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ABSTRACT 
In Saccharomyces cerevisiae, inactivation  of the  nuclear  gene YMEl causes several  phenotypes  associated 

with impairment of mitochondrial  function. In addition to deficiencies in mitochondrial  compartment 
integrity  and  respiratory  growth, ymel mutants grow  extremely slowly in the absence  of  mitochondrial 
DNA. We have identified two genetic loci that, when mutated, act as dominant  suppressors of the 
slow-growth phenotype of ymel strains  lacking  mitochondrial DNA. These mutations only suppressed 
the slow-growth phenotype of ymel strains  lacking  mitochondrial DNA and  had no effect  on other 
phenotypes  associated  with y m e l  mutations.  One  allele of one  linkage  group had a collateral  respiratory 
deficient  phenotype that allowed the isolation of the wild-type gene.  This  suppressing  mutation was 
in ATP3, a gene  that  encodes  the gamma subunit of the  mitochondrial ATP synthase.  Recovery of two 
of the  suppressing ATP3 alleles  and  subsequent  sequence  analysis  placed  the  suppressing mutations 
at  strictly  conserved  residues  near  the C terminus of Atp3p.  Deletion  of the ATP3 genomic locus 
resulted  in  an  inability  to  utilize  nonfermentable  carbon  sources. atp3 deletion  strains  lacking mito- 
chondrial DNA grew  slowly on glucose  media  but  were not as compromised  for  growth  as ymel yeast 
lacking  mitochondrial DNA. 

E UCARYOTIC cells require  mitochondria  for viabil- 
ity.  Several lines of evidence suggest that this is 

not simply a reflection of a cellular requirement for 
oxidative phosphorylation and electron  transport,  but 
rather reflects a  requirement  for  the  mitochondrial 
compartment.  The  budding yeast Saccharomyces cerevisiae 
is able to grow on fermentable  carbon sources without 
utilization of the electron  transport  chain or oxidative 
phosphorylation.  In fact, this species can tolerate  a par- 
tial deletion or complete  absence of mitochondrial 
DNA (mtDNA) when grown on a  fermentable  carbon 
source (SLONIMSKI et al. 1968). Even so, strains grown 
under such  conditions cannot tolerate  the loss of the 
mitochondrial  compartment. Two  classes of mutations 
that  impair  mitochondrial biogenesis illustrate this fact. 
First, mutations  that  interfere with import of proteins 
into  the mitochondria  arrest cell growth (BAKER and 
SCHATZ 1991).  Second,  conditional  mutations  that pre- 
vent segregation of mitochondria to the  emerging  bud 
result in cessation of growth at  the restrictive tempera- 
ture (MCCONNELL et al. 1990).  Thus, even when elec- 
tron  transport  and oxidative phosphorylation are  not 
required,  the  mitochondrial  compartment is apparently 
essential for yeast  cell growth. 

Other organisms are also able to tolerate the loss  of 
mtDNA, although it is more difficult to separate the  need 
for respiratory capacity from the  need  for  a mitochon- 
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drial compartment.  It is possible to generate animal cells 
that lack  mtDNA by treatment with ethidium bromide 
and  the inclusion of undine  and pyruvate in the culture 
medium (DESJARDINS et al. 1985; KING and A ~ A R D I  
1989). Nuclear mutations at  either of two separate loci 
in Kluyveromyces lactis or S. pombe allow  these organisms, 
usually  inviable in the absence of mtDNA, to grow on 
fermentable carbon sources with no mtDNA present 
( ~ E R  and FOX  1992; CHEN and CLARK-WALKER 
1993).  Thus it appears that  a  number of organisms are 
able to tolerate the loss  of  mtDNA provided certain nutri- 
ent or genetic criteria are met. Presumably, the presence 
of a mitochondrial compartment, with or without 
mtDNA, is essential for viability of all  eucaryotic  cells. 

Although wild-type S. cermisiae is able to grow  with 
mutations of the mitochondrial  genome (rho-), or in 
the absence of  mtDNA (rho'), certain  mutations  impair 
this ability. Mutations in the  nuclear  gene opl ,  which 
encodes  the ADP/ATP translocator, result in both  a 
respiratory deficient phenotype and a  rho-/rho' lethal- 
ity  (KOVACOVA et al. 1968; KOLAROV et al. 1990). Re- 
cently, we have  shown that  mutations in the  nuclear 
gene YMEl cause a number of phenotypes that are 
indicative of dysfunctional mitochondria,  including se- 
verely impaired growth in  the  absence of mtDNA 
(THORSNESS and FOX  1993;  THORSNESS et al. 1993). In 
an  attempt  to  better  understand why mtDNA is so im- 
portant  in  the ymel mutant, even when electron trans- 
port  and oxidative phosphorylation are  not  required, 
we have carried out a  suppressor analysis to identify 
mutations  that would enable ymel rho" double  mutants 
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TABLE I 

