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ABSTRACT 
In a previous report, we found  that mutations at  the mitochondrial genome integrity locus, MGZI, 

can  convert Kluyveromyces lactis into a petite-positive yeast. In this report, we describe the isolation of the 
MGZl gene  and show that  it  encodes  the @subunit of the mitochondrial F1-ATPase. The site of mutation 
in  four  independently isolated mgil alleles is at Arg435, which has changed  to Gly in  three cases and 
Ile in  the  fourth isolate. Disruption of MGZI does not lead to  the  production of mitochondrial genome 
deletion  mutants, indicating that  an assembled F1 complex is needed  for  the “gain-of-function” pheno- 
type found  in mgil point mutants. The location of Arg435 in the P-subunit, as deduced from the three- 
dimensional structure of the bovine F,-ATPase, together with mutational sites in  the previously identified 
mgi2 and mgi5 alleles, suggests that interaction of the p- and a- (MGZ2) subunits with the y-subunit 
(MGZ5) is likely to be affected by the mutations. 

S accharomyces  cereuisiae and some related yeasts  readily 
produce respiratory deficient mutants (petites) 

spontaneously and  on treatment with  DNA targeting 
drugs (EPHRUSSI 1953; BULDER 1964a,b; DE DEKEN 
1966;  CLARK-WALKER et al. 1981). Such mutants lack 
mtDNA or have large deletions in this genome (FAYE 
et al. 1973). By contrast, most  yeasts and all other eukary- 
otes do  not lose their mtDNA on exposure to mutagens 
(BULDER 1964a,b; DE DEKEN 1966). However, it has 
been  found in the petite-negative yeasts Kluyveromyces 
lactis ( CHEN and CLARK-WALKER 1993) and Schizosacchro- 
myces  pombe (HAFFTER and FOX 1992) that mutations in 
nuclear genes permit mitochondrial genome  deletion 
mutants to be obtained. For K. lactis, we named these 
nuclear genes MGI for mitochondrial genome  integrity 
because we imagined that  their  function could be to 
prevent ectopic recombination in  mtDNA leading to 
deletions  (CHEN and CLARK-WALKER 1993). However, 
contrary to our expectations, we have found  that two 
MGI genes in K.  lactis encode  the a- and y-subunits of 
the  mitochondrial inner membrane FIFO-ATP  synthase 
(CHEN and C L A R K - ~ ~ K E R  1995). 

The mitochondrial FIF,-ATP synthase is involved in 
energy conversion in eukaryotic cells by using a pro- 
tonmotive force,  generated across the  inner  membrane 
during respiration, to drive the synthesis  of ATP (for 
review, see CROSS  1981; SENIOR 1988;  FUTAI et al. 1989; 
FILLINGAME 1990; COX et al. 1992; HATEFI 1993). Yeast 
mitochondrial FIFO-ATP synthase consists of two essen- 
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tial domains, namely, the extrinsic and intrinsic mem- 
brane complexes, F1 and F,. When protons move from 
the  intermembrane space to the matrix side of the in- 
ner  membrane  through F,, the released energy is trans- 
mitted to F1  by conformational changes in the complex 
to catalyze  ATP  synthesis. The F1 portion of the complex 
contains the catalytic site for ATP synthesis and is 
composed of  five proteins with the stoichiometry 
3a:3P:1 y:l&lc. In contrast to the F, sector, where three 
genes for subunits 6, 8 and 9  are  present in yeast 
mtDNA,  all  five subunits of  F1 are  encoded by the nu- 
clear genome. In Escherkhia coli, the  a-subunit of  F1 has 
been proposed to be involved in nucleotide binding 
and enzyme  cooperativity as  well  as in the  binding of 
F1 to F, (MAGGIO et al. 1988;  SOGA et al. 1989) while the 
P-subunit contains the catalytic site (FUTAI and KANA- 
ZAWA 1983). The y-subunit has been implicated in the 
assembly of  the ATP synthase in yeast (PAUL et al. 1994), 
the synthesis or hydrolysis of  ATP and the  control of 
proton flow through  the  membrane via  F, in chloro- 
plasts and E. coli (WEISS and M c C m n  1977; MORONEY 
and MCCARTY 1979; MORONEY et al. 1980;  IWAMOTO et 
al. 1990; SHIN et  al. 1992). 

At present, it remains unclear how mutations in F1 
subunits of the mitochondrial ATP synthase  affect re- 
covery  of petites in K. lactis. However, it has been  found 
that specific mutations in MGI2, encoding  the a-sub 
unit, and MGI5, encoding  the y-subunit are  needed 
as disruption of either  gene  does  not lead to a Mgi- 
phenotype  (CHEN and CLARK-WALKER 1995). These ob- 
servations qualify the mgi2 and mgi5 alleles  as  “gain-of- 
function” mutations. In  other words, the F1 complex 
with a  mutant a- or y-subunit, has gained a novel func- 
tion that permits the recovery  of petites. 
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TABLE 1 

Genotype  and  source of yeast strains 

Strain Relevant genotype  Source or reference 

K. lactis 
2359,' 152 a, metA1 WESOLOWSKI-LOWEL et al. (1982) 
WM52 a ,  adel, adeX, his7 TINGLE et al. (1968) 
WM52/Gly-2.10 as above, but mgil-1, [p"]  CHEN and CLARK-WALKER (1993) 
WM52/Gly-23.4 as above, but mpl-2, [p"] CHEN  and CLARK-WALKER (1993) 
PM6-7A a, adeT-600, uraA1 CHEN et al. (1992) 
PM67A/UVI as above, but mgil-3, [p"]  This study 
PM6-7A/ER27 as above, but mpl-4, [p"]  This study 
CW1 as above, hut mgil::URA3 This study 
CWlO a/a, adel/+,  lysAl/+, uraAI/uraAI, +/adeT-600, MGIl/mgil- This study 

l::pMGI1/2.10 
CK141A a, his7 This  laboratory 
CK241D a, Ade-, his7, uraAl,  mpl-2 CHEN  and CLARK-WALKER (1993) 
CK56-7A a ,  adel, lysAl, uraA1, mgil-1 This study 
CK56-7A/tr3 a ,  adel, lysAl, uraAl,  mgil-l::pMGIl/2.10 This study 
CK56-16C a, adel, lysA1, u r d 1  This  laboratory 

