-28.
Whitfield, C.D., and Jefferson, L.M. (1990). Elevated mitochondrial
RNA in a chinese hamster mutant deficient in the mitochondrially
encoded subunits of NADH dehydrogenase and cytochrome c oxidase.
J. Biol. Chem. 265, 18852-18859.
Yaffe, M.P. (1991). Analysis of mitochondrial function and assembly.
Methods Enzymol. 194, 627-643.

Vol. 4, December 1993 1335


