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ABSTRACT

Translation of mitochondrially coded mRNAs in Saccharomyces cerevisiae depends on membrane-bound
mRNA-specific activator proteins, whose targets lie in the mRNA 5’-untranslated leaders (5’-UTLs). In at
least some cases, the activators function to localize translation of hydrophobic proteins on the inner
membrane and are rate limiting for gene expression. We searched unsuccessfully in divergent budding
yeasts for orthologs of the COX2- and COX3-specific translational activator genes, PET111, PET54, PET122,
and PET494, by direct complementation. However, by screening for complementation of mutations in
genes adjacent to the PET genes in S. cerevisiae, we obtained chromosomal segments containing highly
diverged homologs of PET111 and PET122 from Saccharomyces kluyveri and of PET111 from Kluyveromyces
lactis. All three of these genes failed to function in S. cerevisiae. We also found that the 5’-UTLs of the
COX2 and COX3 mRNAs of S. kluyveri and K. lactis have little similarity to each other or to those of S.
cerevisiae. To determine whether the PET111 and PET122 homologs carry out orthologous functions, we
deleted them from the S. kluyveri genome and deleted PET111 from the K. lactis genome. The pet11l
mutations in both species prevented COX2 translation, and the S. kluyveri pet122 mutation prevented COX3
translation. Thus, while the sequences of these translational activator proteins and their 5’-UTL targets

are highly diverged, their mRNA-specific functions are orthologous.

RANSLATION of mitochondrially coded mRNAs
in Saccharomyces cerevisiae is a surprisingly complex
process. Most, if not all, of the seven major mitochondri-
ally coded mRNAs (Dieckmann and Staples 1994) are
translated under the direction of mMRNA-specific transla-
tional activator proteins specified by nuclear genes (Fox
1996). The translational activator proteins interact func-
tionally with targets in the mRNA 5’-untranslated lead-
ers (5’-UTLs) and, in at least one case, also with the
mitochondrial ribosomal small subunit (Fox 1996).
The activator proteins specific for translation of four
of the mRNAs encoding integral membrane proteins,
COX1, COX2, COX3, and COB, are themselves bound to
the mitochondrial inner membrane (Michaelis et al.
1991; McMullin and Fox 1993; Manthey et al. 1998;
N.S. Green-Willms and T. D. Fox, unpublished data),
suggesting that they could localize translation to assem-
bly sites of respiratory complexes (Costanzo and Fox
1990; Fox 1996). Indeed, the 5’-untranslated regions
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of the COX2 and COX3 mRNAs contain information
necessary for proper targeting of the proteins they en-
code (Sanchirico et al. 1998). COX2 and COX3 mRNA-
specific translational activation is also a rate-limiting
step in gene expression (Steeleetal. 1996; N. S. Green-
Willms and T. D. Fox, unpublished data). Thus, the
S. cerevisiae translational activator proteins appear to
have dual roles in regulating mitochondrial gene ex-
pression and in localizing translation.

Why translation of the mitochondrially coded mRNAs
specifying cytochrome ¢ oxidase subunits Cox1p, Cox2p,
and Cox3p should be dependent on distinct activators
remains an open question. One possible rationalization
is that mRNA specificity allows for relative topological
distinctions between the sites where these mitochondri-
ally coded proteins are synthesized, which could pro-
mote efficient assembly of cytochrome ¢ oxidase com-
plexes in the inner membrane. However, this effect
would be relatively subtle since Coxlp, Cox2p, and
Cox3p can be assembled into cytochrome ¢ oxidase after
translation of experimentally derived chimeric mRNAs
bearing 5’-UTLs derived from certain other mitochon-
drial genes, under the direction of their respective acti-
vators (Muller et al. 1984; Costanzo and Fox 1986,
1988; Poutre and Fox 1987; Rodel and Fox 1987,
Mulero and Fox 1993b; Manthey and McEwen 1995).
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These experiments shed no light on possible quantita-
tive differences in efficiency of cytochrome ¢ oxidase
assembly, owing to the genetic instability of the mito-
chondrially heteroplasmic strains employed. However,
they demonstrate that the one-to-one correspondence
between translational activators and the mitochondrial
genes they govern can be experimentally altered without
destroying function. Thus, if there were no adaptive
value in maintaining these correspondences, then they
could diverge during evolution.

In this study we have sought to use phylogenetic com-
parisons to ask whether the correspondences between
translational activators and mitochondrial mMRNAs have
been conserved and to shed light on the function of
the activator proteins themselves. We have focused on
the COX2-specific activator Petlllp (Strick and Fox
1987) and the subunits of the COX3-specific activator
complex, Pet54p, Pet122p, and Pet494p (Brown et al.
1994), none of which had known homologs at the start
of this study. We began a generally unsuccessful search
for orthologous genes in the divergent budding yeasts
S. servazzii, S. kluyveri, Kluyveromyces lactis, and the dimor-
phic yeast Candida albicans, using cross-hybridization
and cross-complementation. These approaches worked
only for a sister species of S. cerevisiae, S. bayanus. How-
ever, we were able to isolate S. kluyveri genes homolo-
gous to PET111 and PET122, as well as a K. lactis homo-
log of PET111, by screening for complementation of
highly conserved genes that are adjacent to PET111
and PET122 in S. cerevisiae. We found that Pet111p and
Pet122p are among the most rapidly diverging proteins
known in these species. They are nevertheless ortholo-
gous, since the mutations we constructed in the S. kluy-
veri and K. lactis homologs generated phenotypes in
those species that are similar to those of the correspond-
ing S. cerevisiae mutants. Thus, while the sequences of
these translational activator proteins are highly di-
verged, their one-to-one correspondences with mitochon-
drial mMRNAs have been conserved. These findings sug-
gest that the specificity of translational activation plays
an important role in fungal mitochondrial biogenesis.

MATERIALS AND METHODS

Yeast strains, media, and genetic methods: Strains used in
this study are listed in Table 1. All S. cerevisiae strains were
isogenic or congenic to the wild-type strain D273-10B (ATCC
#25657), except strains JM43-GD7, NGB108, PTH43, and
PTH352. Media and genetic methods were as described (Sher-
man et al. 1986). Respiratory growth was assessed on YPEG
medium (3% ethanol, 3% glycerol, 1% yeast extract, 2% bacto-
peptone, 2% agar). Saccharomyces strains were transformed
either by treatment with lithium acetate and polyethylene
glycol (Itoetal. 1983) or by using the Yeast EZ Transformation
Kit (Zymo Research, Orange, CA). K. lactis was transformed
as described (Chen and Clark-Walker 1996).

Plasmid manipulations, nucleotide sequencing, and com-
puter analysis: Plasmids were constructed and transformed
into Escherichia coli DH5aF’'IQ using standard techniques

(Sambrook et al. 1989). Oligonucleotide synthesis and nucleo-
tide sequencing were performed by DNA Services, Cornell
University. Nucleotide sequence data were analyzed using La-
sergene Biocomputing Software (DNAStar, Madison, WI) and
Sequencher (Gene Codes, Ann Arbor, MI). The Basic Local
Alignment Search Tool (BLAST; Altschul et al. 1990) pro-
gram was accessed through the National Center for Biotech-
nology Information or the Saccharomyces Genome Database
to search for nucleotide and protein sequence similarities.
RNA structures were predicted using the mfold version 3.0
program accessed at http:#mfold2.wustl.edu/~mfold/rna/
form1-2.3.cgi (Zuker 1994). The C. albicans genomic sequence
determined by the Stanford DNA Sequencing and Techno-
logy Center was searched at http:#/www-sequence.stanf-
ord.edu/group/candida. The S. pombe genomic sequence was
searched at http:#/www.sanger.ac.uk/Projects/S_pombe/
blast_server.shtml. The C. elegans genomic sequence was
searched at http:#/www.sanger.ac.uk/Projects/C_elegans/
blast_server.shtml.

