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The respiratory deflcient nuclear mutant of Saccharamyces cerevisiae, N9-188, ussigned to complementation group G938 was previously shown to
lack subunit 9, onc of the three mitochondrially encoded subunits of the F, companent of the mitechondnnl ATPase As u consequence of the
structural defect in Fy, the ATPase uctivity of G935 mutants is not inhibited by rutamyein The absence of subunit 9 1n N9-168 has been correlated
with a lower steady-state level of its mRNA and an increuse in higher moleculur weight precursor teunscripts These results suggest that the mulation
is most likely to affect erither translation of the o/ilf mRNA or procesting of the primary transeript. We have isolated a nuclear gene, designated
ATP13, which complements the respiratory defect and restores rutamycin-genaitive ATPase in G9S mutants Disruption of A TA13 induces a respara.
tory deficiency which is not compleinented by G95 mutants, The nucleotide scquence of ATPI3 indicates u primary trunslation product with an
M, of 42897, The protein has a basic amino terminal signal sequence that Is cleaved upon import into mitochondria No significunt primary
structure homology 1s detected with any protein in the most recent libraries
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1. INTRODUCTION

The F,-F, complex of the mitochondrial inner mem-
brane consists of a catalytic unit with the ATP hydro-
lase activity (F)) and of a hydrophobic membrane sector
(Fo) responsible for the proton translocating properties
of the complex [1,2]. In Saccharomyces cerevisiae, F, is
composed of 4-5 different subunit polypeptides, three
of which are encoded in mitochondrial DNA and trans-
lated on endogenous ribosomes [3~5]. The elaboration
of this complex depends on a substantial number of
nuclear gene products (6-10) whose functions are still
poorly understood. One such gene, defined by the pet
mutant N9-168, was reported to affect the expression of
subunit 9 of the ATPase [7]. Even though the mutant
was found to have catalytically active F,, the enzyme
was not associated with the normal F, component of the
membrane [7]. In addition, in vivo pulse-labeling of
mitochondrial translation products indicated the
absence of subunit 9 thereby accounting for the inabili-
ty of F; to bind ¥, in the mutant [7].

More recent screens for nuclear petite mutants of
yeast, have yielded additional ATPase defective strains
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with mutations allelic to that of N9-168. These mutants
have been assigned to complementation group G95 and
the corresponding gene has been named A TP13 in keep-
ing with the convention used previously for the designa-
tion of genes involved in the synthesis of the ATPase
(9-14). In this communication we describe the cloning
and sequence analysis of ATPI3, and report the effect
of mutations in the genc on the levels of two mitochon-
drial transcripts specifying subunits of Fo.

2. MATERIALS AND METHODS

21 Clomng of ATP13

The ATPI3 gene was selected from a yeast genomic hbrary by
transformation of the mutant N230/U6 (a,ura3-1,aipl3) by the pro-
cedure of Beggs [15]. The library, consisting of partial Seu3A
fragments of yeast nuclear DNA averaging 5~15 kb ligated to the
BamH1 site of YEp24 [16], was obtained from Dr, Marian Carlson
(Department of Human Geneties, Columiia University) Transfor-
mants complemented for the respiratory detect were selected on
minimal glycero! medium containing 1 2 M sorbitol

22 Miscellaneous methods

Standard procedures were used for resiriction endonuclease
analysis of DNA, preparation and ligation of DNA fragments,
transformation of £ coli and small and large scale isolation of
plasmid DNA [17] DNA was sequenced by chemical derivatization of
5'-end labeled single stranded restriction fragments [18]

Yeast were grown in media containing 2% galactose, 1% yeast ex-
tract, and 2% peptone The cells were harvesied 1n early stationary
phase and mitochondria were prepared by the procedure of Faye et al
[19] except that Zymolyase 20000 (Miles Corp ) was subsiyuted for
Glusulase during the conversion of cells 1o spheroplasts Mitochon-
drial RNA was extracted and subjected to Northern analysis as
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dowcribed proviegsly [20), The probe wied to detect subuplt 9
transeriplsconsinted af & 1.8 kb Hwel 1l Tragment camaining the entire
olil gene sequence plus 4 and 1° Nanking sequences [4). Subunit 8
trmAseTiply were ditecied with a 400 bp Abol-BcuR| fragment of
milochandrial DNA wpanning nucleatides 295698 af the 6412 gene
[M). ATPaw acuivity was memured sv previously deseribed (9).