CK98-8A/trl a, adel, metA1, uraA1, mgil-3::pMGIl/2.10 This study 

CK151-1 a, adel, lysA1, uraAl,  mpl-4 This study 
CK188b a,, adel, metA1, uraAI,  mel-3, MGI2::fiURAMGI2/HPl This study 
CK197 a/a, adel/+,  lysAl/+, +/adeT-(iOO, uraAI/uruAl,  +/mgil-4 This study 
CK197-4D a, lysAl, uraAl, mgil-4 This study 
CK197-13A a, adel, uraA1, mgil-4 This study 

CK98-8A a ,  adel, metA1, uraAl, mgil-3 This study 

CK145-22A a, adel, uraAI, mgi5-1 CHEN and CLARK-WAI~KER (1995) 

CK208 a, adel, metA1, uraA1, mpl-3, MGI5::pURA-MGI5 This study 
CK218-11c a, his7, mpl-4 This study 
cK217 a ,  adel,  uraAl, mgi5-1, mgil::URA3 This study 
CK218 a / a ,  adel/+, uraAl/+, +/his7, mgtl-4/+ This study 
CK225 a, adel, lysA1, uraAl, mpl-1, mgi5::URA3 This study 
CK226 a, adel, metA1, uraA1, mgil-3, mgi5::URA3 This study 
CK227 a ,  adel, uraA1, mgil-4, mgi5::URA3 This study 
CK261 a/a, adel/+,  metAl/+,  uraAl/uraAl, +/adeT-600, mpl-3/mgi1-4 This study 
cK277 a/a, adel/+,  metAl/+,  uruAl/uraAl, +/adeT-600, MGIl /mpl -  This study 

3::pMGIl/  2.10 
S. cereuisiae 

MDYZ 1 02 a, h 2 - 3 ,  112, ura3-52, suc2-9, his4-519, ga12,  atp2::LEUZ M. DOUGLAS 
AH22 a, h 2 - 3 ,  112, his4 G. FINK 

As the F, complex is composed of  five different sub- 
units our observations raise a question as to whether 
mgi mutations are confined to the a- and y-subunit 
proteins? Here we report  that mutations occurring in 
the ,&subunit also produce  a Mgi- phenotype. This re- 
sult supports the  idea  that  a Mgi- phenotype is con- 
ferred by an assembled but  abnormal F1 particle. The 
location of the mutations in the  central core regions of 
the a- and /3-subunit proteins suggests that  their interac- 
tion with the y-subunit is affected. 

MATERIALS  AND METHODS 

Strains and media: Yeast strains used in this study are listed 
in  Table 1. The S. cerevisiae strain, MDY2102, contains an 
insertional  mutation of ATP2 and was kindly provided by 
D. M. CYR from  the collection of M. G. DOUGLAS. 

The  complete  medium (GYP) contains 0.5% Bacto yeast 
extract, 1% Bacto Peptone,  and 2% glucose. Glycerol medium 
(GlyW)  contains 2% glycerol in place of glucose. Minimal 

medium (GMM) contains 0.67% Difco yeast nitrogen base 
without amino acids and 2% glucose. Nutrients essential for 
auxotrophic strains were added  at 25 pg/ml  for bases and 50 
pg/ml for amino acids. Ethidium bromide (EB) medium is 
GYP plus EB at 16 pg/ml. For sporulation of K. luctis, ME 
medium  contains 5% malt  extract and 2% Bacto agar. 

Isolation of additional q ' l  mutants and  nomenclature: In 
a previous report, we described the isolation of two mutant 
alleles, mgzl-l and mgil-2, derived  from WM52/gly-2.10 and 
WM52/gly-23.4 (CHEN and CIARK-WALKER 1993). In this 
study, we identified two novel m p l  isolates. The first one, 
PM6-7A/Wl, was identified as a Gly-, [p"]  colony after ultra- 
violet light  mutagenesis of PM6-7A followed by EB-margin-of- 
growth treatment as described  in  a previous paper  (CHEN 
and CLARK-WALKER 1995). Lack  of  mtDNA in  the isolates was 
confirmed by gel electrophoresis of  DNA digested with Hue111 
followed by Southern transfer and hybridization with [32Pl- 
labeled K. lactis mtDNA. The presence of a mgi mutation  in 
PM6-7A/UVl was demonstrated by crossing to the wild-type 
strain WM52, followed by successive crossing of the resulting 
Mgi- segregants to 2359/152 and PM6-7A. In the  three 
crosses, the Mgi- phenotype  segregated  2+:2-  in all 26 tetrads 
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analyzed, indicating that  the mgi mutation is a nuclear mono- 
genic trait. As this mgi isolate is allelic to mgil (see  below), it 
was designated mgil-3. The  second mgil isolate, PM67A/ 
ER27, was obtained as a EB-resistant colony after incubation 
of PM67A for 19 days at 28” on GYP medium  containing 16 
,ug/ml EB. For the purification of the mgi allele, PM67A/ 
ER27 was crossed to the wild-type strain CK56-16C. After spor- 
ulation,  one of the  random spores, CK151-1,  was crossed to 
PM6-7A to give the diploid CK197. After sporulation of the 
diploid CK197 a Mgi- segregant, CK197-13A,  was crossed to 
CK141A to produce  the diploid CK218. The mgi mutation 
segregated 2+:2- in all tetrads analyzed (21 from CK197 and 
20 from CK218). This  mutation also fell into  the MGZl locus 
(see below) and was designated mgil-4. 

Manipulations of K. la&: Genetic  techniques  used to con- 
struct and analyze K. lactis strains have been described  in  a 
previous paper  (CHEN  and CLARK-WALKER 1994).  Random 
spore analysis was performed as previously reported (CHEN 
and CLARK-WALKER 1995).  Spontaneous petite  frequency was 
determined  according to CHEN and CLARK-WALKER (1993). 
Transformation of K.  lactis was performed by the lithium ace- 
tatedimethyl sulfoxide method (HILL et al. 1991; GIETZ et al. 
1992) as described in detail (CHEN  and CLARK-WALKER 1994). 
Total DNA from K. lactis was extracted as described by SHER- 
MAN et al. (1983). 

