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Each of three conserved positively-charged residues in the C-terminal region of subunit 8 of yeast (Saccharomyces cereuisiae) 
mitochondrial ATP synthase was replaced with isoleucine. The assembly and functional properties of the resulting variants 
(substituted at Arg-37, Arg-42 and Lys-47) were examined using in-vitro systems to assay import into isolated mitochondria and 
to monitor assembly into ATP synthase, as well as an in-vivo rescue system using host yeast cells lacking endogenous subunit 8. 
Each such variant was found to be impaired in assembly in vitro, after import in the form of a chimaeric protein bearing a leader 
sequence with mitochondrial targeting function. Import precursors bearing a duplicated-leader sequence, engendering enhanced 
delivery to mitochondria of the passenger variant subunit-8 proteins, enabled assembly of the (Lys-47--, Ile) variant to be 
detected in vitro but not that of (Arg-37 ~ lie) or (Arg-42 -o Ile) variants. The respiratory growth of subunit 8-deficient host cells 
could be rescued with the (Lys-47 ~ lie) variant expressed allotopically in the nucleus. Such rescued cells were found to have an 
enhanced growth rate (comparable to that produced by non-mutagenized parental subunit 8) when delivered to mitochondria 
with the duplicated-leader sequence, as compared to the single-leader sequence. This confirms that the impediment in the 
(Lys-47 -o lie) variant lies in the efficiency of its assembly, rather than a functional defect, as such, arising from the loss of that 
positive charge. In contrast, host cells were unable to be rescued by the (Arg-37 ~ Ile) and (Arg-42 -o lie) variants, even when 
they were endowed with the duplicated leader sequence. It is concluded that the positively-charged C-terminal domain of 
subunit 8, common to fungal and mammalian homologues of this protein, plays a key role in its assembly into mitochondrial ATP 
synthase. 

Introduction 

The assembly of multi-subunit protein complexes in 
biological membranes  represents a current focus in 
molecular cell biology. The proton-translocating mito- 
chondrial ATP synthase (mtATPase)  is a multi-subunit 
enzyme complex that is subdivided into three sectors, 
designated F 1, F A and F 0 [1,2]. The F 0 sector is embed- 
ded in the inner mitochondrial membrane  and consti- 
tutes the proton channel of the complex. F 0 is com- 
prised of three hydrophobic proteins, designated sub- 
units 6, 8 and 9 [1]; in yeast, all three are encoded by 
mitochondrial genes. Subunit 8 (Y8), the focus of this 
report,  is a protein of 48 amino acids [3] encoded in 
Saccharomyces cereuisiae by the mitochondrial aapl 
gene [4]. In contrast to subunits 6 and 9, Y8 has not 
been assigned a role in proton-channel  function as 
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such. It has been shown, however, that Y8 is critical for 
the assembly of a functional mtATPase  [5]; specifically, 
the presence of Y8 is required for assembly of subunit 
6, but not subunit 9, into mtATPase  [6]. 

In our laboratory we have made extensive use of 
allotopic expression [7] in the study of mitochon- 
drially-encoded proteins, notably Y8. Allotopic expres- 
sion here involves the functional relocation of a mito- 
chondrial gene to the nucleus and the targeting of the 
gene product back to the mitochondrion by use of a 
suitable cleavable N-terminal leader sequence. For Y8, 
this was achieved using a chemically synthesised gene 
[8] encoding the 48 residues of Y8 fused to the se- 
quence encoding the 66 amino-acid leader of Neu- 
rospora crassa mtATPase  subunit 9 (N9L) via a 7- 
amino-acid bridge [9]. This chimaeric precursor protein 
was designated N 9 L / Y 8 - 1  [10]. Expression of 
N 9 L / Y 8 - 1  in an aapl mi t -  yeast strain, lacking en- 
dogenous Y8, leads to in-vivo import and assembly of 
Y8, thus restoring mtATPase  function [11]. Following 
in vitro studies of protein import [9,10] we asked 



whether radiolabelled Y8-1, derived by intramitochon- 
drial processing of imported N9L/Y8-1 and repre- 
senting Y8 with a 7-amino-acid N-terminal extension, 
can be assembled into mtATPase complexes of isolated 
mitochondria. Using an immunoadsorption assay [12] 
based on an immobilized monoclonal antibody to the 
Fa-a subunit [13], we showed that the in-vitro assembly 
of Y8 can be readily achieved, providing the target 
mitochondria are isolated from yeast cells partially 
depleted of Y8 [14]. 

Using these tests, we have begun to probe the 
function of three highly-conserved positively-charged 
residues in the C-terminal domain in assembly of Y8 
into the mtATPase complex. Initial investigations of 
the properties of a Y8 variant truncated at Lys-47 [15], 
denoted N9L/Y8-1(Lys-47 ~ STP), has suggested an 
important role for Lys-47 in the assembly process of Y8 
[13]. Recognizing that further truncation of Y8, in the 
variants N9L/Y8-1(Arg-42~ STP) and N9L/Y8-  
l(Arg-37 ~ STP), generated Y8 derivatives that were 
very difficult to import [15], we have adopted the 
strategy of converting each of the three conserved 
positively-charged residues to neutral isoleucine resi- 
dues. 

In this study, chimaeric import precursors bearing a 
tandemly-duplicated N9L leader sequence (N9L-D) 
have been utilized, as an important adjunct in the 
analysis of the assembly and function of Y8 variants. 
Use of N9L-D has been shown to provide a powerful 
means of conferring enhanced import capability to 
passenger proteins in vitro [16]. Use of precursors 
bearing N9L-D leaders fused to modified Y8 passenger 
proteins has allowed us to determine, with greater 
resolution, lesions in functional properties of particular 
Y8 variants [17,18]. In general, the approach involves 
comparisons of the import and assembly in vitro of a 
particular Y8 variant fused to N9L or N9L-D, and 
comparative analyses of cell-growth rates after allo- 
topic expression of the corresponding pairs of chi- 
maeric precursors in vivo [18]. 

In this paper we describe the properties of three Y8 
derivatives, expressed either as single-leader precursors 
N9L/Y8-1(Lys-47 ~ lie), N9L/Y8-1(Arg-42 ~ lie) 
and N9L/Y8-1(Arg-37 ~ Ile), or in in their corre- 
sponding N9L-D configurations. In each case, loss of a 
C-terminal positive charge from Y8 diminishes the 
assembly of this subunit, with more severe effects ob- 
served for the more proximal residues Arg-37 and 
Arg-42, compared to the distal residue Lys-47. 