Yeast strains 

Strain Genotypeazb Source 

PTY33 
PTY44 
PTY52 
PTY62 
PTY73 
PTY74 
-5 
PTY76 
PTY77 
PTY78 
PTWO 
PTY93 
PTYl 00 
PTYl09 
REY2 
REY3 
777-3A 

MATa ura3-52 ade2 leu2-3,112 tql-Al [rho’, TRPl] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1 [rho’, TRpl] 
MATa ura3-52 lys2 leu2-3,112 trpl-Al ymel-Al::URA3 [rho+, TRPl] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1 ymel-1 [rho+, TRPl] 
MATa ura3-52 lys2 leu2-3,112 trpI-Al ymel-Al::U.3 ATP3-1 [rho’] 
MATa ura3-52 lys2 leu2-3,112 trpl-Al  ymel-Al::URA3 ATP3-2 [rho’] 
MATa ura3-52 lys2 6u2-3,112 trpl-Al yrnel-Al::U.3 ATP3-3 [rho’] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1  ymel-Al::URA3 ATP3-4 [rho‘] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1 ymel-A1::URA3 ATP3-5 [rho’] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1  ymel-Al:: U . 3  W 3 - 1  [rho’] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1 atp3-5 [rho+, TRPl] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1  ymel-A1 ::IIRA3 W 3 - 1  [rho+, TRPl] 
MATa ura3-52 lys2 leu2-3,112 trpl-Al atp3-5 [rho’, TRPl] 
MATa ura3-52 lys2 leu2-3,112 trpl-A1 yrnel-Al::U.3 ATP3-1 [rho+, TRPl] 
MATa ura3-52 lys2 leu2-3,112 tq1-A ATP3::URA3 [rho’, TRPl] 
MATa ura3-52 ade2 leu2-3,112 trpl-A1 atp3-A1  ::LEU2 [rho+, T W l ]  
MATa adel of11 [rho+] 

THORSNESS and Fox (1993) 
THORSNESS and Fox (1993) 
THORSNESS et al. (1993) 
THORSNESS and Fox (1993) 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
THOMAS  D. Fox 

a The mitochondrial genotype is bracketed. 
The allele of ATP3 in PTY‘77,  PTY90 and PTYlOO  is dominant with respect to suppression of the ymel rho’  slow growth 

phenotype and recessive  with respect to an inability of strains bearing that allele to use nonfermentable carbon sources. Hence, 
the “ATP3-5” designation is used when discussing the suppression activity  of that allele and the “atp3-5” designation is used 
when  discussing the inability of strains to  use nonfermentable carbon sources. 

to grow at  a wild-type rate. We demonstrate  here  that 
mutations in the gamma subunit of the mitochondrial 
ATP synthase suppress the rho’  slow-growth phenotype 
associated  with the ymel mutation. 

MATERIALS  AND  METHODS 

Strains, strain constructions  and  genetic  methods: The 
Escherichi coli strain used for preparation and manipulation of 
DNA  was DH5a [F-, endA1, hsdRl7(rk-mk+), supE44, thi-1, A 
recA, gyrA96, relAl, A(argF-hnya), U169, 480 lac ZAM15]. 

The genotypes of the S. cerevisiae strains used in this  work 
are listed in Table 1. Standard genetic techniques were  used 
to construct and analyze the various  yeast strains (SHERMAN 
et al. 1986). 

Media: E. coli containing plasmids  were  grown in LB (log 
bactotryptone, 10 g NaCl, 5 g yeast extract per  liter) plus 
125 pg/ml ampicillin. Yeast  were  grown in complete glucose 
medium (YPD), complete ethanol and glycerol medium 
(YPEG), or minimal glucose medium plus the indicated nutri- 
ents (SD)  (THORSNESS and FOX 1993). Where indicated, 
ethidium bromide was included in SD media at a concentra- 
tion of 25 pg/ml. Ampicillin, ethidium  bromide and nutrients 
were obtained from Sigma. 