Genomic libraries: Genomic DNA from S. bayanus (NRRL
#Y-12624), S. kluyveri (NRRL #Y-12651), or S. servazzii (NRRL
#Y-12661) was prepared using either the QIAGEN Genomic-
tip 500 kit (QIAGEN Inc., Valencia, CA) or the procedure of
Philippsen et al. (1991). DNA was partially digested with
Sau3Al and the partial digestion products were separated by
size in a 10-40% sucrose gradient as described by Rose and
Broach (1991). Fragments of 15-20 kb were pooled and
ligated to BamHI-cleaved YEp352 (Hill et al. 1986) and the
libraries were amplified by standard methods (Rose and
Broach 1991). The S. bayanus library was composed of
~15,000 independentE. coli transformants, 45% with genomic
DNA inserts; the S. servazzii library, of ~10,000 independent
transformants, 70% with inserts; and the S. kluyveri library, of
~40,000 independent transformants, 74% with inserts. A K.
lactis (strain CBS2359) genomic library of 4- to 10-kb BamHl|
fragments cloned into YepLac195 (Mulder et al. 1994) was
obtained from L. Grivell.

Isolation of complementing plasmids from libraries: In all
cases, Ura™ clones were selected on minimal glucose medium
after transformation of host strains (Table 1) with library or
defined plasmid DNAs. Respiring clones were then identified
by replica plating to YPEG medium. PET111 homologs were
obtained either by complementation of pet111 in strain NB39-
5D or by complementation of cox7 in strain JM43-GD7. We
obtained only a 3’ fragment of S. servazzii PET111: the cox7-
complementing clone carried DNA coding only the C-terminal
238 residues of the protein, and we failed to isolate a larger
clone with the entire gene. PET122 homologs were obtained
either by complementation of pet122 mutation in strain PTH43
or by complementation of oxal in strain MCC318. PET494
homologs were sought by complementation of pet494 in strain
NGB108. S. bayanus PET54 was isolated as a 3.0-kb BamHI
fragment of S. bayanus genomic DNA that hybridized at high
stringency to an S. cerevisiae PET54 probe. Its ability to comple-
ment was demonstrated by transformation of strain PTH352.

Analysis of the S. kluyveri LYS9 region: PET494 and LYS9
are ~2.4 cM (6.6 kb) apart on S. cerevisiae chromosome XIV
(Muller and Fox 1984). We isolated the S. kluyveri LYS9
region in an attempt to clone a PET494 ortholog. Six plasmids
were obtained from the S. kluyveri library that complemented
S. cerevisiae lys9 strain TF112 (Table 1). Sequencing the ends
of each insert allowed orientation of the six fragments based
on overlapping end sequences. Sequencing of the LYS9-con-
taining region on one clone revealed that S. kluyveri LYS9 is
adjacent to a gene similar to S. cerevisiae MSO1 (GenBank
accession no. AF170311), the same arrangement as in S. cerevis-
iae. However, flanking MSO1 on the other side is a homolog
(GenBank accession nos. AF170309 and AF170310) of S. cere-
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TABLE 1

Yeast strains used in this study

Strain name?

Genotype®

Source or reference

DL1 MATa lys2 [rho*]
GW226

MATa pet122-7 ura3-52 ade2 leu2-3,-112 [rho™]

Mulero and Fox (1993a)
G. Wiesenberger

IM43-GD7 MATa cox7-Al leu2-3,-112 ura3-52 trp1-289 his4-590 [rho*] Calder and McEwen (1991)
MCC318 MATa oxal::LEU2 ade2 ura3-A [rho*] This study

NB39-5D MATa pet111-9 lys2 ura3-52 [rho*] This study

NGB108 MATa pet494::LEU2 ura3-52 leu2-3,-112 ade2-101 [rho*] Brown (1994)

PTH43 MATa pet122-7 ade2-101 ura3-52 [rho™] P. Haffter

PTH352 MATa pet54-5 ade2-101 ura3-52 leu2-AClal-EcoRV [rho*] P. Haffter

PTY11 MATa ura3-52 trpl-Al [rho*] P. E. Thorsness

TF112 MATa pet494-2 lys9 ura3-52 [rho*] This study

TWM10-41 MATa pet122-6 ade2 ura3-A [rho*] T. W. McMullin

o adel ade2 leu™
« adel lysAl ura3 atp2.1

K. lactis 2105-1D

K. lactis CK56-7A

K. lactis CW64-1C

bayanus NRRL #Y-12624
kluyveri NRRL #Y-12651
kluyveri GRY1175
kluyveri MCC328
kluyveri NB180

servazzii NRRL #Y-12661

S. Wwild type

S. Wild type

S. MATa ura3-skl
S.

S.

S.

Wwild type

o petl11A::kan' adel lysAl ura3

MATa pet122A:URA3 ura3-skl
MATa pet111A::URA3 ura3-skl

Gunge and Sakaguchi (1981)
Chen and Clark-Walker (1996)
This study

C. P. Kurtzman

C. P. Kurtzman

J. N. Strathern

This study

This study

C. P. Kurtzman

2 Strains are S. cerevisiae unless otherwise noted.

b Mitochondrial genotypes are in brackets; genes not in brackets are nuclear.

visiae YKL215¢, located on S. cerevisiae chromosome XI, instead
of an S. kluyveri PET494 homolog. Flanking S. kluyveri LYS9
on the other side is a homolog (GenBank accession no.
AF170312) of S. cerevisiae YCR095¢c, located on S. cerevisiae
chromosome I11. We did not obtain a contiguous sequence
of the entire region.

Cloning the mitochondrial COX2 and COX3 genes from
other yeasts: Probes corresponding to the S. cerevisiae COX2
and COX3 coding sequences were produced by PCR, 3P-
labeled using standard techniques, and used to probe South-
ern blots of restricted genomic DNA from S. kluyveri (strain
GRY1175) or K. lactis (COX3 only; strain 2105-1D). Hybridiza-
tions were done at low stringency (55° in aqueous hybridiza-
tion solution containing 6X SSC, 0.9 m NaCl, and 0.09 m
sodium citrate). DNA fragments within the size range of cross-
hybridizing bands were isolated and cloned to create minili-
braries that were screened by colony hybridization to the COX2
and COX3 probes. S. kluyveri COX2 was cloned in part on a
1.1-kb Dral fragment (Table 2) that lacked the 5’ end and
5’-UTL coding region. Sequence of the remaining coding
sequence and upstream region was obtained by J. Piskur by
direct sequencing of purified S. kluyveri mitochondrial DNA.
S. kluyveri COX3 was cloned as overlapping 1.0-kb Sspl and 4.0-
kb Dral fragments (Table 2). K. lactis COX3 was cloned on a
1.5-kb Mspl fragment. All genomic clones were confirmed to
be devoid of rearrangements, either by Southern blot hybrid-
ization to genomic DNA or by production of fragments of the
expected size using PCR on genomic DNA.