Materials and Methods 

Plasmids and vectors 
The plasmid pUC9 [19] was used as a propagation 

vector for gene constructs (Fig. 1A), created initially in 
M13mp19 [20]. The vector pSP64T [21] was used to 
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express N9L/Y8-1 and its variants in vitro (Fig. 1B). 
The yeast expression vector pPD72 (Fig. 1B) was used 
to express N9L/Y8-1 and its variants in vivo. The 
vector pPD72 was constructed by the addition of a 
sequence block encoding the ADElb selectable marker 
to expression vector pRJ72 [22]. ADElb designates the 
ADE1 gene lacking a single internal BamHI site, pre- 
pared as follows: The ADE1 gene was excised from 
pLBF101 [11] as a KpnI-Pstl segment and cloned into 
M13mpl9. Site-directed in-vitro mutagenesis with 
oligonucleotide (5 ' -GGTCAATAGGATACCCTTT 
TCAGG-3') was used to introduce a single nucleotide 
substitution (underlined), such that the BamHI site 
present in the open reading frame encoding the ADE1 
gene product was lost but the wild-type amino-acid 
sequence would remain unaltered. This ADElb gene 
so generated was excised as a 1.9 kb XhoI fragment 
and then ligated into pRJ72, that had been cut with 
Sall at the unique site located at the 5'-end of the 
PGK1 promoter segment, to yield pPD72. 

Bacterial strains and manipulations 
Escherichia coli K12 strains JM101 [20] and JM109 

[23] were used for standard DNA manipulations and 
maintained according to [24]. The E. coli strains CJ236 
(dut-1, ung-1, thi-1, relA-1; pCJ105 (Cmr)) and MV1190 
(A(lac-proAB), thi, supE, A(srl-recA)) 306::Tn10 
(tet r) (F': traD36, proAB lac IqZ AM15) were used 
for site-directed in-vitro mutagenesis, and maintained 
according to the MUTA-GENE R M13 in-vitro mutage- 
nesis kit handbook (Bio-Rad). 

Yeast strains and manipulations 
Saccharomyces cerevisiae strain J69-1B ( MA Ta ade l 

his6 (rho +)), the derived subunit-8-deficient strain M31 
(aapl mit-), and the marker petite strain G5 (MATa 
adel lys2 trpl (rho-)) have been described previously 
[11]. The genetically-reconstituted strain YGL-1 (M31 
expressing the N9L/Y8-1 precursor only under condi- 
tions of galactose induction) was as described and 
grown on medium F [14] containing 2% (v/v) ethanol 
and 0.5% (w/v) galactose. Growth media for tests of 
auxotrophic markers, expression of the mutated gene 
constructs in vivo and retention of mit- genomes in 
transformant yeast strains, were as described previ- 
ously [11,14]. Transformation of expression vectors into 
M31 yeast host cells was according to Klebe et al. [25]. 
Genetic analyses based on plasmid loss through vegeta- 
tive segregation during growth on nonselective media, 
were used to verify that the respiratory growth proper- 
ties of all respiratory-competent transformant yeast 
strains were dependent upon the presence of a yeast 
expression vector, encoding the allotopically-expressed 
Y8 protein [11]. Confirmation of the identity of mu- 
tated gene constructs within transformant yeast strains 
was carried out as follows: Total yeast DNA was iso- 
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lated according to Ref. 26 and transformed into com- 
petent bacterial JM109 cells [24], selecting for ampi- 
cillin resistance. Plasmid DNA bearing the mutant 
gene construct was prepared essentially as described 
[24]. The nucleotide sequence of the inserted gene 
construct was determined by a double-stranded DNA- 
sequencing protocol, using a T7 sequencing kit (Phar- 
macia) according to the manufacturer's instructions. 

Oligonucleotides 
All oligonucleotides were synthesised using an Ap- 

plied Biosystems Model 380A DNA synthesiser. Pa- 
rameters for oligonucleotide design included calcula- 
tion of the free energy (AG) of hybridisation of the 
oligonucleotide to a target gene template cloned in 
M13mpl8 or M13mpl9, using the ENERGFIT com- 
puter program [8]. The minimum criterion for each 
oligonucleotide was that its AG of hybridisation to the 
correct region of the template should be at least twice 
as great as the AG value for any nondesired hybridisa- 
tions. Oligonucleotides synthesised for use as PCR 
primers were used without purification, but those used 
for site-directed in-vitro mutagenesis or as sequencing 
primers were purified as follows: Primers were sub- 
jected to polyacrylamide gel electrophoresis and, fol- 
lowing UV shadowing [8], the segment of gel contain- 
ing the oligonucleotide was excised and the oligo- 
nucleotide eluted into distilled water by end-over-end 
agitation overnight at 4°C. Following centrifugation at 
5800 × g for 3 min to pellet gel debris, the supernatant 
was collected and the oligonucleotide concentration 
determined from the spectrophotometric absorbance at 
260 nm. Phosphorylation of the 5'-end of the oligo- 
nucleotide for in-vitro mutagenesis was carried out as 
described [8]. Oligonucleotides homologous to the DNA 
segment immediately 3' to the cloning site of the 
vectors M13mpl9, pUC9, pPD72 and pSP64T were 
used for the sequencing of cloned genes. 

Site-directed in-uitro mutagenesis 
Mutagenesis was carried out using the MUTA- 

GENE R M13 in-vitro mutagenesis kit (Bio-Rad) ac- 
cording to the supplier's instructions. Templates were 
single-stranded uracil-containing M13mpl9 DNA car- 
rying the target gene encoding N9L/Y8-1. Oligo- 
nucleotide primers were (5'-CGCTCATTACAAGA 
TAGAGATGAACAA-Y), (5'-AGAGATGAACAA 
GATAGAAACGTACAA-3') and (5'-AGAAACGTA- 
CAAGATCAAAGATCAT-I'GG-3'), containing base 
substitutions (underlined), respectively, generating spe- 
cific amino-acid replacements Lys-47 ~ lie, Arg-42 
fie and Arg-37 ~ Ile into the Y8 coding sequence 
(Table I). The oligonucleotides (5'-GAATGGTACCG- 
AAqTGAGGC-Y) and (5'-GATTGTACG'IT-I'CTA- 
GATTGTTCATC-3') were used to introduce the se- 
quence for two restriction enzyme sites Kpn I and Xba I, 

respectively, without alteration to the encoded amino 
acid sequence of Y8 (Table I). Following each mutage- 
nesis reaction ten plaques were chosen at random and 
M13 single-stranded DNA was prepared [24]. Screen- 
ing for the desired mutation was by dideoxynucleotide 
sequencing [27], using a T7 DNA sequencing kit 
(Pharmacia), of M13 single-stranded DNA carrying 
mutated gene cassettes. 