Nucleic  acid  techniques  and  plasmid  constructions: Re- 
striction enzymes and T4 DNA  ligase  were purchased from 
Bethesda Research  Labs and New England Biolabs. Standard 
techniques for generating recombinant DNAs and per- 
forming DNA blot hybridizations  were used (MANIATIS et al. 
1982). DNA sequence was determined on double-stranded 
templates using the nucleotide chain termination method 
(SANGER et al. 1977). Templates were generated from pATP3 
[a 1.5-kb XbaI/NdeI fragment in pRs316 (SIKORSKI and HIETER 
1989)] by subcloning with restriction enzymes (see below). 
Several  gaps in the sequence were  closed using synthetic oligo- 
nucleotide primers. 

The polymerase chain reaction was camed  out  on the ATP3 
locus with Taq DNA polymerase. Chromosomal DNA from 

PTY44,  PTY73, and PTYlOO were prepared as described 
(SHERMAN et al. 1986). The oligomers used to amplify ATP3 
had  the sequences: 5’-AACATTATTTTATTTAGTACATATG 
TTGTCAAGAATTGTA-3’ and 5’GTTCTACAAAAACAAC- 
GTG3’. PCR products were purified from an agarose gel and 
ligated into pBluescript (Stratagene) and the sequence of the 
insert DNA determined. 

Isolating suppressors of ymel  rhoo lethali9 Approximately 
2 X lo8 yeast  cells from six independent YF’D cultures of 
the S. cermisiae strain PTY52 (ymel-AI:: URA3) were  used  to 
inoculate 500  ml  of SD media containing 25 pg/ml  ethidium 
bromide. These cultures were  grown  to saturation at 30”  over 
several days. Ten milliliters of each culture were transferred 
to 1 liter of fresh SD media containing 25 pg/ml ethidium 
bromide. These cultures were  also incubated at 30”  with  vigor- 
ous shaking until grown to saturation, which for several of 
the cultures required 10 days. A sterile loop was used to streak 
a sample of these cultures to single colonies on SD plus  25 
pg/ml ethidium bromide plates. A single  fast-growing  colony 
was isolated from each culture and colony purified by re- 
streaking on SD plus 25 pg/ml ethidium bromide plates three 
times. These six independent revertant strains were  desig- 
nated PTY73-PTY78. 

Isolation of ATP3 DNA: The atp3-5 suppressor had a reces- 
sive collateral phenotype, an inability to grow on nonfer- 
mentable carbon sources. The yeast strain PTYlOO, bearing 
the atp3-5 and ura3-52 mutations was transformed with a 
YCp5O-based genomic library (ROSE et al. 1987). Approxi- 
mately 10,000 Ura+ transformants were obtained, replica 
plated to WEG, and incubated at 30”.  Two transformants were 
capable of growth on WEG. Recovery and restriction analysis 
of one of the plasmids, pYNT2, identified a 6.4kb chromo- 
somal fragment carried on the plasmid. Subsequent subclon- 
ing and transformation of P T Y l O O  defined a 1.5-kb fragment 
that complemented atp3-5. 

RESULTS 

Effects of ethidium  bromide on growth of wild type 
and mutant yeast strains: Wild-type, opl, and y m e l  mu- 
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A. ymel -1  - SO 

w i l d  t y p e  

wi ld type  

FIGURE l.--Loss of mitochondrial DNA inhibits growth of 
opl and ywl  mutant yeast.  Yeast  bearing  the  point mutation 
ywl-I (P'N62), the null mutation ymel-AI::URA3 (PTY52), 
the opl mutation (777-SA), and a wild-type yeast strain (PlY44)  
were  streaked on either a .synthetic glucose plate (A) and incu- 
bated for 3 days or a .synthetic  glucose plate containing 25 pg/ 
ml ethidium bromide (B) and incubated at 30" for 7 days. 

tant yeast were cultured on synthetic glucose media 
containing 25 pg/ml  ethidium  bromide (Figure 1). 
Growth of yeast  in the presence of ethidium  bromide 
leads to  the rapid loss of  mtDNA (SLONIMSKI et al. 1968). 
Previous  work has demonstrated  that opl yeast strains 
rapidly become inviable when mtDNA  is lost (KOVA- 
COVA et al. 1968). As shown in Figure 1, the loss of 
mtDNA  as a result of culturing in the  presence of ethid- 
ium bromide completely inhibits growth of opl yeast. 
Growth of y m l  strains in the presence of ethidium bro- 
mide is also severely inhibited,  although y m l  rho' 
strains are still  viable. It was previously reported  that 
y m l  cells became inviable if the cells became rho-  or 
rho" (THORSNESS at al. 1993). In the original experi- 
ments, yml rho" strains were incubated  for 3 or 4 days. 
We have found  that y m l  rho" mutant strains form visi- 
ble colonies on agar plates only after 7-10  days of incu- 
bation at 30". 