DNA  manipulation  and  plasmid  construction: Standard 
techniques were used for  generating  recombinant DNAs and 
performing DNA and RNA blot hybridizations (SAMBROOK 
et al. 1989). Construction of the integrative plasmids PURA- 
KlMGI2/HP1 and PURA-MGI5, containing  the MGZ2 and 
MGZ5 genes, have been  described  in  a previous paper  (CHEN 
and CLARK-WALKER 1995). To construct the plasmid pCXJ22- 
MGI1, the S. cereuisiae/K. lactis/E. coli shuttle vector pCXJ22 
(CHEN 1996) was digested with SalI followed by cloning of 
the 4kb  XhoI fragment  containing MGZl (isolated from 
pMGIl/B19, see below). 

Isolation of the MGZl gene: Strain CK567A cont.aining 
mgil-1 was transformed with a K. lactis partial Sau3AI genomic 
library (WESOLOWSKI-LOUVEL et al. 1986) cloned in the K. 
lactis/E. coli shuttle vector KEp6 (CHEN et al. 1988).  About 
5400 Ura+ transformants were scored. After incubation at 
4” for 7 mon, colonies were replica-plated onto ClyW and 
incubated  for 3 days at 35”. Three survivors were scored  from 
which plasmids were rescued by transformation of E. coli with 
total DNA extracted from  the yeast transformants. Digestion 
by restriction enzymes revealed that  the  three plasmids con- 
tain an identical  insert of 6.1 kb. One of the plasmids, pMGII/ 
601, was subjected to further analysis. Restriction fragments 
from  the  inserted DNA were subcloned into  the K. lactis integ- 
rative vector pCXJ4 (X.  J.  CHEN, unpublished  data). pCXJ4 
contains URA3 and K. lactis LEU2 genes so that  the resulting 
plasmids can be opened  at  the  unique ClaI site within KlLEU2 
and targeted onto  the  chromosome of CK567A by selecting 
for Ura’ transformants.  Complementation of the mgil-l muta- 
tion was examined by measuring the  spontaneous petite  fre- 
quency of stable integrants. 

By a similar strategy we obtained  the plasmid pMGII/B19 
after complementation of the mgil-4 mutant CK197-4D. 
pMGIl/B19 was confirmed to  contain MGZl and  to overlap 
with the insert  in pMGI1/601. 

Nucleotide  sequence  determination: For nucleotide se- 
quence analysis  of MGZl, appropriate DNA fragments were 
subcloned  into  the  sequencing vectors pTZ18U and  pTZI9U 
(Pharmacia). Single- and double-stranded DNA templates 
were prepared  for  sequencing by the dideoxy-chain termina- 
tion method (SANGER et al. 1977) using “universal primer” 
(Amersham)  and a series of synthetic oligonucleotides cov- 
ering  the total coding  sequence of the  gene  (data  not  shown). 

The  deduced  protein  sequence was compared with sequences 
in  the Swissprot data bases by access through  the Australian 
National  Genomic Information Service. The  entire  coding 
region of the  four  mutant mgil alleles were directly sequenced 
using PCR-amplified DNAs  as templates and synthetic oligo- 
nucleotides as primers.  Primers used for PCR amplification 
are shown in Figure 3. To confirm mutated bases, two or  three 
independent PCR products were sequenced in the region 
containing  the mutations. The  sequence of MGZl in the pa- 
rental strains PM67A and “52, used for  generating  the 
mgil mutants, were also determined  and  found  to be  identical 
to  that  from  the genomic library (2359/152). 

Gene  disruption: Gene disruption was carried out by the 
one-step replacement  method of ROTHSTEIN (1983).  A plas- 
mid containing a  disrupted MGZl gene was constructed by 
taking  advantage of a unique EcoRV site, which is located 
within the  coding region of the  gene. A 1.55-kb Ace1 fragment, 
including  the 3’ half of the MGZl sequence, was inserted 
into Ace1 cut pTZ18U (Pharmacia).  The resulting plasmid, 
pKlMGIl.2, has a unique EcoRV site that was used for insertion 
of a 1.1-kb fragment  containing URA? that  had  been  blunt 
ended by Klenow polymerase. Disruption of MGZl in the wild- 
type strain  PM67A and  the mgz5-1 mutant CK145-22A  was 
achieved by a mgzl :: URA3 cassette produced by MscI and SphI 
digestion of the resulting plasmid. Transformants were se- 
lected for Ura’ and  correct insertion was verified by digestion 
of genomic DNA with XhoI and hybridization with  [“PI-la- 
beled pKlMG11.2. 

Disruption of MGZ5 in  both CK567A (mgzl-1) and CK98-8A 
(mgil-3) was performed as  follows. The mgi5:: URA3 cassette, 
Containing the MGZ5 coding region  disrupted by the insertion 
of URA-3, was isolated from pMGI5 : : URA3 ( CHEN and CLARK- 
WALKER 1995) and  introduced  into CK56-7A and CK98-8A  by 
transformation. Stable Ura+ Gly- transformants were scored 
and  correct chromosomal  integration of the construct was 
confirmed by  PCR amplification using primers MGI5Pl and 
MGI5P4 matching to the MGZ5 sequence  (CHEN  and CLARK- 
WALKER 1995). 

Integration of MGZl into chromosomal  DNA A 3-kb frag- 
ment,  obtained from plasmid pTZ-MGIliX2  (a subclone of 
pMGIl/B19  in pTZ19U) by digestion with EcoRI and partial 
digestion with HindIII, was cloned  into  the integrative plasmid 
pUC-URA3/4 (CHEN  and FUKUHARA 1988) cut with EcoRI and 
HindIII. The resulting plasmid, pMGIl/2.10, was cut  at  the 
unique MscI site in the MGZl gene followed by transformation 
of strains CK567A (mgil-1) and CK98-8A (mgil-3).  Correct 
integration was determined by digesting  genomic DNA with 
XhoI and hybridization with a S. cereuisiaeATP2 gene obtained 
by  PCR amplification. 

Amplification by polymerase  chain  reaction: Amplification 
of MGZl and its mutant alleles was carried out as described 
by MULLIS and FALOONA (1987) using the thermostable Tag 
DNA polymerase kit provided by Promega.  Target DNAs used 
for amplification of the  mutant mgil alleles were from strains 
CK56-7A (mgil-I) ,  CK241D (mgil-2), CK9&8A ( m p l - 3 )  and 
CK197-13A (mgzl-4). The forward primer  sequence located 
just upstream of the  gene  and  the reverse primer located 
downstream of the  gene  are shown in Figure 3. The amplified 
DNAs were separated  from  the reaction buffer using the PCR 
Spinclean DNA purification kit (Progen). 