Import of proteins into isolated mitochondria and assem- 
bly into mtATPase 

An in-vitro transcription and translation system was 
used to produce chimaeric precursor proteins radiola- 
belled with [35S]methionine [14]. Cell culture and 
preparation of mitochondria from the yeast strain 
YGL-1 were as described [13]. Import into mito- 
chondria was carried out and assessed essentially as 
described [14]. Where required, inactivated mito- 
chondria were prepared by 10 rain pretreatment with 
an inhibitor cocktail (10 /~M valinomycin, 10 ~zg/ml 
oligomycin and 10 mM KCN). Assays of assembly of 
Y8-1 and derived variants into mtATPase complexes, 
involving cholate extraction and an immunoadsorption 
test using an immobilised monoclonal antibody against 
the Fl-a subunit, were carried out essentially as de- 
scribed [13]. 

Uniform cassetting strategy for in-vitro mutagenesis and 
expression of }18 variants 

A summary of the uniform gene-cassetting strategy 
is presented here (see also Fig. 1). Details are available 
upon request from Dr. R.J. Devenish. The genes en- 
coding N9L/Y8-1 and N9L/Y8-2 (a chimaeric pro- 
tein [10] comprising the 66 amino acids of N9L fused 
directly to the 48 amino acids of Y8) were converted 
into DNA cassettes with BamHI and NotI sites at the 
5' and 3'-termini, respectively. This was done to sim- 
plify and facilitate the subcloning of subsequent variant 
gene constructs into propagation and expression vec- 
tors. The Y8-coding region of these cassettes also 
contained the sequence for two restriction enzyme sites 
KpnI and XbaI (Table I), introduced for later ease of 
manipulation of mutated Y8 genes. Amplification by 
polymerase chain reaction (PCR) [15] of the gene en- 
coding N9L/Y8-2 yielded a cassette with a BamHI 
site at the 5'-end and, sequentially, NotI and BgllI 
sites at the Y-end. The oligonucleotides utilised for 
this purpose were Universal Primer (Pharmacia) and 
(5 '-AACTCGAGATCTGCGGCCGCTCATTACAAC- 
TTAGAGAG-3'). Following digestion of the purified 
PCR product with BamHI and BgllI, this cassette was 
cloned into the unique BamHI site in the M13mpl9, 
pUC9 and pPD72 vectors and the unique BgllI site in 
the pSP64T vector (thus introducing the appropriately 
located unique Not I site into each vector). Following 
excision of the N9L/Y8-2  coding region, the 
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Bam HI/Not  I cassette encoding N 9 L / Y 8 - 1  was cloned 
into each of these vectors (as a BssHII/NotI cassette 
in the case of  pSP64T) and represents  the parent  gene 
template  in the various vectors used in this study. 

M13 (RF) D N A  was used as the primary source of 
m u t a g e n i z e d  d o u b l e - s t r a n d e d  D N A ,  specifying 
N 9 L / Y 8 - 1  variants. For subcloning genes encoding 
N 9 L / Y 8 - 1  variants into the pUC9 holding vector and 
thence, into the pSP64T expression vector, KpnI/NotI  
cassettes (Fig. 1A, B) were used to replace the corre- 
sponding portions of D N A  encoding N 9 L / Y 8 - 1 .  For 
transfer into the pPD72 expression vector (Fig. 1B), 
the BamHI/NotI  cassettes for all variants derived 
from the pUC9 holding vector, were used to replace 
the corresponding segment of D N A  encoding N 9 L /  
Y8-1.  

In general, genes encoding N 9 L - D / Y 8 - 1  or its vari- 
ants were constructed by the insertion of a BssHII 
cassette encoding a second copy of N9L [16] into the 
unique BssHII site present  in each such BamHI/NotI  
cassette, whether  already cloned into pPD72 or pSP64T 
(Fig. 1C). Orientation of the insert was determined by 
restriction enzyme analysis and confirmed by dideoxy- 
nucleotide sequencing (data not shown). 

R e s u l t s  

Formation of artificial nuclear gene cassettes encoding 
subunit 8 

The Y8 variants analyzed in this paper  were con- 
structed by site-directed mutagenesis of a BamHI/  
Not I cassette containing the N 9 L / Y 8 - 1  coding se- 
quence (Fig. 1A), into which had been incorporated 
the restriction enzyme sites KpnI  and XbaI  (Materials 
and Methods) to facilitate further manipulation of dis- 
crete regions of the coding cassette (Fig. 1). In order to 
probe the assembly and function of the C-terminal 
domain of Y8, the roles of the three positively-charged 
residues Lys-47, Arg-42 and Arg-37 were assessed. A 
set of variants was constructed by in-vitro mutagenesis, 
in which each of the three positively-charged residues 
are converted to the neutral  residue isoleucine (Ile) 
(Table I). These variants were subjected to in-vivo 
assays, utilizing the expression vector pPD72 (Fig. 1B) 
for Y8 function, and in-vitro assays for Y8 import  and 
assembly, involving the vector pSP64T (Fig. 1B). In 
addition, further constructs of these Y8 variants were 
made incorporating a duplicated N9L leader, generat- 
ing the N 9 L - D / Y 8 - 1  series (Fig. 1C). 
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Fig. ]. Subcloning of gene cassettes into expression vectors. The 
Ban=HI~Not] cassettes encoding N 9 L / Y 8 - I  and derived variants 
cloned in the propagation vector pUC9 (A) were subcloned into 
in-vitro expression vector pSP64T and in-vivo expression vector 
pPD72 (B), as Kpnl/NotI and BamHl/NotI cassettes respectively 
(see Materials and Methods). Tandemly-duplicated N9L leader ver- 
sions of these genes in pSP64T and pPD72 were also constructed 
(C). Restriction enzyme sites are as shown (B, BamHI; Bs, BssHII; 
K, KpnI; N, NotI; Bg, BglII). Additional symbols are: (*), intro- 
duced mutation in the sequence encoding Y8; hatched box, N. crassa 
subunit 9 presequence (N9L); open box, bridging sequence consisting 
of the first five residues of mature subunit 9 sequence plus two 
serine residues; solid box, Y8 sequence; small open box within the 
N9L-D segment, a tripeptide formed in the construction of the 
tandemly-duplicated N9L leader. Concerning the yeast expression 
vector pPD72, relative positions are shown for the following DNA 
segments: E. coli DNA specifying plasmid replication origin (ori) 
and ampicillin resistance (bla); yeast DNA specifying the 2 p.m 
autonomous replication sequence (2/z ARS) and other designated 
chromosomal genes URA3, ADElb and LEU2d, as well as the 
transcriptional control sequences from the PGK1 gene. The direction 
of transcription of BamHI-NotI cassettes is in the direction of the 
arrow from the 5' promoter segment (5'-PGK) to the 3' transcription 

terminator segment (3'-PGK). 