Isolation  and  genetic  characterization of second-site 
suppressors of ymel rhoo  slow-growth  phenotype: To 
identify suppressors of the y m l  rho" slow-growth phe- 
notype, a y m e l - A 1 : :  URA3 mutant  strain was cultured 
in SD media containing 25 pg/ml  ethidium  bromide. 
Six independent revertant strains were isolated that 

ymel-,1l::UtlR3 YNT3- 1 

FIGURE 2.-Suppression of the y w l  rho"  slow-growth phe- 
notype by ATP3-1 and MvT3-I. Yeast cells were  streaked 
onto synthetic glucose media containing 25 pg/ml  ethidium 
bromide and incubated at 30" for 4 days. Wild type (PTY44); 
y ~ l - A l : : U R A 3 ( ~ 2 ) ; y ~ l - A l : : U R A 3 A T P 3 - I  (PlY109); 
Yml-Al::  URA3  YNT3-I (PTY93). 

grew  as well as wild-type  yeast on minimal media con- 
taining glucose and ethidium bromide. Only the slow- 
growth phenotype  found in y m l  rho' strains was s u p  
pressed in these revertant strains (Figure 2). Other phe- 
notypes associated with y m l  mutations (THORSNESS et 
al. 1993),  a high rate of DNA escape from mitochon- 
dria,  temperaturesensitive growth on nonfermentable 
carbon sources, and coldsensitive growth on rich  glu- 
cose media, were not suppressed in these revertant 
strains (Figure 3). There  are two possible ways to s u p  
press the slow growth of a yml mutant when cultured 
in  the  presence of ethidium  bromide:  a  genetic  change 
that allows y m l  cells to grow well in the absence of 
mtDNA or a  genetic  change  that allows the yeast to 
maintain its  mtDNA despite  the  presence of ethidium 
bromide. A  mutation has been  reported  that partially 
prevents loss of  mtDNA when cultured in low concen- 
trations of ethidium  bromide (CHOW and KUNZ 1991), 
however no strains of S. cermisiae have been  reported 
that are resistant to the loss of mtDNA in the presence 
of 25 pg/ml  ethidium  bromide. Additionally, our re- 
vertants were unable to utilize nonfermentable  carbon 
sources  such as ethanol or glycerol for growth and did 
not form respiring diploids when mated to a rho'  of 
opposite  mating type. Thus, these isolates had  appar- 
ently lost at least some of their mtDNA and were in fact 
suppressing the slow-growth phenotype associated with 
the y m l  rho' double  mutant. 

Each suppressed strain was backcrossed to the iso- 
genic parent strain ( y m l - A  1 : : URA3) of opposite mat- 
ing type. For all  of the strains, the suppressing mutation 
allowed growth of the homozygous y m l - A  I : : URA3 d i p  
loid strain in the presence of ethidium  bromide, indi- 
cating  that the suppressor was dominant. When the 
suppressed strains were crossed to each other, sporu- 
lated and  the tetrads dissected, two linkage groups were 
identified. Five  of the isolates, €"73-F?T77,  were s u p  
pressed by virtue of a  mutation  occurring in a  gene 
designated ATP3 (for reasons described below). The 
mutation in the sixth isolate (F'TY78) occurred in a 
gene  designated MvT3 (Figure 2). Both ATP3and yNT3 
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R.  yme 1 - A  1 : : U R R 3  

ymel-.11::URR3 YNT3- 1 

FIGURE J."suppressors of the ympl rho" 
slow-growth  phenotype do not  suppress 
other ymp1 phenotypes. (A) Detection  of 
DNA escape  from  mitochondria  to  the  nu- 
cleus. Confluent  sectors were  grown on rich 
glucose  medium,  and  replica  plated  to SD 
medium supplemented with adenine, ura- 
cil and lysine (the plate shown in the fig- 
ure) to detect  Trp'  colonies  resulting from 
the escape  of TRPI from  mitochondria. 
The plate WAS photographed  after 5 days 
incubation  at 30". (B) Growth  phenotypes 
associated with wild-type and ymel yeast. 
Yeast strains with the  indicated  phenotypes 
were  Datched onto rich  glucose  media 
(YPD)' and  transferred t i '  rich  glucose 
media or to  rich  ethanol/glycerol  media 
(YPEG). The plates  were then  incubated 

for  cells  grown at 37". and  for 5 days for 
cells grown at 14". Wild type (F'lY44); 