Hybrid selected tramslatien of ATPI! mRNA wias as previously
published {21] Procedures far anayiag mitochondrial import of pro-
winy ranslated in programmed rabbit reticulosyte lysate have byen
published {22] Transport siudies were performed with mitochendrls
prepared from S, cerevisioe sirain DI7Y.108.

3. RESULTS AND DISCUSSION

3.1. ATPase activity of mitochondria from G953
mutanis
Mitochondria from N230 (a,met6.aipl3), and the
derived urad spore, N230/U6, when prepared by a pro-
cedure minimizing loss of matrix proteins, exhibit
reduced ATPase activity which Is not inhibited by
rutamycin (Table [). This phenotype is also observed in
@0 mutants lacking functional F,. When mitochondria
are prepared by a more damaging procedure which
results in leakage of soluble matrix components, vir-
tually all the ATPase activity of the mutant is recovered
in the post-ribosomal supernatant {7]. This property
distinguishes a/p!3 mutants from other ATPase defec-
tive strains that have rutamycin-insensitive membrane-
bound F, [9).

3.2. Northern analysis of mitochondrial transcripts
The absence of subunit 9 in N9-168 [7] could be a
consequence either of defective transcription of oliJ or
of altered processing and/or stability of the trans-
cript(s). To help distinguish among these possibilities,
total mitochondrial RNA, prepared from N9-168 and
from the respiratory competent parental strain
D273-10B/Al (a,met6), was analyzed by Northern blot
hybridization with probes specific for oltl and oli2
wranscripts The results of these analyses indicate that
the concentrations of ofi2 transcripts relative to the
mitochondrial nbosomal RNAs are not affected in the
mutant. The o/i2 probe detects two equally abundant
transcripts commensurate in size with the two major
RNAs reporied to originate from the aapl-oli2 region

Table !
Mitochondnal ATPase activities
Strain minus rutamycin  plus rutamycin
D273-10B/Al 57 08
D273-10B/Al° 4,3 4,3
N230 12 09
N230/U6 26 26

Mitochondria were prepared from yeast spheroplasts and resuspend-

ed in 10 mM Tris-Cl, pH 7 5, to a final concentration of 8-15 mg/ml

Rutamycin was used at a coneentration of 10 #g/ml Speeaific activity

1s reported as unit/mg protein. A umt of ATPase activity 1s defined

as that amount of enzyme that hydrolyzes | umol of ATP per minute
under the specified conditions
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of the yeast mitochondrial genome {23) (Fig. 1). The
0.9 kb transcript corresponding to the olil mRNA,
however, is 2-3 times lower In the mutant than in the
wild type (Fig. 1). In addition the mutant mitochondria
appear to have higher levels of larger transcripts that
are probably partially processed precursors of the oll]
mMRINA [24). The detection of significant steady state
levels of both mature size and partially processed o/i/
transcripts in NS-168 tends to argue against a role of the
ATPJ3 product in transcription of the gene. A block in
processing is more difficult to exelude in view of the in-
ereased concentrations of precursor RNAs. However,
the inability of the mutant to synthesize subunit 9 as
evidenced by the results of in vivo pulse labeling of
mitochondrial transtation products (7] and the lack of
measurable rutamyecin-sensitive ATPase despite the
presence of 20-30% processed oliJ transcript (Table I)
suggest that the principal effect of the mutation is on
translation of the subunit 9 mRNA and that the higher
concentrations of precursors may be secondary to the
translational block. The product of ATPI3, therefore,
may have a function similar to protein factors that have
been reported to promote translation of the specific
mRNAs coding for subunits of cytochrome oxidase
{25-27] and cytochrome b [28,29].