Analysis of in-vitro import of N9L /} '8-1  and derived 
Y8 variants 

The in-vitro expression and import  behaviour of 
N 9 L / Y 8 - 1  generated from the BamHI/NotI  casset- 
ting system using pSP64T, was equivalent to that ob- 
served previously [13]. Thus, the precursor carrying 

unmodified Y8, N 9 L / Y 8 - 1  (Fig. 2A, lane 1) was im- 
ported by energised mitochondria and processed to 
Y8-1  (lanes 2-6),  which was protected from digestion 
by the externally added proteinase K (lane 7). No 
precursor import or processing occurred after incuba- 
tion with inactivated mitochondria (lane 8), although 
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Lane 1 2 3 4 5 6 7 8 9 

Time (min) 0 5 15 30160 60 60 60 

Inhib P + + 

Prot K . . . . . . . . . . .  4- . 4- 

A .  Y8-1 

B. Lys47...~lle 
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C .  Arg42  - -~ l le  
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D. A r g 3 7 . - ~  lie 
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Fig. 2, Import properties of Y8 fusion proteins carrying a single N9L 
leader. Precursors were incubated with mitochondria isolated from 
the strain YGL-1. Aliquots of the import mixtures were taken at the 
times indicated and processed for gel electrophoresis and fluorogra- 
phy. Where indicated, mitochondria were pretreated (Inhib) with an 
inhibitor cocktail, or treated with proteinase K following the import 
reaction. Lane 1 contains precursor (P) alone, before addition to 
mitochondria. Positions on the gels of precursors (P) and the mature 
processed protein (M) are shown. Panel A, N9L/Y8-1; panel B, 
N9L/Y8-1(Lys47 ~ lie); panel C, N9L/Y8-1(Arg-42 --, Ile); panel 
D, NgL/Y8-1(Arg-37 ---, lie). The contents of each lane, in terms of 
sample treatment, are indicated schematically at the top of the 

figure. 

some r ad io l abe l l ed  p ro t e in  wi th  sl ightly h igher  mobi l i ty  
than  Y 8 - 1  r e m a i n e d  af te r  t r e a t m e n t  with p r o t e i n a s e  K 
( lane  9), which  is cons ide r ed  to ar ise  f rom non-spec i f ic  
e m b e d d i n g  of  Y 8 - 1  into  the  o u t e r  m i tochond r i a l  mem-  
b r a n e  [9,10]. This  p r o t e i n a s e - K - r e s i s t a n t  ma te r i a l  was 
previous ly  obse rved  also when  r ad io l abe l l ed  Y8 was 

incuba ted  with  i so la ted  mi tochondr i a ,  e i the r  active or  
inac t iva ted  [9]. 

The  set  of  i so leucine  subs t i tu t ion  var iants  were  then  
examined  for the  abi l i ty  to be  i m p o r t e d  into mito-  
chondr i a  in vitro.  Al l  p recur so r s  were  able  to be  im- 
p o r t e d  (Fig.  2 B - D ) ,  but  to a r e d u c e d  extent  c o m p a r e d  
to tha t  of  the  p a r e n t  N 9 L / Y 8 - 1  cons t ruc t  (Fig.  2A). 
The  r educ t ion  in impor t  d id  not  ref lect  r e d u c e d  b ind-  
ing to mi tochondr i a l  m e m b r a n e s ,  as the  pe r cen t age  
input  of  p r ecu r so r  b o u n d  to m i t o c h o n d r i a  was the  
app rox ima te ly  the  same for all four  const ructs  (da ta  
not  shown).  T h e  var iants  in this s tudy d id  not  d isplay 
the  gross impor t  def ic iencies  tha t  were  obse rved  for 
the  c o r r e spond ing  t runca t ion  var ian ts  at Arg-42  and 
Arg-37  [15]. In  genera l ,  as the  ab la t ed  posi t ive charge  
was moved  fu r the r  f rom the  C- t e rminus  of  Y8, the  
impor t  eff iciency d e c r e a s e d  ( c o m p a r e  lanes  2 - 6  of  
pane l s  B, C and D) in that  the  p recu r so r  in each  case 
showed a dec reas ing  p ropo r t i on  of  the  b o u n d  precur -  
sor  to be  conver t ed  to the  m a t u r e  Y 8 - 1  size p roduc t ,  
which was in each  case  res is tan t  to external ly  a d d e d  
p ro t e ina se  K ( lane  7 in each  panel) .  The  t i m e - d e p e n -  
den t  d imin ish ing  intensi ty  of  bands ,  bo th  p r ecu r so r  and  
Y 8 - 1  size p roduc t ,  in the  case  of  N 9 L / Y 8 - 1 ( A r g - 3 7  

I le)  (Fig.  2D)  is r ep roduc ib le ,  suggest ive of  some 
suscept ib i l i ty  to p ro teo ly t ic  c leavage  dur ing  the incuba-  
t ion.  Final ly ,  in all cases,  af ter  incuba t ion  with inacti-  
va t ed  m i t o c h o n d r i a  ( lane  9), the  p recursors  g e n e r a t e d  
a s ignif icant  band  co r r e spond ing  to the  non-speci f ica l ly  
e m b e d d e d  Y 8 - 1  moie ty  (see above).  

Analysis of  in-vitro assembly of  N9L / Y8-1 and derived 
Y8 variants 

T h e  abi l i ty  of  Y 8 - 1  and  der ived  var iants  to assem- 
b le  into m t A T P a s e  complexes  in i so la ted  mi tochondr ia ,  
was m o n i t o r e d  by exploi t ing  the  abi l i ty  of  a monoc lona l  
an t ibody  d i r ec t ed  agains t  the  F l - a  subuni t  ( l inked to 
S e p h a r o s e  beads )  to cap tu re  a s sembled  m t A T P a s e  
complexes  [13]. Ta rge t  m i toc hond r i a  i so la ted  f rom 
s t ra in  YGL-1 ,  pa r t i a l ly  d e p l e t e d  of  e n d o g e n e o u s  Y8 by 

TABLE I 

Sequence of artificial subunit-8 gene variants and predicted amino-acid changes 

Subunit-8 variants were expressed in vitro or in vivo as chimaeric precursors carrying either a single leader N9L or the same leader sequence 
tandemly duplicated (N9L-D). The first A in the initiator methionine (ATG) in the artificial gene encoding Y8 [8] is defined as nucleotide + 1. 
within codon number 1. 