Construction of null alleles in S. kluyveri PET111 and PET122
and in K. lactis PET111: S. kluyveri PET111 was subcloned on
a 5.8-kb EcoRI-Xhol fragment in pBluescriptKS(—) (Stra-
tagene, La Jolla, CA) to create plasmid pNB143. pNB143 was
cleaved with Hindlll to remove a 2.1-kb fragment of the
PET111 gene containing the C-terminal 689 codons. A frag-
ment with Hindlll ends carrying the URA3 gene, generated
by PCR, was ligated into the Hindlll-cleaved pNB143 backbone
to generate pNB145. The pNB145 EcoRI-Xhol insert was gel-

purified and used to transform the ura3 mutant S. kluyveri
strain GRY1175 (Table 1) to uracil prototrophy. PCR reactions
were performed using genomic DNA of a transformant as a
template, with primers corresponding to the PET111 region
and URAS3, to verify that the gene replacement occurred as
expected, leaving only the N-terminal 108 codons of PET111.

S. kluyveri PET122 was subcloned on a 2.4-kb BgllI-Clal frag-
ment in pBluescriptM13(—) (Stratagene) to create plasmid
pMC367. pMC367 was digested with EcoRV to remove 726
bp of the PET122 coding sequence carrying 242 codons and
religated with a BamHI linker; then a hisG::URA3::hisG cassette
(Alani et al. 1987) was ligated into the resulting BamHI site
to create plasmid pMC369. pMC369 was digested with Spel
and Sall to cleave the pet122A::URAS insert from the plasmid
backbone and was used to transform S. kluyveri GRY1175 (Ta-
ble 1) to uracil prototrophy. PCR reactions were performed
using genomic DNA of transformants as a template, with prim-
ers corresponding to the PET122 region and URAS3, to verify
that the gene replacement occurred as expected leaving only
the N-terminal 12 codons and the C-terminal 59 codons of
PET122.

A 1.5-kb EcoRI fragment carrying the 5’ half of K. lactis
PET111 was subcloned from a cox7-complementing plasmid
isolated from the K. lactis genomic library into pTZ19U (Bio-
Rad, Richmond, CA) to generate the plasmid pKLN20. To
disrupt PET111 in pKLN20, a 1.4-kb fragment containing a
kanamycin resistance cassette was obtained from plasmid
pUG6 (Guldener et al. 1996) by digestion with Xhol and Bglll,
made blunt-ended using T4 DNA polymerase, and ligated to
a 3.26-kb fragment generated by cleaving pKLN20 with Apal
and EcoRV. This disruption removed the 5’ 847 bp of PET111
carrying the N-terminal 282 codons. A 1.8-kb EcoRI fragment
from the resulting plasmid, pKLN22B, was used to transform
K. lactis. An atp2.1 mutant strain (CK56-7A, see Table 1) was
used as a recipient for transformation because atp mutant
strains recover better after transformation than wild type
(G. D. Clark-Walker, unpublished results). Transformants
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TABLE 2

Genes isolated in this study

Gene Plasmid GenBank accession no.
K. lactis COX3 pDP002 AF120716

K. lactis COX7 pCOX7-3-1-2 Sequence not determined
K. lactis PET111 pCOX7-3-1-2 AF120714

S. bayanus PET54 pMC311 AF023874

S. bayanus PET111 pNB92 AF056619

S. bayanus PET122 pMC347 AF026394

S. bayanus PET494 pMC346 AF056620

S. kluyveri COX2 pD1.1-2-12 (3’ end) AF120715

S. kluyveri COX3 pS1.0-2-58 AF120717

pD4.0-2-63

S. kluyveri COX7 pSK28/4 Sequence not determined
S. kluyveri OXAl pMC365 Sequence not determined
S. kluyveri PET111 pNB143 AF047833

S. kluyveri PET122 pMC367 AF026396

S. servazzii COX7 pSS1 Sequence not determined
S. servazzii OXAl pMC355 AF026395

S. servazzii PET111 pSS1 (3" end) AF151694

S. servazzii PET122 pMC355 AF026395

resistant to G418 (200 p.g/ml in YPD medium) were checked
for stability of G418 resistance, and correct integration of the
fragment at PET111 was verified by Southern analysis. To
isolate a strain carrying the pet111 disruption and a wild-type
ATP2 gene, the petlll disruptant was crossed to a wild-type
strain, the diploid was sporulated, and 15 asci were dissected.
All spores were viable, and all tetrads showed 2:2 segregation
of G418 resistance, marking the pet111 disruption. All G418-
resistant spores were respiratory deficient. Resistance to
ethidium bromide (16 pg/ml in YPD medium), marking the
atp2.1 mutation, also segregated 2:2 and was unlinked to
petl11A::kan'. A strain carrying the petl1l mutation but not
the atp2.1 mutation, CW64-1C (Table 1), was chosen for fur-
ther study.

Isolation of mitochondria and immunological methods: Mi-
tochondria were prepared from S. cerevisiae and S. kluyveri cells
by differential centrifugation as described (Daum et al. 1982).
Mitochondria were isolated from K. lactis as described for S.
cerevisiae (Glick and Pon 1995), except that liquid cultures
were grown in YPD, and crude mitochondria were purified
on Nycodenz step gradients with 5% intervals. Wild-type K.
lactis mitochondria floated at the 20%/25% interface of a 5%
to 25% gradient, while K. lactis petl11 mutant mitochondria
floated at the 15%/20% interface of a 5% to 35% gradient.

Antibody against Cox2p was the mouse monoclonal CCO6
(a gift of T. L. Mason; Pinkham et al. 1994). Anti-Cox3p was
the mouse monoclonal DA5 (Molecular Probes, Eugene, OR).
Anti-Cox1p was the rabbit polyclonal SS7-T, obtained from G.
Schatz. SDS-polyacrylamide gel electrophoresis and Western
blotting were performed using standard techniques (Harlow
and Lane 1988). Antigen-antibody complexes were visualized
using horseradish peroxidase-conjugated goat anti-mouse or
anti-rabbit 1gG (Gibco BRL, Bethesda, MD) secondary anti-
body and the enhanced chemiluminescence system (Amer-
sham Life Science, Arlington Heights, IL). Immunoprecipita-
tions were performed by standard techniques (Harlow and
Lane 1988) except that goat anti-mouse 1gG was added to the
immunoprecipitation mixture before the addition of protein
A-Sepharose.

In vivo labeling of mitochondrial translation products: In
vivo *S-labeling in the presence of cycloheximide was per-

formed as described previously (Fox et al. 1991), except that S.
kluyveri labelings were performed on exponential-phase rather
than stationary-phase cells. SDS gel electrophoresis of labeled
mitochondrial translation products was performed as de-
scribed (Green-Willms et al. 1998).

RNA gel blot hybridization analysis: Total RNA was isolated
from yeast strains grown to exponential phase in galactose-
containing complete medium, using the hot-phenol extrac-
tion method (Ausubel et al. 1993). Equal amounts (10 ng)
were subjected to electrophoresis, blotted to a filter, and
probed with radioactively labeled probes produced by ran-
dom-primed labeling (Boehringer Mannheim, Indianapolis).
Blots were probed sequentially with labeled PCR products
corresponding to the S. kluyveri COX2 gene, the S. kluyveri
COX3 gene, and the S. cerevisiae mitochondrial 155 rRNA gene.
mMRNA abundance was quantitated using a Storm 840 Phos-
phoimager (Molecular Dynamics, Sunnyvale, CA) and the Im-
ageQuant software package.