B. Growth  Media and incubation Temp. for2daysforcelIsgrownat3O0,threedays 

Releuant  Nuclear YPD Y P E G  Y P E G  YPD 
Genotype  at 38" a t  38" a t  37"  a t  14" - - - - ympI-AI::URAjl (pTy52); ymeI-AI::UW3 

ATP3- I (PTYIOS) ; ym1-A 1 : : Ut43 W 3 -  
wild type I ( r n 3 ) .  

yme 1 - A  1 : :URR3 

yme 1 - A  1 : :URR3 a r ~ 3 -  1 

yme 1 - n l : : U R R 3  YNT3- 1 

are unlinked to YMI:'I, because unsuppressed yml-  
A I  : : URA3 spores were recovered in a backcross to an 
isogenic wild type. 

In addition to the  dominant suppression of the ymel 
rho') slow-growth phenotype, some ATP3 alleles exhih 
ited collateral phenotypes. Yeast strains carrying the 
ATP3-5 suppressor allele had an intrinsic, recessive 
phenotype:  the inability to use nonfermentable  carbon 
sources for growth (Figure 4). This  phenotype was inde- 
pendent of 

wtlpRS316 

the genotype of the- Y M 1 .  locus. Yeast 

atp3-5/pflTP3 - YPEG 

strains that carried either ATP3-3or ATP3-4and y m l  
grew poorly on nonfermentable  carbon sources. This 
recessive phenotype was linked to the ATP3-3 and 
ATP3-4  loci and was not evident if the strains had  a 
wild-type YMEI gene. Yeast strains carrying the ATP3- 
1 and ATP3-2 alleles had no collateral phenotypes. 

To test whether  the suppressors of the yml rho" slow- 
growth phenotype were more  general suppressors of 
rho" lethality, we tested whether ATP3-1 could s u p  
press the rho" lethality associated with mutations in $1. 
The opl mutation results in the loss of the  mitochon- 
drial ADP/ATP translocator (KOLAROV et al. 1990), and 
strains bearing  the opl mutation are very sensitive to 
the loss of mitochondrial DNA and  do  not grow  in the 
presence of ethidium  bromide (Figure 1). An opl strain 
was crossed to  a strain bearing  the ATP3-5 suppressor 
allele. The resulting diploid was sporulated and  four 
complete tetrads displaying cosegregation of the respi- 
ratory growth defect phenotypes of the opl and ATP3- 
5 alleles (nonparental ditype tetrads) were  assayed for 
the ability to grow  in the  presence of ethidium  bromide. 
Those  spores containing: both the ob1 and ATP3-5  al- 

FIGURE 4.--<:omplementation of the intrinsic  respiratory leles (the nonrespiring  spores in the  nonparental &type 
Y 

defect Of ntP3-5 'Y the 'Ioned gene. Yeast 'On- tetrads) were unable to grow  in the  presence of &id- 

ment of the ATP3  locus  (pATP3) or the vector  (pRS316) were ium bromide. We thus that ATP3-5 did not 
taining a plasmid bearing the minimal complementing frag- 

cultured on rich  media containing ethanol and glycerol as suppress the  lethal  consequences  of the loss of mtDNA 
carbon sources. atj13-5/pATP3  is  yeast strain PlY100  con- in an opl strain. 
taining the pATP3  plasmid.  ntj13-5/pRS316  is  yeast strain 
P T Y I O O  containing the vector.  wt/pRS316 is the wild-type 

Isolation and characterization of the ATP3 gene: The 

yeast strain PTY44 containing the vector. The cells  were  incu- ATP3-5 suppressor  had  a recessive collateral pheno- 
bated on rich ethanol glycerol  media (YPEG) at 30" for 4 w e ,  an inability to grow on  nonfermentable carbon 
days. 

., , 
sources. This phenotype  enabled us to isolate a comple- 
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Atp3p (Yeast) MLSRIVSNNA TRSVMCHQAQ VGILYKTNPV R 
UncG ( E .  coli) 

Atp3p (Yeast) 
Un& ( E .  coli) 

Atp3p (Yeast) 
UncG ( E .  coli) K T D R G L C  a 
Atp3p (Yeast) 
UncG ( E .  coli) Z g F F N S  VW&W 

Atp3p (Yeast) 

I TSDKGLC 

-THP MNI INGI 

Atp3p  (Yeast) 
UncG ( E .  coli) 