Gene DNA sequence Nucleotide Codon Codon Amino-acid 
construct number change number change change 

NAP81-003 + 15 T ~ A 5 GTT ~ GTA none a 
b NAP81-003 + 123 C ~ T 41 TCC ~ TCT none 

NAP81-003-1 + 140, + 141 A ~ T, G ~ C 47 AAG ~ ATC Lys --9 Ile 
NAP81-003-2 + 125, + 126 G ~ T, A ~ C 42 AGA -~ ATC Arg ~ lie 
NAP81-003-3 + 110, + 111 G --, T, A ~ C 37 AGA ~ ATC Arg ~ Ile 

a K..pnI restriction enzyme sequence introduced without alteration of encoded Y8. 
b XbaI restriction enzyme sequence introduced without alteration of encoded Y8. 



deliberately regulated allotopic expression in vivo [14], 
were used for these studies. Partial depletion of Y8 
from the inner mitochondrial membrane, has been 
shown to be required for efficient detection of assem- 
bly of imported Y8 into mtATPase [14]. 

The imported and processed Y8-1 derived from 
expression of N9L/Y8-1 using the BamHI/NotI  cas- 
sette was readily observed to assemble in vitro (Fig. 
3A), as in previous work [13]. Processed Y8-1 (lane 1) 
was efficiently extracted into a cholate-soluble fraction 
(lane 2) and immunoadsorbed onto the antibody-cou- 
pled Sepharose beads (lane 3). As we have noted 
previously, some radiolabelled material remains in the 
post-immunoadsorption supernatant (lane 4) and can 
also be seen in the cholate-insoluble fraction of the 
mitochondrial extract (lane 5) [13]. The key visual index 
of efficient assembly is a greater intensity of material in 
lane 3 compared to lane 4, as seen in panel A. Further 
detailed quantitation of the recovery of immunoad- 
sorbed material was impracticable, especially in panels 
B, C and D. Using this standard assembly assay, all 
three variants showed no detectable assembly in vitro 
(lane 3 of Fig. 3B-D). Each variant was shown to be 
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Fig. 3. Assembly properties of Y8 fusion proteins carrying a single 
N9L leader. Radiolabelled precursors as for Fig. 2 were incubated 
with mitochondria from YGL-1 under active import conditions. 
During the assembly assay fractions 1-5 were generated (1, active 
import mix taken at 60 min; 2, cholate-soluble fraction; 3, im- 
munoadsorbed fraction; 4, post-immunoadsorption supernatant; 5, 
cholate-insoluble residue) which were analyzed by gel electrophore- 
sis and fluorography. The numbered lanes represented in each 
fluorogram correspond to the fraction of the same number. The 
positions of the precursor (P) and the mature processed passenger 

protein (M) in each case are indicated. 
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Fig. 4. Import properties of Y8 fusion proteins carrying the tandemly 
duplicated N9L-D leader sequence. All indications are as for Fig. 2 
with the following exceptions. Panel A, N9L-D/Y8-1 ;  panel B, 
N9L-D/Y8-1(Lys-47 ~ Ile); panel C, N9L-D/Y8-1(Arg-42 ---, Ile); 
panel D, N9L-D/Y8-1(Arg-37 ~ Ile). The positions are indicated of 
the precursor (P), processing intermediates (il and i2; see text) and 

the mature processed protein (M). 

extractable into the cholate buffer, although the yield 
of radiolabelled material of Y8-1 size for each variant 
was generally less than that of Y8-1 itself (compare 
lanes 2 of panels A to D). Following the immunoad- 
sorption incubation most of the YS-1 variant material 
was found either in the supernatant (lane 4) or in the 
cholate-insoluble fraction (lane 5) but not attached to 
the antibody-coupled beads (lane 3). These data indi- 
cate the primary assembly defect in each of the vari- 
ants studied, representing ablation of each positive 
charge in Y8. Note, however, the diminished recovery 
of the Y8-1(Arg-37 ~ Ile) variant in all lanes, charac- 
teristic of this Y8 variant (see below). 

Analysis of  in-vitro import and assembly of NgL-D / Y8- 
1 and derived Y8 variants 

A powerful means of enhancing the delivery of 
passenger proteins to mitochondria is the duplication 
of the N-terminal leader sequence [16]. This strategy 
was tested as an approach to extending the range over 
which impaired assembly properties of particular Y8 
variants can be monitored. The remarkable enhance- 
ment of import of the parent construct N9L-D/Y8-1, 
generated from the BamHI/NotI  cassetting system 
using pSP64T, is shown in Fig. 4A. This precursor 
(lane 1) was imported and processed very rapidly by 
energised mitochondria and generated, through two 
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processing intermediates il  and i2, processed Y8-1 
almost quantitatively (lanes 2-6). These intermediates 
il and i2 arise from the sequential matrix proteinase 
cleavage within [28] each of the duplicated N9L leader 
sequences (but not at the junction between them) and 
finally at the cleavage site that releases mature Y8-1 
[16]. The imported material is resistant to proteinase K 
(lane 7). Inactive mitochondria show little if any pro- 
cessing of precursor protein (lane 8), but after pro- 
teinase K treatment the embedded, trimmed Y8 moi- 
ety can be seen (lane 9). 

Analysis of the import profiles for the N 9 L - D / Y 8 -  
l(Lys-47 ~ lie) and N9L-D/Y8-1(Arg-42  ~ Ile) pre- 
cursor variants, indicates a similarly efficient import 
and processing by energised mitochondria (Fig. 4B and 
C, lanes 2-6), as for N 9 L - D / Y 8 - 1 .  The fully pro- 
cessed Y8-1 derivative is proteinase K-resistant inside 
mitochondria (Fig. 4B and C, lane 7). For all variants 
(Fig. 4 B - D )  the inactive mitochondria bind precursor 
efficiently (lane 8), yielding an embedded Y8-1 deriva- 
tive after proteinase K treatment (lane 9). 