Amplification of the S. cereuisiae ATP2 gene was carried out 
as above using  50 ng of DNA from AH22 and oligonucleotide 
primers ScATP2P1 [5’-(+238)GTTTTGGAAGT(A/T)GC(T/ 
C)CAAC(+256)-3’] in the forward direction and ScATP2P2 
[5’-( + 1482).4CWCCATATAGAAGC( + 1465)-3’1 in the re- 
verse orientation. 

Nucleotide  sequence  accession number: The nucleotide 
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sequence of MGIl has been assigned GenBank accession num- 
ber U37764. 

RESULTS 

Isolation of m<@I alleles: In addition  to the mgil-1 
and mgil-2 alleles described in our previous report 
(CHEN  and CLARK-WALKER 1993), we identified two 
other mutants, PM6-7A/ER27 and  PM67A/UVl,  that 
are allelic to m<gil. The first step in identification of 
the  mutants was achieved by eliminating mgi2 and mgi5 
mutant$. By introduction of plasmids containing M G R  
or MG15 into  the unclassified rngi mutants, we have been 
able to establish that  the rngi mutation in CK988A (de- 
rived from PM6-7A/UVl) does  not  occur  at  either lo- 
cus. For example, the integrative plasmids PURA- 
MGI2/HPl and PURA-MGI5, containing the complete 
MG12 and MG15 genes, were linearized by BglII (which 
cuts both  the MG12 and MG15 coding  regions) and 
introduced  into CK98-8A  by selecting Ura+ trans- 
formants. The correct  chromosomal  targeting of the 
plasmids was confirmed by Southern-blot analysis (data 
not  shown). The resulting strains, CK188b and CK208, 
were examined  for  production of spontaneous  petite 
mutants. In 4000-.io00 colonies screened  for  each 
strain, CK188b and CK208  were found to form sponta- 
neous  petite  mutants  at  frequencies of 0.3 and 0.4%, 
respectively,  which do  not differ significantly from the 
parental strain (0.2%). In other words, the Mgi- pheno- 
type  of CK98-SA  is not complemented by either of the 
wild-type MGI genes. This is based on  the observation 
that  the rngi mutation in CK98-SA  is recessive so that 
spontaneous petites are  not observed in a heterozygous 
diploid MGl/mgi strain. Similar experiments showed 
that  the rngi mutation derived from PM6-7A/ER27 also 
cannot  be  complemented by the MG12 and MG15 genes 
(data  not  shown). 

Allelism testing between the two isolates was per- 
formed by crossing CK218-11 C, a mgi derivative  of  PM6- 
7A/ER27, to CK988A derived from PM6-7A/UVl. As 
the resulting diploid, CK261, showed poor sporulation, 
only four  tetrads were dissected. However examination 
of the segregants showed that  the Mgi- phenotype seg- 
regated 4-:0'. Analysis  of random spores revealed that 
80 isolates, marked by the  red a&l mutation, were all 
Mgi-. As previous genetic analysis indicated  that adel 
is not linked to these mgi mutations, we concluded  that 
the two mgi mutations are allelic. 

Allelism  of the two novel rngi mutations to the pre- 
viously described mgil-1 and mgil-2 (CHEN  and CLARK- 
WALKER 1993) was demonstrated by complementation 
of the rngi mutation derived from the  four  independent 
isolates by the  cloned MGIl gene and  the genetic linkage 
between the MGIl gene  and  the chromosomal rngi loci 
(see below). The mutation in PM6-7A/UVl was thus 
designated as mgil-3 and that in PM6-7A/ER27 as mgil- 
4. Both mgil-3 and mgil-4 mutants are respiratory compe- 

PM6-7A CK98-8A 
(wild-type) I (mgil-3) 

F I ( ; ~ . I W  1 ."PI-otluction of' prtitcs I ' I - o m  (;KW-%l (mgil-3) 
after  treatment with ED. The wild-type parental  strain PMB 
7A was included as a control. Yeast strains were grown in GYP 
to stationaly  phase and streaked across a 25 p1 drop of ER 
(2.5 mg/ml). After incubation  for 24 hr at 28", the  suniving 
cells on  the margin between growth and nongrowth were 
substreaked down the plate, followed by incubation for 4 days 
before  photography.  The big colonies produced from the 
wild-type strain  PM67A are respiratory competent  and have 
an intact mitochondrial  genome.  The small colonies (petites) 
produced from CK98-8A are respiratory  deficient  (Gly-) and 
have either lost mtDNA or have a deleted mitochondrial DNA 
as revealed by Southern blot analysis (not illustrated). 

tent and form spontaneous petites on GYP plates at fre- 
quencies of 0.2 and 2.1%, respectively. The production 
of petites from CK9MA (mgil-3) by the  marginaf- 
growth technique using EB  is illustrated in Figure 1. 

Cloning of MGZI: Cloning of the MGIl gene was 
based on  the observation that colonies of the mgil mu- 
tants have a very  low  viability on plates after a long 
period of incubation  at 4". By using the two different 
host strains, CK56-7A (mgil-1) and CK197-4D (m@1-4), 
two overlapping plasmids, pMGI1/601 and pMGIl/ 
B19,  were identified that allow  cells to survive at low 
temperature. 