RESULTS

Isolation of genes from divergent budding yeasts, ho-
mologous to S. cerevisiae genes for mMRNA-specific trans-
lational activators: Complementation of S. cerevisiae muta-
tions by functional homologs only from closely related species:
The phylogenetic relationships of the various yeasts
used in this study are diagrammed in Figure 1. S. bayanus
is very closely related to S. cerevisiae, based on analysis
of ribosomal RNA sequences (Kurtzman and Robnett
1991, 1998; James et al. 1997). They are nearly identical
phenotypically (Barnettetal. 1990) and have the same
number of chromosomes, although their electropho-
retic karyotypes are distinguishable (Naumov et al.
1992). Many genes are arranged in the same relative
order and are similar enough to cross-hybridize (Ryu
et al. 1996). The divergence of S. servazzii and S. kluyveri
from S. cerevisiae, as well as from each other, is much
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Figure 1.—Phylogenetic
relationships of yeasts used

higher and comparable to that of K. lactis (Kurtzman
and Robnett 1991, 1998; James et al. 1997). Each has
distinct physiological characteristics and fewer chromo-
somes than S. cerevisiae (Vaughan-Martini et al. 1993).

To seek complementing functional homologs, we
constructed libraries of S. bayanus, S. servazzii, and S.
kluyveri genomic DNA in a high-copy plasmid vector
carrying the URA3 gene (materials and methods).
Appropriate S. cerevisiae strains (materials and meth-
ods; Table 1) were transformed to Ura™ with the librar-
ies and transformants were screened for growth on non-
fermentable carbon sources (Pet™ phenotype). In cases
where Pet™ transformants were obtained, linkage to the
URA3 marker was tested in plasmid loss assays. Comple-
menting plasmids were isolated from the yeast trans-
formants, propagated in E. coli, and reintroduced into
the same host strains to confirm complementation.

The S. bayanus library yielded complementing clones
ata frequency of about 1 per 10,000 Ura* transformants
when introduced into the S. cerevisiae pet111, pet122, and
pet494 mutants. S. bayanus PET54 was isolated indepen-
dently by cross-hybridization (materials and meth-
ods) and complemented when introduced into an S.
cerevisiae pet54 mutant. For all four genes, the S. bayanus
homologs complemented as strongly as the correspond-
ing wild-type S. cerevisiae genes.

The S. servazzii library yielded two clones that exhib-
ited weak complementation, among 32,000 Ura™ trans-
formants of the pet122 mutant. However, no Pet* colo-
nies were found in 700,000 Ura* transformants of the
petlll mutant strain, in more than 200,000 trans-
formants of the pet54 mutant strain, or in more than
130,000 transformants of the pet494 mutant strain.

The S. kluyveri library failed to yield any complement-
ing clones after screening of 170,000 Ura* trans-
formants of the pet111 mutant, 45,000 transformants of
the pet54 mutant, 131,000 transformants of the pet122
mutant, and 51,000 transformants of the pet494 mutant.
This library did yield one leu2 complementing clone out
of 9,500 transformants, and four oxal complementing
clones (see below) out of 16,000 transformants, sug-
gesting that the failure to complement translational acti-
vator mutations was not due to poor quality of the li-
brary. As shown below, direct tests with the S. kluyveri
orthologs of PET111 and PET122, isolated by a different
approach, confirmed that they do not function in S.

S. bayanus in this study and the dis-
—Irs.—cerev,‘siae tantly related fission yeast S.
L S servazzii pombe. Relative distances were

S. kiuyveri calculated using the neighbor-
K. lactis joining method (Saitou and
Nei 1987) to compare se-

S. pombe

quences of the D1/D2 do-
mains of 26S rRNA (Kurtz-
man and Robnett 1998).

cerevisiae. These complementation results are summa-
rized in Table 3.

Isolation of sequence homologs by complementation of muta-
tions in neighboring S. cerevisiae genes: The S. servazzii DNA
fragment with weak pet122-complementing activity con-
tained a sequence homolog of PET122 adjacent to a
sequence homolog of the OXA1 gene. This arrangement
is similar to that in S. cerevisiae, where PET122 is 215
bp away from OXA1l. OXAl encodes a protein that is
required for the assembly of cytochrome ¢ oxidase and
assembly or stability of ATP synthase and is functionally
conserved in humans (Bonnefoy et al. 1994a,b; Al ta-
mura et al. 1996). This observation suggested that trans-
lational activator homologs might be isolated indirectly
through cloning of genes from other yeasts by comple-
mentation of neighboring S. cerevisiae mutations, if syn-
teny were preserved during evolutionary divergence

TABLE 3

Cross-complementation of S. cerevisiae mutations by
genes from other yeasts

Species of origin of genomic clone

S. cerevisiae

mutation S. bayanus  S. kluyveri ~ S. servazzii K. lactis
pet1ll +++ —ab -2 —b
pet54 +++ —2 —2 n.t.
pet122 +++ —ab + n.t.
pet494 +++ —a —a n.t.
cox7 n.t. + + +
oxal n.t. + n.t. —2

Ability of genomic clones from the indicated species to
complement the respiratory growth defect of S. cerevisiae mu-
tant strains. Complementation was assayed as growth on YPEG
medium (see materials and methods). Plus signs indicate
the strength of complementation, as measured by colony size:
+++, like the wild-type S. cerevisiae gene; +, partial comple-
mentation; —, no complementation. n.t., not tested (we did
not attempt to isolate a complementing clone from the indicated
species). In the case of S. servazzii OXAL, we isolated a plasmid
carrying the entire gene by virtue of its location next to PET122,
but did not test its ability to complement the S. cerevisiae oxal
mutation. Negative results were of two types (below).

2 Inability to isolate a complementing clone from a good-
quality genomic library.

®Plasmid carrying the entire homologous gene from the
indicated species failed to complement the corresponding S.
cerevisiae mutation.
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(Kuwabara and Shah 1994; Agnan et al. 1997). The
only other S. cerevisiae specific translational activator
gene that is closely linked to a highly conserved gene
isPET111, which is situated 502 bp from the gene encod-
ing subunit VII of cytochrome c oxidase, COX7 (Calder
and McEwen 1991). A Cox7p ortholog is present in the
mammalian enzyme (Capaldi 1990), suggesting that
the gene is likely to be present in other yeasts.

Null mutants in cox7 and oxal have a tight Pet™ pheno-
type (Calder and McEwen 1991; Bonnefoy et al.
19943a). We therefore transformed cox7 and oxal mutant
strains (Table 1) with genomic libraries from S. kluyveri
and K. lactis and screened as described above for Pet®
transformants whose phenotype depended on plasmid-
encoded genes. In addition, we transformed the cox7
mutant with the S. servazzii library in an attempt to isolate
a PET111 homolog.