The N9L-D/Y8-1(Arg-37  ~ Ile) variant (Fig. 4D, 
lane 1) differs from the other two variants. Whilst 
exhibiting a greatly facilitated import of precursor dur- 
ing the first 15 rain of incubation (Fig. 4D, lanes 2-4)  
relative to its single-leader counterpart  (Fig. 2D), the 
N9L-D/Y8-1(Arg-37  ~ Ile) variant showed consider- 
able instability as a processed product such that mate- 
rial of Y8-1 size was rapidly degraded (Fig. 4D, lanes 5 
and 6). In this respect, the susceptibility of Y8-1(Arg- 
37 ~ Ile) to proteolytic degradation after import into 
mitochondria is even greater than that seen for the 
corresponding single-leader construct (Fig. 2D, lanes 
4-6). This instability does not reflect reduced binding 
to mitochondrial membranes, as all four N9L-D con- 
structs have been found to exhibit a much higher 
percentage of precursor bound to mitochondria, when 
compared to their single-leader counterparts (data not 
shown). 

Using the N9L-D constructs, the Y8-1(Lys-47 ~ Ile) 
variant was shown to assemble into mtATPase of iso- 
lated mitochondria, as well as the parental Y8-1 con- 
struct. In both these cases a strong signal of Y8-1 sized 
material was registered after immunoadsorption (lane 
3 of Fig. 5A and B), clearly more intense than the 
material in the corresponding post-immunoadsorption 
supernatant (lanes 4). This finding suggests that im- 
proved delivery of Y8-1(Lys-47 ~ Ile) overcomes a 
kinetic impediment to assembly when a single N9L 
leader is used, as in N9L/Y8-1(Lys-47 ---, Ile) (Fig. 3B, 
lane 3). 

In the case of N9L-D/Y8-1(Arg-42  ~ Ile), the im- 
ported Y8-1 variant is assembled only in trace amounts 
(Fig. 5C, lane 3); there is in this case relatively more 
material that is cholate soluble but not immunoad- 
sorbed (lane 4). However, processed Y8-1(Arg-42-~ 
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Fig. 5. Assembly properties of Y8 fusion proteins carrying the 
duplicated N9L-D leader. All indications are as for Fig. 3 with the 
exception that radiolabelled precursors are as for Fig. 4. The posi- 
tions are indicated of the mature processed protein (M) in each case. 

lie) accumulates and remains stable under the im- 
proved targeting functions of the duplicated N9L leader 
(Fig. 4C). We conclude that Y 8 - 1 ( A r g - 4 2 ~  Ile) is 
much  more severely impaired in its assembly than 
Y8-1(Lys-47 --> lie). 

The situation with the N9L-D/Y8-1(Arg-37  --, lie) 
variant is more difficult to interpret. In this case, the 
weak bands in lanes 2-5  of Fig. 5D indicate pro- 
nounced loss (perhaps proteolytic) of the processed 
Y8-1(Arg-37 --> lie) variant, such that very little recov- 
ery of Y8-1-sized radiolabelled material is seen in any 
fraction (Fig. 5D). The faint material in lane 3 of Fig. 
5D cannot be regarded as authentic assembly of Y8-  
l(Arg-37---> lie), because there is almost equivalent 
representation of the import precursor and processing 
intermediates as well as the immunoadsorbed material 
in this lane. Our failure to observe significant assembly 
of Y8-1(Arg-37--> Ile) may result from its failure to 
accumulate properly in mitochondria, although the as- 
sembly defect, as such, may be an important feature of 
this variant. 

Expression in vivo of N9L / Y8-1, N9L-D / Y8-1 and 
derived }I8 variants 

In order to test the ability of the Y8-1 variants to 
function in vivo, the chimaeric precursors bearing sin- 
gle N9L or double N9L-D leader sequences were ex- 
pressed allotopically in strain M31, lacking endoge- 
neous Y8. DNA segments encoding the relevant pre- 



cursors, in the form of BamHI/NotI cassettes were 
inserted into the expression vector pPD72, a multicopy 
vector with the PGK1 promoter at the expression site 
(Fig. 1). The recombinant vectors were tested for their 
ability to generate rescued transformants of M31, capa- 
ble of growth on the nonfermentable substrate ethanol 
at 28°C. 

Rescue of M31 was observed with the parental 
precursor N9L/Y8-1,  as previously reported for a 
related expression vector pLF1 [11]. It was evident 
from the growth rate of the transformants, exemplified 
by strain TR-14 in Table II, that delivery of Y8-1 to 
mitochondria is slightly impaired using this vector. The 
generation time of TR-14 is 6.39 h, compared to 5.52 h 
for that of T2-1, strain M31 transformed with pLF1 
expressing N9L/Y8-1  [11,13]. Applying Student's t- 
test, this difference is highly significant (0.01 < P < 
0.02). Further studies suggested some inefficiency in 
translation of mRNA generated from the expression 
site (Galanis, M. and Nagley, P., data not shown). It 
was possible to overcome this relatively inefficient de- 
livery of N9L/Y8-1  to mitochondria expressed from 
pPD72, by utilizing the double-leader construct N9L- 
D /Y8-1 .  The strain YM-2 showed a growth rate cor- 
responding to a 5.65 h generation time, significantly 
different from that of TR-14 (Table II). This is inter- 
preted to represent the improved targeting and mito- 
chondrial delivery performance that a duplicated-leader 
sequence can engender in vivo. Precisely how much of 
the wild-type Y8-1 construct arrives at its correct place 
in the cells is currently unknown, due to the present 
lack of an anti-subunit-8 antibody. 

Rescue tests with allotopic expression in vivo of the 
set of isoleucine substitution variants, revealed that 
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only YS-1(Lys-47 ~ Ile) was capable of restoring 
growth on ethanol to the host M31; both single and 
double-leader constructs of the variants successfully 
rescued, although generating transformants with signif- 
icantly different growth rates (see below). Strain TR-17, 
expressing the single-leader construct of Y8-1(Lys-47 

Ile), showed a significant impairment of growth rate 
relative to that of strain TR-14 (expressing the corre- 
sponding parental Y8-1 construct) at 28°C; TR-17 
exhibited a similar growth phenotype at 23 and 36°C, 
respectively (data not shown), thus arguing against a 
temperature-sensitive mutation in this yeast strain af- 
fecting assembly of mtATPase. This growth impair- 
ment was, however, substantially corrected in strain 
YM-101, expressing the double-leader construct N9L- 
D/Y8-1(Lys-47 ~ Ile) (see below). In contrast, neither 
Y8-1(Arg-42 ~ Ile) nor Y8-1(Arg-37 ~ Ile) was able 
to rescue M31, in either N9L or N9L-D precursor 
configurations (Table II). 