To map the location of the  complementing activity 
on  the insert DNA  of pMGI1/601, DNA fragments were 
subcloned  into  the K.  lnctis integrative vector pCXJ4. 
The resulting plasmids were linearized by CZaI within 
the KllXU2 gene of the vector and targeted into  the 
chromosomal LEU2 locus of the m,gil-l mutant CK56- 
7A. Transformants with a stable Ura+  phenotype were 
selected and examined for spontaneous  petite fre- 
quency. If a fragment of DNA complements  the mgil 
mutation, we would expect  that no spontaneous petites 
should be produced because the mgil-1 allele is reces- 
sive (CHEN  and CLARK-WALKER 1993). As shown  in Fig- 
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1 kb MGll  - 
pMGIl1601 - 

0m Sp Xh Sa Xb AV 

pCXJ4-MGI1/1 - 
pCXJ4-MG1113 = 
pCXJ4-MG11/4 - 
pCXJ4-MG1115 I 1 

pCXJ4-MGI1/6 - 
pCXJ4-MG1117 I I 

mgil::URA3 I I 
I 

Total  colonies 
scored 

2,580 
2,275 

2,010 

18,040 

760 

4,000 

NIA 

Number of petites Spontaneous petite 
frequency (%) 

25 0.97 

18 0.79 

12 0.60 

0 0 

8 1.05 

0 0 

NIA  NIA 

URA3 

RGLIRE 2,"Physical map of K. lactir genomic DNA containing the MGIl gene and complementation of the nlgzl-l mutation by 
subclones derived  from  the DNA of  pMGIl/GOI.  The  arrow  represents  the MGIl ORF and  indicates  the  direction of transcription. 
Bm, BamHI; Bg, BgZII; H, HindIII; Ms, MscI; RV, EcoRY Sa, Sua; Sp, SphI; Xb, X b d ;  Xh, XhoI. DNA fragments from pMGI1/6OI 
were  cloned  into  the K. Zactis integrative  vector  pCXJ4.  The  resulting  plasmids, from pCXJ4MGIl/1 to pCXJ4MCI1/7, were 
linearized by digestion  with ClaI within  the KlLEU2 gene  of the vector and targeted  to  the LEU2 locus of the mgil-l mutant CK56 
7A. Stable Ura' transformants  were  selected and examined for spontaneous  petite  frequency by plating  onto GYP plates. Petites 
were scored as small and white colonies as CK56-7A cames  the adel mutation  and forms red colonies on GYP plates.  The genomic 
structure of the mgil allele, disrupted by the  insertion of UR.43, is also illustrated. N/A, not  applicable. 

ure 2, the plasmid pCXJ4MGI1/7, containing  a 3.0-kb 
fragment, is able to  complement  the mgil-1 mutation 
as the  transformed cells carrying this fragment do  not 
produce  spontaneous petites. 

The ability  of the  cloned  gene  to  prevent  production 
of spontaneous petites in  the mgi mutants CK241D 
(mgd-Z), CK98-SA (mgil-3) and CK197-13A (mgzl-4), 
which are derived from  three  other  independent iso- 
lates, was examined by integrating  the plasmid pCXJ4 
MGI1/7, containing MGII, into the LEU2 locus as de- 
scribed above. In each case, the  integrants  did not show 
spontaneous petites in 5000 colonies scored. The data 
indicate  that  the  mutations  in  the  four isolates de- 
scribed above can be complemented by MGIl. 

Confirmation  that  the  complementing  fragment con- 
tains MGIl was obtained by genetic linkage analysis. 
Plasmid pMGI1/2.10, containing URA3 and MGII, was 
targeted onto  the mgil locus after cleavage in MGII. 
The resulting stable transformants, CK56-7A/tr3 and 
CK98-8A/trl containing URA3 integrated  at  the m g l -  
I and mgil-3 loci, were crossed to wild  type PM67A. 
Sporulation and tetrad analysis  of the resulting diploids 
CK277 and CWl0 showed that Ura' cosegregated with 
a Mg"  phenotype in 21 and 23 tetrads respectively. As 
previously observed (CHEN and CLAFX-WALKER 1993), 
a Mgi- phenotype in heterozygous MGl/mgi strains is 
dominant  in  the  presence of EB induction and is mani- 
fested by growth of petite  mutants on 16 pg/ml EB. We 
conclude  that pMGI1/2.10 containing  the URA3 gene 
has integrated  at mgil-1 and mgil-3, and  that MGII is 
allelic to the  mutant  gene  at this locus. 

MGIl encodes the P-subunit of F,-ATPase: Sequence 
determination of the MGIl gene showed the  presence 
of a 1515-bp open reading  frame  encoding  a  protein 
of 505 amino acids (Figure 3) .  The deduced Mgil pro- 
tein is  six amino acids shorter  than  the F1-ATPase p- 
subunit from S. cereuisiae. However the two proteins  are 
identical at 449 positions, with the greatest variation 
located at the  amino  terminal. This region has charac- 
teristics  of a  mitochondrial  targeting signal, being rich 
in basic and hydrophobic  amino acids. Starting  at posi- 
tion 184 is a  sequence, GlyGlyAlaGlyValGlyLysThr, 
termed  the P-loop that is conserved between @subunits 
from E. coli to mammals. Also present is a motif starting 
at 215, GlyGluArgThrArgU, with the  underlined 
amino acids being highly conserved and implicated in 
the catalytic  activity of the P-subunit. 

To confirm that MGIl is the functional homologue of 
the P-subunit of  F1-ATPase, S. cermisiaestrain MDY2102, 
disrupted  in  the  p-subunit  encoding  gene ATP2, was 
transformed with the plasmid pCXJ22-MGI1 that carries 
the MGIl gene. The transformants were found to be 
respiratory competent as they grew on GlyYP, indicating 
that MGIl complements  the ATP2 deficiency in S. cere- 
visiae (data  not  shown). 

Southern-blot hybridization indicates that MGIl is a 
unique  gene  in K. Zactis. Northern (RNA) blot analysis, 
using the MGII coding  sequence as a  probe,  detected 
a single mRNA  of -2.0 kb (data  not  shown).  There was 
no significant difference in mRNA  levels in cells  grown 
in GYP or GlyYP, indicating  that  there is no glucose 
repression of MGIl transcription. 
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TCGAGAACGTC 
TGTTAACACCGGGTAATACCGTGCATGTCCAATACGTGTGTCCCCTPETATCTlTGAATAATC~TPmG 
C T U V l l i A T C C G T A ~ T A C C G C G A A ~ T A T C C ~ T T ~ ~ T T ~ T G T G ~ T T  
CGCCCTTTCCCAGGTCAAGCGCTCTATTTGTCXTTCAATTATATITTTAM~TTTLTFPKCCTCGA~GA 
T T T T T C T G G G m T T G G G T T T G A T C T C R T A G G T P ~ C ~ T P T C A T T ~ G T T G G ~ G ~ T T A  
TATATKAGATPATAAAAGATATGTT’ITCTCCTTTAACCAACTACTTGTTCAAATKTW~TCAATTGCATAGTGA 
CGATAAGGATTTAGGTAAGACAAGGACAATT’ITTTAAGA ATG  GTC  TTG  CCA  AGA TTT TAT  GCT  GCT  TCA 