We obtained plasmids complementing cox7 from the
S. servazzii, S. kluyveri, and K. lactis (Mulder et al. 1994)
genomic libraries, and sequencing revealed the pres-
ence of a PET111 homolog in the genomic fragments
from each of these species (Table 2). The S. servazzii
clone contained only the 3’ end of the PET111 gene,
but the others carried complete coding sequences. We
also obtained plasmids complementing oxal from the S.
kluyveri library, and they contained a complete PET122
homolog (Table 2). Direct testing of complementation,
by transformation of the corresponding S. cerevisiae mu-
tant strains with S. kluyveri PET111 and PET122 and K.
lactis PET111, demonstrated that none of these genes
functions in S. cerevisiae (Table 3). We were unable to
find any oxal complementing plasmids from the K. lactis
library among more than 1.3 X 108 transformants. Since
the library appears to be good (it yielded four COX7
clones among 25,000 transformants), and since the
Oxalp ortholog from humans functions in S. cerevisiae
(Bonnefoy et al. 1994b), the most likely explanation
for this result is that the K. lactis OXALl gene is not
expressed in S. cerevisiae.

There are no characterized S. cerevisiae genes immedi-
ately adjacent to PET54 or PET494 suitable for cloning
by complementation. However, we attempted to clone
PET494 from the S. kluyveri library by complementation
of the linked gene LYS9 (Muller and Fox 1984), which
is located 6.6 kb from PET494 in S. cerevisiae. We isolated
six independent S. kluyveri genomic fragments that com-
plemented the lys9 strain TF112 (Table 1). Unfortu-
nately, partial sequencing of these fragments revealed
that PET494 and LYS9 are not syntenic in S. kluyveri.
Instead, the S. kluyveri LYS9 chromosomal region has
sequences similar to at least three different S. cerevisiae
chromosomes (materials and methods).

Sequence comparisons among specific translational activa-
tors from budding yeasts: Comparison of the proteins
coded by orthologous genes of the sister species S. cere-
visiae and S. bayanus reveals that they are all similar in
sequence: 73% identity for Petlllp, 72% for Pet54p

and Pet122p, and 76% for Pet494p. Sequence identity
is evenly dispersed over the lengths of these protein
pairs, with one notable exception. Residues 198-259 of
S. cerevisiae Pet54p probably comprise an RNA recogni-
tion motif (RRM; reviewed in Burd and Dreyfuss
1994). This region of Pet54p has 27% identity and 50%
similarity to the identified RRM (residues 143-216) of
the C. elegans fox-1 protein, a known RNA-binding pro-
tein involved in sex determination (Hodgkin et al.
1994). Although the match between Pet54p and the
RRM consensus is weak enough that the motif is not
identifiable by comparison with databases such as PRO-
SITE (Bairoch et al. 1997) or BLOCKS (Henikoff and
Henikoff 1994), it was identified in a search using a
profile generated from more than 300 known RRMs
(M. E. Cusick, personal communication). In the pre-
dicted RRM region, S. bayanus Pet54p is 90% identical
to S. cerevisiae Pet54p, while the overall identity between
the two proteins is 72%. This is not surprising given the
ability of S. bayanus Pet54p to interact with the S. cerevis-
iae COX3 mRNA 5"-UTL.

Comparisons of the complete Petl11p-homologous
sequences from S. kluyveri and K. lactis reveal that they
are highly diverged from that of S. cerevisiae and from
each other: the S. cerevisiae and S. Kluyveri proteins are
32% identical while the S. cerevisiae and K. lactis proteins
are only 20% identical (Figure 2; Table 4). While we
obtained the sequence of only 238 C-terminal residues
of S. servazzii Pet111p, these residues exhibited a similar
degree of sequence divergence (Table 4). Similarity be-
tween all the sequences is evenly distributed over their
entire lengths and there are no highly conserved regions
(Figure 2).

Comparisons of the Pet122p-homologous sequences
from S. servazzii and S. kluyveri also revealed a high
degree of divergence. The very weakly complementing
S. servazzii PET122 encodes a protein that is 27% identi-
cal to S. cerevisiae Pet122p and has a C-terminal extension
of 31 residues relative to S. cerevisiae Pet122p. S. kluyveri
Pet122p, which failed to complement, is 33% identical
to S. cerevisiae Pet122p and has a C-terminal extension of
42 residues relative to it. Sequence identity is distributed
evenly over the whole lengths of Petl22p sequences
except for the C-terminal extensions, which do not re-
semble each other (not shown). The longest stretch of
amino acid identity shared by all four Pet122p sequences
is eight amino acids, corresponding to residues 145-152
of S. cerevisiae Pet122p.

Mitochondrially coded RNA targets of S. kluyveri and K.
lactis translational activators: The COX2- and COX3-
MRNA- specific translational activators interact func-
tionally with targets in the 5’-UTLs of the mitochondri-
ally coded mRNAs (Costanzo and Fox 1988, 1993;
Mulero and Fox 1993a,b; Brown et al. 1994; Wiesen-
berger et al. 1995). In the case of the 54-nucleotide
(nt) COX2 5’-UTL of S. cerevisiae, a central 32-nt region
containing a stem-loop structure is necessary and par-
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necessary and, with modifications, partially sufficient for
translational activation (Wiesenberger et al. 1995).
To allow further comparisons, we cloned and se-
quenced COX2 and COX3 from S. kluyveri and COX3
from K. lactis (materials and methods and Table 2).
These data revealed that Cox2p and Cox3p are far more
kluyveri and K. lactis Cox2p share 89 and 86% amino

stood. However, a 151-nt region in its upstream half is
highly conserved than the translational activators: S.

Figure 2.—Alignment of Petl1lp orthologs from S. cerevisiae (S.c.), S. kluyveri (S.k.), and K. lactis (K.l.). Sequences were
aligned using the Jotun-Hein method with the MegAlign program (materials and methods). Identical amino acids are shaded.

Dashes represent gaps.
(Dunstan et al. 1997). The nature of the target(s) in

structure and is necessary for translation in S. cerevisiae
the 613-nt COX3 5'-UTL of S. cerevisiae is less well under-

tially sufficient for Petlllp activation of translation
(Dunstan et al. 1997). This region contains the se-
guence UCUAA, which has been found upstream of
COX2 in a number of budding yeasts, including K. lactis
(Hardy and Clark-Walker 1990; Clark-Walker and
Weiller 1994). UCUAA comprises part of the stem
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TABLE 4
Percentage identity between Petl1lp and Pet122p orthologs from different budding yeasts

S. bayanus (%)

S. kluyveri (%)

S. servazzii (%) K. lactis (%)

A. Petlllp
S. cerevisiae 73 32 242 20
S. bayanus 34 242 23
S. kluyveri 252 27
S. servazzii 2128
B. Pet122p
S. cerevisiae 80 33 27
S. bayanus 31 25
S. Kluyveri 39

Percentage identity over the entire lengths of the proteins (except where noted) as determined using BLAST

analysis (Altschul et al. 1990).

2 Based on the C-terminal 238 residues of S. servazzii Pet111p.

acid identity to S. cerevisiae Cox2p, respectively, and 91%
identity to each other. S. kluyveri and K. lactis Cox3p
have 85 and 82% identity to S. cerevisiae Cox3p, respec-
tively, and 87% identity to each other.