Consideration of the growth rates of TR-17 (7.44 h) 
and YM-101 (6.06 h), representing single and double- 
leader precursor configurations of Y8-1(Lys-47 ~ Ile), 
respectively, reveals a difference in growth rates that is 
highly significant (Table II). We interpret this to indi- 
cate that the reduced growth rate of TR-17 (relative to 
TR-14 in the first instance; the difference also being 
highly significant) is due to the kinetically impaired 
assembly of this Y8-1 variant that had been mani- 
fested in vitro (Fig. 3B). Once assembled, YS-1(Lys-47 

Ile) is apparently able to function efficiently in the 
mtATPase. This is manifested by the greatly improved 
growth rate of YM-101, in which the double leader is 
considered to enhance delivery of the Y8-1 variant 
passenger protein and so accelerate its assembly into 

TABLE II 

Assembly and functional properties of  subunit 8 variants in which C-terminal positively-charged residues are individually ablated 

For constructs that generated rescued cells, on expression in the vector pPD72, growth rates were determined at 28°C in a supplemented medium 
containing 2% ethanol (medium E) as the carbon source [14]. Growth rates of rescued cells are indicated as mean generation times, with 
standard deviation, from three separate experiments. Significance level of differences between growth rates (Student's t-test) were as follows: 
TR-14/TR-17,  0.002 < P < 0.01; TR-17/YM-101, 0.002 < P < 0.01; TR-14/YM-2,  0.02 < P < 0.05; YM-2/YM-101, 0.1 < P < 0.2. 

Transformant Expressed In-vivo rescued cells: In vitro 
strain construct generation time (h) assembly a 

A. Single leader 
TR-14 N9L/Y8-1 6.39 + 0.52 strong 
TR- 17 N9L/Y8-1(Lys47 -~ Iie) 7.44 5:0.36 impaired 
TR-16 N9L/Y8-1(Arg42 ~ Ile) n.d. b n.d. 
TR-26 N9L/Y8-1(Arg37 ~ Ile) n.d. n.d. 

B. Double leader 
YM-2 N9L-D/YS-1 5.65 5:0.36 strong 
YM-101 N9L-D/YS-1(Lys47 ~ Ile) 6.06 5:0.07 medium 
YM-102 N9L-D/Y8-1(Arg42 --, Ile) n.d. n.d. 
YM-103 N9L-D/Y8-1(Arg37 --, Ile) n.d. n.d. 

a In-vitro assembly data as summarised from Figs. 3 and 5 (see text). 
b n.d. = not detectable. 
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mtATPase. Note that the difference in growth rate 
between YM-101 and YM-2 (expressing the N9L- 
D/Y8-1 parent) is not significant (Table II). 

Discussion 

Assembly and functional aspects of Y8 variants lacking 
conserved positive charges 

Ablation of each conserved positive charge in Y8 
leads to a defect in assembly of this subunit into 
mtATPase. As with the previous experiments carried 
out using the Y8-1(Lys-47 ~ STP) truncation variant 
[13], the Y8-1(Lys-47 ~ Ile) variant shows negligible 
assembly in vitro when delivered by a single leader yet 
generates functional mtATPase when allotopically ex- 
pressed in the aapl mit-  host M31 in vivo. This 
suggests, in itself, that Y8 variants lacking the distal 
positive charge Lys-47 show some impairment in the 
efficiency of assembly, but with much less impact on 
function once assembled into mtATPase. The signifi- 
cant new findings in this paper are twofold. First, 
assembly in vitro of Y8-1(Lys-47 ---> Ile) can be gener- 
ated by enhancing the delivery of the passenger protein 
to mitochondria using the double-leader N9L-D. Simi- 
lar enhancement in the extent of assembly in vitro was 
noted for N9L-D/Y8-1(Lys-47-~ STP) (data not 
shown). Second, as amplified below, the rate of growth 
of M31 ceils rescued with N9L-D/Y8-1(Lys-47 --> Ile) 
paralled that of cells rescued with the parent Y8-1 
construct, and was significantly greater than of M31 
cells rescued with N9L/Y8-1(Lys-47--> Ile). Y8 lack- 
ing Lys-47 is minimally impaired functionally. In con- 
trast, Y8 variants lacking the more proximal residues 
Arg-42 and Arg-37 not only are more severely impaired 
in assembly compared with their Lys-47 counterpart, 
but also fail to rescue M31 when endowed with either a 
single N9L or double N9L-D leader. 

Utility of the tandemly-duplicated N9L leader sequence 
to examine the assembly and functional properties of 
variants 

A particular advantage of studying the enhanced 
import in vivo of passenger proteins carrying a dupli- 
cated leader (N9L-D) [16] is the ability to discriminate 
between functional and assembly defects in the sub- 
unit-8 variant under study. In the case of a Y8 variant 
manifesting a functional defect, despite the improved 
delivery into mitochondria using a duplicated leader, 
little or no enhancement of ATP synthase performance 
(hence cellular growth rate) could be expected to oc- 
cur. A Y8 derivative lacking the first three N-terminal 
residues, derived from processing of the precursors 
N9L/Y8-2 or N9L-D/Y8-2 [29], is an example of this 
first type of variant [18]. Using the expression vector 
pPD72 to express these variant precursors in the aapl 
mit- mutant host M31, the growth rates of rescued 
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Fig. 6. Schematic illustration of subunit 8 and derived variant pro- 
teins lacking individual C-terminal positively-charged residues. Three 

distinct domains of Y8 with identifiable properties are indicated. 

cells were not significantly different when either a N9L 
or N9L-D construct was expressed. The growth rates 
were, however, significantly less than that of YM-2 or 
YM-101 [17]. Further, the imported processed Y8-2 
construct shows little impairment in assembly in vitro 
[13,18]. On the basis of the above results, the N-termi- 
nal region of Y8 has been assigned a specific role in 
bioenergetic function of mtATPase (Fig. 6). 

In the case of a variant being affected in the rate of 
its assembly into mtATPase rather than in its function, 
the assembly defect should be effectively overcome in 
vivo by enhanced delivery into mitochondria of the 
variant using a double-leader precursor construct. This 
strategy should thus lead to measurable improvement 
in the growth rate of rescued cells. The results ob- 
served for N9L/Y8-1(Lys-47 ~ lie) and N9L-D/Y8- 
l(Lys-47 ~ Ile) are representative of such behaviour of 
Y8 variants affected in the rate of assembly. A compar- 
ison of the growth rates of TR-17 and YM-101 (Table 
II) illustrates the ability of duplicated-leader-based de- 
livery to overcome a kinetic block to assembly of Y8- 
1(Lys-47 --* Ile). The improved efficiency of assembly in 
turn leads to a situation which reflects little direct 
functional impairment of the final assembled ATP-syn- 
thase complexes (compare the very similar growth rates 
of YM-101 and YM-2, indicated in Table II). 