M V L P R F Y A A S  
TCT  CGT GCA GCT T X  CAA GCT  GCG  AGA  CGT  GCT  GTP  CCC  TTC  ACC  GGT  GTG  AGA  GGT  TAT 
S R A A L Q A A R R A V P F T G V R G Y  
GCT  GCT  GCT  GCC  TCT  TCT  CAA  GGT  AAG  GTP  AGA  GCC  GTT ATP GGT  GCT  ATT  GTP  GAT  GTT 
A A A A S S Q G K V R A V I G A I V D V  
CAA  TTT GAA CAA GGT CAA TTG  CCA  GCT  ATP TTG AAC GCT  TTG GAA ATC  GAC  ACT  CCA GAA 
Q F E Q G Q L P A I L N A L E I D T P E  
GGA AAG  TTG  GTT TTG GAA GTC  GCT  CAA  CAT TTG GGT GAA AAC  ACT  GTC  AGA  ACC  ATP  GCT 
G K L V L E V A Q H L G E N T V R T I A  
A X  GAT  GGT  ACT  GAA  GGT  TTA  GTC  CGT  GGT GAA AAC  GTP  TCT  GAC  ACT  GGT  GCT  CCA  ATP 
M D G T E G L V R G E N V S D T G A P I  
TCC  GTC CCA  GTT  GGT  AGA  GAA  ACC  TTG  GGT  AGA  ATT  ATC  AAC  GTT  ATT  GGT  GAG  CCA  ATT 
S V P V G R E T L G R I I N V I G E P I  
GAC GAA AGA  GGT  CCA  ATC  AAC  TCC  AAG  ATG  AGA  AAG  CCA  ATT  CAT  GCT  GAT  CCT  CCA  TTA 
D E R G P I N S K M R K P I H A D P P L  
TTC  GTT  GAA CAA TCC  ACT  GCT  GCT GAA GTT  TTG GAA ACT  GGT  ATC  AAG  GTT  GTC  GAC  TTG 
F V E Q S T A A E V L E T G I K V V D L  
TTG GCC  CCA  TAC  GCC  AGA  GGT  GGT  AAG  ATT  GGT  TTG TIC GGT  GGT  GCC  GGT  GTC  GGT  AAG 
L A P Y A R G G K I G L F G G A G V G K  
ACC GTT  TTC  ATC  CAA GAA TTG  ATT  AAC  AAC  ATT  GCC  AAG  GCT  CAT  GGT  GGT TTC TCT  GTC 
T V F I Q E L I N N I A K A H G G F S V  

‘TTC ACT  GGT  GTC  GGT GAA AGA  ACC  AGA  GAA  GGT  AAC  GAT  TTG  TAC  CGT GAA ATG  AAG  GAA 
F T G V G E R T R E G N D L Y R E M K E  
ACT  GGT  GTT  ATC  AAC TTG GAA GGT  GAT  TCT  AAG  GTC  GCG TTG GTT TTC GGT  CAA  ATG  AAC 
T G V I N L E G D S K V A L V F G Q M N  
GAA CCT  CCT GGA GCT  AGA  GCT  AGA  GTC  GCC T X  ACT  GGT ”G ACC  ATC  GCT GAA TAC  TTC 
E P P G A R A R V A L T G L T I A E Y F  

AGA GAT  GAA  GAA GGT CAA GAT GTC  TTG  TTG TTT ATC  GAC  AAC  ATP  TTC  AGA TTC ACA  CAA 
R D E E G Q D V L L F I D N I F R F T Q  
GCC  GGT  TCC  GAA  GTG  TCC  GCT TT, TTG  GGT  CGT  ATP  CCA  TCC  GCT  GTC  GGT  TAT CAA CCA 
A G S E V S A L L G R I P S A V G Y Q P  
ACT TTG GCC  ACC GAT ATG  GGT TTG TTG CAA GAA AGA  ATT  ACT  ACC  ACC  AAG  AAG  GGT  TCC 
T L A T D M G L L O E R I T T T K K G S  
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-119 
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-40 
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+330 
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GTC  ACT  TCT  GTC  CAA  GCC  GTT  TAC  GTG  CCA  GCT  GAT  GAT  TTG  ACT  GAT  CCT  GCT  CCA  GCT +lo50 

ACC  ACT  TTC  GCG CAT TTG GAT  GCC  ACC  ACT  GTG TTG TCC  AGA GGG ATC  TCT GAA TTG  GGT +1110 
V T S V Q A V Y V P A D D L T D P A P A  350 

A X  TAC  CCA  GCT  GTC  GAT  CCT  TTG  GAT  TCC AAA TCT  AGA TTG Tn; GAT  GCT  GCC  GTC  GTT t1170 
T T F A H L D A T T V L S R G I S E L G  370 

GGT CAA GAA CAT  TAC  GAT  GTC  GCT  ACT CAA GTT  CAA CAA ACT TPG CAA  GCT  TAC  AAG  TCT t1230 
I Y P A V D P L D S K S R L L D A A V V  390 

TTG CAA GAT  ATC ATT  GCC  ATT T’IG GGT  ATG  GAT GAA Tn; TCC GAA CAA  GAT  AAG  TTG  ACC +1290 
G Q E H Y D V A T Q V Q Q T L Q A Y K S  410 

L Q D I I A I L G M D E L S E Q D K L T  430 
GTC GAA AGA  GCT  AGA  AAG  ATT  CAA  AGA  TTC TTG TCT CAA CCT  TTC  GCT  GTC  GCT GAA GTC +1350 

TTC  ACT  GGT  ATC  CCA  GGT  AGA  TTG  GTC  AGA  TTA  AAG  GAC  ACC  ATC  TCT  TCT  TTC  AAG  GCT +14  10 
V E R A R K I Q R F L S Q P F A V A E V  450 

GTC  TTG  GAC  GGT  AAG  TAC  GAT  CAC  TTG  CCA GAA AAC  GCC  TAC  ATG  GTT  GGT GGT  ATT +1470 
F T G I P G R L V R L K D T I S S F K A  470 

GAA GAT  GTT  GTT  GCT AAG GCT GAA  AAG ‘pn: GCT  GCT GAA GCT AAT  TAAGAACCTCTCACTCCCT +1526 
V L D G K Y D H L P E N A F Y M V G G I  490 

E D V V A K A E K L A A E A N *  505 
C n ; C T C T G A T G A C A G A A R R G A T G A C A G A A A C T A G A A T C  +1585 

FIGURE 3.-Nucleotide  sequence of the K. lactis MGZI gene and deduced amino acid sequence.  Underlined  are  sequences 
corresponding to the oligonucleotides used for PCR amplification of MGII and mgzl alleles. Genebank accession U37764. 