Comparison of the COX2 and COX3 mRNA 5’-UTLs
is complicated by the fact that the 5’ ends of the S.
kluyveri and K. lactis mMRNAs have not been experimen-
tally determined. However, S. cerevisiae, K. lactis, and
several other budding yeasts share the same mitochon-
drial promoter consensus sequence (TATAAGTAA)
(Osingacet al. 1982; Clark-Walker et al. 1985; Ragnini
and Frontali 1994; Biswas 1998), and thus S. kluyveri
is likely to as well. Indeed, upstream of the S. kluyveri
COX2 gene there is a perfect match to the promoter
consensus at positions —95 to —87, predicting an 88-nt
5'-UTL. The K. lactis COX2 promoter appears to direct
cotranscription of tRNAY and the COX2 mRNA from
330 nt upstream of the COX2 initiation codon (Hardy
and Clark-Walker 1990). In S. cerevisiae, tRNAY is
cotranscribed with the COX3 mRNA, and 3’-processing
of the tRNA generates the mRNA 5'- end (Wiesen-
berger et al. 1995). Similar events in K. lactis would
produce a 226-nt COX2 mRNA 5'-UTL.

In the S. cerevisiae COX2 mRNA 5'-UTL, the down-
stream side of the 5-bp stem contains the first four bases
of the conserved sequence UCUAA and ends at —20
relative to the initiation codon (Dunstan et al. 1997;
Figure 3). The S. kluyveri COX2 5’-UTL also contains a
putative stem-loop structure with a 4-bp stem whose
downstream side contains the first three bases of the
UCUAA sequence and ends at position —21 (Figure 3).
A potential stem structure containing the conserved
sequence UCUAA is also present in the K. lactis COX2 5'-
UTL (Figure 3). The 4-bp stem could form in a position
similar to those of S. cerevisiae and S. kluyveri, with the
3’ end of the stem at position —30. However, in this
case, the UCUAA sequence would be in the upstream
half of the stem. Other than the UCUAA element, there
is no significant primary sequence conservation between
the COX2 5’-UTLs of S. cerevisiae, S. kluyveri, and K. lactis.

The S. kluyveri COX3 gene is apparently transcribed
from a perfect match to the consensus mitochondrial
promoter sequence at —331 to —323. A tRNAY¥ gene
is located at positions —289 to —217. If the tRNA"¥ and
COX3 are cotranscribed and processed as in S. cerevisiae,
then the COX3 5'-UTL would be 216 nt in length. Up-
stream of K. lactis COX3 there is a consensus promoter
sequence at —147 to —139, suggesting that its COX3 5'-
UTL would be 140 nt in length. We could find no
significant similarities between the COX3 5'-UTL se-
guences of S. cerevisiae, S. kluyveri, and K. lactis as detect-
able by analysis with the BLAST or MegAlign programs
(materials and methods).

%
%

[ 1S cerevisiae

*

B S. kluyveri

%

R
AN

[} K. lactis

10 nt

Figure 3.—A conserved sequence and secondary structure
in the 5’-untranslated leaders of COX2 mRNAs from S. cerevis-
iae, S. kluyveri, and K. lactis. Lines represent 5’-UTLs, while
boxes represent the 5 ends of the COX2 coding sequences.
Distances between the coding sequence and the predicted
hairpin loop (19 nt in S. cerevisiae, 20 nt in S. kluyveri, 29 nt
in K. lactis) are drawn to scale. Thick black line indicates the
location of UCUAA (Hardy and Clark-Walker 1990) in a
predicted stem loop (Dunstan et al. 1997) in each 5'-UTL.
Asterisk at the 5" end of S. cerevisiae and S. kluyveri 5’-UTLs
indicates that they are known or predicted primary transcripts;
the 5’ end of the K. lactis COX2 mRNA is predicted to arise
from a processing event.
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Mutations in homologous genes of S. kluyveri and K.
lactis demonstrate orthologous mRNA-specific transla-
tional activator functions: Null mutations in S. kluyveri
PET111 and PET122 and in K. lactis PET111 cause nonre-
spiratory phenotypes: The highly diverged PET111 and
PET122 homologs isolated from S. kluyveri and K. lactis
failed to complement the corresponding mutations in
S. cerevisiae, raising the question of whether they were
truly orthologous in function. To answer this question,
we constructed null mutations in these genetically trac-
table yeast species by deleting substantial portions of
each coding region from their chromosomal DNA and
replacing them with either the S. cerevisiae URA3 gene
or a kanamycin resistance cassette (materials and
methods). These null mutations in S. kluyveri PET111,
K. lactis PET111, or S. kluyveri PET122 all prevented
respiratory growth on nonfermentable carbon sources.
In each case, transformation with the corresponding S.
cerevisiae gene failed to restore respiratory growth of the
null mutant (not shown).

S. kluyveri pet111 and petl22 mutants and a K. lactis
pet111 mutant are specifically deficient in cytochrome ¢ oxidase:
To test whether the S. kluyveri pet111 and pet122 mutants
affected cytochrome c oxidase we compared their whole-
cell cytochrome absorption spectra to that of an isogenic
wild-type S. kluyveri strain, as well as to the corresponding
S. cerevisiae strains (Figure 4). The cytochrome aa; peak,
corresponding to cytochrome ¢ oxidase, was missing
from the absorption spectrum of each mutant strain,
while the other cytochrome peaks were unaffected. We
have obtained a similar result for a K. lactis pet111 null
mutant (N. Bonnefoy and G. D. Clark-Walker, un-
published results). This indicates that the respiratory
defects of the S. kluyveri pet111 and pet122 mutant strains
and of the K. lactis pet111 mutant are due to a specific
cytochrome ¢ oxidase deficiency, as is the case in S.
cerevisiae.

petl1l and pet122 null mutations in S. kluyveri and K.
lactis block translation of the COX2 and COX3 mRNASs, respec-
tively: The fact that petl11l and petl22 null mutations
blocked respiration in S. kluyveri and K. lactis and spe-
cifically affected cytochrome ¢ oxidase in S. kluyveri sug-
gested that they were orthologous to their S. cerevisiae
counterparts. To test this possibility directly, we exam-
ined expression of the mitochondrial COX2 and COX3
genes in the mutant strains.

Accumulation of Cox2p and Cox3p in mitochondria
from the S. kluyveri mutant strains was assayed by West-
ern blotting using monoclonal antibodies against the S.
cerevisiae proteins (Figure 5A). Cox2p and Cox3p from
wild-type S. kluyveri mitochondria had approximately
the same SDS-gel mobility as the corresponding S. cerevis-
iae proteins and cross-reacted well with the antibodies.
The S. kluyveri petl1l null mutant strain completely
lacked Cox2p and had significantly reduced levels of
Cox3p, while the S. kluyveri pet122 mutant strain com-
pletely lacked Cox3p and had significantly reduced lev-
els of Cox2p (Figure 5A). Thus the pet111 and pet122

o
=
—
©
4
—

pet1i11
ﬂ pet111
pet122 pet122

adas aas

Sa

wild type wild type
500 580 600 nm 500 550 600 nm
S. cerevisiae S. kluyveri

Figure 4—Whole-cell absorption spectra of S. cerevisiae and
S. kluyveri wild-type and pet111 or pet122 mutants. Low tempera-
ture absorption spectra of galactose-grown cells were recorded
as described by Claisse et al. (1970). The absorption maxi-
mum expected for the alpha band of cytochromes aa3 at 602
nm is indicated. The absorbance scale is indicated at the top
right of each panel. The strains used were the following: S.
cerevisiae: wild type, DL1; petl22, GW226; pet111, NB39-5D. S.
kluyveri: wild type, GRY1175; pet122, MCC328; pet111l, NB180.

null mutations in S. kluyveri specifically blocked accumu-
lation of Cox2p and Cox3p, respectively, as they do in
S. cerevisiae. The reduced accumulation of Cox3p in the
pet11l mutant and of Cox2p in the petl22 mutant is
probably due to degradation of the unassembled sub-
units. S. cerevisiae Cox2p and Cox3p are known to be
unstable when cytochrome ¢ oxidase assembly is blocked
(Pearce and Sherman 1995; Glerum and Tzagoloff
1997; Lemaire et al. 1998).