Atp3p  (Yeast) 311 
UncG ( E .  coli) 281 

FIGURE 5.-Alignment of Atp3p and UncG amino acid sequences. Identical and highly  conserved  amino acids are  boxed. 
The  conserved threonine that is changed  to an alanine in strains bearing the a+'-5 allele is marked (*). The  conserved 
isoleucine  that is changed to a threonine in strains  bearing  the ATP3-1 allele is  marked by (-). The Atp3p and UncG  (gamma 
subunit of the ATP synthase from E. coli) amino acid sequences  were  aligned  using the computer  program  Geneworks 2.2 from 
IntelliGenetics.  The  annotated ATP3 sequence can be found in GenBank, accession number U08318.  The UncG sequence is 
from  (Saraste et al. 1981).  Similarities: L = I = V; K = R; S = T. 

menting plasmid that  contained  the wild  type form of 
the suppressor  from a yeast genomic library. The yeast 
strain PTYl00, bearing the atp3-5 and uru3-52 muta- 
tions was transformed with a YCp50-based genomic li- 
brary (ROSE et al. 1987). Approximately 10,000 Uraf 
transformants were obtained, replica plated to WEG, 
and incubated  at 30".  Two transformants were capable 
of growth on YPEG. Total DNA  was prepared from these 
transformants, and  their plasmids were recovered by 
transformation of E. coli. Reintroduction of these plas- 
mids into PTYl00 demonstrated  that they comple- 
mented  the inability to utilize nonfermentable  carbon 
sources caused by atp3-5. Restriction analysis  of these 
plasmids revealed them to be identical. Further analysis 
of this plasmid, pYNT2, revealed a 6.4kb insert. Analysis 
of subclones identified a 1.5-kb XbaI/NdeI fragment 
(pATP3) complemented  the atp3-5 mutation  (Figure 
4). This  fragment was inserted  into  the  integrating 
URA3 vector pRS306 (SIKORSKI and HIETER 1989). The 
resulting plasmid, pRE3, was linearized within the  insert 
using the restriction endonuclease Pml. This linear 
DNA  was used to transform the wild-type strain PTY44. 
A  Ura+  transformant, REY2, was mated to the atp3-5 
strain PTY90, and  the resulting diploid was sporulated. 
There were no recombinants  among 20 tetrads that 
exhibited  both uracil prototrophy  and  an inability to 
grow on  nonfermentable  carbon sources, indicating 
that the cloned  chromosomal DNA corresponded to 
the ATP3 locus. 

The 1.5-kb fragment  that  complemented  the atp3-5 
mutation was subcloned into  the plasmid pBluescript 
and sequenced on  both strands. This sequence  had a 
single large open  reading  frame of 933 nucleotides that 
encoded a protein of 311 amino acids with a  predicted 
relative molecular weight of  34,000 D (Figure 5). The 
amino acid sequence  of  the  predicted  protein was used 

to search sequence  data bases (BILOFSKY and BURKS 
1988). Significant homology between this ORF and  the 
gamma subunit of the  mitochondrial ATP synthase 
from many different organisms led us to name  the  gene 
ATP3. A comparison of the  sequence of Atp3p and  the 
gamma subunit of  ATP synthase from E. coli is shown 
in Figure 5. ATP3 has also been  independently  cloned 
by another research group  (PAUL et al. 1994).  The yeast 
genome  sequencing effort has revealed ATP3 to be lo- 
cated on  the right  arm of chromosome ZZ (H. FELD- 
MANN, unpublished data). 

Characterization of suppressing  mutations in ATP3: 
Total genomic DNA  was prepared from wild-type 
(PTY44), ATP?-I (PTY73) and atp3-5 mutant yeast 
(PTY100) , and  the ATP3 locus was amplified by the 
polymerase chain reaction (PCR).  The PCR products 
were cloned  into pBluescript and  the sequence of three 
independent plasmids derived from the wild-type and 
mutant strains was determined.  The only difference in 
sequence between the wild-type ATP3 locus and  the 
mutant atp3-5locus occurred in codon 297  of the ATP3 
open reading  frame. The first position had  been 
changed from an A to a G, resulting in a threonine 
codon  being  replaced by an alanine  codon.  Therefore, 
both  the  dominant suppression of the ymel rho" slow- 
growth phenotype and  the recessive inability to  utilize 
nonfermentable  carbon sources in the atp3-5 strain 
resulted from a threonine to alanine  change  at  amino 
acid 297 in Atp3p. The ATP3-I locus was also changed 
at a single site in the 3' end of the  open  reading frame. 
The  change,  a  T to a C, occurred  at the second position 
of codon 303 and converted a conserved isoleucine to 
a threonine. This change in the ATP?-I allele was able 
to suppress the ymel rho" slow-growth phenotype with- 
out having a detectable affect on  the ability  of strains 
bearing this allele to utilize nonfermentable  carbons 
sources. 
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fl. atp3-5 SDtCtbr 