3.3. Cloning and characterization of ATP13

To clone the ATPI3 gene, the aipl?¥ mutant
N230/U6 (a,ura3-l,atpl3) was transformed with a
yeast genomic library consisting of partial Sax3A frag-
ment of yeast nuclear DNA ligated to the BamH| site of
YEp24 [16]. The transformation yielded the raspiratory
competent and uracil independent clone N230/U6/T1.
The two phenotypic traits cosegregated during vege-
tative growth of the transformant indicating that com-
plementation 1s a function of the presence of an epi-
somal plasmid. This plasmid (pG95/T1) was amplified
in E. coh and its restriction map determined. Based on
the sizes of different restriction fragments the nuclear
DNA insert of pG95/T1 was estimated to be approxi-
mately 6 kb (Fig. 2). To map the complementing gene,
different regions of the insert were transferred to the
shuttle vector YEp352 [30] and the new constructs were
tested for their ability to complement N230/U6. The
results of the transformations suggested that the gene
spans the SstI and EcoRI sites located 2.2 and 2.5 kb,
respectively, from the left hand edge of the insert as
depicted in Fig. 2. This region as well as some 1 kb of
DNA starting with a HindlIII site upstream of the SstI
site and 250 nucleotides beyond the EcoRlI site was se-
quenced. All the restriction sites used for 5'-end label-
ing were crossed from neighboring sites and most of the
sequence was confirmed from the complementary
strands.

The above region contains a single open reading
frame starting with an ATG codon at nucleotide +1
and ending with an amber codon at nucleotide + 1117

235



Volume 278, number 3

;

N9-168

.

g

215 rENA = -... -
158 IRNA= -

FEBS LETTERS

January 1991
o]

D273-10B/A1
N9-168
D273-108/A1
N3-168

oli2
MRNAS™

L 4

Fig 1 Northern blot analysis of ot and oli2 rranseripts Mitochondrial RNA wis prepared from the parental haplod strain D273 100 and from

the wipl3 mutant N9-168 Approximately 4 44 of each RNA was separated by electrophoresis on u non-densturing 1 %o agarose gel The RNA were

stained wilth ethidium bromide (panel A), trensferred by blotting to DBM paper, and hybridized 1o nich-trandated fragments of DNA containing

olil (panel B) and oli2 (panel ') sequences. The identical blot was used with both probes. The mitochondrial 138 anc 21 S nbosomal RNAs ure

identificd in panct A The 09 kb subunit 9 mRNA and the two major ofi2 transeripis of 4 5 and § 1 kb are marked 10 the marging of panels B
and C. respectively
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Fig 2. Restriction maps of pG95/T1 and of derivative plastmids The
locations of the Xbal (X), EcoRI1 (E), Ssil (S), and Xhol (Xh) sites are
marked on the nsert of pG95/T1 The orientation of the insert 1n
pG95/T1 15 provided by the Smal (Sm) and the Sphl (Sp) sites of
YEp24 The region of DNA 1n pG95/ST1 removed by digestion of
pG95/T1 with Ss1l and rehgated 1s indicated by the deletion symbol
(A), The fragments ot DNA subcloned in YEp352 are denoted by the
bars in the upper part of the figure. Complementaton is indicated by
the plus sign and lack thereof by the minus sign The location of the
reading frame corresponding 1o A 7P13 1s shown by the solid bar and
the direction of transcription by the arrow
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of the sequence reported in Fig. 3. The encoded protein
consists of 372 residues with an My, of 42897, The
results of 1n vitro import studies indicate the ATPI3
protein to be located in mitochondria, The 1.6 kb Ss/l
DNA fragment containing 65% of the reading frame
was used to hybnid select ATPI3 mRNA, Translation
of the enriched mRNA in a rabbit reticulocyte lysate
yielded a labeled precursor protein of 42 kDa which was
imported 1nto mitochondria in a membrane potential-
dependent manner (Fig 4). The imported protein was
resistant to protease and had a lower molecular weight,
The difference 1n the apparent sizes of the precursor
and mature ATP13 protein indicated a transient prese-
quence of 25-28 residues,