The phenotype of the K. lactis petl11 mutant was ex-
amined by Western blotting of mitochondrial proteins
with antibodies against S. cerevisiae Cox1p and Cox2p
(Figure 5B). (The available antibody against S. cerevisiae
Cox3p failed to cross-react with K. lactis Cox3p.) K. lactis
Cox1p and Cox2p comigrated with the homologous S.
cerevisiae proteins (data not shown). The K. lactis pet111
mutant mitochondria had no detectable Cox2p, but
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Figure 5.—Accumulation of mitochondrial translation
products in S. kluyveri and K. lactis mutant strains. (A) A total
of 20 g per lane of mitochondrial protein from the indicated
S. cerevisiae and S. kluyveri strains (materials and methods)
were subjected to electrophoresis on a 16% SDS-polyacryl-
amide gel and Western blotted. The blot was probed with
mouse monoclonal antibodies against S. cerevisiae Cox2p and
Cox3p (materials and methods). Lane 1, wild-type S. cerevis-
iae (strain PTY11); lane 2, wild-type S. kluyveri (strain
GRY1175); lane 3, petlll mutant S. kluyveri (strain NB180);
lane 4, pet122 mutant S. kluyveri (strain MCC328). (B) Left,
30 wg per lane of mitochondrial protein from the indicated
K. lactis strains (materials and methods) were subjected to
electrophoresis on a 12% SDS-polyacrylamide gel and blotted.
The blot was probed with rabbit polyclonal antisera against
S. cerevisiae Cox1p (materials and methods). Right, 10 pg
per lane of the indicated mitochondrial proteins were treated
as above and probed with mouse monoclonal antibody against
S. cerevisiae Cox2p. Lane 1, wild-type K. lactis (strain KB101);
lane 2, pet111 mutant K. lactis (strain CW64-1C).

contained Cox1p, albeit at a reduced level relative to
wild type. Thus, the K. lactis pet111 mutation appears to
specifically block accumulation of Cox2p. The reduced
Cox1p level in the petl1ll mutant strain is presumably
due to instability of the unassembled protein.

To test whether the S. kluyveri pet111 and pet122 muta-
tions affected synthesis of Cox2p and Cox3p, we exam-
ined mitochondrial translation products labeled in vivo
in the presence of cycloheximide by SDS-gel electropho-
resis and autoradiography (Figure 6). Unfortunately,
the pattern of mitochondrial translation products in
wild-type S. kluyveri (Figure 6B) was neither as reproduc-
ible nor as clear as that in S. cerevisiae (Figure 6A). To
positively identify bands corresponding to S. kluyveri
Cox2p and Cox3p, we immunoprecipitated each pro-
tein from in vivo-labeled mitochondria using mono-
clonal anti-Cox2p and anti-Cox3p antibodies before gel
electrophoresis (Figure 6B). This analysis showed that
synthesis of Cox2p was greatly reduced in the S. kluyveri
pet111 mutant while synthesis of Cox3p was nearly nor-
mal. Conversely, no synthesis of Cox3p was detectable
in the pet122 mutant but Cox2p was synthesized at wild-
type levels (Figure 6B). These data suggested that S.
kluyveri Petl1lp and Petl22p are required for transla-
tion of Cox2p and Cox3p, respectively. This analysis

A B
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Coxzp » S Cox2p» — -

Cox3p »
Cox3p»

L 1L 1L 1

wild type petiil peti22

S. cerevisiae S. kluyveri

Figure 6.—Effects of S. kluyveri pet111 and pet122 mutations
on mitochondrial protein synthesis. Mitochondrial translation
products were *S-labeled in vivo in the presence of cyclohexi-
mide. Portions of each sample were solubilized in SDS and
immunoprecipitated; immunoprecipitates and total labeled
proteins were subjected to electrophoresis on SDS-16% poly-
acrylamide glycerol-containing gels and autoradiographed
(see materials and methods). (A) In vivo-labeled total mito-
chondrial translation products from S. cerevisiae wild type (wt;
strain DL1), pet111 mutant (strain NB39-5D), and pet122 mu-
tant (strain TWM10-41). (B) In vivo-labeled total S. kluyveri
mitochondrial translation products (total) or immunoprecipi-
tated S. kluyveri mitochondrial translation products (IP). Im-
munoprecipitations were performed with no serum (--), with
mouse monoclonal antibody against S. cerevisiae Cox2p
(a«Cox2p), or with mouse monoclonal antibody against S. cere-
visiae Cox3p (aCox3p). S. kluyveri strains used were the follow-
ing: GRY1175, wild type; NB180, pet111 mutant; and MCC328,
pet122 mutant.

could not be carried out in K. lactis since it is resistant
to cycloheximide (Dehoux et al. 1993).

Finally, we compared steady-state levels of the COX2
and COX3 mRNAs in wild-type S. kluyveri to the pet111
and pet122 mutants by Northern hybridization (Figure
7). The mRNA levels were normalized to levels of the
mitochondrial 15S ribosomal RNA. In the pet111 mu-
tant, both the COX2 and COX3 mRNA levels were re-
duced to ~50% of wild type. In the petl22 mutant, the
COX2 mRNA level was slightly reduced, while the COX3
mMRNA level was reduced to ~7% of wild type. These
results are consistent with a role for S. kluyveri Pet111p
and Pet122p in translational activation. They apparently
also affect mRNA stability. In S. cerevisiae, petl1l muta-
tions reduce the levels of COX2 mRNA to 10-30% of
wild-type levels (Poutre and Fox 1987), while pet122
mutations reduce the level of the COX3 mRNA to ~50%
of wild type (Wiesenberger and Fox 1997).

DISCUSSION

Mitochondrial gene expression systems have diverged
to an extraordinary degree during the evolution of eu-
karyotes (Gray et al. 1999). In this study, we have begun
to explore the extent to which the mRNA-specific trans-
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Figure 7.—Abundance of the mitochondrial COX2 and
COX3 mRNAs in S. kluyveri translational activator mutant
strains. Total RNA from S. kluyveri wild type (wt, GRY1175),
pet111l mutant (NB180), and pet122 mutant (MCC328) was
subjected to electrophoresis, blotted to a membrane, and
probed with radioactively labeled S. kluyveri COX2 or COX3
genes or with the S. cerevisiae mitochondrial 15S rRNA gene
(see materials and methods). Table at bottom shows the
level of each mRNA, normalized to the level of 15S rRNA, in
the mutant strains.

lational activation system uncovered in S. cerevisiae may
be conserved in other organisms. We found that among
budding yeasts, both the nuclearly coded activator pro-
teins and their mitochondrially coded mRNA 5'-UTL
targets have diverged extensively in sequence. However,
the correspondences between activator protein orthologs
and the mitochondrial translation products they control
have been conserved.