wild  type 

FIGURE 6.--C;rowth o f  rho" yeast hearing n u l l  alleles of 
ymel or ntp3. Yeast  were strcakctl o n  synthctic  glucose  media 
containing 25 pg/ml ethidium  bromide and grown for 4 clays 
at 30" and  thcn  rcculturecl o n t o  the same  media.  Singlc coltr 
nies  arising on these plates after 7 days (A) were t h r n  picked 
and streaked on the W D  plates (D) and grown for 4 days a t  
30". Reculturing yeast in the ethidium bromide containing 
media generates rho" strains. n1j13-5 (P?y100); rrLj13- 
A l : : I X U 2  (REY3); ynrI-Al::  UIU? ( P T Y X ) ;  wild type 
(P-IY44). 

Generation and characterization of an atp3 null muta- 
tion: To determine  the  phenotypic  consequences of an 
ATP3 null mutation ( d p - A  l::IJW2), 635 nucleotides 
of ATP3 coding  sequence,  including  the  initiating me- 
thionine, were deleted  and replaced by the I"J2  gene. 
The resulting DNA fragment  carried IJW2 flanked by 
-345 nucleotides of 5' ATP3 sequence,  and -525 nu- 
cleotides of 3' ATP3 sequence  (including  the  Ctermi- 
nal 214 codons).  This DNA, in a  linear  form, was used 
to transform the wild-type strain PTY33. Several Leu+ 
transformants were purified and analyzed. Each of the 
transformants displayed a  respiratory  deficient pheno- 
type. Although nti13-Al:: ZXU2 mutants were able to 
grow in the presence of ethidium  bromide, these  strains 
grew very poorly after this treatment,  indicating  that 
ntf13-A 1 :: ZJW2 mutants  also displayed a  rho" slow- 
growth  phenotype. The nlp3-A I: : LAY2 rho" slow- 
growth phenotype was intermediate between  a wild-type 
strain and a ymel rho" double  mutant  (Figure 6). The 
yml-A 1 : :  URA3  ntp3-A 1 : :  IJW2 strain grew very slowly 
on any  media  (data  not  shown). We have found  that 
atp3-Al::   ILU2 strains rapidly become  rho- or  rho". 
The y m l - A  1 : : URA3 c11p3-A I : : I,I.:U2 strains are thus 
likely to be slow growing as a consequence of rho-/ 
rho"  formation in the ymelA background. 

DISCUSSION 

To better  understand  the slow-growth phenotype of 
y 1 w 1  rho" double  mutants  and  the  general  phenome- 
non of rho" lethality, we have undertaken a  genetic 
analysis t o  isolate second  site  suppressors of the slow- 
growth phenotype in ynr l  rho" yeast. Using this a p  
proach we have isolated several strains  that have a  domi- 
nant  suppressing  mutation in the  gamma  subunit o f  
the  mitochondrial ATP synthase (AtpJp). Mitochon- 
drial ATP synthase  can  be  separated into two distinct 
multisubunit  complexes,  the  soluble  Fl and  the mem- 
brane-bound FCl. The gamma  subunit is an  important 
constituent of FI , playing a  role in assembly o f  the syn- 
thase and in the synthesis or hydrolysis of ATP by F, 
(PICDEKSEN and AMZEI. 1993). I t  has also been impli- 
cated in controlling  the flow of protons  through  the 
membrane via  F,, (ZANOTTI PI nl. 199'2). The mutations 
we identified in ATP3 that suppress the slowgrowth 
phenotype of ?me1 rho"  strains do  not suppress  any of 
the  other  phenotypes associated with a y m p l  mutant 
(Figure 3), including  an increased  rate of DNA escape 
from  mitochondria to the ntlcleus  (TIK)KSNL.:SS and  Fox 
1993) and morphological  changes  seen in mitochon- 
dria of a y m p l  strain (CXMI"U et nl. 1994).  Deletion 
of the ATP3 locus renders a  haploid yeast strain unable 
to utilize nonfermentable  carbon sources. Yeast con- 
taining  a  deleted ATP3 locus and lacking mtDNA also 
grow very slowly (Figure 6 ) .  