Implications of Y8 domains involved in assembly and the 
role of the C-terminus 

Positively-charged residues at the C-terminus of Y8 
represent a highly conserved feature of Y8 homologues 
in fungi and metazoa [17,30]. We have shown here that 
ablation of each of these positive charges is deleterious 
to the assembly properties of Y8. Further, the two 
positively-charged residues located more towards the 
central hydrophobic region of Y8 (Fig. 6), seem to be 
absolutely required for assembly. Note that, after im- 
port, Y8-1(Arg-37 ~ Ile) exhibits an instability that 
may be related to the effective lengthening the central 



hydrophobic domain in this variant. It is possible that 
this greater suspectibility to proteinase digestion arises 
from the inability of Y8-1(Arg-37 ~ Ile) to be properly 
targeted to its site of assembly into mtATPase. Perhaps 
Y8-1(Arg-37 ~, Ile) is arrested in translocation through 
the membrane and diverted from the regular assembly 
pathway, entering an intramitochondrial 'dead-end' 
pathway which may be analogous to that for cy- 
tochrome b2, whose 'dead-end' location is in the ma- 
trix [31]. It should be noted that Glick et al, [31] have 
described an ATP-dependent proteolytic system that 
degrades polypeptides exposed to the intermembrane 
space; if the bulk of Y8-1(Arg-37--* Ile) fails to be 
properly delivered through the inner membrane into 
the matrix as a result of increased hydrophobicity, such 
a system could contribute to the proteinase susceptibil- 
ity of this variant. 

An important question to consider is whether the 
location of the positively-charged residues within Y8 is 
critical for assembly of this subunit into mtATPase. 
Analysis of the amino-acid sequence of Y8 homologues 
in various fungi, for example Asperigillus nidulans and 
Neurospora crassa, indicates that additional positively- 
charged residues are found at residue positions 29 and 
34, encroaching on the downstream end of the central 
hydrophobic region (Fig. 6) of these Y8 homologues 
[17,30]. We have recently achieved the allotopic expres- 
sion of the Y8 homologue from A. nidulans in yeast 
strain M31, which leads to functional rescue of these 
aapl mit-  cells (Straffon, A.F.L. and Devenish, R.J., 
data not shown). In these cases, it could be asked 
whether ablation of the C-terminal residues is deleteri- 
ous for assembly, given the additional charged residues 
towards the central region of these proteins. 

Current experiments are exploring the issue of 
whether the presence of positively-charged residues 
located within the central domain of yeast subunit 8 
itself, could compensate for the loss of positive charge 
arising from substitution by isoleucine of the conserved 
residues at positions 47, 42 or 37. As a prelude to these 
experiments, we have commenced the insertion of ad- 
ditional positively-charged residues in the central re- 
gion of Y8. Thus, several variants of Y8 bearing one 
additional positive charge (such as Gin-29 ~ Lys, I1e- 
25 ~ Lys or Thr-22--, Lys) or even variants bearing 
two such additional charges (such as I1e-25 ~ Lys, Gln- 
29 --, Lys) have been constructed and found to rescue 
efficiently M31 in vivo after allotopic expression [17,18]. 
These results show the tolerance of Y8 itself for addi- 
tional positive charges. One interpretation of these 
findings is that there may not be an absolute require- 
ment for Y8 to be embedded in the membrane, in 
order to fulfill its function [17,18]. Further, it is possi- 
ble that all that may be needed for its assembly is a 
cluster of positive charges towards the C-terminus of 
Y8, which resides in the matrix [32]. Indeed, a strik- 
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ingly conserved feature of subunit-8 homologues from 
fungi and mammals is the positively-charged C-termi- 
nal domain, that may be inferred to represent the 
assembly domain of these proteins (cf., Fig. 6). 

Interactions of }18 with other subunits in the assembly of  
the F o sector 

Based on a study of mtATPase assembly in vivo in 
mit-  mutants lacking individual F 0 subunits, the se- 
quential order of assembly of F 0 sector subunits in 
yeast has been shown to be subunits 9, 8 and 6 [5,6]. It 
should be noted that, once imported into mito- 
chondria, the allotopically expressed Y8 is assumed to 
proceed along an assembly route similar to that of 
subunit 8 in wild-type yeast strains, given the functional 
rescue of M31 by N9L/Y8-1 and the ability of im- 
ported Y8-1 to be immunoadsorbed to mtATPase in 
vitro. 

From the order of assembly of the F 0 subunits, it is 
considered that Y8 interacts with at least Y9, in its 
assembly into the mtATPase complex. The C-terminal 
domain of Y8, required for efficient assembly, must 
then interact directly or indirectly in some way with Y9 
in the assembly pathway. This interaction with the 
C-terminal domain could be mediated by a chaperonin 
such as hsp60 [33,34], or the hsp70-related SSC1 gene 
product [35]. One other candidate for such interaction 
is the ATPIO gene product, a nuclearly encoded pro- 
tein which has been implicated in having a role in the 
assembly of the F 0 sector [36]. Residues or domains in 
subunit 6 (Y6) should also presumably interact with 
Y8, as assembly of Y6 into mtATPase requires the 
presence of assembled Y8 in the enzyme complex [6]. 
Very little information is presently at hand as to 
whether subunits of the F g sector interact with Y8 in 
their assembly into mtATPase, although it has been 
shown that the assembly of two subunits of this sector 
(designated P25 and P18) requires the presence of all 
three F 0 subunits [6]. Assembly of the F 1 sector sub- 
units, on the other hand, does not depend on the 
presence of Y8, as examination of a rho ° yeast strain 
(lacking mitochondrial DNA) has shown that an intact 
assembled F 1 sector is present, albeit only loosely asso- 
ciated with the inner membrane [37]. 

In order to further investigate interactions between 
mtATPase subunits, the N9L-D/Y8-1(Arg-42~ Ile) 
variant could be utilized, in which import is efficient 
but assembly is very inefficient. Genetic selection for 
second-site mutations that promote functional assem- 
bly of Y8-1(Arg-42 ~ Ile) into mtATPase complexes 
may uncover further mutations in either the Y8 coding 
sequence or in genes encoding other ATP-synthase 
subunits. Such experiments have the potential to eluci- 
date key interactions between mtATPase subunits and 
may offer an exciting new direction for future studies 
of mtATPase assembly. 
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