Among S. bayanus and S. kluyveri, an assessment of
divergence from S. cerevisiae is hampered by the fact
that only a small set of gene sequences is available (<20
complete sequences at present), and it is biased in favor
of those that function in S. cerevisiae. Nevertheless, the
orthologs from S. bayanus and S. kluyveri are all more
diverged from the S. cerevisiae translational activators
than any other known protein from those species. (No
protein-coding sequences from the nuclear genome of
S. servazzii are currently available, except those reported
in this article.)

A set of K. lactis random partial sequences represent-
ing 296 genes has recently been generated and com-
pared to S. cerevisiae (Ozier-Kalogeropoulos et al.
1998). Overall, the sequences in the random set have
a mean amino acid identity of 63.6% to their S. cerevisiae
counterparts (Ozier-Kalogeropoulos et al. 1998),
considerably higher than the 20% identity observed be-
tween K. lactis and S. cerevisiae Petl11lp. Eight of the
genes identified by Ozier-Kalogeropoulos et al. encode
proteins with similarity to S. cerevisiae proteins known
to be involved in mitochondrial biogenesis, and the

amino acid identity of these sequence fragments to the
S. cerevisiae proteins ranges from 77 to 42%. Interest-
ingly, the least conserved of these genes encodes a po-
tential Pet54p ortholog, with 42% identity over 57 resi-
dues to S. cerevisiae Pet54p (Ozier-Kalogeropoulos et
al. 1998). Thus, mRNA-specific mitochondrial transla-
tional activators appear to be among the most rapidly
diverging proteins in budding yeasts, despite their con-
served functions.

In some cases, rapid protein divergence driven by posi-
tive Darwinian selection has been detectable through an
elevated ratio of missense to silent nucleotide substitu-
tions (Whitfieldetal. 1993; Leeetal. 1995; Sutton and
Wilkinson 1997). Much more often, however, rapid
divergence appears to reflect the absence of positive or
negative selection. In Drosophila species, a large num-
ber of proteins exhibit very rapid neutral divergence
(Schmid and Tautz 1997). Our analysis of substitutions
in the genes reported here is consistent with rapid neu-
tral evolution of the translational activator proteins. In
this context it is interesting to note that even Pet111p
and Petl122p amino acids that can mutate to suppress
mutations in their target mRNA 5’-UTLs or in other
proteins in the S. cerevisiae genetic system (Costanzo
and Fox 1993; Mulero and Fox 1993a; Brown et al.
1994) are not highly conserved in the other species.

The mitochondrially coded targets of the mRNA-spe-
cific translational activators in the COX2 and COX3
MRNA 5’-UTLs also appear to have evolved rapidly. This
contrasts sharply with the highly conserved mitochon-
drially coded protein sequences, which are known to
evolve more slowly in yeasts than the nuclearly encoded
cytochrome ¢ (Clark-Walker 1991). Even the lengths
(known or predicted) of the 5’-UTLs are quite different
from each other: the COX2 mRNA 5’-UTLs in S. cerevis-
iae, S. kluyveri, and K. lactis are 54, 88, and 226 nt, respec-
tively, while the COX3 mRNA 5'-UTLs in the same spe-
cies are 613, 216, and 140 nt. The only significant
conserved sequence element among any of the 5’-UTLs
is the UCUAA pentanucleotide previously noted in the
COX2 5'-UTLs of S. cerevisiae, K. lactis, Hansenula satur-
nus, and Torulopsis (Candida) glabrata (Hardy and
Clark-Walker 1990); we found the same element in
S. kluyveri. However, while it is clear that other sequences
in the COX2 5-UTL are important functionally in S.
cerevisiae (Dunstan et al. 1997), these are not recogniz-
ably conserved in the other yeasts.

The correspondences of translational activator pro-
teins to their target mMRNAs are conserved in the species
studied here. The phenotypes of S. kluyveri pet111 and
pet122 null mutants and of a K. lactis pet111 null mutant
show that these genes are truly orthologous to their S.
cerevisiae counterparts. The weak functional comple-
mentation of the S. cerevisiae pet122 mutation by S. servaz-
zii PET122 indicates conservation of orthologs in that
species as well. Thus, the proteins and their RNA targets
are coevolving.
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Experimentally, the activator dependence of mito-
chondrial mMRNAs can be altered without eliminating
translation by in vivo expression of chimeric mMRNAs
containing 5’-UTLs and coding sequences derived from
different genes (Muller et al. 1984; Costanzo and Fox
1986, 1988; Poutre and Fox 1987; Rodel and Fox
1987; Mulero and Fox 1993b; Manthey and McEwen
1995). The conservation of the mRNA specificity during
the evolution of budding yeasts—despite this fact and
despite the sequence divergence of the system’s compo-
nents—suggests that the mRNA specificity has adaptive
value in promoting efficient synthesis of respiratory
complexes. The untranslated regions of the COX2 and
COX3 mRNAs play a role in correctly localizing transla-
tion of Cox2p and Cox3p (Sanchirico et al. 1998).
Thus, it seems plausible that the membrane-bound
MRNA-specific translational activators aid in assembly
of the respiratory chain by topologically ordering the
synthesis of key components on the inner membrane
surface.

mRNA-specific translational activation may be a gen-
eral feature of fungal mitochondrial gene expression.
The nuclearly coded Neurospora crassa gene cya-5 is re-
quired at a post-transcriptional step in mitochondrial
expression of Cox1p (Nargang et al. 1978; Coffin et al.
1997). Interestingly, its protein product has significant
sequence similarity to Pet309p, a membrane-bound pro-
tein specifically required for COX1 mRNA translation
in S. cerevisiae (Manthey and McEwen 1995; Manthey
et al. 1998), strongly suggesting that the CYA-5 protein
and Pet309p are orthologous (Coffin et al. 1997). Possi-
ble PET309 orthologs are also present in the currently
available genomic sequences of C. albicans and Schizosac-
charomyces pombe, two fungi for which nearly complete
sequence data are available. Interestingly, the soluble
maize chloroplast translational activator protein CRP1
exhibits sequence similarity to Pet309p (Fisketal. 1999).
There are no significant matches to Petl1lp, Pet54p,
Pet122p, or Pet494p in the available C. albicans and S.
pombe sequences (see materials and methods). How-
ever, given the high divergence we find for these pro-
teins among more closely related species, it seems possi-
ble that orthologs are present in those species but are
difficult to detect by sequence similarity alone.

There is little information on how translation initia-
tion occurs in animal systems. Animal mitochondrial
mMRNAs typically lack 5’-UTLs (Attardi and Schatz
1988). Thus, if translational activation occurs in animal
mitochondria, there must be significant differences in
mechanism compared to fungi. There are no predicted
sequences significantly similar to yeast translational acti-
vators in the C. elegans genome (materials and meth-
ods; Consortium 1998), except for similarity between
Petb4p and the fox-1 gene product (Hodgkin et al.
1994), which is confined to the RRM domain. Thus,
mitochondrial translational activators could represent
a possible target for antifungal drugs.

Estimates of the conservation of gene order between
K. lactis and S. cerevisiae range from 50% (Ozier-Kalog-
eropoulos et al. 1998) to ~74% (Keogh et al. 1998).
While there are not enough data available from S. servaz-
zii or S. kluyveri to make accurate predictions, our results
suggest that the approach of cloning conserved genes
syntenic to highly diverged genes of interest (Kuwabara
and Shah 1994; Agnan et al. 1997) will often be fruitful
for genes of these yeasts.
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