Sequence  elements  contained within Ymelp  and sim- 
ilarity of Ymelp to a family of 26s protease  subunits 
have led 11s to propose  a  model in which Ymelp is 
an ATP- and zinc-dependent  protease (CAMIWLI. Pf nl. 
1994). Our  data is consistent with the putative Ymelp 
protease  acting  either as a  processing  enzyme to modify 
protein  substrates or  as a  protease  responsible  for the 
turnover of excess or  damaged  proteins.  This  latter 
model assigns a  function  for  Ymelp  analogous  to  that 
postulated for a closely related  homologue, YtalOp. 
This yeast protein is proposed to have a  direct  role 
in the proteolytic  breakdown of membrane-associated 
polypeptides in mitochondria (Pq~c:  PI nl. 1994). 

The accumulation of unprocessed, defective, or  ex- 
cess mitochondrial  proteins in yeast lacking Ymelp 
could  result in the  pleiotropic  phenotypes observed in 
ymelA strains. Modification of the gamma-subunit by 
mutation  compensates  for  some  undefined  defect in 
mitochondrial  metabolism,  perhaps in the FI-ATPase 
itself, that is evident when ympl  yeast lack mtDNA. Con- 
version of a strictly conserved threonine residue (thr- 
297)  to  alanine or conversion of an isoleucine  residue 
(ile-303) to threonine  near  the C terminus of Atp3p 
are two examples of ATP3 mutations  that bypass the 
need  for  Ymelp  (Figure 5 ) .  Strikingly similar  mutations 
affecting uncG (the gamma  subunit of ATP synthase) 
have been isolated in I:: coli. Conversion of threonine- 
273 (corresponding to the conserved threonine 
changed in the ATP3-5allele) to serine  and conversion 
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of isoleucine-279 (corresponding to the conserved iso- 
leucine  changed  in ATP3- 1)  to  threonine, suppress the 
effects of a  mutation  near the amino-terminus of the 
uncG gene  product (NAKAMOTO et al. 1993). 

In ymel rho+ strains, the biochemical defect(s) affect- 
ing  the  mitochondrial ATP synthase are  either  absent 
or less critical as this complex is functional: ymel rho+ 
yeast can grow on  nonfermentable  carbon sources at 
30" (Figure 3 ) .  However, in ymel rho' strains, improper 
processing or accumulation of some mitochondrial pro- 
t e in (~ )  is  very deleterious,  perhaps because the  higher 
order  structure or activity  of the F1 complex is not main- 
tained or properly  regulated. Rho' and  rho- yeast 
strains lack important  structural  proteins  for  the Fo por- 
tion of the  mitochondrial ATP synthase (mitochondrial 
encoded  genes ATP6, 8, and 9).  Perhaps  interactions 
between Fo and F1 complexes result in a sufficiently 
stabilized structure or regulated activity of an F1 com- 
plex compromised by the lack  of Ymelp activity. 

Biochemical and genetic analysis  of bacteria has led 
to the conclusion that  the  gamma  subunit of  ATP syn- 
thase is important in regulating  proton flow through 
the  proton  channel (ZANOTTI et al. 1992). Presumably, 
Atp3p plays a similar role in mitochondria of  yeast in 
rho' strains. However, in rho' strains this is an unlikely 
role for Atp3p because the mitochondrial  encoded sub- 
units of the FO proton  channel  are  not  present,  and 
electron  transport does not occur. Recently, it has been 
shown that the gamma  subunit of the  mitochondrial 
ATP synthase from S. cerevisiae is involved in the assem- 
bly/stability  of the FI portion of the ATP synthase (PAUL 
et al. 1994).  Our  data suggest that Atp3p is also  im- 
portant  in cells that  are  not respiring. The observation 
that suppression of  slow-growth in ymel rho' yeast  oc- 
curs  in  a  dominant fashion suggests an active role for 
Atp3p and  the F1 complex of  ATP synthase in the 
proper functioning of mitochondria in rho'  yeast. The 
observation that strains lacking Atp3p also  display a 
slow-growth phenotype when mitochondrial DNA is ab- 
sent provides additional evidence of a  function  for 
Atp3p in rho'  yeast. The simplest explanation  for these 
data is that  the F1 complex, even in  the absence of a 
recognizable Fo complex, plays a role in mitochondrial 
metabolism. This role presumably involves an assem- 
bled FI complex in  the soluble fraction of the  mitochon- 
drial matrix. However,  it is not clear what biochemical 
role a F, complex would  play in rho' mitochondria. 
CLARKSON and POYTON (1989) have  shown that  pertur- 
bations  in  the  proton  gradient affect the biogenesis of 
cytochrome oxidase subunit 11. Perhaps, in an analo- 
gous fashion,  mutations  affecting  the  structural integ- 
rity or activity  of the ATP synthase have pleiotropic 
effects on mitochondrial  function. 
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