Disruption of MGZI: Stable Ura’ transformants of 
PM6-7A were  shown to have URA3 inserted  in  the MGIl 
gene by analysis  of chromosomal DNA (Figure 4A). 
Such disrupted strains are respiratory deficient al- 
though they still retain  intact mtDNA  as demonstrated 
by hybridization (not illustrated). However, disrupted 
strains do  not grow on  16  pg/ml EB (Figure 4B) and 
no loss  of  mtDNA occurs when cultures are  treated with 

Previous  work has shown that  an assembled F1 is re- 
quired  for  the expression of the Mgi- phenotype of mga 
mutants. To see whether  the P-subunit of  F,-ATPase is 
required  for  the recovery of petites from a mgi strain, 
MGIl was disrupted in the mgi5-1 mutant CK145-22A. 
The mgi5-1 mutation is a conversion of Thr275+Ala in 
the y-subunit of  F1-ATPase (CHEN  and CLARK-WALKER 
1995).  Correct  disruption of MGIl was confirmed by 

the  drug by the margin-of-growth technique  (see Figure PCR amplification of the  disrupted locus (not illus- 
1; CLARK-WALKER 19’72; HARDY et al. 1989). Conse- trated).  The mgi5-I, mgil:: URA? double  mutant, 
quently it appears from these observations that disrup- CK217,  was respiratory deficient but  did not grow on 
tion of MGZI produces respiratory deficiency but does EB at 16 pg/ml  on GYP plates. Treatment with  EB  by 
not result in a Mgi- phenotype. the “margin-of-growth’’ technique  did not produce pe- 
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FlMiRF.  4.-So~1tl~rl-n-l~lot analysis of K. 1nrti.s MGII-disruptctl strains and phrnotype of the cells on ER medium.  (A) Autoradiog- 
raphy showing  the disruption of MGII. Genomic DNA from the wild-type P\41+TA (lane  2)  and  the MGII-disrupted strain CIVI 
(lane 1) was digested with X M ,  transferred to nylon membrane  and hyhridized with ["YP]-labeled pKIMG11.2. Sizes of  the 
hybridizing  bands correspond to 4 and 5.1 kb in the wild-type and MGll-disrupted strains respectively. (B) Sensitivity of K. lmtis 
strains to 1%. Cells were grown to stationary phasc,  diluted to 2 X IO" cells/ml,  and 10 p1 aliquot? were applied to GYP, GIyYP 
and GYP plus EB at 16 pg/ml. Plates were incubated at 28" for 4-6 days before  being  photographed. 

tites with deletions in mtDNA, indicating  that CK217 is 
Mgi' and  unable  to form  mitochondrial  deletion mu- 
tants. Likewise, the y-subunit encoding MG15 was dis- 
rupted by insertion of the URA3 gene in the strains 
CK567A ( m g i l - I ) ,  CK98-8A (mgi l -3)  and CK197-13A 
(mgil-4) as previously described (CHEN and CLARK- 
WALKER  1995). The resulting  strains CK225,  CK226 and 
CK227 were also respiratory  deficient, EB sensitive and 
exhibit a Mgi' phenotype. 

Mutations in the mgi2 alleles: The  coding  region  of 
the mgil mutant alleles were  amplified by PCR from 
the  strains  CIG67A (mgil-I) ,  CK241D (m,q-il-2), CK98- 
8A (mgil-3) and CK151-1 (mgi l -4) .  Sequence analysis 
revealed that  the mgil allele in CK567A, CK241D and 
CKI51-1 have the  same  mutation  that converts the co- 
don 435  from AGA to GGA and result5 in the substitu- 
tion of Arg435 by a Gly residue in the stretch  434AlaAr- 
gLysIleGln-438 (Figures 5 and  6).  The mutation  in  the 
mgil-3 allele in CK98-8A  was found in the  same  codon, 
but  the  change  from AGA to ATA converts Arg435 to 
Ile  (Figures 5 and  6). 

DISCUSSION 

In this paper, we describe  the  cloning of the MGII 
gene of the petite-negative yeast K. knclis, by comple- 
mentation of reduced viability of mgi1 mutants  at low 
temperature  after a long  period of incubation. MGII is 
a nuclear  gene  that  encodes a polypeptide of 505 amino 
acids with high  homology  to the  0-subunit of the mito- 
chondrial FI-ATPase from  others species. The  cloned 
MGII gene  can functionally complement a null mutant 
of the ATP2 gene in S. cmmisine that  encodes  the 0- 
subunit of FI. Creation of a null mutation in MGIl by 
insertion  of  an  auxotrophic  marker  gene  leads to a 

respiratory  deficient  phenotype.  It is thus  concluded 
that  the MGII gene of K. Zrrch encodes  the @-subunit 
of the  mitochondrial FI-ATPase. 