The overall composition of the protein is not very
hydrophobic, although there are two non-polar regions
of sufficient iength to qualify as membrane spanning
domains. At present we have no direct evid2nce bearing
to indicate whether the protein is associated with the
mitochondrial membrane,

Searches of the translated GenBank by the FASTA
program [31] failed 1o reveal any homologous proteins.

3 4. Dusruntion of ATP13

To confirm that the gene cloned in pG95/T1 1s
ATPI3, part of the sequence internal to the reading
frame was deleted and substituted with the yeast HIS3
gene. The substitution was effected by the one-step gene
replacement method [32] in the wild-type haploid
strain W303-1B (a,ade2-1,his3-11,15,leu2-3,112,urai-1,
trpl-1). Following transformation of W303-1B with a
linear fragment of DNA containing the aipl3::HIS3
allele, clones were selected on minimal medium sup-
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Phe fee Luw Txre Ala Glu Lyt Wl Atp Ala L2t
T 16 TVA FAY GOA GAA ARL Q1Y GAT &LC AMG AL CAM
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LR LY
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TA) ALA Low Ary Ajm Tar Lyt Low Atp Ala Gyt Gy )
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WAL EA1 ARG TR €6 ALT acs KA ETX GAT CA ThY GAK ATA 117 GAY deA AM

ww Met Jie Lyy Aim Pee e Slu Lew At Gla Lew GI{ Lrs AI GI n Lyt

W3 QT AN A ALT TTY ATA CAG CTC AAT Chh TTA GCT ARG
"y

IVe Liu Sar Pra 11@ Lou A1g Arg Avs Pro A1p Lie Ldv Lev S¢r Pro Lyl
adh  AYT YTA AGE VYV ATY €YY GAT ASA AAT €CT GAT ATA YA €10 3CT (CG AMA

Agn Ala Acp J1a Ser The V1o val nis Pae Lev Gin Lev M? Cys Gly A2
L1} MY GCA GAT ATT AGC ACA ATA GTT CAC TYYT TTa CAA QTG COT TGY 64C GCT

Lou Ala Pro Tyr Trp Lyt 1la Pro App Asa Ser Gl Gin Lys Gin Gly Phe
2766 176 GCG CCY TA! TOG AAA ATA CCA GAT AAT ACT GAG CAA AAA CAA GEY TTT

tey Arg Lyt Met YAl Arg Leu Gly Ala Lys Asn Thr Sar lle Arg Leu Ser
<812 TTA AGA AAA ATG CTT CGA CYA GGT GG AAA AAT ACG TCA ATY CG (41 {41

Ser Tar Tyr Lyt AlA Mat Asp HiS GIn Thr Leu Lew Lyt 1le Al) Asp Leu
848 TCT ACT TAC AAR GCC AYG GAT CAC CAA ACA TYA TTA AAG ATT GCT GAT CTT

Ala teu Gn Glu tyS Lys Leu Leu Asn Ser Glu Asp Leu Leu Ser Thr Leu
*9319 GCT CTG CAG GAL AAA AAG CTT TTG AAT [CC GAG GAY TTG TTG TCC ACT TTA
<ol
Lev Gly Gin Thr GIn [le Leu Glu Arg Cys e
CTA GGC CAA ACC CAA ATA TTG GAA CGG TGT ATT