In a previous paper, we proposed a model to explain 
how mgi mutations allow recovery of mtDNA deletion 
mutants in K. Inctls (CHEN  and CIARK-M'ALKER 1993). 
In this model, we suggest that  the  presence of one  (or 
more) of the mitochondrially encoded ATP6, 8 and 9 
subunits is critical for cell viability.  Loss of these suk 
units,  caused by mtDNA elimination by DNA targeting 
drugs  or large scale deletions in the  mitochondrial ge- 
nome, is lethal due to  the  creation of a proton  perme- 
able  pore  on  the  mitochondrial  inner  membrane 
through  the  interaction of a wild-type FI with the mem- 
brane lacking the  three F,, subunits. However, lethality 
can  be  suppressed by mgi mutations  through  the  inter- 
action  between an  altered  FI particle and  the  inner 
membrane.  Consistent with this model  are  data  de- 
scribed  in this paper. We found  that only specific point 
mutations  in MGII,  but  not a null  allele,  predisposes 
cells to the  formation of mtDNA deletion  mutants. The 
mgil alleles are  thus "gain-of-function" mutations. The 
FI  complex with an  altered  0-subunit must have gained 
a novel function  that is likely to block the  proton  perme- 
able  pore  on  the  membrane  created by the loss of 
mtDNAencoded F,, subunits. In addition, when the 
MG15 gene,  encoding  the  y-subunit of F,, is disrupted 
in the mg-il-I and mg-il-3 background,  the resulting 
strains  showed a Mgi' phenotype  and  do  not form 
mtDNA deletion  mutants  upon  treatment with EB. 
Likewise, when the MGII gene is disrupted in a m,@5-1 
strain,  the  disruptants  are also Mgi'. These  data clearly 
indicate  that  the novel function of the mgi mutations is 
through  an assembled FI. Disrupting one of the  three 
large  subunits of FI  might affect the assembly of the 
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F1(;l3R1:. 5.-Idcntilication of mutations in mng-il-I and m n , q i S T I -  
3 alleles. PCR products from CK.56-7A (nigiSTI-l), CK98-8A 
(?nsqil-3) and  the wild-type strain PM6-TA were directly sc- 
qucnced using the synthcatic oligonucleotide KIATP‘LPI 1 [5‘- 
(+ 1 1 8 8 ) T C T ( : G ( : T ~ \ C T C ~ ~ C (  + 1204)-3’] as primer. 
The codon Arg43.5 in the wilcl-type strain and  the  mutant 
codons in rngi1-l and ni,qil-3 are Imxed. 

complex or  a  subcomplex and  thc  interaction with the 
membrane.  Hence null mutants of a F, subunit  gene 
do not have the same phenotype as point  mutations. 
The “gain-of-function”  model is also consistent with 
the  dominant  feature of the m,@l alleles in a heterozy- 
gous MGI/mgi strain in the presence of ER. However, 
it remains  unclear why in such  strains m,@ alleles are 
recessive in the  absence of the  drug  and  spontaneous 
petite mutants are  not  formed. 

A  striking  aspect of the mgil alleles  described in this 

E. coli 
COW 

m g i l - I  
m g i l - 3  

FKX.RI< (i-Comparison o f  amino acid  scqtlcnccs from vari- 
ous organisms corresponding t o  thr flanking  regions of thc 
mutational sites in nigil-1 and q ~ l - 3 .  Rolrl Irtters are the 
mutated Arg43.5~ in the  mutant ;dldes. 

paper is that  the  four  indepcndent isolates have a muta- 
tion in the  same  codon.  Threr of them, mn<@l-l, -2 and - 
4, have a  substitution o f  Arg435 by GI! while thc q i l -  
3 allele  has  a  conversion of the  same Arg residue  to Ile. 
Comparison of the  amino acid  sequenccs  flanking this 
residue  from I<. coli, Cow, S. c m w i s i w ,  and the wild-type 
K.  Im-/is is illtlstrnted in Figurc 6. I n  fact, cxnmination 
of a11 FI 0-sulmnit  sequcnces from 72 diffcrcnt species, 
including  those  from  chloroplasts,  bacteria and mam- 
malian mitochondria, reveals that this Arg residue is 
totally c o n s e n d .  According to the  secondary  structure 
prediction of the F, P-subunit (Dr’c:,\s P/ nl. 1986) and 
the crystal structural analysis of thc bovine mitochon- 
drial Fl complex  (ARIUHAMS d nl. 1994), Arg435 of the 
K.  lnctis gene,  corresponding to Arg408 in the bovine 
protein, is located in helix 2 at  the carboxyl terminus 
(ARMHAMS rt 01. 1994). Close to this helix is a loop  that 
has  been  proposed by the  same  authors t o  contain  a 
“catch”  that  forms  hydrogen bonds with the y-subunit. 
Thus it is possible that  mutations in mg-il-I and mg-il-3 

mgi5 1 
mgi2-2 / el 

FI(;I’RE 7.-Approxim;ltc locations o f  tngi mrltations i n  the 
F, complex. The three patches, representing  the a-, p- and 
y-subunits in a diagrammatic cross-section of the bovine mito- 
chondrial FI-ATPasr, are drawn according t o  the cnstal stnlc- 
t ~ ~ r e  reported hp ARRAIIA~~IS  r l  01. (1994). The black circles 
represent  the positions of the n/gi  mutations. 
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in Arg435 affect the  interaction between the P- and 7- 
subunits. 

The approximate positions of the mgil mutations in 
the F1 complex , together with those of the previously 
identified mgz2 and m e 5  alleles, are shown  in Figure 7. 
One can see from this diagram that  the mgi2-1, mgi2-2 
and mgi5-1 mutations are all located on the interface 
between a- and y-subunits. The mgi2-2 and mg25-1 muta- 
tions probably represent  the same contact  point be- 
tween the two subunits. Although the Arg residue where 
the mg'l-1 and mgil-3 mutations occur is not in direct 
contact with the y-subunit, these mutations may alter 
the  structural  conformation in the carboxyl terminus 
of the P-subunit and affect its interaction with the y- 
subunit.  Taken  together, it seems that  altering interac- 
tion between a- and y-subunits or between 0- and y- 
subunits could be  the  common  feature of the five identi- 
fied mgz alleles. 

Although the  three MGZ genes so far characterized 
encode  the a-, P- and y-subunits of the F1 complex, it 
is known that  the yeast mitochondrial FIFO-ATP synthase 
is composed of at least eleven different subunits. Eight 
of the  subunits  are  encoded by the nuclear genome, 
including  the five subunits of F1 (a, p, 7, 6 and E )  and 
three F, proteins namely  P25 (ATP4, VELOURS et al. 
1988), OSCP (ATP5, UH et al. 1990) and P18 (ATP7, 
Noms et al. 1991). It will be important to determine, 
in the  context of our model for proton permeability of 
the ATP synthase, whether mgi mutations are confined 
to the a-, p- and y-subunits of  F1 or if other components 
of the complex can be involved. 

We thank M. G. DOUGLAS and D. M. CYR for providing the S. cerevis- 
iae strain MDY2101 and Lijun Ouyang  for technical assistance. 
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