{12 GIn Ser Phe Gly nHis
*570 ATT CAA TCC TTT GGA CAC

61y Mis [1e Trp GIn [1e Ser Pro GIn Gly Phe Fro Ser His val val Ile
*1021 3AA CAT ATA TGC CAA ATA TCA CCC CAA GAG TTT CCT AGT CAC GTA GTA ATT

Lys His Arg Gly Cys [le Leu Va) Pro Lys Tyr Ser Phe Gln Ser Amo
«1072  AAG CAC CGA GGT 1GC ATC CTA GTT CCA ARA TAC TCG TTT CAA TCT TAG TGY

+1122 CATTCTACTTTAATCACCACGATCTTCACAGAGGLCTAAGTACCCCGGATTCATTCATARAGCACTA

+1190 TCC6G 3

Fig 3 Nucleoude sequence of ATPI3 The sequence shown starts

with the nearest Himdlll site upstream of the gene Only the sequence

ofihe sense strand isshown The ATPI3 reading frame starts with the

ATG at nucleotide + 1 and ends with the TAG at nucleotide +1117

The amino acid sequence of the protein encoded by the reading frame

1s shown above the sequence Some restriction sites have been marhed
for reference

plemented with all the auxotrophic requirements of
W303-1B except histidine.

One of the respiratory deficient transformants
(W3034ATP13) was verified by genomic Southern
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Fig. 4. Mitachondrial import of the ATPIY tramlation praduet,
ATPI} mRNA was prepared by hybrid selestion of total LICI-
precipitable yeast RNA. This RNA wisprepared fram a transfarmant
harbonng the complementury gene on a 2 am plasmid (vee Materials
and Mcthads) Following translation of the selecied meywnger RNA,
the libeled pratein was Incubated with halated mitochandela In the
presence or abwenwe af $ 4M vallnomyein, After Incubatien for Y0 min
al 30°C, one half of the mixiure was ireated with Protelnase K (200
agsml) ondee prior to polyacrylamide gel clectraphoresis, The précurs
sur (p) andt mature (m) prateins are idemtified 1n the margin

W303.A ATP13

e
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8
®
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436 —
232 —
13§ =——
108 —
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e — Ww303-18
3 Xn BeS E E
ATP13
- W303 A ATP12
S Xn/Sa  Xn BBcS E E
------ L —-----
ATPI3 HIS3 ATP3
2006p

Fig 5 Disrupuion of ATPI3 The lower part uf the figure shows the
restriction maps of the wild-type and disrupted 47PI13 gene. The
locations of the Ssti (S), Xhol (Xh), Bell (Be) and EcoR1 (E) sites are
indicated on both maps The ATPI3 and H1S3 genes are denoted by
the solid and open bars, respectively The junctions between the Xhol
and Bell sites of ATPI13 and the Sall (Sa) and BamH! (B) sites of
HIS3 are indicated with slashes The upper part of the figure shows
the results of the Southern analysis Chromosomal DNA was
prepared from the W303-1B parental and the W3034ATF13 mutant
stramns The two DNAs were digested with Sstzl and separated by elec-
trophoresis on a 1%% agarose gel Following transfer to nitrocellulose,
the blot was hybnidized to the mich-translated 1 3 kb Ssil-Xhol frag-
ment (probe) The sizes of the DNA markers are indicated 1n the
margin
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analysis 1o have acquired the arpld:-HISY allele, In
Fig. 8, the 1.6 kb St/ fragment of wild-type DNA Ix
a¢en to increase to 3 kb in the mutant vonsistent with the
deletion of 313 bp between the Aell and Xhol sites and
replacement of thix sequence with the 1,7 kb fragment
currying the HJS3 gene, Crosses of WIDLIATPII 16
G95 mutants failed to produce raspiratory competent
diploid progeny indicating linknge of the wipliHIS3
allele with the mutant gene responsible for the
phenotype of this group,
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